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100 – Dynamics, Origins and Theory: NEOs
100.01 – The Population of Near-Earth Asteroids
Revisited
I have been tracking progress of the surveys discovering Near-
Earth Asteroids (NEAs) for more than 20 years, and have
reported updates every few years at past meetings. Following my
last report at a DPS and the published update two years ago
(Harris and D’Abramo 2015, Icarus 257, 302-312), it came to
light that these and previous estimates were affected by round-off
of H magnitudes by the Minor Planet Center to 0.1 mag. While it
is true that individual magnitudes are generally not even that
accurate, statistically the round-off shifted the population
estimate by ~6%. While this hardly matters in the small size
range, for the largest asteroids the shift alters N(H<17.75),
assumed equivalent to N(D>1km), from 990 ± 20 (Harris &
D’Abramo 2015) to 934 ± 20. Since the number already
discovered, 872, is the same for both solutions, the implied
completion of the surveys shifts from 88% to 93%. Not only is this
correction satisfying with regard to the “Spaceguard Goal” of
discovering 90% of NEAs of D > 1 km, but it reduces the
estimated number of large NEAs remaining to be discovered by
nearly a factor of 2. In this presentation I will explain the
correction to the round-off bias and present an updated
population estimate and survey progress using discoveries up to
July, 2017.

Author(s): Alan William Harris
Institution(s): 1. MoreData! Inc

100.02 – Debiased estimates for NEO orbits,
absolute magnitudes, and source regions
The debiased absolute-magnitude and orbit distributions as well
as source regions for near-Earth objects (NEOs) provide a
fundamental frame of reference for studies on individual NEOs as
well as on more complex population-level questions. We present a
new four-dimensional model of the NEO population that
describes debiased steady-state distributions of semimajor axis
(a), eccentricity (e), inclination (i), and absolute magnitude (H).
We calibrate the model using NEO detections by the 703 and G96
stations of the Catalina Sky Survey (CSS) during 2005-2012
corresponding to objects with 17<H<25. The modeling approach
improves upon the methodology originally developed by Bottke et
al. (2000, Science 288, 2190) in that we allow the power-law
slope of the H-frequency distribution to change as a function of H
and we carry out the fitting in an absolute sense using the biases
computed for CSS (Jedicke et al. 2016, Icarus 266, 173). The
model makes use of six source regions or escape routes from the
main asteroid belt as identified by Granvik et al. (2017, A&A 598,
A52) in addition to Jupiter-family comets: Hungaria and Phocaea
asteroids, and main-belt asteroids escaping through the ν , 3:1J,
5:2J and 2:1J resonance complexes. We account for the
destruction of asteroids with small perihelion distances (Granvik
et al. 2016, Nature 530, 303) by fitting a penalty function in
perihelion distance. Our model accurately reproduces the
observed distribution of NEOs and the predicted numbers,
particularly for the larger NEOs, are in agreement with other
contemporary estimates. Our model also provides updated
estimates for the likelihood of the various source regions and
escape routes as a function of NEO (a,e,i,H) parameters. We
present the model and its predictions, and discuss them in the
context of other contemporary estimates.

Author(s): Mikael Granvik , Alessandro Morbidelli , Robert
Jedicke , Bryce T. Bolin , William Bottke , Edward C. Beshore ,
David Vokrouhlicky , David Nesvorny , Patrick Michel
Institution(s): 1. Charles University, 2. Observatoire de la Cote
d'Azur, 3. Southwest Research Institute, 4. University of Arizona,
5. University of Hawaii, 6. University of Helsinki

100.03 – What Really Happened to Earth's Older
Craters?
Most assume the Earth’s crater record is heavily biased, with
erosion/tectonics destroying older craters. This matches

expectations, but is it actually true? To test this idea, we
compared Earth’s crater record, where nearly all D ≥ 20 km
craters are < 650 Myr old, to the Moon’s. Here lunar crater ages
were computed using a new method employing LRO-Diviner
temperature data. Large lunar rocks have high thermal inertia
and remain warm through the night relative to the regolith.
Analysis shows young craters with numerous meter-sized
fragments are easy to pick out from older craters with eroded
fragments. Moreover, an inverse relationship between rock
abundance (RA) and crater age exists. Using measured RA values,
we computed ages for 111 rocky craters with D ≥ 10 km that
formed between 80°N and 80°S over the last 1 Gyr. 
 
We found several surprising results. First, the production rate of
D ≥ 10 km lunar craters increased by a factor of 2.2 [-0.9, +4.4;
95% confidence limits] over the past 250 Myr compared to the
previous 750 Myr. Thus, the NEO population is higher now than
it has been for the last billion years. Second, the size and age
distributions of lunar and terrestrial craters for D ≥ 20 km over
the last 650 Myr have similar shapes. This implies that crater
erasure must be limited on stable terrestrial terrains; in an
average sense, for a given region, the Earth either keeps all or
loses all of its D ≥ 20 craters at the same rate, independent of size.
It also implies the observed deficit of large terrestrial craters
between 250-650 Myr is not preservation bias but rather reflects
a distinctly lower impact flux. We predict 355 ± 86 D ≥ 20 km
craters formed on Earth over the last 650 Myr. Only 38 ± 6 are
known, so the ratio, 10.7 ± 3.1%, is a measure of the Earth’s
surface that is reasonably stable to large crater formation over
650 Myr. If erosion had dominated, the age distribution of
terrestrial craters would be strongly skewed toward younger ages,
which is not observed. We predict Chicxulub-type impacts were
rare over the last Gyr, with the event 66 Ma a probable byproduct
of the current high terrestrial impact flux.

Author(s): William Bottke , Sara Mazrouei , Rebecca
Ghent , Alex Parker
Institution(s): 1. Southwest Research Inst., 2. University of
Toronto

100.04 – Difficult to discover Near-Earth Objects
There has been good progress in discovering large Near-Earth
Objects (NEOs). Impact by an object of 1 km diameter or larger
would be globally catastrophic. It is presently believed that there
are approximately 900 NEOs with diameter greater than 1 km,
and that over 90% of them have been discovered. The remaining
objects are difficult to discover, and are currently being found at a
rate of about 6 per year. The Pan-STARRS1 telescope in Hawaii
has been leading the discovery of the remaining large objects. 
 
The Pan-STARRS1 telescope has also discovered a large number
of NEOs that have periods close to 3 years. These NEOs have
escaped discovery by less sensitive telescopes, and their orbital
properties will be examined. The orbital properties of the recently
discovered large NEOs will be discussed, and the reasons why
they evaded discovery will be examined. The future prospects for
finding the remaining large NEOs will be discussed. Possible
changes to the search strategy by Pan-STARRS to facilitate
discovery of the remaining undiscovered large NEOs will be
evaluated.

Author(s): Richard J. Wainscoat , Kenneth C. Chambers ,
Eva Lilly , Marco Micheli , Robert J. Weryk
Institution(s): 1. ESA SSA-NEO Coordination Centre, 2. Univ.
of Hawaii

100.05 – Resurfacing Asteroids From Thermally
Induced Surface Degradation
The spectral slopes of S and Q-type Near-Earth Asteroids (NEAs)
trend toward lower values with decreasing perihelion.
Additionally, Q-type asteroids show a higher correlation of having
recent close encounters with terrestrial planets compared to S-
types. These two results have led to the explanation that close
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encounters with the terrestrial planets are an effective resurfacing
mechanism for changing S-type asteroids into Q-types and for
lowering their spectral slopes. However, previous modeling
attempts had difficulty in reproducing the exact orbital
distribution of all Q-type asteroids from close encounters,
suggesting that other potential resurfacing mechanisms may
explain observations more fully. We consider thermally induced
surface degradation as a possible mechanism to create fresh
surfaces on asteroids with low (≤ 1 AU) perihelia. Stresses
induced by diurnal thermal cycling in asteroid materials scale
strongly with solar distance, making this an attractive potential
mechanism. Using an N-body model, we simulate the evolution of
S and Q-type NEAs. In the model, we incrementally weather the
asteroid surfaces from the solar wind and refresh their surfaces
from a simplified thermal degredation model. We show that the
process of thermally induced surface degradation can naturally
create the spectral slope vs. perihelion trend seen in the data for
reasonable scaling factors of surface degradation with solar
distance. We also recreate a close encounter resurfacing model to
generate the spectral slope vs. perihelion distribution from close
encounters and compare the results from both models.

Author(s): Kevin Graves , David A. Minton , Jamie Molaro ,
Masatoshi Hirabayashi
Institution(s): 1. JPL, 2. Purdue University

100.06 – The Characterization of Non-
Gravitational Perturbations That Act on Near-
Earth Asteroid Orbits
The Yarkovsky effect is a thermal process acting upon the orbits
of small celestial bodies which can cause these orbits to slowly
expand or contract with time. The effect is subtle -- typical drift
rates lie near 1e-4 au/My for a ~1 km diameter object -- and is
thus generally difficult to measure. However, objects with long
observation intervals, as well as objects with radar detections,
serve as excellent candidates for the observation of this effect. 

We analyzed both optical and radar astrometry for all numbered
Near-Earth Asteroids (NEAs), as well as several un-numbered
NEAs. In order to quantify the likelihood of Yarkovsky detections,
we developed a metric based on the quality of Yarkovsky fits as
compared to that of gravity-only fits. Based on the metric results,
we report 167 objects with measured Yarkovsky drifts. 

Our Yarkovsky sample is the largest published set of such
detections, and presents an opportunity to examine the physical
properties of these NEAs and the Yarkovsky effect in a statistical
manner. In particular, we confirm the Yarkovsky effect's
theoretical size dependence of 1/D, where D is diameter. We also
examine the efficiency with which this effect converts absorbed
light into orbital drift. Using our set of 167 objects, we find typical
efficiences of around 5%. This efficiency can be used to place
bounds on spin and thermal properties. We report the ratio of
positive to negative drift rates and interpret this ratio in terms of
prograde/retrograde rotators and main belt escape mechanisms.
The observed ratio has a probability of 1 in 9 million of occurring
by chance, which confirms the presence of a non-gravitational
influence. We examine how the presence of radar data affect the
strength and precision of our detections. We find that, on average,
the precision of radar+optical detections improves by a factor of
approximately 1.6 for each additional apparition with ranging
data compared to that of optical-only solutions.

Author(s): Jean-Luc Margot , Adam H Greenberg , Ashok
K. Verma , Patrick A. Taylor
Institution(s): 1. Arecibo Observatory, 2. University of
California, Los Angeles

100.07 – New results on spin evolution due to the
YORP effect
We revisit the theory of how asteroids change their rotation rates
and obliquities due to the YORP effect. We study the general case
with spin rate and obliquity coupled through basic analytic
models. Under a set of reasonable assumptions we analytically

derive the basic Type I and II YORP coefficients, and also show a
fundamental correlation between the spin rate and spin obliquity
evolutions. This result indicates that, out of a range of possible
spin evolutions, there are mainly two that need to be considered.
Our analytical theory is tested against available photometric,
radar and in situ shape models of asteroids, obtaining the YORP
coefficients for comparison with the analytic models, as well as
for numeric simulations of spin evolution of asteroids. Our
models also incorporate the effects of finite thermal conductivity
for the evolution of the obliquity, and the thermal transfer
through surface boulders for the evolution of the spin rate (the so-
called Tangential YORP effect). Under these effects we show that
there exist possibly stable equilibria for the combined asteroid
spin and obliquity evolution. The existence of such equilibria has
important implications for the evolution of small body spin states
and for the asteroid population in general.

Author(s): Oleksiy Golubov , Daniel J. Scheeres
Institution(s): 1. CU Boluder
Contributing team(s): Oleksiy Golubov

100.08 – A contact binary asteroid evolutionary
cycle driven by BYORP & the classical Laplace
plane
Several contact binaries have been observed to have high
obliquities distributed around 90°. With this information, we
explore the possibility of these high obliquities being a key
characteristic that causes an evolutionary cycle of contact binary
formation and separation. 
 
The contact binary cycle begins with a single asteroid that is
spinning up due to the YORP effect. For the binary cycle we
assume YORP will drive the obliquity to 90°. Eventually, the
asteroid will reach a critical spin frequency that will cause the
asteroid to fission into a binary. We assume that the mass-ratio,
q, of the system is greater than 0.2. With a high q, the secondary
will not escape/impact the primary but will evolve through tides
into a stable circular double-synchronous orbit. The binary being
synchronous will cause the forces from BYORP to have secular
effects on the system. For this cycle, BYORP will need to expand
the secondary away from the primary. 
 
As the system expands, we have found that the secondary will
follow the classical Laplace plane. Therefore, the secondary’s orbit
will increase in inclination with respect to the equator as the
secondary’s orbit expands. The Laplace plane is a stable orbit to
perturbations from J  & Sun tides except for an instability region
that exists for primaries with obliquities above 68.875° & a
secondary orbital radius of 13.5-19.5 primary radii. Once BYORP
expands the secondary into this instability region, the eccentricity
of the secondary’s orbit will increase until the orbit intersects with
the primary & causes an impact. This impact will create a contact
binary with a new obliquity that will randomly range from
23°-150°. The cycle will begin again with YORP driving the
contact binary to an obliquity of 90°. 
 
Our contribution will discuss the proposed contact binary cycle in
more detail, including the mechanics of the system that drives the
events given above. We will include investigations into how losing
synchronous lock will disrupt the eccentricity growth in the
Laplace plane instability region. We will also discuss the time
scales of each event to help predict which part of the cycle we will
most likely to be observing when discovering new contact binaries
& binary systems.

Author(s): Samantha Rieger , Daniel J. Scheeres
Institution(s): 1. University of Colorado Boulder

100.09 – Mass estimate and close approaches of
near-Earth asteroid 2015 TC25
Near-Earth asteroid 2015 TC25 was discovered by the Catalina
Sky Survey in October 2015, just two days before an Earth flyby at
0.3 lunar distances. By using ground-based optical, near-infrared,
and radar assets during the flyby, Reddy et al. (2016) successfully
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101 – Education and Outreach

characterized 2015 TC25. They suggested that the object has a
high albedo and a diameter of 2 m, which makes 2015 TC25 one
of the smallest asteroids ever detected. Moreover, the orbital
information available at the end of the 2015 apparition indicated
that 2015 TC25 had a probability of an Earth impact of more than
1 in 10000 from 2070 to 2115. To rule out possible impacts we
recovered 2015 TC25 at the end of March 2017 and continued
tracking the object through the end of April, when it became too
faint to be observable. The recent 2017 astrometry clearly shows
the action of solar radiation pressure on the orbit of 2015 TC25
with a 7.6-sigma detection. This solar radiation pressure estimate
allows us to put constraints on the density and mass of 2015 TC25
and further suggests that the object is only a couple of meters in
size. In particular, the area-to-mass ratio is between 0.6 m^2/t
and 0.7 m^2/t and, for a diameter of 2 m, the density is about 1.1

g/cm^3. By accounting for the contribution of non-gravitational
perturbations, we analyze the future trajectory of 2015 TC25.
Based on the extended data arc, ephemeris predictions are now
deterministic until the Earth close approach in 2089 and a Monte
Carlo search rules out impacts for the next 100 years.

Author(s): Davide Farnocchia , David J. Tholen , Marco
Micheli , William Ryan , Edgard G. Rivera-Valentin , Patrick A.
Taylor , Jon D. Giorgini
Institution(s): 1. Arecibo Observatory, 2. ESA SSA-NEO
Coordination Center, 3. Jet Propulsion Laboratory, 4.
Magdalena Ridge Observatory, 5. University of Hawaii

101.01 – Teaching Planetary Science as Part of the
Search for Extraterrestrial Intelligence (SETI)
In Spring 2016 and 2017, UCLA offered a course titled "EPSS
C179/279 - Search for Extraterrestrial Intelligence: Theory and
Applications". The course is designed for advanced
undergraduate students and graduate students in the science,
technical, engineering, and mathematical fields. Each year,
students designed an observing sequence for the Green Bank
telescope, observed known planetary systems remotely, wrote a
sophisticated and modular data processing pipeline, analyzed the
data, and presented their results. In 2016, 15 students
participated in the course (9U, 5G; 11M, 3F) and observed 14
planetary systems in the Kepler field. In 2017, 17 students
participated (15U, 2G; 10M, 7F) and observed 10 planetary
systems in the Kepler field, TRAPPIST-1, and LHS 1140. In order
to select suitable targets, students learned about planetary
systems, planetary habitability, and planetary dynamics. In
addition to planetary science fundamentals, students learned
radio astronomy fundamentals, collaborative software
development, signal processing techniques, and statistics.
Evaluations indicate that the course is challenging but that
students are eager to learn because of the engrossing nature of
SETI. Students particularly value the teamwork approach, the
observing experience, and working with their own data. The next
offering of the course will be in Spring 2018. Additional
information about our SETI work is available at seti.ucla.edu.

Author(s): Jean-Luc Margot , Adam H Greenberg
Institution(s): 1. University of California, Los Angeles

101.02 – The 2017 Total Solar Eclipse: Through the
Eyes of NASA
The August 21st, 2017 Total Solar Eclipse Across America
provided a unique opportunity to teach event-based science to
nationwide audiences. NASA spent over three years planning
space and Earth science education programs for informal
audiences, undergraduate institutions, and life long learners to
bring this celestial event to the public through the eyes of NASA.
This talk outlines how NASA used its unique assets including
mission scientists and engineers, space based assets, citizen
science, educational technology, science visualization, and its
wealth of science and technology partners to bring the eclipse to
the country through multimedia, cross-discipline science
activities, curricula, and media programing. Audience reach,
impact, and lessons learned are detailed. Plans for similar events
in 2018 and beyond are outlined.

Author(s): Louis Mayo
Institution(s): 1. NASA Goddard Space Flight Center
Contributing team(s): NASA Goddard Heliophysics Education
Consortium

101.03 – Solar-system Education for the 2017 Total
Solar Eclipse 
I describe an extensive outreach program about the Sun, the
silhouette of the Moon, and the circumstances both celestial and
terrestrial of the August 21, 2017, total solar eclipse. Publications

included a summary of the last decade of solar-eclipse research
for Nature Astronomy, a Resource Letter on Observing Solar
Eclipses for the American Journal of Physics, and book reviews
for Nature and for Phi Beta Kappa's Key Reporter. Symposia
arranged include sessions at AAS, APS, AGU, and AAAS. Lectures
include all ages from pre-school through elementary school to
high school to senior-citizen residences. 
The work, including the scientific research about the solar corona
that is not part of this abstract, was supported by grants from the
Solar Terrestrial Program of the Atmospheric and Geospace
Sciences Division of NSF and from the Committee for Research
and Exploration of the National Geographic Society. Additional
student support was received from NSF, NASA's Massachusetts
Space Grant Consortium, the Honorary Research Society Sigma
Xi, the Clare Booth Luce Foundation, and funds at Williams
College.

Author(s): Jay M. Pasachoff
Institution(s): 1. Williams College

101.04 – Leveraging Emerging Technologies in
Outreach for JWST
The James Webb Space Telescope (JWST) is NASA’s next great
observatory, launching in October 2018. How will we maintain
the prestige and cultural impact of the Hubble Space Telescope as
the torch passes to Webb? Emerging technologies such as
augmented (AR) and virtual reality (VR) bring the viewer into the
data and introduce the telescope in previously unimaginable
immersive detail. Adoption of mobile devices, many of which
easily support AR and VR, has expanded access to information for
wide swaths of the public. From software like Worldwide
Telescope to hardware like the HTC Vive, immersive
environments are providing new avenues for learning. If we
develop materials properly tailored to these media, we can reach
more diverse audiences than ever before. STScI is piloting tools
related to JWST to showcase at DPS, and in local events, which I
highlight here.

Author(s): Bonnie K. Meinke , Joel D. Green , Louis Chad
Smith , Denise A. Smith , Brandon L. Lawton , Michael Gough
Institution(s): 1. STScI

101.05 – NASA’s Universe of Learning: Girls
STEAM Ahead
NASA Science Mission Directorate’s Universe of Learning (UoL)
program enables scientists and engineers to more effectively
engage with learners of all ages. The Girls STEAM Ahead with
NASA education program within UoL, expands upon the former
program, NASA Science4Girls and Their Families, in celebration
of National Women’s History Month. The initiative partners the
NASA’s Universe of Learning science education program
resources with public libraries to provide NASA-themed activities
for girls and their families, including hands-on activities for
engaging girls, complementary exhibits, and professional
development for library partner staff. The science-institute-
embedded partners in NASA’s UoL are uniquely poised to foster
collaboration between scientists with content expertise and
educators with pedagogy expertise. The thematic topics related to
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NASA Astrophysics enable audiences to experience the full range
of NASA scientific and technical disciplines and the different
career skills each requires. The events focus on engaging
underserved and underrepresented audiences in Science,
Technology, Engineering, and Mathematics (STEM) via use of
research-based best practices, collaborations with libraries,
partnerships with local and national organizations (e.g. National
Girls Collaborative Project or NGCP), and remote engagement of
audiences. This presentation will provide an overview of the
program progress related to engaging girls and their families in
NASA-based science programming. 

Author(s): Emma Marcucci , Bonnie K. Meinke , Denise A.
Smith , Holly Ryer , Carolyn Slivinski , Jessica Kenney ,
Kimberly K. Arcand , Lynn R. Cominsky
Institution(s): 1. Smithsonian Astrophysical Observatory, 2.
Sonoma State University, 3. Space Telescope Science Institute
Contributing team(s): Girls STEAM Ahead with NASA team

101.06 – Trick or Treat and Telescopes
Based on an activity that DPS member Richard Schmude Jr. has
been doing for years, with over 5000 children reached, DPS
initiated in 2016 a pilot program entitled “Trick-or-Treat and
Telescopes.” DPS encouraged its members to put out their
telescopes during trick-or-treat time on Halloween, in their own
lawns or in a neighbor’s lawn with better viewing (or more
traffic). The program will be continued in 2017. This year should
offer good viewing with a waxing gibbous moon and Saturn
visible. The program was also advertised though the Night Sky
Network, a consortium of astronomy clubs. The following website
gives advice and connections to resources. 

https://dps.aas.org/education/trick-or-treat-and-telescopes  

© 2017 California Institute of Technology. Government
sponsorship acknowledged. 

Author(s): Bonnie J. Buratti , Bonnie K. Meinke , Richard
W. Schmude
Institution(s): 1. Gordon State College, 2. JPL, 3. Space
Telescope Science Institute

101.07 – The PACA Project Observing Campaigns:
From Comets to the Sun
The Pro-Am Collaborative Astronomy (PACA) project evolved
from the observational campaign of C/2012 S1 or C/ISON in
2013, and has expanded to pro-am observing campaigns of
planets, polarimetric exploration and recently, polarization of the
inner solar corona during the 2017 US Continental Total Solar
Eclipse (TSE). The evolving need for individual customized
observing campaigns has been incorporated into the evolution of
PACA portal: supporting observing campaigns of current comets,
legacy data, historical comets, planets, solar corona,
interconnected with social media and a set of shareable
documents addressing observational strategies; consistent
standards for data; data access, use, and storage, to align with the
needs of professional observers. Given the volume of data
generated for each campaign, new ways of rapid data analysis,
mining access and storage are needed. Several interesting results
emerged from the synergistic inclusion of both social media and
amateur astronomers: (1) the establishment of a network of
astronomers and related professionals, that can be galvanized
into action on short notice to support observing campaigns; (2)
assist in various science investigations pertinent to the campaign;
(3) provide an alert-sounding mechanism should the need arise;
(4) immediate outreach and dissemination of results via our
media/blogger members; (5) provide a forum for discussions
between the imagers and modelers to help strategize the
observing campaign for maximum benefit. Some recent PACA
campaigns of note are: C/2013 A1 (C/SidingSpring) ;
67P/Churyumov-Gerasimenko (CG), target for ESA/Rosetta
mission; PACA_Jupiter (and for other planets Mars, Saturn,
Uranus and Neptune); polarimetry and current campaign

PACA_PolNet, a multi-site polarimetric network to be
implemented in August 2017, in partnership with the project
Citizen CATE. I will highlight key aspects of various PACA
campaigns, especially the current PACA_PolNet for the 2017
Total Solar Eclipse and the proposed collaboration for the next
Total Solar Eclipse of 2024. The integration of science,
observations by professional and amateur astronomers, and
various social media provides a dynamic and evolving collective
collaborative partnership.

Author(s): Padma A. Yanamandra-Fisher
Institution(s): 1. Space Science Institute
Contributing team(s): The PACA Project

101.08 – An Analog Rover Exploration Mission for
Education and Outreach
This abstract describes an analog rover exploration mission
designed as an outreach program for high school and
undergraduate students. This program is used to teach them
about basic mission control operations, how to manage a rover as
if it were on another planetary body, and employing the rover
remotely to complete mission objectives. One iteration of this
program has been completed and another is underway. In both
trials, participants were shown the different operation processes
involved in a real-life mission. Modifications were made to these
processes to decrease complexity and better simulate a mission
control environment in a short time period (three 20-minute-long
mission “days”). 
 
In the first run of the program, participants selected a landing
site, what instruments would be on the rover - subject to cost,
size, and weight limitations - and were randomly assigned one of
six different mission operations roles, each with specific
responsibilities. For example, a Science Planner/Integrator (SPI)
would plan science activities whilst a Rover Engineer (RE) would
keep on top of rover constraints. Planning consisted of a series of
four meetings to develop and verify the current plan, pre-plan the
next day's activities and uplink the activities to the “rover” (a
human colleague). Participants were required to attend certain
meetings depending upon their assigned role. To conclude the
mission, students viewed the site to understand any differences
between remote viewing and reality in relation to the rover. 
 
Another mission is currently in progress with revisions from the
earlier run to improve the experience. This includes broader roles
and meetings and pre-selecting the landing site and rover. The
new roles are: Mission Lead, Rover Engineer and Science
Planner. The SPI role was previously popular so most of the
students were placed in this category. The meetings were reduced
to three but extended in length. 
 
We are also planning to integrate this program into the Ontario
Science Center (OSC) to educate and fascinate people of all ages.

Author(s): John Moores , Charissa L. Campbell , Christina L.
Smith , Brittney A. Cooper
Institution(s): 1. York University

101.09 – Big Data & Datamining: Using APIs to
computationally determine who follows space
science, & what do they care about?
In today's connected world, scientists & space science projects are
turning to social media outlets like Twitter to share our
achievements, request aid, & discuss the issues of our profession.
Maintaining these disparate feeds requires time & resources that
are already in short supply. To justify these efforts, we must
examine the data to determine: are we speaking to our intended
audiences; are our varied efforts needed; & what types of
messages achieve the greatest interactions. The software used to
support this project is available on GitHub. 
 
Previously, it has been unclear if our day-to-day social media
efforts have been merely preaching to one homogeneous choir
from which we have all drawn our audiences, or if our individual
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efforts have been able to reach into different communities to
multiply our impact. In this preliminary study, we examine the
social media audiences of several space science Twitter feeds that
relate to: podcasting; professional societies; individual programs;
& individuals. This study directly measures the overlap in
audiences & the diversity of interests held by these audiences.
Through statistical analysis, we can discern if these audiences are
all drawn from one single population, or if we are sampling
different base populations with different feeds. 

The data generated in this project allow us to look beyond how
our audiences interact with space science, with the added benefit
of revealing their other interests. These interests are reflected by
the non-space science accounts they follow on Twitter. This
information will allow us to effectively recruit new people from
space science adjacent interests. 

After applying large data analytics & statistics to social media

interactions, we can model online communications, audience
population types, & the causal relationships between how we
tweet &how our audiences interact. With this knowledge, we are
then able to institute reliable communications & effective
interactions with our target audience. 
 
This work is supported through NASA cooperative agreement
NNX17AD20A.

Author(s): Pamela L. Gay , Maya Bakerman , Nancy
Graziano , Susan Murph , Alison Reiheld
Institution(s): 1. Astronomical Society of the Pacific, 2.
Planetary Science Institution, 3. Southern Illinois University
Edwardsville
Contributing team(s): CosmoQuest

102.01 – A Search for Temporal Changes on Pluto
and Charon
A search for temporal changes on Pluto and Charon was
motivated by (1) the discovery of young surfaces in the Pluto
system that imply ongoing or recent geologic activity, (2) the
detection of active plumes on Triton during the Voyager 2 flyby,
and (3) the abundant and detailed information that observing
geologic processes in action provides about the processes. A
thorough search for temporal changes using New Horizons
images was completed. Images that covered the same region were
blinked and manually inspected for any differences in
appearance. The search included full-disk images such that all
illuminated regions of both bodies were investigated and also
higher resolution images such that parts of the encounter
hemispheres were investigated at finer spatial scales. Changes of
appearance between different images were observed but in all
cases were attributed to variability of the imaging parameters
(especially geometry) or artifacts. No differences of appearance
that are strongly indicative of a temporal change were found on
the surface or in the atmosphere of either Pluto or Charon. Limits
on temporal changes as a function of spatial scale and temporal
interval during the New Horizons encounter are determined. The
longest time interval constraint is one Pluto/Charon rotation
period (~6.4 Earth days). Contrast reversal and high-phase bright
features that change in appearance with solar phase angle are
identified. The change of appearance of these features is most
likely due to the change in phase angle rather than a temporal
change. Had active plumes analogous to the plumes discovered
on Triton been present on the encounter hemispheres of either
Pluto or Charon, they would have been detected. Several dark
streak features that may be deposits from past plumes are
identified. The absence of active plumes may be due to temporal
variability or because the process that generates Triton’s plumes
does not occur on Pluto.

Author(s): Jason D Hofgartner , Bonnie J. Buratti , Spencer
Devins , Ross A. Beyer , Paul M. Schenk , S. Alan Stern , Harold
A Weaver , Catherine Olkin , Andrew F. Cheng , Kimberly
Ennico , Tod R. Lauer , John R. Spencer , Leslie Young
Institution(s): 1. Jet Propulsion Laboratory, 2. Johns Hopkins
University Applied Physics Laboratory, 3. Lunar and Planetary
Institute, 4. NASA Ames Research Center, 5. National Optical
Astronomy Observatory, 6. Southwest Research Institute
Contributing team(s): New Horizons Science Team

102.02 – Emission from Pluto and Charon at Long
Wavelengths: Observations using ALMA, SMA, and
VLA
We report on the first Earth-based observations of thermal
emission from the surfaces of Pluto and Charon where the two are
resolved from each other. Observations at wavelengths from 0.8
mm to 0.9 cm with the Atacama Large Millimeter/submillimeter
Array (ALMA), Submillimeter Array (SMA), and Karl G. Jansky
Very Large Array (VLA) provide separate, high SNR flux densities

for both bodies, which are converted into brightness
temperatures. These observations have been presented separately
previously [1-3] but here we combine them for the first time and
extend the analysis. For Pluto, brightness temperatures range
from 31--33 K, and for Charon from 42--45 K, over the full range
of observed wavelengths. These brightness temperatures are
significantly lower than observed surface temperatures for both
bodies. While hinted at from unresolved observations of the pair,
this is the first definitive observation showing both bodies have
depressed brightness temperatures. These low brightness
temperatures are likely due to a combination of low thermal
inertia, and subsurface scattering, with a larger depression for
Pluto than for Charon. 
[1] Butler et al. 2015, BAAS #47, id.210.04. [2] Gurwell et al. 2011,
DPS/EPSC, p271. [3] Butler et al. 2011, DPS/EPSC, p. 1670.

Author(s): Bryan J. Butler , Mark A. Gurwell , Emmanuel
Lellouch , Arielle Moullet , Nicolas Biver , Dominique Bockelee-
Morvan , Jeremie boissier , Thierry Fouchet , Dariusz C. Lis ,
Raphael Moreno , John Stansberry , S. Alan Stern , Eliot F.
Young , Leslie Young , Harold A Weaver
Institution(s): 1. Caltech, 2. Harvard-Smithsonian Center For
Astrophysics, 3. IRAM, 4. JHU APL, 5. NRAO, 6. Observatoire de
Paris, 7. STScI, 8. SWRI

102.03 – Washboard Terrain on Pluto
Washboard texture or patterning consists of fields of parallel to
sub-parallel ridges typically spaced ~1-2 km crest to crest and a
few 100 m in amplitude (Fig. 4a in Moore et al., 2016, Science,
351, 1284-1293). For the most part, underlying topography can be
easily discerned. We will refer to discrete, well-bounded patches
of these landforms as Washboard Terrain (WT). WT is observed
to occur along the rim, and just beyond the rim, of Sputnik basin
from the West to NNW. Where it is seen in high-resolution data,
it has clearly defined limits, beyond which it would be able to be
seen if it were there. WT doesn’t occur at very low latitudes or
very high latitudes (ranging from 22°N to 62°N). WT seems to
occur most conspicuously on relatively level, gently sloping
terrain. It is restricted to elevations between ~-2 km to <+1.5 km
(i.e. not at high elevations). The most noticeable regional aspect
of the area in which WT occurs is the sinuous valley network,
which is suspected to have been formed, or at least substantially
modified, by glaciation. WT also appears to occur mainly on an
intermediate-albedo reddish material, where seen in enhanced
color data. Where it occurs in level terrain, WT tends to trend
ENE – there doesn’t seem to be a strong local control of its
orientation in response to valley drainage directions. WT can
display a greater range of orientations where it occurs in higher-
relief (not higher elevation) settings such as spurs. WT appears
superposed on very ancient landscapes, but is itself cratered
locally by clusters of small (~1-3 km) craters, which may be
secondaries. This implies that WT may be intermediate in age. Of
several working hypotheses, we currently provisionally favor that
WT may be akin to terrestrial recessional moraines (or de Geer
moraines) associated with the retreat of a higher stand of N
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glaciation that once overfilled Sputnik basin. These putative
moraine features may owe their spacing to superseasonal retreat
on Milankovitch timescales of ~1 Ma. If this hypothesis has
validity, then perhaps the intermediate-albedo reddish material
may be akin to ground moraine deposits.

Author(s): Jeffrey M. Moore , Oliver L. White , Alan D.
Howard , Orkan M. Umurhan , Paul M. Schenk , Ross A.
Beyer , William B. McKinnnon , Kelsi N. Singer , Tod R. Lauer ,
Andrew F. Cheng , Leslie Young , S. Alan Stern , Harold A
Weaver , Catherine Olkin , Kimberly Ennico
Institution(s): 1. Johns Hopkins University Applied Physics
Laboratory, 2. Lunar and Planetary Institute, 3. NASA Ames
Research Center, 4. National Optical Astronomy Observatory, 5.
Southwest Research Institute, 6. University of Virginia, 7.
Washington University
Contributing team(s): The New Horizons Science Team

102.04 – Sputnik Planitia, Pluto Convection Cell
Surface Velocities of ~10 Centimeters per Year
Based on Sublimation Pit Distribution
Sputnik Planitia, Pluto contains cellular landforms with areas on
the order of a few 10 -10  km  that are likely the surface
manifestation of convective overturn in a vast basin of nitrogen
ice. The cells have sublimation pits on them, with smaller pits
near their centers and larger pits near their edges. We map over
12,000 pits on seven cells and find that the pit radii increase by
between 2.1 ± 0.4 and 5.9 ± 0.8 × 10  m per meter away from
the cell center, depending on the cell. Due to finite data
resolution, this is a lower bound on the size increase.
Conservatively accounting for resolution effects yields upper
bounds on the size vs. distance distribution of 4.2 ± 0.2 to 23.4 ±
1.5 × 10  m m . In order to convert the pit size vs. distance
distribution into a pit age vs. distance distribution, we use an
analytic model to calculate that pit radii grow via sublimation at a
rate of 3.6 [+2.1,-0.6] × 10  m yr . Combined with the mapped
distribution of pit radii, this yields surface velocities between 1.5
[+1.0,-0.2] and 6.2 [+3.4,-1.4] cm yr  for the slowest cell and
surface velocities between 8.1 [+5.5,-1.0] and 17.9 [+8.9,-5.1] cm
yr  for the fastest cell; the lower bound estimate for each cell
accounts for resolution effects, while the upper bound estimate
does not. These convection rates imply that the surface ages at the
edge of cells reach approximately 4.2 to 8.9 × 10 yr, depending
on the cell. The rates we find are comparable to rates of ~6 cm yr
 that were previously obtained from modeling of the convective

overturn in Sputnik Planitia [McKinnon, W.B. et al., 2016,
Nature, 534(7605), 82–85]. Finally, we find that the minimum
viscosity at the surface of the convection cells is of order 10  to
10  Pa s; we find that pits would relax away before sublimating
to their observed radii of several hundred meters if the viscosity
were lower than this value.

Author(s): Peter Benjamin Buhler , Andrew P. Ingersoll
Institution(s): 1. California Institute of Technology

102.05 – Dunes as New Evidence of Recently Active
Surface Processes on Pluto
The surface of Pluto contains hundreds of aligned, regularly
spaced features best described as transverse dunes (Telfer et al. in
review). They are spaced by 500-700 meters, are several tens of
kilometers long, and are subparallel and with a slightly
undulatory planform, as seen by the New Horizons LORRI
instrument. Their crests are orthogonal to wind streaks seen
nearby, and therefore to the assumed regional winds. They sit
atop the nitrogen-rich informally named Sputnik Planitia
continental glacier at the base of the informally named Al-Idrisi
Montes and appear from New Horizons MVIC data to have a
composition enriched in methane. Their presence requires there
to be particles that can be saltated as well as wind. The particles,
or “sands”, are likely composed of relatively hard methane ice,
possibly derived from the methane snow seen to blanket the
mountain summits. While Pluto’s nitrogen-rich atmosphere
fluctuates in density, perhaps dramatically, current modelled
conditions allow for winds that are required to saltate the ice

sands (<~10 m/s). These features are relatively fresh in
appearance, especially in comparison with features farther south
that have severe sublimation erosion textures and deformation
from glacier flow. Furthermore, they lie atop convection cell
margins of Sputnik Planitia, which overturns at rates of ~500 ka.
This indicates the dune-like landforms of Pluto are relatively
young. This has implications for the surface activity of other large
Kuiper Belt Objects and the interaction between limited solar
heating and the exotic properties of their surfaces and
atmospheres.

Author(s): Jani Radebaugh , Matthew Telfer , Eric Parteli ,
Ross A. Beyer , Tanguy Bertrand , Francois Forget , Francis
Nimmo , William M. Grundy , Jeffrey M. Moore , S. Alan Stern
Institution(s): 1. Brigham Young University, 2. Lowell
Observatory, 3. NASA Ames Research Center, 4. Plymouth
University, 5. Southwest Research Institute, 6. Université Pierre
et Marie Curie, 7. University of California, 8. University of
Cologne
Contributing team(s): the New Horizons Team

102.06 – Pluto: Fluidized transport of tholins by
heating of the subsurface
New Horizons images of Pluto show evidence of the transport of
the colored non-ice component across the surface, with
substantial accumulations in some areas of low elevation. The
non-ice component is presumed to be tholin produced in the
atmosphere as a precipitating aerosol, in the surface ices by
photolysis or radiolysis, or both. We model the surface layer of N
ice with varying amounts of incorporated tholin particles to
explore the heating within the ice that occurs by the solid-state
greenhouse effect. We find that in plausible models of the
contaminated N  surface ice the triple point temperature
(63.15K) is reached at a depth of ~< 1m. At that depth the
confining pressure of the ice column is much less than the triple
point pressure (12.52 kPa), so N  should convert to the gas phase,
exerting pressure on the overburden. When the gas pressure
exceeds the strength of the confining ice, a breakout on the
surface will occur, fluidizing fragments of ice and its
contaminants that are then free to flow downhill, rafted on
entrained gas, similar in some ways to the pyroclastic volcanic
phenomenon known as nuée ardente. The digital elevation map
of Pluto made from stereo images shows some surface regions
that may have been stripped of the N  layer, exposing H O ice
(presumed to be bedrock) below, with a corresponding
accumulation of dark material that was that was the previously
entrained particulate tholin. Accumulations of tholin are found
associated with some of the fossae, and some cover preexisting
topography to depths of up to a few hundred meters. Supported
by the New Horizons project.

Author(s): Dale P. Cruikshank , Steven Spohrer , William
M. Grundy , Jeffrey M. Moore , Orkan M. Umurhan , Oliver L.
White , Ross A. Beyer , Cristina M. Dalle Ore , S. Alan Stern ,
Leslie Young , Harold A Weaver , Catherine Olkin , Kimberly
Ennico
Institution(s): 1. JHUAPL, 2. Lowell Observatory, 3. NASA
Ames Research Center, 4. SWRI
Contributing team(s): New Horizons COMP, GGI Teams

102.07 – Pluto’s non-icy component: a close-in
analysis
The understanding of the origin and evolution of Pluto, and, by
extension, that of a vast number of similar sized and smaller
bodies in the Third Zone of the solar system, are closely tied to
their atmosphere and surface chemistry. In turn, a major role in
the composition and coloration (from dark red to yellow) of the
surface -and indirectly the atmosphere- of Pluto is played by non-
ice components presumed to be organic compounds known as
tholins. While some of these compounds have been reproduced in
the laboratory by irradiation of native materials found in Pluto’s
atmosphere and surface, the number of kinds of tholins on the
surface of Pluto, and the processes responsible for their formation
and distribution is still subject of investigation. We make use of
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Pluto data from the New Horizons Ralph instrument consisting of
a multicolor/panchromatic mapper (MVIC) and mapping
infrared (IR) composition spectrometer (LEISA). For this study
we have adopted a set of scans at high spatial resolution (on
average 2.7 km/pixel), spectroscopically analyzed for the first
time. Our preliminary analysis shows different signatures for the
dark red material that could be attributed to either grain size or
composition/nature of the darkening agent. We characterize and
inter-compare the potentially different tholins aiming at
understanding its/their history and chemical evolution.

Author(s): Cristina M. Dalle Ore , Silvia Protopapa , Dale P.
Cruikshank , William M. Grundy , S. Alan Stern , Kimberly
Ennico , Catherine Olkin , Dennie Reuter , Leslie Young ,
Harold A Weaver
Institution(s): 1. JHU-APL, 2. Lowell Observatory, 3. NASA
Ames Research Center, 4. NASA/GSFC, 5. SETI Institute , 6.
Southwest Research Institute, 7. University of Maryland
Contributing team(s): New Horizons Composition Theme
Team

102.08 – Pluto's Paleoglaciation: Processes and
Bounds
New Horizons imaging of Pluto’s surface shows eroded
landscapes reminiscent of assorted glaciated terrains found on
the Earth such as alpine valleys, dendritic networks and others.
For example, LORRI imaging of fluted craters show radially
oriented ridging which also resembles Pluto’s washboard terrain.
Digital elevation modeling indicates that these down-gradient
oriented ridges are about 3-4 km spaced apart with depths
ranging from 0.2-0.5 km. Present day glaciation on Pluto is
characterized by moving N  ice blocks presumably riding over a
H O ice bedrock substrate. Assuming Pluto’s ancient surface was
sculpted by N  glaciation, what remains a mystery is the specific
nature of the glacial erosion mechanism(s) responsible for the
observed features. 

To better resolve this puzzle, we perform landform evolution
modeling of several glacial erosion processes known from
terrestrial H O ice glaciation studies. These terrestrial processes,
which depend upon whether or not the glacier’s base is wet or dry,
include quarrying/plucking and fluvial erosion. We also consider
new erosional processes (to be described in this presentation)
which are unique to the highly insulating character of solid N
including both phase change induced hydrofracture and
geothermally driven basal melt. Until improvements in our
knowledge of solid N ’s rheology are made available (including its
mechanical behavior as a binary/trinary mixture of CH  and CO),
it is difficult to assess with high precision which of the
aforementioned erosion mechanisms are responsible for the
observed surface etchings. 

Nevertheless, we consider a model crater surface and examine its
erosional development due to flowing N  glacial ice as built up

over time according to N  deposition rates based on GCM
modeling of Pluto’s ancient atmosphere. For given erosional
mechanism our aim is to determine the permissible ranges of
model input parameters (e.g., ice strength, flow rates, grain sizes,
quarrying rates, etc.) that best reproduces the observed length
scales found on the observed fluted craters. As of the writing of
this abstract, both the processes of quarrying and phase change
induced hydrofracture appear to be most promising at explaining
the fluted crater ridging.

Author(s): Orkan Umurhan , Alan D. Howard , Oliver L.
White , Jeffrey M. Moore , William M. Grundy , Paul M.
Schenk , Ross A. Beyer , William B. McKinnon , Kelsi N.
Singer , Tod R. Lauer , Andrew F. Cheng , S. Alan Stern ,
Harold A Weaver , Leslie Young , Kimberly Ennico , Catherine
Olkin
Institution(s): 1. Johns Hopkins University Applied Physics
Laboratory, 2. Lowell Observatory, 3. Lunar and Planetary
Institute, 4. NASA Ames Research Center, 5. National Optical
Astronomy Observatory, 6. Southwest Research Institute, 7.
University of Virginia, 8. Washington University
Contributing team(s): The New Horizons Science Team

102.09D – Methane Distribution on Pluto as
Mapped by New Horizons' Ralph/MVIC Instrument
The data returned from NASA’s New Horizons spacecraft has
given us an unprecedented, detailed look at the Pluto system.
New Horizons’ Ralph/MVIC (Multispectral Visible Imaging
Camera) is composed of 7 independent CCD arrays on a single
substrate. Among these are a red channel (540-700 nm), near-
infrared channel (780-975 nm), and narrow band methane
channel (860-910 nm). By comparing the relative reflectance of
these channels we are able to produce high-resolution methane
equivalent width (based on the 890 nm absorption band) and
spectral slope maps of Pluto’s surface. From these maps we can
then quantitatively study the relationships between methane
distribution, redness, and other parameters like latitude and
altitude. In this talk, we will look at these relationships and how
they improve our understanding of Pluto’s geology and serves as a
guide for refining volatile transport models. 
 

Author(s): Alissa Earle , William M. Grundy , Carly
Howett , Catherine Olkin , Alex Harrison Parker , Paul M.
Schenk , Francesca Scipioni , Ross A. Beyer , Richard P Binzel ,
Dale P. Cruikshank , Kimberly Ennico , Dennie Reuter ,
Bernard Schmitt , S. Alan Stern , Harold A Weaver , Leslie
Young
Institution(s): 1. JHU/APL, 2. Lowell Observatory, 3. LPI, 4.
MIT, 5. NASA Ames Research Center, 6. NASA Goddard Space
Flight Center, 7. SwRI, 8. Université Grenoble Alpes, CNRS
Contributing team(s): The New Horizons Science Team

103.01 – Lost Near-Earth Object Candidates
The number of discovered Near-Earth Objects (NEOs) increases
rapidly, currently exceeding 16,000 NEOs. 2016 was the most
productive year ever with 1,888 NEO discoveries. The NEO
discovery process typically begins with three to five detections of
a previously unidentified object that are reported to the Minor
Planet Center (MPC). According to the plane-of-sky motion, the
MPC ranks all of the new candidate discoveries for the likelihood
of being NEOs using the so-called digest score. If the digest score
is greater than 65 the observations appear on the publicly
accessible NEO Confirmation Page (NEOCP). Objects on the
NEOCP are followed up in subsequent hours and days. When
enough observations are collected to ensure that the object is real
and that the orbit is determined, the NEO is officially announced
with its new designation by a Minor Planet Electronic Circular.
However, 14% of NEO candidates never get confirmed and are
therefore lost due to the lack of follow-up observations. We
analyzed the lost NEO candidates that appeared on NEOCP in
2013-2016 and investigated the reasons why they were not

confirmed. In particular, we studied the properties of the lost
NEO candidates with a digest score of 100 that were reported by
the two most prolific discovery sites - Pan-STARRS1 (F51) and
Mt. Lemmon Survey (G96). We derived their plane-of-sky
positions and rates, brightness, and ephemeris uncertainties, and
assessed correlations with the phase of the moon and seasonal
effects apparent in the given observatory’s data. We concluded
that lost NEO candidates typically have a larger rate of motion
and larger uncertainties than those of confirmed objects.
However, many of the lost candidates could be recovered. In fact,
the 1-sigma plane-of-sky uncertainty was still within ±0.5 deg in
79% (F51) and 69% (G96) of the cases 24 hours after discovery
and in 31% (F51) and 30% (G96) of the cases 48 hours after
discovery. If all of the NEO candidates with a digest score of 100
had been followed up, the number of discovered NEOs would
have been larger by 685+/-30 in 2013-2016. The measures to
decrease the number of lost NEO candidates include improved
uncertainty maps and uncertainties as function of time on the
NEOCP.
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Author(s): Peter Veres , Davide Farnocchia , Gareth
Williams , Sonia Keys , Ian Boardman , Matthew J. Holman ,
Matthew J. Payne
Institution(s): 1. Harvard-Smithsonian Center for
Astrophysics, 2. Jet Propulsion Laboratory

103.02 – Isolated Tracklet Linking
We discuss our on-going work to reduce the size of the Isolated
Tracklet File (ITF) : a database hosted by the Minor Planet Center
(MPC) containing 14+ million unlinked detections of asteroids.
The ITF is dominated by observations from Pan-STARRS1 (F51),
the Catalina Sky Survey (G96), and the Spacewatch Project (691). 

Survey telescopes are dependent on the follow-up capabilities of
other telescopes, but many of their detected objects are not linked
to already known objects, are are either not posted to the NEO
Confirmation Page and/or are not followed up sufficiently, and
therefore have their astrometry relegated to the ITF. While many
of these asteroids may have in fact been previously observed
sufficiently over longer timescales (enough to become designated
objects), the linking of their astrometry can pose a challenge. 

We have developed a search method capable of finding and
linking these isolated detections for distinct types of orbit classes,
including main-belt and Hungaria objects (which often appear on
the NEOCP due to their apparent motion). We use a brute-force
technique which compares tracklets having motion which
suggests they are the same object. Suspected linkages are further
tested by searching for additional tracklets over multiple
oppositions. 

So far, we have linked a significant portion of the ITF and have
submitted these linkages to the MPC. We are confident in being
able to link even more tracklets. Our method can even associate
these new linkages with already designated objects, which will
eventually lead to them becoming numbered objects. We hope to
improve the efficiency of all asteroid surveys as future detections
can be batch submitted without manual review, and more objects
which are well known will not be posted to the NEOCP. 

Author(s): Robert J. Weryk , Richard J. Wainscoat , Gareth
Williams
Institution(s): 1. Minor Planet Center, Harvard Smithsonian
Center for Astrophysics, 2. Univ. of Hawaii

103.03 – Machine learning and next-generation
asteroid surveys
Next-generation surveys such as NEOCam (Mainzer et al., 2016)
will sift through tens of millions of point source detections daily
to detect and discover asteroids. This requires new, more efficient
techniques to distinguish between solar system objects,
background stars and galaxies, and artifacts such as cosmic rays,
scattered light and diffraction spikes. 

Supervised machine learning is a set of algorithms that allows
computers to classify data on a training set, and then apply that
classification to make predictions on new datasets. It has been
employed by a broad range of fields, including computer vision,
medical diagnoses, economics, and natural language processing.
It has also been applied to astronomical datasets, including
transient identification in the Palomar Transient Factory pipeline
(Masci et al., 2016), and in the Pan-STARRS1 difference imaging
(D. E. Wright et al., 2015). 

As part of the NEOCam extended phase A work we apply machine
learning techniques to the problem of asteroid detection. Asteroid
detection is an ideal application of supervised learning, as there is
a wealth of metrics associated with each extracted source, and
suitable training sets are easily created. Using the vetted
NEOWISE dataset (E. L. Wright et al., 2010, Mainzer et al., 2011)
as a proof-of-concept of this technique, we applied the python
package sklearn. We report on reliability, feature set selection,
and the suitability of various algorithms.

Author(s): Carrie R Nugent , John Dailey , Roc M. Cutri ,
Frank J. Masci , Amy K. Mainzer
Institution(s): 1. IPAC/Caltech, 2. Jet Propulsion Laboratory

103.04 – ATLAS: Finding the Nearest Asteroids 
The Asteroid Terrestrial-impact Last Alert System (ATLAS)
became fully operational in June 2017. Our two robotic, 0.5 meter
telescopes survey the whole accessible sky every two nights from
the Hawaiian mountains of Haleakala and Mauna Loa. With
sensitivity to magnitude 19.5 over a field of 30 square degrees, we
discover several bright near-Earth objects every month –
particularly fast moving asteroids, which can slip by other surveys
that scan the sky more slowly. Several important developments in
2017 have enhanced our sensitivity to small, nearby asteroids and
potential impactors. We report on these developments –
including optical adjustments, automated screening of detections,
closer temporal spacing of images, and tolerance for large
deviations from Great Circle motion on the sky – and we describe
their effect in terms of measuring and discovering real objects.

Author(s): Aren Heinze , John L. Tonry , Larry Denneau ,
Brian Stalder
Institution(s): 1. Institute for Astronomy, University of Hawaii

103.05 – The Large Synoptic Survey Telescope as a
Near-Earth Object Discovery Machine
We discuss the capabilities of LSST to discover small bodies
throughout the Solar System, including Near-Earth Objects
(NEOs) which present a challenge to automated discovery
techniques due to their rapid motion across the sky. Tests of the
prototype LSST difference imaging software conducted on
DECam data yield an estimate of the false detection rate at ~450
sources per square degree when scaled to LSST's depth and
seeing. Tests of the prototype Moving Object Processing System
(MOPS) indicate that NEOs can be effectively linked with the
planned LSST cadence with this rate of false detections (Veres &
Chesley 2017). Using a high-fidelity simulated survey pointing
history, we evaluate the performance of the LSST baseline survey
strategy in discovering NEOs and Potentially Hazardous
Asteroids (PHAs), as well as other populations of small bodies
throughout the solar system. With the baseline cadence, LSST
alone could discover 68.4% of PHAs with H<=22 and 63.4% of
NEOs with H<=22; when discoveries from other currently-
operational surveys are included, this could rise to 80% and 78%
respectively. Extension of the LSST survey by an additional two
years and further investments in LSST software development and
compute resources can provide a further boost of about 5%.

Author(s): R. Jones , Mario Juric , Colin Slater , Zeljko
Ivezic , Joachim Moeyens , Tim S. Axelrod , Kem H. Cook ,
Jonathan Ashley Myers , Catherine E. Petry
Institution(s): 1. Cook Astronomical Consulting, 2. Johns
Hopkins University, 3. LSST, 4. Univ. of Arizona, 5. Univ. of
Washington

103.06 – Short arc orbit determination and Gaia
alerts
Since October 2016, the short term (ST) processing of Solar
System Objects (SSOs) by Gaia is up and running, and it has
produced almost 600 alerts. A crucial point in the chain is the
possibility of performing a short arc orbit determination as soon
as the object has been detected, which allows the follow up of the
object from the ground. 
 
The method we present has been recentely developed for two
main 
reasons: 1) search for imminent impactors within the NEO -
Confirmation Page 
(imminent impactors are asteroids that could impact the Earth in 
few days from their discovery) 2) validation of the SSO-ST Gaia
pipeline. 
 
We show some good confirmations on objects that could have
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been discovered by Gaia, and some properties of the Gaia
astrometry for the short term.

Author(s): Federica Spoto , Paolo Tanga , Alessio Del
Vigna , Benoit Carry , William Thuillot , Pedro David , Francois
Mignard , Andrea Milani , Giacomo Tommei
Institution(s): 1. IMCCE, Observatoire de Paris, 2.
Observatoire de la Cote d'Azur, 3. University of Pisa

104.01 – A Three-Body Resonance Confines the
Ring-Arcs of Neptune
Two prominent arcs in Neptune's Adams ring have persisted for
more than thirty years. Absent active confinement, the arcs would
have dissipated in a few years due to Kepler shear. Based on
nearly 30 years of astrometry from Voyager and the Hubble Space
Telescope, we now find that the orbital semimajor axis of the arcs
falls within ~ 10 meters of a strong three-body mean motion
resonance, which involves the two nearest moons, Galatea and
Larissa. Resonances of comparable strength are typically spaced
by several km in the vicinity of the ring, making this particular
association unlikely to be a coincidence. Furthermore, each arc
falls within the longitudinal boundaries of one of the 39
corotation sites that this resonance creates. Collisionless
numerical simulations confirm that the resonance is capable of
confining ring material within these corotation sites; more
realistic, collisional simulations are in progress. The dynamics
appears to be generally similar to that from an earlier model in
which the arcs were confined by a two-body resonance with
Galatea (Porco, Science 253, 995-1001, 1991). However,
subsequent observations have shown that the arcs' mean motion
is definitively outside the resonance as originally proposed.
Subsequent models have invoked one or more embedded
moonlets to confine the arcs, but this new model eliminates the
need to invoke additional unseen moonlets. We hypothesize that
the arcs comprise debris ejected from an impact into the Adams
ring multiple decades ago. Only a fraction of that debris landed
precisely in the resonance. The additional arcs imaged by Voyager
in 1990 comprise material that orbited close to, but not in, the
resonance; that material has dispersed slowly over the
subsequent decades, leaving only two arcs that persist to this day.

Author(s): Mark Showalter , Jack J. Lissauer , Imke de
Pater , Robert S French
Institution(s): 1. NASA Ames, 2. SETI Institute, 3. UC Berkeley

104.02 – Dynamics of the Uranian Gamma Ring
The planet Uranus is surrounded by a unique ring system
consisting of ten narrow ringlets as well as several broad sheets of
dust. The brightest of these rings is bracketed by a pair of
satellites, Cordelia and Ophelia, that may serve to help confine
the ring radially. Searches for smaller satellites near the other
narrow rings, however, have been unsuccessful. Hamilton et. al.
2016 and Rimlinger et al. 2016 have argued that the eccentric
and/or inclined uranian ringlets self confine radially by a
combination of ringlet gravity and viscous forces. Importantly, no
shepherd satellites are required in this model. 

We apply these ideas to the uranian gamma ring, a particularly
strange ringlet which has, in addition to the standard elliptical
shape, a superposed m=0 breathing mode (French et. al. 1988).
In a pure m=0 mode, the particles in an elliptical ring all reach
pericenter at the same times giving the ring a circular appearance.
The particles remain synced in phase and all move outward
reaching apocenter simultaneously. Thus the ring appears
circular at any given time, but the radius of the circle seems to
increase and decrease - it breathes. We investigate first the
dynamics of the pure m=0 mode and show that the equilibrium is
stable against small perturbations. We are currently moving
toward a more sophisticated stability analysis for the real gamma
ring with its unusual combination of normal modes. We will
detail our results to date and will report on our progress toward
an origin scenario for this obscure but interesting ringlet.

Author(s): Douglas P. Hamilton , Thomas Rimlinger ,
Joseph M. Hahn
Institution(s): 1. SSI, 2. Univ. of Maryland

104.03 – On the Formation of Rings around Giant
Planets
The origin and age of the rings around giant planets are
intensively debated. It has been proposed that Saturn's rings may
form by tidal disruption of a Titan-sized primordial satellite that
migrates inward due to the gas drag [1]. On the other hand, rings
around giant planets may form by tidal disruption of a passing
large Kuiper belt object during the late heavy bombardment [2]. 
 
Recently, it is suggested that a proto-Rhea and a proto-Dione
might have experienced a catastrophic collision (only 100 Myr
ago) [3]. Following their arguments, we performed SPH
simulations of impacts between such objects and found that the
impact is indeed catastrophic [4]. Then, we investigated the long-
term evolution of the debris by using N-body simulations and
analytical arguments. We found that the debris quickly re-accrete
into new generation of Rhea- or Dione-like satellite(s) as
proposed by the previous work [3], but we didn't see any
significant spreading of the debris to form Saturn's rings [4]. 
 
In this work, we will discuss the current understanding of the
origin of rings around giant planets by referring our recent papers
[2,4]. 
 
[1] Canup, R. 2010, Nature, 468, 943 
[2] Hyodo, R., Charnoz, S., Ohtsuki, K. & Genda, H. 2017, Icarus,
282, 195 
[3] Cuk, M., Dones, L., & Nesvorny, D. 2016, ApJ, 820, 97 
[4] Hyodo, R., & Charnoz, S. 2017, AJ, 154, 34

Author(s): Ryuki Hyodo , Sebastien Charnoz , Hidenori
Genda , Keiji Ohtsuki
Institution(s): 1. Earth-Life Science Institute/Tokyo Institute
of Technology, 2. Institut de Physique du Globe/Universite Paris
Diderot, 3. Kobe University

104.04 – Saturn’s ring age from bombardment
simulation and reflectance fit to Cassini UVIS
spectra
The age of Saturn’s rings is open question. Our understanding of
this question depends heavily on the rate at which infalling
meteoritic material impacts the rings, which is a matter of some
debate. Recent estimates of this mass flux are between an order of
magnitude higher and lower than the estimate given by Cuzzi and
Estrada 1998. Given this range, we perform a meteoritic
bombardment simulation, using our stochastic Markov-chain
based model, which yields fractional-pollution curves over time
for the B and C rings of Saturn. Next, using Hapke’s 2012 model
for bidirectional reflectance for an intimate mixture of water-ice
and pollutant grains, we perform a non-linear least-squares fit to
Cassini UVIS data with two free parameters, fractional pollution
and surface roughness of the ring particles, with a correction for
the optical depth of the rings, to determine the estimated
fractional pollution observed by UVIS. We perform this fit with
two pollutants, amorphous carbon, and cometary material
measured by the Rosetta Alice UV spectrometer of comet
67P/Churyumov–Gerasimenko. The fractional pollution value
returned by our fit is then used to interpolate ring age along the
fractional pollution curves returned by our Markov-chain
simulation.
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Author(s): Joshua Peter Elliott , Larry Esposito , Eric Todd
Bradley
Institution(s): 1. Laboratory for Atmospheric and Space
Physics, 2. University of Central Florida, 3. University of
Colorado

104.05 – The dust distribution between F and G
ring
The High Rate Detector of the Cosmic Dust Analyzer aboard the
spacecraft Cassini detected more than 2,000 dust particles
between F and G ring in the Ring Grazing Orbits. These small icy
dust particles of about 1 micrometer radius form a 1000 km thick
dust layer with a peak density of 0.04 m . Most of the 0.8
micrometer particles probably originate from the neighbouring F
and G ring. However, there is a strong indication that half of the
particles being larger than 1.6 micrometer also originate from the
nearby moons Janus and Epimetheus. The particles could be
lifted from their surface by micrometeoroid bombardment. The
size distribution of the particle can be described by a power law
with an index -3.8. 

Author(s): Martin Seiss , Ralf Srama , Holger Hoffmann ,
Frank Spahn
Institution(s): 1. University of Potsdam, 2. University of
Stuttgart
Contributing team(s): CDA team of the Cassini-Huygens
mission

104.06 – New patterns in dust off the edge of
Saturn’s main rings
The Roche Division is a 3000-km-span of diffuse dust located at
the outer edge of Saturn’s main ring system between the A and F
rings. Several high-resolution images from Cassini’s orbit
insertion revealed two regions with higher concentrations of dust
within the Roche Division. These proposed dusty ringlets R/2004
S1 (radius=137,630 km) and R/2004 S2 (radius=138,900 km) lie
coincident with the orbit of Atlas and slightly interior to the orbit
of Prometheus respectively (Porco et al. 2005a Science). Using
several image sequences later obtained by Cassini Hedman et al.
2009 (Icarus) found that these concentrations of dusty ring
material are not simple ringlets, but are in fact organized into
canted azimuthal brightness variations with a periodicity akin to a
3:4 resonance with Saturn’s rotation rate. The presumed
perturbing phenomenon is Saturn’s kilometric radiation (SKR), a
strong low wavelength component of the planet’s radio emissions,
whose power oscillates near the planet’s rotation rate at a
frequency matching the Roche Division structures. However, over
the course of the Cassini mission the SKR period has varied by at
least 7 minutes. As a result, the location of the resonance moved
interior to the edge of the A ring and out of the Roche Division
around the time of Saturn’s equinox. Subsequent observations of
the Roche Division in the this time period show no evidence of
the prominent structures previously observed during the first few
years of the Cassini mission. Recently, the 3:4 resonant structures
have reappeared in the Roche Division as one of the SKR periods
has increased. Here we show that the these dusty Roche Division
structures are present in sync with the varying SKR period using
images sequences spanning the entire Cassini mission. We also
highlight some particularly optimal observations, obtained during
Cassini’s F-ring proximal and grand finale orbits, which reveal the
dusty structure of the Roche Division in unprecedented detail.

Author(s): Robert Ormal Chancia , Matthew M. Hedman ,
Shengyi Ye , William S. Kurth
Institution(s): 1. University of Idaho, 2. University of Iowa

104.07 – Saturn’s rings in the near-IR: a new view
from Cassini-VIMS
The reflectance spectrum of Saturn’s rings in the UV, visible and
near-IR regions is dominated by fine-grained crystalline water ice
with relatively small amounts of non-icy material, generally
proposed to be space-weathered silicates, organics, nano-phase
iron oxides or carbon. Previous observations by the VIMS
instrument on Cassini have revealed significant spatial variations

in the rings’ near-IR spectrum, with higher levels of
contamination by non-icy material in the Cassini Division and C
ring and larger ice grain sizes in the A and B rings (Nicholson et
al. [2008], Cuzzi et al. [2009], Hedman & Nicholson [2013],
Filacchione et al. [2012, 2014]). Over the past 12 months, with the
Cassini spacecraft passing ever closer to Saturn, VIMS has
obtained the best-ever complete spectral scans of both the sunlit
and dark sides of the main rings in the 0.35-5.1 micron range,
with radial resolutions of 50-120 km. The observations were
made at a uniform emission angle of ~15 degrees and a constant
phase angle of 60 or 130 degrees so as to minimize extraneous
photometric variations. In addition to confirming previous
results, the new data clearly show significant smaller-scale
spectral variations between the C ring plateaux and their
background, within the inner B ring, across several density wave
halos and in the trans-Keeler region in the outer A ring.

Author(s): Philip D. Nicholson , Matthew M. Hedman ,
Stephane Le Mouélic , Gianrico Filacchione , Mauro Ciarniello ,
Roger Nelson Clark
Institution(s): 1. Cornell Univ., 2. INAF-IAPS, 3. Planetary
Science Institute, 4. University of Idaho, 5. University of Nantes
Contributing team(s): Cassini VIMS team

104.08 – Surface roughness of Saturn's rings and
ring particles inferred from thermal phase curves
We analyze thermal phase curves of all the main rings of Saturn
(the A, B, C rings, and the Cassini division) measured by both the
far-IR and mid-IR detectors of the Cassini Composite InfraRed
Spectrometer (CIRS). All the rings show temperature increases
toward zero phase angle, known as an opposition effect or
thermal beaming. For the C ring and Cassini division, which have
low optical depths, intra-particle shadowing is considered the
dominant mechanism causing the effect. On the other hand, the
phase curves of the optically thick B and A rings steepen
significantly with decreasing absolute solar elevation angle from
21$^{\circ}$ to 14$^{\circ}$, suggesting inter-particle
shadowing plays an important role in these rings. We employ an
analytic roughness model to estimate the degrees of surface
roughness of the rings or ring particles. For optically thin rings,
an isolated particle covered by spherical segment craters is
employed while for the thick rings we approximate a packed
particle layer as a slab covered by craters. The particles in the thin
rings are found to have generally rough surfaces, except in the
middle C ring. Across the C ring, the optical depth correlates with
the degree of surface roughness. This may indicate that surface
roughness comes mainly from particle clumping, while individual
particles have rather smooth surfaces. For the optically thick
rings, the surface roughness of the particle layer is found to be
moderate. The modeled phase curves of optically thick rings are
shallow if the phase angle change is primarily due to change of
observer azimuthal angle. On the other hand, the phase curves
are steep if the phase angle change is due to change of observer
elevation angle, as inter-particle shadows become visible at
higher observer elevation. In addition, the area of shadowed
facets increases with decreasing solar elevation angle. These
combined effects explain the large seasonal change of the phase
curve steepness observed for the thick rings. The degrees of
surface roughness inferred from the thermal phase curves are
generally less than those from the phase curves in visible light.
This is probably explained by different roughness scales seen in
thermal and visible light. 

Author(s): Ryuji Morishima , Neal J. Turner , Linda
Spilker
Institution(s): 1. Jet Propulsion Laboratory, 2. University of
California - Los Angels

104.09D – The Particle Size Distribution in
Saturn’s C Ring from UVIS and VIMS Stellar
Occultations and RSS Radio Occultations
The Cassini Ultraviolet Imaging Spectrograph (UVIS) and Visual
and Infrared Mapping Spectrometer (VIMS) have measured ring
optical depths over a wide range of viewing geometries at effective
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wavelengths of 0.15 μm and 2.9 μm respectively. Using Voyager S
and X band radio occultations and the direct inversion of the
forward scattered S band signal, Marouf et al. (1982), (1983), and
Zebker et al. (1985) determined the power-law size distribution
parameters assuming a minimum particle radius of 1 mm. Many
further studies have also constrained aspects of the particle size
distribution throughout the main rings. Marouf et al. (2008a)
determined the smallest ring particles to have radii of 4-5 mm
using Cassini RSS data. Harbison et al. (2013) used VIMS solar
occultations and also found minimum particle sizes of 4-5 mm in
the C ring with q ~ 3.1, where n(a)da=Ca^(-q)da is the assumed
differential power-law size distribution for particles of radius a.
Recent studies of excess variance in stellar signal by Colwell et al.
(2017, submitted) constrain the cross-section-weighted effective
particle radius to 1 m to several meters. Using the wide range of
viewing geometries available to VIMS and UVIS stellar
occultations we find that normal optical depth does not strongly
depend on viewing geometry at 10km resolution (which would be
the case if self-gravity wakes were present). Throughout the C
ring, we fit power-law derived optical depths to those measured

by UVIS, VIMS, and by the Cassini Radio Science Subsystem
(RSS) at 0.94 and 3.6 cm wavelengths to constrain the four
parameters of the size distribution at 10km radial resolution. We
find significant amounts of particle size sorting throughout the
region with a positive correlation between maximum particles
size (amax) and normal optical depth with a mean value of amax
~ 3 m in the background C ring. This correlation is negative in the
C ring plateaus. We find an inverse correlation in minimum
particle radius with normal optical depth and a mean value of
amin ~ 4 mm in the background C ring with slightly larger
smallest particles in the C ring plateaus.

Author(s): Richard Gregory Jerousek , Josh Colwell ,
Matthew M. Hedman , Richard G. French , Essam A. Marouf ,
Larry Esposito , Philip D. Nicholson
Institution(s): 1. Cornell University, 2. San Jose State
University, 3. University of Central Florida, 4. University of
Colorado, 5. University of Idaho, 6. Wellesley College

105.01 – Haze Heating and Cooling in Pluto’s
Atmosphere
During the Pluto flyby, an ultraviolet imaging spectrometer
ALICE onboard New Horizon spacecraft revealed an unexpected
cold atmosphere on Pluto (Gladstone et al., 2016). The missing
cooling agent is still a mystery. Here we show that hazes in the
atmosphere could explain Pluto’s temperature profile. Haze
particles are likely formed via hydrocarbon and nitrile chemistry
in Pluto’s atmosphere. Numerous global haze layers have been
discovered in the New Horizons images obtained from the LOng
Range Reconnaissance Imager (LORRI) (Gladstone et al. 2016).
Based on the vertical profile of haze opacity derived from ALICE
observations (Gao et al. 2017; Young et al. 2017), we calculate the
UV and visible heating and infrared cooling rates on Pluto. We
found that the haze heating and cooling effects are large
compared with the heating from methane and cooling from CO,
HCN and C2 hydrocarbons. We predict that Pluto is much
brighter than a conventionally assumed blackbody in the mid-
infrared, which can be tested by future observations.

Author(s): Xi Zhang , Darrell F. Strobel , Hiroshi Imanaka
Institution(s): 1. Johns Hopkins University, 2. NASA Ames, 3.
University of California Santa Cruz

105.02 – The Effect of Aerosols on Pluto's C2
Hydrocarbon Chemistry
On July 14, 2015 the New Horizons spacecraft flew through the
Pluto system, providing critical details about Pluto’s atmosphere.
The vertical profiles of N  and CH , C H , C H , and C H
derived from New Horizons Alice transmission data allow the
more accurate modeling of Pluto’s atmosphere than in the pre-
New Horizons era, and help better understand the physical and
photochemical processes in Pluto’s atmosphere. All the measured
C  hydrocarbon densities showed an unexpected inversion
between ~100 and 400 km, which suggests that processes other
than chemistry play an important role in shaping their vertical
profiles. We present here a state-of-the-art Pluto Ion-Neutral-
Photochemistry (Pluto INP) model that includes the
condensation onto and incorporation into aerosol particles, and
evaluate the dominant production and loss processes of C
hydrocarbons with a special emphasis on the role of aerosol
interaction. We found that in order to reproduce the C  profiles
measured by New Horizons, they must stick to and be
permanently removed by aerosols - a process different from
condensation. We determined through empirical fits to the New
Horizons data that the sticking efficiency of C  hydrocarbons and
the stickiness of the aerosol particles are inversely related to the
available aerosol surface area, which has been inferred from
observation to increase as altitude decreases. This
counterintuitive relationship between sticking efficiency and
available aerosol surfaces indicates that similarly to Titan, Pluto’s
aerosols must harden and become less sticky as they age. Such

hardening with ageing is both necessary and sufficient to explain
the vertical profiles of C  hydrocarbons in Pluto’s atmosphere.

Author(s): Adrienn Luspay-Kuti , Kathleen Mandt ,
Kandis-Lea Jessup , Vincent Hue , Joshua Kammer , Rachael
Filwett , Mark Hamel
Institution(s): 1. Johns Hopkins University Applied Physics
Laboratory, 2. Southwest Research Institute, 3. University of
Texas at San Antonio

105.03 – Analysis of Archival Low-Resolution Near-
Infrared Spectra to Measure Pluto's Atmosphere.
First detected via occultation observations, Pluto's atmosphere
has changed since its discovery in the 1980s (Brosch &
Mendelson, 1985; Elliot et al., 1989). Between the occultations of
1988 and 2002, the surface pressure doubled (Elliot et al., 2003)
as Pluto passed through perihelion in 1989. In the years following
the 2002 occultation, only a slight increase in the surface
pressure has been noted (Young et al. 2013; Olkin et al. 2015).
High-resolution spectroscopy has also been used to determine the
composition of Pluto's atmosphere. This was first successfully
done in 1992 (Young et al., 1997), but no follow up detection was
made until 2008 (Lellouch et al. 2009). With a gap in the
occultation and spectroscopic records, we have little information
on how and when Pluto's atmosphere changed. In order to fill in
this gap, we are examining low spectral resolution, high signal-to-
noise spectra of Pluto such as Cook et al (2014) presented
previously. At this meeting, we will report on additional archive
observations from Gemini. These data were taken between 2004
and 2008 using the NIRI+Altair (adaptive optics instrument) and
GNIRS instruments. These have resolving powers (λ/Δλ) of ~600
and 6000, respectively. Both data sets cover the K-band spectral
range (1.95 to 2.40 μm) where gaseous CH  has several strong
lines, such as the ν +ν  Q-branch near 2.317 μm. 
 
Funding for this work has been provided by NASA-PATM grant
NNX12AK62G.

Author(s): Jason C. Cook , Leslie Young , Dale P.
Cruikshank
Institution(s): 1. NASA Ames Research Center, 2. Pinhead
Instititue, 3. Southwest Research Institute

105.04 – Pluto's Solar Occultation from New
Horizons
The Alice instrument on NASA’s New Horizons spacecraft
observed an ultraviolet solar occultation by Pluto's atmosphere on
2015 July 14. We derived line-of-sight abundances and local
number densities for the major species (N  and CH ) and minor
hydrocarbons (C H , C H , C H ), and line-of-sight optical
depth and extinction coefficients for the haze. Our major
conclusions are that (1) we confirmed temperatures in Pluto’s
upper atmosphere that were colder than expected before the New
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Horizons flyby, with upper atmospheric temperatures near 65-68
K, and subsequently lower escape rates, (2) the lower atmosphere
was very stable, placing the homopause within 12 km of the
surface, (3) the abundance profiles of the “C H hydrocarbons”
had non-exponential density profiles that compare favorably with
models for hydrocarbon production near 300-400 km and haze
condensation near 200 km, and (4) haze had an extinction
coefficient approximately proportional to N  density. 

This work was supported by NASA’s New Horizons project.

Author(s): Leslie Young , Joshua Kammer , Andrew J
Steffl , Randy Gladstone , Michael Summers , Darrell F.
Strobel , David P. Hinson , S. Alan Stern , Harold A Weaver ,
Catherine Olkin , Kimberly Ennico , Dave McComas
Institution(s): 1. George Mason Univ. , 2. JHU, 3. JHU/APL, 4.
NASA Ames Research Center, 5. Princeton, 6. SETI, 7. Southwest
Research Inst., 8. Southwest Research Inst.
Contributing team(s): New Horizons Atmospheres Science
Theme Team

105.05 – Triton, Pluto, and Titan: A Comparison of
Haze Photometry
As Kuiper Belt Objects of similar size and albedo, Triton and
Pluto were thought to be kindred bodies exhibiting like geologic
histories and features, with possible seasonal volatile transport in
their polar regions. During the flyby of Pluto in July 2015, active
geological processes were observed on the planet (Stern et al.,
2015), and a substantial haze layer that was more akin to Titan’s
was observed (Gladstone et. al., 2016). Multiple haze layers were
discovered surrounding the dwarf planet (Cheng et al. 2017). 

Using a radiative transfer model based on Chandrasekhar’s
“Planetary Problem” of an optically thin atmosphere and a surface
of arbitrary single scattering albedo and single particle phase
function (Chandrasekhar, 1960; Hillier et al., 1990, 1991; Buratti
et al., 2011), we have characterized the optical depth and surface
properties of Pluto, Triton, and Titan. The forward-scattering
properties of the haze can also be quantified by this model.
Optical imaging data was analyzed for Triton and Pluto. For Titan
we made use of published data on Titan (Tomasko and West,
2009) plus new Cassini Visual Infrared Mapping Spectrometer
(VIMS) data, which spans the wavelength range between 0.35 and
5.2 microns, and which has several channels in the mid-infrared
where both the haze opacity is relatively low and the atmosphere
is optically thin. Pluto’s atmosphere is more optically thick than
Triton’s but both are far thinner than Titan’s. The composition of
Triton’s haze layer differs markedly from Titan’s. Observations of
Pluto’s haze reveal a bluish color (Gladstone et al., 2016), but the
reddish tint of possible haze deposits on the surface (Stern et al.,
2015; Buratti et al., 2015) suggest Pluto’s haze composition is
Titan-like. 

© 2017 California Institute of Technology. Government
sponsorship acknowledged. 
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Contributing team(s): New Horizons Science Team

105.06D – High resolution 3D global climate
modeling of Pluto's atmosphere to interpret New
Horizons observations
We use the LMD Global Climate Model (GCM) of Pluto's
atmosphere to interpret New Horizons observations and simulate
the Pluto climate system. The model takes into account the cycles
of N2, CH4, CO and organic haze. It is described in details in
Forget et al., 2017. In order to ensure our simulations, sensitive to
our initial conditions, correctly describe reality, we initialize the
3D model with a set of subsurface temperatures and ice
distribution, which converged toward steady state after thousands
of years simulated with a 2D version of the model (Bertrand and
Forget, 2016). 
We identify three “realistic” simulations which differ by their
spatial distribution of N2 ice in 2015 but remain consistent with
the evolution of the surface pressure (Sicardy et al., 2016) and the
amount of atmospheric methane observed on Pluto (Lellouch et
al., 2015). We perform a comprehensive characterization of
Pluto’s atmosphere in 2015 using these simulations. Near surface
winds can be compared to wind streaks on Pluto, while the
simulated waves and thermal structure can be compared to the
New Horizons occultations measurements (Hinson et al., 2017). 
In particular, we demonstrate the sensitivity of the general
circulation to the distribution of N2 ice on the surface. Our latest
results suggest that Pluto’s atmosphere undergoes retrograde
rotation, a unique circulation regime in the Solar System, induced
by the condensation-sublimation of N2 in the Sputnik Planitia
basin. In Sputnik Planitia, the near-surface winds favor a
deposition of haze particles in the northern and western part of
the ice cap, which helps to interpret the different colors observed.
The GCM also shows that several atmospheric phenomena are at
the origin of the cold boundary layer observed deep in the Sputnik
Planitia basin, in particular the sublimation of N2, effects of
topography and the supply of cold air by winds. This allows us to
understand the near-surface differences observed between the
entry and exit temperature profiles, measured by REX on-board
New Horizons. However it does not reproduce the differences
observed between 6 and 30 km above the mean surface.

Author(s): Tanguy Bertrand , Francois Forget
Institution(s): 1. Laboratoire de Météorologie Dynamique
(LMD/UPMC)
Contributing team(s): The New Horizons Science Team

106.01 – Ground Hazards from 100 - 300 m
Asteroid Impacts
Observation programs have found over 15 000 of the estimated 1
million asteroids larger than 30 m in diameter. Current estimates
suggest one such object will strike the Earth, on average, each
century. As observation and tracking capabilities improve it is
increasingly likely we will find asteroids on a collision course
before they hit us. The ability to accurately predict ground
damage from an impact is useful in determining appropriate
response, whether through in-space mitigation or civil defense
measures. For cases where in-space mitigation is unlikely, the
specific damage consequences help emergency planners reduce
casualties. The current work extends the understanding of impact
damage by comparing the damage caused by blast overpressure,
thermal radiation, and seismic waves due to 100 - 300 m
diameter asteroids which are large enough to impact the ground
yet small enough that global effects are not the primary concern.

Land impacts were simulated with the ALE3D hydrocode to
determine the amount of incident kinetic energy converted to
each of the potential hazards. The resulting damage areas are
compared considering the effects of asteroid size and composition
as well as ground composition and porosity. We compare the
simulation results to semi-analytical models from the literature.

Author(s): Darrel Robertson , Eric Stern , Donovan
Mathias
Institution(s): 1. NASA Ames Research Center

106.02 – Meteorite Unit Models for Structural
Properties
To assess the threat posed by an asteroid entering Earth’s
atmosphere, one must predict if, when, and how it fragments
during entry. A comprehensive understanding of the asteroid
material properties is needed to achieve this objective. At present,
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107 – The Life and Work of Toby Owen

108 – Plenary: Cassini Grand Finale

the meteorite material found on earth are the only objects from
an entering asteroid that can be used as representative material
and be tested inside a laboratory. Due to complex composition, it
is challenging and expensive to obtain reliable material properties
by means of laboratory test for a family of meteorites. In order to
circumvent this challenge, meteorite unit models are developed to
determine the effective material properties including Young’s
modulus, compressive and tensile strengths and Poisson’s ratio,
that in turn would help deduce the properties of asteroids. The
meteorite unit model is a representative volume that accounts for
diverse minerals, porosity, cracks and matrix composition. 

The Young’s Modulus and Poisson’s Ratio in the meteorite units
are calculated by performing several hundreds of Monte Carlo
simulations by randomly distributing the various phases inside
these units. Once these values are obtained, cracks are introduced
in these units. The size, orientation and distribution of cracks are
derived by CT-scans and visual scans of various meteorites.
Subsequently, simulations are performed to attain stress-strain
relations, strength and effective modulus values in the presence of
these cracks. The meteorite unit models are presented for H, L
and LL ordinary chondrites, as well as for terrestrial basalt. In the
case of the latter, data from the simulations is compared with
experimental data to validate the methodology. These meteorite
unit models will be subsequently used in fragmentation modeling
of full scale asteroids.

Author(s): Parul Agrawal , Alexander A Carlozzi , Zaid S
Karajeh , Kathryn L Bryson
Institution(s): 1. AMA/NASA Ames Research Center, 2. Bay
Area Environmental Institute, 3. Lockheed Martin, 4.
USRA/NASA Ames Research Center

106.03 – Forbidden mass ranges for shower
meteoroids
Burns et al. (1979) use the parameter β to describe the ratio of
radiation pressure to gravity for a particle in the Solar System.
The central potential that these particles experience is effectively
reduced by a factor of (1 − β), which in turn lowers the escape
velocity. Burns et al. (1979) derived a simple expression for the
value of β at which particles ejected from a comet follow parabolic
orbits and thus leave the Solar System; we expand on this to
derive an expression for critical β values that takes ejection
velocity into account, assuming geometric optics. We use our
expression to compute the critical β value and corresponding
mass for cometary ejecta leading, trailing, and following the
parent comet’s nucleus for 10 major meteor showers. Finally, we
numerically solve for critical β values in the case of non-geometric
optics. These values determine the mass regimes within which
meteoroids are ejected from the Solar System and therefore
cannot contribute to meteor showers.

Author(s): Althea V Moorhead
Institution(s): 1. NASA

107.01 – Toby Owen, a visionary and charismatic
scientist
Toby’s relationship with Paris Observatory goes back to the early
beginning of the 1970s. While he was a professor at Sony Brook
University (NY), he played a very active role in the development
of the young planetology group at the Observatory. With Daniel
Gautier, Catherine de Bergh, Michel Combes and Thérèse
Encrenaz, he initiated many research projects around the
composition and structure of planetary atmospheres, using space
exploration and ground-based observations. With Jean-Pierre
Maillard and the French planetology group, he made a series of
major discoveries, in particular about the deuterium abundance
in the solar system. In a visionary and multidisciplinary
approach, he developed numerous research projects on all
families of solar system objects, planets, satellites and comets,
using all wavelength spectral ranges, from ground and space. In
the early 1980s, with Daniel Gautier and Wing Ip, Toby became
deeply involved in the development of the Cassini-Huygens space
mission, jointly led by the United States and Europe, devoted to
the exploration of Saturn and Titan. Beyond its exceptional
scientific return, this mission has been an exemplary success in
terms of international cooperation between different space
agencies. Toby was strongly in favor of bringing together scientific
communities beyond national frontiers. With his French friends
and colleagues, at Paris Observatory and beyond, Toby has
developed very strong links of scientific cooperation and
friendship. In the early 2000s, he joined the High Scientific
Council of Paris Observatory. In 2006, with Daniel Gautier and
Jean-Pierre Lebreton, he received the Grand Prix Marcel Dassault
of the French Academy of Sciences. In 2007, he became Doctor
Honoris Causa of Paris Observatory. He is deeply missed by his
friends and colleagues, who all remember his generosity, his
availability, his kindness, his simplicity and modesty.

Author(s): Therese Encrenaz
Institution(s): 1. LESIA, Paris Observatory

107.02 – The Early Planetary Research of Tobias C.
Owen

Tobias Chant Owen (Toby) was a graduate student of G. P.
Kuiper, receiving his Ph.D. in the Dept. of Astronomy, University
of Arizona, in 1965. His thesis was broadly titled "Studies of
Planetary Spectra in the Photographic Infrared", and primarily
presented a study of the composition and other properties of
Jupiter, as well as the abundance and surface pressure of CO  on
Mars. The surface pressure on Mars was a topic of debate at that
time, with a wide range of diverse observational results from
several investigators. The Jupiter work in particular consisted of
the analysis of Kuiper's unpublished spectra that were made with
photographic plates pushed to the longest wavelength possible,
about 1120 nm, with ammonia-hypersensitized Kodak Z
emulsions. Toby used the long-pathlength absorption cells at the
Lunar and Planetary Lab to study the spectra of CH  and NH  at
pressures and temperatures relevant to Jupiter (and Saturn), as
well as to search for spectral signatures of potential minor
components of their atmospheres. Toby also obtained new
spectra of Io, Ganymede, and Saturn and its rings, extended to
the long-wavelength limit of photographic emulsions. No new
molecular absorptions were found, although Owen basically
confirmed Kuiper's earlier result that Saturn's rings are covered
(or composed of) with H O ice or frost. As he pursued a broad
range of problems of planetary atmospheres, Toby used existing
and newly acquired spectra of the planets in the photographic and
near-infrared wavelength regions, together with data he obtained
in the laboratory with long-pathlength absorption cells, to resolve
some outstanding issues of unidentified spectral features and to
clarify issues of the compositions, temperatures, and atmospheric
pressures of several bodies. This work laid the foundation for his
later decades of studies of planetary atmospheres and comets
with spacecraft as an active participant in many US and European
missions. He was very influential in shaping the science goals of
several missions, and in the interpretation of the results.

Author(s): Dale P. Cruikshank
Institution(s): 1. NASA Ames Research Center

108.01 – Cassini's Grand Finale Science Highlights
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109 – Plenary: Juno Science Highlights

After 13 years in orbit, the Cassini-Huygens Mission to Saturn
ended in a science-rich blaze of glory. Cassini returned its final
bits of unique science data on September 15, 2017, as it plunged
into Saturn's atmosphere satisfying planetary protection
requirements. Cassini's Grand Finale covered a period of roughly
five months and ended with the first time exploration of the
region between the rings and planet. 

The final close flyby of Titan in late April 2017 propelled Cassini
across Saturn’s main rings and into its Grand Finale orbits; 22
orbits that repeatedly dove between Saturn’s innermost rings and
upper atmosphere making Cassini the first spacecraft to explore
this region. The last orbit turned the spacecraft into the first
Saturn upper atmospheric probe. 

The Grand Finale orbits provided highest resolution observations
of both the rings and Saturn, and in-situ sampling of the ring
particle composition, Saturn's atmosphere, plasma, and
innermost radiation belts. The gravitational field was measured to
unprecedented accuracy, providing information on the interior
structure of the planet, winds in the deeper atmosphere, and mass
of the rings. The magnetic field provided insight into the physical
nature of the magnetic dynamo and structure of the internal
magnetic field. The ion and neutral mass spectrometer sampled
the upper atmosphere for molecules that escape the atmosphere
in addition to molecules originating from the rings. The cosmic
dust analyzer directly sampled the composition from different
parts of the main rings for the first time. Fields and particles
instruments directly measured the plasma environment between
the rings and planet. 

Science highlights and new mysteries gleaned to date from the
Grand Finale orbits will be discussed. 

The research described in this paper was carried out in part at the
Jet Propulsion Laboratory, California Institute of Technology,
under a contract with the National Aeronautics and Space
Administration. Copyright 2017 California Institute of
Technology. Government sponsorship is acknowledged.

Author(s): Linda Spilker
Institution(s): 1. Jet Propulsion Laboratory

108.02 – High-resolution imaging of Saturn’s main
rings during the Cassini Ring-Grazing Orbits and
Grand Finale
Cassini is ending its spectacular 13-year mission at Saturn with a
two-part farewell, during which it has obtained the sharpest and
highest-fidelity images ever taken of Saturn’s rings. From
December 2016 to April 2017, the spacecraft executed 20 near-
polar orbits that passed just outside the outer edge of the main
rings; these “Ring-Grazing Orbits” provided the mission’s best
viewing of the A and F rings and the outer B ring. From April to
September 2017, the spacecraft is executing 22 near-polar orbits
that pass between the innermost D ring and the planet’s clouds;
this “Grand Finale” provides the mission’s best viewing of the C
and D rings and the inner B ring. 

1) Clumpy Belts 
Clumpy structure called “straw” was previously observed in parts
of the main rings [Porco et al. 2005, Science]. New images show

this structure with greater clarity. More surprisingly, new images
reveal strong radial variations in the degree and character of
clumpiness, which are probably an index for particle properties
and interactions. Belts with different clumpiness characteristics
are often adjacent to each other and not easily correlated with
other ring characteristics. 
 
2) Propellers 
A “propeller” is a local disturbance in the ring created by an
embedded moon [Tiscareno et al. 2006, Nature; 2010, ApJL].
Cassini has observed two classes of propellers: small propellers
that swarm in the “Propeller Belts” of the mid-A ring, and “Giant
Propellers” whose individual orbits can be tracked in the outer A
ring. Both are shown in unprecedented detail in new images.
Targeted flybys of Giant Propellers were executed on both the lit
and unlit sides of the ring, yielding enhanced ability to convert
brightness to optical depth and surface density. 
 
3) Impact Ejecta Clouds 
Being a large and delicate system, Saturn’s rings function as a
detector of their planetary environment. Cassini images of impact
ejecta clouds in the rings previously constrained the population of
decimeter-to-meter-sized meteoroids in Saturn’s vicinity
[Tiscareno et al. 2013, Science]. Many more IECs are detected in
new images, with color data that may constrain the particle-size
distribution of the ejecta, and thus the fracture properties of ring
material.

Author(s): Matthew S. Tiscareno
Institution(s): 1. SETI Institute
Contributing team(s): Cassini Imaging Team

108.03 – Saturn’s Magnetic Field from the Cassini
Grand Finale orbits
The fundamental aim of the Cassini magnetometer investigation
during the Cassini Grand Finale orbits was determination of
Saturn’s internal planetary magnetic field. The unique geometry
of the orbits provided an unprecedented opportunity to measure
the intrinsic magnetic field at close distances never before
encountered. The surprising close alignment of Saturn’s magnetic
axis with its spin axis known about since the days of Pioneer 11
has been a focus of the team’s analysis since Cassini Saturn Orbit
Insertion. However, the varying northern and southern
magnetospheric planetary period oscillations which fill the
magnetosphere, has been a factor in masking the field signals
from the interior. Prior to the Grand Finale orbits, the magnetic
field data analysis had confirmed the extreme axisymmetry of the
intrinsic magnetic field, with a dipole tilt of < 0.06°, shown no
evidence for secular variation to date, established equatorial flux
expulsion in the deep interior and revealed no polar field
minimum up to spherical harmonic degree 5. Here we describe
the magnetometer results from the Grand Finale orbits which
include confirmation of the extreme axisymmetric nature of the
planetary field.

Author(s): Michele Dougherty , Hao Cao , Krishan
Khurana
Institution(s): 1. Caltech, 2. Imperial College London, 3. UCLA
Contributing team(s): Cassini Magnetometer Team

109.01 – Unveiling the Interior of Jupiter with
Juno

In orbit since July 2016, Juno is changing the way we see Jupiter,
paving the way for a much better understanding of the giant
planet and its role in the formation of the solar system. The
gravity field measured during just the first two orbits is an order
of magnitude 
more accurate than previous measurements (Bolton et al. 2017,
Folkner et al. 2017), allowing discrimination between
contradictory measurements prior to Juno and to further

constrain interior differential rotation and structure. Interior
models consistent with the data favour solutions in which
Jupiter’s core is diluted in the envelope (Wahl et al. 2017), in line
with recent models of the formation of the planet. Another
longterm mystery is whether Jupiter’s observed zonal flows
penetrate deep into the interior or not (Kaspi et al. 2017). The
increased accuracy seen in Juno’s gravity measurements in the
next orbits gives hope that this mystery can be solved. Juno’s high
precision measurements of Jupiter’s gravity field, magnetic field
combined with the ability to probe the deep atmosphere at
microwave wavelengths will enable us to further unveil Jupiter's
interior and role in the early solar system.
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110 – Asteroids: Physical Characterization

Author(s): Tristan Guillot , Yamila Miguel , William B.
Hubbard , Yohai Kaspi , Burkhard Militzer , Sean Wahl ,
William Folkner , Luciano Iess , Ravit Helled , Eli Galanti ,
Daniele Durante , Marzia Parisi , Hao Cao , Daniel Reese ,
Jonathan I. Lunine , Jeremy Bloxham , John D. Anderson ,
Steven Levin , J. E. P. Connerney , Scott J. Bolton , David J.
Stevenson
Institution(s): 1. Berkeley , 2. Caltech, 3. Cornell University, 4.
ETH, 5. Harvard University, 6. JPL, 7. LPL, 8. NASA Goddard,
9. Obs. de La Cote D' Azur, 10. Observatoire de Paris, 11. SwRI,
12. Università La Sapienza, 13. Weissman Institute
Contributing team(s): Juno team

109.02 – Jupiter’s Magnificent AuroraI Lightshow:
Initial observations and results from the Juno
Mission.
The Juno spacecraft carries with it an impressive suite of
instruments to study Jupiter’s aurora and its response to
variations in Jupiter’s magnetosphere. The UV and near-infrared
auroral emissions serve as a “witness plate” or “viewing screen” to
some of the complex processes occurring in Jupiter’s giant
magnetosphere. Observations by the particle instruments (JEDI
and JADE) measure the electron and ion particle distributions at
the spacecraft, while the MAG instrument measures the
instantaneous magnitude and orientation of Jupiter’s magnetic
field and the Waves instrument measures auroral plasma waves
and radio emissions. With these measurements and model
predictions of how the position of the spacecraft maps to the
upper atmosphere of Jupiter in magnetic field coordinates, UVS
and JIRAM can observe how Jupiter’s upper atmosphere reacts to
the magnetospheric loading observed at Juno. We will present
select results from the 6 successful perijoves to date and possibly
something from the 8  Perijove planned for September 1 , 2017.

Author(s): Thomas K. Greathouse , Scott J. Bolton , Randy
Gladstone , John E.P. Connerney , Alberto Adriani , William S.
Kurth , Barry Mauk , Philip Valek , Steven Levin , Vincent
Hue
Institution(s): 1. Istituto di Astrofisica e Planetologia Spaziali,
2. Jet Propulsion Laboratory, 3. NASA Goddard Spaceflight
Center, 4. Southwest Research Institute, 5. The Johns Hopkins
University Applied Physics Laboratory, 6. University of Iowa
Contributing team(s): Juno Mission Team

109.03 – JunoCam Images of Jupiter: A Juno
Citizen Science Experiment
The Juno mission to Jupiter carries a visible imager on its
payload primarily for outreach. The vision of JunoCam’s outreach
plan was for the public to participate in, not just observe, a
science investigation. Four webpage components were developed
for uploading and downloading comments and images, following
the steps a traditional imaging team would do: Planning,
Discussion, Voting, and Processing, hosted at
https://missionjuno.swri.edu/junocam. 

Lightly processed and raw JunoCam data are posted. JunoCam
images through broadband red, green and blue filters and a
narrowband methane filter centered at 889 nm mounted directly
on the detector. JunoCam is a push-frame imager with a 58 deg
wide field of view covering a 1600 pixel width, and builds the
second dimension of the image as the spacecraft rotates. This
design enables capture of the entire pole of Jupiter in a single
image at low emission angle when Juno is ~1 hour from perijove
(closest approach). At perijove the wide field of view images are

high-resolution while still capturing entire storms, e.g. the Great
Red Spot. 
 
The public is invited to download JunoCam images, process
them, and then upload their products. Over 2000 images have
been uploaded to the JunoCam public image gallery.
Contributions range from scientific quality to artful whimsy.
Artistic works are inspired by Van Gogh and Monet. Works of
whimsy include how Jupiter might look through the viewport of
the Millennium Falcon, or to an angel perched on a lookout, or
through a kaleidoscope. 
 
Citizen scientists have also engaged in serious quantitative
analysis of the images, mapping images to storms and disruptions
of the belts and zones that have been tracked from the earth. They
are developing a phase function for Jupiter that allows the images
to be flattened from the subsolar point to the terminator, and
studying high hazes. Citizen scientists are also developing time-
lapse movies, measuring wind flow, tracking circulation patterns
in the circumpolar cyclones, and looking for lightning flashes.  
 
This effort has engaged the public, with a range of personal
interests and considerable artistic and analytic talents. In return,
we count our diverse public as partners in this endeavor. 

Author(s): Candice Hansen , Michael Ravine , Scott
Bolton , Mike Caplinger , Gerald Eichstadt , Elsa Jensen ,
Thomas W. Momary , Glenn S. Orton , John Rogers
Institution(s): 1. British Astronomical Society, 2. Independent
scholar, 3. JPL, 4. MSSS, 5. PSI, 6. SWRI

109.04 – Juno observes the dynamics of Jupiter's
atmosphere
 
Jupiter is a photogenic planet, but our knowledge of the deep
atmosphere is limited. Remote sensing observations have
traditionally probed within and above the cloud tops, which are in
the 0.5-1.0 bar pressure range. Dynamical models have focused
on explaining this data set. Microwave observations from Earth
probe down to the 5-10 bar range, which overlaps with the
predicted base of the water cloud. The Galileo probe yielded data
on winds, composition, temperature gradients, clouds, radiant
flux, and lightning down to 22 bars, but only at one place on the
planet. Further, the traditional observations are constrained to
cover low and middle latitudes. In contrast, Juno's camera and
infrared radiometer, JunoCam and JIRAM, have yielded images
of the poles that show cyclonic vortices in polygonal
arrangements. Juno's microwave radiometer yields latitude-
altitude cross sections that show dynamical features of the
ammonia distribution down to 50-100 bars. And Jupiter's gravity
field yields information about the winds at thousands of km
depth, where the pressures are tens of kbars. In this talk I will
summarize the Juno observations that pertain to the dynamics of
Jupiter's atmosphere and I will offer some of my own
interpretations. The new data raise as many questions as answers,
but that is as it should be. As Ed Stone said during a Voyager
encounter, "If we knew all the answers before we got there, we
wouldn't be learning anything." 

Author(s): Andrew P. Ingersoll
Institution(s): 1. Caltech
Contributing team(s): Juno Science Team

– 110.28

– Itokawa’s Opposition Surge seen by
Hayabusa/AMICA
Using images acquired by the Hayabusa/AMICA instrument,
along with Lederer et al.’s (2008) ground-based observations, we
re-examine Itokawa’s disk-integrated phase curve. The AMICA
images provide critical opposition measurements (between 0.7° –

9.3° phase at 540 nm). Using Hapke’s model (2012), we fit the
updated phase curves at 5 different wavelengths. Preliminary
modeling results show a range of porosity values commensurate
with those in the literature (Ostro et al. 2004, Gundlach and
Blum 2012, Kiuchi and Nakamura 2014) based on an impact-
generated grain size distribution function and grain size range
evaluations from the AMICA data (Yano et al. 2006). The wide
range of porosity values for the globally-averaged regolith
porosity suggests a highly variable porosity across the surface,
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matching what is seen in the AMICA imaging data (e.g. Yano et al.
2006). The derived transport mean free path and the generally
forward scattering nature of the global regolith indicate scattering
centers (such as cracks, bubbles, and inclusions) that are small
compared to the observational wavelengths. The derived regolith
properties are compared with the imaging and sample analysis
results, testing the predictive capabilities of global disk-integrated
measurements. This work suggests that the sub-pixel grain
information could be extracted from the photometry, especially
around opposition. This test is in preparation for activities in
support of Hayabusa2’s encounter with Ryugu in 2018. This work
was supported by the JAXA/ISAS Hayabusa2 program, the JSPS
Core-to-Core Program’s “International Network of Planetary
Sciences”, NASA’s Hayabusa2 participating scientist program
(grant NNX16AL34G), and SSERVI – TREX. 

Gundlach, B., Blum, J. 2012. Icarus 223, 479 – 492. 
Hapke, B., 2012. Theory of Reflectance and Emittance
Spectroscopy. Cambridge University Press, NY, 2  Edition, 513
pp. 
Kiuchi, M., Nakamura, A.M., 2014. Icarus 239, 291 – 293. 
Lederer, S.L., et. al. 2008. Earth Planets Space 60, 49 – 59. 
Ostro, S.J., et al., 2004. Meteorit. Planets. Sci. 39, 407 – 424. 
Yano, H., et al., 2006. Science 312, 1350 – 1353.

Author(s): Deborah L. Domingue , Eri Tatsumi , Faith
Vilas , Susan M. Lederer , Naru Hirata , Seiji Sugita
Institution(s): 1. NASA Johnson Space Center, 2. Planetary
Science Institute, 3. University of Aizu, 4. University of Tokyo

110.01 – Spectral Mapping at Asteroid 101955
Bennu
The OSIRIS-REx Asteroid Sample Return mission was launched
in September 2016. The main science surveys of asteroid 101955
Bennu start in March 2019. Science instruments include a
Visible-InfraRed Spectrometer (OVIRS) and a Thermal Emission
Spectrometer (OTES) that will produce observations that will be
co-registered to the tessellated shape model of Bennu (the
fundamental unit of which is a triangular facet). One task of the
science team is to synthesize the results in real time during
proximity operations to contribute to selection of the sampling
site. Hence, we will be focused on quickly producing spectral
maps for: (1) mineral abundances; (2) band strengths of minerals
and chemicals (including a search for the subtle ~5% absorption
feature produced by organics in meteorites); and (3) temperature
and thermal inertia values. In sum, we will be producing on
the order of ~60 spectral maps of Bennu’s surface
composition and thermophysical properties. Due to
overlapping surface spots, simulations of our spectral maps show
there may be an opportunity to perform spectral super-resolution.
We have a large parameter space of choices available in creating
spectral maps of Bennu, including: (a) mean facet size (shape
model resolution), (b) percentage of overlap between subsequent
spot measurements, (c) the number of spectral spots measured
per facet, and (d) the mathematical algorithm used to combine
the overlapping spots (or bin them on a per-facet basis).
Projection effects -- caused by irregular sampling of an irregularly
shaped object with circular spectrometer fields-of-view and then
mapping these circles onto triangular facets -- can be intense. To
prepare for prox ops, we are simulating multiple mineralogical
“truth worlds” of Bennu to study the projection effects that result
from our planned methods of spectral mapping. This presentation
addresses: Can we combine the three planned global surveys of
the asteroid (to be obtained at different phase angles) to create a
spectral map with higher spatial resolution than the native
spectrometer field-of-view in order to increase our confidence in
detection of a spatially small occurrence of organics on Bennu?

Author(s): Beth Ellen Clark , Victoria E. Hamilton , Joshua
P. Emery , C. Luke Hawley , Ellen S. Howell , Dante Lauretta ,
Amy A. Simon , Philip R Christensen , Dennis Reuter
Institution(s): 1. Arizona State University, 2. Ithaca College, 3.
NASA Goddard Space Flight Center, 4. Southwest Research
Institute, 5. University of Arizona, 6. University of Tennessee

110.02 – Thermophysical Analysis of 101955 Bennu
with OSIRIS-REx
NASA’s OSIRIS-REx mission will approach its target asteroid,
(101955) Bennu, in August 2018. The primary objective of the
mission is to return a pristine sample from Bennu in order to
address some of NASA’s (and humanity’s) fundamental
questions: How did the Solar System form? How did life evolve in
the Solar System? Are asteroids harbingers of life or death – or
both? Prior to picking up the sample from the surface, OSIRIS-
REx will spend more than a year characterizing the surface with
cameras, spectrometers, and the laser altimeter that are on board
the spacecraft. Global and local determination of thermophysical
properties will inform maps of sampleability, spacecraft safety,
and science value of the surface. The primary data set to be used
for thermophysical analyses are thermal spectra from the
OSIRIS-REx Thermal Emission Spectrometer (OTES). The long-
wavelength end of spectra obtained by the OSIRIS-REx Visible
and InfraRed Spectrometer (OVIRS) will also be dominated by
thermal emission. Full-disk observations during Approach will
provide hemispherically averaged, but rotationally resolved,
properties. The Approach observations also enable direct
comparisons to previous Spitzer space telescope observations of
Bennu. During the Detailed Survey phase, OTES will measure the
infrared radiation from the entire surface, enabling us to map
temperatures over Bennu at seven different local times of day
(3:20am, 6am, 10am, 12:30pm, 3pm, 6pm, and 8:40pm). The
diurnal temperature curves will be used to map the thermal
inertia of the surface at a ~40m spatial scale. The Orbital phase of
the mission will enable higher spatial resolution thermal
observations of up to twelve potential sample sites, and
Reconnaissance phase will enable even higher spatial resolution
observations of the two highest priority potential sample sites.
Thermophysical analysis of these data will be carried out with a
custom thermal model that is based on the Advanced
Thermophysical Model of Rozitis and Green (2011, 2012, 2013).
We will present an overview of the OSIRIS-REx thermal
observations and discuss the rich array of potential
thermophysical analyses enabled by the OTES and OVIRS data of
Bennu.

Author(s): Joshua Emery , Ben Rozitis , Philip R
Christensen , Cristina A. Thomas , Victoria E. Hamilton , Beth
Ellen Clark , Marco Delbo , Lucy F. Lim , Dante Lauretta
Institution(s): 1. Arizona State University, 2. CNRS, 3. Ithaca
College, 4. NASA GSFC, 5. Open University, 6. Planetary Science
Institute, 7. Southwest Research Institute, 8. University of
Arizona, 9. University of Tennessee

110.03 – Cluster analysis of near-infrared
reflectance spectra of asteroid Itokawa
The data from the analysis of samples returned by Hayabusa
spacecraft have provided conclusive evidence regarding mineral
composition and space weathering of near-Earth S-type asteroid
Itokawa. To apply these information to the Hayabusa remote
sensing data towards revealing the formation history of Itokawa,
we made a more precise near-infrared spectral map of Itokawa
than the previous ones from the Hayabusa NIRS data and
performed its cluster analysis. The NIRS instrument had acquired
more than 80,000 spatially resolved 0.75 to 2.20 microns
reflectance spectra from the surface of Itokawa. We used PCA and
k-means clustering for cluster analysis and found that at least
three different types of surface areas would exist on Itokawa.

Author(s): Tomoki Inasawa , Kohei Kitazato , Naru Hirata ,
Hirohide Demura
Institution(s): 1. University of Aizu

110.05 – Ground-based Characterization of
Hayabusa2 Mission Target Asteroid 162173 Ryugu
In preparation for the arrival of the Japanese Space Agency’s
(JAXA) Hayabusa2 sample return mission to near-Earth asteroid
(NEA) (162173) Ryugu, we took the opportunity to characterize
the target with a ground-based telescope. We observed Ryugu
using the SpeX instrument in Prism mode on NASA Infrared
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Telescope Facility on Mauna Kea, Hawaii, on July, 12 2016 when
the asteroid was 18.87 visual magnitude, at a phase angle of 13.3°.
The NIR spectra were used to constrain Ryugu’s surface
composition, meteorite analogs and spectral affinity to other
asteroids. We also modeled its photometric properties using
archival data. Using the Lommel-Seeliger model we computed the
predicted flux for Ryugu at a wide range of viewing geometries as
well as albedo quantities such as geometric albedo, phase
integral, and spherical Bond albedo. Our computed albedo
quantities are consistent with results from Masateru et al. (2014).
Our spectrum of Ryugu has a broad absorption band at 1 µm, a
slope change at 1.6 µm, and a second broad absorption band near
2.2 µm, but no well-defined absorption features over the 0.8-2.5
µm range. The two broad absorption features, if confirmed, are
consistent with CO and CV chondrites. The shape of Ryugu’s
spectrum matches very well those of NEA (85275) 1994 LY and
Mars-crossing asteroid (316720) 1998 BE7, suggesting that their
surface regolith have similar composition. We also compared the
spectrum of Ryugu with that of main belt asteroid (302) Clarissa,
the largest asteroid in the Clarissa asteroid family, suggested as
the source of Ryugu by Campins et al. (2013). We found that the
spectrum of Clarissa shows significant differences with our NIR
spectrum of Ryugu. Our analysis shows Ryugu’s spectrum best
matches two CM2 carbonaceous chondrites, Mighei and
ALH83100. We expect the surface regolith of Ryugu to be altered
by a range of factors including temperature, contamination by
exogenic material, and space weathering, posing challenges to
link spacecraft and ground-based data, and sample site selection.

Author(s): Lucille Le Corre , Vishnu Reddy , Juan A
Sanchez , Driss Takir , Edward Cloutis , Audrey Thirouin , Kris
J Becker , Jian-Yang Li , Seiji Sugita , Eri Tatsumi
Institution(s): 1. Department of Geography, University of
Winnipeg, 2. Dept. of Earth and Planetary Science, School of
Science, University of Tokyo, 3. Lowell Observatory, 4. Lunar
and Planetary Laboratory, University of Arizona, 5. Planetary
Science Institute, 6. SETI Institute, 7. USGS Astrogeology Science
Center

110.06 – Spitzer observations of Near Earth Objects
The Spitzer Space Telescope has proven to be a powerful tool to
measure the diameters and albedos of Near Earth Objects. We
have completed two major Spitzer NEO surveys (ExploreNEOs
and NEOSurvey) and are in the middle of a culiminating third
survey (NEOLegacy), with a total target list across all three
programs of 2175 previously known NEOs. We report here on the
status of our ongoing program and of our entire database. We
report our measured size distribution of NEOs as well as the
distribution of albedos (and, by proxy, compositions). We also
report preliminary results from our new initiative to derive
lightcurves from our observations. Ultimately, more than 1000
NEO partial or complete lightcurves with high quality photometry
will be extracted from our data. Our new website
nearearthobjects.nau.edu includes data and modeling results
from across all of our programs. 

This work is based in part on observations made with the Spitzer
Space Telescope, which is operated by the Jet Propulsion
Laboratory, California Institute of Technology under a contract
with NASA. Support for this work was provided by NASA through
an award issued by JPL/Caltech.

Author(s): David E. Trilling , Joseph L. Hora , Michael
Mommert , Steven R. Chesley , Joshua P. Emery , Giovanni G.
Fazio , Alan Harris , Michael Mueller , Howard Alan Smith
Institution(s): 1. DLR, 2. Jet Propulsion Laboratory, 3.
Northern Arizona University, 4. Smithsonian Astrophysical
Observatory, 5. SRON, 6. University of Tennessee

110.07 – Albedo Corrections for High Albedo Near
Earth Objects Observed With Spitzer
Thermal infrared observations are the most effective way to
measure asteroid diameter and albedo. Major surveys like
NEOWISE and NEOSurvey return a small fraction of objects with
albedo values higher than that believed to exist in the near-Earth

object (NEO) population. About 10% of Spitzer-observed NEOs
have nominal albedo solutions greater than 0.5. There are many
possible causes for these unrealistically high albedos, including
thermal lightcurves (leading to a mis-estimate of asteroid
diameter) or inaccurate absolute visual magnitudes (either from
poor photometry or lightcurve effects). We present here the
results of a ground-based optical photometric study of 36 high
albedo NEOs from NEOSurvey (Trilling et al. 2016) using
measurements from the Discovery Channel Telescope. Our
findings indicate that uncertainty in the diameter has the most
impact on the derived albedo of our targets, while the uncertainty
in the H-magnitude and slope parameter have smaller effects. We
supply corrected albedos for our target list, as well as a systematic
offset dependent on the solar phase angle of the object (Mommert
el al. 2017). These corrected albedo values will help constrain the
albedo range in the population to better reflect its physical
characteristics. This work is based in part on the observations
made with the Spitzer Space Telescope, which is operated by the
Jet Propulsion Laboratory, California Institute of Technology
under a contract with NASA. Support for this work was provided
by NASA through an award issued by JPL/Caltech.

Author(s): Annika Gustafsson , David E. Trilling , Michael
Mommert , Joseph L. Hora
Institution(s): 1. Harvard-Smithsonian Center for
Astrophysics, 2. Northern Arizona University

110.08 – NEOShield-2 Project: Final Results on
Compositional Characterization of small NEOs
NEOShield-2 project was selected in the framework of the
European Commission H2020 program in answer to the call for
“Access technologies and characterisation for Near Earth Objects
(NEOs)”. NEOShield-2 project (2015-2017) is a follow-up of the
first NEOShield (2012-2015) and includes 11 European
Institutions and Industries. The main objectives of NEOShield-2
project are: i) technological development on techniques and
instruments needed for GNC for possible asteroid missions and ii)
characterization of NEOs of small sizes. 
 
Our team at LESIA is the leader of the entire observational
program which involved complementary techniques to provide
physical and compositional characterization of NEOs. Priority has
been given to potential space-mission targets, optimized for
mitigation or exploration missions. In this framework an
agreement with the European Southern Observatory was signed
to obtain Guaranteed Time Observations at the 3.6-meter NTT
with an allocation of 30 nights to characterize by spectroscopy the
composition of the smaller asteroids. The objects with an absolute
magnitude larger than 20 were selected, with a priority for the
very small newly discovered objects. 
 
We obtained more than 170 new spectra of NEOs. The
observations were performed with EFOSC2 instrument. We
covered the wavelength interval 0.4-0.92 microns, with a
resolution of R=~200. The observed asteroids include 29
asteroids with diameters smaller than 100 meters and 71 with
diameters between 100 and 300 m. 
 
The taxonomic type has been assigned for 137 individual objects.
Our results on NEO mineralogical compositions provide a body of
reference data directly applicable to the design and development
of mitigation-relevant space missions. Within our survey, we
found eight D-types with ΔV < 7 km/s, four of which with ΔV < 6
km/s. Among these, 2009 DL46 and (52381) 1993 HA, with a ΔV
below 5.5 km/s and a diameter large enough to allow spacecraft
operations in their proximity, represent the best candidates
currently known for a sample-return mission to a D-type
primitive asteroid. 
 
Acknowledgments: The authors acknowledge the NEOShield-2
funding by European Commission Horizon 2020 program
(contract No. PROTEC-2-2014-640351).
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Author(s): Maria Antonieta Barucci , Davide Perna , Sonia
Fornasier , Alain Doressoundiram , Cateline Lantz , Marcel
Popescu , Frederic Merlin , Marcello Fulchignoni
Institution(s): 1. Astronomical Institute of the Romanian
Academy, 2. INAF-OAR, 3. MIT, 4. Obs. de Paris

110.09 – Do Near-Earth Asteroids and Meteorite
Falls Share the Same Source Regions?
A compositional mismatch confounds the comparison between
near-Earth asteroids (where LL ordinary chondrites dominate)
and meteorite fall statistics (where H and L chondrites dominate).
We have a new approach for resolving this conundrum enabled by
available spectral information for more than 1000 near-Earth
asteroids (NEAs) [1], to which we apply the Shkuratov model [2]
for deriving estimates for olivine and pyroxene abundances. As
independent variables, we correlate each NEA’s meteorite
mineralogy with its dynamical source region derived from the
model by Granvik et al. [3, 4]. We contrast these “meteorite”
source regions for the NEAs to the ~2 dozen available meteorite
falls having well determined orbits. Here we report the results of
this comparison that further illuminates the role of Yarkovsky
drift for delivering both meteorites and NEAs into the inner solar
system from main-belt sources. 
This work supported by the National Science Foundation Grant
0907766 and NASA Grant NNX10AG27G.

Author(s): Richard P Binzel , Francesca E. DeMeo , Cateline
Lantz , Brian Burt , Emma V Turtelboom , Alessandro
Morbidelli , Mikael Granvik , Thomas H Burbine
Institution(s): 1. Massachusetts Institute of Technology, 2.
Mount Holyoke College, 3. Observatoire de la Côte d’Azur, 4.
Univ. Helsinki

110.10 – The LCO Follow-up and Characterization
Network and AgentNEO Citizen Science Project
The LCO NEO Follow-up Network is using the telescopes of the
Las Cumbres Observatory (LCO) and a web-based target
selection, scheduling and data reduction system to confirm NEO
candidates and characterize radar-targeted known NEOs. Starting
in July 2014, the LCO NEO Follow-up Network has observed over
4,500 targets and reported more than 25,000 astrometric and
photometric measurements to the Minor Planet Center. 

The LCO NEO Follow-up Network's main aims are to perform
confirming follow-up of the large number of NEO candidates and
to perform characterization measurements of radar targets to
obtain light curves and rotation rates. The NEO candidates come
from the NEO surveys such as Catalina, PanSTARRS, ATLAS,
NEOWISE and others. In particular, we are targeting objects in
the Southern Hemisphere, where the LCO NEO Follow-up
Network is the largest resource for NEO observations. 

The first phase of the LCO Network comprises nine 1-meter and
seven 0.4-meter telescopes at site at McDonald Observatory
(Texas), Cerro Tololo (Chile), SAAO (South Africa) and Siding
Spring Observatory (Australia). The network has been fully
operational since 2014 May, and observations are being executed
remotely and robotically. Additional 0.4-meter telescopes will be
deployed in 2017 and 2x1-meter telescopes for a site at Ali
Observatory, Tibet are planned for 2018-2019. 

We have developed web-based software called NEOexchange
which automatically downloads and aggregates NEO candidates
from the Minor Planet Center's NEO Confirmation Page, the
Arecibo and Goldstone radar target lists and the NASA lists.
NEOexchange allows the planning and scheduling of observations
on the LCO Telescope Network and the tracking of the resulting
blocks and generated data. We have extended the NEOexchange
software to include automated scheduling and moving object
detection, with the results presented to the user via the website. 

We will present results from the LCO NEO Follow-up Network
and from the development of the NEOexchange software which is
used to schedule, analyze and report observations taken with the

LCO Network. In addition, we describe a Citizen Science project,
AgentNEO, which uses LCO data to allow the public to find and
learn about asteroids.

Author(s): Tim Lister , Sarah Greenstreet , Edward Gomez ,
Eric J. Christensen , Stephen M. Larson
Institution(s): 1. Las Cumbres Observatory, 2. University of
Arizona

110.12 – Arecibo Radar Observation of Near-Earth
Asteroids: Expanded Sample Size, Determination
of Radar Albedos, and Measurements of
Polarization Ratios
The Near-Earth Asteroid (NEA) population ranges in size from a
few meters to more than 10 kilometers. NEAs have a wide variety
of taxonomic classes, surface features, and shapes, including
spheroids, binary objects, contact binaries, elongated, as well as
irregular bodies. Using the Arecibo Observatory planetary radar
system, we have measured apparent rotation rate, radar
reflectivity, apparent diameter, and radar albedos for over 350
NEAs. The radar albedo is defined as the radar cross-section
divided by the geometric cross-section. If a shape model is
available, the actual cross-section is known at the time of the
observation. Otherwise we derive a geometric cross-section from
a measured diameter. When radar imaging is available, the
diameter was measured from the apparent range depth. However,
when radar imaging was not available, we used the continuous
wave (CW) bandwidth radar measurements in conjunction with
the period of the object. The CW bandwidth provides apparent
rotation rate, which, given an independent rotation
measurement, such as from lightcurves, constrains the size of the
object. We assumed an equatorial view unless we knew the pole
orientation, which gives a lower limit on the diameter. The CW
also provides the polarization ratio, which is the ratio of the SC
and OC cross-sections. 
 
We confirm the trend found by Benner et al. (2008) that
taxonomic types E and V have very high polarization ratios. We
have obtained a larger sample and can analyze additional trends
with spin, size, rotation rate, taxonomic class, polarization ratio,
and radar albedo to interpret the origin of the NEAs and their
dynamical processes. The distribution of radar albedo and
polarization ratio at the smallest diameters (≤50 m) differs from
the distribution of larger objects (>50 m), although the sample
size is limited. Additionally, we find more moderate radar albedos
for the smallest NEAs when compared to those with diameters
50-150 m. We will present additional trends we find in this data
set.

Author(s): Cassandra Lejoly , Ellen S. Howell , Patrick A.
Taylor , Alessondra Springmann , Anne Virkki , Michael C.
Nolan , Edgard G. Rivera-Valentin , Lance A. M. Benner ,
Marina Brozovic , Jon D. Giorgini
Institution(s): 1. JPL, 2. Lunar and Planetary Laboratory (U.
of Arizona), 3. USRA/Arecibo

110.13 – Volatile Characterization on Near Earth
Asteroids
Near Earth Asteroids (NEAs) are excellent laboratories for
processes that affect the surfaces of airless bodies. Most NEAs are
not expected to contain surface volatiles such as OH/H O since
they formed in the anhydrous regions of the solar system and
since their surface temperatures are high enough to evaporate
such volatiles. However, OH/H O has been discovered on other
seemingly dry bodies in the inner solar system, such as the Moon
and Vesta. Possible sources for OH/H O on these bodies include
carbonaceous chondrite impacts and interactions with protons
implanted by solar wind. NEAs should be subjected to the same
processes as other “dry” bodies in the inner solar system so are
hypothesized to also contain OH/H O on their surfaces. We
observed NEAs using SpeX on NASA’s Infrared Telescope Facility
on Mauna Kea, Hawaii. Spectra were collected using both prism
(0.7-2.52 µm) and LXD_short (1.67-4.2 µm) modes in order to
accurately characterize asteroid type and the 3-µm region, where
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the OH/H O signature is present. We have made 19 observations
of 13 NEAs as part of this ongoing project, with five more
observations scheduled for this Fall. Of those, at least 3 NEAs
exhibit an absorption feature in the 3-µm region: (433) Eros,
(1036) Ganymed, and (3122) Florence. Eros and Ganymed have
both been observed multiple times and by multiple observers
(e.g., Rivkin et al. 2017), including two observations of Eros in
Fall 2016, and Florence will be observed again in early
September. Of the other 10 NEAs studied, eight do not exhibit a
3-µm spectral feature. The spectra for 1998 XB and 2014 JO25
are too noisy to definitively determine the presence of volatiles.
Characterizing the shape of the 3-µm absorption feature can yield
information on the source of the OH/H O on the surface. Shallow
features that gradually slope upward towards the continuum,
such as is present in the spectra of Eros and Ganymed, indicate
the presence of OH, which is inferred to have formed due to solar
wind proton bombardment. Further study of these objects will
shed more light on how volatiles are brought to the surface of
“dry” NEAs.

Author(s): Lauren McGraw , Joshua P. Emery , Cristina A.
Thomas , Andrew S. Rivkin , Nathanael R. Wigton
Institution(s): 1. JHU/APL, 2. Oak Ridge National
Laboratory, 3. Planetary Science Institute, 4. University of
Tennessee

110.15 – Thermophysical Modeling of Potentially
Hazardous Asteroid (85989) 1999 JD6
We present thermal and photometric properties of potentially
hazardous near-Earth asteroid (85989) 1999 JD6, a contact
binary with a maximum breadth of three kilometers. JD6's shape
and rotation state are well constrained by radar and lightcurve
observations. We used the absolutely calibrated lightcurves to
determine JD6's photometric properties. We observed JD6 from
NASA's InfraRed Telescope Facility (IRTF) on three nights in
2010 (from 0.8 to 4 microns) and on two nights in 2015 (from 0.7
to 5 microns). Additionally, JD6 has been observed in the mid-
infrared using Spitzer (in 2008 and 2009) and WISE (in 2010).
We compared those observations to model spectra from our
SHERMAN software to determine JD6's thermal properties.

Author(s): Sean E. Marshall , Ellen S. Howell , Ronald J.
Vervack , Christopher Magri , Jenna L. Crowell , Yanga R.
Fernandez , Donald B. Campbell , Michael C. Nolan , Vishnu
Reddy , Petr Pravec , Brandon Bozek
Institution(s): 1. Academy of Sciences of the Czech Republic, 2.
Cornell University, 3. Johns Hopkins University / Applied
Physics Laboratory, 4. University of Arizona, 5. University of
Central Florida, 6. University of Maine at Farmington, 7.
University of Texas at Austin

110.16 – Laboratory study of asteroid surface
processes due to electrostatic dust mobilization
Our recent laboratory work has shown a strong evidence that dust
particles on the surface of airless bodies such as asteroids are
expected to be electrostatically lofted or mobilized due to
exposure to ultraviolet (UV) radiation or energetic electrons.
These electrostatic processes may have a significant contribution
in shaping the surfaces of asteroids or other airless bodies. One
critical question is how efficient these processes can be in
changing the surface physical characteristics of asteroids. Here
we report a series of laboratory experiments that record dust
activities as a function of the fluxes of UV photons or energetic
electrons over a long exposure time. Our preliminary results show
that the surface morphology is changed significantly due to dust
mobilization and becomes smoothened over time, on millimeter-
to-centimeter scale under Earth gravity. Our results also indicate
that the dynamics of dust mobilization may be complicated by
temporal charging effect as dust moves. It was found that dust
mobilization largely depends on the size and type of dust
particles. These new experimental data will help us better
characterize the dynamics of electrostatic dust mobilization and
can be ultimately extrapolated to the space situations in order to
estimate the timescale of the electrostatic processes in

comparison to other surface processes, e.g., thermal
fragmentation.

Author(s): Xu Wang , Joseph Schwan , Noah Hood , Hsiang-
Wen Hsu , Mihaly Horanyi
Institution(s): 1. University of Colorado

110.17 – Genetic Algorithm-based Optimization to
Match Asteroid Energy Deposition Curves
An asteroid entering Earth’s atmosphere deposits energy along its
path due to thermal ablation and dissipative forces that can be
measured by ground-based and space-borne instruments.
Inference of pre-entry asteroid properties and characterization of
the atmospheric breakup is facilitated by using an analytic
fragment-cloud model (FCM) in conjunction with a Genetic
Algorithm (GA). This optimization technique is used to inversely
solve for the asteroid’s entry properties, such as diameter,
density, strength, velocity, entry angle, ablation coefficient, and
strength scaling, from simulations using FCM. The previous
parameters’ fitness evaluation involves minimizing residuals and
comparing the incremental energy deposited to ascertain the best
match between the physics-based calculated energy deposition
and the observed meteors. This steady-state GA provided sets of
solutions agreeing with literature, such as the meteor from
Chelyabinsk, Russia in 2013 and Tagish Lake, Canada in 2000,
which were used as case studies in order to validate the
optimization routine. The assisted exploration and exploitation of
this multi-dimensional search space enables inference and
uncertainty analysis that can inform studies of near-Earth
asteroids and consequently improve risk assessment.

Author(s): Ana Maria Tarano , Donovan Mathias , Lorien
Wheeler , Sigrid Close
Institution(s): 1. NASA Ames Research Center, 2. Stanford
University

110.18 – Sensitivity of Asteroid Impact Risk to
Uncertainty in Asteroid Properties and Entry
Parameters
A central challenge in assessing the threat posed by asteroids
striking Earth is the large amount of uncertainty inherent
throughout all aspects of the problem. Many asteroid properties
are not well characterized and can range widely from strong,
dense, monolithic irons to loosely bound, highly porous rubble
piles. Even for an object of known properties, the specific entry
velocity, angle, and impact location can swing the potential
consequence from no damage to causing millions of casualties.
Due to the extreme rarity of large asteroid strikes, there are also
large uncertainties in how different types of asteroids will interact
with the atmosphere during entry, how readily they may break up
or ablate, and how much surface damage will be caused by the
resulting airbursts or impacts. 
 
In this work, we use our Probabilistic Asteroid Impact Risk
(PAIR) model to investigate the sensitivity of asteroid impact
damage to uncertainties in key asteroid properties, entry
parameters, or modeling assumptions. The PAIR model combines
physics-based analytic models of asteroid entry and damage in a
probabilistic Monte Carlo framework to assess the risk posed by a
wide range of potential impacts. The model samples from
uncertainty distributions of asteroid properties and entry
parameters to generate millions of specific impact cases, and
models the atmospheric entry and damage for each case,
including blast overpressure, thermal radiation, tsunami
inundation, and global effects. To assess the risk sensitivity, we
alternately fix and vary the different input parameters and
compare the effect on the resulting range of damage produced.
The goal of these studies is to help guide future efforts in asteroid
characterization and model refinement by determining which
properties most significantly affect the potential risk.
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Author(s): Lorien Wheeler , Donovan Mathias , Jessie L.
Dotson
Institution(s): 1. NASA Ames Research Center, 2. NASA Ames,
CSRA
Contributing team(s): NASA Asteroid Threat Assessment
Project

110.19 – Bayesian modeling of the mass and density
of asteroids
Mass and density are two of the fundamental properties of any
object. In the case of near earth asteroids, knowledge about the
mass of an asteroid is essential for estimating the risk due to
(potential) impact and planning possible mitigation options. The
density of an asteroid can illuminate the structure of the asteroid.
A low density can be indicative of a rubble pile structure whereas
a higher density can imply a monolith and/or higher metal
content. The damage resulting from an impact of an asteroid with
Earth depends on its interior structure in addition to its total
mass, and as a result, density is a key parameter to understanding
the risk of asteroid impact. Unfortunately, measuring the mass
and density of asteroids is challenging and often results in
measurements with large uncertainties. In the absence of mass /
density measurements for a specific object, understanding the
range and distribution of likely values can facilitate probabilistic
assessments of structure and impact risk.  

Hierarchical Bayesian models have recently been developed to
investigate the mass – radius relationship of exoplanets
(Wolfgang, Rogers & Ford 2016) and to probabilistically forecast
the mass of bodies large enough to establish hydrostatic
equilibrium over a range of 9 orders of magnitude in mass (from
planemos to main sequence stars; Chen & Kipping 2017). Here,
we extend this approach to investigate the mass and densities of
asteroids. Several candidate Bayesian models are presented, and
their performance is assessed relative to a synthetic asteroid
population. In addition, a preliminary Bayesian model for
probablistically forecasting masses and densities of asteroids is
presented. The forecasting model is conditioned on existing
asteroid data and includes observational errors, hyper-parameter
uncertainties and intrinsic scatter. 

Author(s): Jessie L. Dotson , Donovan Mathias
Institution(s): 1. NASA Ames Research Center

110.21 – University of Central Florida / Deep Space
Industries Asteroid Regolith Simulants
Introduction: The University of Central Florida (UCF), in
partnership with Deep Space Industries (DSI) are working under
a NASA Phase 2 SBIR contract to develop and produce a family of
asteroid regolith simulants for use in research, engineering, and
mission operations testing. We base simulant formulas on the
mineralogy, particle size, and physical characteristics of CI, CR,
CM, C2, CV, and L-Chondrite meteorites. The advantage in
simulating meteorites is that the vast majority of meteoritic
materials are common rock forming minerals that are available in
commercial quantities. While formulas are guided by the
meteorites our approach is one of constrained maximization
under the limitations of safety, cost, source materials, and ease of
handling. In all cases our goal is to deliver a safe, high fidelity
analog at moderate cost. 
Source Materials, Safety, and Biohazards: A critical factor
in any useful simulant is to minimize handling risks for
biohazards or toxicity. All the terrestrial materials proposed for
these simulants were reviewed for potential toxicity. Of particular
interest is the organic component of volatile rich carbonaceous
chondrites which contain polycyclic aromatic hydrocarbons
(PAHs), some of which are known carcinogens and mutagens.
Our research suggests that we can maintain rough chemical
fidelity by substituting much safer sub-bituminous coal as our
organic analog. A second safety consideration is the choice of
serpentine group materials. While most serpentine polymorphs
are quite safe we avoid fibrous chrysotile because of its asbestos
content. Terrestrial materials identified as inputs for our
simulants are common rock forming minerals that are available

in commercial quantities. These include olivine, pyroxene,
plagioclase feldspar, smectite, serpentine, saponite, pyrite, and
magnetite in amounts that are appropriate for each type. For CI's
and CR’s, their olivines tend to be Fo100 which is rare on Earth.
We have substituted Fo90 olivine, but the loss of mineralogical
fidelity is offset by a major cost advantage. 
Family of Simulants: The CI, CR, and CM simulants are
currently available in commercial quantities from Deep Space
Industries and the full list will be available by mid-2018.

Author(s): Daniel Britt , Steven D Covey , Cody Schultz
Institution(s): 1. Deep Space Industries, 2. Univ. of Central
Florida

110.22 – Multiple scattering in planetary regoliths
using first-order incoherent interactions
We consider scattering of light by a planetary regolith modeled
using discrete random media of spherical particles. The size of the
random medium can range from microscopic sizes of a few
wavelengths to macroscopic sizes approaching infinity. The size of
the particles is assumed to be of the order of the wavelength. We
extend the numerical Monte Carlo method of radiative transfer
and coherent backscattering (RT-CB) to the case of dense packing
of particles. We adopt the ensemble-averaged first-order
incoherent extinction, scattering, and absorption characteristics
of a volume element of particles as input for the RT-CB. The
volume element must be larger than the wavelength but smaller
than the mean free path length of incoherent extinction. In the
radiative transfer part, at each absorption and scattering process,
we account for absorption with the help of the single-scattering
albedo and peel off the Stokes parameters of radiation emerging
from the medium in predefined scattering angles. We then
generate a new scattering direction using the joint probability
density for the local polar and azimuthal scattering angles. In the
coherent backscattering part, we utilize amplitude scattering
matrices along the radiative-transfer path and the reciprocal path,
and utilize the reciprocity of electromagnetic waves to verify the
computation. We illustrate the incoherent volume-element
scattering characteristics and compare the dense-medium RT-CB
to asymptotically exact results computed using the Superposition
T-matrix method (STMM). We show that the dense-medium RT-
CB compares favorably to the STMM results for the current cases
of sparse and dense discrete random media studied. The novel
method can be applied in modeling light scattering by the
surfaces of asteroids and other airless solar system objects,
including UV-Vis-NIR spectroscopy, photometry, polarimetry,
and radar scattering problems. 
 
Acknowledgments. Research supported by European Research
Council with Advanced Grant No. 320773 SAEMPL, Scattering
and Absorption of ElectroMagnetic waves in ParticuLate media.
Computational resources provided by CSC – IT Centre for Science
Ltd, Finland.

Author(s): Karri Muinonen , Johannes Markkanen , Timo
Väisänen , Antti Penttilä
Institution(s): 1. University of Helsinki

110.23 – Finding the Parent Body of Anomalous
Achondrite NWA 6704 Among V-type Asteroids
North West Africa (NWA) 6704 is an unusual, ungrouped basaltic
achondrite meteorite that has a striking greenish-yellow color on
the inside, and that is also relatively unaltered and un-shocked.
The meteorite is coarse-grained with grain sizes around1.5
millimeters, which is highly suggestive of a slow-cooling geologic
environment. The meteorite is mostly composed of
orthopyroxene (~70%), with a less abundant olivine fraction
(~16%), as well as feldspar (~13%). We obtained laboratory
spectra of NWA 6704 as chips and <150-micron samples for
analysis with XRD and Ramen spectroscopy. Asteroid (4) Vesta
has been proposed to be the parent body of the largest basaltic
achondrite clan, the HED meteorites. However, NWA 6704 has
an 0.625 micrometer absorption band feature attributed to Ni
in olivine that has not been detected on Vesta. We plotted the
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Band I center and Band Area Ratio (BAR) for this meteorite and it
plots in the region between S(V) and S(VI) subtype. The S(V)
subtype shows strong variations in olivine-feldspar ratios, and
becomes difficult to distinguish with large amounts of metal
phases. The S(VI) type describes mineralogy that is consistent
with olivine-metal assemblage, with a minor pyroxene
component. Both of these subtypes are indicative with bodies that
have experienced some component of partial differentiation.
NWA 6704 could be one of the oldest rocks in the solar system, as
multiple distinguished thermal events are revealed through U-Pb
dating as well as Ar-Ar dating at ~4.52 Ga and at ~2.67 Ga. We
also compared the spectral band parameters of NWA 6704 with
V-type asteroids from the literature. Based on this comparison,
the best match is an outer main belt V-type asteroid that suffered
a catastrophic collision very early on in the Solar System history.

Author(s): Allison M. McGraw , Vishnu Reddy , Lucille Le
Corre , Edward Cloutis
Institution(s): 1. Lunar and Planetary Laboratory, 2.
Planetary Science Institute, 3. Unniversity of Winnipeg

110.24 – A HST campaign to search for widely
separated satellites around asteroid pairs
An unbound asteroid pair is formed by the rotational disruption
of an asteroid resulting in the ejection of a secondary body. Since
some bound satellites (“binary asteroids”) are considered to form
by the same mechanism, it has been suggested that the two
populations may be linked. Indeed, photometric observations
found a few asteroid pairs each with a bound satellite, suggesting
the disruption resulted in multiple ejected components. The
disruptions into multiple components of P/2013 R3 and P/2012
F5, observed by the Hubble Space Telescope (HST), support this
scenario and raise the question of the likelihood that rotationally
disrupted asteroid having both bound and lost components.
Specifically, since the events of P/2013 R3 and P/2012 F5
resulted in ejecta at high separation, high resolution observations
could reveal unknown satellites in a parameter-space not
measureable by typical ground-based photometry. 3749 Balam,
which has an unbound secondary, a near-by satellite and a widely
separated satellite, is an example of such a complex, multi-
component system. 
We performed a pilot campaign using WFC3 on the HST to search
for widely separated satellites (>20 asteroid radii) orbiting the
primary members of six asteroid pairs. Since the signal from the
asteroid is not completely removed by subtraction, our algorithm
is sensitive to signals from satellites outside a 2-pixel radius from
the asteroid center on the image. We tested the sensitivity of our
algorithm with 30 synthetic satellites added to the images inside
of the Hill sphere of the asteroids, and found a detection success
rate of ~95%. 
We did not find a clear satellite signal in the images for any of the
six asteroid pair primaries. Using the synthetic satellites, we
determined an inverse correlation of the minimal distance from
the asteroid in which a satellite would be detected as a function of
the diameter ratio of the satellite relative to the asteroid. Since the
parameters of known asteroids with widely separated satellites
place them away from our minimal detection limit, we conclude
that the observed asteroid pairs do not have widely separated
satellites. Thus 3749 Balam appears to be a unique case within
the group of asteroid pairs.

Author(s): David Polishook , Nicholas Moskovitz , Susan D.
Benecchi , Seth A. Jacobson , Oded Aharonson
Institution(s): 1. Lowell Observatory, 2. Planetary Science
Institute, 3. University of Bayreuth, 4. Weizmann Institute of
Science

110.25 – Searching for a Differentiated Asteroid
Family: A Spectral Survey of the Massalia, Merxia,
and Agnia Families
Asteroid families were formed by catastrophic collisions or large
cratering events that caused fragmentation of the parent body
and ejection of asteroidal fragments with velocities sufficient to
prevent re-accretion. Due to these formation processes, asteroid

families provide us with the opportunity to probe the interiors of
the former parent bodies. Differentiation of a large initially
chondritic parent body is expected to result in an “onion shell"
object with an iron-nickel core, a thick olivine-dominated mantle,
and a thin plagioclase/pyroxene crust. However, most asteroid
families tend to show similar spectra (and therefore composition)
among the members. Spectroscopic studies have observed a
paucity of metal-like materials and olivine-dominated
assemblages within Main Belt asteroid families. 
 
The deficit of olivine-rich mantle material in the meteorite record
and in asteroid observations is known as the “Missing Mantle"
problem. For years the best explanation has been the “battered to
bits" hypothesis: differentiated parent bodies (aside from Vesta)
were disrupted very early in the Solar System and the olivine-rich
material was collisionally broken down over time. Alternatively,
Elkins-Tanton et al. (2013) have suggested that previous work has
overestimated the amount of olivine produced by the
differentiation of a chondritic parent body. 
 
We have completed a visible and near-infrared wavelength
spectral survey of asteroids in the Massalia, Merxia, and Agnia S-
type Main Belt asteroid families. These families were carefully
chosen for the spectroscopic survey because they have
compositions most closely associated with a history of thermal
metamorphism and because they represent a range of collisional
formation scenarios. Additionally, members of the Merxia and
Agnia families were identified as products of differentiation by
Sunshine et al. (2004). 
 
Our spectral analyses suggest that the observed families contain
products of partial differentiation. We will present results from
our spectral survey of these three families and discuss any
evidence of differentiation among the family members. We will
discuss our band parameter analyses and compositional results
from the Modified Gaussian Model (MGM).

Author(s): Cristina A. Thomas , Nicholas Moskovitz , Lucy
F. Lim , David E. Trilling
Institution(s): 1. Lowell Observatory, 2. NASA GSFC, 3.
Northern Arizona University, 4. Planetary Science Institute

110.26 – Space Weathering of Silicate Asteroids: An
Observational Investigation
Solar wind exposure and micrometeoroid bombardment are
known to cause mineralogical changes in the upper few microns
of silicate grains (by forming amorphous “composition” rims with
embedded nano-phase Fe ). These processes, jointly called space
weathering (SW), affect the light-scattering properties and
subsequently the geometric albedo and spectral parameters
(spectral slope and band depth). Earth’s Moon exhibits the well
known “lunar-style” of SW: albedo decrease, spectral slope
increase, and absorption band suppression. However, space
mission images of (243) Ida and (433) Eros suggest that different
SW “styles” exist among the silicate-bearing (olivine and
pyroxene) S-complex asteroids, which exhibit diagnostic
absorption features near 1 & 2 μm. While Eros generally shows
only albedo differences between younger and older locations,
Ida’s surface only shows changes in spectral slope and band
depth. It is not clear if these SW styles are unique to Ida and Eros
or if they can be observed throughout the entire asteroid
population. 
 
We hypothesize that the SW styles seen on Eros and Ida also exist
on other asteroid surfaces. Additionally, we hypothesize that
increased solar wind exposure, smaller regolith particles, higher
olivine abundance, and older asteroid surfaces will increase the
observed degree of SW. Our dataset includes publicly available
Visible (0.4-0.8 μm) and Near Infrared (~0.7-2.5 μm) reflectance
spectra of silicate-bearing asteroids (those with 1 & 2 μm bands)
from the PDS and the SMASS, S OS  and MIT-UH-IRTF spectral
surveys. We have also conducted a spectral survey with the
IRTF/SpeX targeting 52 silicate asteroids for which we have
constraints for regolith grain sizes from interpretation of thermal-
IR data. The relevant band parameters to SW and to interpreting
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mineralogical properties are calculated using the band analysis
code, SARA. Geometric albedos are calculated using thermal-IR
data from WISE/NEOWISE. Using these derived parameters, we
search for potential SW styles among different spectral classes
and for correlations with the factors listed above. Analysis on a
subset of S-types suggests that heliocentric distance correlates
with spectral slope and band depth but not albedo.

