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• In 1989, Pluto was 29.65 AU from 
the Sun. 

• In 2018, Pluto was 33.60 AU from 
the Sun. Pluto receives 77.8% of 
the flux it received in 1989. 

• Pluto’s atmosphere is supported 
by the vapor pressure of N2 ice. 

• That vapor pressure is an 
extremely steep function of T.

2 Young et al.
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Figure 1. Vapor pressures of N2, CO and CH4 ices as a function of temperature (Brown and Zeigler, 1980). The vapor pressures
of all three species vary by more than 11 orders of magnitude over the temperature span from 20 to 60 K.

In general, the decreasing starlight seen during an occultation can be attributed to a phenomenon known as dif-40

ferential refraction (Fabry, 1928). The occulting atmosphere bends incoming rays towards the center of the shadow,41

and the bending angle is greater for rays that are closer to the surface. This means that a bundle of rays will tend to42

diverge after passing through an atmosphere: the bottom of the bundle will be bent more than the top. Haze opacity43

also contributes to the starlight’s attenuation, and it can be di�cult to attribute lightcurve features to di↵erential44

refraction or haze opacity. One way to separate the two e↵ects is to observe a lightcurve simultaneously in distinct45

wavelengths, on the assumption that the extinction due to haze will be more wavelength-dependent than di↵erential46

refraction. Young et al. (2021) show haze opacities derived from multi-color occultation data sets obtained in 2002,47

2007, 2011 and the New Horizons flyby in 2015. These opacities appear to be correlated with the solar cycle. Since48

solar activity has decreased between 2015 and 2018, a goal of this paper is to determine whether Pluto’s haze opacity49

has decreased as well. The rest of this paper describes the observations (§2), the modeling e↵orts (§3), best-fit results50

(§4) and discussion and conclusions (§5).51

2. OBSERVATIONS52

2.1. Predictions and Deployments53

The prediction of the 15-AUG-2018 stellar occultation by Pluto was noteworthy for three reasons. First, the occulted54

star was bright – about four times brighter than Pluto in a V filter. Second, the shadow path crossed Mexico and the55

continental U.S., providing good observing opportunities for fixed and portable telescopes (Fig. 3). Third, this event56

benefitted from the Gaia DR2 catalog and Pluto’s accurate ephemeris. The timing and amplitude of central flashes57

lets us calculate corrections to the nominal prediction. These corrections are 21.8 km in the down-track direction58

and 7.8 km in the cross-track direction. The remarkable accuracy of the prediction enabled successful central flash59

detections for observers in Texas and Virginia that were deployed within ±70 km of the predicted center line. In total,60
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Figure 2. (Fig. 4 from Meza et al. 2019). Pluto’s increasing surface pressure (black squares) and models predicting an
imminent drop in Pluto’s surface pressure.

Table 1. Site Locations (referenced to WGS84)

Site Latitude (d) Longitude (d) Altitude Midtime (s) Impact Parameter

SWRI/WIRO 41.09703055 -105.9771277 2948 ? ?

SWRI/LCC 28.058647 -97.881716 41 ? ?

SWRI/JWF 27.7296785 -98.083507 64 ? ?

UVa/MJN 36.65446 -79.30657 217 ? ?

UVa/JCW 36.94438 -79.36908 268 ? ?

this event was observed from over 50 separate telescope sites. For this paper, however, we present results based on just61

two lightcurves, one from Lake Corpus Christi State Park (LCC henceforth), one from Jim Wells County Fairgrounds62

(JWF) in Alice, TX (Fig. 3). The cross-track separation between these two sites is just 19.88 km, and normally the63

geometric solution (the precise track of the center line) requires widely spaced chords to constrain Pluto’s circular64

footprint. In this case, the central flash signatures are so distinctive that these two chords determine the cross-track65

o↵sets with unprecedented resolution.66

The LCC observers used a Sky-Watcher 16-in telescope with a 5 Hz cadence, while the JWF observers used a 20-67

in telescope with a 10 Hz cadence. Both telescopes used QHY 174M-GPS cameras. These cameras have quantum68

e�ciencies (QE) above 20% at wavelengths between 350 – 815 nm. The e↵ective central wavelength of the cameras is69

