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Materials and Methods

Solar Occultation Reduction and Density Retrieval Method

Ingress and egress occultations were performed separately, with a gap (labeled “No
Data”) between them when the Alice instrument power was intentionally cycled (to
mitigate against any unfortunately timed safing events). Occultation circumstances are
provided in Table S2. The Alice instrument (3) recorded the solar occultation data in
photon counting (“pixel list”) mode at a temporal resolution of 4 ms, and the observed
count rate is a product of the solar spectral flux (which increases by a factor of ~1000
across the Alice bandpass of 52-187 nm) and the Alice effective area, which peaks at
~0.25 cm® near 100 nm (3). The count rate is corrected for instrumental effects, including
1) dark count (about 120 counts s distributed over the microchannel plate (MCP)
detector, of which ~100 counts s are from New Horizon’s radioisotope thermoelectric
generator), 2) detector dead time (counts closer in time than 18 us cannot be
distinguished by the detector electronics), and 3) repeller grid transmission (shadowing of
solar port photons by a high-voltage wire grid located just above the detector surface), 4)
spacecraft deadband pointing corrections, and 5) charge depletion of the MCP, resulting
in a ~2% approximately linear decrease in sensitivity over the ~70-minute course of the
occultation, primarily at the longest wavelengths.

For retrieval of line of sight abundances, an optimal estimation routine is applied.
Beginning at the level where absorption of sunlight is first noticeable (a tangent altitude
of ~1500 km), fits are made to each 1-second transmission spectrum in turn (the tangent
altitude of the Sun during the occultation changed at a rate of 3.5 kms™'). Above a
tangent altitude of 900 km, the only species fitted for are CH4 and N,. Retrievals of C;H;
and C,H4 are possible from a tangent altitude of 900 km all the way down to the surface.
Sensitivity to CHy4 absorption is lost before reaching the surface, at about 150 km. Ethane
(C2Hp) also has an effect on the transmission, but, since it has a very similar absorption
cross section to that of methane, they are strongly cross-correlated, and we only extract
ethane abundances below a tangent altitude of 400 km. Retrievals are performed
independently for both ingress and egress, and the similar results obtained for each are
evidence for their robustness and suggest that Pluto’s atmosphere is highly symmetric.

Method for Deriving Pluto’s Atmosphere Structure from New Horizons Data

The model atmosphere in Fig. 3 was constructed under the assumption that Pluto has
a global, nearly spherically symmetric atmosphere above the first half scale height of the
surface and characterized by 4p/p < 0.002 (Dynamics section, main text). The
temperature profile was constructed with an analytic expression (56) for the radial
coordinate, which ensures that the temperature profile is smooth and all its derivatives
continuous. The temperature at the surface is set to 37 K and coefficients are selected to
replicate the average REX profile from z = 10-60 km. The surface pressure is set to 11
pbar and the ideal gas law is used to obtain the N, density. The atmosphere is assumed to
be in hydrostatic equilibrium, with a surface CH4/N, mixing ratio of 0.008, and the
density profiles of N, and CH,4 are calculated with a homopause selected to match the
solar occultation data above 500 km. From the inferred escape rates, we expect that the
upper atmosphere will be isothermal, as the threshold for adiabatic cooling to be




important (33) requires a loss rate of 3 10*" amu s (= 2x10% CH4 s™"), ~3 times larger
than our inferred escape rate of 5x10% CH4 s,

From the solar occultation data, the most accurately derived quantity is the line of
sight (LOS) CH4 column density profile from z ~ 500-1300 km and of higher quality than
the CH4 number densities illustrated in Fig. 3, which are derived by differentiating the
LOS column densities. If CH4 were in diffusive equilibrium, the inferred isothermal
temperature in this region would be 62 K. Given the LOS CH4 column density profile,
we infer the N; LOS column density profile from the combined transmission light curves
of the solar emission features of He I 58.4 nm, O V 63 nm, Mg X 63 nm, after subtracting
the contribution from CHy. The opacity of Pluto’s atmosphere is dominated by N,
absorption at these wavelengths. The resulting N, LOS column density profile can be fit
with an isothermal 65 K atmosphere, quite close to the 62 K inferred from CHa.
However, CHy is not completely in diffusive equilibrium at 500 km. We adopt an
expression (an empirical modification of an exact solution for an isothermal atmosphere
with constant scale heights and eddy diffusion coefficient) for the CH4 volume mixing
ratio with respect to Ny,

1=y
((CH,) =0.008] 1+exp| ~—=

H =
Rh

in which the mass ratio y = 16/28, r is the radius from the center of Pluto, H. = 67 km is
the constant scale height, and R, = 1570 km is the radius at the homopause level. All
coefficients are derived by an iterative process that yields an isothermal atmosphere of
68.8 K as providing the best fit to the LOS CH4 column density profile. When u«(CHy) is
extrapolated to the surface, it validates our choice of 0.008 for the surface CH4/N, mixing
ratio. But an acceptable range of this ratio spans 0.006-0.0084.

An alternate interpretation may be considered, where CHy is escaping Pluto at the
Hunten limiting rate (57), which for the surface CH4/N, mixing ratio of 0.008 is ~ 3x10*
CH,s™ (only 6 times larger than our inferred CH, escape rate), and would be well mixed
throughout the entire atmosphere with the scale height of N,. However, under this
circumstance the CH4 LOS column density profile derived from the Alice solar
occultation would yield an isothermal atmosphere at 110 K and a much expanded N,
atmosphere (as predicted before arrival of New Horizons), which is incompatible with the
solar occultation data.