Author(s): Eric M. MacLennan , Joshua Emery , Sean S.
Lindsay
Institution(s): 1. University of Tennessee

110.27 – Shape models of asteroids reconstructed
from WISE data and sparse photometry
By combining sparse-in-time photometry from the Lowell
Observatory photometry database with WISE observations, we
reconstructed convex shape models for about 700 new asteroids
and for other ~850 we derived 'partial' models with
unconstrained ecliptic longitude of the spin axis direction. In our
approach, the WISE data were treated as reflected light, which
enabled us to directly join them with sparse photometry into one
dataset that was processed by the lightcurve inversion method.
This simplified treatment of thermal infrared data turned out to
provide correct results, because in most cases the phase offset
between optical and thermal lightcurves was small and the correct
sidereal rotation period was determined. The spin and shape
parameters derived from only optical data and from a
combination of optical and WISE data were very similar. The new
models together with those already available in the Database of
Asteroid Models from Inversion Techniques (DAMIT) represent a
sample of ~1650 asteroids. When including also partial models,
the total sample is about 2500 asteroids, which significantly
increases the number of models with respect to those that have
been available so far. We will show the distribution of spin axes
for different size groups and also for several collisional families.
These observed distributions in general agree with theoretical
expectations proving that smaller asteroids are more affected by
YORP/Yarkovsky evolution. In asteroid families, we see a clear
bimodal distribution of prograde/retrograde rotation that
correlates with the position to the right/left from the center of the
family measured by the semimajor axis.

Author(s): Josef Durech , Josef Hanus , Victor Ali-Lagoa
Institution(s): 1. Charles University, 2. Max-Planck-Institut
für extraterestrische Physik

110.29 – Spectra of 5261 Eureka and its family:
meteorite spectral analogues of asteroidal and
planetary origin
The Mars trojan asteroid (5261) Eureka is now known to be the
largest member of a dynamical family whose near-IR spectra are
dominated by the 1-micron band of olivine (Christou et al. 2013,
Ćuk et al. 2015, Borisov et al. 2017, Christou et al. 2017).
Recently, Polishook et al. (2017) have suggested that the olivine-
dominated spectra of Eureka and two of its family members imply
an achondritic composition, which forms an important part of
their argument that these objects originated in the Martian
mantle. 

However, we note that the olivine-rich composition of Eureka and
its family members is consistent not only with achondrites of
planetary origin, but also with achondrites of asteroidal origin
such as brachinites and indeed with the R chondrites (e.g. Lim et
al. 2011, Sanchez et al. 2014). The Spitzer IRS spectrum of 5261
Eureka will be discussed together with the extant near-IR spectra
from the Eureka family in the context of candidate meteorite
analogues and their laboratory spectra. 

Author(s): Lucy F. Lim , Joshua P. Emery , Michael
Mueller , Andrew S. Rivkin , Cristina A. Thomas , David E.
Trilling
Institution(s): 1. JHU/APL, 2. Kapteyn Astronomical Institute,
3. NASA / GSFC, 4. Northern Arizona University, 5. PSI, 6. U.
Tennessee

110.30 – The orbits of satellites of (22) Kalliope and
(317) Roxane
Between October 2016 and February 2017 we imaged asteroid
(22) Kalliope (10.3<V< 10.9) and its satellite Linus, and (317)
Roxane (13.5 <V< 14.5) and its unnamed moon discovered by
Merline et al. (IAU Circular 9099, 2) in 2009 and unobserved
since. We used two Toptica 20 W lasers to produce a 40 w laser
guide star in order to provide high order adaptive optics
corrections for our 3.5 m telescope. The apparent orbits of both
satellites carried them in and out of the asteroids’ point spread
function over this period, and from just this one apparition we are
able to derive true orbits for both.For Kalliope’s satellite we find
the following orbit and compare it to one derived from years of 8-
10 m telescope observations (Vachier, Berthier, and Marchis
(2012), A&A 543, A68): 
 
Linus (here) a=1099+/-6 km;P=3.595606+/-0.000375
d;T0=2457751.021+/-0.004;Pole [RA;Dec]=[194.3;-4.2];e=0 
Vachier et al. a=1082+/-11 km;P=3.595712+/-0.000068
d;T0=2452215.141+/-0.022;Pole [RA;Dec]=
[195.1;-4.2];e=0.007+/-0.010;ω=150+/-2 
 
We provide the first-ever orbit for Roxane’s moon, but it is not
clear if the orbit is retrograde (R) or prograde (P), circular (C) or
eccentric (E): 
Roxane S/1 (RC) a=243+/-6 km; P=11.5265+/-0.0204 d;
T0=2457725.137+/-0.050; Pole[RA;Dec]=[ 96.2;-68.3]; e=0 
Roxane S/1 (PC) a=245+/-6 km; P=11.5858+/-0.0203 d;
T0=2457721.631+/-0.051; Pole[RA;Dec]=[275.7;+68.8]; e= 0 
Roxane S/1 (RE) a=251+/-8 km; P=11.4927+/-0.0215 d;
T0=2457717.730+/-0.126; Pole[RA;Dec]=[ 95.3; -67.8];
e=0.178+/-0.061;ω=124+/-4 
Roxane S/1 (PE) a=249+/-7 km; P=11.5594+/-0.0190 d;
T0=2457717.603+/-0.162; Pole[RA;Dec]=
[276.6;+69.2];e=0.133+/-0.038;ω= 230+/-5 
 
Roxane’s moon’s orbital pole is less than 4 degrees from the
Ecliptic pole or Roxane’s orbital pole, but more than 22 degrees
from Roxane’s rotational pole. Perhaps this indicates that the
moon was captured from the Ecliptic plane rather than spun into
Roxanne’s equatorial plane. 
 
The Starfire Optical Range’s 3.5 m telescope is the smallest
ground based telescope used to derive orbits of asteroid satellites.
Kalliope and Roxane follow our study of (87) Sylvia and its
Romulus (Drummond, Reynolds, and Buckman (2016), Icarus
276, 107-115).

Author(s): Jack D. Drummond , Odell Reynolds , Miles
Buckman , Mark Eickhoff
Institution(s): 1. Starfire Optical Range

110.31 – Exploring Extreme Retro-reflection by
Asteroids Using Las Cumbres Observatory Robotic
Telescope Observations
The reflectivity of solar system surfaces ‘spikes’ sharply when the
Sun is less than 1 degree from directly behind the observer. The
Galileo spacecraft measured the reflectivity of part of Europa’s
surface to increase by as much as a factor of 8 as the observer
moves from 5 degrees to the exact backscattering direction! One
mechanism explains this spike as coherent light scattering that
occurs only close to this unique retro-reflection geometry. Due to
the tight linear alignment of the target, observer and Sun required
to measure the peak brightness of the spike, accurate and
complete measurements of the amplitude and decay of the spike
exist for only a few targets. We used the unique capabilities of the
automated Las Cumbres Observatory global telescope network
(LCO) to systematically measure this extreme opposition surge
for 60+ asteroids sampling a variety of taxonomic classes in the
Bus/DeMeo taxonomy. 
 
Each asteroid was observed in the SDSS r’ and g’ filters during the
~8 hour interval when it passes within ~0.1 deg of the point
opposite the Sun on the sky. Supporting observations of each
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asteroid with LCO collected over ~50 days measure asteroid
rotation and phase angle brightness changes to enable accurate
characterization of the retro-reflection spike. This data set vastly
increases the number and variety of the surfaces characterized at
such small phase angles compared to existing asteroid data. We
examine how the spike characteristics vary with surface
composition, albedo, and wavelength providing new constraints
on physical models of this ubiquitous yet poorly understood
phenomenon. 

Analysis and modeling of these measurements will advance our
understanding of the physical mechanism responsible for this
enhanced retro-reflection thereby improving our ability to
characterize these surfaces from remote observations. The ability
to infer surface physical properties from remote sensing data is a
key capability for future asteroid missions, manned exploration,
impact hazard assessment, and fundamental asteroid science.

Author(s): Jay D. Goguen , James M Bauer
Institution(s): 1. Jet Propulsion Laboratory, California
Institute of Technology, 2. University of Maryland

110.32 – Measuring Longitudinal Albedo Variations
of Asteroids with Ground-Based, Part-Per-Million
Polarimetry
The polarization state of asteroids encodes a wealth of
information about their surfaces. Linear polarization and albedo
of rocky Solar System bodies has long been known to be
anticorrelated (the Umov effect): dark surfaces, dominated by
single scattering, are strongly polarized, but multiple scattering in
bright surfaces randomizes the electric field orientation and
reduces polarization. As an asteroid rotates, both shape changes
and surface albedo variations affect reflected light flux, causing
difficulty in the identification of albedo variations. As a
differential technique, however, polarimetry is insensitive to
shape changes: as total flux varies with instantaneous cross-
sectional area, fractional polarization does not. Thus, rotational
variability in linear polarization is a hallmark of albedo
inhomogeneity, and it cannot be identified with photometry
alone. 

Until now, polarimeters have only discovered high significance
rotational variation of linear polarization for one asteroid, (4)
Vesta. We report on Lick 3-m observations of Main Belt asteroids
with the POLISH2 polarimeter, which utilizes photoelastic
modulators instead of a waveplate. We have not only confirmed
rotational variations in (4) Vesta with 12 sigma significance in a
single, 4-hour observation, but we have also discovered variations
in (1) Ceres (5 sigma detection) and (7) Iris (7 sigma detection).
We observe that both (4) Vesta and (7) Iris harbor strong linear
polarization variations, due to the presence of significant albedo
heterogeneity on their surfaces, while those of (1) Ceres are
markedly weaker due to its relatively homogenous surface. 

Circular polarization, which may originate from multiple
scattering or from the phase retardance introduced by a
metalliferous surface, has been observed in nearly all Solar
System bodies except for asteroids. POLISH2 simultaneously
measures linear and circular polarization, and we report the
discovery of non-zero circular polarization from (7) Iris with 8
sigma significance. Interestingly, while the differentiated (1)
Ceres and (4) show no evidence for time-averaged circular
polarization, the potentially undifferentiated (7) Iris does. This
may indicate a metalliferous surface on (7) Iris.

Author(s): Sloane Wiktorowicz , Joseph R. Masiero
Institution(s): 1. JPL, 2. The Aerospace Corporation

110.33 – A Survey of Rotation Lightcurves of Small
Jovian Trojan Asteroids in the L4 Cloud
Jovian Trojan asteroids are of interest both as objects in their
own right and as possible relics of Solar System formation.
Several lines of evidence support a common origin for, and
possible hereditary link between, Jovian Trojan asteroids and

cometary nuclei. Asteroid lightcurves give information about
processes that have affected a group of asteroids including their
density. Due to their distance and low albedos, few comet-sized
Trojans have been studied. We have been carrying out a survey of
Trojan lightcurve properties comparing small Trojan asteroids
with comets (French et al 2015). We present new lightcurve
information for 39 Trojans less than about 35 km in diameter. We
report our latest results and compare them with results from the
sparsely-sampled lightcurves from the Palomar Transient Factory
(Waszazak et al., Chang et al. 2015). The minimum densities for
objects with complete lightcurves are estimated and are found to
be 
comparable to those measured for cometary nuclei. A significant
fraction (~40%) of this 
observed small Trojan population rotates slowly (P > 24 hours),
with measured periods as over 500 hours (Waszczak et al 2015).
The excess of slow rotators may be due to the YORP effect.
Results of the Kolmogorov-Smirnov test suggest that the
distribution of Trojan rotation rates is dissimilar to those of Main
Belt Asteroids of the same size.

Author(s): Linda M. French , Robert Stephens , Brian
Warner , David James , Derrick Rohl , Kyle Connour
Institution(s): 1. Center for Solar System Studies, 2. Illinois
Wesleyan Univ., 3. Laboratory for Atmospheric and Space
Physics, 4. Sudekum Planetarium, 5. University of Washington

110.34 – Silicate Phases on the Surfaces of Trojan
Asteroids
Determining the origin of asteroids provides an effective means of
constraining the solar system’s dynamic past. Jupiter Trojan
asteroids (hereafter Trojans) may help in determining the amount
of radial mixing that occurred during giant planet migration.
Previous studies aimed at characterizing surface composition
show that Trojans have low albedo surfaces and are spectrally
featureless in the near infrared. The thermal infrared (TIR)
wavelength range has advantages for detecting silicates on low
albedo asteroids such as Trojans. The 10 μm region exhibits
strong features due to the Si-O fundamental molecular vibrations.
Silicates that formed in the inner solar system likely underwent
thermal annealing, and thus are crystalline, whereas silicates that
accreted in the outer solar system experienced less thermal
processing, and therefore are more likely to have remained in an
amorphous phase. We hypothesize that the Trojans formed in the
outer solar system (i.e., the Kuiper Belt), and therefore will have a
more dominant amorphous spectral silicate component. With TIR
spectra from the Spitzer Space Telescope, we identify
mineralogical features from the surface of 11 Trojan asteroids.
Fine-grain mixtures of crystalline pyroxene and olivine exhibit a
10 μm feature with sharp cutoffs between about 9 μm and 12 μm,
which create a broad flat plateau. Amorphous phases, when
present, smooth the sharp emission features, resulting in a dome-
like shape. Preliminary results indicate that the surfaces of
analyzed Trojans contain primarily amorphous silicates.
Emissivity spectra of asteroids 1986 WD and 4709 Ennomos
include small peaks in the 10 μm region, diagnostic of small
amounts of crystalline olivine. One explanation is that Trojans
formed in the same region as Kuiper Belt objects, and when giant
planet migration ensued, they were swept into Jupiter’s stable
Lagrange points where they are found today. As such, it is
possible that an ancestral group of Kuiper Belt objects were
separated from Trojans during large planet migration.

Author(s): Audrey Martin , Joshua P. Emery , Sean S.
Lindsay
Institution(s): 1. University of Tennessee

110.35 – Color Variation on the Surfaces of
Jupiter’s Greek and Trojan Asteroids
The L4 and L5 Lagrange points of Jupiter are populated with
thousands of known, and possibly hundreds of thousands of
unknown, Greek and Trojan Asteroids. Understanding the
environmental and weathering conditions experienced by these
objects over their lifetimes could constrain formation models for
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the Solar System. In an effort to shine some light on this issue, we
have collected partial, simultaneous, lightcurves in both Johnson-
Cousins V and I filters for a dozen large Jupiter Trojans. We
found significant signs of color variation over the surfaces of four
of these objects, and more subtle signs on an additional four. The
most convincing examples of variation occur on (4709) Ennomos
and (4833) Meges. Such a variation in color with rotation likely
implies a large surface feature such as a recent crater. That such a
high fraction of observed Trojans display these signatures could
imply a more active collisional history for Jupiter Trojans than
previously thought. It is therefore likely that one or more of the
targets for the Lucy mission will have experienced a large,
relatively recent, cratering event. This may help us obtain a much
more in-depth understanding of the evolutionary processes
ongoing for the Jupiter Trojan populations.

Author(s): Joseph Chatelain , David E. Trilling , Joshua P.
Emery
Institution(s): 1. Northern Arizona University, 2. University of
Tennessee

110.36 – Assessing Shape Characteristics of Jupiter
Trojans in the Kepler Campaign 6 Field
We report estimates of spin pole orientations and body-centric
axis ratios of nine Jupiter Trojan asteroids through convex shape
models derived from Kepler K2 photometry. Our sample contains
single-component as well as candidate binary systems (identified
through lightcurve features). Photometric baselines on the targets
covered 7 to 93 full rotation periods. By incorporating a bias
against highly elongated physical shapes, spin vector orientations
of single-component systems were constrained to several discrete
regions. Single-component convex models failed to converge on
two binary candidates while two others demonstrated
pronounced tapering that may be consistent with concavities of
contact binaries. Further work to create two-component models is
likely necessary to constrain the candidate binary targets. We find
that Kepler K2 photometry provides robust datasets capable of
providing detailed information on physical shape parameters of
Jupiter Trojans.

Author(s): Benjamin Sharkey , Erin L. Ryan , Charles E.
Woodward
Institution(s): 1. LPL/U. Arizona, 2. SETI Institute, 3.
University of Minnesota, MIfA

110.37 – Rotational Dynamics and Surface
Environment of the Tumbling NEA (99942)
Apophis
Our works investigate the rotational dynamics and surface
environment of the tumbling near-Earth asteroid (99942)
Apophis, which is a candidate target for the Chinese asteroid
mission. Combined with the previously published observation
data, we use the photometric observations obtained by the Lijiang
2.4m telescope to study the spin states and rotational parameters
of the asteroid. Effects of both gravitational and non-gravitational
torques on the evolution of its rotation during the next two
decades are evaluated, particularly for the two flybys in 2029 and
2036. A nutational relaxation process is also studied with the
string force taken into consideration. Furthermore, dynamical
features on surface of Apophis are sketched based on the shape
model derived from ground observations. Assuming a
homogenous density distribution, parameters such as
geopotential, surface tilt and slope and some other characteristics
are studied. Our investigation provides a better understanding on
the status of the both rotational dynamics and near-surface
dynamical status of Apophis.

Author(s): Yuhui Zhao
Institution(s): 1. Purple Mountain Observatory, Chinese
Academy of Sciences

110.38 – Model shape and spin direction of the
asteroid 2011 UW158

We determinate the spin direction and convex model shape of the
Near Earth Asteroid 2011 UW158 using the lightcurves from the
Minor Planet Center database and obtained from the San Pedro
Mártir observatory (Ensenada, Baja California, Mexico) and the
Observatório Astronômico do Sertão de Itaparica (Itacuruba,
Pernambuco, Brazil) by mean of the light-curve inversion
technique. 
The shape model was compared with the radar images obtained
from the 230-foot-wide Deep Space Network antenna at
Goldstone, California, in concert with the National Radio
Astronomy Observatory's 330-foot Green Bank Telescope in July
2015 and with the spin direction published for Carbognani et. al
(2016). 
We found that the spin direction given for Carbognani et al. does
not correspond with the visual geometry observed from the radar
images. Also, we try to minimize the number of lightcurves that
reproduce the shape in a robust way, with the objective of to plan
future observations of asteroids better and prioritize time. 
 

Author(s): José Silva , Filipe Monteiro , Francisco Tamayo
Institution(s): 1. Instituto de Astronomia, UNAM, 2.
Observatorio Nacional, 3. UANL

110.39 – RGB Colors of the Jovian Trojan Asteroids
We use SPIRIT I&II telescopes which has 43cm diameter, to
observe around 50 Jovian Trojan asteroids. Due to the limiting
magnitude of our equipment, We only choose some bright
asteriods as our targets.To testify the feasibility of using RGB
Bayer filter system for research project, we use the RGB Bayer
filter system instead of the Johnson-Cousins BVR filters system.
Once proved, the photometry data will be significantly enlarged.
More collected data can be used on scientific researches and more
scholars can do relevant researches by using the RGB Bayer filter
system. What we did is using a software called Astrometrica to
measure the magnitude of the asteroids under RGB filter. Then
we transform the RGB data to BVR data. Later on we calculate the
color index by using those BVR data from our calculations. The
final step to do the statistic work and make graphs, and compare
it with the former research data. We are aim to find same result as
the research before, or why there are differnt result. 
We are still in the process of handling the data, so the final result
will be released at the conference. This project is based on data
acquired using the SPIRIT robotic telescopes at The University of
Western Australia. We gratefully acknowledge the assistance of
Paul Luckas, SPIRIT Program Manager. 
The project is supported by The University of Western Australia,
Youth Astronomy Teachers' Link.

Author(s): Haoyuan Chen , Xiaofei Zhang
Institution(s): 1. Beijing No.80 High School
Contributing team(s): The University of Western Australia,
Youth Astronomy Teachers' Link

110.40 – Resolved Observations of the Patroclus-
Menoetius Binary 
The Trojan binary (617) Patroclus–Menoetius is one of the targets
of the Lucy Discovery mission. Lucy is scheduled to launch in
October 2021. We observed this system with the Hubble Space
Telescope in May and June 2017 in order to resolve the individual
components and use the relative positions to update the binary
orbit. The updated orbit is required to predict the upcoming
mutual event season. A precise determination of the orbit phase,
period, orbit plane and pole position that will result from
observations of mutual events is essential for planning the Lucy
mission’s encounter with this system. We present results of the
successful HST observations including preliminary predictions
for mutual events observable in semester 2018A. 

Author(s): Keith S. Noll , William M. Grundy , Marc W.
Buie , Harold F. Levison
Institution(s): 1. Lowell Obs., 2. NASA/GSFC, 3. SwRI

110.41 – Recent impact on (4709) Ennomos?

1 1
2

1 2
3

1

1 2 3

1 1

2 1
3 3



111 – Asteroids: Dynamics, Origins and Theory

In this work, we try to associate the albedo variations of the
Trojan L5 asteroid (4709) Ennomos (Emery et al., 2016) with a
relatively recent impact structure on its surface. Although the
mean visual albedo of Trojans is generally very low (p ~0.07,
Grav et al., 2012), especially for asteroids with diameter D > 50
km, Fernández et al. (2003) reported unusually high albedo of
(4709) Ennomos (p ~0.12 to 0.18), which diameter is D ~ 80 km.
However, the albedo of (4709) Ennomos determined from the
WISE data by Grav et al. (2012) is only p  ~ 0.09 and the same
albedo derived from AKARI is about p  ~ 0.08 (Usui et al., 2011).
One possible explanation for these discrepancies is that the
albedo of (4709) Ennomos is strongly dependent on its rotational
phase. Emery et al. (2016) reported a clear evidence of spectral
slope variations of (4709) Ennomos with its rotation, what may
also suggest an existence of a bright spot on its surface, caused
e.g. by impact. As we reported the asteroid family associated with
(4709) Ennomos in our previous works (eg. Broz and Rozehnal,
2011, Rozehnal et al., 2016), we try to simulate the family origin
by SPH simulations (Benz and Aspaugh, 1994). 

Because the albedo variations could be in principle used to
estimate an approximate size of the impact structure (in the case
of cratering event, what means M /M  > 0.5) on the family
parent body an hence an approximate size of the impactor, this is
a uniqe chance to compare it with the results of the SPH
simulations. In our work we also try to determine the age of the
Ennomos family by simulating the dynamical evolution of our
synthetic families in different impact geometries (with different f
and ω).

Author(s): Jakub Rozehnal , Miroslav Broz
Institution(s): 1. Astronomical Institute, Charles University

110.42 – Light scattering and absorption by space
weathered planetary bodies: Novel numerical
solution
Airless planetary bodies are exposed to space weathering, i.e.,
energetic electromagnetic and particle radiation, implantation
and sputtering from solar wind particles, and micrometeorite
bombardment.Space weathering is known to alter the physical
and chemical composition of the surface of an airless body (C.

Pieters et al., J. Geophys. Res. Planets, 121, 2016). From the light
scattering perspective, one of the key effects is the production of
nanophase iron (npFe ) near the exposed surfaces (B. Hapke, J.
Geophys. Res., 106, E5, 2001). At visible and ultraviolet
wavelengths these particles have a strong electromagnetic
response which has a major impact on scattering and absorption
features. Thus, to interpret the spectroscopic observations of
space-weathered asteroids, the model should treat the
contributions of the npFe  particles rigorously. 
 
Our numerical approach is based on the hierarchical geometric
optics (GO) and radiative transfer (RT). The modelled asteroid is
assumed to consist of densely packed silicate grains with npFe
inclusions. We employ our recently developed RT method for
dense random media (K. Muinonen, et al., Radio Science,
submitted, 2017) to compute the contributions of the npFe
particles embedded in silicate grains. The dense media RT
method requires computing interactions of the npFe  particles in
the volume element for which we use the exact fast superposition
T-matrix method (J. Markkanen, and A.J. Yuffa, JQSRT 189,
2017). Reflections and refractions on the grain surface and
propagation in the grain are addressed by the GO. Finally, the
standard RT is applied to compute scattering by the entire
asteroid. 
 
Our numerical method allows for a quantitative interpretation of
the spectroscopic observations of space-weathered asteroids. In
addition, it may be an important step towards more rigorous a
thermophysical model of asteroids when coupled with the
radiative and conductive heat transfer techniques. 
 
Acknowledgments. Research supported by European Research
Council with Advanced Grant No. 320773 SAEMPL.
Computational resources provided by CSC– IT Centre for Science
Ltd, Finland.

Author(s): Johannes Markkanen , Timo Väisänen , Antti
Penttilä , Karri Muinonen
Institution(s): 1. University of Helsinki

111.01 – REBOUND-ing Off Asteroids: An N-body
Particle Model for Ejecta Dynamics on Small
Bodies
Here we describe our numerical approach to model the evolution
of ejecta clouds. Modeling with an N-body particle method
enables us to study the micro-dynamics while varying the particle
size distribution. A hydrodynamic approach loses many of the
fine particle-particle interactions included in the N-body particle
approach (Artemieva 2008). 
We use REBOUND, an N-body integration package (Rein et al.
2012) developed to model various dynamical systems (planetary
orbits, ring systems, etc.) with high resolution calculations at a
lower performance cost than other N-body integrators (Rein &
Tamayo 2017). It offers both symplectic (WHFast) and non-
symplectic (IAS15) methods (Rein & Spiegel 2014, Rein &
Tamayo 2015). We primarily use the IAS15 integrator due to its
robustness and accuracy with short interaction distances and
non-conservative forces. We implemented a wrapper (developed
in Python) to handle changes in time step and integrator at
different stages of ejecta particle evolution. 
To set up the system, each particle is given a velocity away from
the target body’s surface at a given angle within a defined ejecta
cone. We study the ejecta cloud evolution beginning immediately
after an impact rather than the actual impact itself. This model
considers effects such as varying particle size distribution,
radiation pressure, perturbations from a binary component,
particle-particle collisions and non-axisymmetric gravity of the
target body. Restrictions on the boundaries of the target body’s
surface define the physical shape and help count the number of
particles that land on the target body. Later, we will build the
central body from individual particles to allow for a wider variety

of target body shapes and topographies. 
With our particle modeling approach, individual particle
trajectories are tracked and predicted on short, medium and long
timescales. Our approach will be applied to modeling of the ejecta
cloud produced during the Double Asteroid Redirection Test
(DART) impact (Cheng et al. 2016, Schwartz et al. 2016). We will
present some preliminary results of our applied model and
possible applications to other asteroid impact events and Centaur
ring formation mechanisms.

Author(s): Jennifer Larson , Gal Sarid
Institution(s): 1. University of Central Florida, 2. University of
Central Florida, Florida Space Institute

111.02 – The University of Hawaii NEO Follow-Up
Program
At the University of Hawaii, we carry out NEO follow-up
observations for orbital refinement. We regularly observe eight
nights a month using the University of Hawaii 88-inch (UH88)
telescope and utilise Canada-France-Hawaii Telescope queue
time for recovery of targets with large ephemeris uncertainties.
Our focus is follow-up of Virtual Impactors and faint asteroids
with magnitudes V>21. The combination of excellent atmospheric
conditions on Mauna Kea and long integration times allow us to
observe asteroids as faint as V=25.  
Recent extensive improvements to our workhorse UH88
telescope have included renovations to the telescope exterior,
software upgrades, and the commissioning of the new monolithic
STA-1600 10K CCD. Recent observational highlights include
astrometry of 2017 JB2 during its diurnal retrograde loop and
photometric observations 2016 HO3 which was measured to have
a synodic period of 27.90 minutes.
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Author(s): Dora Fohring , David J. Tholen , Zach Claytor ,
Yudish Ramanjooloo , Denise Hung , Colin Aspin
Institution(s): 1. University of Hawaii

111.05 – Asteroid Impact Risk: Ground Hazard
versus Impactor Size
The Asteroid Threat Assessment Project at NASA Ames Research
Center has developed a Probabilistic Asteroid Impact Risk (PAIR)
model to assess the level of risk posed by potential asteroid strikes
on Earth. The PAIR model combines analytic models of asteroid
entry and damage in a probabilistic Monte Carlo framework to
assess the ensemble risk posed by a wide range of potential
impacts. The model samples from uncertainty distributions of
asteroid properties and entry parameters to generate millions of
specific impact cases, and models the atmospheric entry and
damage for each case. 

We present the recent results of an expanded asteroid impact risk
assessment. The expanded assessment models 60 million impact
cases, covering asteroid sizes from 20m up to 10km in diameter,
and evaluates damage due to local blast overpressure and thermal
radiation, tsunami inundation, and global effects for each case.
Advancements include: (a) incorporation of a tsunami model that
is able to estimate specific flood damage for each ocean strike,
accounting for local ocean depth, coastal topography, and
populations; (b) use of improved height-of-burst maps for
estimating the blast overpressure footprints, developed based on
high-fidelity blast propagation simulations; and (c)
representation of multiple damage levels for local blast
overpressure and thermal radiation exposure. Results
demonstrate the relative contributions of the various hazard
sources to the total risk, and the significance of including lower
damage levels in risk assessment metrics. The annualized
expected risk is dominated by the global-effects causing large (> 1
km) object impacts. Local damage, due to blast overpressure and
thermal radiation, expectations peak for impactors in the few
hundred-meter size range, but the annualized damage is an order
of magnitude less than that of the larger objects. Asteroid
generated tsunami poses very little ensemble risk compared to
both local land and global scenarios.

Author(s): Donovan Mathias , Lorien Wheeler , Jessie L.
Dotson , Michael Aftosmis , Ana Maria Tarano
Institution(s): 1. NASA Ames Research Center, 2. Stanford
University

111.06 – Delivery of water and organics to Mercury
through asteroid and comet impacts
Detection and observation of the bright and dark polar deposits in
permanently shadowed northpolar regions of Mercury suggest
that these regions contain water and organic compounds. This is
somehow surprising taking into account the planet’s proximity to
the Sun. Water flux on Mercury was studied in the past and have
shown that interplanetary dust particles, asteroids and comets are
possible sources of water on Mercury. 

We are studying how much water and organics certain asteroids
(C-type) and comets can deliver to Mercury. We have performed
numerical gravity simulations of impact rates on Mercury within
the past few Myr. We use the N-body integrator RMVS/Swifter to
propagate the Sun and the eight planets from their current
positions. Separately, we add comets and asteroids to the
simulations as massless test particles, based on their current
orbital distributions. In our asteroid simulations we focus on
organic-rich (C-class), basing ourselves on the dynamical model
by Greenstreet et al. (2012) and on the measured distribution of
taxonomic types across the Main Asteroid Belt. For the comets we
assume a constant organic fraction. We expect to present first
results at the meeting.

Author(s): Kateryna Frantseva , Michael Mueller , Floris F.
S. van der Tak
Institution(s): 1. Kapteyn Astronomical Institute, 2. SRON

111.08 – Measuring the Yarkovsky effect with Las
Cumbres Observatory
The Las Cumbres Observatory (LCO) provides an ideal platform
for follow-up and characterization of Solar System objects (e.g.
asteroids, Kuiper Belt Objects, comets, Near-Earth Objects) and
ultimately for the discovery of new objects. We have used LCO's
global network of nine 1-meter telescopes to measure the
Yarkovsky effect on tens of asteroids through precise astrometric
measurements using the Gaia-DR1 catalog, providing lower
uncertainty with each detection. The target asteroids were picked
through simulated observations each month to determine the
objects for which new astrometry would yield the most
improvement. The Gaia-DR1 release has greatly improved the
quality of the astrometry obtained, making the detection of the
Yarkovsky effect more likely and secure by greatly reducing
systematic catalog zonal errors. With the release of DR2 next year
and the availability of good reference star colors, we will be able
to take other more subtle effects into account in the astrometric
reduction. In addition, the availability of the Gaia catalog would
allow re-measurement of past data with more accurate star
catalogs. The amount of Yarkovsky acceleration depends on
several physical properties, such as the asteroid spin state, size,
mass, and thermal properties, to which detection of the effect can
give important constraints. The effect is also important for
understanding the transportation of asteroids and meteorites into
near-Earth space from the main belt, producing the NEOs and for
the formation and evolution of asteroid families. Determining and
modeling the Yarkovsky effect can be critical for accurate
prediction of asteroid trajectories and even for impact hazard
assessment. The measurements made with the help of LCO have
significantly increased the number of known asteroids with
Yarkovsky detections. LCO is ideally suited to perform these
observations due to its ability to monitor several targets over
several days by employing dynamic scheduling, weather
avoidance, and use of multiple sites around the globe.

Author(s): Sarah Greenstreet , Davide Farnocchia , Tim
Lister
Institution(s): 1. Jet Propulsion Laboratory, 2. Las Cumbres
Observatory

111.09 – Is YORP Stochastic?
The YORP effect is one of the dominant processes that controls
the dynamical evolution of small asteroids in the inner solar
system. It has recently been hypothesized that as an asteroid’s
spin rate increases due to YORP, the shape will change, which in
turn causes the YORP coefficient to drastically change before
reaching the spin limit - thus making the classical YORP cycles
“stochastic”. This work examines how the YORP coefficient
changes when the shape change due to spin up is constrained by a
simple geophysical model that represents the effect of a cohesive
rubble pile. Two processes are investigated: the relaxation of the
asteroid shape, and the motion of boulders on the surface. In both
cases the changes are modeled so that the resulting shape
respects various arbitrary slope limits. Simulations of this process
appear to stop the drastic change in YORP coefficients that leads
to the idea of “stochastic” YORP, except in carefully prescribed
worst case scenarios. Results are presented specifically based on
the current radar and lightcurve derived shape model of Bennu.

Author(s): Jay W. McMahon
Institution(s): 1. University of Colorado - Boulder

111.10 – The weaker effects of First-order mean
motion resonances in intermediate inclinations
During planetary migration, a planet or planetesimal can be
captured into a low-order mean motion resonance with another
planet. Using a second-order expansion of the disturbing function
in eccentricity and inclination, we explore the sensitivity of the
capture probability of first-order mean motion resonances to
orbital inclination. We find that second-order inclination
contributions affect the resonance strengths, reducing them at
intermediate inclinations of around $10-40^\circ$ for major
first-order resonances. We also integrated the Hamilton's
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equations with arbitrary initial arguments, and provided the
varying tendencies of resonance capture probabilities versus
orbital inclinations for different resonances and different particle
or planetary eccentricities. Resonance-weaker ranges in
inclinations generally appear at the places where resonance
strengths are low, around $10-40^\circ$ in general. The weaker
ranges disappear with a higher particle eccentricity
($\gtrsim0.05$) or planetary eccentricity ($\gtrsim0.05$).  

These resonance-weaker ranges in inclinations implies that
intermediate-inclination objects are less likely to be disturbed or
captured into the first-order resonances, which would make them
entering into the chaotic area around Neptune with a larger
fraction than those with low inclinations, during the epoch of
Neptune's outward migration. The privilege of high-inclination
particles leave them to be more likely captured into Neptune
Trojans, which might be responsible for the unexpected high
fraction of high-inclination Neptune Trojans.

Author(s): YuanYuan Chen , Alice C. Quillen , Yuehua Ma
Institution(s): 1. Purple Mountain Observatory, 2. University
of Rochester
Contributing team(s): Chinese Scholar Council, the National
Natural Science Foundation of China, the Natural Science
Foundation of Jiangsu Province, the Minor Planet Foundation of
the Purple Mountain Observatory

111.11 – THE SMALL BODY GEOPHYSICAL
ANALYSIS TOOL
The Small Body Geophysical Analysis Tool (SBGAT) that we are
developing aims at providing scientists and mission designers
with a comprehensive, easy to use, open-source analysis tool.
SBGAT is meant for seamless generation of valuable simulated
data originating from small bodies shape models, combined with
advanced shape-modification properties. 

The current status of SBGAT is as follows: 
The modular software architecture that was specified in the

original SBGAT proposal was implemented in the form of two
distinct packages: a dynamic library SBGAT Core containing the
data structure and algorithm backbone of SBGAT, and SBGAT
Gui which wraps the former inside a VTK, Qt user interface to
facilitate user/data interaction. This modular development
facilitates maintenance and addi- tion of new features. Note that
SBGAT Core can be utilized independently from SBGAT Gui. 
 
SBGAT is presently being hosted on a GitHub repository owned
by SBGAT’s main developer. This repository is public and can be
accessed at https://github.com/bbercovici/SBGAT. Along with
the commented code, one can find the code documentation at
https://bbercovici.github.io/sbgat-doc/index.html. This code
documentation is constently updated in order to reflect new
functionalities. 
SBGAT’s user’s manual is available at
https://github.com/bbercovici/SBGAT/wiki. This document
contains a comprehensive tutorial indicating how to retrieve,
compile and run SBGAT from scratch. 
 
Some of the upcoming development goals are listed hereafter.
First, SBGAT's dynamics module will be extented: the PGM
algorithm is the only type of analysis method currently
implemented. Future work will therefore consists in broadening
SBGAT’s capabilities with the Spherical Harmonics Expansion of
the gravity field and the calculation of YORP coefficients. Second,
synthetic measurements will soon be available within SBGAT.
The software should be able to generate synthetic observations of
different type (radar, lightcurve, point clouds,...) from the shape
model currently manipulated. Finally, shape interaction
capabilities will be added to SBGAT GUI, as it will be augmented
with these functionalities using built-in VTK interaction methods.

Author(s): Benjamin Bercovici , Jay McMahon
Institution(s): 1. University of Colorado Boulder

112.01 – Minimoon Survey with Subaru Hyper
Suprime-Cam
We will present the status of our search for minimoons using
Hyper Suprime-Cam on the Subaru telescope on Maunkea,
Hawaii. We use the term 'minimoon' to refer to objects that are
gravitationally bound to the Earth-Moon system, make at least
one revolution around the barycenter in a co-rotating frame
relative to the Earth-Sun axis, and are within 3 Earth Hill-sphere
radii (∼12 LD). There are one or two 1 to 2 meter diameter
minimoons in the steady state population at any time, and about
a dozen larger than 50 cm diameter. `Drifters' are also bound to
the Earth-Moon system but make less than one revolution about
the barycenter. The combined population of minimoons and
drifters provide a new opportunity for scientific exploration of
small asteroids and testing concepts for in-situ resource
utilization. These objects provide interesting challenges for
rendezvous missions because of their limited lifetime and
complicated trajectories. Furthermore, they are difficult to detect
because they are small, available for a limited time period, and
move quickly across the sky.

Author(s): Robert Jedicke , Ben Boe , Bryce T. Bolin ,
William Bottke , Monique Chyba , Larry Denneau , Curt
Dodds , Mikael Granvik , Jan Kleyna , Robert J. Weryk
Institution(s): 1. Nice Observatory, 2. Southwest Research
Institute, 3. U. Hawaii, 4. U. Helsinki

112.04 – Near-Earth Object Survey Simulation
Software
There is a significant interest in Near-Earth objects (NEOs)
because they pose an impact threat to Earth, offer valuable
scientific information, and are potential targets for robotic and
human exploration. The number of NEO discoveries has been
rising rapidly over the last two decades with over 1800 being

discovered last year, making the total number of known NEOs
>16000. Pan-STARRS and the Catalina Sky Survey are currently
the most prolific NEO surveys, having discovered >1600 NEOs
between them in 2016. As next generation surveys such as Large
Synoptic Survey Telescope (LSST) and the proposed Near-Earth
Object Camera (NEOCam) become operational in the next
decade, the discovery rate is expected to increase tremendously.
Coordination between various survey telescopes will be necessary
in order to optimize NEO discoveries and create a unified global
NEO discovery network. We are collaborating on a community-
based, open-source software project to simulate asteroid surveys
to facilitate such coordination and develop strategies for
improving discovery efficiency. Our effort so far has focused on
development of a fast and efficient tool capable of accepting user-
defined asteroid population models and telescope parameters
such as a list of pointing angles and camera field-of-view, and
generating an output list of detectable asteroids. The software
takes advantage of the widely used and tested SPICE library and
architecture developed by NASA’s Navigation and Ancillary
Information Facility (Acton, 1996) for saving and retrieving
asteroid trajectories and camera pointing. Orbit propagation is
done using OpenOrb (Granvik et al. 2009) but future versions
will allow the user to plug in a propagator of their choice. The
software allows the simulation of both ground-based and space-
based surveys. Performance is being tested using the Grav et al.
(2011) asteroid population model and the LSST simulated survey
“enigma_1189”.

Author(s): Shantanu P Naidu , Steven R. Chesley , Davide
Farnocchia
Institution(s): 1. Jet Propulsion Laboratory, California
Institute of Technology

112.06 – Improved Asteroid Astrometry with the
Gaia Catalog
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In the ten months since the Gaia-DR1 catalog was released, we
have reported over 2500 astrometric Gaia-based observations of
asteroids, mostly of the near-Earth variety, but whatever other
asteroids that appear in the same field also get measured and
reported. The astrometric solutions have contributed an average
of 0.01 arcsec to the overall astrometric uncertainty, and the
reduced chi-squared statistics indicate that our ability to measure
the centroid of an often-trailed reference star is the limiting factor
in the quality of the astrometric solutions, not the catalog
coordinates of the stars themselves. The centroiding accuracy on
the targets has averaged about 0.05 arcsec, meaning that we
finally have an astrometric reference catalog that is not the
limiting factor in the quality of the astrometry reduced using it.
Gaia-DR2 is scheduled for 2018 April, and its inclusion of proper
motions will eliminate one shortcoming of the current catalog.
DR1 also suffers from non-uniform sky coverage to the same
limiting magnitude, as we have encountered two 7.5 arcmin fields
with no Gaia stars with which to perform the astrometric
calibration, forcing us to fall back on the PPMXL catalog. A third
field has only six Gaia stars in it, poorly distributed with respect
to the location of the asteroid, even though there are plenty of
other suitably bright stars available. The Gaia photometry is also
a huge improvement over the mostly photographic magnitudes
contained in the comparably deep USNO-B1.0 and PPMXL
catalogs, though we have also encountered some fields where
some of the stars' G magnitudes are systematically off by as much
as a magnitude. Presumably this issue will also be solved in DR2.
We have computed a transformation between Gaia G magnitudes
and Johnson V magnitudes using Landolt's photometry of a
couple hundred standard stars. Assuming a typical asteroid color,
we recommend using a correction of +0.28 mag to transform a
Gaia G magnitude into a Johnson V magnitude. In cases of known
asteroid V-R or V-I color, we can provide second-order
polynomial transformation equations.

Author(s): David J. Tholen , Yudish Ramanjooloo , Dora
Fohring , Denise Hung , Zach Claytor
Institution(s): 1. Univ. of Hawaii

112.08 – Update on Spacewatch Observations of
Near-Earth Objects
Spacewatch performs targeted astrometric follow-up of near-
Earth objects, primarily asteroids (NEAs), to improve knowledge
of their orbits. We have a noteworthy history of asteroid and
comet observations beginning in 1984 as the first survey to use
CCDs to scan the sky for asteroids and comets. Currently, we
measure simultaneous astrometry and photometry of
observations during an average of 24 nights per lunation (dark
and gray time) as the exclusive users of a 1.8-m telescope and a
0.9-m telescope on Kitt Peak. In addition, we use bright time on
the 2.3-m Bok Telescope and the 4-m Mayall Telescope on Kitt
Peak to chase fainter targets. Continued astrometric follow-up
helps to prevent potentially hazardous objects and scientifically
interesting NEAs from becoming lost. 

We prioritize virtual impactors, MPC confirmation page objects,
potentially hazardous asteroids (PHAs) with close approaches
within 0.03 AU in the next 30 years, upcoming radar targets with
astrometry requests, Yarkovsky effect candidates, NEAs with
existing characterization data (WISE, Spitzer, SMASS, MANOS),
possible spacecraft destinations (NHATS), and requests from the
community. 

In mid October 2015, we switched from survey mode to targeted
astrometry on the 0.9-m telescope. From 2015 October 15
through 2017 June 29 (1.7yr), Spacewatch (observatory codes 291,
691, and ^695) had 20951 MPC-accepted NEO lines of astrometry
corresponding to measurements of 2647 different NEOs. This
includes 4801 PHA lines of astrometry corresponding to 426
different PHAs, of which 223 lines were at apparent magnitudes
V>=22.5. We observed 43% of all NEAs and 52% of all
unnumbered NEAs that were observed by any observatory during
that period. We observed 50% of all PHAs and 64% of all
unnumbered PHAs observed during that period. These statistics
do not include submitted measurements of confirmation page

objects that were not confirmed as NEAs. 
 
Support of Spacewatch is from NASA/NEOO grants, the Lunar
and Planetary Laboratory, Steward Observatory, Kitt Peak
National Observatory, the Brinson Foundation of Chicago, IL, the
estates of R. S. Vail and R. L. Waland, and other private donors.
We are also indebted to the MPC and JPL for their web services.

Author(s): Melissa Brucker , Robert S. McMillan , Terry
Bressi , Jeff Larsen , Ron Mastaler , Mike Read , Jim Scotti ,
Andrew Tubbiolo
Institution(s): 1. United States Naval Academy, 2. University
of Arizona

112.09 – Arecibo Radar Observations of Near-Earth
Asteroids 
The Arecibo S-Band (2.38 GHz, 12.6 cm; 1 MW) planetary radar
system at the 305-m William E. Gordon Telescope in Arecibo,
Puerto Rico is the most active, most powerful, and most sensitive
planetary radar facility in the world. As such, Arecibo is vital for
post-discovery characterization and orbital refinement of near-
Earth asteroids. Since August 2016, the program has observed
100 near-Earth asteroids (NEAs), of which 38 are classified as
potentially hazardous to Earth and 31 are compliant with the
NASA Near-Earth Object Human Space Flight Accessible Targets
Study (NHATS). Arecibo observations are critical for identifying
NEAs that may be on a collision course with Earth in addition to
providing detailed physical characterization of the objects
themselves in terms of size, shape, spin, and surface properties,
which are valuable for assessing impact mitigation strategies.
Here, we will present a sampling of the asteroid zoo observed by
Arecibo, including press-noted asteroids 2014 JO25 and the
(163693) Atira binary system.

Author(s): Edgard G. Rivera-Valentin , Patrick A. Taylor ,
Anne Virkki , Sriram Saran Bhiravarasu , Flaviane Venditti ,
Luisa Fernanda Zambrano-Marin , Betzaida Aponte-Hernandez
Institution(s): 1. Arecibo Observatory (USRA)

112.10 – Simulation of a wide area survey for NEOs
with Pan-STARRS PS1 & PS2 Telescopes
We have performed a new survey simulation for a wide area
survey with PS1 & PS2 as part of our quest to optimize the
discovery rate of Near Earth Objects with the full Pan-STARRS
system. The survey is intended to be as unbiased and as complete
as possible given the available sky visibility and the anticipated
performance of the PS1 and PS2 telescopes working together. The
simulation includes a complete model of both telescopes, camera
and slew overhead, sky visibility, moon phase, galactic plane
exclusion, and weather. The performance of the resulting survey
strategy is then evaluated using the method of Lilly et. al. 2017.
This uses the Greenstreet et al. 2012 model with 50 million NEOs
with absolute magnitudes 13 < H < 29 and the Moving Object
Processing System (MOPS, Denneau et al. 2013) for linkages. The
results are compared with other possible strategies.

Author(s): Kenneth C. Chambers , Eva Lilly (Schunova) ,
Martin Todd Dukes , Richard J. Wainscoat
Institution(s): 1. University of Hawaii

112.11 – Long-Term Monitoring of 'Active Asteroid'
P/2016 G1 (PANSTARRS)
We present updated results of repeated monitoring of ‘Active
Asteroid’ P/2016 G1 (PANSTARRS) using the 0.7-m, f/3.2 Jeanne
Rich Telescope at the Jay Baum Rich Observatory in Frazier Park,
CA, as well as the Keck 10-m telescope equipped with the LRIS
instrument. The ‘Active Asteroids’ are a strange and newly
discovered class of small bodies in the Solar System that have the
orbital and dynamical properties of asteroids and also the
physical properties of comets; for example, ejection of dust and
volatile materials. P/2016 G1 (PANSTARRS) was detected in 2016
April by R. Weryk and R. Wainscoat using the 1.8-m
PANSTARRS1 telescope and appears to exhibit activity potentially
due to catastrophic impact of the main body (Moreno et al. 2016).
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In this work, we have monitored P/2016 G1 (PANSTARRS) from
the months of April to August 2016 to better understand the
mechanism and drivers of activity in this Solar System small body
and detect changes in the appearance form which to form a more
complete picture of this object.

Author(s): Dave Gerald Milewski , David Jewitt , Robert
Michael Rich
Institution(s): 1. University of California, Los Angeles (UCLA)

112.12 – Near-Earth Asteroid Follow-up
Observations from the Astronomical Research
Institute
The Astronomical Research Institute (ARI) operates eight
telescopes ranging in size from 0.41m to 1.3m. These telescopes
are dedicated to the astrometric recovery and arc-extension of
Near-Earth Asteroids (NEAs). Four telescopes are located outside
Westfield, Illinois, USA (0.61, 0.76, 0.81, 1.3m) while the other
four telescopes are at Cerro Tololo Inter-American Observatory
(0.41, 0.61, 0.61, 1.0m). 

The increase in NEA discovery from PanSTARRS and Catalina
Sky Survey continues to escalate the nightly demand for newly
discovered NEA follow-up. ARI has developed a new protocol
which allows the discovery rate to increase fivefold without the
need for additional telescopes. 

ARI’s new secondary priority is to provide spectra and
spectrophotometry observations of the brightest newly discovered
NEAs. Proposed methods and procedures will be discussed so
that other NEA researchers may have access to the results without
a peer-reviewed delay.

Author(s): Tyler R. Linder
Institution(s): 1. Astronomical Research Institute

112.13 –  
Determining an empirical estimate of the tracking
inconsistency component for true astrometric
uncertainties

The asteroid community is moving towards the implementation
of a new astrometric reporting format. This new format will
finally include of complementary astrometric uncertainties in the
reported observations. The availability of uncertainties will allow
ephemeris predictions and orbit solutions to be constrained with
greater reliability, thereby improving the efficiency of the
community's follow-up and recovery efforts. 

Our current uncertainty model involves our uncertainties in
centroiding on the trailed stars and asteroid and the uncertainty
due to the astrometric solution. The accuracy of our astrometric
measurements are reliant on how well we can minimise the offset
between the spatial and temporal centroids of the stars and the
asteroid. This offset is currently unmodelled and can be caused by
variations in the cloud transparency, the seeing and tracking
inconsistencies. The magnitude zero point of the image, which is
affected by fluctuating weather conditions and the catalog bias in
the photometric magnitudes, can serve as an indicator of the
presence and thickness of clouds. Through comparison of the
astrometric uncertainties to the orbit solution residuals, it was
apparent that a component of the error analysis remained
unaccounted for, as a result of cloud coverage and thickness,

telescope tracking inconsistencies and variable seeing. This work
will attempt to quantify the tracking inconsistency component.
We have acquired a rich dataset with the University of Hawaii
2.24 metre telescope (UH-88 inch) that is well positioned to
construct an empirical estimate of the tracking inconsistency
component. This work is funded by NASA grant NXX13AI64G. 

Author(s): Yudish Ramanjooloo , David J. Tholen , Dora
Fohring , Zach Claytor , Denise Hung
Institution(s): 1. University of Hawaii

112.14 – Introducing ADES: A New IAU Astrometry
Data Exchange Standard
For several decades, small body astrometry has been exchanged,
distributed and archived in the form of 80-column ASCII records.
As a replacement for this obsolescent format, we have worked
with a number of members of the community to develop the
Astrometric Data Exchange Standard (ADES), which was formally
adopted by IAU Commission 20 in August 2015 at the XXIX
General Assembly in Honolulu, Hawaii. 
 
The purpose of ADES is to ensure that useful and available
observational information is submitted, archived, and
disseminated as needed. Availability of more complete
information will allow orbit computers to process the data more
correctly, leading to improved accuracy and reliability of orbital
fits. In this way, it will be possible to fully exploit the improving
accuracy and increasing number of both optical and radar
observations. ADES overcomes several limitations of the previous
format by allowing characterization of astrometric and
photometric errors, adequate precision in time and angle fields,
and flexibility and extensibility. 
 
To accommodate a diverse base of users, from automated surveys
to hands-on follow-up observers, the ADES protocol allows for
two file formats, eXtensible Markup Language (XML) and Pipe-
Separated Values (PSV). Each format carries the same
information and simple tools allow users to losslessly transform
back and forth between XML and PSV. 
 
We have further developed and refined ADES since it was first
announced in July 2015 [1]. The proposal at that time [2] has
undergone several modest revisions to aid validation and avoid
overloaded fields. We now have validation schema and file
transformation utilities. Suitable example files, test suites, and
input/output libraries in a number of modern programming
languages are now available. 
 
Acknowledgements: Useful feedback during the development
of ADES has been received from numerous colleagues in the
community of observers and orbit specialists working on
asteroids comets and planetary satellites. 
 
References: [1] Chesley, S.R. (2015) M.P.E.C. 2015-O06. [2]
http://minorplanetcenter.net/iau/ info/IAU2015_ADES.pdf 

Author(s): Steven R. Chesley , George M Hockney ,
Matthew J. Holman
Institution(s): 1. Harvard-Smithsonian Center for
Astrophysics, 2. JPL

113.01 – Modeling the Thermal Interactions of
Meteorites Below the Antarctic Ice
Meteorites with high specific gravities, such as irons, appear to be
underrepresented in Antarctic collections over the last 40 years.
This underrepresentation is in comparison with observed
meteorite falls, which are believed to represent the actual
population of meteorites striking Earth. Meteorites on the
Antarctic ice sheet absorb solar flux, possibly leading to
downward tunneling into the ice, though observations of this in

action are very limited. This descent is counteracted by ice sheet
flow supporting the meteorites coupled with ablation near
mountain margins, which helps to force meteorites towards the
surface. Meteorites that both absorb adequate thermal energy and
are sufficiently dense may instead reach a shallow equilibrium
depth as downward melting overcomes upward forces during the
Antarctic summer. Using a pyronometer, we have measured the
incoming solar flux at multiple depths in two deep field sites in
Antarctica, the Miller Range and Elephant Moraine. We compare
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these data with laboratory analogues and model the thermal and
physical interactions between a variety of meteorites and their
surroundings. Our Matlab code model will account for a wide
range of parameters used to characterize meteorites in an
Antarctic environment. We will present the results of our model
along with depth estimates for several types of meteorites. The
recovery of an additional population of heavy meteorites would
increase our knowledge of the formation and composition of the
solar system.

Author(s): William Jared Oldroyd , Jani Radebaugh ,
Denise C. Stephens , Ralph Lorenz , Ralph Harvey , James
Karner
Institution(s): 1. Brigham Young University, 2. Case Western
Reserve University, 3. Johns Hopkins University Applied Physics
Laboratory

114.01 – A complete model of the Ceres transient
shock: from generation to dissipation
In June 2015, while DAWN was orbiting Ceres at about 10 Ceres
radii away, energetic charged particles were recorded that are
best explained by a transient shock, caused by a comet like
interaction with the solar wind. The required strength of the
atmosphere has been evaluated to determine if it is consistent
with previous observations. In this work, we simulate the
complete atmosphere excitation-interaction-loss process. We
calculate the total energy input from the associated solar
energetic particle (SEP) event, obtain the model-driven
atmosphere profile with such energy input, and then model the
atmosphere-solar wind interaction to determine the 3-D profile of

the shock. With the time varation of the SEP event, we model the
different stages of the atmosphere and plasma interaction. In re-
constructing the event, we determine the entire lifecycle of the
transient atmosphere produced on an airless body activated by a
solar event, and its subsequent loss in its interaction with the
solar wind.

Author(s): Ying-Dong Jia , Michaela Villarreal , Ian Lai ,
Christopher T. Russell , Wing-Huen Ip
Institution(s): 1. IGPP/UCLA, 2. National Central University

115.02 – Measuring NH  and other molecular
abundance profiles from 5 microns ground-based
spectroscopy in support of JUNO investigations
We report on results of an observational campaign to support the
Juno mission. At the beginning of 2016, using TEXES (Texas
Echelon cross-dispersed Echelle Spectrograph), mounted on the
NASA Infrared Telescope Facility (IRTF), we obtained data cubes
of Jupiter in the 1930--1943 cm  and 2135--2153 cm  spectral
ranges (around 5 μm), which probe the atmosphere in the 1--4
bar region, with a spectral resolution of ≈0.3 cm  (R≈7000) and
an angular resolution of ≈1.5''. 

This dataset is analyzed by a code that combines a line-by-line
radiative transfer model with a non-linear optimal estimation
inversion method. The inversion retrieves the abundance profiles
of NH  and PH , which are the main conbtributors at these
wavelengths, as well as the cloud transmittance. This retrieval is
performed over more than one thousand pixels of our data cubes,
producing effective maps of the disk, where all the major belts are
visible (NEB, SEB, NTB, STB, NNTB and SSTB). 

We will present notably our retrieved NH  abundance maps
which can be compared with the unexpected latitudinal
distribution observed by Juno's MWR (Bolton et al., 2017 and Li
et al. 2017), as well as our other species retrieved abundance
maps and discuss on their significance for the understanding of
Jupiter's atmospheric dynamics. 

References: 
Bolton, S., et al. (2017), Jupiter’s interior and deep atmosphere:
The first close polar pass with the Juno spacecraft, Science,
doi:10.1126/science.aal2108, in press. 
Li, C., A. P. Ingersoll, S. Ewald, F. Oyafuso, and M. Janssen
(2017), Jupiter’s global ammonia distribution from inversion of
Juno Microwave Radiometer observations, Geophys. Res. Lett.,
doi:10.1002/2017GL073159, in press.

Author(s): Doriann Blain , Thierry Fouchet , Thomas K.
Greathouse , Bruno Bézard , Therese Encrenaz , John H. Lacy ,
Pierre Drossart
Institution(s): 1. Observatoire de Paris, 2. SWRI, 3. University
of Texas

115.04 – High-Resolution Observations of Jupiter’s
QQO and Mid-Latitude Waves via TEXES/Gemini
North Observations

In an attempt to further constrain the 3-dimensional structure of
Jupiter’s Quasi-Quadrennial Oscillation and mid-latitude waves,
we have performed high-spectral and -spatial scan mapping
observations of Jupiter’s mid-latitudes using TEXES, the Texas
Echelon cross-dispersed Echelle Spectrograph, mounted on the 8-
meter Gemini North Telescope. Observations retrieved on March
16  and 20  UT of methane emission features between 1244.5
and 1250.5 cm , allow for the retrieval of the vertical
temperature profiles between 10 mbar and 1 μbar. The
observations taken over the two nights produced nearly complete
longitude coverage between +/-45° latitude with 1.4° lat/long
resolution at Jupiter’s sub earth point. We will present the
observations, retrieved temperature data cube, and
interpretations of the features observed. 

Author(s): Thomas K. Greathouse , Glenn Orton , Richard
Cosentino , Raul Morales-Juberias , Rohini Giles
Institution(s): 1. Jet Propulsion Laboratory, 2. NASA Goddard
Spaceflight Center, 3. New Mexico Institute of Mining and
Technology, 4. Southwest Research Institute

115.05 – Statistical Estimation of Properties and
Variations in Jupiter’s Stratospheric Oscillation
 
The Quasi-Quadrennial Oscillation's (QQO) 4 year period in
Jupiter's atmosphere near 10 hPa was first discovered in 7.8-
micron brightness temperature observations from the 1980's and
1990's. New observations using the high-spectral resolution Texas
Echelon cross-dispersed Echelle Spectrograph (TEXES), mounted
on the NASA Infrared Telescope facility (IRTF), have
characterized the vertical structure of the QQO from spectral data
at 8 microns taken over a complete cycle between January 2012
and January 2017. These new observations show the thermal
oscillation spans a range of pressures from 2-20 hPa. After
combining both data sets, we found the QQO has a larger
temperature amplitude in the TEXES spectroscopy than was
measured from previous photometric imaging. We also found a
smaller QQO period in the TEXES data when compared to the
older IRTF data. The disparities in the observed QQO properties
are actually consistent with each other when we considered
details of each observation. We also developed models between
different QQO cycles and found statistical evidence for a 20%
change in the QQO's 4 year period at the 10 hPa level.
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Author(s): Richard Cosentino , Amy A. Simon , Thomas K.
Greathouse , Leigh Fletcher , Raul Morales-Juberias , Glenn S.
Orton , Perianne Johnson
Institution(s): 1. Goddard Space Flight Center, 2. Jet
Propulsion Laboratory, 3. New Mexico Institute of Mining and
Technology, 4. Southwest Research Institute, 5. University of
Leicester

115.06 – Studying the Structure of Condensables
Jupiter’s 24deg Jet
Simulations of the atmospheres of Jovian planets can be used to
check our current understanding of the physics of their
atmospheres. Such studies have been performed in the past, but
the development of cloud microphysics models allows us to gain
new insight in how the clouds form and behave in areas of
interest. This study conducts high resolution cloudy simulations
of the 24 degree north high speed jet for a period of 200 days. The
models were created using the Explicit Planetary
Isentropic_Coordinate (EPIC) general circulation model
(Dowling et al 1998, 2006) that includes full hydrological cycle for
multiple condensible species (Palotai and dowling 2008, Palotai
et al 2016). This builds off of work presented by our group last
year at DPS. The simulations were run under various conditions
again in order to test what parameters led to stable simulations.
These results help describe which physical parameters can lead to
stable high speed jets and how water and ammonia behave within
these features. Reference: [1] T. Dowling, A. Fischer, P. Gierasch,
J. Harrington, R. Lebeau, and C. Santori. The explicit planetary
isentropic-coordinate (epic) atmospheric model. Icarus, 1998. [2]
T. E. Dowling, M. E. Bradley, E. Colon, J. Kramer, R. P. LeBeau,
G. C. H. Lee, T. I. Mattox, R. Morales-Juberias, C. J. Palotai, V. k.
Parimi, and A. P. Showman. The epic atmospheric model with an
isentropic/terrain-following hybrid vertical coordinate. Icarus,
182:259–273, may 2006.[3] C. Palotai and T. E. Dowling.
Addition of water and ammonia cloud microphysics to the epic
model. Icarus, 2008.[4] C. J. Palotai, R. P. Le Beau, R. Shankar,
A. Flom, J. Lashley, and T. McCabe. A cloud microphysics model
for the gas giant planets. In AAS/Division for Planetary Sciences
Meeting Abstracts, 2016.

Author(s): Abigail Flom , Ramanakumar Sankar , Csaba J.
Palotai , Timothy E. Dowling
Institution(s): 1. Florida Institute of Technology, 2. University
of Louisville

115.08 – Ground-based hyperspectral imaging and
analysis of Jupiter’s atmosphere during the Juno
era
The Juno mission to Jupiter has presented ground-based
observers with a unique opportunity to collect data while the
spacecraft is simultaneously measuring the planet and its
atmosphere. Data collected in conjunction with Juno
measurements have the capability to complement and enhance
wavelength regimes already covered by Juno instruments. 
In order to enrich Juno’s scientific returns in the visible regime,
we use the New Mexico State University Acousto-optic Imaging
Camera (NAIC) to obtain hyperspectral image cubes of Jupiter
from 470-950 nm with an average spectral resolution (λ/dλ) of
242. We use NAIC with the Apache Point Observatory 3.5-m
telescope to image Jupiter’s atmosphere during Juno’s perijove
flybys. With these timely, high spectral resolution measurements,
we can derive the properties of cloud and haze particulates and
estimate cloud heights. We present geometrically and
photometrically calibrated spectra of representative regions of
Jupiter’s atmosphere to be compared with previous work and
laboratory measurements of candidate chromophore materials.
The data we present are from the night of March 26 , 2017,
captured during Juno’s 5  perijove flyby. We discuss preliminary
analyses of these spectra, including implications for future work
regarding atmospheric modeling. 
For the aforementioned observations, NAIC was equipped with a
thinned, back-illuminated CCD. Because of the narrow
bandwidths NAIC’s spectral tuning element produces, this chip
design resulted in etaloning, or “fringing,” in images at

wavelengths longer than ~720 nm. We discuss our methodology
for correcting the fringing and the progress of a general-use
model for correcting fringing in CCDs. Such a model requires the
extraction of chip characteristics from monochromatic flats,
which can be then be used to model exactly how the interference
of light inside the chip results in the fringing pattern. This
artificial fringing image can then be removed from images,
thereby correcting the effect. 
This work is supported by Research Support Agreement 1569980
from the Jet Propulsion Laboratory, as a subaward of a
NASA/Solar System Observations grant.

Author(s): Emma Dahl , Nancy J. Chanover , David Voelz ,
David M. Kuehn , Erandi Wijerathna , Robert Hull , Paul D.
Strycker , Kevin H. Baines
Institution(s): 1. Condordia University Wisconson, 2. Garmin
International, 3. NASA/Jet Propulsion Laboratory, 4. New
Mexico State University

115.09 – Jupiter's belts and zones: Contradictory
evidence for upwelling and downwelling 
Early authors (Hess and Panofsky 1951, Ingersoll and Cuzzi 1969,
Barcilon and Gierasch 1970) noted that the zonal winds are
cyclonic in the belts and anticyclonic in the zones. From the
thermal wind equation they concluded that the air below the
clouds is colder at the belts and warmer at the zones. Hot air
rising and cold air sinking led to the notion of downwelling in the
belts and upwelling in the zones, which agreed with observations
of clear air and low ammonia vapor in the belts and cloudy air
and high ammonia vapor in the zones (Gierasch et al. 1986).
However, lightning in the belts seemed to contradict that idea,
based on the assumption that lightning and convection require
upwelling of moist air from below (Little et al. 1999, Ingersoll et
al. 2000). Convergence of the eddy momentum flux on the
poleward sides of the zones (Salyk et al. 2006) supports the
inference based on lightning by implying convergence of the
meridional flow in the zones. Here we argue that lightning in the
belts does not require upwelling. Instead, there is a threshold for
moist convection that is triggered when the thickness of the
weather layer drops below a critical value (Li and Ingersoll 2006,
Thomson and McIntyre 2016). We also argue that the
convergence of the eddy momentum flux does not require
equatorward flow. Instead, the meridional flow is controlled by
the sign of the potential vorticity (PV) gradient, which is
southward on the equatorward sides of the zones (Ingersoll et al.
2017), implying divergence of the meridional flow in the zones.
This is a new idea and is based on the observation that the
predicted flat parts of the PV staircase (Dritschel and McIntyre
2008), might actually be sloping inward, since the curvature of
the zonal velocity profile U_yy exceeds beta at the centers of the
westward jets (Ingersoll and Cuzzi 1969, Ingersoll et al. 1981,
Limaye et al. 1986, Li et al. 2004, Read et al. 2006). These
arguments agree with observations of upwelling in the zones, but
they do not explain the near absence of a belt-zone signature
below 2-3 bars, as implied by the recent Juno data (Bolton et al.
2017, Ingersoll et al. 2017). 

Author(s): Andrew P. Ingersoll
Institution(s): 1. Caltech
Contributing team(s): Juno Science Team

115.10 – Measuring turbulent cascades in Jupiter's
weather layer
Jupiter's atmosphere has often been compared with a classical
quasi-two-dimensional, geostrophically turbulent fluid, in which
kinetic energy is transferred upscale, with zonal jets emerging due
to the spherical curvature of the planet. In a new analysis of 2D
wind fields obtained from Cassini cloud images taken during
closest approach to Jupiter at the time of the December 2000 fly-
by, we have determined 2nd and 3rd order structure functions
and spectral transfers of kinetic energy and enstrophy (squared
vorticity) across scales ranging from ~1000 km to the scale of the
planet itself. These confirm the upscale transfer of kinetic energy
from eddies on scales ≥ 3000 km up to the scales of the zonal jets,
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with ~90% of the energy being transferred into the jets
themselves, accompanied by downscale transfer of enstrophy
from all scales. For scales ≤ 3000 km or so, however, kinetic
energy is transferred downscale, indicating a strong source of
kinetic energy at a scale ~2000-3000 km, comparable with the
internal Rossby deformation radius. This suggests an important
role for baroclinic instability in energising Jupiter's turbulent
atmosphere.

Author(s): Roland M B Young , Peter L Read
Institution(s): 1. University of Oxford

115.11 – Disappearance of surface banded structure
produced by thermal convection in a rapidly
rotating thin spherical shell
Surface flows of Jupiter and Saturn are characterized by the
broad prograde zonal jets around the equator and the narrow
alternating zonal jets in mid- and high-latitudes. The production
and maintenance mechanisms of those surface jets are still in
debate. 

A distinguished study by Heimpel and Aurnou (2007)
demonstrates that a "deep" model, namely, thermal convection in
a rotating but thin spherical shell, can produce an equatorial
prograde zonal jet and alternating zonal jets in mid- and high-
latitudes simultaneously by using Boussinesq fluid. However,
they assume eight-fold symmetry in the longitudinal direction
and calculate fluid motion only in the one-eighth sector of the
whole spherical shell. Further, since time integration of their
numerical experiment is so short as 1600 rotation period (0.024
viscous diffusion time), their result may not reach statistically
steady state. 

In the present study, we perform long time numerical integration
of thermal convection in the whole thin spherical shell domain
where the experimental setup is same as that of Heimpel and
Aurnou (2007). The experiment in the 1/8 sector domain with
longitudinal symmetry is also conducted for comparison. 

Time integration were completed until 38000 rotation period for
calculation in the 1/8 sector domain, and 17000 rotation period
for that in the whole spherical shell. In both cases, equatorial
prograde surface zonal jets and alternating banded zonal jets
emerge at certain stages, which seem to be consistent with the
result of Heimpel and Aurnou (2007). However, in the case of the
whole domain calculation, in the mid- and high- latitudinal
regions eastward acceleration continues, zonal banded structures
disappear, and finally, one broad eastward zonal jet appears in
mid- and high- latitudes of each hemisphere. It is in contrast to
the result of 1/8 sector domain where alternating jets in mid- and
high- latitudes are maintained during the integration period. 

Reference : Heimpel, M., Aurnou, J. (2007) Icarus, 187, 540--557.

Author(s): Shin-ichi Takehiro , Youhei Sasaki , Keiichi
Ishioka , Kensuke Nakajima , Masaki Ishiwatari , Yoshi-Yuki
Hayashi
Institution(s): 1. Department of Cosmosciences, Hokkaido
University, 2. Department of Earth and Planetary Sciences,
Kyoto University, 3. Department of Earth and Planetary
Sciences, Kyushu University, 4. Department of Mathematics,
Kyoto University, 5. Department of Planetology, Kobe
University, 6. Research Institute for Mathematical Sciences,
Kyoto University

115.12 – Three-wave resonant interactions in two-
dimensional turbulence on a rotating sphere
Rossby waves are indispensable to discuss flow dynamics under
differential rotation, and in particular, three-wave resonant
nonlinear interactions of Rossby waves are often considered to
play an important roles in realizing characteristic features in
Rossby wave turbulences. In fact, at high rotation rates, it has
been mathematically shown that the dynamics of two-
dimensional Rossby wave turbulence on a beta plane within

certain finite time is totally governed by three-wave resonant
nonlinear interactions of Rossby waves (Yamada and Yoneda,
Physica D, 2013). Also, for example, Kartashova and L’vov (Phys.
Rev. Lett., 2007) considered clusters of resonant Rossby waves,
defined by connected triangles by nonzero energy transfer, and
discussed dynamics of atmosphere. 
 
However, what kind of roles the three-wave resonant nonlinear
interactions of Rossby waves possess and how they function in
two-dimensional turbulences are not at all clear yet, since
resonant and non-resonant interactions are always mixed and
determine the flow dynamics together in systems having
moderate rotation rates, and it is extremely difficult to
numerically extract the effect of there-wave resonant interactions
there. 
 
Therefore in this research, based on the result of Yamada and
Yoneda (Physica D, 2013), we have considered two-dimensional
Navier-Stokes flows on rapidly rotating spheres, in order to
numerically investigate how the three-wave resonant nonlinear
interactions of Rossby waves are working in the system. Then it
was found that large-scale structures, i.e. zonal flows, cannot be
formed only by three-wave resonant interactions. It was also
found that, the existence of resonant Rossby waves having no net
energy transfer by resonant interactions should not be neglected
in considering the dynamics of total resonant Rossby waves
dynamics, and as a result, the group of resonant Rossby waves
cannot be divided into clusters in terms of connected triangles by
nonzero energy transfer.

Author(s): Kiori Obuse , Michio Yamada
Institution(s): 1. Kyoto University, 2. Okayama University

115.15 – Polarization of Hazes and Aurorae on
Jupiter
Our solar system planets show a large variety of atmospheric
polarization properties, from the thick, highly polarizing haze on
Titan and the poles of Jupiter, Rayleigh scattering by molecules
on Uranus and Neptune, to clouds in the equatorial region of
Jupiter or on Venus. Changes in the clouds/thermal filed can be
brought about by endogenic dynamical processes such merger of
vortices; global, planetary scale upheavals, and external factors
such as celestial collisions (such as D/Shoemaker-Levy 9 impact
with Jupiter in 1994, etc.). Although the range of phase angles
available from Earth for outer planets is restricted to a narrow
range, limb polarization measurements provide constraints on
the polarimetric properties. For example, at the equator, much of
the observed reflected radiation is due to the presence of clouds
and therefore, low polarization. Polar asymmetry exists between
the two poles, while the planetary disk is unpolarized. Jupiter is
known to exhibit a strong polar limb polarization and a low
equatorial limb polarization due to the presence of haze particles
and Rayleigh scattering at the poles. In contrast, at the equator,
the concentration of particulates in the high atmosphere might
change, changing the polarimetric signature and aurorae at both
poles. The polarimetric maps, in conjunction with thermal maps
and albedo maps, can provide constraints on modeling efforts to
understand the nature of the aerosols/hazes in Jovian
atmosphere. With Jupiter experiencing morphological changes at
many latitudes, we have initiated a polarimetric observing
campaign of Jupiter, in conjunction with The PACA Project. With
NASA/Juno mission in a 53-day orbit around Jupiter, and recent
outbreaks in the atmosphere, changes in the polarimetric
signature will provide insight to the changes occurring in the
atmosphere. Some of our observations are acquired by a team of
professional/amateur planetary imagers astronomers based in
the U.K., Australia and Europe. France. Details/results of these
studies will be presented to optimize the observing strategy of
planetary atmospheres and their role in the atmospheric
retrievals and the next stage of polarimetric exploration of
Jupiter.
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Author(s): Padma A. Yanamandra-Fisher , Will McLean
Institution(s): 1. Armagh Observatory, 2. Space Science
Institute
Contributing team(s): PACA_Jupiter

115.16 – Last Looks at the Eye of Saturn by
Cassini/VIMS During the Grand Finale
A lasting remnant of the Great Storm that erupted on Saturn in
late 2010 has been a massive lone anticyclone persisting to the
present time in a NH -dry 5-µm-bright “desert” zone that spans
the entire Saturnian globe at 34  N. We have been observing this
oval storm with Cassini/VIMS since 2011 and, in 2017, as Cassini
performs its Grand Finale orbits close to the planet, have
captured it at our highest resolution since January 2012 at 260
km/pixel – enough to resolve spiral structure inside the oval at 5
µm. The spot drifts latitudinally in Saturn’s zonal currents: it was
at 35.9  planetocentric latitude in May 2011, wandered
northward to 37.8  in 2012, hovered near 37  through 2013,
meandered as far south as 36.5  in 2014, drifted northward to
37  in 2015, and then returned back to about 36.3  in 2016,
where it remains presently. It has also periodically bumped up
against the dark band above it, spinning off material in 2013,
2015, and 2017. We measured a prograde zonal drift speed of 22
m/s in 2012, increasing as much as 60% through 2013, then
relaxing to a more moderate 15 m/s in 2014 and 2015. It slowed
considerably in 2016 to 4.7 m/s and is currently drifting slightly
faster at 8.5 m/s. The spot has varied in size over time as it spins,
spanning 4.9  x 3.2  in 2011, elongating to 7.3  x 2.9  by 2013,
contracting to 5.5  x 2.9  in 2014, enlarging again to 9  x 4  in
2015, and contracting currently to 7.0  x 3.2  (6100 x 3200 km)
in 2017, symmetrically oval in shape. It has varied in terms of
cloudiness, being 90% 5-µm dark (obscured) in 2011, whereas by
2013 it was mostly bright (clear) with a thin dark edge. It was
90% dark in 2015, and in 2017 is about 65% obscured, with a
bright central eye. Utilizing night observations to isolate thermal
flux, we have found that the mean 5-µm flux coming from the
anticyclone has diminished steadily by about 75% since 2013. The
entire storm latitude of ~34  N itself has remained persistently 5-
µm bright since 2011, but is slowly dimming as it fills in. A
quantitative record of the evolution of this feature from formation
to last looks during the Grand Finale passes by Cassini/VIMS will
be presented.

Author(s): Thomas W. Momary , Kevin H. Baines , Sarah
Badman , Robert H Brown , Bonnie J. Buratti , Roger Nelson
Clark , Philip D. Nicholson , Christophe Sotin
Institution(s): 1. Cornell University, 2. Jet Propulsion
Laboratory/CalTech, 3. Lancaster University, 4. Planetary
Science Institute, 5. SSEC/University of Wisconsin-Madison, 6.
University of Arizona

115.17 – Uranus' post-equinox north polar
brightening characterized with 2013 and 2016 IRTF
SpeX observation
Since its 2007 equinox, the atmosphere of Uranus, as seen in the
near infrared (~800-1600 nm) has exhibited dramatic changes.
Its southern polar cap, prominent prior to equinox, has faded and
a similar polar cap has begun developing in the north.
Karkoschka and Tomasko (2009, Icarus 202:287) demonstrated
that in 2002 the south polar region, brighter than lower latitude
regions when viewed at wavelengths of intermediate methane
absorption, was depleted in methane compared to darker regions.
Tice et al. (2013, Icarus 223:684) and Sromovsky et al. (2014,
Icarus 238:137) concluded that the northern polar regions were
similarly depleted. The north polar region (45N-90N) has
continued to brighten; modeling of 2015 HST STIS observations
(Fry et al. 2016, AAS DPS #48 421.03) suggested that the
latitudinal methane distribution has remained essentially
unchanged since equinox, but brightening from 2012 to 2015 was
due to changes in aerosol scattering. We acquired 0.8-2.5 μm
SpeX spectra in 2013 (central meridian) and 2016 (pole-aligned
spectra at 0, 0.4, 0.8, and 1.2 arcsec. distant from the CM) under
similar seeing conditions (0.4-0.5 arcsec.). The SpeX wavelength
range gives us an additional wavelength region where H

absorption competes with or exceeds CH  absorption, and a
wider wavelength range to characterize aerosol particle
properties, compared to STIS. The multiple spectra in 2016 allow
us to compare specific latitudes to 2013 at the same view angles
(and to use center-to-limb constraints in modeling 2016 spectra).
We will present observations, reduction procedures, comparative
(2013 vs 2016) modeling of latitudinal methane abundance and
vertical aerosol profiles, and compare to 2012/2015 STIS analysis.
Preliminary analysis shows that lower latitudes (~30N) have not
changed since 2013, but higher latitudes (~70N) have undergone
continued significant brightening at pseudo-continuum
wavelengths dominated by both H  (1080 nm, up ~50%) and
CH  (1290 nm, also up ~50%) absorption , indicating a change in
scattering properties. 
 
This work is supported by NASA Solar System Observations grant
NNA16AH99G.

Author(s): Patrick M. Fry , Lawrence A. Sromovsky
Institution(s): 1. Univ. of Wisconsin

115.18 – Waves, Plumes and Bubbles from Jupiter
Comet Impacts
We present results from our numerical simulations of jovian
comet impacts that investigate various phases of the Shoemaker-
Levy 9 (SL9) and the 2009 impacts into Jupiter's atmosphere.
Our work includes a linked series of observationally constrained,
three-dimensional radiative-hydrodynamic simulations to model
the impact, plume blowout, plume flight/splash, and wave-
propagation phases of those impact events. Studying these stages
using a single model is challenging because the spatial and
temporal scales and the temperature range of those phases may
differ by orders of magnitudes (Harrington et al. 2004). In our
simulations we model subsequent phases starting with the
interpolation of the results of previous simulations onto a new,
larger grid that is optimized for capturing all key physics of the
relevant phenomena while maintaining computational efficiency.
This enables us to carry out end-to-end simulations that require
no ad-hoc initial conditions. In this work, we focus on the waves
generated by various phenomena during the impact event and
study the temporal evolution of their position and speed. In
particular, we investigate the shocks generated by the impactor
during atmospheric entry, the expansion of the ejected plume and
the ascent of the hot bubble of material from terminal depth.
These results are compared to the observed characteristics of the
expanding SL9 rings (Hammel et al. 1995). Additionally, we
present results from our sensitivity tests that focus on studying
the differences in the ejecta plume generation using various
impactor parameters (e.g., impact angle, impactor size, material,
etc.). These simulations are used to explain various phenomena
related to the SL9 event and to constrain the characteristics of the
unknown 2009 impactor body. This research was supported by
National Science Foundation Grant AST-1627409.

Author(s): Csaba J. Palotai , Ramanakumar Sankar , Tyler
McCabe , Donald Korycansky
Institution(s): 1. Florida Institute of Technology, 2. University
of California, Santa Cruz

115.19 – Studies of Dark Spots and Their
Companion Clouds on the Ice Giant Planets
Observations of ice giant planets in our Solar System have shown
several large-scale dark spots with varying lifespans. Some of
these features were directly observed, others were diagnosed from
their orographic companion clouds. Historically, numerical
simulations have been able to model certain characteristics of
these storms such as the shape variability of the Neptune Great
Dark Spot (GDS-89) (Deng and Le Beau, 2006), but have not
been able to match observed drift rates and lifespans using the
standard zonal wind profiles (Hammel et al. 2009). Common
amongst these studies has been the lack of condensable species in
the atmosphere and an explicit treatment of cloud microphysics.
Yet, observations show that dark spots can affect neighboring
cloud features, such as in the case of bright companion clouds or
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the “Berg” on Uranus. An analysis of the cloud structure is
therefore required to gain a better understanding of the
underlying atmospheric physics and dynamics of these vortices. 
For our simulations, we use the Explicit Planetary Isentropic
Coordinate (EPIC) general circulation model (Dowling et al. 1998,
2006) and adapt its jovian cloud microphysics module which
successfully reproduced the cloud structure of jovian storms, such
as the Great Red Spot and the Oval BA (Palotai and Dowling
2008, Palotai et al. 2014). EPIC was recently updated to account
for the condensation of methane and hydrogen sulfide (Palotai et
al. 2016), which allows us to account for both the high-altitude
methane ice-cloud and the deep atmosphere hydrogen sulfide ice-
cloud layers. 
In this work, we simulate large-scale vortices on Uranus and
Neptune with varying cloud microphysical parameters such as the
deep abundance and the ambient supersaturation. We examine
the effect of cloud formation on their lifespan and drift rates to
better understand the underlying processes which drive these
storms.

Author(s): Sakhee Bhure , Ramanakumar Sankar , Nathan
Hadland , Csaba J. Palotai , Raymond P. Le Beau , Nikko
Koutas
Institution(s): 1. Florida Institute of Technology, 2. St. Louis
University

115.20 – Photochemistry in Saturn’s Ring-
Shadowed Atmosphere: Photochemistry and Haze
Observations
After 13 years of observing Saturn, Cassini would have ended
nearly a half Saturnian year. During this epoch, the ring shadow
has moved from covering much of the northern hemisphere to
covering a large swath southern hemisphere. The net effect is that
the intensity of both ultraviolet and visible sunlight penetrating
through the rings to any particular latitude will vary depending
on both Saturn’s axis relative to the Sun and the optical thickness
of each ring system. In essence, the rings act like semi-
transparent venetian blinds. This effect magnifies the effect due
to axial tilt alone and acts to turn off photochemistry and haze
generation. This effect is seen in both the presence of a bluish
Rayleigh-scattering atmosphere in 2004 in the northern
hemisphere and color change to blue in the northern hemisphere. 
Previous work examined the variation of the solar flux as a
function of solar inclination, i.e. for each 7.25-year season at
Saturn. We report on the impact of the oscillating ring shadow, in
addition to variation due to axial tilt, on photolysis and
production rates of hydrocarbons and phosphine in Saturn’s
stratosphere and upper troposphere. The impact of these
production and loss rates on the abundance of long-lived
photochemical products leading to haze formation are explored.
We assess their impact on a disequilibrium species whose
presence in the upper troposphere can be used as a tracer of
convective processes in the deeper atmosphere. 
We will also present our ongoing analysis of Cassini’s CIRS, UVIS,
and VIMS datasets that provide an estimate of the evolving haze
content. In particular, we will examine how the region inside
Saturn’s famous hexagonal jet stream changes over time from a
relatively clear atmosphere to a hazy one. We also explore how
the hexagon acts like a barrier to transport, isolating Saturn’s
north polar region from outside influences of photochemically-
generated molecules and haze. 

The research described in this paper was carried out in part at the
Jet Propulsion Laboratory, California Institute of Technology,
under a contract with the National Aeronautics and Space
Administration. Copyright 2017 California Institute of
Technology. Government sponsorship is acknowledged.

Author(s): Scott G. Edgington , Sushil K. Atreya , Kevin H.
Baines , Robert A West , Gordon L. Bjoraker , Leigh Fletcher ,
Thomas W. Momary , Eric Wilson
Institution(s): 1. Jet Propulsion Laboratoy/California Institue
of Technology, 2. NASA Goddard Space Flight Center, 3. Space
Environment Technologies, 4. University of Leicester, 5.
University of Michigan
Contributing team(s): CIRS, ISS, UVIS, VIMS

115.21 – Resistive Heating and Ion Drag in Saturn's
Thermosphere
 
One of the most puzzling observations of the jovian planets is that
the thermospheres of Jupiter, Saturn, Uranus and Neptune are all
several times hotter than solar heating can account for (Strobel
and Smith 1973; Yelle and Miller 2004; Muller-Wodarg et al.
2006). On Saturn, resistive heating appears sufficient to explain
these temperatures in auroral regions, but the particular
mechanism(s) responsible for heating the lower latitudes remains
unclear. The most commonly proposed heating mechanisms are
breaking gravity waves and auroral heating at the poles followed
by redistribution of energy to mid-and low latitudes. Both of these
energy sources are potentially important but also come with
significant problems. Wave heating would have to be continuous
and global to produce consistently elevated temperatures and the
strong Coriolis forces coupled with polar ion drag appear to
hinder redistribution of auroral energy (see Strobel et al. 2016 for
review). 
 
Here we explore an alternative: wind-driven electrodynamics that
can alter circulation and produce substantial heating outside of
the auroral region. Smith (2013) showed this in-situ mechanism
to be potentially significant in Jupiter’s thermosphere. 
 
We present new results from an axisymmetric, steady-state model
that calculates resistive (Joule) heating rates through rigorous
solutions of the electrodynamic equations for the coupled neutral
atmosphere and ionosphere of Saturn. At present, we assume a
dipole magnetic field and neglect any contributions from the
magnetosphere. We use ion mixing ratios from the model of Kim
et al. (2014) and the observed temperature-pressure profile from
Koskinen et al. (2015) to calculate the generalized conductivity
tensor as described by Koskinen et al. (2014). We calculate the
current density under the assumption that it has no divergence
and use it to calculate the resistive heating rates and ion drag. Our
results suggest that resistive heating and ion drag at low latitudes
likely play a significant role in the dynamics and energetics of
Saturn's low-latitude thermosphere.

Author(s): Jess William Vriesema , Tommi Koskinen ,
Roger V Yelle
Institution(s): 1. University of Arizona

115.22 – Jupiter's Equatorially Antisymmetric
Gravitational Field and its Interior Dynamics
The equatorially anti-symmetric gravitational field of Jupiter is
nearly unaffected by its rotational distortion and, 
hence, it provides a direct window into the equatorially anti-
symmetric fluid motion taking place in Jupiter's interior. 
We present a new accurate approach, based on the thermal-
gravitational wind equation in spherical geometry 
(a two-dimensional kernel integral equation with the Green's
function in its integrand), for estimating the
location/structure/amplitude of the Jovian equatorially
antisymmetric zonal flow of Jupiter via its equatorially anti-
symmetric gravitational field and understanding the dynamics of
Jupiter's deep interior. The mathematical and numerical
difficulties in computing the equatorially anti-symmetric
gravitational field are discussed.

Author(s): Keke Zhang , Dali Kong , Gerald Schubert , John
D. Anderson
Institution(s): 1. JPL, 2. SHAO, 3. UCLA, 4. University pf
Exeter, UK
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115.23 – Multiple Excitation Regimes in Jupiter’s
Polar Aurorae
Since the Voyager epoch, it has been known that the
thermospheres of all the outer planets are heated to a
temperature over 3 times higher than can be explained by solar
EUV (Yelle & Miller 2000). The dominant heat source is still an
open question. Without this knowledge, one cannot understand
the structure, energy balance, and seasonal evolution of outer
planet upper atmospheres. Majeed et al. (2009) suggest that the
main ionospheric heat source driving the thermospheric flow at
high Jovian latitudes is Joule currents resulting from the
frictional motion of the ions relative to the neutrals, while particle
precipitation dominates the heating of the auroral ovals at
exospheric altitudes. However, since the diffuse emission interior
to the oval is not directly connected to a source in the
magnetosphere, and vice versa, separate processes may drive the
heating in the auroral oval and the zone within. Because the
latter’s open field lines expose it to “space weather”, it is subject
to thermospheric heating by the solar wind, coronal mass
ejections, and reconnection in the Jovian magnetotail. 

H  plays an important role in the cooling and stabilizing of
hydrogenic planetary thermospheres (Miller et al. 2000). For
Jupiter's hot upper atmosphere, above the homopause at ~1 µbar,
H  appears to be the dominant coolant, so that the local heating
rate may be estimated by measuring the H  emission flux.
Consequently, the morphology and spectrum of the H  emission
flux should be heavily influenced by, and so provide the clearest
signature of, the unknown heating process. A study of Jupiter’s
H  emission may therefore help to isolate and constrain that
dominant process. Towards that end, we surveyed Jupiter's
northern and southern auroral zones near pre-opposition
quadrature on May 11 and 12, 2009, by obtaining emission line
spectra between 3-4 microns at Keck II with NIRSPEC. The
southern spectra resolve at least three contrarily excited H
emission spectra simultaneously, suggesting at least three distinct
excitation processes operating within Jupiter's polar aurorae. The
emission morphology cannot be explained by the observing
geometry nor viewing aspect.

Author(s): Laurence M. Trafton
Institution(s): 1. Univ. of Texas, Austin

115.24 – Cassini UVIS Auroral Observations in
2016 and 2017
In 2016 and 2017, the Cassini Saturn orbiter executed a final
series of high-inclination, low-periapsis orbits ideal for studies of
Saturn's polar regions. The Cassini Ultraviolet Imaging
Spectrograph (UVIS) obtained an extensive set of auroral images,
some at the highest spatial resolution obtained during Cassini's
long orbital mission (2004-2017). In some cases, two or three
spacecraft slews at right angles to the long slit of the spectrograph
were required to cover the entire auroral region to form auroral
images. We will present selected images from this set showing
narrow arcs of emission, more diffuse auroral emissions, multiple
auroral arcs in a single image, discrete spots of emission, small
scale vortices, large-scale spiral forms, and parallel linear features
that appear to cross in places like twisted wires. Some shorter
features are transverse to the main auroral arcs, like barbs on a
wire. UVIS observations were in some cases simultaneous with
auroral observations from the Cassini Imaging Science Subsystem
(ISS) the Cassini Visual and Infrared Mapping Spectrometer
(VIMS), and the Hubble Space Telescope Space Telescope
Imaging Spectrograph (STIS) that will also be presented.

Author(s): Wayne R. Pryor , Larry W Esposito , Alain
Jouchoux , Aikaterini Radioti , Denis Grodent , Jacques
Gustin , Jean-Claude Gerard , Laurent Lamy , Sarah Badman ,
Ulyana A. Dyudina
Institution(s): 1. Caltech, 2. Central Arizona College, 3.
Lancaster University, 4. LASP, University of Colorado, 5.
Observatoire de Paris- Section de Meudon, 6. University of Liege
Contributing team(s): Cassini UVIS Team, Cassini VIMS
Team, Cassini ISS Team, HST Saturn Auroral Team

115.25 – What can numerical simulations say about
Jupiter’s deep, long-lived anticyclones?
If Jupiter’s long-lived anticyclones, GRS being the most
prominent example, are indeed deep as indicated, the study of
their dynamics would be much more difficult than if they were
shallow. A shallow phenomenon limited to the troposphere can be
modeled by general circulation models like those used in weather
prediction for Earth’s atmosphere, as the layer overall is
convectively stable (hydrostatic approximation can be applied)
and the time scales (advection and radiation) are relatively short.
If the dynamics involve the deep convective envelop below, the
time scales for thermal relaxation and spin-up would be many
orders of magnitudes longer. At the same time, the requirements
for handling stratification, turbulence, compressibility, fast
rotation, spatial resolution, and numerical stability conditions are
not forgiving. Currently, numerical studies of long-lived vortices
generated in convection zone are limited to ‘numerical
experiments’ having internal energy fluxes many orders of
magnitudes greater than that of Jupiter (for faster thermal and
dynamical relaxation). Though these experiments cannot predict
quantitative values for direct observational comparison, their
information on the spatial distributions and connections among
velocity, temperature, pressure etc. can tell a lot about what a
deep-seated model can predict or describe. We are going to
present the results of our latest fully compressible, large-eddy-
simulation model for generation of long-lived anticyclones in
deep convection zone. The high turbulence and complex internal
structures of the vortices can naturally be explained. One
prediction for observation is: While fluctuations of temperature
and vertical velocity dissipate relative fast with height in the
troposphere (stable region), the horizontal velocities (vortical
motions) drop much slower; they hardly decrease by a factor of
two in four pressure scale heights in the overshoot region.
Acknowledgement: This research is supported by FDCT of Macau
039/2013/A2 and 080/2015/A3.

Author(s): Kwing L Chan
Institution(s): 1. Macau University of Science and Technology

115.26 – 3D General Circulation Model of the
Middle Atmosphere of Jupiter
The characteristics of Jupiter’s large-scale stratospheric
circulation remain largely unknown. Detailed distributions of
temperature and photochemical species have been provided by
recent observations [1], but have not yet been accurately
reproduced by middle atmosphere general circulation models
(GCM). Jupiter’s stratosphere and upper troposphere are
influenced by radiative forcing from solar insolation and infrared
cooling from hydrogen and hydrocarbons, as well as waves
propagating from the underlying troposphere [2]. The relative
significance of radiative and mechanical forcing on stratospheric
circulation is still being debated [3]. Here we present a 3D GCM
of Jupiter’s atmosphere with a correlated-k radiative transfer
scheme. The simulation results are compared with observations.
We analyze the impact of model parameters on the stratospheric
temperature distribution and dynamical features. Finally, we
discuss future tracer transport and gravity wave parameterization
schemes that may be able to accurately simulate the middle
atmosphere dynamics of Jupiter and other giant planets. 
 
[1] Kunde et al. 2004, Science 305, 1582. 
[2] Zhang et al. 2013a, EGU General Assembly, EGU2013-5797-2. 
[3] Conrath 1990, Icarus, 83, 255-281.

Author(s): Nicholas Gerard Zube , Xi Zhang , Cheng Li ,
Tianhao Le
Institution(s): 1. California Institute of Technology, 2.
University of California - Santa Cruz

115.27 –  
Dynamics and Characteristics of Saturn’s Ribbon
Wave Using Cassini Images
 
We present an analysis of Saturn’s Ribbon feature using Cassini
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ISS images captured using the CB2, MT2, and MT3 filters in the
near-infrared. First observed by Voyager 1 and 2, the Ribbon is a
planetary-scale meandering dark line around 47°N
planetographic latitude. During the Voyager flybys, the
meandering dark line followed the peak in an eastward
atmospheric jet and marked the boundary between cyclonic and
anticyclonic shear zones. The shape of the line rapidly changed in
the timescale of tens of hours, likely following the shifting path of
the meandering jet. During the Cassini era, the 47°N jet has also
exhibited wavy cloud morphology; however, unlike previous
analyses of Voyager and Hubble images which showed the Ribbon
at the center of the eastward jet, we observe that, between 2007
and 2010, the most prominent wave was located at the northern
flank of the jet at 50.7°N. We analyze the wave-like morphology
observed in the Cassini images. Our analysis covers the Ribbon's
temporal evolution on the scale of hours to years. Using map-
projected mosaics, we used both automated and manual methods
to map the Ribbon’s latitudinal position as a function of longitude
and calculate the wave’s Fourier power spectrum. These power
spectra show several distinct spectral peaks that evolve over time.
We also examine the temporal evolution of the region over several
Saturnian rotations to determine the dispersion and the phase
speed of the waves. Our work is supported by NASA CDAP grant
NNX15AD3392.

Author(s): Jacob L Gunnarson , Kunio M. Sayanagi , John
J. Blalock , Angelina Gallego , Andrew P. Ingersoll , Ulyana A.
Dyudina , Shawn Ewald , Ryan M. McCabe , Justin Garland
Institution(s): 1. California Institute of Technology, 2.
Hampton University

115.28 – Infrared rotational light curves on Jupiter
induced by wave activities and cloud patterns and 
implications on brown dwarfs
Many brown dwarfs exhibit infrared rotational light curves with
amplitude varying from a few 
percent to twenty percent (Artigau et al. 2009, ApJ, 701, 1534;
Radigan et al. 2012, ApJ, 750, 
105). Recently, it was claimed that weather patterns, especially
planetary-scale waves in the 
belts and cloud spots, are responsible for the light curves and

their evolutions on brown dwarfs 
(Apai et al. 2017, Science, 357, 683). Here we present a clear
relationship between the direct IR 
emission maps and light curves of Jupiter at multiple
wavelengths, which might be similar with 
that on cold brown dwarfs. Based on infrared disk maps from
Subaru/COMICS and VLT/VISIR, 
we constructed full maps of Jupiter and rotational light curves at
different wavelengths in the 
thermal infrared. We discovered a strong relationship between
the light curves and weather 
patterns on Jupiter. The light curves also exhibit strong multi-
bands phase shifts and temporal 
variations, similar to that detected on brown dwarfs. Together
with the spectra from 
TEXES/IRTF, our observations further provide detailed
information of the spatial variations of 
temperature, ammonia clouds and aerosols in the troposphere of
Jupiter (Fletcher et al. 2016, 
Icarus, 2016 128) and their influences on the shapes of the light
curves. We conclude that wave 
activities in Jupiter’s belts (Fletcher et al. 2017, GRL, 44, 7140),
cloud holes, and long-lived 
vortices such as the Great Red Spot and ovals control the shapes
of IR light curves and multi- 
wavelength phase shifts on Jupiter. Our finding supports the
hypothesis that observed light 
curves on brown dwarfs are induced by planetary-scale waves and
cloud spots.

Author(s): Huazhi Ge , Xi Zhang , Leigh Fletcher , Glenn S.
Orton , James Andrew Sinclair , Joshua Fernandes, , Thomas W.
Momary , Ari Warren , Yasumasa Kasaba , Takao M. Sato ,
Takuya Fujiyoshi
Institution(s): 1. Jet Propulsion Laboratory, 2. Subaru
Telescope/National Astronomical Observatory of Japan, 3.
Tohoku University, 4. University of California Santa Cruz, 5.
University of Leicester

116.01 – 2017 Solar Eclipse in Hopkinsville, KY:
E/PO Feedback from Two Venues
Hopkinsville, Kentucky was the largest town in the region of
maximum totality for the 21 August 2017 Solar Eclipse, and
transformed itself into “Eclipseville” with extensive media
attention. Here we give 2 on-the-ground reports on education and
public outreach (E/PO) activities from Hopkinsville. One of us
(TD) partnered with the Kentucky Division of Emergency
Management (KYEM) and was in the Hopkinsville VIP area, and
the other (GC) led a series of E/PO events at the Hopkinsville
Church of Ss. Peter & Paul, which were nationally advertised in
diocesan newspapers. In addition, both of us were interviewed
extensively by local and national media before the event. Pre-
event planning by KYEM extended for over a year, and
culminated in a 6-hour, 12 July 2017 Tabletop Exercise (TTX) run
by FEMA. This face-to-face workshop drew over 250 participants,
including Kentucky’s Lt. Governor, health and public safety
officials at the state-level and from the 21 Kentucky counties in
the path of totality, mayors and convention-bureau officials from
the affected KY towns, the KY National Guard, the U.S. Depts. of
Health and Human Services, Homeland Security, and
Transportation, the National Weather Service, the U.S. Coast
Guard for riverboat traffic, the U.S. Forest Service, the American
Red Cross, representatives from ATT, Verizon and Sprint, and
representatives from local universities—it was the largest TTX in
Kentucky’s history. Here, we report on E/PO feedback we
assembled from the VIP and parochial sites, including the most
frequently asked questions, which types of answers seemed to be
most effective, and how actual events compared with the large-
crowd preparations and planning.

Author(s): Timothy E. Dowling , Guy Consolmagno
Institution(s): 1. Univ. of Louisville, 2. Vatican Obs.

116.03 – Planetary Science Educational Materials
for Out-of-School Time Educators 
Planetary Learning that Advances the Nexus of Engineering,
Technology, and Science (PLANETS) is a five-year NASA-funded
(NNX16AC53A) interdisciplinary and cross-institutional
partnership to develop and disseminate STEM out-of-school time
(OST) curricular and professional development units that
integrate planetary science, technology, and engineering. The
Center for Science Teaching and Learning (CSTL) and
Department of Physics and Astronomy (P&A) at Northern
Arizona University, the U.S. Geological Survey Astrogeology
Science Center (USGS ASC), and the Museum of Science Boston
(MoS) are partners in developing, piloting, and researching the
impact of three out-of-school time units. Planetary scientists at
USGS ASC and P&A have developed two units for middle grades
youth and one for upper elementary aged youth. The two middle
school units focus on greywater recycling and remote sensing of
planetary surfaces while the elementary unit centers on exploring
space hazards. All units are designed for small teams of ~4 youth
to work together to investigate materials, engineer tools to assist
in the explorations, and utilize what they have learned to solve a
problem. Youth participate in a final share-out with adults and
other youth of what they learned and their solution to the
problem. Curriculum pilot testing of the two middle school units
has begun with out-of-school time educators. A needs assessment
has been conducted nationwide among educators and evaluation
of the curriculum units is being conducted by CSTL during the
pilot testing. Based on data analysis, the project is developing and
testing four tiers of professional support for OST educators. Tier 1
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meets the immediate needs of OST educators to teach curriculum
and include how-to videos and other direct support materials.
Tier 2 provides additional content and pedagogical knowledge
and includes short content videos designed to specifically address
the content of the curriculum. Tier 3 elaborates on best practices
in education and gives guidance on methods, for example, to
develop cultural relevancy for underrepresented students. Tier 4
helps make connections to other NASA or educational products
that support STEM learning in out of school settings.

Author(s): Nadine G. Barlow , Joelle G Clark
Institution(s): 1. Northern Arizona Univ.

116.05 – CosmoQuest – Mapping Surface Features
Across the Inner Solar System
The CosmoQuest Virtual Research Facility allows research
scientists to work together with citizen scientists in ‘big data’
investigations. Some research requires the examination of vast
numbers of images – partnering with engaged and trained citizen
scientists allows for that research to be completed in a thorough
and timely manner. The techniques used by CosmoQuest to
collect impact crater data have been validated to ensure
robustness (Robbins et al., 2014), and include software tools that
accurately identify crater clusters, and multiple crater
identifications. CosmoQuest has current or up-and-coming
projects that span much of the inner solar system. “Moon
Mappers” gives the public a chance to learn about the importance
of cratered surfaces, and investigate factors that effect the
identification and measurement of impact craters such as
incidence angle. In the “Mars Mappers” program citizens map
small craters in valley networks. These will be used to estimate
times of ancient water flow. In “Mercury Mappers” the public
learns about other issues related to crater counting, such as
secondaries. On Mercury, secondaries appear to dominate counts
up to 10km. By mapping these craters, we will be able to better
understand the maximum diameter of secondaries relative to the
parent primary. The public encounters Vesta in “Vesta Mappers,”
a project that contributes data to the overall crater counting
efforts on that body. Asteroid investigations do not end there –
the OSIRIS-REx team is collaborating with CosmoQuest to create
a science campaign to generate boulder and crater counting
datasets of the asteroid Bennu. This “Bennu Mappers” project will
inform the final selection of the sample return site. The Earth is
the target for the “Image Detective” project, which uses the 2
million images returned from crewed space flight. These images
are rich in information about our changing Earth, as well as
phenomena like aurora. Citizens tag these images with meta-data
such as visible features and the center point location of imagery to
enable scientists and the public to more easily search for imagery
of interest in NASA’s online database of astronaut imagery of
Earth.

Author(s): Jennifer A. Grier , Matthew Richardson ,
Pamela L. Gay , Cory Lehan , Ryan Owens , Stuart J. Robbins ,
Daniella DellaGiustina , Carina Bennett , Susan Runco , Paige
Graff
Institution(s): 1. Astronomical Society of the Pacific, 2. Jacobs
at NASA Johnson Space Center, 3. NASA Johnson Space Center,
4. Planetary Science Institute, 5. Southwest Research Institute, 6.
University of Arizona, Lunar and Planetary Laboratory

116.06 – An Inaugural Girl Scout Destinations
Astronomy Camp
The University of Arizona (UA) conducted its first teenage Girl
Scout Destinations Astronomy Camp. This program was
preceded by 24 Leadership Workshops for Adult Girl Scout
Leaders, initially supported by EPO funding from NIRCam for
JWST. For five days in late June, 24 girls (ages 13-17 years)
attended from 16 states. The Camp was led by UA astronomers
and long-term educators. Representing Girl Scouts of the USA
(GSUSA) were a husband/wife amateur astronomer team who are
SOFIA Airborne Astronomy and NASA Solar System
Ambassadors. Other leaders included a Stanford undergraduate
engineering student who is a lifelong Girl Scout and Gold Award

recipient and a recent UA Master’s degree science journalist. The
Camp is a residential, hands-on “immersion” adventure in
scientific exploration using telescopes in southern Arizona’s
Catalina Mountains near Tucson. Under uniquely dark skies girls
become real astronomers, operating telescopes (small and large)
and associated technologies, interacting with scientists, obtaining
images and quantitative data, investigating their own questions,
and most importantly having fun actually doing science and
building observing equipment. Girls achieve a basic
understanding of celestial objects, how and why they move, and
their historical significance, leading to an authentic
understanding of science, research, and engineering. Girls can
lead these activities back home in their own troops and councils,
encouraging others to consider STEM field careers. These
programs are supported by a 5-year NASA Collaborative
Agreement, Reaching for the Stars: NASA Science for Girl Scouts
(www.seti.org/GirlScoutStars), through the SETI Institute in
collaboration with the UA, GSUSA, Girl Scouts of Northern
California, the Astronomical Society of the Pacific, and Aries
Scientific, Inc. The Girl Scout Destinations Astronomy Camp
aligns with the GSUSA Journey: It’s Your Planet-Love It! and
introduces the girls to some of the activities being developed by
the Girl Scout Stars team for GSUSA’s new space science badges
for all Girl Scout levels as a part of Reaching for the Stars.
Reaching for the Stars: NASA Science for Girl Scouts is
supported by NASA SMD’s Education Cooperative Agreement #
NNX16AB90.

Author(s): Larry A. Lebofsky , Donald W. McCarthy , Joe
Wright , Rita Wright , Mikayla Mace , Charmayne Floyd
Institution(s): 1. Arizona. Daily Star, 2. Stanford University, 3.
University of Arizona, 4. Warkoczewski Public Observatory

116.07 – Science and Exploration in the Classroom
& Beyond: An Interdisciplinary STEAM Curriculum
Developed by SSERVI Educators & Scientists
Through NASA’s Solar System Exploration Research Virtual
Institute (SSERVI), the Center for Lunar and Asteroid Surface
Science (CLASS) and the SSERVI Evolution and Environment of
Exploration Destinations (SEEED) nodes have developed an
interdisciplinary formal and informal hands-on curriculum to
bring the excitement of space exploration directly to the students. 
 
With a focus on exploring asteroids, this 5-year effort has infused
art with traditional STEM practices (creating STEAM) and
provides teachers with learning materials to incorporate art,
social studies, English language arts, and other courses into the
lesson plans. The formal curricula being developed follows Next
Generation Standards and incorporates effective and engaging
pedagogical strategies, such as problem-based learning (PBL),
design thinking, and document based questions, using authentic
data and articles, some of which are produced by the SSERVI
scientists. From the materials developed for the formal education
component, we have built up a collection of informal activities of
varying lengths (minutes to weeks-long programs) to be used by
museums, girl and boy scouts, science camps, etc. 
 
The curricula are being developed by formal and informal
educators, artists, storytellers, and scientists. The continual
feedback between the educators, artists, and scientists enables the
program to evolve and mature such that the material will be
accessible to the students without losing scientific merit. Online
components will allow students to interact with SSERVI scientists
and will ultimately infuse ongoing, exciting research into the
student’s lessons. 
 
Our Education & Public Engagement (EPE) program makes a
strong effort to make educational material accessible to all
learners, including those with visual or hearing impairments.
Specific activities have been included or independently developed
to give all students an opportunity to experience the excitement of
the universe.
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Author(s): Tracy M Becker , Cassandra Runyon , Hall
Cynthia , Daniel Britt
Institution(s): 1. College of Charleston, 2. Southwest Research
Institute, 3. University of Central Florida
Contributing team(s): Tracy Becker

116.08 – DPS Planetary Science Graduate
Programs Database for Students and Advisors
Planetary science is a topic that covers an extremely diverse set of
disciplines; planetary scientists are typically housed in a
departments spanning a wide range of disciplines. As such it is
difficult for undergraduate students to find programs that will
give them a degree and research experience in our field as
Department of Planetary Science is a rare sighting, indeed. Not
only can this overwhelm even the most determined student, it can
even be difficult for many undergraduate advisers. 

Because of this, the DPS Education committee decided several
years ago that it should have an online resource that could help
undergraduate students find graduate programs that could lead
to a PhD with a focus in planetary science. It began in 2013 as a
static page of information and evolved from there to a database-
driven web site. Visitors can browse the entire list of programs or
create a subset listing based on several filters. The site should be
of use not only to undergraduates looking for programs, but also
for advisers looking to help their students decide on their future
plans. 

We present here a walk-through of the basic features as well as
some usage statistics from the collected web site analytics. We ask
for community feedback on additional features to make the
system more usable for them. We also call upon those mentoring
and advising undergraduates to use this resource, and for
program admission chairs to continue to review their entry and
provide us with the most up-to-date information. 

The URL for our site is http://dps.aas.org/education/graduate-
schools.

Author(s): David R. Klassen , Anthony Roman , Bonnie K.
Meinke
Institution(s): 1. Rowan Univ., 2. Space Telescope Science
Institute

116.09 – Las Cumbres Observatory Partners With
Local Museums In “Experience The Eclipse”
Community Program
Las Cumbres Observatory (LCO) in Goleta, California, together
with the Santa Barbara Museum of Natural History (SBMNH)
and the Wolf Museum of Exploration & Innovation (MOXI) put
together a community program called “Experience the Eclipse”
for the month of August. 

The greater Santa Barbara community includes over 200,000
people and the city is known for its vibrant cultural life. Events
featuring science, physics, and astronomy are very popular. In
2016, Javier Rivera, the Astronomy Program Manager of the
SBMNH, and Ron Skinner, the Director of Education at MOXI,
met with LCO to discuss planning a month of activities to educate
the public about the Great American Eclipse. The vision was to
capitalize on the strength of each organization and to share
information and events. 

The events included daily planetarium shows and open houses at
the observatory of the SBMNH. All three organizations gave
parties at public venues with presentations by astronomers.
Together the group purchased 6,000 pairs of eclipse viewer
glasses and they shared the responsibility of distributing these to
local schools and community groups. A master calendar of the
events was published in local press outlets and a document
describing the eclipse and safe viewing practices was distributed
widely. Preparation of these materials was a joint effort among
the three institutions. 

“Experience the Eclipse” was a great success. The open houses at
SBMNH were well attended and all public events sold out very
quickly. On August 21, the SBMNH presented a live feed of the
eclipse taken from their own observatory. 
 
We will present photos and videos from these events, along with
data on the attendance and quotes from enthusiastic participants.

Author(s): Sarah Greenstreet , Sandy Seale , Javier Rivera ,
Ron Skinner
Institution(s): 1. Las Cumbres Observatory, 2. MOXI The
World Museum of Exploration & Innovation, 3. Santa Barbara
Museum of Natural History

116.10 – Eclipse 2017: Through the Eyes of NASA
The August 21, 2017 total solar eclipse across America was, by all
accounts, the biggest science education program ever carried out
by NASA, significantly larger than the Curiosity Mars landing and
the New Horizons Pluto flyby. Initial accounting estimates over
two billion people reached and website hits exceeding five billion.
The NASA Science Mission Directorate spent over two years
planning and developing this enormous public education
program, establishing over 30 official NASA sites along the path
of totality, providing imagery from 11 NASA space assets, two
high altitude aircraft, and over 50 high altitude balloons. In
addition, a special four focal plane ground based solar telescope
was developed in partnership with Lunt Solar Systems that
observed and processed the eclipse in 6K resolution. NASA EDGE
and NASA TV broadcasts during the entirity of totality across the
country reached hundreds of millions, world wide.This talk will
discuss NASA's strategy, results, and lessons learned; and preview
some of the big events we plan to feature in the near future.

Author(s): Louis Mayo
Institution(s): 1. NASA's GSFC
Contributing team(s): NASA Heliophysics Education
Consortium

116.11 – Techniques for Engaging the Public in
Planetary Science
Public audiences are often curious about planetary science.
Scientists and education and public engagement specialists can
leverage this interest to build scientific literacy. This poster will
highlight research-based techniques the authors have tested with
a variety of audiences, and are disseminating to planetary
scientists through trainings. 
 
Techniques include: 
Make it personal. Audiences are interested in personal stories,
which can capture the excitement, joy, and challenges that
planetary scientists experience in their research. Audiences can
learn more about the nature of science by meeting planetary
scientists and hearing personal stories about their motivations,
interests, and how they conduct research. 
Share relevant connections. Most audiences have very limited
understanding of the solar system and the features and
compositions of planetary bodies, but they enjoy learning about
those objects they can see at night and factors that connect to
their culture or local community. 
Demonstrate concepts. Some concepts can be clarified with
analogies, but others can be demonstrated or modeled with
materials. Demonstrations that are messy, loud, or that yield
surprising results are particularly good at capturing an audience’s
attention, but if they don’t directly relate to the key concept, they
can serve as a distraction. 
Give them a role. Audience participation is an important
engagement technique. In a presentation, scientists can invite the
audience to respond to questions, pause to share their thoughts
with a neighbor, or vote on an answer. Audiences can respond
physically to prompts, raising hands, pointing, or clapping, or
even moving to different locations in the room. 
Enable the audience to conduct an activity. People learn best by
doing and by teaching others; simple hands-on activities in which
the audience is discovering something themselves can be
extremely effective at engaging audiences. 
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This poster will cite examples of each technique, resources that
can help planetary scientists develop presentations,
demonstrations, and activities for public engagement events, and
the research that supports the use of these techniques.

Author(s): Christine Shupla , Andrew Shaner , Amanda
Smith Hackler
Institution(s): 1. Lunar and Planetary Institute

117.01 – Evidence of Collisional Histories of
Asteroids, Comets and Meteorites: Comparisons
with Shocked Minerals
Evidence of the collisional history of comets and asteroids has
been emerging from analyses of cometary forsterite and enstatite
returned from Comet Wild 2 by the Stardust mission (Keller et
al.Geochim. Cosmochim. Acta 72, 2008; Tomeoka et al. MAPS
43, 2008; Jacobs et al. MAPS 44, 2009). Likewise, shock
metamorphism is observed in many meteoritic forsterites and
enstatites (McCausland et al. AGU, 2010), suggesting similar
collisional histories for asteroids. Further exploration of the
effects of collisions is slated for the upcoming Asteroid Impact
Mission/Double Asteroid Redirection Test (AIM/DART) mission,
expected for launch in 2020. DART will impact Didymoon, the
companion of the larger 65803 Didymos (1996 G2) asteroid, and
AIM will use its instrumentation to characterize the impact. 

A suite of relevant impact experiments have been carried out in
the Experimental Impact Laboratory at the NASA Johnson Space
Center at velocities ranging from ~2.0 – 2.8 km s  and
temperatures from 25°C to -100°C. Targets include a suite of
minerals typically found in cometary dust and in asteroids and
meteorites: Mg-rich forsterite (olivine), enstatite
(orthopyroxene), diopside (clinopyroxene), magnesite (Mg-rich
carbonate), and serpentine (phyllosilicate). Transmission
Electron Microscope (TEM) imaging indicates evidence of shock
similar to that seen in forsterite and enstatite from Comet Wild 2.
Fourier Transform Infrared (FTIR) Spectroscopy will also be used
for comparisons with meteorite spectra. A quantitative analysis of
the shock pressures required to induce planar dislocations and
spectral effects with respect to wavelength will also be presented. 

Funding provided by the NASA PG&G grant 09-PGG09-0115,
NSF grant AST-1010012. Special thanks to NASA EIL staff, F.
Cardenas and R. Montes.

Author(s): Susan M. Lederer , Elizabeth Jensen , Douglas
Smith , Michael Fane , Akbar Whizin , Zoe A. Landsman , Diane
H. Wooden , Sean S. Lindsay , Mark Cintala , Lindsay P.
Keller , Michael Zolensky
Institution(s): 1. Cal State Univ SB, 2. NASA Ames Research
Center, 3. NASA Johnson Space Center, 4. Planetary Science
Institute, 5. Univ. Central Florida, 6. Univ. Tenn. Knoxville

117.02 – The asteroid 2014 JO25
The asteroid 2014 JO25 was discovered by A. D. Grauer at the Mt.
Lemmon Survey on May 2014, and Joe Masiero used
observations from the NEOWISE in 2014 to estimate a diameter
of 650 meters [1]. However, using the radio telescope at Arecibo-
Puerto Rico, astronomers obtained radar images on April 17-2017
and Edgar Rivera Valentín (scientist at Arecibo) said: “We found
2014 JO25 is a contact binary asteroid, two space rocks that were
originally separate bodies, and each segment is about 640 meters
and 670 meters, for a total of about 1.3 km long. Its rotation is of
3.5 hours” [2]. This asteroid flew past Earth on April 19 at a
distance of about 4.6 lunar distances from the Earth. This was the
closest approach by an asteroid since 4179 Toutatis. Toutatis flew
past Earth on September 2004 at a distance of about 4 lunar
distances from the Earth [3]. In April 12-2020 the asteroid will be
at a minimum possible distance of 0.1617280 A.U from Earth [4].
From our observatory, located in Pasto-Colombia, we obtained a
lot of pictures. Our data was published by the Minor Planet
Center [5] and also appears at the web page of NEODyS [6].
Astrometry and photometry were carried out, and we calculated
the orbital elements. We obtained the following orbital
parameters: eccentricity=0.88454+/-0.00152, semi-major axis=
2.0573+/- 0.0216 A.U, orbital inclination=25.22+/-0.10 deg,

longitude of the ascending node =30.6530+/-0.0032 deg,
argument of perihelion=49.586+/-0.012 deg, mean motion =
0.33402+/-0.00527 deg/d, perihelion
distance=0.237524+/-0.000644 A.U, aphelion
distance=3.8770+/-0.0449 A.U, absolute magnitude =18.1. The
parameters were calculated based on 164 observations. Dates:
2017 April: 22 to 24 with mean residual=0.22 arcseconds.The
asteroid has an orbital period of 2.95 years. 
 
[1]
https://echo.jpl.nasa.gov/asteroids/2014JO25/2014JO25_planning
[2] http://earthsky.org/astronomy-essentials/large-asteroid-
2014-jo25-close-april-19-2017-how-to-see 
[3] https://cneos.jpl.nasa.gov/news/news196.html 
[4] http://newton.dm.unipi.it/neodys/index.php?
pc=1.1.8&n=2014JO25 
[5] http://www.minorplanetcenter.net/db_search/show_object?
utf8=%E2%9C%93&object_id=2014+JO25 
[6] http://newton.dm.unipi.it/neodys/index.php?
pc=2.1.2&o=H78&ab=8

Author(s): Alberto Vodniza , Mario Pereira
Institution(s): 1. University of Narino Observatory

117.03 – Binary asteroid orbit evolution due to
primary shape deformation
About a sixth of all small asteroid systems are binary [Margot et
al., Science, 2002]. Many binary asteroids consist of an elongated
synchronous secondary body orbiting a fast-rotating spheroidal
primary body with ridges on its equator. The primary in such
systems has experienced a long-term spin-up due to the YORP
effect [Vokrouhlick'y et al., Asteroid IV, 2015]. This spin-up
process can make the primary reach its spin barrier inducing
shape deformation processes that ease the structural condition
for failure inside the primary [e.g., Holsapple, Icarus, 2010].
Earlier works have shown that structural heterogeneities in the
primary such as the shape and density distribution induce
asymmetric deformation [Sánchez and Scheeres, Icarus, 2016].
Here, we investigate how asymmetric shape deformation in the
primary affects the mutual motion of a binary system. We use a
dynamics model for an irregularly shaped binary system that
accounts for possible deformation of the primary [Hirabayashi et
al., LPSC, 2017]. In this model, we consider asymmetric
deformation that occurs based on structural failure in the primary
and thus it modifies the location of the center of mass of the
system. Using 1999 KW4 as an example, we study a hypothetical
case in which the primary is initially identical to the current shape
[Ostro et al., Science, 2006] with an aspect ratio (AR) of 0.83 and
then suddenly changes its shape to an AR of 0.76. The results
show that the asymmetric deformation process and the shift of
the center of mass excite the eccentricity of the mutual orbit.
Considering that the original mutual orbit has an eccentricity of
0.0004, after the primary shape change the eccentricity reaches
values up to 0.15. Also, since the gravity field is modified after
deformation, the secondary’s spin is desynchronized from the
mutual orbit. Since synchronicity is a requirement for the binary
YORP (BYORP) effect, which modifies the semi-major axis of
binary asteroids, a primary shape change temporarily pauses the
BYORP effect, in effect lengthening the effective BYORP
timescale.

Author(s): Masatoshi Hirabayashi , Seth A. Jacobson ,
Alex Davis
Institution(s): 1. Auburn University, 2. Northwestern
University, 3. University of Colorado Boulder
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117.04 – First results from the rapid-response
spectrophotometric characterization of Near-Earth
objects using RATIR
We are carrying out a program to obtain rapid-response
spectrophotometric characterization of newly discovered Near
Earth Objects. Here we present a detailed analysis of the r-
idistribution of 87 small (~30-800 m) NEOs observed with the
RATIR instrument on the 1.5-m telescope on San Pedro Martir,
Mexico. The observations are made in queue mode and the data
processing is carried out autonomously. By the use of statistical
techniques, including Monte Carlo simulations, we find S and C
type asteroids to be equally frequent, which is in agreement with
our previous study (Mommertet al. , 2016). This work is part of a
collaboration in which we will characterize hundreds of NEOs
that are generally too faint for other characterization techniques
(down to V~21). This work is supported by funding from NASA's
Solar System Observations program.

Author(s): Samuel Navarro-Meza , Michael Mommert ,
David E. Trilling , Robert Jedicke , Nathaniel R. Butler ,
Mauricio Reyes-Ruiz , Bárbara Pichardo , Tim S. Axelrod
Institution(s): 1. Arizona State University, 2. Northern
Arizona University, 3. Universidad Nacional Autónoma de
México, 4. Universidad Nacional Autónoma de México, 5.
University of Arizona, 6. University of Hawaii

117.05 – Asteroid (367943) 2012 DA14 Flyby Spin
State Analysis
On February 15, 2013 asteroid 2012 DA14 experienced an
extremely close Earth encounter, passing within 27700 km
altitude. This flyby gave observers the chance to directly detect
flyby-induced changes to the asteroid’s spin state and physical
properties. The strongest shape and spin state constraints were
provided by Goldstone delay-Doppler radar and visible-
wavelength photometry taken after closest approach. These data
indicated a roughly 40 m x 20 m object in non-principal axis
rotation. NPA states are described by two fundamental periods.
Pφ is the average precession period of the long/short axis about
the angular momentum vector and Pψ is the rotation period
about the long/short axis. 

WindowCLEAN (Belton & Gandhi 1988) power spectrum analysis
of the post flyby light curve showed three prominent frequencies,
two of which were 1:2 multiples of each other. Mueller et al.
(2002) suggest peaks with this relationship are 1/Pφ and 2/Pφ,
implying that Pφ = 6.35 hr. Likely values for Pψ were then 8.72,
13.95, or 23.39 hr. These Pφ,Pψ pairs yielded six candidate spin
states in total, one LAM and one SAM per pair. 

Second to fourth order, two-dimensional Fourier series fits to the
light curve were best for periods of 6.359 and 8.724 hr. The two
other candidate pairs were also in the top ten fits. Inertia
constraints of a roughly 2:1 uniform density ellipsoid eliminated
two of the three SAM states. Using JPL Horizons ephemerides
and Lambertian ellipsoids, simulated light curves were generated.
The simulated and observed power spectra were then compared
for all angular momentum poles and reasonable ellipsoid
elongations. Only the Pφ = 6.359 hr and Pψ = 8.724 hr LAM state
produced light curves consistent with the observed frequency
structure. All other states were clearly incompatible. With two
well-fitting poles found, phasing the initial attitude and angular
velocity yielded plausible matches to the observed light curve.
Neglecting gravitational torques, neither pole agreed with the
observed pre-flyby light curve, suggesting that the asteroid’s spin
state changed during the encounter, consistent with numerical
simulation predictions. The consistency between the pre-flyby
observations and simulated states will be discussed.

Author(s): Conor Benson , Daniel J. Scheeres , Nicholas
Moskovitz
Institution(s): 1. Lowell Observatory, 2. University of
Colorado Boulder

117.06 – An empirical examination of
WISE/NEOWISE asteroid analysis and results
Observations made by the WISE space telescope and subsequent
analysis by the NEOWISE project represent the largest corpus of
asteroid data to date, describing the diameter, albedo, and other
properties of the ~164,000 asteroids in the collection. I present a
critical reanalysis of the WISE observational data, and NEOWISE
results published in numerous papers and in the JPL Planetary
Data System (PDS). This analysis reveals shortcomings and a lack
of clarity, both in the original analysis and in the presentation of
results. The procedures used to generate NEOWISE results fall
short of established thermal modelling standards. Rather than
using a uniform protocol, 10 modelling methods were applied to
12 combinations of WISE band data. Over half the NEOWISE
results are based on a single band of data. Most NEOWISE curve
fits are poor quality, frequently missing many or all the data
points. About 30% of the single-band results miss all the data;
43% of the results derived from the most common multiple-band
combinations miss all the data in at least one band. The
NEOWISE data processing procedures rely on inconsistent
assumptions, and introduce bias by systematically discarding
much of the original data. I show that error estimates for the
WISE observational data have a true uncertainty factor of ~1.2 to
1.9 times larger than previously described, and that the error
estimates do not fit a normal distribution. These issues call into
question the validity of the NEOWISE Monte-Carlo error
analysis. Comparing published NEOWISE diameters to published
estimates using radar, occultation, or spacecraft measurements
(ROS) reveals 150 for which the NEOWISE diameters were copied
exactly from the ROS source. My findings show that the accuracy
of diameter estimates for NEOWISE results depend heavily on
the choice of data bands and model. Systematic errors in the
diameter estimates are much larger than previously described.
Systematic errors for diameters in the PDS range from −3% to
+27%. Random errors range from −14% to +19% when using all
four WISE bands, and from −45% to +74% in cases using only the
W2 band. The results presented here show that much work
remains to be done towards understanding asteroid data from
WISE/NEOWISE.

Author(s): Nathan Myhrvold
Institution(s): 1. Intellectual Ventures

117.07 – Recent Advances and Achievements at The
Catalina Sky Survey
The Catalina Sky Survey (CSS) is a NASA-funded project fully
dedicated to discover and track near-Earth objects (NEOs). Since
its founding nearly 20 years ago CSS remains at the forefront of
NEO surveys, and recent improvements in both instrumentation
and software have increased both survey productivity and data
quality. In 2016 new large-format (10K x 10K) cameras were
installed on both CSS survey telescopes, the 1.5-m reflector and
the 0.7-m Schmidt, increasing the field of view, and hence nightly
sky coverage by 4x and 2.4x respectively. The new cameras,
coupled with improvements in the reduction and detection
pipelines, and revised sky-coverage strategies have yielded a
dramatic upward trend of NEO discovery rates. CSS has also
developed a custom adaptive queue manager for scheduling NEO
follow-up astrometry using a remotely operated and recently
renovated 1-m Cassegrain reflector telescope, improvements that
have increased the production of follow-up astrometry for newly
discovered NEOs and arc extensions for previously discovered
objects by CSS and other surveys. Additionally, reprocessing of
archival CSS data (which includes some 46 million individual
astrometric measurements) through the new reduction and
detection pipeline will allow for improved orbit determinations
and increased arc extensions for hundreds of thousands of
asteroids. Reprocessed data will soon feed into a new public
archive of CSS images and catalog data products made available
through NASA’s Planetary Data System (PDS). For the future,
CSS is working towards improved NEO follow-up capabilities
through a combination of access to larger telescopes, instrument
upgrades and follow-up scheduling tools.
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Author(s): Gregory J Leonard , Eric J. Christensen , Carson
Fuls , Alex Gibbs , Al Grauer , Jess A Johnson , Richard
Kowalski , Stephen M. Larson , Rose Matheny , Rob Seaman ,
Frank Shelly
Institution(s): 1. University of Arizona

117.08 – PRIMitive Asteroids Spectroscopic Survey
– PRIMASS: Current Status
Primitive asteroids contain the most pristine material that gave
birth to the rocky planets. Interest in spectral data from primitive
asteroids that could be the source of the primitive near-Earth
asteroids (NEAs) has increased in anticipation of the two sample-
return missions that will reach their targets in the next four years
and bring samples to the Earth within five years. Concurrently,
the discovery of water ice on the surfaces of two primitive
asteroids (24 Themis and 65 Cybele) placed the focus on the
outer-belt (orbits with semi-major axis larger than 2.82 AU),
where more asteroids could harbor water ice on, or below the
surface. 
In 2010 we started a survey, called the PRIMitive Asteroids
Spectroscopic Survey (PRIMASS), to collect spectra of primitive
asteroids all through the Solar System. Up to now, PRIMASS
library (PRIMASS-L) contains more than 530 spectra (0.4 - 2.5
μm) of primitive asteroids (> 90% of the asteroids had no
spectroscopic data before) in the inner and outer belt. The aim of
this survey is to provide the community with a comprehensive
collection of data that enable us to study the surface composition
of primitive asteroids by means of visible and near-infrared
spectroscopy. 
Our plans for the close future include making PRIMASS-L
publicly available in proper timing to be used by the teams of the
OSIRIS-REx (NASA) and Hayabusa 2 (JAXA) missions. These
missions will characterize two primitive near-Earth asteroids in
detail, and the Earth-based libraries, as PRIMASS-L, will
establish the broader framework and maximize the value of the
spacecraft results. PRIMASS-L will also serve as a quality-check
database for the Gaia spectroscopic products that will be
published in its final release, by the end of the nominal mission in
2019. 
In parallel, we plan to continue observing at least for four more
semesters (up to semester 2019A). After almost 10 years of data
acquisition, the PRIMASS database will contain about 700
spectra of primitive asteroids in the inner and outer belt. 
In this work, we present the current state of the PRIMASS survey,
and we include major results from the data already analyzed.
Finally, we will draft the plans for the future.

Author(s): Noemí Pinilla-Alonso , Julia de León , David
Morate , Mario de Prá , Vania Lorenzi , Javier Licandro ,
Humberto Campins , Victor Ali-Lagoa
Institution(s): 1. Florida Space Institute - UCF, 2. Fundación
Galileo Galilei - INAF, 3. Instituto Astrofísico de Canarias, 4.
Max Planck Institute for Extraterrestrial Physics, 5.
Observatório Nacional, 6. University Central Florida (UCF)

117.09 – LSST Data Products and Tools for Solar
System Science
The Large Synoptic Survey Telescope (LSST; http://lsst.org) will
be an 8-meter, wide-field, ground-based telescope that will survey
half the sky every few nights in six optical bands from 320 to 1050
nm. It is currently being constructed at Cerro Pachon, Chile, with
first light expected in 2020 and start of survey operations in
2022. 

The LSST is expected to make a significant contribution to the
study of the Solar System, delivering a billion highly precise
observations of millions of Solar System objects (5mmag
photometry and 10mas astrometry, per observation, on the bright
end). Current estimates show yields ranging from ~100,000 new
discoveries of nearby NEOs (Jones et al. 2017), to 5.5 million for
the main belt, and ~40,000 for KBO populations (Ivezic et al
2008). 

To enable Solar System science, the LSST will employ a suite of

specialized software tools and generate Solar System-specific data
products. These are designed to enable both detection (rapid
identification and alerting, and orbit determination) and
characterization (delivering information such as color and
variability). Solar System processing will occur on three distinct
cadences. In near real-time, trailed moving objects will be
identified and alerts sent to the community within minutes of
observation. These will be a part of LSST’s alert stream, with flags
set to denote they are trailed (Juric et al. 2016). At the end of each
night of observing, a next generation Moving Object Processing
Software (MOPS) will be utilized to identify, link, compute orbits,
and perform precovery for new asteroid detections. This will
result in an updated orbit catalog, published daily. In addition to
orbital solutions, this catalog will include covariances and
uncertainty estimates, absolute magnitude and slope parameter
estimates, quality metrics, and other useful information (Juric et
al. 2013). Finally, all LSST data will be reprocessed on an annual
cadence, to derive better astrometric and photometric solutions
and recompute improved orbit solutions. All these data will be
made available to the U.S. and Chilean communities, and LSST’s
international contributors.

Author(s): Mario Juric , R. Jones , Joachim Moeyens , Zeljko
Ivezic , Colin Slater
Institution(s): 1. University of Washington
Contributing team(s): LSST Data Management Team

117.10 – NEOWISE Reactivation Mission Year
Three: Asteroid Diameters and Albedos
The Near-Earth Object Wide-field Infrared Survey Explorer
(NEOWISE) reactivation mission has completed its third year of
surveying the sky in the thermal infrared for near-Earth asteroids
and comets. NEOWISE collects simultaneous observations at 3.4
um and 4.6 um of Solar System objects passing through its field of
regard. These data allow for the determination of total thermal
emission from bodies in the inner Solar System, and thus the
sizes of these objects. We present thermal model fits of asteroid
diameters for 170 NEOs and 6110 MBAs detected during the third
year of the survey, as well as the associated optical geometric
albedos. We also compare our results with previous thermal
model results from NEOWISE for overlapping sample sets, as
well as diameters determined through other independent
methods, and find that our diameter measurements for NEOs
agree to within 26% (1-sigma) of previously measured values.
Diameters for the MBAs are within 17% (1-sigma). This brings the
total number of unique near-Earth objects characterized by the
NEOWISE survey to 541, surpassing the number observed during
the fully cryogenic mission in 2010.

Author(s): Joseph R. Masiero , Carrie Nugent , Amy K.
Mainzer , Edward L. Wright , James M Bauer , Roc M. Cutri ,
Tommy Grav , Emily A. Kramer , Sarah M. Sonnett
Institution(s): 1. IPAC/Caltech, 2. NASA JPL/Caltech, 3. PSI,
4. UCLA, 5. University of Maryland

117.11 – Asteroid astrometry with Gaia: stellar
occultations and beyond
The first data release of star astrometry by Gaia (Sept. 2016) has
given an anticipation of the mission capabilities. By providing
positions with uncertainties at the level of few milli-arcsec (mas)
a new frame to calibrate ground-based observations has
immediately become available, thus disclosing a new possibility of
exploitation for archive data. We will discuss, in particular, the
new role of stellar occulations. 
Successful observations of occultations have been used in the past
to provide accurate shape and size of the targets and to calibrate
other size determination methods. Now, a new possibility of
exploitation exists, as occultation astrometry provides the
possibility of measuring precise asteroid position, at the level of
Gaia accuracy. This approach will have an increasing impact, also
thanks to the much improved prediction accuracy that Gaia is
going to provide, for smaller asteroids and fainter target stars. 
The scientific goals of improving asteroid astrometry are multiple.
For instance, reaching sensitivity to Yarkovsky drift in the Main
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Belt might become possible, by occultation astrometry performed
on smaller asteroids, thanks to future Gaia predictions. 
The second data release (April 2018) will also contain astrometry
of asteroids observed directly by Gaia. The properties of this new
data set, that will permit direct orbit improvement, will be
illustrated.

Author(s): Paolo Tanga , Federica Spoto , Daniel Hestroffer ,
Martin Altmann , Sebastien Bouquillon , Josselin Desmars
Institution(s): 1. Observatoire de La Côte D'Azur, 2.
Observatoire de Paris, 3. Zentrum für Astronomie der
Universität Heidelberg, ARII

118.01 – Comparison of the Cloud Morphology
Spatial Structure Between Jupiter and Saturn
Using JunoCam and Cassini ISS
We present an analysis of the spatial-scales contained in the cloud
morphology of Jupiter’s southern high latitudes using images
captured by JunoCam in 2016 and 2017, and compare them to
those on Saturn using images captured using the Imaging Science
Subsystem (ISS) on board the Cassini orbiter. For Jupiter, the
characteristic spatial scale of cloud morphology as a function of
latitude is calculated from images taken in three visual (600-800,
500-600, 420-520 nm) bands and a near-infrared (880- 900 nm)
band. In particular, we analyze the transition from the banded
structure characteristic of Jupiter’s mid-latitudes to the chaotic
structure of the polar region. We apply similar analysis to Saturn
using images captured using Cassini ISS. In contrast to Jupiter,
Saturn maintains its zonally organized cloud morphology from
low latitudes up to the poles, culminating in the cyclonic polar
vortices centered at each of the poles. By quantifying the
differences in the spatial scales contained in the cloud
morphology, our analysis will shed light on the processes that
control the banded structures on Jupiter and Saturn. Our work
has been supported by the following grants: NASA PATM
NNX14AK07G, NASA MUREP NNX15AQ03A, and NSF AAG
1212216.

Author(s): Justin Garland , Kunio M. Sayanagi , John J.
Blalock , Jacob Gunnarson , Ryan M. McCabe , Angelina
Gallego , Candice Hansen , Glenn S. Orton
Institution(s): 1. Hampton University, 2. Jet Propulsion
Laboratory, 3. Planetary Science Institute

118.02 – The ammonia absorption behavior on
Jupiter during 2005-2015
V.G.Tejfel, V.D.Vdovichenko, A.M.Karimov, P.G.Lysenko, ,
G.A.Kirienko, , V.A.Filippov, G.A.Kharitonova, A.S. Khozhenetz 

Fessenkov Astrophysical Institute, Almaty, Kazakhstan 

We measured the intensity of the 645 and 787 nm NH
absorption bands in five latitudinal belts of Jupiter (STrZ, SEB,
EZ, NEB and NTrZ) during almost full period of its revolution
around the Sun: from 2005 to 2015. The variations in the
equivalent widths of the bands were investigated. The
permanently lowered intensity of the 787 nm NH  band in NEB is
confirmed. There are also some systematic differences in
latitudinal and temporal variations between the 645 and 787 nm
ammonia bands. The equivalent width of the 787 nm NH  band
was averaged for all years of observations. Its maximum (W =
18.95 ± 0.75 A) corresponds to EZ, its minimum (W = 15.82 ±
0.68 A) corresponds to NEB. The 645 nm NH  band shows the
maximum in SEB (W = 6.78 ± 0.45 A), and the minimum in NTrZ
(W = 5.38 ± 0.36 A). The weakened ammonia absorption is also
observed in the Great Red Spot. However, this is due to the
increased density of the clouds inside the Spot storm, but not to
decreased gaseous ammonia abundance, in contrast to NEB. The
brightness temperature of GRS in the infrared and millimeter
ranges of thermal radiation is lower, in contrast to NEB, where an
increased brightness temperature is observed. The enhanced
cloud density may explain also a pretty high brightness of GRS
observed in strong methane absorption bands such as the 887 nm
CH  band and more long waved ones.

Author(s): Victor G. Tejfel
Institution(s): 1. Fessenkov Astrophysical Institute
Contributing team(s): V.G.Tejfel, V.D.Vdovichenko,
A.M.Karimov, P.G.Lysenko, , G.A.Kirienko, , V.A.Filippov,
G.A.Kharitonova, A.S. Khozhenetz

118.03 – Utilizing Neural Networks in the Retrieval
of Jovian Constituent Profiles Using Data from the
Juno MWR
The Juno Microwave Radiometer (MWR) has six channels
ranging from 1.36-50 cm and has the ability to peer deep into the
Jovian atmosphere. A minimization algorithm utilizing surrogate
models has been developed and implemented to perform
retrievals for Jovian constituent profiles using Juno MWR data.
An artifical neural network algorithm is used as the surrogate for
the Juno Atmospheric Microwave Radiative Transfer (JAMRT)
model in this minimization. The neural network is trained by
simulating emissions at the six wavelengths computed using
JAMRT. By exploiting the speed of this surrogate model,
retrievals for Jovian constituents profiles, such as ammonia and
water vapor, can be rapidly and accurately performed. Retrieved
abundance profiles for the first six perijoves during which the
Juno MWR was operational will be presented. 
 
This work was supported by NASA Contract NNM06AA75C from
the Marshall Space Flight Center supporting the Juno Mission
Science team, under Subcontract 699054X from the Southwest
Research Institute.

Author(s): Amadeo Bellotti , Paul G Steffes
Institution(s): 1. Georgia Institute of Technology

118.04 – Tracing 3D flows in Jupiter's Atmosphere:
Multispectral Observations in February 2017
We will present results from near-simultaneous observations in
three very different wavelength ranges, tracing both horizontal
and vertical motions. The combined dataset will provide a
coherent picture of the flow within discrete features such as 5-
micron hot spots. The observations taken together can better
constrain models of atmospheric flow, compared to the Galileo
era, where some wavelengths were missing and observations were
not simultaneous. 
 
We span a wide range of the spectrum. Images in reflected
sunlight range from 225 to 889 nm, captured by the WFC3
instrument on Hubble, from 1 to 2 February 2017. Images in the
thermal infrared were obtained at 4.7 microns with the NIRI
instrument at Gemini North, on 2 and 5 February 2017, and high-
resolution infrared spectroscopy at similar wavelengths was
performed with Keck NIRSPEC on 5 and 6 February 2017.
Spectral imaging was performed in the 1.2 to 1.7 cm range by the
VLA, on 2 February 2017. These three data sets measure velocities
in different ways. 
 
Our initial correlation of the multispectral dataset involves flow in
a 5-micron hot spot (very similar in morphology to the one
imaged by the Galileo Orbiter in Vasavada et al., 1998), found at a
longitude of about 330 deg on UT 2017-02-02. At this longitude,
Hubble imaging data provide coverage of the feature over three
Jupiter rotations, enabling retrieval of two separate velocity
fields, 10 hours apart. Both velocity fields show similar features to
the Vasavada hot spot, particularly an anticyclonic circulation in
the "oval cloud" to the southeast of the hot spot. The Gemini data
confirm that the dark area in the Hubble imaging corresponds
exactly to a region of high 5-micron emission, which is a sign of
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200 – Historical Astronomy: Rosetta, Cassini, Transit of Mercury

downward flow, as traced by low cloud opacity. The infrared
spectroscopy will be inverted to measure NH3 and H2O gas
abundance profiles. VLA data require much more calibration and
processing, but eventually will reveal how locations of high
ammonia abundance trace upwelling flow, a capability
demonstrated by earlier observations by the VLA at this latitude
(de Pater et al. 2016). 

Author(s): Michael H. Wong , Mate Adamkovics , Alberto
Adriani , Sushil K. Atreya , Megan Barnett , Gordon L
Bjoraker , Bryan J. Butler , Imke de Pater , Philip Marcus ,
Glenn S. Orton , Amy A. Simon , Andrew W. Stephens , Joshua
Tollefson
Institution(s): 1. Clemson University, 2. Gemini Obs., 3. INAF,
4. JPL, 5. NASA GSFC, 6. NRAO, 7. University of California, 8.
University of Michigan

119.01 – Boise State's Idaho Eclipse Outreach
Program
The 2017 total solar eclipse is an unprecedented opportunity for
astronomical education throughout the continental United States.
With the path of totality passing through 14 states, from Oregon
to South Carolina, the United States is expecting visitors from all
around the world. Due to the likelihood of clear skies, Idaho was a
popular destination for eclipse-chasers. In spite of considerable
enthusiasm and interest by the general population, the resources
for STEM outreach in the rural Pacific Northwest are very limited.
In order to help prepare Idaho for the eclipse, we put together a
crowdfunding campaign through the university and raised over
$10,000. Donors received eclipse shades as well as information
about the eclipse specific to Idaho. Idaho expects 500,000
visitors, which could present a problem for the many small, rural
towns scattered across the path of totality. In order to help
prepare and equip the public for the solar eclipse, we conducted a
series of site visits to towns in and near the path of totality
throughout Idaho. To maximize the impact of this effort, the
program included several partnerships with local educational and
community organizations and a focus on the sizable refugee and
low-income populations in Idaho, with considerable attendance
at most events.

Author(s): Karan Davis , Brian Jackson
Institution(s): 1. Boise State University

119.02 – Moving People from Science Adjacent to
Science Doers with Twitch.tv
The CosmoQuest community is testing the ability to attract
people from playing online videogames to doing fully online

citizen science by engaging people through the Twitch.tv
streaming platform. Twitch.tv launched in 2011 as an online
platform for video gamers to stream their gameplay while
providing narrative. In its six years of regular growth, the
platform has added support for people playing non-video games,
and for those participating in non-game activities. As part of their
expansion, in April 2017, Twitch.tv hosted a science week during
which they streamed the Cosmos series and allowed different
feeds provide real-time commentary. They also hosted panel
discussions on a variety of science topics. CosmoQuest
participated in this event and used it as a jumping off point for
beginning to interact with Twitch.tv community members online.
With CosmoQuest’s beta launch of Image Detectives, they
expanded their use of this streaming platform to include regular
“office hours”, during which team members did science with
CosmoQuest’s online projects, took questions from community
members, and otherwise promoted the CosmoQuest community.
This presentation examines this case study, and looks at how well
different kinds of Twitter engagements attracted audiences, the
conversion rate from viewer to subscriber, and at how effectively
CosmoQuest was able to migrate users from viewing citizen
science on Twitch.tv to participating in citizen science on
CosmoQuest.org. 
 