568 nm. When we refer to the haze optical depth, it is at � = 568 nm.70

2.2. Photometric Lightcurve Extraction71
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solar activity has decreased between 2015 and 2018, a goal of this paper is to determine whether Pluto’s haze opacity49

has decreased as well. The rest of this paper describes the observations (§2), the modeling e↵orts (§3), best-fit results50

(§4) and discussion and conclusions (§5).51
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The prediction of the 15-AUG-2018 stellar occultation by Pluto was noteworthy for three reasons. First, the occulted54

star was bright – about four times brighter than Pluto in a V filter. Second, the shadow path crossed Mexico and the55

continental U.S., providing good observing opportunities for fixed and portable telescopes (Fig. 3). Third, this event56

benefitted from the Gaia DR2 catalog and Pluto’s accurate ephemeris. The timing and amplitude of central flashes57

lets us calculate corrections to the nominal prediction. These corrections are 21.8 km in the down-track direction58

and 7.8 km in the cross-track direction. The remarkable accuracy of the prediction enabled successful central flash59
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(Figure from Meza et al. 2019) Question: Why 
did Pluto’s atmosphere increase from 
1989-2015? When does “freeze-out” begin?
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• Pluto passed in front of a V=13 
star on 15-AUG-2018. 

• Gaia (and a good Pluto 
ephemeris) yielded accurate 
predictions. 

• We stationed about a dozen 
telescopes across the shadow 
path.

4 Young et al.

Lake Corpus Christi State Park
(28.058647N, 97.881716W)
• 16-in aperture SkyWatcher
• QHY 174M-GPS camera
• 5 Hz, no filter, clear sky

Jim Wells County Fairground
(27.7296785N, 98.083507W)
• 20-in aperture Dobsonian
• QHY 174M-GPS camera
• 10 Hz, no filter, clear sky

Center Line

Center Line

Northern Limit

Southern Limit

Figure 3. The upper panel shows how Pluto’s predicted shadow path covered most of Mexico and the U.S. The lower panel
shows a close-up of two sites near Alice, TX. These two lightcurves are the sole data sets used in this paper.

There are several popular ways to extract star fluxes over a sequence of images – the python PHOTUTILS package72

supports circular and elliptical aperture extraction and PSF fitting, for example. We use procedure similar to aperture73

extraction, except that we use a mask based on the shape of the source instead of a circular or elliptical mask (Fig.74

4). We call this procedure “sigma-mask photometry” and it uses the following steps:75

• Identify the stars in each frame with astrometry.net, add WCS keywords to each header.76

• The QHY 174M-GPS cameras show row-by-row variations. We find the median of each row and subtract it from77

that row.78

• Extract 64 ⇥ 64 pixel subframes around sources of interest: the occultation star and comparison stars.79

• Estimate the mean and standard deviation within each subframe. Use a robust estimation technique (like sigma-80

clipping routines in the python PHOTUTILS package) to eliminate outliers.81
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• The Lake Corpus Christi State 
Park site (left column) was only 6 
km south of the center line - 
strong central flash. 

• Other sites with central flashes 
(Alice, TX, right column) let us 
determine the shadow path 
position at 500 m (rms).