Finally, to complement our derived atmospheric structure, a 1-D transport code
for a multi-component atmosphere (58) was used in conjunction with the previously
derived temperature profile and an eddy diffusion coefficient profile with 7.5x10° cm
at the surface and asymptotically reaching 3x10° cm” s at z =210 km, which yields a
homopause at z = 390 km and the N, and CH4 density profiles presented in Fig. 3.
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Method For Estimating Particle Sedimentation
Haze particle sizes will be representative of the processes governing their formation and
evolution. Pluto’s background haze extends to at least 200 km altitude with a scale




height ranging from 45 to 55 km. If formed by a similar process to that thought to be
responsible for the detached haze layer on Titan, it will be composed of tholins (59-61).
The tholin particles likely range in size from nanometers to perhaps as large as 0.5
micron and have mostly fractal structures. This extended haze has as many as 20
embedded thin haze layers with thicknesses ranging from 1 km to 3-4 km, and have a
mean separation of 10.5 km. The haze layer nearest the surface (at a typical of altitude ~6
km) may be direct condensation of photochemical products in the low temperature region
of the atmosphere near Pluto’s surface. This last population of haze particles may be
initially spherical, but will evolve if they interact with falling fractal particles from higher
altitudes. The size and abundance of haze particles in the near-surface layer will be
dependent upon the abundance of condensation nuclei. If nuclei are present in high
numbers, then these photochemical haze particles may be small but numerous.

We estimate the sedimentation timescales of the haze particles by using a functional form
for the sedimentation velocity that has been used extensively for Titan’s atmosphere
(62,63,60). Titan’s atmosphere is also dominated by nitrogen with similar photochemical
hydrocarbons and nitriles as minor gases. We change the values of gravity, pressure and
temperature in the Titan formulation to match those for Pluto’s atmosphere described
above. Fig. S2 shows the resulting sedimentation timescale of spherical haze particles in
Pluto’s atmosphere over an altitude range that encompasses the observed haze.
Normally, the sedimentation timescale is the timescale for a particle to fall a distance
equal to either the scale height of the background atmosphere or the scale height of the
haze. Because of the rapid sedimentation of the haze particles, we use here a vertical
scale equal to the mean separation of the haze layers, i.e., 10.5 km. The sedimentation
timescale shown in Fig. S2 is the sedimentation velocity divided by this mean distance.
For reference, the vertical red line shows the length of Pluto’s day, i.e., 6.4 Earth days,
and the locations of six of the brightest layers are indicated with horizontal lines.
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Fig. S1. Pluto Solar Occultation Light Curve. Alice count rates are shown as a function
of tangent altitude / radius and ultraviolet wavelength for the ingress and egress of the
Pluto solar occultation observed from the New Horizons spacecraft. Bright horizontal
lines correspond to prominent solar emission features (e.g., Lyman o at 121.6 nm).
Ingress and egress occultations were performed separately, with a gap (labeled “No
Data”) between them when the Alice instrument power was intentionally cycled (to
mitigate against any unfortunately timed safing events). Occultation circumstances are
provided in Table S2. The observed count rate is a product of the solar spectral flux
(which increases by a factor of ~10° across the Alice bandpass of 52-187 nm) and the
Alice effective area, which peaks at ~0.25 cm’ near 100 nm (3).
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Fig. S2. Pluto Haze Sedimentation Timescales. Settling times for different sized
particles to descend 10.5 km (the average separation between observed haze layers), are
shown as a function of altitude in Pluto’s atmosphere (triple-dot-dash curves). For
example, 7=0.2 um particles at an altitude of 24 km take ~150 hours to fall to an altitude
of 13.5 km. The horizontal lines indicate the altitudes of 6 prominent haze layers. The
blue line shows the model temperature profile, and the vertical red line represents 1 Pluto

day.



Table S1. Circumstances of the REX Pluto Radio Occultation. Universal time (UTC)
at the New Horizons spacecraft on July 14, 2015 is provided for several epochs of
interest, along with the range of the spacecraft from the center of Pluto, the tangent point
(defined as the closest point to the center of Pluto along the line of sight from the New
Horizons spacecraft to the center of the Earth) location and local time (based on a 24-
hour clock with the Sun above the noon meridian at 12:00).

Epoch UTC Range Tangent Tangent | Tangent Tangent
Time K Point Point Point Point Local

(hh:mm:ss) (lem) Longitude | Latitude | Altitude Time

) ) (km) (hh:mm)
Ingress Start 12:16:05 25559 195.7 -16.2 6182 16:36
Earthset Limb 12:45:15 48859 193.5 -17.0 0 16:31
Center 12:50:51 53333 97.0 -35.0 -1154 10:10
Earthrise Limb 12:56:29 57819 15.7 15.1 0 04:42
Egress End 13:25:32 81038 13.5 15.9 6159 04:38




Table S2. Circumstances of the Alice Pluto Solar Occultation. Columns are as in
Table S1, except that the tangent point is the closest point to the center of Pluto along the
line of sight from the New Horizons spacecraft to the Sun. Note that the Sun is a
somewhat extended object as seen from Pluto, with an angular diameter of 0.016°.