This project was supported through NASA cooperative
agreement NNX17AD20A.

Author(s): Pamela L. Gay
Institution(s): 1. Astronomical Society of the Pacific
Contributing team(s): CosmoQuest

200.02 – The Rosetta Mission to Comet
67P/Churyumov-Gerasimenko: The US
Contributions
The International Rosetta Mission to comet 67P/Churyumov-
Gerasimenko was the first deep space mission to rendezvous with
and follow a Jupiter-family comet through a full perihelion
passage. Developed and flown by the European Space Agency
(ESA), the U.S. made key contributions including three
instruments on the Rosetta orbiter: the Allice ultraviolet
spectrometer, the Microwave Instrument for Rosetta (MIRO),
and the Ion Electron Spectrometer (IES), which was part of the
Rosetta Plasma Consortium (RPC). The U. S. also contributed
part of the Rosetta Orbiter Ion and Neutral Analyzer (ROSINA)’s
electronics, provided shadow navigation, an Interdisciplinary
Scientist specializing in nucleus studies, and many co-
investigators to ESA-led instruments. 

© 2017 California Institute of Technology. Government
sponsorship acknowledged.

Author(s): Bonnie J. Buratti , Paul R. Weissman
Institution(s): 1. JPL, 2. Planetary Science Institute

200.03 – Iapetus: Tenth Anniversary of the Cassini
Flyby and the Albedo Dichotomy Enigma

Ten years ago, on 10 Sep 2007, Cassini (the spacecraft) performed
the only targeted flyby of Saturn's outermost regular moon
Iapetus and came as close as 1620 km to its surface [1]. Cassini
approached Iapetus over the unlit low-albedo leading
hemisphere, flew over the ridge on the anti-Saturn side during
closest approach, and departed over the illuminated bright
trailing side. This flyby was different in many aspects to all other
satellite flybys of Cassini. For example, it occured near apoapsis
of the spacecraft orbit, and the flyby velocity was much lower than
ususal, allowing for an unusually intensive observing program.
There was also a major change in the sub-spacecraft groundtrack
implemented in 2006 primarily because of the discovery of the
equatorial ridge in late 2004. Unexpected (and unpleasant)
events like a spacecraft safing occuring just about 15 min after
data playback start are also part of the story. 
 
Iapetus was originally discovered by Cassini (the man) in 1671,
and only six years later, he published a paper where he correctly
described the albedo dichotomy that Iapetus is famous for [2].
Over the following ~300 years, no progress was made with regard
to the cause of this phenomenon. Since the 1970s, numerous
ideas have been published, but all shared the common property of
not being widely accepted. One of the top science tasks for Cassini
(the spacecraft) to solve was this enigma which was among the
oldest unresolved questions in planetary sciences. 
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The talk recaps the efforts to explain the albedo dichotomy [3]
and gives an overview of the Cassini Iapetus observation planning
and execution with an emphasis on the 2007 targeted flyby. 

As a final sidenote, the monolith from Arthur Clarke's novel
"2001 - A Space Odyssey" [4] was not detected in the images. 

[1] Denk, T. (2008): Cassini at Iapetus: A Bumpy but Successful
Flyby. The Planetary Report, Vol. XXVIII, no. 1, pp. 10-16,
Jan/Feb 2008. 
[2] Cassini, J.D. (1677): Some New Observations Made by Sig.
Cassini and Deliver'd in the Journal Des Sçavans, Concerning the
Two Planets about Saturn, Formerly Discover'd by the Same, as
Appears in N. 92. of these Tracts. Philosophical Transactions 12,
No. 133, 831-833 (25 Mar 1677). 
[3] Spencer, J.R., Denk, T. (2010): Formation of Iapetus's
Extreme Albedo Dichotomy by Exogenically-Triggered Thermal
Migration of Water Ice. Science 327, 432-435. 
[4] Clarke, A.C. (1968): 2001 - A Space Odyssey. New American
Library, 221 pp.

Author(s): Tilmann Denk
Institution(s): 1. Freie Universität

200.04 – The 2016 Transit of Mercury and the
Solar Parallax
We observed the 9 May 2016 transit of Mercury with the 1.6-m
New Solar Telescope of the Big Bear Solar Observatory of the New
Jersey Institute of Technology in California and with smaller
telescopes in Germany. The solar granulation behind the
silhouette of Mercury can be aligned, showing Mercury's parallax.
From these observations, the value of the solar parallax can be
determined, showing historical parallels. As a second method of
making the parallactic shift of Mercury visible and the distance to
the sun measurable, we aligned photos taken with telescopes of
shorter focal lengths, for instance, by using the prominent
sunspots.

Author(s): Jay M. Pasachoff , Udo Backhaus , Bernd
Gährken , Glenn Schneider
Institution(s): 1. Bavarian Public Observatory, 2. Steward
Obs., U. Arizona, 3. Universität Duisburg-Essen, 4. Williams
College

201.01 – The excitation of a primordial cold
asteroid belt as a natural outcome of the planetary
instability
The initial dynamical state of the main asteroid belt (MB) always
puzzled astronomers and it is still a hot subject under debate. For
years, the currently well known Grand Tack model was
considered to be the only capable of reconciling the formation of
the terrestrial planets together with a well dynamically excited
MB. This model, despite its success, is still not generally accepted
given that it implies an invasion of Jupiter within the terrestrial
region, passing through the MB twice. Other models for the
terrestrial planet formation, on the other hand, always end up
with a fully or partially cold MB formed. It was recently proposed
that a chaotic evolution for Jupiter and Saturn before the
planetary instability of the Solar System could excite an initially
cold MB. However, hydrodynamical simulations predict that the
orbits of those planets at the end of the gas disk phase should be
characterized by resonant and regular motion. Therefore, the
origin of this chaotic evolution is not fully understood. Here,
assuming initial resonant and regular motion for Jupiter and
Saturn, we propose a different mechanism capable of exciting a
primordial cold MB during the planetary instability. For this, we
assume that the planetary instability was of the jumping-Jupiter
(JJ) type, and that it accounts for all the constraints already
placed. Our results, which also possibly can explain the pathway
to the chaotic evolution of Jupiter and Saturn, show that when
Jupiter gets a temporary large enough level of excitation, both in
eccentricity and inclination, it induces strong forced vectors of
eccentricity and inclination within the MB region. Then, because
in the JJ instability Jupiter is jumping around, such forced
vectors keep changing both in magnitude and phase throughout
the whole MB region. Thus, depending on the evolution of Jupiter
during the JJ instability, the excitation of a primordial cold MB
can indeed be achieved as a natural outcome of the planetary
instability for any initial planetary configuration.
Acknowledgment FAPESP 2014/02013-5.

Author(s): Rogerio Deienno , André Izidoro , Rodney S.
Gomes , Alessandro Morbidelli , David Nesvorny
Institution(s): 1. National Institute for Space Research - INPE,
2. National Observatory - ON, 3. Nice Observatory - OCA, 4.
Southwest Research Institute - SwRI, 5. UNESP - Sao Paulo
State University

201.02 – A primordial inner Main Belt asteroid
family that pre-dates the giant planet instability
Here we report the discovery of a primordial asteroid family in
the inner portion of the Main Belt whose properties suggest that it

is over 4 Gyr old and whose members include most low-albedo
asteroids previously unlinked to families. 
This family was identified by the V-shape detection algorithm
(Bolin et al. 2016, Icarus 282 p290) that detects outer boundaries
of families that spread by the Yarkovsky effect. The slope of the
outer boundary points to an age of at least 4 Gyr. The dispersion
of the distribution of the eccentricities and inclinations of the
orbits of the primordial family members suggests that the family
formed before the instability of the giant planets. The family is
also primitive, with very low-albedo objects most of which are
also classified in the spectroscopic C-complex. The primordial
family also overlaps with other primitive inner Main Belt families
such as Eulalia and Polana, which have previously been shown to
have spectral homogeneity (de Leon et al. Icarus 267 p57;
Pinnella-Alonso et al. Icarus 274 p231).

Author(s): Marco Delbo , Kevin J. Walsh , Bryce T. Bolin ,
Chrysa Avdellidou , Alessandro Morbidelli
Institution(s): 1. ESTEC/ESA, 2. Observatoire de la Cote
d'Azur, 3. Southwest Research Institute

201.03 – Beyond the families - the size distribution
of non-family asteroids in the inner main belt
There are three large and old low-albedo families in the inner
portion of Main Asteroid Belt that may account for the majority of
dark asteroids in this region. The inner boundary of the oldest
family creates a size-dependent line across the belt inward of
which there are no small dark asteroids. This void of asteroids
clarifies the edge of this very old family, but also highlights a
handful of large bodies that can't be part of any known family and
do not have observed family of their own. We interpret them to be
original asteroid belt objects, which formed from direct accetion
from the protoplanetary disk. These bodies are all larger than
35km in diameter. Their sizes point to a large formation size and
the total number of primitive bodies in this region of the belt,
extrapolated across the entire belt and taxonomies, roughly
match the number of known unique meteorite parent body types.

Author(s): Kevin J. Walsh , Marco Delbo , Bryce T. Bolin ,
Chrysa Avdellidou , Alessandro Morbidelli
Institution(s): 1. CNRS/Observatoire de la Cote d'Azur, 2.
ESTEC/ESA, 3. Southwest Research Institute

201.04 – The Midplane of the Main Asteroid Belt
and Its Warps
It has been recognized for a long time that the orbital planes of
asteroids are surprisingly highly dispersed about the mean plane
of the solar system, and likely memorialize dynamical events over
the ancient history of the solar system. But how well do we know
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the mean plane of the asteroid belt? Since the time of the first
measurements of their mean plane (Plummer 1916; Shor &
Yagudina 1991), the number of known main belt asteroids
(MBAs) has dramatically increased; the large size of this
population now allows measuring its mean plane at much higher
accuracy than in previous studies and also allows to compare it
with theoretical expectations. The theoretically expected mean
plane is defined by the forced solution of the secular perturbation
theory for the inclinations and nodes (e.g., Murray & Dermott
1999); this forced plane varies with semi-major axis. We measure
the mean plane by analyzing the observational data and we
compare it with the theoretical prediction. Our observationally
nearly complete sample consists of 89,216 numbered, non-
collisional family asteroids of absolute magnitude below 15.5. For
the population as a whole, we find that the mean plane differs
significantly from previous measurements: the mean plane’s
inclination is I = 0.929 (+0.042, -0.042) degrees and its longitude
of ascending node is Ω = 87.60 (+2.58, -2.58) degrees. When
measured in small semi-major axis bins between 2.15 and 3.25
AU, the mean plane is found to be largely consistent with secular
perturbation theory predictions, deviating not more than (1-2)-σ
from the theoretically expected values. A warp near the inner
edge, due to the ν  secular resonance, is visible in the data. Our
analysis reveals the way to a novel method for the computation of
the free or “proper” inclinations of the MBAs, by computing
asteroid inclinations relative to the measured mean plane at that
location in semi-major axis. 

This study used the catalogs of osculating elements for the minor
planets and collisional family membership available on the
AstDys-2 website (http://hamilton.dm.unipi.it/astdys/). We are
grateful for research funding from NSF (grant AST-1312498).

Author(s): Saverio Cambioni , Renu Malhotra
Institution(s): 1. The University of Arizona

201.05 – Collisional disruptions of rotating targets
Collisions are key processes in the evolution of the Main Asteroid
Belt and impact events - i.e. target fragmentation and
gravitational reaccumulation - are commonly studied by
numerical simulations, namely by SPH and N-body methods. In
our work, we extend the previous studies by assuming rotating
targets and we study the dependence of resulting size-
distributions on the pre-impact rotation of the target. To obtain
stable initial conditions, it is also necessary to include the self-
gravity already in the fragmentation phase which was previously
neglected. 

To tackle this problem, we developed an SPH code, accelerated by
SSE/AVX instruction sets and parallelized. The code solves the
standard set of hydrodynamic equations, using the Tillotson
equation of state, von Mises criterion for plastic yielding and
scalar Grady-Kipp model for fragmentation. We further modified
the velocity gradient by a correction tensor (Schäfer et al. 2007)
to ensure a first-order conservation of the total angular

momentum. As the intact target is a spherical body, its gravity can
be approximated by a potential of a homogeneous sphere, making
it easy to set up initial conditions. This is however infeasible for
later stages of the disruption; to this point, we included the
Barnes-Hut algorithm to compute the gravitational accelerations,
using a multipole expansion of distant particles up to
hexadecapole order. 
 
We tested the code carefully, comparing the results to our
previous computations obtained with the SPH5 code (Benz and
Asphaug 1994). Finally, we ran a set of simulations and we
discuss the difference between the synthetic families created by
rotating and static targets.

Author(s): Pavel Ševeček , Miroslav Broz
Institution(s): 1. Astronomical Institute of Charles University

201.06 – Asteroid mass estimation with Markov-
chain Monte Carlo
Estimates for asteroid masses are based on their gravitational
perturbations on the orbits of other objects such as Mars,
spacecraft, or other asteroids and/or their satellites. In the case of
asteroid-asteroid perturbations, this leads to a 13-dimensional
inverse problem at minimum where the aim is to derive the mass
of the perturbing asteroid and six orbital elements for both the
perturbing asteroid and the test asteroid by fitting their
trajectories to their observed positions. The fitting has typically
been carried out with linearized methods such as the least-
squares method. These methods need to make certain
assumptions regarding the shape of the probability distributions
of the model parameters. This is problematic as these
assumptions have not been validated. We have developed a new
Markov-chain Monte Carlo method for mass estimation which
does not require an assumption regarding the shape of the
parameter distribution. Recently, we have implemented several
upgrades to our MCMC method including improved schemes for
handling observational errors and outlier data alongside the
option to consider multiple perturbers and/or test asteroids
simultaneously. These upgrades promise significantly improved
results: based on two separate results for (19) Fortuna with
different test asteroids we previously hypothesized that
simultaneous use of both test asteroids would lead to an
improved result similar to the average literature value for (19)
Fortuna with substantially reduced uncertainties. Our upgraded
algorithm indeed finds a result essentially equal to the literature
value for this asteroid, confirming our previous hypothesis. Here
we show these new results for (19) Fortuna and other example
cases, and compare our results to previous estimates. Finally, we
discuss our plans to improve our algorithm further, particularly in
connection with Gaia.

Author(s): Lauri Siltala , Mikael Granvik
Institution(s): 1. University of Helsinki

202.02 – Are Makemake and Eris Sputnik Planets?
Makemake and Eris have high albedos (Sicardy et al. 2011; Ortiz
et al. 2012) and show strong spectral absorption by CH  ice
(Licandro et al. 2006; Brown et al. 2007; Dumas et al. 2007).
Energetic space radiation breaks C-H bonds in CH  producing
fragments that recombine into dark, red macromolecular
materials (tholins, e.g., Johnson et al. 1987; Thompson et al.
1987; Strazzulla et al. 1991). This fact, coupled with Pluto's strong
CH  ice absorption bands and high albedo led Stern (1988) to
pose the question "why is Pluto bright?". New Horizons has
confirmed that Pluto refreshes its surface via seasonal volatile
transport (e.g., Stern et al. 2015). However, one part of Pluto
refreshes itself in a different way, too. This is the informally
named Sputnik Planitia, a vast plain of volatile ice partly filling a
probable impact basin. The ice is thick enough to act as a barrier
to internal radiogenic heat flow, which drives convective
overturning on 10  to 10  year timescales (e.g., McKinnon et al.
2016; Trowbridge et al 2016). Vigorous convection in Sputnik

mixes radiolytic products from the surface down into the bulk of
the ice, diluting it, and thus maintaining the high albedo of the
surface. 
 
We propose that the surfaces of Eris and Makemake are similarly
refreshed by convection in deep volatile ice deposits, perhaps
covering the majority of their surfaces, unlike Pluto's Sputnik,
which only covers a small fraction. The local fluxes of energetic
radiation dictate production rates for tholin. Assuming steady-
state production over the age of the solar system and mixing into
the volatile ice, the colors and albedos of the bodies can be used to
estimate the thickness of the volatile ice into which the tholin has
been diluted through convective mixing. Likewise, for plausible
radiogenic internal heat production, lower limits can be set on the
thickness of the ice, to support convective mixing. We don't know
the rheological properties of mixed N +CH  ice, let alone what
happens when plausible additional contaminants, such as CO, Ar,
C H , C H , C H , etc. are added, but bounding cases for N -
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dominated and CH -dominated ice compositions can be
calculated.

Author(s): William M. Grundy , Orkan M. Umurhan
Institution(s): 1. Lowell Obs., 2. NASA Ames Research Ctr.

202.03 – An Answer to Fermi’s Paradox In the
Prevalence of Ocean Worlds?
The Fermi Paradox (e.g., [1]) asks the question about
extraterrestrial civilizations, “Where are they?” Given
speculations based on numerical evaluations of the Drake
Equation that would seem to indicate that the likelihood of
precisely N=1 communicating extraterrestrial civilizations in the
Universe is small, i.e., that we are unique, the Fermi Paradox
remains a puzzle. Many possible explanations have been
proffered. We suggest another—namely that the great majority of
worlds with biology and civilizations are interior water ocean
worlds (WOWs). Interior WOWs appear to be particularly
conducive to the development of life owing to several key
advantages, including these two: (1) Environmental
Independence to Stellar Type, Multiplicity, and Distance. Owing
to the several to hundreds of kilometers depth of typical Type II
liquid water oceans, and the overlying thermal insulation
provided by the planetary lid atop these oceans, the energy
balance, temperature, pressure, and toxicity in Type II ocean
worlds is only weakly coupled to their host star’s stellar type,
stellar multiplicity, stellar distance, and stellar evolutionary stage
(i.e., from protostars with winds and high activity through the
main sequence to stellar remnants). (2) Environmental Stability.
Again owing to the depth of typical Type II oceans and the
overlaying thermal insulation provided by the planetary lid atop
these oceans, these environments are protected from numerous
kinds of external risks to life, such as impacts, radiation, surface
climate and obliquity cycles, poisonous atmospheres, and nearby
deleterious astrophysical events such as novae and supernovae,
hazards stellar flares, and even phenomena like the Faint Early
Sun. Interior WOWs are naturally cut off from communication by
their interior nature below a thick roof of ice or rock and ice,
therefore do not easily reveal themselves. In this talk I will
examine this new idea in more detail. [1] Hart, M.H., 1975.
Explanation for the Absence of Extraterrestrials on Earth.
Quarterly Journal of the Royal Astronomical Society, Vol. 16,
p.128-135. 

Author(s): S. Alan Stern
Institution(s): 1. SwRI

202.04 – The radiation stability of the RNA base
uracil in H O-ice and CO -ice: in-situ laboratory
measurements with applications to comets,
Europa, and Mars
Planetary bodies of astrobiological interest, such as Mars, are
often exposed to harsh incident radiation, which will influence
the times that molecules can survive on them. Some or all of these
bodies may well contain biologically-important organic
molecules, some may even have supported life at some point in
their history, and some may support life today. Future searches
for organic molecules likely will include sampling the martian
subsurface or a cometary surface sample return mission, where
organics may be frozen in ices dominated by either H O or CO ,
which provide some protection from ionizing radiation. 

Recently, our research group has published studies of the
radiation stability of amino acids, with a focus on glycine - in both
undiluted form and in mixtures with H O and CO . Here, we
present a similar study that focuses on the radiation-chemical

kinetics of the RNA base uracil. We compare results for uracil
decay for dilution in both H O and CO  ices. Moreover, we
compare these new results with those for glycine. For each
sample, we measured uracil’s destruction rate constant and half-
life dose due to irradiation by 0.9-MeV protons. All
measurements were made in situ at the temperature of
irradiation using IR spectroscopy. Trends with dilution (up to
~300:1) and temperature (up to ~150 K) are considered, and
results are discussed in the context of icy planetary surfaces. 
 
Acknowledgment: Our work is supported in part by the NASA
Emerging Worlds Program and by the NASA Astrobiology
Institute through the Goddard Center for Astrobiology.

Author(s): Perry A. Gerakines , Sarah Frail , Reggie L.
Hudson
Institution(s): 1. NASA GSFC

202.05D – A Methane-Rich Early Mars:
Implications for Habitability and the Emergence of
Life
We investigate the radiation and chemistry of a ~4.0 Ga, CH -
rich martian atmosphere in an effort to assess whether or not
Mars was once habitable and suitable for the emergence of life.
High atmospheric CH  may be consistent with a mantle that does
not reach the requisite pressure (24 GPa) and temperature (1900
K) for the silicate spinel-to-perovskite transition (Dale et al.,
2012; McCammon, 1997; Wadhwa, 2001; Wood et al., 2006).
Impact degassing from chondritic material can also contribute
substantial amounts of CH  to the atmosphere (Schaefer and
Fegley, 2007). 
 
CH  plays an important role in atmospheric radiation.
Atmospheric models have demonstrated that a purely CO
atmosphere, even one as massive as 7 bars, is incapable of heating
Mars above an annual-mean surface temperature of 273 K (Forget
et al., 2013), although recent studies show that recurring wet
states could have been induced in an H -rich atmosphere
(Batalha et al., 2015, 2016). We show that CH  alone is
insufficient to warm early Mars above freezing—in fact it
produces an anti-greenhouse effect—but it substantially raises
middle atmospheric temperatures. We determine whether or not
such high temperatures could prolong the photochemical lifetime
of SO , another potent greenhouse gas. 
 
We use RC1D, a non-gray 1-D radiative-convective equilibrium
model, to calculate the atmospheric thermal structure consistent
with the radiative heating and cooling associated with the
composition computed at each chemical model time step.
KINETICS, the Caltech/JPL chemistry transport model (e.g. Nair
et al., 1994), determines the chemical makeup of the atmosphere,
evaluating steady-state chemical profiles and the synthesis of
astrobiologically relevant molecules. H O is in vapor pressure
equilibrium at the surface. We consider conditions forced by the
faint-young Sun’s spectrum and luminosity. 
 
By coupling RC1D and KINETICS, we are able to paint a more
realistic picture of Mars’s early climate, calculating the surface
temperature under a CH -rich atmosphere, and assessing the
production of key electron acceptors, such as sulfate and nitrate.

Author(s): Michael L Wong , Andrew James Friedson ,
Karen Willacy , Run-Lie Shia , Yuk Yung , Michael J Russell
Institution(s): 1. Caltech, 2. JPL

203.01 – Surface Modification and Surface -
Subsurface Exchange Processes on Europa
The surface of Jupiter’s moon Europa is modified by exogenic
processes such as sputtering, gardening, radiolysis, sulfur ion
implantation, and thermal processing, as well as endogenic
processes including tidal shaking, mass wasting, and the effects of

subsurface tectonic and perhaps cryovolcanic activity. New
materials are created or deposited on the surface (radiolysis,
micrometeorite impacts, sulfur ion implantation, cryovolcanic
plume deposits), modified in place (thermal segregation,
sintering), transported either vertically or horizontally
(sputtering, gardening, mass wasting, tectonic and cryovolcanic
activity), or lost from Europa completely (sputtering, plumes,
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larger impacts). Some of these processes vary spatially, as visible
in Europa’s leading-trailing hemisphere brightness asymmetry. 

Endogenic geologic processes also vary spatially, depending on
terrain type. The surface can be classified into general landform
categories that include tectonic features (ridges, bands, cracks);
disrupted “chaos-type” terrain (chaos blocks, matrix, domes, pits,
spots); and impact craters (simple, complex, multi-ring). The
spatial distribution of these terrain types is relatively random,
with some differences in apex-antiapex cratering rates and
latitudinal variation in chaos vs. tectonic features. 

In this work, we extrapolate surface processes and rates from the
top meter of the surface in conjunction with global estimates of
transport and resurfacing rates. We combine near-surface
modification with an estimate of surface-subsurface (and vice
versa) transport rates for various geologic terrains based on an
average of proposed formation mechanisms, and a spatial
distribution of each landform type over Europa’s surface area. 

Understanding the rates and mass balance for each of these
processes, as well as their spatial and temporal variability, allows
us to estimate surface – subsurface exchange rates over the
average surface age (~50myr) of Europa. Quantifying the
timescale and volume of transported material will yield insight on
whether such a process may provide fuel to sustain a biosphere in
Europa’s subsurface ocean, which is relevant to searches for life
by a future mission such as a potential Europa Lander.

Author(s): Cynthia B. Phillips , Jamie Molaro , Kevin P.
Hand
Institution(s): 1. NASA Jet Propulsion Lab / Caltech

203.02 – Breaking the shell: Initiating plate
tectonic-like subduction on Europa
Europa’s prominent bands have been proposed to form by a
seafloor-spreading-like mechanism involving complete separation
of Europa’s lithosphere and the emplacement of fresh ice from
below [Prockter et al. 2002]. This formation mechanism poses a
challenge for Europa’s strain balance: extensional rifting at bands
must be offset by lithospheric shortening elsewhere, yet few
obvious contractional features have been observed. Kattenhorn
and Prockter [2014] suggested that extension on Europa is
accommodated by subduction of the lithosphere at linear, tabular
zones termed subsumption bands. Subduction of Europa’s
lithosphere implicitly requires that lithospheric-scale thrust faults
can develop. This contrasts with previous numerical modeling,
which found that lithospheric shortening is instead primarily
accommodated by folding or passive thickening [Bland and
McKinnon 2012, 2013]. Here we reevaluate the conditions
required to form large-scale thrust faults using a numerical model
of lithospheric shortening on Europa that includes realistic
localization of brittle failure (non-associated plasticity). In the
absence of strain weakening (wherein brittle failure decreases the
subsequent yield strength) essentially all shortening results in
folding or thickening, consistent with previous results. With
moderate strain weakening, deformation becomes localized
within fault-like zones for surface temperatures ≤100 K; however,
the resulting surface deformation suggests a complex interplay
between folding and faulting. Only if the ice shell weakens very
easily does faulting dominate. Large-scale faults preferentially
form at cold surface temperatures and high heat fluxes. Cold
temperatures promote faulting (as opposed to folding), and high
heat fluxes result in a thinner lithosphere, which is more easily
subducted. The subsumption bands identified by Kattenhorn and
Prockter [2014] are at a relatively high latitude (cold
temperature), and are associated with putative cryovolcanic
features indicating locally increased heat flow, suggesting
conditions there may have been ideal for the initiation of
subduction.

Author(s): Michael T. Bland , William B. McKinnon
Institution(s): 1. U. S. Geological Survey, Astrogeology Science
Center, 2. Washington University in Saint Louis

203.03 – Occurrence and Detectability of Thermal
Anomalies on Europa
Endogenic activity is likely on Europa, given its young surface age
of and ongoing tidal heating by Jupiter. Temperature is a
fundamental signature of activity, as witnessed on Enceladus,
where plumes emanate from vents with strongly elevated
temperatures. Recent observations suggest the presence of
similar water plumes at Europa. Even if plumes are uncommon,
resurfacing may produce elevated surface temperatures, perhaps
due to near-surface liquid water. Detecting endogenic activity on
Europa is one of the primary mission objectives of NASA’s
planned Europa Clipper flyby mission. 
 
Here, we use a probabilistic model to assess the likelihood of
detectable thermal anomalies on the surface of Europa. The
Europa Thermal Emission Imaging System (E-THEMIS)
investigation is designed to characterize Europa’s thermal
behavior and identify any thermal anomalies due to recent or
ongoing activity. We define “detectability” on the basis of
expected E-THEMIS measurements, which include multi-spectral
infrared emission, both day and night. 
 
Thermal anomalies on Europa may take a variety of forms,
depending on the resurfacing style, frequency, and duration of
events: 1) subsurface melting due to hot spots, 2) shear heating on
faults, and 3) eruptions of liquid water or warm ice on the surface.
We use numerical and analytical models to estimate temperatures
for these features. Once activity ceases, lifetimes of thermal
anomalies are estimated to be 100 - 1000 yr. On average,
Europa’s 10 - 100 Myr surface age implies a resurfacing rate of ~3
- 30 km /yr. The typical size of resurfacing features determines
their frequency of occurrence. For example, if ~100 km  chaos
features dominate recent resurfacing, we expect one event every
few years to decades. Smaller features, such as double-ridges,
may be active much more frequently. We model each feature type
as a statistically independent event, with probabilities weighted
by their observed coverage of Europa’s surface. Our results show
that if Europa is resurfaced continuously by the processes
considered, there is a >99% chance that E-THEMIS will detect a
thermal anomaly due to endogenic activity. Therefore, if no
anomalies are detected, these models can be ruled out, or revised.

Author(s): Paul O. Hayne , Philip R Christensen , John R.
Spencer , Oleg Abramov , Carly Howett , Michael Mellon ,
Francis Nimmo , Sylvain Piqueux , Julie A. Rathbun
Institution(s): 1. Applied Physics Laboratory, 2. Arizona State
University, 3. Jet Propulsion Laboratory, 4. Planetary Science
Institute, 5. Southwest Research Institute, 6. UC Santa Cruz

203.04 – Update on Plumes at Europa
Several recent papers (Roth et al. 2014; Sparks et al. 2016; Sparks
et al. 2017) have reported evidence for active plumes at Europa.
Plumes would provide a crucial method to "touch the water" at
Europa, i.e., to more directly sample the composition of the
subsurface ocean, avoiding the confusion bound to occur with
surface or sputtered atmosphere sampling, which are
contaminated with exogenic material, as well as altered via
radiolytic processing by Jovian magnetospheric plasma. In
particular, Sparks et al. (2017) has reported evidence for a second,
repeat detection of a plume near the crater Pwyll that is
coincident with a possible thermal (or thermal inertia) anomaly at
the same location, reported in Spencer et al. (1999). We
summarize the recent observational evidence for plumes at
Europa, as well as identify another unique feature that is virtually
coincident with the repeat plume detection near Pwyll, which
further strengthens the case for ongoing activity at this
fascinating moon.

Author(s): Melissa McGrath , William B. Sparks , Kevin
Hand , Britney E Schmidt , John R. Spencer , Misty Cracraft ,
Susana E. Deustua
Institution(s): 1. Georgia Institute of Technology, 2. Jet
Propulsion Laboratory, 3. SETI Institute, 4. Southwest Research
Institute, 5. Space Telescope Science Institute
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203.05 – ALMA Thermal Observations of Europa 
We present four daytime thermal images of Europa taken with
the Atacama Large Millimeter Array. These images map the entire
surface in thermal emission at a frequency of 233 GHz with a
linear resolution of ~ 200 km. At this resolution, the images
capture spatially localized thermal variations on the scale of
geologic and compositional units. In order to understand these
variations, we develop a global thermal model of Europa and
simulate the ALMA observations. The model reproduces large-
scale structure well, but some localized discrepancies exist. Of
particular note is the region northwest of Pwyll Crater, which is
associated with a nighttime thermal excess seen by the Galileo
Photopolarimeter Radiometer and with two potential plume
detections. Using our model, we investigate whether the
nighttime thermal anomaly can be attributed to excess endogenic
heat flow, as might be expected from a plume source region. We
find that the nighttime and daytime brightness temperatures near
Pwyll Crater cannot be matched by including excess heat flow at
that location. Rather, we can successfully model both
measurements with an elevated local surface thermal inertia. We
also employ our model to investigate thermal features and their
potential causes across the rest of Europa’s surface. 

Author(s): Samantha K. Trumbo , Michael Brown , Bryan J.
Butler
Institution(s): 1. California Institute of Technology, 2.
National Radio Astronomy Observatory

203.06 – Europa in the Far-UV: Spatial and
Spectral Analysis from HST Observations
We present a spatial and spectral analysis of Europa using far-UV
observations from 1999 – 2015 made by the Space Telescope
Imaging Spectrograph (STIS) on the Hubble Space Telescope
(HST). Disk-integrated observations show that the far-UV
spectrum from ~130 nm – 170 nm is blue (increasing albedo with
decreasing wavelength) for the studied hemispheres: the leading,
trailing, and anti-Jovian hemispheres. At Lyman-alpha (121.6
nm), the albedo of the trailing hemisphere continues the blue
trend, but it reddens for the leading hemisphere. At wavelengths
shorter than 133.5 nm, the leading hemisphere, which is brighter
than the trailing hemisphere at near-UV and visible wavelengths,
becomes darker than the trailing hemisphere. We find no
evidence of a sharp water-ice absorption edge at 165 nm on any
hemisphere of Europa, which is intriguing since such an
absorption feature has been observed on most icy moons. This
suggests the possibility that radiolytic alteration by Jovian
magnetospheric plasma has made the surface more strongly
absorbing, masking the absorption edge. We will also present a
spatial map of Lyman-alpha across the entire surface of Europa.
This map can then be used to distinguish variable H emissions in
the atmosphere from surface reflectance, improving our ability to
detect potential plumes occurring on the disk of Europa during an
observation.

Author(s): Tracy M Becker , Kurt D. Retherford , Lorenz
Roth , Amanda R. Hendrix , Melissa McGrath , Juan Alday ,
Joachim Saur , Philippa M Molyneux , Ujjwal Raut , Benjamin
Teolis
Institution(s): 1. Institute of Geophysics and Meteorology,
University of Cologne, 2. Planetary Science Institute, 3. Royal
Institute of Technology (KTH), 4. SETI, 5. Southwest Research
Institute

203.07 – Detectability of molecular gas signatures
on Jupiter’s moon Europa from ground and space-
based facilities
Plumes and their effluent material could provide insights into
Europa’s subsurface chemistry and relevant information about
the prospect that life could exist, or now exists, within the ocean.
In 2016, we initiated a strong observational campaign to
characterize the chemical composition of Europa’s surface and
exosphere using high-resolution infrared spectroscopy. While
several studies have focused on the detection of water, or its
dissociation products, there could be a myriad of complex

molecules released by erupting plumes. Our IR survey has
provided a serendipitous search for several key molecular species,
allowing a chemical characterization that can aid the investigation
of physical processes underlying its surface. Since our tentative
water detection, presented at the 2016 DPS meeting, we have
continued the observations of Europa during 2017 covering a
significant extent of the moon’s terrain and orbital position (true
anomaly), accounting for over 50 hr on source. Current analyses
of these data are showing spectral features that grant further
investigation. In addition to analysis algorithms tailored to the
examination of Europan data, we have developed simulation tools
to predict the possible detection of molecular species using
ground-based facilities like the Keck Observatory, NASA’s
Infrared Telescope and the Atacama Large
Millimeter/submillimeter Array (ALMA). In this presentation we
will discuss the detectability of key molecular species with these
remote sensing facilities, as well as expected challenges and
future strategies with upcoming spacecrafts such as the James
Webb Space Telescope (JWST), the Large UV/Optical/Infrared
Surveyor (LUVOIR), and a possible gas spectrometer onboard an
orbiter. 
 
This work is supported by NASA’s Keck PI Data Award (PI L.P.)
and Solar System Observation Program (PI L.P.), and by the
NASA Astrobiology Institute through funding awarded to the
Goddard Center for Astrobiology (PI M.J.M.).

Author(s): Lucas Paganini , Geronimo Luis Villanueva ,
Terry Hurford , Avi Mandell , Lorenz Roth , Michael J.
Mumma
Institution(s): 1. KTH, 2. NASA-GSFC

203.08 – Ice sintering timescales at the surface of
Europa and implications for surface properties
The planned exploration of Europa by NASA’s Europa Clipper
Mission and the possibility of a future Europa lander have driven
the need to characterize its surface strength, roughness, porosity,
thermal conductivity, and regolith depth in order to accurately
interpret remote sensing data and develop appropriate spacecraft
landing systems. Many processes contribute to Europa’s
landscape evolution, such as sputtering, mass wasting, thermal
segregation, and impact gardening, driving the creation and
distribution of icy regolith across the surface. While the efficacy of
these processes are not well constrained, any amount of regolith
emplaced at the surface will undergo subsequent processing due
to sintering. Ice sintering is a form of frost metamorphism
whereby contacting ice grains experience the diffusion of material
into their contact region, forming a “neck” between them and
densifying over time. Over long enough timescales, ice aggregates
will sinter into solid material, which may contribute to the
incorporation of non-ice material into Europa’s subsurface and
help to drive subsurface chemistry. Sintering also interacts with
other processes, adding to the complexity of icy surface evolution.
For example, sputtering preferentially removes larger grains and
may enhance sintering rates, and changes in ice porosity may
affect the response of the surface to micrometeorite impacts. 
 
Quantifying the effects of ice sintering will allow us to predict the
microstructural properties of Europa’s surface at spacecraft
scales. To this end, we have modeled pressure-less (no
overburden) sintering of spherical water-ice grains and validated
the results with a laboratory experiment. We also modeled ice at
the surface of Europa to obtain a first-order approximation of the
sintering timescale and surface properties. Preliminary results
indicate that ice grains will experience neck growth but not
significant densification over Europa’s surface age, suggesting
that loose surface ice forms a weak and porous crust.
Furthermore, our results suggest that existing models do not
accurately quantify all stages of the sintering process for ice,
emphasizing the need for more laboratory studies on this topic. 

Author(s): Jamie Molaro , Cynthia B. Phillips , Gareth
Meirion-Griffith
Institution(s): 1. Jet Propulsion Laboratory
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203.09 – Laboratory Simulations of Planetary
Surfaces: Understanding Regolith Physical
Properties from Remote Photopolarimetric
Observations
We present reflectance and polarization phase curve
measurements for a suite of highly reflective planetary regolith
analogues with physical characteristics that might be expected on
the surface of an atmosphereless solar system body (ASSB). We
studied thirteen well-sorted particle size fractions of aluminum
oxide (Al O ) in the laboratory with a goniometric
photopolarimeter (GPP) of novel design. 
These results are highly relevant to understanding the unusual
negative polarization behavior observed near small phase angles
that has been reported over several decades on highly reflective
ASSBs such as the asteroids 44 Nysa, 64 Angelina (Harris et al.,
1989) and the Galilean satellites Io, Europa and Ganymede
(Rosenbush et al., 1997; Mishchenko et al., 2006). Our
measurements are consistent with the hypothesis that the
surfaces of these ASSBs effectively scatter electromagnetic
radiation as if they were extremely fine grained with void space
>~95%, and grain sizes of the order <= λ. This portends
consequences for efforts to deploy surface landers on high ASSB’s
such as Europa. These results also have relevance to the field of
terrestrial geo-engineering particularly to proposals for modifying
Earth’s radiation balance by injecting Al O  particulates into the
stratosphere for the purpose of offsetting the effect of
anthropogenic greenhouse gas emissions (Teller et al., 1997). 
Harris et al., 1989 . Icarus 81, 365–374. 
Mishchenko et al., 2006 Applied Optics, 45, 4459-4463. 
Rosenbush et al, 1997, Astrophys. J. 487, 402–414. 
Teller et al., 1997. UCRL-JC-128715.

Author(s): Robert M. Nelson , Mark Boryta , Bruce W.
Hapke , Kenneth S. Manatt , Yuriy Shkuratov , Vladimir
Psarev , Kurt Vandervoort , Desire Kroner , Adaze Nebedum ,
Christina Vides , John Quinones
Institution(s): 1. California Polytechnic University at Pomona,
2. California State University at Los Angeles, 3. Jet Propulsion
Laboratory, 4. Karazin University, 5. Mount San Antonio
College, 6. Planetary Science Institute, 7. University of California
at Los Angeles, 8. University of Pittsburgh

203.10 – Effect of MeV Electron Radiation on
Europa’s Surface Ice Analogs
MeV electrons that impact Europa’s trailing hemisphere and
cause both physical and chemical alteration of the surface and
near-surface. The trailing hemisphere receives far lower fluxes
above 25 MeV as compared with lower energy particles, but can
cause significant chemical and physical modifications at these
energies. With NASA's planned Europa Clipper mission and a
Europa Lander Concept on the horizon, it is critical to understand
and quantify the effect of Europa’s radiation environment on the
surface and near surface. 

Electrons penetrate through ice by far the deepest at any given
energy compared to protons and ions, making the role of
electrons very important to understand. In addition, secondary
radiation – Bremsstrahlung, in X-ray wavelengths – is generated
during high-energy particle penetration through solids.
Secondary X-rays are equally lethal to life and penetrate even
deeper than electrons, making the cumulative effect of radiation
on damaging organic matter on the near surface of Europa a
complex process that could have effects several meters below
Europa’s surface. Other physical properties such as coloration
could be caused by radiation. 

In order to quantify this effect under realistic Europa trailing
hemisphere conditions, we devised, built, tested, and obtained
preliminary results using our ICE-HEART instrument prototype
totally funded by JPL’s internal competition funding for Research
and Technology Development. Our Ice Chamber for Europa High-
Energy Electron And Radiation-Environment Testing (ICE-
HEART) operates at ~100 K. We have also implemented a magnet
that is used to remove primary electrons subsequent to passing

through an ice column, in order to determine the flux of
secondary X-radiation and its penetration through ice. 
 
Some of the first results from these studies will be presented and
their relevance to understand physical and chemical properties of
Europa’s trailing hemisphere surface. 
 
This work has been carried out at Jet Propulsion Laboratory,
California Institute of Technology under a contract with the
National Aeronautics and Space Administration, and funded by
JPL’s R&TD Program and NASA Solar System Workings
Program.

Author(s): Murthy Gudipati , Bryana Henderson , Fred
Bateman
Institution(s): 1. Jet Propulsion Laboratory, California
Institute of Technology, 2. National Institute of Standards and
Technology

203.11 – Ocean Tidal Dynamics and Dissipation in
the Thick Shell Worlds
Tidal dissipation in the subsurface oceans of icy satellites has so
far only been explored in the limit of a free-surface ocean or
under the assumption of a thin ice shell. Here we consider ocean
tides in the opposite limit, under the assumption of an infinitely
rigid, immovable, ice shell. This assumption forces the surface
displacement of the ocean to remain zero, and requires the
solution of a pressure correction to ensure that the ocean is mass
conserving (divergence-free) at all times. 
 
This work investigates the effect of an infinitely rigid lid on ocean
dynamics and dissipation, focusing on implications for the thick
shell worlds Ganymede and Callisto. I perform simulations using
a modified version of the numerical model Ocean Dissipation in
Icy Satellites (ODIS), solving the momentum equations for
incompressible shallow water flow under a degree-2 tidal forcing.
The velocity solution to the momentum equations is updated
iteratively at each time-step using a pressure correction to
guarantee mass conservation everywhere.

Author(s): Hamish Hay , Isamu Matsuyama
Institution(s): 1. University of Arizona

203.12D – Atmospheric Bulges on Tidally-Locked
Satellites
 
We use a simple analytic model to examine the spatial
distribution of a volatile species in a surface-bounded atmosphere
on a rotating object that is tidally-locked to its parent body.
Spatial asymmetries in such atmospheres have recently been
observed via ultraviolet auroral emissions from the exospheres of
the icy satellites Europa and Ganymede. The Hubble Space
Telescope observations indicate that these satellites host unique,
surface-bounded O  exospheres which bulge towards dusk. Using
a simple 1-D mass conservation balance we examine the nature of
the volatile source, the surface temperature profile, the spatial
morphology of the loss process, and the adsorption and
desorption properties of the surfaces to understand the spatial
distribution of the surface-bounded atmosphere for a number of
objects. Since the ballistic hop distances are much smaller than
the satellite radii, we show that the observed asymmetries at
Europa and Ganymede can be simply due to a strongly thermally-
dependent source, although asymmetries in the plasma-induced
loss could contribute. A key condition for these atmospheric
bulges that are shifted towards dusk is the relationship between
the rotation rate and the atmospheric loss rate.

Author(s): Apurva V. Oza , Robert E. Johnson , Francois
Leblanc
Institution(s): 1. Université Pierre et Marie Curie, 2.
University of Virginia
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204 – Asteroid Physical Characteristics: NEOs
204.01 – Goldstone radar images of near-Earth
asteroids (469896) 2007 WV4, 2014 JO25, 2017
BQ6, and 2017 CS
We report Goldstone delay-Doppler radar imaging of four NEAs
obtained during February–June 2017. The signal-to-noise ratios
were very strong for each object and we obtained detailed images
with range resolutions as fine as 3.75 m/pixel. Delay-Doppler
imaging revealed that 2017 BQ6 is a strikingly angular object
roughly ~200 m in diameter with a rotation period of ~3 h. The
multi-faceted shape is puzzling assuming a rubble-pile structure
of this asteroid. 2017 CS was discovered by Pan-STARRS 1 on
February 2 and approached within 8 lunar distances on May 29.
2017 CS appears rounded on large scales but has considerable
fine-scale topography evident along its leading edges. The images
suggest a diameter of ~1 km and rotation visible in the images is
consistent with the 40 h rotation period obtained independently
by from photometry by P. Pravec (pers. comm.). The highest
resolution images show evidence for meter-size boulders, ridges,
and broad concavities. 2007 WV4 was imaged in late May and
early June. 2007 WV4 appears distinctly angular, with a diameter
in the realm of 900 meters, and with at least three large facets
more than 100 m in extent. Tracking of features in the images
gives a rotation period of about 12 hours. The echoes show a
persistent, small topographic feature that extends out from the
surface. The nature of this feature is unknown, but it may be a
large boulder similar to Yoshinodai seen on 25143 Itokawa. 2014
JO25 approached within 4.6 lunar distances on April 19. This was
the closest encounter by an asteroid with an absolute magnitude
brighter than 18 known in advance until 2027, when 1999 AN10
will approach within one lunar distance. Radar imaging shows
that 2014 JO25 is an irregular object, which consists of two
components connected by a narrow neck. The asteroid has a long
axis of about 1 km and a short axis of roughly 600 m. The 3.75 m
range resolution imaging placed thousands of pixels on the object
and reveals ridges, hills, concavities, flat regions up to 200 meters
long, and radar-bright spots that are probably boulders. Tracking
of features in the images yields a rotation period of about 4.5
hours that is among the fastest of the ~50 known contact binaries
in the near-Earth population.

Author(s): Marina Brozovic , Lance A. M. Benner ,
Shantanu P Naidu , Jon D. Giorgini , Michael Busch , Joseph
Jao , Clement Lee , Lawrence Snedeker , Marc Silva , Martin A.
Slade , Kenneth J. Lawrence
Institution(s): 1. Jet Propulsion Laboratory/Caltech, 2.
SAITECH, Goldstone Deep Space Communication Complex, 3.
SETI Institute

204.02 – Radar, Optical, and Infrared
Observations of Equal-Mass Binary Near-Earth
Asteroid (190166) 2005 UP156
The binary nature of near-Earth asteroid (190166) 2005 UP156
was shown by distinctive mutual events in its optical lightcurves
from 2017 May 4-23 (Warner & Harris, 2017; CBET 4394). The
observed lightcurve period of 40.542 +/- 0.008 h agrees with the
period determined in 2014 (Warner, 2015; Minor Planet Bulletin
42, 41-53), though no mutual events were noted at that time. An
out-of-eclipse amplitude of 0.5 mag implies elongated shapes for
the components. Radar observations with the Arecibo planetary
radar system on 15 dates from 2017 June 2 to July 10
unambiguously revealed the roughly equal-size components of
the binary system, only the third such system known among the
near-Earth asteroids after (69230) Hermes (Margot et al., 2003;
IAUC 8227) and 1994 CJ1 (Taylor et al., 2014; DPS 46, #409.03)
out of more than 50 known near-Earth multiple-asteroid systems.
Preliminary diameter estimates from radar images are no more
than 1 km in the longest dimension for both components. Images
at different orientations suggest elongated shapes with the long
axes aligned, i.e., face-locked synchronous rotation, and an
orbital period commensurate with the optical lightcurve period.
The maximum observed separation between the components of
2.4 km places a lower limit on the semimajor axis of the system,
though the projection effect should be minimal given the eclipsing

nature of the lightcurves. Combined with the above upper limit on
the diameters, the implied density of the system could be less
than 1 g/cc, though the actual value will be sensitive to the true
elongation of the shapes. Spectra of the system between 0.7 and
5.1 microns obtained with the NASA Infrared Telescope Facility
on four dates between 2017 May 27 and July 19 suggest a Bus-
DeMeo taxonomic type of S or Sq transitioning to a spectrum
dominated by thermal emission beyond 3.5 microns with little
variation over the two-month span of observations.

Author(s): Patrick A. Taylor , Anne Virkki , Brian Warner ,
Amadeo Aznar , Ellen S. Howell , Ronald J. Vervack , Jenna L.
Crowell , Mary Hinkle , Flaviane Venditti , Luisa Fernanda
Zambrano-Marin , Betzaida Aponte-Hernandez , Edgard G.
Rivera-Valentin , Sriram Saran Bhiravarasu , Carolina Rodriguez
Sanchez-Vahamonde , Alan William Harris , Yanga R.
Fernandez , Sean E. Marshall
Institution(s): 1. Arecibo Observatory, 2. Cornell University, 3.
MoreData!, 4. Observatorio Isaac Aznar, 5. The Johns Hopkins
University Applied Physics Laboratory, 6. University of Arizona,
7. University of Central Florida

204.03 – Planetary surface characterization from
dual-polarization radar observations
We present a new method to investigate the physical properties of
planetary surfaces using dual-polarization radar measurements.
The number of radar observations has increased radically during
the last five years, allowing us to compare the radar scattering
properties of different small-body populations and compositional
types. There has also been progress in the laboratory studies of
the materials that are relevant to asteroids and comets. 
 
In a typical planetary radar measurement a circularly polarized
signal is transmitted using a frequency of 2380 MHz (wavelength
of 12.6 cm) or 8560 MHz (3.5 cm). The echo is received
simultaneously in the same circular (SC) and the opposite circular
(OC) polarization as the transmitted signal. The delay and
doppler frequency of the signal give highly accurate astrometric
information, and the intensity and the polarization are suggestive
of the physical properties of the target's near-surface. 
 
The radar albedo describes the radar reflectivity of the target. If
the effective near-surface is smooth and homogeneous in the
wavelength-scale, the echo is received fully in the OC polarization.
Wavelength-scale surface roughness or boulders within the
effective near-surface volume increase the received echo power in
both polarizations. However, there is a lack in the literature
describing exactly how the physical properties of the target affect
the radar albedo in each polarization, or how they can be derived
from the radar measurements. 
 
To resolve this problem, we utilize the information that the
diffuse components of the OC and SC parts are correlated when
the near-surface contains wavelength-scale scatterers such as
boulders. A linear least-squares fit to the detected values of OC
and SC radar albedos allows us to separate the diffusely scattering
part from the quasi-specular part. Combined with the spectro-
photometric information of the target and laboratory studies of
the permittivity-density dependence, the method provides us with
a new way to characterize the density or porosity of the the fine-
grained regolith layer, and distinguish it from the centimeter-to-
meter-scale boulders. We present the application of the method
to asteroids, comets, and the Galilean moons.

Author(s): Anne Virkki
Institution(s): 1. Arecibo Observatory/USRA
Contributing team(s): Planetary Radar team of the Arecibo
Observatory

204.04 – The Mission Accessible Near-Earth Object
Survey (MANOS): Project Status
The Mission Accessible Near-Earth Object Survey (MANOS) is a
physical characterization survey of sub-km, low delta-v, newly
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discovered near-Earth objects (NEOs). MANOS aims to collect
astrometry, lightcurve photometry, and reflectance spectra for a
representative sample of these important target of opportunity
objects in a rarely observed size range. We employ a diverse set of
large aperture (2-8 meter) telescopes and observing modes
(queue, remote, classical) to overcome the challenge of observing
faint NEOs moving at high non-sidereal rates with short
observing windows. We target approximately 10% of newly
discovered NEOs every month for follow-up characterization. 

The first generation MANOS ran from late 2013 to early 2017,
using telescopes at Lowell Observatory, NOAO, and the
University of Hawaii. This resulted in the collection of data for
over 500 targets. These data are continuing to provide new
insights into the NEO population as a whole as well as for
individual objects of interest. Science highlights include
identification of the four fastest rotating minor planets found to
date with rotation periods under 20 seconds, constraints on the
distribution of NEO morphologies as quantified by de-biased
estimates for lightcurve-derived axis ratios, and the
compositional distribution of NEOs at sizes under 100 meters. 

The second generation MANOS will begin in late 2017 and will
employ much of the same strategies while continuing to build a
comprehensive dataset of NEO physical properties. This will grow
the MANOS sample to ~1000 objects and provide the means to
better address key questions related to understanding the
physical properties of NEOs, their viability as exploration mission
targets, and their relationship to Main Belt asteroids and
meteorites. This continuation of MANOS will include an
increased focus on spectroscopic observations at near-IR
wavelengths using a new instrument called NIHTS (the Near-
Infrared High-Throughput Spectrograph) at Lowell Observatory’s
4.3m Discovery Channel Telescope. 

We will present key results from the first generation survey and
current status and plans for the second generation survey.
MANOS is supported by the NASA SSO/NEOO program.

Author(s): Nicholas Moskovitz , Audrey Thirouin , Michael
Mommert , Cristina A. Thomas , Brian Skiff , David Polishook ,
Brian Burt , David E. Trilling , Francesca E. DeMeo , Richard P
Binzel , Eric J. Christensen , Mark Willman , Mary Hinkle
Institution(s): 1. Lowell Observatory, 2. MIT, 3. Northern
Arizona University, 4. PSI, 5. UA, 6. UCF, 7. UH, 8. Weizmann
Institute

204.05 – Rapid-Response Characterization of
Near-Earth Asteroids Using KMTNet-SAAO
We present here VRI spectrophotometry of 39 near-Earth
asteroids (NEAs) observed with the Sutherland, South Africa,
node of the Korea Microlensing Telescope Network (KMTNet). Of
the 39 NEAs, 19 were targeted, but because of KMTNet’s large 2
deg × 2 deg field of view, 20 serendipitous NEAs were also
captured in the observing fields. Our rapid-response approach
meant targeted observations were performed within 44 days
(median: 16 days, min: 4 days) of each NEA’s discovery date. Our
broadband spectrophotometry is reliable enough to distinguish
among four asteroid taxonomies and we were able to confidently
categorize 31 of the 39 observed targets as either a S-, C-, X- or D-
type asteroid. Our data suggest that the ratio between “stony” S-
type NEAs and “not- stony” (C+X+D)-type NEAs, with H
magnitudes between 15 and 25, is roughly 1:1. Additionally, we
report ~1-hour light curve data for each NEA. Of the 39 targets,
we were able to resolve the complete rotation period and
amplitude for six and place lower limits for the remaining targets. 

Based on the success of this pilot study we plan to continue
KMTNet observations but also make use of Lesedi, a new 1-meter
remotely-operable telescope also situated in Sutherland, to
perform similar spectrophotometric observations in the future. As
before, we plan to target newly discovered NEAs in order to
continue the rapid-response approach. With Lesedi, observations
will take place throughout the year and we plan to include smaller
NEAs (larger H magnitudes) in our sample. We will also increase

the observed duration of each NEA to 2-3 hours so we are more
likely to observe a complete rotation period for our observed
NEAs. 
 
This study was facilitated by observations made at the South
African Astronomical Observatory (SAAO) and this work is
partially supported by the South African National Research
Foundation (NRF). This work is supported in part by the National
Aeronautics and Space Administration (NASA) under grant
number NNX15AE90G issued through the SSO Near Earth Object
Observations Program and in part by a grant from NASA’s Office
of the Chief Technologist.

Author(s): Nicolas Erasmus , Michael Mommert , David E.
Trilling , Amanda A. Sickafoose , Carel van Gend , Joseph L.
Hora , Hannah L Worters
Institution(s): 1. Department of Physics and Astronomy,
Northern Arizona University, 2. Harvard-Smithsonian Center
for Astrophysics, 3. South African Astronomical Observatory

204.06 – Spin State of Returning Fly-by Near Earth
Asteroid 2012 TC4
The ten-meter class near-Earth asteroid 2012 TC4 will make a
close approach to the Earth on October 12, 2017. As of July 2017,
the close approach distance ranges from 0.003 to 0.64 lunar
distances (LD) with a nominal value of 0.23 LD. However this is
the second observable close approach that this object has made
since its discovery. In particular, broadband photometry was
obtained for 2012 TC4 on 10 and 11 October 2012 using the
Magdalena Ridge Observatory (MRO) 2.4-meter telescope. A
periodicity of ~12.2 minutes was immediately evident in the time-
series data, which was in agreement with the reported values of
Polishook (2013), Odden et al. (2012), Warner (2013), and
Carbognani (2014). The lightcurve displays an amplitude of ~0.9
magnitude, which implies that it is highly elongated with an axial
ratio of a/b>2.3. However, a second period is also clearly evident
in the MRO data, indicating that the asteroid is in a state of non-
principle axis rotation. 
 
The nature of its orbit has made 2012 TC4 an attractive Earth-
impacting asteroid surrogate for an exercise testing the
capabilities of the scientific and emergency response communities
(Reddy, 2017). For this reason, it is anticipated that considerable
resources, including MRO, will be utilized to take advantage of
the 2017 flyby to study this asteroid. Here, we present the details
of the tumbling nature of this fast-spinning object observed
during the October 2012 discovery apparition. These data were
acquired before closest approach in 2012 where the asteroid came
within 0.25 lunar distances of Earth. Therefore, this analysis will
be discussed in the context of the spin state observations planned
for early October 2017 at MRO, for which preliminary results will
also be reported. In particular, comparison of the observed
rotation state from the two apparitions can be indicative of any
effects of Earth’s gravity during the 2012 flyby. 
 
References: 
Odden, C.E., Verhaegh, J.C., McCullough, D.G., and Briggs, J.W.
(2013). Minor Planet Bul. 40, 176-177. 
Warner, B.D. (2013). Minor Planet Bul. 40, 71-80. 
Polishook, D. (2013). Minor Planet Bul. 40, 42-43. 
Carbognani, A. (2014). Minor Planet Bul. 41, 4-8. 
Reddy, V. (2017), AMOS SSA Technical Conference, Maui, HI.

Author(s): William Ryan , Eileen V. Ryan
Institution(s): 1. NM Tech/MRO

204.07 – Ground-based Characterization of Earth
Quasi Satellite (469219) 2016 HO3
(469219) 2016 HO3 is a small, <100 meter-size, near-Earth object
(NEO) that while orbiting the Sun, also appears to circle around
the Earth just beyond the Hill sphere as a Earth quasi-satellite.
Only five quasi-satellites have been discovered so far, but 2016
HO3 is the most stable of them. The provenance of this object is
unknown. On timescales of many centuries, 2016 HO3 remains
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within 38-100 lunar distance from us making it a prime target for
future robotic and human exploration, provided it can be
established it is indeed a natural object. In an effort to constrain
its rotation period and surface composition, we observed 2016
HO3 on April 14 and 18 2017 (UTC) with the Large Binocular
Telescope (LBT) and the Discovery Channel Telescope (DCT). We
derive a rotation period of about 28 minutes based on our
lightcurve observations. We obtained low-resolution (R ∼ 150 −
500) spectra of 2016 HO3 on 2017 April 14 (UTC) using the pair
of MODS spectrographs mounted at the direct Gregorian foci of
the LBT, obtaining the entire spectrum from 0.39-0.97 microns
simultaneously. The visible wavelength spectrum shows a sharp
rise in reflectance between 0.4-0.65 microns with a broad plateau
beyond. The scatter near 0.8 microns makes it challenging to
confirm the presence of a silicate absorption band at ~1 micron.
Color ratios derived from the spectrum all suggest an S taxonomic
type. We also derive an updated diameter of 36 meters for 2016
HO3 using an absolute magnitude of 24.3 and S-type albedo of
0.25. The derived rotation period and the spectrum are not
uncommon amongst small NEOs, suggesting that 2016 HO3 is a
natural object of similar provenance to other small NEOs. NASA
Near-Earth Object Observations Program Grant NNX17AJ19G
(PI: Reddy) funded parts of this work.

Author(s): Vishnu Reddy , Olga Kuhn , Audrey Thirouin , Al
Conrad , Renu Malhotra , Juan A Sanchez , Christian Veillet
Institution(s): 1. Lowell Observatory, 2. Planetary Science
Institute, 3. University of Arizona

204.08 – Lunar impact flashes - tracing the NEO
size distribution
Almost 20 years ago, we started to monitor the lunar surface with
small telescopes to detect light flashes resulting from the
hypervelocity collisions of meteoroids. The initial purpose was to
understand the flux of impactors on Earth. The estimation of the
flux of near Earth Objects (NEOs) is important not only for the
protection of the human civilisation (meter-sized, see
Chelyabinsk event in 2013), but also for the protection of the
space assets (cm-sized objects). Apart from the NEO flux, the
lunar surface helps the study of the impact events per se. The
European Space Agency (ESA) is directing and funding lunar
observations at 1.2 m Kryoneri telescope in Peloponnese, Greece.
This telescope is equipped with a dichroic beam-splitter that
directs the light onto two sCMOS cameras, that observe in visible
and infrared wavelengths, using Rc and Ic Cousin filters
respectively. Currently it is the largest telescope in the world that
performs dedicated lunar impact flashes observations. We
present the first flash observations in two bands, allowing us to
measure flash temperatures for the first time. We find that the
temperatures have a range that agrees with the theoretical
approaches. Since the temperature can now be calculated, we
have a more accurate estimation of the impactor’s mass and the
size of the radiated ejecta plume. 
Having the Moon as a large-scale laboratory, new horizons are set
towards the understanding of the nature of impacts, the
impactor's material type and the energy partitioning, that is a
constant puzzle in impact studies. This can now happen as more
impact parameters can be determined and combined, such as the
impactor’s mass and speed, flash luminosity, radiating volume,
crater size when applicable etc. Future statistics can determine
the different lunar regolith properties at different impact sites,
especially during a meteoroid stream where the impactors share a
common origin and possibly composition.

Author(s): Chrysa Avdellidou , Detlef Koschny
Institution(s): 1. European Space Agency- ESTEC
Contributing team(s): NELIOTA team

204.09 – Using Cross Correlation for Evaluating
Shape Models of Asteroids
The Origins, Spectral Interpretation, Resource Identification, and
Security-Regolith Explorer (OSIRIS-REx) sample return mission
to Bennu will be using optical navigation during its proximity
operations. Optical navigation is heavily dependent upon having

an accurate shape model to calculate the spacecraft's position and
pointing. In support of this, we have conducted extensive testing
of the accuracy and precision of shape models. OSIRIS-REx will
be using the shape models generated by stereophotoclinometry
(Gaskell, 2008). 
 
The most typical technique to evaluate models is to subtract two
shape models and produce the differences in the height of each
node between the two models. During flight, absolute accuracy
cannot be determined; however, our testing allowed us to
characterize both systematic and non-systematic errors. We have
demonstrated that SPC provides an accurate and reproducible
shape model (Weirich, et al., 2017), but also that shape model
subtraction only tells part of the story. 
 
Our advanced shape model evaluation uses normalized cross-
correlation to show a different aspect of quality of the shape
model. In this method, we generate synthetic images using the
shape model and calculate their cross-correlation with images of
the truth asteroid. This technique tests both the shape model's
representation of the topographic features (size, shape, depth and
relative position), but also estimates of the surface's albedo. This
albedo can be used to determine both Bond and geometric albedo
of the surface (Palmer, et al., 2014). A high correlation score
between the model's synthetic images and the truth images shows
that the local topography and albedo has been well represented
over the length scale of the image. A global evaluation, such as
global shape and size, is best shown by shape model subtraction.

Author(s): Eric Palmer , John Weirich , Olivier Barnouin ,
Tanner Campbell , Diane Lambert
Institution(s): 1. Planetary Science Institute, 2. The Johns
Hopkins University Applied Physics Laboratory, 3. The
University of Arizona

204.10 – Thermally induced rock breakdown on
asteroid Itokawa
On airless bodies of the inner solar system, changes in surface
temperature due to insolation yield thermal cracking of rocks.
This has been considered as a leading cause of rock breakdown,
crater degradation and regolith production. However, it is poorly
understood what thermal conditions are actually required to
cause damage in rocks. Here we present a new evidence of
thermally induced rock breakdown found on asteroid Itokawa.
We analyzed the visible and near-infrared spectra of Shirakami
and Muses-C regio, both of which are located within the concave
part of Itokawa, and found that less space weathered debris
generated from Shirakami are deposited on Muses-C regio. In
addition, we performed thermophysical analysis to calculate the
thermal conditions of Itokawa surface, which indicates that the
rock breakdown on Shirakami would be caused by rapid
temperature changes related to shadowing.

Author(s): Kohei Kitazato , Naru Hirata , Hirohide
Demura , Tomoki Inasawa , Masanao Abe , Yukio Yamamoto ,
Akira Miura , Jun'ichiro Kawaguchi
Institution(s): 1. Japan Aerospace Exploration Agency, 2.
University of Aizu

204.11 – Regolith on Super Fast Rotators
The current understanding of small asteroids in the Solar System
is that they are gravitational aggregates held together by
gravitational, cohesive and adhesive forces. Results from the
Hayabusa mission to Itokawa along with in situ, thermal and
radar observations of asteroids have shown that they can be
covered in a size distribution of grains that spans from microns to
tens of meters. Before the Hayabusa mission, it was generally
thought that smaller asteroids would likely be “regolith-free,” due
to impact seismic shaking removing the loose covering. Given the
regolith-rich surface of that body, it is now an open question
whether even smaller bodies, down to a few meters in size, could
also retain regolith covering. The question is especially
compelling for the small-fast rotators, whose surface centripetal
accelerations exceed their gravitational attraction. When the
physical theory of cohesion is considered, it becomes possible for
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small-fast rotators to retain regolith. 

We use a Soft-Sphere discrete element method (SSDEM) code to
simulate a longitudinal slice of a spherical monolith covered by
cohesive regolith. The simulations are carried out in the body
frame. Tensile strength is varied to span the observed strength of
asteroids and spin rate is elevated in small steps until the
majority of regolith is removed from the surface. The simulations
show that under an increasing spin rate (such as due to the YORP
effect), the regolith covering on an otherwise monolithic asteroid
is preferentially lost across certain regions of the body. In general,
regolith from the mid latitudes is the first to fail at high spin rates.
This failure happens either by regolith flowing towards the
equator or by detachment of large coherent chunks of material
depending on the tensile strength of the regolith. Regolith from
the equator region fails next, usually by the detachment of large
pieces. Regolith from the poles stays in place unless the spin rates
are extremely high. With these results we derive a scaling law that
can be used to determine whether observed small asteroids could
retain surface regolith of a given size. The implications of this for
the interpretation of spectral observations of small asteroids are
discussed.

Author(s): Diego Paul Sanchez Lana , Daniel J. Scheeres
Institution(s): 1. University of Colorado Boulder

204.12 – Cohesion of Mm- to Cm-Sized Asteroid
Simulant Grains: An Experimental Study
The regolith covering the surfaces of asteroids and planetary
satellites is very different from terrestrial soil particles and
subject to environmental conditions very different from what is
found on Earth. The loose, unconsolidated granular material has
angular-shaped grains and a broad size distribution. On small
and airless bodies (<10 km), the solar wind leads to a depletion of

fine grains (<100µm) on the surface. Ground observations of the
two asteroids currently targeted by spacecraft, Ryugu (Hayabusa-
2) and Bennu (OSIRIS-REx), indicate that their surfaces could be
covered in mm- to cm-sized regolith grains. As these small bodies
have surface gravity levels below 10 g, g being the Earth surface
gravity, the cohesion behavior of the regolith grains will dictate
the asteroid’s surface morphology and its response to impact or
spacecraft contact. 
Previous laboratory experiments on low-velocity impacts into
regolith simulant with grain sizes <250 µm have revealed a
transition of the grain behavior from a gravity-dominated regime
to a cohesion-dominated regime when the local gravity level
reaches values below 10 g. This is in good agreement with
analytical and simulation studies for these grain sizes. From the
expected grain sizes at the surfaces of Ryugu and Bennu, we have
now focused on larger grain sizes ranging from mm to cm. We
have carried out a series of experiments to study the cohesion
behavior of such larger grains of asteroid regolith simulant. The
simulant used was CI Orgueil of Deep Space Industries.
Experiments included laboratory tabletop avalanching,
compression and shear force measurements, as well as low-
velocity impacts under microgravity. 
Our goal is to determine if the grain size distribution has an
influence on the cohesion behavior of the regolith and if we can
validate numerical simulation results with experimental
measurements. We will discuss the implications of our results for
sample return or landing missions to small bodies such as
asteroids or Martian moons.

Author(s): Julie Brisset , Joshua E. Colwell , Adrienne
Dove , Stephanie Jarmak , Seamus Anderson
Institution(s): 1. University of Central Florida

205.01 – Hubble’s Global View of Jupiter During
the Juno Mission
With two observing programs designed for mapping clouds and
hazes in Jupiter's atmosphere during the Juno mission, the
Hubble Space Telescope is acquiring an unprecedented set of
global maps for study. The Outer Planet Atmospheres Legacy
program (OPAL, PI: Simon) and the Wide Field Coverage for
Juno program (WFCJ, PI: Wong) are designed to enable frequent
multi-wavelength global mapping of Jupiter, with many maps
timed specifically for Juno’s perijove passes. Filters span
wavelengths from 212 to 894 nm. Besides offering global views
for Juno observation context, they also reveal a wealth of
information about interesting atmospheric dynamical features.
We will summarize the latest findings from these global mapping
programs, including changes in the Great Red Spot, zonal wind
profile analysis, and persistent cyclone-generated waves in the
North Equatorial Belt. 

Author(s): Amy A. Simon , Michael H. Wong , Glenn S.
Orton , Richard Cosentino , Joshua Tollefson , Perianne
Johnson
Institution(s): 1. Jet Propulsion Lab, 2. NASA's GSFC, 3. New
Mexico Tech, 4. U. California Berkeley, 5. USRA

205.02 – Characterization of the Great Red Spot
from Observations by Juno and the Earth-Based
Supporting Campaign
On July 11, 2017, the Juno spacecraft made a close approach to
Jupiter, passing over the center of Jupiter’s Great Red Spot
(GRS). We summarize some of the results from Juno and
supporting Earth-based measurements over a broad spectral
range. Near-infrared images show that the GRS has higher-
altitude particles than anywhere else outside polar regions, and
that the darkest red center has the highest-altitude particles
within the GRS. This region has darker swirl-like features and
little detectable rotational motion. The red region forming the
bulk of the GRS has both dark and light swirls and counter-
clockwise winds that peak toward its periphery. JunoCam images,

resolving down to ~6-7 km per pixel, shows very small, pink
features that look like thunderstorm clouds in clusters on top of
the brighter swirls. They are similar in morphology to whitish
features that can be seen in zones north and south of the GRS.
Close to the terminator, shadows some 7-12 km in length
associated with these features can be resolved. A train of
mesoscale gravity waves with ~70 km spacing spans a length of
over 1,000 km near the northern periphery of the GRS between
15.8° and 15.9°S (planetocentric). Thermal-emission images in 5-
µm and 8.7-µm spectral windows show most of the GRS as cold
with high clouds, surrounded by a visibly-dark warm periphery
that is consistent with being relatively clear. Longer-wavelength
thermal observations indicate that the GRS is one of the coldest
regions on the planet in the upper troposphere with indirect
chemical indicators of vertical motions (e.g. para-H , PH )
consistent with prevailing upwelling motion. NH  is not
enhanced with respect to the regions outside the GRS, most likely
because its colder temperatures cause it to condense deeper than
it does outside the GRS. A region immediately south of the GRS is
anomalously warmer than elsewhere at the same latitude. The
Microwave Radiometer (MWR) data are consistent with shorter-
wavelength thermal-emission observations sensitive to the NH
condensation level; they are currently being examined for
indications of deep structure and depth.
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Author(s): Glenn S. Orton , Candice Hansen , Michael A.
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Michael H. Wong , Padraig Donnelley , Agustin M. Sanchez-
Lavega , Ricardo Hueso
Institution(s): 1. British Astronomical Association, 2.
California Institute of Technology, 3. Gemini Observatory, 4.
Independent Scholar, 5. JPL, 6. NASA Goddard Space Flight
Center, 7. Planetary Science Institute, 8. Southwest Resarch
Institute, 9. Subaru Telescope, 10. Tohoku University, 11.
Universidad del Pais Vasco, 12. University of California, 13.
University of Leicester
Contributing team(s): The Juno-Support Observing Team

205.03 – Radiative Transfer Analysis of Neptune’s
New Dark Vortex
A new dark spot on Neptune was discovered in late 2015, named:
"SDS-2015" for "Southern Dark Spot discovered in 2015".
Subsequent observations from Hubble Space Telescope Mid-
Cycle 23 (PI: Wong) and the Outer Planetary Atmospheres Legacy
(OPAL) programs (PI: Simon-Miller) took the first multispectral
data over multiple viewing geometries of a Neptunian dark spot,
spanning wavelengths from 336 to 763nm. SDS-2015 is visible at
blue wavelengths, with contrast from the background atmosphere
peaking at 467nm. In this abstract, we present a radiative transfer
analysis of the dark spot and surrounding background
atmosphere. We summarize our retrieved properties of Neptune's
background atmosphere, including its aerosol structure and
methane profile, and compare our findings in the optical
wavelengths to those in the near-infrared. We then discuss
various hypotheses about the make up of SDS-2015 and its
interaction with the background atmosphere.

Author(s): Joshua Tollefson , Statia H. Luszcz-Cook ,
Michael H. Wong , Imke de Pater
Institution(s): 1. American Museum of Natural History, 2.
University of California Berkeley

205.04 – Ammonia in Jupiter’s troposphere from
high-resolution 5-micron spectroscopy
Jupiter's tropospheric ammonia (NH ) abundance is studied
using spatially-resolved 5-micron observations from CRIRES, a
high-resolution spectrometer at the Very Large Telescope in 2012.
The high resolving power (R=96,000) allows the line shapes of
three NH  absorption features to be resolved. These three
absorption features have different line strengths and probe
slightly different pressure levels, and they can therefore be used
to constrain the vertical profile of NH  in the 1-4 bar pressure
range. The instrument slit was aligned north-south along
Jupiter's central meridian, allowing us to search for latitudinal
variability. The CRIRES observations do not provide evidence for
belt-zone variability in NH , as any spectral differences can be
accounted for by the large differences in cloud opacity between
the cloudy zones and the cloud-free belts. However, we do find
evidence for localised small-scale variability in NH . Specifically,
we detect a strong enhancement in NH  on the southern edge of
the North Equatorial Belt (4-6°N). This is consistent with the
‘ammonia plumes’ observed by Fletcher et al. (2016,
doi:10.1016/j.icarus.2016.06.008) at the 500-mbar level using
10-micron observations from TEXES/IRTF, as well as with
measurements by Juno’s Microwave Radiometer (Li et al. 2017,
doi:10.1002/2017GL073159).

Author(s): Rohini Giles , Leigh Fletcher , Patrick Irwin ,
Glenn S. Orton , James Andrew Sinclair
Institution(s): 1. Jet Propulsion Laboratory, 2. University of
Leicester, 3. University of Oxford

205.05 – Variation in the Water and Ammonia
Abundance in Jupiter’s North Equatorial Belt 

We used iSHELL on NASA’s Infrared Telescope Facility and
NIRSPEC on the Keck telescope concurrent with Juno perijoves
4-6 between February and May 2017 to obtain 5-micron spectra
of Jupiter. Here we will focus on observations of the North
Equatorial Belt. Spectrally resolved line profiles of CH D, NH ,
and H O probe the 1 to 8-bar level of Jupiter’s troposphere. This
overlaps with the weighting functions for several channels of
Juno’s microwave radiometer. The profile of the CH D lines at
4.66 microns is very broad in Hot Spots due to collisions with up
to 8 bars of H , where unit optical depth occurs due to collision-
induced H  opacity. The extreme width of these CH D features
implies that the Hot Spots that we observed do not have
significant cloud opacity for P > 2 bars. We will discuss the
abundance of NH  and gaseous H O within Hot Spots and other
regions near the longitude of perijove for each Juno encounter.
We had dry nights on Mauna Kea and a sufficient Doppler shift to
detect H O. We will compare line wings to derive H O profiles in
the 2 to 6-bar region. NEB Hot Spots are depleted in NH  with
respect to adjacent regions, especially for P < 2 bars. NEB Hot
Spots are highly depleted in H O for P < 5 bars. 
 
 

Author(s): Gordon L Bjoraker , Imke de Pater , Michael H.
Wong , Mate Adamkovics , Tilak Hewagama , Glenn Orton
Institution(s): 1. Clemson Univ, 2. JPL, 3. NASA/GSFC, 4. U
Maryland, 5. UC Berkeley

205.06 – Cassini limb images of hazes in Saturn’s
northern hemisphere
We have used high resolution Cassini ISS images of the limb of
Saturn to study the vertical distribution, altitude location,
thickness and optical properties of the haze layers in the northern
hemisphere (1°S to 82°N) in 2013 and 2015. The images cover an
ample spectral range from the ultraviolet (UV1 filter, 264 nm) to
the near infrared (CB3 filter, 938 nm) including methane
absorption bands at 619 nm, 724 nm and 890 nm. Spatial
resolution ranges from 1.6 to 13 km/pixel depending on
wavelength and latitude. Three latitude bands were selected for
the analysis according to the background zonal wind profile
measured at cloud level and known dynamical activity: (a) North
Polar Region encompassing the Hexagon latitude (74°N); (b)
Mid-latitudes (45°N-52°N), and (3) Equator (1°N-3°S). The best
defined haze structures and most extended haze layers were
found at the latitude of the Hexagon. Up to 6-8 haze layers
extending up to 400 km in altitude above clouds (in the pressure
range from about 0.7 bar to 0.1 mbar) were detected. The vertical
thickness of the layers is in the range 3-15 km compared to the
scale height which is about 40 km. The spectral reflectivity is
relatively uniform between the layers in the blue and red
continuum wavelengths coming from the backward light
scattering from the haze particles, while the brightness in the
methane bands (relative to red continuum) and in the ultraviolet
shows the effects of methane absorption and Rayleigh scattering
by the gas, respectively. At mid-latitudes 3-4 haze layers are
found spanning up to altitudes 200 km above the clouds. At the
Equator 5-6 layers are found extending up to altitudes 250 km
above the clouds (up to 2 mbar in pressure level) in a region of
great dynamical interest because of the particular structure of the
zonal winds and their known oscillations. We comment on the
possible nature of the haze layers on the basis of condensing
species and photochemistry.

Author(s): Agustin M. Sanchez-Lavega , Daniel Garcia ,
Teresa del Rio-Gaztelurrutia , Antonio Garcia-Muñoz , Santiago
Perez-Hoyos , Ricardo Hueso
Institution(s): 1. Universidad del Pais Vasco UPV/EHU, 2.
Zentrum für Astronomie und Astrophysik, Technische
Universität Berlin

205.07 – Clouds and Hazes in Saturn's North Polar
Vortex: New Results from Cassini/VIMS High-
Spatial Resolution Spectral Imagery on the First
Grand Finale Pass
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High-spatial-resolution spectral images of Saturn's polar region
obtained during the first Grand Finale pass on April 26, 2017 by
the Cassini/Visual Infrared Mapping Spectrometer (VIMS) reveal
a variety of cloud/haze structures exhibiting distinctively different
colors in the near-infrared, corresponding to a variety of cloud
compositions, altitudes and thicknesses. Two spectral images in
particular, obtained from altitudes of 110,000 km and 69,600 km
above the cloudtops - corresponding to VIMS pixel resolutions of
55 and 34 km, some five times better than has been obtained by
VIMS on any previous orbit - reveal small (~ 200 km across)
discrete clouds remarkably enhanced in 3-micron absorption
compared to nearby features, indicating enhanced ammonia
and/or perhaps ammonia hydrosulfide or water ice absorptions.
The ~2000-km-wide eye of the vortex in which these discrete
ammonia/water ice clouds are embedded is surprisingly dark,
exhibiting reflectivities less than one-third of those displayed by
the small discrete clouds at all near-IR continuum wavelengths.
However, at 5 microns, this contrast is reversed with the vortex
eye emanating eight times the thermal flux of the embedded
clouds. Taken together, the small reflectivity and large 5-micron
thermal transmission indicate that the eye is an optically-thin
haze/cloud region, nearly devoid of aerosols. From a dynamical
point of view, the stark contrast between the reflectively dark,
nearly-aerosol-free polar "eye" - indicative of downwelling
processes - and the clouds of 3-micron absorbers embedded
within it - indicative of powerful upwelling of materials from the
depths of Saturn perhaps 50-200 km below - is puzzling,
revealing that a remarkable range of vertical dynamical processes
occur in Saturn's north polar region over relatively small spatial
scales. Quantitative results for these various clouds, including
their compositional characteristics, altitudes, mass loading, and
wavelength-dependent opacities will be presented.

Author(s): Kevin H. Baines , Lawrence A. Sromovsky ,
Patrick M. Fry , Thomas W. Momary , Robert H Brown , Bonnie
J. Buratti , Roger Nelson Clark , Philip D. Nicholson ,
Christophe Sotin
Institution(s): 1. Cornell University, 2. NASA/Jet Propulsion
Laboratory, 3. Planetary Science Institute, 4. University of
Arizona, 5. University of Wisconsin-Madison

205.08 – South Polar Ammonia Clouds on Saturn°
Most of Saturn is covered by a thick cloud layer of unknown
composition. Evidence of the underlying NH  ice cloud (its strong
3-μm absorption signature) had so far been seen only in
association with lightning storms, including the Great Storm of
2010-2011 (Sromovsky et al. 2013, Icarus 226, 402-418), near 35°
N planetocentric latitude, and much smaller storms located near
36° S in the Storm Alley region (Baines et al. 2009, Planet. &
Space Sci. 57, 1650-1658). In the Great Storm, NH  ice reached
the visible cloud tops. The Storm Alley clouds have more subtle 3-
μm signatures, which is consistent with ammonia ice reaching
into but not fully penetrating the upper cloud (Sromovsky et al.
2017, Icarus submitted). The presence of 3-μm absorption
features in the south polar region is surprising because there is no
associated lighting that would indicate deep convection.
Radiation transfer modeling of October 2006 VIMS spectra of
these features yields good fits with a stacked structure of a thin
stratospheric haze, a physically thin and optically thin (~0.2
optical depths at 2 μm) layer of non-absorbing particles, a
moderate layer of NH  ice particles (r=2 μm, ~2 optical depths)
near 550 mbar, then a clear region down to about 2 bars, which
marks the top of a very optically thick layer of NH SH particles,
which provides a needed strong reduction in thermal emission in
the 5-μm window. The structure of neighboring clouds differs
dramatically in the NH SH layer, which has a much lower optical
depth and has a cloud top 1 bar deeper. But the ammonia layer is
the main modulator of pseudo continuum I/F in reflected
sunlight. That layer has an optical depth of about 1.3 in
background clouds, but almost double that in the brightest
clouds. What makes the 3-μm absorption of the NH  ice layer
more apparent in these polar clouds is the reduced optical depth
of the upper cloud layer, which is an order of magnitude less than
in other regions on Saturn, perhaps because of polar
downwelling. 

 
The authors acknowledge support from NASA CDAPS Grant
NNX15AL10G.

Author(s): Lawrence A. Sromovsky , Kevin H. Baines ,
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Institution(s): 1. Univ. of Wisconsin, Madison

205.09 – Cassini/CIRS Observations of Saturn’s
Polar Vortices from Proximal Orbit Observations
The proximal orbit phase of the Cassini mission, with periapses
inside the inner edge of the rings, has allowed observations of
Saturn’s atmosphere with unprecedented spatial resolution.
During the periapse periods on 26 April and 29 June 2017, the
Composite Infrared Spectrometer (CIRS) performed scans over
both the north and south poles with a spatial resolution better
than 0.2° of latitude, over a factor of 4 better resolution than
previous observations. A further observation of the south pole is
planned on 20 Aug 2017. 
 
Previous thermal infrared observations of Saturn’s poles [1,2]
showed a compact hot spot in the upper troposphere at each pole,
roughly coincident with the hurricane-like polar vortex seen in
visible imaging [3]. Preliminary results from the proximal orbit
scans of the north pole, near summer solstice, show that in the
upper troposphere, the meridional temperature gradient
increases sharply at about 89°N, with the temperature increasing
by ~5K between 89°N and the pole, with the temperature
gradient persisting all the way to the pole within the spatial
resolution of the observation. In the northern stratosphere, the
polar hot spot is broader than in the troposphere, extending to
~86°N at 4 mbar, and disappearing into the general meridional
gradient at 1 mbar. 
 
[1] G. S. Orton and P. A. Yanamadra-Fisher, Science 307, 696 
[2] L. N. Fletcher et al., Science, 319, 79 
[3] U. A. Dyudina et al., Icarus, 202, 240.

Author(s): Richard Achterberg , Gordon L. Bjoraker ,
Brigette E. Hesman , F. Michael Flasar
Institution(s): 1. NASA/GSFC, 2. STScI, 3. University of
Maryland

205.10 – Dynamical analysis of Jovian polar
observations by Juno
The JunoCAM and JIRAM instruments onboard the Juno
spacecraft have generated unparalleled observations of the Jovian
polar regions. These observations reveal a turbulent environment
with an unexpected structure of cyclonic polar vortices. We
measure the wind velocity in the polar region using correlation
image velocimetry of consecutive images. From this data, we
calculate the kinetic energy fluxes between different length scales.
An analysis of the kinetic energy spectra and eddy-zonal flow
interactions may improve our understanding of the mechanisms
maintaining the polar macroturbulence in the Jovian atmosphere.

Author(s): Fachreddin Tabataba-Vakili , Glenn S. Orton ,
Alberto Adriani , Gerald Eichstaedt , Davide Grassi , Andrew P.
Ingersoll , Cheng Li , Candice Hansen , Thomas W. Momary ,
Maria Luisa Moriconi , Alessandro Mura , Peter L Read , John
Rogers , Roland M B Young
Institution(s): 1. British Astronomical Association, 2.
California Institute of Technology, 3. INAF-Istituto di Astrofisica
e Planetologia Spaziali, 4. Independent Scholar, 5. Jet
Propulsion Laboratory, 6. Planetary Science Institute, 7.
University of Oxford

205.11 – Dynamics and Morphology of Saturn’s
North Polar Region During Cassini’s Final Year
We present an analysis of Saturn’s north polar region utilizing
Cassini ISS images captured in visible and near-infrared
wavelengths during late 2016 and 2017, including images
captured during Cassini’s Grand Finale orbits. To measure the
wind field in the region, we utilize the two-dimensional
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207 – Enceladus

correlation imaging velocimetry (CIV) technique. We also
calculate the relative vorticity and divergence from the wind field.
To detect changes in the dynamics, we compare measurements of
the wind, relative vorticity, and divergence in 2012 and 2013 with
those from 2016/2017. We also compare cloud reflectivity
between 2012/2013 and 2016/2017 in images that show the north
pole under similar illumination conditions. To detect changes in
cloud reflectivity, we utilize a Minnaert correction to calculate the
zonal mean reflectivity as a function of latitude. Furthermore, we
compare the winds and cloud reflectivity at several wavelengths
in order to look for changes occurring at different altitudes. Our
results indicate that while the dynamics of the north polar region
have remained relatively stable, there have been significant
morphology changes that have resulted in dramatic color
changes. We hypothesize that these changes are a result of the
seasonal cycle and linked to the increased production of
photochemical hazes in the atmosphere. Our work has been
supported by NASA PATM NNX14AK07G, NSF AAG 1212216,
and NASA NESSF NNX15AQ70H.

Author(s): John J. Blalock , Kunio M. Sayanagi , Andrew P.
Ingersoll , Ulyana A. Dyudina , Shawn Ewald , Ryan M.
McCabe , Jacob Gunnarson , Justin Garland , Angelina
Gallego
Institution(s): 1. California Institute of Technology, 2.
Hampton University

205.12 – Shallow water modeling of Jovian polar
cyclone and vortices
Jupiter’s polar atmosphere was observed for the first time by the
Juno visible spectrum camera (JunoCAM) and Juno Infrared
Auroral Mapper (JIRAM). Both the visible and infrared images
show active vortices and weather systems that are unlike any
polar regions previously seen or modeled on any of the planets in
our solar system. We developed a global shallow water model on a
sphere with poles rotated to the equator to investigate the
formation, maintenance and dynamic regimes controlling the
morphology of polar cyclones and vortices. Passive Lagrangian
particles with finite life time are included to represent the clouds.
We verified that a westward barotropically unstable jet can
spontaneously break the axial symmetry into a polygon-shaped
figure rotating rigidly around the rotation axis as reported by
previous laboratory experiments. The number of sides of the
polygon depends on the deformation radius and is insensitive to
the initial condition. Why Jupiter’s pole is different from Saturn’s
is still under investigation.

Author(s): Cheng Li , Fachreddin Tabataba-Vakili , Andrew
P. Ingersoll
Institution(s): 1. California Institute of Technology, 2. Jet
Propulsion Laboratory

207.01 – Ultra High Resolution Imaging of
Enceladus Tiger Stripe Thermal Emission with
Cassini CIRS
In October 2015, Cassini flew within 48 km of Enceladus’ south
pole. The spacecraft attitude was fixed during the flyby, but the
roll angle of the spacecraft was chosen so that the remote sensing
instrument fields of view passed over Damascus, Baghdad, and
Cairo Sulci. The Composite Infrared Spectrometer (CIRS)
instrument obtained a single interferometer scan during the flyby,
using a special mode, enabled by a flight software update, which
bypassed numerical filters to improve the fidelity of the
interferograms. This generated a total of 11 interferograms, at 5
contiguous spatial locations for each of the 7 – 9 micron (FP4)
and 9 – 17 micron (FP3) focal planes, and a single larger field of
view for the 17 – 500 micron focal plane (FP1). Strong spikes were
seen in the interferograms when crossing each of the sulci, due to
the rapid passage of warm material through the field of view. For
FP3 and FP4, the temporal variations of the signals from the 5
contiguous detectors can be used to generated 5-pixel-wide
images of the thermal emission, which show excellent agreement
between the two focal planes. FP3 and FP4 spatial resolution,
limited along track by the 5 msec time sampling of the
interferogram, and across track by the CIRS field of view, is a
remarkable 40 x 40 meters. At this resolution, the tiger stripe
thermal emission shows a large amount of structure, including
both continuous emission along the fractures, discrete hot spots
less than 100 meters across, and extended emission with complex
structure.  

Author(s): John R. Spencer , Nicolas Gorius , Carly
Howett , Anne J. Verbiscer
Institution(s): 1. Catholic University of America, 2. Southwest
Research Institute, 3. University of Virginia
Contributing team(s): Cassini CIRS Team

207.02 – Short-Term Variability in Enceladus'
Plume
The density of solids in Enceladus' south-polar plume at altitudes
above about 50 km has been observed to vary by a factor of three
between Enceladus' periapse and apoapse. This variability of the
combined plume on the orbital time scale supports a relation
between tidal stress and combined eruptive activity, and contains
information about how the fractures fail in an averaged sense, but
local variability is still not understood. 

Here we report on a sequence of three Cassini images showing a

single collimated jet transitioning from dormant to active during
a period of a few minutes. In the first image, the jet is not visible;
in the subsequent images, it is seen increasing to heights of order
100 km. Prior estimates of particle velocities have been based on
observing the vertical brightness profiles of steady-state
eruptions. The non-steady-state jet observations discussed here
provide a different way of measuring velocities, as the rate of
change in density at each altitude can be estimated (using
appropriate photometric assumptions). Moreover, the timing and
location of the eruption contain information about the failure
mechanism leading to an eruption at this particular time and
place. 
 
Other jets may also be observed activating at this time, but the
detections are less certain. 

Author(s): Joseph N. Spitale , Terry Hurford , Alyssa R.
Rhoden
Institution(s): 1. Arizona State University, 2. Goddard Space
Flight Center, 3. Planetary Science Institute

207.03 – Enceladus Plume Activity Consistent with
Eruptions from Sources within a Thin Shell
Enceladus is a small (radius 250 km) moon that orbits Saturn
between the moons Mimas and Tethys with a period of 1.37 days.
A 2:1 mean motion resonance with the moon Dione, which orbits
just beyond Tethys, excites its orbital eccentricity to the observed
value of 0.0047, which in turn produces periodic tidal stress on
the surface. 
 
In 2005, Cassini detected the eruption of material from warm
regions, which correlated with the large Tiger Stripe fractures
near the south pole of Enceladus. A 2007 analysis of tidal stress
postulated that the eruptive activity might be linked to tidal
tension across these fractures and predicted that activity should
vary on the orbital timescale such that greatest activity should be
observed near apocenter (Hurford et al., 2007). In 2013, results
from analysis of Cassini’s Visual and Infrared Map- ping
Spectrometer (VIMS) data detected variability of the erupting
material in the orbital cycle and qualitatively confirmed the
predictions of variable activity from 2007 (Hedman et al., 2013;
Hurford et al. 2007). 
 
Since then, work has been done to refine models for tidal control
of plume activity. Nimmo et al. (2014) found that the plume
activity could track the fraction of fractures under tension, but

2 2
1 1 1

2 2 2
2

1 2
1

2 1
2 3

3 2
1



208 – Asteroid Physical Characteristics Including Main-belt Asteroids

required a ~5 hr lag in Enceladus’ tidal response. This lag seemed
plausible in a 24km ice shell. Behounkova et al. (2105) confirmed
this result with a slightly improved model that linked tidal activity
to normalize average tensile stress on the fracture. 

In this work, we illustrate how reservoir depth combines with a
lag in tidal response to mimic larger delays in tidal activity.
Taking into account the depth of the volatile reservoir, we find
that the response of Enceladus to tidal deformation needs only be
~3 hrs and is more consistent with eruptions from a thin ice shell
(≤10 km). This result is more consistent with recent revisions in
ice shell thickness (Iess et al., 2014; Thomas et al., 2016). 

Hurford et al., 2007, Nature 447, 292-294. Hedman et al, 2013,
Nature 500, 182-184. Nimmo et al, 2014, The Astronomical
Journal 148. Behounkova et al., 2015, Nature Geoscience 8, 601-
604. Iess et al., 2014, Science 344, 78-80. Thomas et al., 2016,
Icarus 264, 37-47.

Author(s): Terry Hurford , Joseph N. Spitale , Alyssa R.
Rhoden , Wade Henning
Institution(s): 1. ASU, 2. NASA GSFC, 3. PSI, 4. UMD

207.04 – Enceladus Plume Morphology and
Variability from UVIS Measurements
The Ultraviolet Imaging Spectrograph (UVIS) on the Cassini
spacecraft has been observing Enceladus’ plume and its effect on
the Saturnian environment since 2004. One solar and 7 stellar
occultations have been observed between 2005 and 2017.  

On 27 March 2017 epsilon Canis Majoris (CMa) passed behind
the plume of water vapor spewing from Enceladus’ tiger stripe
fissures. With this occultation we have 6 cuts through the plume
at a variety of orientations over 12 years. Following our standard
procedure the column density along the line of sight from
Enceladus to the star was determined and the water flux
calculated [1]. The mean anomaly was 131, well away from the
dust flux peak associated with Enceladus at an orbital longitude
near apoapsis [2]. 

We find that the water vapor flux was ~160 kg/sec (this number
will be refined when the final reconstructed trajectory is
available). That puts it “in family” with the other occultations,
with values that cluster around 200 kg/sec. It is at the low end,
which may be consistent with the drop in particle output observed
over the last decade [3].  

UVIS results show that the supersonic collimated gas jets
imbedded in the plume are the likely source of the variability in
dust output [4], rather than overall flux from the tiger stripes. An
occultation of epsilon Orionis was observed on 11 March 2016
when Enceladus was at a mean anomaly of 208. Although the
bulk flux changed little the amount of water vapor coming from
the Baghdad I supersonic jet increased by 25% relative to 2011.
The Baghdad I jet was observed again in the 2017 epsilon CMa
occultation, and the column density is half that of 2016, further
bolstering the conclusion that the gas jets change output as a
function of orbital longitude. 

UVIS results describing gas flux, jets, and general structure of the
plume, the observables above the surface, are key to testing
hypotheses for what is driving Enceladus’ eruptive activity below
the surface. 

[1] Hansen, C. J. et al. (2006) Science 311:1423; [2] Hedman, M.
M. et al., (2013) Nature 500:182; [3] Ingersoll, A. P. and S. P.
Ewald (2017) Icarus 282:260. [4] Hansen, C. J. et al (2017) GRL
10.1002/2016GL071853. 
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207.05 – Space Toilets and Ocean Worlds : What
spacecraft water dumps tell us about plumes on
Enceladus and Europa
The exposure of liquid water on Enceladus and Europa to space
forms plumes of water vapor and ice grains that may be
important means of accessing this material and thereby
investigating the habitability or even presence of life in Ocean
Worlds. The process is unfamiliar and difficult to fully replicate
affordably in finite-volume terrestrial laboratories, but in fact is
seen in the venting of biological waste and fuel-cell water on
crewed space vehicles. Here I review observations of these water
dumps and related spacecraft engineering experiments and the
insights they yield on plume formation processes. Of note are Air
Force optical measurements of a release experiment from Space
Shuttle flight STS-29 (which revealed two particle populations -
mm-size particles influenced by the vent size and droplet
breakup, and sub-micron grains formed by re-condensation of
expanding vapor), and the detection of nitrogen- and sulphur-
residues in microcraters on recovered spacecraft surfaces due to
the impaction of urine ice crystals, which show promise that
analogous biosignatures from ocean worlds may be detected by
suitable instrumentation on future missions. Hazardous icicle
formation in vacuum from Space Shuttle dumps on STS-41D
(which required action with the robot arm to remove before
entry) highlight the possible evolution of vent geometry on
Enceladus by local recondensation and freezing.

Author(s): Ralph Lorenz
Institution(s): 1. JHU/APL

207.06 – A parametric study of Enceladus plumes
based on DSMC calculations for retrieving the
outgassing parameters as measured by Cassini
instruments
The vapor and particulate plumes arising from the southern polar
regions of Enceladus are a key signature of what lies below the
surface. Multiple Cassini instruments (INMS, CDA, CAPS, MAG,
UVIS, VIMS, ISS) measured the gas-particle plume over the warm
Tiger Stripe region and there have been several close flybys.
Numerous observations also exist of the near-vent regions in the
visible and the IR. The most likely source for these extensive
geysers is a subsurface liquid reservoir of somewhat saline water
and other volatiles boiling off through crevasse-like conduits into
the vacuum of space. 
In this work, we use a DSMC code to simulate the plume as it
exits a vent, considering axisymmetric conditions, in a vertical
domain extending up to 10 km. Above 10 km altitude, the flow is
collisionless and well modeled in a separate free molecular code.
We perform a DSMC parametric and sensitivity study of the
following vent parameters: vent diameter, outgassed flow density,
water gas/water ice mass flow ratio, gas and ice speed, and ice
grain diameter. We build parametric expressions of the plume
characteristics at the 10 km upper boundary (number density,
temperature, velocity) that will be used in a Bayesian inversion
algorithm in order to constrain source conditions from fits to
plume observations by various instruments on board the Cassini
spacecraft and assess the parametric sensitivity study.

Author(s): Arnaud Mahieux , David B. Goldstein , Philip
Varghese , Laurence M. Trafton
Institution(s): 1. University of Texas at Austin

208.01 – Temperature and rate of dehydration of
major constituents of carbonaceous chondrites
under vacuum conditions

Some sub-types of carbonaceous chondrites contain a significant
amount of hydrated minerals which produce specific absorption
lines, typically due to the presence of hydroxyls. However, if these
asteroids have come close enough to the Sun during their history,
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the high temperatures might have resulted in mineral
decomposition and consequent loss of hydroxyl (or water)
molecules in the surface layer and even to certain depths.
Determination of the hydration state of phyllosilicates typically
found on asteroids as well as the relative quantities of hydrated to
desiccated phyllosilicates relies on experimental data - the
temperature and rate of dehydration. Both dehydration
temperature and rate depend on pressure. The rate also depends
on the temperature. Experimentally determined phase curves for
serpentine, that show for example decomposition of antigorite to
forsterite and enstatite or talc and water, exist for GPa pressure
levels. For antigorite, these temperatures span the range 500-
750°C for pressures between 0.1 GPa and 8 GPa. However, these
data are not suitable for vacuum environment found on asteroids;
further, at lower pressures, the available data suggest a
monotonically decreasing dehydration temperature with
decreasing pressure. Also, the available data suggest dependence
of both dehydration temperature and rate on the grain size
distribution of the mineral. We have determined the temperature
and rate of dehydration of the serpentine polymorphs antigorite,
lizardite, cronstedtite, under high vacuum conditions and for
various grain size distributions. The grain size distributions have
been determined by particle analyzer and each sample source was
also analyzed using X-Ray Diffraction.

Author(s): Leos Pohl , Daniel Britt
Institution(s): 1. University of Central Florida

208.02 – Multiple scattering modeling pipeline for
spectroscopy and photometry of airless Solar
System objects
We combine numerical tools to analyze the reflectance spectra of
granular materials. Our motivation comes from the lack of tools
when it comes to intimate mixing of materials and modeling
space-weathering effects with nano- or micron-sized inclusions.
The current practice is to apply a semi-physical models such as
the Hapke models (e.g., Icarus 195, 2008). These are expressed in
a closed form so that they are fast to apply. The problem is that
the validity of the model is not guaranteed, and the derived
properties related to particle scattering can be unrealistic (JQSRT
113, 2012). 

Our pipeline consists of individual scattering simulation codes
and a main program that chains them together. The chain for
analyzing a macroscopic target with space-weathered mineral
would go as: (1) Scattering properties of small inclusions inside a
host matrix are derived using exact Maxwell equation solvers.
From the scattering properties, we use the so-called incoherent
fields and Mueller matrices as input for the next step; (2)
Scattering by a regolith grain is solved using a geometrical optics
method with surface reflections, internal absorption, and internal
diffuse scattering; (3) The radiative transfer simulation is
executed inputting the regolith grains from the previous step as
the scatterers in a macroscopic planar volume element. 

For the most realistic asteroid reflectance model, the chain would
produce the properties of a planar surface element. Then, a
shadowing simulation over the surface elements would be
considered, and finally the asteroid phase function would be
solved by integrating the bidirectional reflectance distribution
function of the planar element over the object's realistic shape
model. 

The tools in the proposed chain already exist, and practical task
for us is to tie these together into an easy-to-use public pipeline.
We plan to open the pipeline as a web-based open service a
dedicated server, using Django application server and Python
environment for the main functionality. The individual programs
to be ran under the chain can still be programmed with Fortran,
C, or other. 

We acknowledge the ERC AdG No. 320773 ‘SAEMPL’ and the
computational resources provided by CSC — IT Center for Science
Ltd., Finland.
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208.03 – Interrelating meteorite and asteroid
spectra at UV-Vis-NIR wavelengths using novel
multiple-scattering methods
Asteroids have remained mostly the same for the past 4.5 billion
years, and provide us information on the origin, evolution and
current state of the Solar System. Asteroids and meteorites can be
linked by matching their respective reflectance spectra. This is
difficult, because spectral features depend strongly on the surface
properties, and meteorite surfaces are free of regolith dust
present in asteroids. Furthermore, asteroid surfaces experience
space weathering which affects their spectral features. 
 
We present a novel simulation framework for assessing the
spectral properties of meteorites and asteroids and matching
their reflectance spectra. The simulations are carried out by
utilizing a light-scattering code that takes inhomogeneous waves
into account and simulates light scattering by Gaussian-random-
sphere particles large compared to the wavelength of the incident
light. The code uses incoherent input and computes phase
matrices by utilizing incoherent scattering matrices. Reflectance
spectra are modeled by combining olivine, pyroxene, and iron,
the most common materials that dominate the spectral features of
asteroids and meteorites. Space weathering is taken into account
by adding nanoiron into the modeled asteroid spectrum. The
complex refractive indices needed for the simulations are
obtained from existing databases, or derived using an
optimization that utilizes our ray-optics code and the measured
spectrum of the material. 
 
We demonstrate our approach by applying it to the reflectance
spectrum of (4) Vesta and the reflectance spectrum of the
Johnstown meteorite measured with the University of Helsinki
integrating-sphere UV-Vis-NIR spectrometer. 
 
Acknowledgments. The research is funded by the ERC Advanced
Grant No. 320773 (SAEMPL).
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208.04 – A Large Program to derive the shape,
cratering history and density of the largest main-
belt asteroids
Asteroids in our solar system are metallic, rocky and/or icy
objects, ranging in size from a few meters to a few hundreds of
kilometers. Whereas we now possess constraints for the surface
composition, albedo and rotation rate for all D≥100 km main-belt
asteroids, the 3-D shape, the crater distribution, and the density
have only been measured for a very limited number of these
bodies (N≤10 for the first two). Characterizing these physical
properties would allow us to address entirely new questions
regarding the earliest stages of planetesimal formation and their
subsequent collisional and dynamical evolution. 
 
ESO allocated to our program 152 hours of observations over 4
semesters to carry out disk-resolved observations of 38 large
(D≥100 km) main-belt asteroids (sampling the four main
compositional classes) at high angular-resolution with
VLT/SPHERE throughout their rotation in order to derive their
3-D shape, the size distribution of the largest craters, and their
density (PI: P. Vernazza). These measurements will allow
investigating for the first time and for a modest amount of
observing time the following fundamental questions: (A) Does the
asteroid belt effectively hosts a large population of small bodies
formed in the outer solar system? (B) Was the collisional
environment in the inner solar system (at 2-3 AU) more intense
than in the outer solar system (≥5AU)? (C) What was the shape of
planetesimals at the end of the accretion process? 
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We will present the goals and objectives of our program in the
context of NASA 2014 Strategic Plan and the NSF decadal survey
"Vision and Voyages" as well as the first observations and results
collected with the SPHERE Extreme AO system. A detailed
analysis of the shape modeling will be presented by Hanuš et al.
in this session.

Author(s): Franck Marchis , Pierre Vernazza , Michael
Marsset , Josef Hanus , Benoit Carry , Mirel Birlan , Toni
Santana-Ros , Bin Yang
Institution(s): 1. Aix Marseille Univ, CNRS, LAM, Laboratoire
d’Astrophysique de Marseille, 2. Astronomical Institute, Faculty
of Mathematics and Physics, Charles University, 3. Astronomical
Observatory Institute, Adam Mickiewicz University, 4.
Astrophysics Research Centre, Queen’s University, 5. European
Southern Observatory, 6. IMCCE, Observatoire de Paris, 7. SETI
Institute, Carl Sagan Center, 8. Université Côte d’Azur,
Observatoire de la Côte d’Azur
Contributing team(s): and the Large Asteroid Survey with
SPHERE (LASS)

208.05 – Shape models of large asteroids based on
disk-resolved images collected with the SPHERE
Extreme AO system
ESO allocated to our Large Asteroid Survey with SPHERE (LASS)
program 152 hours of observations over four semesters (PI: Pierre
Vernazza, run ID: 199.C-0074) to carry out disk-resolved images
of 38 large (D≥100 km) main-belt asteroids (sampling the four
main compositional classes) at high angular-resolution with
VLT/SPHERE throughout their rotation in order to derive their
3-D shape, the size distribution of the largest craters, and their
density. LASS program is introduced in more details by Marchis
et al. in this session. 

Here we focus on the preliminary shape modeling of a few
individual asteroids that were targeted in the first semester of the
LASS program by the SPHERE Extreme AO system. To obtain the
3D shape model with a local topography, we utilize the All-Data
Asteroid modelling (ADAM, Viikinkoski et al. 2015, A&A, 576,
A8) procedure that allows simultaneous inversion of optical
lightcurves, stellar occultations and disk-resolved images.
Because ADAM minimizes the difference between the Fourier
transformed image and a projected polyhedral model, we do not
require any a priori extraction of boundary contours. Utilization
of AO images allows ADAM to scale the shape model in size,
which essentially leads to a volume estimate. 

We derive preliminary shape models for selected asteroids and
compare them with models based on disk-resolved images
obtained by the Near InfraRed Camera (Nirc2) mounted on the
W. M. Keck II telescope. We illustrate the performance of the
ADAM procedure and the shape model improvement due to the
unprecedented quality of the SPHERE images. 

Author(s): Josef Hanus , Pierre Vernazza , Michael
Marsset , Franck Marchis , Benoit Carry , Toni Santana-Ros ,
Mirel Birlan , Matti Viikinkoski , Josef Durech , Mikko
Kaasalainen
Institution(s): 1. Aix Marseille Univ, CNRS, LAM, Laboratoire
d’Astrophysique de Marseille, 2. Astronomical Institute, Faculty
of Mathematics and Physics, Charles University in Prague, 3.
Astronomical Observatory Institute, Adam Mickiewicz
University, 4. Astrophysics Research Centre, Queen’s University,
5. Department of Mathematics, Tampere University of
Technology, 6. IMCCE, Observatoire de Paris, 7. SETI Institute,
Carl Sagan Center, 8. Université Côte d’Azur, Observatoire de la
Côte d’Azur
Contributing team(s): and the Large Asteroid Survey with
SPHERE (LASS)

208.06D – The search for extreme asteroids in the
Pan-STARRS 1 Survey

Using sparse photometry of main belt asteroids obtained in the
first 1.5 years of the Pan-STARRS 1 survey we identified a list of
potential ’extreme lightcurve asteroids’, defined as objects with
either rotation period P < 2.2 h or light curve amplitude A ≥ 1.0
mag. Follow-up observations were made of 22 asteroids using the
2.5 m Isaac Newton Telescope, the 3.5m ESO New Technology
Telescope and the University of Hawaii 2.2 m Telescope. 9 of
these objects were found to have light curve amplitudes A > 1.0
mag, with no objects with P < 2.2 h being observed. From
lightcurve analysis we determine that 5 may be single rubble pile
ellipsoids with significant cohesive strength allowing them to
resist mass shedding even at their highly elongated shapes. It was
not possible to analytically find unique shape solutions for the
remaining objects with the available data. Two asteroids were
observed at a number of orbital geometries allowing for shape
and spin pole models to be determined through light curve
inversion. (45864) 2000 UO97 was determined to have
retrograde rotation with spin pole latitude and longitude β=82 ±
5 , λ=218 ± 10  and asteroid (206167) 2002 TS242 was found to
have spin pole axes β=-67 ± 5 , λ= 57 ± 5 . Using serendipitous
observations, an additional asteroid not initially measured with A
> 1.0 mag, (49257) 1998 TJ31, was determined to have a shape
model suggesting a higher amplitude than that measured from its
sparse photometry light curve (A = 0.8 mag). Its spin pole axes
were found to be β=6 ± 5 , λ=112 ± 6 . The high obliquity of this
object could explain how we initially failed to identify this body as
high amplitude from its light curve alone, when its shape solution
suggests otherwise. Since the initial generation of our target list,
the number of asteroid detections by Pan-STARRS has increased
dramatically. Using the same criteria for the generation of this
initial target list but utilising all of the data available we now have
a list of 110 potential high amplitude objects which we are
continuing to observe.

Author(s): Andrew McNeill , Alan Fitzsimmons , Robert
Jedicke , Eva Lilly , Pedro Lacerda , David E. Trilling
Institution(s): 1. Institute for Astronomy, University of
Hawaii, 2. Northern Arizona University, 3. Queen's University
Belfast
Contributing team(s): Members of the Pan-STARRS Science
Consortium

208.07 – Hungaria Asteroid Region Telescopic
Spectral Survey (HARTSS) II: Spectral
Homogeneity Among Hungaria Family Asteroids
Spectral observations of asteroid family members provide
valuable information regarding parent body interiors, the source
regions of near-Earth asteroids, and the link between meteorites
and their parent bodies. Hungaria family asteroids constitute the
closest samples to the Earth from a collisional family (~1.94 AU),
permitting observations of smaller fragments than accessible for
Main Belt families. We have carried out a ground-based
observational campaign - Hungaria Asteroid Region Telescopic
Spectral Survey (HARTSS) - to record reflectance spectra of these
preserved samples from the inner-most primordial asteroid belt.
During HARTSS phase one (Lucas et al. [2017]. Icarus 291, 268-
287) we found that ~80% of the background population is
comprised of stony S-complex asteroids that exhibit considerable
spectral and mineralogical diversity. In HARTSS phase two, we
turn our attention to family members and hypothesize that the
Hungaria collisional family is homogeneous. We test this
hypothesis through taxonomic classification, albedo estimates,
and spectral properties. 
 
During phase two of HARTSS we acquired near-infrared (NIR)
spectra of 50 new Hungarias (19 family; 31 background) with
SpeX/IRTF and NICS/TNG. We analyzed X-type family spectra
for NIR color indices (0.85-J; J-K), and a subtle ~0.9 µm
absorption feature that may be attributed to Fe-poor
orthopyroxene. Surviving fragments of an asteroid collisional
family typically exhibit similar taxonomies, albedos, and spectral
properties. Spectral analysis of X-type Hungaria family members
and independently calculated WISE albedo determinations for
428 Hungaria asteroids is consistent with this scenario.
Furthermore, ~1/4 of the background population exhibit similar
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spectral properties and albedos to family X-types. 

Spectral observations of 92 Hungaria region asteroids acquired
during both phases of HARTSS uncover a compositionally
heterogeneous background and spectral homogeneity down to ~2
km for collisional family members. Taxonomy, albedos, and
spectral properties reveal that the Hungaria family progenitor
was an igneous body that formed under reduced conditions, and
was compositionally consistent with the enstatite achondrite (i.e.,
aubrite) meteorite group.

Author(s): Michael P Lucas , Joshua Emery , Noemi Pinilla-
Alonso , Sean S. Lindsay , Eric M. MacLennan , Richard
Cartwright , Vishnu Reddy , Juan A Sanchez , Cristina A.
Thomas , Vania Lorenzi
Institution(s): 1. Department of Physics and Astronomy,
University of Tennessee, 2. Fundación Galileo Galilei, 3. Lunar
and Planetary Laboratory, University of Arizona, 4. Planetary
Science Institute, 5. University of Central Florida, 6. University
of Tennessee

208.08 – A Most Incredible Asteroid: The Break-
Up of P/2013 R3
We present a comprehensive study of the actively disintegrating
asteroid P/2013 R3. Using the Hubble and Keck telescopes, we
identified thirteen discrete components separating with a mean,
pair-wise velocity dispersion of v = 0.33+/-0.03 m/s. Their
separation times are staggered over an interval of 5 months.
Combined, the components of P/2013 R3 would form a single
spherical body with radius 400 m, which is our best estimate of
the size of the precursor object. Dust enveloping the system has,
in the first observations, a cross-section 30 sq. km but fades
monotonically at a rate consistent with the action of radiation
pressure sweeping. The individual components exhibit comet-like
morphologies and also fade except where secondary
fragmentation is accompanied by the release of additional dust.
Upper limits to the radii of any embedded solid nuclei are
typically 100 to 200 m (geometric albedo 0.05 assumed). The
observations are consistent with rotational disruption of a weak
(cohesive strength 50 to 100 Pa) parent body, 400 m in radius.
Estimated radiation (YORP) spin-up times of this parent are less
than 1 Myr, shorter than the collisional lifetime. If present, water
ice sublimating at as little as 1 g/s could generate a torque on the
parent body rivaling the YORP torque. Under conservative
assumptions about the frequency of similar disruptions, the
inferred asteroid debris production rate is 1000 kg/s, which is at
least 4 percent of the rate needed to maintain the Zodiacal Cloud. 

The work has been recently published: D. Jewitt, J. Agarwal, J. Li,
H. Weaver, M. Mutchler, S. Larson (2017). The Astronomical
Journal, 153:223(17pp)

Author(s): David Jewitt , Jessica Agarwal , Jing Li , Harold
A Weaver , Maximilian J. Mutchler , Stephen M. Larson
Institution(s): 1. Johns Hopkins Applied Physics Laboratory,
2. Max Planck, 3. Space Telescope Science Institute, 4. UCLA, 5.
University of Arizona

208.09 – Split Active Asteroid P/2016 J1
(PANSTARRS)
We present a photometric and astrometric study of the split active
asteroid P/2016 J1 (PANSTARRS). Separation occurred either in
2012 May to June, or 2010 April, with a separation speed V  =
0.70 ± 0.02 m s  for the former scenario and 0.83 ± 0.06 m s
for the latter. The two fragments (hereafter J1-A and J1-B) have
similar, Sun-like colors that are comparable to the colors of
primitive C- and G-type asteroids. With a nominal comet-like
albedo, p  = 0.04, the effective, dust-contaminated cross sections
are estimated to be 2.4 km  (J1-A) and 0.5 km  (J1-B). We
estimate that the nucleus radii lie in the range 140 < R  < 900 m
(J1-A) and 40 < R  < 400 m (J1-B). A syndyne-synchrone
simulation shows that both components have dust ejection rates
~1 kg s  (J1-A) and 0.1 kg s  (J1-B) sustained for 3-6 months.
The rotational spin-up and devolatilization times of 2016 J1 are

both short compared to the age of the solar system, raising the
question of why this object still exists. We suggest that formerly
buried ice became exposed at the surface, perhaps via a minor
impact, and that sublimation torques then rapidly drove the body
to breakup. Further disintegration events are anticipated owing to
the rotational instability. Reference: Hui, M.-T., Jewitt, D. and
Du, X., 2017. AJ, 153(4), p.141.

Author(s): Man-To Hui , David Jewitt , Xinnan Du
Institution(s): 1. University of California, Los Angeles

208.10 – Variation in Surficial Hydrated Minerals
on Large Low-Albedo Asteroids 
Observations of asteroids in the 3-µm spectral region, where
absorptions diagnostic for hydrated minerals are found, show
low-albedo asteroid spectra can be classified into at least 3 groups
(Takir et al. 2013, Rivkin et al. 2015). While definitions of these
groups vary between authors, they hold in common a group with
spectra like what we see for CM/CI meteorites, one group with
spectra like that of Ceres, and a group with spectra that have been
interpreted as ice frost. 
 
The relationship between these groups is not yet clear. One
possibility is that the spectrum reflects (no pun intended) the
formation location for the asteroids and that a given object is
undifferentiated and homogeneous in the composition of its
hydrated minerals. However, models of the thermal and chemical
evolution of large, low-albedo asteroids suggests that
differentiation may be more common than we had thought, and
impacts could exhume once-deep layers or expose complicated
mixes of salts and silicates (for instance, Castillo-Rogez et al.
LPSC 2017 model of Ceres). In this case, we might expect
variation in the 3-µm spectral region to be seen on the surfaces of
some objects as they rotate. 
 
We will present evidence for such variation in the spectrum of two
large asteroids, 704 Interamnia (306 km diameter) and 324
Bamberga (220 km diameter). In the first case, Interamnia’s
spectrum seems to have a combination of Ceres- and CM/CI-like
features and has aspects where one or another component is
dominant, while Bamberga’s spectrum is not easily placed in
previously-defined groups. 

Author(s): Andrew S. Rivkin , Joshua P. Emery , Ellen S.
Howell
Institution(s): 1. JHU/APL, 2. University of Arizona, 3.
University of Tennessee

208.11D – Water in the early solar system: Mid-
infrared studies of aqueous alteration on asteroids.
This work investigates the distribution of water in the early Solar
System by connecting asteroids to carbonaceous chondrite
meteorites using spectroscopy. Aqueous alteration or the
chemical reaction between liquid water and silicates on the parent
asteroid, has extensively affected several groups of carbonaceous
chondrites. The degree of alteration or amount of hydrated
minerals produced depends on a number of factors including the
abundance of coaccreted water-ice, the internal distribution of
water in the parent body and the setting of alteration (e.g., open
vs. closed setting). Despite this complexity which is still under
investigation, the mineralogical changes produced by aqueous
alteration are well understood (e.g., Howard et al., 2015). The
mid-infrared spectral region has been shown to be a tool for
estimating the degree of alteration of asteroids and meteorites
remotely (McAdam et al., 2015). Specifically, mid-infrared
spectral features changes continuously with degree of alteration.
In this region meteorites can be categorized into four groups
based on their spectral characteristics: anhydrous, less altered,
intermediately altered and highly altered. We present the
estimated degrees of alteration for 73 main belt asteroids using
these results. Hydrated minerals appear to be widespread in the
main belt and asteroids have variable degrees of alteration. There
does not appear to be any relationship between the estimated
degree of alteration and size, albedo or heliocentric distance. This
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209 – Giant Planet Atmospheres II

indicates that water-ice must have been a significant component
of the solar nebula in the 2-5 AU region during the time of
carbonaceous chondrite accretion (~2.7-4 Ma post-CAI
formation; Sugiura and Fujiya, 2014). The snow-line therefore
must have been in this region during this epoch. Furthermore,
local heterogeneities of water-ice were likely common since
asteroids of all sizes and heliocentric distances may exhibit any
degree from anhydrous to highly altered. Additionally, asteroids
that have been shown to have water-ice on their surfaces (e.g.,
Takir and Emery, 2012) appear to have hydrated minerals. This
indicates that while these asteroids have water-ice, its presence
did not prevent aqueous alteration.

Author(s): Margaret M. McAdam , Jessica M. Sunshine ,
Michael S. Kelley , David E. Trilling
Institution(s): 1. Northern Arizona University , 2. University
of Maryland

208.12D – Identifying asteroid families >2 Gyrs-old
There are only a few known Main Belt (MB) asteroid families with
ages >2 Gyr. The lack of ancient families may be due to a bias in
current techniques used to identify families. Ancient asteroid
family fragments disperse in their orbital elements (a,e,i), due to
secular resonances and the Yarkovsky effect (YE) making them
difficult to identify. We have developed a new technique that is
insensitive to the resonant spreading of fragments in e and i by
searching for V-shaped correlations between family members in a
vs 1/Diameter space. Our V-shape technique is demonstrated on
known families and used to discover a 4 Gyr-old family linking
most dark asteroids in the inner MB previously not included in
any known family. In addition, the 4 Gyr-old family reveals
asteroids with D >35 km that are do not belong to any asteroid
family implying that they originally accreted from the

protoplanetary disk. 
 
The V-shape detection tool is also a powerful analysis tool by
finding the boundary of an asteroid family and fitting for its
shape. Following the proposed relationship between thermal
inertia (TI) with D, we find that asteroids YE drift rate might have
a more complex size dependence than previous thought, leading
to a curved family boundary in a vs 1/D space. The V-shape tool is
capable of detecting this on synthetic families and was deployed
on >30 families located throughout the MB to find this effect and
quantify the YE size-dependent drift rate. We find that there is no
correlation between family age and V-shape curvature. In
addition, the V-shape curvature decreases for asteroid families
with larger a suggesting that the relationship between TI and D is
weaker in the outer MB. 
 
By examining families <20 Myrs-old, we can use this tool to
separate family shape that is due to the initial ejection velocity
and that which is due to the YE drift rate. V-shapes which do not
contain any spreading due to YE preserve their initial ejection
velocity. We constrain the initial initial velocity of young families
by measuring the curvature of their fragments' V-shape in a vs
1/D space. We find that the majority of <20 Myr-old asteroid
families have initial velocity fields scaling with 1/D supporting
impact experiments.

Author(s): Bryce T. Bolin , Alessandro Morbidelli , Marco
Delbo , Kevin J. Walsh
Institution(s): 1. Obs. de La Cote D'Azur, 2. Southwest
Research Institute

209.01 – INMS measures an influx of molecules
from Saturn’s rings
In 1984, Connerney and Waite proposed water influx from
Saturn’s rings to explain the low electron densities measured
during Pioneer and Voyager radio occultation experiments.
Charge exchange with this minor species depleted the H  ions
and provided a faster path to electron recombination. With ice the
primary constituent of the rings, water was the most likely in-
falling molecule. 

During the Grand Finale orbits, Cassini’s Ion and Neutral Mass
Spectrometer (INMS) detected and quantified an influx from the
rings. Unexpectedly, the primary influx molecules are CH  and a
heavier carbon-bearing species. Water was detected, but
quantities were factors of ten lower than these other species. 

Distribution in both altitude and latitude are consistent with a
ring influx. The concentration of the minor species in Saturn’s
atmosphere shows that they enter Saturn’s atmosphere from the
top. Both molecules have their highest concentrations at the
highest altitudes, with concentrations >0.4% at 3,500 km altitude
and only 0.02% at 2,700 km. Molecules from the rings deorbit to
Saturn’s atmosphere at altitudes near 4,000 km, consistent with
the INMS measurements. 

The latitudinal dependence of the minor species indicates that
their source is near the equatorial plane. At high altitudes, the
minor species were observed primarily at zero latitude, where the
28u species was six times more concentrated than at 5° latitude.
At lower altitudes, the peaking ratio was 1, indicating that the
species had diffused and was fully mixed into Saturn’s H
atmosphere. The lighter molecule, CH , diffuses more rapidly
than the 28u species. INMS also detected both of these species
during the earlier F-ring passes, finding that the neutrals were
centered at the ring plane and extended 3,000 km (half width,
half max) north and south.

Author(s): Mark E. Perry
Institution(s): 1. Johns Hopkins Applied Physics Lab
Contributing team(s): The Cassini INMS team

209.02 – Monitoring Saturn's Upper Atmosphere
Density Variations Using Helium 584 Airglow
The study of He 584 Å brightnesses is interesting as the EUV
(Extreme UltraViolet) planetary airglow have the potential to
yield useful information about mixing and other important
parameters in its thermosphere. Resonance scattering of sunlight
by He atoms is the principal source of the planetary emission of
He 585 Å. The principal parameter involved in determining the
He 584 Å albedo are the He volume mixing ratio, f_He, well
below the homopause. Our main science objective is to estimate
the helium mixing ratio in the lower atmosphere. Specifically, He
emissions come from above the homopause where optical depth
trau=1 in H2 and therefore the interpretation depends mainly on
two parameters: He mixing ratio of the lower atmosphere and
K_z. The occultations of Koskinen et al (2015) give K_z with an
accuracy that has never been possible before and the combination
of occultations and airglow therefore provide estimates of the
mixing ratio in the lower atmosphere. We make these estimates at
several locations that can be reasonably studied with both
occultations and airglow and then average the results. Our results
lead to a greatly improved estimate of the mixing ratio of He in
the upper atmosphere and below. The second objective is to
constrain the dynamics in the atmosphere by using the estimate
of the He mixing ratio from the main objective. Once we have an
estimate of the He mixing ratio in the lower atmosphere that
agrees with both occultations and airglow, helium becomes an
effective tracer species as any variations in the Cassini UVIS
helium data are direct indicator of changes in K_z i.e., dynamics.
Our third objective is to connect this work to our Cassini UVIS
data He 584 Å airglow analyses as they both cover the time span
of the observations and allow us to monitor changes in the
airglow observations that may correlate with changes in the state
of the atmosphere as revealed by the occultations Saturn's upper
thermosphere. This work helps to determine the mixing ratio of
He and constrain dynamics in the upper atmosphere, both of
which are high level science objectives of the Cassini mission.

Author(s): Chris Parkinson
Institution(s): 1. Univ. of Michigan
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209.03 – Constraints on atmospheric structure and
helium abundance of Saturn from Cassini/UVIS
and CIRS
We combine results from stellar occultations observed by
Cassini/UVIS and infrared emissions observed by Cassini/CIRS
to create empirical models of atmospheric structure on Saturn
corresponding to the locations probed by the UVIS stellar
occultations. These models span multiple occultation locations at
different latitudes from 2005 to the end of 2015. In summary, we
connect the temperature-pressure profiles retrieved from the
CIRS data to the temperature-pressure profiles in the
thermosphere retrieved from the occultations. A corresponding
altitude scale is calculated and matched to the altitude scale of the
density profiles that are retrieved directly from the occultations.
In addition to the temperature structure, our ability to match the
altitudes in the occultation light curves depends on the mean
molecular weight of the atmosphere. We use the UVIS
occultations to constrain the abundance of methane near the
homopause, allowing us to constrain the eddy mixing rate of the
atmosphere. In addition, our preliminary results are consistent
with a mixing ratio of about 11% for helium in the lower
atmosphere. Our results provide an important reference for
future models of Saturn’s upper atmosphere.

Author(s): Tommi Koskinen , Sandrine Guerlet
Institution(s): 1. Laboratoire de Meteorologie
Dynamique/IPSL, CNRS, UPMC University of Paris 06,
Sorbonne Universites, 2. University of Arizona

209.04 – Saturn's stratospheric temperature and
composition at the epoch of the 2017 summer
solstice.
Over the course of its 29.5-years orbit, Saturn undergoes
significant seasonal changes, owing to its 26.7° axial tilt. 2017
marks the end of the 13-year exploration of the Saturnian system
by the Cassini spacecraft and coincides with summer solstice in
Saturn's northern hemisphere. Monitoring changes in
temperature and composition in Saturn's stratosphere through
seasons can teach us about dynamical, radiative and chemical
processes governing its atmospheric structure and evolution.
Here we report on thermal infrared spectroscopic observations of
Saturn's stratosphere in March 2017 obtained with the Texas
Echelon Cross Echelle Spectrograph (TEXES) mounted on the
Gemini telescope. We retrieve vertical profiles of the temperature
between latitudes 15°S and 87°N from the analysis of methane
emission lines near 1245 cm . The inferred zonally average
thermal structure is validated against Cassini/CIRS
measurements acquired in January and February 2017. These
datasets (ground-based and space-based) are in excellent
agreement. The 1-mbar temperature is found to increase
moderately from 140K at 20°N to 145K at 60°N, then increases
more sharply to reach 155K at 85°N. The overall meridional
temperature gradient observed in 2017 resembles the one
observed in 2004 in the southern summer hemisphere, where a
warm “polar hood” was observed poleward of 70°S [Fletcher et
al., 2008]. In contrast, a seasonal radiative-equilibrium model
[Guerlet et al., 2014] predicts much smaller and smoother
meridional temperature gradients with latitude. We further
analysed Cassini/CIRS data acquired in 2014 over the northern
hemisphere to study seasonal changes between 2014 and 2017.
Surprisingly, the 1-mbar temperature has slightly cooled down in
the region 25N-55N between these two dates, at odds with the
moderate warming predicted by our radiative-equilibrium model.
We will discuss several hypotheses to account for these model-
observation mismatches. In addition, we also retrieve vertical
profiles of ethane and acetylene volume mixing ratios from their
emission lines recorded by TEXES near 822 and 728 cm-1 and
will discuss their spatial distribution.

Author(s): Sandrine Guerlet , Thomas K. Greathouse ,
Glenn S. Orton , Marine Martin-Lagarde , Leigh Fletcher ,
Thierry Fouchet
Institution(s): 1. CNRS, 2. JPL, 3. Laboratoire de Météorologie
Dynamique, 4. LESIA, Observatoire de Paris, 5. SWRI, 6.
University of Leicester

209.05 – First determination of the tropospheric
CO abundance in Saturn
In Giant Planets, CO has two potential origins: i) an external
source in form of cometary impacts, infalling ring/satellite dust
or/and interplanetary particles; ii) an internal origin that involves
convective transport from the deep, dense, hot atmosphere where
the thermodynamic equilibrium CO abundance is relatively large. 
In Saturn, submilimeter stratospheric CO emissions have been
detected (Cavalié et al. A&A, 510, A88, 2010; Cavalié et al. Icarus,
203, 531, 2009), suggesting a cometary impact 200 years ago. In
contrast, no observation was in position to confirm or rule out the
presence of CO in Saturn's troposphere (Noll et al. Icarus, 89,
168, 1990). 
Here, we present CRIRES/ELT 5-μm observations of Saturn that
definitely confirm the presence of CO in Saturn's troposphere. We
will present the derived CO abundance and its implication for
Saturn's tropospheric transport rate and water deep abundance.

Author(s): Thierry Fouchet , Emmanuel Lellouch , Thibault
Cavalié , Bruno Bézard
Institution(s): 1. Observatoire de Paris

209.06 – Stratospheric Oxygen Chemistry on the
Giant Planets from Dust Ablation and Comets
The stratospheres of Jupiter, Saturn, Uranus, and Neptune all
contain oxygen-bearing molecules that were supplied by comets,
interplanetary dust particles, and/or local satellite/ring sources.
We use recent dynamical model predictions for the dust
velocity/mass distributions in the outer solar system and
corresponding influx rates to the giant planets (Poppe, A.R., 2016,
Icarus 264, 369) to investigate the dust ablation process on these
planets and to model the resulting coupled oxygen-hydrocarbon
neutral photochemistry. Model-data comparisons are then used
to constrain the relative roles of the different sources in delivering
external oxygen to the giant planets. We find that dust grains
from the Edgeworth–Kuiper Belt, Jupiter-family comets, and
Oort-cloud comets supply an effective oxygen influx rate of 1.0

  ×10  O atoms cm  s  to Jupiter, 7.4   ×10
cm  s  to Saturn, 8.9   ×10  cm  s  to Uranus, and
7.5   ×10  cm  s  to Neptune. The bulk of the oxygen
ends up in the photochemically stable species CO, H O, and CO ,
which have been observed giant-planet stratospheres.
Interplanetary dust grains contribute a major component of the
external oxygen to Jupiter and Uranus but are insufficient to
explain the CO abundance currently seen in the middle
stratospheres of Saturn and Neptune. Our results suggest that
local sources such as Enceladus and/or the rings supply much of
Saturn's stratospheric water, while large comets within the last
few hundred years or so have delivered CO to Jupiter, Saturn,
Neptune, and perhaps Uranus. The low background H O
abundance in Jupiter’s stratosphere, in combination with our
high predicted dust influx rate, suggests effective conversion of
meteoric oxygen to CO during or immediately after the ablation
process —photochemistry alone cannot efficiently convert the
H O into CO on the giant planets. 

Author(s): Julianne I. Moses , Andrew R Poppe
Institution(s): 1. Space Science Institute, 2. UC-Berkeley

209.07 – Small impacts on the Giant Planet Jupiter
Amateur video observations of Jupiter have shown five events of
1-s long flashes, each one observed by 2-3 observers
geographically separated. The first three of these events occurred
on June 3 2010, August 20 2010 and September 10 2012. Analysis
of the light-curves of each flash shows that they most probably
were caused by the impact of objects of 5-20 m depending on
their density (Hueso et al., 2010, 2013) with a released energy
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comparable to superbolides on Earth similar to the Chelyabinsk
airburst. The last two flashes on Jupiter were detected on 17
March 2016 and 26 May 2017 after a long pause in impacts
detections of more than 3 years. In all of these cases no impact
debri at the impact location was found in later observations. 

We present detailed light-curves of the five flashes. Photometric
calibration of the images allows to constrain the size of the
impacting objects. We estimate the flash observable
characteristics of a Jupiter impact event that could leave an
observable debri field on Jupiter’s atmosphere over a few days
triggering fast observations. We also present results from a
systematic search of impacts on >65,000 video amateur
observations with a software specifically designed towards impact
detection and based on differential photometry of frames over
videos of Jupiter. From the observations of impacts and a
statistical analysis of amateur observations the flux of small
objects (5-20 m size) impacting Jupiter is predicted to be small
(from 1 every 70 days to 1 every 12 days). A larger telescope than
those used by amateurs could detect smaller impacts happening
much more frequently. In spite of the uncertainties, these
numbers imply that a dense number of observers are required to
efficiently discover Jupiter impacts. The first three events were
detected with Jupiter oppositions on September and December in
2010 and 2012 respectively and the last two events were detected
with Jupiter oppositions in March and April 2017. We predict that
more impacts will be found in the upcoming years with Jupiter
opposition displaced towards the Summer in the Northern
hemisphere where most amateur astronomers observe. 

References: 
Hueso et al. ApJ, 721L (2010). 
Hueso et al. A&A, 560, A55 (2013).

Author(s): Ricardo Hueso , Marc Delcroix , Agustin M.
Sanchez-Lavega , Jose Felix Rojas , Josep María Gómez-
Forrellad , Jon Juaristi-Campillo
Institution(s): 1. Fundació Observatori Esteve Duran, 2.
Societé Astronomique de France, 3. UPV/EHU

209.08 – ALMA spectral imaging of SL9 species in
Jupiter’s stratosphere
In July 1994, the Shoemaker-Levy 9 comet (SL9) spectacularly
impacted Jupiter near 44°S. On the long term, Jupiter was left
with a variety of new species in its stratosphere, including CO,
HCN, CS, H O, and CO . These species can be used as tracers for
Jupiter’s stratospheric chemistry and dynamics. Their
distributions have been monitored, although with strong
limitations in terms of spatial resolution in most cases. 

 
We mapped the spectral emissions of CO and HCN (at 345 and
354 GHz, resp.) in Jupiter with ALMA in March 2017. We have
successfully performed the first mosaic of Jupiter to cover the
entire planet. We have recorded the data with a very high spectral
resolution (up to 61 kHz) and at an unprecedented angular
resolution of 1.1”, which translates into a meridional resolution of
3° at the equator and 7° at 70°S. The lines are detected at the
planetary limb with a high signal-to-noise ratio. The emission
distributions and line shapes at the limb indicate strong
meridional variability for CO and HCN, quite different from one
another. In this paper, we will present our observations and
preliminary interpretation of the observed distributions. 

Author(s): Thibault Cavalié , Raphael Moreno , Emmanuel
Lellouch , Thierry Fouchet , Vincent Hue , Thomas K.
Greathouse , Michel Dobrijevic , Franck Hersant , Paul
Hartogh , Christopher Jarchow , Ladislav Rezac , Bruno
Bézard
Institution(s): 1. LAB, 2. LESIA - Obs. Paris - CNRS, 3. MPS, 4.
SwRI

209.09 – First detection of CS in Neptune's
atmosphere from ALMA Observations 
We report on the detection of carbone sulfide (CS) in Neptune's
atmosphere, the first unambiguous observation of a sulfur-
bearing species in a Giant Planet beyond Jupiter. 
 
Our observations used the ALMA interferometer to search for
CS(7-6) at 342.883 GHz in Neptune in three occasions In April
2016. These measurements were obtained using about 40
antenna of the 12m array, despite the angular resolution of ~0.6’’
and Neptune’s angular surface diameter was 2.24’’, only disk-
averaged measurements allowed to detect with sufficient signal-
to-noise ratio the CS line on the three occasions. The narrow line
indicates that CS appears to be present only at sub-millibar levels
in the stratosphere. 
 
We will present the analysis of these observations and will discuss
the origin of CS as well as a comparison with the CS present in
Jupiter since the 1994 Shoemaker-Levy 9 impacts. 
The favored origin of CS in Neptune’ stratosphere is deposition by
a putative large comet impact several centuries ago. 

Author(s): Raphael Moreno , Emmanuel Lellouch ,
Thibault Cavalié , Arielle Moullet
Institution(s): 1. NRAO, 2. Obs. Paris

210.01 – Detection of Deuterium in Icy Surfaces
and the D/H Ratio of Icy Objects
Water ice in crystalline or amorphous form is orientationally
disordered, which results in very broad absorptions. Deuterium in
trace amounts goes into an ordered position, so is not broadened
like H2O absorptions. The D-O stretch is located at 4.13 microns
with a width of 0.027 micron. Laboratory spectral measurements
on natural H2O and deuterium doped ice show the absorption is
slightly asymmetric and in reflectance the band shifts from 4.132
to 4.137 microns as abundance decreases. We derive a
preliminary absorption coefficient of ~ 80,000 cm^-1 for the D-O
stretch compared to about 560 cm^-1 in H2O ice at 4.13 microns,
enabling the detection of deuterium at levels less than Vienna
Standard Mean Ocean Water (VSMOW), depending on S/N. How
accurate the D/H ratios can be derived will require additional lab
work and radiative transfer modeling to simultaneously derive
the grain size distribution, the abundance of any contaminants,
and deuterium abundance. To first order, the grain size
distribution can be compensated by computing the D-O stretch
band depth to 2-micron H2O ice band depth ratio, which we call
Dratio. Colorado fresh water (~80% of VSMOW) has a Dratio of
0.036, at a D/H = 0.0005, the Dratio = 0.15, and at a D/H =
0.0025, the Dratio = 0.42. The VSMOW Dratio is ~ 0.045. 

We have used VIMS data from the Cassini spacecraft to compute
large spectral averages to detect the deuterium in the rings and on
the icy satellite surfaces. A B-ring, 21,882 pixel average, at 640
ms/pixel, or 3.89 hours of integration time, shows a 3.5% O-D
stretch band depth and a Dratio = 0.045, indicating deuterium
abundance equal to VSMOW. Rhea, using 1.89 hours of
integration time shows Dratio = 0.052, or slightly higher than
VSMOW. Phoebe has an unusually deep O-D stretch band of
1.85% considering the high abundance of dark material
suppressing the ice absorptions. We measure a Dratio = 0.11, an
enhancement of ~2.4 over VSMOW, but detailed radiative
transfer modeling is needed to derive a more accurate ratio. The
enhancement is consistent with previous studies that suggest
Phoebe's origin might be external to the Saturn system. More
satellites and radiative transfer modeling results will be shown at
the meeting.

Author(s): Roger Nelson Clark , Robert H Brown , Gregg A
Swayze , Dale P. Cruikshank
Institution(s): 1. NASA, 2. Planetary Science Institute, 3.
University of Arizona, 4. USGS

210.02 – Red material on the large moons of
Uranus: Dust from the irregular satellites?
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Ground-based, near-infrared (NIR) observations of the classical
Uranian satellites show that their surface compositions are
dominated by a mixture of H O ice and a dark, spectrally-neutral
constituent. Analysis of data collected during the Voyager 2 flyby
of Uranus indicates that a spectrally red constituent is also
present on these satellites, primarily on the leading hemispheres
of the outer moons. We hypothesize that the red material
originated on the irregular satellites, which are redder than the
classical moons. Impact events on the irregular satellites eject
dust particles from their surfaces and into orbit around Uranus.
The orbits of these dust particles decay due to Poynting-
Robertson drag, and the dust slowly migrates inward. These dust
particles eventually cross into the orbital zone of the classical
moons, where they are swept up primarily by the leading
hemispheres of the outer moons, with a fairly homogenous
distribution across their southern and northern latitudes. 

The data collected by Voyager 2 were over the southern
hemispheres of the classical satellites (sub-observer latitude
~81°S), when their northern hemispheres were almost entirely
shrouded by winter darkness. We collected new ground-based,
NIR spectra of these moons now-observable northern
hemispheres (sub-observer latitude ~24 – 35°N). Analysis of
these new data indicates that the degree of reddening is greatest
on the leading hemispheres of the outer moons, consistent with
the Voyager 2 observations. Thus, longitudinal and planetocentric
trends in reddening on these moons are apparent at both
northern and southern latitudes, supporting the hypothesis that
their surfaces are mantled by red dust from the irregular
satellites. Additionally, our analysis indicates that the degree of
reddening is greater on Titania than Oberon, in contrast to the
analysis of Voyager 2-era data. We will present work related to
our analysis of red material on the classical Uranian moons.

Author(s): Richard Cartwright , Joshua P. Emery , Noemí
Pinilla-Alonso
Institution(s): 1. Florida Space Institute, 2. University of
Tennessee

210.03 – Icy Saturnian Satellites: Using UV-Vis
data to study surface composition & surface
processing
The icy moons of Saturn (Mimas, Enceladus, Tethys, Dione,
Rhea) are known to exhibit subtle color variations across their
surfaces (e.g., Schenk et al., 2011) that appear to be representative
of exogenic processes at these moons, including plume fallout (at
Enceladus), E-ring grain bombardment and plasma
bombardment. It is known that organics are present in ~30% of E
ring grains (Postberg et al., 2008), and that interact with the
surfaces of the satellites orbiting Saturn within the E ring. The E
ring organics are likely plasma- and UV-irradiated while in the E
ring, and plasma bombardment on the trailing hemispheres of the
satellites is expected to further process these organic molecules
into longer-chain species that redden and darken the surfaces
(Hendrix et al., 2017). We utilize HST/STIS full-disk data to
investigate spectral differences across the moons to understand
large-scale spectral effects of organics, E ring bombardment and
plasma bombardment.

Author(s): Amanda R. Hendrix , Keith S. Noll , John R.
Spencer
Institution(s): 1. NASA Goddard Space Flight Center, 2.
Planetary Science Institute, 3. Southwest Research Institute

210.04 – Searching for activity on Dione using
Cassini CIRS data
No direct detection of activity on Dione has ever been made, but
there are many indications that such activity may exist. For
example Dione has regions of moderately cratered smooth
terrains, implying endogenic activity at some point in its history,
and extensive fracturing that may be more recent. Other evidence
also points to possible activity on Dione, such as: observations of
an atmosphere-like emission around the moon observed by
Cassini’s Visual Infrared Mapping Spectrometer (VIMS), possibly

caused by outgassing (Clark et al., 2008, Icarus 193, 372);
detection of plasma flow from Dione by Cassini’s Plasma
Spectrometer (CAPS), which indicates possible outgassing (Burch
et al., 2007, Nature 447, 883); an enhancement in the strength of
the ion-cyclotron waves in the magnetosphere, which could also
be due to ionized plasma from Dione (Khurana et al., 2007, AGU
Spring Meeting, Abstract #P43A-03). However, we note that no
direct evidence for plumes on Dione was discovered in analysis of
Cassini VIMS data (Buratti et al., 2011, Icarus 214, 534). 
 
