
Surface-atmosphere coupling on Triton and Pluto.

Item Type text; Dissertation-Reproduction (electronic)

Authors Stansberry, John Arthur.

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 24/05/2023 21:10:57

Link to Item http://hdl.handle.net/10150/186720

http://hdl.handle.net/10150/186720


INFORMATION TO USERS 

This manuscript has been reproduced from the microfilm master. UMI 

films the text directly from the original or copy submitted. Thus, some 

thesis and dissertation copies are in typewriter face, while others may 

be from any type of computer printer. 

The quality of this reproduction is dependent upon the quality of the 
copy submitted. Broken or indistinct print, colored or poor quality 
illustrations and photographs, print bleedtbrough, substandard margins, 
and improper alignment can adversely affect reproduction. 

In the unlikely. event that the author did not send UMI a complete 

manuscript and there are missing pages, these will be noted. Also, if 

unauthorized copyright material had to be removed, a note will indicate 

the deletion. 

Oversize materials (e.g., maps, drawings, charts) are reproduced by 

sectioning the original, beginning at the upper left-hand corner and 

continuing from left to right in equal sections with small overlaps. Each 

original is also photographed in one exposure and is included in 

reduced form at the back of the book. 

Photographs included in the original manuscript have been reproduced 
xerographically in this copy. Higher quality 6" x 9" black and white 

photographic prints are available for any photographs or illustrations 

appearing in this copy for an additional charge. Contact UMI directly 
to order. 

D·M·I 
University Microfilms International 

A Bell & Howell Information Company 
300 North Zeeb Road. Ann Arbor. M148106-1346 USA 

313/761-4700 800/521-0600 





Order Number 9426549 

Surface-atmosphere coupling on Triton and Pluto 

Stansberry, John Arthur, Ph.D. 

The University of Arizona, 1994 

U·M·I 
300 N. Zeeb Rd. 
Ann Arbor, MI 48106 





SURFACE-ATMOSPHERE COUPLING ON TRITON 
AND PLUTO 

by 
John Arthur Stansberry 

A Dissertation Submitted to the Faculty of the 

DEPARTMENT OF PLANETARY SCIENCES 

In partial fufillment of the Requirements 
For the Degree of 

DOCTOR OF PHILOSOPHY 

In the Graduate College 

THE UNIVERSITY OF ARIZONA 

1 994 



THE UNIVERSITY OF ARIZONA 
GRADUATE COLLEGE 

2 

As members of the Final Examination Committee, we certify that we have 

read the dissertation prepared by John Arthur Stansberry 

entitled Surface - Atmosphere Coupling on Triton and Pluto 

and recommend that it be accepted as fulfilling the dissertation 

requirement for the Degree of Doctor of Philosophy 
------------------~~----------------------

Date -

1/1-0«-
Date' , 

&61 
Roger 

J. D. 

Gordon Lehman Date 

Final approval and acceptance of this dissertation is contingent upon 
the candidate's submission of the final copy of the dissertation to the 
Graduate College. 

I hereby certify that I have read this dissertation prepared under my 
direction and recommend that it be accepted as fulfilling the dissertation 
requirement. / 