Epoch UTC Range Tangent Tangent Tangent Tangent
Time Point Point Point Point Local

(hh:mm:ss) (lem) Longitude | Latitude Altitude Time

) ©) (km) (hh:mm)
Ingress Start 12:16:35 25987 195.7 -15.9 5971 16:36
Sunset Limb: First Contact 12:44:18 48105 195.3 -15.5 7 16:32
Sunset Limb: Last Contact 12:44:22 48158 195.3 -15.4 -7 16:32
Ingress End 12:49:38 52361 212.6 -23 -1137 16:11
Center 12:49:51 52534 273.6 34.0 -1168 16:06
Egress Start 12:53:15 55247 12.9 16.9 -455 04:49
Sunrise Limb: First Contact 12:55:20 56910 133 16.5 -7 04:43
Sunrise Limb: Last Contact 12:55:24 56963 133 16.5 7 04:43
Egress End 13:25:30 80981 12.8 16.1 6483 04:38




Table S3. Circumstances of the Alice Charon Solar Occultation. Columns are as in
Table S1, except that the tangent point is the closest point to the center of Charon along
the line of sight from the New Horizons spacecraft to the Sun. Note that the Sun is a

somewhat extended object as seen from Charon, with an angular diameter of 0.016°.

Epoch UTC Range Tangent Tangent | Tangent Tangent
Time (km) Point Point Point Point Local

(hh:mm:ss) Longitude | Latitude Altitude Time

®) ) (km) (hh:mm)
Ingress Start 13:51:15 95140 13.7 -14.7 4717 16:43
Sunset Limb: First Contact 14:14:16 113669 49.0 13.0 15 19:07
Sunset Limb: Last Contact 14:14:30 113857 52.1 15.2 -15 19:20
Center 14:16:07 115159 86.3 32.8 -127 21:37
Sunrise Limb: First Contact 14:17:45 116474 130.4 38.2 -15 00:34
Sunrise Limb: Last Contact 14:17:58 116648 134.8 37.8 15 00:51
Egress End 14:41:30 135595 182.9 20.5 4829 04:07




The New Horizons Science Team

S. A. Stern,1 F. Bagenal,2 K. Ennico,3 G.R. Gladstone,4 W. M. Grundy,5 W. B.
McKinnon,6 J. M. Moore,3 C.B. Olkin,1 J.R. Spencer,1 H. A. Weaver, L. A. Young,1 T.
Andert,8 J. Andrews,1 M. Banks,9 B. Bauer,7 J. Bauman,lo O.S. Barnouin,7 P. Bedini,7 K.
Beisser,’ R. A. Beyer,3 S. Bhaskaran,11 R.P. Binzel,12 E. Birath,1 M. Bird,13 D.J. Bogan,14 A.
Bowmam,7 V.. Bray,15 M. Brozovic,11 C. Bryan,lo M. R. Buckley,7 M. W. Buie,1 B.J. Buratti,11
S. S. Bushman,” A. Calloway,7 B. Carcich,16 A.F. Cheng,7 S. Conard,” C. A. Conrad,1 J.C.
Cook,1 D.P. Cruikshank,3 O.S. Custodio,7 C. M. Dalle Ore,3 C. Deboy,7 Z.].B. Dischner,1 P.
Dumon‘[,10 A. M. Earle,12 H. A. Elliott,4 J. Ercol,” C. M. Ernst,’ T. Finley,1 S. H. Flanigan,7 G.
Fountain,7 M. J. Freeze,7 T. Greathouse,4 J. L. Green,17 Y. Guo,7 M. Hahn,18 D.P. Hamilton,19 S.
A. Hamilton,’ J. Hanley,4 A. Harch,20 H. M. Hart,” C. B. Hersman,’ A. Hill,” M. E. Hill,” D. P.
Hinson,21 M. E. Holdridge,7 M. Horanyi,2 A.D. Howard,22 C.J. A Howett,1 C.J ackmam,10 R. A.
Jacobson,'' D. E. Jennings,23 J. A. Kammer,' H. K. Kang,7 D. E. Kaufmann,' P. Kollmann,’ S.
M. Krimigis,7 D. Kusnierkiewicz,7 T.R. Lauer,24 J.E. Lee,25 K. L. Lindstrom,7 L. R. Linscott,26
C. M. Lisse,” A. W. Lunsford,”®> V. A. Mallder,” N. Martin,”® D. J. McComas,* R. L. McNutt Jr.,’
D. Mehoke,7 T. Mehoke,7 E.D. Melin,7 M. Mutchler,27 D. Nelson,10 F. Nimmo,28 J. L Nunez,7 A.
Ocampo,17 W. M. Owen,'" M. Paetzold,"® B. Page,10 A. H. Parker,' J. W. Parker,' F. Pelletier,'®
J. Peterson,1 N. Pinkine,7 M. Piquette,2 S. B. Porter,1 S. Protopapa,19 J. Redfern,1 H. J.
Reitsema,20 D.C. Reuter,23 J. H. Roberts,’ S.J. Robbins,1 G. Rogers,7 D. Rose,1 K. Runyon,7 K.
D. Retherford,4 M. G. Ryschkewitsch,7 P. Schenk,29 E. Schindhelm,1 B. Sepan,7 M. R.
Showalter,”! K. N. Singer,1 M. Soluri,*® D. Stanbridge,10 A. J. Steffl,' D. F. Strobel,*! T. S‘[ryk,32
M. E. Summers,” J. R. Szalay,” M. Tapley," A. Taylor,'’ H. Taylor,” H. B. Throop,’ C. C. C.
Tsang,1 G. L. Tyler,26 O. M. Umurhan,3 A. . Verbiscer,34 M. H. Versteeg,4 M. Vincent,1 R.
Webbert,7 S. Weidner,4 G. E. Weigle H,4 O. L. White,3 K. Whittenburg,7 B. G. Williams,m K.
Williams,10 S. Williams,” W. W. Woods,26 A. M. Zangari,1 E. Zirnstein®

'Southwest Research Institute, Boulder, CO 80302, USA.