Cassini’s Composite Infrared Spectrometer (CIRS) has taken over
30,000 resolved spectra of Dione since its arrival in the Saturnian
system in 2004. The work presented here is the first systematic
study of this vast data set to determine whether a thermal
signature of ongoing activity exists on Dione. In the event of a
detection we will fully characterize the endogenic emission, while
in the event of a non-detection upper-limits on Dione's activity
will be placed. At the time of writing no endogenic signature had
been detected on Dione, but the search continues! 

Author(s): Carly Howett , John R. Spencer , Anne
Verbiscer , Terry Hurford
Institution(s): 1. Goddard Space Flight Center, 2. Southwest
Research Institute, 3. University of Virginia
Contributing team(s): Cassini CIRS Team

210.05 – Organic Molecules On the Surfaces of
Iapetus and Phoebe
Absorption bands of both aliphatic and aromatic organic
molecules are found in the reflectance spectra of Saturn satellites
Iapetus, Phoebe, and Hyperion obtained with the Cassini Visible-
Infrared Mapping Spectrometer (VIMS) . The VIMS data do
not fully resolve the individual bands of C-H functional groups
specific to particular molecules, but instead show absorption
envelopes representing blended clusters of the bands of aromatic
(~3.28 μm) and aliphatic (~3.4 μm) hydrocarbons known in
spectra of interstellar dust . In Cruikshank et al. (2014), we
matched components of the unresolved hydrocarbon band
envelopes with clusters of bands of a range of functional groups in
specific types of organic compounds (e.g., normal and N-
substituted polycyclic aromatic hydrocarbons, olefins,
cycloalkanes, and molecules with lone-pair interactions of N and
O with CH ). In the work reported here, we revisit the spectra of
Iapetus and Phoebe using VIMS data processed with improved
radiometric and wavelength calibration (denoted RC19). The
band envelopes of both aromatic and aliphatic hydrocarbons are
now more clearly defined, corroborating the provisional
assignment of specific classes of molecules in Cruikshank et al.
2014, but permitting a more reliable quantitative assessment of
the relative contributions of those classes, and a revision to the
earlier estimate of the ratio of the abundances of aromatic to
aliphatic molecules. 
 
Clark et al. 2012 Icarus 218, 831; Dalle Ore et al. 2012 Icarus

221, 735; Cruikshank et al. 2014 Icarus 233, 306; Pendleton &
Allamandola 2002 Ap.J. Supp. 138, 75.

Author(s): Yvonne J. Pendleton , Cristina M. Dalle Ore ,
Roger Nelson Clark , Dale P. Cruikshank
Institution(s): 1. NASA Ames Research Center, 2. Planetary
Science Institute

210.06 – The Plasma Environment at Enceladus
and Europa Compared
The plasma environment near Enceladus is complex, as revealed
during 16 encounters of the Cassini spacecraft. The well
documented Enceladus plumes create a dusty, asymmetric
exosphere in which electrons can attach to small ice particles -
forming anions, and negatively charged nanograins and dust - to
the extent that cations can be the lightest charged particles
present and, as a result, the dominant current carriers. Several
instruments on the Cassini spacecraft are able to measure this
environment in both expected and unexpected ways. Cassini
Plasma Spectrometer (CAPS) is designed and calibrated to
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measure the thermal plasma ions and electrons and also
measures the energy/charge of charged nanograins when present.
Cassini Radio Plasma Wave Sensor (RPWS) measures electron
density as derived from the ‘upper hybrid frequency’ which is a
function of the total free electron density and magnetic field
strength and provides a vital ground truth measurement for
Cassini calibration when the density is sufficiently high for it to be
well measured. Cassini Langmuir Probe (LP) measures the
electron density and temperature via direct current measurement,
and both CAPS and LP can provide estimates for the spacecraft
potential which we compare. The plasma environment near
Europa is similarly complex and, although not so
comprehensively equipped and hampered by the non-deployment
of its high gain antenna, the Galileo spacecraft made similar

measurements during 9 Europa flybys and recent observations
have suggested that, like Enceladus, Europa might have active
plume activity. We present a detailed comparison of data from the
Cassini and Galileo sensors in order to assess the plasma
environment observed by the different instruments, discuss what
is consistent and otherwise, and the implications for the plasma
environment at Enceladus and Europa in the context of work to
date as well as implications for future studies.

Author(s): Abigail Rymer , Ann Persoon , Michiko
Morooka , Steven Heuer , Joseph H. Westlake
Institution(s): 1. IRF, 2. JHU-APL, 3. University of Iowa

211.01 – Global Scale Periodic Responses in
Saturn’s Magnetosphere
Despite having an axisymmetric internal magnetic field, Saturn’s
magnetosphere exhibits periodic modulations in a variety of
properties at periods close to the planetary rotation period. While
the source of the periodicity remains unidentified, it is evident
from Cassini observations that much of Saturn’s magnetospheric
structure and dynamics is dominated by global-scale responses to
the driving source of the periodicity. We have developed a global
MHD model in which a rotating field-aligned current system is
introduced by imposing vortical flows in the high-latitude
ionosphere in order to simulate the magnetospheric periodicities.
The model has been utilized to quantitatively characterize various
periodic responses in the magnetosphere, such as the
displacement of the magnetopause and bow shock and flapping of
the tail plasma sheet, all of which show quantitative agreement
with Cassini observations. One of our model predictions is
periodic release of plasmoids in the tail that occurs preferentially
in the midnight-to-dawn local time sector during each rotation
cycle. Here we present detailed analysis of the periodic responses
seen in our simulations focusing on the properties of plasmoids
predicted by the model, including their spatial distribution,
occurrence frequency, and mass loss rate. We will compare these
modeled parameters with published Cassini observations, and
discuss their implications for interpreting in-situ measurements.

Author(s): Xianzhe Jia , Margaret G. Kivelson
Institution(s): 1. UCLA, 2. University of Michigan

211.02 – Solar wind control of stratospheric
temperatures in Jupiter's auroral regions?
Auroral emissions are the process through which the interaction
of a planet’s atmosphere and its external magnetosphere can be
studied. Jupiter exhibits auroral emission at a multitude of
wavelengths including the X-ray, ultraviolet and near-infrared.
Enhanced emission of CH  and other stratospheric hydrocarbons
is also observed coincident with Jupiter’s shorter-wavelength
auroral emission (e.g. Caldwell et al., 1980, Icarus 44, 667-675,
Kostiuk et al., 1993, JGR 98, 18823). This indicates that auroral
processes modify the thermal structure and composition of the
auroral stratosphere. The exact mechanism responsible for this
auroral-related heating of the stratosphere has however
remained elusive (Sinclair et al., 2017a, Icarus 292, 182-207,
Sinclair et al., 2017b, GRL, 44, 5345-5354). We will present an
analysis of 7.8-μm images of Jupiter measured by COMICS
(Cooled Mid-Infrared Camera and Spectrograph, Kataza et al.,
2000, Proc. SPIE(4008), 1144-1152) on the Subaru telescope.
These images were acquired on January 11 , 12 , 13 , 14 ,
February 4, 5  and May 17 , 18 , 19  and 20  in 2017,
allowing the daily variability of Jupiter’s auroral-related
stratospheric heating to be tracked. Preliminary results suggest
lower stratospheric temperatures are directly forced by the solar
wind dynamical pressure. The southern auroral hotspot exhibited
a significant increase in brightness temperature over a 24-hour
period. Over the same time period, a solar wind propagation
model (Tao et al. 2005, JGR 110, A11208) predicts a strong
increase in the solar wind dynamical pressure at Jupiter.

Author(s): James Andrew Sinclair , Glenn Orton ,
Yasumasa Kasaba , Takao M. Sato , Chihiro Tao , J. Hunter
Waite , Thomas Cravens , Stephen Houston , Leigh Fletcher ,
Patrick Irwin , Thomas K. Greathouse
Institution(s): 1. Japanese Aerospace Exploration Agency, 2.
Jet Propulsion Laboratory/California Institute of Technology, 3.
National Institute of Information and Communications
Technology, 4. Southwest Research Institute, 5. Tohoku
University, 6. University of Kansas, 7. University of Leicester, 8.
University of Oxford

211.03 – A fresh look at Jupiter's synchrotron from
the Cassini RADAR flyby
The temporal variability is one of the big remaining questions in
synchrotron radiation. Most known processes affect the radiation
belts on time scales of month and years, whereas variations on
shorter time scales are still a subject of scientific debate. In this
light, the extreme depletion of energetic electrons as revealed by
the 2001 Cassini radio measurements during its flyby of Jupiter is
very surprising. The obtained estimate of the ultra-relativistic
electron number density is considerably lower when compared to
model calculations and similar observation. It has long been
suspected that the measurements suffered from large systematic
uncertainties. 
 
The uncertainties were reduced by recalibrating the raw data the
Cassini RADAR measurements based on an improved
understanding of the instrument after a decade of operation at
Titan. The uncertainties pertaining to spacecraft pointing and the
Jovian thermal radiation were solved for by applying a Markov-
Chain Monte-Carlo optimization to the full set of 20 Jupiter
scans. The synchrotron radiation was then recovered by
subtracting the thermal radiation extending from Jupiter’s upper
atmosphere, which comprises up to 97% of the total signal
strength in the Cassini frequency band. The excellent knowledge
of the instrument allows for constraining the disk-averaged
brightness temperature of 158.6K ± 2.4K and can be used to
improve the calibration of radio telescope such as the Very Large
Array. 
 
The new retrieval confirmed that systematic artifacts propagated
into the initial analysis. The synchrotron radio flux was revised
upwards to agree with model predictions of a depleted
magnetosphere. Radio maps indicated an enhancement at higher
latitudes of electrons, requiring processes to scatter particles to
higher latitudes. Comparison with other radio maps
demonstrated a positive correlation between the energy of the
electrons and the scattering they experienced. This behavior is
indicative of wave-particle interactions, which are known to be
acting in the terrestrial van-Allen belts but have not so far been
considered in the Jupiter models. 

Author(s): Chris Moeckel , Michael A. Janssen , Imke de
Pater
Institution(s): 1. Delft University of Technology , 2.
JPL/Caltech, 3. University of California, Berkeley
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212.01 – One last look from the dark side: Cassini's
final views of Saturn's rings from with the planet's
shadow
Around the start of Cassini's Grand Finale, the spacecraft passed
a dozen times through Saturn's shadow, enabling its cameras and
spectrometers to observe the ring system at extremely high phase
angles. These opportunities yielded the best combination of
signal-to-noise and resolution for many parts of Saturn's fainter
dusty rings, and allowed the main rings to be viewed from
previously inaccessible lighting geometries. We will highlight
some of the surprising features found in the data obtained by
Cassini's Imaging Science Subsystem (ISS) and Visual and
Infrared Mapping Spectrometer (VIMS) during these time
periods, and discuss what they might be able to tell us about the
structure and dynamics of Saturn's various ring systems. For
example, ISS captured global views of the entire ring system that
reveal previously unseen structures in dust-filled regions like the
D ring and the zone between Saturn's F and G rings, as well as
novel fine-scale structures in the core of the E ring near
Enceladus' orbit. These structures provide new insights into the
forces that sculpt these tenuous rings. ISS and VIMS also detected
an unexpected brightening and highly unusual spectra of the
main rings at extremely high phase angles. These data may
provide novel information about the distribution of small grains
and particles in these denser rings.

Author(s): Matthew M. Hedman , Joseph A. Burns , Philip
D. Nicholson , Matthew S. Tiscareno , Michael W. Evans , Emily
Baker
Institution(s): 1. Cornell University, 2. SETI Institute, 3. SSI, 4.
University of Idaho

212.02 – Using Saturn's Rings as a Diagnostic of its
Internal Dierential Rotation
This is the end; Cassini crashes into Saturn’s atmosphere,
providing unique data and results thanks to the last orbits.
Cassini have spent 13 years in orbit around Saturn, during this
period, scientists from the world have collected data from many
instruments and have learned a great deal about the planet itself,
its rings and satellites, and the connection between them. I will
present some of the results some dynamical structures on the
main rings of Saturn and their dynamical connection with the
interior of the planet.

Author(s): Maryame El Moutamid , Matthew M. Hedman ,
Philip D. Nicholson
Institution(s): 1. Cornell University, 2. University of Idaho

212.03 – VIMS Stellar Occultations and the
Particle-Size Distribution of Saturn's Rings
Occultations of rings have proven to be a useful way to measure
the particle-size distribution of the bodies making up the ring.
During stellar occultations of Saturn's rings observed by Cassini,
we have observed 'gap overshoots' or 'horns': places near a sharp
edge of the rings, such as the gaps of A Ring, where the
transmission of starlight appears to exceed unity. This excess
light is due to starlight forward-scattered from the nearby ring
into the detector. In this work, we model these `horns' in terms of
a truncated power law particle-size distribution. Due to the
geometry of the observations and the observation wavelength of
2.92 microns, chosen to minimize reflected ringshine, our
observations are sensitive to the distribution of ring particles
from the millimeter to decimeter range, which we model this
using a truncated power law size distribution. Using data from
2005 through 2017, we confirm results seen in other wavelength
regimes that show the steepening of the power-law index and
decrease in minimum particle size after the Encke Gap and out to
the edge fo the A Ring and use the Keeler Gap to further constrain
this trend.

Author(s): Rebecca A. Harbison , Philip D. Nicholson
Institution(s): 1. Cornell University, 2. University of Nebraska
at Lincoln

212.04 – Spectrophotometric study of Saturn's
main rings by means of Monte Carlo ray-tracing
and Hapke's theory
This work is devoted to the investigation of the
spectrophotometric properties of Saturn's rings from Cassini-
VIMS (Visible and Infrared Mapping Spectrometer) observations.
The dataset used for this analysis is represented by ten radial
spectrograms of the rings which have been derived in Filacchione
et al. (2014) by radial mosaics produced by VIMS. Spectrograms
report the measured radiance factor of the main Saturn's rings as
a function of both radial distance (from 73.500 to 141.375 km)
and wavelength (0.35-5.1 µm) for different observation
geometries (phase angle ranging in the 1.9°-132.2° interval). We
take advantage of a Monte Carlo ray-tracing routine to
characterize the photometric behavior of the rings at each
wavelength and derive the spectral Bond albedo of rings particles.
This quantity is used to infer the composition of the regolith
covering rings particles by applying Hapke's theory. Four
different regions, characterized by different optical depths, and
respectively located in the C ring, inner B ring, mid B ring and A
ring, have been investigated. Results from spectral modeling
indicate that rings spectrum can be described by water ice with
minimal inclusion of organic materials (tholin, < 1%) mixed with
variable amounts of a neutral absorber such as amorphous carbon
and amorphous silicates. The abundance of the neutral absorber
anti-correlates with the optical depth of the investigated regions,
being maximum in the thinnest C ring and minimum in the
thickest mid B ring. This distribution of the neutral absorber is
interpreted as the result of a contamination by exogenous
material, which is more effective in the less dense regions of the
rings because of their lower content of pure water ice.

Author(s): Mauro Ciarniello , Gianrico Filacchione ,
Emiliano D'Aversa , Jeffrey N. Cuzzi , Fabrizio Capaccioni ,
Matthew M. Hedman , Cristina M. Dalle Ore , Philip D.
Nicholson , Roger Nelson Clark , Robert H Brown , Priscilla
Cerroni , Linda Spilker
Institution(s): 1. Cornell University, 2. INAF-IAPS, 3. JPL, 4.
LPL, 5. NASA Ames Research Center, 6. PSI, 7. SETI institute, 8.
University of Idaho

212.05 – Ray-tracing temperatures of the Main
Rings of Saturn
The temperature of the main rings of Saturn is strongly
dependent upon the distribution and the general structure of the
ensembles of particles that compose them, mainly due to
shadowing effects that modulate how much energy reaches the
individual particles granted that the direct solar energy is the
main driver of the rings' temperature-. In this work we separate
the main rings (A, CD, B and C) in 13 different regions along the
radial direction and, based on the average properties of the
structure of these regions derived from the Cassini UVIS
observations, we simulate them using lambertian spherical
particles. These simulations are then used to derive their
shadowed/non-shadowed fractional areas as the solar elevation
angle varies and then their temperature variation with the same
angle. For this purpose we use a semi-analytical model where four
energy sources are considered (solar direct and Saturn reflected
energy, Saturn thermal energy and particles' thermal energies).
The synthetic temperature results are compared to the Cassini
measured temperatures (from -22 deg to equinox) with good
agreement.

Author(s): Alberto Flandes , Ángel García , Estelle Deau ,
Linda Spilker
Institution(s): 1. Instituto de Geofísica, Universidad Nacional
Autónoma de México, UNAM, 2. Jet Propulsion Laboratory

212.06 – Size of Self-Gravity Wakes from Cassini
UVIS Tracking Occultations and Ring
Transparency Statistics
We compare two methods for determining the size of self-gravity
wakes in Saturn’s rings. Analysis of gaps seen in UVIS
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occultations gives a power law distribution from 10-100m
(Rehnberg etal 2017). Excess variance from UVIS occultations
can be related to characteristic clump widths, a method which
extends the work of Showalter and Nicholson (1990) to more
arbitrary shadow distributions. In the middle A ring, we use
results from Colwell etal (2017) for the variance and results from
Jerousek etal (2016) for the relative size of gaps and wakes to
estimate the wake width consistent with the excess variance
observed there. Our method gives: 

W= sqrt (A) * E/T * (1+ S/W) 

Where A is the area observed by UVIS in an integration period, E
is the measured excess variance above Poisson statistics, T is the
mean transparency, and S and W are the separation and width of
self-gravity wakes in the granola bar model of Colwell etal (2006).
We find: 
W ~ 10m and infer the wavelength of the fastest growing
instability 
Lambda(TOOMRE) = S + W ~ 30m. 
This is consistent with the calculation of the Toomre wavelength
from the surface mass density of the A ring, and with the highest
resolution UVIS star occultations.

Author(s): Larry W Esposito , Morgan Rehnberg , Joshua
E. Colwell , Miodrag Sremcevic
Institution(s): 1. UCF, 2. University of Colorado

212.08 – A missing correction on the lags of
Prometheus and Pandora
Observational data collected in 1995 during the passage of the
Earth by the ring plane of Saturn indicated angular lags in the
predicted positions of Prometheus and Pandora. Using additional
data the lags were confirmed, with Prometheus being about −19
degrees of its estimated longitude and Pandora about 25 degrees.
A possible chaotic relationship caused due to a 121:118 mean
motion resonance between the two satellites is currently accepted
to explain those lags. In the present work, we use a table of the
lags of Prometheus and Pandora that have been measured along
the time to infer the correspondence of the gravitational
interaction between these two satellites. By the conservation of
the angular momentum, one should expect a constant value for
the ratio of the lags of the satellites. However, there is an increase
in this value over time, indicating that another non-mutual
mechanism may influence the orbit of the satellites. Here we
investigate what could cause this change in the lag ratio, for
instance, the periodic close encounters between Prometheus and
the F-ring.

Author(s): Thamiris De Santana , Othon Cabo Winter
Institution(s): 1. Sao Paulo State University

212.09 – Using four-body problems to explore
Aegaeon's orbital evolution
Saturn's moon Mimas holds Aegaeon and an arc of debris in a 7:6
corotation resonance. Compared with other similarly confined
moon-arc systems, Aegaeon is closer to exact resonance and
Aegaeon is a fraction of the total mass in its arc. We investigate
whether these two phenomena are linked and whether
interactions with other bodies drove Aegaeon's orbital evolution
towards the center of the corotation site. We analyze numerical
simulations with multiple bodies initially in the same corotation
site as Aegaeon. During interactions with other bodies, we
observe changes in values that are constants in the relevant three-
body problem that may provide evidence for this model of orbital
evolution in a corotation resonance.

Author(s): Joseph A'Hearn , Matthew M. Hedman
Institution(s): 1. University of Idaho

212.10 – What confines the rings of Saturn?
The viscous spreading of planetary rings is believed to be
counteracted by satellite torques, either through an individual
resonance or through overlapping resonances (when the satellite

is close to the ring edge). For the A ring of Saturn, it has been
commonly believed that the satellite Janus alone can prevent the
ring from spreading via its 7:6 Lindblad resonance. We discuss
this common misconception and show that, in reality, the A ring
is confined by the contributions from the group of satellites Pan,
Atlas, Prometheus, Pandora, Janus, Epimetheus, and Mimas,
whose resonances gradually decrease the angular momentum flux
transported outward through the ring via density and bending
waves. We further argue that this decrease in angular momentum
flux occurs through the mechanism of ‘flux reversal’. 
We find that the Janus 7:6 torque is relatively feeble, as is the
comparable torque of the nearby small satellite Atlas, each
amounting to less than one-tenth of the angular momentum
transport carried by the A ring. But the cumulative torques of the
many other satellite resonances in the A ring sufficiently reduce
the angular momentum flux through the rings so that the torques
due to Janus and Atlas are effective in confining the outer edge of
the ring. 
Furthermore, we use the magnitude of the satellites’ resonance
torques to estimate the effective viscosity profile across the A ring,
showing that it decreases from ~50 cm  s  at the inner edge to
less than ~11 cm  s  at the outer edge. The gradual estimated
decrease of the angular momentum flux and effective viscosity are
roughly consistent with results obtained by balancing the
shepherding torques from Pan and Daphnis with the viscous
torque at the edges of the Encke and Keeler gaps, as well as the
edge of the A ring. 
On the other hand, the Mimas 2:1 Lindblad resonance alone
seems to be capable of confining the edge of the B ring, and
contrary to the situation in the A ring, we show that the effective
viscosity across the B ring is relatively constant at ~24-30 cm  s
.

Author(s): Radwan Tajeddine , Philip D. Nicholson ,
Maryame El Moutamid , Pierre-Yves Longaretti , Joseph A.
Burns
Institution(s): 1. Cornell University, 2. Université de Grenoble
Alpes (UGA)

212.11 – Preliminary Results from the Cassini
RADAR Ring Observations
In its last year of operation, the Cassini spacecraft executed a
series of short highly inclined orbits that brought it close to
Saturn’s rings. The Cassini RADAR instrument collected active
and passive data of the rings in five separate observations. These
observations provided a unique opportunity to obtain backscatter
measurements and relatively high-resolution brightness
temperature measurements from the rings. Such measurements
were never before possible from the spacecraft or the Earth due to
high range. Preliminary examination of the active data shows
major ring structural features such as the Cassini Division, the
Encke Gap, and the Keeler Gap. This presentation will show
preliminary processing results from the radar rings scans and
discuss the calibration and processing issues. These ring scan
measurements provide a 1-D profile of backscatter obtained at 2.2
cm wavelength that complements similar passive profiles
obtained at optical, infrared, and microwave wavelengths. Such
measurements can further constrain and inform models of the
ring particle composition and structure, and the local vertical
structure of the rings. This work is supported by the NASA
Cassini Program at JPL - CalTech.

Author(s): Richard D. West , Michael A. Janssen , Zhimeng
Zhang , Jeffrey N. Cuzzi , Yanhua Anderson , Gary Hamilton ,
Charles Elachi
Institution(s): 1. Jet Propulsion Laboratory, 2. NASA Ames
Research Center
Contributing team(s): Cassini RADAR Science Team
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213 – Titan
213.01 – C/ C and N/ N isotopic ratios in
HCN in the middle atmosphere of Titan from
Cassini/CIRS data
Our study aims at constraining the C/ C and N/ N isotopic
ratios in HCN, the most abundant nitrile in Titan’s atmosphere,
which can provide information on physical and chemical process
occurring during the formation and/or destruction of this
molecule. 

Over the last decade, several estimations of the C/ C and
N/ N isotopic ratios in HCN were performed from ground-

based, Herschel and Cassini observations (Bézard et al,2014). The
N/ N ratio lies in the range 56-76, which corresponds to half

of the N/ N ratio in N  (major N-bearing molecule in Titan’s
atmosphere). This nitrogen isotopic fractionation mostly
originates from the photodissociation of N  (Liang et al, 2007).
The C/ C ratio lies in the range 75-108, in agreement with the

C/ C ratio in CH  (major C-bearing molecule). Recent disk-
averaged ALMA observations indicate C/ C and N/ N
ratios equal to ∼90 and ∼72, respectively (Molter et al, 2016). 

Vinatier et al (2007) derived N/ N and C/ C ratios in two
different regions (equator and north pole) from Cassini/CIRS
(Composite InfraRed Spectrometer) observations at the
beginning of the Cassini mission. N/ N was similar for both
latitudes while the C/ C ratio displayed a possible
enhancement at the equator. 

We present here a new study of the C/ C and N/ N
isotopic ratios in HCN from CIRS. We analyzed limb observations
(0.5 cm  resolution) from northern winter to early spring at
poles, mid-latitudes and equator in order to investigate potential
spatial and seasonal changes of these isotopic ratios in Titan’s
middle atmosphere. These preliminary results will be presented
and compared with previous observations. 

References: 
Bézard et al., Cambrigde University Press, 2014 
Liang et al., The Astrophysical Jounral Letters, 2007 
Molter et al., The Astronomical Journal, 2016 
Vinatier et al., Icarus, 2007

Author(s): Christophe Mathé , Sandrine Vinatier , Bruno
Bézard , Conor A. Nixon
Institution(s): 1. LESIA-Observatoire de Paris, 2. Planetary
Systems Laboratory, NASA-GSFC

213.02 – Chemical evolution of Titan’s aerosol
analogues under VUV irradiation
Since the Cassini-CAPS measurements, organic aerosols are
known to be present and formed at high altitudes in the diluted
and partially ionized medium that is Titan’s ionosphere [1]. 
After production in the ionosphere, Titan’s aerosols evolve
through microphysics during their sedimentation down to Titan’s
surface [2]. Starting with a few nanomers size in the upper
atmosphere, they reach a fractal structure of a few hundreds
nanometers close to the surface [3]. During sedimentation,
aerosols are also submitted to solar irradiation. As laboratory
analogs of Titan’s atmospheric aerosols (tholins) show a strong
UV absorption [4], we suspect that VUV irradiation could also
induce a chemical evolution of Titan’s aerosols during their
descent in Titan’s atmosphere. 

The aim of this work ist to simulate the irradiation process
occuring on the aerosols in Titan’s atmosphere and to address
whether this irradiation impacts the chemical composition of the
organic solids. First aerosol analogues were produced in a N -
CH  plasma discharge as thin organic films of a few hundreds of
nanometers thick [5]. Then those were irradiated at Lyman-α
wavelength, the strongest VUV line in the solar spectrum, with a
high photon flux on a synchrotron VUV beamline. We will present

and discuss the significant chemical evolutions observed on the
analogues after VUV irradiation by mid-IR absorption
spectroscopy. 
 
[1] Waite et al. (2009) Science , 316, p. 870 
[2] Lavvas et al. (2011) Astrophysical Journal, 728:80 
[3] Tomasko et al. (2008) Planetary and Space Science, 56, p. 669 
[4] Mahjoub et al. (2012) Icarus 221, P. 670 
[5] Carrasco et al. (2016) Planetary and Space Science, 128, p. 52 

Author(s): Nathalie Carrasco , Lisseth Gavilan , Sarah
Tigrine , Ludovic Vettier , Laurent Nahon , Pascal Pernot
Institution(s): 1. SOLEIL, 2. University of Paris Sud, 3.
University of Versailles Saint Quentin

213.03 – Photoreactivity of condensed species in
Titan lower atmosphere
Photochemical processes initiated in the thermosphere of Titan at
about 1000 km by the dissociation and the ionization of N  and
CH  by the VUV solar photons  lead to the formation of a
number of hydrocarbons and nitriles species. Some of these
species can condense in the troposphere and the lower
stratosphere of Titan (<100 km)  according to the lower
temperatures measured by the HASI instrument onboard the
Huygens probe . If the most energetic solar photons are
absorbed at higher altitude, longer wavelengths photons (λ > 300
nm) can reach these lower atmospheric layers , ongoing
possible further solid-state chemistry as demonstrated
experimentally . We will present here an experimental study
simulating the reactivity of ices in the atmosphere of Titan and
will discuss the photoreactivity occurring in the lower
atmospheric layers of Titan despite the absorption of the most
energetic photons. 
Acknowledgments 
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Author(s): Benjamin Fleury , Murthy Gudipati , Isabelle
Couturier-Tamburelli , Nathalie Carrasco
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Technology, 3. LATMOS, Universite Versailles St Quentin, UPMC
Universite Paris 06, CNRS

213.04 – Isotopic composition of trace molecules in
the atmosphere of Titan
High precision measurements of the isotopic composition of H, C,
N and O in several molecules in the atmosphere of Titan have
recently been obtained by the Cassini-Huygens spacecraft,
Submillimeter Array (SMA), and Atacama Large Millimeter Array
(ALMA). We developed a one-dimensional photochemistry-
transport model for methane, ethane, water, nitrogen and their
isomers and isotopologues. Our model identifies several
important physical, photolytic, and chemical processes that
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control the isotopic fractionation of these species in Titan's
atmosphere. The model can reproduce most of the recent
observations. Implications of our current model for
understanding the dynamical transport in the upper atmosphere
and chemical evolution of the atmosphere are discussed.

Author(s): Mao-Chang Liang , Siteng Fan , Yuk Yung
Institution(s): 1. Academia Sinica, 2. Caltech

213.05 – Seasonal evolution of Titan’s stratosphere
near the poles from Cassini/CIRS data
We report on the monitoring of the seasonal evolution near
Titan’s poles. Since 2010, we observe at Titan’s south pole a
strong temperature decrease and the onset of a dramatic
enhancement of several trace species such as complex
hydrocarbons and nitriles (HC3N and C6H6 in particular)
previously observed only at high northern latitudes (Coustenis et
al. 2016 and references therein). This is due to the transition of
Titan’s seasons from northern winter in 2002 to northern
summer in 2017 and, at the same time, the advent of winter in the
south pole, during which time species with longer chemical
lifetimes remain in the north for a little longer undergoing slow
photochemical destruction, while those with shorter lifetimes
disappear, reappearing in the south. An opposite effect has been
expected in the North, but not observed with any significant
certainty until 2016. We present here an analysis of nadir spectra
acquired by Cassini/CIRS (Jennings et al., 2017) at high
resolution in the past years and describe the newly observed
decrease in chemical abundances of the components in the North.
From 2013 until 2016, the Northern polar region has shown a
temperature increase of 10 K, while the South had shown a more
significant decrease in a similar period of time. The chemical
content in the North is finally showing a clear depletion for most
molecules since 2015 (Coustenis et al., 2017). 

References: Coustenis et al., 2016, Icarus 270, 409-420 ;
Coustenis et al., 2017, in preparation; Jennings et al., 2017,
Applied Optics 56, no 18, 5274-5294.

Author(s): Athena Coustenis , Donald E. Jennings , Richard
K. Achterberg , Georgios Bampasidis , Valeria Cottini , Conor A.
Nixon , F. Michael Flasar
Institution(s): 1. Faculty of Physics, National and
Kapodistrian University of Athens, Panepistimioupolis, 2.
Laboratoire d’Etudes Spatiales et d’Instrumentation en
Astrophysique (LESIA), Observatoire de Paris, CNRS, UPMC
Univ. Paris 06, Univ. Paris-Diderot, 5, place Jules Janssen, , 3.
NASA Goddard Space Flight Center

213.06 – Influences of the Absorption and
Scattering of Haze Particles on the Molecular
Emissions of Titan 
Extensive observations of the hazy atmosphere of Titan with the
Visual Infrared Mapping Spectrometer (VIMS) on Cassini
spacecraft since 2004 produced infrared spectra showing
distinctive spectral features of molecular emissions as well as
absorptions with haze continua. In order to properly calculate the
excitations and deexcitations of atmospheric molecules in the
hazy atmosphere, we present a formulation of radiative transfer
equations, which include the scatterings and absorptions of haze
particles as well as molecular emissions and absorptions. We
constructed synthetic spectra of HCN, for example, using the
radiative transfer equations and compared the resultant spectra
with HCN emission spectra from Keck II/NIRSPEC and
Cassini/VIMS observations available in literature. We present a
discussion about the quantitative influences of haze opacities on
the mixing ratios of HCN in the atmosphere of Titan. 

Author(s): Sang J. Kim
Institution(s): 1. Kyunghee Univ.

213.07 – A Comparative Analysis of Sediment
Transport and Deposition Trends of the Sand Seas of
Titan and the Namib

Despite different atmospheric and grain compositional
differences, the similarity in the shape, size and spatial trends of
linear dunes of the Belet Sand Sea of Titan and the Namib Sand
Sea suggest that comparisons of dune parameters between them
will yield a better understanding of dune forming processes.
Titan’s main dune fields occupy the lowest elevation areas in the
equatorial regions, with the exception of the lower Xanadu. New
analyses of dune widths in the Belet Sand Sea support the
correlation between dune width and latitude. Furthermore, dunes
with larger widths and spacings are concentrated towards Belet’s
center. This may suggest that the elevation in the topographic
basin constrains dune size, or instead, that proximity to the sand
sea margin influences dune size. There are larger dune-to-
interdune ratios at lower elevations across Titan. This could be a
result of lower wind velocities which would cause greater
sediment accumulation as opposed to bypassing. In the Namib,
new analyses of dune width and spacing suggest elevation exerts
little to no control on general dune morphology. However, there
is an increase in the variability of dune spacing as elevation
increases. Our results corroborate previous studies indicating a
concentration of larger linear dunes in the center of the Namib
Sand Sea. This may suggest influence by variables other than
elevation, such as proximity to the dune field margin or varying
sand supply and wind parameters across the dune field. It’s
possible that sediment supply and wind are more consistent on
Titan’s surface than on Earth because we observe a predominance
of linear dunes on Titan. Further analyses of dune parameters in
relation to these controls, and the further delineation of these
variables, will allow for a better understanding of sediment
transport and deposition patterns in sand seas on Earth and
Titan.

Author(s): Corbin Lewis , Bradley Bishop , Jani Radebaugh ,
Eric Christiansen
Institution(s): 1. Brigham Young University

213.08 – Constraints on the frequency distribution
of small lakes and ponds on Titan
In many ways, Titan’s polar regions (particularly the north-polar
region) resemble a terrestrial wetlands environment, albeit with
markedly different materials: a methane-ethane-nitrogen
dominated liquid modifying a water-ice and solid hydrocarbon
landscape. Portions of the landscape appears dissected by
channels, resulting in erosional and depositional features, and the
region is dotted with both smaller lakes and larger seas. Despite
these similarities, however, notable deviations from terrestrial
familiarity provide clues to the formation and evolution of Titan’s
landscape. Of note to this study is the size-frequency distribution
of Titan’s lakes, which does not appear to follow a power-law
distribution like terrestrial lakes. This may indicate a size
dependence to the origin or evolution of Titan’s lakes that is
dissimilar to terrestrial lakes (see Hayes et al. 2016, Annu. Rev.
Earth Planet. Sci., and references therein). This conclusion,
however, is drawn from Cassini Synthetic Aperture Radar (SAR),
the Visual and Infrared Mapping Spectrometer (VIMS) and
Imaging Science Subsystem (ISS) images, which cannot resolve
lakes smaller than ~1 km^2. 
 
Sunglints from Titan’s lakes afford a method to constrain the
distribution of lakes and ponds at much smaller scales. We use
VIMS 5-micron observations of Titan’s north polar region that
were acquired under specular geometries to constrain the
distribution of ponds as small as 10s of meters in diameter. We
use these results to extend the analysis of the size-frequency
distribution of Titan’s lakes to those two orders of magnitude
smaller in area, and discuss the implications these results have
for the formation of lacustrine basins in Titan’s polar landscapes.

Author(s): Jason M. Soderblom , Alexander Hayes
Institution(s): 1. Cornell University, 2. Massachusetts Institute
of Technology

213.09 – A bright intra-dune feature on Titan and
its implications for sand formation and transport
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Organic sands cover much of Titan’s equatorial belt, gathered into
longitudinal dunes about a kilometer wide and hundreds of
kilometers long. At the end of the Cassini era, questions of how
such a vast volume of saltable material is or was created on Titan
remain unanswered. At least two possible mechanisms suggested
for forming sand-sized particles involve liquids: (1) evaporite
deposition and erosion and (2) flocculation of material within a
lake. Transporting sand from the lakes and seas of Titan’s poles to
the equatorial belt is not strongly supported by Cassini
observations: the equatorial belt sits higher than the poles and no
sheets or corridors of travelling sand have been identified. Thus,
previous sites of equatorial surface liquids may be of interest for
understanding sand formation, such as the suggested paleoseas
Tui and Hotei Regio. A newly identified feature in the VIMS data
sits within the Fensal dune field but is distinct from the
surrounding sand. We investigate this Bright Fensal Feature
(BFF) using data from Cassini VIMS and RADAR. Specifically, we
find spectral similarities between the BFF and both sand and
Hotei Regio. The RADAR cross sectional backscatter is similar to
neighboring dark areas, perhaps sand covered interdunes. We use
this evidence to constrain the BFF’s formation history and discuss
how this intra-dune feature may contribute to the processes of
sand transport and supply.

Author(s): Shannon MacKenzie , Jason W. Barnes ,
Sebastien Rodriguez , Thomas Cornet , Jeremy Brossier , Jason
M. Soderblom , Stephane Le Mouélic , Christophe Sotin ,
Robert H Brown , Bonnie J. Buratti , Roger Nelson Clark ,
Philip D. Nicholson , Kevin Baines
Institution(s): 1. Cornell University, 2. Institut de Physique du
Globe de Paris (IPGP) Université Paris Diderot, 3. Institute of
Planetary Research, German Aerospace Center (DLR), 4. Jet
Propulsion Laboratory, California Institute of Technology,, 5.
Laboratoire Astrophysique, Instrumentation et Modélisation
(AIM), CNRS-UMR 7158, 10 Université Paris-Diderot,, 6. Lunar
and Planetary Lab, University of Arizona, 7. Massachusetts
Institute of Technology, 8. Planetary Science Institute, 9.
Universite de Nantes, 10. University of Idaho

213.10 – A karstic origin for the north polar lakes
reveals a soluble Titan
We quantitatively test the karst hypothesis for the formation of
Titan's lakes by comparing their morphometry to that of
terrestrial karst lakes. 
Titan is the only place in our solar system other than the Earth
known to harbor stable surface liquids. While much has been
studied and predicted about the liquid composition and
distribution, the origin of the lake basins remains unknown. We
use spatial regularity derived from the morphology of these lakes
to test the hypothesis that they could be karstic in origin. Earth’s
karstic lakes are closed depressions that form when the bedrock is
dissolved. Karstic depressions have several distinct features, such
as their elongation index and their diameter distributions. These
are lognormal, a relationship that holds under the assumption
that these lakes originated and evolved over a comparatively short
period of time. Furthermore, the spread in sizes of depressions is
small, indicating tightly constrained formation processes. In our
study, we use statistics to ascertain whether Titan’s lakes follow
similar karstic geomorphometric patterns. Cassini RADAR and
ISS observations of Titan’s north pole show that the equivalent
radii of 224 lakes indeed follow a lognormal distribution just like
Earth’s karstic lakes, thus suggesting Earth-like processes may be
forming Titan’s lakes.

Author(s): Rajani Dhingra , Jason W. Barnes , Jani
Radebaugh , Matthew M. Hedman
Institution(s): 1. Brigham Young University, 2. University of
Idaho

213.11 – Principal Component Analysis of Titan’s
surface composition at Middle Latitudes 
We present an investigation of Titan’s surface spectra order to
determine the composition of Titan’s surface on a global scale and
to identify and map the surfaces where water ice “bedrock” is
exposed, despite the ongoing sedimentation of organic material
from the atmosphere. This work follows the method established
by an analysis of Titan’s tropical surface from 30S to 30 N
latitudes (Griffith et al. 2017, submitted for publication).
Similarly, we conduct a Principal Components Analysis (PCA) of
the 4 wavelengths that most clearly view Titan’s surface (1.1, 1.3,
1.6, and 2.0 μm). However, here we investigate target Titan’s
middle latitudes extending to 60S to 60 N. In contrast to previous
analyses, which yield consistent results, this study identifies and
deconstructs the major spectral components of the surface on a
global scale, without prior assumptions regarding the surface
composition and atmospheric scattering and absorption, as
assumed from radiative transfer analyses. In addition, this
approach by virtue of sampling the correlations among the 4096
spectra that make up a VIMS cube can identify subtle spectral
features that would not be apparent in a single spectrum. 
 
The PCA analysis is conducted on over 100,000 VIMS spectra to
determine the spectral trends that define the greatest spectral
variance (the principal component) as well as successively lesser
orthogonal correlations between the I/F values at each
wavelength. The orthogonal spectral trends are derived by
calculating the eigenvalues and eigenvectors of the covariance
matrix, defined by the I/F values at the 4 window wavelengths of
each cube and their deviations from their mean values. 
 
This presentation will discuss the PCA analysis and compare our
derived compositional maps of Titan’s surface with Radar maps of
the topography and morphology, to entertain questions regarding
the geology of Titan’s surface the age of its atmosphere. 

Author(s): Caitlin Ann Griffith , Paulo F. Penteado ,
Catherine Neish , Rosaly M.C Lopes
Institution(s): 1. JPL, 2. University of Arizona, 3. University of
Western Ontario

213.12 – Dynamics of Atmospheric Waves In a Hazy
Atmosphere: Implications for Titan and Pluto
We present a dynamical model of atmospheric gravity waves
propagating in a stable atmosphere in the presence of small-size
particulates. We consider a two-way interaction: (i) the effect of
atmospheric mass-loading on the propagation of the waves and
(ii) the dynamical forcing of the haze particle motion in the
presence of variable atmospheric winds. The model illustrates the
effect on the vertical distribution of haze particles due to wave-
induces vertical winds and wind gradients. The results are
presented in the context of Titan’s atmosphere and Cassini
observations.

Author(s): Katia Matcheva
Institution(s): 1. University of Florida

214.01 – Spatial Distribution of the Forbidden 1.707
mm Rovibronic Emission on Io 
Io’s forbidden SO 1.707 mm rovibronic transition was discovered
in 1999 when the satellite was observed with the NIRSPEC
spectrometer on the Keck telescope while in eclipse [1]. The
emission, at the time indicative of a rotational temperature of
1000 K, was attributed to SO molecules in the excited a D state,
ejected as such from the vent at a thermodynamic quenching
temperature of ~1500 K. We suggested Loki as its source, a

volcano that was exceptionally active during this period. In
subsequent years we found that the disk-averaged SO emission
varies substantially over time [2]. In November 2002 we observed
Io in eclipse with Keck’s NIRSPEC coupled to the Adaptive Optics
(AO) system, and identified a latitudinal variation in SO: most
emission came from the equator and the south, and practically no
emission was detected in the north [3]. 
 
To further investigate the nature of the SO emission, we observed
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Io in eclipse with the near-infrared integral field spectrograph
OSIRIS, coupled to the AO system, on the Keck II telescope on UT
27 July 2010 and 25 December 2015. On the latter date we
observed simultaneously with the NIRSPEC spectrometer at a
high spectral resolution (R ~ 25,000). On these dates Callisto and
Ganymede, resp., were close enough to be used for wavefront
sensing. The angular resolution of our images is ~0.1”, or ~10
resolution elements across Io’s disk. The emission is extended;
preliminary results show that in 2010 most of the emission
originated in the north, and in 2015 it appeared to be more
confined to the equatorial region. Potential connections to active
volcanoes, or absence thereof, and model fits to the emission
bands including LTE vs non-LTE contributions will be discussed. 

[1]: de Pater, I., et al., 2002. Icarus, 156, 296-301. 
[2]: Laver, C., et al. 2007. Icarus, 189, 401-408. 
[3]: de Pater, I. et al., 2007. Icarus, 191, 172-182. 

Author(s): Imke de Pater , Katherine de Kleer , Mate
Adamkovics
Institution(s): 1. Caltech, 2. UC, Berkeley

214.02 – Testing Planetary Volcanism Models with
Multi-Wavelength Near Infrared Observations of
Kilauea Flows and Fountains
Using remote sensing of planetary volcanism on objects such as
Io to determine eruption conditions is challenging because the
emitting region is typically not resolved and because exposed lava
cools so quickly. A model of the cooling rate and eruption
mechanism is typically used to predict the amount of surface area
at different temperatures, then that areal distribution is
convolved with a Planck blackbody emission curve, and the
predicted spectra is compared with observation. Often the broad
nature of the Planck curve makes interpretation non-unique.
However different eruption mechanisms (for example cooling fire
fountain droplets vs. cooling flows) have very different area vs.
temperature distributions which can often be characterized by
simple power laws. Furthermore different composition magmas
have significantly different upper limit cutoff temperatures. In
order to test these models in August 2016 and May 2017 we
obtained spatially resolved observations of spreading Kilauea
pahoehoe flows and fire fountains using a three-wavelength near-
infrared prototype camera system. We have measured the area vs.
temperature distribution for the flows and find that over a
relatively broad temperature range the distribution does follow a
power law matching the theoretical predictions. As one
approaches the solidus temperature the observed area drops
below the simple model predictions by an amount that seems to
vary inversely with the vigor of the spreading rate. At these
highest temperatures the simple models are probably inadequate.
It appears necessary to model the visco-elastic stretching of the
very thin crust which covers even the most recently formed
surfaces. That deviation between observations and the simple
models may be particularly important when using such remote
sensing observations to determine magma eruption temperatures.

Author(s): Robert R. Howell , Jani Radebaugh , Rosaly M.C
Lopes , Laura Kerber , Anezina Solomonidou , Bryn Watkins
Institution(s): 1. Brigham Young University, 2. California
Institute of Technology, 3. Jet Propulsion Laboratory, California
Institute of Technology, 4. Univ. of Wyoming

214.04 – Numerical Models of Europan Ocean
Dynamics: Sensitivity to Fluid Properties
Europa possesses a global liquid water ocean overlain by an ice
shell that mediates heat flux from the deeper interior. Since no
direct measurements of ocean dynamics and chemistry are
presently available, yet are crucial for assessing the satellite's
potential habitability, oceanographic processes must be inferred
from other observations and/or through numerical and
laboratory experiments. We use numerical thermal convection
simulations to test the sensitivity of global ocean dynamics to
uncertainties in fluid properties that depend on the poorly

constrained ocean salinity as parameterized by the Prandtl
number, Pr. This dimensionless ratio of viscous to thermal
diffusivities is expected to be Pr~7 for pure water and Pr~14 for
seawater with a salinity that is slightly higher than that of the
terrestrial ocean. In contrast, Pr~1 may be appropriate when
(turbulent) eddy diffusivity estimates are employed. Given this
range of possible values, we determine how the ocean currents,
heat transport, and ice-ocean coupling vary as a function of
Prandtl number and assess whether their behaviors may be used
to help constrain Europa’s ocean salinity.

Author(s): Krista M. Soderlund , Britney E Schmidt , Don
Blankenship
Institution(s): 1. Georgia Institute of Technology, 2. University
of Texas Institute for Geophysics

214.05 – Permeability and Hydration State of
Europa’s Rocky Interior
We will present radial structure and composition models for
Europa that include self-consistent thermodynamics of all
materials, developed using the PlanetProfile software. We will
focus on the potential hydration states and porosity of Europa’s
rocky interior. Scaling of porosity and permeability to conditions
in Earth’s upper mantle suggest the upper 10 km or more of
Europa’s crust is permeable. We will compare these results to the
similar predictions of thermal fracturing models previously
applied to Europa and other icy ocean worlds. If Europa retained
much of its formation heat, the lower part of its rocky mantle
should be anhydrous, with solid state convection aiding in the
cooling and hydration of the lower layer. Hydration of the upper
layer implies lower bulk and shear moduli than typically
considered, and thus more heat from tidal dissipation. We will
examine the implications for producing hydrogen and other
reductants from water-rock alteration and radiolysis of water.

Author(s): Steven Vance , Christopher R. Glein , Alexis
Bouquet , William B. McKinnon , Fabio Cammarano
Institution(s): 1. Jet Propulsion Laboratory, Caltech, 2.
Southwest Research Institute, 3. Universita Roma Tre, 4.
Washington University

214.06 – Ganymede’s stratigraphy and crater
distributions in Voyager and Galileo SSI images:
results from the anti-jovian hemisphere
Crater size distributions are a valuable tool in planetary
stratigraphy to derive the sequence of geologic events. In this
study, we extend our previous work [1] in Ganymede’s sub-jovian
hemisphere to the anti-jovian hemisphere. For geologic mapping,
the map by [2] is used as a reference. Our study provides
groundwork for the upcoming imaging by the JANUS camera
aboard ESA’s JUICE mission [3]. Voyager-2 images are
reprocessed using a map scale of 700 m/pxl achieved for parts of
the anti-jovian hemisphere. To obtain relative ages from crater
frequencies, we apply an updated crater scaling law for cratering
into icy targets in order to derive a crater production function for
Ganymede [1]. Also, we adopt the Poisson timing analysis method
discussed and implemented recently [4] to obtain relative (and
absolute model) ages. Results are compared to those from the
sub-jovian hemisphere [1] as well as to support and/or refine the
global stratigraphic system by [2]. Further emphasis is placed on
local target areas in the anti-jovian hemisphere imaged by Galileo
SSI at regional map scales of 100 to 300 m/pxl in order to study
local geologic effects and processes. These areas incorporate (1)
dark and (2) light tectonized materials, and (3) impact crater
materials including an area with numerous secondaries from ray
crater Osiris. References: [1] Wagner R. et al. (2014), DPS
meeting #46, abstract 418.09. [2] Collins G. et al. (2013), U.S.G.S.
Sci. Inv. Map 3237. [3] Della Corte V. et al. (2014), Proc. SPIE
9143, doi:10.1117/12.2056353. [4] Michael G. et al. (2016), Icarus
277, 279-285.
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Author(s): Roland Josef Wagner , Nico Schmedemann ,
Katrin Stephan , Stephanie Werner , Boris A Ivanov , Thomas
Roatsch , Ralf Jaumann , Pasquale Palumbo
Institution(s): 1. CEED, Univ. of Oslo, 2. DLR, Institute of
Planetary Research, 3. Inst. for Dynamics of Geospheres, 4. Inst.
of Geosciences, FU Berlin, 5. Univ. degli Studi di Napoli

214.07 – Ice particle size variations and possible
non-ice materials on Ganymede's and Callisto's
surface
Band depth ratios (BDRs) of the major H O-ice absorptions in
the spectra of the Jovian satellites Ganymede and Callisto
acquired by the Galileo-NIMS spectrometer have been found to
be mainly unaffected by the abundance of the dark non-ice
material and therefore provide semi-quantitative indicators of
variations in the H O-ice particle sizes across their surfaces.
Intriguingly, H O-ice particle sizes vary continuously with
geographic latitude on both satellites. Ice particles on Callisto
appear slightly larger at low and mid latitude than observed on
Ganymede, whereas the BDR values converge toward the poles
indicating similarly small ice particle sizes. This smooth
latitudinal trend on both satellites may be related to the surface
temperatures and possible thermal migration of water vapor to
higher latitudes and grain welding at lower latitudes. It is not
expected that the observed relationship between the BDRs and
H O-ice particle sizes occurs for mixtures with every non-ice
material expected to exist on planetary surfaces. Therefore, ice
mixtures with a variety of considered non-ice materials such as
carbon-rich materials, phyllosilicates and salts have been
calculated and the validity of the relationship tested depending on
different H O-ice abundances and particle sizes. The relationship
seems to be valid for most materials if the amount of the non-ice
material in the mixture does not exceed 10 percent. Best results
across the full range of percentage could be achieved for carbon-
rich material and hydroxylated phyllosilicates, which are expected
to be the major constituent of carbonaceous chondrites. In
contrast, significant amounts of hydrated material, as identified
on Europa, significantly changes the BDRs and could not fully
explain the global trend.

Author(s): Katrin Stephan , Harald Hoffmann , Charles A.
Hibbitts , Roland Wagner , Ralf Jaumann
Institution(s): 1. APL, 2. German Aerospace Center

214.08 – Modelling Stresses on Icy Satellites:
Upgrading SatStressGUI
SatStressGUI is a program that calculates surface
stresses resulting from candidate stress sources,
specifically: diurnal tidal forces, nonsynchronous
rotation, ice shell thickening, obliquity, and orbital
migration on icy and rocky satellites. SatStressGUI is
designed to enable quick calculations and easy to create
stress field visuals. Here we report on recent upgrades
to SatStressGUI; specifically, enabling it to calculate
stresses resulting from obliquity driven stressing in a
viscoelastic regime. We define obliquity as the tilt of the
satellite’s equatorial plane relative to the orbital plane.
Obliquity driven stresses cause asymmetric stress fields
about the equator. The resulting asymmetries can affect
the orientation of the principal stresses and thereby
result in the arcuate (as opposed to boxy) cycloid
patterns seen in some icy satellites and allow for
fractures to propagate across the equator. In the past,
SatStressGUI had the ability to calculate obliquity
stresses only for an elastic body; however, icy satellites
are better described as viscoelastic bodies. As a result of
our recent upgrades; these stress fields, which can
result in the formation of surface features such as the
lineaments and cycloids found on Europa, can now be
more accurately simulated. We used an obliquity model
that follows the calculations the calculations of Hermes
et al. (Icarus, 215, 417–438, 2011), which takes a closer
look at the effects of a non-zero obliquity in a
viscoelastic regime. By the calculations of Hermes et al.

(Icarus, 215, 417–438, 2011), accounting for viscoelastic
behavior of ice could result in a westward shift of the
entire stress field. By permitting simulation of surface
features from various tidal stresses and comparison
them to observations, SatStressGUI can help us gain
insight into icy bodies’ deformation history: a history
which can better informing our predictions about the
interiors and geological histories of satellites such as
Europa.

Author(s): Chad Harper , Robert T. Pappalardo , Alex
Patthoff , Nhu Doan
Institution(s): 1. Columbia University, 2. Grinnell College, 3.
Jet Propulsion Laboratory, California Institute of technology , 4.
Planetary Science Institute

214.09 – The Planned Europa Clipper Mission:
Exploring Europa to Investigate its Habitability
A key driver of planetary exploration is to understand the
processes that lead to habitability across the solar system. In this
context, the science goal of the planned Europa Clipper mission
is: Explore Europa to investigate its habitability. Following from
this goal are three Mission Objectives: 1) Characterize the ice shell
and any subsurface water, including their heterogeneity, ocean
properties, and the nature of surface-ice-ocean exchange; 2)
Understand the habitability of Europa's ocean through
composition and chemistry; and 3) Understand the formation of
surface features, including sites of recent or current activity, and
characterize localities of high science interest. Folded into these
three objectives is the desire to search for and characterize any
current activity. 
 
To address the Europa science objectives, a highly capable and
synergistic suite of nine instruments comprise the mission's
scientific payload. This payload includes five remote-sensing
instruments that observe the wavelength range from ultraviolet
through radar, specifically: Europa UltraViolet Spectrograph
(Europa-UVS), Europa Imaging System (EIS), Mapping
Imaging Spectrometer for Europa (MISE), Europa THErMal
Imaging System (E-THEMIS), and Radar for Europa
Assessment and Sounding: Ocean to Near-surface (REASON). In
addition, four in-situ instruments measure fields and particles:
Interior Characterization of Europa using MAGnetometry
(ICEMAG), Plasma Instrument for Magnetic Sounding (PIMS),
MAss Spectrometer for Planetary EXploration (MASPEX), and
SUrface Dust Analyzer (SUDA). Moreover, gravity science can be
addressed via the spacecraft's telecommunication system, and
scientifically valuable engineering data from the radiation
monitoring system would augment the plasma dataset. Working
together, the planned Europa mission’s science payload would
allow testing of hypotheses relevant to the composition, interior,
and geology of Europa, to address the potential habitability of this
intriguing moon.

Author(s): Robert T. Pappalardo , David A. Senske , Haje
Korth , Diana L. Blaney , Donald D Blankenship , Philip R
Christensen , Sascha Kempf , Carol Anne Raymond , Kurt D.
Retherford , Elizabeth P. Turtle , J. Hunter Waite , Joseph H.
Westlake , Geoffrey Collins , Murthy Gudipati , Jonathan I.
Lunine , Carol Paty , Julie A. Rathbun , James Roberts ,
Britney E Schmidt , Jason M. Soderblom
Institution(s): 1. Arizona State University, 2. Cornell
University, 3. Georgia Institute of Technology, 4. Jet Propulsion
Laboratory, California Institute of Technology, 5. Johns Hopkins
University Applied Physics Laboratory, 6. Massachusetts
Institute of Technology, 7. Planetary Science Institute, 8.
Southwest Research Institute, 9. University of Colorado, 10.
University of Texas Institute for Geophysics, 11. Wheaton College
Contributing team(s): The Europa Clipper Science Team

214.10 – Expected Recovery of Europa's
Geophysical Attributes with Clipper Gravity
Science Investigation
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The primary gravity science objective of NASA’s Clipper mission
to Europa is to confirm the presence or absence of a global
subsurface ocean beneath Europa's icy crust. Gravity field
measurements obtained with a radio science investigation can
reveal much about Europa's interior structure. Here, we conduct
extensive simulations of the radio science measurements with the
anticipated spacecraft trajectory and attitude (17F12V2) and
assets on the spacecraft and the ground, including antenna
orientations and beam patterns, transmitter characteristics, and
receiver noise figures. In addition to two-way Doppler
measurements, we also include radar altimeter crossover range
measurements. We concentrate on +/-2 hour intervals centered
on the closest approach of each one of the 46 flybys. Our
covariance analyses reveal the precision with which the tidal Love
number k2, second-degree gravity coefficients C20 and C22, and
higher-order gravity coefficients can be determined. The results
depend strongly on the Deep Space Network (DSN) assets that
are deployed to track the spacecraft. We find that some DSN
allocations are sufficient to conclusively confirm the presence or
absence of a global ocean and to evaluate whether the ice shell is
hydrostatic.

Author(s): Ashok Kumar Verma , Jean-Luc Margot
Institution(s): 1. UCLA

214.13 – The distribution of Enceladus water-group
neutrals in Saturn’s Magnetosphere
Saturn’s magnetosphere is unique in that the plumes from the
small icy moon, Enceladus, serve at the primary source for heavy
particles in Saturn’s magnetosphere. The resulting co-orbiting
neutral particles interact with ions, electrons, photons and other
neutral particles to generate separate H O, OH and O tori.
Characterization of these toroidal distributions is essential for
understanding Saturn magnetospheric sources, composition and
dynamics. Unfortunately, limited direct observations of these
features are available so modeling is required. A significant
modeling challenge involves ensuring that either the plasma and
neutral particle populations are not simply input conditions but
can provide feedback to each population (i.e. are self-consistent).
Jurac and Richardson (2005) executed such a self-consistent
model however this research was performed prior to the return of
Cassini data. In a similar fashion, we have coupled a 3-D neutral
particle model (Smith et al. 2004, 2005, 2006, 2007, 2009, 2010)
with a plasma transport model (Richardson 1998; Richardson &
Jurac 2004) to develop a self-consistent model which is
constrained by all available Cassini observations and current
findings on Saturn’s magnetosphere and the Enceladus plume
source resulting in much more accurate neutral particle
distributions. Here a new self-consistent model of the distribution
of the Enceladus-generated neutral tori that is validated by all
available observations. We also discuss the implications for
source rate and variability.

Author(s): Howard T. Smith , John D. Richardson
Institution(s): 1. Johns Hopkins Applied Physics Lab, 2.
Massachusetts Institute of Technology

214.15 – On the Determination of the Mass of
Helene
Helene is the largest of Dione's co-orbital satellites; it librates
about the L  Lagrangian point. The smaller co-orbital,
Polydeuces, librates about the L  Lagrangian point. Since their
discoveries, we have included both as members of the Saturnian
satellite system for ephemeris development because observations
of their motions lead to a determination of the mass of Dione.
Theoretically, it should also be possible to infer the mass of the
co-orbitals by observing their effect on the motion of Dione. Of
course, because of their small sizes, Helene's mean radius is 18
km and that of Polydeuces is 1.3 km, their masses are presumed
to be small. Consequently, very precise observations of Dione are
required to be able to detect perturbations due to them. We
believe that the Doppler tracking of Cassini during five close
flybys of Dione may have provided a detection of Helene
(Polydeuces is too small). The Doppler data were acquired for the

purpose of determining Dione's gravity field. However, those data
also provide a strong constraint on the orbital position of Dione.
We included Helene's GM as one of the gravity parameters in our
development of our post-Cassini Saturnian satellite ephemeris.
That analysis relies on an extensive data set including the Cassini
radiometric tracking. Our formal data fit yielded a statistically
significant, but quite small, value for the GM, suggesting that
Helene has an extremely low density. Perhaps it is a very porous
body or a loose conglomeration of material collected at L  We
also examined possible bounds on the GM and found that
assuming a massless Helene degrades the fit of the Dione orbit to
the data. Moreover, assuming masses consistent with significant
densities also degrades the fit. Our conclusion is that the actual
GM of Helene is at least as large as our formal estimated value,
but not large enough to be consistent with a 0.5 g cm density.

Author(s): Robert Arthur Jacobson
Institution(s): 1. Jet Propulsion Laboratory

214.16 – Viscoelastic Relaxation of Craters and
Thermal Histories of the Mid-Sized Icy Satellites of
Saturn
Crater relaxation can be used as a probe of subsurface
temperature structure in planetary bodies. The relaxation rate of
a crater is controlled by the rheology of the medium in which the
crater is emplaced. Because the rheology is a strong function of
temperature, the crater relaxation can be used to constrain the
heat flux out of the body since the time of crater formation. When
combined with models of thermal evolution, the degree of
relaxation can be used to determine the ages of craters on a
planetary surface. 
 
Here we considered large (50 – 200 km diameter) impact craters
on Saturn’s mid-sized satellites Tethys, Dione, Rhea, and Iapetus.
We model viscoelastic relaxation of crater topography using the
finite-element code CitcomVE for a variety of ice shell
thicknesses, differentiation states, temperature profiles and crater
diameters. We consider satellites both with and without
subsurface oceans. 
 
If the ice shell is conductive, the relaxation rate is controlled by
the ice shell thickness, but only weakly. Once the ice thickness
exceeds the crater diameter, additional thickening has little effect
on the relaxation time; the topography does not interact with the
deeper ice layer. If the ice shell convects, then the relaxation is
nearly independent of the total ice thickness. Rather, on the
timescales relevant to planetary evolution (Gy), warm convecting
ice basically behaves like a fluid, and the degree of relaxation is
controlled by the strength of the cold outer portion of the ice
shell. We thus find that it is very difficult to distinguish between a
convecting ice shell with a stagnant lid, and a conducting ice shell
over a subsurface ocean, on the basis of crater relaxation alone.
The degree of crater relaxation thus gives us the thickness of the
elastic part of the ice shell, and our model results can be
compared against measurements of crater relaxation on these
four satellites. 
 
In the present models, the temperature structure is not
calculated, but imposed. Combination of the present crater
relaxation results with a model of thermal evolution is ongoing in
order to evaluate the geophysical self-consistency of the thermal
structures considered here.

Author(s): James Roberts , Cynthia B. Phillips
Institution(s): 1. Jet Propulsion Laboratory, 2. Johns Hopkins
Applied Physics Laboratory

214.17 – Crater densities within young, large
craters on Rhea and Dione: Towards
understanding the recent Saturnian bombardment
The cratering flux for the inner Solar System is partially
constrained by geochronological measurements of returned lunar
samples and martian meteorites combined with cratering studies.
For the outer Solar System, minimal constraints on the
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bombardment history are derived from dynamical simulations,
historical observations of cometary impacts onto the gas giants,
and cratering studies. Here, in order to specifically resolve the
cratering flux experienced by the Saturnian system, we use high
resolution Cassini Imaging Science Subsystem (ISS) data to
conduct crater counts on the floors of young, large craters on
Rhea and Dione to investigate their relative crater formation age.
These two mid-sized moons of Saturn have been shown to have
dissimilar crater distributions, which may imply impacts by
different populations. Crater diameter and locations of observed
small craters between ~100s of meters to ~10s of kilometers
within large craters are recorded, where the limit of the smallest
crater observable is constrained by the image resolution. Relative
crater ages are compared through their cumulative crater density,
and populations via the standard R-plot. Ultimately, crater
densities within young, large craters on these moons can be
compared with crater ages inferred from crystallinity studies
using Cassini VIMS data to refine our understanding of the outer
Solar System bombardment.

Author(s): Carolina Rodriguez Sanchez-Vahamonde ,
Edgard G. Rivera-Valentin , Michelle Kirchoff
Institution(s): 1. Arecibo Observatory (USRA), 2. Southwest
Research Institution

214.18 – Water ice and sub-micron ice particles on
Tethys and Mimas
Introduction 
We present our ongoing work, mapping the variation of the main
water ice absorption bands, and the distribution of the sub-
micron particles, across Mimas and Tethys’ surfaces using
Cassini-VIMS cubes acquired in the IR range (0.8–5.1 μm). We
present our results in the form of maps of variation of selected
spectral indicators (depth of absorption bands, reflectance peak
height, spectral slopes). 

Data analysis 
VIMS acquires hyperspectral data in the 0.3–5.1 μm spectral
range. We selected VIMS cubes of Tethys and Mimas in the IR
range (0.8–5.1 μm). For all pixels in the selected cubes, we
measured the band depths for water-ice absorptions at 1.25, 1.5
and 2.02 μm and the height of the 3.6 μm reflection peak.
Moreover, we considered the spectral indictors for particles
smaller than 1 µm [1]: (i) the 2 µm absorption band is asymmetric
and (ii) it has the minimum shifted to longer λ; (iii) the band
depth ratio 1.5/2.0 µm decreases; (iv) the reflection peak at 2.6
µm decreases; (v) the Fresnel reflection peak is suppressed; (vi)
the 5 µm reflectance is decreased relative to the 3.6 µm peak. To
characterize the global variation of water-ice band depths, and of
sub-micron particles spectral indicators, across Mimas and
Tethys, we sampled the two satellites’ surfacees with a 1°x1° fixed-
resolution grid and then averaged the band depths and peak
values inside each square cell. 

3. Results 
For both moons we find that large geologic features, such as the
Odysseus and Herschel impact basins, do not correlate with water
ice’s abundance variation. For Tethys, we found a quite uniform
surface on both hemispheres. The only deviation from this
pattern shows up on the trailing hemisphere, where we notice two
north-oriented, dark areas around 225° and 315°. For Mimas, the
leading and trailing hemispheres appear to be quite similar in
water ice abundance, the trailing portion having water ice
absorption bands lightly more suppressed than the leading side. 

References 
[1] Clark, R., et al., 2013. Observed ices in the solar system. In:
Gudipati, M. S., Castillo-Rogez, J. (Eds.), The Science of Solar
System Ices. Vol. 356. Astrophysics and Space Science Library,
Springer Science+Business Media New York, p. 3.

Author(s): Francesca Scipioni , Tom Nordheim , Roger
Nelson Clark , Emiliano D'Aversa , Dale P. Cruikshank ,
Federico Tosi , Paul M. Schenk , Jean-Philippe Combe , Cristina
M. Dalle Ore
Institution(s): 1. Bear Fight Institute, 2. INAF/IAPS, 3. JPL, 4.
LPI, 5. NASA Ames Research Center, 6. PSI, 7. SETI

214.19 – Orbital and Photometric Analysis of the
Inner Uranian Satellites from Hubble Images
We continue our exploration of the dynamics of the thirteen
densely-packed inner Uranian satellites. Using over 830 long-
exposure images taken during 2003-2013 by the Hubble Space
Telescope through broadband filters, we have obtained
astrometry for twelve of the thirteen moons (excluding Cordelia)
and derived Keplerian orbital elements including the influence of
Uranus’s oblateness. Analysis of the libration caused by the
Belinda:Perdita 44:43 mean-motion resonance implies that
Belinda has roughly 26 times the mass of Perdita. We also see
evidence of forced eccentricity in the orbits of several moons due
to currently unknown perturbations. We will present our most
recent findings on these topics as well as the photometrically-
obtained rotational state of Perdita.

Author(s): Robert S French , Mark R Showalter , Imke de
Pater , Jack J. Lissauer
Institution(s): 1. NASA ARC, 2. SETI Institute, 3. University of
California, Berkeley

214.20 – Physical Constraints on the Ices present
on Triton's Surface
Triton is the largest distant satellite of the solar system and was
probably captured from the Transneptunian population by
Neptune. It is mainly covered by N2 , CO, CO2 , CH4 and H2O in
solid state and, except for H2O and CO2 , these species are also
present in gas phase (with a thin N2 rich atmosphere, with CH4
and CO traces, see Lellouch et al., 2011, for instance). Sublimation
and recondensation of the volatile species could lead to
geographical and temporal variation, and could participate to the
formation of complex chemical compounds formed from
photochemistry occurring in the atmosphere (Krasnopolsky and
Cruikshank, 1999) or from irradiation of N2 :CH4 :CO layers
(Moore and Hudson, 2003). 
We present new analyses based on observations that have been
performed in the near Infrared at the VLT-ESO with SINFONI
from 2010 to 2013 at a spectral resolution ranging from 1500 to
4000, in order to give new constraints on the chemical and
physical properties of the surface. Several models based on the
Hapke theory (Hapke, 1993) have also been tested in order to
constrain the abundance, the grain size and the state of the major
ices (N2 , CH4 , CO, CO2 , H2O) as well as an attempt to identify
other species. For this purpose, we use new optical constants of
CO2 performed at 35 and 54K. 
We confirm the presence of deep N2 layers in which CO and CH4
are diluted. Our models highly support the presence of pure CH4
ice that can explain the enhancement of the CH4/N2 gas ratio in
the atmosphere over what would be expected from ideal mixing.
Our results also suggest significant smaller particles of CO2 and
H2O than that reported in Quirico et al. (1999). H2O is expected
to be present in its crystalline phase and CO2 spectral bands are
compatible with a highly crystalline structure. Our models also
suggest that CO2 is probably spread over a large area of the Triton
surface. Our analyses do not support the presence of higher order
hydrocarbons, such as those reported by Merlin (2015) on the
surface of Pluto.

Author(s): Frederic Merlin , Emmanuel Lellouch , Eric
Quirico , Bernard Schmitt
Institution(s): 1. LESIA-Observatoire de Paris, CNRS, UPMC
Univ Paris 06, Univ. Denis Diderot, Sorbonne Paris Cite, 2. Univ.
Paris 6, Paris, France. Institut de Planetologie et d
Astrophysique de Grenoble (IPAG), Univ. Grenoble Alpes/CNRS-
INSU, UMR 5274

214.21 – The Irregular Moons of Saturn
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215 – Pluto System

The 38 irregular moons of Saturn, all but Phoebe discovered
between 2000 and 2007, outnumber the planet's classical
satellites. Observations from the ground and from near-Earth
space have revealed orbits, sizes, and colors and have hinted at
the existence of dynamical families, indicative of collisional
evolution and common progenitors. More recently, remote
observations of many irregular satellites with the Cassini
spacecraft produced lightcurves that helped determine rotational
periods, coarse shape models, potential hemispheric color
heterogeneities, and other basic properties. 

From Cassini, a total of 25 Saturnian irregulars have been
observed with the ISS camera. Their rotational periods range
from 5.45 h to 76.13 h. The absence of fast rotators is evident.
Among main-belt asteroids of the same size range (~4 to ~45
km), one third of the objects have faster rotations, indicating that
many irregulars should be low-density objects. 

While the origin of the irregulars is still debated, capture of
comets via three-body interactions during giant planets
encounters does the best job thus far at reproducing the observed
prograde/retrograde orbits. Data from the ground, near-Earth
spacecraft, and Cassini as well as modeling results suggest the
population visible today has experienced substantial collisional
evolution. It may be that only Phoebe has survived relatively
intact. The small particle debris drifts toward Saturn by P-R drag,
with most of it swept up by Titan. Only remnants of this process
are visible today. 

Our current knowledge on the Saturnian irregulars will be
summarized in a chapter [1] in the book "Enceladus and the Icy
Moons of Saturn" [2]. The talk will give an overview on the
chapter's content, which covers the following topics: Orbital
"architecture" (a,e,i), sizes and colors, Cassini observations and
results, Phoebe, origin, an outlook. 

[1] Denk, T., Mottola, S., Tosi, F., Bottke, W.F., Hamilton, D.P.
(2018): The Irregular Satellites of Saturn. In: Enceladus and the
Icy Moons of Saturn (Schenk, P. et al., eds.), Space Science Series,
The University of Arizona Press. In press. 
[2] See http://www.uapress.arizona.edu/Books/bid2726.htm

Author(s): Tilmann Denk , Stefano Mottola , Federico Tosi ,
William Bottke , Douglas P. Hamilton
Institution(s): 1. DLR, 2. Freie Universität, 3. INAF-IAPS, 4.
SwRI, 5. University of Maryland

214.22 – Mapping Cryo-volcanic Activity from
Enceladus’ South Polar Region
Using Cassini images taken of Enceladus’ south polar plumes at
various times and orbital locations, we are producing maps of
eruptive activity at various times. The purpose of this experiment
is to understand the mechanism that controls the cryo-volcanic
eruptions.The current hypothesis is that Tiger Stripe activity is
modulated by tidal forcing, which would predict a correlation
between orbital phase and the amount and distribution of
eruptive activity. The precise nature of those correlations depends
on how the crust is failing and how the plumbing system is
organized. 

We use simulated curtains of ejected material that are
superimposed over Cassini images, obtained during thirteen
different flybys, taken between mid-2009 and mid-2012. Each set
represents a different time and location in Enceladus’ orbit about
Saturn, and contains images of the plumes from various angles.
Shadows cast onto the backlit ejected material by the terminator
of the moon are used to determine which fractures were active at
that point in the orbit. 
Maps of the spatial distribution of eruptive activity at various
orbital phases can be used to evaluate various hypotheses about
the failure modes that produce the eruptions.

Author(s): Mattie Tigges , Joseph N. Spitale
Institution(s): 1. Planetary Science Institute, 2. University of
Arizona

214.23 – Extenstional terrain formation in icy
satellites: Implications for ocean-surface
interaction
Europa and Ganymede, Galilean satellites of Jupiter, exhibit
geologic activity in their outer H O ice shells that might convey
material from water oceans within the satellites to their surfaces.
Imagery from the Voyager and Galileo spacecraft reveal surfaces
rich with tectonic deformation, including dilational bands on
Europa and groove lanes on Ganymede. These features are
generally attributed to the extension of a brittle ice lithosphere
overlaying a possibly convecting ice asthenosphere. To explore
band formation and interaction with interior oceans, we employ
fully visco-elasto-plastic 2-D models of faulting and convection
with complex, realistic pure ice rheologies. In these models,
material entering from below is tracked and considered to be
“fossilized ocean,” ocean material that has frozen into the ice shell
and evolves through geologic time. We track the volume fraction
of fossil ocean material in the ice shell as a function of depth, and
the exposure of both fresh ice and fossil ocean material at the ice
shell surface. To explore the range in extensional terrains, we vary
ice shell thickness, fault localization, melting-temperature ice
viscosity, and the presence of pre-existing weaknesses.
Mechanisms which act to weaken the ice shell and thin the
lithosphere (e.g. vigorous convection, thinner shells, pre-existing
weaknesses) tend to plastically yield to form smooth bands at
high strains, and are more likely to incorporate fossil ocean
material in the ice shell and expose it at the surface. In contrast,
lithosphere strengthened by rapid fault annealing or increased
viscosity, for example, exhibits large-scale tectonic rifting at low
strains superimposed over pre-existing terrains, and inhibits the
incorporation and delivery of fossil ocean material to the surface.
Thus, our results identify a spectrum of extensional terrain
formation mechanisms as linked to lithospheric strength, rather
than specific mechanisms that are unique to each type of band,
and discuss where in this spectrum ocean material incorporated
at the bottom of the ice shell may be exposed on the satellite
surface. 

Author(s): Samuel M Howell , Robert T. Pappalardo
Institution(s): 1. Jet Propulsion Laboratory

215.02 – Topographic and Other Influences on
Pluto's Volatile Ices
Pluto’s surface is known to consist of various volatile ices, mostly
N2, CH4, and CO, which sublimate and condense on varying
timescales, generally moving from points of high insolation to
those of low insolation. The New Horizons Pluto encounter data
provide multiple lenses through which to view Pluto’s detailed
surface topography and composition and to investigate the
distribution of volatiles on its surface, including albedo and
elevation maps from the imaging instruments and composition
maps from the LEISA spectral imager. The volatile surface ice is
expected to be generally isothermal, due to the fact that their
vapor pressures are in equilibrium with the atmosphere.

Although secular topographic transport mechanisms suggest that
points at low elevation should slowly fill with volatile ices
(Trafton 2015 DPS abstract, Bertrand and Forget 2017), there are
counter-examples of this across the surface, implying that energy
discrepancies caused by insolation differences, albedo variations,
local slopes, and other effects may take precedence at shorter
timescales. Using data from the 2015 New Horizons flyby, we
present our results of this investigation into the effects of
variations in insolation, albedo, and topography on the presence
of the different volatile ices across the surface of Pluto.
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Author(s): Briley Lynn Lewis , John Stansberry , William
M. Grundy , Bernard Schmitt , Silvia Protopapa , Laurence M.
Trafton , Bryan J Holler , William B. McKinnon , Paul M.
Schenk , S. Alan Stern , Leslie Young , Harold A Weaver ,
Catherine Olkin , Kimberly Ennico
Institution(s): 1. Columbia University, 2. Johns Hopkins
University Applied Physics Laboratory, 3. Lowell Observatory,
4. Lunar and Planetary Institute, 5. NASA Ames Research
Center, 6. Southwest Research Institute, 7. Space Telescope
Science Insitute, 8. The University of Texas at Austin, 9.
Université Grenoble Alpes, 10. University of Maryland, 11.
Washington University
Contributing team(s): The New Horizons Science Team

215.03 – Predicted Antenna Temperatures
Measured by REX/New Horizons During The
Pluto’s Flyby 
Probing the sub-surface in Microwave
The Pluto dwarf planet was observed in details in July 2015 by the
New Horizons spacecraft (NASA) during a close-targeted flyby
which reavealed surprising and fascinating landscapes with a
variety of albedo and chemical composition over the surface.
During the flyby, the REX microwave instrument was activated in
order to measure the antenna temperature while the beam
crossed Pluto’s surface. In particular, 3 scans were performed, the
first two during few tens of seconds when both the day and night
side of Pluto were observed, including the South pole ; and the
last one during an occultation with Earth. We present here
predited antenna temperatures considering the known and
assumed variations of thermal and electrical properties of the
Pluto’s sub-surface.. 

Each scan allow to observe thermal radiation at 4.2 cm
wavelength of the surface and subsurface of Pluto, at different
locations (latitudes / longitudes). Using a seasonnal thermal
model that considers the measured Bond albedo and type of ice,
we have modeled the Brightness temperatures that were
measured by REX, for different amount of porosity (or thermal
inertia). This modeling uses a seasonally-forced thermal model
and an emissivity model in the case of circular polarized
observations. An antenna temperature if then retrieved assuming
a beam pattern for REX. We present here how the antenna
temperatures vary with the porosity of the ices obseved. 

Author(s): Cedric Leyrat , Alice Le Gall , Ralph Lorenz ,
Shadi Boomi
Institution(s): 1. JHU/APL, 2. LATMOS, 3. Observatoire de
Paris

215.04 – Observational Limits for Rings and Debris
at Pluto from New Horizons
NASA's New Horizons missions flew past Pluto on July 14, 2015.
New Horizons conducted an extensive search for orbital material
at Pluto, using deep imaging at backscatter and forward-scatter,
direct in situ dust detector measurements, and stellar
occultations. We searched the entire region from the surface of
Pluto outward to the Pluto-Charon Hill radius (6.4 x 10  km =
100 times Hydra's orbital radius), using the spacecraft's LORRI
and MVIC cameras. 

No material was found to a normal I/F limit of 2 x 10  for 1500
km-wide rings, and 7 x 10  for 12,000 km-wide rings. Our
results are consistent with dynamical studies that show the
lifetime of dust in the Pluto system is short, with the loss
dominated by solar radiation pressure and gravitational
perturbations.

Author(s): Henry B. Throop , Tod R. Lauer , Mark R
Showalter , Harold A Weaver , S. Alan Stern , John R. Spencer ,
Marc W. Buie , Douglas P. Hamilton , Simon Bernard Porter ,
Anne J. Verbiscer , Leslie Young , Catherine Olkin , Kimberly
Ennico
Institution(s): 1. JHU-APL, 2. NOAO, 3. PSI, 4. SETI, 5. SwRI,
6. UMD, 7. UVA
Contributing team(s): New Horizons Science Team

215.06 – Global Correlation and Non-Correlation
of Topography with Color and Reflectance on Pluto
A key objective of the New Horizons mission at Pluto in July 2015
was completion of global maps of surface brightness and color
patterns (covering 78% of surface) and topography (covering
~42%) of Pluto and its large moon Charon. The first calibrated
and registered versions of these maps have now been completed
for posting in the PDS this fall (with a peer-reviewed report on
these products to be submitted). Rich in detail, investigation into
the roles of local topography and insolation are ongoing (e.g.,
Lewis et al., 2017). Here we focus on the data sets and links
between elevation and global color and brightness patterns and
the global mapping revealed by them. In the “north,” yellowish
deposits correlate with non-depressed portions of an eroded polar
topographic dome ~600 km wide & 2-3 km high (e.g., Young et
al., 2017). The broad dark band along the equator forming
Cthulhu Macula to the west of Sputnik Planitia is topographically
indistinguishable from the vast smooth lightly cratered plains to
the north, indicating that latitude is the primary control, not
topography. The curious lack of dark material along the
equatorial band east of Sputnik Planitia may be partly due to
topography of Eastern Tombaugh Regio, which is ~500 m above
eroded plains the north and Cthulhu Macula itself. To the south of
Cthulhu Macula, plains are slightly brighter, which correlates
with a modest rise in topography of <1 km. To the southeast of
Cthulhu Macula, however, an abrupt increase in reflectance
correlates with the edge of elevated plateau that rises 2-3 km
above the plains. The areas with the strongest signature in the
CH4-band are associated with bladed terrain, the highest
standing geologic unit in absolute elevation. Similar colored
amoeboid-shaped units are evident along the equator in the low-
resolution mapping areas, indicating their probable occurrence
elsewhere. Thus, while many of Pluto’s major color and albedo
features correlate well with topography and are thus controlled by
it, some (especially Cthulhu Macula) are not. Latitude controls
some of the global patterns, but geology may be a more important
driver.

Author(s): Paul M. Schenk , Ross A. Beyer , Jeffrey M.
Moore , Leslie Young , Kimberly Ennico , Catherine Olkin ,
Harold A Weaver , S. Alan Stern
Institution(s): 1. JHU Applied Physics Lab, 2. Lunar and
Planetary Inst., 3. NASA Ames Res. Ctr., 4. Southwest Res. Inst.
Contributing team(s): New Horizons Geology and Geophysics
Team

215.07 – Radio Thermal Emission from Pluto and
Charon during the New Horizons Encounter 
As part of the New Horizons Radio-Science Experiment REX,
radio thermal emission from Pluto and Charon (wavelength: 4.2
cm) was observed during the encounter on 14 July 2015. The
primary REX measurement, a determination of the atmospheric
height profile from the surface up to about 100 km, was
conducted during an uplink radio occultation at both ingress and
egress (Hinson et al., Icarus 290, 96-111, 2017). During the
interval between ingress and egress, when the Earth and the REX
uplink signals were occulted by the Pluto disk, the spacecraft
antenna continued to point toward Earth and thus scanned
diametrically across the Pluto nightside. The average diameter of
the HGA 3 dB beam was ≈1100 km at the surface during this
opportunity, thereby providing crudely resolved measurements of
the radio brightness temperature across Pluto. The best
resolution for the REX radiometry observations occurred shortly
after closest approach, when the HGA was scanned twice across
Pluto. These observations will be reported elsewhere (Linscott et
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al., Icarus, submitted, 2017). In addition to the resolved
observations, full disk brightness temperature measurements of
both bodies were performed during the approach (dayside) and
departure (nightside) phases of the encounter. We present the
results of these observations and provide a preliminary
interpretation of the measured brightness temperatures.  

Author(s): Michael Bird , Ivan Linscott , David Hinson , G.
L. Tyler , Darrell F. Strobel
Institution(s): 1. Carl Sagan Center, SETI Institute, 2. Johns
Hopkins University, 3. Stanford Univ., 4. University of Bonn
Contributing team(s): The New Horizons Science Team

216.01 – Astrometry of the Orcus/Vanth
occultation on UT 7 March 2017
On UT 7 March 2017, Orcus was predicted to occult a star with
m=14.3. Observations were made at five observatories: the 0.6-m
Astronomical Telescope of the University of Stuttgart (ATUS) at
Sierra Remote Observatories (SRO), California; Las Cumbres
Observatory’s 1-m telescope (ELP) at McDonald Observatory,
Fort Davis, Texas; NASA’s 3-m InfraRed Telescope Facility
(IRTF) on Mauna Kea, Hawaii; the 4.1-m Southern Astrophysical
Research telescope (SOAR) on Cerro Pachón, Chile; and the 0.6-
m Southeastern Association for Research in Astronomy telescope
(SARA-CT) at Cerro Tololo, Chile. While observations at all sites
were successful, only two—ELP and IRTF—observed solid-body
occultation signatures. We will discuss the various predictions for
this event and the reasons for the differences among them,
including an offset of 130 mas for the star position from the
position in the Gaia catalog. The sum of the positive and negative
detections place constraints on the geometry of the Orcus/Vanth
system, and we present our astrometric results for the geometric
solution for this occultation. The implications of the light curve
analyses are presented by Sickafoose et al., this conference.

Author(s): Amanda S. Bosh , Carlos Zuluaga , Stephen
Levine , Amanda A. Sickafoose , Anja Genade , Karsten
Schindler , Tim Lister , Michael J. Person
Institution(s): 1. Deustches SOFIA Institut, Universitat
Stuttgart, 2. Las Cumbres Observatory, 3. Lowell Observatory,
4. MIT, 5. South African Astronomical Observatory

216.02 – A 2017 stellar occultation by Orcus/Vanth
(90482) Orcus is a large trans-Neptunian object (TNO) of
diameter ~900 km, located in the 3:2 orbital resonance with
Neptune. This plutino has a satellite, Vanth, approximately 280
km in diameter. Vanth orbits roughly 9000 km from Orcus in a
~9.5-day period. This system is particularly interesting, as Orcus
falls between the small, spectrally-bland TNOs and the large
TNOs having spectra rich in volatile features, while Vanth might
have resulted from either collision or capture. 

A stellar occultation by Orcus was predicted to occur on 07 March
2017. Observations were made from five sites: the 0.6-m
Astronomical Telescope of the University of Stuttgart (ATUS) at
Sierra Remote Observatories (SRO), California; Las Cumbres
Observatory’s 1-m telescope (ELP) at McDonald Observatory,
Fort Davis, Texas; NASA’s 3-m InfraRed Telescope Facility
(IRTF) on Mauna Kea, Hawaii; the 4.1-m Southern Astrophysical
Research telescope (SOAR) on Cerro Pachón, Chile; and the 0.6-
m Southeastern Association for Research in Astronomy telescope
(SARA-CT) at Cerro Tololo, Chile. High-speed, visible-wavelength
images were taken at all sites, in addition to simultaneous K-band
images at the IRTF. A solid-body occultation was observed at
both ELP and the IRTF. Offset midtimes and incompatible light
ratios suggest that two different stars were occulted by two
different bodies, likely Orcus and Vanth. See Bosh et al. this
conference for details of the astrometry for the event. Here, we
present results from the observations, including light curves, size
and albedo estimates, and upper limits on a possible atmosphere.

Author(s): Amanda A. Sickafoose , Amanda S. Bosh ,
Stephen Levine , Carlos A. Zuluaga , Anja Genade , Karsten
Schindler , Tim Lister , Michael J. Person
Institution(s): 1. Deutsches SOFIA Institut, 2. Las Cumbres
Observatory, 3. Lowell Obs., 4. MIT, 5. SAAO

216.03 – Predictions of stellar occultations by
TNOs/Centaurs using Gaia
Stellar occultations are the unique technique from the ground to
access physical parameters of the distant solar system objects,
such as the measure of the size and the shape at kilometric level,
the detection of tenuous atmospheres (few nanobars), and the
investigation of close vicinity (satellites, rings, jets). 
Predictions of stellar occultations require accurate positions of
the star and the object. 
The Gaia DR1 catalog now allows to get stellar position to the
milliarcsecond (mas) level. The main uncertainty in the
prediction remains in the position of the object (tens to hundreds
of mas). 
Now, we take advantage of the NIMA method for the orbit
determination that uses the most recent observations reduced by
the Gaia DR1 catalog and the astrometric positions derived from
previous positive occultations. 
Up to now, we have detected nearly 50 positive occultations for
about 20 objects that provide astrometric positions of the object
at the time of the occultation. The uncertainty of these positions
only depends on the uncertainty on the position of the occulted
stars, which is a few mas with the Gaia DR1 catalog. The main
limitation is now on the proper motion of the star which is only
given for bright stars in the Tycho-Gaia Astrometric Solution.
This limitation will be solved with the publicationof the Gaia DR2
expected on April 2018 giving proper motions and parallaxes for
the Gaia stars. Until this date, we use hybrid stellar catalogs
(UCAC5, HSOY) that provide proper motions derived from Gaia
DR1 and another stellar catalog. 
Recently, the Gaia team presented a release of three preliminary
Gaia DR2 stellar positions involved in the occultations by
Chariklo (22 June and 23 July 2017) and by Triton (5 October
2017). 
Taking the case of Chariklo as an illustration, we will present a
comparison between the proper motions of DR2 and the other
catalogs and we will show how the Gaia DR2 will lead to a mas
level precision in the orbit and in the prediction of stellar
occultations. 
 
**Part of the research leading to these results has received
funding from the European Research Council under the 
European Community’s H2020 (2014-2020/ ERC Grant
Agreement n 669416 ”LUCKY STAR”).

Author(s): Josselin Desmars , Julio Camargo , Diane
Berard , Bruno Sicardy , Rodrigo Leiva , Roberto Vieira-
Martins , Felipe Braga-Ribas , Marcelo Assafin , Gustavo Rossi
Institution(s): 1. Observatoire de Paris, 2. Observatório
Nacional/MCTIC, 3. Valongo Observatory
Contributing team(s): Chariklo occultations Team, Rio Group,
Lucky Star Occultation Team, Granada Occultation Team

216.05 – Search for signatures of extended
emission around dwarf planets on Hubble Space
Telescope archival images
Recent discoveries of rings around the Centaurs Chariklo and
Chiron suggest that extended features may be present around
several bodies in the outer Solar System, and maybe also around
dwarf planets. The spatial extension of these features makes the
identification possible with the Hubble Space Telescope (HST),
however the relative faintness of the rings makes the detection
challenging via direct imaging. 
 
We developed a method that considers simulated HST point
spread functions (PSFs) and those of calibration stars. Our aim is
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that by comparing these PSFs to that of the target, we identify
deviations that can be explained with the existence of a ring-like
feature. 

We applied this method on HST WFPC2 and WFC3 archival
images of several dwarf planets and here we report on the result
of our investigation.

Author(s): Gabor Marton , Csaba Kiss , Anikó Farkas-
Takács , Bernadett Ignácz
Institution(s): 1. Konkoly Observatory

216.06 – Light Curve observations of the Binary
Kuiper Belt Object Manwe-Thorondor
The binary Kuiper Belt Object (385446) Manwe-Thorondor (aka
2003 QW111) is intriguing for several reasons. Not only are
Manwe and Thorondor currently undergoing mutual events,
whereby the two ~100-km bodies alternately eclipse and occult
each other as seen from Earth [1], but the observed rotational
variation implies a rotation for Thorondor that is either
synchronous with Manwe ( a period of 11.79 h), or else much
longer than 10 days [2]. Here we report new light curve
observations using the 8.1-m Gemini South telescope at the time
of a predicted mutual event on 2017 July 22-23. Combining these
data with our previous observations with the 4.1m SOAR
telescope at the time of an earlier mutual event (2016 Aug 25-26),
we put precise constraints on the independent rotation states of
Manwe and Thorondor. 

[1] Grundy, W. et al. 2012, Icarus, 220, 74 
[2] Rabinowitz, D. et al. 2016, AAS DPS meeting #48, astract
id.120.10

Author(s): David L. Rabinowitz , Susan Benecchi , William
M. Grundy , Audrey Thirouin , Anne J. Verbiscer
Institution(s): 1. Lowell Observatory, 2. Planetary Science
Institute, 3. University of Virginia, 4. Yale Univ.

216.07 – The thermal emission of Centaurs and
Trans-Neptunian objects at submm wavelengths
from ALMA observations
We report on ALMA 233 GHz (1.29 mm) measurements of four
Centaurs (2002 GZ , Bienor, Chiron, Chariklo) and two TNOs
(Huya, Makemake). The thermal fluxes are combined with
previous mid/far infrared fluxes, mostly from Spitzer and
Herschel, in order to derive their relative emissivity at mm
wavelengths. using NEATM and thermophysical models. We
reassess earlier thermal measurements of these and other objects,
exploring in particular effects due to shape and varying apparent
pole orientation, and show that these effects can be key for
reconciling previous diameter determinations and correctly
estimating spectral emissivities. We also evalute the possible
contribution to thermal emission of established (Chariklo) or
claimed (Chiron) systems. We find that for Chariklo, the rings do
not impact the diameter determinations by more than 5 %; for
Chiron, invoking a ring system does not help in improving the
consistency between the numerous past size measurements.
Combining our results with those of Brown and Butler (2017) on
four other TNOs, we find that all objects except Makemake have
relative radio emissivities significantly below unity. Although the
emissivity values show diversity, we do not find any significant
trend with physical parameters such as diameter, albedo, color,
beaming factor..., but suggest that the emissivity could be
correlated with grain size. The mean relative radio emissivity is
found to be 0.70+/-0.13, a value that we recommend for the
analysis of further mm/submm data.

Author(s): Emmanuel Lellouch , Raphael Moreno , Thomas
Müller , Sonia Fornasier , Pablo Santos-Sanz , Arielle Moullet ,
Mark A. Gurwell , John Stansberry , Rodrigo Leiva , Bruno
Sicardy , Bryan J. Butler , Jeremie boissier
Institution(s): 1. CfA, 2. IAA, 3. IRAM, 4. MPIeP, 5. NRAO, 6.
NRAO, 7. Observatoire de Paris, 8. STScI

216.08 – New Solid-Phase IR Spectra of Solar-
System Molecules: Methanol, Ethanol, and
Methanethiol 
The presence and abundances of organic molecules in
extraterrestrial environments, such as on TNOs, can be
determined with infrared (IR) spectroscopy, but significant
challenges exist. Reference IR spectra for organics under relevant
conditions are vital for such work, yet for many compounds such
data either are lacking or fragmentary. In this presentation we
describe new laboratory results for methanol (CH OH), the
simplest alcohol, which has been reported to exist in planetary
and interstellar ices. Our new results include near- and mid-IR
spectra, band strengths, and optical constants at various ice
temperatures. Moreover, the influence of H O-ice is examined. In
addition to CH OH, we also have new results for the related
cometary molecules CH SH and CH CH OH. Although IR
spectra of such molecules have been reported by many groups
over the past 60 years, our work appears to be the first to cover
densities, refractive indices, band strengths and optical constants
of both the amorphous and crystalline phases. Our results are
compared to earlier work, the influence of literature assumptions
is explored, and possible revisions to the literature are described.
Support from the following is acknowledged: (a) NASA-SSERVI's
DREAM2 program, (b) the NASA Astrobiology Institute's
Goddard Center for Astrobiology, and (c) a NASA-APRA award. 

Author(s): Reggie L. Hudson , Perry A. Gerakines , Robert F
Ferrante
Institution(s): 1. NASA Goddard Space Flight Center, 2. US
Naval Academy

216.09 – Orbital Clustering in Trans-Neptunian
Objects
We have conducted a clustering analysis of the orbits of extreme
trans-Neptunian objects (TNOs). 
We report the results of this clustering analysis and discuss their
implications for the orbital alignment of the putative Planet-9
hypothesized to sculpt the orbits of the extreme TNOs.

Author(s): Matthew Payne , Matthew J. Holman , Sam
Hadden
Institution(s): 1. Harvard-Smithsonian CfA

216.11 – Dynamics of a Possible Collisional Family
of Extreme TNOs
The Dark Energy Survey has been highly successful in discovering
outer Solar System objects. In this presentation, we discuss the
dynamics of three extreme TNOs, two of which were found by the
DES. The similarity of their orbits leads us to consider the
possibility that these three objects originated from a collision
event. In addition, as these TNOs appear to be clustered in
longitude of perihelion, we analyze their dynamics in the context
of the Planet Nine hypothesis, particularly since they reside in the
150 AU < a < 250 AU transition region identified by Batygin and
Brown (2016). We explore the diffusion and chaotic nature of
their behavior both with and without the presence of Planet Nine,
and evaluate the likelihood that these objects originated from a
collision event.

Author(s): Tali Khain , Juliette Becker , Fred C. Adams ,
David W. Gerdes
Institution(s): 1. University of Michigan Department of
Astronomy, 2. University of Michigan Physics Department

216.12 – OSSOS: constraints on resonant trans-
Neptunian populations from the full survey sample
The Outer Solar System Origins Survey (OSSOS) has discovered
more than 300 objects in mean motion resonances with Neptune,
including more than 100 objects in Neptune’s 3:2 resonance. This
quadruples the available characterized sample of resonant trans-
Neptunian objects. This sample can be used to test models of the
current populations of these resonances and the distributions of
objects within them, which will provide valuable constraints on
the dynamical history of Neptune. We will report on the
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distribution of objects within the 3:2 resonant population and
provide updated constraints on their H magnitude and
eccentricity distribution. We will provide an updated estimate of
the intrinsic population ratios between Neptune’s resonances
based on the full OSSOS sample, highlight interesting constraints
for individual resonant populations, and report new discoveries in
resonances not previously known to be occupied.

Author(s): Kathryn Volk , Ruth Murray-Clay , Brett
Gladman , Ying-Tung Chen , Hsing Wen Lin , Rebekah Ilene
Dawson , Samantha Lawler , Wing-Huen Ip , Sarah
Greenstreet , Patryk S. Lykawka , Mike Alexandersen , Michele
T Bannister , Stephen Gwyn , J. J. Kavelaars , Jean-Marc Petit
Institution(s): 1. Academia Sinica, 2. CNRS/Observatoire De
Besançon, 3. Kinki University, 4. Las Cumbres Observatory
Global Telescope, 5. National Central University, 6. National
Research Council of Canada, 7. Pennsylvania State University,
8. Queen's University Belfast, 9. University of Arizona, 10.
University of British Columbia, 11. University of California
Santa Cruz

216.13 – Chariklo vs Chiron: the stability of the
rings due to planetary close encounters
The surprising discovery of a two well defined rings around the
Centaur Chariklo was the first finding of such structures around a
small body (Braga Ribas et al., 2014). Since it is known that the
centaurs have a short lifetime (up to ten million years) and they
experience a large number of encounters with the giant planets,
one raises the question whether the rings would survive along the
orbital evolution of Chariklo. In a previous work we analyzed
through numerical simulations the effects of the close encounters
with the giant planets experienced by an ensemble of 729
Chariklo-like objects (Araujo, Sfair & Winter, 2016). Even when
considering the most extreme encounters, the most likely result
(>90%) is the survival of the ring system without any significant
orbital change. Here we intend to broaden our analysis to 2060
Chiron, another Centaur with a presumed ring system (Ortiz et
al., 2015). Applying the same method of Araujo, Sfair & Winter
(2016), initially we recorded the encounters with the giant planets
performed by the clones of Chiron. We first notice Chiron's
lifetime is shorter, and the number of encounters it experienced is
significantly larger than by Chariklo. As a consequence, the rings
of Chiron would be more susceptible to be disrupted by the close
approaches with the giant planets. We attribute this dichotomy to
the difference of orbital and physical parameters of the two
centaurs.

Author(s): Rafael Sfair , Rosana Araujo , Othon Cabo
Winter
Institution(s): 1. UNESP - FEG

216.14 – Status of the Transneptunian Automated
Occultation Survey (TAOS II)
The Transneptunian Automated Occultation Survey (TAOS II)
will aim to detect occultations of stars by small (~1 km diameter)
objects in the Kuiper Belt and beyond. Such events are very rare
(<0.001 events per star per year) and short in duration (~200
ms), so many stars must be monitored at a high readout cadence.
TAOS II will operate three 1.3 meter telescopes at the
Observatorio Astronómico Nacional at San Pedro Mártir in Baja
California, México. With a 2.3 square degree field of view and a
high speed camera comprising CMOS imagers, the survey will
monitor 10,000 stars simultaneously with all three telescopes at a
readout cadence of 20 Hz. Construction of the site began in the
fall of 2013 and was completed this summer. Telescope
installation began in August 2017. This poster will provide an
update on the status of the survey development and the schedule
leading to the beginning of survey operations.

Author(s): Matthew Lehner , Shiang-Yu Wang , Mauricio
Reyes-Ruiz , Charles Alcock , Joel Castro Chacón , Wen-Ping
Chen , You-Hua Chu , Kem H. Cook , Liliana Figueroa , John C.
Geary , Benjamin Hernandez , Chung-Kai Huang , Timothy
Norton , Andrew Szentgyorgyi , Wei-Ling Yen , Zhi-Wei Zhang
Institution(s): 1. Academia Sinica Institute of Astronomy and
Astrophysics, 2. Harvard Smithsonian Center for Astrophysics,
3. Instituto de Astronomía, Universidad Nacional Autónoma de
México, 4. National Central University

216.15 – Parameters for binary TNOs which could
be detected by TAOS-II
The main goal of the TAOS-II project is to characterize the
population of small TNOs by means of detecting serendipitous
stellar occultations. The result of an occultation event is a
particular feature in the observed light curves resulting from the
sampling of the diffraction profile. This diffraction profile
contains information about the shape of the occulting object,
which can, in principle, also be used to determine if it is a
member of a binary system. The combination of physical
parameters for binary objects and the capabilities of TAOS-II
constrain the properties of the objects that can be detected. In
this work we discuss under what conditions and physical
parameters, a binary object can be detected by TAOS-II. In order
to detect a binary TNO, the following conditions must be met: in
first place, the size of the TNO must be big enough to be
discriminated in shape and small enough to produce a diffraction
pattern that fits into the reading area for just one background
star. Secondly, the combination of object size and distance to the
Sun have to be such that, diffraction and silhouette contribute to
the light curve. The size of a binary object, in terms of
detectability, depends on the mass of the system, angular speed
and alignment in the moment of detection. Considering these
physical parameters and detectability conditions we calculated
the corresponding diffraction profiles and compared them with
single object profiles. The methodology includes the computation
of 2D diffraction patterns by solving the diffraction integral, for
possible binary TNOs.

Author(s): Joel Castro Chacón , Mauricio Reyes-Ruiz ,
Joannes Bosco Hernández-Águila , Matthew Lehner , Benjamín
Hernández , Edilberto Sanchez , J.S. Silva , Teresa Garcia-
Díaz , Charles Alcock , Shiang-Yu Wang , You-Hua Chu , Wen-
Ping Chen , Fernando Alvarez , Liliana Figueroa , John C.
Geary , Chung-Kai Huang , Kem H. Cook , Timothy Norton ,
Andrew Szentgyorgyi , Wei-Ling Yen , Zhi-Wei Zhang
Institution(s): 1. CONACYT - Instituto de Astronomía,
Universidad Nacional Autónoma de México, 2. Harvard-
Smithsonian Center for Astrophysics, 3. Institute for Astronomy
and Astrophysics, Academia Sinica., 4. Institute of Astronomy,
National Central University, 5. Instituto de Astronomía,
Universidad Nacional Autónoma de México
Contributing team(s): TAOS-II

216.16 – Analysis of Potential Radical Chemistry on
Kuiper Belt Objects
Kuiper Belt Objects (KBOs) are of high interest following the New
Horizons encounter with the Pluto system and the extended
mission to 2014MU69. We aimed to clarify questions raised
concerning the possible presence of organic radicals formed from
photolysis on the surface of KBOs and other Trans-Neptunian
Objects, and obtain laboratory spectra of these radicals for
comparison to remote sensing data. We explored the
photochemical generation of methyl radical from matrix-isolated
CH I in an attempt to create sufficient amounts of the methyl
radical to obtain spectra in the near infrared. Both Ar and N
matrices were studied, as well as varying guest:matrix ratios.
Hydrogen lamp irradiation was found to be more effective than
mercury lamp irradiation. The irradiation time was a significant
factor when we switched matrices: methyl radical depleted
rapidly in the N  matrix with prolonged irradiation (~10 hours)
whereas it survived for over 48 hours in some experiments with
the Ar matrix. Reaction of the methyl radical with the N  matrix
to form HCN was observed. Future experiments will focus on
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alternate methods of radical generation in order to increase the
yield of trapped radical. 

Author(s): Maya Danielle Yanez , Robert Hodyss , Morgan
Cable , Paul Johnson
Institution(s): 1. NASA Jet Propulsion Laboratory, California
Institute of Technology, 2. University of Colorado Boulder

216.17 – Radiolysis by-products on the surface of
Kuiper Belt Object (20000) Varuna
We present the results of an investigation into the presence of
radiolysis by-products on the surface of the intermediate-sized
Kuiper Belt Object (KBO) (20000) Varuna. Interaction of
extreme-UV photons and cosmic rays with volatile methane
(CH4) ice results in the formation of other hydrocarbons such as
ethane (C2H6), acetylene (C2H2), and ethylene (C2H4). Ethane
is the most common by-product, and all by-products are non-
volatile at Kuiper Belt temperatures. Near-infrared spectra of
Varuna were obtained with the SpeX instrument in Prism mode
(0.7-2.52 microns, R=100) at NASA’s Infrared Telescope Facility
(IRTF) on the nights of February 20-23, 2017. A handful of
absorption features in the spectrum of Varuna between 2.2 and
2.5 μm are not consistent with absorption from the non-volatile
species H2O and CH3OH (methanol). The features are also
inconsistent with absorption due to CH4 ice, which was presented
as a possible component of Varuna’s surface by Lorenzi et al.
(2014). Preliminary analysis suggests these features are
consistent with absorption from ethane and ethylene (Hudson et
al., 2014). Volatile retention theories (e.g., Schaller and Brown,
2007) favor the retention of ethane and ethylene and the loss of
methane on Varuna due its diameter (∼700 km; Lellouch et al.,
2013) and estimated equilibrium temperature (∼41 K). Portions
of this work were funded by NASA Solar Systems Observations
grant NNX17AG16G.

Author(s): Bryan J Holler , Leslie Young , Silvia Protopapa ,
Schelte J. Bus
Institution(s): 1. Southwest Research Institute, 2. Space
Telescope Science Institute, 3. University of Hawaii, 4.
University of Maryland

216.18 – Absolute colors and phase coefficients of
Trans-Neptunian objects: H  − H colors.
We present results of our photometric follow up of Trans-
Neptunian objects (TNOs). New data for 35 objects, together with
previously data presented in Alvarez-Candal et al. 2016, as well as
data from literature allow us to obtain absolute magnitudes and
absolute coefficients H (β ) for 113 TNOs and H  (β ) for 117
TNOs from which we obtained absolute colors H  − H  and
relative phase coefficients Δβ, for 106 objects. 
We explored associations between H  − H  and Δβ vs. orbital
and physical parameters of TNOs, such associations were tested
by Spearman’s coefficient r . The correlations we found between
H  − H  and orbital parameters semimayor axis a, eccentricity e,
and inclination i, reflect observational biases: first, against farther
fainter objects; second, against eccentric and high-inclination
orbits. 
We followed Brown criteria (Brown 2012), and separated into two
groups: large and small using H  = 4.5 instead of D=500 km. We
detected a gap at H  = 4.5 which not reported before to the best
of our knowledge. 
We found a strong anticorrelation between H  − H  and Δβ, with
r  = -0.8273, which indicates that redder objects have steeper
phase curves in the R filter than in the V filter, while the opposite
is true for bluer objects. The anticorrelation holds if we consider
different bins in semi-major axis and separate between large H
< 4.5 mag (D > 500 km) and small objects H  > 4.5 mag (D <
500 km). Therefore, we conclude it is intrinsic to the TNO (and
associated) populations. As many different surfaces types, sizes,
and dynamical evolutions of TNOs we considered in our sample,
we cannot assure that we are seeing an evolutionary effect, but
probably something related to the porosity and compation of the
surfaces. Further studies are granted.

Author(s): Carmen Ayala-Loera , Alvaro Alvarez-Candal ,
Jose Luis Ortiz , Rene Duffard , Estela Fernández-Valenzuela ,
Pablo Santos-Sanz , Nicolas Morales
Institution(s): 1. Instituto de Astrofísica de Andalucía, 2.
Observátorio Nacional

217.01 – PlanetCARMA: A New Framework for
Studying the Microphysics of Planetary
Atmospheres 
The Community Aerosol and Radiation Model for Atmospheres
(CARMA) has been updated to apply to atmospheres of the Solar
System outside of Earth. CARMA, as its name suggests, is a
coupled aerosol microphysics and radiative transfer model and
includes the processes of nucleation, condensation, evaporation,
coagulation, and vertical transport. Previous model versions have
been applied (by this and other groups) to the atmospheres of
Solar System bodies and extrasolar planets. The primary
advantage to our version, which we now call PlanetCARMA, is
that the core physics routines each reside in their own self-
contained modules and can be turned on/off as desired while a
separate planet module supplies all the necessary parameters to
apply the model run to a particular planet (or planetary body). So
a single codebase is used for all planetary studies. Our CARMA
model is also now written in Fortran 90 modular format.
Examples of PlanetCARMA results will be presented from studies
of the atmospheres of Titan, Saturn, Jupiter, and Pluto.

Author(s): Erika L. Barth
Institution(s): 1. Southwest Research Inst.

217.02 – Ertel Potential Vorticity versus Bernoulli
Streamfunction in Earth's Southern Ocean:
Comparison with the Atmospheres of Earth, Mars,
Jupiter and Saturn
We are working to expand the comparative planetology of
vorticity-streamfunction correlations established for the
atmospheres of Earth, Mars, Jupiter and Saturn to include

Earth’s Antarctic Circumpolar Current (ACC), which is the only
oceanic jet that encircles the planet. Interestingly, the ACC and its
eddies scale like atmospheric jets and eddies on Jupiter and
Saturn---the Southern Ocean is a “giant planet” with a zonal jet
stream. Our input is the Southern Ocean State Estimate (SOSE;
Mazloff et al 2010, J. Phys. Ocean. 40, 880-899), an optimal
combination of observations and primitive-equation model that
spans 2005-2010. Two hurdles not encountered in atmospheric
work arise from the nonlinear equation of state of ocean water:
non-zero helicity, which prevents the existence of truly neutral
(analogous to adiabatic) surfaces, and the lack of a geostrophic
streamfunction in general. We follow de Szoeke et al (2000, J.
Phys. Ocean. 30, 2830-2852) to overcome these hurdles,
regionally, by using orthobaric density as the vertical coordinate.
In agreement with results for all atmospheres analyzed to date,
scatter plots of Ertel potential vorticity, Q, versus Bernoulli
streamfunction, B, on orthobaric density surfaces in the Southern
Ocean are well correlated. The general shape of the correlation is
like a hockey stick, with the “blade” corresponding to a broad
horizontal region that spans the ACC, and the “handle”
corresponding to shallow water. The same linear-regression Q
versus B model employed for Mars is applied to the ACC (“blade”)
signal. Results include that the deeper water on the equatorward
side of the ACC is most prone to shear instability, and elsewhere
the ACC is “supersonic” such that the net propagation of vorticity
waves is eastward, not the usual westward. During the 6-year
span of the SOSE data, there is a steady drift of the correlation to
larger values at the top of the vertical profile, and to smaller
values in the middle of the profile, which correlates with the time-
smoothed Southern Annular Mode, i.e. the strength of the
atmospheric polar vortex, and may indicate how the bulk ocean
reacts to interannual changes in the atmospheric polar vortex.
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Author(s): Timothy E. Dowling , Geoff Stanley , Mary
Elizabeth Bradley , David P Marshall
Institution(s): 1. Univ. of Louisville, 2. Univ. of Oxford

217.04 – Origins and Destinations: Tracking Planet
Composition through Planet Formation
Simulations
There are now several thousand confirmed exoplanets, a number
which far exceeds our resources to study them all in detail. In
particular, planets around M dwarfs provide the best opportunity
for in-depth study of their atmospheres by telescopes in the near
future. The question of which M dwarf planets most merit follow-
up resources is a pressing one, given that NASA’s TESS mission
will soon find hundreds of such planets orbiting stars bright
enough for both ground and spaced-based observation. 
Our work aims to predict the approximate composition of planets
around these stars through n-body simulations of the last stage of
planet formation. With a variety of initial disk conditions, we
investigate how the relative abundances of both refractory and
volatile compounds in the primordial planetesimals are mapped
to the final planet outcomes. These predictions will serve to
provide a basis for making an educated guess about (a) which
planets to observe with precious resources like JWST and (b) how
to identify them based on dynamical clues.

Author(s): Quadry Chance
Institution(s): 1. University of Arizona

217.05 – Gyrochronology relating star age to
rotational period is derived from first principles
through a novel time dual for thermodynamics,
named lingerdynamics
Gyrochronology estimates the age of a low-mass star from its
rotational period, which is found from changes in brightness
caused by dark star spots. First revealed as an insight in
(Skumanich, A. 1972, The Astrophysical Journal. 171:
565) it allows astronomers to find true sun-like stars that may

harbor life in its planets (Meibom, S. et. al., Nature. 517:
589–591). Here a simple expression for the age of a star is
derived through a novel linger thermo theory (LTT) integrating
thermodynamics with its revealed time-dual, named
lingerdynamics. This expression relates the star age to the ratio of
past and present rotational period metrics (RPM) of
lingerdynamics. LTT has been used earlier to derive a simple
expression for the finding of the entropy of spherical-
homogeneous mediums (Feria, E. H. Nov. 19, 2016, Linger
Thermo Theory, IEEE Int’l Conf. on Smart Cloud, 18
pages, DOI 10.1109/SmartCloud.2016.57, Colombia
Univ., N.Y., N.Y. and Feria, E. H. June 7  2017, AAS
340  Meeting). In LTT the lifespan of system operation τ is
given by: τ = (2Π /3v )G M  x RPM where G is the gravitational
constant, Π is the pace of mass-energy retention in s/m  units
(e.g., for our current sun it is given by 5 billion ‘future’ years over
its volume), and v is the perpetual radial speed about the point-
mass M. Since in LTT a star is modeled as a point mass at the
center of its spherical volume, its RPM is not the same as the
measured rotational period of an actual star. For instance, for our
sun its equator rotational period is approximately 25.34 days,
while in lingerdynamics it is a fraction of a day, i.e., 0.116 days,
where this value is derived from the RPM expression
2πr /(GM / r )  where 2πr  is the circumference of
the sun, (GM /r )  is the perpetual radial speed v for our
point-mass modeled sun, and r  and M  are the sun radius
and point-mass, respectively. However, using conservation of
angular momentum arguments it is assumed that the ratio of the
‘actual past and present rotational periods’ matches that of our
theoretical lingerdynamic’s rotational period metrics. Using this
key enabling theoretical assumption one then sensibly arrives at
gyrochronology from our first principles LTT perspective. 
 

Author(s): Erlan H Feria
Institution(s): 1. CUNY College of Staten Island

218.01 – An Overview of the Planetary Data System
Roadmap Study for 2017 - 2026
NASA’s Planetary Data System (PDS) is the formal archive of >1.2
petabytes of data from planetary exploration, science, and
research. Initiated in 1989 to address an overall lack of attention
to mission data documentation, access, and archiving, the PDS
has since evolved into an online collection of digital data managed
and served by a federation of 6 science discipline nodes and 2
technical support nodes. Several ad-hoc mission-oriented data
nodes also provide complex data interfaces and access for the
duration of their missions. 

The new PDS Roadmap Study for 2017-2026 involved 15
planetary science community members who collectively prepared
a report summarizing the results of an intensive examination of
the current state of the PDS and its organization, management,
practices, and data holdings
(https://pds.jpl.nasa.gov/roadmap/PlanetaryDataSystemRMS17-
26_20jun17.pdf). The report summarizes PDS history, its
functions and characteristics, and its present form; also included
are extensive references and documentary appendices. The report
recognizes that as a complex evolving system, the PDS must
respond to new pressures and opportunities. The report provides
details on challenges now facing the PDS, 19 detailed findings and
suggested remediations that could be used to respond to these
findings, and a summary of the potential future of planetary data
archiving. These findings cover topics such as user needs and
expectations, data usability and discoverability (i.e., metadata,
data access, documentation, and training), tools and file formats,
use of current information technologies, and responses to
increases in data volume, variety, complexity, and number of data
providers. In addition, the study addresses the possibility of
archiving software, laboratory data, and physical samples. Finally,
the report discusses the current structure and governance of PDS
and the impact of this on how archive growth, technology, and

new developments are enabled and managed within the PDS. The
report, with its findings, acknowledges the ongoing and expected
challenges to be faced in the future, the need for maintaining an
edge on the use of emerging technologies, and represents a guide
for evolution of the PDS for the next decade.

Author(s): Thomas H. Morgan , Ralph L. McNutt , Lisa
Gaddis , Emily Law , Ross A. Beyer , Kate Crombie , Denton
Ebel , Amitahba Ghosh , Edwin J. Grayzeck , Flora Paganelli ,
Anne C. Raugh , Thomas Stein , Matthew S. Tiscareno ,
Renee Weber , Maria E Banks , Kathryn Powell
Institution(s): 1. American Museum of Natural History, 2.
Indigo Information Services, LLC, 3. JHUAPL, 4. NASA
Marshall Space Flight Center, 5. NASA/Ames, 6. NASA/GSFC, 7.
NASA/JPL, 8. SETI Institute, 9. Tharsis Inc., 10. University of
Maryland, 11. USGS/Flagstaff, 12. Washington University

218.03 – A Tale of Two Archives: PDS3/PDS4
Archiving and Distribution of Juno Mission Data
The Juno mission to Jupiter, which was launched on 5 August
2011 and arrived at the Jovian system in July 2016, represents the
last mission to be officially archived under the PDS3 archive
standards. Modernization and availability of the newer PDS4
archive standard has prompted the PDS Atmospheres Node
(ATM) to provide on-the-fly migration of Juno data from PDS3 to
PDS4. Data distribution under both standards presents
challenges in terms of how to present data to the end user in both
standards, without sacrificing accessibility to the data or
impacting the active PDS3 mission pipelines tasked with
delivering the data on predetermined schedules. The PDS
Atmospheres Node has leveraged its experience with prior active
PDS4 missions (e.g., LADEE and MAVEN) and ongoing PDS3-to-
PDS4 data migration efforts providing a seamless distribution of
Juno data in both PDS3 and PDS4. When ATM receives a data
delivery from the Juno Science Operations Center, the PDS3
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labels are validated and then fed through PDS4 migration
software built at ATM. Specifically, a collection of Python
methods and scripts has been developed to make the migration
process as automatic as possible, even when working with the
more complex labels used by several of the Juno instruments.
This is used to create all of the PDS4 data labels at once and build
PDS4 archive bundles with minimal human effort. Resultant
bundles are then validated against the PDS4 standard and
released alongside the certified PDS3 versions of the same data.
The newer design of the distribution pages provides access to
both versions of the data, utilizing some of the enhanced
capabilities of PDS4 to improve search and retrieval of Juno data.
Webpages are designed with the intent of offering easy access to
all documentation for Juno data as well as the data themselves in
both standards for users of all experience levels. We discuss the
structure and organization of the Juno archive and associated
webpages as examples of joint PDS3/PDS4 data access for end
users.

Author(s): Zena Stevenson , Lynn Neakrase , Lyle Huber ,
Nancy J. Chanover , Reta F. Beebe , Kathrine Sweebe , Joni J.
Johnson
Institution(s): 1. New Mexico State University

218.04 – Educational Labeling System for
Atmospheres (ELSA): Python Tool Development
for Archiving Under the PDS4 Standard
The Research and Analysis programs within NASA’s Planetary
Science Division now require archiving of resultant data with the
Planetary Data System (PDS) or an equivalent archive. The PDS
Atmospheres Node is developing an online environment for
assisting data providers with this task. The Educational Labeling
System for Atmospheres (ELSA) is being designed with
Django/Python coding to provide an easier environment for
facilitating not only communication with the PDS node, but also
streamlining the process of learning, developing, submitting, and
reviewing archive bundles under the new PDS4 archiving
standard. Under the PDS4 standard, data are archived in bundles,
collections, and basic products that form an organizational
hierarchy of interconnected labels that describe the data and
relationships between the data and its documentation. PDS4
labels are implemented using Extensible Markup Language
(XML), which is an international standard for managing
metadata. Potential data providers entering the ELSA
environment can learn more about PDS4, plan and develop label
templates, and build their archive bundles. ELSA provides an
interface to tailor label templates aiding in the creation of
required internal Logical Identifiers (URN – Uniform Resource
Names) and Context References (missions, instruments, targets,
facilities, etc.). The underlying structure of ELSA uses
Django/Python code that make maintaining and updating the
interface easy to do for our undergraduate/graduate students.
The ELSA environment will soon provide an interface for using
the tailored templates in a pipeline to produce entire collections
of labeled products, essentially building the user’s archive bundle.
Once the pieces of the archive bundle are assembled, ELSA
provides options for queuing the completed bundle for peer
review. The peer review process has also been streamlined for
online access and tracking to help make the archiving process
with PDS as transparent as possible. We discuss the current
status of ELSA and provide examples of its implementation.

Author(s): Lynn Neakrase , Danae Hornung , Kathrine
Sweebe , Lyle Huber , Nancy J. Chanover , Zena Stevenson ,
Jodi Berdis , Joni J. Johnson , Reta F. Beebe
Institution(s): 1. New Mexico State University

218.06 – Quantitative Outline-based Shape
Analysis and Classification of Planetary
Craterforms using Supervised Learning Models
The shapes of craterform morphology on planetary surfaces
provides rich information about their origins and evolution.
While morphologic information provides rich visual clues to
geologic processes and properties, the ability to quantitatively

communicate this information is less easily accomplished. This
study examines the morphology of craterforms using the
quantitative outline-based shape methods of geometric
morphometrics, commonly used in biology and paleontology. We
examine and compare landforms on planetary surfaces using
shape, a property of morphology that is invariant to translation,
rotation, and size. We quantify the shapes of paterae on Io,
martian calderas, terrestrial basaltic shield calderas, terrestrial
ash-flow calderas, and lunar impact craters using elliptic Fourier
analysis (EFA) and the Zahn and Roskies (Z-R) shape function, or
tangent angle approach to produce multivariate shape
descriptors. These shape descriptors are subjected to multivariate
statistical analysis including canonical variate analysis (CVA), a
multiple-comparison variant of discriminant analysis, to
investigate the link between craterform shape and classification.
Paterae on Io are most similar in shape to terrestrial ash-flow
calderas and the shapes of terrestrial basaltic shield volcanoes are
most similar to martian calderas. The shapes of lunar impact
craters, including simple, transitional, and complex morphology,
are classified with a 100% rate of success in all models. Multiple
CVA models effectively predict and classify different craterforms
using shape-based identification and demonstrate significant
potential for use in the analysis of planetary surfaces.

Author(s): Thomas Joseph Slezak , Jani Radebaugh , Eric
Christiansen
Institution(s): 1. Brigham Young University

218.07 – Planetary Nomenclature: An Overview
and Update for 2017
The task of naming planetary surface features, rings, and natural
satellites is managed by the International Astronomical Union’s
(IAU) Working Group for Planetary System Nomenclature
(WGPSN). There are currently 15,361 IAU-approved surface
feature names on 41 planetary bodies, including moons and
asteroids. The members of the WGPSN and its task groups have
worked since the early 1970s to provide a clear, unambiguous
system of planetary nomenclature that represents cultures and
countries from all regions of Earth. WGPSN members include
Rita Schulz (Chair) and 9 other members representing countries
around the globe. The participation of knowledgeable scientists
and experts in this process is vital to its success of the IAU
WGPSN . Planetary nomenclature is a tool used to uniquely
identify features on the surfaces of planets or satellites so they can
be located, described, and discussed in publications, including
peer-review journals, maps and conference presentations.
Approved names are listed in the Transactions of the IAU and on
the Gazetteer of Planetary Nomenclature website. Any names
currently in use that are not listed the Gazetteer are not official.
Planetary names must adhere to rules and conventions
established by the IAU WGPSN (see
http://planetarynames.wr.usgs.gov/Page/Rules for the complete
list). The gazetteer includes an online Name Request Form
(http://planetarynames.wr.usgs.gov/FeatureNameRequest) that
can be used by members of the professional science community.
Name requests are first reviewed by one of six task groups
(Mercury, Venus, Moon, Mars, Outer Solar System, and Small
Bodies). After a task group has reviewed a proposal, it is
submitted to the WGPSN. Allow four to six weeks for the review
and approval process. Upon WGPSN approval, names are
considered formally approved and it is then appropriate to use
them in publications. Approved names are immediately entered
into the database and shown on the website. Questions about the
nomenclature database and the naming process can be sent to
Rosalyn Hayward, USGS Astrogeology Science Center, 2255
N. Gemini Dr., Flagstaff, AZ 86001, or by email to
rhayward@usgs.gov.

Author(s): Tenielle Gaither , Rose Hayward
Institution(s): 1. USGS Astrogeology Science Center
Contributing team(s): IAU Working Group for Planetary
System Nomenclature

218.08 – Improved moving source photometry with
TRIPPy
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Photometry of moving sources is more complicated than for
stationary sources, because the sources trail their signal out over
more pixels than a point source of the same magnitude. Using a
circular aperture of same size as would be appropriate for point
sources can cut out a large amount of flux if a moving source
moves substantially relative to the size of the aperture during the
exposure, resulting in underestimated fluxes. Using a large
circular aperture can mitigate this issue at the cost of a
significantly reduced signal to noise compared to a point source,
as a result of the inclusion of a larger background region within
the aperture. 
Trailed Image Photometry in Python (TRIPPy) solves this
problem by using a pill-shaped aperture: the traditional circular
aperture is sliced in half perpendicular to the direction of motion
and separated by a rectangle as long as the total motion of the
source during the exposure. TRIPPy can also calculate the
appropriate aperture correction (which will depend both on the
radius and trail length of the pill-shaped aperture), and has
features for selecting good PSF stars, creating a PSF model

(convolved moffat profile + lookup table) and selecting a custom
sky-background area in order to ensure no other sources
contribute to the background estimate. 
In this poster, we present an overview of the TRIPPy features and
demonstrate the improvements resulting from using TRIPPy
compared to photometry obtained by other methods with
examples from real projects where TRIPPy has been implemented
in order to obtain the best-possible photometric measurements of
Solar System objects. While TRIPPy has currently mainly been
used for Trans-Neptunian Objects, the improvement from using
the pill-shaped aperture increases with source motion, making
TRIPPy highly relevant for asteroid and centaur photometry as
well.

Author(s): Mike Alexandersen , Wesley Cristopher Fraser
Institution(s): 1. Academia Sinica, 2. Queen's University
Belfast

219.01 – The Near-Earth Object Camera
The Near-Earth Object Camera (NEOCam) is a NASA mission in
formulation designed to find, track, and provide basic physical
characterization of asteroids and comets that make close
approaches to Earth. Its goal is to reduce the risk of impacts from
undetected near-Earth objects (NEOs) capable of causing global
and regional disasters. NEOCam consists of a 50 cm telescope
operating at two channels dominated by NEO thermal emission,
4.2-5.0um and 6-10um, in order to better constrain the objects'
temperatures and diameters. Orbiting the Sun-Earth L1 Lagrange
point, the mission would find hundreds of thousands of NEOs
and would make significant progress toward the Congressional
objective of discovering more than 90% of NEOs larger than 140
m during its five-year lifetime. The mission uses novel
2048x2048 HgCdTe detectors that extend the wavelength cutoff
beyond 10um at an operating temperature of 40K (Dorn et al.
2016). Both the optical system and the detectors are cooled
passively using radiators and thermal shields to enable long
mission life and to avoid the complexity of cryocoolers or
cryogens. NEOCam is currently in an extended Phase A.

Author(s): Amy K. Mainzer
Institution(s): 1. JPL
Contributing team(s): NEOCam Science Team

219.02 – Dragonfly: Exploring Titan's Surface with
a New Frontiers Relocatable Lander
We proposed to the NASA New Frontiers 4 mission call a lander
to assess Titan's prebiotic chemistry, evaluate its habitability, and
search for biosignatures on its surface. Titan as an Ocean World is
ideal for the study of prebiotic chemical processes and the
habitability of an extraterrestrial environment due to its
abundant complex carbon-rich chemistry and because both liquid
water and liquid hydrocarbons can occur on its surface. Transient
liquid water surface environments can be created by both impacts
and cryovolcanic processes. In both cases, the water could mix
with surface organics to form a primordial soup. The mission
would sample both organic sediments and water ice to measure
surface composition, achieving surface mobility by using rotors to
take off, fly, and land at new sites. The Dragonfly rotorcraft lander
can thus convey a single capable instrument suite to multiple
locations providing the capability to explore diverse locations 10s
to 100s of kilometers apart to characterize the habitability of
Titan's environment, investigate how far prebiotic chemistry has
progressed, and search for chemical signatures indicative of
water- and/or hydrocarbon-based life.

Author(s): Jason W. Barnes , Elizabeth P. Turtle , Melissa G
Trainer , Ralph Lorenz
Institution(s): 1. JHU/APL, 2. NASA Goddard Space Flight
Center, 3. University of Idaho

219.03 – neoPASCAL: A Cubesat-based approach to
validate Mars GCMs using a network of landed
sensors
Beginning in the 1990s, concepts for a network of 15-20 small
(12.8 kg) landers to measure surface pressure across Mars were
proposed (Merrihew et al., 1996). Such distributed measurements
were seen as particularly valuable as they held the promise of
validating Mars Global Circulation Models (GCMs), for which the
diurnal and seasonal variations in surface pressure may be
diagnostically related to atmospheric parameters (Haberle et al.,
1996). MicroMET, later renamed PASCAL, was a Discovery
contender, however, the total mass required for the 20 landers
and a support orbiter presented a challenge compared to the
delivered science. 
 
In the 20 years since this concept originated, miniaturization of
spacecraft systems, sensors and components has made
substantial progress. Several small planetary science spacecraft
based on the CubeSat design approach will launch in the next few
years. Yet, only one meteorological station (REMS) currently
operates on the surface of Mars. Meanwhile, the output from
atmospheric models have become ever more critical for
understanding key Martian geological processes including volatile
transport, identifying the extent and persistence of surface brines,
understanding the sources and sinks of methane and
investigating the past climate of Mars, to name only a few areas. 
 
As such, it is time to reconsider the PASCAL concept. We find
that modern equipment opens up payload space in the original
12.8 kg entry-vehicles from 23 g to nearly 1 kg, sufficient for
adding small imagers, spectrometers and other additional or
alternate payloads to examine atmosphere and surface over a
wide geographic range of settings. If, instead, we seek the
minimum solution for spacecraft mass, we find that a pressure-
sensing vehicle would mass < 250 g at entry making these
spacecraft appealing secondary payloads for future Mars
missions.

Author(s): John Moores , Hugh Podmore , Regina S.K.
Lee , Robert Haberle
Institution(s): 1. Ames Research Center, 2. York University

219.04 – Science Goals, Objectives, and
Investigations of the 2016 Europa Lander Science
Definition Team Report
In June of 2016 NASA convened a 21-person team of scientists to
establish the science goals, objectives, investigations,
measurement requirements, and model payload of a Europa
lander mission concept. The NASA HQ Charter goals, in priority
order, are as follows: 
1) Search for evidence of life on Europa, 2) Assess the habitability
of Europa via in situ techniques uniquely available to a lander
mission, 3) Characterize surface and subsurface properties at the

1 2

1

3 1
2 1

2 2
2 1



scale of the lander to support future exploration of Europa. 

Within Goal 1, four Objectives were developed for seeking signs of
life. These include the need to: a) detect and characterize any
organic indicators of past or present life, b) identify and
characterize morphological, textural, and other indicators of life,
c) detect and characterize any inorganic indicators of past or
present life, and d) determine the provenance of Lander-sampled
material. Goal 2 focuses on Europa’s habitability and ensures that
even in the absence of the detection of any potential
biosignatures, significant ocean world science is still achieved.
Goal 3 ensures that the landing site region is quantitatively
characterized in the context needed for Goals 1 and 2, and that
key measurements about Europa’s ice shell are made to enable
future exploration. 

Critically, scientific success cannot be, and should never be,
contingent on finding signs of life – such criteria would be levying
requirements on how the universe works. Rather, scientific
success is defined here as achieving a suite of measurements such
that if convincing signs of life are present on Europa’s surface
they could be detected at levels comparable to those found in
benchmark environments on Earth, and, further, that even if no
potential biosignatures are detected, the science return of the
mission will significantly advance our fundamental
understanding of Europa’s chemistry, geology, geophysics, and
habitability.

Author(s): Kevin P. Hand , Alison Murray , James Garvin
Institution(s): 1. DRI, 2. GSFC, 3. JPL
Contributing team(s): and the Europa Lander Science
Definition Team, Project Science Team, and Project Engineering
Team.

219.05 – Scientific Objectives of China Chang ’E
4（CE-4） Lunar Far-side Exploration Mission
China has achieved great success in the recently CE-1~CE-3 lunar
missions, and in the year of 2018, China Lunar Exploration
Program (CLEP) is going to launch the CE-4 mission. CE-4
satellite is the backup satellite of CE-3, so that it also consists of a
Lander and a Rover. However, CE-4 is the first mission designed
to detect the far side of the Moon in human lunar exploration
history. So the biggest difference between CE-4 and CE-3 is that it
will be equipped with a relay satellite in Earth-Moon-L2 Point for
Earth-Moon Communication. And the scientific payloads carried
on the Lander and Rover will also be different. It has been
announced by the Chinese government that CE-4 mission will be
equipped with some new international cooperated scientific
payloads, such as the Low Frequency Radio Detector from
Holland, Lunar Neutron and Radiation Dose Detector from
Germany, Neutral Atom Detector from Sweden, and Lunar
Miniature Optical Imaging Sounder from Saudi Arabia. The main
scientific objective of CE-4 is to provide scientific data for lunar
far side research, including: 1)general spatial environmental
study of lunar far side；2)general research on the surface,
shallow layer and deep layer of lunar far side；3)detection of low
frequency radio on lunar far side using Low Frequency Radio
Detector, which would be the first time of using such frequency
band in lunar exploration history .

Author(s): Hongbo Zhang , Xingguo Zeng , Wangli Chen
Institution(s): 1. National Astronomical Observatories of
China,Chinese Academy of Sciences

219.06 – New Frontiers Science at Venus from
Orbit plus Atmospheric Gas Sampling

Venus remains the most Earth-like body in terms of size,
composition, surface age, and insulation. Venus Origins Explorer
(VOX) determines how Earth’s twin diverged, and enables
breakthroughs in our understanding of rocky planet evolution
and habitability. At the time of the Decadal Survey the ability to
map mineralogy from orbit (Helbert et al.) and present-day radar
techniques to detect active deformation were not fully

appreciated. VOX leverages these methods and in-situ noble
gases to answer New Frontiers science objectives: 
1. Atmospheric physics/chemistry: noble gases and isotopes to
constrain atmospheric sources, escape processes, and integrated
volcanic outgassing; global search for current volcanically
outgassed water. 
2. Past hydrological cycles: global tessera composition to
determine the role of volatiles in crustal formation. 
3. Crustal physics/chemistry: global crustal
mineralogy/chemistry, tectonic processes, heat flow, resolve the
catastrophic vs. equilibrium resurfacing debate, active geologic
processes and possible crustal recycling. 
4. Crustal weathering: surface-atmosphere weathering reactions
from redox state and the chemical equilibrium of the near-surface
atmosphere. 
5. Atmospheric properties/winds: map cloud particle modes and
their temporal variations, and track cloud-level winds in the polar
vortices. 
6. Surface-atmosphere interactions: chemical reactions from
mineralogy; weathering state between new, recent and older
flows; possible volcanically outgassed water. 
VOX’s Atmosphere Sampling Vehicle (ASV) dips into and samples
the well-mixed atmosphere, using Venus Original Constituents
Experiment (VOCE) to measure noble gases. VOX’s orbiter
carries the Venus Emissivity Mapper (VEM) and the Venus
Interferometric Synthetic Aperture Radar (VISAR), and maps the
gravity field using Ka-band tracking. 
VOX is the logical next mission to Venus because it delivers: 1)
top priority atmosphere, surface, and interior science; 2) key
global data for comparative planetology; 3) high-resolution
topography, composition, and imaging to optimize future landers;
4) opportunities for revolutionary discoveries with a 3-year long
mission, proven implementation and 44 Tb of data.

Author(s): Suzanne Smrekar , Melinda Dyar , Scott
Hensley , Joern Helbert
Institution(s): 1. German Space Agency, 2. Jet Propulsion
Laboratory, 3. Mount Holyoke College
Contributing team(s): VOX Science and Engineering Teams

219.07 – Hayabusa2 NIRS3’s Investigation to
Characterize and Select Sampling and Landing
Sites on Asteroid (25143) Ryugu
Following the visit of the spacecraft Hayabusa to (25143) Itokawa
in 2005, the Japanese Space Agency (JAXA) launched a second
spacecraft, Hayabusa2, in 2014 to the near-Earth Apollo asteroid
(162173) Ryugu, a C-complex asteroid. Hayabusa2 will arrive at
Ryugu in 2018. Near-Earth asteroids (NEAs) are important
objects to study because of their possible role in the delivery of
water and complex organic molecules to early Earth, and their
threats to impact the Earth at irregular and unpredictable periods
in the future. Hayabusa2 mission will provide exceptional science
with a primary objective to illuminate the origin, evolution, and
distribution of volatiles and organics on the surface of Ryugu and
in the Solar System. Here we present our Near Infrared
Spectrometer(NIRS3)-related strategy and plan to help the
science team to characterize and select sampling and landing sites
to collect carbonaceous samples from Ryugu and bring them back
to Earth in 2020. Our plan includes, (1) measuring spectra of
various carbonaceous chondrites and end-member hydrated
silicates under asteroid-like conditions (vacuum and elevated
temperatures) to develop spectral parameters of minerals and
chemical compounds that we expect to detect on Ryugu,
particularly around 2.8 to 3.2 µm, and (2) thermally and
photometrically correcting Ryugu’s spectra to create site-specific
and global maps of the mineralogical and chemical relative
abundances across Ryugu’s surface, in addition to creating
various albedo maps, including the geometric and bolometric
Bond albedo. Previous 3-µm spectroscopic studies were
conducted in ambient terrestrial environments, and hence were
contaminated by atmospheric water. In our work, however,
chondrite reflectance and hydrated mineral spectra are measured
under asteroid-like conditions to remove adsorbed water and
accurately compute the spectral parameters that will be used for
Ryugu’s mineralogical and chemical mapping. 

3 1 2

1 1 1

2 3
2 1



Acknowledgements 
We wish to thank the Japan Society for the Promotion of Science
Core-to-Core program (International Network of Planetary
Sciences) for supporting Yusuke Nakauchi. Part of this work has
been supported by NASA Hayabusa2 Participating Scientist grant
NNX17AL02G (PI: Takir).

Author(s): Driss Takir , Charles A. Hibbitts , Lucille Le
Corre , Joshua P. Emery , Kohei Kitazato , Seiji Sugita , Yusuke
Nakauchi
Institution(s): 1. Dept. of Earth and Planetary Science, School
of Science, Univeristy of Tokyo, 2. JHU Applied Physics
Laboratory, 3. Planetary Science Institute, 4. SETI Institute, 5.
The University of Aizu, Research Center for Advanced
Information Science and Technology, Ikki-machi, Aizu-
Wakamatsu, 6. University of Tennessee

219.09 – High Resolution Mid-IR Observations of
the Solar System with EXES on SOFIA
The Echelon Cross Echelle Spectrograph (EXES) is a high-
resolution (R~100,000) spectrograph operating in the 4.5-
28.3um region onboard NASA/DLRs SOFIA observatory. The
combination of high-resolution spectroscopy and spectral
windows previously unavailable from the ground has made EXES
a powerful and productive tool in the study of molecules in the
solar system. 
We highlight results from our 2016-2017 campaigns including
studies of water loss on Venus and Mars, stringent upper limits
for Martian Methane, mapping HCN in the clouds of Jupiter and
attempting to detect water plumes reported from Jupiter's moon
Europa.

Author(s): Curtis N. DeWitt , Matthew Richter , Edward J.
Montiel , Cordell Newmiller , Therese Encrenaz , Shohei Aoki ,
Constantine Tsang , Abraham C. A. Boogert
Institution(s): 1. Belgian Institute for Space Aeronomy, 2.
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219.10 – Acquiring Spectra of Solar System Objects
with the NIRSpec Instrument on the James Webb
Space Telescope
The NIRSpec Instrument on the James Webb Space Telescope
will allow near-IR spectroscopy in the wavelength range between
0.6 and 5.3 microns with resolving power of ~100, 1000, or 2700.
We review strategies for performing spectral observations of solar
system objects using each of NIRSpec's available observing
modes, including the integral field unit (IFU), multi-Object
Spectroscopy (MOS), and fixed slit (FS) templates, and discuss
how the choice of mode affects the limiting target brightness as
well as the detailed wavelength and spatial coverage obtained. We
also discuss the expected pointing accuracy and target acquisition
options for moving targets, including the use and limitations of
the Wide Aperture Target Acquisition (WATA) capability and of
the pre-defined field points that will be available for use with the
MOS template to enable the use of custom micro-shutter patterns
including ones emulating very long slits.

Author(s): Charles R. Proffitt , Stephan Birkmann , Pierre
Ferruit , Aurelie Guilbert , Bryan J Holler , John Stansberry
Institution(s): 1. CNRS - UTINAM UMR, 2. European Space
Agency, 3. Space Telescope Science Institute

219.11 – Potential and Challenges for Stereo 3D
Imaging with the Hubble and James Webb Space
Telescopes
Imagine if we could perceive and visualize cometary outgassing,
or see the elevation differences in cloud tops of Jupiter. Imagine if
we could view Saturn's rings in their full depth, using real images
rather than synthetic stereo pictures. Imagine if we could view
these objects in 3D infrared. We present the basic constraints,
challenges, and parameters in using both the Hubble and
upcoming James Webb space telescopes for simultaneous
spectroscopic imaging, across their common wavelength band (~

700-1600 nm) or in other applications, and outline potential
science cases.

Author(s): Joel D. Green , Bonnie K. Meinke , Johannes M
Burge , John Stansberry
Institution(s): 1. Space Telescope Science Institute, 2.
University of Pennsylvania

219.15 – A Microchannel Inlet to Reduce High-
Velocity Impact Fragmentation of Molecules in
Orbital and Fly-by Mass Spectrometers
Closed source neutral mass spectrometers are often used on flyby
missions to characterize the molecular components of planetary
exospheres. In a typical closed source, neutrals are thermalized as
they deflect off the walls within a spherical antechamber prior to
ionization and mass analysis. However, the high kinetic energy of
each molecule as it impacts the chamber can lead to
fragmentation before the ionization region is reached. Due to this
fragmentation, the original composition of the molecule can be
altered, leading to ambiguous identification. 
Even knowing the fragmentation pathways that occur may not
allow deconvolution of data to give the correct composition. Only
stable, volatile fragments will be observed in the subsequent mass
spectrometer and different organic compounds likely give similar
fragmentation products. Simply detecting these products will not
lead to unambiguous identication of the precursor molecules.
Here, we present a hardware solution to this problem—an inlet
that reduces the fragmentation of molecules that impact at high
velocities. 
We present a microchannel inlet that reduces the impact
fragmentation by allowing the molecules to dissipate kinetic
energy faster than their respective dissociation lifetimes.
Preliminary calculations indicate that impact-induced
fragmentation will be reduced up to three orders of magnitude
compared with conventional closed sources by using this inlet.
The benefits of such an inlet apply to any orbital or flyby velocity.
The microchannel inlet enables detection of semi-volatile
molecules that were previously undetectable due to impact
fragmentation.

Author(s): Brandon Turner , Anupriya Anupriya , Eric
Sevy , Daniel E. Austin
Institution(s): 1. Brigham Young University

219.16 – Performance, Calibration and Stability of
the Mars InSight Mission Pressure Sensor
The NASA Mars InSight Discovery Mission is primarily aimed at
understanding the seismic environment at Mars and in turn the
interior structure of the planet. To this end, it carries a set of very
sensitive seismometers to characterize fine ground movements
from quakes, impacts and tides. However, to remove atmospheric
perturbations that would otherwise corrupt the seismic signals,
InSight also carries a pressure sensor of unprecedented sensitivity
and frequency response for a Mars mission. 
 
The instrument is based on a commercial spacecraft pressure
sensor built by the Tavis Corporation. Tavis heritage transducers
have provided pressure measurements on several interplanetary
missions, starting with a similar application on the Viking
Landers. The sensor developed for the Insight mission is their
most sensitive device. That same sensitivity was the root of the
challenges faced in the design and development for Insight. It
uses inductive sensing of a deformable membrane, and includes
an internal temperature sensor to compensate for temperature
effects in its overall response. 
 