Pluto 2018 Central Flash Occultations 7

cross-track 
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Lake Corpus Christi Jim Wells Fairground
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Figure 6. Data (blue) vs. model (orange) comparisons as a function of cross-track o↵sets for the Lake Corpus Christi State
Park site (LCC) and the Jim Wells County Fairground (JWF) site. All model lightcurves were generated with a haze surface
extinction of 0.00126 km�1, an assumed exponential haze distribution with a scale height of 40 km, a temperature profile
identical to the New Horizons/REX profile reported by [Ref.], and a surface pressure of 15 µbar. This pressure and extinction
produce good fits to the LCC central flash when the shadow center is 6 km north or south of the telescope (top row and 3rd
row). The JWF lightcurves rule out the top row, however. Rows 2 and 4 indicate that 500 m changes to the LCC cross-track
result in roughly 14% changes to the LCC’s central flash peak amplitude. Given the SNR of the LCC data (17.3 at the peak),
a 14% change in the central flash peak is equivalent to a 2.5-� change.
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Zone 1 (CF)

PSURF = 7 μbar, τHAZE = 0.05

PSURF = 13 μbar, τHAZE = 0.05

PSURF = 24 μbar, τHAZE = 0.05

PSURF = 13 μbar, τHAZE = 0.01

PSURF = 13 μbar, τHAZE = 0.05

PSURF = 13 μbar, τHAZE = 0.26

Cross-over point 
near half-light

Zone 2 (Elbow)

Zone 3 (Shoulder)

Zone 1 (CF)

Zone 2 (Elbow)

Zone 3 (Shoulder)

Figure 9. Models showing the normalized stellar intensity vs. radius at several surface pressures and haze optical depths.
The left panel shows radial lightcurves (from 2 to 2000 km altitude) at three di↵erent surface pressures. The right panel shows
lightcurves at three di↵erent haze opacities. We call out three parts of the lightcurve (Zones 1,2 & 3) to look at sensitivity to
changes in ⌧haze or Ps. Zone 3, at the initial or final roll-o↵, shows virtually no sensitivity to ⌧haze. Zones 1 and 2 are sensitive
to both Ps and ⌧haze, especially Zone 1 (the central flash). Note that the half-light point, which has often been used as a proxy
for changes in Ps, is actually a cross-over point (at least for this T (r) profile), and is therefore a poor discriminator of Ps.
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Figure 10. The sum of squared residuals �2 from the left (ingress) and right (egress) shoulders of the LCC and JWF lightcurves.
The �2 pattern is vertical, due to the insensitivity to haze at the high altitudes probed by this part of the lightcurve. The �2

minima are 12.4 µbar for ingress, 10.8 µbar for egress.

can be determined independently from the Zone 3 regions of the LCC and JWC events, the central flash amplitude of162

the LCC event constrains the haze opacity. Fig. 12 shows that the best-fit ⌧haze value is 0.023 (one-way zenith optical163

depth at � = 568 nm).164

5. DISCUSSION165

We present three results in this paper based on lightcurves observed during the 15-AUG-2018 stellar occultation by166

Pluto: an accurate position solution for the central chord of the shadow path, Pluto’s surface pressure and the one-way167

haze optical depth. Ps and ⌧haze are both important in the context of New Horizons observations in 2015.168

5.1. The Significance of Pluto’s Decreasing Surface Pressure169

Fig. 2 shows the change in Ps since 1989 through 2016: an increase from 4.2 to 12.8 µbar, according to that plot.170

Pluto’s heliocentric distance has been increasing since 1988, but the global temperature of N2 ice has been getting171

warmer instead of colder. Given the increase in Ps, which is intimately tied to the N2 ice temperature (Fig. 1),172

Once we know where we are (with respect to the shadow), we can solve for Pluto’s 
surface pressure and haze opacity. Start with Zone 3 to fit the surface pressure.
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Once we know where we are (with respect to the shadow), we can solve for Pluto’s 
surface pressure and haze opacity. Start with Zone 3 to fit the surface pressure.
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Figure 11. The left panel shows separate ingress and egress �2 vs. Ps plots for the LCC and JWF lightcurves. The individual
�2 plots are shown for di↵erent ⌧haze values from 0.01 to 0.051; the �2 plots are nearly identical regardless of ⌧haze, as we would
expect for this haze-free segment of the lightcurves. The right panel shows �2 vs. Ps for both ingress and egress, for the sum
of �2 rows in Fig. 10 from ⌧haze = 0.01 to 0.051. A parabolic fit to �2 has a minimum at Ps = 11.13 µbar.