*Laboratory for Atmospheric and Space Physics, University of Colorado, Boulder, CO
80303, USA.

*National Aeronautics and Space Administration (NASA) Ames Research Center, Space
Science Division, Moffett Field, CA 94035, USA.

*Southwest Research Institute, San Antonio, TX 28510, USA.
*Lowell Observatory, Flagstaff, AZ 86001, USA.

SDepartment of Earth and Planetary Sciences, Washington University, St. Louis, MO
63130, USA.

"Johns Hopkins University Applied Physics Laboratory, Laurel, MD 20723, USA.
$Universitit der Bundeswehr Miinchen, Neubiberg 85577, Germany.

9Planetary Science Institute, Tucson, AZ 85719, USA.

UK inetX Aerospace, Tempe, AZ 85284, USA.

'""NASA Jet Propulsion Laboratory, La Cafiada Flintridge, CA 91011, USA.
Massachusetts Institute of Technology, Cambridge, MA 02139, USA.



13University of Bonn, Bonn D-53113, Germany.

"'NASA Headquarters (retired), Washington, DC 20546, USA.
15University of Arizona, Tucson, AZ 85721, USA.

'Cornell University, Ithaca, NY 14853, USA.

"NASA Headquarters, Washington, DC 20546, USA.

""Rheinisches Institut fir Umweltforschung an der Universitit zu Koln, Cologne 50931,
Germany.

¥Department of Astronomy, University of Maryland, College Park, MD 20742, USA.
29Southwest Research Institute, Boulder, CO 80302, USA.
*1Search for Extraterrestrial Intelligence Institute, Mountain View, CA 94043, USA.

**Department of Environmental Sciences, University of Virginia, Charlottesville, VA
22904, USA.

NASA Goddard Space Flight Center, Greenbelt, MD 20771, USA.
**National Optical Astronomy Observatory, Tucson, AZ 26732, USA.
*NASA Marshall Space Flight Center, Huntsville, AL 35812, USA.
*®Stanford University, Stanford, CA 94305, USA.

27Space Telescope Science Institute, Baltimore, MD 21218, USA.
*University of California, Santa Cruz, CA 95064, USA.

»Lunar and Planetary Institute, Houston, TX 77058, USA.

**Michael Soluri Photography, New York, NY 10014, USA.

31 Johns Hopkins University, Baltimore, MD 21218, USA.

3’Roane State Community College, Jamestown, TN 38556, USA.
33George Mason University, Fairfax, VA 22030, USA.

**Department of Astronomy, University of Virginia, Charlottesville, VA 22904, USA.



References and Notes

1. L. A. Young, S. A. Stern, H. A. Weaver, F. Bagenal, R. P. Binzel, B. Buratti, A. F. Cheng, D.
Cruikshank, G. R. Gladstone, W. M. Grundy, D. P. Hinson, M. Horanyi, D. E. Jennings,
I. R. Linscott, D. J. McComas, W. B. McKinnon, R. McNutt, J. M. Moore, S. Murchie,
C. B. Olkin, C. C. Porco, H. Reitsema, D. C. Reuter, J. R. Spencer, D. C. Slater, D.
Strobel, M. E. Summers, G. L. Tyler, New Horizons: Anticipated scientific investigations
at the Pluto system. Space Sci. Rev. 140, 93—127 (2008). doi:10.1007/s11214-008-9462-9

2. G. L. Tyler, I. R. Linscott, M. K. Bird, D. P. Hinson, D. F. Strobel, M. Pitzold, M. E.
Summers, K. Sivaramakrishnan, The New Horizons radio science experiment (REX).
Space Sci. Rev. 140, 217-259 (2008). doi:10.1007/s11214-007-9302-3

3. S. A. Stern, D. C. Slater, J. Scherrer, J. Stone, G. Dirks, M. Versteeg, M. Davis, G. R.
Gladstone, J. W. Parker, L. A. Young, O. H. W. Siegmund, Alice: The ultraviolet

imaging spectrograph aboard the New Horizons Pluto-Kuiper Belt mission. Space Sci.
Rev. 140, 155-187 (2008). doi:10.1007/s11214-008-9407-3

4. A. F. Cheng, H. A. Weaver, S. J. Conard, M. F. Morgan, O. Barnouin-Jha, J. D. Boldt, K. A.
Cooper, E. H. Darlington, M. P. Grey, J. R. Hayes, K. E. Kosakowski, T. Magee, E.
Rossano, D. Sampath, C. Schlemm, H. W. Taylor, Long-Range Reconnaissance Imager
on New Horizons. Space Sci. Rev. 140, 189-215 (2008). doi:10.1007/s11214-007-9271-6

5. D. C. Reuter, S. A. Stern, J. Scherrer, D. E. Jennings, J. W. Baer, J. Hanley, L. Hardaway, A.
Lunsford, S. McMuldroch, J. Moore, C. Olkin, R. Parizek, H. Reitsma, D. Sabatke, J.
Spencer, J. Stone, H. Throop, J. Van Cleve, G. E. Weigle, L. A. Young, Ralph: A
Visible/Infrared Imager for the New Horizons Pluto/Kuiper Belt Mission. Space Sci. Rev.
140, 129-154 (2008). doi:10.1007/s11214-008-9375-7