The technical requirement on the pressure sensor performance is
0.01(f/0.1)^(-2/3) Pa/sqrt(Hz) between 0.01 and 0.1 Hz, and 0.01
Pa/sqrt(Hz) between 0.1 and 1 Hz. The actual noise spectrum is
about 0.01(f/0.3)^(-2/3) Pa/sqrt(Hz) between 0.01 and 1 Hz, and
its frequency response (including inlet plumbing) has good
response up to about 10 Hz Nyquist (it will be sampled at 20 Hz). 
 
Achieving the required sensitivity proved to be a difficult
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engineering challenge, which necessitated extensive
experimentation and prototyping of the electronics design. In
addition, a late discovery of the introduction of noise by the signal
processing chain into the measurement stream forced a last-
minute change in the instrument’s firmware. 

The flight unit has been calibrated twice, separated by a time span
of about 2 years due to the delay in launching the InSight mission.
This has the benefit of allowing a direct measure of the stability of
the pressure sensor over time. We will discuss the details of the
performance, calibration and stability of the pressure sensor in
more detail in our presentation.

Author(s): Don Banfield , Bruce Banerdt , Ken Hurst ,
Jonny Grinblat , alex murray , Scott Carpenter
Institution(s): 1. Cornell Univ., 2. JPL/Caltech, 3. Tavis
Corporation

219.18 – The Plasma Instrument for Magnetic
Sounding (PIMS) onboard the Europa Clipper
Mission
Europa is embedded in a complex Jovian magnetospheric plasma,
which rotates with the tilted planetary field and interacts
dynamically with Europa’s ionosphere affecting the magnetic
induction signal. Plasma from Io’s temporally varying torus
diffuses outward and mixes with the charged particles in Europa’s
own torus producing highly variable plasma conditions. Onboard
the Europa Clipper spacecraft the Plasma Instrument for
Magnetic Sounding (PIMS) works in conjunction with the
Interior Characterization of Europa using Magnetometry
(ICEMAG) investigation to probe Europa’s subsurface ocean. This
investigation exploits currents induced in Europa’s interior by the
moon’s exposure to variable magnetic fields in the Jovian system
to infer properties of Europa’s subsurface ocean such as its depth,
thickness, and conductivity. This technique was successfully
applied to Galileo observations and demonstrated that Europa
indeed has a subsurface ocean. While these Galileo observations
contributed to the renewed interest in Europa, due to limitations
in the observations the results raised major questions that remain
unanswered. PIMS will greatly refine our understanding of
Europa’s global liquid ocean by accounting for contributions to
the magnetic field from plasma currents. 

The Europa Clipper mission is equipped with a sophisticated suite
of 9 instruments to study Europa's interior and ocean, geology,
chemistry, and habitability from a Jupiter orbiting spacecraft.
PIMS on Europa Clipper is a Faraday Cup based plasma
instrument whose heritage dates back to the Voyager spacecraft.
PIMS will measure the plasma that populates Jupiter’s
magnetosphere and Europa’s ionosphere. The science goals of
PIMS are to: 1) estimate the ocean salinity and thickness by
determining Europa’s magnetic induction response, corrected for
plasma contributions; 2) assess mechanisms responsible for
weathering and releasing material from Europa’s surface into the
atmosphere and ionosphere; and 3) understand how Europa
influences its local space environment and Jupiter’s
magnetosphere and vice versa. 

In this presentation we describe the principles of PIMS
operations, detail the PIMS science goals, and discuss how to
assess Europa's induction response.
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219.19 – Results of the first Seismometer to
Investigate Ice and Ocean Structure (SIIOS)
Analogue Mission
The icy moons of Europa and Enceladus are thought to have
global subsurface oceans in contact with mineral-rich interiors,
likely providing the ingredients needed for life as we know it. The
possibility of life forming in the ocean or in melt pockets, relies on
the presence of a source of energy and chemistry for biological
molecule formation. A thick, stagnant ice crust would likely
prevent transfer of oxidants from the surface to the water, halting
the development of life. The ice thickness and structure is
therefore one of the most important and controversial topics in
astrobiology. 
 
The best way to access an icy moon’s interior structure is with a
lander-based seismometer. Our team has identified a
commercial-off-the-shelf device as a flight-candidate for
operation in the extreme environment of the icy moons. Based on
estimates of Europan seismicity, the flight candidate device is
sensitive enough to detect the ice-water boundary and pockets of
liquid within the ice. Its low mass and low power enables
deployment of multiple seismometers in a short-baseline array on
a lander. The performance, mass, and volume of this device meet
or exceed flight requirements identified in lander studies making
a field test of these seismometers highly representative of a flight
unit developed for an Ocean Worlds mission. 
 
We report the results of the first field campaign for the SIIOS
Analogue Mission Program (AMP), which has evaluates the
performance of the flight candidate seismometer in Ocean World
terrestrial analogue environments. In particular, the first SIIOS
AMP field exercise is performed at Gulkana Glacier, Alaska.
During the summer melt season Gulkana provides kilometer-
scale regions of coexisting ice, water, and silicate material,
thereby providing areas with the desired analogue seismic
contrasts. During this first mission, we have demonstrated device
sensitivity to the detection of seismicity from high frequency (>
50 Hz) active and passive sources, the depth of ice-water
boundaries, and to the ice properties using a short-baseline (1
m ) seismic array and a “lander-mounted” single station
seismometer.
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Dahl , Brad Avenson , Shane Byrne
Institution(s): 1. Avenson Audio, 2. University of Alaska
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219.21 – The Small Next-generation Atmospheric
Probe (SNAP) for Exploration of the Ice Giants - A
PSDS3 Mission Concept Study
The Small Next-generation Atmospheric Probe (SNAP) mission
concept was selected under the NASA Planetary Science Deep
Space Small Satellite (PSDS3) call. Envisioned as a secondary
probe on a future ice giant flagship mission nominally comprising
an orbiter and primary probe, SNAP would provide
measurements of spatially variable atmospheric properties such
as the abundances of key volatiles, the distribution of clouds and
cloud-forming chemical species, thermal stratification and
stability of the atmosphere, and the vertical profile of zonal wind
speeds at the probe descent location. In addition to Uranus and
Neptune, the SNAP design is also a viable Saturn entry probe. 
 
The SNAP mission concept would comprise a 30-kg entry probe
with a diameter of ~0.5m (less than half the size of the Galileo
probe) that could descend through at least 5-bars. The baseline
payload would include an atmospheric structure instrument to
measure the altitude profile of atmospheric pressure and
temperature, an atmospheric composition sensor, and an
ultrastable oscillator to enable radio science measurements
including Doppler wind tracking. An identical ultrastable

1 2 2
2 2 3

3 3
8 3 5 3

2 2 3
3 8 6 3

6 3 4 1
4 5 8

3 7

2

3 3
3 2 4

5 1 3



220 – Planetary Rings and Satellites: iPoster

oscillator would be carried within the probe relay link receiver
hardware on the carrier spacecraft. All probe data, including pre-
entry and entry calibration and housekeeping data, entry
accelerometry, and descent pressures, temperatures,
composition, and zonal winds, would be returned to Earth by
utilizing the carrier as a relay station. 

The in-situ atmospheric investigations enabled by SNAP would
lead to an improved understanding of the chemical and physical
processes that shape giant planet atmospheres, which in turn
would shed light on the formation and evolution processes of the
giant planets and the Solar System. The composition
measurements would also provide chemical evidence addressing
theories of planetary migration, thereby improving the
understanding of the giant planets' role in promoting a habitable
planetary systems.
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219.22 – Intrepid: Exploring the NEA population with a
Fleet of Highly Autonomous SmallSat explorers
The Intrepid mission concept calls for phased deployment of a
fleet of small highly autonomous rendezvous spacecraft designed
to characterize the evolution, structure and composition of dozens
of Near-Earth Asteroids (NEAs). Intrepid represents a marked
departure from conventional solar system exploration projects,
where a single unique and complex spacecraft is typically directed
to explore a single target body. In contrast, Intrepid relies on the
deployment of a large number of autonomous spacecraft to
provide redundancy and ensure that the project goals are
achieved at a small fraction of the cost of typical missions. 
The Intrepid science goals are threefold: (1) to understand the
evolutionary processes that govern asteroid physical, chemical
and dynamical histories and relate these results to solar system
origins and evolution; (2) to facilitate impactor deflection
scenarios for planetary defense by statistically characterizing
relevant asteroid physical properties; (3) to quantify the presence
and extractability of potentially useful resources on a large
sample of asteroids. To achieve these goals, the baseline
architecture includes multiple modular instruments including
cameras, spectrometers, radar sounders, and projectiles that
could interact with the target asteroid. Key questions to be
addressed are: what is the total quantity of water in each object?
How is the water incorporated? Are organics present? What is the
asteroid physical structure? How would the object respond to
impact/deflection? 
We have begun development of a miniature infrared point
spectrometer, a cornerstone of the Intrepid payload, covering
both shortwave infrared (SWIR) and mid-infrared (MIR) spectral
bands. The spectrometer is designed with a compact 2U form-
factor, making it both relevant to Intrepid and implementable on
a CubeSat. The combination of SWIR and MIR in a single
integrated instrument would enable robust compositional
interpretations from a single dataset combining both solar
reflectance and thermal emission spectroscopy. These
measurements would be crucial to determining the quantity and
nature of water present. 
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219.23 – Design of a hydrophone for an Ocean World
lander
For this presentation we describe the science return, and design
of a microphone on- board a Europa lander mission. In addition
to the E/PO benefit of a hydrophone to listen to the Europa
Ocean, a microphone also provides scientific data on the
properties of the subsurface ocean. 
A hydrophone is a small light-weight instrument that could be
used to achieve two of the three Europa Lander mission
anticipated science goals of: 1) Asses the habitability (particularly
through quantitative compositional measurements of Europa via
in situ techniques uniquely available to a landed mission. And 2)
Characterize surface properties at the scale of the lander to
support future exploration, including the local geologic context. 
Acoustic properties of the ocean would lead to a better
understanding of the water density, currents, seafloor topography
and other physical properties of the ocean as well as lead to an
understanding of the salinity of the ocean. Sound from water
movement (tidal movement, currents, subsurface out-gassing,
ocean homogeneity (clines), sub-surface morphology, and
biological sounds. 
The engineering design of the hydrophone instrument will be
designed to fit within a portion of the resource allocation of the
current best estimates of the Europa lander payload (26.6 Kg,
24,900 cm3, 2,500 W-hrs and 2700 Mbits). The hydrophone
package will be designed to ensure planetary protection is
maintained and will function under the cur- rent Europa lander
mission operations scenario of a two-year cruise phase, and 30-
day surface operational phase on Europa. 
Although the microphone could be used on the surface, it is
designed to be lowered into the subsurface ocean. As such,
planetary protection (forward contamination) is a primary
challenge for a subsurface microphone/ camera. The preliminary
design is based on the Navy COTS optical microphone. 
Reference: Pappalardo, R. T., et al. "Science potential from a
Europa lander." Astrobiology 13.8 (2013): 740-773.

Author(s): Heather D Smith , Andrew G. Duncan
Institution(s): 1. Desert Sensors, 2. NASA Ames Research
Center

219.24 – SmallSat Innovations for Planetary
Science
As NASA continues to look for ways to fly smaller planetary
missions such as SIMPLEX, MoO, and Venus Bridge, it is
important that spacecraft and instrument capabilities keep pace
to allow these missions to move forward. As spacecraft become
smaller, it is necessary to balance size with capability, reliability
and payload capacity. Ball Aerospace offers extensive SmallSat
capabilities matured over the past decade, utilizing our broad
experience developing mission architecture, assembling
spacecraft and instruments, and testing advanced enabling
technologies. Ball SmallSats inherit their software capabilities
from the flight proven Ball Configurable Platform (BCP) line of
spacecraft, and may be tailored to meet the unique requirements
of Planetary Science missions. We present here recent efforts in
pioneering both instrument miniaturization and
SmallSat/sensorcraft development through mission design and
implementation. Ball has flown several missions with small, but
capable spacecraft. We also have demonstrated a variety of
enhanced spacecraft/instrument capabilities in the laboratory
and in flight to advance autonomy in spaceflight hardware that
can enable some small planetary missions.

Author(s): Jonathan Weinberg , Shelley Petroy , Shane
Roark , Eric Schindhelm
Institution(s): 1. Ball Aerospace and Technologies Corp.

220.01 – Confining the Rings of Chariklo with
Resonant Perturbations

Until recently, ring systems were thought to exist only around
large planets. In 2013, a stellar occultation discovered rings
around the centaur Chariklo; subsequently, a set of rings has been
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proposed to exist around the centaur Chiron. Similarities in these
minor-body systems include a small nucleus (~220-240 km), with
two narrow rings (a few km in width) separated by a gap (~8-12
km). Possible methods for confinement of such narrow rings
include shepherding satellites or apse alignment due to self
gravity. We present the results of numerical simulations of a
system like that observed around Chariklo to investigate ring
confinement by a resonant perturbation. The simulations include
a range of perturber configurations including only collisions
without self-gravity as well as one simulation with self-gravity to
show that the confinement mechanism is robust. Comparison to a
simulation with no resonant perturbation shows that our
simulations are capable of measuring the viscous spread of this
ring system. 

Simulations include a single perturber with masses between 10
and 10  kg, corresponding to diameters on the order of 1-2 km.
These perturbers are small enough and close enough to the
central body that they would not be visible in Hubble
observations. The ring material starts off with gaussian density
profiles centered on the observed locations of the rings. The ring
particles are 3-10 m in radius. The longest simulations were run
for ~12 orbits. 

Results from the simulations include: 
- the width of the rings begins to narrow after a few synodic
periods with the perturber, at the point when the streamlines
intersect; 
- there isn’t a preference for the resonance with one ring, but the
need to have both rings in resonance provides a constraint; 
- the perturber can be located exterior or interior to the rings. 
The robustness of the mechanism leaves open the possibility that
the perturbation comes from a mass anomaly on the central body
itself. This is supported by observational indications that the spin
rate of Chariklo is in resonance with the orbital period of its main
ring. Simulation results are used to generate synthetic stellar
occultation chords for direct comparison with observations.

Author(s): Mark C. Lewis , Amanda A. Sickafoose
Institution(s): 1. SAAO, 2. Trinity Univ.

220.02 – Multi-Wavelength investigation of the co-
orbital moons Dione and Helene
The icy satellites Dione and Helene share the same orbit, at 6.26
Saturn radii from the giant planet, which is within Saturn’s
diffuse E ring. Helene is one of Dione’s two Trojan moons, located
in the leading Lagrangian point L4 of Dione’s orbit. We present
here preliminary results on the investigation of the Dione-Helene
duo in term of origin, formation and evolution. Specifically, the
key objectives are to retrieve the photometric properties and
composition of the moons to answer questions such as: Are the
Dione and Helene surfaces made of the same material? Did they
form in the same region of the Solar System? Is one satellite
older than the other? Have they experienced the same amount of
space weathering? 
To provide the most complete evaluation of the Dione and Helene
surfaces and advance our understanding of how exogenic
processes affect the surfaces of icy satellites we use the synergy of
four of the Cassini instruments: UVIS (Ultraviolet Imaging
Spectrograph), ISS (Imaging Science Subsystem), VIMS (Visual
and Infrared Mapping Spectrometer) and CIRS (Composite
Infrared Spectrometer). Composite disk-integrated spectra of
both moons have been produced to conduct spectral modeling
over a large wavelength range from the ultraviolet to the infrared,
from 111nm to 1mm. Until now, most investigations have focused
only on one wavelength domain, telling only part of the story. A
multi-wavelength analysis allows an in-depth investigation of the
surfaces of the Saturnian satellites as each wavelength probes a
different layer of the surface. Special attention is directed toward
the search for correlations of basic properties (albedo, scattering
properties, texture, grain size, composition, porosity, thermal
properties) between Dione and Helene.

Author(s): Emilie M. Royer , Amanda R. Hendrix , Carly
Howett , Linda Spilker
Institution(s): 1. JPL, 2. PSI, 3. SwRI, 4. University of
Colorado

220.03 – A Global Geologic Map of Europa
Understanding the global scale geology of Europa is paramount to
gaining insight into the potential habitability of this icy world. To
this end, work is ongoing to complete a global geological map at
the scale of 1:15 million that incorporates data at all resolutions
collected by the Voyager and Galileo missions. The results of this
work will aid the Europa Clipper mission, now in formulation, by
providing a framework for collaborative and synergistic science
investigations. 
To understand global geologic and tectonic relations, a total of 10
geologic units have been defined. These include: Low Albedo
Ridge Material (lam)—low albedo material that irregularly
surrounds large (>20 km) ridge structures; Ridged plains (pr)—
distributed over all latitudes and characterized by subparallel to
cross-cutting ridges and troughs visible at high resolution (<100
m/px); Band material (b)—linear to curvilinear zones with a
distinct, abrupt albedo change from the surrounding region;
Crater material (c), Continuous Crater Ejecta (ce) and
Discontinuous Crater Ejecta (dce)—features associated with
impact craters including the site of the impact, crater material,
and the fall-out debris respectively; Low Albedo Chaos (chl),
Mottled Albedo Chaos (chm) and High Albedo Chaos (chh)—
disrupted terrain with a relatively uniform low albedo,
patchy/variegated albedo, and uniform high albedo appearance
respectively; Knobby Chaos (chk) - disrupted terrain with rough
and blocky texture occurring in the high latitudes. 
In addition to the geologic units, our mapping also includes
structural features—Ridges, Cycloids, Undifferentiated Linea,
Crater Rims, Depression Margins, Dome Margins and Troughs.
We also introduce a point feature (at the global scale),
Microchaos, to denote small (<10 km) patches of discontinuous
chaos material. The completed map will constrain the distribution
of different Europa terrains and provide a general stratigraphic
framework to assess the geologic history of Europa from the
regional to the global scale.

Author(s): Erin Janelle Leonard , Donald Alex Patthoff ,
David A. Senske , Geoffrey Collins
Institution(s): 1. Jet Propulsion Laboratory, 2. Planetary
Science Institute, 3. University of California Los Angeles, 4.
Wheaton College

220.04 – Fracture formation post impact on
Enceladus?
Saturn’s small icy moon Enceladus was observed by the Cassini
mission to have jets of ice and vapor emanating from its southern
polar terrain (SPT), creating a plume. The fact that the activity is
only observed in one region has not been well explained.
Hypotheses include a regional sea beneath the SPT or a global
ocean that is thicker beneath the SPT, which feeds a group of
fractures observed there called the tiger stripes. As Enceladus
orbits Saturn, stresses acting on the moon may open and close the
fractures enabling interior volatiles to escape and form the plume.
Here we investigate how these fractures could have formed and
the activity begun. We propose that an impact could have either
punctured through or caused substantial melt and fracturing in
an ice shell connecting to a liquid layer below. Our goal is to
determine whether a formation of fractures resembling the tiger
stripes could emerge post-impact. 
Previous work by Roberts and Stickle (LPSC 2017, #1955)
modeled an impact into an ice shell over an ocean and calculated
penetration depth and melt temperatures and volumes through
the shell thickness. Fracturing would occur during and after the
impact, the crater would collapse, water would begin to refreeze
and subsequent fluid exchange would occur. Working forward
from a point after impact and as the ice shell begins refreezing, we
performed finite element modeling to simulate the probable
formation of fractures based on the resulting stress regime. Here
we explore fracture formation for shells ranging from 1 km to 5
km thick (consistent with gravity and libration studies), to explore
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formation as the shell cools and thickens through time. We
emplaced several fractures, penetrating either entirely or partially
across the base to surface. Fracture interactions, tidal stress
forcing with orbital true anomalies and ocean water
pressurization are considered free parameters in the model. We
present results for a number of parameter value combinations
and quantify fracture formation sensitivities to model
parameters. 

Author(s): Kathleen Craft , James Roberts
Institution(s): 1. Johns Hopkins Applied Physics Laboratory

220.05 – Seismic signal and noise on Europa
Seismology is one of our best tools for detailing interior structure
of planetary bodies, and a seismometer is included in the baseline
and threshold mission design for the upcoming Europa Lander
mission. Guiding mission design and planning for adequate
science return, though, requires modeling of both the anticipated
signal and noise. Assuming ice seismicity on Europa behaves
according to statistical properties observed in Earth catalogs and
scaling cumulative seismic moment release to the moon, we can
simulate long seismic records and estimate background noise and
peak signal amplitudes (Panning et al., 2017). This suggests a
sensitive instrument comparable to many broadband terrestrial
instruments or the SP instrument from the InSight mission to

Mars will be able to record signals, while high frequency
geophones are likely inadequate. We extend this analysis to also
begin incorporation of spatial and temporal variation due to the
tidal cycle, which can help inform landing site selection. We also
begin exploration of how chaotic terrane at the bottom of the ice
shell and inter-ice heterogeneities (i.e. internal melt structures)
may affect anticipated seismic observations using 2D numerical
seismic simulations. 
 
M. P. Panning, S. C. Stähler, H.-H. Huang, S. D. Vance, S. Kedar,
V. C. Tsai, W. T. Pike, R. D. Lorenz, “Expected seismicity and the
seismic noise environment of Europa,” J. Geophys. Res., in
revision, 2017.

Author(s): Mark Panning , Simon Stähler , Bruce Bills ,
Jorge Castillo Castellanos , Hsin-Hua Huang , Allen Husker ,
Sharon Kedar , Ralph Lorenz , William T. Pike , Nicholas
Schmerr , Victor Tsai , Steven Vance
Institution(s): 1. Academia Sinica, 2. California Institute of
Technology, 3. ETH Zürich, 4. Imperial College, 5. Jet Propulsion
Laboratory/California Institute of Technology, 6. Johns Hopkins
University, Applied Physics Laboratory, 7. Universidad
Nacional Autonoma de Mexico, 8. University of Maryland

221.01 – Chaotic Mountain Blocks in Pluto’s
Sputnik Planitia
One of the first high-resolution Pluto images returned by New
Horizons displayed a collection of tall, jagged peaks rising out of
the large nitrogen ice sheet informally known as Sputnik Planitia
(SP). This mountain range was later revealed to be one of several
along the western edge of SP. The mountains are several hundred
broken-up blocks of Pluto’s primarily water ice lithosphere and
some retain surface terrains similar to the nearby intact crust
surrounding SP. Water ice with some fractures or porosity is
likely >5% less dense than solid N ice at Pluto’s temperatures.
Thus it is possible the blocks are, or were, floating icebergs or at
least partially suspended to the point that some blocks appear to
be tilted as if they have faltered (Moore et al., 2016, Science, 351,
1284-1293). 

We analyze four mountain ranges on the western edge of SP and
compare to chaotic terrains on Europa and Mars. The blocks on
Pluto have angular planforms but we characterize their size using
block surface area converted to an equivalent circular diameter.
Topography was used to define block extents. The blocks range in
size from 3-30 km in diameter, with a mode of ~8-10 km. Blocks
range from 0.2-3.8 km in height, and block height generally
increases with block diameter. One or more dark layers can be
identified in a few scarp faces, and are at a similar depth to each
other and to layers seen in fault and crater walls elsewhere on
Pluto. A large N-S trending fault system runs tangential to SP and
may be the source of crustal disruption on the western side. 

On Europa and Mars block sizes vary greatly between different
chaos regions, but Conamara Chaos has an average block size of
~5 km in diameter, smaller than that typically seen on Pluto. Also
the blocks often transition into fractured terrain still connected to
the surround lithosphere at the periphery of the chaos regions.
The source regions for the blocks are more obvious on Europa
and Mars. Additionally the block heights on Europa and Mars
generally do not increase with block size. Thus, the main
mechanism of crustal breakup is likely different between these
bodies.

Author(s): Kelsi N. Singer , Katherine I Knight , S. Alan
Stern , Catherine Olkin , William M. Grundy , William B.
McKinnon , Jeffrey M. Moore , Paul M. Schenk , John R.
Spencer , Harold A Weaver , Leslie Young , Kimberly Ennico
Institution(s): 1. Carson-Newman University, 2. Johns
Hopkins University Applied Physics Laboratory, 3. Lowell
Observatory, 4. Lunar and Planetary Institute, 5. NASA Ames
Research Center, 6. Southwest Research Institute Boulder, 7.
Washington University in St. Louis
Contributing team(s): The New Horizons Geology, Geophysics
and Imaging Science Theme Team, The New Horizons Surface
Composition Science Theme Team

221.02 – The Color of Pluto from New Horizons
The New Horizons flyby provided the first high-resolution color
maps of Pluto. These maps show the color variegation across the
surface from the very red terrain in the equatorial region, to the
more neutral colors of the volatile ices in Sputnik Planitia, the
blue terrain of east Tombaugh Regio and the yellow hue on
Pluto's north pole. There are two distinct color mixing lines in the
color-color diagrams derived from images of Pluto. Both mixing
lines have an apparent starting point in common: the relatively
neutral color volatile-ice covered terrain. One line extends to the
dark red terrain exemplified by Cthulu Regio and the other
extends to the yellow hue in the northern latitudes. The red color
is consistent with a non-ice component on the surface and is
consistent with tholins.

Author(s): Catherine Olkin , John R. Spencer , William
M. Grundy , Alex Parker , Ross A. Beyer , Dennis Reuter , Paul
M. Schenk , S. Alan Stern , Harold A Weaver , Leslie Young ,
Kimberly Ennico , Richard P Binzel , Marc W. Buie , Jason C.
Cook , Dale P. Cruikshank , Cristina M. Dalle Ore , Alissa
Earle , Carly Howett , Donald E. Jennings , Kelsi N. Singer ,
Ivan Linscott , Allen Lunsford , Silvia Protopapa , Bernard
Schmitt , Eddie Weigle
Institution(s): 1. Applied Physics Laboratory, 2. Big Head
Endian, 3. Lowell Observatory, 4. Lunar and Planetary
Institute, 5. MIT, 6. NASA Ames Research Center, 7. NASA GSFC,
8. Pinhead Institute, 9. SETI, 10. Southwest Research Institute,
11. Stanford University, 12. University Grenoble, 13. University
of Maryland
Contributing team(s): and the New Horizons Science Team

221.03 – Probing the Hill Sphere of 2014 MU
with HST FGS
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During HST GO/DD Program 15003, we observed the July 17,
2017 stellar occultation by the Kuiper Belt object 2014 MU , the
close flyby target of the extended New Horizons mission. Rather
than capture a solid body occultation by the KBO itself, our
program aimed to constrain the opacity of rings or other debris in
the 2014 MU  system. We used the HST FGS instrument in
TRANS F583W mode to collect 40 Hz time resolution photometry
of the stellar occultation star for 2 orbits during this observation.
We present the results of reduction and calibration of the FGS
photometry, accounting for the different photometric sensitivities
of the four PMTs of the instrument. From this, we then set limits
on rings or other dust opacity within the Hill sphere of 2014
MU  at distances up to 75,000 km from the main body.

Author(s): Joshua Kammer , Tracy M Becker , Kurt D.
Retherford , S. Alan Stern , Catherine Olkin , Marc W. Buie ,
John R. Spencer , Amanda S. Bosh , Lawrence H. Wasserman
Institution(s): 1. Lowell Observatory, 2. Massachusetts
Institute of Technology, 3. Southwest Research Institute, 4.
Southwest Research Institute

221.04 – The Dynamical History of Chariklo and Its
Rings
Chariklo is the only small Solar system body confirmed to have
rings. Given the instability of its orbit, the presence of rings is
surprising, and their origin remains poorly understood. In this
work, we study the dynamical history of the Chariklo system by

integrating almost 36,000 Chariklo clones backwards in time for
one Gyr under the influence of the Sun and the four giant planets.
By recording all close encounters between the clones and planets,
we investigate the likelihood that Chariklo's rings could have
survived since its capture to the Centaur population. Our results
reveal that Chariklo's orbit occupies a region of stable chaos,
resulting in its orbit being marginally more stable than those of
the other Centaurs. Despite this, we find that it was most likely
captured to the Centaur population within the last 20 Myr, and
that its orbital evolution has been continually punctuated by
regular close encounters with the giant planets. The great
majority (> 99%) of those encounters within one Hill radius of the
planet have only a small effect on the rings. We conclude that
close encounters with giant planets have not had a significant
effect on the ring structure. Encounters within the Roche limit of
the giant planets are rare, making ring creation through tidal
disruption unlikely.

Author(s): Jeremy R Wood , Jonti Horner , Tobias Hinse ,
Stephen Marsden
Institution(s): 1. Computational Engineering and Science
Research Centre University of Southern Queensland, 2. Hazard
Community and Technical College, 3. Korea Astronomy and
Space Science Institute

222.01 – High pressure ices are not the end of the
story for large icy moons habitability: experimental
studies of salts effects on high pressure ices and the
implications for icy worlds large hydrosphere
structure and chemical evolution
The presence of several phases of deep high-pressure ices in large
icy moons hydrosphere has often been pointed as a major
limitation for the habitability of an uppermost ocean. As they are
gravitationally stable bellow liquid H O, they are thought to act
as a chemical barrier between the rocky bed and the ocean.
Solutes, including salt species such as NaCl and MgSO , have
been suggested inside icy world oceans from remote sensing,
magnetic field measurements and chondritic material alteration
models. Unfortunately, the pressures and temperatures inside
these hydrospheres are very different from the one found in Earth
aqueous environments, so most of our current thermodynamic
databases do not cover the range of conditions relevant for
modeling realistically large icy worlds interiors. 
Recent experimental results have shown that the presence of
solutes, and more particularly salts, in equilibrium with high
pressure ices have large effects on the stability, buoyancy and
chemistry of all the phases present at these extreme conditions. 
In particular brines have been measured to be sometimes more
dense than the high pressure ices at melting conditions, possibly
creating several oceanic layer "sandwiched" in between two ices

shells or in contact with the rocky bed. 
Other effects currently being investigated by our research group
also covers ice melting curve depressions that depend on the salt
species and incorporation of solutes inside the crystallographic
lattice of high pressure ices. Both of these could have very
important implication at the planetary scale, enabling
thicker/deeper liquid oceans, and allowing chemical
transportation through the high pressure ice layer in large icy
worlds. 
We will present the latest results obtained in-situ using diamond
anvil cell high pressure allowing to probe the density, chemistry
and thermodynamic properties of high pressure ice and aqueous
solutions in equilibrium with Na-Mg-SO -Cl ionic species. 
We will also discuss the new planetary evolution scenarios
implied by these new material and thermodynamic properties and
how this could suggest the existence of new habitable
environments in large icy worlds, even when high pressure ices
dominate the total volume of the hydrosphere.

Author(s): Baptiste Journaux , Evan Abramson , J. Michael
Brown , Olivier Bollengier
Institution(s): 1. University of Washington

223.01 – The Planetary Data System (PDS) Data
Dictionary Tool (LDDTool)
One of the major design goals of the PDS4 development effort was
to provide an avenue for discipline specialists and large data
preparers such as mission archivists to extend the core PDS4
Information Model (IM) to include metadata definitions specific
to their own contexts. This capability is critical for the Planetary
Data System - an archive that deals with a data collection that is
diverse along virtually every conceivable axis. Amid such
diversity, it is in the best interests of the PDS archive and its users
that all extensions to the core IM follow the same design
techniques, conventions, and restrictions as the core
implementation itself. Notwithstanding, expecting all mission
and discipline archivist seeking to define metadata for a new
context to acquire expertise in information modeling, model-
driven design, ontology, schema formulation, and PDS4 design
conventions and philosophy is unrealistic, to say the least. 

To bridge that expertise gap, the PDS Engineering Node has
developed the data dictionary creation tool known as “LDDTool”.
This tool incorporates the same software used to maintain and
extend the core IM, packaged with an interface that enables a
developer to create his contextual information model using the
same, open standards-based metadata framework PDS itself uses.
Through this interface, the novice dictionary developer has
immediate access to the common set of data types and unit
classes for defining attributes, and a straight-forward method for
constructing classes. The more experienced developer, using the
same tool, has access to more sophisticated modeling methods
like abstraction and extension, and can define very sophisticated
validation rules. 
 
We present the key features of the PDS Local Data Dictionary
Tool, which both supports the development of extensions to the
PDS4 IM, and ensures their compatibility with the IM.
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Author(s): Anne C. Raugh , John S. Hughes
Institution(s): 1. Jet Propulsion Laboratory, 2. University of
Maryland

223.02 – Planetary Sciences Literature - Access and
Discovery
The NASA Astrophysics Data System (ADS) has been around for
over 2 decades, helping professional astronomers and planetary
scientists navigate, without charge, through the increasingly
complex environment of scholarly publications. As boundaries
between disciplines dissolve and expand, the ADS provides
powerful tools to help researchers discover useful information
efficiently. In its new form, code-named ADS Bumblebee
(https://ui.adsabs.harvard.edu), it may very well answer
questions you didn't know you had! While the classic ADS
(http://ads.harvard.edu) focuses mostly on searching basic
metadata (author, title and abstract), today's ADS is best
described as a an "aggregator" of scholarly resources relevant to
the needs of researchers in astronomy and planetary sciences,
and providing a discovery environment on top of this. In addition
to indexing content from a variety of publishers, data and
software archives, the ADS enriches its records by text-mining
and indexing the full-text articles (about 4.7 million in total, with

g
130,000 from planetary science journals), enriching its metadata
through the extraction of citations and acknowledgments. Recent
technology developments include a new Application
Programming Interface (API), a new user interface featuring a
variety of visualizations and bibliometric analysis, and integration
with ORCID services to support paper claiming. The new ADS
provides powerful tools to help you find review papers on a given
subject, prolific authors working on a subject and who they are
collaborating with (within and outside their group) and papers
most read by by people who read recent papers on the topic of
your interest. These are just a couple of examples of the
capabilities of the new ADS. We currently index most journals
covering the planetary sciences and we are striving to include
those journals most frequently cited by planetary science
publications. The ADS is operated by the Smithsonian
Astrophysical Observatory under NASA Cooperative Agreement
NNX16AC86A.

Author(s): Edwin A. Henneken
Institution(s): 1. Smithsonian Astrophysical Obs.
Contributing team(s): The ADS Team

224.01 – Planetary Science with the Stratospheric
Observatory for Infrared Astronomy (SOFIA)
The Stratospheric Observatory for Infrared Astronomy (SOFIA) is
executing observations as part of its 5th annual proposal cycle.
This poster compiles some scientific highlights from observations
to date, lists pending observations, and statistically summarizes
guest observer participation in SOFIA. We have observed comets,
asteroids, Venus, Mars, Jupiter, Saturn, Neptune, Kuiper Belt
Objects, and extrasolar planets. Infrared obsrvations from our
observatory have been used to characterize surfaces,
atmospheres, and dust. We describe the observatory capabilities,
highlighting our scientific instrument in development. We
describe future capabilities of the observatory, to encourage new
proposals that can utilize this unique facility for planetary
science.

Author(s): William T. Reach
Institution(s): 1. Universities Space Research Association
Contributing team(s): SOFIA Science Mission Operations

224.02 – Remote microscopy and volumetric
imaging on the surface of icy satellites
With NASA PIDDP support we have applied recent advancements
in Fourier-domain microscopy to develop an instrument capable
of microscopic imaging from meter-scale distances for use on a
planetary lander on the surface of an icy satellite or other
planetary bodies. Without moving parts, our instrument projects
dynamic patterns of laser light onto a distant target using a
lightweight large-aperture reflector, which then collects the light
scattered or fluoresced by the target on a fast photon-bucket
detector. Using Fourier Transform based techniques, we
reconstruct an image from the detected light. The remote
microscope has been demonstrated to produce 2D images with
better than 15 micron lateral resolution for targets at a distance of
5 meters and is capable of linearly proportionally higher
resolution at shorter distances. The remote microscope is also
capable of providing three-dimensional (3D) microscopic imaging
capabilities, allowing future surface scientists to explore the
morphology of microscopic features in surface ices, for example.
The instrument enables microscopic in-situ imaging during day
or night without the use of a robotic arm, greatly facilitating the
surface operations for a lander or rover while expanding the area
of investigation near a landing site for improved science targeting.
We are developing this remote microscope for in-situ planetary
exploration as a collaboration between the Southwest Research
Institute, LambdaMetrics, and the University of Colorado.

Author(s): Alejandro Soto , Keith Nowicki , Carly Howett ,
Daniel Feldkhun , Kurt D. Retherford
Institution(s): 1. LambdaMetrics, 2. Southwest Research
Institute, 3. Southwest Research Institute

224.03 – The Development of A Chip-Scale
Spectrometer for In Situ Characterization of Solar
System Surfaces
We discuss the development of a plasmonic spectrometer for in
situ characterization of solar system surface and subsurface
environments. The two goals of this project are to (1)
quantitatively demonstrate that a plasmonic spectrometer can be
used to rapidly acquire high signal-to-noise spectra between 0.5 -
1.0 microns at a spectral resolution suitable for unambiguous
detection of spectral features indicative of volatiles and
characteristic surface mineralogies, and (2) demonstrate that this
class of spectrometer can be used in conjunction with optical
fibers to access subsurface materials and vertically map the
geochemistry and mineralogy of subsurface layers, thereby
demonstrating that a plasmonic spectrometer is feasible in a low-
mass, low-power, compact configuration. Our prototype
spectrometer is comprised of a broadband lamp/source, a fiber
optic system to illuminate the sample surface and collect the
reflected light, a mosaic filter element based on plasmon
resonance, and a focal plane array (FPA) detector. Our work thus
far has been divided into two primary areas: (i) the development
of the plasmon filter element and (ii) the construction of a testbed
to explore the source, fiber system and focal plane array
components of the system. We discuss our preliminary design
studies of the plasmonic nanostructure prototypes to optimize the
full-width half-maximum of the filter, and our fiber illumination
and signal collection system. 

Author(s): Nancy J. Chanover , David Voelz , Sang-Yeon
Cho , Charles Pelzman
Institution(s): 1. New Mexico State Univ.

224.04 – Gas And Ice Spectrometer/Radar
(GAISR): a new instrument for close-up comet
activity observations
The Rosetta mission at 67P/Churyumov-Gerasimenko enabled
the first detailed and long-term survey of cometary activity, which
occurs primarily through water outgassing and emission of dust.
Its highly-capable instrument suite improved our understanding
of the outgassing and the dust emission and size distribution
separately, however the coupling between the two remains poorly
understood. GAISR consists of a dual-channel submillimeter-
wave spectrometer inspired from MIRO/Rosetta, coupled to a
small-particle Doppler radar for simultaneous observations of
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outgassing and emission of the large dust particles (comprising
most of the mass emitted) in cometary jets and plumes of outer
solar system satellites. GAISR’s medium-range W-band (95 GHz)
radar will operate in a frequency-modulated continuous-wave
(FMCW) mode with 1 Watt of transmit power to achieve high
sensitivity detection of the range and velocity distribution of 0.1-
10 mm sized ice and dust particles released by jets and plumes.
The radar’s primary aperture also functions as an antenna for two
passive heterodyne spectrometer channels at 270 and 560 GHz
for detecting the abundance, temperature, and velocity of water
vapor and its isotopes (including HDO), as well other major
cometary volatiles such as CO, NH , CH OH. GAISR has been
designed with a priority placed on low mass and power needs, to
facilitate its infusion in future planetary missions. This is
accomplished by leveraging recent innovations in W-band signal
generation using low power silicon integrated circuits, state-of-
the art III-V semiconductor devices for signal amplification and
detection, and compact quasioptical duplexing. A new signal
processing algorithm for FMCW Doppler radar detection out to
the maximum range ambiguity limit has also been developed.
GAISR’s performance testing has begun, and this poster will
summarize its proven capabilities and plans for validation in
relevant environments.

Author(s): Ken Cooper , Raquel Monje , Corey Cochrane ,
Adrian Tang , Maria Alonso , Robert Dengler , Stephen Durden ,
Mathieu Choukroun
Institution(s): 1. Jet Propulsion Laboratory, California
Institute of Technology

224.05 – Raman Spectrograph for Ocean Worlds:
Integrating Cavity Enhanced Spectroscopy
We present a new concept for a Raman spectrograph instrument
designed to conduct high sensitivity measurements of biomarkers
within Ocean Worlds environments. Our Raman Spectrograph for
Ocean worlds (RSO) instrument is a UV+IR multi-laser enhanced
Raman system capable of detecting complex, biologically-relevant
molecular species mixed within icy surfaces in the outer Solar
System. Incorporating two or more lasers with different
excitation-emission pathways is crucial for thorough and
definitive interpretation of the spectral fingerprints that identify
unknown constituents within a sample. Our approach strives to
remove fluorescence-driven ambiguities from degenerate, non-
unique signatures expected for the most interesting trace
constituents, i.e., those best revealed by UV excitation. Our design

for deep-UV measurements is based on a novel high-reflectivity
integrating cavity invented at Texas A&M University and further
developed at SwRI. We report nanomole-range sensitivities of
several complex organic molecules measured with our laboratory
prototype cavities. Weak optical signals from Raman or
fluorescence based instruments require sensitive low-noise
detectors and long integration times, which by comparison are
undesirable for the high radiation environment and limited
battery power conditions anticipated for the Europa Lander
mission. The two-to-five orders of magnitude enhanced
sensitivity over standard Raman spectroscopy enabled by the
integrating cavity enhanced spectroscopy technique makes it well
suited for the Europa Lander payload and other future Ocean
Worlds missions.

Author(s): Kurt D. Retherford , Thomas Z Moore , Michael
W Davis , Carly Howett , Alejandro Soto , Ujjwal Raut ,
Philippa M Molyneux , Keith Nowicki , Kathleen Mandt ,
Britney E Schmidt , John Mason , Vladislav V Yakovlev ,
Edward S Fry
Institution(s): 1. Georgia Institute of Technology, 2. JHU
Applied Physics Lab, 3. Southwest Research Inst., 4. Texas A&M
University
Contributing team(s): the RSO Team

224.06 – The TESS Science Support Center and the
Guest Investigator Program
The Transiting Exoplanet Survey Satellite (TESS) Mission will
have a robust Guest Investigator (GI) program that will be run by
the TESS Science Support Center located at NASA Goddard Space
Flight Center. Following the highly successful Kepler/K2 Guest
Observers (GO) program, the TESS Science Support Center will
support the astronomical and planetary science community in
preparing proposals and providing tools and user support for data
retrieval, processing and analysis. I will present the overall
structure and plan for the GI program, and discuss data products,
GI allocations, observing modes, tools and support as we prepare
for the first proposal cycle.

Author(s): Elisa V. Quintana , Patricia T. Boyd , Thomas
Barclay , Joshua E. Schlieder
Institution(s): 1. NASA Goddard Space Flight Center

300.01 – Laboratory Simulations on Haze
Formation in Cool Exoplanet Atmospheres
The Kepler mission has shown that the most abundant types of
planets are super-Earths and mini-Neptunes among ~3500
confirmed exoplanets, and these types of exoplanets are expected
to exhibit a wide variety of atmospheric compositions. Recent
transit spectra have demonstrated that clouds and/or hazes could
play a significant role in these planetary atmospheres (Deming et
al. 2013, Knutson et al. 2014, Kreidberg et al. 2014, Pont, et al.
2013). However, very little laboratory work has been done to
understand the formation of haze over a broad range of
atmospheric compositions. Here we conducted a series of
laboratory simulations to investigate haze formation in a range of
planetary atmospheres using our newly built Planetary HAZE
Research (PHAZER) chamber (He et al. 2017). We ran
experimental simulations for nine different atmospheres: three
temperatures (300 K, 400 K, and 600 K) and three metallicities
(100, 1000, and 10000 times solar metallicity) using AC glow
discharge as an energy source to irradiate gas mixtures. We found
that haze particles are formed in all nine experiments, but the
haze production rates are dramatically different for different
cases. We investigated the particle sizes of the haze particles
deposited on quartz discs using atomic force microscopy (AFM).
The AFM images show that the particle size varies from 30 nm to
200 nm. The haze particles are more uniform for 100x solar
metallicity experiments (30 nm to 40 nm) while the particles
sizes for 1000x and 10000x solar metallicity experiments have

wider distributions (30 nm to 200 nm). The particle size affects
the scattering of light, and thus the temperature structure of
planetary atmospheres. The haze production rates and particle
size distributions obtained here can serve as critical inputs to
atmospheric physical and chemical tools to understand the
exoplanetary atmospheres and help guide future TESS and JWST
observations of super-Earths and mini-Neptunes. 
Ref: 
Deming, D., et al. 2013, ApJ, 774, 95. 
He, C., et al. 2017, APJL, 841, L31. 
Knutson, H. A., et al. 2014, Nat. 505, 66. 
Kreidberg, L., et al. 2014, Nat. 505, 69. 
Pont, F., et al. 2013, MNRAS, 432, 2917.

Author(s): Chao He , Sarah Horst , Nikole Lewis , Xinting
Yu , Patricia McGuiggan , Julianne I. Moses
Institution(s): 1. Johns Hopkins University, 2. Space Science
Institute, 3. Space Telescope Science Institute

300.02 – Haze production in the atmospheres of
super-Earths and mini-Neptunes: Insight from
PHAZER lab 
Super-Earths and mini-Neptunes (~1.2-3 Earth radii) comprise a
large fraction of planets in the universe and TESS (Transiting
Exoplanet Survey Satellite) will increase the number that are
amenable to atmospheric characterization with observatories like
JWST (James Webb Space Telescope). These atmospheres should
span a large range of temperature and atmospheric composition
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phase space, with no solar system analogues. Interpretation of
current and future atmospheric observations of super-Earths and
mini-Neptunes requires additional knowledge about atmospheric
chemistry and photochemical haze production. We have
experimentally investigated haze formation for H , H O, and
CO  dominated atmospheres (100x, 1000x, and 10000x solar
metallicity) for a range of temperatures (300 K, 400 K, and 600
K) using the PHAZER (Planetary Haze Research) experiment at
Johns Hopkins University. This is a necessary step in
understanding which, if any, super-Earths and mini-Neptunes
possess the conditions required for efficient production of
photochemical haze in their atmospheres. We find that the
production rates vary over a few orders of magnitudes with some
higher than our nominal Titan experiments. We therefore expect
that planets in this temperature and atmospheric composition
phase space will exhibit a range of particle concentrations and
some may be as hazy as Titan.

Author(s): Sarah Horst , Chao He , Eliza Kempton ,
Julianne I. Moses , Veronique Vuitton , Nikole Lewis
Institution(s): 1. Grinnell, 2. Johns Hopkins University, 3.
Space Science Institute, 4. Space Telescope Science Institute, 5.
Université Grenoble Alpes

300.03 – Limits to Creation of Oxygen-Rich
Atmospheres on Planets in the Outer Reaches of
the Conventional Habitable Zone
Abundant free oxygen appears to be a requirement for macroflora
and macrofauna. To the best of our knowledge, a general
discussion of which habitable planets are conducive to oxygen has
not taken place. Theories for the rise of oxygen fall into 4
categories: (i) It is governed by an intrinsic rate of biological
innovation, independent of environmental factors. (ii) It is caused
by mantle evolution, probably consequent to secular cooling. (iii)
It is caused by hydrogen escape, which irreversibly oxidizes the
Earth. (iv) It is Gaia’s response to the brightening Sun, its rise
prevented until reduced greenhouse gases were no longer needed
to maintain a clement climate. All but the first of these make
implicit astronomical predictions that can be quantified and
made explicit. 

Here we address the third hypothesis. In this hypothesis
hydrogen escape acts like an hourglass that continues until all
relevant reduced mineral buffers have been oxidized (titrated, as
it were) and the surface made safe for O2. The hypothesis predicts
that abundant free O2 will be absent from habitable planets that
have not experienced significant hydrogen escape. Where
hydrogen escape is modest or insignificant, the atmosphere can
be approximated as hydrostatic, which makes assessing radiative
cooling by embedded molecules, atoms, and ions such as CO2 and
H3+ straightforward. In particular, H2 is efficient at exciting non-
LTE CO2 15 micron emission, which makes radiative cooling very
effective when H2 is abundant. We can therefore map out the
region of phase space in which habitable planets do not lose
hydrogen, and therefore do not develop O2 atmospheres. 

A related matter is the power of radiative cooling by embedded
molecules to enforce the diffusion limit to hydrogen escape. This
matter in particular is relevant to addressing the empirical
observation that rocky planets with thin or negligible
atmospheres are rarely or never bigger than ~1.6 Earth radii.

Author(s): Kevin Zahnle
Institution(s): 1. NASA Ames Research Center

300.04 – Location of refractive boundaries with
atmospheric bulk composition in exoplanet
transmission spectra
In exoplanet transit spectroscopy, refraction by the planet’s
atmosphere creates a boundary below which the atmosphere
cannot be observed. This boundary suppresses atmospheric
spectral features with a mean cross-section lower than a ‘surface’
cross-section. We show how this ‘surface’ cross-section varies
with the bulk composition of the exoplanet’s atmosphere. For

terrestrial exoplanets, it differs by more than 2 orders of
magnitude between a pure He and a pure CO  atmosphere,
resulting in a difference of more than 5 scaleheights in the
location of the continuum with respect to absorption features in
an exoplanet’s effective atmospheric thickness, a fact of potential
importance in planning JWST observations.

Author(s): Yan Betremieux , Mark R. Swain
Institution(s): 1. JPL/Caltech

300.05 – Observing the Spectra of MEarth and
TRAPPIST Planets with JWST  
During the past two years, nine planets close to Earth in radius
have been discovered around nearby M dwarfs cooler than 3300
K. These planets include the 7 planets in the TRAPPIST-1 system
and two planets discovered by the MEarth survey, GJ 1132b and
LHS 1140b (Dittmann et al. 2017; Berta-Thompson et al. 2015;
Gillon et al. 2017). These planets are the smallest planets
discovered to date that will be amenable to atmospheric
characterization with JWST. They span equilibrium temperatures
from ∼130 K to >500 K, and radii from 0.7 to 1.43 Earth radii.
Some of these planets orbit as distances potentially amenable to
surface liquid water, though the actual surface temperatures will
depend strongly on the albedo of the planet and the thickness and
composition of its atmosphere. The stars they orbit also vary in
activity levels, from the quiet LHS 1140b host star to the more
active TRAPPIST-1 host star. This set of planets will form the
testbed for our first chance to study the diversity of atmospheres
around Earth-sized planets.  
 
Here, we will present model spectra of these 9 planets, varying
the composition and the surface pressure of the atmosphere. We
base our elemental compositions on three outcomes of planetary
atmosphere evolution in our own solar system: Earth, Titan, and
Venus. We calculate the molecular compositions in chemical
equilibrium. We present both thermal emission spectra and
transmission spectra for each of these objects, and make
predictions for the observability of these spectra with different
instrument modes with JWST.

Author(s): Caroline Morley , Laura Kreidberg , Zafar
Rustamkulov , Tyler D. Robinson , Jonathan J. Fortney
Institution(s): 1. Harvard University, 2. University of CA -
Santa Cruz

300.06 – Planet occurrence in the sub-Neptune
photoevaporation desert
Data from the Kepler mission have shown that sub-Neptunes are
the most common group of currently known exoplanets. These
planets have a large range of bulk densities indicative of a group
spanning purely rocky planets to those with substantial
hydrogen/helium atmospheres. This diversity may represent a
population that has been sculpted by photoevaporation, wherein
planets close to their host stars are stripped of their primordial
hydrogen/helium atmospheres by impinging stellar X-ray and
extreme ultraviolet (XUV) radiation. This would present itself
observationally as a rarity of ~1.8 - 4 Earth radii planets with
orbital periods of ~10 days or less (Lopez et al. 2013). Evidence
for a lack of these planets has been suggested in the Kepler
dataset, in the form of an absence of planets between 2.2 and 3.8
Earth radii, with incident bolometric fluxes greater than 650
times the solar constant (Sanchis-Ojeda et al. 2014, Lundkvist et
al. 2016). However, physically, one would expect the desert to be
a function of time-integrated XUV flux, which is directly
responsible for photoevaporation, not present-day bolometric
flux. We first examine how time-integrated X-ray flux for a planet
at fixed semi-major axis varies for mid M-dwarfs to early F-type
stars, with the finding that for an integration time of 5 billion
years, the integrated X-ray flux varies by only ~1 order of
magnitude, compared to the 2 order of magnitude change in
stellar luminosity across these star types. We then investigate
evidence for a photoevaporation desert by calculating lifetime-
integrated X-ray fluxes for the full Kepler sample. We calculate
planet occurrence in this integrated X-ray flux parameter space,
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with the finding that the transition between the desert and non-
desert areas may be sharper when compared to the orbital period
parameter space.

Author(s): George McDonald , Laura Kreidberg , Eric
Lopez
Institution(s): 1. Georgia Institute of Technology, 2. Harvard
University, 3. NASA Goddard Space Flight Center

301.01 – Origin of Titan’s Nitrogen: Contributions
from Organics in the Core
The origin of Titan’s atmosphere has been a puzzle for decades.
The major atmospheric component is N , with a 14N/15N ratio of
~168. This ratio is enriched in heavy N compared to the solar
ratio of 441, but is similar to that measured in cometary comae for
NH2 (127), a product of NH3 in the coma. These data have been
used to argue that Titan’s nitrogen was accreted as NH3, and
converted through shock or photochemical processes to N2. This
model assumes that N2 and NH3 were the only major reservoirs
of nitrogen in the early solar system. To test this model, further
constraints on the building blocks of Titan are needed. 
Comets are thought to preserve the best records of the materials
accreted to form outer solar system bodies. Measurements of
Halley revealed the presence of an abundant refractory organic
component coating cometary dust grains. The organic component
constituted ~50 wt.% of the dust. This component has since been
detected at other comets by later missions, including Deep Impact
and most recently the Rosetta mission. Multiple instruments on
Rosetta have converged on a dust-to-ice mass ratio at
67P/Churyumov-Gerasimenko between 1 and 4, suggesting that
refractory materials are a significant component. Data from the
Cometary Secondary Ion Mass Analyser (COSIMA) confirm that
this refractory material includes abundant organics, with a bulk
composition similar to insoluble organic matter (IOM) in
chondrites. These data suggest that 67P is composed of ~25 wt.%
refractory organics. Using these constraints from Rosetta and
IOM as an analog material, we find via mass balance calculations
that organic N represents a third major reservoir of nitrogen in
the early solar system. This third reservoir could have been a
source material for Titan’s atmosphere. 
We present a cosmochemical model for Titan’s atmosphere that
incorporates this third reservoir via heating in a rocky core. We
deduce the relative contributions of N2, NH3, and organic N to
Titan’s atmosphere based on N isotopes. We show how these
predictions are consistent with the atmospheric Ar/N ratio
from Huygens, and how the available data constrain conditions
and processes in Titan’s interior.

Author(s): Kelly E. Miller , Christopher R. Glein , J. Hunter
Waite
Institution(s): 1. Southwest Research Institute

301.02 – Methane, Ethane, and Nitrogen Stability
on Titan and Other Icy Bodies
Many outer solar system bodies are likely to have a combination
of methane, ethane and nitrogen. In particular the lakes of Titan
are known to consist of these species. Understanding the past and
current stability of these lakes requires characterizing the
interactions of methane and ethane, along with nitrogen, as both
liquids and ices. Our cryogenic laboratory setup allows us to
explore ices down to 30 K through imaging and transmission and
Raman spectroscopy. Our recent work has shown that although
methane and ethane have similar freezing points, when mixed
they can remain liquid down to 72 K. Concurrently with the
freezing point measurements we acquire transmission or Raman
spectra of these mixtures to understand how the structural
features change with concentration and temperature. Any mixing
of these two species together will depress the freezing point of the
lake below Titan’s surface temperature, preventing them from
freezing. We will present new results utilizing our recently
acquired Raman spectrometer that allow us to explore both the
liquid and solid phases of the ternary system of methane, ethane
and nitrogen. In particular we will explore the effect of nitrogen
on the eutectic of the methane-ethane system. At high pressure

f d h h l d h

we find that the ternary creates two separate liquid phases.
Through spectroscopy we determined the bottom layer to be
nitrogen rich, and the top layer to be ethane rich. Identifying the
eutectic, as well as understanding the liquidus and solidus points
of combinations of these species, has implications for not only the
lakes on the surface of Titan, but also for the
evaporation/condensation/cloud cycle in the atmosphere, as well
as the stability of these species on other outer solar system bodies.
These results will help interpretation of future observational data,
and guide current theoretical models.

Author(s): Jennifer Hanley , Will Grundy , Garrett
Thompson , Logan Pearce , Shyanne Dustrud , Gerrick
Lindberg , Stephen C. Tegler , Henry G. Roe
Institution(s): 1. Lowell Observatory, 2. Northern Arizona
University, 3. University of Texas, Austin

301.03 – Titan’s mid-latitude surface region from
Cassini/VIMS data: Implications on the
composition
We investigate the surface of Titan using spectro-imaging near-
infrared data from the Cassini Visual and Infrared Mapping
Spectrometer (VIMS). We apply a radiative transfer code to first
determine the contributions of atmospheric haze to the Titan
spectrum and then derive the surface albedo (Solomonidou et al.
2014; 2016). We focus here on the geological major units
identified in Lopes et al. (2010, 2016), Malaska et al. (2016) and
Radebaugh et al. (2016) from Synthetic Aperture Radar (SAR),
data including mountains, different types of plains, labyrinths,
impact craters, dune fields, and alluvial fans. We find that all
regions classified as being the same geomorphological unit in
SAR exhibit a coherent spectral response after the VIMS data
analysis, thus suggesting a good correlation in the classification
between SAR and VIMS. The Huygens landing site appears to be
compositionally similar to one type of plains unit (variable
plains), suggesting similar plain formation mechanisms. We have
sub-categorized the VIMS data into three albedo categories (high,
medium, low). By matching the extracted albedos with candidate
materials for Titan’s surface (GhoSST database), we find that all
regions of interest fall into one out of three main types of major
candidate constituents: water ice, tholin-like material, or an
unknown, very dark material. This suggests that Titan’s surface is
possibly dominated by tholin-like material and a very dark
unknown (most likely organic) material, and that most of the
surface is covered by atmospheric/organic deposits. Water ice is
also present at a number of regions as major constituent at
latitudes higher than 30N and 30S. The surface albedo
differences and similarities among the various geomorphological
units constrain the implications for the geological processes that
govern Titan’s surface and interior (e.g. aeolian, fluvial,
sedimentary, lacustrine, cryovolcanic, tectonic). 
References: Lopes et al.: Icarus, 205, 540-558, 2010; Lopes et al.:
Icarus, 270, 162-182, 2016; Malaska et al.: Icarus, 270, 130-161,
2016; [4] Solomonidou et al.: JGR, 119, 1729-1747, 2014; [6]
Solomonidou et al.: Icarus, 270, 85-99, 2016; [7] Schmitt et al.:
GhoSST database (ghosst.osug.fr).
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Author(s): Anezina Solomonidou , Athena Coustenis ,
Rosaly M.C Lopes , Michael Malaska , Sebastien Rodriguez ,
Pierre Drossart , Charles Elachi , Bernard Schmitt , Sylvain
Philippe , Michael A. Janssen , Mathieu Hirtzig , Stephen D.
Wall , Kenneth J. Lawrence , Nicolas Altobelli , Emmanuel
Bratsolis , Jani Radebaugh , Katrin Stephan , Robert H
Brown , Stephane Le Mouélic , Alice Le Gall , Edward
Villanueva , Anthony Bloom , Olivier Witasse , Christos
Matsoukas , Ashley Schoenfeld
Institution(s): 1. Department of Earth, Planetary, and Space
Sciences, University of Calilfornia, 2. Department of Geological
Sciences, Brigham Young University, 3. Department of Physics,
University of Athens, 4. European Space Agency (ESA),
European Space Astronomy Centre (ESAC), 5. European Space
Agency (ESA), European Space Research and Technology Centre
(ESTEC), 6. Fondation “La main à la pâte”, 7. Institut de
Planétologie et d’Astrophysique de Grenoble, 8. Institute of
Planetary Research, DLR, 9. Jet Propulsion Laboratory/Caltech,
10. KTH-Royal Institute of Technology, 11. Laboratoire AIM,
Université Paris Diderot, Paris 7/CNRS/CEA-Saclay,
DSM/IRFU/SAp, 12. Laboratoire Atmosphères, Milieux,
Observations Spatiales (LATMOS-UVSQ), 13. LESIA -
Observatoire de Paris, CNRS, UPMC Univ. Paris 06, Univ. Paris-
Diderot, 14. Lunar and Planetary Laboratory, University of
Arizona, 15. Université de Nantes, Laboratoire de Planétologie et
Géodynamique

301.04 – Compositional Variations of Titan's
Impact Craters Indicates Active Surface Erosion
Titan’s crust is assumed to be mostly water-ice. However, the
surface composition is not well constrained due to its thick
atmosphere. Based on infrared and radiometry data, the surface
appears enriched in organics, with only few areas showing
evidence of exposed water-ice. Regions of water-ice enrichment
include the rims and ejecta blankets of impact craters. This study
utilizes these geologic features to examine compositional
variations across Titan’s surface, and their subsequent
modification due to erosional processes. 

Sixteen craters and their ejecta blankets were mapped on a
Cassini RADAR mosaic. These features were selected because
they are some of the best preserved craters on Titan. Composition
was inferred from Cassini’s Visual and Infrared Mapping
Spectrometer (VIMS) and 2-cm emissivity data from the Cassini
radiometer. With VIMS, different compositional units were
inferred from their reflectivity at specific wavelengths. With the
emissivity data, high values suggest more organic-rich material,
while lower values indicate strong volume scattering. Areas with
low emissivity have been interpreted to be water-ice rich, as
water-ice is a favorable medium for volume scattering. 

Results show fresher, well-preserved craters in the dunes regions
have a low emissivity indicative of water-ice, and a VIMS
spectrum consistent with an unknown material, possibly a
mixture of water-ice and organics. As these craters erode over
time, the VIMS spectra remain the same but the emissivity
increases. Well-preserved craters in the mid-latitude plains show
VIMS spectra and emissivity values consistent with water-ice. As
these plain craters degrade, the VIMS spectra remain the same,
but the emissivity increases. The differing VIMS signatures
suggest more mixing with organics during the cratering event in
the organic-rich dunes than the plains. The changes in emissivity
over time are consistent with organic infilling of subsurface
fractures in both regions, with limited surficial alteration. These
results support the idea that compositional variations in Titan’s
impact craters are related primarily to erosion and infilling, and
to a lesser extent, local variations in the overlying organic
material of the pre-impact substrate.

Author(s): Alyssa Werynski , Catherine Neish , Alice Le
Gall , Michael A. Janssen
Institution(s): 1. JPL, 2. University of Western Ontario, 3.
UVSQ Université Paris-Saclay

301.05 – Pond Hockey on Whitmore Lacus: the
Formation of Ponds and Ethane Ice Deposits
Following Storm Events on Titan
Cassini ISS observations reveled regions, later identified as
topographic low spots (Soderblom et al. 2014, DPS) on Saturn’s
moon Titan become significantly darker (lower albedo) following
storm events (Turtle et al. 2009, GRL; 2011, Science), suggesting
pools of liquid hydrocarbon mixtures (predominantly methane-
ethane-nitrogen). However, these dark ponds then significantly
brighten (higher albedo relative to pre-storm albedo), before
fading to their pre-storm albedos (Barnes et al. 2013 Planet. Sci;
Soderblom et al. 2014, DPS). We interpret these data to be the
result of ethane ice formation, which cools from evaporation of
methane. 
 
The formation of ethane ices results from a unique sequence of
thermophysical processes. Initially, the methane in the ternary
mixture evaporates, cooling the pond. Nitrogen, dissolved
primarily in the methane, exsolves, further cooling the liquid.
However, because nitrogen is significantly more soluble in cooler
methane-hydrocarbon mixtures, the relative concentration of
nitrogen in the solution increases as it cools. This increased
nitrogen fraction increases the density of the pond, as nitrogen is
significantly more dense thane methane or ethane (pure ethane’s
density is intermediate to that of methane and nitrogen). At
around ~85 K the mixture is as dense as pure liquid ethane. Thus,
further evaporative methane loss and cooling at the pond’s
surface leads to a chemical stratification, with an increasingly
ethane rich epilimnion (surface layer) overlying a methane rich
hypolimnion (subsurface layer). 
 
Further evaporation of methane from the ethane-rich epilimnion
drives its temperature and composition toward the methane-
ethane-nitrogen liquidus curve, causing pure ethane ice to
precipitate out of solution and settle to the bottom of the pool.
This settling would obscure the ethane ice from Cassini VIMS and
ISS, which would instead continue to appear as a dark pond on
the surface. As the ethane precipitates out completely, a binary
methane-nitrogen liquid mixture remains. Eventually, this
residual liquid evaporates away, exposing the submerged ethane
ice, which Cassini VIMS and ISS would observe as a dramatic
brightening of the surface, consistent with observations. 

Author(s): Jordan Steckloff , Jason M. Soderblom
Institution(s): 1. Massachusetts Institute of Technology

301.06 – Creating the best Global Mosaic of Titan's
Surface Albedo using Cassini Images
We have conducted a photometric analysis of the set of Cassini's
Imaging Science Subsystem (ISS) images of Titan's surface at 938
nm. The images show Titan's haze and surface features through
the haze. At scales < 5 km, the contrast of surface features is
subdued by a factor of ~60 which makes them undetectable with
standard methods. 
 
Our new photometric method accounts for spatial and temporal
atmospheric and instrumental variations through a model with 16
parameters, determined by a least square fit to the data. It was
made possible by recent progress in modeling Titan's haze
through accurate radiative transfer models. Our new approach
gives calibrated surface albedos, unlike previous work. It also
allows combination of all images of the same terrain, about 20
times more images than previously processed, increasing the
signal-to-noise 4-5 times, which is critical to retrieving small
features. 
 
In the Adiri region, our approach increased the effective spatial
resolution by a factor of 4-5. Statistical analysis finds outliers in
the data set due to surface changes and occasional clouds. We
found albedo changes where surface changes were previously
reported. We found terrains with similar albedo that have distinct
phase functions indicating possible variations of surface
roughness. We plan to combine all suitable images into a global
mosaic of high spatial resolution. 
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This effort is leading to new science results in three areas: 

(1) We can detect smaller temporal variations on Titan's surface,
related to activity such as methane rainfall (and subsequent
dryout), potential new evaporite deposits, shrinking and
expanding lakes, and perhaps some new discoveries. 

(2) Correlation of observations by RADAR, VIMS, and DISR to
the improved ISS global map facilitates interpretation of the
global distributions of key terrains such as dark dunes, lakes,
large river channels, and tectonic structures. 

(3) The ISS map with quantitative albedo values at 938 nm
provides a direct compositional constraint, compared to VIMS
data, for improved mapping of compositional variations. We also
plan to create a global mosaic at 750 nm to extend the spectral
coverage. 
 
This work was supported by the Cassini project.

Author(s): Erich Karkoschka , Alfred McEwen , Jason
Perry
Institution(s): 1. University of Arizona

302.01 – The growing population of dark objects
that have high emissivity contrast
At visible and near-infrared wavelengths dark asteroids, Trojan
asteroids, and cometary nuclei are largely featureless and are thus
characterized and compared primarily based on differences in
their spectral slopes. In contrast, in the mid-infrared a series of
telescopic observations (e.g., ISO, Spitzer, SOFIA) have revealed
subtle but clear silicate emissions in the 9-11 µm region. For the
most part, these features are very low in spectral contrast (~5%).
However, Emery et al. (2006) showed that Spitzer spectra of
Trojan asteroids can have much larger spectral contrast (~10-
15%) akin to cometary comae and dust in planetary disks. Similar
high-contrast silicate features were found by Kelley et al. (2017)
in Spitzer spectra of bare cometary nuclei. Together these results
suggest the presence of fine grained and likely highly porous
surfaces (Emery et al., 2006; Vernazza et al., 2012). Here we
report on archival spectroscopy with the Spitzer Space Telescope
that shows two mainbelt asteroids 267 Tirza (D-type; 55 km
diameter) and 1284 Lativa (T/L-type; 40 km diameter) also have
strong 10 µm silicate emission features. Moreover, the shapes of
their silicate features match those of the other Trojan D-types; the
best agreement is with 1172 Aneas. If high porosity is responsible
for the enhanced spectra contrast in these objects, that porosity
must now be explained for objects over an extended range of
heliocentric distances, sizes, and that likely have different
accretionary and impact histories.

Author(s): Jessica M. Sunshine , Michael S. P. Kelley ,
Margaret M. McAdam
Institution(s): 1. University of Maryland

302.02 – Albedos of Jovian Trojans, Hildas and
Centaurs
We present distributions of optical V band albedos for samples of
outer solar system minor bodies including Centaurs, Jovian
Trojans and Hildas. Diameters come almost entirely from the
NEOWISE catalog (Mainzer etal 2016- Planetary Data System).
Optical photometry (H values) for about 2/3 of the approximately
2700 objects studied are from PanStarrrs (Veres et al 2015 Icarus
261, 34). The PanStarrs optical photometry is supplemented by H
values from JPL Horizons (corrected to be on the same
photometric system as the PanStarrs data) for the objects in the
NEOWISE catalog that are not in the PanStarrs catalog. We
compare the albedo distributions of various pairs of subsamples
using the nonparametric Wilcoxon rank sum test. Examples of
potentially interesting comparisons include: (1) The Hildas are
15-25% darker than the Trojans at a very high level of statistical
significance. If the Hildas and Trojans started out with similar
surfaces, the Hildas may have darkened due to the effects of
gardening as they pass through zone III of the asteroid belt. (2)
The median albedo of the gray Centaurs lies between that of the
L4 and L5 Trojan groups (3) The median L5 Trojan cloud albedo
is about 10% darker than that of the L4 cloud at a high level of
significance. However, the modes of the L4 and L5 albedo
distributions are very similar, perhaps indicating the presence of
a distinct brighter component in the L4 cloud that is not found in
the L5 cloud.

Author(s): William Romanishin , Stephen C. Tegler
Institution(s): 1. Northern Arizona University, 2. Univ. of
Oklahoma

302.03 – Candidate Binary Trojan and Hilda
Asteroids from Rotational Light Curves
Jovian Trojans (hereafter, Trojans) are asteroids in stable orbits
at Jupiter's L4 and L5 Lagrange points, and Hilda asteroids are
inwards of the Trojans in 3:2 mean-motion resonance with
Jupiter. Due to their special dynamical properties,
observationally constraining the formation location and
dynamical histories of Trojans and HIldas offers key input for
giant planet migration models. A fundamental parameter in
assessing formation location is the bulk density - with low-density
objects associated with an ice-rich formation environment in the
outer solar system and high-density objects typically linked to the
warmer inner solar system. Bulk density can only be directly
measured during a close fly-by or by determining the mutual
orbits of binary asteroid systems. With the aim of determining
densities for a statistically significant sample of Trojans and
Hildas, we are undertaking an observational campaign to confirm
and characterize candidate binary asteroids published in Sonnett
et al. (2015). These objects were flagged as binary candidates
because their large NEOWISE brightness variations imply shapes
so elongated that they are not likely explained by a singular
equilibrium rubble pile and instead may be two elongated,
gravitationally bound asteroids. We are obtaining densely
sampled rotational light curves of these possible binaries to
search for light curve features diagnostic of binarity and to
determine the orbital properties of any confirmed binary systems
by modeling the light curve. We compare the We present an
update on this follow-up campaign and comment on future steps.

Author(s): Sarah M. Sonnett , Amy K. Mainzer , Tommy
Grav , Joseph R. Masiero , James M Bauer , Emily A. Kramer
Institution(s): 1. Jet Propulsion Laboratory / California
Institute of Technology, 2. Planetary Science Institute, 3.
University of Maryland

302.04 – Estimating Mass Parameters of Doubly
Synchronous Binary Asteroids
The non-spherical mass distributions of binary asteroid systems
lead to coupled mutual gravitational forces and torques.
Observations of the coupled attitude and orbital dynamics can be
leveraged to provide information about the mass parameters of
the binary system. The full 3-dimensional motion has 9 degrees of
freedom, and coupled dynamics require the use of numerical
investigation only. In the current study we simplify the system to
a planar ellipsoid-ellipsoid binary system in a doubly
synchronous orbit. Three modes are identified for the system,
which has 4 degrees of freedom, with one degree of freedom
corresponding to an ignorable coordinate. The three modes
correspond to the three major librational modes of the system
when it is in a doubly synchronous orbit. The linearized periods of
each mode are a function of the mass parameters of the two
asteroids, enabling measurement of these parameters based on
observations of the librational motion. Here we implement
estimation techniques to evaluate the capabilities of this mass
measurement method. We apply this methodology to the Trojan
binary asteroid system 617 Patroclus and Menoetius (1906 VY),
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the final flyby target of the recently announced LUCY Discovery
mission. This system is of interest because a stellar occultation
campaign of the Patroclus and Menoetius system has suggested
that the asteroids are similarly sized oblate ellipsoids moving in a
doubly-synchronous orbit, making the system an ideal test for
this investigation. A number of missed observations during the
campaign also suggested the possibility of a crater on the
southern limb of Menoetius, the presence of which could be
evaluated by our mass estimation method. This presentation will
review the methodology and potential accuracy of our approach
in addition to evaluating how the dynamical coupling can be used
to help understand light curve and stellar occultation
observations for librating binary systems.

Author(s): Alex Davis , Daniel J. Scheeres
Institution(s): 1. University of Colorado at Boulder

302.05 – Population control of Martian Trojans by
the Yarkovsky & YORP effects
Mars is the only terrestrial planet supporting a stable population
of Trojan asteroids. One, (5261) Eureka, has a family of smaller
asteroids of similar composition (Borisov et al, 2017; Polishook et
al, 2017) that likely separated from Eureka within the last 1 Gyr
(Ćuk et al, 2015). Two other Trojans, (101429) 1998 VF  and
(121514) 1999 UJ , of similar size and on similar orbits to Eureka,
are not associated with families of asteroids, begging the question
of what makes Eureka special. 

The Yarkovsky-O'Keefe-Radzievskii-Paddack (YORP) effect may
have formed the Eureka family (Christou, 2013; Ćuk et al, 2015)
by the spinning off of ``YORPlets’’, a mechanism also responsible
for close orbital pairs of small Main Belt asteroids (Pravec et al,
2010). Eureka’s fast rotation rate (P=2.69 hr; Koehn et al, 2014),
right at the so-called ``spin barrier’’ (Warner et al, 2009),
apparently supports this. 

We obtained photometry of 101429 and 121514 to find out their
rotation periods. We find an unusually long, ∼50 hr period for
121514; the asteroid may be in a ``tumbling’’ rotational state that
inhibits YOPRlet production. On the other hand, the faster (P=7.7
hr) rotation we obtain for 101429 does not preclude it from
having been spun up to the rotational fission limit during the
most recent 10s of Myr. 

Instead, 101429’s location near a secular resonance (Scholl et al,
2005) may lead to rapid loss of any YORPlet asteroids. Indeed,
test particles started at 101429’s orbit and evolving under the
Yarkovsky effect escape within a few hundred Myr, several times
faster than particles started near Eureka. We conclude that the
stability enjoyed by asteroids in Eureka’s orbital vicinity,
combined with the ability to readily populate that vicinity with
new asteroids, are likely responsible for Eureka’s status as the
only Martian Trojan with a family.

Author(s): Apostolos Christou , Galin Borisov , Seth A
Jacobson , Francois Colas , Aldo dell’Oro , Alberto Cellino ,
Stefano Bagnulo
Institution(s): 1. Department of Earth and Planetary Sciences,
Northwestern University, 2. Armagh Observatory and
Planetarium, 3. IMCCE, Observatoire de Paris, 4. Osservatorio
Astrofisico di Arcetri, 5. Osservatorio Astronomico di Torino

302.06D – The Trojan-Hilda-KBO connection: An
observational test of solar system evolution models
Over the past few decades, many theories have been devised to
explain the observed solar system architecture. The current
paradigm posits that a significant reorganization of the outer
Solar System occurred after the end of planet formation.
Specifically, it is hypothesized that Jupiter and Saturn crossed a
mutual mean motion resonance, leading to a chaotic expansion of
the ice giants’ orbits that disrupted the large population of
planetesimals situated further out. While the majority of these
bodies were ejected from the Solar System, a fraction of them
were retained as the present-day Kuiper Belt, while others were
scattered inward and captured into resonances with Jupiter to
become the Trojans and Hildas. Dynamical instability models
invariably predict that Trojans, Hildas, and Kuiper Belt objects
(KBOs) were sourced from the same primordial body of outer
solar system planetesimals. Therefore, comparison of these minor
body populations serves as one of the few available observational
tests of our present understanding of solar system evolution. 
 
We present the results of a series of studies aimed at synthesizing
a detailed picture of Trojans and related asteroid populations. By
combining analyses of archival data with new photometric
surveys, we have derived the first debiased color distributions of
Trojans and KBOs and extended/refined our knowledge of their
respective size distributions. In addition, we have explored the
peculiar color bimodality attested in the Trojans, Hildas, and
KBOs, which indicates the presence of two sub-populations. As
part of our continuing efforts to characterize the surface
composition of these bodies, we have also obtained new near-
infrared spectra of Hildas for comparison with previously
published spectra of Trojans covering the same wavelength
region. We have utilized the full body of observations to formulate
hypotheses regarding the formation, composition, and
dynamical/chemical evolution of the primordial outer solar
system planetesimals, with special attention given to explaining
the color bimodality and size distribution shapes. Our results lay
the groundwork for future studies with next-generation
instruments and ultimately, the Trojan flyby mission Lucy. 

Author(s): Ian Wong , Michael Brown
Institution(s): 1. Caltech

303.01 – Constraining the interior density profile
of a Jovian planet from precision gravity field data
The external gravity field of a planetary body is determined by the
distribution of mass in its interior. Therefore, a measurement of
the external field, properly interpreted, tells us about the interior
density profile, ρ(r), which in turn can be used to constrain the
composition in the interior and thereby learn about the formation
mechanism of the planet. Planetary gravity fields are usually
described by the coefficients in an expansion of the gravitational
potential. Recently, high precision measurements of these
coefficients for Jupiter and Saturn have been made by the radio
science instruments on the Juno and Cassini spacecraft,
respectively. 

The resulting coefficients come with an associated uncertainty.
And while the task of matching a given density profile with a
given set of gravity coefficients is relatively straightforward, the
question of how best to account for the uncertainty is not. In
essentially all prior work on matching models to gravity field

data, inferences about planetary structure have rested on
imperfect knowledge of the H/He equation of state and on the
assumption of an adiabatic interior. Here we wish to vastly
expand the phase space of such calculations. We present a
framework for describing all the possible interior density
structures of a Jovian planet, constrained only by a given set of
gravity coefficients and their associated uncertainties. Our
approach is statistical. We produce a random sample of ρ(a)
curves drawn from the underlying (and unknown) probability
distribution of all curves, where ρ is the density on an interior
level surface with equatorial radius a. Since the resulting set of
density curves is a random sample, that is, curves appear with
frequency proportional to the likelihood of their being consistent
with the measured gravity, we can compute probability
distributions for any quantity that is a function of ρ, such as
central pressure, oblateness, core mass and radius, etc. Our
approach is also bayesian, in that it can utilize any prior
assumptions about the planet's interior, as necessary, without
being overly constrained by them. 
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We demonstrate this approach with a sample of Jupiter interior
models based on recent Juno data and discuss prospects for
Saturn.

Author(s): Naor Movshovitz , Jonathan J. Fortney , Ravit
Helled , William B. Hubbard , Daniel Thorngren , Chris
Mankovich , Sean Wahl , Burkhard Militzer , Daniele Durante
Institution(s): 1. Sapienza University of Rome, 2. University of
Arizona, 3. University of California, Berkeley , 4. University of
California, Santa Cruz, 5. University of Zurich

303.02 – An Explanation of Jupiter's Equatorially
Symmetric Gravitational Field using a Four-layer,
Non-spheroidal Model with Zonal Flow
The structure/amplitude of the Jovian equatorially symmetric
gravitational field is affected by both rotational distortion and the
fast equatorially symmetric zonal flow. We construct a fully self-
consistent, four-layer, non-spheroidal (i.e, the shape is irregular)
model of Jupiter that comprises an inner core, a metallic region,
an outer molecular envelope and a thin transition layer between
the metallic and molecular regions. While the core is assumed to
have a uniform density, three different equations of state are
adopted for the metallic, molecular and transition regions. We
solve the governing equations via a perturbation approach. The
leading-order problem accounts for the full effect of rotational
distortion, and determines the density, size and shape of the core,
the location and thickness of the transition layer, and the shape of
the 1-bar pressure level; it also produces the mass, the equatorial
and polar radii of Jupiter, and the even zonal gravitational
coefficients caused by the rotational distortion. The next-order
problem determines the corrections caused by the zonal flow
which is assumed to be confined within the molecular envelope
and on cylinders parallel to the rotation axis. Our model provides
the total even gravitational coefficients that can be compared with
those acquired by the Juno spacecraft.

Author(s): Dali Kong , Keke Zhang , Gerald Schubert , John
Anderson
Institution(s): 1. Jet Propulsion Laboratory, 2. Shanghai
Astronomical Observatory, Chinese Academy of Sciences, 3.
University of California, Los Angeles, 4. University of Exeter

303.03 – Inferring the depth of the atmospheric
flows on Jupiter from the Juno gravity
measurements
For the past year the Juno spacecraft has been in orbit around
Jupiter, performing close flybys of the planet and measuring the
gravity field to very high precision. These gravity measurements
can be used to infer the depth of Jupiter's observed cloud-level
winds, and decipher the possible internal flows within the planet.
In light of the first few Juno orbits we discuss the gravity
measurements and present initial results for the depth and
vertical structure of the atmospheric flows of Jupiter. Particularly
we focus on the odd gravity harmonics, which reflect asymmetries
between the northern and southern hemispheres and therefore
are a pure signature of the dynamics with no contribution from
the static planet. In order to invert the gravity measurements into
flow fields we use an adjoint based inverse model at several levels
of complexity for the vertical and meridional structure. As the
accuracy of the gravity measurement has improved by two orders
of magnitude compared to pre-Juno knowledge, the effective
uncertainty for the static even harmonics now comes from the
contribution of the flow field to the gravity spectrum. We show
how this narrows the range of possible interior structure models
and the implications for the core mass. Implications regarding the
physics governing the atmospheric and internal flows on Jupiter
are discussed.

Author(s): Yohai Kaspi , Eli Galanti , William B.
Hubbard , David J. Stevenson , Luciano Iess , Tristan Guillot ,
Jeremy Bloxham , Hao Cao , Daniele Durante , William
Folkner , Ravit Helled , Andrew P. Ingersoll , Jonathan I.
Lunine , Yamila Miguel , Burkhard Militzer , Marzia Parisi ,
Sean Wahl , John E.P. Connerney , Steven Levin , Scott J.
Bolton
Institution(s): 1. Berkeley , 2. California Institute of
Technology, 3. Cornell University, 4. Harvard University, 5.
JPL/Caltech, 6. LaSapienza University, 7. NASA, 8. Obs. de La
Cote D' Azur, 9. Southwest Research Institute, 10. University of
Arizona, 11. University of Zurich, 12. Weizmann Institute of
Science

303.04 – Excitation Mechanisms for Jovian
Seismic Modes
Recent (2011) results from the Nice Observatory indicate the
existence of global seismic modes on Jupiter in the frequency
range between 0.7 and 1.5mHz with amplitudes of tens of cm/s.
Currently, the driving force behind these modes is a mystery; the
measured amplitudes were much larger than anticipated based on
theory analogous to helioseismology (that is, turbulent convection
as a source of stochastic excitation). One of the most promising
hypotheses is that these modes are driven by Jovian storms. This
work constructs a framework to analytically model the expected
equilibrium normal mode amplitudes arising from convective
columns in storms. We also place rough constraints of Jupiter's
seismic modal quality factor. Using this model, neither meteor
strikes, turbulent convection, nor water storms can feasibly excite
the order of magnitude of observed amplitudes. Next we
speculate about the potential role of rock storms deeper in
Jupiter's atmosphere, because the rock storms' expected energy
scales make them promising candidates to be the chief source of
excitation for Jovian seismic modes, based on simple scaling
arguments. Finally we suggest a predicted power spectrum for
frequencies which have not yet been observed based on our
findings, and supply some commentary on potential applications
to Juno, Saturn, and future missions to Uranus and Neptune.

Author(s): Stephen Markham , David J. Stevenson
Institution(s): 1. California Institute of Technology

303.05 – Deep Zonal Flow and Time Variation of
Jupiter’s Magnetic Field
All four giant planets in the Solar System feature zonal flows on
the order of 100 m/s in the cloud deck, and large-scale intrinsic
magnetic fields on the order of 1 Gauss near the surface. The
vertical structure of the zonal flows remains obscure. The end-
member scenarios are shallow flows confined in the radiative
atmosphere and deep flows throughout the entire planet. The
electrical conductivity increases rapidly yet smoothly as a
function of depth inside Jupiter and Saturn. Deep zonal flows will
advect the non-axisymmetric component of the magnetic field, at
depth with even modest electrical conductivity, and create time
variations in the magnetic field. 
 
The observed time variations of the geomagnetic field has been
used to derive surface flows of the Earth’s outer core. The same
principle applies to Jupiter, however, the connection between the
time variation of the magnetic field (dB/dt) and deep zonal flow
(Uphi) at Jupiter is not well understood due to strong radial
variation of electrical conductivity. Here we perform a
quantitative analysis of the connection between dB/dt and Uphi
for Jupiter adopting realistic interior electrical conductivity
profile, taking the likely presence of alkali metals into account.
This provides a tool to translate expected measurement of the
time variation of Jupiter’s magnetic field to deep zonal flows. We
show that the current upper limit on the dipole drift rate of
Jupiter (3 degrees per 20 years) is compatible with 10 m/s zonal
flows with < 500 km vertical scale height below 0.972 Rj. We
further demonstrate that fast drift of resolved magnetic features
(e.g. magnetic spots) at Jupiter is a possibility.
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Author(s): Hao Cao , David J. Stevenson
Institution(s): 1. Caltech

303.06 – Saturn's Internal Structure: A View
through its Natural Seismograph
Saturn's nonradial oscillations perturb the orbits of ring particles.
The C ring is fortuitous in that it spans several resonances with
Saturn's fundamental acoustic (f-) modes, and its moderate
optical depth allows the characterization of wave features using
stellar occultations. The growing set of C-ring waves with precise
pattern frequencies and azimuthal order m measured from
Cassini stellar occultations (Hedman & Nicholson 2013, 2014;
French et al. 2016) provides new constraints on Saturn's internal
structure, with the potential to resolve long-standing questions
about the planet's distribution of helium and heavier elements, its
means of internal energy transport, and its rotation state. 

We construct Saturn interior models and calculate mode
eigenfrequencies, mapping the planet mode frequencies to
resonant locations in the rings to compare with the locations of
observed spiral density and vertical bending waves in the C ring.
While spiral density waves at low azimuthal order (m=2-3)
appear strongly affected by resonant coupling between f-modes
and deep g-modes (Fuller 2014), the locations of waves with
higher azimuthal order can be fit reasonably well with a spectrum
of pure f-modes for Saturn models with adiabatic envelopes and
realistic equations of state. In particular, four observed bending
waves (Nicholson et al., DPS 2016) align with outer vertical
resonances for non-sectoral (m≠l) Saturn f-modes of relatively
high angular degree, and we present preliminary identifications
of these. We assess the range of resonance locations in the C and
D rings allowed for the spectrum of f-modes given gravity field
constraints and discuss what role a realistic helium distribution in
the planet might play.

Author(s): Christopher Mankovich , Mark S. Marley ,
Jonathan J. Fortney , Naor Movshovitz
Institution(s): 1. NASA Ames Research Center, 2. University of
California Santa Cruz

303.07 – Cassini Can Constrain Tidal Dissipation in
Saturn

Tidal dissipation inside giant planets is important for the orbital
evolution of their natural satellites. It is conventionally treated by
parameterized equilibrium tidal the- ory, in which the tidal torque
declines rapidly with distance, and orbital expansion was faster in
the past. However, Lainey et al. (2017) find that some Saturnian
satellites are currently migrating outward faster than predicted by
equilibrium tidal theory. Reso- nance locking between satellites
and internal oscillations of Saturn, proposed by Fuller et al.
(2016), naturally matches the observed migration rates. Here, we
show that the resonance locking theory predicts dynamical tidal
perturbations to Saturn’s gravita- tional field in addition to those
produced by equilibrium tidal bulges. We show that these
perturbations can likely be detected during Cassini’s proximal
orbits if migra- tion of satellites results from resonant gravity
modes, but will likely be undetectable if migration results from
inertial wave attractors or dissipation of the equilibrium tide.
Additionally, we show that the detection of gravity modes would
place constraints on the size of the hypothetical stably stratified
region in Saturn. 

Author(s): Jing Luan , Jim Fuller , Eliot Quataert
Institution(s): 1. Caltech, 2. University of California at
Berkeley

303.08 – Dynamo Scaling Laws for Uranus and
Neptune: The Role of Convective Shell Thickness
on Dipolarity
Previous dynamo scaling law studies (Christensen and Aubert,
2006) have demonstrated that the morphology of a planet’s
magnetic field is determined by the local Rossby number (Ro_l):

a non-dimensional diagnostic variable that quantifies the ratio of
inertial forces to Coriolis forces on the average length scale of the
flow. Dynamos with Ro_l <~ 0.1 produce dipolar dominated
magnetic fields whereas dynamos with Ro_l >~ 0.1 produce
multipolar magnetic fields. Scaling studies have also determined
the dependence of the local Rossby number on non-dimensional
parameters governing the system - specifically the Ekman,
Prandtl, magnetic Prandtl and flux-based Rayleigh numbers
(Olson and Christensen, 2006). 
 
When these scaling laws are applied to the planets, it appears that
Uranus and Neptune should have dipole-dominated fields,
contrary to observations. However, those scaling laws were
derived using the specific convective shell thickness of the Earth’s
core. Here we investigate the role of convective shell thickness on
dynamo scaling laws. We find that the local Rossby number
depends exponentially on the convective shell thickness.
Including this new dependence on convective shell thickness, we
find that the dynamo scaling laws now predict that Uranus and
Neptune reside deeply in the multipolar regime, thereby resolving
the previous contradiction with observations.

Author(s): Sabine Stanley , Bob Yunsheng Tian
Institution(s): 1. Johns Hopkins University, 2. University of
Toronto

303.09D – Using Jovian Oscillations to Constrain
Interiors and Understanding Why They Exist
Planetary oscillations are excellent tools for probing unknown
properties about their respective interiors, particularly quantities
that pertain to formation theories such as core size. Recently,
there have been very suggestive indications of detections of
oscillations on Jupiter, and several have been confirmed on
Saturn. Saturn is a unique case for seismic exploration as its ring
structures act as a global seismograph. The seismic signatures in
the rings provide information on the frequency of oscillations,
which we can exploit to probe Saturn’s interior. Here we describe
a comprehensive approach to detecting and utilizing oscillations
to constrain the interiors of Jupiter and Saturn. The
aforementioned Saturnian oscillations have already been detected
via spiral density structures in the C ring as inferred from Cassini
occultation data. Jovian oscillations will be detected in the
upcoming years with a global network of Doppler imaging
spectrometers established by the JIVE in NM (Jovian Interiors
Velocimetry Experiment) and JOVIAL (Jovian Oscillations
through radial Velocimetry ImAging observations at several
Longitudes) groups. This network of instrumentation is optimized
for observing Jovian oscillations including a high duty cycle
allowing for limited temporal interruptions and thus high
precision frequency data. In addition, unlike most oscillating
bodies, we are unaware of the excitation mechanism behind
Jovian oscillations. Therefore, we also explore mode excitation
mechanisms that can excite Jupiter’s oscillations, primarily moist
convection in the atmosphere. We will show under what
conditions moist convection can be responsible for mode
excitation and what this reveals about thunderstorm density on
Jupiter. In regards to Saturn, we apply adapted helioseismic
concepts to understand its fundamental mode (f-mode)
oscillations and develop the framework for Jupiter for once its
mode data becomes available. We will show initial inversion
results for Saturn and what we can interpret about its interior
structure. By developing this strategy and later applying it to
Jupiter, we can complement results from Juno gravity data and
work towards creating an accurate and comprehensive interior
model of Jupiter.

Author(s): Ethan Dederick
Institution(s): 1. New Mexico State University
Contributing team(s): JIVE (Jovian Interiors Velocimetry
Experiment) in NM, JOVIAL (Jovian Oscillations through radial
Velocimetry ImAging observations at several Longitudes
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304.01 – The impact of runoff and surface
hydrology on Titan's climate
Titan’s surface liquid distribution has been shown by general
circulation models (GCMs) to greatly influence the hydrological
cycle. Simulations from the Titan Atmospheric Model (TAM) with
imposed polar methane “wetlands” reservoirs realistically
produce many observed features of Titan’s atmosphere, whereas
“aquaplanet” simulations with a global methane ocean are not as
successful. In addition, wetlands simulations, unlike aquaplanet
simulations, demonstrate strong correlations between extreme
rainfall behavior and observed geomorphic features, indicating
the influential role of precipitation in shaping Titan’s surface. The
wetlands configuration is, in part, motivated by Titan’s large-scale
topography featuring low-latitude highlands and high-latitude
lowlands, with the implication being that methane may
concentrate in the high-latitude lowlands by way of runoff and
subsurface flow. However, the extent to which topography
controls the surface liquid distribution and thus impacts the
global hydrological cycle by driving surface and subsurface flow is
unclear. Here we present TAM simulations wherein the imposed
wetlands reservoirs are replaced by a surface runoff scheme that
allows surface liquid to self-consistently redistribute under the
influence of topography. To isolate the singular impact of surface
runoff on Titan’s climatology, we run simulations without
parameterizations of subsurface flow and topography-atmosphere
interactions. We discuss the impact of surface runoff on the
surface liquid distribution over seasonal timescales and compare
the resulting hydrological cycle to observed cloud and surface
features, as well as to the hydrological cycles of the TAM wetlands
and aquaplanet simulations. While still idealized, this more
realistic representation of Titan’s hydrology provides new insight
into the complex interaction between Titan’s atmosphere and
surface, demonstrates the influence of surface runoff on Titan’s
global climate, and lays the groundwork for further surface
hydrology developments in Titan GCMs.

Author(s): Sean Faulk , Juan Lora , Jonathan Mitchell
Institution(s): 1. University of California Los Angeles

304.02 – The influence of topography on Titan’s
atmospheric circulation and hydrologic cycle
Titan’s atmospheric circulation is a dominant driver of the global
methane hydrologic cycle—producing weather and a seasonal
climate cycle—while interactions between the surface and the
troposphere strongly constrain regional climates, and contribute
to the differentiation between Titan’s low latitude deserts and
high latitude lake districts. Yet the influence of surface
topography on the atmospheric circulation has only been studied
in a few instances, and no published work has investigated the
coupling between topographical forcing and Titan’s hydrologic
cycle. In this work, we examine the impacts of global topography
in the Titan Atmospheric Model (TAM), which includes a robust
representation of the methane cycle. We focus in particular on the
influence of large-scale topographical features on the atmospheric
flow, atmospheric moisture transport, and cloud formation. High
latitude transient weather systems have previously been
identified as important contributors to global atmospheric
methane transport, and here we examine whether
topographically-forced stationary or quasi-permanent systems
are also important, as they are in Earth’s hydrologic cycle.

Author(s): Juan M Lora , Sean Faulk , Jonathan Mitchell
Institution(s): 1. University of California, Los Angeles

304.03 – Seasonal variations in Titan’s
stratosphere observed with Cassini/CIRS during
northern spring
Since 2004, Cassini performed 127 close Titan flybys, observing
its atmosphere with instruments including the Cassini Composite
InfraRed Spectrometer (CIRS). We know from CIRS observations
that the global dynamics drastically changed after the northern
spring equinox that occurred in August 2009 ([1], [2], [3], [4]).
The pole-to-pole middle atmosphere dynamics (above 100 km)
experienced a global reversal in less than 2 years after the equinox

[4], while the northern hemisphere was entering spring. This new
pattern, with downwelling at the south pole, resulted in an
enrichment of almost all molecules inside the southern polar
vortex since 2011. According to General Circulation Model
calculations, this single circulation cell pattern should remain
until 2025. 
 
We will present an analysis of CIRS limb observations up to 2017,
during the entire northern spring. We show that many species
(C H , HCN, HC N, C H , C H , CH CCH, C H ) experienced
their highest enrichments near the south pole near 500 km in
March 2015, with abundances similar to in situ results from
INMS at 1000 km [5], suggesting that the air inside the confined
polar vortex (observed at latitudes higher than 80°S) was very
efficiently transported downward from very high altitudes. In
September 2015, an extension of the polar vortex towards lower
latitudes (~65°S) was observed, while the molecular abundances
decreased by a factor of 10 at 500 km. In the same region,
unexpectedly cold stratospheric temperatures were observed
below 300 km from May 2013 to the end of 2015. Simultaneously,
after the disruption of the north polar vortex after the equinox,
the enriched air that was previously confined at very high latitude
gradually expended towards mid latitudes at altitudes higher than
300 km. At the beginning of 2016, a zone depleted in molecular
gas and aerosol is observed in the entire northern hemisphere
between 400 and 500 km, suggesting some complex unknown
dynamical effect. 
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304.04 – Abundance Profiles for C3 Hydrocarbons
in Titan's Atmosphere
The atmosphere of Titan is of astrobiological importance. Its
highly reducing composition and prebiotic chemistry make it
analogous to that of the early Earth. Since the Voyager era,
several complex hydrocarbons and nitriles have been detected, in
some cases making Titan the only known planetary body where
these gasses occur naturally. In this work, we report abundance
profiles of four major C3 gasses expected to occur in Titan’s
atmosphere, derived from Cassini/Composite Infrared
Spectrometer (CIRS) data. 
Using the NEMESIS iterative radiative transfer module, we
retrieved vertical abundance profiles for propane (C3H8) and
propyne (CHCCH3), both initially detected by the Voyager IRIS
instrument. Using newly available line data, we were also able to
determine the first vertical abundance profiles for propene
(C3H6), initially detected in 2013. We present profiles for several
latitudes and times and compare to photochemical model
predictions and previous observations. We also discuss our efforts
to further the search for allene (CH2CCH2), an isomer of
propyne. The abundances we retrieved will help to further our
understanding of the chemical pathways that occur in Titan's
atmosphere.
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304.05 – The Titan Haze Simulation Experiment:
Latest Laboratory Results and Dedicated Plasma
Chemistry Model
Here, we present the latest results on the gas- and solid phase
analyses in the Titan Haze Simulation (THS) experiment,
developed at the NASA Ames COSmIC simulation chamber. The
THS is a unique experimental platform that allows us to simulate
Titan’s complex atmospheric chemistry at Titan-like temperature
(200 K) by cooling down N2-CH4-based mixtures in a supersonic
expansion before inducing the chemistry by plasma. Because of
the accelerated gas flow in the expansion, the residence time of
the gas in the active plasma region is less than 3 µs. This results in
a truncated chemistry that enables us to control how far in the
chain of chemical reactions chemistry processes[1], by adding, in
the initial gas mixture, heavier molecules that have been detected
as trace elements on Titan. 
We discuss the results of recent Mid-infrared (MIR)
spectroscopy[2] and X-ray Absorption Near Edge Structure
spectroscopy studies of THS Titan tholins produced in different
gas mixtures (with and without acetylene and benzene). Both
studies have shown the presence of nitrogen chemistry, and
differences in the level and nature of the nitrogen incorporation
depending on the initial gas mixture. A comparison of THS MIR
spectra to VIMS data has shown that the THS aerosols produced
in simpler mixtures, i.e., that contain more nitrogen and where
the N-incorporation is in isocyanide-type molecules instead of
nitriles, are more representative of Titan’s aerosols. 
In addition, a new model has been developed to simulate the
plasma chemistry in the THS. Electron impact and chemical
kinetics equations for more than 120 species are followed. The
calculated mass spectra[3] are in good agreement with the
experimental THS mass spectra[1], confirming that the short
residence time in the plasma cavity limits the growth of larger
species and results in a truncated chemistry, a main feature of the
THS. 
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304.06 – ALMA and Cassini Comparisons of Titan’s
Stratospheric Temperature from 2012—2015
In the post-Cassini era, the Atacama Large
Millimeter/Submillimeter Array (ALMA) will be a valuable asset
capable of measuring latitudinal and seasonal changes in Titan’s
atmosphere. Carbon monoxide (CO) emission provides an
excellent probe of Titan’s atmospheric temperature due to the
molecule's long chemical lifetime and stable, well constrained
volume mixing ratio. We present disk-averaged temperature
profiles of Titan’s upper troposphere through the mesosphere
(~50–550 km) obtained through the analysis of 4 ALMA
observations of CO rotational emission lines obtained in 2012,
2013, 2014, and 2015 with ALMA. Additionally, ALMA’s high
spatial resolution in the 2012, 2014, and 2015 datasets allows us
to extract spectra from 3 separate regions on Titan’s disk (~48 N,
20 N, and 15 S). Temporal and latitudinal variations will be
discussed, including warming of the stratopause (320 km) and
lower stratosphere from 2012–2015 in northern latitudes, with
consistently cooler stratospheric temperatures in the north

compared to lower latitudes by up to 15 K. ALMA temperature
profiles are compared to Cassini Composite Infrared
Spectrometer (CIRS) and radio occultation science
measurements. 
Though retrieved temperature profiles from ALMA data cover a
range of latitudes due to beam sizes ranging from 0.35 x 0.28'' to
0.39 x 0.34'', deviations from CIRS data are often found to be less
than 5 K, and within the retrieved errors, throughout the
atmosphere. We observe generally cooler temperatures in the
lower stratosphere (~100 km) than those obtained through
Cassini radio occultation measurements, with the notable
exception of warming in the northern latitudes and the absence of
previous instabilities. ALMA's excellent sensitivity in the lower
stratosphere (60–300 km) provides a highly complementary
dataset to contemporary CIRS and radio science observations,
and lays the groundwork for future studies of molecular species
visible in the millimeter/submillimeter on Titan.
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304.07 – Spectroscopic detection and mapping of
vinyl cyanide on Titan
The first spectroscopic detection of vinyl cyanide (otherwise
known as acrylonitrile; C2H3CN) on Titan was obtained by
Palmer et al. (2017), based on three rotational emission lines
observed with ALMA at millimeter wavelengths (in receiver band
6). The astrobiological significance of this detection was
highlighted due to the theorized ability of C2H3CN molecules to
combine into cell membrane-like structures under the cold
conditions found in Titan's hydrocarbon lakes. Here we report the
detection of three additional C2H3CN transitions at higher
frequencies (from ALMA band 7 flux calibration data). We
present the first emission maps for this gas on Titan, and
compare the molecular distribution with that of other nitriles
observed with ALMA including HC3N, CH3CN, C2H5CN and
HNC. The molecular abundance patterns are interpreted based on
our understanding of Titan's high-altitude photochemistry and
time-variable global circulation. Similar to the short-lived HC3N
molecule, vinyl cyanide is found to be most abundant in the
vicinity of the southern (winter) pole, whereas the longer-lived
CH3CN is more concentrated in the north. The vertical
abundance profile of C2H3CN (from radiative transfer modeling),
as well as its latitudinal distribution, are consistent with a short
photochemical lifetime for this species. Complementary results
from our more recent (2017) nitrile mapping studies at higher
spatial resolution will also be discussed. 
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304.08 – Retrievals of abundances of hydrocarbon
and nitrile species in Titan’s upper atmosphere
We develop an innovative retrieval method for Titan occultation
measurements by the Cassini UVIS experiment. The T35
occultation is analyzed to illustrate the methodology. A significant
number of occultations observed using the UVIS spectrographs
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show loss of pointing control required for correction of the
spectral vectors. Consequently, only three stellar occultations
have been analyzed to date. We use the Markov Chain Monte-
Carlo (MCMC) method to retrieve the abundances or upper limits
of thirteen hydrocarbon and nitrile species (N , CH , C H ,
C H , C H , HCN, C H , C N , C H , tholin, HC N, C N ,
NH ) along with the pointing error using the Cassini/UVIS
simulator. These numbers are derived for the fast T35
occultation, which has never been analyzed because of large
pointing errors. Uncertainty in the retrievals is determined using
an intrinsic fitting probability distribution function. The
Caltech/JPL photochemical and kinetics model, KINETICS, is
used to calculate the atmospheric aforementioned species.
Comparisons between model and observations reveal gaps in our
current understanding of the chemical kinetics of hydrocarbons
and nitrile species, especially for C H .
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304.09 – Analyzing the Dynamic and
Morphological Characteristics of Clouds on Titan
using the Cassini VIMS Dataset
We present here a comprehensive analysis of tropospheric
methane clouds in Titan's atmosphere as imaged by the Visible
and Infrared Mapping Spectrometer (VIMS) on board the Cassini
spacecraft. When incoming light reaches Titan, increased
scattering off cloud particles leads to brightening in certain
wavelengths of albedo spectra, and we visually identify cloudy
regions using the relative reflectivity of individual pixels in
tropospheric channels. By manually progressing through the
entirety of the VIMS dataset (~25,000 applicable image cubes),
we have used this method to analyze the morphologies and spatial
evolutions of 200+ discrete cloud systems over various
timescales. Imaged cloud coverage areas range up to ~4.4% of
Titan's total surface area, and we resolve speeds up to greater
than 25 m/s for sequences spanning observational durations of
seconds to days. Applying a radiative transfer model to the cloud
sequences provides for the calculation of meridional wind speed
profiles, and we observe cloud displacement velocities generally
exceeding equatorial wind speeds measured by the Huygens
probe. In addition to characterization, our mapping efforts offer
both a global distribution of cloud coverage frequency and a long-
term picture of latitudinal cloud distribution as a function of time.
These seasonal variations illustrate the dynamic nature of
methane in Titan's atmosphere, so a comprehensive cloud dataset
is conducive to placing better constraints on general circulation
models (GCMs). Connections between characterization and
mapping can also be made using the search results, for
morphologic variations can be indexed in order to explore cloud
formation mechanisms.
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304.10 – Titan’s High Altitude South Polar (HASP)
Stratospheric Ice Cloud as observed by Cassini
CIRS
During Cassini’s T112 flyby of Titan in the late southern fall
season (July 2015), the Composite InfraRed Spectrometer (CIRS)
made a startling discovery - a massive cloud system had
developed throughout Titan’s mid stratosphere (~200 km) at
high southern latitudes. The vertical distributions of intensity of
this High-Altitude South Polar (HASP) stratospheric ice cloud
system are at least an order of magnitude stronger than the CIRS-
observed northern winter polar stratospheric cloud system [1].
The chemical composition of the HASP cloud is not identical to its
northern winter counterpart, in that it exhibits different spectral

characteristics. The HASP cloud is just one illustrative example
demonstrating the rapidly changing conditions occurring in
Titan’s south polar stratospheric region as Titan began its journey
into southern winter. Such observed changes are contrary to the
observed configuration as Titan’s northern polar stratosphere
transitioned out of northern winter, which revealed a relatively
slow decay of: 1) the cold polar stratospheric temperatures, 2) the
strength of the polar vortex, and 3) the abundances in
stratospheric organic gases and ices. 
 
We will discuss the physical and chemical characteristics of the
CIRS-observed HASP mid stratospheric ice cloud system.
Potential ice analog candidates obtained from thin film
transmission spectra of co-condensed nitrile/hydrocarbon ice
mixtures obtained with our SPECtroscopy of Titan-Related ice
AnaLogs (SPECTRAL) chamber are used to support these
analyses. 
 
[1] Anderson C. M. and Samuelson R. E. (2011) Icarus, 212, 762-
778.
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304.11 – Imaging Molecular Species in Titan's
Stratosphere and Mesosphere using ALMA
Each flyby of Titan by the Cassini spacecraft demonstrates the
importance of characterizing and monitoring the distributions of
molecular species; it provides insight into the variability of
chemistry and atmospheric circulation which exhibit significant,
global changes occurring over relatively short time periods as well
as seasonally. However, the Cassini mission will end in
September 2017, less than half a Titan year after arrival.
Fortunately, the unique sensitivity, access to many submillimeter
spectral lines, and high resolution capabilities of the Atacama
Large Millimeter/submillimeter Array (ALMA) will allow for
extended, detailed exploration of the global properties of Titan’s
stratosphere. 
 
We utilized ALMA to obtain a comprehensive view of Titan's
stratosphere in mid-2016 using three tunings covering high
impact portions of the 870 micron atmospheric window.
Observations were made on July 22 and August 19, obtaining
high spectral and spatial resolution imaging of many important
species in Titan's atmosphere, including CO (plus CO and
C O), HCN (plus DCN, H CN, and HC N), HNC, CH CN,
CH CCH, C H CN, and HC N, while covering lines of other
species and their isotopomers. The resolution achieved was 0.14"
in the N-S direction, equivalent to ~900 km linear resolution at
the distance of Titan. Selected species were observed with
extremely high spectral resolution (including CH CN, HCN,
HNC, DCN, and HC N) allowing for direct measure of global
circulation at different altitudes. 
 
While the data were only recently delivered, preliminary results
show that many molecules show spectacular gradients as a
function of latitude, and they vary by species. For example,
CH CN shows very strong emission in the high northern
latitudes, CH CCH shows peaks at both high northern and
southern latitudes (with preference to the north), while HC N
peaks at high southern latitudes. Winds show zonal speeds of 200
m/s (from CH CN) and up to 300 m/s (HCN and HC N); the
HCN and HC N line cores probe higher altitudes than CH CN,
suggesting increasingly strong zonal winds with altitude. 
 
We will present analyses of spatially abundances, temperatures,
isotopic ratios, and global circulation, based upon these detailed
ALMA observations.
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305 – Comet Physical Characteristics: Comae
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304.12D – A Report of Clouds on Titan 
We present in this work a detailed analysis of many of the clouds
in the Cassini Visual and Infrared Mapping Spectrometer (VIMS)
dataset in order to understand their global and seasonal
properties. Clouds are one of the few direct observables in Titan’s
atmosphere (Griffith et al 2009, Rodriguez et al 2009,
Adamkovics et al 2010), and so determining their characteristics
allows for a better understanding of surface atmosphere
interactions, winds, transport of volatile material, and general
circulation.  
We find the clouds on Titan generally reside in at 5-15km altitude,
which agrees with previous modelling efforts (Rafkin et al. 2015),
as well as a power law distribution for cloud optical depth. We
assume an average cloud droplet size of 100um. No seasonal
dependence is observed with either cloud altitude or optical
depth, suggesting there is no preferred seasonal formation
mechanisms. Combining these characteristics with cloud size
(Kelland et al 2017) can trace the transport of volatiles in Titan’s
atmosphere, which can be compared against general circulation
models (GCMs) (Lora et al 2015).  
We also present some specific analysis of interesting cloud
systems including hypothesized surface fogs (Brown et al 2009)
and orographic cloud formation (Barth et al 2010, Corlies et al

2017). In this analysis we use a correlation between Cassini VIMS
and RADAR observations as well as an updated topographic map
of Titan’s southern hemisphere to better understand the role that
topography plays in influencing and driving atmospheric
phenomena. 
Finally, with the end of the Cassini mission, ground based
observing now acts as the only means with which to observe
clouds on Titan. We present an update of an ongoing cloud
campaign to search for clouds on Titan and to understand their
seasonal evolution. 
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305.01 – Isotopic Ratios in a Peculiar Outbursting
Comet
Isotopic ratios in comets provide keys for the understanding of
the origin of cometary material, and the physical and chemical
conditions in the early Solar Nebula. A newly discovered peculiar
comet, C/2015 ER61, underwent an outburst with a total
brightness increase of 2 magnitudes on the night of April 4th,
2017. The sharp increase in brightness offers a rare opportunity
to measure the isotopic ratios of the light elements of this comet.
We obtained two high-resolution spectra of C/2015 ER61 with
UVES on Apr. 13 and Apr. 17 respectively. At the time of our
observations, the comet was fading gradually since the outburst.
We measured the 12C/13C and 14N/15N isotopic ratios from the
CN Violet (0,0) band. In addition, we determined the 14N/15N
ratio in NH2 for C/2015 ER61 from four pairs of NH2
isotopologue lines. Some 18OH lines were detected but the S/N of
these lines is too low to derive a reliable 18O/16O estimate. We
will present our UVES spectra of C/2015 ER61, obtained shortly
after the outburst. We will also present the comparison of the
Isotopic ratios of C/2015 ER61 with those of other comets.
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305.02 – The Volatile Composition of newly-
discovered C/2017 E4 (Lovejoy) before its
dissolution 
as revealed by iSHELL at NASA/IRTF
In April 2017, we acquired comprehensive high-resolution spectra
of newly-discovered comet C/2017 E4 (Lovejoy) as it approached
perihelion, and before its disintegration. We detected many
cometary emission lines across 4 customized instrument settings
(L1-b, L3, Lp1-b and M1) in the (1 – 5) μm range, using iSHELL -
the new near-IR high resolution immersion echelle spectrograph
on NASA/IRTF (Mauna Kea, Hawaii). 
In M1, near 5μm, we detected multiple ro-vibrational lines of
H O, CO and the (X-X) system of CN; the latter data constitute a

complete survey of CN at these wavelengths. We derived
quantitative abundances for CN and addressed its origin by
comparing with quantitative production rates for HCN. The
ability to quantify both primary and product species eliminates
systematic error that may be introduced when measurements are
acquired with different astronomical techniques and instruments. 
In L1, around 3 μm, we detected fluorescence emission from
HCN, C H , and water, prompt emission from OH, and many
other features. Methane, ethane and methanol were detected both
in L3 and Lp1 settings. These species are relevant to astrobiology,
owing to questions regarding the origin of pre-biotic organics and
water on terrestrial planets. 
The many water emission lines detected in L1-b (and M1)
provided an opportunity to retrieve independent measures of
rotational temperature for ortho- and para-H O, thereby
reducing systematic uncertainty in the derived ortho-para ratio
and nuclear spin temperature. Deuterated species were also
sought and results will be presented. 
The bright Oort cloud comet E4 Lovejoy combined with the new
capabilities of iSHELL provided unique results. The individual
iSHELL settings cover very wide spectral range with very high
accuracy, eliminating many sources of systematic errors when
retrieving molecular abundances; future comparisons amongst
comets will clarify the nature and meaning of cosmogonic
indicators based on composition. 
Acknowledgments NASA’s Postdoctoral Program and
Astrobiology Programs supported this work.
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305.03 – Opportunities for in-depth compositional
studies of comets: Summary from semester 2017A
observations and prospects for a 2018 observing
campaign
The period from late 2016 to mid 2017 provided unusually rich
observational opportunities for compositional studies of comets
using ground-based IR and optical spectroscopy. Three ecliptic
comets – Jupiter-family comet (JFC) 45P/Honda-Mrkos-
Pajdusakova, JFC 41P/Tuttle-Giacobini-Kresak, and 2P/Encke –
as well as two moderately bright nearly istotropic comets from the
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Oort cloud (C/2015 ER61 PanSTARRS and C/2015 V2 Johnson)
experienced highly favorable appritions. 

In the IR, very long on-source integration times were
accumulated on all targets, primarily with the powerful new high-
resolution, cross-dispersed iSHELL spectrograph at the IRTF
(Rayner et al. 2016 SPIE 9908:1) but also with NIRSPEC at Keck
II. This enabled accurate production rates and abundance ratios
for 8-10 native ices, and spatially resolved studies of coma physics
(H O rotational temperatures and column abundances). The
recent availability of iSHELL coupled with the daytime observing
capability at the IRTF has opened a powerful window for
conducting detailed compositional studies of comets over a range
of heliocentric distances (R ), particularly at small R  where
studies are relatively sparse. Our campaign provided detections of
(or stringent abundance limits for) hyper-volatiles CO and CH ,
which are severely lacking in compositional studies of JFCs. 

For all of these targets, optical spectra measured photo-
dissociation product species using the Tull Coude spectrograph at
McDonald Observatory, and ARCES at Apache Point Observatory.
When possible optical and IR observations were obtained
contemporaneously, with the goal of addressing potential parent-
product relationships. 

We summarize our campaign and highlight related presentations.
Prospects for investigations during the upcoming favorable
apparitions of JFCs 21P/Giacobini-Zinner and 46P/Wirtanen will
also be discussed, along with increased capabilities for serial
studies (i.e., measurements at multiple R ) of newly discovered
(Oort cloud) comets. 

This work is supported through the NASA Planetary
Atmospheres, Planetary Astronomy, and Astrobiology Programs,
the NSF Solar and Planetary Research Program, the NASA-
Postdoctoral Program, and the NASA Earth and Space Science
Fellowship Program.
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305.04 – Evolving coma abundances and detection
of hypervolatiles in Jupiter-family comet
45P/Honda-Mrkos-Pajdusakova
Two major shortcomings in chemically classifying comets at
infrared wavelengths are a lack of hypervolatile (CO and CH )
detections in Jupiter-family comets and incomplete temporal
coverage of comet chemistry, particularly at small heliocentric
distances (R ). We report post-perihelion volatile abundances in
comet 45P/Honda-Mrkos-Pajdusakova with the high-resolution
infrared spectrometer iSHELL at the NASA/IRTF on UT 6 – 8
January when R  = 0.55 AU (DiSanti et al. 2017, Astron. J., in
press), and with NIRSPEC at the Keck Observatory on UT 13 and
19 February when R  = 1.0 and 1.1 AU, respectively. Favorable
comet geocentric velocities enabled the detection of CO and CH
in early January and 19 February. The relative abundance of CO is
severely depleted whereas CH  is typical to enriched in 45P when
compared to comets from the Oort cloud. Significant differences
are seen in relative abundances of species between January and
February, notably in the ratio of C H /HCN. We explore whether
the heliocentric distances of the measurements or seasonal
changes primarily cause these differences by comparing to
observations of C/2012 S1 ISON obtained over a similar range of
heliocentric distances. NASA and NSF research grants support
this work. We also acknowledge the expert support of the IRTF
and Keck support staffs during these observations.
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7. University of Missouri-St. Louis

305.05 – The radial and azimuthal properties of
volatiles and dust in the inner coma of Comet
45P/Honda-Mrkos-Pajdušáková
In February 2017 comet 45P/Honda-Mrkos-Pajdušáková (HMP)
passed by the Earth at a perigee distance of 0.08 AU. Such
encounters provide an important opportunity for study of the
inner coma region where gas and dust production occur. We
report here on wide-field (30 x 30 arcminute), high-spatial
resolution (35 km/pixel) observations of HMP obtained with the
90Prime One imager on the 2.3m Bok telescope at Kitt Peak. The
observations were performed on February 16 and 17, when the
comet was 0.1 AU from Earth, using a combination of a wide-
band Gunn r’ filter and a subset of the HB filter library (OH, CN,
C2, Blue Continuum). In this presentation we will discuss the
distribution and color of the dust, the relative production rates of
volatiles, and the implied parent-daughter photochemical
evolution from radial expansion modeling.

Author(s): Walter M. Harris , Erin L. Ryan , Alessondra
Springmann , Beatrice E. A. Mueller , Nalin H. Samarasinha ,
Jean-Baptiste Kikwaya Elou , Ellen S. Howell , Cassandra
Lejoly , Julia Bodnarik , Ryleigh Fitzpatrick , Ricardo Maciel ,
Adriana Mitchell , Zachary Tyler Watson
Institution(s): 1. ORAU-Goddard Space Flight Center, 2.
Planetary Science Institute, 3. University of Arizona Lunar and
Planetary Lab, 4. Vatican Observatory

305.06 – Particle Sizes in the Coma of Comet
45P/Honda-Mrkos-Pajdušáková from Arecibo
Radar Observations
Radar observations of cometary comae can provide information
about not only the cross-section of the coma, but also constraints
on the particle sizes comprising the coma. Harmon et al. (2011)
described analysis of radar observations of comet 103P/Hartley 2
to constrain the sizes of its coma particles, as well as modeling to
analyze the particle velocity distribution in the coma and
orientation with respect to the sun. Arecibo Observatory
planetary radar system observations of comet 45P/Honda-Mrkos-
Pajdušáková were obtained 9-16 February 2017 by transmitting a
continuous wave of polarized radio waves at the comet. By
examining the polarization ratios of the returned signal (whether
it has the same sense or opposite sense of the transmitted signal),
we can look for non-zero same sense polarization signal.
Detectable same sense signal indicates the presence of particles
with sizes larger than the Rayleigh transition size criteria, a =
λ/2π ≈ 2 cm (for the Arecibo wavelength of 12.6 cm). 
 
The observations show strong opposite sense signal return from
the comet nucleus, as well as a larger ‘skirt’ of surrounding grains
in the coma. Preliminary analysis of this data indicates at least a
weak same sense polarized signal, implying a population of grains
larger than 2 cm in the coma. The sizes of particles in the coma,
compared with the area of the coma, can help us constrain the
minimum mass for particles at the Rayleigh size limit in the 45P
coma. Further, a detectable grain halo of large particles around
45P would imply significant lofting of grains from the comet
nucleus. 
 
References 
Harmon, John K., et al. "Radar observations of comet
103P/Hartley 2." The Astrophysical Journal Letters 734.1 (2011):
L2.
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Author(s): Alessondra Springmann , Ellen S. Howell ,
John K. Harmon , Cassandra Lejoly , Edgard G Rivera-Valentin ,
Anne Virkki , Luisa F Zambrano-Marin , Patrick A. Taylor ,
Walter M. Harris , Beatrice E. A. Mueller , Nalin H.
Samarasinha , Carolina Rodriguez Sanchez-Vahamonde
Institution(s): 1. National Astronomy & Ionosphere Center,
Arecibo Observatory, 2. Planetary Science Institute, 3.
University of Arizona

305.07 – CN Jet Morphology and the Very Rapidly
Changing Rotation Period of Comet 41P/Tuttle-
Giacobini-Kresak 
In the first half of 2017, Comet 41P/Tuttle-Giacobini-Kresak had
its best apparition since its first discovery in 1858, remaining
within 0.15 AU of Earth for three weeks and within 0.20 AU over
a two month interval. These circumstances allowed us to study its
coma morphology in search of possible jets, whose appearance
and motion as a function of time would yield the rotation period
and, with appropriate modeling, the pole orientation of the
nucleus and source location(s). Imaging was obtained on a total
of 45 nights between February 16 and July 2, using Lowell
Observatory's 4.3-m Discovery Channel Telescope, the Hall 1.1-m
telescope, and the robotic 0.8-m telescope. All narrowband CN
images exhibit either one or two gas jets, and on most nights both
jets appear as partial spirals with a clockwise rotation. Only a
slow evolution of the jet morphology took place from mid-March
to early June, presumably due to viewing geometry changes
coupled with seasonal changes. Our coverage in late March was
sufficient to rule out aliases of the rotation period, and further
revealed a rapidly increasing period from about 24 hr to about 27
hr at the end of the month (Knight et al. 2017, CBET 4377). This
rate of increase is roughly consistent with the solution of 19.9 hr
found by Farnham et al. (2017, CBET 4375) in early March.
Images from April 15 to May 4 yield an accelerating change in
periods, passing 48 hr approximately on April 28. This is the
fastest rate of change ever measured for a comet nucleus. These
and other results, including those from Monte Carlo jet modeling
just begun by us, will be presented. 

These studies were supported by NASA Planetary Astronomy
grant NNX14AG81G and the Marcus Cometary Research Fund. 

Author(s): David G. Schleicher , Nora Eisner , Matthew M.
Knight , Audrey Thirouin
Institution(s): 1. Lowell Obs., 2. Univ. of Maryland

305.08 – Detection of CO and HCN in the coma of
Jupiter-family comet 41P/Tuttle-Giacobini-Kresak
Comets are divided into taxonomical groups determined largely
by their orbits. Short-period Jupiter Family comets (JFCs) are
thought to have formed in a trans-Neptunian disk ∼30 - 100 AU
(Kuiper Belt) and then migrated inward (Edgeworth 1949, Kuiper
1951, Duncan et al. 1988). This different classification may be
correlated with chemical abundance variations, and super-volatile
species like CO can serve as an indicator of the thermal processes
to which the precometary ices that led to comets where exposed
(DiSainti et al. 2007). The close approach to Earth of comet 41P
on the perihelion passage of 2017 was an excellent opportunity to
probe the usually well-hidden inner coma of this Jupiter-family
comet. We searched for CO (J=2-1) and HCN (J=3-2) emission
with the Arizona Radio Observatory (ARO) 10-m Sub-millimeter
Telescope (SMT) on 2017 April 1-2, when the comet was 1.1 AU
from the Sun and 0.14 AU from Earth. We report the detection of
both CO and HCN emission 13 days before perihelion and present
column densities and production rates. We also discuss
implications for Jupiter-family comets. The SMT is operated by
the ARO, the Steward Observatory, and the University of
Arizona, with support through the NSF University Radio
Observatories program (AST-1140030). M.W. acknowledges
support from NSF grant AST-1615917.

Author(s): Kacper Wierzchos , Maria Womack
Institution(s): 1. University of South Florida

305.09 – Constraining the Volatile Composition
and Coma Photochemistry in Jupiter Family Comet
41P/Tuttle-Giacobini-Kresak with High Resolution
IR and Optical Spectroscopy
Over the past 20 years optical and IR spectroscopy of cometary
comae has expanded our understanding both of cometary volatile
composition and coma photochemistry. However, these
observations tend to be biased towards Nearly Isotropic Comets
(NIC's) from the Oort Cloud, rather than the generally fainter and
less active Jupiter Family Comets (JFC's) that are thought to
originate from the Scattered Disk. However, early 2017 provided a
rare opportunity to study several JFC's. We present preliminary
results from IR and optical spectroscopy of JFC 41P/Tuttle-
Giacobini-Kresak obtained during its 2017 apparition. IR spectra
were obtained with the NIRSPEC instrument on Keck II and the
new iSHELL spectrograph on NASA IRTF. High spectral
resolution optical spectra were obtained with the Tull Coude
spectrograph on the 2.7-meter Harlan J. Smith Telescope at
McDonald Observatory. We will discuss mixing ratios of HCN,
NH , C H , C H , H CO, and CH OH compared to H O and
compare these to previous observations of comets. Preliminary
results from the NIRSPEC observations indicate that 41P has
typical C H  and HCN abundances compared to other JFC's,
while the C H  abundance is similar to that of NIC's, but is
enriched compared to other JFC's. H CO appears to be heavily
depleted in 41P. Analysis of the iSHELL spectra is underway and
we will include results from these observations, which
complement those from NIRSPEC and extend the scope or our
compositional study by measuring additional molecules. We will
also present abundances for CN, C , NH , C , and CH obtained
from the optical spectra and discuss the implications for the coma
photochemistry. 
 
This work is supported by the NASA Postdoctoral Program,
administered by the Universities Space Research Association,
with additional funding from the NSF and NASA PAST.

Author(s): Adam McKay , Michael A. DiSanti , Anita L.
Cochran , Neil Dello Russo , Boncho P. Bonev , Ronald J.
Vervack , Erika L. Gibb , Nathan X. Roth , Hideyo Kawakita
Institution(s): 1. American University, 2. Johns Hopkins
Applied Physics Laboratory, 3. Kyoto Sangyo University, 4.
NASA GSFC, 5. NASA GSFC/USRA, 6. University of Missouri-St.
Louis, 7. University of Texas Austin/McDonald Observatory

305.10 – The Reactivations of Main-Belt Comets
238P/READ, 259P/Garradd, and 288P/(300163)
2006 VW139
We report on the confirmation and monitoring of recurrent
activity for main-belt comets (MBCs) 238P/Read and
288P/(300163) 2006 VW139 in 2016 (cf. Agarwal et al. 2016,
CBET 4306; Hsieh et al. 2016, CBET 4307), as well as the
identification of activity for 288P in Sloan Digital Sky Survey
images from November 2000. We will also report on the
confirmation of recurrent activity in 2017 (Hsieh et al. 2017,
CBET 4388) and the progress of the ongoing monitoring
campaign (April 2017 through December 2017) that we are
conducting for MBC 259P/Garradd. With these observations,
238P and 288P have now each been observed to be active on
three separate orbit passages with intervening periods of
inactivity and 259P has been observed to be active on two
separate orbit passages, firmly establishing the cometary (i.e.,
sublimation-driven) nature of their activity. We are currently
conducting a multi-facility observing campaign to monitor the
photometric and morphological evolution of these objects, using
the Canada-France-Hawaii Telescope, the Gemini North and
South telescopes (under a Gemini Large and Long Program), the
Magellan telescopes, the Discovery Channel Telescope, and the
Lulin One-meter Telescope. During their most recent perihelion
encounters, 238P was observed to be active as early as 2016 July
8 at a true anomaly of 329 degrees, 288P was observed to be
active as early as 2016 June 8 at a true anomaly of 318 degrees,
and 259P was observed to be active as early at 2017 April 26 at a
true anomaly of 315 degrees. We also report on the results of
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numerical modeling analyses of the morphological evolution of all
three objects aimed at assessing both the properties of their
current active episodes and changes in activity strength from one
epoch to the next to help constrain the active lifetimes of MBCs, a
key parameter for inferring the total number of MBCs in the
asteroid belt from survey results. This work was supported by the
NASA Solar System Observations program under Grant
NNX16AD68G. 

Author(s): Henry H. Hsieh , Masateru Ishiguro , Yoonyoung
Kim , Matthew M. Knight , Zhong-Yi Lin , Marco Micheli ,
Nicholas Moskovitz , Scott S. Sheppard , Audrey Thirouin ,
Chadwick Trujillo
Institution(s): 1. Carnegie Inst. of Washington, 2. ESA SSA-
NEO Coordination Centre, 3. Lowell Observatory, 4. National
Central University, 5. Northern Arizona University, 6. Planetary
Science Institute, 7. Seoul National University, 8. University of
Maryland

305.11 – Ex-dormant comets that come back to life:
a search of reactivated comets
Dormant or near-dormant short-period comets can unexpectedly
regain the ability to eject dust. In many known cases, the
resurrection is short-lived and lasts less than one orbit. However,
it is possible that some resurrected comets can remain active in
later perihelion passages. Here we conduct a search in the
archival images of various facilities to look for these “reactivated”
comets. We identify two candidates, 297P/Beshore and
332P/Ikeya-Murakami, both of which were found to be inactive
or weakly active in the previous orbit before their discovery. We
derive a reactivation rate of 0.007 events per comet per orbit,
which implies that typical short-period comets only become
temporarily dormant a few times or less. Smaller comets are
prone to rotational instability and may undergo temporary
dormancy more frequently. Next generation high-cadence surveys
may find more reactivation events of these comets.

Author(s): YE Quan-Zhi
Institution(s): 1. Caltech

305.12 – Modeling the Thermodynamic Properties
of the Inner Comae of Comets
Introduction: Modeling is central to understand the important
properties of the cometary environment. We have developed a
comet model, SUISEI, that self-consistently includes the relevant

physicochemical processes within a global modeling framework,
from the porous subsurface layers of the nucleus to the
interaction with the solar wind. Our goal is to gain valuable
insights into the intrinsic properties of cometary nuclei so we can
better understand observations and in situ measurements.
SUISEI includes a multifluid, reactive gas dynamics simulation of
the dusty coma (ComChem) and a suite of other coupled
numerical simulations. This model has been successfully applied
to a variety of comets in previous studies over the past three
decades. We present results from a quantitative study of the
thermodynamic properties and chemistry of cometary comae as a
function of cometocentric and heliocentric distance to aid in
interpretation of observations and in situ measurements of
comets. 
 
Results and Discussion: ComChem solves the fluid dynamic
equations for the mass, momentum, and energy of three neutral
fluids (H, H , and the heavier bulk fluid), ions, and electrons. In
the inner coma, the gas expands, cools, accelerates, and
undergoes many photolytic and gas-phase chemical reactions
tracking hundreds of sibling species. The code handles the
transition to free molecular flow and describes the spatial
distribution of species in the coma of a comet. Variations of
neutral gas temperature and velocity with cometocentric distance
and heliocentric distance for a comet approaching the Sun from
2.5 to 0.3 AU are presented. Large increases in the gas
temperatures (>400 K) due to photolytic heating in the coma
within ~0.5 AU are noted, with dramatic effects on the chemistry,
optical depth, and other coma properties. Results are compared
to observations when available. 
 
Conclusions: SUISEI has proven to be a unique and valuable
model to understand the relevant physical processes and
properties of small Solar System bodies, including near-Sun
comets and asteroids. 
 
Acknowledgments: This work was supported by FAPESP
under Grant No. 2015/03176–8 and the National Science
Foundation Planetary Astronomy Program Grant No. 0908529.

Author(s): Daniel C. Boice
Institution(s): 1. Scientific Studies and Consulting

306.01 – Ceres’ Evolution and Potential
Habitability 
Dawn’s observations at Ceres confirm it is a volatile-rich body
that has undergone ice-rock differentiation and global alteration
[1-4], indicating that, as predicted by pre-Dawn thermochemical
models, Ceres harbored an ancient subsurface ocean [5,6].
Density and shape data indicate that at present, Ceres has a crust
composed of silicate, salts, clathrates and ≤ 35% water ice,
overlying a denser core of hydrated silicates [7,8,9,10], whereas
the original ice-dominated outer shell was likely lost to impact-
induced sublimation early in Ceres’ history [11]. The interior
structure constrains the maximum internal temperature to have
been only a few hundred degrees [9]; however, rather than
indicating a late formation for Ceres, it may indicate that
circulation of fluids within Ceres modulated the temperature
[12].The extent and longevity of the ocean are debatable;
however, the modern surface of Ceres shows evidence of brine
extrusion [e.g., 13], indicating at least pockets of subsurface liquid
remain. Carbonates are found to dominate the composition of the
brightest deposits on the surface, attesting to transport of
crystallized brine material to the surface [14]. These multiple lines
of evidence point to a warm aqueous subsurface environment
with complex chemistry early in Ceres’ history and processes that
exchanged material between the muddy ocean layer and the
surface. Such history and the presence of organic material in
localized deposits [15, 16] make Ceres an enticing target for future
exploration. 

 
[1] Russell et al., Science, 2016 [2] Prettyman et al., Science, 2017
[3] De Sanctis et al., 2015 10.1038/nature18290 [4] Ammannito
et al., Science, 2016 [5] McCord and Sotin, JGR, 2005 [6]
Castillo-Rogez and McCord, Icarus, 2010 [7] Park et al., Nature,
2016 [8] Ermakov et al., JGR, 2017 [9] Fu et al., EPSL, 2017 [10]
Bland et al., Nat. GeoSci., 2016 [11] Castillo-Rogez et al., LPSC,
2016 [12] Travis et al., Icarus, subm. [13] Ruesch et al., Science,
2106 [14] De Sanctis et al., Nature, 2016 [15] De Sanctis et al.,
Science, 2017 [16] Marchi et al., this meeting. 
 
Acknowledgements: Part of this work is being carried out at the
Jet Propulsion Laboratory, California Institute of Technology,
under contract to NASA. 
 

Author(s): Carol Anne Raymond , Eleonora Ammannito ,
Michael T. Bland , Julie Castillo-Rogez , Maria Cristina De
Sanctis , Anton Ermakov , Roger Fu , Thomas McCord , Ryan
Park , Thomas H. Prettyman , Ottaviano Ruesch , Christopher
T. Russell
Institution(s): 1. ASI, 2. Bear Fight Institute, 3. California
Institute of Technology, 4. ESTEC, 5. IAPS, 6. LDEO/Columbia
Univ, 7. PSI, 8. UCLA, 9. USGS
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306.02 – On the origin of the organic-rich material
on Ceres
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308 – Gerard P. Kuiper Prize: Using the Tools of the Trade to Understand Plasma
Interactions at Jupiter and Saturn, Margaret Kivelson (UCLA & Univ. of Michigan)

The detection of localized, organic-rich material on Ceres [1]
poses an interesting conundrum. Either the organic-rich material
has an exogenous origin, and thus it has been delivered to Ceres
after its formation; or it has an endogenous origin, and thus it has
been synthesized and/or concentrated in a specific location on
Ceres via internal processes. 
Both scenarios have shortfalls, indicating we may ultimately be
missing how organic matter has been formed, transported and
reworked in solar system objects. The very location of Ceres at the
boundary between the inner and outer solar system, and its
intriguing composition characterized by clays, sodium- and
ammonium-carbonates [2], suggest Ceres experienced a very
complex chemical evolution. The role of organics in this evolution
is not fully understood, with important astrobiological
implications [3]. 
Here we investigate the viability of organics delivery to Ceres via
asteroidal/cometary impactors. We will present iSALE shock
physics code [4-5] simulations that explore a range of impact
parameters, such as impactor sizes and velocities, and discuss the
likelihood of organics delivery. We find that comet-like
projectiles, with relatively high impact velocities, are expected to
lose almost all of their organics due to shock compression.
Asteroidal-like impactors, with lower incident velocities, can
retain 20-30% of their pre-impact organic material during
delivery, especially for small impactors and very oblique impact
angles. However, the spatial distribution of organics on Ceres
seems difficult to reconcile with delivery from small main belt
asteroids. These findings corroborate an endogenous origin for
the organics on Ceres. 

[1] De Sanctis M. C. et al. Science 355, 2016. [2] De Sanctis M. C.
et al. Nature 536, 2016. [3] Castillo-Rogez J. C. et al. Planetary
Science Vision 2050 Workshop 2017 (LPI Contrib. No. 1989). [4]
Amsden A. et al. LANL Report, LA-8095, 1980. [5] Collins G. S. et
al. MAPS 39, 2004.

Author(s): Simone Marchi , Timothy Bowling , Maria
Cristina De Sanctis
Institution(s): 1. Istituto Nazionale d'Astrofisica, 2. Southwest
Research Institute, 3. University of Chicago

306.03 – Determining Ceres’ Moment-of-Inertia
from its Degree-2 Gravity and Topography
Ceres’ measured degree-2 zonal gravity, J , is smaller by about
10% than that derived assuming Ceres’ rotational flattening, as
measured by Dawn, is hydrostatic. Irrespective of Ceres’ radial
density variation, as long as its internal structure is hydrostatic
the J  predicted from the shape model is consistently larger than
measured. As an explanation, we have previously suggested that
Ceres’ current shape may be a fossil remnant of faster rotation in
the geologic past [Mao and McKinnon, 47  LPSC, 2016]. We
propose that up to ~7% of Ceres’ previous spin angular
momentum has been removed by dynamic perturbations such as
a random walk due to impacts or a loss of satellite that slowed
Ceres spin as it tidally evolved outward. Alternatively, deep seated
density anomalies, such as caused by convection or upwelling,

could explain Ceres’ unusual gravity/topography relationship at
degree-2 (the sectorial admittance is negative), as long as the
lithosphere is sufficiently strong or thick to limit isostatic
compensation. We consider a formal degree-2 admittance
solution, from which we infer a range of possible non-hydrostatic
contributions to J . Ultimately, we conclude that some
combination of a faster paleospin and deeper, uncompensated
mass or masses is the most likely explanation overall, which sets
useful limits on Ceres’ average moment of inertia [Mao and
McKinnon, submitted]. The normalized mean hydrostatic
moments-of-inertia (NMOI) derived for the two explanations –
faster paleospin and deep-seated density anomalies – range from
0.375 for deep seated density anomalies at today’s spin to lower
values for faster paleospins, reaching 0.353 ± 0.009 (3σ) for a
purely faster paleospin explanation (the uncertainty deriving
from the uncertainty in Ceres’ oblateness). In principle, modeling
Ceres’ topographic compensation (isostasy) at higher degrees and
order can further pin down the deep-seated contribution and the
true paleospin period and hydrostatic NMOI.

Author(s): William B. McKinnon , Xiaochen Mao
Institution(s): 1. Washington Univ. in St. Louis

306.04 – Using Dawn to Observe SEP Events Past 2
AU
The launch of the STEREO spacecraft provided much insight into
the longitudinal and radial distribution of solar energetic particles
(SEPs) relative to their origin site. However, almost all of the
observations of SEP events have been made exclusively near 1 AU.
The Dawn mission, which orbited around Vesta before arriving at
Ceres, provides an opportunity to analyze these events at much
further distances. Although Dawn's Gamma Ray and Neutron
Detector (GRaND) is not optimized for SEP characterization, it is
sensitive to protons greater than 4 MeV, making it capable of
detecting a solar energetic particle event in its vicinity. Solar
energetic particles in this area of the solar system are important
as they are believed to cause sputtering at bodies such as Ceres
and comets (Villarreal et al., 2017; Wurz et al., 2015). In this
study, we use Dawn’s GRaND data from 2011-2015 when Dawn
was at distances between 2-3 AU. We compare the SEP events
seen by Dawn with particle measurements at 1 AU using
STEREO, Wind, and ACE to understand how the SEP events
evolved past 1 AU. 
 
References:  
Villarreal, M. N., et al. (2017), The dependence of the Cerean
exosphere on solar energetic particle events, Astrophys. J. Lett.,
838, L8. 
Wurz, P. et al. (2015), Solar wind sputtering of dust on the surface
of 67P/Churyumov-Gerasimenko, A&A, 583, A22.

Author(s): Michaela Villarreal , Christopher T. Russell ,
Thomas H. Prettyman
Institution(s): 1. Planetary Science Institute, 2. UCLA

308.01 – Using the tools of the trade to understand
plasma interactions at Jupiter and Saturn
For more than half a century, we have been learning how
magnetospheres work. Fluid motions and electromagnetic
interactions combine to produce the plasma and field
environment of a planet. Kinetic responses often control the
dynamics. Initial descriptions of the terrestrial magnetosphere
were often theoretical (e.g., Chapman and Ferraro, Dungey)
before an explosion of spacecraft data provided an atlas of the
system and its temporal variations. The basic structure and
dynamics of the terrestrial magnetosphere are now largely
understood. A different situation exists for the magnetospheres of
Jupiter, Saturn, and their moons. Data acquired from spacecraft

flybys or from orbit have characterized many aspects of these
systems, but measurements are far more limited than at Earth
both in space and in time. Even after Cassini’s mission to Saturn
and Juno’s prime mission at Jupiter have ended, large regions in
the plasma environments of these planets will remain unexplored.
No monitors are available to characterize the upstream solar
wind. Theory is challenged by the complexity introduced by
dynamical effects of the planets’ rapid rotation and the unfamiliar
parameter regimes governing interactions with their large moons.
Simulation has come to the rescue, providing computational
models designed to incorporate the effects of rotation or to
describe moon-magnetosphere interactions. Yet simulations must
be viewed with appropriate skepticism as they invariably require
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309 – Plenary Talk: The Long-Term Effects of Racial Microaggressions on People of
Color in STEM, William Smith (University of Utah)

310 – Plenary Talk: Aromatic, Alphatic, Enigmatic: The Chemistry of Titan, Sarah Hörst
(Johns Hopkins Univ.)

400 – Mars: Surface

some compromise with reality. This talk will describe a symbiotic
approach to understanding the dynamics of giant planet
magnetospheres and the plasma interactions between
magnetospheric plasma and large moons. Data acquired along a
spacecraft trajectory are compared with values extracted from a
virtual spacecraft moving through the same path in the
simulation. If results are similar, we use the simulation to identify
the processes responsible for puzzling aspects of the signatures. If

results differ, modifications of the simulation, such as changed
boundary conditions, can improve agreement and provide more
convincing insight into the properties of the systems.

Author(s): Margaret G. Kivelson
Institution(s): 1. UCLA

309.01 – The Long-Term Effects of Racial
Microaggressions on People of Color in STEM
People of Color experience acute or chronic stress from
discriminatory treatment and racial microaggressions, decreasing
their biopsychosocial health. Racial microaggressions include but
are not limited to merciless and mundane exclusionary messages,
being treated as less than fully human, and civil and human rights
violations. Racial microaggressions are key to understanding
increases in Racial Battle Fatigue (Smith, 2004) resulting from
the psychological and physiological stress that racially
marginalized individuals/groups experience in response to
specific race-related interactions between them and the
surrounding dominant environment. Race-related stress taxes
and exceeds available resilient coping resources for People of
Color, while many Whites easily build sociocultural and economic
environments and resources that shield them from race-based
stress and threats to their racial entitlements. 

What is at stake, here, is the quest for equilibrium versus
disequilibrium in a society that marginalizes human beings into

substandard racial groups. Identifying and counteracting the
biopsychosocial and behavioral consequences of actual or
perceived racism, gendered-racism, and Racial Battle Fatigue is a
premier challenge of the 21st Century. The term "racial
microaggressions" was introduced in the 1970's to help
psychiatrists and psychologists understand the enormity and
complications of the subtle but constant racial blows faced by
People of Color. Today, racial microaggressions continue to
contribute to the negative workplace experiences of women,
people of color, and other marginalized groups in astronomy and
planetary science (Clancy et al. 2017). This presentation will focus
on the definition, identification, and long-term effects of racial
microaggressions and the resultant racial battle fatigue in STEM
work environments.