Central Flash Amplitude vs. Haze Opacity Central Flash (Inset) vs. Haze Opacity

UT Time on 15-AUG-2018 (s) UT Time on 15-AUG-2018 (s)

Observation
τ_Haze = 0.020
τ_Haze = 0.024
τ_Haze = 0.029
τ_Haze = 0.034
τ_Haze = 0.041

Figure 12. The central flash amplitude of the LCC lightcurve is a sensitive function of the modeled haze opacity. The panels
show the LCC observed lightcurve and model lightcurves evaluated at ⌧haze values from 0.020 to 0.041. Except for the central
flash, the change in haze optical depth makes virtually no di↵erence to the model lightcurves. Assuming a surface pressure of
11.13 µbar, a modeled one-way zenith haze opacity of ⌧haze = 0.023 best fits the observed central flash amplitude.

the nitrogen ice temperature has increased by 2.25 K between 1989 and 2016. The New Horizons REX instrument173

measured radio thermal emission from Pluto at 4.17 cm, but issues with the unknown subsurface emissivity prevent174

using the derived REX surface temperatures (33.2 ±1.4 K and 29.0 ±2.5 K) as a basis for calculating surface pressures175

(Bird et al. 2019).176

If Pluto’s surface pressure were to continue increasing at the average rate of the past quarter century, we would177

expect Ps to be 14.4 µbar in 2018. That value is approximately 5-� more than the 11.13 µbar that was measured,178

suggesting that Pluto’s atmosphere is starting to freeze out onto its surface.179

A recent paper (Arimatsu et al. 2020) reports180
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The central flash peak is very sensitive to attenuation by aerosols.
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Figure 11. The left panel shows separate ingress and egress �2 vs. Ps plots for the LCC and JWF lightcurves. The individual
�2 plots are shown for di↵erent ⌧haze values from 0.01 to 0.051; the �2 plots are nearly identical regardless of ⌧haze, as we would
expect for this haze-free segment of the lightcurves. The right panel shows �2 vs. Ps for both ingress and egress, for the sum
of �2 rows in Fig. 10 from ⌧haze = 0.01 to 0.051. A parabolic fit to �2 has a minimum at Ps = 11.13 µbar.
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Figure 12. The central flash amplitude of the LCC lightcurve is a sensitive function of the modeled haze opacity. The panels
show the LCC observed lightcurve and model lightcurves evaluated at ⌧haze values from 0.020 to 0.041. Except for the central
flash, the change in haze optical depth makes virtually no di↵erence to the model lightcurves. Assuming a surface pressure of
11.13 µbar, a modeled one-way zenith haze opacity of ⌧haze = 0.023 best fits the observed central flash amplitude.

the nitrogen ice temperature has increased by 2.25 K between 1989 and 2016. The New Horizons REX instrument173

measured radio thermal emission from Pluto at 4.17 cm, but issues with the unknown subsurface emissivity prevent174

using the derived REX surface temperatures (33.2 ±1.4 K and 29.0 ±2.5 K) as a basis for calculating surface pressures175

(Bird et al. 2019).176

If Pluto’s surface pressure were to continue increasing at the average rate of the past quarter century, we would177

expect Ps to be 14.4 µbar in 2018. That value is approximately 5-� more than the 11.13 µbar that was measured,178

suggesting that Pluto’s atmosphere is starting to freeze out onto its surface.179

A recent paper (Arimatsu et al. 2020) reports180
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• New Horizons flyby (July 2015) 
measured a surface pressure of 
11.5±0.7 μbar. 

• Trend: expect 14.4 μbar in August 
2018. Observation: 11.4±0.8 μbar. 

• Conclusion: Pluto’s warming 
trend has ceased between 
2015-2018, a change from the 
previous 26 years.
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• New Horizons flyby (July 2015) 
measured a surface pressure of 
11.5±0.7 μbar. 