_~-7 _ /7 /' 
:;=Wif:~-S-£3 - {//~/ - .- i' 

~~~sertation Direct6r 
Jonathan I. Lunine 

Date 



3 

STATEMENT BY AUTHOR 

This dissertation has been submitted in partial fulfillment of the requirements for 
an advanced degree at The University of Arizona and is deposited in the University 
Library to be made available to borrowers under rules of the Library. 

Brief quotations from this dissertaion are allowable without special permission, 
provided that accurate acknowledgement of source is made. Requests for permission 
for extended quotation from or reproduction of this manuscript in whole or in part 
may be granted by the head of the major department or the Dean of the Graduate 
College when in his or her judgement the proposed use of the material is in the 
interests of scholarship. In all other instances, however, permission must be obtained 
from the author. 



4 

ACKNOWLEDGEMENTS 

I am priveleged to have had the opportunity to pursue a degree in Planetary 
Sciences. Many people have played important roles in providing me with that op
portunity. My parents, Claude and Mary, have always been very supportive of my 
academic pursuits, contributing encouragement, time, and lots of money. They have 
supported my explorations of the world around me, so unselfishly, and sometimes 
(I think) even when they were opposed to them. Their acceptance and care have 
allowed me to pursue the dream of being involved with the exploration of space. 
Likewise, the support I got from the rest of my family through college, especially 
Jim and Sally Stansberry, Jeanette and Ron Fritzler, Pat and Greg Sparks and their 
families has been very important to me. 

During my education there have been a few teachers who really nurtured my inter
est in the natural sciences: Mr. Dalton, from seventh grade science; Mr. Edwards, 
my high school physics teacher; Dr. Val Viers and Dr. Richard Hilt at Colorado 
College, as well as Curt Hussa, who has died, and was a good friend to me in the 
Physics department there. At the University of Arizona Dr. Jay Melosh has been 
a real standout in terms of teaching me about planets and the processes that shape 
them, as well as providing an excuse for going four-wheel-driving in exotic geologic 
settings throughout the Southwest. 

Obviously the members of my committee have been of great help. Dr. Bill Hub
bard, who I only recently began working with, gave me a lot of help understanding 
the basics of occultations, and is also a very pleasant person to work with. Dr. Roger 
Yelle is challenging, stimulating and a real bear of an editor. He has given me the 
drive to ask harder questions and pursue their anwswers as best I can. Dr. Jonathan 
Lunine has managed to avoid making all of the mistakes that advisors are supposed 
to make with their first students - he has done an outstanding job of being my 
patron in circles where I had little influence, and in guiding me towards important 
topics while not choking my contribution to them. He has provided me with a fine 
example of how to be an advisor, should I ever have that opportunity. 

Two women, Amy Mignella and Valerie Hillgren, were my best friends, and at 
different times during my stay in Tucson shared their lives with me. I learned at 
least as much with them as I did in school, and I promise to try and remember those 
things and our time together always. 



5 

TABLE OF CONTENTS 

LIST OF FIGURES . 7 
ABSTRACT ..... 8 
1 INTRODUCTION 10 

1.1 The Basic Picture 10 
1.2 Triton....... 15 

1.2.1 Groundbased Spectroscopy. 16 
1.2.2 Voyager Imaging Science Subsystem (ISS) 18 
1.2.3 Voyager Infrared Imaging Spectrometer (IRIS) . 21 
1.2.4 Voyager Radio Science Subsystem (RSS) 22 
1.2.5 Voyager Ultraviolet Spectrometer (UVS) 22 

1.3 Pluto............ 24 
1.3.1 The Mutual Events. 24 
1.3.2 The Occultation. . . 27 
1.3.3 Spectroscopy .... 30 

1.4 A Note on the Format of this Dissertation 32 
2 PHYSICS OF VOLATILE TRANSPORT 34 

2.1 The Sublimation Mass Flux. . 34 
2.2 Sublimation and Temperature. 37 
2.3 Dual Volatile Effects 42 

3 PRESENT STUDY . . . . . . . . . . 45 
3.1 Triton .. . . . . . . . . . . . . 45 

3.1.1 Albedo Patterns on Triton 46 
Introduction . 46 
Summary . . . . . . . . . . 47 
Discussion . . . . . . . . . . 48 

3.1.2 Zonally Averaged Thermal Balance and Stability Models for 
Nitrogen Polar Caps on Triton. 49 
Introduction . 49 
Summary . . 49 
Contribution 53 
Discussion . . 53 

3.1.3 Triton's Surface-Atmosphere Energy Balance 54 
Introduction . 54 
Summary . . 55 
Contribution 57 
Discussion . . 58 

3.2 Pluto......... 60 
3.2.1 Upper Limits on Possible Photochemical Hazes on Pluto. 61 



TABLE OF CONTENTS - Continued 

Introduction . . . . . . . . . . . 
Summary ........................ . 
Contribution ...................... . 
Discussion . . . . . . . . . . . . . . . . . . . . . . . . . 

3.2.2 Mirages and the Nature of Pluto's Atmosphere ..... . 
Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . 
Summary .......................... . 
Contribution ........................ . 
Discussion . . . . . . . . . . . . . . . . 

4 ATMOSPHERIC COMPOSITION ........ . 
4.1 Solid Solution ................. . 
4.2 Fractional Sublimation. . . . . . . . . . . . . 
4.3 Temperature Revisited. . . . . . . . . . . . . 
4.4 Methane Patch Model . . . . . . . . . . . . . 

5 CONCLUSIONS .................. . 
5.1 Summary ............................ . 
5.2 Future Work. . . . . . . . . . . . . . . . . . . . . . . . . . . . 

APPENDIX A: ALBEDO PATTERNS ON TRITON ........ . 
APPENDIX B: THERMAL BALANCE AND STABILTIY MODELS 
APPENDIX C: TRITON'S ENERGY BALANCE .......... . 
APPENDIX D: PHOTOCHEMICAL HAZE ON PLUTO ...... . 
APPENDIX E: MIRAGES AND PLUTO'S ATMOSPHERE 
REFERENCES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

6 

61 
61 
62 
63 
63 
63 
64 
68 
68 
70 
71 
72 
76 
77 
80 
80 
82 
84 
91 
98 

120 
127 
158 



LIST OF FIGURES 

1.1 Subsolar latitude VB. time on Triton ... 
1.2 Transport processes on Triton and Pluto 
1.3 A mosaic of Voyager 2 images of Triton. 
1.4 Two maps of Pluto's surface ...... . 
1.5 Lightcurve from Pluto's occultation of a star 

2.1 Vapor pressures of N2 and CH4 as a function of temperature 
2.2 The effect of latent heat on surface temperature . . . . . . . 

7 

13 
15 
20 
26 
29 

36 
39 

4.1 Depth of a sublimating layer of solid solution VB. its composition. 73 



8 

ABSTRACT 

Sublimation of volatile ices and convection play important roles in determining 

the present and past climates of Neptune's large moon, Triton, and Pluto. I have 

developed models of these two processes and used the distribution of albedo on the 

surfaces of these two bodies to study surface temperatures, distribution of volatile 

ices, and lower atmospheric structure. My initial studies focused on Triton, which was 

encountered by Voyager 2 in 1989. One ofthe surprising results is that Triton's South 

Polar Cap is considerably larger than predicted by my model. Another basic result 

is that the volatile N2 ice on Triton's surface has a low thermal emissivity (~ 0.7) 

relative to to canonical emissivity values, which are near unity. Some ambiguity in the 

thermal structure of Triton's atmosphere resulted from the encounter. By modeling 

the convective tranport of heat between the surface and atmosphere I was able to 

show that the near-surface atmospheric temperature was close to the low end of the 

ra previous analyses of the occultation of a star by Pluto in 1988 may have erroneously 

concluded that Pluto's radius is approximately 1200 km. My results, while not ruling 

out that conclusion, show that Pluto could be much smaller than 1200 km and the 

atmosphere could still have produced the observed occultation lightcurve. A smaller 

surface radius, combined with the occultation lightcurve, implies that Pluto posesses 

a troposphere, which has never been considered before. The remaining piece of 

the Pluto atmosphere puzzle is the somewhat anomalous atmospheric composition 

required to explain the temperature structure derived from the occultation results. 
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By expanding my earlier Triton work on the distribution N2 ice to include the physics 

of simultaneous sublimation of N2 and CH4 , I have been able to show that the 

required "anomalous" atmospheric composition is totally reasonable. Synthesizing 

these results with other recent work, I propose a new and testable paradigm for 

Pluto's atmosphere. 



CHAPTER 1 

INTRODUCTION 

1.1 The Basic Picture 

10 

Neptune's large moon, Triton, and Pluto are the two most distant (from the sun), 

planetary scale, solid surface objects known in the solar system. In many respects 

they are quite similar, which is why they are both included in my research. As 

always seems to be the case with "sister planets", differences between the two are 

moving into the focus now that we have a little data on them. The story of how our 

knowledge of Triton, and even more so Pluto, has almost exploded in recent years 

is a fascinating one, but I will only be able to touch on it in this writing. Rather, 

my focus will be on interpreting those data in the framework of two kindred physical 

processes: the transfer of heat and mass between the surfaces and atmospheres of 

these two bodies. 

In this chapter many of the specific details of our knowledge about Triton and 

Pluto will be outlined, but before doing that, I would like to briefly layout a picture 

of what I think is happening on these two bodies. Triton and Pluto are similar in size 

(1350 km radius for Triton, and 1150 to 1206 km for Pluto), and composition (CH4 

and N2 as ices on the surface, and in the atmosphere). They are also similar in that 

they have peculiar orbits. Triton orbits Neptune in a retrograde (angular momentum 

vector anti-alligned with Neptune's) highly inclined (26°). Pluto posesses the largest 

inclination (17°) and eccentricity (0.25) of any known planet. While this similarity 
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is probably serendipitous, the implications for surface-atmosphere coupling on the 

two planets are a key element of the research presented below. 

The atmospheres of Triton and Pluto are distinctly unlike the terrestrial at

mosphere. As will be described shortly, Pluto and Triton have predominantly N2 

atmospheres, as does Earth. However, major differences arise because surface tem

peratures on Triton and Pluto are below the triple points of N2 and CH4 , which 

means that these molecules will be present in both the gas and solid phases. A simi

lar situation exists on Mars, the consequences of which Leighton and Murray (1966) 

explored in a seminal study. They used an energy balance model to study the be

havior of H20 and CO2 in the Martian atmosphere over a season. Their predictions 

for conditions on Mars were remarkably accurate. At a time when Mars' polar caps 

were thought to be composed of H20 ice (eg. Kuiper, 1952), they calculated that 

low polar temperatures during winter, combined with the 4 mb pressure of Mars' 

CO2 atmosphere, would lead to the condensation of considerable amounts of CO2 

ice at the poles, and not H20, so the caps must be CO2 • They also predicted that 

the CO2 ice would all be kept at the same temperature by latent heat transport, and 

demonstrated that the radiative equilibrium temperature they calculated for such an 

isothermal polar cap was indeed 145 K, just the temperature that would support the 

4 mb surface pressure on Mars. Finally, they predicted that significant variations 

in surface pressure would occur over a Martian year due to the changing insolation 

on the CO2 polar caps. All of these conclusions are now known to be true, or very 

nearly so. 

N2 and CH4 on Triton and Pluto behave in a similar manner to CO2 and H20 

on Mars, and in some ways CH4 also behaves similarly to H20 in the Earth's atmo-
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sphere: where cooling occurs they condense (as solids), and where there is a relative 

abundance of energy they sublimate. On the whole, sublimation approximately bal

ances deposition, and the pressure of the atmosphere is determined by vapor pressure 

equilibrium with the ices on the surface. The vapor pressure curves of N2 and CH4 

are very strong functions of temperature. For example, if the surface temperature 

on Triton or Pluto were to change by 2 K, the atmospheric pressure would change 

by a factor of about 10. 

This is where the unusual orbits of these two bodies playa part. For example, 

Triton's orbit is not only inclined relative to Neptune's equator, Neptune's axis of 

rotation is inclined relative to the planet's orbit around the sun by 29°. Neptune's 

rotationally oblate figure exerts a torque on Triton's orbit, causing it to precess. As 

a result, the latitude where the sun vertically illuminates the surface of Triton, the 

subsolar point, changes drastically over time. The subsolar latitude as a function 

of time was calculated by Harris (1983) and is shown in Figure 1.1. In view of the 

above description of how CH4 and N2 behave on Triton, Figure 1.1 tells us that a 

particular point on Triton's surface will undergo deposition of N2 and CH4 at times 

when the subsolar point is far away, and when the subsolar point is nearby N2 and 

CH4 will sublimate from the surface. Also, at any particular time, there will be some 

parts of the surface where sublimation is occurring and other parts where deposition 

is occurring. The atmosphere is the medium through which sublimated material is 

transported to the point where it is eventually deposited, so this process is one of 

surface--atmosphere coupling. 

The process of mass transfer from areas being heated by the sun to areas which 

are poorly illuminated is one which I will generally refer to as "volatile transport" 
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Figure 1.1: Subsolar latitude vs. time on Triton. At the time of the Voyager 2 