Author(s): William Smith
Institution(s): 1. University of Utah

310.01 – Aromatic, Alphatic, Enigmatic: The
Chemistry of Titan
The extraordinary complexity of Titan’s atmospheric chemistry
far surpasses that of any other solar system atmosphere. With its
thick N  atmosphere and stable bodies of liquid on its surface,
Titan also possesses many physical processes that are similar to
those that occur on Earth. The connection between Titan’s surface
and atmosphere is unique in our solar system; atmospheric
chemistry produces materials that are deposited on the surface
and subsequently altered by surface-atmosphere interactions
such as aeolian and fluvial processes resulting in the formation of
extensive dune fields and expansive lakes and seas. Titan’s
atmosphere is favorable for organic haze formation, which
combined with the presence of some oxygen-bearing molecules
indicates that Titan’s atmosphere may produce molecules of
prebiotic interest. The combination of organics and liquid, in the

form of water in a subsurface ocean and methane/ethane in the
surface lakes and seas, means that Titan may be the ideal place in
the solar system to test ideas about habitability, prebiotic
chemistry, and the ubiquity and diversity of life in the universe. I
will review our current understanding of chemistry on Titan
forged from the powerful combination of Earth-based
observations, remote sensing and in situ spacecraft
measurements, laboratory experiments, and models. I will
conclude with some of the questions that remain after Cassini-
Huygens.

Author(s): Sarah Horst
Institution(s): 1. Johns Hopkins University

400.01 – Regional variations in the observed
morphology and activity of martian linear gullies
The formation mechanism for martian linear gullies has been
much debated, because they have been suggested as possible
evidence of liquid water on Mars. This class of dune gullies is
defined by long (up to 2 km), narrow channels that are relatively
uniform in width, and range in sinuosity index. Unlike other
gullies on Earth and Mars that end in depositional aprons, linear
gullies end in circular depressions referred to as terminal pits.
This particular morphological difference, along with the difficulty
of identifying a source of water to form these features, has led to
several ‘dry’ hypotheses. Recent observations on the morphology,
distribution, and present-day activity of linear gullies suggests
that they could be formed by subliming blocks of seasonal CO  ice
(“dry ice”) sliding downslope on dune faces. In our study, we
aimed to further constrain the possible mechanism(s) responsible
for the formation of linear gullies by using HiRISE images to
collect morphological data and track seasonal activity within
three regions in the southern hemisphere-Hellespontus (~45°S,
40°E), Aonia Terra (~50°S, 290°E), and Jeans (~70°S, 155°E)
over the last four Mars years. General similarities in these

observations were reflective of the proposed formation process
(sliding CO  blocks) while differences were correlated with
regional environmental conditions related to the latitude or
general geologic setting. This presentation describes the observed
regional differences in linear gully morphology and activity, and
investigates how environmental factors such as surface properties
and local levels of frost may explain these variations while still
supporting the proposed model. Determining the formation
mechanism that forms these martian features can improve our
understanding of both the climatic and geological processes that
shape the Martian surface.

Author(s): Kimberly Marie Morales , Serina Diniega , Mia
Austria , Vincent Ochoa
Institution(s): 1. Jet Propulsion Laboratory, California
Institute of Technology, 2. Arizona State University , 3.
California Institute of Technology, 4. University of Southern
California
Contributing team(s): HiRISE Science and Instrument Team
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400.02 – Automated Mapping and
Characterization of RSL from HiRISE data with
MAARSL
Recurring slope lineae (RSL) are narrow (0.5–5m) low-albedo
features on Mars that recur, fade, and incrementally lengthen on
steep slopes throughout the year. Determining the processes that
generate RSL requires detailed analysis of high-resolution orbital
images to measure RSL surface properties and seasonal variation.
However, conducting this analysis manually is labor intensive,
time consuming, and infeasible given the large number of
relevant sites. This abstract describes the Mapping and
Automated Analysis of RSL (MAARSL) system, which we
designed to aid large-scale analysis of seasonal RSL properties.
MAARSL takes an ordered sequence of high spatial resolution,
orthorectified, and coregistered orbital image data (e.g., MRO
HiRISE images) and a corresponding Digital Terrain Model
(DTM) as input and performs three primary functions: (1) detect
and delineate candidate RSL in each image, (2) compute statistics
of surface morphology and observed radiance for each candidate,
and (3) measure temporal variation between candidates in
adjacent images. 
The main challenge in automatic image-based RSL detection is
discriminating true RSL from other low-albedo regions such as
shadows or changes in surface materials is . To discriminate RSL
from shadows, MAARSL constructs a linear illumination model
for each image based on the DTM and position and orientation of
the instrument at image acquisition time. We filter out any low-
albedo regions that appear to be shadows via a least-squares fit
between the modeled illumination and the observed intensity in
each image. False detections occur in areas where the 1m/pixel
HiRISE DTM poorly captures the variability of terrain observed
in the 0.25m/pixel HiRISE images. To remove these spurious
detections, we developed an interactive machine learning
graphical interface that uses expert input to filter and validate the
RSL candidates. This tool yielded 636 candidates from a well-
studied sequence of 18 HiRISE images of Garni crater in Valles
Marineris with minimal manual effort. We describe our analysis
of RSL candidates at Garni crater and Coprates Montes and
ongoing studies of other regions where RSL occur.

Author(s): Brian Bue , Kiri Wagstaff , David Stillman
Institution(s): 1. Jet Propulsion Laboratory, 2. Southwest
Research Institute

400.03 – Nonlinear Spectral Mixture Modeling to
Estimate Water-Ice Abundance of Martian Regolith
We present a novel technique to estimate the abundance of water-
ice in the Martian permafrost using Phoenix Surface Stereo
Imager multispectral data. In previous work, Cull et al. (2010)
estimated the abundance of water-ice in trenches dug by the Mars
Phoenix lander by modeling the spectra of the icy regolith using
the radiative transfer methods described in Hapke (2008) with
optical constants for Mauna Kea palagonite (Clancy et al., 1995)
as a substitute for unknown Martian regolith optical constants.
Our technique, which uses the radiative transfer methods
described in Shkuratov et al. (1999), seeks to eliminate the
uncertainty that stems from not knowing the composition of the
Martian regolith by using observations of the Martian soil before
and after the water-ice has sublimated away. We use observations
of the desiccated regolith sample to estimate its complex index of
refraction from its spectrum. This removes any a priori
assumptions of Martian regolith composition, limiting our free
parameters to the estimated real index of refraction of the dry
regolith at one specific wavelength, ice grain size, and regolith
porosity. We can then model mixtures of regolith and water-ice,
fitting to the original icy spectrum to estimate the ice abundance.
To constrain the uncertainties in this technique, we performed
laboratory measurements of the spectra of known mixtures of
water-ice and dry soils as well as those of soils after desiccation
with controlled viewing geometries. Finally, we applied the
technique to Phoenix Surface Stereo Imager observations and
estimated water-ice abundances consistent with pore-fill in the
near-surface ice. This abundance is consistent with atmospheric
diffusion, which has implications to our understanding of the

history of water-ice on Mars and the role of the regolith at high
latitudes as a reservoir of atmospheric H O.

Author(s): Szilard Gyalay , Kathryn Chu , Eldar Zeev Noe
Dobrea
Institution(s): 1. PSI, 2. UC Berkeley, 3. UCSC

400.04 – The Formation of Frost and Liquid Brines
on Spacecraft Materials at Mars Environmental
Conditions
There is evidence that frost formed on the camera calibration
target of the Opportunity Rover [1], and that frozen brine
splashed on the struts of the Phoenix lander during landing
melted, producing droplets of liquid brine [2]. Moreover, there is
evidence that tiny amounts of frost might have formed at the MSL
landing site, early in the morning during the coldest winter sols
[3]. 
 
The Michigan Mars Environmental Chamber (MMEC) is capable
of simulating temperatures ranging from ~90 to 500 K,
atmospheric pressures ranging from ~10  to 10  Pa, and relative
humidity ranging from less than 1% to 100%. The MMEC is also
capable of simulating the diurnal and seasonal cycles of the Mars
polar, mid-latitudes, and equatorial regions (including Mars
Special Regions). Moreover, the MMEC is equipped with
instruments to study the formation of frost and liquid brines
[4,5]. 
 
We use the MMEC to study the formation of frost and brine
droplets on spacecraft materials. Our laboratory experiments
indicate that frost forms on spacecraft materials at Mars
environmental conditions. They also indicate that small amounts
of liquid brine could form on spacecraft surfaces if salts are
present (e.g., deposited with dust aerosols or splashed during
landing) when frost forms. These results have important
implications for planetary protection. 
 
Our main goal is to identify the spacecraft materials on which
frost and liquid brines are most likely and least likely to form at
the environmental conditions created by a Mars lander. This will
improve our understanding of forward contamination so that
standards for spacecraft fabrication and operations can be refined
in order to minimize planetary contamination. 
 
References: 
[1] Landis, G. A. (2007). Lunar Planet. Sci. Conference 38, 2423. 
[2] Rennó, N. O., et al. (2009). J. Geophys. Res.: Planets (1991–
2012), 114(E1). 
[3] Martínez, G. M., et al. (2016). Icarus, 280, 93-102. 
[4] Fischer, E., et al. (2014). Geophys. Res. Lett. 41(13), 4456-
4462. 
[5] Fischer, E., et al. (2016). Astrobiology, 16(12), 937-948.

Author(s): Erik Fischer , German Martinez , Daniel
Neamati , Nilton O. Renno
Institution(s): 1. University of Michigan

400.05 – The Effect of Mars-relevant Minerals on
the Water Uptake of Magnesium Perchlorate and
Implications for the Near-surface of Mars
The water uptake and release by hygroscopic salts such as
perchlorate has been well studied in the decade since they were
first discovered on the surface of Mars. However, there have been
few studies on the effect of the insoluble regolith minerals on this
well documented interaction of perchlorate and water vapor. In
this work, we investigate the effect that two insoluble Mars-
relevant minerals, montmorillonite and Mojave Mars Simulant
(MMS), have on the water uptake (deliquescence), ice formation,
and recrystallization (efflorescence) of pure magnesium
perchlorate. We studied mixtures of equal parts (by mass)
magnesium perchlorate hexahydrate and either montmorillonite
or MMS. Although montmorillonite and MMS are insoluble
minerals that may serve as nuclei for either ice nucleation or salt
efflorescence, we find that these minerals did not affect any of the
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phase transitions of magnesium perchlorate. The salt-mineral
mixture behaved like pure magnesium perchlorate in all cases,
with stable deliquescence as well as metastable brine
supersaturation and supercooling observed. Experiments were
performed in both N and CO  atmospheres, with no detectable
difference. We use data from the Rover Environmental
Monitoring Station instrument on MSL and from the Thermal
and Electrical Conductivity Probe instrument on Phoenix, as well
as modeling of the shallow subsurface near the rover and lander,
to determine the likelihood of liquid water and water ice at Gale
Crater and the Phoenix landing site.

Author(s): Katherine Primm , Raina Gough , Edgard G.
Rivera-Valentin , Margaret Tolbert
Institution(s): 1. Arecibo Observatory (USRA), 2. University of
Colorado

400.06 – Oxychlorine species in Gale Crater and
broader implications for Mars

Of 15 samples analyzed to date, the Sample Analysis at Mars
(SAM) instrument on the Mars Science Laboratory (MSL) has
detected oxychlorine compounds (perchlorate or chlorate) in 12
samples. The presence of oxychlorine species is inferred from the
release of oxygen at temperatures <600 °C and HCl between 350-
850 °C when a sample is heated to 850 °C. The O  release
temperature varies with sample, likely caused by different
cations, grain size differences, or catalytic effects of other
minerals. In the oxychlorine-containing samples, perchlorate
abundances range from 0.06 ± 0.03 to 1.15 ± 0.5 wt% Cl O
equivalent. Comparing these results to the elemental Cl
concentration measured by the Alpha Particle X-ray Spectrometer
(APXS) instrument, oxychlorine species account for 5-40% of the
total Cl present. 

The variation in oxychlorine abundance has implications for their
production and preservation over time. For example, the John
Klein (JK) and Cumberland (CB) samples were acquired within a
few meters of each other and CB contained ~1.2 wt% Cl O
equivalent while JK had ~0.1 wt%. One difference between the
two samples is that JK has a large number of veins visible in the
drill hole wall, indicating more post-deposition alteration and

removal. 
 
Finally, despite Cl concentrations similar to previous samples, the
last three Murray formation samples (Oudam, Marimba, and
Quela) had no detectable oxygen released during pyrolysis. This
could be a result of oxygen reacting with other species in the
sample during pyrolysis. Lab work has shown this is likely to have
occurred in SAM but it is unlikely to have consumed all the O
released. Another explanation is that the Cl is present as
chlorides, which is consistent with data from the ChemCam
(Chemical Camera) and CheMin (Chemistry and Mineralogy)
instruments on MSL. For example, the Quela sample has ~1 wt%
elemental Cl detected by APXS, had no detectable O  released,
and halite (NaCl) has been tentatively identified in CheMin X-ray
diffraction data. 
 
These data show that oxychlorines are likely globally distributed
on Mars but the distribution is heterogenous depending on the
perchlorate formation mechanism (production rate), burial, and
subsequent diagenesis.

Author(s): Paul Douglas Archer , Joanna C Hogancamp ,
Douglas W Ming , Brad Sutter , Richard V Morris , Benton
Clark , Paul R Mahaffy , Cherie Achilles , James J. Wray , Ralf
Gellert , Albert Yen , David F Blake , David T Vaniman ,
Daniel P Glavin , Jennifer L Eigenbrode , Melissa G Trainer ,
Rafael Navarro-González , Christopher P. McKay , Caroline
Freissinet , Peter Martin
Institution(s): 1. Department of Geosciences, University of
Arizona, 2. Division of Geological and Planetary Sciences,
Caltech, 3. Geocontrols Systems Inc, 4. Georgia Institute of
Technology, 5. Instituto de Ciencias Nucleares, Universidad
Nacional Autonoma de Mexico, 6. JACOBS, NASA Johnson
Space Center, 7. Laboratoire Atmosphères, Milieux,
Observations Spatiales, Centre National de la Recherche
Scientifique, 8. NASA Ames Research Center, 9. NASA Goddard
Space Flight Center, 10. NASA Jet Propulsion Laboratory, 11.
NASA Johnson Space Center, 12. Planetary Science Institute, 13.
Space Science Institute, 14. University of Guelph

401.01 – Origin and Evolution of Short-Period
Comets
Comets are icy objects that orbitally evolve from the trans-
Neptunian region (the Kuiper belt and beyond) into the inner
Solar System, where they are heated by solar radiation and
become active due to sublimation of water ice. Here we perform
end-to-end simulations in which cometary reservoirs are formed
in the early Solar System and evolved over 4.5 Gyr. The
gravitational effects of Planet 9 (P9), hypothesized to circle the
Sun on a wide orbit, are included in some of our simulations.
Different models are considered for comets to be active, including
a simple assumption that comets remain active for Np(q)
perihelion passages with perihelion distance q<2.5 au. The orbital
distribution and number of active comets produced in our model
is compared to observations. The orbital distribution of ecliptic
comets (ECs) is well reproduced in models with Np(2.5)=500 and
without P9. With P9, the inclination distribution of model ECs is
wider than the observed one. We find that the known Halley-type
comets (HTCs) have a nearly isotropic inclination distribution
(with only a slight preference for prograde orbits). In our model,
the HTCs appear to be an extension of the population of returning
Oort-cloud comets (OCCs) to shorter orbital periods. The
inclination distribution of model HTCs becomes broader with
increasing Np, but the existing observational data are not good
enough to constrain Np from orbital fits. Np(2.5)>1000 is
required to obtain a steady-state population of large active HTCs
that is consistent with observations. To fit the ratio of the
returning-to-new OCCs, by contrast, our model implies that
Np(2.5)<10, possibly because the detected long-period comets are
smaller and much easier to disrupt than observed HTCs.

Author(s): David Nesvorny , David Vokrouhlicky , Henry C.
(Luke) Dones , Harold F. Levison , Nathan A. Kaib , Alessandro
Morbidelli
Institution(s): 1. Charles University, 2. Nice Observatory,
CNRS, 3. SWRI, 4. The University of Oklahoma

401.02 – Can Ecliptic Comets Be Created En Route
from the Kuiper Belt?
The Kuiper Belt is thought to be the reservoir of ecliptic comets
(ECs), which include the Jupiter-family comets (JFCs) and
Centaurs. ECs are also the main source of Sun-orbiting impactors
on the regular moons of the giant planets (Zahnle et al. 2003).
Ironically, we still do not know whether the belt, specifically its
Scattered Disk, provides enough ECs (Volk and Malhotra 2008).
We are investigating whether cometary breakup in the planetary
region (Fernández 2009) can substantially increase the number
of ECs. In support of this idea, the Kreutz sungrazers may derive
from a hierarchical series of fragmentation events of a progenitor
long-period comet (e.g., Sekanina and Chodas 2007), and the
JFCs 42P and 53P appear to be fragments of a comet that split in
1845 (Kresák et al. 1984). On the other hand, although 16P was
tidally disrupted by Jupiter in 1886, only one fragment survives. 
 
Models of the cometary orbital distribution ignore activity or
apply a physical lifetime based on the number of passages within
2 or 3 AU of the Sun, where sublimation of water ice occurs
(Nesvorný et al. 2017). In reality, some comets (e.g., 29P, Hale-
Bopp) are active beyond Jupiter due to volatiles such as CO and
CO2 (Womack et al. 2017). 174P/Echeclus underwent a 7-
magnitude outburst at 13 AU (Rousselot et al. 2016), and CO
emission was detected from Echeclus at 6 AU (Wierzchos et al.
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2017). We will estimate how the number and size distribution of
comet nuclei change with distance from the Sun due to cometary
activity and spontaneous disruption, tidal disruption by a giant
planet, and tidal disruption of binaries (Fraser et al. 2017). 

We thank the Cassini Data Analysis Program for support. 
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Nesvorny , Edward B. Bierhaus , Kevin Zahnle , Stuart J.
Robbins , William Bottke , Jose Alvarellos , Patrick Hamill
Institution(s): 1. Lockheed Martin Space Systems, 2. NASA
Ames Research Center, 3. San José State University, 4.
Southwest Research Inst., 5. University of South Florida

401.03 – Rapid evolution of the spin state of comet
41P/Tuttle-Giacobini-Kresak
Comet nuclei are small, dynamic objects influenced strongly by
their individual history, orbit, rotation and inhomogeneity. Mass
loss due to sublimation can exert a profound influence on the
physical nature of the cometary nucleus, changing the shape, size,
and rotation (Jewitt, in Comets II, 2004). The Rosetta mission to
comet 67P showed that these effects are all interrelated (Sierks et
al., Science 347, 2015). 

 
Comet 41P/Tuttle-Giacobini-Kresak passed Earth as close as
0.142 au in April 2017, allowing observations of the inner coma
and an assessment of the rotational state of the nucleus. We
acquired observations of comet 41P between March and May 2017
using the 4.3-m Discovery Channel Telescope and the
UltraViolet-Optical Telescope (UVOT) on board the Earth-
orbiting Swift Gamma Ray Burst Mission. 
 
Using CN narrowband imaging and aperture photometry we
found that the apparent rotation period of comet 41P more than
doubled between March and May 2017, increasing from 20 hours
to 50 hours. Measurements of the periodicity in late-March by
Knight et al. (CBET 4377, 2017) are consistent with this rate of
increase. Comet 41P is the ninth comet for which a rotation
period change has been observed (c.f. Samarasinha et al., in
Comets II, 2004), but both the fractional change and the rate of
change of the period far exceed those observed in the other
comets. It is presumably the combination of a long rotation
period, high surface activity, and a small nucleus that makes 41P
highly susceptible to changes in its rotational state. 
 
Extrapolating the comet’s rotation period using its current gas
production rates and a simple activity model suggests that the
nucleus will continue to spin down, possibly leading to an excited
spin state in the next few apparitions. Finally, 41P is known for its
large outbursts, and our extrapolation suggest that the comet’s
rotation period may have been close to the critical period for
splitting in 2001, when it exhibited two significant outbursts.

Author(s): Dennis Bodewits , Tony Farnham , Matthew M.
Knight , Michael S. Kelley
Institution(s): 1. University of Maryland

402.01 – KELT-9b: An Example of Atmospheric
Extremes
We discuss the characteristics of KELT-9b, the hottest and most
irradiated hot Jupiter that has been found to date. KELT-9b has
an orbital period of ~1.5 days around a rapidly rotating A0 host
star. The combination of short orbital period and hot (effective
temperature of ~9,600 K) host make the hot Jupiter, KELT-9b,
ideally suited for future study of an atmosphere under extreme
irradiation. 

The planet was confirmed with high-quality primary transit
observations in multiple bands and found to have a detectable
secondary eclipse in the far-red optical (z) that indicates a
brightness temperature of ~4600 K, and therefore poor heat
redistribution to the night side when compared to the equilibrium
temperature of ~3800 K. Further confirmations of planetary were
derived from an absence of companions seen in deep AO
observations, radial velocity detection of the small reflex motion
of the star due to the planet, and finally from the detection of a
definite Doppler tomographic signal. 

The confirmation observations of KELT-9b showed it to be a
planet with a radius and mass of ~1.8 Jupiter radii and ~2.7
Jupiter masses. We find the planet to be in a near-polar orbit.
This should lead to a detectable orbital precession within just a
few years. The high irradiation from the host star combined with
the short orbital period, extreme planetary temperature, large
planet-to-star radius ratio, and large atmospheric scale height
~1000 km, make KELT-9b a prime target for future studies of
planetary atmospheres. It is expected that such an extreme
environment will show equally extreme but detectable
photochemistry for future investigators. 

Author(s): Michael D. Joner , B. Scott Gaudi , Joshua
Pepper , Keivan G. Stassun
Institution(s): 1. Brigham Young Univ., 2. Lehigh University,
3. Ohio State University, 4. Vanderbilt University
Contributing team(s): KELT Science Team, KELT Follow-up
Network

402.02D – Dynamics of Tidally Locked, Ultrafast
Rotating Atmospheres
Tidally locked gas giants, which exhibit a novel regime of day-
night thermal forcing and extreme stellar irradiation, are typically
in several-day orbits, implying slow rotation and a modest role for
rotation in the atmospheric circulation. Nevertheless, there exist a
class of gas-giant, highly irradiated objects - brown dwarfs
orbiting white dwarfs in extremely tight orbits - whose orbital and
hence rotation periods are as short as 1-2 hours. Spitzer phase
curves and other observations have already been obtained for this
fascinating class of objects, which raise fundamental questions
about the role of rotation in controlling the circulation. So far,
most modeling studies have investigated rotation periods
exceeding a day, as appropriate for typical hot Jupiters. In this
work we investigate the dynamics of tidally locked atmospheres in
shorter rotation periods down to about two hours. With
increasing rotation rate (decreasing rotation period), we show
that the width of the equatorial eastward jet decreases, consistent
with the narrowing of wave-mean-flow interacting region due to
decrease of the equatorial deformation radius. The eastward-
shifted equatorial hot spot offset decreases accordingly, and the
westward-shifted hot regions poleward of the equatorial jet
associated with Rossby gyres become increasingly distinctive. At
high latitudes, winds becomes weaker and more geostrophic. The
day-night temperature contrast becomes larger due to the
stronger influence of rotation. Our simulated atmospheres exhibit
small-scale variability, presumably caused by shear instability.
Unlike typical hot Jupiters, phase curves of fast-rotating models
show an alignment of peak flux to secondary eclipse. Our results
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have important implications for phase curve observations of
brown dwarfs orbiting white dwarfs in ultra tight orbits.

Author(s): Xianyu Tan , Adam P. Showman
Institution(s): 1. University of Arizona

402.03 – The effects of disequilibrium carbon
chemistry in general circulation models of hot
Jupiters
Abundances of methane (CH4) and carbon monoxide (CO) are
expected to be in disequilibrium in the photospheres of hot
Jupiter exoplanets due to transport-induced quenching. It has
been proposed that including this effect in general circulation
models (GCMs) could resolve the mismatch between models and
the observed 4.5 micron phase curves of hot Jupiters HD 189733b
and HD 209458b. 
We modified the SPARC/MITgcm to mimic quenched carbon
chemistry by assuming a constant ratio of CH4 to CO to calculate
the opacities. Water abundances are modified accordingly so that
the number of oxygen atoms is conserved. We ran global
circulation models of HD 189733b assuming different values of
the CH4/CO ratio. The change in temperature structure due to
the quenched abundances is significant enough to affect the
emission spectra. Thus, the radiative effect of the quenched
abundances should be included in global circulation models 
We show that including disequilibrium effects does not lower the
4.5 micron night side fluxes. If CO is the dominant species, as
predicted by kinetics models, the increased CO opacity is offset by
a lower water opacity. In this case, the 4.5 micron band turns out
to be a bad diagnostic for disequilibrium carbon chemistry. As a
consequence, disequilibrium carbon chemistry does not provide a
good explanation for the small nightside flux observed at 4.5
microns in HD 189733b. The 3.6 Spitzer band should be a better
indicator of disequilibrium chemistry. We find that the presence
of quenched abundances always reduces the phase curve
amplitude at 3.6 microns compared to the chemical equilibrium
case, such that they are inconsistent with existing observations of
HD 189733b. Therefore, other processes such as the presence of
drag or night side clouds must be responsible for the shape of
currently observed HD 189733b phase curves. 
We find that observations between 7 and 10 microns are a better
diagnostic of disequilibrium carbon chemistry in the CO
dominated regime. Observations with the JWST will provide
better constraints on the disequilibrium processes at play on both
the dayside and the nightside of hot Jupiters. 

Author(s): Maria Elisabeth Steinrueck , Vivien
Parmentier , Adam P. Showman
Institution(s): 1. University of Arizona

402.04 – BARTTest: Community-Standard
Radiative-Transfer Tests I: Forward Models
Atmospheric radiative transfer codes are used both to predict
planetary spectra and in retrieval algorithms to interpret data.
Observational plans, theoretical models, and scientific results
thus depend on the correctness of these calculations. Yet, the
calculations are complex and the codes implementing them are
often written without modern software-verification techniques.
The community needs a suite of test calculations with analytically,
numerically, or at least communally verified results. We therefore
offer the Bayesian Atmospheric Radiative Transfer Test Suite, or
BARTTest, a collection of tests offered for community use and
development. 

This presentation focuses on forward models. Tests include a
single-line, single layer atmosphere verified by an independent
numerical line-broadening code included with the test, an
isothermal atmoshere with hundreds of millions of lines (which
should emit as a blackbody of the same temperature), and
realistic atmospheres verified by an independent radiative
transfer model. 

BARTTest is open-source software. We propose this test suite as a
standard for verifying radiative-transfer codes, analogous to the

Held-Suarez test for general circulation models. This work was
supported by NASA Planetary Atmospheres grant NX12AI69G
and NASA Astrophysics Data Analysis Program grant
NNX13AF38G.

Author(s): Michael D Himes , Joseph Harrington , Patricio
Cubillos , Jasmina Blecic , Ryan C Challener
Institution(s): 1. New York University Abu Dhabi, 2. Space
Research Institute, Austrian Academy of Sciences, 3. University
of Central Florida

402.05 – Artificial Intelligence in planetary
spectroscopy
The field of exoplanetary spectroscopy is as fast moving as it is
new. Analysing currently available observations of exoplanetary
atmospheres often invoke large and correlated parameter spaces
that can be difficult to map or constrain. This is true for both: the
data analysis of observations as well as the theoretical modelling
of their atmospheres. 
Issues of low signal-to-noise data and large, non-linear parameter
spaces are nothing new and commonly found in many fields of
engineering and the physical sciences. Recent years have seen
vast improvements in statistical data analysis and machine
learning that have revolutionised fields as diverse as
telecommunication, pattern recognition, medical physics and
cosmology. 
In many aspects, data mining and non-linearity challenges
encountered in other data intensive fields are directly transferable
to the field of extrasolar planets. In this conference, I will discuss
how deep neural networks can be designed to facilitate solving
said issues both in exoplanet atmospheres as well as for
atmospheres in our own solar system. I will present a deep belief
network, RobERt (Robotic Exoplanet Recognition), able to learn
to recognise exoplanetary spectra and provide artificial
intelligences to state-of-the-art atmospheric retrieval algorithms.
Furthermore, I will present a new deep convolutional network
that is able to map planetary surface compositions using hyper-
spectral imaging and demonstrate its uses on Cassini-VIMS data
of Saturn.

Author(s): Ingo Waldmann
Institution(s): 1. University College London

402.06D – A population study of hot Jupiter
atmospheres
In the past two decades, we have learnt that every star hosts more
than one planet. While the hunt for new exoplanets is on-going,
the current sample of more than 3500 confirmed planets reveals a
wide spectrum of planetary characteristics. While small planets
appear to be the most common, the big and gaseous planets play a
key role in the process of planetary formation. We present here
the analysis of 30 gaseous extra-solar planets, with temperatures
between 600 and 2400 K and radii between 0.35 and 1.9 Jupiter
radii. These planets were spectroscopically observed with the
Wide Field Camera 3 on-board the Hubble Space Telescope,
which is currently one of the most successful instruments for
observing exoplanetary atmospheres. The quality of the
HST/WFC3 spatially-scanned data combined with our specialised
analysis tools, allows us to create the largest and most self-
consistent sample of exoplanetary transmission spectra to date
and study the collective behaviour of warm and hot gaseous
planets rather than isolated case-studies. We define a new metric,
the Atmospheric Detectability Index (ADI) to evaluate the
statistical significance of an atmospheric detection and find
statistically significant atmospheres around 16 planets. For most
of the Jupiters in our sample we find the detectability of their
atmospheres to be dependent on the planetary radius but not on
the planetary mass. This indicates that planetary gravity is a
secondary factor in the evolution of planetary atmospheres. We
detect the presence of water vapour in all the statistically
detectable atmospheres and we cannot rule out its presence in the
atmospheres of the others. In addition, TiO and/or VO signatures
are detected with 4σ confidence in WASP-76 b, and they are most
likely present on WASP-121 b. We find no correlation between
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expected signal-to-noise and atmospheric detectability for most
targets. This has important implications for future large-scale
surveys.

Author(s): Angelos Tsiaras , Ingo Waldmann , Tiziano
Zingales , Marco Rocchetto , Giuseppe Morello , Mario
Damiano , Konstantinos Karpouzas , Giovanna Tinetti , Laura
McKemmish , Jonathan Tennyson , Sergey Yurchenko
Institution(s): 1. Aristotle University of Thessaloniki, 2. UCL

403.01 – The resolved nucleus of Comet Siding
Spring (C/2013 A1) in MRO HiRISE images
Comet Siding Spring (C/2013 A1) passed within 140,000 km of
Mars on 19 Oct 2014. The MRO spacecraft, in orbit around Mars,
used its HiRISE camera to monitor the comet during the
encounter, obtaining the first resolved images of the nucleus of a
dynamically new comet. 

MRO observed Siding Spring from 60 hr before, to 15 hr after
close approach, obtaining 122 images in three different color
filters. Close approach images, with a spatial scale as small as 138
m/pix, reveal an elongated crescent that changes shape over the
course of the sequence, indicating that we are seeing a ~1 km non-
spherical body from different viewpoints as the comet rapidly
sweeps past. To better constrain the characteristics of the
nucleus, we are performing detailed analyses, including modeling
of the inner coma to separate its flux contribution from that of the
nucleus. In conjunction with the coma removal, we will model the
nucleus as a prolate/triaxial ellipsoid and, combined with the
known illumination and viewing conditions, will use the changing
aspect in the images to constrain the size, shape, orientation,
albedo and possibly the phase dependence of the nucleus. 

In addition to the close approach observations, the images before
and after close approach capture the coma structure and
brightness. The photometric lightcurve from these images shows
variability with an 8.1 hr period, which is presumed to be the
rotational modulation of the coma activity. The observed
morphology changes as well, promising to provide a measure of
the nucleus' spin axis orientation. 

We will report on the results from our analyses, and provide the
first direct measurements of the nucleus of a dynamically new
comet. 

Author(s): Tony Farnham , Michael S. Kelley , Dennis
Bodewits , James M Bauer
Institution(s): 1. Univ. of Maryland

403.02 – Photometric comparison of smooth
regions on 67P/Churyumov-Gerasimenko with
other cometary nuclei
Correlating Rosetta data with previous space mission data
enables us to generalize the geological evolutionary process from
a single comet to multiple JFCs, a necessary first step towards
understanding the geological evolution of JFCs based on mission
data. The ESA/NASA’s Rosetta escorted and observed Comet
67P/Churyumov-Gerasimenko from August 2014 to September
2016 along its orbit around the Sun from 4 AU pre-perihelion to 4
AU post-perihelion. The images of 67P from OSIRIS-Narrow
Angle Camera and Wide Angle camera enable us to do detailed
photometric comparison with models we used to study the
surface of other comet nuclei, Comet 19P/Borrelly(by Deep
Space), Comet 81P/Wild 2(by Stardust), Comet 9P/Tempel 1(by
Deep Impact and Stardust-NExT) and Comet 103P/Hartley 2(by
Deep Impact eXtended Investigation). We use disk-resolved
photometry as a tool to study the geological evolution of cometary
nuclei. We characterized smooth areas on 67P, and correlate

them to the smooth areas on other comets. We performed an
initial identification and preliminary characterization of smooth
areas on 67P with Rosetta OSIRIS images, measuring their
albedos, colors, phase functions, and compare them with those on
other cometary nuclei, putting 67P into the context of other
cometary nuclei.

Author(s): Xiaoduan Zou , Jian-Yang Li , Michael J. S.
Belton
Institution(s): 1. Belton Space Exploration Initiatives, 2.
Planetary Science Institute

403.03D – Physical properties of Jupiter-family
comets and KBOs from ground-based lightcurve
observations
Rotational lightcurves are among the most powerful tools to study
the physical characteristics of small bodies in the Solar system.
They can be used to constrain their spin rates, shapes, densities
and compositions. We have developed a method to derive precise
lightcurves and phase functions from sparsely sampled data,
calibrated using Pan-STARRS stellar magnitudes. We employ this
technique to characterize the physical properties of Jupiter
Family Comets (JFCs) and Kuiper Belt Objects (KBOs). 
We provide an updated study of the collective properties of JFCs
by increasing the sample of comets with well-studied rotational
and surface characteristics. To collect the sample, we reviewed
the properties of 35 previously-studied JFCs and added new
lightcurves and phase functions for nine JFCs observed between
2004 and 2015. 
The new extended sample confirms the known cut-off in bulk
density at ∼0.6 g cm  if JFCs are strengthless. For typical
density and elongations, we determined that JFCs require tensile
strength of 10-25 Pa to remain stable against rotational
instabilities. To provide further constraints on the physical
characteristics of JFCs we combine these findings with a study of
the activity-induced spin changes of JFCs. Using the newly
derived albedos and phase functions, we found that the median
linear phase function coefficient for JFCs is 0.046 mag/deg and
the median albedo is 4.2 per cent. We found evidence for an
increasing linear phase function coefficient with increasing
albedo. 
In an attempt to relate JFCs to their source populations, we
compare them to KBOs. We performed a magnitude-limited
survey of 40 KBOs, observed with the 3.6-m ESO New
Technology Telescope between 2014 and 2017. This is the first
survey with a 4m-class telescope conducted in an entirely
homogeneous manner (using the same telescope, observing
strategy, and data analysis). This program allows us to relate the
rotation rates, physical properties and surface characteristics of
JFCs and KBOs in order to test the different hypotheses for their
formation and subsequent evolution.

Author(s): Rosita Kokotanekova , Colin Snodgrass , Pedro
Lacerda , Simon F. Green
Institution(s): 1. Max Planck Institute for Solar System
Research, 2. Open University, 3. Queen’s University Belfast

404.01 – Observations of Mercury’s Neutral
Hydrogen Exosphere During the MESSENGER

Orbital Phase
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Because of the difficulty of observing H Lyman α at Mercury
remotely, the MESSENGER mission afforded the first chance
since the Mariner 10 flybys to investigate the neutral hydrogen
exosphere of Mercury in detail. Mariner 10 discovered H at
Mercury, but left many questions about the puzzling temperature
and density distributions unanswered. Sparse observations
during the MESSENGER flybys of Mercury suggested that the H
exosphere was grossly similar to what was observed by Mariner
10, but with higher overall emission levels, and they provided no
answers to the outstanding issues from Mariner 10. Observations
of H Lyman α emission by the Ultraviolet and Visible
Spectrometer (UVVS) component of the Mercury Atmospheric
and Surface Composition Spectrometer (MASCS) instrument
onboard MESSENGER were conducted regularly throughout the
MESSENGER orbital phase. These observations provide a much
more complete picture of the H exosphere at Mercury. We
present an analysis of the UVVS orbital observations, focusing on
the temporal and spatial distribution of the hydrogen about the
planet. Preliminary models will be shown, and the UVVS data will
be compared and contrasted to the Mariner 10 data to address the
long-outstanding questions about this element of Mercury’s
complex exosphere. Support from the NASA Discovery Data
Analysis Program is gratefully acknowledged.

Author(s): Ronald J. Vervack , Dana Hurley , Wayne R.
Pryor
Institution(s): 1. Central Arizona College, 2. Johns Hopkins
Applied Physics Laboratory

404.02 – Dating Tectonic Activity on Mercury’s
Large-Scale Lobate-Scarp Thrust Faults 
Mercury’s widespread large-scale lobate-scarp thrust faults reveal
that the planet’s tectonic history has been dominated by global
contraction, primarily due to cooling of its interior. Constraining
the timing and duration of this contraction provides key insight
into Mercury’s thermal and geologic evolution. We combine two
techniques to enhance the statistical validity of size-frequency
distribution crater analyses and constrain timing of the 1) earliest
and 2) most recent detectable activity on several of Mercury’s
largest lobate-scarp thrust faults. We use the sizes of craters
directly transected by or superposed on the edge of the scarp face
to define a count area around the scarp, a method we call the
Modified Buffered Crater Counting Technique (MBCCT). We
developed the MBCCT to avoid the issue of a near-zero scarp
width since feature widths are included in area calculations of the
commonly used Buffered Crater Counting Technique (BCCT).
Since only craters directly intersecting the scarp face edge
conclusively show evidence of crosscutting relations, we increase
the number of craters in our analysis (and reduce uncertainties)
by using the morphologic degradation state (i.e. relative age) of
these intersecting craters to classify other similarly degraded
craters within the count area (i.e., those with the same relative
age) as superposing or transected. The resulting crater counts are
divided into two categories: transected craters constrain the
earliest possible activity and superposed craters constrain the
most recent detectable activity. Absolute ages are computed for
each population using the Marchi et al. [2009] model production
function. A test of the Blossom lobate scarp indicates the MBCCT
gives statistically equivalent results to the BCCT. We find that all
scarps in this study crosscut surfaces Tolstojan or older in age
(>~3.7 Ga). The most recent detectable activity along lobate-scarp
thrust faults ranges from Calorian to Kuiperian (~3.7 Ga to
present). Our results complement previous relative-age studies
with absolute ages and indicate global contraction continued over
the last ~3-4 Gyr. At least some thrust fault activity occurred on
Mercury in relatively recent times (<280 Ma).

Author(s): Nadine G. Barlow , Maria E Banks
Institution(s): 1. NASA Goddard Space Flight Center, 2.
Northern Arizona Univ.

404.03 – Mercury as the Unaccreted Projectile:
Thermal Consequences

Mercury retained substantial volatiles during its formation, in far
greater proportion than the Moon, despite losing ~2/3 of its rocky
mantle. Its volatile-rich geochemistry would contraindicate a
giant impact because it would drive away the volatiles, as in the
hypothesis for the Moon. However, the thermal consequences of
Mercury formation vary considerably between the two giant
impact scenarios, ‘direct hit’ (DH; Benz et al. 1989) and ‘hit and
run’ (HR; Asphaug and Reufer 2014). Each begins with a
differentiated chondritic proto-Mercury (PM) a bit larger than
Mars. In DH, PM gets eroded by a very energetic impactor half its
mass, at ~6-7 times the escape velocity. To remove half of PM’s
mantle, the post-impact target gets completely shock-vaporized
and is sheared apart into space. The bound remnant in DH would
experience a comparable deposition of shock enthalpy, as in
Moon formation, and would expand into a much larger volume of
heliocentric space, leading to a dry planet. The bound remnant
will go on to re-accrete much of the silicate mantle that it just lost,
another challenge for DH. In HR, PM is the projectile that slams
into a terrestrial planet twice its size (proto-Venus or proto-
Earth). For typical impact angle and speed, a typical outcome is to
‘bounce”. But for HR to explain Mercury, PM must avoid
accretion every time it encounters the target, until it is scattered
or migrates away (or is accreted, in which case there is no
Mercury), leading to multi-HR scenarios. Tides are intense in HR
because the projectile grazes the target core; gravity does most of
the work of mantle stripping. Shocks play a secondary role.
Whereas in DH the impactor blasts the target inside-out, in HR
the runner emerges relatively unshocked, and undispersed except
for losing the gravitationally-unbound material. HR is a
mechanism for collecting low-shocked remnants, because the
intensely shocked material ends up bound to the target or
escaping to heliocentric space; little of it is accreted by the runner.
We compare single-HR and slower multiple-HR scenarios, with
DH scenarios, evaluating enthalpy production within the bound
remnant in SPH simulations.

Author(s): Erik Asphaug , Travis Gabriel , Alan Jackson ,
Viranga Perera
Institution(s): 1. CPS, U. Toronto, 2. LPL, University of
Arizona, 3. SESE, Arizona State University

404.04D – The Wibbly-Wobbly Moon: Rotational
Dynamics of the Moon After Large Impacts
The spins of planets are not constant with time; they continuously
evolve in response to both external and internal forces. One of the
most dramatic ways a planet’s spin can change is via impacts.
Impacts change the planet’s angular momentum, energy, and
moments of inertia. These changes can have important
consequences for the geology of the planet. For the well-studied
case of the Moon, these repercussions include everything from
changing the orientation of the magnetic field, controlling the
geometry of fault networks, and altering the stability of volatiles
(e.g. water ice) in permanently shadowed regions. While previous
studies have investigated the dynamical effects of impacts on the
Moon, most use simplistic models for the impact basin formation
process—often only considering the impulsive change in the
Moon’s angular momentum, and occasionally the change in the
Moon’s moments of inertia from a simplified basin geometry (e.g.
a cylindrical hole surrounded by a cylindrical ejecta blanket).
These simplifications obscure some of the subtler and more
complicated dynamics that occur in the aftermath of an impact.
In this work, we present new model results for the rotational
dynamics of the Moon after large, basin-forming impacts. We
couple iSALE hydrocode simulations with the analytical and
numerical formalisms of rotational dynamics. These simulations
allow us to quantitatively track how different impact processes
alter the Moon’s moments of inertia, including basin formation,
mantle uplift, impact heating, and ejecta-blanket emplacement.
This unique combination of techniques enables us to more
accurately track the spin of the Moon in the aftermath of these
impacts, including periods of non-synchronous and non-
principal-axis rotation, libration, and long-term reorientation
(true polar wander). We find that the perturbation of the Moon’s
moments of inertia immediately after impact is several times
larger than what is expected based on the present-day gravity
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field of the Moon. While this work focuses on the Moon, impacts
are a ubiquitous process in our solar system, and the techniques
and results presented here may be applicable to a variety of rocky
(and icy) solar system worlds.

Author(s): James Tuttle Keane , Brandon C Johnson ,
Isamu Matsuyama , Matthew Siegler
Institution(s): 1. Brown University, 2. California Institute of
Technology, 3. Planetary Science Institute, 4. University of
Arizona

404.05D – Giordano Bruno crater on the Moon:
Detection and Mapping of Hydration Features of
Endogenic and/or Exogenic Nature
We analyze high resolution spectral and spatial data from the
recent lunar missions and report the presence of strong hydration
features within the inner flank, hummocky floor, ejecta and
impact melt deposits of crater Giordano Bruno. Hydroxyl-bearing
lithologies at Giordano Bruno are characterized primarily by a
prominent absorption feature near 2800 nm, the band minima of
which goes beyond 3000 nm. The hydration features are found to
be associated with low-Ca pyroxene-bearing noritic lithologies
along the inner crater flanks, whereas similar features are also
seen within the hummocky crater floor in association with
shocked plagioclase-bearing anorthositic lithology. Interestingly,
the ejecta blanket is characterized by sharp, narrow features
centered near 2800 nm similar to the features previously
reported from Compton-Belkovich volcanic complex and central
peak of crater Theophilus. The low-Ca pyroxene-bearing rock
exposures within the crater inner flanks are characterized by both
presence and absence of the hydration features. Enhanced
hydration is also seen within the ejecta blanket covering the
nearby Harkhebi K and J craters. We also analyze the impact
melts and ejecta using radar images at regions interior and
exterior to the Giordano Bruno crater rim. 
Anomalous behaviors of hydration feature associated with low-Ca
pyroxene-rich exposures, its nature and occurrences within the
impact melt sheets inside the crater along with the ejecta blankets
could possibly indicate endogenic and/or exogenic nature of the
observed hydration feature. Initial results indicate the presence of
strongest hydration feature in the partially shadowed pole-facing
slopes (with low-Ca pyroxene-bearing exposures) and its
complete absence in the equator-facing sun-lit slopes. This hints
at a possible exogenic origin, whereas the same feature occurring
(with same mineral) under both sun-lit and shadowed conditions
suggest it to be of magmatic origin. We propose that the
heterogeneous distribution of hydration features in Giordano
Bruno is a result of both indigenous and non-indigenous sources,
which makes it an interesting target for further inspections using
multi-wavelength data.

Author(s): Sriram Saran Bhiravarasu , Satadru
Bhattacharya , Prakash Chauhan
Institution(s): 1. Arecibo Observatory, 2. Space Applications
Centre

404.06 – The effects of interplanetary dust impacts
on the accumulation of volatiles in the lunar
permanently shadowed regions
The lunar regolith has been formed, and remains continually
reworked, by the intermitten impacts of comets, asteroids,
meteoroids, and the continual bombardment by interplanetary
dust particles (IDP). Thick atmospheres protect Venus, Earth,
and Mars, ablating the incoming IDPs into “shooting stars” that
rarely reach the surface. However, the surfaces of airless bodies
near 1 AU are directly exposed to the high-speed (>> 1 km/s) IDP
impacts. The Moon is expected to be bombarded by 5x10  kg/day
of IDPs arriving with a characteristic speed of ~ 20 km/s. The IDP
sources impacting the Moon at high latitudes remain largely
uncharacterized due to the lack of optical and radar observations
in the polar regions on Earth. These high latitude sources have
very large impact speeds in the range of 30 < v < 50 km/ hence
they are expected to have a significant effect on the lunar surface,
including the removal and burial of volatile deposits in the lunar

polar regions. 
 
Water is thought to be continually delivered to the Moon through
geological timescales by water-bearing comets and asteroids, and
produced continuously in situ by the impacts of solar wind
protons of oxygen rich minerals exposed on the surface. IDPs are
an unlikely source of water due to their long UV exposure in the
inner solar system, but their high-speed impacts can mobilize
secondary ejecta dust particles, atoms and molecules, some with
high-enough speed to escape the Moon. Other surface processes
that can lead to mobilization, transport and loss of water
molecules and other volatiles include solar heating,
photochemical processes, and solar wind sputtering. Since none
of these are at work in permanently shadowed regions (PSR), dust
impacts remain the dominant process to dictate the evolution of
volatiles in PSRs. The competing effects of dust impacts are: a)
ejecta production leading to loss out of a PSR; b) gardening and
overturning the regolith; and c) the possible accumulation of
impact ejecta, leading to the burial of the volatiles.  
 
This talk will summarize the expected effects of dust impacts on
volatile accumulation in the lunar PSRs based on theoretical
models, recent laboratory results, and observations by the LADEE
spacecraft.

Author(s): Mihaly Horanyi , Jamey Szalay
Institution(s): 1. Princeton University, 2. Univ. of Colorado

404.07 – Mini-RF S- and X-band Bistatic
Observations of the Floor of Cabeus Crater
The Mini-RF instrument aboard NASA’s Lunar Reconnaissance
Orbiter (LRO) is a hybrid dual-polarized synthetic aperture radar
(SAR) and operates in concert with the Arecibo Observatory (AO)
and the Goldstone deep space communications complex 34 meter
antenna DSS-13 to collect S- and X-band bistatic radar data of the
Moon. Bistatic radar data provide a means to probe the near
subsurface for the presence of water ice, which exhibits a strong
response in the form of a Coherent Backscatter Opposition Effect
(CBOE). This effect has been observed in radar data for the icy
surfaces of the Galilean satellites, the polar caps of Mars, polar
craters on Mercury, and terrestrial ice sheets in Greenland.
Previous work using Mini-RF S-band (12.6 cm) bistatic data
suggests the presence of a CBOE associated with the floor of the
lunar south polar crater Cabeus. The LRO spacecraft has begun
its third extended mission. For this phase of operations Mini-RF
is leveraging the existing AO architecture to make S-band radar
observations of additional polar craters (e.g., Haworth,
Shoemaker, Faustini). The purpose of acquiring these data is to
determine whether other polar craters exhibit the response
observed for Cabeus. Mini-RF has also initiated a new mode of
operation that utilizes the X-band (4.2cm) capability of the
instrument receiver and a recently commissioned X/C-band
transmitter within the Deep Space Network’s (DSN) Goldstone
complex to collect bistatic X-band data of the Moon. The purpose
of acquiring these data is to constrain the depth/thickness of
materials that exhibit a CBOE response – with an emphasis on
observing the floor of Cabeus. Recent Mini-RF X-band
observations of the floors of the craters Cabeus do not show
evidence for a CBOE. This would suggest that the upper ~0.5
meters of the regolith for the floor of Cabeus do not harber water
ice in a form detectable at 4.2 cm wavelengths.

Author(s): Gerald Wesley Patterson , Angela Stickle ,
Franklin Turner , James Jensen , Joshua Cahill
Institution(s): 1. Johns Hopkins University Applies Physics
Laboratry
Contributing team(s): the Mini-RF Team

404.08 – LRO-LAMP Observations of Illumination
Conditions in the Lunar South Pole: Multi-Dataset
and Model Comparison
The south pole of the Moon is an area of great interest for
exploration and scientific research because many low-lying
regions are permanently shaded and are likely to trap volatiles for
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405 – Centaurs and Kuiper Belt Objects: Surveys, Dynamics, Theory, and "Planet 9"

extended periods of time, while adjacent topographic highs can
experience extended periods of sunlight. One of the goals of the
Lunar Reconnaissance Orbiter (LRO) mission is to characterize
the temporal variability of illumination of the lunar polar regions
for the benefit of future exploration efforts. We use far ultraviolet
(FUV) observations made by the Lyman Alpha Mapping Project
(LAMP) to evaluate illumination at the lunar south pole (within
5° of the pole). 
LAMP observations are made through passive remote sensing in
the FUV wavelength range of 57-196 nm using reflected sunlight
during daytime observations and reflected light from the IPM and
UV-bright stars during nighttime observations. In this study we
focused on the region within 5° of the pole, and produced maps
using nighttime data taken between September 2009 and
February 2014. Summing over long time periods is necessary to
obtain sufficient signal to noise. Many of the maps produced for
this study show excess brightness in the “Off Band”, or 155-190
nm, because sunlight scattered into the PSRs is most evident in
this wavelength range. 
LAMP observes the highest rate of scattered sunlight in two large
PSRs during nighttime observations: Haworth and Shoemaker.
We focus on these craters for comparisons with an illumination
model and other LRO datasets. We find that the observations of
scattered sunlight do not agree with model predictions. However,
preliminary results comparing LAMP maps with other LRO
datasets show a correlation between LAMP observations of
scattered sunlight and Diviner measurements for maximum
temperature.

Author(s): Kathleen Mandt , Erwan Mazarico , Thomas K.
Greathouse , Ben Byron , Kurt D. Retherford , Randy
Gladstone , Yang Liu , Amanda R. Hendrix , Dana Hurley ,
Angela Stickle , G. Wes Patterson , Joshua Cahill , Jean-Pierre
Williams
Institution(s): 1. Goddard Space Flight Center, 2. Johns
Hopkins University Applied Physics Laboratory, 3. Planetary
Science Institute, 4. Southwest Research Institute, 5. University
of California at Los Angeles, 6. University of Texas at San
Antonio

404.09D – Re-impacting Debris Facilitated Cooling
of the Lunar Magma Ocean
It is widely believed that the Moon formed from the debris of a
giant impact between the proto-Earth and a roughly Mars-sized
body. Concomitant to this formation scenario, and also inferred
from geochemical analyses of Apollo samples, is the past
existence of a Lunar Magma Ocean (LMO). After about 80% of
the LMO solidified, it is believed that the mineral plagioclase
would have become stable and crystallized out of the LMO. Rocks
that formed principally of plagioclase would have been buoyant in
the residual liquid and thus helped form a floatation crust that
acted as a thermally conductive blanket over the LMO. Previous
modelling work found that the LMO would have solidified in
about 10 Myr. However, studies have shown that, during the giant
impact event, a large quantity of debris (totaling over a Lunar
mass) would have been released that was not immediately
incorporated into the Earth and the Moon. This material would
have subsequently re-impacted the Earth and the Moon.
Particularly for the Moon, this debris would have punctured holes
into the nascent lunar crust, attenuated its thermal blanketing
effect, and thus facilitated the cooling of the LMO. We improve
upon previous studies of the solidification of the LMO by
incorporating this re-impacting debris, and find that the re-
impacting debris may have reduced the LMO solidification time.

Author(s): Viranga Perera , Alan Jackson , Linda T. Elkins-
Tanton , Erik Asphaug
Institution(s): 1. Arizona State University, 2. University of
Arizona, 3. University of Toronto

405.01 – Debiasing the Distant Solar System
Populations Using Pan-STARRS1
We discuss our on-going effort to identify Trans-Neptunian
Objects (TNOs) in the Pan-STARRS1 dataset, and to debias the
size-frequency distributions (SFD) of detected TNO sub-
populations in order to estimate their true population sizes. To
measure our detection efficiency we used the model of Grav et al.
(2011) which includes Kuiper belt Objects (KBOs), Scattered
Disc Objects (SDOs), and Centaurs. Our debiasing method
accounts for the per-chip CCD sensitivity as well as CCD cell gaps.
The search method for finding distant Solar System objects,
which was developed for our initial work (Weryk et al., 2016) ,
led to discovery of 29 Centaurs, 243 KBOs and 61 SDOs from Pan-
STARRS data spanning years 2010-2015. Our work is extended
using more recent PS1 data. 

[1] Grav, T., et al. (2011), Publications of the Astronomical Society
of Pacific, Volume 123, Issue 902, pp. 423. 
[2] Weryk, R.J., et al. (2016), eprint arXiv:1607.04895.

Author(s): Eva Lilly (Schunova) , Robert J. Weryk , Serge
Chastel , Larry Denneau , Robert Jedicke , Richard J.
Wainscoat , Kenneth C. Chambers
Institution(s): 1. University Of Hawaii

405.02 – The Outer Solar System Origin Survey full
data release orbit catalog and characterization.
The Outer Solar System Origin Survey (OSSOS) completed main
data acquisition in February 2017. Here we report the release of
our full orbit sample, which include 836 TNOs with high
precision orbit determination and classification. We combine the
OSSOS orbit sample with previously release Canada-France
Ecliptic Plane Survey (CFEPS) and a precursor survey to OSSOS
by Alexandersen et al. to provide a sample of over 1100 TNO

orbits with high precision classified orbits and precisely
determined discovery and tracking circumstances
(characterization). We are releasing the full sample and
characterization to the world community, along with software for
conducting ‘Survey Simulations’, so that this sample of orbits can
be used to test models of the formation of our outer solar system
against the observed sample. Here I will present the
characteristics of the data set and present a parametric model for
the structure of the classical Kuiper belt.

Author(s): J. J. Kavelaars , Michele T Bannister , Brett
Gladman , Jean-Marc Petit , Stephen Gwyn , Mike
Alexandersen , Ying-Tung Chen , Kathryn Volk
Institution(s): 1. Institut UTINAM UMR6213, 2. Institute of
Astronomy and Astrophysics, Academia Sinica, 3. National
Research Council of Canada, 4. Queen's University, Belfast, 5.
University of Arizona, 6. University of British Columbia
Contributing team(s): The OSSOS Collaboration.

405.03 – Biases in the OSSOS Detection of Large
Semimajor Axis Trans-Neptunian Objects
The accumulating but small set of large semimajor axis trans-
Neptunian objects (TNOs) shows an apparent clustering in the
orientations of their orbits. This clustering must either be
representative of the intrinsic distribution of these TNOs, or else
have arisen as a result of observation biases and/or statistically
expected variations for such a small set of detected objects. The
clustered TNOs were detected across different and independent
surveys, which has led to claims that the detections are therefore
free of observational bias. This apparent clustering has led to the
so-called “Planet 9” hypothesis that a super-Earth currently
resides in the distant solar system and causes this clustering. The
Outer Solar System Origins Survey (OSSOS) is a large program
that ran on the Canada–France–Hawaii Telescope from 2013 to
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2017, discovering more than 800 new TNOs. One of the primary
design goals of OSSOS was the careful determination of
observational biases that would manifest within the detected
sample. We demonstrate the striking and non-intuitive biases
that exist for the detection of TNOs with large semimajor axes.
The eight large semimajor axis OSSOS detections are an
independent data set, of comparable size to the conglomerate
samples used in previous studies. We conclude that the orbital
distribution of the OSSOS sample is consistent with being
detected from a uniform underlying angular distribution.

Author(s): Brett Gladman , Cory Shankman
Institution(s): 1. Univ. of British Columbia, 2. University of
Victoria
Contributing team(s): OSSOS collaboration

405.04 – Detection Bias for Trans-Neptunian
Objects on Highly Elliptical Orbits with the Dark
Energy Survey
We report the discovery of several new "extreme" trans-
Neptunian objects (ETNOs) with semimajor axis > 150 AU
discovered using the Dark Energy Survey (DES). This currently
ongoing survey is entering its fifth planned year of operation on
the 4m Blanco telescope in Chile and is imaging 5000 deg  in the
grizY passbands to a limiting magnitude of r~23.8. Recent
studies of the significance of the observed orbital clustering of the
ETNOs have led to directly oppositional conclusions (M. Brown,
arXiv:1706:04175; and C. Shankman et. al., arXiv:1706:05348).
We present a detailed and independent study of the effects of
observational bias on the observed clustering in the argument of
perihelion and the longitude of perihelion of the most distant
TNOs using the dataset of DES. This study is of particular interest
due to DES's location at high ecliptic inclinations in addition to
the wide area of sky covered by the survey, mitigating potential
bias in measurements of both the argument of perihelion and the
longitude of ascending node. The significance of observational
bias on the discoveries made using DES has important
implications on the hypothesis of a distant ninth planet in the
solar system.

Author(s): Stephanie Hamilton , David W. Gerdes
Institution(s): 1. University of Michigan

405.05 – A Wide Field Search for Extreme Trans-
Neptunian Objects and a Super Earth in the Solar
System
We are currently conducting the deepest and widest field survey
to date sensitive to Extreme Trans-Neptunian Objects (ETNOs),
bodies that have semimajor axes greater than 150 au and
perihelia higher than 35 au. Our survey is also sensitive to distant
super-Earth mass planets such as that recently hypothesized to
explain the orbital characteristics of ETNOs. 

Our survey instruments are Subaru Telescope Hyper Suprime-
Cam (HSC) and the Cerro Tololo Interamerican Observatory Dark
Energy Camera (DECam). HSC has a field of view of 1.75 square
degrees on an 8 meter diameter telescope and DECam has a field
of view of about 3 square degrees on a 4 meter diameter
telescope. HSC and DECam are two of the largest light grasp
survey tools in the world capable of detecting the hypothesized
planet. We have surveyed a few thousand square degrees with
DECam (magnitude 24) and HSC (magnitude 25). 

We probe both specific locations in the sky which are likely to
contain the hypothesized planet as well as nearly uniform
longitude range in both hemispheres of the sky to minimize the
impact of observational bias. We will discuss current survey
progress, which to date has found several distant objects beyond
50 au with interesting orbital properties.

Author(s): Chadwick A. Trujillo , Scott S. Sheppard , David
J. Tholen
Institution(s): 1. Carnegie Institution for Science, 2. Northern
Arizona University, 3. University of Hawaii

405.06 – The search for Planet Nine
We provide an update on our
theoretical/computational/observational search for a giant planet
far beyond Neptune. Using a combination of dynamical modeling
of random starting configurations for the solar system and of
forward modeling of known distant KBOs we have significantly
constrained the orbital elements and mass of the potential planet.
We provide an update of the best-fit parameters to aid the
ongoing world wide search. Using our increaingly precise
knowledge of how such a planet would interact with the solar
system, we are engaged in a several large surveys to detect a
planet with these parameters. We will discuss results from
massive archival surveys and from our large Subaru Observatory
program.

Author(s): Michael E. Brown
Institution(s): 1. Caltech

405.07 – Evaluating the Dynamical Stability of
Outer Solar System Objects in the Presence of
Planet Nine
We present the results of an N-body analysis of the dynamical
stability of a selection of outer solar system objects in the
presence of the proposed new Solar System member Planet Nine.
Our simulations show that some combinations of orbital elements
($a,e$) result in Planet Nine acting as a stabilizing influence on
the TNOs, which can otherwise be destabilized by interactions
with Neptune. We also see that some TNOs transition between
several different mean-motion resonances during their lifetimes
while still retaining approximate apsidal anti-alignment with
Planet Nine. This behavior suggests that remaining in one
particular orbit is not a requirement for orbital stability. As one
product of our simulations, we present an {\it a posteriori}
probability distribution for the semi-major axis and eccentricity
of the proposed Planet Nine based on TNO stability. We discuss
this result in the broader context of the Planet Nine debate and
the dynamical stability of the detached Kuiper Belt. We also
announce the discovery of a new large semi-major axis, highly-
inclined TNO, found in the Dark Energy Survey (DES) data. This
new object’s orbit places it in the same population as was used to
predict the existence of Planet Nine, and so this new object also
helps constrain the orbital elements of the proposed Planet Nine.

Author(s): Juliette Becker , Fred C. Adams , Tali Khain ,
Stephanie Hamilton , David W. Gerdes
Institution(s): 1. University of Michigan

405.08 – Extreme Resonant Dynamics: the
Dyanmics of Extreme TNOs in Mean Motion
Resonances With Planet 9
Significant clustering among the orbits of the most distant trans-
Neptunian objects (TNOs) has (re)kindled interest in the
hypothesis of a distant ninth planet of the solar system (Trujillo &
Sheppard 2014, Batygin & Brown 2016). Recent works by
Malhotra et al. (2016) and Millholland et al. (2017) find that the
orbital periods of these distant TNOs could be explained as a
series of small integer ratio mean motion resonances (MMRs)
with the putative `Planet 9’. The large eccentricities and
inclinations of these distant TNOs, along with the proposed orbit
of Planet 9, make the proposed resonant motions of these objects
a rich dynamical problem. We explore the dynamics of mean
motion resonances at large eccentricities and inclination,
focussing on implications for observing a distant resonant
population of TNOs and constraining the orbital properties of
Planet 9.

Author(s): Sam Hadden , Matthew J. Payne , Matthew J.
Holman , Sarah Millholland
Institution(s): 1. Harvard-Smithsonian Center for
Astrophysics, 2. Yale

405.09 – Mean-Motion Resonances and the Search
for Planet Nine
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406 – Phobos and Deimos

A key line of evidence for the existence of Planet Nine in the solar
system is the physical clustering of Kuiper belt orbits with semi-
major axis greater than ~250 au. It is expected that a fraction of
this population is entrained in mean-motion resonances with
Planet Nine, and therefore potentially holds key constraints on
Planet Nine's present-day mean anomaly. In this talk, we report a
suite of numerical simulations that inform the practical
implications of employing resonant relationships to deduce
Planet Nine's current on-sky location.

Author(s): Elizabeth Bailey , Michael Brown , Konstantin
Batygin
Institution(s): 1. Caltech

405.10 – Simulations of the Solar System's Early
Dynamical Evolution with a Self-Gravitating
Planetesimal Disk
Over the last decade, the "Nice Model'' has dramatically changed
our view of the solar system's formation and early evolution.
Within the context of this model, a transient period of planet-
planet scattering is triggered by gravitational interactions
between the giant planets and a massive primordial planetesimal
disk, leading to a successful reproduction of the solar system's
present-day architecture. Within typical realizations of the Nice
model, self-gravity of the planetesimal disk is routinely neglected,
as it poses a computational bottleneck to the calculations.
However, it is well-known that a self-gravitating disk can exhibit
behavior that is dynamically distinct from a non-self-gravitating
disk, and this disparity may have significant implications for the
solar system's evolutionary path. In this work, we test this
discrepancy by running a suite of Nice Model simulations with
and without a self-gravitating planetesimal disk, taking advantage
of the inherently parallel nature of graphic processing units. Our
simulations show that self-consistent modeling of the
planetesimal interactions do not lead to clear differences in the
final planetary orbits and show similar dynamical evolutions after
the instability is triggered.

Author(s): Siteng Fan , Konstantin Batygin
Institution(s): 1. California Institute of Technology

405.11 – The Midplane of the Kuiper Belt and Its
Unexpected Warps
We measured the mid-plane of the Kuiper belt as a function of
semi-major axis, based on the entire current catalog of the Kuiper
belt (Volk & Malhotra, 2017, AJ 154, article id. 62). The
measurement method we use is nearly insensitive to
observational selection effects. For the classical Kuiper belt as a
whole (the non-resonant objects in the semi-major axis range 42
—48 au), we find a mid-plane in accord with theoretical
expectations of the secular effects of the known planets. With
finer semi-major axis bins, we detect a statistically significant
warp near 40—42 au. Linear secular theory predicts a localized

warp near this location due to the ν  nodal secular resonance,
however the measured mean plane is inclined ~13 degrees to the
predicted plane, a nearly 3σ discrepancy. For the scattered disk
(non-resonant objects of semi-major axes in the range 50—80
au), the expected mid-plane is close to the solar system’s
invariable plane, however the measured mid-plane deviates from
the invariable plane by ~7 degrees, also a nearly 3σ discrepancy.
We will report on new results from our mid-plane calculations
and their measurement uncertainties for additional dynamical
subsets of the Kuiper belt, and we will discuss implications for
unseen bodies in the distant Kuiper belt. 
 
We gratefully acknowledge research funding from NASA (grant
NNX14AG93G) and NSF (grant AST-1312498).

Author(s): Renu Malhotra , Kathryn Volk
Institution(s): 1. The University of Arizona

405.12 – Determining The Plane of The Kuiper Belt
with OSSOS
We present the OSSOS-based measurement of the semi-major
axes dependent orientation of the Kuiper Belt plane. A Kuiper
Belt object's (KBO's) inclination can be broken down into a forced
component and a free component. The inclination and longitude
of ascending node of the forced inclination define the 'forced
plane,' the plane about which the KBO's inclination will precess.
Secular theory predicts that this forced plane should depend on
semi-major axis. For example, the nu18 secular resonance should
create a significant warp in the forced planet near 40.5 au (Chiang
and Choi 2008). Not predicted by secular theory is a warp in the
distant Kuiper Belt (semi-major axes greater than 50 au) seen by
Volk and Malhotra 2016 using KBOs from the Minor Planet
Catalog. We investigate what the inclination distribution is for
objects beyond Neptune as a function of semi-major axis using
the OSSOS characterized sample. Through use of the OSSOS
survey simulator we test various underlying orbital distributions
and compare how the survey would have observed those
populations to the actual observed sample. In particular, we test
various widths for the inclination distribution about various local
forcing planes for the kernel, stirred, and hot classical Kuiper
Belt. Because the biases of OSSOS are extremely well
characterized, we can make rigorous statistical statements as to
what hypothetical Kuiper Belts are consistent with the actual
Kuiper Belt as observed by OSSOS.

Author(s): Christa L. Van Laerhoven , J. J. Kavelaars ,
Kathryn Volk , Brett Gladman , Jean-Marc Petit
Institution(s): 1. CNRS / Observatoire De Besançon, 2.
National Research Council of Canada, Herzberg, 3. University of
Arizona, 4. University of British Columbia

406.01 – On the impact origin of Phobos and
Deimos
Phobos and Deimos, the two small satellites of Mars, are thought
either to be captured asteroids or to have accreted in an impact-
induced debris disk. Recently, we succeeded in making them in a
framework of the giant impact scenario [1]. In our canonical
simulation, large moons form from the material in the dense
inner disk and then migrate outwards due to gravitational
interactions with the remnant disk. As the large inner moons
migrate outward, their orbital resonances sweep up and gather
materials distributed within a thin outer disk, facilitating
accretion of two small satellites whose sizes are similar to Phobos
and Deimos. The large inner moons fall back to Mars after about
5 million years due to tidal pull of Mars, and the two small outer
satellites evolve into current Phobos- and Deimos-like orbits. 
In addition, we recently perform high-resolution SPH giant
impact simulations using sophisticated equation of states (M-
ANEOS). We investigate the thermodynamic and physical aspects
of the impact-induced disk [2], such as degrees of melting and

vaporization of materials, mixing ratio of Mars and impactor’s
materials, and expected particle sizes that form Phobos and
Deimos. Our results will give useful information for planning a
future sample return mission to Martian moons, such as JAXA’s
MMX (Martian Moons eXploration) mission. 
[1] Rosenblatt, P., Charnoz, S., Dunseath, K.M., Terao-Dunseath,
M., Trinh, A., Hyodo, R., Genda, H., Toupin, S., 2016. Accretion
of Phobos and Deimos in an extended debris disc stirred by
transient moons. Nature Geoscience 9, 581-583. 
[2] Hyodo, R., Genda, H., Charnoz, S., Rosenblatt, P., 2017, On
the impact origin of Phobos and Deimos I: Thermodynamic and
physical aspects. ApJ accepted (arXiv:1707.06282).

Author(s): Hidenori Genda , Ryuki Hyodo , Sebastian
Chanorz , Pascal Rosenblatt
Institution(s): 1. Institut de Physique du Globe, 2. Royal
Observatory of Belgium, 3. Tokyo Institute of Technology

406.02 – Radiation Environment of Phobos
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408 – Extrasolar Planets and Systems: Giant Planet Atmospheres II

The innermost Martian moon Phobos is a potential way station
for the human exploration of Mars and the solar system beyond
the orbit of Mars. It has a similar radiation environment to that at
1 AU for hot plasma and more energetic particles from solar,
heliospheric and galactic sources. In the past two decades there
have been many spacecraft measurements at 1 AU, and
occasionally in the Mars orbital region around the Sun, that can
be used to define a reference model for the time-averaged and
time-variable radiation environments at Mars and Phobos. Yearly
to hourly variance comes from the eleven-year solar activity cycle
and its impact on solar energetic, heliospheric, and solar-
modulated galactic cosmic ray particles. We report progress on
compilation of the reference model from U.S. and international
spacecraft data sources of the NASA Space Physics Data Facility
and the Virtual Energetic Particle Observatory (VEPO), and from
tissue-equivalent dosage rate measurements by the CRaTER
instrument on the Lunar Reconnaissance Observer spacecraft
now in lunar orbit. Similar dosage rate data are also available
from the Mars surface via the NASA Planetary Data System
archive from the Radiation Assessment Detector (RAD)
instrument aboard the Mars Science Laboratory (MSL) Curiosity
rover. The sub-Mars surface hemisphere of Phobos is slightly
blocked from energetic particle irradiation by the body of Mars

but there is a greater global variance of interplanetary radiation
exposure as we have calculated from the known topography of
this irregularly shaped moon. Phobos receives a relatively small
flux of secondary radiation from galactic cosmic ray interactions
with the Mars surface and atmosphere, and at plasma energies
from pickup ions escaping out of the Mars atmosphere. The
greater secondary radiation source is from cosmic ray interactions
with the moon surface, which we have simulated with the GEANT
radiation transport code for various cases of the surface regolith
composition. We evaluate the efficiency of these materials relative
to water for radiation shielding of human explorers on Phobos.
The low-energy plasma environment is also considered for impact
on surface charging.

Author(s): John F. Cooper , John H. Clark , Steven J.
Sturner , Timothy Stubbs , Yongli Wang , David A. Glenar ,
Nathan A. Schwadron , Colin J. Joyce , Harlan E. Spence ,
William M. Farrell
Institution(s): 1. Howard University, 2. NASA Goddard Space
Flight Center, 3. University of Maryland Baltimore County, 4.
University of New Hampshire

408.01 – Non-LTE Models for the Thermal
Structure of Hot Jupiters
Numerous models exist for the thermal structure of the lower and
upper atmospheres of hot Jupiters 
but the middle atmosphere has yet to be investigated in detail. We
present the first calculations for 
the thermal structure of hot Jupiter atmospheres from 1 mbar to 1
nbar, a region that is critical to the 
formation of observable spectral features, especially the strong
resonance lines of alkali metals. The 
models connect the LTE region at the high pressure with the
thermosphere at the low pressure. An 
important goal of this research is the description of the sharp
temperature gradient that leads to the 
high thermospheric temperatures and is a critical factor in
establishing atmospheric escape rates. The 
calculations include thermal conduction, UV heating, and
radiative transfer in the molecular bands and 
rotational lines of H2O. The radiative transfer calculations treat
departures from LTE, that become 
important at pressures less than ~1 microbar. We will discuss the
interplay between radiative transfer 
in vibrational bands, that experience non-LTE effects, and
rotational lines, which do not. The implications 
for interpretation of Na I transit depths on HD189733B will be
discussed and well as the connection 
with atmospheric escape rates. 

Author(s): Roger V Yelle , Tommi Koskinen , Panayiotis
Lavvas
Institution(s): 1. University of Arizona, 2. University of Reims

408.02 – Cassini ISS Observations of Jupiter: An
Exoplanet Perspective 
Understanding the optical and physical properties of planets in
our solar system can guide our approach to the interpretation of
observations of exoplanets. Although some work has already been
done along these lines, there remain low-hanging fruit. During
the Cassini Jupiter encounter, the Imaging Science Subsystem
(ISS) obtained an extensive set of images over a large range of
phase angles (near-zero to 140 degrees) and in filters from near-
UV to near-IR, including three methane bands and nearby
continuum. The ISS also obtained images using polarizers. Much
later in the mission we also obtained distant images while in orbit
around Saturn. Some of these data have already been studied to
reveal phase behavior (Dyudina et al., Astrophys. J. 
822, DOI: 10.3847/0004-637X/822/2/76; Mayorga et al., 2016,
Astron. J. 152, DOI: 10.3847/0004-6256/152/6/209). Here we
examine rotational modulation to determine wavelength and

phase angle dependence, and how these may depend on cloud
and haze vertical structure and optical properties. The existence
of an optically thin forward-scattering and longitudinally-
homogeneous haze overlying photometrically-variable cloud
fields tends to suppress rotational modulation as phase angle
increases, although in the strong 890-nm methane band cloud
vertical structure is important. Cloud particles (non-spherical
ammonia ice, mostly) have very small polarization signatures at
intermediate phase angles and rotational modulation is not
apparent above the noise level of our instrument. Part of this
work was performed by the Jet Propulsion Lab, Cal. Inst. Of
Technology. 

Author(s): Robert A West , Benjamin Knowles
Institution(s): 1. JPL/Caltech, 2. Space Science Institute

408.03 – Bayesian Analysis of Hot Jupiter Radii
Points to Ohmic Dissipation
The cause of the unexpectedly large radii of hot Jupiters has been
the subject of many hypotheses over the past 15 years and is one
of the long-standing open issues in exoplanetary physics. In our
work, we seek to examine the population of 300 hot Jupiters to
identify a model that best explains their radii. Using a
hierarchical Bayesian framework, we match structure evolution
models to the observed giant planets’ masses, radii, and ages,
with a prior for bulk composition based on the mass from
Thorngren et al. (2016). We consider various models for the
relationship between heating efficiency (the fraction of flux
absorbed into the interior) and incident flux. For the first time,
we are able to derive this heating efficiency as a function of
planetary T_eq. Models in which the heating efficiency decreases
at the higher temperatures (above ~1600 K) are strongly and
statistically significantly preferred. Of the published models for
the radius anomaly, only the Ohmic dissipation model predicts
this feature, which it explains as being the result of magnetic drag
reducing atmospheric wind speeds. We interpret our results as
strong evidence in favor of the Ohmic dissipation model.

Author(s): Daniel Thorngren , Jonathan J. Fortney
Institution(s): 1. UC Santa Cruz

408.04 – Giant Planet Interior Physics from Near-
Infrared Spectroscopy
Transiting planets give us excellent probes of giant exoplanet
structure (from mass and radius) and atmospheres (from transit
and occultation spectroscopy). However, the combined power of
these observations to understand how the planetary interior
structure may impact its atmosphere has not yet been fully
exploited. This will change with JWST. In particular, near-
infrared wavelengths have less water opacity than mid-IR
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wavelengths, which allows us to probe thermal emission from
deeper, hotter regions of the atmosphere. In some circumstances
we should be able to see thermal emission coming from below the
radiative-convective boundary in the atmosphere, including the
adiabat itself. This adiabat continues into the planet’s very deep
interior -- the specific entropy of this adiabat sets the planetary
radius at a given mass. Hot internal adiabats, which we should be
able to ``see” in thermal emission, should be present for the most
inflated hot Jupiters, and planets like warm Neptunes that are
strongly influenced by tidal heating (e.g. GJ 436b, Morley et al.
2017). Determining the flux coming from these atmospheric
depths can be an important constraint on structure models of
planets that have aimed to understand giant planet bulk metal
enrichment, which is an important constraint on formation
models. These flux detections can also provide novel and
reasonably direct constraints on planetary tidal Q for eccentric
planets. We highlight how we expect JWST to open up this new
window into exoplanetary physics.

Author(s): Jonathan J. Fortney , Daniel Thorngren ,
Michael R. Line , Caroline Morley
Institution(s): 1. Arizona State University, 2. Harvard
University, 3. University of California, Santa Cruz

408.05 – First Results From The Ultimate Spitzer
Phase Curve Survey
Exoplanet phase curves provide a wealth of information about
exoplanet atmospheres, including longitudinal constraints on
atmospheric composition, thermal structure, and energy
transport, that continue to open new doors of scientific inquiry
and propel future investigations. The measured heat
redistribution efficiency (or ability to transport energy from a
planet's highly-irradiated dayside to its eternally-dark nightside)
shows considerable variation between exoplanets. Theoretical
models predict a correlation between heat redistribution
efficiency and planet temperature; however, the latest results are
inconsistent with current predictions. We will present first results
from a 660-hour Spitzer phase curve survey program that is
targeting six short-period extrasolar planets. We will compare the
measured heat redistribution efficiencies with planet temperature
and rotation rate, examine trends in the phase curve peak offset,
and discuss cloud coverage constraints. We will conclude with
how to move forward with phase curve observations in the era of
JWST.

Author(s): Kevin B. Stevenson , Jacob Bean , Drake
Deming , Jean-Michel Desert , Jonathan J. Fortney , Tiffany
Kataria , Eliza Kempton , Nikole Lewis , Michael R. Line ,
Caroline Morley , Emily Rauscher , Adam P. Showman
Institution(s): 1. Arizona State University, 2. Grinnell College,
3. Harvard CfA, 4. JPL, 5. STScI, 6. UC Santa Cruz, 7. University
of Amsterdam, 8. University of Arizona, 9. University of
Chicago, 10. University of Maryland, 11. University of Michigan

408.06 – Atmospheric Compositions and Cloud
Properties of Small, Cool Transiting Planets
Ongoing transit surveys have discovered thousands of planets
orbiting nearby stars, many of which have properties that differ
substantially from those of the planets in our own solar system. In
this talk I will focus on recent HST and Spitzer observations of
several relatively small (sub-Saturn-sized) and cool (<1000 K) gas
giant planets, which can be used to constrain their atmospheric
properties. Transmission spectroscopy surveys with HST have
demonstrated that high altitude cloud layers are nearly
ubiquitous among this class of transiting planets; this has proven
to be a challenge for composition studies, as the presence of a
high altitude cloud layer obscures the signatures of atmospheric
absorption features. In my talk I will explore our ability to
constrain cloud properties using transmission spectroscopy, as
well as the power of complementary emission spectroscopy to
provide a window into the atmospheric compositions of cloudy
planets.

Author(s): Heather Knutson
Institution(s): 1. California Institute of Technology

408.07 – Investigating three-dimensional cloud
properties in a large hot Jupiter sample
Observations of exoplanet atmospheres have shown that clouds
and hazes are ubiquitous, but can vary widely over a range of
physical properties. In the case of hot Jupiters, previous Spitzer
and Hubble Space Telescope observations of a nine-planet sample
show a range of alkali/water abundances, as well as Rayleigh
scattering at near-UV and optical wavelengths, that suggest a
continuum of atmospheres from clear to cloudy. Three-
dimensional general circulation models (GCMs) of these planets
show that the circulation and temperature structure, both of
which influence cloud formation and transport, varies as a
function of planet radius, gravity, orbital period, and equilibrium
temperature. However, which physical properties most strongly
influence cloud formation in hot Jupiters has been largely
unexplored over a large sample. Here we utilize previous 3D GCM
results of this nine-planet sample to produce 3D cloud maps
using a simplified cloud scheme by Ackerman and Marley (2000).
We examine trends in cloud types and cloud distributions that
arise from differences in each planet’s physical properties. We use
these 3D temperature and cloud maps to derive ‘cloudy’
transmission spectra that we then compare to existing Hubble
and Spitzer Space Telescope data. In particular, we focus on
differences in cloud properties between leading and trailing
limbs, each of which contribute equally to a planet’s overall
transmission spectrum. These and future analyses will have large
implications for the cloud properties that can be explored with
future facilities, such as the James Webb Space Telescope.

Author(s): Tiffany Kataria , Taylor Baldwin , Heather
Knutson , Hannah Wakeford , Dimitri Mawet , David K. Sing
Institution(s): 1. California Institute of Technology, 2.
JPL/Caltech, 3. Univ. of Exeter

408.08 – The Exoplanet Cloud Atlas
Clouds have been readily inferred from observations of exoplanet
atmospheres, and there exists great variability in cloudiness
between planets, such that no clear trend in exoplanet cloudiness
has so far been discerned. Equilibrium condensation calculations
suggest a myriad of species - salts, sulfides, silicates, and metals -
could condense in exoplanet atmospheres, but how they behave
as clouds is uncertain. The behavior of clouds - their formation,
evolution, and equilibrium size distribution - is controlled by
cloud microphysics, which includes processes such as nucleation,
condensation, and evaporation. In this work, we explore the
cloudy exoplanet phase space by using a cloud microphysics
model to simulate a suite of cloud species ranging from cooler
condensates such as KCl/ZnS, to hotter condensates like
perovskite and corundum. We investigate how the cloudiness and
cloud particle sizes of exoplanets change due to variations in
temperature, metallicity, gravity, and cloud formation
mechanisms, and how these changes may be reflected in current
and future observations. In particular, we will evaluate where in
phase space could cloud spectral features be observable using
JWST MIRI at long wavelengths, which will be dependent on the
cloud particle size distribution and cloud species.

Author(s): Peter Gao , Mark S. Marley , Caroline Morley ,
Jonathan J. Fortney
Institution(s): 1. Harvard University, 2. NASA Ames Research
Center, 3. University of California, Berkeley, 4. University of
California, Santa Cruz

408.09D – The Atmospheric Circulation of Hot
Jupiters: a Hierarchical Modeling Approach
The atmospheres of extrasolar gas giants that receive strong
stellar irradiation, or “hot Jupiters,” are beginning to be
characterized as a population. Photometric full-phase light curves
of hot Jupiters allow for basic inferences of their atmospheric
circulation, providing two key observables. First, they measure
the amplitude of brightness variation, which has shown that the
fractional brightness temperature difference between the dayside
and nightside in the atmospheres of these tidally locked planets
can approach unity. Additionally, each planet has a significant
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407 – Io: The Volcanic Wonderland

Presentation of Harold Masursky Award, Jonathan Eberhart Planetary Sciences
Journalism Award, and Harold C. Urey Prize

410 – Harold C. Urey Prize: Mars’ First Billion Years: Key Findings, Key Unsolved
Paradoxes, and Future Exploration, Bethany Ehlmann (Caltech)

observed offset of the brightest point in their light curve, and
offsets in the infrared ubiquitously occur before secondary
eclipse. These infrared offsets are best explained by strong
(~km/s) eastward winds in hot Jupiter atmospheres. Motivated
by these observations, we have developed a first-principles
analytic theory that predicts dayside-nightside temperature
differences and horizontal and vertical wind speeds as a function
of incident stellar flux, rotation rate, frictional drag strength, and
atmospheric pressure level. To complement and compare with
this theory, we have performed a hierarchy of three-dimensional
numerical simulations of the atmospheric circulation to explore
changes with incident stellar flux, rotation rate, and drag
strength. Both the theory and numerical simulations predict that
the dayside-nightside temperature differences of hot Jupiters and
their wind speeds should increase with increasing incident stellar
flux and decrease with increasing drag strength. So far, this has

been hinted at in the observed sample of nine hot Jupiter phase
curves, but we predict that these broad trends will be robust with
a larger observed population. We extend our theory to estimate
vertical mixing rates, which is critical for understanding the
impact of clouds and disequilibrium chemistry on observations of
hot Jupiters. To show the regimes that this theory applies in, we
compare numerically simulated vertical mixing rates with our
analytic theory. As a result, one can use our theoretically
predicted vertical mixing rates as input for one-dimensional
models of cloud formation and disequilibrium chemistry in hot
Jupiter atmospheres.

Author(s): Thaddeus D. Komacek , Adam P. Showman
Institution(s): 1. University of Arizona

407.01 – Recent Observations of Io's Active
Volcanoes from IRTF: Imaging and Occultation
Lightcurves
We have been observing Ionian volcanism from NASA’s Infrared
Telescope Facility (IRTF) for more than two decades. The
frequency of our observations increases dramatically when
spacecraft are observing Io in order to complement the data
returned by the spacecraft. The Juno spacecraft has been
observing Jupiter’s interior, atmosphere and magnetosphere
since July 2016. In order to investigate the possible influence of
Io volcanism on the Jovian magnetosphere, we have obtained
observations to constrain Io's volcanic activity from the IRTF on
Mauna Kea on over 50 occasions beginning in January 2016. We
imaged Io at 2.2, 3.5, and 4.8 microns in eclipse and reflected
sunlight. We also observed Io during occultation by Jupiter,
which allows us to locate and characterize individual volcanic
eruptions, with greater spatial accuracy, on the Jupiter-facing
hemisphere. Preliminary analysis indicates that Loki underwent a
typical brightening episode from late February to June 2017 and
that Kanehekilli/Janus and Pillan/Marduk were also active.

Author(s): Julie A. Rathbun , John R. Spencer
Institution(s): 1. Planetary Science Institute, 2. Southwest
Research Institute

407.02 – Diffraction-limited Mid-infrared Integral
Field Spectroscopy of Io's Volcanic Activity with
ALES on the Large Binocular Telescope
The Arizona Lenslet for Exoplanet Spectroscopy (ALES) is an
enhancement to the Large Binocular Telescope's mid-infrared
imager, LMIRcam, that permits low-resolution (R~20)
spectroscopy between 2.8 and 4.2 μm of every diffraction-limited
resolution element in a 2.5"x2.5" field-of-view on a 2048x2048
HAWAII-2RG 5.2 μm-cutoff array. The 1" disk of Io, dotted with
powerful self-luminous volcanic eruptions, provides an ideal
target for ALES, where the single 8.4-meter aperture diffraction-
limited scale for Io at opposition ranges from 240 kilometers (80
milliarcseconds) at 2.8 μm to 360 kilometers (120
milliarcseconds) at 4.2 μm. ALES provides the capability to assess
the color temperature of each volcanic thermal emission site as
well as map broadband absorbers such as SO  frost. A monitoring
campaign in the Spring 2017 semester provided two global
snapshots of Io's volcanic activity with ALES as well as
characterization of a new brightening episode at Loki Patera over
four epochs between January and May 2017.

Author(s): Michael F. Skrutskie , Katherine R. de Kleer ,
Jordan Stone , Al Conrad , Ashley Davies , Imke de Pater ,
Jarron Leisenring , Philip Hinz , Andrew Skemer , Christian
Veillet , Charles E. Woodward , Steve Ertel , Eckhart Spalding
Institution(s): 1. California Institute of Technology, 2. Jet
Propulsion Laboratory - California Institute of Technology, 3.
Large Binocular Telescope Observatory, 4. University of
Arizona, 5. University of California, Berkeley, 6. University of
California, Santa Cruz, 7. University of Minnesota, 8. University
of Virginia

407.03D – Io’s volcanoes at high spatial, spectral,
and temporal resolution from ground-based
observations 
Io’s dynamic volcanic eruptions provide a laboratory for studying
large-scale volcanism on a body vastly different from Earth, and
for unraveling the connections between tidal heating and the
geological activity it powers. Ground-based near-infrared
observatories allow for high-cadence, long-time-baseline
observing programs using diverse instrumentation, and yield new
information into the nature and variability of this activity. I will
summarize results from four years of ground-based observations
of Io’s volcanism, including: (1) A multi-year cadence observing
campaign using adaptive optics on 8-10 meter telescopes, which
places constraints on tidal heating models through sampling the
spatial distribution of Io’s volcanic heat flow, and provides
estimates of the occurrence rate of Io’s most energetic eruptions;
(2) High-spectral-resolution (R~25,000) studies of Io’s volcanic
SO gas emission at 1.7 microns, which resolves this rovibronic
line into its different branches, and thus contains detailed
information on the temperature and thermal state of the gas; and
(3) The highest-spatial-resolution map ever produced of the
entire Loki Patera, a 20,000 km  volcanic feature on Io, derived
from adaptive-optics observations of an occultation of Io by
Europa. The map achieves a spatial resolution of ~10 km and
indicates compositional differences across the patera. These
datasets both reveal specific characteristics of Io’s individual
eruptions, and provide clues into the sub-surface systems
connecting Io’s tidally-heated interior to its surface expressions of
volcanism. 

Author(s): Katherine R. de Kleer , Imke de Pater
Institution(s): 1. California Institute of Technology, 2. UC
Berkeley

410.01 – Mars’ First Billion Years: Key Findings,
Key Unsolved Paradoxes, and Future Exploration

In the evolution of terrestrial planets, the first billion years are
the period most shrouded in mystery: How vigorous is early
atmospheric loss? How do planetary climates respond to a
brightening sun? When and how are plate tectonic recycling
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processes initiated? How do voluminous volcanism and heavy
impact bombardment influence the composition of the
atmosphere? Under what conditions might life arise? Looking
outward to terrestrial planets around other stars, the record from
Venus, Earth and Mars in this solar system is crucial for
developing models of physical can chemical processes. Of these
three worlds, Mars provides the longest record of planetary
evolution from the first billion years, comprising >50% of
exposed geologic units, which are only lightly overprinted by later
processes. 

Orbital observations of the last decade have revealed abundant
evidence for surface waters in the form of lakes, valley networks,
and evidence of chemically open-system near-surface weathering.
Groundwaters at temperatures ranging from just above freezing
to hydrothermal have also left a rich record of process in the
mineralogical record. A rsuite of environments – similar in
diversity to Earth’s – has been discovered on Mars with water pH,
temperature, redox, and chemistries varying in space and time. 

Here, I will focus on the consequences of the aqueous alteration
of the Martian crust on the composition of the atmosphere based
on recent work studying aspects of the volatile budget (Usui et al.,
2015; Edwards & Ehlmann, 2015; Hu et al., 2015; Jakosky et al.,
2017, Wordsworth et al., 2017, and Ehlmann, in prep.). The solid
crust and mantle of Mars act as volatile reservoirs and volatile
sources through volcanism, mineral precipitation, and release of
gases. We examine the extent to which the budget is understood
or ill-understood for hydrogen and carbon, and associated phases
H2O, CO2, and CH4. Additionally, I identify some key
stratigraphies where a combination of focused in situ analyses
and/or sample return can answer questions about the response of
the atmosphere -- and thus Mars climate -- to endogenous and
exogenous planetary processes active during the first billion
years.

Author(s): Bethany Ehlmann
Institution(s): 1. Caltech

411.01 – Gone with the Wind: Three Years of
MAVEN Measurements of Atmospheric Loss at
Mars
The Mars Atmosphere and Volatile EvolutioN (MAVEN) mission
is making measurements of the Martian upper atmosphere and
near space environment, and their interactions with energy
inputs from the Sun. A major goal of the mission is to evaluate the
loss of atmospheric gases to space in the present epoch, and over
Martian history. MAVEN is equipped with instruments that
measure both the neutral and charged upper atmospheric system
(thermosphere, ionosphere, exosphere, and magnetosphere),
inputs from the Sun (extreme ultraviolet flux, solar wind and
solar energetic particles, and interplanetary magnetic field), and
escaping atmospheric particles. The MAVEN instruments,
coupled with models, allow us to more completely understand the
physical processes that control atmospheric loss and the particle
reservoirs for loss. 

 
Here, we provide an overview of the significant results from
MAVEN over approximately 1.5 Mars years (nearly three Earth
years) of observation, from November 2014 to present. We argue
that the MAVEN measurements tell us that the loss of
atmospheric gases to space was significant over Martian history,
and present the seasonal behavior of the upper atmosphere and
magnetosphere. We also discuss the influence of extreme events
such as solar storms, and a variety of new discoveries and
observations of the Martian system made by MAVEN.

Author(s): David Brain
Institution(s): 1. University of Colorado
Contributing team(s): The MAVEN Team

412.01 – A septet of Earth-sized planets
Understanding the astronomical requirements for life to emerge,
and to persist, on a planet is one of the most important and
exciting scientific endeavours, yet without empirical answers. To
resolve this, multiple planets whose sizes and surface
temperatures are similar to the Earth, need to be discovered.
Those planets also need to possess properties enabling detailed
atmospheric characterisation with forthcoming facilities, from
which chemical traces produced by biological activity can in
principle be identified. 

I will describe a dedicated search for such planets called
SPECULOOS. Our first detection is the TRAPPIST-1 system.
Intensive ground-based and space-based observations have
revealed that at least seven planets populate this system. We
measured their radii and obtained first estimates of their masses
thanks to transit-timing variations. I will describe our on-going

g g g
observational efforts aiming to reduce our uncertainties on the
planet properties.  
 
The incident flux on the planets ranges from Mercury to Ceres,
comprising the Earth, and permitting climatic comparisons
between each of those worlds such as is not possible within our
Solar system. All seven planets have the potential to harbour
liquid water on at least a fraction of their surfaces, given some
atmospheric and geological conditions.

Author(s): Amaury Triaud
Institution(s): 1. University of Birmingham
Contributing team(s): The SPECULOOS team, the TRAPPIST-
1 team

413.01 – Quantifying Atmospheric Mass Loss using
Novel Hydrodynamic Simulations
After their formation, planets may accrete or lose atmospheric
mass following impacts by planetesimals. Quantifying the relation
between the impactor energy and the mass it erodes from a
planet's atmosphere is crucial to our understanding of the final
stages in planetary formation. Particulatly, it could help explain
the significant differences between the atmospheres of the three
larger terrestrial planets in the solar system. 
Here we adopt a new hydrodynamic model called RICH,
originally developed to solve problems in astrophysics. RICH's
implementation include a Voroni tessellation and a moving
(semi-Lagrangian) mesh, which allows high resolution, efficient

modeling of shockwave propagation in thin atmospheres. Using
this model we evaluate the role of smaller planetesimals in
eroding Earth's atmosphere compared to larger, Mars-size
objects. Additionally, we verify the results obtained by a past 1D
analytic model which showed the current differences in Earth's
and Venus's atmospheres can potentially be explained by small
differences in their initial atmospheric mass and impact history.

Author(s): Lior Rubanenko , Elad Steinberg , Hilke
Schlichting , David A. Paige
Institution(s): 1. The Hebrew University, 2. University of
California, Los Angeles
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413.05 – Simulating Planet Formation - An
Optimized Population Synthesis Approach
Our current understanding of planet formation suffers from a
number of uncertainties. In particular, the evolution of
protoplanetary disks, the transport of small particles within disks,
the formation of protoplanets, and the migration of planetary
orbits are all poorly understood. For the first time, however, we
have a large data set of observed planetary systems that can be
used to test models for planet formation and potentially resolve
some of these uncertainties. Here, I will describe a simple model
for planet formation that follows the growth of a handful of
protoplanets accreting pebble-sized particles in a low-viscosity
disk. The main unknowns are encapsulated in a set of model
parameters. The model is run for a large number of stars with
different initial conditions. The results are compared with
estimates for the real distribution of planetary orbits and masses
based on debiased surveys for extrasolar planets. The process is
iterated using a particle-swarm optimization scheme to determine
the best fit set of model parameters. Here, I will discuss how well
the simple model can match the observed distribution of planets,
and what this can tell us about planet formation. 

Author(s): John E. Chambers
Institution(s): 1. Carnegie Inst. of Washington

413.06 – Gap opening after merger events of 3-
Earth-mass protoplanets
While several-Earth-mass protoplanets can gain non-negligible
eccentricities due to their interactions with the gaseous disk and
ongoing pebble accretion (so called hot trail effect; see the
contribution of Chrenko et al. 2017 for details), there is a opened
pathway for giant-planet core formation by means of close
encounters and eventual merging. As soon as a massive (~13
M_E) merger is formed, it seems necessary to account for one
additional term in the set of hydrodynamic equations, namely the
gas accretion, which may affect subsequent orbital evolution, and
eventually change Type-I migration to Type-II. Using similar
approximations as Crida and Bitsch (2017), we prolong our
previous simulations towards the onset of gap opening. 

At the same time, we try to address the observability of these
events, e.g. by ALMA in its full configuration. Because the disk is
still mostly optically thick in the vertical direction (tau =~ 100), it
is necessary to properly model the disk atmosphere. In the
midplane, the mean-free path of gas molecules is small enough to
assure a sufficient thermal contact and equilibrium between the
gas and dust. This is no more true far from the midplane and one
has to use a non-equilibrium model (e.g. Radmc-3d code) for the
description of dust grain temperatures, resulting synthetic image,
or emergent spectrum.

Author(s): Miroslav Broz , Ondrej Chrenko
Institution(s): 1. Charles University, Astronomical Institute

413.09 – Late accretion to the terrestrial planets
Introduction 
It is generally accepted that silicate-metal (`rocky') planet
formation relies on coagulation from a mixture of sub-Mars sized
planetary embryos and (smaller) planetesimals that dynamically
emerge from the evolving circum-solar disc in the first few million
years of our Solar System. Once the planets have, for the most
part, assembled after a giant impact phase, they continue to be
bombarded by a multitude of planetesimals left over from
accretion. Here we place limits on the mass and evolution of these
planetesimals based on constraints from the highly siderophile
element (HSE) budget of the Moon. The terrestrial and lunar HSE
budgets indicate that Earth’s and Moon’s additions through late
accretion were 0.7 wt% and 0.02 wt% respectively. The
disproportionate high accretion between the Earth and Moon
could be explained by stochastic accretion of a few remaining
Ceres-sized bodies that preferentially targeted the Earth. 

Results 

From a combination of N-body and Monte Carlo simulations of
planet formation we conclude: 
1) matching the terrestrial to lunar HSE ratio requires that late
accretion on Earth mostly consisted of a single lunar-size
impactor striking the Earth before 4.45 Ga; 
2) the flux of terrestrial impactors must have been low avoid
wholesale melting of Earth's crust after 4.4 Ga[6], and to
simultaneously match the number of observed lunar basins; 
3) after the terrestrial planets have fully formed, the mass in
remnant planetesimals was ~0.001 Earth mass, lower than most
previous models suggest. 
4) Mars' HSE budget also requires a colossal impact with a Ceres-
sized object before 4.43 Ga, whose visible remnant could be the
hemispherical dichotomy. 
 
These conclusions lead to an Hadean eon which is more clement
than assumed previously. In addition, our dynamically and
geochemically self-consistent scenario requires that future N-
body simulations of rocky planet formation either directly
incorporate collisional grinding or rely on pebble accretion.

Author(s): Ramon Brasser , Stephen Mojzsis , Stephanie
Werner , Soko Matsumura , Shigeru Ida
Institution(s): 1. Centre for Earth Evolution and Dynamics, 2.
Earth Life Science Institute, 3. University of Colorado, 4.
University of Dundee

413.10 – Atomic-scale simulation of dust grain
collisions: Surface chemistry and dissipation
beyond existing theory
The early stages of planet formation involve steps where
submicron-sized dust particles collide to form aggregates.
However, the mechanism through which millimeter-sized
particles aggregate to kilometer-sized planetesimals is still not
understood. Dust grain collision experiments carried out in the
environment of the Earth lead to the prediction of a 'bouncing
barrier' at millimeter-sizes. Theoretical models, e.g., Johnson-
Kendall-Roberts and Derjaguin-Muller-Toporov theories, lack
two key features, namely the chemistry of dust grain surfaces, and
a mechanism for atomic-scale dissipation of energy. Moreover,
interaction strengths in these models are parameterized based on
experiments done in the Earth's environment. To address these
issues, we performed atomic-scale simulations of collisions
between nonhydroxylated and hydroxylated amorphous silica
nanoparticles. We used the ReaxFF approach which enables
modeling chemical reactions using an empirical potential. We
found that nonhydroxylated nanograins tend to adhere with
much higher probability than suggested by existing theories. By
contrast, hydroxylated nanograins exhibit a strong tendency to
bounce. Also, the interaction between dust grains has the
characteristics of a strong chemical force instead of weak van der
Waals forces. This suggests that the formation of strong chemical
bonds and dissipation via internal atomic vibration may result in
aggregation beyond what is expected based on our current
understanding. Our results also indicate that experiments should
more carefully consider surface conditions to mimic the space
environment. We also report results of simulations with molten
silica nanoparticles. It is found that molten particles are more
likely to adhere due to viscous dissipation, which supports
theories that suggest aggregation to kilometer scales might
require grains to be in a molten state.

Author(s): Abrar H. Quadery , Baochi D. Doan , William C.
Tucker , Adrienne R. Dove , Patrick K. Schelling
Institution(s): 1. University of Central Florida

413.11 – HST/WFC3 Imaging and Multi-Wavelength
Characterization of Edge-On Protoplanetary Disks
In recent years, the imaging detail in resolved protoplanetary
disks has vastly improved and created a critical mass of objects to
survey and compare properties, leading us to better
understandings of system formation. In particular, disks with an
edge-on inclination offer an important perspective, not only for
the imaging convenience since the disk blocks stellar light, but
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scientifically an edge-on disk provides an otherwise impossible
opportunity to observe vertical dust structure of a protoplanetary
system. In this contribution, we compare seven HST-imaged
edge-on protoplanetary disks in the Taurus, Chamaeleon and
Ophiuchus star-forming regions, making note the variation in
morphology (settled vs flared), dust properties revealed by
multiwavelength color mapping, brightness variability over years
timescales, and the presence in some systems of a blue-colored
atmosphere far above the disk midplane. By using a uniform
approach for their analysis, together these seven edge-on

protoplanetary disk systems can give insights on evolutionary
processes and inform future projects that explore this critical
stage of planet formation. 

Author(s): Carolina Gould , Hayley Williams , Gaspard
Duchene
Institution(s): 1. UC Berkeley

414.01 – Mineral abundances of comet 17P/Holmes
derived from the mid-infrared spectrum
Dust grains of crystalline silicate, which is rarely presented in an
interstellar space, were found in cometary nuclei (Messenger et
al. 1996, LPI, 27, 867; Wooden et al. 1999, ApJ, 517, 1058,
references therein). It is thought that these crystalline silicates
had formed by annealing or condensations of amorphous grains
near the Sun in the solar nebula, and incorporated into a
cometary nucleus in a cold region (farther than formation regions
of the crystalline silicates) by radial transportation in the solar
nebula. It is considered that transportation mechanisms to
outside of the solar nebula were turbulent and/or X-wind. An
abundance of the crystalline dust grains was therefore expected to
be smaller as far from the Sun (Gail, 2001, A&A, 378, 192;
Bockelée-Morvan et al. 2002, A&A, 384, 1107). Namely, the
abundance ratio of the crystalline silicate in cometary dust grains
relates a degree of mass transportation and a distance from the
Sun when cometary nucleus formed in the Solar nebula. 
The mass ratio of crystalline silicates of dust grains is determined
from by Si-O stretching vibrational bands of silicate grains
around 10 μm using difference of spectral band features between
crystalline and amorphous grains. We present the crystalline-to-
amorphous mass ratio of silicate grains in the comet 17P/Holmes
by using the thermal emission mode of the dust grains (Ootsubo
et al. 2007, P&SS, 55, 1044) applied to the mid-infrared spectra
of the comet. These spectra were taken by the COMICS mounted
on the Subaru Telescope on 2007 October 25, 26, 27 and 28
immediately after the great outburst of the comet (started on
October 23). We discuss about formation conditions of the
nucleus of the comet based on the derived mass ratio of silicate
grains of the comet.

Author(s): Yoshiharu Shinnaka , MItsuru Yamaguchi ,
Takafumi Ootsubo , Hideyo Kawakita , Itsuki Sakon , Mitsuhiko
Honda , Jun-ichi Watanabe
Institution(s): 1. ISAS/JAXA, 2. Kurume University, 3. Kyoto
Sangyo University, 4. National Astronomical Observatory of
Japan, 5. University of Tokyo

414.02 – Spatial variations of polarization and
color in comets 67P/Churyumov–Gerasimenko and
2P/Encke and their interpretation with a model of
rough spheroids
In November–December 2015 and April 2016, imaging
photometry and polarimetry of comet 67P/Churyumov–
Gerasimenko was performed at the SAO RAS 6-m telescope with
focal reducer SCORPIO-2 (Rosenbush et al., MNRAS, 2017).
Linear polarization maps resulted from the observations in 2015
showed that the polarization near the nucleus was ~8%, dropped
to ~2% at the distance ~5000 km, and then gradually increased to
>8% at 40000 km, whereas the coma color (filters g_sdss and
r_sdss) decreased with increasing distance from the nucleus.
Similar trends were observed by Jewitt (AJ, 2004) for comet
2P/Encke indicating similar processes in the coma of both
comets. Dust color and polarization are mainly defined by the
particle size and composition. To check what could cause the
observed trends in color and polarization, we modeled light
scattering by cometary dust presenting it as a mixture of
randomly oriented polydisperse rough spheroids of a variety of
axis ratios. Kolokolova et al. (PSS, 2015) showed that such a
model can reproduce all cometary photopolarimetric
characteristics. We performed the modeling with the software

package by Dubovik et al. (JGR, 2006). It has pre-calculated
kernels, which allow modeling the light scattering by different
size and shape distributions of spheroids for 25 axis ratios from
0.3 to 3.0 and 41 size bins for size parameter from 0.012 to 625.
We selected a power law size distribution, describing it by
efficient radius and standard deviation. The range of the particle
sizes in the pre-calculated kernels, for the wavelengths of our
filters, limited us by the efficient radii from 12 to 0.07 micron
with the standard deviation equal to 0.9. We report results of our
modeling for compositionally various, including porous, particles.
All of them confirm that as size of particles decreases, their
polarization decreases until the particles become smaller than ~2
micron, then it increases. Color shows a slight, but stable,
decrease with the particle size, although this trend is disrupted by
the diffraction peak for particles ~1 micron. Thus, the polarization
and color changes observed in comets 67P and 2P can be
explained by the change in particle size; the composition affects
the rate of those changes.

Author(s): Ludmilla Kolokolova , Himadri Das ,
Oleksandra Ivanova , Vera K. Rosenbush , Nikolai Kiselev
Institution(s): 1. Assam University, 2. Astronomical Institute
of Slovak Academy of Sciences, 3. Main Astronomical
Observatory (MAO) of the National Academy of Sciences of
Ukraine , 4. Univ. of Maryland

414.03 – PSF Effects on the Apparent Morphology
of SOHO Comets
Since the launch of the Solar and Heliospheric Observatory
(SOHO) in 1995, over 3300 new sungrazing and other near-Sun
comets have been discovered in its two Large Angle and
Spectrometric Coronagraph (LASCO) instruments. The vast
majority of these objects are unobservable by non-solar
observatories due to their small size and proximity to the Sun
when active. Most of these comets are members of the Kreutz
group, but members of other groups, as well as comets not
associated with any known group, have also been observed.
Recent successful ground observations have suggested that at
least some of these objects may actually be asteroidal in origin,
but little is otherwise known about the physical nature of most of
these objects. Further insight may be gleaned through
morphological analyses of these objects in LASCO images to
constrain the size of any present coma or tail. We have developed
an approach to compare the apparent morphology of comets as
observed by LASCO to that expected of a true point source. We
also show how the point spread function (PSF) produced by the
complex LASCO optical system can mislead interpretations of an
apparent coma or tail.

Author(s): Qicheng Zhang , Karl Battams
Institution(s): 1. U.S. Naval Research Laboratory

414.04 – The sunward continuum feature of Comet
45P/Honda-Mrkos-Pajdušáková
We will present results of our investigation of the sunward
continuum feature of comet 45P/Honda-Mrkos-Pajdušáková
(HMP). HMP was observed in 2017 at the University of Arizona’s
Kuiper 61’’ telescope on Mount Bigelow on February 8, 9, 10, 16,
and March 7 with the Mont4K camera, and at the Bok 2.3m
telescope on Kitt Peak on February 16 and 17 with the 90Prime
imager. The heliocentric distance of HMP varied from 0.94 au to
1.32 au, the geocentric distance from 0.08 au to 0.34 au, and the
solar phase angle from 15 deg to 119 deg during that time period.
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The sunward continuum feature is present in all our images.
Position angle variations and radial spatial profiles of the feature,
as well as deduced physical parameters will be discussed.

Author(s): Beatrice E. A. Mueller , Nalin H. Samarasinha ,
Walter M. Harris , Alessondra Springmann , Cassandra Lejoly ,
Julia Bodnarik , Ellen S. Howell , Erin L. Ryan , Jean-Baptiste
Kikwaya Eluo , M. Ryleigh Fitzpatrick , Zachary Tyler Watson ,
Ricardo Maciel , Adriana Macieira Mitchell , James Vernon
Scotti
Institution(s): 1. Planetary Science Institute, 2. SETI Institute,
3. University of Arizona, 4. Vatican Observatory

414.06 – The Inner Coma Physical Environments of
Ecliptic Comets 45P/Honda-Mrkos-Pajdusakova,
2P/Encke, and 41P/Tuttle-Giacobini-Kresak
Revealed Through Long-Slit Spectroscopy at NASA
IRTF
Understanding the physical processes in the inner regions of
cometary atmospheres is vital for interpretation of molecular
cometary emission at all wavelengths. Furthermore, because
ecliptic comets are continuously evaluated as space mission
targets, understanding their coma environments is a central
theme in both enhancing the science return of past missions
(EPOXI, Rosetta) and in selecting future mission targets. With
this motivation, we report long-slit high-resolution observations
of H2O emission in the comae of three ecliptic comets observed in
early 2017: 45P/Honda-Mrkos-Pajdusakova, 2P/Encke, and
41P/Tuttle-Giacobini-Kresak. Using the new crossed-dispersed
spectrograph iSHELL at NASA IRTF, we detected a suite of water
rovibrational emission lines from these comets and measured the
spatial distributions of H2O rotational temperatures and
molecular column densities. Both parameters are highly
diagnostic of the physical environment in cometary comae, the
competition between cooling and heating processes in these
environments, and the presence (or lack thereof) of extended
coma sources of gas-phase H2O. Comets 2P and 45P allowed a
rare glimpse into coma physics at small (< 0.6 AU) heliocentric
distances, where photochemical heating is particularly important,
but direct H2O observations have been sparse. Our results add to
the small sample of spatial-spectral measurements of this type.
They will be discussed in the context of coma physics models
along with prospects for investigations during the upcoming
favorable apparitions of ecliptic comets 21P/Giacobini-Zinner and
46P/Wirtanen. We gratefully acknowledge support from the
NASA Solar System Workings, Planetary Atmospheres, Earth and
Space Science Fellowship, Solar System Observations, Emerging
Worlds, and Astrobiology Programs, and NSF Solar and Planetary
Research Grants. We are grateful to the entire IRTF staff for their
help with these challenging observations, most of which were
done during daytime.

Author(s): Boncho P. Bonev , Michael A. DiSanti , Nathan
Roth , Neil Dello Russo , Ronald J. Vervack , Erika L. Gibb ,
Geronimo Luis Villanueva , Michael R. Combi , Nicolas
Fougere , Hideyo Kawakita , Adam J. McKay , Mohammad
Saki , Martin Cordiner , Silvia Protopapa , Miguel de Val-Borro
Institution(s): 1. American University, 2. JHU-APL, 3. Kyoto
Sangyo University, 4. NASA's GSFC, 5. University of Maryland,
6. University of Michigan, 7. University of Missouri - St. Louis, 8.
USRA

414.07 – Water production rates of recent comets
(2016-2017) by SOHO/SWAN: 2P/Encke,
41P/Tuttle-Giacobini-Kresak, 45P/ Honda-Mrkos-
Pajdusakova, and C/2015 ER61 (PanSTARRS)
The all-sky hydrogen Lyman-alpha camera, SWAN (Solar Wind
Anisotropies), on the SOlar and Heliospheric Observatory
(SOHO) satellite makes observations of the hydrogen coma of
comets. Most water molecules produced by comets are ultimately
photodissociated into two H atoms and one O atom producing a
huge atomic hydrogen coma that is routinely observed in the daily
full-sky SWAN images in comets of sufficient brightness. Water
production rates are calculated using our time-resolved model

(Mäkinen & Combi, 2005, Icarus 177, 217), typically yielding
about 1 observation every 2 days on the average for each comet
over the brightest part of its apparition. Here we describe the
progress in analysis of observations of comets observed in 2016
and 2017. These include comets 2P/Encke, 41P/Tuttle-Giacobini-
Sresak, 45P/ Honda-Mrkos-Pajdusakova, and C/2015 ER61
(PanSTARRS). A status update on the entire SOHO/SWAN
archive of water production rates in comets will also be given. 
 
SOHO is an international cooperative mission between ESA and
NASA. Support from grants NNX15AJ81G from the NASA Solar
System Observations Planetary Astronomy Program and a
previous grant NNX13AQ66G from the NASA Planetary Mission
Data Analysis Program are gratefully acknowledged, as is support
from CNRS, CNES, and the Finnish Meteorological Institute
(FMI).
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Institution(s): 1. ACRI-st, 2. Finnish Meteorological Institute,
Helsinki, 3. LATMOS/IPSI, Université de Versailles Saint-
Quentin, 4. Univ. of Michigan

414.08 – Rotation and Morphology of Comet
252P/LINEAR
Comet 252P/LINEAR had an incredibly close approach early in
2016 – minimum distance 0.036 AU on March 21 – that allowed
detailed investigation of its behavior. Analysis of observations of
the morphology of 252P have resulted in several possible
rotational periods. Knight and Schleicher found that repetition of
features in narrowband imaging from April 2016 indicated a
period of 7.35 +/- 0.05 hr [1]. HST broadband data obtained by Li
et al. in March and April partially fit the 7.35 hr period, but found
5.5 hr was a better fit for the April 4 r’ band data [2]. Given this
discrepancy, additional observations may shed light on the true
rotation state, and we present here the pieces of the puzzle
obtained by our group. 
 
We observed 252P with the Kitt Peak National Observatory WIYN
0.9 m telescope on 7 nights: May 2 – 5 and June 6,8,9, 2016 using
a Harris R filter. An oscillating jet is clearly visible in our data.
While there is insufficient phase coverage to determine a best fit
period from our data alone, we will present how our observations
of the morphology fit the two proposed periods. 
 
[1] Knight, M.M and D.G. Schleicher. AAS, DPS Meeting #48,
id.207.02, 2016 [2] Li, J.-Y. et al. AAS, DPS Meeting #48, id.
206.03, 2016.

Author(s): Laura Woodney , Charles A. Schambeau , Yanga
R. Fernandez
Institution(s): 1. Cal State Univ., San Bernardino, 2.
University of Central Florida

414.09 – Spectroscopic Profiles of Comets Garradd
and McNaught 
 
We have used the integral-field unit spectrograph (the George
and Cynthia Mitchell Spectrograph) on the 2.7m Harlan J. Smith
telescope at McDonald Observatory to obtain spectroscopic
images of the comae of several comets. The images were obtained
for various radical species (C2, C3, CN, NH2). Radial and
azimuthal average profiles of the radical species were created to
enhance any observed cometary coma morphological features. We
compare the observed coma features across the observed species
and over the different observation periods in order to constrain
possible rotational states of the observed comets, as well as
determine possible source differences in the coma between the
observed radical species. We will present results for several
comets, including C/2009 P1 (Garradd) and 260P (McNaught). 

Author(s): Ien Harris , Donna M. Pierce , Anita L. Cochran
Institution(s): 1. Mississippi State University, 2. University of
Texas
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414.10 – Comet 103P/Hartley 2's Volatile Source
Regions and Temporal Dependencies as Derived
from HRI-IR Observations During the Deep Impact
Extended Investigation
During the November 4, 2010, flyby of comet 103P/Hartley 2, the
HRI-IR spectrometer (1.05–4.85 μm) onboard the Deep Impact
Flyby spacecraft acquired a unique rotational data set with no
more than two hours separation between observations (A’Hearn
et al. 2011). The frequent infrared scans enabled time variability
of the coma composition and distribution to be studied. Gaseous
H O and CO , at 2.7 μm and 4.3 μm, respectively, were the
dominant molecular emissions detected in these spectra and had
distinct spatial distributions from one another throughout
Hartley 2's rotational period, suggesting different release
mechanisms or sources for the two volatiles. In contrast, based on
the positive correlation of the distribution of CO  vapor and that
of water-ice particles in the near-nucleus coma, also detected in
the infrared data, it was inferred that sublimation of subsurface
CO  drives the majority of the outgassing activity of Hartley 2's
nucleus near perihelion rather than H O sublimation. We utilize
a subset of these data centered on closest approach and including
one rotation before and after (± 18 hr) to further explore
correlations among the volatiles and the role of extended sources
as well as correlations of volatile activity with rotation and
illumination. 

References 
A'Hearn, M.F. et al. 2011. Science 332, 1396–1400. 
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414.11 – Water ice grains in comet C/2013 US10
(Catalina)
Knowledge of the the physical properties of water ice in cometary
nuclei is critical in determining how the Solar System was formed.
While it is difficult to directly study the properties of water ice in
comet nuclei, we can study comet interiors through their comae.
Cometary activity makes the interiors of these objects available
for characterization. However, the properties (grain size,
abundance, purity, chemical state) of water-ice grains detected in
the coma do not necessarily represent the characteristics of the
water ice on the surface and/or in the interior of the nucleus. This
is due to the potential physical and chemical evolution of the
emitted material. Once in the coma, water-ice grains are heated
by sunlight, and if temperatures are warm enough, they sublime.
In this case, their sizes and potentially their ice-to-dust fractions
are reduced. 

We present IRTF/SpeX measurements of the Oort cloud comet
C/2013 US10 (Catalina), which reached perihelion in Nov 2015 at
a heliocentric distance R =0.822 AU. Observations of US10 were
acquired on UT 2014-08-13, 2016-01-12, and 2016-08-13
(R =5.9, 1.3, and 3.9 AU). This set of measurements, spanning a
broad range in R , are rare and fundamental for estimating how
ice grains evolve in the coma. The spectrum obtained close to
perihelion is featureless and red sloped, which is consistent with a
dust-dominated coma. Conversely, the spectra acquired on
August 2014 and 2016 display neutral slopes and absorption
bands at 1.5 and 2.0 μm, consistent with the presence of water-ice
grains. These variations in water ice with heliocentric distance are
correlated with sublimation rates. Additionally, the
measurements obtained at 5.8 AU and 3.9 AU are nearly
identical, suggesting that water-ice grains, once in the coma, do
not sublime significantly. Therefore, the properties of these long-
lived water-ice grains may represent their state in the nucleus or
immediately after insertion into the coma. We will present
radiative transfer models of the data and interpret the results in
the context of spacecraft data of cometary nuclei, and of our on-
going compositional survey of water-ice grain halos in cometary
comae. 

This work was funded by NASA SSO, NASA PAST and NASA
SOFIA grants.
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414.12 – A Tale of “Two” Comets: The Primary
Volatile Composition of Comet 2P/Encke Across
Apparitions
2P/Encke is one of the most frequently observed comets in
history, yet its highly favorable 2017 apparition allowed the first
comprehensive comparison of primary volatile abundances in the
same comet across multiple apparitions. It offered an opportunity
to address pressing questions in cometary science, including
investigating evolutionary and/or heliocentric distance effects on
volatile production, sampling the hypervolatiles CO and CH  in
an ecliptic comet, and probing volatile release at small R (0.4
AU). The faint nature of ecliptic comets and low geocentric
velocity during most apparitions make these observations in the
near-infrared rare (in particular at small R ) and of high
scientific impact. On March 21, 22, and 25 we characterized the
volatile composition of 2P post-perihelion using the high-
resolution near-infrared iSHELL spectrograph at the 3 m NASA-
IRTF on Maunakea, HI. We detected fluorescent emission from
eight primary volatiles (H O, CO, C H , CH OH, CH , H CO,
NH , and HCN) and three secondary volatiles (OH*, NH , and
CN). Upper limits were derived for OCS and C H . We report
rotational temperatures, production rates, and mixing ratios
(with respect to H O). Compared to median relative abundances
in comets observed in the near-infrared to date, mixing ratios of
trace gases in 2P/Encke are depleted for all detected species
except HCN and NH , which are consistent with the median. The
detection of the hypervolatiles CO and CH  is particularly notable
given the paucity of measurements of these species in ecliptic
comets. We observed significant differences in primary volatile
composition compared to published pre-perihelion results from
the 2003 apparition at larger R (~1.2 AU) (Radeva et al. 2013).
We will discuss possible mechanisms for these effects, including
asymmetry about perihelion in 2P (Sekanina 1988a, b), and
discuss the results in the context of findings from the Rosetta
mission and ground-based studies of comets. This work was
supported by the NASA Earth and Space Science Fellowship,
Solar Workings, Solar System Observations, and Astrobiology
Programs, and NSF Solar and Planetary Science Grants.
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414.13 – Search for CH D in Comets with
NIRSPEC/Keck II: D/H Ratios in Methane
Cometary volatiles are expected to be more enriched in
deuterated species (e.g., HDO for water) and their D/H ratios
larger than that of proto-solar H  gas (~2 x 10 ) if cometary
volatiles formed via chemical reactions at very low temperatures
in the pre-solar molecular cloud and/or in the solar nebula.
However, some cometary volatiles might have been chemically
processed in warmer regions of the solar nebula, where the D/H
ratios are expected to equilibrate with the proto-solar value,
before being transported to the comet-forming region by the
radial/vertical mixing. 
The D/H ratios of cometary water observed so far are enriched
with respect to the proto-solar value, ranging from 1.6 x 10 to
5.3 x 10 . However, because different species ultimately stored
as comet ices likely have different chemical formation pathways
(and perhaps distinct formative regions), it is important to extend
the searches for isotopologues to additional molecules. 
Here we report the upper limits of D/H ratios in methane,
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deduced from the CH D/CH  ratio for several bright comets
observed by Keck II with NIRSPEC. The much lower sublimation
temperature of methane (~30 K) compared to water (~150 K)
means that methane molecules processed in the solar nebula
might not recondense efficiently in the inner warmer part of
comet-forming regions. We discuss our results in the context of
the formation conditions of cometary ices and the contribution of
interstellar ices based on comparisons with astrochemical
models.

Author(s): Hideyo Kawakita , Neil Dello Russo , Ronald J.
Vervack , Harold A Weaver , Boncho P. Bonev , Erika L. Gibb ,
Michael A. DiSanti
Institution(s): 1. American University, 2. Koyama
Astronomical Observatory, 3. NASA's GSFC, 4. The Johns
Hopkins University APL, 5. University of Missouri-St.Louis

414.14 – Revisiting Comets C/2012 F6 (Lemmon)
and C/2012 S1 (ISON) with ALMA Autocorrelations
The Atacama Large Millimeter/submillimeter array (ALMA) is a
powerful tool for high-resolution mapping, but as an
interferometer it is insensitive to large-scale structures due to the
lack of zero-spacing (autocorrelation/single-dish) measurements.
This is especially limiting in studies of cometary comae, which
can extend up to hundreds of arcseconds. In this work, we make
use of ALMA autocorrelations, treating the entire ALMA array as
a collection of single-dish telescopes, to study the large comae of
comets C/2012 F6 (Lemmon) and C/2012 S1 (ISON). This has
significantly improved our spectral line sensitivity, allowing for
the detection of new molecules in ISON's coma, including HCO+
and H(13C)N. 

We also present results from the combined use of ALMA
autocorrelation (single dish) and cross-correlation
(interferometric) data to create a more complete picture of the
coma gas distribution in Lemmon. Since its initial detection in
Hyakutake (Irvine et al. 1996), the origins of cometary HNC have
been under investigation (Irvine et al. 1998; Rodgers & Charnley
2001, 2005; Lis et al. 2008). It might be produced from the
degradation of a solid organic material. More measurements of
the HNC parent scale length are needed to help understand the
source of HNC. Using ALMA autocorrelation data, we follow up
on the detection of HNC in comet Lemmon by Cordiner et al.
(2014) and, assisted by newly-developed radiative
transfer/excitation models, provide an analysis of its distribution
in this comet. 

References:  
Irvine, W. M., Bockelee-Morvan, D., Lis, D. C., et al. 1996, Nature,
383, 418; 
Irvine, W. M., Bergin, E. A., Dickens, J. E., et al. 1998, Nature,
393, 547;  
Rodgers, S. D., & Charnley, S. B. 2001, MNRAS, 323, 84;  
---. 2005, MNRAS, 356, 1542;  
Lis, D. C., Bockelee-Morvan, D., Boissier, J., et al. 2008, ApJ, 675,
931;  
Cordiner, M. A., Remijan, A. J., Boissier, J., et al. 2014, ApJL,
792, L2 
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414.15 – Cometary Orbital Trends with Spitzer
Cometary mass-loss, i.e., activity, is nominally driven by the
sublimation of volatiles. The three most abundant volatiles in the
average comet are water, carbon dioxide, and carbon monoxide.
Of the three, CO  is the most challenging to measure directly, and
cannot be observed from the ground due to telluric absorptions.
Owing to observations made by several space telescopes,
including ISO, Spitzer, Akari, and WISE, as well as spacecraft
missions to comets, we have a good estimate of the range of CO

abundances in the comet population (~5-30% with respect to
water). However, spacecraft missions have shown that the
production of H O, CO  and CO are not fully understood. At each
of three well-studied comets (9P/Tempel 1, 103P/Hartley 2, and
67P/Churyumov-Gerasimenko), CO  and H O have had distinct
distributions in the coma, suggesting different release
mechanisms or heterogeneous source regions. For 67P, this
resulted in relative abundances that varied along the comet’s
orbit, demonstrating that a single measurement of the CO -to-
water abundance ratio in a cometary coma is not necessarily
reflective of the bulk nucleus composition. 
 
To improve our understanding of CO  production in comets, we
began a time-domain survey of 24 targets with the Spitzer Space
Telescope in 2015. Most targets are observed multiple times on
month-long timescales, and some comets are observed on year-
long timescales. We present a summary of the Spitzer project at
the 2.5-year mark, including total CO  production rates at
heliocentric distances beyond 3 au, number and size of CO  active
areas, and seasonal variations in dust and CO  production. We
also compare the Spitzer results to comets observed in the
NEOWISE survey (Bauer et al. 2017, this meeting). The
NEOWISE data is complementary in that it provides observations
of many targets with limited selection biases, whereas the Orbital
Trends Survey observes a small number of targets in detail. 
 
This work is based on observations made with the Spitzer Space
Telescope, which is operated by the Jet Propulsion Laboratory,
California Institute of Technology under a contract with NASA.
Support for this work was provided by NASA through an award
issued by JPL/Caltech.
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414.16 – NEOWISE Reactivated Mission Cometary
CO+CO2: Preliminary Results from Years 1
through 3
NEOWISE has utilized the WISE spacecraft data to provided an
unpresidented number of radiometrically determined diameters
and mid-infrared photometric observations of small bodies.
During the WISE prime mission (January 2010 - January 2011)
over 158000 solar system objects were detected by the
spacecraft[1] before it was placed in hibernation in February of
2011. Of these, 164 comets were detected and characterized with
respect to their dust production and particle size[2,3], CO+CO2
production[4], and diameters[5]. 
 
The WISE spacecraft was reactived in 2013 and survey operations
were restarted with the express purpose of searching for and
characterizing solar system objects[6]. Re-named NEOWISE, the
spacecraft continues to image the sky for Near-Earth objects and
other small bodies at wavelengths of 3.4 and 4.6 μm, and is now
into year 4 of its reactivated survey. The first 3 years of the
NEOWISE reactivated mission produced detections of 11,800
objects[7,8], with a larger fraction of comets than during the
cryogenic mission. Over 110 comets have been detected in the
first 3 years of the reactivated survey. With NEOWISE's
wavelength coverage, the survey is sensative to CO  emission
lines that are obscured by Earth's atmosphere and faint CO
emission that is not easily detected from groundbased
observations. We will present a preliminary analysis of this 3-year
data set of comets regarding CO and CO  production rates,
tracing the behavior of these emissions at different heliocentric
distances for several comets and for the ensemble of comets that
show excess emission relative to dust that is indicative of
CO+CO  emission, approximately two thirds of the entire sample.
We will also place these in the context of the Spitzer mission data
set of targeted comet observations[9]. 
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414.17 – Correlation Between Cometary Gas/Dust
Ratios and Heliocentric Distance
We compiled CO-based gas/dust ratios for several comets out to
heliocentric distances, r , of 8 au to probe whether there is a
noticeable change in comet behavior over the range that water-ice
sublimation starts. Previously, gas/dust ratios were calculated for
an ensemble of comets using Q(CO )/efp values derived from
infrared measurements, which showed that the gas/dust ratio
follows a r  within 4 AU, but is flat at greater distances (Bauer
et al. 2015). Our project focuses on gas/dust ratios for which CO
is assumed to be the dominant gas, in order to test whether
similar breaks in slope occur for CO. The gas/dust ratios were
calculated from measurements of CO production rates (mostly
from millimeter-wavelength spectroscopy) and reflected sunlight
of comets (mostly via reported visual magnitudes of dusty
comets). We present our new CO-based gas/dust ratios at
different heliocentric distances, compare them to existing CO -
based gas/dust ratios, and discuss implications for CO-driven and
CO -driven activity. We discuss O.H. acknowledges support from
the Hartmann Student Travel Grant program. M.W.
acknowledges support from NSF grant AST-1615917.
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414.19 – The Relationship of HCN, C H , & H O in
Comets: A Key Clue to Origins?
Background: HCN, C H , and H O are three of the best
characterized volatiles in comets. It is often assumed that all three
are primary volatiles, native to the nucleus. Here, we compare
their properties in 26 comets (9 JFC and 17 Oort-cloud), making 6
points: 
1. Both HCN and C H  are poor proxies for water production.
The production rate ratio (Q-ratio) of each trace gas relative to
water varies by a factor of six among these comets. 
2. All 26 comets have Q-ratios HCN/C H  > 0.1. In 18 comets the
Q-ratios HCN/H O and C H /H O are correlated, with a mean
ratio of 0.33. In 6 comets undergoing complete disruption, this Q-
ratio exceeds 0.5. 
3. Q-ratios HCN/C H  are not correlated with Q(H O), nor are
they correlated with dynamical class (Oort cloud vs. JFC). 
4. The nucleus-centered rotational temperatures measured for
H O and other primary species (C H , CH OH) usually agree
within error, but those for HCN are often slightly cooler. Could
this mean that HCN is not fully developed in the warm near-
nucleus region, and instead is at least in part a product species? 
5. With its strong dipole moment and H-bonding character, HCN
should be linked more strongly in the nuclear ice to other
molecules with similar properties (H O, CH OH), but instead its

spatial release in some comets seems strongly coupled to volatiles
that lack a dipole moment and thus do not form H-bonds
(methane, ethane). Is HCN produced in part from an apolar
precursor? 
6. ALMA maps of HCN and the dust continuum show a slight
displacement in their centroids. Is this the signature of extended
production of HCN? 
 
HCN as a product species: Points 4-6 suggest that HCN may
have a significant distributed source. The astrochemical species
ammonium cyanide is a strong candidate for this HCN precursor;
at moderately low temperatures (< 200K) NH CN is a stable
solid, but it dissociates into HCN and NH  when warmed.
Disruption could eject macroscopic solid NH CN into the coma
where subsequent warming and release could augment the coma
content of NH  and HCN. 
 
Acknowledgments NASA’s Planetary Astronomy and
Astrobiology Programs supported this work.
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414.21 – Modeling Subsidence-Like Events on
Cometary Nuclei
There is ample evidence, particularly from the Rosetta mission,
that cometary nuclei have very low tensile strength.
Consequently, morphological changes are expected to occur,
caused by buildup of pressure due to gas release in the interior of
the nucleus. Such changes have been observed on the surface of
comet 67P/Churyumov-Gerasimenko, as reported for example by
Groussin et al.(2015). A mechanism for explaining comet surface
depressions has been recently proposed by Prialnik & Sierks
(2017). Here we report on a numerical study, elaborating on this
mechanism. Essentially, the model considers a cometary nucleus
composed of a low-density mixture of ice and dust, assuming that
the ice is amorphous and traps volatile gasses, such as CO and
CO2. The model assumes that the tensile strength of the
subsurface material is low and that the surface is covered by a
thin crust of low permeability. As the comet evolves, the
amorphous ice crystallizes, and the crystallization front recedes
from the surface, releasing the trapped gasses, which accumulate
beneath the surface, building up pressure. The gas pressure
weakens the material strength, but sustains the gas-filled layer
against hydrostatic pressure. Eventually, the gas will break its
way through the outer crust in an outburst. The rapid pressure
drop may cause the collapse of the gas depleted layer, as seen on
the nucleus of 67P/Churyumov-Gerasimenko. This mechanism is
similar to subsidence events in gas fields on earth. 
We have performed quasi-3D numerical simulations in an
attempt to determine the extent of the area that would be affected
by such a mechanism. The frequency of such subsidence events
and the depth of the collapse are investigated as functions of solar
angle and spin axis inclination. The necessary conditions for
outburst-induced collapse are determined and confronted with
observations. 
 
References: 
Groussin, O., Sierks, H., et al. 2015, A&A, 583, A35 
Prialnik, D. & Sierks, H., 2017, MNRAS, in press
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414.23 – Evidence for self-gravity in a massive Hills
Cloud
The Hills Cloud is a hypothesized disk of icy comets, asteroids
and minor planets left over from the formation of the Solar
System. Spanning ~250 - 10  AU it is relatively isolated from the
gravitational effects of the inner Solar System and outer Galaxy.
As the least observable component of the Oort Cloud, predictions
for its mass span at least two orders of magnitude, typically
ranging from 0.1 - 10 Earth masses. Here we show that self-
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gravity acting between bodies within the Hills Cloud dramatically
changes their orbital distribution (the inclination instability;
Madigan & McCourt, 2016). Inclinations increase exponentially,
eccentricities lower (detaching the bodies from the inner Solar
System) and orbits cluster in argument of perihelion. We show
how the orbits of Sedna and other high perihelion objects can be
used to constrain the mass of the Hills cloud.

Author(s): Alexander Zderic , Ann-Marie Madigan , Jacob
Fleisig
Institution(s): 1. University of Colorado Boulder - JILA

414.24 – Arecibo radar observations of 41P/Tuttle-
Giacobini-Kresák constrain the nucleus size and
rotation
We obtained S-band (2380 MHz, 12.6-cm) radar echos from the
nucleus of comet 41P/Tuttle-Giacobini- Kresák using the Arecibo
Observatory in March and May of 2017, obtaining constraints on
its size and rotation state. We also reported delay-Doppler
astrometric orbit corrections accurate at the 2 microsecond and
0.2 Hz level. The resulting orbital solution requires a significant
non-gravitational acceleration to explain the pre- and post-
perihelion observations. The radar bandwidth is a measure of the
apparent differential motion of the nucleus about its rotation axis,
projected into the line of sight. The apparent bandwidth of the
comet nucleus was 30% larger in March than in May, but did not
change significantly during May 5-14. A change in apparent
periodicity from 19.9 to 27 hours in March, reported by Farnham
et al., (CBET4375, 2017) and Knight et al., (CBET4377, 2017) was
deduced from CN jet morphology. Bodewits et al. (CBET4400,
2017) report a repetition period of 42 +/- 1 hours by May 9 based
on photometry using the UVOT of the Swift Gamma-Ray Burst
Mission. If this is the nucleus rotation period, our observation on
May 9 requires the diameter of the nucleus to be at least 900m. A
larger size is possible but requires an extremely low radar albedo
to match the measured signal to noise ratio. If the nucleus is in an
excited rotation state (non-principal axis rotation), as seems
likely, these measurements will strongly constrain the nucleus
size and rotation state. Further analysis will be presented.
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Samarasinha , Beatrice E. A. Mueller , Betzaida Aponte-
Hernandez , Sriram Saran Bhiravarasu , Carolina Rodriguez
Sanchez-Vahamonde , Walter M. Harris
Institution(s): 1. Jet Propulsion Laboratory, 2. Planetary
Science Institute, 3. University of Arizona, 4. USRA/Arecibo
Observatory

414.25 – Determination of the rotational state of
comet 103P/Hartley 2

We present the results based on our ongoing efforts to derive the
rotational state of comet 103P/Hartley 2 that satisfy spacecraft
and groundbased observations. 103P/Hartley 2 was the target of
the NASA DIXI mission and is in a non-principal axis rotational
state. The non-principal axis rotational state of the nucleus and
its temporal changes make this a challenging endeavor. However,
determination of the rotational state is critical for explaining the
observations and for characterizing the nucleus. In this study, we
focus on the following observations. 
1. The lightcurve as observed by the spacecraft. We reanalyze the
data using spatially fixed aperture sizes to determine the
underlying periodicities and their temporal behavior. 
2. The CN coma morphology observed from the ground and their
spatial and temporal evolution. 
3. The continuum features observed from the ground and from
the spacecraft and their spatial and temporal evolution. 
4. The radar observations and constraints on the rotational state. 
These observations are compared with coma simulations and
dynamical considerations. The current status of the investigation
and the results will be presented at the meeting with a description

of the additional work to be carried out in the coming year. 
This research is supported by the NASA DDAP Program.

Author(s): Nalin H. Samarasinha , Beatrice E. A. Mueller ,
Michael J. S. Belton , Andrew Henrici , Jose Barrera
Institution(s): 1. Belton Space Exploration Initiatives, LLC, 2.
Planetary Science Institute

414.26 – LRO-LAMP Detection of Atomic Oxygen,
Carbon, and Hydrogen in the Pre-Perihelion Coma
of Comet C/2013 A1 Siding Spring
Comet C/2013 A1 Siding Spring became the first comet observed
by the Lyman Alpha Mapping Project (LAMP), an ultraviolet
imaging spectrograph onboard the Lunar Reconnaissance Orbiter
(LRO). A close encounter between Siding Spring and Mars on
October 19, 2014 provided a unique opportunity for LAMP
measurements to contribute to the broader campaign of
observations. Observations of the coma were obtained in two
consecutive LRO orbits on September 5, 2014, five weeks before
the close encounter and near in time to Earth closest approach.
Emissions from the coma were spatially resolved in three detector
rows. Spectral signatures of atomic species oxygen, carbon, and
hydrogen were identified. These data are useful for determining
the distribution of the atomic dissociation products as a function
of distance from the comet’s center. To our knowledge these
measurements of several species fill a gap in tracking the gas
production rates versus time for the observational campaign.

Author(s): Lizeth O. Magana , Kurt D. Retherford , Paul D.
Feldman , Caleb Seifert
Institution(s): 1. Johns Hopkins University, 2. Southwest
Research Institute, 3. St. Paul American School, 4. University of
Texas at San Antonio
Contributing team(s): LRO-LAMP

414.27 – 3D high-resolution radar imaging of small
body interiors
Answering fundamental questions about the origin and evolution
of small planetary bodies hinges on our ability to image their
interior structure in detail and at high resolution (Asphaug,
2009). We often infer internal structure from surface
observations, e.g. that comet 67P/Churyumov-Gerasimenko is a
primordial agglomeration of cometesimals (Massironi et al.,
2015). However, the interior structure is not easily accessible
without systematic imaging using, e.g., radar transmission and
reflection data, as suggested by the CONSERT experiment on
Rosetta. Interior imaging depends on observations from multiple
viewpoints, as in medical tomography. 
 
We discuss radar imaging using methodology adapted from
terrestrial exploration seismology (Sava et al., 2015). We
primarily focus on full wavefield methods that facilitate high
quality imaging of small body interiors characterized by complex
structure and large contrasts of physical properties. We consider
the case of a monostatic system (co-located transmitters and
receivers) operated at two frequency bands, centered around 5
and 15 MHz, from a spacecraft in slow polar orbit around a
spinning comet nucleus. Assuming that the spin period is
significantly (e.g. 5x) faster than the orbital period, this
configuration allows repeated views from multiple directions
(Safaeinili et al., 2002) 
 
Using realistic numerical experiments, we argue that (1) the
comet/asteroid imaging problem is intrinsically 3D and
conventional SAR methodology does not satisfy imaging,
sampling and resolution requirements; (2) imaging at different
frequency bands can provide information about internal surfaces
(through migration) and internal volumes (through tomography);
(3) interior imaging can be accomplished progressively as data
are being acquired through successive orbits around the studied
object; (4) imaging resolution can go beyond the apparent radar
frequency band by deconvolution of the point-spread-function
characterizing the imaging system; and (5) exploiting the known
(and complex) exterior shape of the studied body facilitates high-
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415 – 67P/Churyumov-Gerasimenko

resolution imaging and tomography comparable with what could
be accomplished by bi/multi-static systems.

Author(s): Paul Sava , Erik Asphaug
Institution(s): 1. Colorado School of Mines, 2. University of
Arizona

414.28 – Lifetimes and f-values of the D Σ  ← X Π
system of OH and OD 
The OH radical is abundant in the interstellar medium and
cometary comae, where it plays a significant role in the
photochemical cycle of water. Also, the oxidising potential of the
Earth atmosphere is influenced by this molecule. The OH lifetime
in the presence of ultraviolet radiation is of prime interest in all
these locations. The vacuum-ultraviolet absorption of the D Σ
← X Π system contributes to a reduction of this lifetime. It also
provides an independent way to observe the OH molecule in the
interstellar medium. But a reliable oscillator strength (f-value) is
needed. 

Vacuum-ultraviolet absorption of the D Σ  ← X Π system of
OH and OD was recorded with high spectral resolution in a
plasma-discharge radical source and using synchrotron radiation

coupled to the unique ultraviolet Fourier-transform spectrometer
on the DESIRS beamline of synchrotron SOLEIL. Line oscillator
strengths are absolutely calibrated with respect to the well-known
A Σ  ← X Π system. The new oscillator strength decreases the
best-estimate lifetime of OH in an interstellar radiation field and
reduces its uncertainty. We also measured line broadening of the
excited D Σ  v=0 and 1 levels for the first time and find a lifetime
for these states which is 5 times shorter than theoretically
predicted. 
 
This new data will aid in the interpretation of astronomical
observations and help improve photochemical models in many
contexts. 
 

Author(s): Alan Heays , Nelson de Oliveira , Bérenger Gans ,
Kenji Ito , Séverine Boyé-Péronne , Stéphane Douin , Kevin
Hickson , Laurent Nahon , Jean-Christophe Loison
Institution(s): 1. ASU School of Earth and Space Exploration,
2. Institut des Sciences Moléculaires d’Orsay, 3. Institut des
Sciences Moléculaires, Univ. Bordeaux, 4. Synchrotron SOLEIL

415.01 – Surface Activity Distributions of Comet
67P/Churyumov-Gerasimenko Derived from
VIRTIS Images
The outgassing mechanism of comets still remains a critical
question to better understand these objects. The Rosetta mission
gave some insight regarding the potential activity distribution
from the surface of the nucleus of comet 67P/Churyumov-
Gerasimenko, Fougere et al. (2016, Astronomy & Astrophysics,
Volume 588, id.A134, 11 pp and Monthly Notices of the Royal
Astronomical Society, Volume 462, Issue Suppl_1, p.S156-S169)
used a spherical harmonics inversion scheme with in-situ
measurements from the ROSINA instrument to derive mapping
of the broad distribution of potential activity at the surface of the
nucleus. Marschall et al. (2016, Astronomy & Astrophysics, doi:
10.1051/0004-6361/201730849) based on the appearance of dust
active areas suggested that the so-called “neck” region and
regions with fractured cliffs and locally steep slopes show more
activity than the rest of comet 67P’s nucleus. Using in situ
ROSINA measurements from a distance makes it difficult to
distinguish between these two scenarios because the fast
expansion of the gas and large molecular mean free paths
prevents distinguishing small outgassing features even when the
spacecraft was in bound orbits within 10 km from the nucleus. In
this paper, we present a similar numerical inversion approach
using VIRTIS images, which should better probe the very inner
coma of comet 67P and give more detailed information about the
outgassing activity.  

Support from contracts JPL #1266314 and #1266313 from the US
Rosetta Project and grant NNX14AG84G from the NASA
Planetary Atmospheres Program are gratefully acknowledged. 