• Trend: expect 14.4 μbar in August 
2018. Observation: 11.4±0.8 μbar. 

• Conclusion: Pluto’s warming 
trend has ceased between 
2015-2018, a change from the 
previous 26 years.

• There was a correlation between 
haze opacity and the solar cycle - 
did the correlation continue? 

• No - the drop in solar activity 
from 2015 - 2018 was countered 
by a slight increase in haze 
opacity.
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We	use	a	bootstrap	procedure	to	determine	PSURF	and	then	τHAZE.	We	determine	PSURF	from	the	“shoulders”	
of	the	LCC	and	JWF	lightcurves	(Fig.	9’s	“Zone	3”),	then	solve	for	τHAZE	from	the	central	Qlash	and	other	parts	of	
the	lightcurves	(Zones	1	and	2).	Fig.	10	shows	the	χ2	(sum	of	squared	residuals)	from	Zone	3	of	the	LCC	and	
JWF	lightcurves.	Fig.	11	shows	the	best-Qit	surface	pressure	at	PSURF	=	11.4	μbar,	virtually	the	same	as	found	by	
the	New	Horizons	radio	occultation	experiment,	albeit	by	a	completely	different	method.	

� 	
Fig.	10.		The	sum	of	squared	residuals	(χ2)	from	the	left	(ingress)	and	right	(egress)	shoulders	of	the	LCC	and	JWF	
lightcurves.	The	χ2	pattern	is	vertical,	due	to	the	insensitivity	to	haze	at	the	high	altitudes	probed	by	this	part	of	the	
lightcurve.	The	χ2	minima	are	12.4	μbar	for	ingress,	10.8	μbar	for	egress.	

� 	
Fig.	11.		The	left	panel	shows	separate	ingress	and	egress	χ2	vs.	PSURF	plots	for	the	LCC	and	JWF	lightcurves.	The	individual	
χ2	plots	are	shown	for	different	τHAZE	values	from	0.01	to	0.051;	the	χ2	plots	are	nearly	identical	regardless	of	τHAZE,	as	we	
would	expect	for	this	haze-free	segment	of	the	lightcurves.	The	right	panel	shows	χ2	vs.	PSURF	for	both	ingress	and	egress,	
for	the	sum	of	χ2	rows	in	Fig.	10	from	τHAZE	=	0.01	to	0.051.	A	parabolic	Qit	to	χ2	has	a	minimum	at	PSURF	=	11.4	μbar.	

4.2.	Solutions	for	PSURF	and	τHAZE	

Although	Zone	3	(Fig.	9)	isolates	the	surface	pressure,	there	is	no	part	of	the	lightcurve	that	is	solely	sen-
sitive	to	haze	opacity.	We	use	Zones	1	and	2	to	Qit	to	calculate	χ2	as	a	function	of	PSURF	and	τHAZE.	Fig.	12	shows	
the	χ2	distribution	from	the	Zone	2	portion	of	the	lightcurves,	with	sensitivity	to	both	haze	opacity	and	surface	
pressure.	
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Fig. 3. Dependence of the shape of the pressure curve on each of the three free parameters. (Left) Dependence on albedo, for constant thermal inertia of 1000 tiu and emissivity
of 0.7. (Center) Dependence on emissivity, for constant albedo of 0.7 and thermal inertia of 1000 tiu. (Right) Dependence on thermal inertia, for constant albedo of 0.7 and
emissivity of 0.7. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

every point in time, due to the lower input of solar energy. The middle
panel shows the dependence of pressure on emissivity, while holding
albedo constant at 0.7 and thermal inertia at 1000 tiu. The dependence
is similar to that of albedo; as emissivity increases the pressure curve
is lower at every timestep, as the heat is re-radiated away from the
surface more efficiently. The rightmost panel shows how the pressure
curve depends on thermal inertia, while albedo and emissivity are both
constant at 0.7. A lower thermal inertia surface will experience a larger
range of pressures over an orbit compared to a higher thermal inertia
one, since the lower thermal inertia surface responds more quickly to
changes in the input energy. High thermal inertia materials conduct
heat toward the surface more efficiently and thus compensate more
efficiently for any change in thermal balance at the surface (e.g. the
cooling of the surface by thermal emission).