encounter in 1989 the sun had nearly reached is furthest southerly excursion. 

or "seasonal transport". 'Volatile' in this sense indicates that it is a process that is 

important for species that have large vapor pressures at the pertinent temperature, 

which N2 and CH4 both do. A natural consequence of the seasonal transport of CH4 

and N2 ices on Triton and Pluto is that some areas of their surfaces will be free of 

these volatile ices. As will be demonstrated later, areas covered with N2 ice (but not 

necessarily CH4 ice) all have the same temperature, and that temperature is lower 

than the temperatures anywhere else on the planet. The warm, N2-free regions heat 

the atmosphere, while the areas covered in N2 absorb heat from the atmosphere. 

This brings us to the second type of surface-atmosphere coupling considered in this 

study, atmospheric heating by the surface. As will be seen, surface-atmosphere 

heat transfer is important both because it determines the temperature in the lower 
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portions of the atmosphere, and because it influences the temperature structure of 

the lower atmosphere. 

The purpose of this section is to establish a simple picture of the surfaces of Triton 

and Pluto as a context for organizing the more detailed information on each of these 

bodies which will be provided below. A picture being worth a thousand words, Fig

ure 1.2 is a cartoon highlighting the ideas just sketched out, so to speak, for a generic 

planetary surface overlain by a volatile atmosphere. The surface is composed of two 

major divisions labeled "Volatile Free" and "Volatile Covered" representing areas 

respectively posessing or lacking surface volatile ices as a consequence of seasonal 

transport. The Volatile Free area is subdivided into two areas labeled "Hot" and 

"Cool", which are portions of the surface with temperatures warmer than or cooler 

than the atmospheric temperature. A thick arrow pointing away from the Hot area 

represents the flow of heat into the atmosphere, part of which is transported back to 

Cool areas. The rest of that heat is transported to the Cold regions, which are all 

Volatile Covered. Although the Volatile Covered areas all have the same temperature 

(explained in the next chapter), they do not all receive the same amount of sunlight, 

which is indicated by the division into "Sunny" and "Shady" areas. Volatile ices 

in Sunny areas sublimate, indicated by the thin arrows, adding to the atmosphere, 

while in Shady (or entirely dark) areas, the atmosphere condenses onto the surface. 

The details of the balance between heating and cooling, sublimation and conden

sation determine the atmospheric pressure and temperature, the distribution of the 

different types of areas across the surface, and even atmospheric composition. All 

of these quantities are likely to be functions of the season because of the extreme 

variations in subsolar latitude on Triton and Pluto. The surface-atmosphere systems 
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Sunny Shady 

Volatile Covered 

Figure 1.2: A sketch of the various transport processes coupling the surfaces and 
atmospheres of Triton and Pluto. The double arrows represent the convective trans
port of heat, while the single arrow represents the transport of volatile N2 and CH4 

via sublimation and redeposition. 

on these two bodies are highly coupled, dynamic entities which, as has been seen on 

Trion, display a variety of complex phenomena. The hope here is to understand some 

of the most basic behaviors of these systems, using the paradigm just outlined. 

1.2 Triton 

There are two major sources of Triton data. The first source is telescopic ob-

servations, which were also the only source prior to 1989. Many of the telescopic 

studies of Triton were superceded by the results from the August 25, 1989 Voyager 

2 spacecraft encounter with the Neptune system, in which Triton, being by far the 

larger of the two known moons, was intensively scrutinized. One area where ground-

based measurements still surpass those made by Voyager is in spectroscopy. Below I 



16 

will summarize ongoing groundbased spectroscopic efforts, and then move on to the 

Voyager 2 results of interest in this study. 

1.2.1 Groundbased Spectroscopy 

Cruikshank et ai. (1979) reported the first observation of CH4 absorption features 

in the spectrum of Triton. Although there was debate for some time (Cruikshank 

et ai., 1976; Cruikshank and Sivaggio, 1979; Apt et ai., 1983) on the physical state of 

the CH4 it soon became apparent that the absorption feature was formed predomi

nantly in solid CH4 , not in the gas or liquid. Cruikshank et ai. (1984) subsequently 

reported an absorption feature at 2.15 pm which they attributed to N2 • A heated de

bate followed this proposal because transitions between vibrational quantum states 

of a molecule are generally repsonsible for near-infrared absorption features, and N2 

being a symmetric molecule, has no "allowed" transitions. In practice this doesn't 

mean that N2 has no absorption features, only that they are very weak and visible 

only at high pressure or in a condensed (solid or liquid) phase. It was originally 

thought that a pathlength of about one meter of solid or liquid N2 would be re

quired to form the 2.15 pm feature reported by Cruikshank et ai. (1984); and that 

no reasonable estimate of the pressure of N2 gas in Tritons atmosphere could pro

duce the feature. Such pathlengths seemed implausible in the solid phase because 

they are far in excess of those in normal planetary surfaces where crystal boundaries, 

contaminants, etc. usually keep pathlengths below a centimeter, so it was thought 

that Triton was at least partially covered in liquid N2 • Lunine and Stevenson (1985) 

suggested that pathlengths of ~ 10 em could be sufficient to form the absorption fea

ture, and that many other observations were consistent with N2 and CH4 existing in 
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the solid state on Triton. The controversy was laid to rest by the Voyager encounter, 

which observed a completely solid surface with a temperature well below the freezing 

point of N2. Subsequent laboratory studies (Green et al., 1991) demonstrated that 

pathlengths through solid N20f order 10 cm were consistent with the spectroscopic 

data. This requirement indicates that N2 ice on Triton is still unusual in its optical 

properties, but pathlengths of 10 cm seem to have been accepted as possible by the 

spectroscopic community. 

In the past few years there has been a new burst of spectroscopic observations 

of Triton, and in spectroscopic studies of N2 ice in the laboratory. Cruikshank et al. 

(1993) have obtained new Triton spectra at much higher resolution than the old data. 

The new spectra clearly show the shapes of the N2 absorption feature at 2.15 /-lm, 

and the near infrared absorption features of CH4 , as well as a previously unidentified 

features attributed to CO and CO2. These data are of high enough quality that initial 

modeling of the surface coverage of N 2 and CH4 ice has been performed (Cruikshank 

et al., 1993). These models indicate that N2 makes up a relative fraction of 99% of 

the optically active surface (excluding areas devoid of these 4 molecules). Another 

interesting feature of these new spectra is that the CH4 bands are slightly shifted 

from where they should fall if the CH4 is present as a pure ice. New laboratory data 

on the spectra of N2-CH4solid solutions (Cruishank et al., 1993; Bernard Schmitt, 

personal communication) show a similar shift in band positions. Although detailed 

models comparing the laboratory and spectroscopic data have not been performed, it 

is probable that most of the solid CH4 on Triton is present in solid solution with the 

N2 ice on the surface. Tryka et al. (1993a) have done a detailed comparison between 

laboratory data on the temperature dependence of the shape of the N2 absorption 
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feature and the telescopic data. They conclude that the temperature of Triton's N2 

ice is 38~~ K. This measurement of the temperature of Triton's N2 ice has exciting 

possibilities for remotely monitoring seasonal changes: the atmospheric pressure is 

directly related to the N2 ice temperature through the vapor pressure relation. 

1.2.2 Voyager Imaging Science Subsystem (ISS) 

As reported by Smith et al. (1989), the ISS obtained multi color images of Triton's 

surface southward of approximately 45°N latitude; portions of the surface northward 

of this were not lit because the subsolar latitude at the time of the encounter was 

45°S. The highest resolution images were at slightly better than 1 km per picture 

element, although a more typical resolution might be about half that. Figure 1.3 

is an enhanced color mosaic depicting Triton's sub-Neptune hemisphere, reprinted 

with the author's permission from Mcewen (1990). The global features visible in this 

image were characterized by Smith et al. (1989). They reported a surface both un

usually bright, having an average albedo of about 0.8 and ranging up to 0.95, and 

unusually colorless. Two obvious regions on the surface were noted: a very bright 

(albedo 0.88) region southward of about 100 S latitude, which displayed an almost 

flat or colorless spectral slope in the visible, and a lower albedo (0.62) slightly redish 

region from 100 S to the northern limit of the imaged surface. I for one have taken the 

view that the bright, spectrally neutral materials in the South on Triton represent 

N2 and CH4 ice on the surface (although this view is not universally held, see Sec

tion 3.1.2). Consistent with that view, I will refer to the bright deposits in the South 

as the "South Polar Cap". A corallary to the "bright volatiles" hypothesis is that 

the dark, reddish band near Triton's equator is the planetary surface which underlies 
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the volatile deposits, probably H20 ice overlain by a veneer of dark products of CH4 

photochemistry. Unfortunately the Voyager data do not allow for a certain determi

nation of the distribution of the volatiles on Triton because it had no capability to 

produce spectral maps of the surface, which would have identified the composition 

of the surface within each picture element. 

The Voyager imaging data also revealed details of Triton's atmospheric dynamics. 

An obvious feature of the South Polar Cap is the presence of many small, dark 

streaks. Hansen et al. (1990) found that the streaks are preferentially directed in 

a northeasterly direction. Ingersoll (1990) pointed out that gas sublimating from 

the South Polar Cap and moving towards cold regions in the North would form a 

vortex with a northeasterly flow in the lowest kilometer or so of the atmosphere. It 

seems evident that the streaks and near surface circulation of the atmosphere are 

related, and I will return to the details of that relationship in section 3.1.3. Not highly 

visible in Figure 1.3 are at least two plumes of material which appear to bouyantly 

rise from the South Polar Cap to a height of approximately 8 km, and then form 

long (rv 100 km) tails at nearly constant altitude (Smith et al., 1989). Yelle et al. 

(1991) pointed out that the abrupt change in direction of the plumes, from vertical 

to horizontal, at 8 km is consistent with bouyantly rising material encountering a 

tropopause (a change in temperature gradient from negative to positive) at that level. 

This is taken as strong evidence that Triton posesses a troposphere (a layer mixed by 

winds and having a negative temperature gradient) that is 8 km deep. The direction 

of the plume tails is southwest, oppositely directed from the surface streaks discussed 

above. Ingersoll (1990) proposed that this high altitude circulation is a thermal wind, 

driven by heating of the atmosphere near the equator, and forming an upper level 
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Figure 1.3: A series of Voyager 2 images of Triton mosaicked by Alfred McEwen 
(USGS). The bright South Polar Cap, composed of N2 is clearly visible in the lower 
portion of the image, and covers nearly the entire southern hemisphere. 
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vortex with flow directed opposite to the surface winds. This is consistent with the 

view that the equatorial regions are devoid of volatile ices and can therefore heat the 

atmosphere. 

The Voyager ISS data have been an integral part of my research beyond the 

points just discussed. Alfred McEwen used the measurements of the brightness of 

the surface in different color band passes and at different illumination and viewing 

angles to produce a global map of hemispheric bolometric albedo (see Stansberry 

et ai., 1990a (Appendix B); Stansberry et ai., 1992 (Appendix C)). This quantity is 

the ratio of total solar energy incident on the surface to the total energy reflected in all 

directions, not just back to the observer. As such, the hemispheric bolometric albedo 

is what governs the solar energy input to the surface, and his map has formed the 

basis of nearly all of my calculations of surface temperature and volatile sublimation 

and deposition rates on Triton. 

1.2.3 Voyager Infrared Imaging Spectrometer (IRIS) 

Conrath et ai., (1989) reported measurements of the 20 to 50 pm emission of Tri

ton. This region of the infrared is where most planet's blackbody peak lies. Triton's 

surface is so cold that its blackbody peak is nearer 100 pm, but the IRIS measure

ments were able to constrain the short wavelength end of the blackbody curve. They 

estimated the dayside temperature of Triton to be 382:~ K. It was indicated above 

that vapor pressure equilibrium between volatile ices on the surface and the atmo