6. M. H. Hart, A possible atmosphere for Pluto. Icarus 21, 242-247 (1974). do0i:10.1016/0019-
1035(74)90039-6

7. G. S. Golitsyn, A possible atmosphere on Pluto. Sov. 4stron. Lett. 1, 19 (1975).

8. D. P. Cruikshank, P. M. Silvaggio, The surface and atmosphere of Pluto. Icarus 41, 96102
(1980). doi:10.1016/0019-1035(80)90162-1

9. U. Fink, B. A. Smith, D. Chris Benner, J. R. Johnson, H. J. Reitsema, J. A. Westphal,
Detection of a CH4 atmosphere on Pluto. Icarus 44, 62—71 (1980). doi:10.1016/0019-
1035(80)90055-X

10. L. Trafton, S. A. Stern, On the global distribution of Pluto’s atmosphere. Astrophys. J. 267,
872 (1983). doi:10.1086/160921

11. N. Brosch, The 1985 stellar occultation by Pluto. Mon. Not. R. Astron. Soc. 276, 571-578
(1995). doi:10.1093/mnras/276.2.571

12. W. B. Hubbard, D. M. Hunten, S. W. Dieters, K. M. Hill, R. D. Watson, Occultation
evidence for an atmosphere on Pluto. Nature 336, 452-454 (1988).
doi:10.1038/336452a0



http://dx.doi.org/10.1007/s11214-008-9462-9
http://dx.doi.org/10.1007/s11214-007-9302-3
http://dx.doi.org/10.1007/s11214-008-9407-3
http://dx.doi.org/10.1007/s11214-007-9271-6
http://dx.doi.org/10.1007/s11214-008-9375-7
http://dx.doi.org/10.1016/0019-1035(74)90039-6
http://dx.doi.org/10.1016/0019-1035(74)90039-6
http://dx.doi.org/10.1016/0019-1035(80)90162-1
http://dx.doi.org/10.1016/0019-1035(80)90055-X
http://dx.doi.org/10.1016/0019-1035(80)90055-X
http://dx.doi.org/10.1086/160921
http://dx.doi.org/10.1093/mnras/276.2.571
http://dx.doi.org/10.1038/336452a0

13.J. L. Elliot, E. W. Dunham, A. S. Bosh, S. M. Slivan, L. A. Young, L. H. Wasserman, R. L.
Millis, Pluto’s atmosphere. Icarus 77, 148—170 (1989). doi:10.1016/0019-
1035(89)90014-6

14. A. S. Bosh, M. J. Person, S. E. Levine, C. A. Zuluaga, A. M. Zangari, A. A. S. Gulbis, G. H.
Schaefer, E. W. Dunham, B. A. Babcock, A. B. Davis, J. M. Pasachoff, P. Rojo, E.
Servajean, F. Forster, T. Oswalt, D. Batcheldor, D. Bell, P. Bird, D. Fey, T. Fulwider, E.
Geisert, D. Hastings, C. Keuhler, T. Mizusawa, P. Solenski, B. Watson, The state of
Pluto’s atmosphere in 2012-2013. Icarus 246, 237-246 (2015).
doi:10.1016/j.icarus.2014.03.048

15. C. B. Olkin, L. A. Young, R. G. French, E. F. Young, M. W. Buie, R. R. Howell, J. Regester,
C. R. Ruhland, T. Natusch, D. J. Ramm, Pluto’s atmospheric structure from the July 2007
stellar occultation. Icarus 239, 15-22 (2014). doi:10.1016/].icarus.2014.05.018

16. A. Dias-Oliveira, B. Sicardy, E. Lellouch, R. Vieira-Martins, M. Assafin, J. I. B. Camargo, F.
Braga-Ribas, A. R. Gomes-Junior, G. Benedetti-Rossi, F. Colas, A. Decock, A.
Doressoundiram, C. Dumas, M. Emilio, J. Fabrega Polleri, R. Gil-Hutton, M. Gillon, J.
H. Girard, G. K. T. Hau, V. D. Ivanov, E. Jehin, J. Lecacheux, R. Leiva, C. Lopez-
Sisterna, L. Mancini, J. Manfroid, A. Maury, E. Meza, N. Morales, L. Nagy, C. Opitom,
J. L. Ortiz, J. Pollock, F. Roques, C. Snodgrass, J. F. Soulier, A. Thirouin, L. Vanzi, T.
Widemann, D. E. Reichart, A. P. LaCluyze, J. B. Haislip, K. M. Ivarsen, M. Dominik, U.
Jorgensen, J. Skottfelt, Pluto’s atmosphere from stellar occultations in 2012 and 2013.
Astrophys. J. 811, 53 (2015). doi:10.1088/0004-637X/811/1/53

17. E. Lellouch, C. de Bergh, B. Sicardy, F. Forget, M. Vangvichith, H.-U. Kéufl, Exploring the
spatial, temporal, and vertical distribution of methane in Pluto's atmosphere. Icarus 246,
268-278 (2015). doi:10.1016/j.icarus.2014.03.027

18. E. Lellouch et al., (134340) Pluto. IAU Circular 9273, 1 (2015).

19. S. A. Stern, et al., The Pluto system: Initial results from its exploration by New Horizons,
Science 350, aad1815 (2015).