Author(s): Nicolas Fougere , Michael R. Combi , Valeriy
Tenishev , Alessandra Migliorini , Dominique Bockelee-
Morvan , Uwe Fink , Gianrico Filacchione , Giovanna Rinaldi ,
Fabrizio Capaccioni , Gabor Toth , T. I. Gombosi , Kenneth C.
Hansen , Zhenguang Huang , Yinsi Shou
Institution(s): 1. National Institute of Astrophysics, 2. Obs. de
Meudon, 3. Univ. of Arizona, 4. University of Michigan
Contributing team(s): VIRTIS Team

415.02 – Large scale morphological changes in the
Hapi region on comet 67P/Churyumov-
Gerasimenko
The Hapi region is located on the northern hemisphere of comet
67P/C-G at the neck that joins the two lobes of the nucleus. It
primarily consists of granular material that is unresolved at 0.35
m/pixel resolution and that forms a smooth surface with small
slopes with respect to local gravity. The OSIRIS cameras on the

ESA spacecraft Rosetta observed Hapi regularly since its
rendezvous with the comet in August 2014. No changes were seen
during the first five months in orbit but on December 30, 2014,
two spots appeared in Hapi. Over the course of two months they
grew gradually into a 110 by 70 meter shallow depression with a
depth of about 0.5 meters. We use OSIRIS observations to
characterize the morphology and spectrophotometry of the
region. We use measurements of the thermal emission of the
comet by the MIRO millimeter and submillimeter radiometer in
combination with thermophysical modeling to characterize the
surface temperature, near surface temperature gradient, and
thermal inertia of the region. The formation mechanism of the
depression is discussed in view of these empirical data.

Author(s): Bjorn Davidsson , Seungwon Lee , Paul von
Allmen , Peter Schloerb , Mark Hofstadter , Holger Sierks ,
Cesare Barbieri , Samuel Gulkis , Horst Uwe Keller , Detlef
Koschny , Philippe Lamy , Hans Rickman , Rafa Rodrigo
Institution(s): 1. ESA/ESTEC, 2. International Space Science
Institute, 3. Jet Propulsion Laboratory, 4. Laboratoire
d'Astrophysique de Marseille, 5. Max-Planck-Institut für
Sonnensystemforschung, 6. Technische Universität
Braunschweig, 7. Univ. Massachusetts, 8. Univ. Padova, 9.
Uppsala university
Contributing team(s): The MIRO Team, The OSIRIS Team

415.03 – Analysis of observations of the Imhotep
region of 67P/C-G performed by MIRO/Rosetta in
2014 and 2016 and derived constraints on the close
subsurface properties
After the arrival of the Rosetta spacecraft at the 67P/
Churyumov–Gerasimenko comet in August 2014, and continuing
until the end of mission in September 2016, the MIRO
(Microwave Instrument for Rosetta Orbiter, Gulkis et al. [2007])
performed broadband, continuum measurements at 188 GHz (1.6
mm wavelength) and 562 GHz (0.5 mm wavelength) of the
nucleus and coma. The instrument measured the thermal
emission from the close subsurface over a wide range of spatial
resolutions (20 – 500 m) and emission angles. The
measurements revealed a seasonal and diurnal variation of the
subsurface temperatures indicating that the submillimeter
radiation originates from depths comparable to the diurnal
thermal skin depth [Gulkis et al. 2015]. The observations were
found to be consistent with very low thermal inertia values over
most of the surface (between 10–60 J K−1 m−2 s-1/2, consistent
with a thermally insulating powdered surface), and they suggest
vertical heterogeneities and the possible presence of ice within
the upper few centimeters of the surface (Schloerb et al. [2015];
Choukroun et al. [2015]). In addition to these global observations
many studies are being done on specific parts of the nucleus, in
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this context we will present the work performed on high spatial
resolutions observations of the Imhotep region. The Imhotep
region, located on the main lobe of the nucleus, presents a
smooth surface with no obvious impacts or depressions. This
region was observed at least twice at high spatial resolution
(approximately 18 m at submm wavelengths, 45 m in the
millimeter), the first time on October 27th 2014 as a single swath
observation then again on July 9th 2016 as a raster scan. Using a
thermo-physical model developed at JPL to fit the observed
thermal emission we will present the constraints we managed to
obtain on the subsurface properties and their evolution over time.

Author(s): Anthony Lethuillier , Paul von Allmen , Mark
Hofstadter , Gerard Beaudin , Nicolas Biver , Dominique
Bockelee-Morvan , Mathieu Choukroun , Jacques Crovisier ,
Bjorn Davidsson , Pierre Encrenaz , Therese Encrenaz ,
Margaret Frerking , Samuel Gulkis , Paul Hartogh , Wing-Huen
Ip , Michael A. Janssen , Christopher Jarchow , Seungwon Lee ,
Emmanuel Lellouch , Cedric Leyrat , Ladislav Rezac , Peter
Schloerb , Thomas R. Spilker
Institution(s): 1. Jet Propulsion Laboratory/Calif. Inst. Tech.,
2. LERMA-Observatoire de Paris, 3. LESIA-Observatoire de
Paris, 4. Max-Planck-Institut für Sonnensystemforschung, 5.
National Central University, 6. Solar System Science and
Exploration, 7. University of Massachusetts
Contributing team(s): MIRO/Rosetta

415.04 – Three-dimensional views of the nucleus of
Comet 67P/Churyumov-Gerasimenko: an atlas of
stereo anaglyphs from OSIRIS-NAC images
The Narrow Angle Camera (NAC) of the OSIRIS imaging system
aboard ESA’s Rosetta spacecraft has acquired approximately
25000 images of the surface of the nucleus of comet
67P/Churyumov-Gerasimenko at various spatial scales down to
centimeters per pixel. The bulk of these images have been
obtained in sequences and the combined displacement of the
Rosetta orbiter along its trajectory and the rotation of the nucleus
allow associating many pairs of images appropriate to
stereoscopic viewing. This is achieved by constructing anaglyphs
after rotating the images so that the relative shift appears
horizontal. The shift is set to limit the parallax to approximately
2° (with a maximum value of 4°) for the foreground (to avoid
image deformation) and the scene is placed behind the screen for
optimal visual comfort. The rotation of the nucleus may have the
adverse effect of introducing temporal incoherence, prominently
from the variation of the cast shadows. Various solutions are
implemented to circumvent this problem, usually by cropping the
maximum extent of the shadows. A time of writing,
approximately 900 anaglyphs have been produced and we expect
to reach several thousand once the systematic search of suitable
pairs will be completed. We will present examples of anaglyphs.
They will be searchable thanks to a dedicated data base that will
document each one including its location on a 3D numerical
model of the nucleus. Many possibilities of querying the
parameters will be offered. It is anticipated that this atlas
available online in the near future will be a valuable tool for
fostering our understanding of the complex morphology of the
cometary surface and of the processes at work , as well as offering
spectacular stereoscopic views of the nucleus enjoyable by a
general public.

Author(s): Philippe L. Lamy , David Romeuf , Guillaume
Faury , Joelle Durand , Laurent Beigbeder , Olivier Groussin
Institution(s): 1. AKKA Informatique et Systèmes, 2. Centre
National d'Etudes Spatiales, 3. Gfi Informatique, 4. Lab.
D'Astrophysique De Marseille, 5. Université Claude Bernard
Lyon 1

415.05 – The 19 February 2016 Outburst of Comet
67P/C-G: Heating of the Coma by Dust Raised in an
Avalanche
The Microwave Instrument for the Rosetta Orbiter (MIRO) is a
U.S. instrument with French, German, and Taiwanese
participation. It is on the European Space Agency's Rosetta

spacecraft which, from August 2014 through September 2016,
was flying along side comet 67P/Churyumov-Gerasimenko.
MIRO is designed to study the nucleus and coma of the comet as
a coupled system. It makes broad-band continuum measurements
at 190 and 563 GHz (1.6 and 0.5 mm) of thermal emission from
the nucleus and large dust particles in the coma. MIRO also has a
high resolution (44 kHz) spectrometer fixed tuned to
submillimeter lines of H O, H O, H O, CO, NH , and three
CH OH transitions, allowing us to determine the abundance,
velocity, and temperature of these species in the coma. 
 
On 19 February 2016, most of the instruments on Rosetta
observed a strong outburst in activity (Grün et al. 2016, MNRAS).
The first signs of this outburst were a large cloud of dust rising
from the nucleus, and an increase in the excitation temperature of
gas in the coma from ~20 to ~50 K. A few minutes later there is
evidence of an increase in gas density. We previously suggested
that this sequence of events is best explained by a landslide or
collapse on the nucleus which first raises dust. The dust then
radiatively heats the entire coma, after which nucleus ices, newly
exposed by the landslide, begin sublimating and increasing coma
gas density. We will present our latest calculations on the
feasibility of small dust particles (which have high temperature)
radiatively increasing the temperature of water molecules in the
coma, and will compare predicted with observed gas
temperatures.

Author(s): Mark D. Hofstadter , Adeline Gicquel , Paul von
Allmen , Nicolas Biver , Seungwon Lee , Dominique Bockelee-
Morvan , Peter Schloerb , Bjorn Davidsson , Sam Gulkis ,
Gerard Beaudin , Mathieu Choukroun , Jacques Crovisier ,
Pierre Encrenaz , Therese Encrenaz , Margaret Frerking , Paul
Hartogh , Wing-Huen Ip , Michael A. Janssen , Christopher
Jarchow , Emmanuel Lellouch , Cedric Leyrat , Ladislav Rezac ,
Thomas R. Spilker
Institution(s): 1. Inst. Ast. Space Sci, 2. JPL/Caltech, 3.
LERMA, Obs. Paris, 4. LESIA Obs. Paris, 5. Max Planck, 6. Solar
Sys. Sci. and Exploration, 7. Univ. Mass.

415.06 – Observations of Large Dust Particles in
the Coma of 67P/Churyumov-Gerasimenko
The Microwave Instrument for the Rosetta Orbiter (MIRO) is a
millimeter-wave instrument with two continuum channels at
wavelengths of 0.53 mm and 1.59 mm. The instrument has a
30cm-diameter antenna which provides resolution of about 217m
and 690m at the respective wavelengths for a spacecraft-comet
distance of 100km. During the months around the August 2015
perihelion of comet 67P, a small emission excess was observed
above the sunlit limb of the nucleus. The excess emission extends
many beam widths off the dayside limb and is attributed to
thermal emission from large (mm-scale) dust particles. Maps
show no detected emission on the night side of the nucleus,
suggesting that production of these large dust particles is
confined to the sunlit portions of the nucleus. Typical antenna
temperatures observed at a distance of 4km from the center of the
nucleus are approximately 1K, which corresponds to a dust
column density of approximately 0.1 kg m . Dust emission was
detected in both the MIRO channels with a typical relative
brightness of the 0.53 mm emission to the 1.59 mm emission of
1.2. We find that this result is most consistent with particle size
distributions which extend up to radii of at least several
centimeters and/or flatter particle size distributions than those
typically attributed to cometary dust. Maps show that the
emission decreases with impact parameter of instrument
boresight with respect to the nucleus (b) according to a power law
with b  – b , with values changing from map to map. This
result is noteworthy because models of dust outflow from the
sunlit side of a spherical nucleus, in which particles are
accelerated by the drag force of the outflowing gas, predict
column density falloff according to b . Thus, the radial
decrease in the actual maps is steeper than that predicted by the
simplest model suggesting, among other possibilities, the
destruction of the large particles in time scales of 20,000-80,000
seconds. In this paper, we present new analysis and maps of the
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dust emission and describe our progress in modeling the
observations.

Author(s): F. Peter Schloerb , Samuel Gulkis , Nicolas
Biver , Paul von Allmen , Gerard Beaudin , Dominique
Bockelee-Morvan , Mathieu Choukroun , Jacques Crovisier ,
Bjorn Davidsson , Pierre Encrenaz , Therese Encrenaz ,
Margaret Frerking , Adeline Gicquel , Paul Hartogh , Wing-
Huen Ip , Michael A. Janssen , Christopher Jarchow , Theodore
Kareta , Seungwon Lee , Emmanuel Lellouch , Cedric Leyrat ,
Ladislav Rezac , Thomas R. Spilker
Institution(s): 1. JPL, 2. LERMA - Obs. de Paris, 3. LESIA-Obs.
de Paris, 4. Max-Planck-Institut fur Sonnensystemforschung, 5.
National Central University, 6. University of Massachusetts at
Amherst
Contributing team(s): MIRO Team

415.08 – Nucleus structure and dust morphology:
Post-Rosetta understanding and implications
The structure of cometary nuclei and the morphology of dust
particles they eject have long been unknowns in cometary science.
The combination of these two subjects, as revealed by the Rosetta
mission at 67P/C-G, is currently providing an unprecedented
insight about Solar System formation and early evolution. 
Rosetta has established that the bulk porosity of 67P/C-G nucleus
is high, in the 70% to 85% range, both from the determination of
its density and from permittivity measurements with CONSERT
bistatic radar experiment [1-2]. CONSERT, through operations
after Philae landing on 12-13 November 2014, has also allowed us
to estimate that i) the porosity is likely to be higher inside the
nucleus than on its subsurface, ii) a major component of the
nucleus is refractory carbonaceous compounds, and iii) the small
lobe is homogeneous at a scale of a few wavelengths (i.e., about 10

m), while heterogeneities in the 3-m range (similar to the
rounded nodules noticed on walls of large pits) cannot be ruled
out [2-4]. 
Rosetta has also established, through its 26 months rendezvous
with 67P/C-G, the aggregated structure of dust particles within a
wide range of sizes in the inner cometary coma. The MIDAS
atomic force microscope experiment has given us evidence (from
3D topographic images with nano- to micrometer resolution) for
i) a hierarchical structure of aggregated dust particles, down to
tens of nm-sized grains, ii) one extremely porous dust particle,
with a fractal dimension of (1.7 ± 0.1) [5-6]. The accuracy of
comparisons between cometary dust particles and interplanetary
dust particles collected in the stratosphere (including CP-IDPs)
could thus be improved. 
Such results should further refine the main processes (e.g., low
velocity aggregation) that allowed the formation of comets in the
early Solar System, and the implications of a possible late heavy
bombardment on the interplanetary dust clouds and on telluric
planets. 
References. 1. Pätzold et al. Nature 530 63 2016. 2. Kofman et al.
Science 349 6247 2015. 3. Herique et al. MNRAS 462 S516 2016.
4. Ciarletti et al. A&A 583 A40 2015. 5. Bentley et al., Nature 537
73 2016. 6. Mannel et al., MNRAS 462 S304 2016.

Author(s): A. Levasseur-Regourd , Mark Bentley , Valérie
Ciarletti , Woldek Kofman , Jeremie Lasue , Thurid Mannel ,
Alain Herique
Institution(s): 1. Institut für Weltraumforschung (IWF), 2.
IPAG, 3. IRAP, 4. OVSQ / LATMOS-CNRS, 5. UPMC (Sorbonne
Univ.) / LATMOS-CNRS

416.01 – HAT-P-16b: A Bayesian Atmospheric
Retrieval
HAT-P-16b is a hot (equilibrium temperature 1626 ± 40 K,
assuming zero Bond albedo and efficient energy redistribution),
4.19 ± 0.09 Jupiter-mass exoplanet orbiting an F8 star every
2.775960 ± 0.000003 days (Buchhave et al 2010). We observed
two secondary eclipses of HAT-P-16b using the 3.6 μm and 4.5
μm channels of the Spitzer Space Telescope's Infrared Array
Camera (program ID 60003). We applied our Photometry for
Orbits, Eclipses, and Transits (POET) code to produce normalized
eclipse light curves, and our Bayesian Atmospheric Radiative
Transfer (BART) code to constrain the temperature-pressure
profiles and atmospheric molecular abundances of the planet.
Spitzer is operated by the Jet Propulsion Laboratory, California
Institute of Technology, under a contract with NASA. This work
was supported by NASA Planetary Atmospheres grant
NNX12AI69G and NASA Astrophysics Data Analysis Program
grant NNX13AF38G. 

Author(s): Kathleen McIntyre , Joseph Harrington ,
Jasmina Blecic , Patricio Cubillos , Ryan Challener , Gaspar
Bakos
Institution(s): 1. Princeton, 2. University of Central Florida

416.02 – Dayside atmospheric structure of
HD209458b from Spitzer eclipses
HD209458b is a hot Jupiter with a radius of 1.26 ± 0.08 Jupiter
radii (Richardson et al, 2006) and a mass of 0.64 ± 0.09 Jupiter
masses (Snellen et al, 2010). The planet orbits a G0 type star with
an orbital period of 3.52472 ± 2.81699e-05 days, and a relatively
low eccentricity of 0.0082 +0.0078/-0.0082 (Wang and Ford
2013). We report the analysis of observations of HD209458b
during eclipse, taken in the 3.6 and 4.5 micron channels by the
Spitzer Space Telescope's Infrared Array Camera (Program
90186). We produce a photometric light curve of the eclipses in
both channels, using our Photometry for Orbits Eclipses and
Transits (POET) code, and calculate the brightness temperatures
and eclipse depths. We also present best estimates of the
atmospheric parameters of HD209458b using our Bayesian

Atmospheric Radiative Transfer (BART) code. These are some
preliminary results of what will be an analysis of all available
Spitzer data for HD209458b. Spitzer is operated by the Jet
Propulsion Laboratory, California Institute of Technology, under
a contract with NASA. This work was supported by NASA
Planetary Atmospheres grant NX12AI69G and NASA
Astrophysics Data Analysis Program grant NNX13AF38G.

Author(s): Matthew Reinhard , Joseph Harrington , Ryan
Challener , Patricio Cubillos , Jasmina Blecic
Institution(s): 1. New York University Abu Dhabi, 2. Space
Research Institute, Austrian Academy of Sciences, 3. University
of Central Florida

416.03 – BARTTest: Community-Standard
Radiative-Transfer Tests II: Retrieval Models
Atmospheric radiative transfer codes are used both to predict
planetary spectra and in retrieval algorithms to interpret data.
Observational plans, theoretical models, and scientific results
thus depend on the correctness of these calculations. Yet, the
calculations are complex and the codes implementing them are
often written without modern software-verification techniques.
The community needs a suite of test calculations with analytically,
numerically, or at least communally verified results. We therefore
offer the Bayesian Atmospheric Radiative Transfer Test Suite, or
BARTTest, a collection of tests offered for community use and
development. 
 
This presentation focuses on Bayesian retrieval. Tests include
adding noise to and retrieving the BARTTest forward models
using the photometric bandpasses and spectroscopic resolutions
of the Spitzer, Hubble, Webb, and larger space telescopes for
several model exoplanets. A community-verified test on real data
for WASP-12b is also included. 
 
BARTTest is open-source software. We propose this test suite as a
standard for verifying radiative-transfer codes, analogous to the
Held-Suarez test for general circulation models. This work was
supported by NASA Planetary Atmospheres grant NX12AI69G
and NASA Astrophysics Data Analysis Program grant
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NNX13AF38G. 

Author(s): Joseph Harrington , Michael D. Himes , Patricio
Cubillos , Jasmina Blecic , Ryan C Challener
Institution(s): 1. Austrian Academy of Sciences, 2. New York
University, 3. University of Central Florida

416.04 – Pixel-Level Decorrelation and BiLinearly
Interpolated Subpixel Sensitivity applied to WASP-
29b
Measured exoplanet transit and eclipse depths can vary
significantly depending on the methodology used, especially at
the low S/N levels in Spitzer eclipses. BiLinearly Interpolated
Subpixel Sensitivity (BLISS) models a physical, spatial effect,
which is independent of any astrophysical effects. Pixel-Level
Decorrelation (PLD) uses the relative variations in pixels near the
target to correct for flux variations due to telescope motion. PLD
is being widely applied to all Spitzer data without a thorough
understanding of its behavior. It is a mathematical method
derived from a Taylor expansion, and many of its parameters do
not have a physical basis. PLD also relies heavily on binning the
data to remove short time-scale variations, which can artifically
smooth the data. We applied both methods to 4 eclipse
observations of WASP-29b, a Saturn-sized planet, which was
observed twice with the 3.6 µm and twice with the 4.5 µm
channels of Spitzer's IRAC in 2010, 2011 and 2014 (programs
60003, 70084, and 10054, respectively). We compare the
resulting eclipse depths and midpoints from each model, assess
each method's ability to remove correlated noise, and discuss how
to choose or combine the best data analysis methods. We also
refined the orbit from eclipse timings, detecting a significant
nonzero eccentricity, and we used our Bayesian Atmospheric
Radiative Transfer (BART) code to retrieve the planet's
atmosphere, which is consistent with a blackbody. Spitzer is
operated by the Jet Propulsion Laboratory, California Institute of
Technology, under a contract with NASA. This work was
supported by NASA Planetary Atmospheres grant NNX12AI69G
and NASA Astrophysics Data Analysis Program grant
NNX13AF38G.

Author(s): Ryan Challener , Joseph Harrington , Patricio
Cubillos , Jasmina Blecic , Drake Deming
Institution(s): 1. University of Central Florida, 2. University of
Maryland

416.06 – Independent Component Analysis applied
to Ground-based observations
Transit measurements of Jovian-sized exoplanetary atmospheres
allow one to study the composition of exoplanets, largely
independent of the planet’s temperature profile. However,
measurements of hot-Jupiter transits must archive a level of
accuracy in the flux to determine the spectral modulations of the
exoplanetary atmosphere. To accomplish this level of precision,
we need to extract systematic errors, and, for ground-based
measurements, the effects of Earth’s atmosphere, from signal due
to the exoplanet, which is several orders of magnitudes smaller. 

The effects of the terrestrial atmosphere and some of the time
dependent systematic errors of ground-based transit
measurements are treated mainly by dividing the host star by a
reference star at each wavelength and time step of the transit.
Recently, Independent Component Analyses (ICA) have been
used to remove systematics effects from the raw data of space-
based observations (Waldmann, 2014, 2012; Morello et al., 2016,
2015). ICA is a statistical method born from the ideas of the
blind-source separations studies, which can be used to de-trend
several independent source signals of a data set (Hyvarinen and
Oja, 2000). This technique requires no additional prior
knowledge of the data set. In addition this technique has the
advantage of requiring no reference star. 

Here we apply the ICA to ground-based photometry of the
exoplanet XO-2b recorded by the 61” Kuiper Telescope and

compare the results of the ICA to those of a previous analysis
from Zellem et al. (2015), which does not use ICA. We also
simulate the effects of various conditions (concerning the
systematic errors, noise and the stability of object on the detector)
to determine the conditions under which an ICA can be used with
high precision to extract the light curve of exoplanetary
photometry measurements.

Author(s): Walter Martins-Filho , Caitlin Ann Griffith ,
Kyle Pearson , Ingo Waldmann , Alvaro Alvarez-Candal , Robert
Zellem
Institution(s): 1. Jet Propulsion Laboratory, 2. Lunar and
Planetary Laboratory/UA, 3. Observatório Nacional, 4.
University College London

416.09 – Mapping the Pressure–radius
Relationship of Exoplanets
The radius of a planet is one of the most physically meaningful
and readily accessible parameters of extra-solar planets. This
parameter is extensively used in the literature to compare planets
or study trends in the know population of exoplanets. However, in
an atmosphere, the concept of a planet radius is inherently fuzzy.
The atmospheric pressures probed by trasmission (transit) or
emission (eclipse) spectra are not directly constrained by the
observations, they vary as a function of the atmospheric
properties and observing wavelengths, and further correlate with
the atmospheric properties producing degenerate solutions. 
Here, we characterize the properties of exoplanet radii using a
radiative-transfer model to compute clear- atmosphere
transmission and emission spectra of gas-dominated planets. We
explore a wide range of planetary temperatures, masses, and
radii, sampling from 300 to 3000 K and Jupiter- to Earth-like
values. We will discuss how transit and photospheric radii vary
over the parameter space, and map the global trends in the
atmospheric pressures associated with these radii. We will also
highlight the biases introduced by the choice of an observing
band, or the assumption of a clear/cloudy atmosphere, and the
relevance that these biases take as better instrumentation
improves the precision of photometric observations.

Author(s): Patricio Cubillos , Luca Fossati , Darya
Kubyshkina
Institution(s): 1. Space Research Institute

416.10 – Atmospheric and Climate Effects on
Planets Orbiting Fast-Rotating Stars
Fast rotation in stars can induce pole-to-equator temperature
gradients of up to several thousand Kelvin that affect both the
star’s luminosity and peak wavelength as a function of stellar
latitude. When orbiting a fast-rotating star, a planet’s average
annual insolation can strongly vary depending on its orbit
geometry. For example, an inclined orbit results in more direct
exposure to the host star’s hotter poles, potentially causing much
stronger temperature variations between seasons. This gradient,
known as gravity-darkening, can also affect chemical processes in
a planet’s atmosphere as it is exposed to solar irradiance
corresponding to different stellar effective temperatures over
time. My model accounts for gravity-darkening and models the
instantaneous insolation that a planet receives from a fast-rotator
for any orbit geometry. These results are an important step
toward modeling climates and seasonal variations of planets
orbiting fast-rotating stars, and also lay the groundwork for
performing transmission spectroscopy in gravitydarkened
systems.

Author(s): Johnathon Ahlers
Institution(s): 1. University of Idaho

416.11 – Follow-Up Photometry of Kelt Transiting
Planet Candidates
We have three telescopes at BYU that we use to follow-up possible
transiting planet canidates for the KELT team. These telescopes
were used to collect data on Kelt-16b and Kelt-9b, which is the
hottest known exoplanet. More recently we used the newest of
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these telescopes, a robotic 8-inch telescope on the roof of our
building, to confirm the most recent Kelt planet that will be
published soon. This research has been ideal for the teaching and
training of undergraduate students in the art of photometric
observing and data reduction. In this presentation I will highlight
how we are using our membership in the Kelt team to further the
educational objective of our undergraduate astronomy program,
while contributing meaningful science to the ever growing field of
exoplanet discovery. I will also highlight a few of the more
interesting Kelt planets and the minimum telescope requirements
for detecting these planets. I will then discuss the sensitivities
required to follow-up future TESS candidates, which may be of
interest to others interested in joining the TESS follow-up teams.

Author(s): Denise C. Stephens , Michael D. Joner , Eric G.
Hintz , Trevor Martin , Alex Spencer
Institution(s): 1. Brigham Young Univ.
Contributing team(s): Kelt Follow-Up Network (FUN) Team

416.12 – The KOI 425 Multi-star System
Kepler Object of Interest 425 (KOI 425) is an eclipsing binary
with periodic features in addition to the known primary and
secondary transits. This KOI has been observed by Saterne et al.
2012 with SOPHIE, who found its phase variance to be indicative
of a diluted eclipsing binary, likely produced by a multi-star
system. We analyze the complete set of Kepler archival data for
this system along with the published SOPHIE results to assess the
multiplicity and the dynamics of the system.

Author(s): Anna Hughes , Aaron C. Boley
Institution(s): 1. The University of British Columbia

416.13 – Searching for Planetary Moons in the
Spectra of Rotating Stars
Exoplanets that happen to transit their stars will produce a drop
in integrated light 

△F ~ (R /R )  

as well as a measurable Doppler shift of monochromatic light 

v ≤ 2πR /R P  

from asymmetric masking of different regions of a rotating star
(with period P  and maximum limb-velocity v). The Doppler
signal is the familiar Rossiter-McLaughlin (RM) effect, and
reveals the system geometry in addition to planet size. Here we
examine changes to the RM signal resulting from exoplanetary
satellites. We show that sizeable moons, exceeding the mass of
Mars, are detectable in both integrated and monochromatic light,
assuming a Doppler precision ≤ 1m/sec is possible with future
instruments.

Author(s): Darren Williams
Institution(s): 1. Penn State Behrend

416.14 – Optimizing the TESS Planet Finding
Pipeline
The Transiting Exoplanet Survey Satellite (TESS) is a new NASA
planet finding all-sky survey that will observe stars within 200
light years and 10-100 times brighter than that of the highly
successful Kepler mission. TESS is expected to detect ~1000
planets smaller than Neptune and dozens of Earth size planets. As
in the Kepler mission, the Science Processing Operations Center
(SPOC) processing pipeline at NASA Ames Research center is
tasked with calibrating the raw pixel data, generating systematic
error corrected light curves and then detecting and validating
transit signals. The Transiting Planet Search (TPS) component of
the pipeline must be modified and tuned for the new data
characteristics in TESS. For example, due to each sector being
viewed for as little as 28 days, the pipeline will be identifying
transiting planets based on a minimum of two transit signals
rather than three, as in the Kepler mission. This may result in a
significantly higher false positive rate. The study presented here is

to measure the detection efficiency of the TESS pipeline using
simulated data. Transiting planets identified by TPS are
compared to transiting planets from the simulated transit model
using the measured epochs, periods, transit durations and the
expected detection statistic of injected transit signals (expected
MES). From the comparisons, the recovery and false positive
rates of TPS is measured. Measurements of recovery in TPS are
then used to adjust TPS configuration parameters to maximize
the planet recovery rate and minimize false detections. The
improvements in recovery rate between initial TPS conditions
and after various adjustments will be presented and discussed.

Author(s): Aerbwong Chitamitara , Jeffrey C. Smith , Peter
Tenenbaum
Institution(s): 1. California State Polytechnic University,
Pomona, 2. SETI Institute
Contributing team(s): TESS Science Processing Operations
Center

416.16 – Eighteenth-Century Observations of Algol:
The First Suggestion of an Exoplanet?
In November of 1782, 18-year old John Goodricke of York,
England, was amazed to observe the star Algol (Beta Persei) dim
by more than one magnitude and then return to full brightness
over a period of seven hours. Goodricke and his mentor, Edward
Pigott, speculated that the dimming could only have been caused
by a "dark body" passing in front of Algol. Over the succeeding
months, the two were able to refine the period between what we
now know to be eclipses to 2.87 days. They would determine the
periods of other variable stars, including the first two Cepheid
variables known. Yet in their lifetime, their suggestion that Algol's
variation was due to an eclipse was not accepted. Most
astronomers believed the variations were due to spots on the
surface of a single star. Only a century later, with the advent of
astronomical spectroscopy, was Algol's true nature revealed.
Goodricke and Pigott's work is one of the first studies of stellar
variation; their methods and occasional pitfalls are ones to which
modern astronomers can relate.

Author(s): Linda M. French
Institution(s): 1. Illinois Wesleyan Univ.

416.17 – Triboelectrification of KCl and ZnS
particles with applications to GJ1214b
When mobilized, granular materials become charged as
individual grains undergo collisions and frictional interactions.
On Earth, this process, known as triboelectrification, has been
recognized in volcanic plumes and sandstorms (Kok & Lacks
2009 )(Cimarelli et al. 2014 ) (Méndez Harper & Dufek 2016 ).
Yet, frictional charging almost certainly exists on other worlds in
our own Solar System (such as Mars, the Moon, and Venus) as
well as extra solar planets. Indeed, recent observations and
numerical modeling have suggested that many exoplanets may
have processes that lift large quantities of particles into their
atmospheres (volcanic activity, for instance) (Hodosán et al. 2016
) or maintain extensive condensed granular reservoirs in the form
of clouds or hazes (Helling et al. 2013 )(Kreidberg et al. 2014 )
(Gao & Benneke 2016 ). On these worlds, triboelectric charging
almost certainly contributes to their global electric circuits,
providing a mechanism to generate lightning, to drive chemical
processes in the atmospheres, and, perhaps, influence
habitability. Yet, despite the high likelihood of granular
electrification processes occurring on worlds beyond our Solar
System, no experiments, to our knowledge, have been conducted
to characterize the triboelectrification of materials expected to
exist in the exoplanet atmospheres under appropriate conditions.
To help close this knowledge-gap, we explore the electrification of
potassium chloride and zinc sulfide, two substances possibly
composing the clouds on super-Earth GJ1214b (Kreidberg et al.
2014 ) (Charnay et al. 2015 ) (Gao & Benneke 2016 ). We find that
both materials become readily electrified when mobilized,
attaining charge densities similar to those found on volcanic ash
particles. Thus, if GJ1214b does indeed host salt clouds in its
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atmosphere, they are likely electrified and may be capable of
producing lightning or corona discharge. 

Author(s): Joshua Mendez , Josef Dufek
Institution(s): 1. Georgia Institute of Technology

416.18 – Looking for signs of an ocean in the
TRAPPIST-1 system

Since the discovery of seven temperate, earth-like planets orbiting
an M dwarf earlier this year, the TRAPPIST-1 system has been of
great interest from a habitability perspective. Here we model the
reflected light signatures from various TRAPPIST-1 planets to
answer the question: Can we see glint from an ocean on the
surface of any of these planets? Even if a liquid ocean occupied a
large fraction of the surface, there is still possibility that it might
be obscured by a thick atmosphere with clouds or hazes. We
perform multiple scattering radiative transfer calculations using
the model VLIDORT to produce polarized light curves for a
variety of scenarios. The goal is the perform a parameter search
for several variables including atmospheric thickness, refractive
index of the liquid and albedo of the planet. We discuss the
possibility for detection of a liquid surface with current and near
future observational capabilities.

Author(s): Pushkar Kopparla , Vijay Natraj , David Crisp ,
Kim Bott , Yuk Yung
Institution(s): 1. California Institute of Technology, 2. Jet
Propulsion Lab, 3. University of Washington

416.19 – Effect of Pressure Broadening on
Emission and Transmission Spectra of H O
Modeled for sub-Neptune/super-Earth exoplanets:
An Application to JWST
Water is the most readily detected molecule over a diverse range
of exoplanet properties (solar composition hot-Jupiters to high
metallicity super-earths/neptunes). It is also one of the most
important sources of opacity that govern radiative energy
balance. It is well known that pressure/collisional broadening
significantly influences the opacity of a given molecule.
Laboratory spectroscopic studies have shown that the line-
broadening (i.e. Doppler, Lorentzian) is influence by several
factors including temperature, pressure, dipole moment of the
broadeners (or bath gases), and the rotational quantum numbers.
Since absorption cross-sections (or opacities) are central to both
atmospheric modeling and observational research, there is a
critical need to investigate the effect of pressure line-broadening
on the absorption cross-sections and subsequent influence on
observed transmission and emission spectra of transiting
exoplanets. Typical data-model comparisons (either forward
modeling or retrieval's) generally rely upon pre-computed grids of
absorption cross-sections that assume trace molecules are
broadened by a solar composition mixture (e.g., mainly H  and
He as a bath gas). However, as the metallicity of a planetary
atmosphere increases, as anticipated for smaller planets in the
sub-Neptune-Super Earth range, broadening due to other gases
(e.g., N , CO , H O, CH , CO) can become significant and the
H -He broadening is no longer appropriate. In this work, we
assess the influence of different background broadeners on the
absorption cross-section of water, and subsequent influence on
observed transmission/emission spectra. Initial results suggest
that the choice of foreign broadener can result in up to a factor of
~5 increase in pressure broadened wings of the absorption cross
sections, resulting in a factor of 1.6x reduction in the atmospheric
spectral modulation. Such a difference will be detectible in the hi-
resolution/SNR spectra anticipated with JWST, and will certainly
influence the interpretation of high-metallicity atmospheres.

Author(s): Ehsan Gharib Nezhad , Michael R. Line , James
R. Lyons
Institution(s): 1. School of Earth and Space Exploration,
Arizona State University, 2. School of Molecular Sciences,
Arizona State University

416.20 – The Effect of Stellar Contamination on
Transmission Spectra of Low-mass Exoplanets
Transmission spectroscopy offers the exciting possibility of
studying terrestrial exoplanet atmospheres in the near-term
future. The Transiting Exoplanet Survey Satellite (TESS),
scheduled for launch next year, is expected to discover thousands
of transiting exoplanets around bright host stars, including an
estimated twenty habitable zone super-Earths. The brightness of
the TESS host stars, combined with refined observational
strategies and near-future facilities, will enable searches for
atmospheric signatures from smaller and cooler exoplanets. 
 
These observations, however, will be increasingly subject to noise
introduced by heterogeneities in the host star photospheres, such
as star spots and faculae. In short, the transmission spectroscopy
method relies on the assumption that the spectrum of the transit
chord does not differ from that of the integrated stellar disk or, if
it does, the contribution of photospheric heterogeneities to the
transmission spectrum can be constrained by variability
monitoring. However, any axisymmetric populations of spots and
faculae will strongly affect transmission spectra, and their
presence cannot be deduced from monitoring efforts. A clear need
exists for a more robust understanding of stellar contamination
on transmission spectra. 
 
Here we summarize our work on the impact of heterogeneous
stellar photospheres on transmission spectra and detail
implications for atmospheric characterization efforts. By
modeling spot and faculae distributions in stellar photospheres,
we find that spot-covering fractions extrapolated from observed
variability amplitudes are significantly underestimated. Likewise,
corrections based on variability monitoring likely fall short of the
actual stellar spectral contamination. We provide examples of
contamination spectra for typical levels of stellar activity across a
range of spectral types. For M dwarfs, molecular absorption
features in spots and faculae can imprint apparent features in
transmission spectra of small exoplanets, including those of the
TRAPPIST-1 system. Constraining stellar contamination will
likely be a limiting factor for detecting atmospheric features in
transmission spectra of low-mass exoplanets around late-type
stars from TESS. 

Author(s): Benjamin V Rackham , Daniel Apai , Mark S.
Giampapa
Institution(s): 1. National Solar Observatory, 2. University of
Arizona

416.21 – Dynamics of Massive Atmospheres
The many recently discovered terrestrial exoplanets are expected
to hold a wide range of atmospheric masses. Here the dynamic-
thermodynamic effects of atmospheric mass on atmospheric
circulation are studied using an idealized global circulation model
by systematically varying the atmospheric surface pressure. On an
Earth analog planet, an increase in atmospheric mass weakens
the Hadley circulation and decreases its latitudinal extent. These
changes are found to be related to the reduction of the convective
fluxes and net radiative cooling (due to the higher atmospheric
heat capacity), which, respectively, cool the upper troposphere at
mid-low latitudes and warm the troposphere at high latitudes.
These together decrease the meridional temperature gradient,
tropopause height and static stability. The reduction of these
parameters, which play a key role in affecting the flow properties
of the tropical circulation, weakens and contracts the Hadley
circulation. The reduction of the meridional temperature gradient
also decreases the extraction of mean potential energy to the eddy
fields and the mean kinetic energy, which weakens the
extratropical circulation. The decrease of the eddy kinetic energy
decreases the Rhines wavelength, which is found to follow the
meridional jet scale. The contraction of the jet scale in the
extratropics results in multiple jets and meridional circulation
cells as the atmospheric mass increases.

Author(s): Rei Chemke , Yohai Kaspi
Institution(s): 1. Weizmann Institute of Science
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416.22 – Uniform Atmospheric Retrievals of
Ultracool Late-T and Early-Y dwarfs
A significant number of ultracool (<600K) extrasolar objects have
been discovered in the past decade thanks to wide-field surveys
such as WISE. These objects present a perfect testbed for
examining the evolution of atmospheric structure as we transition
from typically hot extrasolar temperatures to the temperatures
found within our Solar System. 
By examining these types of objects with a uniform retrieval
method, we hope to elucidate any trends and (dis)similarities
found in atmospheric parameters, such as chemical abundances,
temperature-pressure profile, and cloud structure, for a sample of
7 ultracool brown dwarfs as we transition from hotter (~700K) to
colder objects (~450K). 
We perform atmospheric retrievals on two late-T and five early-Y
dwarfs. We use the NEMESIS atmospheric retrieval code coupled
to a Nested Sampling algorithm, along with a standard uniform
model for all of our retrievals. The uniform model assumes the
atmosphere is described by a gray radiative-convective
temperature profile, (optionally) a gray cloud, and a number of
relevant gases. We first verify our methods by comparing it to a
benchmark retrieval for Gliese 570D, which is found to be
consistent. Furthermore, we present the retrieved gaseous
composition, temperature structure, spectroscopic mass and
radius, cloud structure and the trends associated with decreasing
temperature found in this small sample of objects.

Author(s): Ryan Garland , Patrick Irwin
Institution(s): 1. University of Oxford

416.23 – Tidal evolution and possible formation of
Proxima b within the horizontal zones
Proxima b is a planet within the habitable zone (HZ) around
Proxima Centauri, the Sun’s closest neighbor, which makes this
planetary system charming to study. The orbits such as
eccentricity and inclination, the interiors, mass limit and
formation and so on have been investigated. We know that this
earth-like planet is very close to its host star, so it is inevitably
affected by the stellar tides. Here, we focus on the dynamical
evolution based on the equilibrium tidal model. Results show that
the orbital circularization during tidal decay is within 20 Myrs
when assumed the modified tidal dissipation parameter Q’=6,
and the planetary orbit-spin rotation reaches synchronous in ten
thousand years. Various orbital parameters are considered in
studying the orbit-spin rotations. We will also discuss the possible
timescale when Proxima b has to be out of HZ due to the very
long-time stellar tidal evolution. If Proxima b has retained a
nonzero eccentricity (for example, <0.35 indicated by the
observations), we explore the case that another planet companion
can excite a steady eccentricity before tidal evolution depending
on the eccentricity of the companion. Finally, the planet
formation via type I migration in the gaseous disk is investigated,
as the result that Proxima b can reach the inner disk with a period
of 14 days, then experience the tidal evolution reaching the
observed place. 

Author(s): Yao Dong
Institution(s): 1. Purple Mountain Observatory, Chinese
Academy of Sciences

416.24 – LASR-Guided Variability Subtraction: The
Linear Algorithm for Significance Reduction of
Stellar Seismic Activity
Stellar seismic activity produces variations in brightness that
introduce oscillations into transit light curves, which can create
challenges for traditional fitting models. These oscillations
disrupt baseline stellar flux values and potentially mask transits.
We develop a model that removes these oscillations from transit
light curves by minimizing the significance of each oscillation in
frequency space. By removing stellar variability, we prepare each
light curve for traditional fitting techniques. We apply our model
to $\delta$-Scuti KOI-976 and demonstrate that our variability
subtraction routine successfully allows for measuring bulk system
characteristics using traditional light curve fitting. These results

open a new window for characterizing bulk system parameters of
planets orbiting seismically active stars.

Author(s): Sarah Horvath , Sam Myers , Johnathon Ahlers ,
Jason W. Barnes
Institution(s): 1. University of Idaho

416.25 – Laboratory Studies of Planetary Hazes:
composition of cool exoplanet atmospheric aerosols
with very high resolution mass spectrometry
We present first results of the composition of
laboratory-produced exoplanet haze analogues. With
the Planetary HAZE Research (PHAZER) Laboratory, we
simulated nine exoplanet atmospheres of varying initial
gas phase compositions representing increasing
metallicities (100x, 1000x, and 10000x solar) and
exposed them to three different temperature regimes
(600, 400, and 300 K) with two different “instellation”
sources (a plasma source and a UV lamp). The PHAZER
exoplanet experiments simulate a temperature and
atmospheric composition phase space relevant to the
expected planetary yield of the Transiting Exoplanet
Survey Satellite (TESS) mission as well as recently
discovered potentially habitable zone exoplanets in the
TRAPPIST-1, LHS-1140, and Proxima Centauri systems.
Upon exposure to the energy sources, all of these
experiments produced aerosol particles, which were
collected in a dry nitrogen glove box and then analyzed
with an LTQ Orbitrap XL™ Hybrid Ion Trap-Orbitrap
Mass Spectrometer utilizing m/z ranging from 50 to
1000. The collected aerosol samples were found to
contain complex organics. Constraining the composition
of these aerosols allows us to better understand the
photochemical and dynamical processes ongoing in
exoplanet atmospheres. Moreover, these data can
inform our telescope observations of exoplanets, which
is of critical importance as we enter a new era of
exoplanet atmosphere observation science with the
upcoming launch of the James Webb Space Telescope.
The molecular makeup of these haze particles provides
key information for understanding exoplanet
atmospheric spectra, and constraining the structure and
behavior of clouds, hazes, and other aerosols is at the
forefront of exoplanet atmosphere science.

Author(s): Sarah E Moran , Sarah Horst , Chao He , Laurene
Flandinet , Julianne I. Moses , Francois-Regis Orthous-
Daunay , Veronique Vuitton , Cedric Wolters , Nikole Lewis
Institution(s): 1. Johns Hopkins University, 2. Space Science
Institute, 3. Space Telescope Science Institute, 4. Universite
Grenoble Alpes, CNRS, IPAG

416.26 – New progress on the CH  and CH
spectroscopy in the near infrared region
We present recent progress on the measurement and modeling of
CH  spectroscopy in the NIR region from three separate works in
support of the atmospheric remote sensing of CH  for Jovian and
exoplanets. [1] We have studied the H -broadened CH (v +v
n  =4545.70 cm ) in the Octad near 2.3 µm. A series of spectra

of CH  pure and in mixtures with H  were obtained at several
temperatures (100-370 K); these spectra were analyzed using a
multispectrum non-linear least squares fitting algorithm adopting
a non-Voigt line shape model with full line mixing taken into
account. We present the results for H -pressure broadened
widths and shifts along with their temperature dependences for
the first time as well as their full line mixing coefficients. We will
also discuss the A/E/F rotational symmetry species dependence
of the line shape parameters. [2] A new study of CH4
spectroscopy was performed for the lower part of the Tetradecad
region (5300-5550 cm ) by analyzing multiple FT-IR spectra of
pure CH4 sample recorded at room temperatures at Reims
(France) and at 80 K at JPL (USA). Line positions and intensities
retrieved from the laboratory spectra were analyzed by the
effective Hamiltonian and the effective Dipole moment in terms
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417 – Mercury, Venus, and the Moon

of irreducible tensor operators adapted to spherical top
molecules. Out of the new 5934 measured transitions, quantum
assignments were made for 2847 transitions, which represent
~90% of the integrated line intensity in the observed spectra. All
the CH  assigned line positions and 2227 selected line
intensities were fitted to an RMS standard deviations of 0.0025
cm  and 8.6%, respectively. The sum of observed intensities
between 5300 and 5550 cm  fell within 2% of the predicted value
from the ab initio variational calculations. [3] Similarly, for

CH  in the 4970-5470 cm  region, in total 1387 rovibrational
transitions were assigned, pertaining to five cold bands of the
Tetradecad up to Jmax=11. Their positions were fitted to an RMS
deviation of 0.0016 cm . Measured line intensities for 737

transitions were modeled with an RMS deviation of about 10%
using the effective dipole transition moments approach.

Author(s): Keeyoon Sung , Andrei V. Nikitin , Evgeniya
Starikova , Malathy Devi , D. Chris Benner , Brian J Drouin ,
Timothy J Crawford , Mary-Ann H. Smith , Arlan Mantz ,
Ludovic Daumont , Michael Rey , Vladimir G. Tyuterev
Institution(s): 1. Connecticut College, 2. Jet Propulsion
Laboratory/Caltech, 3. NASA Langley Research Center, 4.
Russian Academy of Sciences, 5. The College of William and
Mary, 6. Tomsk State University, 7. Université de Reims

417.01 – The Venus Emissivity Mapper – gaining a
global perspective on the surface composition of
Venus
The permanent cloud cover of Venus prohibits observations of the
surface with traditional imaging techniques over much of the EM
spectral range, leading to the false notion that information about
the composition of Venus’ surface could only be derived from
lander missions. However, harsh environmental conditions on
the surface cause landed missions to be sole site, highly complex,
and riskier than orbiting missions. 
It is now known that 5 transparency windows occur in the Venus
atmosphere, ranging from 0.86 µm to 1.18 µm. Recent advances
in high temperature laboratory spectroscopy at the PSL at DLR
these windows are highly diagnostic for surface mineralogy.
Mapping of the southern hemisphere of Venus with VIRTIS on
VEX in the 1.02 µm band was a proof-of-concept for an orbital
remote sensing approach to surface composition and weathering
studies[1-3].  
The Venus Emissivity Mapper [4] proposed for the NASA’s Venus
Origins Explorer (VOX) and the ESA EnVision proposal builds on
these recent advances. It is the first flight instrument specially
designed with a sole focus on mapping the surface of Venus using
the narrow atmospheric windows around 1 µm. Operating in situ
from Venus orbit, VEM will provide a global map of surface
composition as well as redox state of the surface, providing a
comprehensive picture of surface-atmosphere interaction and
support for landing site selection. Continuous observation of the
thermal emission of the Venus will provide tight constraints on
the current day volcanic activity[5]. This is complemented by
measurements of atmospheric water vapor abundance as well as
cloud microphysics and dynamics. These data will allow for
accurate correction of atmospheric interference on the surface
measurements, which provide highly valuable science on their
own. A mission combining VEM with a high-resolution radar
mapper such as VOX or EnVision in a low circular orbit will
provide key insights into the divergent evolution of Venus. 
1. Smrekar, S.E., et al., Science, 2010. 328(5978): p. 605-8. 
2. Helbert, J., et al., GRL, 2008. 35(11). 
3. Mueller, N., et al., JGR, 2008. 113. 
4. Helbert, J., et al. 2016. San Diego, CA: SPIE. 
5. Mueller, N.T., et al., JGR, 2017. 

Author(s): Joern Helbert , Melinda Dyar , Thomas
Widemann , Emmanuel Marcq , Alessandro Maturilli , Nils
Mueller , David Kappel , Sabrina Ferrari , Mario D'Amore ,
Constantine Tsang , Gabriele Arnold , Suzanne Smrekar
Institution(s): 1. DLR, 2. JPL, 3. LATMOS, 4. Mount Holoyoke,
5. Observatoire de Paris, 6. SwRI, 7. Univ. degli Studi di Pavia
Contributing team(s): VEM team

417.02 – The Venus Emissivity Mapper –
Investigating the Atmospheric Structure and
Dynamics of Venus’ Polar Region
Venus displays the best-known case of polar vortices evolving in a
fast-rotating atmosphere. Polar vortices are pervasive in the Solar
System and may also be present in atmosphere-bearing
exoplanets. While much progress has been made since the early
suggestion that the Venus clouds are H O-H SO  liquid droplets
(Young 1973), several cloud parameters are still poorly

constrained, particularly in the lower cloud layer and optically
thicker polar regions. The average particle size is constant over
most of the planet but increases toward the poles. This indicates
that cloud formation processes are different at latitudes greater
than 60°, possibly as a result of the different dynamical regimes
that exist in the polar vortices (Carlson et al. 1993, Wilson et al.
2008, Barstow et al. 2012). 
 
Few wind measurements exist in the polar region due to
unfavorable viewing geometry of currently available observations.
Cloud-tracking data indicate circumpolar circulation close to
solid-body rotation. E-W winds decrease to zero velocity close to
the pole. N-S circulation is marginal, with extremely variable
morphology and complex vorticity patterns (Sanchez-Lavega et
al. 2008, Luz et al. 2011, Garate-Lopez et al. 2013). 
 
The Venus Emissivity Mapper (VEM; Helbert et al., 2016)
proposed for NASA’s Venus Origins Explorer (VOX) and the ESA
M5/EnVision orbiters has the capability to better constrain the
microphysics (vertical, horizontal, time dependence of particle
size distribution, or/and composition) of the lower cloud particles
in three spectral bands at 1.195, 1.310 and 1.510 μm at a spatial
resolution of ~10 km. Circular polar orbit geometry would
provide an unprecedented simultaneous study of both polar
regions within the same mission. In addition, VEM’s pushbroom
method will allow short timescale cloud dynamics to be assessed,
as well as local wind speeds, using repeated imagery at 90 minute
intervals. Tracking lower cloud motions as proxies for wind
measurements at high spatial resolutions will greatly benefit
modeling of the vortice’s physics, as well as wave-generating
dynamical instabilities (Garate-Lopez et al. 2015).

Author(s): Thomas Widemann , Emmanuel Marcq ,
Constantine Tsang , Nils Mueller , David Kappel , Joern
Helbert , Melinda Dyar , Suzanne Smrekar
Institution(s): 1. German Aerospace Center (DLR), 2.
LATMOS, 3. Mount Holyoke College, 4. NASA / Jet Propulsion
Laboratory, 5. Paris Observatory, 6. SwRI

417.03 – In Situ Missions For Investigation of the
Climate, Geology and Evolution of Venus
In situ Exploration of Venus has been recommended by the
Decadal Study of the National Research Council. Many high
priority measurements, addressing outstanding first-order,
fundamental questions about current processes and evolution of
Venus can only be made from in situ platforms such as entry
probes, balloons or landers. These include: measuring noble gases
and their isotopes to constrain origin and evolution; measuring
stable isotopes to constrain the history of water and other
volatiles; measuring trace gas profiles and sulfur compounds for
chemical cycles and surface-atmosphere interactions,
constraining the coupling of radiation, dynamics and chemistry,
making visible and infrared descent images, and measuring
surface and sub-surface composition. Such measurements will
allow us deepen our understanding of the origin and evolution of
Venus in the context of the terrestrial planets and extrasolar
planets, to determine the level and style of current geological
activity and to characterize the divergent climate evolution of
Venus and Earth and extend our knowledge of the limits of
habitability on hot terrestrial planets.
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417.04 – Laboratory Measurements of Sulfuric
Acid Vapor Opacity at Millimeter Wavelengths
Under Venus Conditions
Radio astronomical observations of the lower-cloud and sub-
cloud regions of the Venusian atmosphere at millimeter
wavelengths can provide insight into the nature of the sub-cloud
sulfur chemistry. Previous observations (de Pater et al., Icarus
90, 1991 and Sagawa, J. Natl. Inst. of Inf. And Comm. Tech. 55,
2008) indicate substantial variations in Venus disc brightness at
millimeter wavelengths, likely due to variations in SO  and
H SO  vapor abundances. Although previous measurements of
H SO  vapor opacity provide accurate information at centimeter
wavelengths (Kolodner and Steffes, Icarus 132, 1998),
extrapolation to millimeter wavelength observations is
speculative. A Fabry-Perot open resonator with a quality factor in
excess of 15,000 has been designed to measure the opacity of
H SO  vapor in a CO  atmosphere under Venus temperature and
pressure conditions below the clouds. The resonator system has
been designed using corrosion-resistant materials to ensure data
integrity. Opacity measurements made with this system target the
2-4 millimeter wavelength range, applicable to recent Atacama
Large Millimeter Array observations of Venus. Initial laboratory
results for H SO  vapor opacity will be presented, and the
implications of these results for pressure broadened opacity
formalisms will be discussed. In addition to radio astronomical
observations, these results of these measurements can aid in the
interpretation of radiometer and radio occultation measurements
from future Venus missions, such as the Venera D orbiter. This
work is supported by the NASA Solar System Workings Program
under grant NNX17AB19G.

Author(s): Alexander Brooks Akins , Paul G Steffes
Institution(s): 1. Georgia Institute of Technology

417.05 – Using a Venus Atmosphere Model to
Investigate Variations in Cloud-level Winds and
Temperatures
We have developed a new Venus Middle atmosphere Model
(VMM), which simulates the atmosphere from just below the
cloud deck to around 100 km altitude, with the aim of focusing on
the dynamics at cloud levels and above. We take this approach as
the circulation and dynamics between the ground and cloud
altitudes are not well known. Wind velocities below ~40 km
altitude cannot be observed remotely and there are only a few in-
situ wind profiles from entry probes on the Venera and Pioneer
Venus missions, which are limited in spatial and temporal
coverage. However, in the atmosphere at cloud altitudes
significant information can be obtained on the circulation and
dynamics of Venus' atmosphere and many more observations are
available, including measurements from Venus Express and
Akatsuki. Preliminary results from the VMM with a simplified
radiation scheme have been validated by comparison with
Pioneer Venus and Venus Express measurements and show
reasonable agreement with the observations. Values of
parameters near the lower boundary which are not well measured
can be inferred by comparison with values at higher altitudes. We
use sensitivity experiments to determine the most important
processes involved in shaping the wind and temperature structure
at cloud altitudes. We compare the results of simulations with
measurements from Pioneer Venus and Venera probes and from
the Venus Express and Akatsuki missions

Author(s): Helen Parish , Jonathan Mitchell
Institution(s): 1. UCLA

417.06 – Vertical profiles for SO  and SO on Venus
from different one-dimensional simulations
Sulfur dioxide (SO ) plays many roles in Venus’ atmosphere. It is
a precursor for the sulfuric acid that condenses to form the global
cloud layers and is likely a precursor for the unidentified UV
absorber, which, along with CO  near the tops of the clouds,

appears to be responsible for absorbing about half of the energy
deposited in Venus’ atmosphere [1]. Most published simulations
of Venus’ mesospheric chemistry have used one-dimensional
numerical models intended to represent global-average or
diurnal-average conditions [eg, 2, 3, 4]. Observations, however,
have found significant variations of SO and SO  with latitude and
local time throughout the mesosphere [eg, 5, 6]. Some recent
simulations have examined local time variations of SO and SO
using analytical models [5], one-dimensional steady-state solar-
zenith-angle-dependent numerical models [6], and three-
dimensional general circulation models (GCMs) [7]. As an initial
step towards a quantitative comparison among these different
types of models, this poster compares simulated SO, SO , and
SO/SO  from global-average, diurnal-average, and solar-zenith-
angle (SZA) dependent steady-state models for the mesosphere. 
 
The Caltech/JPL photochemical model [8] was used with vertical
transport via eddy diffusion set based on observations and
observationally-defined lower boundary conditions for HCl, CO,
and OCS. Solar fluxes are based on SORCE SOLSTICE and
SORCE SIM measurements from 26 December 2010 [9, 10]. The
results indicate global-average and diurnal-average models may
have significant limitations when used to interpret latitude- and
local-time-dependent observations of SO  and SO. 
 
[1] Titov D et al (2007) in Exploring Venus as a Terrestrial
Planet, 121-138. [2] Zhang X et al (2012) Icarus, 217, 714–739. [3]
Krasnopolsky V A (2012) Icarus, 218, 230–246. [4] Parkinson C
D et al (2015) Planet Space Sci, 113–114, 226–236. [5] Sandor B J
et al (2010) Icarus, 208, 49–60. [6] Jessup K-L et al (2015)
Icarus, 258, 309–336. [7] Stolzenbach A et al (2014) EGU
General Assembly 2014, 16, EGU2014-5315. [8] Allen M et al
(1981) J Geophys Res, 86, 3617–3627. [9] Harder J W et al (2010)
Sol Phys, 263, 3–24. [10] Snow M et al (2005) Sol Phys, 230,
295–324.
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Institute of Technology, 3. Southwest Research Institute

417.07 – The Variability of the Nightside Venusian
Ionosphere Observed Over a Solar Cycle
Observations of ionospheric electron density profiles and auroral
emission on the nightside of planetary atmospheres allow for the
study between the solar wind and the upper atmosphere of a
planet. The interaction between the solar wind and Venus is
unique given Venus' thick atmosphere and lack of an intrinsic
magnetic field. Here, we study the variability of the Venusian
nightside ionosphere and its connection to the solar wind
(particularly after solar storms) and observed auroral-type
emission of the OI 5577.7 oxygen green line. 
 
The Venusian nightside ionosphere has two distinct electron
density region, the V1 and V2 layers located near 125 and 145 km,
respectively. They are known to be highly variable on the
nightside and are even observed to “disappear” during periods of
increased solar wind dynamic pressure (Cravens et al. 1982).
However, using data from Venus Radio Science (VeRa)
instrument onboard Venus Express (VEX), Gray et al. 2016
(submitted) have shown an increase in the V1 peak density and a
decrease in the V2 peak density during three separate CME
passages which also coincided with observed green line emission. 
 
Here, we compare nightside electron density profiles collected by
VEX between 2006 – 2009. We will bin profiles by solar zenith
angle and solar wind conditions in an effort to quantify typical
nightside V1 and V2 peak electron densities and altitudes. These
will then be compared to profiles collected during known solar
storm conditions.

1

2
2 4
2 4

2 4 2

2 4

1 1

1 1

2

2

2

2

2

2
2

2

1 3
2



Author(s): Candace L. Gray , Kerstin Peter , Bernd Hausler ,
Martin Paetzold , Silvia Tellmann
Institution(s): 1. Institut für Raumfahrttechnik und
Weltraumnutzung, 2. New Mexico State University, 3.
Rheinisches Institut für Umweltforschung

417.08 – Radiative transfer modeling for analyses
with Akatsuki/IR2 images
The 2-micron camera (IR2) onboard Japanese Venus orbiter,
Akatsuki had regularly observed Venus with four narrow-band
filters (1.735, 2.02, 2.26, and 2.32 micron) from the late of March,
2016 until the electronic device was unable to control IR2 on
December 9, 2016. For approximately nine months, we
accumulated more than 3,000 dayside and nightside images of
Venus. The main purposes of analyzing IR2 data are (i) to study
the dynamics in the upper, middle, and lower atmosphere with
the cloud-tracked winds, (ii) to derive the cloud top altitude with
the 2.02 micron channel which is located in a CO  absorption
band, (iii) to deduce CO distribution, which is thought to be a
good tracer of the atmospheric circulation below the massive
clouds, by utilizing the 2.26 and 2.32 micron channels, and (iv) to
investigate aerosol properties of the lower clouds with the 1.735
and 2.26 micron channels. For purposes (ii)-(iv), we have
developed a line-by-line based radiative transfer model for
generating synthetic radiance at the IR2 channels. For both solar
and thermal radiation cases, adding doubling method (Hovenier
et al., 2004; Liu and Weng, 2006) is selected for solving multiple
scattering by clouds and molecules. We considered a total of eight
molecules (H O, CO , CO, SO , HF, HCl, OCS, and N ) and line
parameters of the first three molecules are taken from HITEMP10
and those of the others are from HITRAN12. For all considered
molecules, their line shapes are modelled as Voigt function with
cutoff of 125 cm . For CO , additional modification is done
based on Tonkov et al. (1996). A cloud model consisting of four
modal cloud particles with a mixture of 75% H SO  and 25%
H O is taken from Haus et al. (2013). This model was tested from
near-infrared to mid-infrared ranges for the spectral analyses of
Venus Express and Venera 15 data, which is useful for
interpreting the very limited spectral information such as
Akatsuki data. In this presentation, we will show the detail of the
radiative transfer modeling for analyzing the IR2 data and, as its
demonstration, the primitive results of spatiotemporal variations
of CO abundance in the lower atmosphere.

Author(s): Takao M. Sato , Takehiko Satoh , George L
Hashimoto , Yeon Joo Lee , Hideo Sagawa , Yasumasa Kasaba
Institution(s): 1. ISAS/JAXA, 2. Kyoto Sangyo University, 3.
Okayama University, 4. Tohoku University

417.10 – Ultraviolet reflectance spectroscopy
measurements of carbonaceous meteorites and
planetary analog materials 
The compositions of airless solar system objects tell us about the
origin and evolutionary processes that are responsible for the
current state of our solar system and that shape our environment.
Spectral reflectance measurements in the ultraviolet are being
used more frequently for providing compositional information of
airless solid surfaces. Most minerals absorb in the UV making
studying surface composition both informative but also
challenging [e.g. 1]. The UV region is sensitive to atomic and
molecular electronic absorptions such as the ligand-metal charge
transfer band that is present in oxides and silicates and the
conduction band at vacuum UV wavelengths. At the JHU-APL,
bidirectional UV reflectance measurements are obtained under
vacuum using a McPherson monochrometer with a PMT detector
to achieve measurements over the range from ~ 140 nm to ~ 570
nm. Sample temperature can also be controlled from ~ 100K to ~
600K, which enables the exploring the interaction of water ice
and other volatiles with refractory samples. We have measured
the UV spectra of many carbonaceous chondrites, including
Mokoia, Vigarano, Warrenton, Orgueil, SaU290, and Essebi. In
addition to being dark, some also possess on OMCT band. We
have also obtained IR measurement of these meteorites to explore
possible correlations between their UV and IR spectral

signatures. In addition, we have also measured the UV spectra of
low water content lunar analog glasses and have found a
correlation between the spectral nature of the OMCT band and
the abundance of iron [3]. Also, the spectral signature of
mineralic and adsorbed water in the UV has been investigated.
While water-ice has a known strong absorption feature near 180
nm (e.g. 4], adsorbed molecular and disassociatively adsorbed
OH appear to not be optically active in this spectral region [5].  
 
References: [1] Wagner et al. (1987) Icarus, 69, 14-28.1987; [2]
Cloutis et al. (2008) Icarus, 197, 321-347; [3] Greenspon et al.
(2012), 43  LPSC, 1659, 2490; [4] Hendrix, A. and C. J. Hansen
(2008) Icarus, 193, 323-333; [5] Hibbitts, C.A. (2015) DPS #47,
215.05. 
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417.13 – Remote Observations of the Lunar Sodium
Corona
We have designed, built and installed a small robotic coronagraph
at the Winer Observatory in Sonoita, Arizona, in order to observe
the sodium exosphere out to one-half degree around the Moon.
Observations are obtained remotely every available clear night
from our home base at Goddard Space Flight Center. Our data
encompass lunations in 2015, 2016, and 2017, thus we have a long
baseline of sodium exospheric calibrated images. We employ an
Andover temperature-controlled 1.5 Å wide narrow-band filter
centered on the sodium D2 line, and a similar 1.5 Å filter centered
blueward of the D2 line by 5 Å. Exposures of 10 minutes are
required to image the sodium corona at good signal to noise.
Autoguiding is performed locking onto a small bright crater each
night. Following each onband-offband exposure pair, on- and off-
band images of the lunar surface are collected by taking a 0.1- 0.5
second exposures with the open filter. The sodium is calibrated
using the counts in the open Moon images and the Hapke
function. We use both dark and bright Hapke parameters for
comparison check using Mare and highlands, respectively. In
order to obtain the sodium profile around the entire limb, the
images are transformed using a polar transform and the profiles
are extracted automatically. Example of our resulting images of
the sodium corona will be shown, with the image of the moon's
disk (taken subsequently to the occulted coronal image)
superimposed on the occulting disk, thus showing the position
and phase of the moon under the disk. We compare our lunar
model derived from these observations with the data from the UV
spectrograph onboard the LADEE spacecraft. 

Author(s): Rosemary M. Killen , Thomas H. Morgan ,
Andrew Potter
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417.14 – Detectability Factors for Earth-based
Imaging of the LCROSS Ejecta Plume
NASA’s Lunar Crater Observation and Sensing Satellite
(LCROSS) mission delivered a kinetic impactor into Cabeus
Crater on 9 October 2009 [1, 2]. Observing campaigns from
Earth-based telescopes at multiple facilities attempted to obtain
temporally-resolved imaging of the ejecta plume [3], but no
Earth-based imaging detections were reported until 2013 after
processing images with Principal Component Analysis (PCA)
filtering [4]. Subsequently, PCA filtering has revealed plume
detections in two additional cameras and also confirmed a non-
detection from one telescope [5, 6]. This combination of detection
and non-detection data is useful in determining the criteria for
detectability in future observations of transient events. The goal
of this work is to identify factors contributing to detectability and
to establish thresholds applicable to the LCROSS event. We take
the data containing detections and then degrade a specific factor
in them until the plume is no longer detectable. These derived
thresholds for factors (e.g., scattered light, temporal resolution,
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spatial resolution, field of view, and signal-to-noise of the
illuminated foreground of Cabeus) can be compared to the
properties of the actual non-detection data to identify problems
specific to its observing conditions or observational setup. The
percent differences between the thresholds and both the detection
data and non-detection data may also reveal the relative
importance of these detectability factors. This work was
supported by NASA’s Lunar Data Analysis Program through grant
number NNX15AP92G. Observations reported here were
obtained at the MMT Observatory, a joint facility of the
Smithsonian Institution and the University of Arizona. 

References: [1] Colaprete, A. et al. (2010) Science, 330, 463–468.
[2] Schultz, P. H. et al. (2010) Science, 330, 468–472. [3]
Heldmann, J. L. et al. (2012) Space Sci. Rev., 167:93–140,
doi:10.1007/s11214-011-9759-y. [4] Strycker, P. D. et al. (2013)
Nat. Commun., 4:2620, doi:10.1038/ncomms3620. [5] Temme,
R. L. et al. (2016) LPS XLVII, Abstract #1166. [6] Schotte, J. M. et
al. (2017) LPS XLVIII, Abstract #1503.

Author(s): Paul D. Strycker , Jonathan M Schotte , Ruth L
Temme , Nancy J. Chanover
Institution(s): 1. Calvary Lutheran High School, 2. Concordia
University Wisconsin, 3. New Mexico State University

417.15 – An algorithm for lunar crater accurate
boundary detection based on DEM data
Crater is one of the most significant topographic features which
are widely distributed around the lunar surface. Most of the
craters are originated from the impact of small bodies into the
lunar surface and some of them may also be formed by the
geological evolution from the interior of the Moon. Since the
crater dating is a classical way to predict the relative ages of the
lunar geological layers, and the geomorphologic parameters of the
craters such as the diameter, depth, and boundary are also of
value to study the situation related to lunar surface space
weathering and geological evolution. In this case, the
identification of lunar craters from lunar exploration data has
always been a fundamental work for lunar crater study.
Nowadays, more and more high resolution DOM and DEM data
have been acquired and released by different lunar exploration
missions such as LRO, SELENE and Chang’ e Missions. Besides
that, many crater identification methods based on image
recognition have been developed to automatic identify lunar
craters. Although the location and general shape of the craters
could be roughly detected with these methods, however, most of
them couldn’t provide an accuracy boundary for the crater.
Without an accurate boundary for the crater, the accurate
diameter and other parameters for the crater could not be
detected accurately, which might impede the lunar crater study.
To solve this problem, we developed an algorithm which could
detect the accurate boundary for the crater from the DEM data.
The main idea of this algorithm is that. Firstly, we searched for
the lowest point in the center area of the crater, and then, we tried
to calculate the elevation profile from this lowest point to the
point around the crater rim, in order to get the top points near the
crater rim, after that, least square method is used to circle fit
these top points, and at last, a accurate circle would be created
which could be considered as the accurate boundary of this crater.
This algorithm has been implemented in the lunar crater
boundary detection based on CE-2 DEM data, and the experiment
result shows that the crater boundary detected with this method
is better that others.

Author(s): Xingguo Zeng , Hongbo Zhang , Wangli Chen
Institution(s): 1. National Astronomical Observatories of
China

417.16 – 3D terrain reconstruction using Chang’E-3
PCAM images
In order to improve understanding of the topography of Chang’E-
3 landing site, 3D terrain models are reconstructed using PCMA
images. PCAM (panoramic cameras) is a stereo camera system
with a 27cm baseline on-board Yutu rover. It obtained panoramic

images at four detection sites, and can achieve a resolution of
1.48mm/pixel at 10m. So the PCAM images reveal fine details of
the detection region. In the method, SIFT is employed for feature
description and feature matching. In addition to collinearity
equations, the measure of baseline of the stereo system is also
used in bundle adjustment to solve orientation parameters of all
images. And then, pair-wise depth map computation is applied
for dense surface reconstruction. Finally, DTM of the detection
region is generated. The DTM covers an area with radius of about
20m, and centering at the location of the camera. In consequence
of the design, each individual wheel of Yutu rover can leave three
tracks on the surface of moon, and the width between the first
and third track is 15cm, and these tracks are clear and
distinguishable in images. So we chose the second detection site
which is of the best ability of recognition of wheel tracks to
evaluate the accuracy of the DTM. We measured the width of
wheel tracks every 1.5m from the center of the detection region,
and obtained 13 measures. It is noticed that the area where wheel
tracks are ambiguous is avoided. Result shows that the mean
value of wheel track width is 0.155m with a standard deviation of
0.007m. Generally, the closer to the center the more accurate the
measure of wheel width is. This is due to the fact that the
deformation of images aggravates with increase distance from the
location of the camera, and this induces the decline of DTM
quality in far areas. In our work, images of the four detection sites
are adjusted independently, and this means that there is no tie
point between different sites. So deviations between the locations
of the same object measured from DTMs of adjacent detection
sites may exist.

Author(s): Wangli Chen , Xingguo Zeng , Hongbo Zhang
Institution(s): 1. Chinese Academy of Sciences

417.17 – Syzygy Information: Lunar Limb Profiles
at Total Eclipses of the Decade
The topographic 3D mapping of the lunar surface by the Japanese
Kaguya and NASA's Lunar Reconnaissance Orbiter has led to
greatly improved predictions of Baily's beads at total solar
eclipses. This information has been included in the program Solar
Eclipse Maestro. Matching the predictions with observations of
Baily's beads made at total solar eclipses, including the 21 August
2017 eclipse as well as previous total and annular eclipses, may
even improve the accuracy of the solar diameter used as a
standard by the International Astronomical Union.

Author(s): Jay M. Pasachoff , Xavier Jubier , Ernest
Wright
Institution(s): 1. NASA's GSFC, 2. Solareclipsemaestro, 3.
Williams College

417.18 – Diagnostic Simulations of the Lunar
Exosphere using Coma and Tail
The characteristics of the lunar exosphere can be constrained by
comparing simulated models with observational data of the coma
and tail (Lee et al., JGR, 2011); and thus far a few independent
approaches on this issue have been performed and presented in
the literature. Since there are two-different observational
constraints for the lunar exosphere, it is interesting to find the
best exospheric model that can account for the observed
characteristics of the coma and tail. Considering various initial
conditions of different sources and space weather, we present
preliminary time-dependent simulations between the initial and
final stages of the development of the lunar tail. Based on an
updated 3-D model, we are planning to conduct numerous
simulations to constrain the best model parameters from the
coma images obtained from coronagraph observations supported
by a NASA monitoring program (Morgan, Killen, and Potter,
AGU, 2015) and future tail data.

Author(s): Dong Wook Lee , Sang J. Kim
Institution(s): 1. Kyung Hee University

417.19 – Multi-Band Polarimetry of the Lunar
Surface. II. Polarization Phase Curve
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418 – Mars Surface, Atmosphere, and Satellites

Polarimetric observations will be performed for the first time by
the Korea Pathfinder Lunar Orbiter (KPLO). This study have been
preliminarily studied for the successful performance of the KPLO.
Since the degree of polarization depends on the phase angle, the
polarimetric observation is objectively expressed with the
maximum-polarization. The maximum-polarization can be
estimated from the degree of polarization with several phase
angles using the modified Rayleigh function. We present the
maximum-polarization map of whole near-side Moon for the first
time. The maximum-polarization maps have been constructed
with multiple parameters best-fit and then has been compared
with the results from the fixed parameters best-fit. The
relationship between multiple parameters best-fits and fixed
parameters best-fit is strongly correlated that suggests the fixed
parameters best-fit can replace the multiple parameters best-fit.
In addition, the maximum-polarization can be estimated with
lower phase angle (α > 90°) sets. We confirm the simplified
method to construct the maximum-polarization of surface of
Moon, which can be applied to future space mission whether the
observations are incomplete or with a large uncertainty.

Author(s): Sukbum A Hong , Minsup Jeong , Sungsoo S
Kim , Chaekyung Sim , YURIY G SHKURATOV , Il-hoon Kim ,
Kilho Baek , Young-Jun Choi
Institution(s): 1. Kharkiv V.N. Karazin National University , 2.
Korean Astronomy and Space Science Institute, 3. Kyung Hee
University

417.20 – New equipment the ion beam irradiation
equipment installed at ISAS / JAXA
Understanding of the space weathering effect by the solar wind
implantation is thought to be important for the interpretation of
the reflectance spectra on the airless body’s surface [e.g. 1]. It is
important to elucidate the space weathering effect by hydrogen
ions and helium ions which account for most of solar wind. In
particular, it is suggested that the solar wind protons interact with
the minerals in the surface layer of the airless bodies to form OH
and H O. To understanding the space weathering effect by solar
wind protons will be an important clue to reveal the origin and
the abundance of lunar water [e.g. 2]. 
Solar wind consists of 95% protons, 4% helium and other ions [3].
The energy of protons is mainly 1.1 keV and the one of helium
ions is mainly 4 keV. Then, we established the ion beam
irradiation equipment in ISAS/JAXA. This device consists of a
cold cathode ion gun, an ion irradiation chamber, a load lock
chamber for specimen preparation and reflection spectrum
measurement, and FTIR. The ion sources capable of irradiation
are hydrogen and helium which occupy the most of solar wind
and it is possible to selectively irradiate each ion with a magnetic
separator. The energy can be selected from 500 eV to 5 keV. The
ultimate degree of vacuum is about 10  Pa. The samples can
move between the irradiation chamber and the load lock chamber
without being exposed to the air. Moreover, since the nitrogen
purge is possible for the optical path of FTIR, the influence of the
adsorbed water can be ignored when measuring the reflection
spectra. 
In this presentation, we will report the first results of the
performance of ion beam irradiation equipment (e.g. beam
current, beam-shape) and the proton irradiation to Sun Carlos
olivine. 

[1] T. Noguchi et al., MPS, 49(2):188–214, 2014. [2] C.M. Pieters
et al., Science, 326(5952):568–572, 2009. [3] J.T. Gosling,

Encyclopedia of the Solar System (Second Edition), pages 99 –
116, 2007. 
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417.21 – Coupled Photochemical and Condensation
Model for the Venus Atmosphere
Ground based and Venus Express observations have provided a
wealth of information on the vertical and latitudinal distribution
of many chemical species in the Venus atmosphere [1,2]. Previous
1D models have focused on the chemistry of either the lower [3]
or middle atmosphere [4,5]. Photochemical models focusing on
the sulfur gas chemistry have also been independent from models
of the sulfuric acid haze and cloud formation [6,7]. In recent years
sulfur-bearing particles have become important candidates for
the observed SO2 inversion above 80 km [5]. To test this
hypothesis it is import to create a self-consistent model that
includes photochemistry, transport, and cloud condensation. 
 
In this work we extend the domain of the 1D chemistry model of
Zhang et al. (2012) [5] to encompass the region between the
surface to 110 km. This model includes a simple sulfuric acid
condensation scheme with gravitational settling. It
simultaneously solves for the chemistry and condensation
allowing for self-consistent cloud formation. We compare the
resulting chemical distributions to observations at all altitudes.
We have also validated our model cloud mass against pioneer
Venus observations [8]. This updated full atmosphere chemistry
model is also being applied in our 2D solver (altitude and
altitude). With this 2D model we can model how the latitudinal
distribution of chemical species depends on the meridional
circulation. This allows us to use the existing chemical
observations to place constraints on Venus GCMs [9-11]. 
 
 
References: [1] Arney et al., JGR:Planets, 2014 [2] Vandaele et
al., Icarus 2017 (pt. 1 & 2) [3] Krasnopolsky, Icarus, 2007 [4]
Krasnopolsky, Icarus, 2012 [5] Zhang et al., Icarus 2012 [6] Gao
et al., Icarus, 2014 [7] Krasnopolsky, Icarus, 2015 [8] Knollenberg
and Hunten, JGR:Space Physics, 1980 [9] Lee et al., JGR:Planets,
2007 [10] Lebonnois et al., Towards Understanding the Climate
of Venus, 2013 [11] Mendoncca and Read, Planetary and Space
Science, 2016

Author(s): Carver Bierson , Xi Zhang , Joao Mendonca ,
Mao-Chang Liang
Institution(s): 1. Research Center for Environmental Changes,
Academia Sinica, 2. UC Santa Cruz, 3. University of Bern

418.01 – ExoMars Trace Gas Orbiter provides
atmospheric data during Aerobraking into its final
orbit
After the arrival of the Trace Gas Orbiter (TGO) at Mars on 19
October 2016 a number of initial orbit change manoeuvres were
executed and the spacecraft was put in an orbit with a 24 hour
period and 74 degrees inclination. The spacecraft and its four
instruments were thoroughly checked out after arrival and a few
measurements and images were taken in November 2016 and in

Feb-March 2017. The solar occultation observations have
however not yet been possible due to lack of the proper geometry. 
On 15 March a long period of aerobraking to reach the final
400km semi-circular frozen orbit (370x430km, with a fixed
pericentre latitude). This orbit is optimised for the payload
observations and for the communication relay with the ExoMars
Rover, due to arrive in 2021. 
The aerobraking is proceeding well and the final orbit is expected
to be reached in April 2018. A large data set is being acquired for
the upper atmosphere of Mars, from the limit of the sensitivity of
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the accelerometer, down to lowest altitude of the aerobraking at
about 105km. Initial analysis has shown a highly variable
atmosphere with a slightly lower density then predicted by
existing models. Until the time of the abstract writing no dust
storms have been observed. 
The ExoMars programme is a joint activity by the European
Space Agency(ESA) and ROSCOSMOS, Russia. ESA is providing
the TGO spacecraft and Schiaparelli (EDM) and two of the TGO
instruments and ROSCOSMOS is providing the Proton launcher
and the other two TGO instruments. After the arrival of the
ExoMars 2020 mission, consisting of a Rover and a Surface
platform also launched by a Proton rocket, the TGO will handle
the communication between the Earth and the Rover and Surface
Platform through its (NASA provided) UHF communication
system.

Author(s): Hakan Svedhem , Jorge L. Vago , Sean
Bruinsma , Ingo Müller-Wodarg
Institution(s): 1. CNES, 2. ESA/ESTEC, 3. Imperial College
Contributing team(s): ExoMars 2016 Team

418.02 – Predicting Atmospheric Ionization and
Excitation by Precipitating SEP and Solar Wind
Protons Measured By MAVEN
Precipitating energetic particles ionize and excite planetary
atmospheres, increasing electron content and producing aurora.
At Mars, the solar wind and solar energetic particles (SEPs) can
precipitate directly into the atmosphere because solar wind
protons can charge exchange to become neutral and pass the
magnetosheath, and SEPs are sufficiently energetic to cross the
magnetosheath unchanged. We will compare ionization and
Lyman alpha emission rates for solar wind and SEP protons
during nominal solar activity and a CME shock front impact event
on May 16 2016. We will use the Atmospheric Scattering of
Protons and Energetic Neutrals (ASPEN) model to compare
excitation and ionization rates by SEPs and solar wind protons
currently measured by the SWIA (Solar Wind Ion Analyzer) and
SEP instruments aboard the MAVEN spacecraft. Results will help
quantify how SEP and solar wind protons influence atmospheric
energy deposition during solar minimum.

Author(s): Rebecca Jolitz , Chuanfei Dong , Christina Lee ,
Rob Lillis , David Brain , Shannon Curry , Jasper Halekas ,
Stephen W. Bougher , Bruce Jakosky
Institution(s): 1. Climate and Space Sciences and Engineering,
University of Michigan, 2. Princeton University, 3. UC Berkeley
Space Sciences Lab, 4. University of Colorado, Boulder, 5.
University of Iowa

418.03 – Observations of Highly Variable
Deuterium in the Martian Upper Atmosphere
One of the key pieces of evidence for historic high levels of water
on Mars is the present elevated ratio of deuterium/hydrogen
(D/H) in near-surface water. This can be explained by the loss of
large amounts of water into space, with the lighter H atoms
escaping faster than D atoms. Understanding the specific physical
processes and controlling factors behind the present escape of H
and D is the key objective of the MAVEN IUVS echelle channel.
This knowledge can then be applied to an accurate extrapolation
back in time to understand the water history of Mars.
Observations of D in the martian upper atmosphere over the first
martian year of the MAVEN mission have shown highly variable
amounts of D, with a short-lived maximum just after perihelion
and during southern summer. The timing and nature of this
increase provide constraints on its possible origin. These results
will be presented and compared with other measurements of the
upper atmosphere of Mars.

Author(s): John T. Clarke , Majd A Mayyasi-Matta , Dolon
Bhattacharyya , Jean-Yves Chaufray , Michael S. Chaffin , Justin
Deighan , Nicholas M. Schneider , Sonal Jain , Bruce Jakosky
Institution(s): 1. Boston Univ., 2. LATMOS / CNRS, 3. Univ. of
Colorado

418.04 – Waves in the middle and upper
atmosphere of Mars as seen by the Radio Science
Experiment MaRS on Mars Express
Atmospheric waves play a crucial role for the dynamics in the
Martian atmosphere. They are responsible for the redistribution
of momentum, energy and dust and the coupling of the different
atmospheric regions on Mars. 
Almost all kinds of waves have been observed in the lower
atmosphere (e.g. stationary and transient waves, baroclinic waves
as well as migrating and non-migrating thermal tides, and gravity
waves). Atmospheric waves are also known to exist in the middle
atmosphere of Mars (~70-120 km, e.g. by the SPICAM instrument
on Mars Express). In the thermosphere, thermal tides have been
observed e.g. by radio occultation or accelerometer
measurements on MGS. Recently, the NGIMS instrument on
MAVEN reported gravity waves in the thermosphere of Mars. 
Radio Science profiles from the Mars Express Radio Science
experiment MaRS on Mars Express can analyse the temperature,
pressure and neutral number density profiles in the lower
atmosphere (from a few hundred metres above the surface up to
~ 40-50 km) and electron density profiles in the ionosphere of
Mars. 
Wavelike structures have been detected below the main
ionospheric layers (M1 & M2) and in the topside of the
ionosphere. The two coherent frequencies of the MaRS
experiment allow to discriminate between plasma density
fluctuations in the ionosphere and Doppler related frequency
shifts caused by spacecraft movement. 
A careful analysis of the observed electron density fluctuations in
combination with sensitivity studies of the radio occultation
technique will be used to classify the observed fluctuations. 
 
The MaRS experiment is funded by DLR under grant 50QM1401.

Author(s): Silvia Anna Tellmann , Martin Paetzold , Bernd
Häusler , David P. Hinson , Kerstin Peter , G. Leonard Tyler
Institution(s): 1. Carl Sagan Center, SETI Institute, 2.
Department of Electrical Engineering, Stanford University, 3.
Institut für Raumfahrttechnik und Weltraumnutzung,
Universität der Bundeswehr, 4. Rheinisches Institut für
Umweltforschung

418.05 – Regions of enhanced density in the
Martian exosphere
The Neutral Gas and Ion Mass Spectrometer (NGIMS)
instrument on the Mars Atmosphere and Volatile EvolutioN
Mission (MAVEN) provides in-situ measurements of neutral and
ion gases in the Martian exosphere. We studied these
measurements for atomic oxygen, argon, and carbon dioxide for a
full Martian year and discovered that in roughly 10% of the orbits,
there is a significant and sharp increase in density versus altitude
above the calculated neutral exobase. We calculate temperature
and scale height profiles for these orbits that suggest local heating
on the order of several hundred degrees Kelvin is likely occurring
and investigate the causes of these features using both correlation
with other MAVEN data and atmospheric modeling. These
features do not appear to correspond with any particular location
or local time, nor do they appear to correlate with solar wind
variables. Therefore, it is possible that these are either the result
of gravity waves propagating above the exobase or are produced
by the stochastic ion precipitation environment. Using models,
we compare both of these scenarios to the existing data.

Author(s): Hayley Williamson , Robert E. Johnson ,
Meredith K Elrod , Shannon Curry , Ludivine Leclercq ,
Orenthal Tucker
Institution(s): 1. NASA GSFC, 2. UC Berkeley, 3. University of
Virginia

418.06 – First Detection of the Nitric Oxide
Dayglow on Mars
Nitric oxide (NO) is a well-known indicator of solar and auroral
activity in the terrestrial upper atmosphere. Direct measurements
of NO on Mars can therefore constrain studies of energetic
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processes controlling the composition and structure of its upper
atmosphere (80-200 km). Identifying and quantifying these
processes is one of the science objectives of NASA’s Mars
Atmosphere and Volatile Evolution (MAVEN) mission currently
orbiting Mars. NO can be observed directly by solar resonance
fluorescence in the mid-ultraviolet (MUV). Indeed, this approach
has routinely been used to measure terrestrial NO for 50 years.
On Mars, this “dayglow” emission is very weak relative to other
bright MUV features and thus has confounded attempts at its
detection there for nearly the same amount of time. Here, we
report the first detection of the NO dayglow in the Martian
atmosphere using limb observations by the Imaging Ultraviolet
Spectrograph (IUVS) on the MAVEN spacecraft. The detection is
enabled by the spectral modeling and removal of the carbon
monoxide Cameron bands, which dominate the MUV limb
spectra. We focus on the spectral region between 213.0-225.5 nm,
where three NO gamma bands emit. We will infer NO densities
from the dayglow spectra and compare our observations with
predictions from a photochemical model. We will discuss the
implications, particularly in the context of previous in situ
measurements. 

Author(s): Michael H. Stevens , David E. Siskind , J. Scott
Evans , Jane L. Fox , Sonal Jain , Justin Deighan , Nicholas M.
Schneider , A. Ian F. Stewart , Matteo Crismani , Arnaud
Stiepen , Michael S. Chaffin , William E. McClintock , Greg
Holsclaw , Franck Lefevre , Daniel Lo , John T. Clarke , Franck
Montmessin , Bruce Jakosky
Institution(s): 1. Boston University, 2. CPI, 3. LATMOS, 4.
NRL, 5. University of Arizona, 6. University of Colorado, 7.
University of Liege, 8. Wright State University

418.07 – MAVEN/IUVS observations of dayglow
emissions on Mars: indicator of dynamics,
energetics, physical processes, and coupling
between lower and upper atmosphere
The dayglow emissions are a common feature of any planetary
atmosphere. These emissions provide basic information about the
atmospheric composition and structure, and can be used to study
energy deposition, dynamics, and chemistry. The Imaging
Ultraviolet Spectrograph (IUVS) aboard the MAVEN spacecraft
has been observing mid and far ultraviolet emissions from the
Martian upper atmosphere for over one Martian year and have
provided the first long term observations of Martian dayglow.
These observations have been used to characterize Martian
thermospheric temperatures, densities, and their variations with
solar activity, seasons, and dust activities. This data set has
enabled us to track short and long term seasonal and spatial
variations and their relationship with both solar forcing from top
of the atmosphere and coupling from lower atmosphere (via
tides/waves/dust storms). The scale heights retrieved from CO2+
Ultraviolet Doublet band emission shows 25% reduction from Ls
= 218 degree (near perihelion; Mars year 32) to Ls = 60 degree (at
aphelion; MY 33), indicating effect of both decline in solar activity
as well as increase in Mars-Sun distance. At the onset of a
regional dust storm at Ls = 219 (during MY 33), we noticed about
16% increase in the altitude of maximum intensities of major UV
emission (indicating increase in neutral column density),
however, we did not notice any significant warming in
thermosphere associate with this dust storm. 
The results presented herein will help us better understand
properties of the Martian thermosphere.

Author(s): Sonal Jain , Justin Deighan , A. Ian Stewart ,
Nicholas M. Schneider , J. Scott Evans , Michael H. Stevens ,
Michael S. Chaffin , Matteo Crismani , Majd A Mayyasi-Matta ,
Frank Eparvier , Ed Thiemann , Phillip C. Chamberlin
Institution(s): 1. Boston University, 2. Computational Physics,
Inc., 3. Laboratory for Atmosphere and Space Physics,
University of Colorado at Boulder, 4. NASA/GSFC, 5. NRL

418.08 – Sensible Ozone on Mars Based on 2-D
Maps of O (a △ ) Emission for L =309° Using

iSHELL (NASA-IRTF)
We report 2-D maps of the O (a △ ) emission rate (a tracer for
high-altitude ozone) taken during mid-Northern Winter on Mars
(L =309.5°, 01 Feb 2017) using iSHELL, a cross-dispersed
echelle-grating spectrograph (1.1 - 5.3 µm) with a resolving power
of ~ 70,000, at the NASA-IRTF. The J2 setting encompasses 39
orders (1.2 to 1.3 µm). Both the (0-0) and the (1-1) bands may be
measured in three of these orders. The entrance slit was
positioned N-S on Mars and stepped E-W at 1.0 arc-sec
increments. Spectral extracts were taken at 0.6 arc-sec intervals.
A model consisting of the solar continuum with Fraunhofer lines,
two-way transmission through Mars' atmosphere, and one-way
transmission through Earth's atmosphere was used to isolate and
analyze spectral emission of individual a-X lines from Mars. The
line-of-sight emission intensities were converted to vertical
emission rates and O (a △ ) column densities after geometric
correction; 2-D longitude-latitude maps of O (a △ ) were
constructed from the stepped measurements. 
The map of sensible O  column implied by these data will be
compared with maps of total O  in Mars standard atmosphere
models. Our iSHELL 2-D map shows O (a △ ) emission
concentrated in the Northern mid-latitude region and no
detectible emissions in the tropical and Southern latitudes. These
2-D maps will be compared to previously reported CSHELL maps
taken during mid-Northern Summer (L =155°) and late Northern
Winter (L =357°). Also, our 1-D map of the O (a △ ) (0-0) band
emission (Local Time ~ 14:30) will be compared with MARCI O
results (LT ~ 15:00, Clancy et al., Icarus 266 (2016) 112-113). Our
search for the (1-1) a-X band emissions yielded no detections
above the noise level. An upper limit will be presented, and
implications discussed. This work was partially funded by a grant
from NASA's Mars Fundamental Research Program (11-MFRP11-
0066). The NASA Astrobiology Institute supported this work
through funding awarded to the Goddard Center for Astrobiology
under proposal 13-13NAI7-0032. We thank the administration
and staff of the NASA-IRTF for awarding observing time,
coordinating and supporting our observations, and instructing us
on using iSHELL.

Author(s): Robert E. Novak , Michael J. Mumma ,
Geronimo Luis Villanueva , Sara Faggi
Institution(s): 1. Iona College, 2. NASA-GSFC

418.09 – Diurnal Variations of Emissions of O
singlet Delta Near Mars' Northern Summer Solstice 
We are presenting results of O  singlet Delta emission, a tracer
for ozone, in the Martian atmosphere for observations taken
before Mars’ Northern summer solstice (L  = 88 , February 10,
2014 ). The data were taken using CSHELL on the NASA-IRTF
telescope located on Mauna Kea in Hawaii. The slit was
positioned east-west on Mars and we observed diurnal variations
at 20  N and 60  N. Spectral/spatial images were taken with a
spectral resolution above 38,000. Mars’ relative velocity of -16
km/s enabled us to separate the Martian emission lines from the
telluric absorption lines. Raw images were cleaned by removing
dead and hot pixels. The images were then adjusted so that the
spatial dimension was perpendicular to the spectral dimension.
Extracts at 0.6 arcsec spatial resolution were taken which allowed
us to measure Martian emission peaks. The Martian data were
calibrated by taking similar observations from a standard star
(HR4689) using the temperature, wavelength, and intensity of
the star to calibrate the flux density. A Boltzmann analysis was
performed on the observed emission peaks to obtain the
rotational temperature of the excited O . From this, the total
emission rates were obtained. We found that at both latitudinal
locations, the greatest emissions occured between 12:00- 13:00
local time on Mars. The emission intensity increases during the
morning hours and then decreases towards sunset. 
 
We thank the administration and staff of the NASA-IRTF for
observation time and for their assistance during operations of the
telescope. We also thank Drs. M. Mumma and G. Villanueva of
the NASA Goddard Space Flight Center with whom we
collaborate. 
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Author(s): Jonathon Nosowitz , Elijah Ziobron , Robert E.
Novak
Institution(s): 1. Iona College

418.10 – Dust on Mars from MSL Engineering
Cameras
The Mars Science Laboratory (MSL) Engineering 
Cameras were designed for supporting the rover surface
operations. The 
navigation camera has a field of view of 45 square degrees, while
the hazard 
avoidance camera, located at the front and rear of the rover and
pointing 
downwards, counts with a 124 square degrees field of view. Their
image 
database and sky coverage provides useful information for
characterising the 
dust aerosol physical properties at Gale Crater, complementing
the data 
retrieved from scientific cameras. In this work, we have reviewed
and 
calibrated the images from the MSL engineering cameras. The
atmosphere 
extinction values database has been extended. Observations at
low scattering 
angle have been used to reproduce the dust forward scattering
peak and the 
dust size distribution has been inferred from the sky brightness
measurements 
using a discrete ordinates radiative transfer code.

Author(s): Hao Chen-Chen , A. Sanchez-Lavega , Santiago
Perez-Hoyos
Institution(s): 1. Escuela de Ingenieria de Bilbao (UPV/EHU)

418.12 – Martian thermal tides from the surface to
the atmosphere
The presence of observational platforms both in orbit and on the
surface of Mars today provides a unique opportunity to
simultaneously study the effects of thermal tides at the surface,
above that surface location and in the atmosphere. Thermal tides
are an important aspect of the atmospheric dynamics on Mars
and the unique opportunity to unify landed and orbital
measurements can provide a comprehensive understanding of
thermal tides. 
Ideally, pressure measurements from the Curiosity lander and
atmospheric temperature profiles from the Mars Climate Sounder
(MCS) onboard Mars Reconnaissance Orbiter provide a
complimentary pair of surface and atmospheric observations to
study. However, the unique landing site of Curiosity, in Gale
crater, introduces several complicating factors to the analysis of
tidal behavior, two of which are crater circulation and the impact
of the dichotomy boundary topography. 
In order to achieve a baseline understanding of thermal tidal
behavior another complimentary pair of observations is
necessary. For this purpose, the equatorial and relatively
topographically flat landing site of the Viking 1 (VIK1) lander,
along with its lengthy record of surface pressures, is the candidate
surface dataset. There are no concurrent atmospheric
observational data, so atmospheric profiles were obtained from
the Mars Climate Database to ensure maximum coverage in space
and time. 
2-dimensional Fourier analysis in local time and longitude has
yielded amplitude and phases for the four major tidal modes on
Mars (diurnal and semidiurnal migrating tides, DK1 and DK2).
We will present current results regarding amplitude and phase
dependence on season and altitude at the VIK1 landing site. These
results will (in time) be tied to tidal amplitude and phase behavior
from observed MCS atmospheric temperature profiles from
“appropriately quiet” Mars years (years without major dust
storms). The understanding gathered from this approach will
then allow us to return to the pressure measurements from
Curiosity in Gale Crater, and assess to what degree the “pure”

tidal signatures are muddled by various complicating factors, e.g.
topography.

Author(s): Christina Holstein-Rathlou , Paul Withers
Institution(s): 1. Boston University

418.13 – Large-Scale Traveling Weather Systems in
Mars’ Southern Extratropics
Between late fall and early spring, Mars’ middle- and high-
latitude atmosphere supports strong mean equator-to-pole
temperature contrasts and an accompanying mean westerly polar
vortex. Observations from both the MGS Thermal Emission
Spectrometer (TES) and the MRO Mars Climate Sounder (MCS)
indicate that a mean baroclinicity-barotropicity supports intense,
large-scale eastward traveling weather systems (i.e., transient
synoptic-period waves). Such extratropical weather disturbances
are critical components of the global circulation as they serve as
agents in the transport of heat and momentum, and generalized
scalar/tracer quantities (e.g., atmospheric dust, water-vapor and
ice clouds). The character of such traveling extratropical synoptic
disturbances in Mars' southern hemisphere during late winter
through early spring is investigated using a moderately high-
resolution Mars global climate model (Mars GCM). This Mars
GCM imposes interactively-lifted and radiatively-active dust
based on a threshold value of the surface stress. The model
exhibits a reasonable "dust cycle" (i.e., globally averaged, a
dustier atmosphere during southern spring and summer occurs).
Compared to the northern-hemisphere counterparts, the
southern synoptic-period weather disturbances and
accompanying frontal waves have smaller meridional and zonal
scales, and are far less intense. Influences of the zonally
asymmetric (i.e., east-west varying) topography on southern
large-scale weather are investigated, in addition to large-scale up-
slope/down-slope flows and the diurnal cycle. A southern storm
zone in late winter and early spring presents in the western
hemisphere via orographic influences from the Tharsis highlands,
and the Argyre and Hellas impact basins. Geographically localized
transient-wave activity diagnostics are constructed that
illuminate dynamical differences amongst the simulations and
these are presented. 

Author(s): Jeffery L. Hollingsworth , Melinda A. Kahre
Institution(s): 1. NASA Ames Research Center

418.14 – Spectral Generation from the Ames Mars
GCM for the Study of Martian Clouds
Studies of martian clouds come from two distinct groups of
researchers: those modeling the martian system from first
principles and those observing Mars from ground-based and
orbital platforms. The model-view begins with global circulation
models (GCMs) or mesoscale models to track a multitude of state
variables over a prescribed set of spatial and temporal
resolutions. The state variables can then be processed into
distinct maps of derived product variables, such as integrated
optical depth of aerosol (e.g., water ice cloud, dust) or column
integrated water vapor for comparison to observational results.
The observer view begins, typically, with spectral images or
imaging spectra, calibrated to some form of absolute units then
run through some form of radiative transfer model to also
produce distinct maps of derived product variables. Both groups
of researchers work to adjust model parameters and assumptions
until some level of agreement in derived product variables is
achieved. While this system appears to work well, it is in some
sense only an implicit confirmation of the model assumptions
that attribute to the work from both sides. We have begun a
project of testing the NASA Ames Mars GCM and key aerosol
model assumptions more directly by taking the model output and
creating synthetic TES-spectra from them for comparison to
actual raw-reduced TES spectra. We will present some
preliminary generated GCM spectra and TES comparisons.

Author(s): David R. Klassen , Melinda A. Kahre , Michael J.
Wolff , Robert Haberle , Jeffery L. Hollingsworth
Institution(s): 1. NASA Ames Research Center, 2. Rowan
Univ., 3. Space Science Institute
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418.15 – Constraining the Surficial Liquid Water
and Resulting Atmospheric Water Vapor
Abundance at Recurring Slope Lineae (RSL)
Locations on Mars
Possible signatures of atmospheric water vapor arising from
Martian Recurring Slope Lineae (RSLs) are investigated in this
study. RSLs appear during local spring and summer on
downward, equator-facing slopes at southern mid-latitudes (~31-
52°S; Stillman et al. 2014), and have been linked to liquid water
which leaves behind streaks of briny material (McEwen et al.
2011, McEwen et al. 2014). Viking Orbiter Mars Atmospheric
Water Detector (VO MAWD) and Mars Global Surveyor Thermal
Emission Spectrometer (MGS TES) derived atmospheric water
vapor abundance values are interrogated to determine whether
four RSL locations at southern mid-latitudes (Palikir Crater, Hale
Crater, Horowitz Crater, Coprates Chasma) exhibit episodic,
enhanced local atmospheric water vapor abundance during
southern spring and summer (L  = 180-360°) when RSLs are
observed to develop (Stillman et al. 2014, Ojha et al. 2015).
Significant water vapor signals at these locations might reveal
RSLs as the source of the enhanced water vapor. Detected
atmospheric water vapor signals would expand upon current
knowledge of RSLs, whereas non-detection could provide upper
limits on RSL water source content. In order to assess how much
surficial RSL water would be required to produce a detectable
signal, we utilize the high spatial resolution Geophysical Fluid
Dynamics Laboratory Mars Climate General Circulation Model to
simulate the evaporation of RSL-producing surface water and
quantify the magnitude and temporal duration of water vapor
content that might be anticipated in response to inferred RSL
surface water release. Finally, we will assess the ability of past and
future orbiter-based instruments to detect such water vapor
quantities.

Author(s): Jodi Berdis , Jim Murphy , Robert John Wilson
Institution(s): 1. NASA Ames Research Center, 2. New Mexico
State University

418.16 – The Role of CO  Clouds on the Stability of
the Early Mars Atmosphere Against Collapse
The early Mars atmosphere was likely significantly more massive
than it is today, given the growing body of evidence that liquid
water flowed on the surface early in the planet’s history. Although
the CO  inventory was likely larger in the past, there is much we
still do not understand about the state of that CO . As surface
pressure increases, the temperature at which CO  condenses also
increases, making it more likely that CO  ice would form and
persist on the surface when the atmospheric mass increases. An
atmosphere that is stable against collapse must contain enough
energy, distributed globally, to prohibit the formation of
permanents CO  ice reservoirs that lead to collapse. The presence
of the “faint young sun” compounds this issue. Previous global
climate model (GCM) investigations show that atmospheres
within specific ranges of obliquities and atmospheric masses are
stable against collapse. We use the NASA Ames Mars GCM to
expand on these works by focusing specifically on the role of CO
clouds in atmospheric stability. Two end member simulations are
executed, one that includes CO  cloud formation and one that
does not. The simulation that explicitly includes CO  clouds is
stable, while the simulation without CO  clouds collapses into
permanent surface CO  reservoirs. In both cases, significant
atmospheric condensation is occurring in the atmosphere
throughout the year. In the case without CO  clouds, all
atmospheric condensation (even if it occurs at altitude) leads
directly to the accumulation of surface ice, whereas in the case
with CO  clouds, there is a finite settling timescale for the cloud
particles. Depending on this timescale and the local conditions,
the cloud particles could stay aloft or sublimate as they fall
toward the surface. Thus, the striking difference between these
two cases illustrates the important role of CO  clouds. We plan to
conduct and present further simulations to better understand
how atmospheric stability depends on the details of CO  cloud
microphysical processes and assumptions.

Author(s): Melinda A. Kahre , Robert Haberle , Kathryn
Steakley , Jim Murphy , Alexandre Kling
Institution(s): 1. BAER Institute, 2. NASA Ames Research
Center, 3. New Mexico State University

418.17 – Understanding the twists and turns of
martian linear gullies
Since “linear gullies” were first identified on the martian surface
on the Russell Crater megadune, these long, relatively uniform-
width troughs-with-terminal-pits have engendered much debate
about their formation mechanism. A broad model of subliming
CO  ice blocks sliding down the sandy slopes (Diniega et al.,
2013, Icarus 225) seems the most probable, but this model needs
refinement to account for the large range of observed linear gully
morphologies. The first survey of martian linear gullies by
Pasquon et al. (2016, Icarus 274) identified three regions
containing linear gullies – Hellespontus (~45°S, 40°E), Aonia
Terra (~50°S, 290°E), and Jeans (~70°S, 155°E) – on the slopes
of dunes with a range of shapes and sizes. Within several fields
within each region, we have collected morphological
measurements and evidence of present-day activity, over the last
four Mars years. Comparing our measurements with Pasquon et
al.’s, we have found differences between linear gullies found in
the different fields, which we hypothesize are due to regional
environmental differences. This presentation focuses on the
occurrence of sinuosity within the linear gully troughs. Within a
single linear gully the trough can veer from a sinuosity ratio of 1
(i.e., straight) to >1.3. The curves can have a wavelength from ~1
to >10 times the trough width, and magnitude of a few times the
trough width. Within a cluster of linear gullies, the features will
generally start and end in the same areas and go in the overall
same direction (i.e., they don’t cross or diverge significantly away
from each other), but can have very different amounts of
sinuosity. We investigate correlations between sinuosity and the
feeder “alcove” shape and size, the underlying slope and small-
scale topography, and environmental variations such as long-
retained frost deposits.

Author(s): Serina Diniega , Matthew Maclay , Vicente
Ochoa , Kimberly Marie Morales , Mary Bourke , Candice
Hansen , Jim McElwaine , Joanna Nield
Institution(s): 1. Arizona State University, 2. Carleton College,
3. Jet Propulsion Laboratory, California Institute of Technology,
4. Planetary Science Institute, 5. University of Southern
California, 6. University of Southhampton

418.19 – CO2 Jets and Wind Patterns on Mars
In Martian winters, the poles get covered by a layer of transparent
CO2 ice. In spring, sunlight causes substrate under the ice to heat
up which sublimates CO2 under the ice. The accumulating gas
eventually causes the ice above it to rupture and the CO2 and
substrate mixture spews out like a geyser and settles back down
on the surface. The shape, size, and alignment of the deposits on
the surface as viewed by the HiRISE camera are related to
physical processes like sublimation, weather, and wind on Mars.
The jet deposits are identified by citizen scientists on a website
called Planet Four. Users are shown sections of HiRISE images
and asked to mark different surface features with different tools.
The markings are averaged, filtered, and sorted to ensure that the
data accurately represents the images. By analyzing trends in the
change of different characteristics of these surface features over
time, we conclude that different regions on Mars have different
sublimation processes and different wind patterns. We also
conclude that wind and weather patterns generally repeat from
year to year, and that sediment deposits affect local weather as
well. 

Author(s): Chase Hatcher , K-Michael Aye , Ganna
Portyankina
Institution(s): 1. The University of North Carolina at Chapel
Hill, 2. University of Colorado - Boulder

418.20 – Constraining physical properties of
compositionally-distinct Martian bedrock surfaces
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using overlapping THEMIS observations and the
KRC thermal model
The physical properties of Martian surface materials (e.g. grain
size, cohesion, porosity, amount of induration, rock abundance,
etc.) provide clues to the origins of, and processes involved (e.g.
sedimentary, effusive volcanic, pyroclastic) in, forming rock
outcrops on Mars. Many outcrop surfaces likely possess vertical
heterogeneity in the near-surface (<3 cm), caused by processes
such as sediment transport, induration, or physical weathering,
that can mask the true thermal properties of outcrop materials.
However, this heterogeneity can cause unique and predictable
temperature patterns both seasonally and diurnally, which we can
use to ultimately determine both the nature of vertical
heterogeneity and the thermal inertia of the outcrop below. To do
this, we use the KRC thermal model to model surface
temperatures and thermal inertias from overlapping Mars
Odyssey THEMIS surface temperature observations spanning
multiple seasons and local times. We constrain top layer particle
sizes from TES and CRISM spectral observations. Currently, we
are focusing on chloride-bearing units in Terra Sirenum and
Meridiani Planum and spectrally-distinct mafic and feldspathic
bedrock units with uncertain origins and histories in Noachis
Terra and Nili Fossae. The variations in apparent thermal inertia
over local times and seasons suggests that most of these surfaces
are consistent with low thermal inertia materials (~200 tiu)
overlying moderately-high thermal inertia (600 tiu) surfaces.
Work will be ongoing to further constrain top and lower layer
thermal inertias for these areas and other spectrally and
physically-distinctive outcrops over the surface of Mars.

Author(s): Alexandra Ahern , A. Deanne Rogers
Institution(s): 1. Stony Brook University

418.21 – The M project
An essential part of revealing the past conditions that occurred at
the surface of Mars is determining its mineralogy. Igneous
compositions can provide insight into mechanisms such as crustal
formation, magma differentiation and volcanic activity, while
clays, salts and other altered phases can constrain the past liquid
water environments on/near the surface. The visible near-
infrared imaging spectrometer OMEGA on board the ESA Mars
Express mission provided major steps in our understanding of the
composition of the Martian surface by mapping anhydrous and
hydrated minerals (Riu et al. 2017; Carter et al. 2017). The
ultimate step in interpreting IR OMEGA data is a quantitative
retrieval of mineral abundances from the modeling of spectra of
selected terrains. So far, such an approach was performed on
restricted areas of the surface using a radiative transfer model
(Poulet et al., 2009, 2014). The purpose of the M  (Modal
Mineralogy of Mars) project is thus to provide global distributions
of Martian surface minerals using previous OMEGA
investigations, and to distribute the mineral maps to the science
community through the web portal PSUP (Poulet et al. 2017).
Two types of terrains are considered: type 1: mafic-bearing ones;
type 2: hydrated deposits. 
For type-1 terrains, a 3-D global image cube was constructed
containing atmospheric- and aerosol-corrected NIR spectra
distributed over 32px/° and +/-60° of latitude with a surface
coverage of 90%. NIR reflectance spectra were modeled to
retrieve mineral abundances and particle grain sizes of the mafic-
bearing terrains. This work is completed with final maps
presented this year (Riu et al. 2017). 
For type-2 terrains, a specific approach is required. First,
signatures of hydrated minerals are detected for each single
OMEGA cube. Second, the spectral modeling is applied to each
pixel and then the modeled abundances are averaged when
overlapping observations occur for a specific location. The
validation of this approach has been performed on two regions
that exhibit the greatest mineral diversity of hydrated minerals on
Mars: Nilo-Syrtis region and Mawrth Vallis/Oxia Planum region.
Mineral maps of various hydrated and primary phases will be
presented.

Author(s): Francois Poulet , John Carter , Lucie Riu ,
Antoine Martinez , Jean-Pierre Bibring , Brigitte Gondet , Yves
Langevin
Institution(s): 1. Institut d'Astrophysique Spatiale

418.22 – Effects of Martian Surface Materials on
the Thermal Decomposition of Hydrogen Peroxide
While hydrogen peroxide (H O ) has been detected in the
martian atmosphere, it has not been detected in surface
materials. Since the Viking lander mission, we have sent
instruments to Mars with the capability to detect H O . The
Sample Analysis at Mars (SAM) instrument onboard the Curiosity
Rover and Thermal and Evolved Gas Analyzer (TEGA) instrument
on the Phoenix lander both detected water and oxygen releases
from analyzed sediments but whether or not peroxide could be
the source of these gases has not been investigated. We are
investigating the possible presence of H O  in martian materials
by analyzing Mars-relevant minerals that have been mixed with
hydrogen peroxide using lab instruments configured as analogs to
Mars mission instruments. 
The object of this research is to use lab instruments to find the
effects of Mars analog minerals on hydrogen peroxide gas release
temperatures, specifically gas releases of water and oxygen and
also determine the effect of the peroxide on the minerals. Data
that we get from the lab can then be compared to the data
collected from Mars. 
The minerals hematite, siderite, San Carlos olivine, magnetite and
nontronite were chosen as our Mars analog minerals. ~20 mg of
analog Mars minerals with 5µl of 50% H O , and were either run
immediately or placed in a sealed tube for 2, 4, or 9 days to look
for changes over time with two reps being done at each time step
to determine repeatability. Each sample was heated from -60 °C
to 500 °C at 20 °C/min and the evolved gases were monitored
with a mass spectrometer. Each sample was also analyzed with an
X-ray diffraction instrument to look for changes in mineralogy. 
Preliminary results show three potential outcomes: 1) peroxide
has no effect on the sample (e.g., hematite), 2) the mineral is
unaffected but catalyzes peroxide decomposition (magnetite,
siderite), or 3) peroxide alters the mineral (pyrrhotite, San Carlos
olivine).

Author(s): Rudger H Dame , Paul Douglas Archer , Joanna
C Hogancamp
Institution(s): 1. Brigham Young University, 2. Geocontrols
Systems Inc., 3. Jacobs

418.23 – Large Eddy Simulation of Dust Devils on
Mars Using MarsWRF
Large eddy simulations (LES) of convective cells and vortices in
the Martian convective boundary layer are performed employing
a Mars version of the Weather Research and Forecasting model
(WRF), adapted to use periodic boundary conditions. A wind
stress dust lifting scheme is used to determine dust lifting, and
the lifted dust is entrained into the vortices to form dust devils.
Several cases are run at various locations in 1 deg x 1 deg domains
at horizontal resolutions of 100 to 300m. Surface albedo, thermal
inertia and solar forcing are set uniform across the domain, using
values obtained from the MarsWRF General Circulation Model
(GCM) at the same locations. This is for greater realism, and to
facilitate later comparison with planetary boundary layer (PBL)
and dust devil predictions based on sub-grid scale
parameterizations in the GCM. 
An initial case with passive dust (no radiative response to the dust
lifted) enables the tracking of dust in the vortices during the
evolution of dust devils. The wind stress threshold that controls
dust particle lifting from the surface is tuned to make the column
dust opacity match that of the MarsWRF GCM. The simulation is
run from 5 am to 6 pm to cover the whole Martian daytime
period. From 11 am, near-surface convection begins to grow
intensively due to the rapidly increasing solar heating, and dust
devils start to form. The dust height as well as the PBL height
reach the highest level in the afternoon. Another case with
radiatively active dust is performed to investigate the feedback of
dust devils to the background atmosphere. Relationships between
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the size of convective cells, the number of dust devils, and the
PBL height are also investigated. The LES results are then
compared with those of the GCM at the same location to evaluate
the existing PBL and dust devil parameterization schemes. The
information obtained in this work can be used to improve our
understanding of dust devils on Mars and to improve
parameterizations used in the GCM.

Author(s): Zhaopeng Wu , Mark I. Richardson , Claire E.
Newman , Xi Zhang
Institution(s): 1. Aeolis Research, 2. University of California
Santa Cruz

418.24 – A Numerical Study of Convection in a
Condensing CO2 Atmosphere under Early Mars-
Like Conditions
Cloud convection of a CO  atmosphere where the major
constituent condenses is numerically investigated under a setup
idealizing a possible warm atmosphere of early Mars, utilizing a
two-dimensional cloud-resolving model forced by a fixed cooling
profile as a substitute for a radiative process. The authors
compare two cases with different critical saturation ratios as
condensation criteria and also examine sensitivity to number
mixing ratio of condensed particles given externally. 
When supersaturation is not necessary for condensation, the
entire horizontal domain above the condensation level is
continuously covered by clouds irrespective of number mixing
ratio of condensed particles. Horizontal-mean cloud mass density
decreases exponentially with height. The circulations below and
above the condensation level are dominated by dry cellular
convection and buoyancy waves, respectively. 
When 1.35 is adopted as the critical saturation ratio, clouds
appear exclusively as intense, short-lived, quasi-periodic events.
Clouds start just above the condensation level and develop
upward, but intense updrafts exist only around the cloud top;
they do not extend to the bottom of the condensation layer. The
cloud layer is rapidly warmed by latent heat during the cloud
events, and then the layer is slowly cooled by the specified
thermal forcing, and supersaturation gradually develops leading
to the next cloud event. The periodic appearance of cloud events

does not occur when number mixing ratio of condensed particles
is large.

Author(s): Kensuke Nakajima , Tatsuya Yamashita ,
Masatsugu Odaka , Ko-ichiro Sugiyama , Masaki Ishiwatari ,
Seiya Nishizawa , Yoshiyuki O Takahashi , Yoshi-Yuki Hayashi
Institution(s): 1. Department of Planetology, and Center for
Planetary Science, Kobe University, 2. Geodetic Department,
Geospatial Information Authority of Japan, 3. Hokkaido Univ.
Dept. Cosmosciences, 4. Kyushu Univ. Dept. Earth and
Planetary Sci., 5. National Institute of Technology, Matsue
College, 6. RIKEN Advanced Institute for Computational Science

418.25 – Mars NanoOrbiter: A CubeSat for Mars
System Science
 
The Mars NanoOrbiter mission consists of two identical 12U
spacecraft, launched simultaneously as secondary payloads on a
larger planetary mission launch, and deployed to Earth-escape, as
early as with Mars 2020. The nominal mission will last for 1 year,
during which time the craft will independently navigate to Mars,
enter into elliptical orbit, and achieve close flybys of Phobos and
Deimos, obtaining unprecedented coverage of each moon. The
craft will additionally provide high temporal resolution data of
Mars clouds and atmospheric phenomena at multiple times of
day. Two spacecraft provide redundancy to reduce the risk in
meeting the science objectives at the Mars moons and enhanced
coverage of the dynamic Mars atmosphere. This technology is
enabled by recent advances in CubeSat propulsion technology,
attitude control systems, guidance, navigation and control.
NanoOrbiter builds directly on the systems heritage of the MarCO
mission, scheduled to launch with the 2018 Discovery mission
Insight.

Author(s): Bethany Ehlmann , Andrew Klesh , Talal
Alsedairy
Institution(s): 1. Caltech, 2. JPL, 3. KACST

419.01 – Collisional Cascades Following Triton's
Capture
Neptune's moon Triton is widely thought to have been captured
from heliocentric orbit, most likely through binary dissociation
(Agnor and Hamilton, 2006). Triton's original eccentric orbit
must have been subsequently circularized by satellite tides
(Goldreich et al. 1989). Cuk and Gladman (2005) found that
Kozai oscillations make early tidal evolution inefficient, and have
proposed that collisions between Triton and debris from pre-
existing satellites was the dominant mechanism of shrinking
Triton's large post-capture orbit. However, Cuk and Hamilton
(DPS 2016), using numerical simulations and results of Stewart
and Leinhardt (2012), have found that collisions between regular
satellites are unlikely to be destructive, while collisions between
prograde moons and Triton are certainly erosive if not
catastrophic. An obvious outcome would be pre-existing moon
material gradually grinding down Triton and making it reaccrete
in the local Laplace plane, in conflict with Triton's large current
inclination. We propose that the crucial ingredient for
understanding the early evolution of the Neptunian system are
the collisions between the moons and the prograde and
retrograde debris originating from the pre-existing moons and
Triton. In particular, we expect early erosive impact(s) on Triton
to generate debris that will, in subsequent collisions, disrupt the
regular satellites. If the retrograde material were to dominate at
some planetocentric distances, the end result may be a large cloud
or disk of retrograde debris that would be accreted by Triton,
shrinking Triton's orbit. Some of the prograde debris could
survive in a compact disk interior to Triton's pericenter,
eventually forming the inner moons of Neptune. We will present
results of numerical modeling of these complex dynamical
processes at the meeting.

Author(s): Matija Cuk , Douglas P. Hamilton , Sarah T.
Stewart-Mukhopadhyay
Institution(s): 1. SETI Institute, 2. University of California, 3.
University of Maryland

419.02 – Molecular diagnostics of FUV and
accretion-related heating in protoplanetary disks
Emission lines from the terrestrial planet forming regions of disks
are diagnostic of both the physical processes that heat the gas and
the chemistry that determines the inventory of nebular material
available during the epoch of planet formation. Interpreting
emission spectra is informed by models of radiative, thermal,
physical, and chemical processes, such as: (i) the radiation
transfer of X-rays and FUV --- both continuum and Ly-alpha, (ii)
direct and indirect heating processes such as the photoelectric
effect and photochemical heating, (iii) heating related to
turbulent processes and viscous dissipation, and (iv) gas phase
chemical reaction kinetics. Many of these processes depend on a
the spatial distribution of dust grains and their properties, which
temporally evolve during the lifetime of the disk and the
formation of planets. Studies of disks atmospheres often predict a
layered structure of hot (a few thousand K) atomic gas overlying
warm (a few hundred K) molecular gas, which is generally
consistent with the isothermal slab emission models that are used
to interpret emission spectra. However, detailed comparison
between observed spectra and models (e.g., comparing the total
columns and the radial extent of warm emitting species) is rare. 
 
We present results including the implementation of Ly-alpha
scattering, which is an important part of the photochemical
heating and FUV heating radiation budget. By including these
processes we find a new component of the disk atmosphere; hot
molecular gas at ~2000K within radial distances of ~0.5AU,
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which is consistent with observations of UV-fluorescent H2
emission (Ádámkovics, Najita & Glassgold, 2016). Constraining
the most optimistic contribution of radiative heating mechanisms
via X-rays and FUV together with a favorable comparison to
observations, allows us to explore and evaluate additional heating
mechanisms. We find that the total columns of warm (90-400K)
emitting molecules such as CO, arising directly below the
irradiated molecular layer, are diagnostic of the role of turbulent
(viscous) mechanical heating. We discuss how the total columns
of warm molecules in this layer may be diagnostic of the
magnetorotational instability (Najita & Ádámkovics, 2017).

Author(s): Mate Adamkovics , Joan R. Najita
Institution(s): 1. Clemson University, 2. National Optical
Astronomy Observatory

419.03 – Collisional Fragmentation Is Not a Barrier
to Close-in Planet Formation
Collisional fragmentation is shown to not be a barrier to rocky
planet formation at small distances from the host star. Simple
analytic arguments demonstrate that rocky planet formation via
collisions of homogeneous gravity-dominated bodies is possible
down to distances of order the Roche radius. Extensive N-body
simulations that include plausible models for fragmentation and
merging of gravity-dominated bodies confirm this conclusion and
demonstrate that rocky planet formation is possible for orbits
down to about 1.1 times the Roche radius. At smaller distances,
tidal effects cause collisions to be too fragmenting to allow mass
build-up to a final, dynamically stable planetary system. We argue
that even differentiated bodies can accumulate to form planets at
distances that are not much larger than the Roche radius.

Author(s): Joshua Wallace , Scott D. Tremaine , John E.
Chambers
Institution(s): 1. Carnegie Inst. of Washington, 2. Institute for
Advanced Study, 3. Princeton University

419.04 – Collisional Mass Loss and Change of
Volatile Content in Planet Formation
It is widely accepted that the majority of Earth’s water was
delivered to it by water carrying planetesimals and planetary
embryos from the outer part of the asteroid belt. Modern planet
formation simulations show this process with high resolution, but
typically still treat embryo growth and water delivery in a
rudimentary way: perfect merging is assumed whenever a
collision occurs. This neglects collisional loss of material –
especially volatiles – and hence leads to planetary water contents
that are far too high. Faced with the challenge of estimating
planetary embryo growth and their water content with increased
accuracy, we study typical collision scenarios from our previous
n-body simulations. These scenarios differ in the masses of the
involved planetary embryos, their water contents, the impact
angles, and the collision speeds. We perform several suites of
detailed simulations with our smooth particle hydrodynamics
(SPH) collision code covering part of the mentioned parameter
space. We thrive for deriving a reasonable analytic estimate for
collisional mass loss and volatile transfer that can (a) be included
efficiently in planet formation simulations and (b) be used as a
post-formation means to estimate realistic water budgets of
terrestrial planets. While more extensive parameter studies are
needed for deriving such a relation, we present first results valid
for the simulated range of masses, velocities, and collision angles
and discuss their implications for models of terrestrial planet
formation.

Author(s): Thomas I. Maindl , Nader Haghighipour ,
Christoph Burger , David Bancelin , Christoph Schaefer
Institution(s): 1. Department of Astrophysics, University of
Vienna, 2. Institut fuer Astronomie und Astrophysik,
Universitaet Tuebingen, 3. Institute for Astronomy, Univ. of
Hawaii

420.01 – New methods for deriving cometary
secular light curves: C/1995 O1 (Hale-Bopp)
revisited
We present an algorithm for reducing scatter and increasing
precision in a comet light curve. As a demonstration, we
processed apparent magnitudes of comet Hale-Bopp from 16
highly experienced observers (archived with the International
Comet Quarterly), correcting for distance from Earth and phase
angle. Different observers tend to agree on the difference in
magnitudes of an object at different distances, but the magnitude
reported by observer is shifted relative to that of another for an
object at a fixed distance. We estimated the shifts using a self-
consistent statistical approach, leading to a sharper light curve
and improving the precision of the measured slopes. The final
secular lightcurve for comet Hale-Bopp ranges from -7 au (pre-
perihelion) to +8 au (post-perihelion) and is the best secular light
curve produced to date for this “great” comet. We discuss Hale-
Bopp’s lightcurve evolution and possibly related physical
implications, and potential usefulness of this light curve for
comparisons with other future bright comets. We also assess the
appropriateness of using secular lightcurves to characterize dust
production rates in Hale-Bopp and other dust-rich comets. M.W.
acknowledges support from NSF grant AST-1615917.

Author(s): Maria Womack , Nathan Lastra , Olga
Harrington , Anthony Curtis , Kacper Wierzchos , Nicholas
Ruffini , Mentzer Charles , David Rabson , Timothy Cox , Isabel
Rivera , Anthony Micciche
Institution(s): 1. University of South Florida

420.02 – Chasing Manxes: Long-Period Comets
Without Tails
A Manx is a minor body on a long-period comet orbit that is
inactive or minimally active at small perihelion distances (where
water would be expected to be strongly sublimating), resulting in
the lack of a significant tail. These objects are being discovered at

a rate of about a dozen per year from large all-sky surveys, and
the Pan-STARRS1 telescope in Hawai'i is the most prolific at
discovering these weakly active objects. Manxes are theorized to
be planetesimals that formed in the inner solar system, perhaps
some even in the Earth-forming region, that were subsequently
ejected out into the Oort cloud due to the migration of Jupiter
and Saturn as the Solar System evolved. We use spectral
reflectivities obtained with the Gemini North 8m telescope and
ESO's Very Large Telescope to determine the surface composition
of these objects. The observed Manxes exhibit a wide variety of
surface properties, from primitive materials (i.e. C-, P- or D-
types) to anhydrous materials (i.e. S-types). The relative numbers
of objects with surface materials that are consistent with
relatively dry, rocky inner solar system material may be used to
constrain dynamical solar system formation models which make
different predictions about the amount and sources of material
that gets ejected to the Oort cloud. To date, we have observed 27
Manxes from 2013-2017. Here, we present preliminary results
from this survey of spectral reflectivities for various Manxes. In
addition, for some of the objects, we have sufficient heliocentric
photometry to model the activity in terms of water-ice
sublimation and can obtain estimates of the amount of near-
surface water in comparison to comets. This work is supported in
part by an NSF award AST-1617015, and is based in part on
observations obtained at the Gemini Observatory acquired
through the Gemini Observatory Archive (GN2015A-FT18,
GN2016A-Q15, GN2016A-FT22, GN2016B-Q19, GN-2016B-FT-
24, GN-2017A-Q-14) and the European Organisation for
Astronomical Research in the Southern Hemisphere under ESO
programmes 098.C-0303 and 099.C-0787.
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Author(s): Haynes Stephens , Karen Jean Meech , Jan
Kleyna , Jacqueline Keane , Olivier Hainaut , Bin Yang ,
Richard J. Wainscoat , Marco Micheli , Bhuwan Bhatt ,
Devendra Sahu
Institution(s): 1. ESA SSA-NEO Coordination Centre, 2.
European Southern Observatory, 3. Indian Institute of
Astrophysics, 4. University of California at Berkeley, 5.
University of Hawaii

420.03 – Behavioral Characteristics and CO+CO
Production Rates of Halley-Type Comets Observed
by NEOWISE
From the NEOWISE dataset of comet images, 11 different Halley-
Type Comets (HTCs) were identified and analyzed for dust
production rates (Afρ), CO+CO  production rates (Q ), and
nucleus size. The objects considered ranged in heliocentric
distance from 1.21 AU to 2.66 AU and were only considered when
showing signs of reasonable activity. When multiple epochs were
included and when combined with data from previous WISE and
NEOWISE studies, our dataset totaled to 21 observations; 13 of
which included active comets, and 7 for which we calculated
upper limits of production. Comet P/2010 JC81 was removed
from consideration due to clear inactivity. For this study, active
comets are defined as those which exhibit excess signal of at least
3σ in the 4.6 μm detection band, while comets for which upper
limits were calculated demonstrated excess signal of 1σ in the 4.6
μm detection band. Furthermore, we confirmed the nucleus size
of 27P, P/2006 HR30, C/2010 L5, P/2012 NJ, C/2016 S1. We
found that given the range in heliocentric distance for this sample
of HTCs, Afρ ranged from 0.790 ± 0.036 to 2.64 ± 0.14, and
Q  ranged from 25.08 ± 0.08 to 26.71 ± 0.12. No significant
correlation between dust production and heliocentric distance,
nor CO+CO  production with heliocentric distance was found for
this population. This poster will display production rates and
other physical properties of these HTCs, as well as place the
ensemble of HTC production rate properties into context.

Author(s): Joshua David Rosser , James M. Bauer , Amy K.
Mainzer , Emily A. Kramer , Joseph R. Masiero , Carrie
Nugent , Sarah M. Sonnett , Yanga R. Fernandez , Edward L.
Wright
Institution(s): 1. IPAC/Caltech, 2. Jet Propulsion Laboratory,
3. Planetary Science Institute, 4. University of California, 5.
University of Central Florida, 6. University of Rochester
Contributing team(s): WISE, NEOWISE

420.04 – Radio observations of comets 41P/Tuttle–
Giacobini–Kresák and 45P/Honda-Mrkos-
Pajdušáková with the Green Bank Telescope
We obtained 18cm OH spectra of comets 41P/Tuttle–Giacobini–
Kresák (TGK) in early 2017 and 45P/Honda-Mrkos-Pajdušáková
(HMP) in late 2016 and early 2017, using the Green Bank
Observatory 100m R. W. Byrd Green Bank Telescope (GBT).
Spectra of both comets were obtained at 1667 and 1665 MHz
(18cm wavelength) with a beam resolution of 7.4 arcminutes. In
spite of their close approaches to Earth, we only detected OH
spectral lines with the telescope beam centered on the nucleus of
the comets, so we are unable to make a direct constraint on
collisional quenching, but using estimated quenching, we can
obtain estimates for gas production rates. Spectral line widths
and derived gas outflow velocities are low compared to other
comets at these heliocentric distances, particularly for HMP, with
best-fit water outflow velocities of 0.7-0.8 km/s at production
rates around 2 x 10  molecules per second. Best-fit velocities for
TGK in mid-March, 2017 averaged 0.84 ± 0.04 km/s with gas
production rates 1-2 x 10  molecules per second. In addition, we
obtained Director's Discretionary Time to employ the ARGUS
mapping spectrometer at 90 GHz (3mm) to constrain emissions
from HCN and HCO+. We will present gas outflow velocities for
each detection and gas production rates or upper limits, as
derived from best fits of Monte Carlo simulations.

Author(s): Amy J. Lovell , Charlee Amason , Ellen S.
Howell , Brynn A. Presler-Marshall , Sarah E. Reid , Nichol
Cunningham , David T. Frayer , Felix J. Lockman , Sarah E.
Church
Institution(s): 1. Agnes Scott College, 2. Green Bank
Observatory, 3. Lunar and Planetary Lab, University of
Arizona, 4. Stanford University

421.01 – Analysis of cloud microphysical processes
on extrasolar giant planet atmospheres
With an increasing rate of exoplanetary discovery, especially
Brown dwarfs and Hot Jupiters, it is becoming necessary to
profile and characterize the atmospheres of these bodies. Transit
spectroscopy plays a vital role in determining atmospheric
composition, but the presence of cloud layers creates a
degeneracy in the spectra, in that several features can be
explained equally well with cloudy and cloud-free atmospheres
(e.g. Line and Parmentier, 2016). While equilibrium cloud
condensation models (ECCM) predict the presence of various
condensable cloud layers, it is important to analyze their
dynamics and stability. This is a significant challenge, even with a
general circulation model (GCM), as various characteristics of the
atmosphere (e.g. abundance of condensable species) are difficult
to obtain. We demonstrate a 1-dimensional microphysics model
for condensable clouds with a focus on the rates of cloud growth
and decay, which would allow us to diagnose the dynamics and
stability of cloud formation on these exotic atmospheres. We
present an analysis of the timescales of microphysical processes
of condensable clouds such as Fe and KCl, with attention to those
in Hot Jupiter atmospheres.

Author(s): Ramanakumar Sankar , Csaba J. Palotai
Institution(s): 1. Florida Institute of Technology

421.02 – Searching for Exoplanets using Artificial
Intelligence
In the last decade, over a million stars were monitored to detect
transiting planets. The large volume of data obtained from
current and future missions (e.g. Kepler, K2, TESS and LSST)
requires automated methods to detect the signature of a planet.
Manual interpretation of potential exoplanet candidates is labor
intensive and subject to human error, the results of which are
difficult to quantify. Here we present a new method of detecting
exoplanet candidates in large planetary search projects which,
unlike current methods uses a neural network. Neural networks,
also called ``deep learning'' or ``deep nets'', are a state of the art
machine learning technique designed to give a computer
perception into a specific problem by training it to recognize
patterns. Unlike past transit detection algorithms, the deep net
learns to characterize the data instead of relying on hand-coded
metrics that humans perceive as the most representative.
Exoplanet transits have different shapes, as a result of, e.g. the
planet's and stellar atmosphere and transit geometry. Thus, a
simple template does not suffice to capture the subtle details,
especially if the signal is below the noise or strong systematics are
present. Current false-positive rates from the Kepler data are
estimated around 12.3% for Earth-like planets and there has been
no study of the false negative rates. It is therefore important to
ask how the properties of current algorithms exactly affect the
results of the Kepler mission and, future missions such as TESS,
which flies next year. These uncertainties affect the fundamental
research derived from missions, such as the discovery of habitable
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422 – Mercury, Venus, and Mars: iPoster

planets, estimates of their occurrence rates and our
understanding about the nature and evolution of planetary
systems.

Author(s): Kyle Alexander Pearson , Leon Palafox , Caitlin
Ann Griffith
Institution(s): 1. University of Arizona

421.03 – A Model of the Hα and Na Transmission
Spectrum of HD 189733b
The hot gas in the upper thermosphere of hot Jupiter sets the
boundary condition for understanding the rate of gas escape.
Among current detections, Hα and Na transmission spectrum
may play an important role in understanding the conditions in
the planet's thermosphere. I present a detailed atmosphere model
and comparison of Hα and Na model transmission spectra to the
data, with the goal of constraining the temperature, particle
densities and radiation field in the region where the absorption
line is formed. 
A hydrostatic atmosphere is constructed over the pressure range
10  - 10 μbar. Ionization equilibrium and balance of heating and
cooling processes are enforced at each level of the atmosphere.
The Lyα radiation intensity is computed using a Monte-Carlo
code which includes resonant scattering, as well as photon
destruction. Both the incident stellar Lyα and internal sources
due to recombination cascade and collisional excitation are
included. The atomic hydrogen level population is computed
including both collisional and radiative transition rates. 
The model transmission spectra are in broad agreement with the
data. Excitation of the H(n=2) population is mainly by Lyα
radiative excitation due to the large Lyα intensity. The density of
H(n=2) is nearly flat over two decades in pressure, and is
optically thick to Hα. Additional models computed for a range of
stellar Lyman continuum (LyC) flux suggest that the variability in
transit depth may be due to the variability in the stellar LyC.

Since metal lines provide the dominant cooling of this part of the
atmosphere, the atmosphere structure is sensitive to the density
of species such as Mg and Na which may themselves be
constrained by observations. Since the Hα and Na D lines have
comparable absorption depths, we argue that the center of the Na
D lines are also formed in the atomic layer where the Hα line is
formed.

Author(s): Chenliang Huang , Phil Arras , Duncan
Christie , Zhi-Yun Li
Institution(s): 1. University of Florida, 2. University of
Navada, Las Vegas, 3. University of Virginia

421.04 – Mass Determination of Kepler-46b and
Kepler-46c from Transit Timing Variations
Transit Timing Variations (TTVs) are changes of planetary transit
times relative to a linear ephemeris. TTVs can be caused by
gravitational perturbations on the transiting planet by other
planets in the system. We use 16 quarters of the Kepler mission to
confirm that theTTVs of Kepler-46b, are produced by an outer,
non trasiting planet Kepler-46c. Using a version of the symplectic
integrator SWIFT, adapted to calculate the mid-transit times of
Kepler-46b, combined with the Bayesian inference algorithm
MultiNest, we derive a set of 12 dynamical parameters for the
system of two planets. We discuss the orbital configuration and
stability of the planetary system, including the mass and density
of Kepler-46b.

Author(s): Ximena Beatriz Beatriz Saad Olivera , David
Nesvorny , David M. Kipping , Fernando Virgilio Roig
Institution(s): 1. Columbia University, 2. Observatorio
Nacional, 3. Southwest Research Institute

422.01 – Detection of Mercury's Potassium Tail
Ground-based observations of Mercury's exosphere bridge the
gap between the MESSENGER and BepiColombo missions and
provide a broad counterpart to their in situ measurements. Here
we report the first detection of Mercury's potassium tail in both
emission lines of the D doublet. The sodium to potassium
abundance ratio at 5 planetary radii down-tail is approximately
95, near the mid-point of a wide range of values that have been
quoted over the planet's disk. This is several times the Na/K
present in atmospheres of the Galilean satellites and more than
an order of magnitude above Mercury's usual analogue, the
Moon. The observations confirm that Mercury's anomalously
high Na/K ratios cannot be explained by differences in neutral
loss rates. The width and structure of the Na and K tails is
comparable and both exhibit a persistent enhancement in their
northern lobe. We interpret this as a signature of Mercury's offset
magnetosphere; the exosphere's source rates are locally enhanced
at the southern surface, and sloshing from radiation pressure and
gravity guides this population into the northern region of the tail.

Author(s): Carl Schmidt , Francois Leblanc , Luke Moore ,
Thomas A. Bida
Institution(s): 1. Boston University, 2. LATMOS, 3. Lowell
Observatory

422.02 – Analysis of Venusian Atmospheric Two-
Dimensional Winds and Features Using Venus
Express, Akatsuki, and Ground-Based Images
We investigate the horizontal dynamics of Venus’s atmosphere at
cloud-top level. In particular, we focus on the atmospheric
superrotation, in which the equatorial atmosphere rotates with a
period of approximately 4-5 days (~60 times faster than the solid
planet). The superrotation’s forcing and maintenance
mechanisms remain to be explained. Temporal evolution of the
zonal (latitudinal direction) wind could reveal the transport of
energy and momentum in/out of the equatorial region, and
eventually shed light on mechanisms that maintain the Venusian

superrotation. As a first step, we characterize the zonal mean
wind field of Venus between 2006 and 2013 in ultraviolet images
captured by the Venus Monitoring Camera (VMC) on board the
ESA Venus Express (VEX) spacecraft which observed Venus’s
southern hemisphere. Our measurements show that, between
2006 and 2013, the westward wind speed at mid- to equatorial
latitudes exhibit an increase of ~20 m/s; these results are
consistent with previous studies by Kouyama et al. 2013 and
Khatuntsev et al. 2013. The meridional component of the wind
could additionally help us characterize large-scale cloud features
and their evolution that may be connected to such superrotation.
We also conduct ground-based observations contemporaneously
with JAXA’s Akatsuki orbiter at the 3.5 m Astrophysical Research
Consortium (ARC) telescope at the Apache Point Observatory
(APO) in Sunspot, NM to extend our temporal coverage to
present. Images we have captured at APO to date demonstrate
that, even under unfavorable illumination, it is possible to see
large features that could be used for large-scale feature tracking
to be compared to images taken by Akatsuki. Our work has been
supported by the following grants: NASA PATM NNX14AK07G,
NASA MUREP NNX15AQ03A, NSF AAG 1212216, and JAXA’s
ITYF Fellowship. 
Kouyama, T. et al (2013), J. Geophys. Res. Planets, 118, 37–46,
doi:10.1029/2011JE004013. 
Khatuntsev et al. (2013), Icarus, 226, 140-158,
doi:10.1016/j.icarus.2013.05.018

Author(s): Ryan M. McCabe , Jacob Gunnarson , Kunio M.
Sayanagi , John J. Blalock , Javier Peralta , Candace L. Gray ,
Kevin McGouldrick , Takeshi Imamura , Shigeto Watanabe
Institution(s): 1. Apache Point Observatory, 2. Hampton
University, 3. Hokkaido Information University, 4. ISAS, JAXA,
5. LASP, University of Colorado

422.03 – Reconciling the Dawn–Dusk Asymmetry
in Mercury’s Exosphere with the Micrometeoroid
Impact Directionality
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500 – Origins of Planetary Systems I

Combining dynamical models of dust from Jupiter-family comets
and Halley-type comets, we demonstrate that the seasonal
variation of the dust/meteoroid environment at Mercury is
responsible for producing the dawn–dusk asymmetry in
Mercury’s exosphere observed by the MESSENGER spacecraft.
Our latest models, calibrated recently from ground-based and
space-borne measurements, provide unprecedented statistics that
enable us to study the longitudinal and latitudinal distribution of
meteoroids impacting Mercury’s surface. We predict that the
micrometeoroid impact vaporization source is expected to
undergo significant motion on Mercury’s surface toward the
nightside during Mercury’s approach to aphelion and toward the
dayside when the planet is approaching the Sun.

Author(s): Petr Pokorny , Menelaos Sarantos , Diego
Janches
Institution(s): 1. NASA - GSFC, 2. The Catholic University of
America

422.05 – Discovery of araneiforms outside of the
South Polar Layered Deposits
Mars' south polar region is sculpted by the seasonal cycle of
freezing and thawing of exposed carbon dioxide (CO ) ice. In the
Southern Spring, CO jets loft dust and dirt through cracks in the
sublimating CO  ice sheet to the surface where winds blow the
material into the hundreds of thousands of dark fans observed
from orbit. During this seasonal process, it is thought that the
CO  gas also exploits weaknesses in the surface below the ice
sheet to carve dendritic channels known as araneiforms. Planet
Four: Terrains (http://terrains.planetfour.org) is a citizen science
project enlisting the general public to review ~6 m/pixel

resolution Mars Reconnaissance Orbiter (MRO) Context Camera
(CTX) subimages to identify: (1) araneiforms (including features
with a central pit and radiating channels known as ‘spiders’); (2)
erosional depressions, troughs, mesas, ridges, and quasi-circular
pits characteristic of the South Polar Residual Cap (SPRC) which
we collectively refer to as ‘Swiss cheese terrain’, and (3) craters. 
 
We provide an overview of Planet Four: Terrains and discuss the
distributions of our high confidence classic spider araneiforms
and Swiss cheese terrain identifications in CTX images covering
11% of the South polar regions at latitudes ≤ −75 degrees N.
Previously spiders were reported as being confined to the South
Polar Layered Deposits (SPLD). We present the first
identification of araneiforms at locations outside of the SPLD and
discuss the implications for the CO  jet hypothesis. 
 
Acknowledgements: This work uses data generated via the
Zooniverse.org platform, development of which was supported by
a Global Impact Award from Google, and by the Alfred P. Sloan
Foundation. We also thank the HIRSE and MRO Teams for their
help in scheduling and acquiring our requested observations.

Author(s): Megan E. Schwamb , K-Michael Aye , Ganna
Portyankina , Candice Hansen , Chris J. Lintott , Campbell
Allen , Sarah Allen , Fred J. Calef , Simone Duca , Adam
McMaster , Grant R.M Miller
Institution(s): 1. Adler Planetarium, 2. Gemini Observatory, 3.
JPL, 4. LASP, 5. Planetary Science Institute, 6. University of
Oxford

500.01 – Narrow Circumstellar Debris Rings in
Young Systems: Evidence for Planetary Formation
From Multiple Subcores?
In the last few decades, a number of young debris disk systems
have been identified with extremely thin, but very bright, outer
circumstellar rings composed of comet-like bodies at 75 - 200 AU
from their parent stars (e.g. Fomalhaut, HR4796A, HD32297).
Using remote observations of these systems (incl. the latest GPI,
SPHERE, ALMA, and SpeX results), we show how the ring
brightnesses denote mass densification on planetesimal to
planetary mass scales. The narrowness of the rings, however,
require dynamically cold, highly densified orbital populations, as
we can rule out other formation scenarios such as thin disk
sublimation fronts from the observations. Planetary accretion
activity, expected in such a population, would stir up the
velocities for any population to ~V  of the nascent planet, so
that any accreting bodies must have Mass < M  in order to
have V  << V  ~few km/sec. Yet more than M
worth of dust is found in these rings. The only apparent solution
to these issues is that multiple small bodies are coalescing in
these rings, and that these rings are sheparded into narrow
structures by the multiple bodies. This scenario agrees with
Izidoro et al. 2015's argument that ice giant planet formation
occurs via multiple subcores. We also present evidence that
unlike Fomalhaut and HD32297, the HR4796A ring material is
unusually red and devoltilized due to local thermal conditions, so
that rocky and not ice-rich planetary cores are being formed
there.