sphere determines the atmospheric pressure. N2 ice has a vapor pressure of 19 pb at 

38 K, and CH4 has a vapor pressure of 1.7 x 10-3 pb at that temperature (Brown 

and Zeigler, 1980). Thus the IRIS measurement leads us to expect that Triton should 
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have an atmosphere which is dominantly N2, with about one part in 10,000 CH4 • As 

will be seen below, this is inremarkable agreement with the atmospheric parameters 

derived from two other experiments, the RSS and UVS. 

1.2.4 Voyager Radio Science Subsystem (RSS) 

The Voyager RSS (Tyler et al., 1989) served not only as the data link between the 

spacecraft and Earth, it was also a valuable instrument for probing the atmospheres 

of the bodies encountered by Voyager, and Triton was no exception. The Neptune 

encounter trajectory carried the spacecraft near Neptune's North Pole where it was 

deflected into a southerly direction to pass on the anti-Earth side of Triton. By mea

suring the phase shift of the radio wave transmitted by Voyager as it was occulted by 

(passed behind) Triton's atmosphere, Tyler et al. (1989) were able to determine the 

pressure and temperature of the atmosphere, with some model uncertainties. They 

found that the atmosphere had a surface pressure of 16 pb of N2 at a temperature of 

48 K. They noted that this pressure was much lower than the vapor pressure of N2 

ice at 48 K, 250 pb. They proposed that the atmosphere was in contact with N2 ice 

at around 37 K (having a vapor pressure of 16 pb), but that the temperature of the 

atmosphere was higher than 37 K due to heating from some other source. Examining 

this proposal was a major motivation for part of my research, presented in section 

3.1.3 and Appendix C. 

1.2.5 Voyager Ultraviolet Spectrometer (UVS) 

The UVS (Broadfoot et al., 1989) obtained two types of measurements of in

terest here. The first were dayside spectra of ultraviolet light emitted by ionized 
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gases high above above Triton's surface in the ionosphere. Atoms and molecules in 

an ionospheric environment emit photons at characteristic wavelengths allowing for 

identification of the gases present. Broadfoot et al. (1989) reported emissions indi

cating that the atmosphere was primarily N2, and that hydrogen was also present, 

probably as a result of the photodissociation of CH4 molecules. No evedince for other 

species was found. An occultation experiment was performed using the UVS, similar 

to the RSS occultation just described. The UVS was used to observe the brightness 

of the sun as it was occulted by (passed behind) Triton's atmosphere. The spectral 

capabilities of the UVS allowed it to distinguish the attenuation of the sun's light 

by N2 in the atmosphere from the attenuation due to CH4 in the atmophere. These 

measurements determined the N2 concentration at altitudes around 600 km, where 

the atmosphere was thin enough that the N2 didn't attenuate all of the sunlight, and 

the CH4 concentration at altitudes around 20 km. Combining their measurements 

with a physically plausible model of the thermal structure of Triton's atmosphere, 

Broadfoot et al. (1989) extrapolated their N2 data 600 km to the surface, deriving 

a surface pressure of 14 pb of N2, in excellent agreement with the RSS and IRIS 

results. Initial analysis of the CH4 data from the UVS solar occultation indicated 

that it was present at concentrations about 10 times lower than expected if it was 

in vapor pressure equilibrium with CH4 ice on the surface, but more recent analysis 

has cast that conclusion into doubt (Herbert and Sandel, 1991). The UVS observa

tions are the difinitive link showing that molecules of the volatile ices present on the 

surface of Triton also comprise the atmosphere. 
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1.3 Pluto 

Our knowledge of Pluto has grown almost explosively in the past decade and 

a half, in spite of the fact that no spacecraft has visited the planet. In part Pluto 

has benefited from the same spectroscopic advances that are begining to advance 

the study of Triton. Additionally, another entire approach to planetary imaging was 

opened up by the 1978 discovery of Pluto's moon, Charon (Christy and Harrington, 

1978) and provides the basic data I have used in my Pluto models in a similar manner 

to the Voyager Imagery of Triton. Finally, a stellar occultation in 1989 provided the 

basis for understanding Pluto's atmosphere. 

1.3.1 The Mutual Events 

The timing of the discovery of Charon (Christy and Harrington, 1978) was very 

fortuitous. Charon's orbit lies within 60 of the plane of Pluto's equator, which is 

inclined 1220 (Stern, 1992) to the plane of Earth's orbit. As circumstances would 

have it (see Marcialis, 1989), the plane of Charon's orbit swept across the inner 

solar system begining only 7 years after the discovery of Charon. Due to the tiny 

angular velocity of Pluto in its orbit, the plane of Charons' orbit took 6 year to 

traverse the 2 AU diameter of Earth's orbit. During those six years Charon passed 

in front of and then behind Pluto, as seen from Earth, once each 6 day orbit (see 

description in Buie et al., 1992, and references therein). Photometric measurements 

of the combined brightness of Pluto and Charon taken during these "mutual events" 

have been used to reconstruct the pattern of light and dark regions on Pluto (Buie 

et al., 1992; Young, 1993; Young and Binzel, 1994). Pluto cannot be resolved with 
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ground based telescopes, and while the newly repaired Hubble Space Telescope will be 

able to slightly resolve it, no such images have been taken yet. Without the mutual 

events we would have only a crude idea of what albedo features might be on the 

surface (Marcialis, 1988). 

Figure 1.4 shows the albedo distribution on Pluto as inferred by Buie et al. 

(1992) and Young (1993) from their seperate mutual event observations. Those two 

studies also used different inversion techniques to convert their obseravtions into 

albedo distributions. Although the details of the two maps are different, the overall 

morphology of the two is similar, having a dark region near the equator, a very bright 

southern region, and a bright band in the north. This albedo pattern is consitent with 

a model for the distribution of volatile ices on the surface, if the volatiles are bright 

(Young and Binzel, 1994). I have used both of these albedo maps in calculations of 

the energy balance at Pluto's surface, in the same way I used the Voyager data to 

constrain the energy balance on Triton's surface. 

Other key results from the mutual event observations are the radii of Pluto and 

Charon. Unfortunately, the radius determination is not exact, depending on how 

limb darkened the surface is and on the slightly uncertain orbital seperation of Pluto 

and Charon. The Pluto radius derived by Buie et al. (1992) is 1150 ± 7 km, while 

Young (1993) reports a radius of 1191 ±20 km. More recently, Young (Personal Com

munication) has revised his estimate of Pluto's radius downward to approximately 

1165 km. Also, the Buie et al. value of 1150 km neglected limb darkening, so that 

value is an underestimate of the radius (Young, 1993), and it may be consitent with 

a radius around 1165 km as well. It is comforting that these estimates appear to be 
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Figure 1.4: Two models for the albedo distribution on Pluto inferred from the mutual 
events (from Buie et ai., 1992, TOP; and Young, 1993, BOTTOM). 
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in agreement, and, with the caveats just discussed in mind, I will use 1165 km as the 

"mutual event radius" for Pluto from here on. 

1.3.2 The Occultation 

The question of Pluto's radius brings us to another data set which has been im

portant to my studies. In June of 1988 Pluto occulted a star, and several groups 

obtained light curves (Elliot et al., 1989, Hubbard et al., 1988, Millis et al., 1993). 

Two very basic results from the occutation are the pressure of the atmosphere at 

a reference radius, and the ratio of the temperature to the mean molecular weight 

(Tlfl) of the atmosphere. Elliot and Young (1991), using the highest signal-to-noise 

data set taken with the Kuiper Airborne Observatory (KAO) (Elliot et ai., 1989), 

calculated that at a reference radius of 1250 km the pressure was 1.26 ± 0.35 flb and 

the temperature to molecular mass ratio (Till) was 3.72 ± 0.75 K amu-1 • Moreover, 

the KAO lightcurve obtained by Elliot et al. (1989) displayed an interesting struc

ture, which can be seen in Figure 1.5, reproduced from their paper. The star began 

dimming when it was about 1250 km from the midpoint of the chord, and continued 

dimming in a normal fashion. At a distance of about 750 km the flux from the star 

dropped suddenly, but did not immediately go to zero. The initial hypothesis was 

that the sudden dimming of the star (Elliot et al., 1989) was caused by a discrete 

layer of haze in Pluto's atmosphere, having a top at a radius of 1200 km. Two studies 

soon suggested that an alternative mechanism for producing the sudden dimming, 

or the "bite" as it came to be called, was a change in the temperature gradient in 

Pluto's atmosphere from positive below about 1200 km (a temperature inversion) 

to isothermal above about 1200 km (Eshleman, 1989; Hubbard et ai., 1990). As will 
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be seen, the radius of Pluto derived from the occultation data is quite sensitive to 

which of these hypotheses is correct. Under the assumption that a change in tem

perature gradient produced the "bite" in the lightcurve, various groups (Hubbard 

et al., 1989; Elliot and Young, 1991; Millis et al., 1993) estimated that Pluto's sur

face radius was approximately 1190 km. A more recent analysis, included as part of 

this dissertation, revised that estimate upward to 1206 km (Stansberry et al., 1994 

(Appendix E)). The occultation reSults seem to be indicating that Pluto's radius is 

approximately 1200 km, and I will use that value as the "occultation radius" in most 

of the following, except where describing my own study, where I will specifically use 

1206 km. The interesting thing about the occultation radius is that it doesn't agree 

with the mutual event radius of 1165 km. This discrepency motivated the study done 

by Stansberry et al. {1994 (Appendix E)). 

There are a couple of reasons not to believe that there is a discrete layer of 

haze in Pluto's atmosphere, as was proposed by Elliot et al. (1989). One of those 

reasons is presented in detail later in this dissertation {Stansberry et al., 1989a (Ap

pendix D). Another reason is that Yelle and Lunine (1989) showed that there should 

be a thermal inversion in Pluto's atmosphere near the surface, which is just what is 

needed to cause the bite in the KAO lightcurve. Yelle and Lunine (1989) concluded 

that if Pluto's atmospheric composition was 2:: 1% CH4 , the atmospheric tempera

ture well above the surface would be 106 K. Surface temperatures on Pluto, were 

known to be approximately 57 K (Sykes et al., 1987), implying that there has to be 

a positive temperature gradient between the cold surface and the higher tempera

ture upper atmosphere. The other conclusion reached by Yelle and Lunine (1989) 

was that T / J.l = 3.72 ± 0.75 K amu-t, from the occultation, combined with their 
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Figure 1.5: The June 1988 occultation light curve measured from the KAO (Elliot 
et al., 1990). The position where the stellar flux dropped abruptly is marked as the 
"bite" . 
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temperature of 106 K implied that the molecular mass of the atmosphere was 28.5. 

They suggested that the atmosphere was dominated by CO, which has a molecular 

mass of 28. 

1.3.3 Spectroscopy 

The prediction by Yelle and Lunine (1989) that Pluto's atmosphere was composed 

of a mass 28 molecule raised some eyebrows because the only identified molecule on 

Pluto at that time was CH4 (cf. Cruikshank et al., 1976j Cruikshank et al., 1980), 

which has a mass of 16. It was noted earlier that N2 (which is mass 28) was reported 

on Triton in by Cruikshank et al. (1984b) well before the Pluto occultation, but there 

was no corresponding discovery of N2 on Pluto at that time. That changed with the 

report by Owen et al. (1993) of the discovery of both N2 and CO in the spectrum of 

Pluto. They estimated that N2 , CH4 and CO are present on the surface in relative 

abundances of 0.97 : 0.026 : 0.005. This is tantamount to a verification of the Yelle 

and Lunine (1989) prediciton for the atmospheric temperature because N2 and CO 

respectively have vapor pressures approximately 4 and 3 orders of magnitude larger 

than CH4 so the molecular weight of the atmosphere must be 28. N2 also has a vapor 

pressure approximately 10 times greater than CO, and combined with the relative 

dominance of N2 on the surface derived by Owen et al. (1993), this means that the 

atmosphere, as well as the surface, is dominated by N2 • 

Laboratory spectra of N2 ice (Tryka et al., 1993aj Grundy et al., 1993) and N2-

CH4 solid solution (Schmitt et al., 1993) are beginning to contribute importantly 

to our understanding of Pluto's surface, as well as Triton's. Tryka et al. (1993b) 

reported on a comparison between their lab data for the temperature dependent 
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shape of the 2.15 /lm band of N2 and the Pluto spectra of Owen et al. (1993). They 

estimated the temperature of the N2 ice on Pluto to be 40~~ K. This range of ice 

temperatures tells us the surface pressure of Pluto's atmosphere if we assume vapor 

pressure equilibrium. The vapor pressure of N2 at 40 K is 58 /lb (Brown and Ziegler, 