20.Y. Guo, R. W. Farquhar, New Horizons mission design. Space Sci. Rev. 140, 49-74 (2007).
doi:10.1007/s11214-007-9242-y

21. M. Born, E. Wolf, Principles of Optics (Cambridge Univ. Press, ed. 7, 1999).

22. B. Sicardy, T. Widemann, E. Lellouch, C. Veillet, J. C. Cuillandre, F. Colas, F. Roques, W.
Beisker, M. Kretlow, A. M. Lagrange, E. Gendron, F. Lacombe, J. Lecacheux, C.
Birnbaum, A. Fienga, C. Leyrat, A. Maury, E. Raynaud, S. Renner, M. Schultheis, K.
Brooks, A. Delsanti, O. R. Hainaut, R. Gilmozzi, C. Lidman, J. Spyromilio, M. Rapaport,
P. Rosenzweig, O. Naranjo, L. Porras, F. Diaz, H. Calderon, S. Carrillo, A. Carvajal, E.
Recalde, L. G. Cavero, C. Montalvo, D. Barria, R. Campos, R. Duffard, H. Levato, Large
changes in Pluto’s atmosphere as revealed by recent stellar occultations. Nature 424,
168-170 (2003). Medline

23.J. L. Elliot, M. J. Person, A. A. S. Gulbis, S. P. Souza, E. R. Adams, B. A. Babcock, J. W.
Gangestad, A. E. Jaskot, E. A. Kramer, J. M. Pasachoff, R. E. Pike, C. A. Zuluaga, A. S.
Bosh, S. W. Dieters, P. J. Francis, A. B. Giles, J. G. Greenhill, B. Lade, R. Lucas, D. J.



http://dx.doi.org/10.1016/0019-1035(89)90014-6
http://dx.doi.org/10.1016/0019-1035(89)90014-6
http://dx.doi.org/10.1016/j.icarus.2014.03.048
http://dx.doi.org/10.1016/j.icarus.2014.05.018
http://dx.doi.org/10.1088/0004-637X/811/1/53
http://dx.doi.org/10.1016/j.icarus.2014.03.027
http://dx.doi.org/10.1007/s11214-007-9242-y
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12853950&dopt=Abstract

24

25

26

27

28

29

30

31.

32.

33

34

35

Ramm, Changes in Pluto’s atmosphere: 1988-2006. Astron. J. 134, 1-13 (2007).
doi:10.1086/517998

. D. F. Strobel, X. Zhu, M. E. Summers, M. H. Stevens, On the vertical thermal structure of
Pluto's atmosphere. Icarus 120, 266-289 (1996). doi:10.1006/icar.1996.0050

. J. A. Stansberry, J. L. Lunine, W. B. Hubbard, R. V. Yelle, D. M. Hunten, Mirages and the
nature of Pluto's atmosphere. Icarus 111, 503-513 (1994).

. L. A. Young, “Bulk properties and atmospheric structure of Pluto and Charon,” thesis,
Massachusetts Institute of Technology, 1994.

. E. F. Young, R. G. French, L. A. Young, C. R. Ruhland, M. W. Buie, C. B. Olkin, J.
Regester, K. Shoemaker, G. Blow, J. Broughton, G. Christie, D. Gault, B. Lade, T.
Natusch, Vertical structure in Pluto’s atmosphere from the 2006 June 12 stellar
occultation. Astron. J. 136, 1757-1769 (2008). doi:10.1088/0004-6256/136/5/1757

. E. Lellouch, B. Sicardy, C. de Bergh, H.-U. Kiufl, S. Kassi, A. Campargue, Pluto's lower
atmosphere structure and methane abundance from high-resolution spectroscopy and
stellar occultations. Astron. Astrophys. 495, L17-L21 (2009). doi:10.1051/0004-
6361/200911633

. G. N. Brown Jr., W. T. Ziegler, Vapor pressure and heats of vaporization and sublimation of
liquids and solids of interest in cryogenics below 1-atm pressure. Adv. Cryog. Eng. 285,
662 (1980).

. J. R. Spencer et al., “Volatile transport, seasonal cycles, and atmospheric dynamics on
Pluto,” in Pluto and Charon, S. A. Stern, D. J. Tholen, Eds., (Univ. of Arizona Press,
1997), pp. 435-473.

W. M. Grundy, R. P. Binzel, B. J. Buratti, J. C. Cook, D. P. Cruikshank, C. M. Dalle Ore, A.
M. Earle, K. Ennico, C. J. A. Howett, A. W. Lunsford, C. B. Olkin, A. H. Parker, S.
Philippe, S. Protopapa, E. Quirico, D. C. Reuter, B. Schmitt, K. N. Singer, A. J.
Verbiscer, R. A. Beyer, M. W. Buie, A. F. Cheng, D. E. Jennings, 1. R. Linscott, J. Wm,
Parker, P. M. Schenk, J. R. Spencer, J. A. Stansberry, S. A. Stern, H. B. Throop, C. C. C.
Tsang, H. A. Weaver, G. E. Weigle II, L. A. Young, New Horizons Science Team,
Surface compositions across Pluto and Charon. Science 351, aad9189-1 (2016).

W. M. Grundy, C. B. Olkin, L. A. Young, M. W. Buie, E. F. Young, Near-infrared spectral
monitoring of Pluto's ices: Spatial distribution and secular evolution. Icarus 223, 710—
721 (2013). doi:10.1016/j.icarus.2013.01.019

. X. Zhu, D. F. Strobel, J. T. Erwin, The density and thermal structure of Pluto's atmosphere
and associated escape processes and rates. Icarus 228, 301-314 (2014).
doi:10.1016/j.icarus.2013.10.011

. W. B. Hubbard, R. V. Yelle, J. I. Lunine, Nonisothermal Pluto atmosphere models. /carus
84, 1-11 (1990). doi:10.1016/0019-1035(90)90154-2

. M. E. Summers, D. F. Strobel, G. R. Gladstone, “Chemical models of Pluto’s atmosphere,”
in Pluto and Charon, S. A. Stern, D. J. Tholen, Eds. (Univ. Arizona Press, 1997), pp.
391434,



http://dx.doi.org/10.1086/517998
http://dx.doi.org/10.1006/icar.1996.0050
http://dx.doi.org/10.1088/0004-6256/136/5/1757
http://dx.doi.org/10.1051/0004-6361/200911633
http://dx.doi.org/10.1051/0004-6361/200911633
http://dx.doi.org/10.1016/j.icarus.2013.01.019
http://dx.doi.org/10.1016/j.icarus.2013.10.011
http://dx.doi.org/10.1016/0019-1035(90)90154-2

36

37

38

39

40

41

42

43

44

45

46
47

48

49.