In the following sections, we present the annual pressure vs. time
curves for the wide range of parameter values we explored, for each of
our four possible N2 distributions, and for both Pluto’s current orbital
configuration and past ‘‘superseasonal’’ configurations. We begin with
our Reference model in Section 3.1, which is the Reference map and a
bare southern hemisphere. Sections 3.2 through 3.4 present the results
from our alternative models, which are (1) a N2 distribution map
where the surface is assumed to be entirely bare except for the N2 ice
contained in SP, (2) the Reference map with a south polar cap, (3)
the Reference map with a southern zonal band. Section 3.5 presents
a sensitivity study using mobile N2 ice.

3.1. Reference model

We first present the results from Pluto’s current orbit using the
Reference map, along with a bare southern hemisphere.

After applying the constraints as described above for the Refer-
ence model pressure curves, the remaining allowed parameter space
is shown as the grayscale boxes in Fig. 4. Albedos between 0.6 and
0.9 and thermal inertias above 400 tiu satisfy the constraints, with
lower albedos requiring higher thermal inertias. All of the cases that
had allowable emissivity values and pressure increases between 1988
and 2015 had minimum pressures between 1 and 3.5 �bar. There are
no (A, � , ✏) triplets that drop below the 0.5 �bar haze aggregation limit
or the 0.06 �bar local atmosphere limit, or the even lower atmospheric
transparency limit for Pluto’s current orbit.

The pressure curves for five example cases, chosen to span the full
range of allowable parameter space, are shown in Fig. 5. The thick
black line (Case A) shows a central case with A = 0.75, � = 1225
tiu, and ✏ = 0.593. Case A shows an increase in pressure between
perihelion and the peak of pressure shortly after the time of the New
Horizons flyby, and then a slow decrease to the minimum pressure near
northern winter solstice. The delay between perihelion and the peak
of pressure is primarily due to the subsolar latitude dependence. The

Fig. 4. Restricted parameter space for Pluto’s current orbit and the Reference map
(bare southern hemisphere) after choosing ✏ to ensure p2015 = 11.5 �bar, and applying
the two further constraints: (1) 1 > ✏ > 0.3 and (2) 3.14 > p2015_p1988 > 1.82. Grayscale
indicates the emissivity required and black diagonal contour lines show the minimum
pressure experienced over a Pluto year, for that combination of albedo and thermal
inertia values. The lettered circles denote the (A, � , ✏) values of the test cases shown
in Figs. 5, 6, and 7, using the same color scheme. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)

N2 ices receive the strongest spatially-averaged insolation near 2008
(see Fig. 2), which is determined in part from the 1/r2 dependence
but more strongly depends on the incidence angle of sunlight onto SP.
Thermal inertia adds to this delay as well. The jump in pressure near 5
�bar present in all five of the curves is caused by the small numerical
discontinuity of 2% at the change in the form of the vapor pressure
equation at the ↵-� transition of N2, which occurs at 35.6 K (Fray and
Schmitt, 2009).

The blue and green curves (Cases B and C) are example cases that
remain colder (and therefore have a lower surface pressure) than Case
A throughout most of the orbit. The combination of Case B’s higher
albedo and low thermal inertia compensate for the effect of the low
emissivity, keeping the surface colder than in Case A. Case C has
a lower albedo and a higher emissivity (so it effectively reradiates
away the insolation), causing it to be consistently colder. The red and
orange curves (Cases D and E) in Fig. 5 are example cases that remain
warmer than Case A throughout most of the orbit. Case D has a similar
albedo and emissivity as Case A, but experiences a smaller range of
pressures due to the higher thermal inertia. Case E has a higher albedo
than Case A and a lower emissivity, so it is able to remain warmer