1980), and their temperature uncertainty translates into a range of surface pressures 

of 19-97 /lb. In combination with the occultation measurment of the pressure and 

scale height at 1250 km, 1.26 /lb and 60 km (Elliot and Young, 1991), a surface 

pressure of 58 /lb implies that the surface lies at a radius of only 1020 km! This clearly 

conflicts with all other estimates of Pluto's radius. However, it was argued above that 

Pluto's atmospheric temperature is not constant with height, but decreases towards 

the surface. If we assume an average atmospheric temperature below 1250 km of 

45 K, implying a scale height of 25 km, the atmosphere reaches a pressure of 58 ph 

at a radius of 1153 km, in good agreement with the mutual event radius of Buie et al. 

(1992), 1150 km. This idea will be explored more thoroughly in Section 3.2.2. 

Laboratory data on the near infrared spectrum of N2-CH4 solid solution (Schmitt 

et ai., 1993) offer another interesting comparison with telescopic spectra. The atmo

spheric CH4 mixing ratio required by Yelle and Lunine (1989), 1%, while not large, 

is higher than would be expected from vapor pressure equilibrium. At temperatures 

of interest, N2 has a vapor pressure approximately four orders of magnitude larger 

than CH4 , leading one to expect an atmospheric mixing ratio of 10-4 , not 1%. To 

first order, the only way to acheive this mixing ratio is if the solid solution is nearly 

pure CH4 • The telescopic data (Owen et al., 1993) indicate that Pluto's surface is 

dominated by N2, however. In Section 2.3 I will outline how CH4 might be concen

trated on the surface of the solid solution in a thin layer that would not wipe out 
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the observed absorption features. The data of Schimitt et ai. (1993) indicate that the 

CH4 absorption features are sensitive to the composition of the solid solution, and 

may serve as a diagnostic of my model. 

1.4 A Note on the Format of this Dissertation 

The preceeding sections layout a basic picture of processes occuring on Triton and 

Pluto that link the properties of the surface to atmospheric properties, and outline 

some of the observations that I believe support that basic picture. Now it is time 

to start exploring the basic picture in some detail, verifying its constituent pieces, 

exploring implications for the interpretation of the available data, and hopefully 

synthesizing the data into a clearer understanding of what Triton and Pluto are like, 

where they came from, and where they may be going. 

Unlike most of the dissertations previously submitted in this department (that 

of Toby Owen being a notable exception), this dissertation includes without revision 

a series of papers which I authored, usually in concert with others, while at the 

Universtiy of Arizona. The text of those papers is included as Appendices A through 

E. In the body of the dissertation, Chapter 3 summarizes the basic results of each 

of these papers and states what portion of the work in the papers I performed. 

The summary chapter also briefly discusses insights gained after the papers were 

published, and attempts to place the papers into a coherent context. The summary 

chapters are preceeded by a chapter discussing the physics of volatile transport in 

some detail. I have included that chapter for 3 reasons: 1) I was unable to write 

much about it in my early papers because of space constraints, 2) I have gained a 

clearer understanding during the past few years and can present the topic in a more 
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lucid manner now, and 3) because it allows me to introduce an unpublished model 

for the simultaneous transport of two volatiles as a natural extension of the single 

volatile physics in an unfragmented framework. The summary chapters are followed 

by a single chapter in which I develop the dual volatile model more thoroughly and 

apply it to the case of Pluto's and Triton's atmospheric composition. 
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CHAPTER 2 

PHYSICS OF VOLATILE TRANSPORT 

Here I will briefly describe the physical mechanisms responsible for the trans

port of volatile ices on Triton and Pluto, which are the same as those operating to 

transport CO2 on Mars. It will be shown that volatile transport of N2 ice is a very 

efficient means of redistributing heat across the surface, with the result that all of 

the N2 ice on the surface will have the same temperature, regardless of whether it is 

in the summer or winter hemisphere, day or night. Additionally, I will discuss some 

aspects of the interaction of CH4 and N2 ices with an atmosphere composed of both. 

I introduce this topic here to focus attention on the mechanism of diffusive coupling 

of the surface and atmosphere, which is discussed at length in Stansberry et al. (1992 

(Appendix C)). The role of diffusion is central to arguments presented in Section 4.4. 

2.1 The Sublimation Mass Flux 

In a true state of vapor pressure equilibrium, there are equal but opposite fluxes 

of molecules being exchanged between the solid phase and the gas phase: no net flow 

of mass occurs. This would be the case if an ice sample in a closed container were kept 

at a perfectly uniform temperature by some external means. Raise the temperature 

of the ice, and for a time a slightly larger flux of molecules will flow from the solid into 

the gas phase than return from the gas to the solid, a state of disequilbrium. Soon 

the net addition of molecules to the gas in the container would raise the pressure, and 
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equilibrium would be restored. Now consider what happens if two pieces of ice are 

placed in the same container, but are held at different temperatures by some external 

means. What is the "equilibrium" vapor pressure? Obviously there can be no true 

"equilibrium" in this situation. For example, assume that the gas pressure is equal 

to the equilibrium vapor pressure of the warmer piece of ice. Vapor pressure being an 

increasing function of temperature, the gas pressure is higher than the equilibrium 

vapor pressure over the cooler piece of ice, and there will be a net flux of molecules 

condensing from the gas onto it. This net condensation flux reduces the number of 

molecules in the gas, with a resultant drop in pressure. Now the pressure is lower 

than the equilibrium vapor pressure for the warm piece of ice, so there will be a net 

flow of molecules into the gas from it. There is no value of the gas pressure that can 

simultaneously be in equilibrium with two pieces of the ice at different temperatures. 

This is not to say that there is no steady state vapor pressure in the container, where 

the flux of molecules leaving the warm piece of ice is equal to the flux of molecules 

condensing onto the cold piece. This is the general situation for volatile ices on Triton 

and Pluto: ice in some areas is sublimating (by which I mean specifically a net flux 

of molecules going from solid to gas), and in other areas it is condensing (by which I 

mean a net flux of molecules leaving the gas and joining the solid phase). Although 

the term "vapor pressure equilibrium" is frequently applied to the volatiles on Triton 

and Pluto, it is a misnomer, strictly speaking, because essentially all of the surface is 

sublimating or condensing. For reasons given below, the concept of "vapor pressure 

equilibrium" in a globally averaged sense is of use (and is not particularly misleading). 

I will continue to use the term in this sense, with the implicit understanding that 
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Figure 2.1: Vapor pressures of N2 and CH4 as a function of temperature 

it implies no net sublimation or deposition averaged over the planet, but that most 

areas considered individually are either sublimating or condensing. 

According to standard kinetic theory the net disequilibrium mass flux, m, can be 

related to the equilibrium vapor pressure, e, and the gas pressure, P by 

m - (e-P)J3~T 
(e - P) 

f',J 

CII 

(2.1) 

(2.2) 

where R is the gas constant constant, T is the gas temperature, and Jl is the molar 

mass of the gas, and CII is the sound speed. This formula shows that in the above 

example, the steady state pressure in the container would be the average of the 

equilibrium vapor pressures at the temperatures of the two pieces of ice, assuming 

they have equal areas. To put this into the context of Triton and Pluto refer to 
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Figure 2.1. Triton's atmospheric pressure is 16 Ilb (Tyler et ai., 1989), corresponding 

to a temperature for N2 of 37.7 K. Assume a patch of N2 ice somewhere on the 

surface has a temperature of 38 K with a corresponding equilibrium vapor pressure 

of 19 Ilb. From Equation 2.1 the net mass flux of N2 molecules sublimating from this 

patch is 2 x 10-4 g cm-2 S-l, or 5 x 1018 molecules cm-2 S-l. Over the course of one 

Earth year this would result in the sublimation of 70 meters of N2 ice! 

2.2 Sublimation and Temperature 

There is obviously the potential to move a lot of N2 around on Triton and Pluto, 

but the above calculation neglects the effect of latent heat on the situation. Corre

sponding to the flux of mass just calculated, there is an energy flux given by Lin where 

L is the latent heat of sublimation of N2, 2.5 x 109 erg g-l (Brown and Zeigler, 1980). 

This gives an energy flux of 106 erg cm-2 S-l associated with the flow of mass. The 

solar flux at Triton's orbit or the current position of Pluto is 1.5 x 103 erg cm-2 S-l, 

3 orders of magnitude smaller than the sublimation energy flux just estimated. Since 

we can't use more energy than is being supplied by the sun (solar energy, weak as it 

may be, is the dominant energy source on Triton and Pluto), we need to calculate 

the sublimation mass flux in a manner which takes this "energy limit" into account. 

The starting point is to write out an equation expressing the conservation of 

energy: 

o = 10(1 - ..\) cos (} - fC1BT
4 + Lin. (2.3) 

This equation includes three terms. The first is term represents the flux of so

lar energy absorbed by the surface, with 10 being the solar energy flux at 30 AU 

(1500 erg cm-2 S-l), ..\ the bolometric albedo of the surface (the ratio of incident 
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flux to flux reflected in all directions), and 0 the angle between the normal to the 

surface and the incoming solar energy. The second term represents the thermal in

frared energy flux being emitted from the surface, with € being the thermal emissivity, 

O'B the Steffan-Boltzmann constant for blackbody radiation, and T the temperature 

of the surface. The third term was described in the preceding paragraph, and is the 

energy flux due to sublimation or deposition. 

It is important to note from Equation 2.1 that the third term in Equation 2.3 

can be either negative (representing cooling) for sublimation, or positive (represent

ing heating) for condensation, while the other two terms are always positive. If we 

imagine an imbalance between the first two terms, say radiation slightly smaller than 

insolation, then the sublimation term must be negative to satisfy energy balance, ie. 

there is a flux of energy (and mass) away from the surface. Thus, the surface can 

have a temperature lower than the usual equilibrium temperature which would be 

calculated using only the first two terms in Equation 2.3. In the opposite situation 

(say on the night side of the planet), the second term is larger than the first, so the 

sublimation term must be positive to maintain energy balance. There is a net flux 

of energy (and mass) onto the surface, and it can have a temperature higher than 

its equilibrium temperature. Thus, the effect of having a volatile surface-atmosphere 

system is to even out temperature differences across the surface. 

An estimate of how effective volatile transport is at mitigating temperature dif

ferences can be derived by writing the surface temperature in Equation 2.3 as the 

sum of an average temperature and a deviation from the average, T = T + aT: 

o = 10 (1 - .,\) cos 0 - €O'B(T + aT)4 + Lin. (2.4) 
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Figure 2.2: Temperature deviation which can be offset by latent heat transport of 
N2 or CH4 • 

Of interest is how much of a temperature deviation, bT, will there be if volatile 

transport is acting to even out temperature differences. Examining Equation 2.1 the 

largest mass/energy flux occurs for P = 0, i.e. when Lin = Le/cs • Expanding the 

binomial in in Equation 2.4 and discarding terms of order (tlT /T)2 and higher, and 

assuming that the absorbed insolation is just balanced by thermal radiation at T, 

the relative temperature deviation of the volatiles including the energy contribution 

of sublimation is 

tlT Le 
-=- = =-4. 
T 4cs EuT 

(2.5) 

Figure 2.2 shows bT /T from Equation 2.5 as a function of T for N2 and CH4 • 

It is equally appropriate to think of bT IT as being a function of pressure: if the 

atmospheric pressure is equal to the vapor pressure of N2 or CH4 at a given temper-
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ature, the appropriate value of 6T IT is shown in Figure 2.2 The strong temerature 

dependence is due mostly to the vapor pressure curves of the two species. The solid 

curve is the relative temperature deviation that can be offset by N2 sublimation, 

and the dashed curve is for CH4 • The horizontal dotted line at 6T IT = 1 is a some-

what arbitrary cutoff for determining when volatiles in question will be isothermal: 

at 6T IT = 1 latent heat transport is able to mitigate temperature deviations of 

approximately the surface temperature, ego the temperature of ices on the night side 

or above the arctic circle will have the same temperature as the dayside volatiles. N2 