. L. M. Lara, W.-H. Ip, R. Rodrigo, Photochemical models of Pluto’s atmosphere. Icarus 130,
16-35 (1997). doi:10.1006/icar.1997.5798

. V. A. Krasnopolsky, D. P. Cruikshank, Photochemistry of Pluto’s atmosphere and
ionosphere near perihelion. J. Geophys. Res. 104 (E9), 21,979-21996 (1999).
doi:10.1029/1999JE001038

.M. L. Wong, Y. L. Yung, G. R. Gladstone, Pluto’s implications for a snowball Titan. Icarus
246, 192—-196 (2015). doi:10.1016/j.icarus.2014.05.019

. G. R. Gladstone, W. R. Pryor, S. A. Stern, Lya@Pluto. Icarus 246, 279 (2015).
doi:10.1016/j.icarus.2014.04.016

. P. Lavvas, R. V. Yelle, T. Koskinen, A. Bazin, V. Vuitton, E. Vigren, M. Galand, A.
Wellbrock, A. J. Coates, J. E. Wahlund, F. J. Crary, D. Snowden, Aerosol growth in
Titan’s ionosphere. Proc. Natl. Acad. Sci. U.S.A. 110, 2729-2734 (2013). Medline
doi:10.1073/pnas.1217059110

. B. N. Khare, C. Sagan, E. T. Arakawa, F. Suits, T. A. Callcott, M. W. Williams, Optical
constants of organic tholins produced in a simulated Titanian atmosphere—From soft x-
ray to microwave frequencies. Icarus 60, 127-137 (1984). doi:10.1016/0019-
1035(84)90142-8

. S. M. Horst, M. A. Tolbert, In situ measurements of the size and density of Titan aerosol
analogs. Astrophys. J. 770, L10 (2013). doi:10.1088/2041-8205/770/1/L10

. A. P. Ingersoll, M. E. Summers, S. G. Schlipf, Supersonic meteorology of lo—Sublimation-
driven flow of SO». Icarus 64, 375-390 (1985). doi:10.1016/0019-1035(85)90062-4

. L. A. Young, Volatile transport on inhomogeneous surfaces: [——Analytic expressions, with
application to Pluto’s day. Icarus 221, 80—88 (2012). doi:10.1016/j.icarus.2012.06.032

. A. M. Zalucha, A. A. S. Gulbis, X. Zhu, D. F. Strobel, J. L. Elliot, An analysis of Pluto
occultation light curves using an atmospheric radiative-conductive model. Icarus 211,
804-818 (2011). doi:10.1016/j.icarus.2010.08.018

. M. J. Person et al., Waves in Pluto’s upper atmosphere. Astrophys. J. 136, 1510 (2008).

. W. B. Hubbard, D. W. McCarthy, C. A. Kulesa, S. D. Benecchi, M. J. Person, J. L. Elliot, A.
A. S. Gulbis, Buoyancy waves in Pluto’s high atmosphere: Implications for stellar
occultations. Icarus 204, 284-289 (2009). doi:10.1016/j.icarus.2009.06.022

. A. D. Toigo, P. J. Gierasch, B. Sicardy, E. Lellouch, Thermal tides on Pluto. Icarus 208,
402-411 (2010). doi:10.1016/j.icarus.2010.01.027

M. Jeffrey, Moore, W. B. McKinnon, J. R. Spencer, A. D. Howard, P. M. Schenk, R. A.
Beyer, F. Nimmo, K. N. Singer, O. M. Umurhan, O. L. White, S. A. Stern, K. Ennico, C.
B. Olkin, H. A. Weaver, L. A. Young, R. P. Binzel, M. W. Buie, B. J. Buratti, A. F.
Cheng, D. P. Cruikshank, W. M. Grundy, I. R. Linscott, H. J. Reitsema, D. C. Reuter, M.
R. Showalter, V. J. Bray, C. L. Chavez, C. J. A. Howett, T. R. Lauer, C. M. Lisse, A. H.
Parker, S. B. Porter, S. J. Robbins, K. Runyon, T. Stryk, H. B. Throop, C. C. C. Tsang, A.
J. Verbiscer, A. M. Zangari, A. L. Chaikin, D. E. Wilhelms, New Horizons Science
Team, The geology of Pluto and Charon through the eyes of New Horizons. Science 351,
1284-1293 (2016).



http://dx.doi.org/10.1006/icar.1997.5798
http://dx.doi.org/10.1029/1999JE001038
http://dx.doi.org/10.1016/j.icarus.2014.05.019
http://dx.doi.org/10.1016/j.icarus.2014.04.016
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23382231&dopt=Abstract
http://dx.doi.org/10.1073/pnas.1217059110
http://dx.doi.org/10.1016/0019-1035(84)90142-8
http://dx.doi.org/10.1016/0019-1035(84)90142-8
http://dx.doi.org/10.1088/2041-8205/770/1/L10
http://dx.doi.org/10.1016/0019-1035(85)90062-4
http://dx.doi.org/10.1016/j.icarus.2012.06.032
http://dx.doi.org/10.1016/j.icarus.2010.08.018
http://dx.doi.org/10.1016/j.icarus.2009.06.022
http://dx.doi.org/10.1016/j.icarus.2010.01.027