Author(s): Casey M. Lisse , Michael L. Sitko , Massimo
Marengo
Institution(s): 1. Iowa State Univ., 2. Johns Hopkins Univ., 3.
Univ. of Cincinnati

500.02 – On the Origin of Banded Structure in
Dusty Protoplanetary Discs: HL Tau and TW Hya
We present simulations of planet-planetesimal interactions that
can reproduce major and minor banded structure in the HL Tau
and TW Hya discs provided that small grains trace the
dynamically cold planetesimal population. The consequences of
the model and its limitations will be discussed. In particular, the

model requires that planetesimals form throughout the disc at
early times, that planetesimal-planetesimal collisions are
predominately among the cold population, and that pebble
accretion leads to mass redistribution of the small grains onto
planetesimals before the grains can undergo significant radial
drift. The meteortic record may suggest that a similar process
occurred in the Solar System. The model implies that grain size
distributions inferred from submm/mm studies may reflect early
debris processes rather than grain growth.

Author(s): Aaron C. Boley
Institution(s): 1. The University of British Columbia

500.03 – Characterization of beta pic and its planet
from Dome C, Antarctica
The Beta Pictoris system is unique: It is a young (20Ma), very
bright star, with a debris disk seen edge-on, and a directly imaged
planet, Beta Pic b. In addition, the planet, which has a probable
18 years orbital period, is due to nearly transit in front of its star
during 2017. In 1981 a mysterious event has been invoked as
possibly due to the same planet transiting the star. The unique
opportunity of this configuration led an international consortium
to follow the star photometrically and by radial velocimetry. I will
present the observations conducted from the Concordia base,
Antarctica with the ASTEP photometric telescope continuously
from March to October 2017. The lightcurves of excellent quality
allow a clear determination of the pulsation frequencies of the
star (a Delta Scuti) and the possibility to detect signs of Beta Pic b
or its perturbations of the disk, possible rings or large moons, and
additional planets. At the time of the presentation, the
observations will have just ended, enabling a complete analysis.

Author(s): Tristan Guillot , Djamel Mekarnia , Lyu Abe ,
Abdelkrim Agabi , Francois-Xavier Schmider , Eric Chapellier ,
Lionel Bigot
Institution(s): 1. Obs. de La Cote D' Azur
Contributing team(s): ASTEP Team

500.04 – Dust production by collisional grinding
during Planetesimal-Driven Migration
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501 – Centaurs and Kuiper Belt Objects: Rings and Collisional Families

Many main-sequence stars are surrounded by optically thin disks
of dust in the absence of any detectable gas (e.g. Su et al. 2006,
Meyer et al. 2008). IR and sub-millimeter observations suggest
that most of the observed emission comes from grains with sizes
between 1-100 microns. Since radiation forces are expected to
remove these grains on timescales much shorter than the age of
the parent stars (Backman & Parsce 1993, Wyatt 2008), it implies
that some process is replenishing the dust, such as collisional
grinding. The latter requires large impact velocities between
planetesimals, which can be achieved if large objects are
dynamically exciting a disk of 1-10km planetesimals. Such debris
disks could be hosting ongoing planet formation, and present a
powerful tool to test planet formation theories. 
If a planet is embedded in a gas-free planetesimal disk, the
mutual gravitational interactions will force the planet to migrate
(e.g. Fernandez & Ip 1984). Planetesimals situated along the
direction of migration can be trapped in mean motion resonances
(MMRs) with the planet (Malhotra 1993, 1995, Hahn & Malholtra
1999). Planetesimals trapped in such resonances will have their
eccentricities pumped to large values as the planet continues to
migrate, thereby leading to energetic collisions and dust
production (Wyatt 2003, Reche et al. 2008, Mustill & Wyatt
2011). 
We have performed an extensive suite of simulations in which we
explore the likelihood that a given set of disk parameters (mass,
surface density slope, number of planetesimals) can sustain
planetesimal-driven migration (PDM). We confirm the strong
dependence on resolution found in previous works (e.g. Kirsch et
al 2009), and find that an embryo to planetesimal mass ratio of
400 is necessary to mitigate the effects of stochasticity, which
may cause migration to stall and/or reverse. After having
identified disks suitable for sustained PDM, we model their
evolution using LIPAD (Levison et al. 2012) taking into account
collisional grinding. We will present results on the dust signatures
that can be expected from such systems.

Author(s): Julien Salmon , Kevin J. Walsh , Harold F.
Levison
Institution(s): 1. Southwest Research Institute

500.05 – Evolution of migrating protoplanets
heated by pebble accretion
We study the interactions in a protoplanetary system consisting
of a gas disk, a pebble disk and embedded low-mass protoplanets.
The hydrodynamic simulations are performed using a new code
based on 2D FARGO (Masset 2000) which we call
FARGO_THORIN (http://sirrah.troja.mff.cuni.cz/~chrenko/).
The code treats the hydrodynamics of gas and pebbles within a
two-fluid approximation, accounts for the heating and cooling
processes in the gaseous component (including heating due to
pebble accretion) and propagates the planets in 3D using a high-
order integration scheme (IAS15; Rein & Spiegel 2015). Our aim
is to investigate how pebble accretion alters the orbital evolution
of protoplanets undergoing Type-I migration. 

First, we demonstrate that pebble accretion can heat the

protoplanets so that their luminosity induces the heating torque
(Benítez-Llambay et al. 2015) and the hot-trail effect (Chrenko et
al. 2017; Eklund & Masset 2017). The heating torque is always
positive and alters the migration rates and directions profoundly,
thus changing the position of planet traps and deserts. The hot-
trail effect, on the other hand, pumps the eccentricity of initially
circular orbits up to e ~ h. After becoming eccentric, the
protoplanets exhibit reduced probability of resonant locking
during the migration and moreover, their close encounters
become more frequent and provide more opportunities for
scattering or merger events. The mergers can be massive enough
to become giant planet cores. We discuss the importance of the
excited eccentricities and violent orbital evolution for the
extrasolar planet population synthesis. Finally, we present an
extended model with flux-mean opacities caused by a coupled
disk of coagulating dust grains with a realistic size distribution.
The aim of this model is to constrain possible pathways of
migrating planets towards the inner rim of the protoplanetary
disk.

Author(s): Ondrej Chrenko , Miroslav Broz , Michiel
Lambrechts
Institution(s): 1. Charles University, 2. OCA

500.06 – Insights into the Streaming Instability in
Protoplanetary Disks
The streaming instability is a leading mechanism to concentrate
particles in protoplanetary disks, thereby triggering planetesimal
formation. I will present recent analytical and numerical work on
the origin of the streaming instability and its robustness. Our
recent analytic work examines the origin of, and relationship
between, a variety of drag-induced instabilities, including the
streaming instability as well as secular gravitational instabilities,
a drag instability driven by self-gravity. We show that drag
instabilities are powered by a specific phase relationship between
gas pressure and particle concentrations, which power the
instability via pressure work. This mechanism is analogous to
pulsating instabilities in stars. This mechanism differs
qualitatively from other leading particle concentration
mechanisms in pressure bumps and vortices. Our recent
numerical work investigates the numerical robustness of non-
linear particle clumping by the streaming instability, especially
with regard to the location and boundary condition of vertical
boundaries. We find that particle clumping is robust to these
choices in boxes that are not too short. However, hydrodynamic
activity away from the particle-dominated midplane is
significantly affected by vertical boundary conditions. This
activity affects the observationally significant lofting of small dust
grains. We thus emphasize the need for larger scale simulations
which connect disk surface layers, including outflowing winds, to
the planet-forming midplane.

Author(s): Andrew N Youdin , Min-Kai Lin , Rixin Li
Institution(s): 1. ASIAA, 2. University of Arizona

501.01 – Dynamics of rings around elongated
bodies
Dense and narrow rings are encountered around small bodies like
the Centaur object Chariklo, and possibly Chiron. The rings and
central bodies can be studied in great details thanks to stellar
occultations, which accuracies at the km-level. Here we present
new results from three high-quality occultations by Chariklo
observed in 2017. They provide new insights on the ring geometry
and Chariklo's shape. Data are currently being analyzed, but
preliminary results are consistent with a triaxial model for
Chariklo, with semi-axes a>b>c, where (a-b) may reach values as
large as 10-15 km, depending on the model. 

Such large values induce a strong coupling between the body and
an initial collisional debris disk from which the rings emerged.
This coupling stems from Lindblad resonances between the ring
particle mean motion and Chariklo's spin rate. We find that the

resonances clear the corotation zone (estimated to lie at about 215
km from Chariklo's center) in very short time scales (centuries)
and pushes the material well beyond the 3/2 resonance - that lies
at an estimated radius of 280 km, thus consistent with the radius
of Chariklo's main ring C1R, 390 km. 
 
Other cases will be examined in view of multi-chord stellar
occultations by Trans-Neptunian Objects successfully observed in
2017, as they provide constraints for the presence of material
around these bodies. Results and dynamical implications will be
presented. 
 
Part of this work has received funding from the European
Research Council under the European Community's H2020 2014-
2020 ERC grant Agreement n°669416 "Lucky Star"
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Author(s): Bruno Sicardy , Rodrigo Leiva , Jose Luis Ortiz ,
Pablo Santos Sanz , Stefan Renner , Maryame El Moutamid ,
Diane Berard , Josselin Desmars , Erick Meza , Gustavo Rossi ,
Felipe Braga-Ribas , Julio Camargo , Roberto Vieira-Martins ,
Nicolas Morales , Rene Duffard , Francois Colas , Lucie
Maquet , Sylvain Bouley , Karl-Ludwig Bath , Wolfgang
Beisker , Jean-Luc Dauverge , Mike Kretlow
Institution(s): 1. Ciel & Espace, 2. Cornell Univ. Dpt
Astronomy, 3. GEOPS, Univ. Paris Sud, 4. IAA, 5. IOTA/ES, 6.
Obs. Paris IMCCE, 7. Obs. Paris-LESIA & UPMC, 8.
Observatorio Nacional and LINeA, 9. Univ. Lille 1
Contributing team(s): Chariklo occultations Team, Haumea
Occultation Team

501.02 – The Centaur Chariklo and its rings system
from stellar occultations in 2017
A stellar occultation in June 3, 2013 revealed the presence of a
dense ring system around the Centaur object (10199) Chariklo
(Braga-Ribas et al., Nature 2014). Subsequent analysis of
occultation data and long-term photometric variations indicate
that Chariklo's body is elongated (Leiva et al. 2017, submitted)
and that the main ring exhibits significant longitudinal variations
of the radial width (Bérard et al. 2017, in press). We report three
multi-chord high-quality stellar occultation by Chariklo on April
9, 2017 and June 22, 2017 from Namibia, and July 23 2017 from
South America. The analysis of this new data set is underway, but
preliminary results are consistent with triaxial ellipsoidal models.
From this analysis we will: 
-present refined models for the size and shape of Chariklo's main
body and 
evaluate the heights and slopes of its topographic features. 
-give constraints on the longitudinal width variations of
Chariklo's rings and 
explore the possibility to obtain the rings apsidal precession rate. 
Chariklo's shape and topography have strong consequences on
the dynamics of the rings through Lindblad-type resonances
between mean motion of the ring particles and the spin of the
main body, while the rings precession rate gives constraints on
the dynamical oblateness of the main body. 

**Part of the research leading to these results has received
funding from the European Research Council under the European
Community’s H2020 (2014-2020/ ERC Grant Agreement n
669416 ”LUCKY STAR”).

Author(s): Rodrigo Leiva , Bruno Sicardy , Julio Camargo ,
Jose Luis Ortiz , Diane Berard , Josselin Desmars
Institution(s): 1. IAA, 2. Observatoire de Paris, 3. Observatório
Nacional/MCTIC
Contributing team(s): Chariklo occultations Team, Rio Group,
Lucky Star Occultation Team, Granada Occultation Team

501.03 – Long Live the Ring - A New Model for the
Evolution of Chariklo's Rings
We propose a new evolutionary path for the rings of the Centaur
Chariklo, which were first reported by Braga-Ribas et al. (2014),
and have enjoyed considerable study and debate ever since (see,
e.g., Pan & Wu (2016), Wood et al. (2017), Michikoshi & Kokubo
(2017), Hyodo et al. (2016), Araujo et al. (2016)). Despite the
wide-ranging and sometimes contradictory conclusions of these
studies, few challenge the expectation that the rings formed after
Chariklo migrated to its current location from its original trans-
Neptunian orbit, although Araujo et al. (2016) explicitly note that
this need not be the case. This assumption is typically justified by
noting that the rings’ spreading timescale, which is believed to be
as short as ~0.1 Myr (Pan & Wu 2016), is much shorter than ~10
Myr, the expected average lifetime of a Centaur (Tiscareno &
Malhotra 2003). 
Nevertheless, we argue, following the results of Hamilton et al.
(2016) and Rimlinger et al. (2016), that these rings can self-
confine under the right conditions, raising their spreading
timescales by several orders of magnitude. Thus, we present an
evolutionary path in which the rings formed before Chariklo
migrated inward, possibly due to a collision with another trans-

Neptunian object (an idea briefly suggested by Melita et al. 2017).
Perhaps more likely, the rings may have formed from the debris
resulting from a comet impact upon a small orbiting satellite.
After forming, the rings reached a self-confining equilibrium and
have stayed there to this day. 
To test this theory, we employ the N body integrator HNBody
(Rauch & Hamilton 2002), which was recently upgraded to
perform simulations of self-gravitating, viscous rings orbiting an
oblate spheroid (Rimlinger et al. 2017). For Chariklo, we search
the parameter space of ring mass vs. viscosity strength for
equilibria that remain stable for hundreds of millions or billions
of years. We will show examples of such equilibria and make the
case for long-lived rings around both Centaurs and Kuiper Belt
objects.

Author(s): Thomas Rimlinger , Douglas P. Hamilton ,
Joseph M. Hahn
Institution(s): 1. Space Science Institute, 2. University of MD,
College Park

501.04 – Constraining the Formation of Haumea
using the Distribution of Haumea Family Members
Collisions are a central component of the formation and evolution
of the outer Solar System. The dwarf planet Haumea and its
compact collisional family provide a unique empirical view into
how collisions take place in the outer Solar System. Although
there have been many publications dedicated to understanding
Haumea, there have yet to be any fully self-consistent models for
the formation of Haumea and its family. In particular, it is a
challenge to explain why the relative velocities of family members
("Delta v") is several times smaller than would be expected. Using
a much larger number of Haumea family members (see Maggard
& Ragozzine, this meeting), we focus on finding the best empirical
model for the three-dimensional "Delta v" distribution of Haumea
family members. We consider an isotropic ejection from Haumea,
a planar ejection resulting from a graze and merge type impact
(e.g., Leinhardt et al. 2010), and an isotropic ejection from a
satellite of Haumea (e.g., Schlichting & Sari 2009). These models
create a large simulated family with tunable parameters that
result in a unique distribution in a-e-i-Deltav-H space.
Preliminary results indicated that the graze-and-merge impact is
inconsistent with the observed distribution of family members
(Ragozzine & Proudfoot, DDA 2017). We explore this more
rigorously here by including tunable parameters, a Bayesian
methodology, and the influence of background interlopers.

Author(s): Benjamin Proudfoot , Darin Ragozzine
Institution(s): 1. Brigham Young University

501.05 – Tracking an Exodus: Lost Children of the
Dwarf Planet Haumea
The orbital properties of Kuiper Belt Objects (KBOs) refine our
understanding of the formation of the solar system. One object of
particular interest is the dwarf planet Haumea which experienced
a collision in the early stages of our solar system that ejected
shards form its surface and spread them over a localized part of
the Kuiper Belt. Detailed orbital integrations are required to
determine the dynamical distances between family members, in
the form of "Delta v" as measured from conserved proper orbital
elements (Ragozzine & Brown 2007). In the past 10 years, the
number of known KBOs has tripled; here, we perform dynamical
integrations to triple the number of candidate Haumea family
members. The resulting improved understanding of Haumea's
family will bring us closer to understanding its formation. In
order to place more secure estimates on the dynamical
classification of Haumea family members (and KBOs generally),
we use OpenOrb to perform rigorous Bayesian uncertainty
propagation from observational uncertainty into orbital elements
and then into dynamical classifications. We will discuss our
methodology, the new Haumea family members, and some
implications for the Haumea family.

Author(s): Steven Maggard , Darin Ragozzine
Institution(s): 1. Brigham Young University
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502 – Unveiling Venus

501.06 – Testing Backwards Integration As A
Method Of Age-Determination for KBO Families
The age of young asteroid collisional families is often determined
by using backwards n-body integration of the solar system. This
method is not used for discovering young asteroid families and is
limited by the unpredictable influence of the Yarkovsky effect on
individual specific asteroids over time. Since these limitations are
not as important for objects in the Kuiper belt Marcus et al. 2011
suggested that backwards integration could be used to discover
and characterize collisional families in the outer solar system.
However, there are some minor effects that may be important to
include in the integration to ensure a faithful reproduction of the
actual solar system. We have created simulated families of Kuiper
Belt objects through a forwards integration of various objects with
identical starting locations and velocity distributions, based on

the Haumea family. After carrying this integration forwards
through ~4 Gyr, backwards integrations are used (1) to
investigate which factors are of enough significance to require
inclusion in the integration (e.g., terrestrial planets, KBO self-
gravity, putative Planet 9, etc.), (2) to test orbital element
clustering statistics and identify methods for assessing false alarm
probabilities, and (3) to compare the age estimates with the
known age of the simulated family to explore the viability of
backwards integration for precise age estimates.

Author(s): Nathan Benfell , Darin Ragozzine
Institution(s): 1. Brigham Young University

502.01 – Large stationary wave features appearing
repeatedly at the cloud top of Venus
At the first observation sequence after Akatsuki’s Venus orbiter
re-insertion (VOI-R) on December 7, 2015, Akatsuki revealed an
existence of a large-scale “bow-shaped” feature staying at almost
same geographic location (above Aphrodite Terra) at the cloud
top level with the Longwave Infrared Camera (LIR) and Ultra
Violet Imager (UVI). It expanded ~10,000 km from south to
north and bended to downstream side of the super-rotation of
Venus. A numerical calculation in Fukuhara et al. (2017)
suggested that a gravity wave generated in the lower atmosphere
can propagate upward to the cloud top and reproduce the
observed bow-shape structure. Because the wave can transport
momentum to the upper atmosphere which possibly decelerates
the super-rotation, it is an interesting topic whether the
stationary wave event is regular or just an occasional event. For
more than three Venus years, or four Venus solar days, Akatsuki
has observed huge stationary wave features in LIR images again
and again since the VOI-R. It has been confirmed that four high-
altitude regions, east and west part of Aphrodite Terra, Atra
Regio, and Beta Regio, accompany with the large stationary
features. All four regions are located in lower latitudes (< 30°),
while no clear stationary feature has been confirmed above
Maxwell Mountain, which is the highest mountain but located at
a high latitude (60°), indicating geographical and latitudinal
dependencies of the generation of the stationary waves. Akatsuki
also reveals the stationary features can be considered as "daily"
phenomena in Venus atmosphere. At every timing when the four
high-altitude regions were passing afternoon region of Venus,
huge stationary waves became clearer. On the other hand, when
the high mountains were located around mid-night and morning,
stationary features were much weaker than that in afternoon, or
cannot be confirmed, indicating strong local time dependency of
the appearance. Since lower latitude has more incident solar flux
and afternoon area experiences longer solar heating than
morning area, the geographical and the local time dependencies
indicate that interaction between mountains and solar heating or
solar fixed atmospheric structure may cause the large-scale
features.

Author(s): Toru Kouyama , Takeshi Imamura , Makoto
Taguchi , Tetsuya Fukuhara , Takao M. Sato , George L
Hashimoto , Masahiko Futaguchi , Mao Takamura , Takeru
Yamada , Takehiko Satoh , Masato Nakamura
Institution(s): 1. Japan Aerospace Exploration Agency, 2.
National Institute of Advanced Industrial Science and
Technology, 3. Okayama University, 4. Rikkyo University, 5.
Toho University, 6. University of Tokyo
Contributing team(s): Akatsuki Science Team

502.02 – Limb darkening in Venus night-side disk
as viewed from Akatsuki IR2
Night-side hemisphere of Venus exhibits dark and bright regions
as a result of spatially inhomogeneous cloud opacity which is
illuminated by infrared radiation from deeper atmosphere. The 2-
μm camera (IR2) onboard Akatsuki, Japan's Venus Climate
Orbiter, is equipped with three narrow-band filters (1.735, 2.26,

and 2.32 μm) to image Venus night-side disk in well-known
transparency windows of CO  atmosphere (Allen and Crawford
1984). In general, a cloud feature appears brightest when it is in
the disk center and becomes darker as the zenith angle of
emergent light increases. Such limb darkening was observed with
Galileo/NIMS and mathematically approximated (Carlson et al.,
1993). Limb-darkening correction helps to identify branches, in a
1.74-μm vs. 2.3-μm radiances scatter plot, each of which
corresponds to a group of aerosols with similar properties. We
analyzed Akatsuki/IR2 images to characterize the limb darkening
for three night-side filters. 
There is, however, contamination from the intense day-side disk
blurred by IR2's point spread function (PSF). It is found that
infrared light can be multiplly reflected within the Si substrate of
IR2 detector (1024x1024 pixels PtSi array), causing elongated tail
in the actual PSF. We treated this in two different ways. One is to
mathematically approximate the PSF (with a combination of
modified Lorentz functions) and another is to differentiate 2.26-
μm image from 2.32-μm image so that the blurred light pattern
can directly be obtained. By comparing results from these two
methods, we are able to reasonablly clean up the night-side
images and limb darkening is extracted. Physical interpretation of
limb darkening, as well as "true" time variations of cloud
brightness will be presented/discussed. 
 

Author(s): Takehiko Satoh , Takashi Nakakushi , Takao M.
Sato , George L Hashimoto
Institution(s): 1. ISAS/JAXA, 2. Okayama University, 3.
Wakayama University

502.03 – Sulfuric Acid Vapor in the Atmosphere of
Venus as Observed by the Venus Express Radio
Science Experiment VeRa
The cloud deck within Venus' atmosphere, which covers the entire
planet between approx. 50 and 70 km altitude, consists mostly of
liquid and gaseous sulfuric acid. The gaseous part increases
strongly just below the main clouds and builds an approx. 15 km
thick haze layer of H SO . This region is responsible for a strong
absorption of radio waves as seen in Mariner, Pioneer Venus,
Magellan and Venera radio science observations. The amount of
H SO  is derived from the observed absorption as a function of
altitude and latitude. The radio science experiment VeRa onboard
Venus Express probed the atmosphere of Venus between 2006
and 2015 with radio signals at 13 cm (S-band) and 3.6 cm (X-
band) wavelengths. The orbit of the Venus Express spacecraft
allowed to sound the atmosphere over a wide range of latitudes
and local times providing a global picture of the sulfuric acid
vapor distribution. We present absorptivity and H SO  profiles
derived from X-band signal attenuation for the time of the entire
Venus Express mission. More than 600 H SO  profiles show the
global sulfuric acid vapor distribution covering the northern and
southern hemisphere on the day- and night side of the planet. A
distinct latitudinal H SO  gradient and a southern northern
symmetry are clearly visible. Observations over 8 years allow to
study also long-term variations. Indications for temporal H SO
variations are found, at least at northern polar latitudes. The
results shall be compared with observations retrieved by other
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experiments (VIRTIS, SPICAV) onboard Venus Express as well as
with previous observations like Mariner, Pioneer Venus and the
Magellan spacecraft. 

Author(s): Janusz Oschlisniok , Martin Pätzold , Bernd
Häusler , Silvia Tellmann , Michael Bird , Thomas Andert
Institution(s): 1. Institut für Raumfahrttechnik, Universität
der Bundeswehr München, 2. Rheinisches Institut für
Umweltforschung, Abteilung Planetenforschung, Universität zu
Köln

502.04 – Airborne Measurements of Venus Cloud-
top H O and HDO from NASA’s SOFIA in the Mid-
Infrared
The determination of the D/H ratio in Venus’s atmosphere using
water (H O) and light water (HDO) has been used as evidence for
the loss of a global sized ocean in the distant past on paleo-Venus.
Measurements of atmospheric water vapour at and above the
cloud level is also important as water is a key ingredient in the
production of the hydrated H SO  clouds that prevail globally on
Venus. While variations in latitude and local solar time of H O at
the cloud tops has been most recently measured by ESA’s Venus
Express spacecraft, the data is sporadic due to the limb sounding
geometry needed to make these measurements. 

Here we present H O and HDO measurements from January
2017 from NASA’s Stratospheric Observatory for Infrared
Astronomy (SOFIA) using the EXES mid-infrared spectrometer
flying at 40,000 ft where the relatively low telluric absorption
makes detection of Venusian H O possible. Two observation
sequences were obtained that yielded spatially resolved maps of
H O and HDO at R~89,000 centered at 7.21 µm (1380 cm ). We
will also discuss the preliminary retrieved values of D/H ratios at
the 65 km altitude probed at this wavelength.

Author(s): Constantine Tsang , Therese Encrenaz , Curtis
N. DeWitt , Matthew Richter , Patrick Irwin
Institution(s): 1. NASA Ames Research Center, 2. Observatoire
de Paris, 3. Southwest Research Institute, 4. University of
California at Davis, 5. University of Oxford

502.05 – The puzzling transition region of Venus
atmosphere studied by a ground-to-thermosphere
3D model
The middle/upper atmosphere of Venus, notably between 70 and
120 km, is the so-called “transition region” between the
retrograde superrotating zonal flow dominating below 65 km, and
the day-to-night circulation created by inhomogeneous heating by
solar radiation above 120 km. Venus Express observations (2006-
2014) showed that this region is more variable than expected,
with latitude and day-to-day variations of temperature up to 80 K
above 100 km at the terminator (Mahieux et al. 2015), and
apparent zonal wind velocities measured around 96 km on the
Venus nightime, highly changing in space and time (Soret et al.
2014). Those variations are not fully explained by current 3D
models and specific processes (e.g. GW propagation, thermal
tides, large scale planetary waves) responsible for driving them
are still under investigation. 
We propose here to use the current improved version of the LMD
Venus General Circulation Models (VGCM) (Lebonnois et al.
2016, Gilli et al. 2017) to yield insight into the global circulation of
this region by fostering data-model synergies. Zonal wind
predictions above 60 km by our VGCM showed to be consistent
with available measurements (Peralta et al. 2017). On-going
ground-based Venus observation on the cloud tops (~70 km) and
below (Machado et al. 2017) will add complementary information
to understand the coupling between the lower and upper
atmosphere of Venus. In addition, observed O ( Δ) nightglow,
CO and O density (Gilli et al. 2015, Vandaele et al. 2016, Gerard et
al. 2009), usually considered as sensitive transport tracers in the
upper atmosphere of Venus where no direct wind measurements
are available, will be interpret with the help of 3D model results.

Author(s): Gabriella Gilli , Sebastien Lebonnois , Pedro
Machado , Ruben Gonçalves
Institution(s): 1. Institute of Astrophysics and Science Space,
2. Laboratoire de Meteorologie Dynamique-IPSL

503.01D – Characterizing Debris Disks and the
Late Stages of Planet Formation
The planet formation process shapes the morphology and grain
size distribution of circumstellar disks, encoding the formation
history of a given system. Remnants of planet formation, such as
comets and asteroids, collisionally evolve and can replenish the
dust and small solids that would otherwise be cleared on short
timescales. These grains are observed through reprocessed
starlight at submm to cm wavelengths. 

The spectrum of the mm/cm emission reveals details of the grain
population. However, one confounding parameter in studying
these grains around stars is the stars themselves. The emission
from stars in the mm/cm is nontrivial and generally not well-
constrained. I will present examples of debris systems (HD
141569 and Fomalhaut) studied by ALMA and the VLA, in which
unconstrained stellar emission may be contributing to the
observed flux densities. Such contamination in turn biases the
inferred emission from the disk and the corresponding dust
properties. In some cases, the behavior of the observed A/B stars
can exhibit an emission profile that has similarities to that of the
Sun's mm/cm emission, although the same processes are not
thought to necessarily occur in the atmospheres of massive stars. 

To address the uncertainty in stellar emission at mm/cm
wavelengths, we present ongoing radio observations (JCMT,
SMA, VLA) of Sirius A, which is a bright, nearby star with no
known debris. We seek to use this system to set an
observationally determined standard for stellar atmosphere
modeling and debris disk studies around A stars, as well as to take
the first step toward characterizing potential intrinsic uncertainty
in stellar emission at these wavelengths. This talk will highlight

the effort to characterize stellar atmospheres through a project
known as MESAS (Measuring the Emission of Stellar
Atmospheres at Submillimeter/millimeter wavelengths) which is
imperative to the success of current and future debris disk
studies.

Author(s): Jacob White
Institution(s): 1. University of British Columbia

503.02D – Consequences of eccentricity and
inclination damping for the in-situ formation of
STIPs
In Boley, Granados, and Gladman (2016), we proposed that hot
and warm Jupiters could form in-situ from the consolidation of
planets in meta-stable, high-multiplicity System with Tightly-
packed Inner Planets (STIPs) in the presence of gas. Under this
hypothesis, the timing of instability within the STIP relative to the
gas depletion timescale can lead to a wide range of planetary
diversity, from short-orbital period gas giants to high-density,
massive planets. The simulations used Kepler-11 as a base and
assumed that a gas giant could form if instability in the gaseous
disc led to the consolidation of a 10 Mearth core. The results
showed that such consolidation could work, in principle.
However, in the simulations we excluded the effects of
eccentricity and inclination damping. We present new
simulations that explore this effect on the consolidation
paradigm. For the parameters so far explored, gas damping
significantly increases the stability of the system, although
consolidation does occur in some cases. We further find that the
eccentricity damping can lead to the formation of stable co-
orbiting planets, although this is a rare outcome. Briefly, we
explore the implications of the detection of transiting co-orbital
planets.
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Author(s): Agueda Paula Granados Contreras
Institution(s): 1. The University of British Columbia

504.01 – Overview of the strategies and results of
the 2017 occultation campaigns involving (486958)
2014 MU69
Three stellar occultation opportunities were identified in 2017
involving the New Horizons extended mission target: (486958)
2014 MU69. The first event was on 2017 June 3 and predicted to
be visible from southern South America and southern Africa with
a somewhat faint star with g’=15.33. The second event was on
2017 June 10 under very difficult observing conditions just 16°
from a full moon and the faintest star of the three with g’=15.57.
The third event was on 2017 July 17 and predicted to be visible
from southern Argentina with the brightest star of the three with
g’=12.60. We pursued each of these events with an observing plan
and strategy tuned to the constraints imposed by observing
conditions and the anticipated prediction uncertainties. The first
and third events were amenable to a ground-based telescope
deployment and we fielded 25 telescopes. The second event was
possible only with SOFIA (Stratospheric Observatory For Infrared
Astronomy). The deployment for the first event involved splitting
resources between two continents and a strategy optimized to
prevent a null result for a D=40km object. The second event was
optimized for the search for dust and rings but had a 75% chance
of a solid body event for a D=40 km size. The third event was
driven by needing to prevent a null result on a D=10 km size and
providing extra conservatism on the ground-track uncertainty
while observing from the area of Comodoro Rivadavia, Argentina.
All campaigns were successful in recording data essential for the
constraint on dust or rings around MU69: June 3, 24 lightcurves;
July 10, 1 lightcurve; July 17, 23 lightcurves. Only the last event
was able to record solid-body chords from the object with 5
chords detected close to the predicted time and place. We will
present an overview of the strategies and basic results of the
campaigns. This work would not have been possible without the
financial support of the New Horizons mission and NASA,
astrometric support of the Gaia mission, and logistical support
from Argentina and specifically Comodoro Rivadavia as well as
assistance from the US Embassies in Buenos Aires and Cape
Town.

Author(s): Marc W. Buie , Simon Bernard Porter , Dirk
Terrell , Peter Tamblyn , Anne J. Verbiscer , Alejandro Soto ,
Lawrence H. Wasserman , Amanda Marie Zangari , Michael F.
Skrutskie , Alex Parker , Eliot F. Young , Susan Benecchi , S.
Alan Stern , New Horizons MU69 Occultation Team
Institution(s): 1. Lowell Observatory, 2. Planetary Science
Institute, 3. Southwest Research Institute, 4. University of
Virginia
Contributing team(s): New Horizons MU69 Occultation Team

504.02 – Ultra-High Resolution Orbit
Determination of (486958) 2014 MU69: Predicting
an Occultation with 1% of an Orbit
In November 2015, the NASA New Horizons spacecraft burned its
thrusters to intercept the cold classical Kuiper Belt Object
(486958) 2014 MU69. Then, on July 17, 2017, five small
telescopes in Chubut Province, Argentina recorded a solid body
occultation of MU69. Both these events required an orbital
solution of unprecedented accuracy, as will the January 1, 2019
flyby of MU69 by New Horizons. This was especially difficult
because there were no precoveries of MU69 prior to July 2014, it
is in an extremely crowded field near the galactic core, and it is
faint enough to only be reliably detected by Hubble Space
Telescope’s Wide Field Camera 3 (WFC3). To accomplish this, we
performed an extremely detailed analysis of 237 WFC3 images,
down to the subpixel distortion level, in order to produce
individual probability distribution functions (PDFs) for the
position of MU69 in each WFC3 image. We registered each WFC3
image against a pre-release version of the Gaia DR2 catalog,
which produced even smaller residuals than the now-released
DR1. We then combined these WFC3+Gaia PDFs with a high-

precision few-body numerical integrator and a Monte Carlo
Markov Chain (MCMC) sampler to produce a state vector PDF for
MU69 at defined epoch. Propagating those state vectors from the
epoch produces an instantaneous positional cloud for MU69 at
any given time. This positional cloud was then directly translated
into a shadow path uncertainty cloud in order to plan the MU69
occultation campaign. We will describe this process of fully
propagating errors from WFC3 images to telescope sites on the
ground, and also describe refinements for future guiding of New
Horizons to its encounter with MU69. We thank NASA, Hubble,
Gaia, CONAE, the city of Comodoro Rivadavia, and the
government of Argentina for their assistance and support of the
MU69 occultation campaign.

Author(s): Simon Bernard Porter , Marc W. Buie , John R.
Spencer , William Folkner , Alex Parker , Amanda Marie
Zangari , Anne J. Verbiscer , Susan Benecchi , S. Alan Stern ,
Dirk Terrell , Alejandro Soto , Peter Tamblyn , Lawrence H.
Wasserman , Eliot F. Young
Institution(s): 1. Jet Propulsion Laboratory, 2. Lowell
Observatory, 3. Planetary Science Institute, 4. Southwest
Research Institute, 5. University of Virginia
Contributing team(s): New Horizons MU69 Occultation Team

504.03 – A stellar occultation by (486958) 2014
MU69: results from the 2017 July 17 portable
telescope campaign
On 2017 July 17, (486958) 2014 MU69 passed in front of a star as
seen from the area north of Comodoro Rivadavia, in Chubut
Province, Argentina. Despite challenging wind conditions, twenty
two portable telescopes recorded data of the g'= 12.60 mag star in
a 45-minute block centered on the predicted midtime of roughly
03:50 UT. Each telescope was spaced approximately 4 km apart
in a “picket fence” pattern to target an object as small as 10 km.
The picket fence spanned roughly 100 km. Five telescopes
observed a solid body occultation. 
 
Occultation data provide a unique one-dimensional probe of the
2014 MU69 system that is impossible to achieve from direct
imaging. These data will allow for fits of the size and shape of
2014 MU69, and from its derived size, the albedo . The
occultation data will also aid in navigation of NASA’s New
Horizons spacecraft toward its January 1, 2019 encounter with
2014 MU69. 
 
We will detail the July 17 occultation campaign and present
analyses of the light curves from each portable station, including
occultation timing and constraints on dust and and other objects
in the system derived from the occultation baseline data. 
 
This work would not have been possible without the financial
support of the New Horizons mission and NASA, astrometric
support of the Gaia mission and HST, and logistical support from
Argentina, CONAE and specifically Comodoro Rivadavia as well
as assistance from the US Embassy in Buenos Aires.

Author(s): Amanda Marie Zangari , Marc W. Buie , S. Alan
Stern , Dirk Terrell , Simon Bernard Porter , Anne J.
Verbiscer , Alejandro Soto , Peter Tamblyn , Susan Benecchi ,
Alex Parker , Lawrence H. Wasserman , Eliot F. Young ,
Michael F. Skrutskie
Institution(s): 1. Binary Astronomy LLC, 2. Lowell
Observatory, 3. PSI, 4. SwRI, 5. University of Virginia
Contributing team(s): New Horizons MU69 Occultation
Observing Team

504.04 – Multiplicity of the New Horizons
Extended Mission Target (486958) 2014 MU69
New Horizons' extended mission target (486958) 2014 MU69 is a
small cold classical Kuiper Belt Object (KBO). Larger cold
classical KBOs are frequently found to host binary companions,
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but at small sizes the binary fraction is not well explored. The
potential presence of multiple components in the 2014 MU69
system presents an operational challenge to New Horizons, but
additional components would be of fantastic scientific value. We
will compile all current observational and theoretical constraints
on the multiplicity of 2014 MU69, including analysis of 2017
stellar occultation data, direct imaging searches, lightcurve
constraints, and searches for barycentric motion in astrometric
residuals. Finally, we will describe the implications that any
binary components would have for the January 1, 2019 New
Horizons flyby and its scientific return.

Author(s): Alex Harrison Parker , Marc W. Buie , Amanda
Marie Zangari , S. Alan Stern , John R. Spencer , Anne J.
Verbiscer , Simon Bernard Porter , Susan Benecchi
Institution(s): 1. PSI, 2. Southwest Research Institute, 3.
University of Virginia
Contributing team(s): New Horizons MU69 Occultation Team

504.05 – Portable Telescopic Observations of the 3
June 2017 Stellar Occultation by New Horizons
Kuiper Extended Mission Target (486958) 2014
MU69
The New Horizons spacecraft will encounter the cold classical
Kuiper Belt Object (486958) 2014 MU69 on 1 January 2019.
Because it is extremely faint (V mag ~27), MU69 has only been
directly observed by the Hubble Space Telescope since its
discovery (by HST) in 2014 (Spencer et al. 2015 EPSC 10, 417S).
Current knowledge of the physical properties of MU69 is
therefore limited to its red color (F606W-F814W = 0.99 ± 0.18,
Benecchi et al. 2017) and a crude estimate on its size (20-40 km)
based on association with other cold classical KBO visible albedos
(0.04-0.15). Stellar occultations are powerful tools with which to
measure the size and shape of objects whose distance and
faintness precludes any spatially resolved observations. Here we
report the results of a stellar occultation of a g’=15.33 magnitude
star by MU69 on 3 June 2017. The shadow path crossed both
southern Africa and South America. We deployed 12 portable
telescopes from Mendoza, Argentina and 13 portable telescopes
from Clanwilliam, Western Cape, South Africa. Although 24 of
these 25 telescopes successfully observed the occultation star at
the predicted event time, no solid body detection appeared in any
of the acquired lightcurves. Following the successful detection of
MU69 by stellar occultation on 17 July 2017, revised predictions
of the location of the shadow path on 3 June now allow the
lightcurves obtained on 3 June to place important constraints on
the environment surrounding MU69 as well as upper limits on
the size of any small satellites in the regions probed. This work
would not have been possible without the financial support of
NASA, the New Horizons Project, the astrometric support of the
Gaia mission, and logistical support from the South African
Astronomical Observatory, the US Embassies in Buenos Aires and
Pretoria and the US Consulate in Cape Town.

Author(s): Anne J. Verbiscer , Marc W. Buie , Simon
Bernard Porter , Peter Tamblyn , Dirk Terrell , Susan
Benecchi , Alex Parker , Alejandro Soto , Lawrence H.
Wasserman , Eliot F. Young , Amanda Marie Zangari
Institution(s): 1. Lowell Observatory, 2. Planetary Science
Institute, 3. Southwest Research Institute, 4. University of
Virginia
Contributing team(s): New Horizons MU69 Occultation Team

504.06 – Debris search around (486958) 2014
MU69: Results from SOFIA and ground-based
occultation campaigns
The New Horizons spacecraft is scheduled to fly by the cold
classical KBO 2014 MU69 on 1-Jan-2019. The spacecraft speed
relative to the MU69 will be in excess of 14 km/s. At these
encounter velocities, impact with debris could be fatal to the
spacecraft. We report on searches for debris in the neighborhood
of MU69 conducted from SOFIA and ground-based sites. SOFIA
observed the star field around MU69 on 10-Jul-2017 (UT) with
their Focal Plane Imager (FPI+), operating at 20 Hz from 7:25 to

8:10 UT, spanning the time of the predicted occultation. Several
large fixed telescopes observed the 3-Jun-2017, 10-Jul-2017
and/or the 17-Jul-2017 occultation events, including the 4-meter
SOAR telescope, the 8-meter Gemini South telescope, and many
16-inch portable telescopes that were arranged in picket fences in
South Africa and Argentina. We report on the light curves from
these observing platforms and constraints on the optical depth
due to debris or rings within the approximate Hill sphere (about
60,000 km across) of MU69. This work was supported by the
New Horizons mission and NASA, with astrometric support from
the Gaia mission and logistical support from Argentina and the
US embassies in Buenos Aires and CapeTown. At SOAR, data
acquisition has been done with a Raptor camera (visitor
instrument) funded by the Observatorio Nacional/MCTIC. 

Author(s): Eliot F. Young , Marc W. Buie , Simon Bernard
Porter , Amanda Marie Zangari , S. Alan Stern , Kimberly
Ennico , William T. Reach , Enrico Pfueller , Manuel
Wiedemann , Wesley Cristopher Fraser , Julio Camargo , Leslie
Young , Lawrence H. Wasserman
Institution(s): 1. Deutsches SOFIA Institut, University of
Stuttgart, 2. Lowell Observatory, 3. NASA/ARC, 4. Observatorio
Nacional/MCTIC and LIneA, 5. Queen's University Belfast, 6.
Southwest Research Inst., 7. USRA
Contributing team(s): New Horizons MU69 Occultation Team

504.07 – The HST Lightcurve of (486958) 2014
MU  
To optimally plan the fly-by sequencing of (486958) 2014 MU
for the New Horizons spacecraft it is critical to determine, to the
best of our ability, if the object is binary (as is the case for ~20%
of cold classical KBOs in this size range), the rotation period, size
and shape of the body. Existing HST astrometric datasets placed
constraints on its diameter (21-41 km for an albedo of 0.15-0.04)
and orbit, and early photometry suggested that a lightcurve with
an amplitude of up to ~0.6 mags could be hidden within the
measurement uncertainties. However, the sampling interval of
this dataset made it impossible to further refine those estimates.
We therefore designed an HST lightcurve program to be executed
near its opposition in July 2017 (GO 14627, PI Benecchi) when
486958 would be brightest and provide the highest S/N data. We
collected data using the WFC3 camera in the F350LP filter using
an exposure time of 367 seconds and tracking on the object. 5
images were collected during each HST orbit and orbits were
scheduled in groups of six. The 1st two sets of 6 orbits were
separated by 0.6 days, the 2nd and 3rd by 1.4 days and the 3rd
and 4th by 5.5 days. This allowed us to search for a range of
periods from a few to a few tens of hours; combined with the
astrometric photometry even longer periods can be investigated. 
 
The data were analyzed using two different PSF fitting techniques
(an MCMC model and a TinyTim matching algorithm) which gave
similar results. The lightcurve amplitude was found to be <0.15
magnitudes for any period that we could fit to the data. This
places significant constraints on the axis ratio of 486958 to <1.14
assuming an equatorial view. This means that the timing of the
fly-by does not need to be adjusted to look at the "larger" axis of
the object, simplifying the engineering of the fly-by significantly.
The small amplitude makes it difficult to uniquely identify the
rotation period at this time. Stacking all of the images from this
campaign allows us to search for binary companions to a depth of
>29th magnitude. At first analysis we do not identify any
companions. This work was made possible through a STScI grant
under NASA contract NAS5-26555. 

Author(s): Susan D. Benecchi , Marc W. Buie , Simon
Bernard Porter , John R. Spencer , Anne J. Verbiscer , S. Alan
Stern , Amanda Marie Zangari , Alex Parker , Keith S. Noll
Institution(s): 1. NASA/GSFC, 2. Planetary Science Institute,
3. Southwest Research Institute, 4. University of Virginia

504.08 – The stellar occultation by the dwarf
planet Haumea
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The dwarf planet Haumea is a very peculiar Trans-Neptunian
Object (TNO) with unique and exotic characteristics. It is
currently classified as one of the five dwarf planets of the solar
system, and it is the only one for which size, shape, albedo,
density and other basic properties were not accurately known. To
solve that we predicted an occultation of the star GaiaDR1
1233009038221203584 by Haumea and organized observations
within the expected shadow path. Medium/large telescopes were
needed to record the occultation with enough signal to noise ratio
because the occulted star is of similar brightness as Haumea
(R~17.7 mag). We will report results derived from this successful
stellar occultation by Haumea on 2017 January 21st. The
occultation was positive from 12 telescopes at 10 observing
stations in Europe: the Asiago Observatory 1.8m telescope (Italy),
the Mount Agliale Observatory 0.5m telescope (Italy), the Lajatico
Astronomical Centre 0.5m telescope (Italy), the S.Marcello
Pistoiese Observatory 0.6m telescope (Italy), the Crni Vrh
Observatory 0.6m telescope (Slovenia), the Ondrejov Observatory
0.65m telescope (Czech Republic), the Bavarian Public
Observatory 0.81m telescope (Germany), the Konkoly
Observatory 1m and 0.6m telescopes (Hungary), the Skalnate
Pleso Observatory 1.3m telescope (Slovakia), and the Wendelstein
Observatory 2m and 0.4m telescopes (Germany). This is the
occultation by a TNO with the largest number of chords ever
recorded. 

Part of this work has received funding from the European Union’s
Horizon 2020 Research and Innovation Programme under Grant
Agreement No. 687378.

Author(s): Pablo Santos-Sanz , Jose Luis Ortiz , Bruno
Sicardy , Gustavo Rossi , Diane Berard , Nicolas Morales ,
Rene Duffard , Felipe Braga-Ribas , Ulrich Hopp , Christoph
Ries , Valerio Nascimbeni , Francesco Marzari , Valentina
Granata , András Pál , Csaba Kiss , Theodor Pribulla ,
Richard Milan Komzík , Kamil Hornoch , Petr Pravec , Paolo
Bacci , Martina Maestripieri , Luca Nerli , Leonardo Mazzei ,
Mauro Bachini , Fabio Martinelli , Giacomo Succi , Fabrizio
Ciabattari , Herman Mikuz , Albino Carbognani , Bernd
Gaehrken , Stefano Mottola , Stephan Hellmich , Flavia
Rommel , Estela Fernández-Valenzuela , Adriano Campo
Bagatin
Institution(s): 1. Astronomical Institute, Academy of Sciences
of the Czech Republic, 2. Astronomical Institute, Slovak Academy
of Sciences, 3. Astronomical Observatory of the Autonomous
Region of the Aosta Valley (OAVdA), 4. Astronomical
Observatory San Marcello Pistoiese CARA Project, 5. Bayerische
Volkssternwarte München, 6. Črni Vrh Observatory, 7.
Departamento de Física, Ingeniería de Sistemas y Teoría de la
Señal, Universidad de Alicante, 8. Dipartimento di Fisica e
Astronomia, `G. Galilei', Università degli Studi di Padova, 9.
Dipartimento di Fisica, University of Padova, 10. Federal
University of Technology-Paraná (UTFPR / DAFIS), 11. German
Aerospace Center (DLR), 12. Instituto de Astrofísica de
Andalucía-CSIC, 13. Konkoly Observatory, Research Centre for
Astronomy and Earth Sciences, Hungarian Academy of
Sciences, 14. Lajatico Astronomical Centre, 15. LESIA,
Observatoire de Paris, PSL Research University, CNRS,
Sorbonne Universités, UPMC Univ. Paris 06, Univ. Paris
Diderot, Sorbonne Paris Cité, 16. Observatório Nacional/MCTIC,
17. Osservatorio Astronomico di Monte Agliale, 18. Osservatorio
astronomico di Tavolaia, 19. Universitäts-Sternwarte München
Contributing team(s): Haumea occultation international
collaboration: https://cloud.iaa.csic.es/public.php?
service=files&t=d9276f8ab1a316cef13bee28bef75add

504.09 – Stellar Occultations by TNOs and
Centaurs: first results in the “Gaia era”
After the first release of the GAIA catalog (in September/2016),
stellar positions are now known with unprecedented accuracy,
reaching values of the order of milliarcseconds. This
improvement reflected into a stunning accuracy on the
astrometry of moving objects, such as TNOs. Unfortunately, Gaia
stars proper motions will be only available on the second data
release (DR2) next year, so there is still a need to use hybrid

stellar catalogs for occultation predictions until then. Despite
that, stellar occultations predictions are now much more
accurate, and the biggest uncertainties comes mainly from the
object ephemerides. This issue will be overcome by large surveys
such as the LSST, which will provide positions for the known
TNOs and it is expected to increase the number of known TNOs
by nearly 40,000, with an unprecedent amount of acquired
information. 
This huge amount of data also poses a new era in stellar
occultations: predictions will be very accurate and the
participation of professional astronomers, laboratories, and the
amateur community will be crucial to observe the predicted
events; observation campaigns will need to be selected according
to a specific scientific purpose such as the probability to detect
rings or archs around a body, the presence of atmosphere or even
the detection of topographic features; the development of
softwares capable of reducing the data more efficiently and an
easier method to coordinate observation campaigns are needed. 
Here we present some impressive results obtained from
predictions and observed occultations in 2017 (among them we
have Pluto, Chariklo and Haumea), the problems we are starting
to face in the beginning of the “Gaia era” and the future
challenges of stellar occultation.

Author(s): Gustavo Rossi , Roberto Vieira-Martins , Bruno
Sicardy , Jose Luis Ortiz
Institution(s): 1. Instituto de Astrofísica de Andalucía (CSIC),
2. Observatoire de Paris-Meudon, 3. Observatorio Nacional
Contributing team(s): Rio Group, Lucky Star Occultation
Team, Granada Occultation Team

504.10 – Spatially resolved thermal emission of the
Eris-Dysnomia system
Here we report on the detection of Dysnomia, the moon of the
dwarf planet Eris, in ALMA band-7 observations, spatially
separated from the thermal emission of Eris. This is the first
detection when a dwarf planet's moon is spatially resolved in the
thermal emission from the ground, including infrared space
telescopes close to Earth's orbit around the Sun. The ALMA
measurements supplemented by far-infrared data from the
Herschel Space Observatory confirms that the excess emission
observed at 70-100um is due to the presence of a large
(D~500km) and dark (pV~5%) Dysnomia, and very likely not due
to the existence of secondary dark terrains on the Eridian surface.
Accordingly, the surface of Eris can be described with a very
homogeneous, high albedo terrain, in agreement with both the
occultation size determination and the thermal emission
constraints. Our results also highlight the great capabilities of
ALMA in disentangling the thermal emission sources in the dwarf
planet systems.

Author(s): Csaba Kiss , Agnes Kospal , Attila Moor , András
Pál , Anikó Farkas-Takács , Bernadett Ignácz , Thomas Müller
Institution(s): 1. Max-Planck-Institut für extraterrestrische
Physik, 2. MTA CSFK, Konkoly Observatory

504.11 – Contact binaries in the Trans-neptunian
Belt
A contact binary is made up of two objects that are almost
touching or in contact with each other. These systems have been
found in the Near-Earth Object population, the main belt of
asteroids, the Jupiter Trojans, the comet population and even in
the Trans-neptunian belt. 
Several studies suggest that up to 30% of the Trans-Neptunian
Objects (TNOs) could be contact binaries (Sheppard & Jewitt
2004, Lacerda 2011). Contact binaries are not resolvable with the
Hubble Space Telescope because of the small separation between
the system's components (Noll et al. 2008). Only lightcurves with
a characteristic V-/U-shape at the minimum/maximum of
brightness and a large amplitude can identify these contact
binaries. Despite an expected high fraction of contact binaries,
2001 QG298 is the only confirmed contact binary in the Trans-
Neptunian belt, and 2003 SQ317 is a candidate to this class of
systems (Sheppard & Jewitt 2004, Lacerda et al. 2014). 
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Recently, using the Lowell’s 4.3m Discovery Channel Telescope
and the 6.5m Magellan Telescope, we started a search for contact
binaries at the edge of our Solar System. So far, our survey
focused on about 40 objects in different dynamical groups of the
Trans-Neptunian belt for sparse or complete lightcurves. We
report the discovery of 5 new potential contact binaries
converting the current estimate of potential/confirmed contact
binaries to 7 objects. With one epoch of observations per object,
we are not able to model in detail the systems, but we derive
estimate for basic information such as shape, size, density of both
objects as well as the separation between the system’s
components. In this work, we will present these new systems,
their basic characteristics, and we will discuss the potential main
reservoir of contact binaries in the Trans-neptunian belt.

Author(s): Audrey Thirouin , Scott S. Sheppard
Institution(s): 1. DTM-Carnegie Institution for Science, 2.
Lowell Observatory

504.12 – Col-OSSOS: z Band Photometry Reveals
Three Distinct TNO Surface Types
The surface reflectance of trans-Neptunian object (TNO) surfaces
in g, r, and z band provides a tool for separating TNOs into three
surface classifications: dynamically excited red surfaces,
dynamically excited neutral surfaces, and red cold classical
surfaces. Photometry of 26 TNOs obtained at Gemini and Subaru

Telescopes as part of the Colours of the Outer Solar System
Survey (Col-OSSOS) demonstrates that the inclusion of z band
uniquely identifies cold classical surfaces. The dynamically
excited objects using this surface color combination are
consistent with two surface classes based on the two-component
mixing models of Fraser & Brown (2012). The reflectance of the
neutral component of the models in g, r, and z band is consistent
with the speculation from that work that the neutral material
contains silicates. Photometry in these three wavelenghts
provides a powerful tool for identifying TNO surface types, and in
particular objects with cold classical-like surfaces. This tool
enables the identification of dynamically hot interlopers in the
cold classical population and primordially cold classical objects in
dynamically excited orbits.

Author(s): Rosemary E. Pike , Wesley Cristopher Fraser ,
Megan E. Schwamb , J. J. Kavelaars , Michael Marsset , Michele
T Bannister , Matthew Lehner , Shiang-Yu Wang , Mike
Alexandersen , Ying-Tung Chen , Brett Gladman , Stephen
Gwyn , Jean-Marc Petit , Kathryn Volk
Institution(s): 1. Academia Sinica Institute of Astronomy and
Astrophysics, 2. Gemini Observatory, 3. Institut UTINAM, 4.
NRC Herzberg, 5. Queen's University Belfast, 6. University of
Arizona, 7. University of British Columbia

505.01 – Venus Ionosphere and Induced
Magnetosphere Responses to Solar Wind Dynamic
Pressure and IMF Direction
In this study, we focus on the responses of the ionosphere and the
induced magnetosphere of Venus to two typical changes in the
solar wind: solar wind dynamic pressure changes and the
interplanetary magnetic field (IMF) direction changes. Often
regarded as the Earth’s ‘sister planet’, Venus has similar size and
mass as Earth. But it is also remarkably different from Earth in
many respects. Even though we have some basic knowledge of the
solar wind interaction with Venus based on spacecraft
observations, little is known about how the interaction and the
resulting plasma escape rates vary in response to solar wind
variations due to the lack of coordinated observations of both
upstream solar wind conditions and simultaneous plasma
properties in the Venus ionosphere. Furthermore, recent
observations suggest that plasma escape rates are significantly
enhanced during stormy space weather in response to solar wind
pressure pulses (Edberg et al., 2011). Thus it is important to
understand the plasma interaction under varying solar wind
conditions. We use a sophisticated multi-species MHD model that
has been recently developed for Venus (Ma et al., 2013) to
characterize the changes of the ionosphere and the induced
magnetosphere for varying solar wind conditions. Based on
model results, we discuss the perturbations of the magnetic field
in the ionosphere and its variation with altitude; the variation of
the total plasma escape-rate; and the time scale of the Venus
ionosphere and induced magnetosphere in responding to both
types of changes in the solar wind.

Author(s): Yingjuan Ma , Gabor Toth , Andew Nagy , Chris
Russell
Institution(s): 1. UCLA, 2. University of Michigan

505.02 – The complex magnetic field configuration
of the Martian magnetotail as observed by MAVEN
The Martian magnetosphere forms as the solar wind directly
interacts with the planet’s upper atmosphere. During this
interaction, the Sun’s interplanetary magnetic field (IMF) drapes
around the planet and local crustal magnetic fields, creating a
magnetosphere configuration that has attributes of both an
induced magnetosphere like that of Venus, and a complex, small-
scale magnetosphere like the Moon. In addition to the closed
crustal fields and draped IMF at Mars, open magnetic fields are
created when magnetic reconnection occurs between the
planetary fields and the IMF. These various field topologies

present a complex magnetotail structure that we are now able to
explore using a combination of MAVEN observations and
magnetohydrodynamic (MHD) simulations. Preliminary MHD
results have suggested that the Martian magnetotail includes a
dual-lobe component, composed of open crustal fields, enveloped
by an induced comet-like tail. These simulated open-field lobes
are twisted by roughly 45°, either clockwise or counterclockwise,
from the ecliptic plane. This rotation depends on the east-west
component of the IMF. We utilize MAVEN Magnetometer and
Solar Wind Ion Analyzer (SWIA) measurements collected over
two Earth years to analyze the tail magnetic field configuration as
a function of IMF direction. Cross-tail views of the average
measured magnetic field components directed toward and away
from the planet are compared for a variety of solar wind
parameters. We find that, in agreement with simulation results,
the east-west IMF component strongly affects the magnetotail
structure, twisting its sunward-antisunward polarity patterns in
response to changing IMF orientation. Through a data-model
comparison we are able to infer that regions of open magnetic
fields in the tail are likely reconnected crustal fields. Futhermore,
these open fields in the tail may contribute to atmospheric escape
to space. From this investigation we are able to confirm that the
Martian magnetotail is a hybrid configuration between intrinsic
and induced magnetospheres, shifting the paradigm of Mars’
magnetosphere as we have understood it thus far.

Author(s): Gina A DiBraccio , Janet Luhmann , Shannon
Curry , Jared R. Espley , Jacob Gruesbeck , Shaosui Xu , David
Mitchell , Yasir Soobiah , John E.P. Connerney , Chuanfei
Dong , Yuki Harada , Suranga Ruhunusiri , Jasper Halekas ,
Takuya Hara , Yingjuan Ma , David Brain , Bruce Jakosky
Institution(s): 1. NASA GSFC, 2. Princeton Plasma Physics
Laboratory, 3. The University of Iowa, 4. UC Berkeley, 5. UCLA,
6. University of Colorado

505.03 – High-altitude closed magnetic loops at
Mars observed by MAVEN
With electron and magnetic field data obtained by the Mars
Atmosphere and Volatile EvolutioN (MAVEN) spacecraft, we
have identified closed magnetic field lines, with both footpoints
embedded in the dayside ionosphere, extending up to 6200 km
altitude (2.8 $R_m$) into the Martian tail. This topology is
deduced from photoelectrons produced in the dayside ionosphere
being observed in both parallel and anti-parallel directions along
the magnetic field line. At perpendicular pitch angles, cases with
either solar wind electrons or photoelectrons have been found,
indicative of different formation mechanisms of these closed
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loops. These large closed loops are predicted by MHD
simulations. The case with field-aligned photoelectrons mixed
with perpendicular solar wind electrons is likely to be associated
with reconnection, while the case with photoelectrons in all
directions are probably due to closed field lines being pulled back
down tail. We have developed an automated algorithm for
distinguishing photoelectrons from solar wind electrons in pitch
angle resolved energy spectra. This allows us to systematically
analyze the MAVEN database and map the spatial distribution
and occurrence rate of these closed magnetic loops, ranging from
a few percent to a few tens percent outside of the optical shadow
and less than one percent within the wake. These observations

can be used to investigate the general magnetic topology in the
tail, which is relevant to ion escape, reconnection, and flux ropes.

Author(s): Shaosui Xu , David Mitchell , Janet Luhmann ,
Yingjuan Ma , Xiaohua Fang , Yuki Harada , Takuya Hara ,
David Brain , Tristan Webber , Christian Mazelle , Gina A
DiBraccio
Institution(s): 1. Goddard Space Flight Center, 2. University of
California, Berkeley, 3. University of California, Los Angeles, 4.
University of Colorado, Boulder, 5. University of Iowa, 6.
University Paul Sabatier

506.01 – Orbital stability of compact three-planets
systems spaced non-uniformly
Recent discoveries unveiled a significant number of compact
multi-planetary systems, where the adjacent planets orbits are
much closer to those found in the Solar System. For instance, the
recently found system TRAPPIST-1 harbors seven planets all
orbiting within 0.1 AU from their host star. Studying the orbital
stability of such compact systems provides how they form and
how long they survive. Most previous investigations of compact
systems have been done for planets that are equally-spaced in
terms of their mutual Hill radius. We performed a more general
study of three Earth-like planets orbiting a Sun-mass star in
circular and coplanar prograde orbits. We first recover the results
of previous studies done for systems of planets spaced uniformly
in mutual Hill radius. We have simulated over 500 systems with
different initial spacing between the adjacent inner pair of planets
and the outer pair of planets and we displayed their lifetime on a
grid. We performed the simulations over a wide range of mutual
Hill radii. The simulations were conducted for virtual times
reaching at most 4 billion years. We characterize isochrones for
lifetime of systems of equivalent spacing. We find that the
stability time increases significantly for values of mutual Hill radii
beyond 8. We also study the affects of mean motion resonances
and the degree of symmetry in the grid.

Author(s): Sacha Gavino , Jack J. Lissauer
Institution(s): 1. NASA Ames research Center, 2. Observatoire
de Paris

506.02 – Effects of Dynamical Processes on the
Structures of Sub-Neptunes
The typical low planet-star mass ratios, tight orbits, and low
average densities of sub-Neptunes, the dominant class of all
known exoplanets, make physical collisions extremely likely as a
result of dynamical instabilities in mult-planet systems
discovered by the Kepler mission. It is also abundantly clear that
the masses of most known exoplanets are dominated by small,
high-density cores, whereas, their sizes are dominated by low-
density envelopes. Due to this unique core-envelope structure of
these planets, physical collisions are not in the traditionally used
`sticky-sphere' regime. Instead, a range of collision outcomes,
such as `hit-and-run' and envelope disruption are allowed. Under
certain conditions, if the damping from the disrupted envelope(s)
is sufficient, the cores can even become bound to each other
creating a binary planet. Similarly, due to the typically low masses
in the atmospheres of these planets, planetesimal accretion, only
by a few percent in mass, can lead to significant changes in the
observable average structural properties of these planets. We will
present our latest results from planet-planet collision and
planetesimal accretion models to highlight these outcomes.

Author(s): Sourav Chatterjee , Jason Hwang , Howard
Chen , James C. Lombardi , Jason H. Steffen , Frederic A.
Rasio
Institution(s): 1. Allegheny College, 2. Northwestern
University, 3. University of Nevada

506.03 – Differences Between Kepler's Near-
Resonant and Non-Resonant Populations

 
The Kepler Space Telescope discovered over thousands of planet
candidates, ~1600 of which are in systems with multiple
transiting exoplanets. The properties observed in these systems
give decisive insight to the architectures of exoplanetary systems.
The distribution of period ratios shows those at near-resonance to
be somewhat more common (Lissauer et al. 2011), which has been
a source for theoretical discussion concerning planet formation
and migration. Near-resonant pairs are also ideal for studying
Transit Timing Variations (TTV) and thereby obtaining mass and
density estimates for planets. Understanding whether this near-
resonant population is different from the non-resonant
population offers further insight to planetary architectures and
whether TTV planets are representative of the whole population.
Previous investigations (Ragozzine & Conaway, DPS 2017) have
shown that the velocity-normalized duration ratio ("xi" from
Lissauer et al. 2011) distribution is significantly different in the
near-resonant period ratio spikes compared to the non-resonant
pairs. The xi distribution for Kepler’s entire planetary population
was used by Fabrycky et al. 2014 to estimate the typical
eccentricity and inclination distributions, since these parameters
are the primary determinants of the duration ratios. We use
similar techniques to study the properties (eccentricities and
inclinations) of the near-resonant population with the eventual
goal of creating a population model that, after accounting for
measurement uncertainties and Kepler’s detection criteria,
reproduces all the properties of the period ratio and xi
distributions.

Author(s): Neal Douglas Munson , Darin Ragozzine , Eric
B. Ford , Matthias Yang He
Institution(s): 1. Brigham Young University, 2. Pennsylvania
State University

506.04 – Limits On Undetected Planets in the Six
Transiting Planets Kepler-11 System  
The Kepler-11 has five inner planets ranging from ~ 2 - 10 times
as massive Earth in a tightly-packed configuration, with orbital
periods between 10 and 47 days. A sixth planet, Kepler-11 g, with
a period of 118 days, is also observed. The spacing between
planets Kepler-11 f and Kepler-11 g is wide enough to allow room
for a planet to orbit stabily between them. We compare six and
seven planet fits to measured transit timing variations (TTVs) of
the six known planets. We find that in most cases an additional
planet between Kepler-11 f and Kepler-11 g degrades rather than
enhances the fit to the TTV data, and where the fit is improved,
the improvement provides no significant evidence of a planet
between Kepler-11 f and Kepler-11 g. This implies that any planet
in this region must be low in mass. We also provide constraints
on undiscovered planets orbiting exterior to Kepler-11 g.  

Author(s): Jack J. Lissauer , Daniel Jontof-Hutter , Brian
Weaver , Eric B. Ford , Daniel Fabrycky
Institution(s): 1. NASA Ames Research Center, 2.
Pennsylvania State University, 3. University of Chicago, 4.
University of the Pacific

506.05 – Leveraging the Thousands of Known
Planets to Inform TESS Follow-Up
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The Solar System furnishes our most familiar planetary
architecture: many planets, orbiting nearly coplanar to one
another. However, a typical system of planets in the Milky Way
orbits a much smaller M dwarf star, and these stars furnish a
different blueprint in key ways than the conditions that nourished
evolution of life on Earth. With ensemble studies of hundreds-to-
thousands of exoplanets, I will describe the emerging links
between planet formation from disks, orbital dynamics of planets,
and the content and observability of planetary atmospheres.
These quantities can be tied to observables even in discovery light
curves, to enable judicious selection of follow-up targets from the
ground and from space. After TESS exoplanet discoveries start in
earnest, the studies of individual planets with large, space-based
platforms comprise the clear next step toward understanding the
hospitability of the Milky Way to life. Our success hinges upon
leveraging the many thousands of planet discoveries in hand to
determine how to use these precious and limited resources.

Author(s): Sarah Ballard
Institution(s): 1. MIT

506.06 – Underlying Exoplanetary Architectures
Inferred using SysSim
Kepler's discovery of ~700 multi-transiting systems has led to
revolutionary advances in understanding planetary architectures
(e.g., planetary spacings, relative sizes, etc.), particularly for small
planets. However, precise understanding of the underlying
distribution of planetary architectures requires accounting for
complex detection biases and and geometric detection probability
for multi-planet systems. To account for Kepler's detection
criteria, Hsu et al. 2017 expanded on work in Lissuaer et al. 2011
to develop the Planetary System Simulator or "SysSim". SysSim
uses generates planetary systems using general, empirically
focused parameters (in lieu of particular formation models). To
account for measurement uncertainties and Kepler's detection
criteria, SysSim estimates which planets in which systems would
have been detected and compares the results to Kepler's final
DR25 catalog. The posterior distributions of the parameters are
inferred using Approximate Bayesian Computation, a new
technique that allows a Bayesian methodology to be applied to
this problem without defining a likelihood. Lissauer et al. 2011
and others have found that using the observed multiplicity
distribution alone leads to a degeneracy between the true average
multiplicity and the typical inclination distribution in planetary
systems. We use SysSim to show that we can break this
degeneracy by including a constraint to match the period ratio
distribution. We discuss the new insights into the underlying
properties of Kepler exoplanetary systems with implications for
planetary formation and evolution.

Author(s): Darin Ragozzine , Eric B. Ford , Danley Hsu ,
Keir Ashby , Matthias Yang He
Institution(s): 1. Brigham Young University, 2. Pennsylvania
State University
Contributing team(s): Darin A Ragozzine

506.07 – Improving SysSim's Planetary Occurrence
Rate Estimates
Kepler's catalog of thousands of transiting planet candidates
enables statistical characterization of the underlying planet
occurrence rates as a function of period and radius. Due to
geometric factors and general noise in measurements, we know
that many planets--especially those with a small-radius and/or
long-period--were not observed by Kepler.To account for Kepler's
detection criteria, Hsu et al. 2017 expanded on work in Lissuaer et
al. 2011 to develop the Planetary System Simulator or "SysSim".
SysSim uses a forward model to generate simulated catalogs of
exoplanet systems, determine which of those simulated planets
would have been seen by Kepler in the presence of uncertainties,
and then compares those “observed planets” to those actually
seen by Kepler. It then uses Approximate Bayesian Computation
to infer the posterior probability distributions of the input
parameters used to generate the forward model. In Hsu et al.

2017, we focused on matching the observed frequency of planets
by solving for the underlying occurrence rate for each bin in a 2-
dimensional grid of radius and period. After summarizing the
results of Hsu et al. 2017, we show new results that investigate the
effect on occurrence rates from including more accurate
completeness products (from the Kepler DR25 analysis) into
SysSim.

Author(s): Keir Ashby , Darin Ragozzine , Danley Hsu , Eric
B. Ford
Institution(s): 1. Brigham Young University, 2. Pennsylvania
State University

506.08 – Investigating Planet Formation and
Evolution with KELT-11b: An Extremely Inflated
Planet Transiting a Metal-Rich Subgiant Star
KELT-11b is a recently discovered transiting planet orbiting a
bright, metal-rich, subgiant star. The planet has a mass of just 0.2
Jupiter masses and a radius of 1.4 Jupiter radii, making it one of
the most inflated planets known to date. We will review the
discovery process for this unique exoplanet and present
observations from the Spitzer Space Telescope that were used to
refine the properties of the system. The high-precision
photometry from Spitzer was also used to demonstrate the
precision with which we can measure stellar and planetary
parameters, when used in conjunction with to-be-released precise
parallax measurements from Gaia. Such measurements are
critical for detailed studies of exoplanets, such as our upcoming
program to use the Hubble Space Telescope to study the
atmosphere of KELT-11b via transmission spectroscopy. We will
describe our upcoming Hubble program, which we anticipate will
not only provide one of the first water abundance measurements
for a sub-Saturn-mass planet but will also probe the metallicity of
a planet with a metal-rich and evolved host star for the first time.
We expect that the Hubble observations will enable meaningful
comparison with objects in the Solar System as well as with the
other few exoplanets known in the sub-Saturn population.
Furthermore, such Hubble observations can be used to test
predictions from planet formation models of inflated exoplanets.
With such unique attributes, the KELT-11 system is poised to
become a benchmark for the study of inflated exoplanets around
evolved stars.

Author(s): Knicole D. Colon
Institution(s): 1. NASA Goddard Space Flight Center
Contributing team(s): KELT Collaboration

506.09D – A Secular Resonant Origin for the
Loneliness of Hot Jupiters
The origin of hot Jupiters, giant planets residing within about one
tenth of an AU from their host stars, remains a long-standing
problem in exoplanetary science. Traditionally, these objects are
thought to form further out, before migrating to their short-
period orbits, though the possibility of an in-situ formation
pathway has recently gathered theoretical support. A key clue to
their formation is their apparent "loneliness,” that all transiting
examples except one lack close-in, co-transiting planetary
companions. In contrast, the slightly more distant "warm”
Jupiters possess close-in planetary companions in about 50% of
cases. This dichotomy has led to the suggestion that two separate
formation pathways are required to explain the two classes of
objects. In this work we will demonstrate that the enhanced
loneliness of hot Jupiters naturally arises owing to secular
perturbations from the quadrupole moment of the host star soon
after dispersal of the protoplanetary disk. In this way, we place
warm Jupiters and hot Jupiters into a unified, theoretical
framework.

Author(s): Christopher Spalding , Konstantin Batygin
Institution(s): 1. California Institute of Technology
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507.01 – First measurements of water and D/H on
Mars with ExoMars / NOMAD
We present preliminary data collected by the high-resolution
NOMAD (Nadir and Occultation for MArs Discovery) instrument
onboard the ExoMars / Trace Gas Orbiter (TGO) targeting several
lines of water (H O), deuterated water (HDO) and carbon dioxide
(CO ). TGO is the first spacecraft on Mars specifically tailored to
search for trace constituents, with the NOMAD instrument
providing high spectral resolution (λ/dλ~ 20,000) over the 2-5
um spectral region. Such capabilities allow us to probe with
unprecedented accuracy and sensitivity a multitude of organic
species (e.g., CH , CH OH, H CO, C H ) and to map isotopic
signatures (e.g., D/H, C/ C) across the whole planet. 

In particular, isotopic ratios are among the most valuable
indicators for the loss of volatiles from an atmosphere. Because
the escape rates for each isotope are slightly different (larger for
the lighter forms), over long times the atmosphere becomes
enriched in the heavy isotopic forms. By probing the current
isotopic ratios, one can then infer the amount of matter lost to
space over the planet’s evolution. Deuterium fractionation also
reveals information about the cycle of water on the planet and
informs us of its stability on short- and long-term scales,
including its release from active regions on Mars having a
characteristic D/H signature. 

Upon its successful launch in March/2016, we acquired critical
calibration data in Apr/2016 and in June/2016, while during the
Mars-Orbit-Capture phase, we also acquired Mars nadir data in
Nov/2016 and in Feb-Mar/2017. Full science operations are
expected to start upon final orbit insertion in early 2018. In this
paper, we report initial retrievals of water and D/H derived
during the Mars-Orbit-Capture phase and discuss the prospects
for mapping of isotopic signatures during the nominal science
phase.

Author(s): Geronimo Luis Villanueva , Giuliano Liuzzi ,
Michael J. Mumma , Ann Carine Vandaele , Ian Thomas ,
Michael D. Smith , Frank Daerden , Bojan Ristic , Manish
Patel , Giancarlo Bellucci , Jose Lopez-Moreno
Institution(s): 1. American University, 2. Institut d'Aeronomie
Spatiale, 3. Instituto de Astrofisica de Andalucia, 4. Istituto di
Astrofisica e Planetologia Spaziali, 5. NASA's GSFC, 6. Open
University
Contributing team(s): NOMAD team

507.02 – New perspectives for studying organics
and the composition of Mars’ atmosphere with
ExoMars / NOMAD
The ESA/Roscosmos Exomars Trace Gas Orbiter (TGO) mission
carries a series of instruments, whose operativity is aimed to
achieve unprecedented accuracy in the detection and
characterization of spatial distribution and temporal cycles of a
broad set of trace species, organics and key isotopologues on
Mars. Besides this, the mission is designed for some other specific
objectives, such as the mapping of CH  and D/H isotopologic
ratio. 

In this work, we essentially focus on one of the key payloads of
ExoMars, the Nadir and Occultation for Mars Discovery
(NOMAD) instrument. This is a grating spectrometer whose
design is based on that of the SPICAV/SOIR instrument, already
flown on board of Venus Express, and can operate both at the
infrared (IR) and visible/UV wavelengths. In addition, the IR
channel can be operated both in Solar Occultation (SO) mode,
and in Limb Nadir Occultation (LNO), enabling the possibility of
a characterization of both the vertical structure of the atmosphere
and the mapping of the above cited atmospheric compounds on a
global scale. 

To be prepared to exploit the outstanding possibilities and the
high feasibility of the instrument to these science objectives, we
have worked on the calibration of the instrument both in SO and
LNO modes. Using a large subset of the calibration

measurements acquired during the Mars Capture Orbit-1 phase
(MCO-1), we have reckoned both the wavenumber calibration
across all the spectral interval of the instrument, and
characterized the response function of the Acousto-Optical
Tunable Filter (AOTF) which selects diffraction orders. The
results have been also used to elaborate a model of the
instrumental response, and a quantitative model of the observed
signal. Based on this, we also present some actual retrieval results
on SO and LNO datasets acquired in November 2016 and March
2017, which will serve as a proxy for the forthcoming science
operations (starting early 2018). 
 
Acknowledgments NASA’s Mars Exploration Program
supported this work.

Author(s): Giuliano Liuzzi , Geronimo Luis Villanueva ,
Michael J. Mumma , Ann Carine Vandaele , Ian Thomas ,
Michael D. Smith , Frank Daerden , Bojan Ristic , Manish
Patel , Giancarlo Bellucci , Jose Lopez-Moreno
Institution(s): 1. Belgian Institute for Space Aeronomy, BIRA-
IASB, 2. IAPS-INAF, 3. Instituto de Astrofisica de Andalucia,
IAA-CSIC, 4. NASA Goddard Space Flight Center, 5. The Open
University
Contributing team(s): NOMAD team

507.03 – Spatial and Seasonal Variability of
Temperature in CO  Emission from Mars'
Mesosphere
We have observed non-local thermodynamic equilibrium (non-
LTE) emission of carbon dioxide that probes Mars’ mesosphere in
2001, 2003, 2007, 2012, 2014, and 2016. These measurements
were conducted at 10.6 μm wavelength using the Goddard Space
Flight Center Heterodyne Instrument for Planetary Winds and
Composition (HIPWAC) from the NASA Infrared Telescope
Facility (IRTF) at resolving power (1–33)×10 . The Maxwellian
broadening of the emission line can be measured at this
resolution, providing a direct determination of temperature in the
mesosphere. The nonLTE line appears as a narrow emission core
within a broad absorption formed by tropospheric CO , which
provides temperature information reaching down to the martian
surface, while the mesospheric line probes temperature at about
60-80 km altitude. We will report on the spatial distribution of
temperature and emission line strength with local solar time on
Mars, with latitude, as well as long-term variability including
seasonal effects that modify the overall thermal structure of the
atmosphere. These remote measurements complement results
from orbital spacecraft through access to a broad range of local
solar time on each occasion. 
 
This work has been supported by the NASA Planetary Astronomy
and Solar Systems Observations Programs

Author(s): Timothy A. Livengood , Theodor Kostiuk , Tilak
Hewagama , John R. Kolasinski , Wade Henning , Kelly
Elizabeth Fast , Guido Sonnabend , Manuela Sornig
Institution(s): 1. CRESST/GSFC, 2. DLR, 3. NASA, 4.
NASA/GSFC, 5. Radiometer Physics

507.04 – Using an Instrumented Drone to Sample
Dust Devils
Dust devils are low-pressure, small (many to tens of meters)
convective vortices powered by surface heating and rendered
visible by lofted dust. Dust devils occur in arid climates on Earth,
where they degrade air quality and pose a hazard to small aircraft.
They also occur ubiquitously on Mars, where they may dominate
the supply of atmospheric dust. Since dust contributes
significantly to Mars’ atmospheric heat budget, dust devils
probably play an important role in its climate. The dust-lifting
capacity of a devil likely depends sensitively on its structure,
particularly the wind and pressure profiles, but the exact
dependencies are poorly constrained. Thus, the exact
contribution to Mars’ atmosphere remains unresolved. Moreover,
most previous studies of martian dust devils have relied on
passive sampling of the profiles via meteorology packages on

2
2

4 3 2 2 6
13 12

5 1
5 2 2

5 2 2
6 4 3

4

4 4
4 1 1

4 1 1
5 2 3

2

6

2

1 4
4 4 1

3 5 2



landed spacecraft, resulting in random encounter geometries
which non-trivially skew the retrieved profiles. Analog studies of
terrestrial devils have employed more active sampling
(instrumented vehicles or manned aircraft) but have been limited
to near-surface (few meters) or relatively high altitude (hundreds
of meters) sampling. Unmanned aerial vehicles (UAVs) or drones,
combined with miniature, digital instrumentation, promise a
novel and uniquely powerful platform from which to sample dust
devils via (relatively) controlled geometries at a wide variety of
altitudes. In this presentation, we will describe a pilot study using
an instrumented quadcopter on an active field site in
southeastern Oregon, which (to our knowledge) has not
previously been surveyed for dust devils. We will present
preliminary results from the resulting encounters, including
stereo image analysis and encounter footage collected onboard
the drone.

Author(s): Brian Jackson , Ralph Lorenz , Karan Davis ,
Brock Lipple
Institution(s): 1. Boise State University, 2. Empire Unmanned,
3. Johns Hopkins University/Applied Physics Laboratory

507.05 – Realistic dust and water cycles in the
MarsWRF GCM using coupled two-moment
microphysics
Dust and water ice aerosols significantly complicate the Martian
climate system because the evolution of the two aerosol fields is
coupled through microphysics and because both aerosols strongly
interact with visible and thermal radiation. The combination of
strong forcing feedback and coupling has led to various problems
in understanding and modeling of the Martian climate: in
reconciling cloud abundances at different locations in the
atmosphere, in generating a stable dust cycle, and in preventing
numerical instability within models. 

Using a new microphysics model inside the MarsWRF GCM we
show that fully coupled simulations produce more realistic
simulation of the Martian climate system compared to a dry, dust
only simulations. In the coupled simulations, interannual
variability and intra-annual variability are increased, strong
'solstitial pause' features are produced in both winter high
latitude regions, and dust storm seasons are more varied, with
early southern summer (Ls 180) dust storms and/or more than
one storm occurring in some seasons. 

A new microphysics scheme was developed as a part of this work
and has been included in the MarsWRF model. The scheme uses
split spectral/spatial size distribution numerics with adaptive bin
sizes to track particle size evolution. Significantly, this scheme is
highly accurate, numerically stable, and is capable of running
with time steps commensurate with those of the parent
atmospheric model.

Author(s): Christopher Lee , Mark Ian Richardson , Michael
A. Mischna , Claire E. Newman
Institution(s): 1. Aeolis Research, 2. Jet Propulsion
Laboratory, 3. University of Toronto

507.06 – Mars topographic clouds: MAVEN/IUVS
observations and LMD MGCM predictions
The Imaging Ultraviolet Spectrograph (IUVS) instrument on the
Mars Atmosphere and Volatile EvolutioN (MAVEN) spacecraft
takes mid-UV spectral images of the Martian atmosphere. From
these apoapse disk images, information about clouds and aerosols
can be retrieved and comprise the only MAVEN observations of
topographic clouds and cloud morphologies. Measuring local time
variability of large-scale recurring cloud features is made possible
with MAVEN’s ~4.5-hour elliptical orbit, something not possible
with sun-synchronous orbits. 

We have run the LMD MGCM (Mars global circulation model) at
1° x 1° resolution to simulate water ice cloud formation with
inputs consistent with observing parameters and Mars seasons.
Topographic clouds are observed to form daily during the late

mornings of northern hemisphere spring and this phenomenon
recurs until late summer (Ls = 160°), after which topographic
clouds wane in thickness. By northern fall, most topographic
clouds cease to form except over Arsia Mons and Pavonis Mons,
where clouds can still be observed. Our data show moderate cloud
formation over these regions as late as Ls = 220°, something
difficult for the model to replicate. Previous studies have shown
that models have trouble simulating equatorial cloud thickness in
combination with a realistic amount of water vapor and not-too-
thick polar water ice clouds, implying aspects of the water cycle
are not fully understood. We present data/model comparisons as
well as further refinements on parameter inputs based on IUVS
observations.

Author(s): Nicholas M. Schneider , Kyle Connour ,
Francois Forget , Justin Deighan , Sonal Jain , Margaux Vals ,
Michael J. Wolff , Michael S. Chaffin , Matteo Crismani , A. Ian
F. Stewart , William E. McClintock , Greg Holsclaw , Franck
Lefevre , Franck Montmessin , Arnaud Stiepen , Michael H.
Stevens , J. Scott Evans , Roger Yelle , Daniel Lo , John T.
Clarke , Bruce Jakosky
Institution(s): 1. Boston U., 2. CPI, 3. LASP, U. Colorado, 4.
LATMOS, 5. LMD, 6. LPAP, U. Liege, 7. LPL, U. Arizona, 8. NRL,
9. SSI

507.07 – Martian Mesoscale Flows over
Topography Driven by the Diurnal Cycle of
Temperature
We show results from limited area and global mesoscale
simulations for flow over regions of complex topographic relief on
Mars. We particularly focus on the diurnal evolution of the
surface pressure within such regions and isolate the differing
contributions of large-scale thermal tide and the various local-
scale flow components. We use as examples sites over Apollinaris
Mons, Gusev Crater, Juventae Chasma, and Gale Crater – the
latter having detailed surface pressure measurements from
Curiosity against which the model can be tested. The sites show
varying amounts of constructive or destructive interference
between the thermal tides and local scale flows, with the signals
consistently separable by use of lower resolution modeling, and
spatial or spectral filtering. All of the regions of complex terrain
show a consistent pattern of surface pressure after the thermal
tide has been removed, with surface pressure tending to increase
over areas of higher elevation at local times of higher
temperature, and vice versa. The behavior is shown to be as
expected based on the adjustment of the atmosphere to the
changing scale height of the near surface atmosphere as the bulk
air temperature varies through the day. The wind systems
associated with this adjustment represent net lateral hydrostatic
(mass redistributive) flow and can be large on Mars because the
near surface (~few km) air temperature can change dramatically
over the course of the day. The hydrostatic adjustment flow
interacts with other topographic flow components, such as the
slope sea breeze and buoyancy (gravity) flows that are more
commonly dominant in the terrestrial near-surface atmosphere.

Author(s): Mark I. Richardson , Claire E. Newman
Institution(s): 1. Aeolis Research

507.08 – The Dusty Dynamics Within a Regional
Mars Dust Storm
There have never been in situ observations at or near the active
lifting center of a regional dust storm on Mars. In the absence of
in situ data, it is common to employ numerical models to provide
guidance on the physical processes and conditions operating in an
unobserved location or weather system. Consequently, the Mars
Regional Atmospheric Modeling System (MRAMS) is employed to
study the structure and dynamics of a simulated large regional
storm using a fully interactive dust cycle. The simulations provide
the first ever glimpse of the conditions that might occur inside
one of these storms. 
 
The simulated storm shows extremely complex structure with
narrow lifting centers and a variety of deep dust transport
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508 – Formation of Planets and Satellites

circulations. The active lifting centers are broadly into a
mesoscale system in much the same way that thunderstorms on
Earth can organize into mesoscale convective structures. In many
of the active dusty plumes, the mixing ratio of dust peaks near the
surface and drops off with height. Once lifted, the largest dust
tends to sediment out while the smaller dust continues to be
advected upward by the plume. This size-sorting process
combined with entrainment of less dusty air tends to drive the
mixing ratio profile to a maximum near the surface. In dusty
plumes near the surface, the air temperature is as much as 20K
colder than nearby areas. This is due to solar absorption higher in
the dust column limiting direct heating deeper into the
atmosphere. Overall, within the plume, there is an inversion, and
although the top of the plume is warmer than below, it is near
neutral buoyancy compared to the less dusty air on either side.
Apparently, adiabatic cooling nearly offsets the expected positive
heating perturbation at the top of the dusty plume. A very strong
low level just forms in the vicinity of the storm, accompanied by
system-wide negative pressure deficits and circulation patterns
strongly suggestive of the wind-enhanced interaction of radiation
and dust (WEIRD) feedback mechanism.

Author(s): Scot C.R. Rafkin , Jorge Pla-Garcia , Cecilia
Leung
Institution(s): 1. Centro de Astrobiología (CSIC-INTA), 2.
SWRI, 3. University of Arizona Lunar and Planetary Institute

507.09D – Atmospheric modeling of Mars CH
subsurface clathrates releases mimicking SAM and
2003 Earth-based detections
The aim of this work is to establish the amount of mixing during
all martian seasons to test whether CH releases inside or outside
of Gale crater are consistent with MSL-SAM observations. Several
modeling scenarios were configured, including instantaneous and
steady releases, both inside and outside the crater. A simulation
to mimic the 2003 Earth-based detections (Mumma et al. 2009

or M09) was also performed. In the instantaneous release inside
Gale experiments, Ls270 was shown to be the faster mixing
season when air within and outside the crater was well mixed: all
tracer mass inside the crater is diluted after just 8 hours. The
mixing of near surface crater air with the external environment in
the rest of the year is potentially rapid but slower than Ls270. In
the instantaneous release outside Gale (NW) experiment, in just
12 hours the CH that makes it to the MSL landing location is
diluted by six orders of magnitude. The timescale of mixing in the
model is on the order of 1 sol regardless of season. The duration
of the CH peak observed by SAM is 100 sols. Therefore there is a
steady release inside the crater, or there is a large magnitude
steady release outside the crater. In the steady release Gale
experiments, CH flux rate from ground is 1.8 kg m-2 s-1
(Gloesener et al. 2017) and it is not predictive. In these
experiments, ~200 times lower CH values detected by SAM are
modeled around MSL location. There are CH concentration
variations of orders of magnitude depending on the hour, so
timing of SAM measurements is important. With a larger (but
further away) outside crater release area compared to inside,
similar CH values around MSL are modeled, so distance to
source is important. In the steady experiments mimicking M09
detection release area, only 12 times lower CH values detected
by SAM are modeled around MSL. The highest value in the M09
modeled scenario (0.6 ppbv) is reached in Ls270. This value is the
highest of all modeled experiments. With our initial conditions,
SAM should not be able to detect CH , but if we multiply flux by
12, increase the release area or move it closer to MSL (or all of
above), it may be possible to get CH values that SAM could
detect regardless where it comes from.

Author(s): Jorge Pla-Garcia
Institution(s): 1. Centro de Astrobiologia (CSIC-INTA,
associated to NASA Astrobiology Institute)

508.01 – Continuing the investigation to tilting
Uranus with a secular spin-orbit resonance

The most accepted hypothesis for the origin of Uranus’ 98°
obliquity is one or more giant collisions during the late stages of
planetary formation. Morbidelli et al. (2012) argue that two
collisions are needed to explain Uranus' satellites' prograde
orbits. While this model is plausible, it does require impactors of
at least 0.3-1 Earth masses, depending on the quantity, to strike
close to Uranus’ pole and induce a tilting. Even larger mass
impactors would be required for more equatorial collisions. Here
we explore an alternative non-collision model to titling Uranus by
using a secular spin-orbit resonance between Uranus and
Neptune during the earlier stages of planetary formation. The
inspiration for this model comes from a similar explanation of
Saturn’s non-negligible tilt, where a secular resonance between
Saturn’s spin axis and Neptune’s orbital pole is responsible (Ward
and Hamilton (2004) & Hamilton and Ward (2004)). Thommes
et al. (1999, 2002, 2003) argue that at least the cores of Uranus
and Neptune were formed in between Jupiter and Saturn, as the
density of the protoplanetary disk was greater there. 

If Neptune was scattered outward before Uranus, then a secular
spin-orbit resonance between the two planets is possible. The
magnitude of this effect, however, may not be sufficient to drive
Uranus all the way to its current obliquity. A resonant kick, where
the speed of the migrating planet is near the adiabatic limit, can
tilt Uranus up to 40° in a reasonable timespan, and so could
replace one of the impactors required in the collisional scenario of
Morbidelli et al. (2012). In most situations, however, the effect of
such a resonant kick is only of order 10°. We are now considering
various hybrid models that involve resonant captures and kicks as
in Hamilton and Ward (2004), collisions and captures, and
collisions and kicks, and will report on our findings.

Author(s): Zeeve Rogoszinski , Douglas P. Hamilton
Institution(s): 1. University of Maryland

508.02 – Accurate Treatment of Collisions and Water-
Delivery in Models of Terrestrial Planet Formation
It is widely accepted that collisions among solid bodies, ignited by
their interactions with planetary embryos is the key process in the
formation of terrestrial planets and transport of volatiles and
chemical compounds to their accretion zones. Unfortunately, due
to computational complexities, these collisions are often treated
in a rudimentary way. Impacts are considered to be perfectly
inelastic and volatiles are considered to be fully transferred from
one object to the other. This perfect-merging assumption has
profound effects on the mass and composition of final planetary
bodies as it grossly overestimates the masses of these objects and
the amounts of volatiles and chemical elements transferred to
them. It also entirely neglects collisional-loss of volatiles (e.g.,
water) and draws an unrealistic connection between these
properties and the chemical structure of the protoplanetary disk
(i.e., the location of their original carriers). We have developed a
new and comprehensive methodology to simulate growth of
embryos to planetary bodies where we use a combination of SPH
and N-body codes to accurately model collisions as well as the
transport/transfer of chemical compounds. Our methodology
accounts for the loss of volatiles (e.g., ice sublimation) during the
orbital evolution of their careers and accurately tracks their
transfer from one body to another. Results of our simulations
show that traditional N-body modeling of terrestrial planet
formation overestimates the amount of the mass and water
contents of the final planets by over 60% implying that not only
the amount of water they suggest is far from being realistic, small
planets such as Mars can also form in these simulations when
collisions are treated properly. We will present details of our
methodology and discuss its implications for terrestrial planet
formation and water delivery to Earth.
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Author(s): Nader Haghighipour , Thomas Maindl ,
Christoph Schaefer
Institution(s): 1. Univ. of Hawaii, 2. University of Tuebingen,
3. University of Vienna

508.03 – Constraining the pre-impact orbits of
Solar System giant impactors
We provide a fast method for computing constraints on impactor
pre-impact orbits, applying this to the late giant impacts in the
Solar System. These constraints can be used to make quick, broad
comparisons of different collision scenarios, identifying some
immediately as low-probability events and narrowing the
parameter space in which to target follow-up studies with
expensive N-body simulations. We benchmark our parameter
space predictions, finding good agreement with existing N-body
studies for the Moon. We suggest that high-velocity impact
scenarios in the inner Solar System, including all currently
proposed single-impact scenarios for the formation of Mercury,
are low probability events, and favour a multiple hit-and-run
scenario as the most probable currently proposed for the
formation of Mercury.

Author(s): Alan Jackson , Travis SJ Gabriel , Erik Asphaug
Institution(s): 1. Arizona State University, 2. University of
Toronto

508.04 – Mars’ Growth Stunted by an Early Giant
Planet Instability
Many dynamical aspects of the solar system can be explained by
the outer planets experiencing a period of orbital instability.
Though often correlated with a perceived delayed spike in the
lunar cratering record known as the Late Heavy Bombardment
(LHB), recent work suggests that this event may have occurred
during the epoch of terrestrial planet formation. Though current
simulations of terrestrial accretion can reproduce many observed
qualities of the solar system, replicating the small mass of Mars
requires modification to standard planet formation models. Here
we use direct numerical simulations to show that an early
instability in the outer solar system regularly yields properly sized
Mars analogues. In 80% of simulations, we produce a Mars of the
appropriate mass. Our most successful outcomes occur when the
terrestrial planets evolve 10 million years (Myr), and accrete
several Mars sized embryos in the Mars forming region before the
instability takes place. Mars is left behind as a stranded embryo,
while the remainder of these bodies are either ejected from the
system or scattered towards the inner solar system where they
deliver water to Earth. An early giant planet instability can thus
replicate both the inner and outer solar system in a single model.

Author(s): Matthew Clement , Nathan A. Kaib , Sean N.
Raymond , Kevin J. Walsh
Institution(s): 1. Laboratoire dAstrophysique de Bordeaux, 2.
Southwest Research Institute, 3. University of Oklahoma

508.05 – Building the Moon from Multiple
Impacts: Merger Efficiency and Dynamical
Constraints
Most aspects of the Earth-Moon system can be explained by the
single giant impact hypothesis, but such collisions are rare
compared to large impacts that produce smaller satellites. In the
multiple-impact hypothesis, the Moon accretes from the mergers
of several smaller satellites (moonlets), each formed from debris
disks produced by successive impacts Myrs apart, a natural
consequence of the Earth's growth through multiple impacts.
Using N-body simulations, we assess the likelihood that pre-
existing moonlets (which tidally migrate outward) remain stable
during subsequent impacts and merge with newly created
moonlets. We find that the Earth likely had several previous
moons, many of which re-collided with the Earth. We also find
that the Moon could have formed from the mergers of several
moonlets, which could explain the compositional similarity to the
Earth. The stability of moonlets against disruption by subsequent
impacts also implies that several large impacts could post-date
Moon formation.

Author(s): Robert I. Citron , Hagai B. Perets , Oded
Aharonson
Institution(s): 1. Israel Institute of Technology, 2. University
of California, Berkeley, 3. Weizmann Institute of Science

508.06 – Boomerang Satellites
We recently reported that the orbital architecture of the Martian
environment allows for material in orbit around the planet to
``cycle'' between orbiting the planet as a ring, or as coherent
satellites. Here we generalize our previous analysis to examine
several factors that determine whether satellites accreting at the
edge of planetary rings will cycle. In order for the orbiting
material to cycle, tidal evolution must decrease the semi-major
axis of any accreting satellites. In some systems, the density of the
ring/satellite material, the surface mass density of the ring, the
tidal parameters of the system, and the rotation rate of the
primary body contribute to a competition between resonant ring
torques and tidal dissipation that prevent this from occurring,
either permanently or temporarily. Analyzing these criteria, we
examine various bodies in our solar system (such as Saturn,
Uranus, and Eris) to identify systems where cycling may occur.
We find that a ring-satellite cycle may give rise to the current
Uranian ring-satellite system, and suggest that Miranda may have
formed from an early, more massive Uranian ring.

Author(s): Andrew Hesselbrock , David A. Minton
Institution(s): 1. Purdue University

508.07 – Dynamical shake-up and the low mass of
Mars
The low mass of Mars and the lack of planets in the asteroid belt
are important constraints on theories of planet formation. We
revisit the idea that sweeping secular resonances involving the gas
giants and the 
Sun's dissipating protoplanetary disk can explain these features of
our Solar System. To test this "dynamical shake-up" scenario, we
perform an extensive suite of simulations to track terrestrial
planet formation from planetesimals. We find that if the Sun’s gas
disk depletes in roughly a million years, then a sweeping
resonance with Jupiter inhibits planet formation in the asteroid
belt and substantially limits the mass of Mars. We explore how
this phenomenon might lead to asteroid belt analogs around
other stars with long-period, massive planets. 

Author(s): Benjamin C. Bromley , Scott Kenyon
Institution(s): 1. Smithsonian Astrophysical Observatory, 2.
University of Utah

508.08 – Weakly Accreting Circumplanetary Disks
and Satellites in Resonant Orbits
During the formation phase of gas giants, circumplanetary
gaseous disks form around the planets. Circumplanetary disks are
important not only for mass supply to gas giants but also for
formation of regular satellites. The size-scale of circumplanetary
disks is smaller than that of protoplanetary disks and this makes
magnetic diffusion quicker. Thus, it is more difficult to sustain the
magnetorotational instability (MRI) in circumplanetary disks. In
the absence of significant angular momentum transport,
continuous mass flow from the parental protoplanetary disk leads
to the formation of a massive circumplanetary disk. We have
developed an evolutionary disk model for this scenario and have
estimated the orbital evolution of moons within the disk. In a
certain temperature range, we find that inward migration of a
satellite can be stopped by a disk structure resulting from the
opacity transitions. We also find that the second and third
migrating satellites can be captured in mean motion resonances.
In this way, a compact system in Laplace resonance, which are
similar to inner three bodies of Galilean satellites, can be formed
in our disk models.

Author(s): Yuri I. Fujii , Hiroshi Kobayashi , Sanemichi Z.
Takahashi , Oliver Gressel
Institution(s): 1. Kogakuin University, 2. Nagoya University,
3. Niels Bohr Institute
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508.09 – Mars’ peculiar formation
The formation of the terrestrial planets is a long standing
problem. Mars probably holds the key to solving this mystery
because of the substantial amount of data gathered from space
missions, martian meteorites and its obvious differences when
compared to Earth. Recent elemental and isotopic abundances
suggest that Mars’ composition is significantly different from that
of Earth. Therefore, Mars should have accreted most of its mass
in a region different from Earth’s, most likely further from the
Sun. These compositional differences should be explained with
planet formation models. We tested the probability of producing a
Mars analogue that is compositionally different from Earth in two
popular planet formation models: the Grand Tack model with
tack locations of 1.5 or 2 AU for Jupiter; and the Classical model
in which all the terrestrial planets formed near their current
locations. We performed a high number of N-body simulations
with initial conditions that are either equal-mass planetary
embryos or a semi-analytical approach to oligarch growth. Our
results show that the probability of producing a Mars analogue
which matches the current mass and orbit of Mars is at most 9%
but reduces to mostly about 1% when it mainly accretes its mass
further than Mars’ current position of 1.5 AU. Strangely enough,
in the Grand Tack model the number of Mars analogues produced
is independent of the initial number of planet embryos. Hence,
we conclude that both planet formation models have difficulties
to explain the observed compositional differences between Earth
and Mars.

Author(s): Man Yin Woo , Ramon Brasser , Stephen
Mojzsis , Soko Matsumura , Shigeru Ida
Institution(s): 1. Department of Geological Sciences,
University of Colorado, 2. Earth Life Science Institute, Tokyo
Institute of Technology, 3. School of Science and Engineering,
Division of Physics, University of Dundee

508.10 – Planetesimal Sizes and Mars Formation in
the Magnetized Solar Nebula
The Hf-W chronology inferred from Martian meteorites suggests
that Mars should be a stranded planetary embryo formed within a
very short (about 2 Myr) accretion timescale. Previous studies
show that such rapid growth can be realized when small (< 10 km
in size) planetesimals are accreted onto the embryo. Magnetized
chondrules found in Semarkona ordinary chondrite imply that
magnetic fields and the resulting MHD turbulence played an
important role in nebular evolution. Under this circumstance,
impact velocity of planetesimals can be very high due to nebular
density fluctuations caused by turbulence, and hence collisions
between small planetesimals can become destructive, rather than
mergers. Here, we investigate how Mars formed in the
magnetized solar nebula, focusing on MHD turbulence. We
demonstrate what mass of planetesimals can contribute to Mars

formation and what value of the nebular mass is needed to satisfy
the rapid accretion timescale. We therefore derive a more realistic
condition of the solar nebula under which Mars formation took
place. While this study is based on the standard picture of
runaway and oligarchic growth, we also discuss other formation
mechanisms in order to compare how our results would be
consistent with the properties of the solar system. These
mechanisms are a hypothesis that Mars formed from a narrow
ring of planetesimals, and the pebble accretion scenario.

Author(s): Yasuhiro Hasegawa , Ryuji Morishima
Institution(s): 1. JPL/Caltech, 2. UCLA/JPL

508.11D – When Moons Collide
Impacts between two orbiting satellites is a natural consequence
of Moon formation. Mergers between moonlets are especially
important for the newly proposed multiple-impact hypothesis as
these moonlets formed from different debris disks merge together
to form the final Moon. However, this process is relevant also for
the canonical giant impact, as previous work shows that multiple
moonlets are formed from the same debris disk. 
 
The dynamics of impacts between two orbiting bodies is
substantially different from previously heavily studied planetary-
sized impacts. Firstly, the impact velocities are smaller and
limited to, thus heating is limited. Secondly, both fragments have
similar mass therefore, they would contribute similarly and
substantially to the final satellite. Thirdly, this process can be
more erosive than planetary impacts as the velocity of ejected
material required to reach the mutual Hill sphere is smaller than
the escape velocity, altering the merger efficiency. 
 
Previous simulations show that moonlets inherit different
isotopic signatures from their primordial debris disk, depending
on the parameters of the collision with the planet. We therefore,
evaluate the degree of mixing in moonlet-moonlet collisions in
the presence of a planetary gravitational field, using Smooth
Particle Hydrodynamics (SPH). Preliminary results show that the
initial thermal state of the colliding moonlets has only a minor
influence on the amount of mixing, compared to the effects of
velocity and impact angle over their likely ranges. For equal mass
bodies in accretionary collisions, impact angular momentum
enhances mixing. In the hit-and-run regime, only small amounts
of material are transferred between the bodies therefore mixing is
limited. Overall, these impacts can impart enough energy to melt
~15-30% of the mantle extending the magma ocean phase of the
final Moon. 

Author(s): Raluca Rufu , Oded Aharonson
Institution(s): 1. Weizmann Institute of Science

509.01 – The Mass Loss of Comet 67P/Churyumov-
Gerasimenko
The Rosetta Radio Science Investigatios experiment (RSI)
determined the mass and the degree and order two gravity field of
the nucleus of comet 67P/Churyumov-Gerasimenko after arrival
in summer 2014 and again before the ultimate end of the mission
in fall 2016. The comparison of the two mass values revealed a
substantial mass loss by gas and dust of about 10 million tons.
The low bulk density of 533 kg/m3 and reasonable assumptions
of the compact dust material density implies a high porosity of
about 75% and a high dust-to-ice mass ratio of the nucleus body.
The ROSINA gas observations, however, integrated over the
mission time reveal a mass loss by the gas alone which does not
allow a high dust-to-ice mass ratio for the material in space
beyond a certain distance from the nucleus where the material
does no longer fall back to the nucleus. The dust-to-ice mass ratio
must be 0.3 in order to agree with the total mass loss determined
by RSI. Only a small amount of the lifted mass at an active spot
on the surface reaches space. Most of the dust mass falls back and
is redistributed on the surface.

Author(s): Martin Paetzold , Thomas Andert , Jean-Pierre
Barriot , Matthias Hahn , Michael Bird , Bernd Häusler , Silvia
Anna Tellmann
Institution(s): 1. Institut für Raumfahrttechnik und
Weltraumnutzung, Universität der Bundeswehr München, 2.
Rheinisches Instiut fuer Umweltforschung, Department
Planetary Research, 3. Université Polynésie Francaise

509.02 – Detection of outbursts and modeling of
the activity during the summer of 2015 with
Rosetta
The ESA (European Space Agency) Rosetta spacecraft was
launched on March 2, 2004 and reached comet 67P/Churyumov-
Gerasimenko (67P) in August 2014. 
Close to perihelion in August 2015, a display of outbursts on 67P,
known as the summer fireworks (Vincent et al. 2016), was
observed with the Optical, Spectroscopic, and Infrared Remote
Imaging System (OSIRIS) and the NAVCAM. Vincent et al. (2016)
reported the detection of 34 outbursts with one on average every
2.4 nucleus rotations. 
In the case of the Microwave Instrument for the Rosetta Orbiter
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(MIRO), the most useful scan pattern for tracking gas abundance
before, during, and after an outburst was a series of raster scans
across the nucleus along the comet-Sun direction. We identified a
spectral feature that is indicative of high velocity gas moving
toward the spacecraft as being associated with outbursts. In this
particular study, we will report the detection of 6 outbursts with
MIRO during the summer of 2015. One of the outbursts detected
by MIRO was not observed with OSIRIS or the NAVCAM. We will
present results for the gas production rate, as obtained from the
H O emission line observed with MIRO and a numerical model
of the radiative transfer in the coma. 
Our goal is to better understand the physics of outbursts and how
the dust is lifted by the gas, by comparing model results to
OSIRIS images (sensitive to the dust abundance) and MIRO
spectra (sensitive to the gas abundance and velocity). We used a
Collisionless Gas Simulation tool developed at JPL to study the
gas flow close to the nucleus and the dust trajectories as
determined by the three main forces acting on the grains: the
drag force, gravity and the radiative pressure. Our main objective
is to understand the mechanisms responsible for the outburst and
the activity. Past studies have shown that outbursts are in fact a
combination of both gas and dust, in which the active surface at
the source of the outburst is believed to be approximately 10
times more active than the average rate found in the surrounding
areas (Gicquel et al. 2017). Preliminary results show that the
activity follows the insolation/illumination pattern.

Author(s): Adeline Gicquel , Paul von Allmen , Mark
Hofstadter
Institution(s): 1. JPL/Caltech
Contributing team(s): MIRO, OSIRIS

509.03 – Linking surface morphology, composition
and activity on the 67P/Churyumov-Gerasimenko’s
nucleus
The Rosetta mission orbited around the comet 67P/Churyumov-
Gerasimenko for more than 2 years, getting an incredible amount
of unique data of the comet nucleus and inner coma. This has
enabled us to study its activity continuously from 4 AU inbound
to 3.6 AU outbound, including the perihelion passage at 1.25 AU. 
This work focuses on the identification of the regions sources of
faint jets and outbursts, and on the study of their
spectrophotometric properties, from observations acquired with
the OSIRIS/NAC camera during the July-October 2015 period,
i.e. close to perihelion. More than 150 jets of different intensities
were identified directly on the nucleus from NAC color sequences
acquired in 7-11 filters covering the 250-1000 nm wavelength
range, and their spectrophotometric properties studied for the
first time. Some spectacular outbursts appear dominated by water
ice particles, while fainter jets often show colors redder than the
nucleus and appear dominated by dusty particles. Some jets are
very faint and were identified on the nucleus thanks to the
unprecedented spatial and temporal resolution of the
ROSETTA/OSIRIS observations. Some of them have an extremely
short lifetime, appearing on the cometary surface during the color
sequence observations, reaching their peak in flux and then
vanishing in less than a couple of minutes. 
We will present the results on the location, duration, and colors of
active sources on the 67P nucleus from the relatively low
resolution (i.e. 6-10 m/pixel) images acquired close to the
perihelion passage. Some of this active regions were observed and
investigated in higher resolution (up to few dm per pixel) during
other phases of the mission. These observations allow us to study
the morphological and spectral evolution of the regions found to
be active and to further investigate the link between morphology,
composition, and activity on cometary nuclei.

Author(s): Sonia Fornasier , Van Hong Hoang , Pedro H.
Hasselmann , Maria Antonieta Barucci , Clement Feller ,
Jasinghege Don Prasanna Deshapriya , Horst Uwe Keller
Institution(s): 1. DLR, 2. LESIA, Observatoire de Paris, PSL
Research University, CNRS, Univ. Paris Diderot, Sorbonne Paris
Cite', UPMC Univ. Paris 06, Sorbonne Universites
Contributing team(s): OSIRIS Team

509.04 – Spatial and Temporal Variations of
Atomic Species in the Coma of Comet
67P/Churyumov-Gerasimenko as Observed by
Rosetta’s ALICE UV Spectrograph during Great
Circle Scans
The Alice far-ultraviolet (FUV) imaging spectrograph on the
Rosetta orbiter obtained spatially resolved spectra of
67P/Churyumov-Gerasimenko (67P) from 700-2050 Å with a
spectral resolution of 8-12 Å. Observations of 67P were obtained
by Alice continually from arrival at the comet in August 2014
through the end of the mission in September 2016. “Great Circle”
observations were performed every few weeks from January 2015
through May 2016 to survey the coma away from the nucleus.
These sequences consisted of a series of slews along a celestial
great circle passing through the nucleus, e.g., covering off-nadir
angles from approximately 0-180°, with pauses for observations
by Alice and other instruments. Alice’s line of sight during these
scans included signal to the edge of the coma, thus sampling very
different parts of the coma than most other instruments. 
 
We report here on observations acquired during these Great
Circle scans that allow us to investigate the spatial distributions of
various emissions, as well as seasonal variations in the coma
composition. Bright lines consistently included H Ly-b, the OI
triplet near 1304 Å, CI near 1657 Å, and the SI triplet near 1820 Å.
Spatial distributions of the OI, CI, and SI brightnesses have been
determined and are being fitted with Haser models. The process
is more complicated than for traditional remote sensing FUV
observations due to Rosetta’s location in the coma and because
resonant scattering does not always dominate the excitation.
Preliminary modeling yields H O and CO  production rates
consistent with contemporaneous measurements obtained by
other instruments on Rosetta and production rates that generally
peak a few weeks after perihelion. A surprising phenomenon is a
slight increase in OI brightness at large off-nadir angles for some
Great Circles while the other measured emissions continue to
decrease. We are investigating possible explanations. 
 
Rosetta is an ESA mission with contributions from its member
states and NASA. The Alice team acknowledges continuing
support from NASA’s Jet Propulsion Laboratory through contract
1336850 to the Southwest Research Institute.
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Feaga , Paul D. Feldman , Joel Wm. Parker , Eric Schindhelm ,
Andrew J Steffl , S. Alan Stern , Andre Bieler , Michael R.
Combi , Nicolas Fougere , Brian A. Keeney , Richard
Medina , John Noonan , Jon Pineau , Maarten H. Versteeg
Institution(s): 1. JHU-Applied Physics Laboratory, 2. Johns
Hopkins University, 3. LATMOS, 4. Lunar and Planetary
Laboratory, 5. Southwest Research Institute, 6. Southwest
Research Institute, 7. Stellar Solutions, 8. University of
Colorado, 9. University of Maryland, 10. University of Michigan

509.05 – Analysis of the ROSINA/COPS end-of-
mission measurements of the coma of comet
67P/Churyumov–Gerasimenko
A cometary coma is a unique phenomenon in the Solar system
that represents an example of a planetary atmosphere influenced
by little or no gravity. Due to the negligible gravity of a comet’s
nucleus, a coma has a characteristic size that exceeds that of the
nucleus itself by many orders of magnitude. An extended dusty
gas cloud that forms a coma is affected mainly by molecular
collisions, radiative cooling, and photolytic, charge-exchange, and
impact-ionization reactions. 
 
Such an environment has been extensively observed during the
recent Rosetta mission, which was the first mission that escorts a
comet along its way through the Solar system for an extended
amount of time with the main scientific objectives of
characterizing comet’s nucleus, determining the surface
composition, and studying the comet’s activity development. 
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The ROSINA (Rosetta Orbiter Spectrometer for Ion and Neutral
Analysis) Comet Pressure Sensor (COPS) onboard the Rosetta
spacecraft has performed one of the most exciting observations of
the innermost coma during the spacecraft descend maneuver
during the last ten hours of the mission when the random and
outflow directed pressures in the coma have been measured all
the way down to the comet’s surface. Performed at such close
proximity to the nucleus, these observations can help to
characterize effects due to topological features and/or the gas
local conditions at the surface of the nucleus. 

The major focus of the presented study is analyzing of the end-of-
mission pressure measurements by the ROSINA/COPS
instrument. Because the coma at a heliocentric distance of 3.8 AU
was in a collisionless regime, it can be described by solving the
Liouville equation, as we have done in our analysis. We have
used the SHAP5 nucleus model to account for the topology of the
volatile source. Spacecraft trajectory and the instrument
pointing with respect to the comet’s nucleus have been obtained
with the SPICE library. Here, we present results of our analysis
and discuss the effects of the surface topology and that of the local
surface volatile injection on the distribution of gas in the
innermost coma of comet 67P/Churyumov–Gerasimenko.

Author(s): Valeriy Tenishev , Michael R. Combi , Nicolas
Fougere , Martin Rubin , Chia-Yu Tzou , Yinsi Shou , T. I.
Gombosi , Kathrin Altwegg , Zhenguang Huang , Gabor Toth ,
Kenneth C. Hansen
Institution(s): 1. Univ. of Bern, 2. Univ. of Michigan

509.06 – Temporal Variations of Water Vapor in
the Coma of 67P/Churyumov-Gerasimenko as
Observed by Rosetta’s Alice FUV Spectrograph
During the Rosetta mission, the Alice far-ultraviolet (FUV)
imaging spectrograph obtained spatially-resolved spectra of the
coma and nucleus of comet 67P/Churyumov-Gerasimenko over
the wavelength range of 700-2050Å. Typically, Alice detected
emissions from the neutral atomic daughter and granddaughter
products (H, O, C, and S) of the primary molecular species in the
coma: H O, CO , CO, and O . However, during a six-month
period centered near perihelion, Alice directly detected water
vapor in absorption of sunlight reflected from the nucleus. We
present here analyses of the water vapor column density as
measured by the Alice FUV spectrograph. Alice is sensitive to
water vapor at column densities greater than ~10  cm  along
the sum of the Sun-nucleus and nucleus-spacecraft lines of sight.
Due to the excellent temporal coverage provided by the Alice
instrument (exposures were typically obtained every 5-10
minutes), we are able to show variations of water vapor in the
coma caused by the changing heliocentric distance of the comet,
the comet’s ~12-hour rotation period, and short-term outbursts.
We compare our water vapor column densities to those derived
from other instruments aboard the Rosetta spacecraft and use
models to estimate the water production rate. 

Rosetta is an ESA mission with contributions from its member
states and NASA. The Alice team acknowledges continuing
support from NASA’s Jet Propulsion Laboratory through contract
1336850 to the Southwest Research Institute.
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University of Maryland

509.07 – FUV Spectral Signatures of Molecules and
the Evolution of the Gaseous Coma of Comet
67P/Churyumov-Gerasimenko 

The Alice far-ultraviolet imaging spectrograph onboard Rosetta
observed emissions from atomic and molecular species from
within the coma of comet 67P/Churyumov-Gerasimenko during
the entire escort phase of the mission from 2014 August to 2016
September. The initial observations showed that emissions of
atomic hydrogen and oxygen close to the surface were produced
by energetic electron impact dissociation of H O. Following
delivery of the lander, Philae, on 2014 November 12, the
trajectory of Rosetta shifted to near-terminator orbits that
allowed for these emissions to be observed against the shadowed
nucleus that, together with the compositional heterogeneity,
enabled us to identify unique spectral signatures of electron
impact excitation of H O, CO , and O . CO emissions were found
to be due to both electron and photoexcitation processes. Thus we
are able, from far-ultraviolet spectroscopy, to qualitatively study
the evolution of the primary molecular constituents of the
gaseous coma from start to finish of the escort phase. Our results
show asymmetric outgassing of H O and CO  about perihelion,
H O being dominant before perihelion and CO  dominant after. 

Author(s): Paul D. Feldman , Jean-Loup Bertaux , Lori M.
Feaga , Brian A. Keeney , Matthew M. Knight , John Noonan ,
Joel Wm. Parker , Eric Schindhelm , Andrew J Steffl , S. Alan
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CNRS/UVSQ/IPSL, 5. Southwest Research Institute, 6.
University of Maryland

509.08 – Stellar Occultation by Comet
67P/Churyumov-Gerasimenko Observed with the
R-Alice Ultraviolet Spectrograph
Following our previous detection of ubiquitous H O and O
absorption against the far-UV continuum of stars located near the
nucleus of Comet 67P/Churyumov-Gerasimenko (Keeney et al.
2017, MNRAS, 469, S158), we present a serendipitously observed
stellar occultation that occurred on 13 September 2015,
approximately one month after the comet’s perihelion passage.
The A0 star HD 4150 appears in two consecutive 10-minute
spectral images, both of which show H O absorption with column
density > 10  cm  and significant O  absorption (O /H O ≈
5-10%). No absorption from any other species is detected.
Because the projected distance from the star to the nucleus
changes substantially between exposures, our ability to study the
changing H O production rate near the nucleus (ρ < 2 km) is
unmatched by our previous observations. We find that both the
H O column density and the relative O /H O abundance
decrease with increasing impact parameter, in accordance with
expectations. 
 
Rosetta is an ESA mission with contributions from its member
states and NASA. The Alice team acknowledges continuing
support from NASA’s Jet Propulsion Laboratory through contract
1336850 to the Southwest Research Institute.
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509.09 – Ultraviolet observations of Coronal Mass
Ejection impact on comet 67P/Churyumov-
Gerasimenko by Rosetta Alice
The Rosetta Alice ultraviolet spectrograph onboard the European
Space Agency’s Rosetta spacecraft observed comet
67P/Churyumov-Gerasimenko in its orbit around the Sun for just
over two years. Observations taken two months after perihelion,
in early 2015 October, show large increases in the Lyman-β, OI
1304, OI] 1356, and CI 1657 Å atomic emission multiplets. Data
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510 – Mars: Upper Atmospheric Observations, Modeling, and Interpretations

from the Rosetta Plasma Consortium (RPC) instruments later
showed a coronal mass ejection (CME) impact at the comet
coincident with the emission increases, suggesting that the CME
impact may have been the cause of the increase. Supporting this,
the presence of the semi-forbidden OI] 1356 Å emission multiplet
is indicative of a considerable increase in electron impact
emission from the coma and thus an increase in the electron
energy and/or density of the plasma, assuming no gaseous
outbursts occurred. Further, the strength of carbon emission lines
does not support either CO or CO  as significant sources of the
oxygen emission. The mechanism responsible for this change to
the electron impact contribution could be a product of the
interaction between the CME and the coma of 67P. The observed
electron impact emission is used to determine the O  /H O ratio
of the coma at two peaks during the CME event. The exact
relationship between the CME and UV emission brightness is not
well constrained, but we will present several hypotheses to
explain the correlation. 
This research was made possible by the ESA Rosetta mission with

contributions from ESA member states and NASA. The Alice team
would like to acknowledge the support of NASA, specifically
through JPL contract 1336850 to the Southwest Research
Institute. 
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510.01 – Martian Metallic Ions Deposited by Comet
Siding Spring Defy Expectations
On October 19  2014, comet C/2013 A1 (Siding Spring) had a
close encounter with Mars and deposited cometary dust particles
into the Martian atmosphere. Dust that impacted Mars was
readily identifiable as the meteoric deposition of Mg, Fe, Na, etc.
by the Imaging Ultraviolet Spectrograph (IUVS) and Neutral Gas
and Ion Mass Spectrometer (NGIMS) on the NASA Mars
Atmosphere and Volatile EvolutioN (MAVEN) spacecraft. While
Mg  from comet Siding Spring and in a persistent layer was
identified previously by IUVS, this is the first remote sensing
report on the abundance, spatial distribution and temporal
evolution of Mg, Fe, and Fe . Subsequent evolution of the
distributions of ions and neutrals indicate distinct physical
mechanisms for distribution. We find vertical and latitudinal
inhomogeneities that are inconsistent with expected dynamical
transport mechanisms.

Author(s): Matteo Crismani , Nicholas M. Schneider , John
Plane , Sonal Jain , Justin Deighan , Roger V Yelle , J. Scott
Evans
Institution(s): 1. Computational Physics Inc. , 2. CU Boulder,
3. Lunar and Planetary Institute, 4. University of Leeds

510.02 – Space weather events at Mars:
atmospheric erosion during solar cycle 24
The early Sun played a major role in the evolution of terrestrial
atmospheres, with extreme EUV and X-ray fluxes, as well as a
more intense solar wind and higher occurrences of powerful solar
transient events. The Mars Atmosphere and Volatile EvolutioN
(MAVEN) mission has been observing the upper atmosphere and
magnetic topology of Mars, and has made numerous
measurements of solar transient events such as Interplanetary
Coronal Mass Ejections (ICMEs) and Stream Interaction Regions
(SIRs) since November 2014. These events are characterized by
dramatic changes in dynamic pressure, magnetic field strength
and substantial increases in escaping and precipitating planetary
ions. We will present MAVEN observations of ICMEs and SIRs
and show three of the strongest solar transient events observed
during solar cycle 24. We will also present global MHD and test
particle simulations of these events and discuss their influence on
the magnetic topology and atmospheric escape rates at Mars.
Finally, using observations of the magnitude and frequency of M
and X class flares at younger, Sun-like stars, we have extrapolated
the frequency of ICMEs at earlier stages of the Sun and will
present simulations of the Mars-early solar wind interaction. The
extreme conditions in the Sun’s early history may have had a
significant influence on the evolution of the Martian atmosphere
and may also have implications for exoplanets interacting with
the stellar winds of younger, more active stars.

Author(s): Shannon Curry , Janet Luhmann , Chuanfei
Dong , Ed Thiemann , Jacob Gruesbeck , Christina Lee , Gina A
DiBraccio , Yingjuan Ma , David Brain , Jasper Halekas , Jared
R. Espley , John E.P. Connerney
Institution(s): 1. LASP, University of Colorado, Boulder, 2.
NASA Goddard, 3. Princeton University , 4. SSL, University of
California, Berkeley, 5. University of California, Los Angeles, 6.
University of Iowa

510.03 – Studying the seasonal changes in the
Martian hydrogen exosphere near Perihelion using
HST and MAVEN observations
In the past decade it has been discovered that the Martian
exosphere exhibits significant seasonal variations in the rate of
hydrogen escape to space. The escape rate has been found to
strongly intensify as Mars approaches perihelion. It is important
to characterize these variations as the escape of hydrogen from
Mars is directly tied to its water escape history. This work will
present results from a recent study conducted on the seasonal
variation of the Martian hydrogen exosphere as Mars crossed
perihelion and southern summer solstice during Mars year 33,
based mainly on observations with the Hubble Space Telescope
(HST). Other instruments, including the MAVEN IUVS Echelle,
and MAVEN SWIA have also been used to characterize the
Martian exospheric seasonal behavior around perihelion. We will
provide an overview of the data from these instruments, and
compare the derived results from their analyses, in terms of the
HST images of the hydrogen exosphere.

Author(s): Dolon Bhattacharyya , John T. Clarke , Majd A
Mayyasi-Matta , Jasper Halekas , Jean-Yves Chaufray , Michael
S. Chaffin , Justin Deighan , Sonal Jain , Jean-Loup Bertaux ,
Nicholas M. Schneider
Institution(s): 1. Boston University, 2. Iowa University, 3.
LASP, 4. LATMOS

510.04 – Mars Thermospheric Temperature
Sensitivity to Solar EUV Forcing from the MAVEN
EUV Monitor
Solar extreme ultraviolet (EUV) radiation is the primary heat
source for the Mars thermosphere, and the primary source of
long-term temperature variability. The Mars obliquity, dust cycle,
tides and waves also drive thermospheric temperature variability;
and it is important to quantify the role of each in order to
understand processes in the upper atmosphere today and,
ultimately, the evolution of Mars climate over time. Although
EUV radiation is the dominant heating mechanism, accurately
measuring the thermospheric temperature sensitivity to EUV
forcing has remained elusive, in part, because Mars
thermospheric temperature varies dramatically with latitude and
local time (LT), ranging from 150K on the nightside to 300K on
the dayside. It follows that studies of thermospheric variability
must control for location. 
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Instruments onboard the Mars Atmosphere and Volatile
EvolutioN (MAVEN) orbiter have begun to characterize
thermospheric temperature sensitivity to EUV forcing. Bougher et
al. [2017] used measurements from the Imaging Ultraviolet
Spectrograph (IUVS) and the Neutral Gas and Ion Mass
Spectrometer (NGIMS) to characterize solar activity trends in the
thermosphere with some success. However, aside from restricting
measurements to solar zenith angles (SZAs) below 75 degrees,
they were unable to control for latitude and LT because repeat-
track observations from either instrument were limited or
unavailable. 

The MAVEN EUV Monitor (EUVM) has recently demonstrated
the capability to measure thermospheric density from 100 to 200
km with solar occultations of its 17-22 nm channel. These new
density measurements are ideal for tracking the long-term
thermospheric temperature variability because they are
inherently constrained to either 06:00 or 18:00 LT, and the orbit
has precessed to include a range of ecliptic latitudes, a number of
which have been revisited multiple times over 2.5 years. In this
study we present, for the first-time, measurements of
thermospheric temperature sensitivity to EUV forcing derived
from the EUVM measurements. These results include sensitives
measured at the poles and near the equator for both terminators;
therefore, we will also discuss the role of latitude on EUV
temperature sensitivity.

Author(s): Ed Thiemann , Francis Eparvier , Laila
Andersson , Marcin Pilinski , Phillip Chamberlin , Christopher
Fowler
Institution(s): 1. NASA Goddard Space Flight Center
(Formerly) , 2. University of Colorado
Contributing team(s): MAVEN Extreme Ultraviolet Monitor
Team, MAVEN Langmuir Probe and Waves Team

510.05 – Mars Dayside Thermospheric
Composition and Temperatures from the NGIMS
MAVEN Instrument: Implications for Thermal
Balances
The Mars upper atmosphere, encompassing the thermosphere,
ionosphere, and the lower exosphere (~100 to 500 km),
constitutes the reservoir that regulates present day and historical
escape processes from the planet. The characterization of this
reservoir is therefore one of the major science objectives of the
MAVEN mission. Current dayside thermospheric composition
and temperatures are the focus of this study. 
The primary MAVEN instrument for in situ sampling of neutral
thermospheric structure is the Neutral Gas and Ion Mass
Spectrometer (NGIMS, Mahaffy et al. 2015) instrument. It
measures the neutral composition of at least 11 key gas species
and their major isotopes, with a vertical resolution of ~5 km for
targeted species. Thermospheric temperatures are derived from
neutral density vertical structure (Bougher et al., 2017). Four
NGIMS dayside sampling periods are chosen, spanning mid-April
2015 to late-November 2016, for which the solar zenith angle is
less than 60°. The Martian season advances from Ls ~ 335 to 256,
while solar EUV fluxes are declining from solar moderate to
minimum conditions. Each sampling period is composed of ~150
to 200 orbits (NGIMS Level 2 V07_R02 files). We focus our study
on 5 dayside species: CO , O, N , CO, and He. Inbound density
profiles (and derived temperatures) are extracted and averaged
over various orbital intervals, in order to compute longitude
averaged profiles, and to minimize the impact of small scale wave
structure. Corresponding Mars Global Ionosphere Thermosphere
Model (M-GITM, Bougher et al., 2015) predictions for the same
seasonal/solar cycle conditions are compared to NGIMS density
measurements along the inbound orbit tracks below ~225 km.
This M-GITM model is primarily driven by solar EUV-UV forcing
at these altitudes; its simulations are used to provide a first
comparison with the climatic trends (and variability) gleaned
from these NGIMS datasets. M-GITM underlying dayside thermal
balances required to reproduce these measured density and
temperature profiles are also presented, with the goal of
constraining dayside CO  cooling rates. 

Author(s): Stephen W. Bougher , Ryan Sharrar , Jared M
Bell , Paul R Mahaffy , Mehdi Benna , Meredith K Elrod , J.
Scott Evans
Institution(s): 1. Computational Physics, Inc., 2. NASA GSFC,
3. National Institute of Aerospace, 4. Univ. of Michigan

510.06 – First Retrieval of Thermospheric Carbon
Monoxide From Mars Dayglow Observations
As a minor species in the Martian thermosphere, Carbon
Monoxide (CO) is a tracer that can be used to constrain changing
circulation patterns between the lower thermosphere and upper
mesosphere of Mars. By linking CO density distributions to
dynamical wind patterns, the structure and variability of the
atmosphere will be better understood. Direct measurements of
CO can therefore provide insight into the magnitude and pattern
of winds and provide a metric for studying the response of the
atmosphere to solar forcing. In addition, CO measurements can
help solve outstanding photochemical modeling problems in
explaining the abundance of CO at Mars. CO is directly
observable by electron impact excitation and solar resonance
fluorescence emissions in the far-ultraviolet (FUV). The retrieval
of CO from solar fluorescence was first proposed over 40 years
ago, but has been elusive at Mars due to significant spectral
blending. However, by simulating the spectral shape of each
contributing emission feature, electron impact excitation and
solar fluorescence brightnesses can be extracted from the
composite spectrum using a multiple linear regression approach.
We use CO Fourth Positive Group (4PG) molecular band emission
observed on the limb (130 – 200 km) by the Imaging Ultraviolet
Spectrograph (IUVS) on NASA’s Mars Atmosphere and Volatile
Evolution (MAVEN) spacecraft over both northern and southern
hemispheres from October 2014 to December 2016. We present
the first direct retrieval of CO densities by FUV remote sensing in
the upper atmosphere of Mars. Atmospheric composition is
inferred using the terrestrial Atmospheric Ultraviolet Radiance
Integrated Code adapted to the Martian atmosphere. We
investigate the sensitivity of CO density retrievals to variability in
solar irradiance, solar longitude, and local time. We compare our
results to predictions from the Mars Global Ionosphere-
Thermosphere Model as well as in situ measurements by the
Neutral Gas and Ion Mass Spectrometer on MAVEN and quantify
any differences.

Author(s): J. Scott Evans , Michael H. Stevens , Sonal Jain ,
Justin Deighan , Jerry Lumpe , Nicholas M. Schneider , A. Ian
Stewart , Matteo Crismani , Arnaud Stiepen , Michael S.
Chaffin , Majd A Mayyasi-Matta , William E. McClintock , Greg
Holsclaw , Franck Lefevre , Daniel Lo , John T. Clarke , Franck
Montmessin , Stephen W. Bougher , Jared M. Bell , Frank
Eparvier , Ed Thiemann , Paul R Mahaffy , Mehdi Benna ,
Meredith K Elrod , Bruce Jakosky
Institution(s): 1. Boston University, 2. Computational Physics,
Inc., 3. Laboratory for Atmospheric and Space Physics, 4.
LATMOS/CNRS, 5. NASA Goddard Space Flight Center, 6. Naval
Research Laboratory, 7. University of Arizona, 8. University of
Liège, 9. University of Michigan

510.07 – Mars’ seasonal mesospheric transport
seen through nitric oxide nightglow
We analyze the ultraviolet nightglow in the atmosphere of Mars
through nitric oxide (NO) δ and γ band emissions as observed by
the Imaging UltraViolet Spectrograph (IUVS) instrument
onboard the Mars Atmosphere and Volatile EvolutioN (MAVEN)
spacecraft when it is at apoapse and periapse. 
 
In the dayside thermosphere of Mars, solar extreme-ultraviolet
radiation dissociates CO  and N  molecules. O( P) and N( S)
atoms are carried from the dayside to the nightside by the day-
night hemispheric transport process, where they descend through
the nightside mesosphere and can radiatively recombine to form
NO(C Π). The excited molecules rapidly relax by emitting
photons in the UV δ and γ bands. These emissions are indicators
of the N and O atom fluxes from the dayside to Mars’ nightside
and the descending circulation pattern from the nightside
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511 – Outer Irregular Satellites

thermosphere to the mesosphere (e.g. Bertaux et al., 2005 ;
Bougher et al., 1990 ; Cox et al., 2008 ; Gagné et al., 2013 ; Gérard
et al., 2008 ; Stiepen et al., 2015, 2017). 

Observations of these emissions are gathered from a large dataset
spanning different seasonal conditions. 

We present discussion on the variability in the brightness and
altitude of the emission with season, geographical position
(longitude), and local time, along with possible interpretation by
local and global changes in the mesosphere dynamics. We show
the possible impact of atmospheric waves forcing longitudinal
variability and data-to-model comparisons indicating a wave-3
structure in Mars’ nightside mesosphere. Quantitative
comparison with calculations of the Laboratoire de Météorologie
Dynamique-Mars Global Climate Model (LMD-MGCM) suggests
the model reproduces both the global trend of NO nightglow
emission and its seasonal variation. However, it also indicates
large discrepancies, with the emission up to a factor 50 times
fainter in the model, suggesting that the predicted transport is too
efficient toward the night winter pole in the thermosphere by
∼20° latitude to the north. 

These questions are now addressed through an extensive dataset
of disk images, in complement to improved simulations of the
LMD-MGCM and the Mars Global Ionosphere-Thermosphere
Model (MGITM) models.

Author(s): Zachariah Milby , Arnaud Stiepen , Sonal Jain ,
Nicholas M. Schneider , Justin Deighan , Francisco Gonzalez-
Galindo , Jean-Claude Gerard , Michael H. Stevens , Stephen
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510.08 – Variability of Martian Turbopause
Altitudes
The transition region between the well-mixed, turbulent lower
atmosphere and the diffusive upper atmosphere - the turbopause
- is an area of coupled physical processes that can have significant
impacts on the structure and dynamics of the mesosphere and
thermosphere. Above the turbopause, molecular diffusion
dominates and species fractionate according to their masses.
Below, turbulence is strong and waves dissipate and break. We
have used density measurements from MAVEN's NGIMS
instrument and temperatures from MRO's MCS to calculate
turbopause altitudes over the course of a Martian year. 

The homopause, or "mixing-turbopause,” is defined with respect
to the mixing ratio of a given atmospheric species. The mean
molecular mass of the atmosphere remains essentially constant
below, but each species has its own scale height above. We
determined this altitude for each MAVEN orbit between Feb 2015
- Dec 2016 by extrapolating the ratio of N  and Ar densities
downward to where their ratio equals that measured by Curiosity.
To determine the "wave-turbopause" (Offermann et al., 2007) we
used variations in monthly-averaged temperature profiles of the
upper and lower atmosphere. Because the dissipation of waves
produces turbulence the turbopause altitude is set by the
transition from strong to weak dissipation. If no energy were lost,

the amplitude of a vertically propagating gravity wave would
increase exponentially with altitude. Using the monthly standard
deviation in temperatures as a proxy for wave amplitude, we show
that waves are strongly dissipated at low altitudes but freely
propagating in the lower thermosphere. The altitude at which the
standard deviation begins to increase substantially from low
values at mid-altitudes determines the altitude of the "wave-
turbopause." 
 
The observed range of turbopause altitudes is 80-140 km. The
turbopause is highest during the day and for Ls values near 270°.
Homopause altitudes correlate well with changes in CO
densities. The variation in turbopause altitudes means that
energy, mass, and momentum transported vertically are
deposited at different altitudes across the planet, which can have
a substantial effect on the thermal and dynamical state of the
middle-upper atmosphere.
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510.09 – Standardizing Scale Height Computation of
MAVEN NGIMS Neutral Data and Variations Between
Exobase and Homeopause Scale Heights
The MAVEN NGIMS team produces a level 3 product which
includes the computation of Ar scale height an atmospheric
temperatures at 200 km. In the latest version (v05_r01) this has
been revised to include scale height fits for CO2, N2 O and CO.
Members of the MAVEN team have used various methods to
compute scale heights leading to significant variations in scale
height values depending on fits and techniques within a few orbits
even, occasionally, the same pass. Additionally fitting scale
heights in a very stable atmosphere like the day side vs night side
can have different results based on boundary conditions.
Currently, most methods only compute Ar scale heights as it is
most stable and reacts least with the instrument. The NGIMS
team has chosen to expand these fitting techniques to include
fitted scale heights for CO , N , CO, and O. Having compared
multiple techniques, the method found to be most reliable for
most conditions was determined to be a simple fit method. We
have focused this to a fitting method that determines the exobase
altidude of the CO2 atmosphere as a maximum altitude for the
highest point for fitting, and uses the periapsis as the lowest point
and then fits the altitude versus log(density). The slope of altitude
vs log(density) is -1/H where H is the scale height of the
atmosphere for each species. Since this is between the
homeopause and the exobase, each species will have a different
scale height by this point. This is being released as a new
standardization for the level 3 product, with the understanding
that scientists and team members will continue to compute more
precise scale heights and temperatures as needed based on
science and model demands. 
Additionally, we are examining these scale heights for variations
seasonally, diurnally, and above and below the exobase. The
atmosphere is significantly more stable on the dayside than on
the nightside. We have also found a jog or kink in the atmosphere
in several atmospheric profiles slightly above the exobase
indicating a change in the scale height between the super and
supra- exobase temperatures. Waves are more prevalent on the
night side and terminator sides making scale height fits more
difficult.

Author(s): Meredith K Elrod , Marek Slipski , Shannon
Curry , Hayley Williamson , Mehdi Benna , Paul R Mahaffy
Institution(s): 1. LASP-University of Colorado, 2. NASA
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511.01 – Compositional Analyses and Implications
of Visible/Near Infrared Spectra of Outer Irregular
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of Visible/Near-Infrared Spectra of Outer Irregular
Jovian Satellites
The existence of a visible-near infrared absorption feature
attributed to aqueous alteration products has been suggested in
both grey and reddened broadband photometry of some outer
irregular jovian satellites. Moderate resolution VNIR narrowband
spectroscopy was obtained of the jovian irregular satellites JVI
Himalia, JVII Elara, JVIII Pasiphae, JIX Sinope, JX Lysithea, JXI
Carme, JXII Ananke and JXVII Callirrhoe in 2006, 2008, 2009,
and 2010 using the MMT Observatory facility Red Channel
spectrograph to confirm the presence of this feature. The spectra
are centered near 0.64 μm in order to cover the 0.7-μm feature
entirely (generally ranging from 0.57 to 0.83 μm). The spectra
generally have a dispersion/element of ~0.6 nm (6Å); some
spectra are smoothed. These spectra sample three prograde (i =
28 ), four retrograde (i = 149 , 165 ) and one independent
satellite. 

We observe these findings among the spectra: 
- An absorption feature centered near 0.7 µm exists in the spectra
of the three prograde (i = 28 ) satellites. This feature is spectrally
broader than the 0.7-µm feature observed in C-complex asteroids.
None appears spectrally reddened. This suggests that these
prograde satellites have a common parent body. 
- A different absorption feature appears in the spectra of the three
retrograde (i = 149 ) satellites, also suggesting a common parent
body. Varying reddening is observed. This feature is similar in
spectral location and width to the 0.7-µm feature. 
- Reddening is observed in the individual observation of JXI
Carme (i = 165 ), and independent satellite JIX Sinope, similar to
the D-class asteroid spectra dominating the Trojan population. A
suggested absorption feature is being investigated. 
Mixing modeling of combinations of both expected and proposed
compositions including carbonaceous materials, phyllosilicates,
mafic silicates, and other opaque materials, is currently
underway. Results will be reported and discussed at the meeting. 

Acknowledgments: The MMT Observatory is a joint facility of
the University of Arizona and the Smithsonian Institution. This
research has been supported by SSERVI CLASS.
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511.02 – Color Survey of the Irregular Planetary
Satellites
Irregular planetary satellites are characterized by their large
orbital distance from their planet, their high eccentricity and their
high inclination, all indicating that they were captured. However,
the mechanism of capture and the source region of the satellites
remain subjects of conjecture. This work presents the optical
magnitudes and colors from a photometric survey of 42 irregular
satellites with data obtained from the LRIS instrument on the 10-
meter telescope at the Keck Observatory in Hawaii. Color is used
as a proxy for composition. We compare the satellite populations
of different planets and compare the satellites as a whole with
other solar system small-body populations. For instance, if
irregular satellites were captured from the Kuiper Belt, as is
commonly proposed, then some might contain the ultrared
material that is common in the trans-Neptunian and Centaur
populations. Overall our data show that the irregular satellites
lack ultrared matter. They are color-wise more similar to the
comets, giant planet Trojans and other bodies of the middle solar
system. Implications of our observations, and comparisons with
previous color work, will be discussed.
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511.03 – Investigating the origins of the Irregular
satellites using Cladistics
The irregular satellites of Jupiter and Saturn are thought to be
objects captured during a period of instability in the early solar
system. However, the precise origins of these small bodies remain
elusive. We use cladistics, a technique traditionally used by
biologists, to help constrain the origins of these bodies. Our
research contributes to a growing body of work that uses
cladistics in astronomy, collectively called astrocladistics. We
present one of the first instances of cladistics being used in a
planetary science context. The analysis uses physical and
compositional characteristics of three prograde Jovian irregular
satellites (Themisto, Leda & Himalia), five retrograde Jovian
irregular satellites (Ananke, Carme, Pasiphae, Sinope &
Callirrhoe), along with Phoebe, a retrograde irregular satellite of
Saturn, and several other regular Jovian and Saturnian satellites.
Each of these members are representatives of their respective
taxonomic groups. The irregular satellites are compared with
other well-studied solar system bodies, including satellites,
terrestrial planets, main belt asteroids, comets, and minor
planets. We find that the Jovian irregular satellites cluster with
asteroids and Ceres. The Saturnian satellites studied here are
found to form an association with the comets, adding to the
narrative of exchange between the outer solar system and
Saturnian orbital space. Both of these results demonstrate the
utility of cladistics as an analysis tool for the planetary sciences.

Author(s): Timothy Holt , Jonti Horner , Christopher
Tylor , David Nesvorny , Adrian Brown , Brad Carter
Institution(s): 1. Plancius Research, LLC, 2. SwRI, 3.
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511.04D – The Nice model can explain the
dispersion of the prograde Himalia family of
irregular satellites at Jupiter
More than 50 irregular satellites revolve around Jupiter in which
at least three distinct collisional families are identified. Among
them, the Himalia family is unique in the large velocity
dispersion--several hundred m/s--among its members,
inconsistent with a purely collisional origin. 
 
We explore this puzzle in the context of the Nice scenario of early
solar system evolution. There, the giant planets migrated
significant distances due to interactions with a primordial
planetesimal disk. We generate a synthetic, collisionally-produced
Himalia family and follow its evolution through principal events
of the Nice model. Two situations are considered: (i) The
planetesimal disk is solely composed of large, moon-sized objects.
In this case, the family is dramatically scattered, especially in
semimajor axis and eccentricity, as the planetesimals fly by
Jupiter. The velocity dispersion of $\sim60\%$ of family
members is raised to several hundred m/s, satisfactorily
explaining the observed dispersion. However, this situation is not
likely as the considered planetesimals seem unphysically massive.
We now consider the alternative case (ii) within the so-called
``Jumping Jupiter’’ where planetary, rather than planetesimal
encounters are responsible for the observed dispersion. Here, ice
giants encounter Jupiter up to a few hundred times (Nesvorn\'{y}
\& Morbidelli 2012). We find $\lesssim20$ such planetary
encounters disperse the synthetic family to the observed degree.
We also find that the family cannot survive $\sim100$ such fly-
bys as the satellites become too widely dispersed. 
 
Reference: Nesvorn\'{y}, D., \& Morbidelli, A. 2012, AJ, 144, 117.
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