will be isothermal if its temperature is above 25.8 K, and CH4 will be isothermal if 

its temperature is above 37.5 K. Lelcs is an overestimate of the limiting sublimation 

heat flux because it assumes sublimation into a vacuum and we are concerned with 

sublimation into a substantial atmosphere. However, even if we use Le/lOcs as the 

limiting heat flux, we conclude that N2 ice on Pluto and Triton will be isothermal 

for temperatures above 28 K, CH4 will only be isothermal if its temperature is above 

41 K. From this calculation we see that sublimation clearly dominates the energetics 

of the N2 ice on Triton and Pluto. The same cannot be said for CH4: 41 K is very 

near or above the expected temperatures of the volatile ices on Triton and Pluto (cf. 

Tryka et ai., 1993aj 1993b). 

Using the fact that volatile transport will be energy limited, we can re-estimate 

the thickness of a volatile ice layer which will be transported during a given length 

of time as 

mT 
(2.6) Zs -

(2.7) 
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where p is the density of the ice. This comes out to about 2 cm of volatiles moved 

over the course of a year (compared with 70 m in the earlier estimate), or of order one 

meter over the course of a Triton or Pluto year. Pluto's and Triton's surface pressures 

are of order 10 Jlb, which is equivalent to a layer of ice approximately 0.1 cm thick on 

the surface. Thus the entire atmosphere can be resupplied on a timescale of about an 

Earth month. Since this timescale is very short compared with the ~ 100 yr seasonal 

timescale, a good approximation is that all of the volatiles sublimating on Triton 

and Pluto condense out elsewhere, and there is essentially no net gain or loss of 

atmospheric mass. If we integrate Equation 2.3 over the entire surface of the planet, 

we can use this fact to set the net global sublimation to zero, arriving at an equation 

for the temperature of the volatile ices on the surface, which was shown above to be 

constant: 

o - 1[10 (1 - >.) cos () - fuB T 4 + Lm] dA 

- A'10(1 - -') - AfUBT4 + O. 

(2.8) 

(2.9) 

Here dA is an element of surface area, A' = I cos ()dA is the cross sectional area of the 

volatile ice deposits as seen from the sun, and A is the total area covered by the ices, 

and the net volatile transport has been set to zero explicitly. Solving Equation 2.8 

for the temperature of the volatiles produces 

[
AI 10(1 - 'x)jl/4 

TF = --~--'-
A fUB 

(2.10) 

Frequently A' / A is approximated as 1/4, the ratio of the cross-sectional to total area 

of a sphere, which is only correct if the entire planet is covered with volatile ices. 
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2.3 Dual Volatile Effects 

The preceding discussion considered only the independent transport of CH4 and 

N2• The fact that the two are being simultaneously transported on Triton and Pluto 

complicates matters. If we imagine that the surface is covered, at least in part, 

with patches of pure N2 ice and pure CH4 ice, there are two possible scenarios: an 

"equilibrium" scenario, where the CH4 mixing ratio in the gas over the CH4 patches 

is small, given by Raoult's Law, eCH4/(ecH4 + eN2) ~ 10-4, or a "disequilibrium" 

scenario, where net sublimation of CH4 from the patches controls the composition of 

the atmosphere near the surface. The equilibrium scenario would apply if there were 

no net sublimation or deposition, and it might apply approximately if the amount 

of sublimation and depostion were small. The way to choose between the two is to 

calculate the flux of molecules sublimating from a pure CH4 patch, and compare it to 

the flux of N2 molecules that can diffuse into the newly evolved CH4 gas. If the CH4 

gas is produced faster than N2 can diffuse in, the gas directly over the CH4 patch will 

approach pure CH4 • If the N2 gas in the atmosphere can diffuse into the sublimating 

CH4 gas faster than it is produced, then the gas composition will be mostly N2 • 

The calculation of the flux of CH4 sublimating from the surface is just an appli

cation of Equation 2.1. Calculating the diffusive flux of N2 back towards the surface 

is more difficult because it requires an estimate of the distance over which the dif

fusion must occur. A natural concern is that winds might playa role in mixing 

the atmosphere right down to the surface, thereby destroying the possibility of CH4 

building up next to the surface. An identical question crops up in the study of heat 

transfer between surfaces and atmospheres. In that case, the competition is between 
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conduction of heat (a diffusion process) and turbulent transport of heat. In fact, 

the transport of CH4 through a dominantly N 2 atmosphere is entirely analogous to 

the transport of heat, because CH4 has a smaller molecular mass than N2 and is 

therefore buoyant (Jakob, 1949). 

Sutton et al. (1978) in their study of heat transfer from Mars' surface to its 

atmosphere showed that the thickness of the conductive (diffusive) boundary layer 

just at the surface can be estimated dimensionally using 

(2.11) 

where z. is the diffusive layer thickness, K is the molecular diffusion coefficient, and 

kv = 0.4 is Von Karman's constant. This is basically a mixing length argument where 

the turbulent diffusion coefficient is (to within factor of kv) the product of the mixing 

length, z., and the characteristic velocity in the surface layer, u •. The characterisitc 

velocity near the surface is the friction velocity. Ingersoll and Tryka (1991) estimated 

that on Triton u. = 24 cm S-I. If we assume that winds on Pluto are about the same 

as on Triton, we can use this value to estimate the thickness of the diffusive layer. The 

binary diffusion coefficient for CH4 and N 2 gas can be estimated from data in Reid 

et al. (1977) for the diffusion coefficients of other gas pairs to be ;::: 200 cm-2 sec-I. 

This also agrees with simple estimates done from first principles, and is unlikely to be 

in error by more than 50%. Plugging in to Equation 2.11 we find that the near surface 

layer on Triton and Pluto where molecular diffusion is more efficient at transporting 

mass than turbulent diffusion has a thickness z. ;::: 21 cm. Although relatively thin, 

it will be seen below and in Appendix C that this layer has important consequences 

for the transport of mass and heat between the surface and atmosphere. 
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Now we can calculate whether sublimation from a CH4 patch on the surface can 

actually fill the diffusive layer with CH4 • The timescale to populate the layer is the 

number of CH4 molecules required to fill the layer divided by the rate of sublimation 

into the layer, T3Ub = z.p.c3 / RT, where p. is the molecular mass of CH4 , and the mass 

flux has been set to e/ c3 • The timescale for N2 molecules to diffuse through this thick a 

layer of CH4 gas is TdiJ = z~/ /'i,. The ratio of the two timescales is T3Ub/TdiJ = 6 x 10-6
• 

That is to say, sublimation can provide a layer of pure CH4 gas 21 cm thick 105 times 

faster than the N2 in the atmosphere can diffuse through the layer. Since the CH4 

is not sublimating into a vacuum, the mass flux used is an overestimate, but even if 

the mass flux is reduced by 4 orders of magnitude, sublimation is still more than 10 

times more efficient at producing a pure CH4 layer than diffusion is at destroying it. 

The preceding shows that patches of pure CH4 can exist on the surfaces of Triton 

and Pluto, overlain by a layer of pure CH4 gas, because of the disequilibrium nature of 

the surface-atmosphere interaction. This conclusion has an interesting consequence 

in terms of the temperature of the CH4 patches on the surface. This follows from 

the constraint that the total gas pressure must be essentially the same whether the 

surface ios composed of N2, CH4 or a solid solution of the two. From Figure 2.1, if we 

assume, using Triton as an example, that the total pressure is 16 p.b, then N2 patches 

have a temperature of 37.7 K, but CH4 must have a temperature of 53.S K for its 

vapor pressure to be 16 p.b. This means that not only can patches of CH4 exist, but 

that the thick N2 atmosphere acts as a lid over the patches, trapping sublimating 

CH4 gas and allowing them to come to vapor pressure equilibrium at the atmospheric 

pressure. 
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This chapter summarizes the results of 5 seperate papers which are reproduced 

in Appendices A through E. The papers are grouped into two sets, the first set per

taining to Triton, and the second to Pluto. Although this is not the chronological 

sequence they were written in, this ordering lends itself to a more coherent presenta

tion of the results. In an attempt to comply with recent University and Department 

guidelines for including reprints, the section dealing with each paper will contain the 

following subsections, as needed or required: 1) a more extended introduction to rele

vant literature and the contextual setting of the study than is presented in the paper 

itself (as needed). This allows space for me to cover relevant studies not included in 

Chapter 1 of this dissertation, especially relevant theoretical studies. 2) A summary 

of the major conclusions of the paper (required). 3) An explanation of what portions 

of the work presented in the paper I performed (required for multi-author papers). 4) 

A Discussion of the results of the paper in view of more recent findings and studies 

and the relationship of the results to those presented elsewhere in this dissertation 

(as needed). 

3.1 Triton 

This section summarizes the results of three previously published papers concer

ing the coupling of Triton's surface and atmosphere. The papers appear as they did 
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in the journals in Appendices A-C. Unless otherwise stated, the material in these 

sections is taken directly from those papers and should be cited as such. I have not 

explicitly included a reference to the literature for each idea presented in the sum

maries because it would be burdensome both to myself and the reader, but such 

reference is implicitly stated here. 

3.1.1 Albedo Patterns on Triton 

Albedo Patterns on Triton was published in 1989 in Geophys. Res. Lett. as a single 

author paper. A reprint of the paper is included as Appendix A of this dissertation 

with the permission of the copyright holder. 

Introduction 

Trafton (1984) calculated the net effect of CH4 transport averaged over many 

Triton seasonal cycles. He concluded that over the long term, CH4 ice would be 

removed from the equatorial regions and be deposited within 35°of the poles. He 

showed that if there were two polar caps of that size (a supposition that I will return 

to in Section 3.1.2), the dependence of subsolar latitude on time (see Figure 1.1) pro

duced extreme seasonal variations in atmospheric pressure. At the time this study 

was conducted the presence of N2 on Triton had not yet been reported. Cruikshank 

et ale (1984b) proposed the possibility that N 2 on Triton was in a liquid state. There 

were two reasons for this: the N2 feature they observed was known to be very weak, 

implying a very long path length for light through the N2, consistent with a liquid. 

Also, the temperature at the subsolar point on Triton was calculated to be ~ 64 K 

for "reasonable" assumptions for the albedo of Triton. The melting point of N2 is 
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63 K, so it seemed obvious that at least some the N2 had to be liquid. It wasn't until 

the Voyager encounter that we learned that Triton's albedo (0.85) isn't "reasonable" 

at all, and therefore these temperature calculations resulted in much higher tempera

tures than actually exist on Triton. Lunine and Stevenson (1985), combining several 

different constraints concluded that N 2 on Triton, at least at the surface, was most 

probably in the solid state. That conclusion and the seasonal modelling of Trafton 

(1984) formed the basis for my prediction of where N2 and CH4 ice would be on 

Triton's surface at the time of the Voyager encounter. 

Summary 

Using a formulation equivalent to that in Equation 2.3, and the assumption that 

Equation 2.10 applied for the isothermal temperature of the volatile ices on the 

surface, I computed the difference between the deposition of sunlight and thermal 

reradiation on Triton as a function of latitude. With Figure 1.1 in mind, I did the 

calculation for subsolar points ranging from the equator to 500 S. This calculation 

showed that Triton's south pole had been receiving more solar energy than any other 

point on the planet for 35 years prior to the Voyager encounter. It also showed that 

the daily averaged energy balance was negative at latitudes northward of 100 N. As 

discussed in Chapter 2, the deficit of insolation in the north leads to the deposition of 

volatile ice, while the surfeit of solar energy in the south would sublimate the volatiles 

there, preferentially at the pole. Assuming that the long term volatile migration 

would produce seasonally stable polar caps poleward of 35° (Trafton, 1984), the 

implication was that the region from 100 N to 35°S latitude would be free of volatile 

ices, with the rest of the surface being covered in either a freshly deposited layer of 
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volatiles (northward of lOON), or a sublimating but seasonally stable deposit on the 

south cap. I proposed that these regions would be bright when Voyager imaged the 

surface. 

An additional consideration was the effect of CH4 photochemistry on the albedo. 

This type of chemistry is known to produce dark, reddish byproducts. Also, the level 

of peak photochemical production on Triton is well above the surface (Stansberry 

et al., 1989b), so atmospheric mixing should produce a relatively even distribution 