50. D. C. Fritts, Gravity wave saturation in the middle atmosphere - A review of theory and
observations. Rev. Geophys. Space Phys. 22, 275 (1984). doi:10.1029/RG022i003p00275

51. F. Bagenal, M. Horanyi, D. J. McComas, R. L. McNutt Jr., H. A. Elliott, M. E. Hill, L. E.
Brown, P. A. Delamere, P. Kollmann, S. M. Krimigis, M. Kusterer, C. M. Lisse, D. G.
Mitchell, M. Piquette, A. R. Poppe, D. F. Strobel, J. R. Szalay, P. Valek, J. Vandegriff, S.
Weidner, E. J. Zirnstein, S. A. Stern, K. Ennico, C. B. Olkin, H. A. Weaver, L. A. Young,
New Horizons Science Team, Pluto’s interaction with its space environment: Solar wind,
energetic particles, and dust. Science 351, aad9045 (2016).

52. 0. J. Tucker, R. E. Johnson, L. A. Young, Gas transfer in the Pluto-Charon system: A
Charon atmosphere. Icarus 246, 291-297 (2015). doi:10.1016/].icarus.2014.05.002

53. E. A. Marouf, G. L. Tyler, P. A. Rosen, Profiling Saturn’s rings by radio occultation. Icarus
68, 120-166 (1986). doi:10.1016/0019-1035(86)90078-3

54. G. F. Lindal, G. E. Wood, H. B. Hotz, D. N. Sweetnam, V. R. Eshleman, G. L. Tyler, The
atmosphere of Titan—An analysis of the Voyager 1 radio occultation measurements.
Icarus 53, 348-363 (1983). doi:10.1016/0019-1035(83)90155-0

55. D. P. Hinson, R. A. Simpson, J. D. Twicken, G. L. Tyler, F. M. Flasar, Initial results from
radio occultation measurements with Mars Global Surveyor. J. Geophys. Res. 104 (E11),
26,997-27012 (1999). doi:10.1029/1999JE001069

56. R. S. Lindzen, S. S. Hong, Effects of mean winds and horizontal temperature gradients on
solar and lunar semidiurnal tides in the atmosphere. J. Atmos. Sci. 31, 1421-1446 (1974).
doi:10.1175/1520-0469(1974)031<1421:EOMWAH>2.0.CO:2

57. D. M. Hunten, The escape of light gases from planetary atmospheres. J. Atmos. Sci. 30,
1481-1494 (1973). doi:10.1175/1520-0469(1973)030<1481: TEOLGF>2.0.CO:2

58. D. F. Strobel, Titan’s hydrodynamically escaping atmosphere: Escape rates and the structure
of the exobase region. Icarus 202, 632—-641 (2009). doi:10.1016/j.icarus.2009.03.007

59. M. G. Tomasko, L. Doose, S. Engel, L. E. Dafoe, R. West, M. Lemmon, E. Karkoschka, C.
See, A model of Titan’s aerosols based on measurements made inside the atmosphere.
Planet. Space Sci. 56, 669—707 (2008). do0i:10.1016/1.pss.2007.11.019

60. P. Lavvas, R. V. Yelle, V. Vuitton, The detached haze layer in Titan’s mesosphere. Icarus
201, 626-633 (2009). doi:10.1016/j.icarus.2009.01.004

61. V. Vuitton, B. N. Tran, P. Persans, J. P. Ferris, Determination of the complex refractive
indices of Titan haze analogs using photothermal deflection spectroscopy. Icarus 203,
663—-671 (2009). doi:10.1016/].icarus.2009.04.016

62. P. P. Lavvas, A. Coustenis, I. M. Vardavas, Coupling photochemistry with haze formation in
Titan’s atmosphere. Part I: Model description. Planet. Space Sci. 56, 27-66 (2008a).
doi:10.1016/].pss.2007.05.026

63. P. P. Lavvas, A. Coustenis, I. M. Vardavas, Coupling photochemistry with haze formation in
Titan’s atmosphere. Part II: Results and validation with Cassini/Huygens data. Planet.
Space Sci. 56, 67-99 (2008b). doi:10.1016/1.pss.2007.05.027



http://dx.doi.org/10.1029/RG022i003p00275
http://dx.doi.org/10.1016/j.icarus.2014.05.002
http://dx.doi.org/10.1016/0019-1035(86)90078-3
http://dx.doi.org/10.1016/0019-1035(83)90155-0
http://dx.doi.org/10.1029/1999JE001069
http://dx.doi.org/10.1175/1520-0469(1974)031%3c1421:EOMWAH%3e2.0.CO;2
http://dx.doi.org/10.1175/1520-0469(1973)030%3c1481:TEOLGF%3e2.0.CO;2
http://dx.doi.org/10.1016/j.icarus.2009.03.007
http://dx.doi.org/10.1016/j.pss.2007.11.019
http://dx.doi.org/10.1016/j.icarus.2009.01.004
http://dx.doi.org/10.1016/j.icarus.2009.04.016
http://dx.doi.org/10.1016/j.pss.2007.05.026
http://dx.doi.org/10.1016/j.pss.2007.05.027

	Gladstone-group-author-list.pdf
	The New Horizons Science Team

	Gladstone-SM-refs.pdf
	References and Notes