of photochemical products slowly settling to the surface. I argued that these col

orants would be most evident where sublimation was strongest, thereby concentrat

ing them. On long timescales this means that the equatorial regions, where only 

seasonal deposits exist, would have the highest concentration of them, and would 

therefore appear dark, and possibly reddish. I also proposed that the elevated level 

of sublimation near the south pole might produce a visibly darker region there. 

Discussion 

Watching the Triton encounter images (see Figure 1.3) as they came in late at 

night in August of 1989 it soon became clear that Triton's South Polar Cap was very 

extensive, much larger, in fact, than I had predicted. Perhaps even more striking was 

the lack of bright, fresh ice deposits north of lOoN. Triton's albedo distribution looked 

for all the world as if it were exactly reversed from what I had predicted! A quick 

check revealed that, unfortunately, this wasn't due to a sign error on my part, but 

strange behavior on Triton's part. There have been several attempts to understand 

this, ranging from detailed seasonal transport integrations (Stansberry et al., 1990a 

(Appendix B); Spencer, 1990; Spencer and Moore, 1992; Hansen and Paige, 1992), to 
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an ad hoc permanent albedo assymetry (Moore and Spencer, 1990), to a calculation 

showing that N2 ice may be transparent upon deposition (Eluszkiewicz, 1991). 

3.1.2 Zonally Averaged Thermal Balance and Stability Models for Ni

trogen Polar Caps on Triton 

Zonally Averaged Thermal Balance and Stability Models for Nitrogen Polar Caps 

on Triton appeared in Geophys. Res. Lett. in 1990. I was the primary author of the 

paper along with several coauthors. A reprint of the paper is included as Appendix B 

of this dissertation with permission of the copyright holder. 

Introduction 

The initial reaction to Triton's appearance is nicely summed up in an anglo

mutilation of the Hopi language, "Koyaanismuuyaw", a transliteration of the phrase, 

"moon out of balance" (Moore and Spencer, 1990). As described above, there were 

several attempts to understand the seemingly reversed appearance of Triton, all of 

which were contemporaneous with or followed the study discussed in this Section. 

Summary 

This study built on the physical model of the previous one, and folded in the 

Voyager imaging data. There were three basic goals: 1) to calculate the surface tem

peratures on Triton and compare them with the N2 ice temperature inferred from the 

atmospheric pressure measurements (Tyler et al., 1989). 2) To try and understand 

quantitatively how Triton's albedo distribution influenced volatile transport, ie. if 

Triton really was "out of balance". 3) To perform an integration of the time depen-
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dent volatile transport and see if the results of the calculation were substantially 

different than those of the previous study. 

The calculation of the N2 ice temperature depended on an assumption for the 

distribution of the N2 on the surface. The dependence appears in Equation 2.3 and 

Equation 2.10 as ,",(, the ratio of the total area of the N2 ice deposits, A, to their cross 

sectional area, A'. To see the importance of this factor in calculating the tempera

ture, one can imagine some anomalous N2 distributions, ego if all of the N2 were on 

the nightside of the planet A' = 0 and the temperature of the ice would be zero as 

well. If all of the ice were concentrated at the subsolar point, its total area and cross 

sectional area would be the same, and the temperature would be the equilibrium 

temperature. The actual range of values for '"'( that might be encountered is probably 

much smaller, more like 1/4 to 1/2, but that is a 20% difference in temperature. 

Considering the strong dependence of the N2 vapor pressure on temperature (Fig

ure 2.1), such differences are important to keep track of. As will be discussed below, 

'"'( also has an important effect on the seasonal transport integration results. 

On the basis of the Voyager albedo data (Appendix B, Figure 1) we assumed 

that N2 ice covered the entire southern hemisphere of Triton. Using the requirement 

that the net sublimation rates and depositon rates balance exactly, we calculated 

that deposition must then be occurring in the northern hemisphere down to 15°N 

latitude. Using this frost distribution, we calculated '"'( and use the measured albedo 

values for Triton to calculate the temperature of the N2 ice to be 34.2 K. The vapor 

pressure of N2 at that temperature is only 1.6 pb, a factor of 10 lower than the value 

derived from other Voyager experiments (Conrath et ai., 1989; Broadfoot et ai., 1989, 

Tyler et al., 1989). The very strong temperature dependence of the N2 vapor pressure 
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curve provides a lot of leverage for constraining the surface temperature to a very 

small range: if the uncertainty in the Voyager determined surface pressure is ±4 J.Lb, 

that translates into a temperature uncertainty of only ±OA K. 

There are three possible solutions to this temperature discrepency. Our assump

tion about the size of the south polar cap could have been wrong, causing us to 

underestimate the amount of energy received by the N2 ices on Triton. Examination 

of Figure 1.3 gives the impression that if the bright depsosits on Triton are the N2 

ice, then they cover less than all of the region south of the equator, being quite 

spotty in coverage at least in some areas. This means that, if anything, we overes

timated the insolation received by the ices, worsening the temperature discrepency. 

Another possibility is that there is a systematic error in the Voyager imaging data. 

The bolometric albedo required to bring our calculated temperature up to the pres

sure determined temperature of 37.7 K is 0.75, VB. the value we determined, 0.8. 

The third possibility is that N2 ice has a low emissivity. The emissivity required to 

reconcile the temperature we calculated with 37.7 K is 0.68. Materials may have low 

emissivities if they lack absorption bands in the spectral range where the peak of 

the Planck function lies. At 37.7 K the peak of the Planck function is at 100 J.Lm. 

Stansberry et al. (1990b) found that the N2 absorption features in the 50 - 200 J.Lm 

range are fairly weak, and are consistent with emissivities as low and even lower 

than 0.66. The emissivity of CO2 ice on Mars has also been inferred to be low based 

on energy balance calculations (Kieffer et al., 1977) and laboratory data (Ditteon 

and Kieffer, 1979). We concluded that a low emissivity was the best explanation 

for the discrepancy between our calculated temperature and that derived from the 

atmospheric pressure. 
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The incomplete coverage of bright material south of the equator mentioned above 

plays a role in maintaining the apparently large size of the south cap. Figure 2 of 

Appendix B shows the average, maximum and minimum deposition rates for N2 

ice based on the Voyager imaging data fro Triton. Although the south cap is on 

average sublimating, the brightest portions of the cap as far south as 30° latitude 

are actually undergoing deposition of N2 ice! This seems to indicate that the cap has 

actually retreated from the region between the equator and 30° south for the most 

part, but in so doing, the energy balance was altered enough to allow some portions 

of the cap to be stable there, if they hadn't already sublimated away. In this light, 

the prediction that the cap should have receded to 300 S seems to be more in line 

with the observations than it appeared to be at first. 

The final element of this study was to perform a seasonal integration of volatile 

migration on Triton. The approach in the previous stdy was to assume that a positive 

sublimation rate was equivalent to no volatile ices. Since the seasonal deposits would 

in reality take some time to sublimate, we attempted to incorporate that idea by 

performing an actual integration of the seasonal transport over time. Unfortunately 

the results of the integration for the distribution of volatiles at the time of the Voyager 

encounter were not significantly different than had been arrived at using the simpler 

approach. One interesting conclusion had to do with the factor I that appears in 

the energy balance and frost temperature expressions. In Trafton's (1984) study of 

the seasonally averaged transport he set I = 4, the value for a sphere covered with 

volatiles. However, with the removal of volatiles from equatorial regions the value of 

I increases with the result that the permanent polar caps he found recede further 
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towards the poles. This effect feeds back on itself, eventually causing all of the volatile 

ices to migrate exactly to the poles. This result was confirmed by Spencer (1990). 

Contribution 

I wrote the computer programs used to calculate the energy balance using the 

Voyager data as an input. The data were supplied through my coathor, Carolyn 

Porco, by Alfred McEwen, who was also a coauthor. I also. wrote the program which 

performed the seasonal integration. The conclusions drawn from my calculations were 

a result of collaborative discussions with my coathors, especially Jonathan Lunine, 

who pointed out the importance of the emissivity result. 

Discussion 

All three of the results discussed above either lead directly to subsequent studies 

or suggested areas where subsequent studies were done. I followed up the low emis

sivity result (Stansberry et al., 1990b), as noted in the discussion above. This is an 

area which can be explored in a more complete manner, and which I hope to pursue. 

The notion of the patchiness of the equatorward edge of the south polar cap keep

ing it stable suggested the notion that the non-uniform distribution of the volatiles 

might significantly affect their energy balance. A study which pursued this concept 

was that of Yelle (1992). I have also suggested the possibility of modelling Triton's 

albedo distribution as a patchwork of bright and dark areas below the resolution 

of the Voyager images. This would have the effect of further reducing the amount 

of insolation received by the N2 ice (by raising its average albedo), requiring even 

lower emissivities to match the atmospheric pressure constraint. The conclusion that 
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volatile transport would eventually move all of the volatiles to the exact poles of 

Triton was pursued by Brown and Kirk (1994), who explored the possibility that the 

N2 would undergo glacier-like flow back towards the equator. The seasonal integra

tion model was also explored further by Spencer and Moore (1992) and Hansen and 

Paige (1992) who included the effect of subsurface heat conduction in their models, 

an element lacking in the model presented in this study. 

3.1.3 Triton's Surface-Atmosphere Energy Balance 

Triton's Surface-Atmosphere Energy Balance appeared in Icarus in 1992. I was 

the primary author of the along with several coauthors. A reprint of the paper is 

included as Appendix C of this dissertation with permission of the copyright holder. 

Introduction 

A natural extension of the previous study was to calculate Triton's energy balance 

in a manner that did not average out the albedo variations on the surface. This 

goal was consistent with the conclusion that the albedo patterns were important in 

governing the local and global energy balance of the volatile ices. The other goal was 

to explore the effect of the surface energy balance on the atmosphere. 

Ingersoll and Tryka (1990) proposed that the "plumes" observed rising from 

Triton's south polar cap to an altitude of 8 km and then trailing off horizontally 

(Sodderblom et al., 1990) might be dust devils resulting from strong heating of the 

atmosphere over dark patches on the south polar cap. Tyler et al. (1989) found that 

they could fit their radio occultation data best using an atmospheric temperature of 

48 K, 10 K hotter than the N2 ice temperature implied by their atmospheric pres-
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sure. This too seemed to imply atmospheric heating. Finally, Ingersoll (1990) found 

that Triton's atmospheric circulation was consistent with heating of the atmosphere 

by the surface in equatorial regions. With all of these indications that atmopsheric 

heating might be important, it seemed to be a good time to calculate the effect using 

the Voyager albedo data as the basis for the study. 

Summary 

Whereas the previous study averaged the albedos in each latitude band and then 

calculated the diurnally averaged energy balance for that average albedo, this study 

calculated the surface energy balance for each l°by l°tile in the bolometric albedo 

map. This allows more flexibility in determining the distribution of N2 on the surface. 

The approach used was to assume that N2 ice has a a distinctive albedo signature 

and include only areas with particular values of the albedo in the ice energy balance 

calculation. That assumption is quantified by a parameter called the cutoff albedo: 

any part of the surface with an albedo higher than the cutoff albedo (or a diurnally 

averaged equilibrium temperature below the frost temperature) is assumed to be 

covered with N2 ice. This also allowed for a more detailed and self consistent definition 

of what areas on the surface were free of N 2 ice. 

The ice free areas, basically ignored in the previous study, became a central focus 

in this study. As stated in Chapter 1, the ice covered portions of the surface are all at 

one temperature and it is lower than the temperature of any of the ice free regions. 

This means that any atmospheric heating can only happen over ice free portions of 

the planet. Based on Ingersoll's calculation that surface winds on Triton should be 

approximately 10 m S-1, we employed a forced convection heat transfer theory to 
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calculate the energy flux between the surface and the atmosphere. All of the physics 

of the heat transfer process is contained in the heat transfer coefficient, CB. The 

calculation of CB was rather involved, and depended critically on the role of heat 

conduction (diffusion) in a layer very near the surface. Because of the importance of 

diffusion to arguments presented in Section 4.4, the reader is encouraged to review 

the portion of Appendix C that deals with this topic. The basic conclusion is that the 

presence of a conductive (diffusive) layer near the surface makes heat (mass) transfer 

less efficient than it would be if there were no conductive (diffusive) layer. 

Folding the heat transfer formalism into the global energy balance calculation, 

we were able to calculate the temperature of Triton's surface approximately 1 km 

above the surface. A simplifying assumption was that at this altitude the atmosphere 

had the same temperature everywhere. By varying the cutoff albedo we explored the 

sensitivity of the model to the distribution of N2 on the surface. We also checked 

for the sensitivity to changes in the heat transfer coefficient, CB. We were able to 

constrain which of our results were consitent with the atmospheric circulation model 

of Ingersoll (1990) by looking at where the atmospheric heating was occurring. Our 

model which agreed best with his circulation produced an atmospheric temperature 

of 41 K. Cutoff albedos of approximately 0.75 were also the most favorable. This 

calculation also confirmed the earlier conclusion that the N2 ice needed to have a 

low emissivity (0.75) in order to reach a temperature of 37.7 K. The atmospheric 

temperature of 41 K was considerabley lower than the 48 K used in the original 

analysis of the Voyager radio occultation results, but was in near agreement with a 

later re-analysis of the radio data by Gurrola et al. (1992). 

We also used the heat transfer formalism to explore the consequences of having 
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a dust devil removing heat from the surface. It was our concern that the heat flux 

convected away by a dust devil would cool off the spot on the surface creating it. 

This turned out not to be the case, under our assumption that the convection over 

the hot spot was no stronger than anywhere else. Thus we could not rule out the 

possibility that the plumes were dust devils. 

A very interesting and unexpected result of the energy balance model had to 

do with the formation of the "wind streaks" on the south polar cap. The direction 

of these streaks was consistent with control by near surface winds (Ingersoll, 1990; 

Hansen et ai., 1992), but it appeared that the winds were too weak to move particu

lates around on the surface (Sagan and Chyba, 1990). One of the consequences of the 

elevated temperature we calculated for the atmosphere was a reduction in bouyancy 

for plumes. Using a geyser driven bouyant plume model (Yelle et ai., 1991), we 

found that the reduction in bouyancy caused by our elevated atmospheric temper

ature stopped some plumes low in the atmosphere, where their direction would be 

controlled by surface winds. These "wimpy" plumes really weren't so wimpy - a 

reduction in the geyser velocity from 20 m s-1 to 10 m S-1 made the difference be

tween a plume rising all the way to the tropopause at 8 km altitude, and one which 

stagnated at an altitude of 2 km. This allowed a single mechanism, geyser driven 

plumes, to account not only for the large plumes, but all of the reolian features on 

the south polar cap. 

Contribution 

This paper contains an extensive appendix describing the calculation of bolo

metric albedos from the Voyager imaging data which was contributed, as were the 
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albedos, by Alfred McEwen. The initial calculation of the heat transfer coefficients 

was done by Roger Yelle, while I was involved with adding the effect of the diffu

sive boundary layer into that calculation. The calculation of plume propagation was 

done by Jonathan Lunine, while I provided the temperature profile he used for the 

background atmosphere. The ideas for calculating the N2 distribution and the global 

energy balance calculation were my own, as was the idea of constraining our models 

by comparison with the circulation model of Ingersoll (1990). The discussion and 

conclusions were the result of a collaborative effort betwixt all of the authors. 

Discussion 

Since the publication of this study the temperature of N2 ice on Triton has inde

pendently been estimated to be 38 K (Tryka et ai., 1993a), on the basis of telescopic 

spectra, consistent with previous results. Another interesting study was done by 

Eluszkiewicz (1991), who did a calculation of the time required for N2 "frost" to 

densify into N2 "ice", frost connoting a fine-grained, highly scattering and therefore 

high albedo material, and ice connoting a much more transparent material. He found 

that if the N2 ice originally forms as grains smaller than 0.3 11m, sintering would be 

able to thoroughly densify the deposit at the same rate it was forming. He concluded 

that this effect could well produce a transparent layer of N2 on the surface. Such a 

layer is consistent with observations in several ways pointed out in that paper. One 

area where I disagree with the interpretation of Eluszkiewicz is that of the emissivity 

of the surface. In some part, this interpretation was first suggested by Nelson et al. 

(1990). The problem is their suggestion that the roughness of Triton's surface at 

scales of 100 11m is an important factor in determining the emissivity of the surface. 
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This suggestion is based directly on the the classical derivation of blackbody radi-

ation, which follows from the radiative characteristics of a "cavity radiator". The 

familiar results of this derivation are: 1) that the cavity will radiate energy in a 

spectrum given by the Planck function, 2) the spectrum will be independent of the 

absorption spectrum of the material composing the cavity, and 3) that the temper

ature characterizing that spectrum will be equal to the physical temperature of the 

solid, it i.e. it will have an emissivity of unity. Although Eluszkiewicz (1991) thinks 

the surface will be smooth at :5 100 p,m scales, giving a low emissivity, while Nelson 

et al. (1990) argued for a rough surface and high emissivity, both used the erroneous 

cavity radiator argument. 

The reason cavity radiators, at least on the 100 p,m scale, are irrelevant to the 

emissivity of N2 ice is that thermal photons are essentially unaware that there is even 

a surface there over 100 p,m scales, because the absorption coefficient for N2 there is 

so small. (Obviously there is still a real index of refraction effect on the light speed, 

but that index is too close to unity to greatly affect these arguments.) A N 2 molecule 

situated on an interior surface of a "cavity" will have nearly the same probability of 

emitting a photon right out the top of the ice layer as into the the cavity. Even if 

it does emit a photon into the cavity, the photon will simply pass right through the 

far wall of the cavity and continue on into the solid a fairly large distance. There is 

then no correlation between the location of the cavity, or its walls, and the radiation 

field. Thus, the "cavity" is essentially unable to influence the radiation field in any 

significant way for relatively transparent materials. This argument is subject to the 

actual absorption coefficients of solid N2 at thermal wavelengths, ~ 100 p,m. The size 

of a "cavity" which could influence the radiation field can be estimated be requiring 
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that it be of order the distance required for a photon to be absorbed in N2, i.e. unity 

optical depth. 

The far infrared absorption coefficients for N2 have been estimated from the 

absorption spectrum of liquid N 2 (Stansberry et al., 1990b) to be approximately 

0.9 cm-1 at a wavelength of 100 I'm. This means that a pathlength of slightly over 

one centimeter is required to acheive optical depth unity. A "cavity" must be at least 

this size in order for it to influence the emissivity of the N2 ice. It must also have the 

geometry of a cavity, not simply be irregularities on the surface. Although I think it 

likely that the surface of the N2 ice on Triton is rough at centimeter scales, especially 

where sublimation is occuring, it seems unlikely that it will be rough enough for the 

geometry of the surface to resemble that of a cavity radiator. I conclude that the 

arguments presented by Eluszkiewicz (1991) and Nelson et al. (1990) have little to 

do with the emissivity of N2 ice on Triton (or Pluto). 

3.2 Pluto 

This section summarizes the results of one previously published paper and one 

submitted manuscript concering the structure of Pluto's atmosphere. The papers ap

pear as they did in the journal or as submitted to the journal in Appendices D and E. 

Unless otherwise stated, the material in these sections is taken directly from those 

papers and should be cited as such. I have not explicitly included a reference to the 

literature for each idea presented in the summaries because it would be burdensome 

both to myself and the reader, but such reference is implicitly stated here. 
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3.2.1 Upper Limits on Possible Photochemical Hazes on Pluto 

Upper Limits on Possible Photochemical Hazes on Pluto appeared in Geophys. 

Res. Lett. in 1989. I was the primary author of the paper along with several coauthors. 

A reprint of the paper is included as Appendix D of this dissertation with permission 

of the copyright holder. 

Introduction 

The best and therefore most controversial observations of the June 1988 occulta

tion of a star by Pluto were obtained using the Kuiper Airborne Observatory (KAO) 

(Elliot et al., 1989). Their data contained a sudden drop in stellar intensity (see Fig

ure 1.5) variously known as the "bite" or the "knee". Such a change in the light level 

had to be due to some aspect of Pluto's atmosphere because the intnesity did not 

drop straight to zero. Elliot et ale (1989) proposed that the "bite" might have been 

caused by a haze layer with an abrupt top. Such a haze could absorb some of the 

light, and they found that they could reproduce their data with a model containing 

a haze layer with specific properties: a relatively sharp top at a radius of 1189 km 

with haze opacity increasing to unity at 1174 km. The study presented here was an 

attempt to evaluate whether a haze layer with those properties was likely to occur 

in Pluto's atmosphere. 

Summary 

This study employed a computer model for the formation and growth of aerosol 

particles. It had previously been succesfully used to model the hazes in several other 
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outer solar system atmospheres. The program calculated particle size and number 

density as a function of altitude, and this information was used in a second code 

to calculate the optical properties of the haze as a whole, given some assumptions 

for the optical constants of the material composing the haze particles. The results 

of such mo~els depend greatly on the atmospheric structure which is fed into them. 

We used the occultation results themselves to constrain the atmospheric structure, 

so at the least our models are consistent with our knowledge of the atmosphere. 

The results of the model (Appendix D, Figure 1) show that for a wide range of 

input parameters we did not obtain haze distributions even faintly resembling what 

was required to reproduce the lightcurve. In fact, in order to produce unity optical 

depth at all, we had to assume a photochemical production efficiency of 200%, that 

is, twice as many photons had to be convert CH4 into aerosol material than are even 

available at Pluto. Typically these efficiencies are well below unity. We also had to 

assume that the particles being produced in Pluto's atmosphere were 10 times more 

absorbing than particles seen elsewhere in the solar system. We concluded that hazes 

of the sort required by Elliot et al. (1989) could not form in Pluto's thin atmosphere 

as it was revealed in the occultation results. 

Contribution 

The codes used to do the calculations in this paper were supplied by Marty 

Tomasko. My role was largely in running them and exploring parameter space to try 

and find models which most closely reproduced the haze required in the haze model. 

Lunine provided a lot of guidance in adapting the codes for Titan to the Pluto case. 

The conclusions were mutually derived. 
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Discussion 

This study has gone largely unrecognized in the literature: studies continued to 

reference the haze layer hypothesis without any mention of the physical models call

ing it into serious doubt presented here. Luckily most of those studies also took 

into account the possibility that the "knee" in the lightcurve could be due to ther

mal structure in the atmosphere, so few specific results were pinned directly to the 

presence of a haze layer. 

3.2.2 Mirages and the Nature of Pluto's Atmosphere 

Mirages and the Nature of Pluto's Atmosphere has been submitted to Science. I 

am the primary author of the manuscript along with several coauthors. A copy of 

the manuscript is included as Appendix E of this dissertation. 

Introduction 

There are three reasons to think that the "knee" in the Pluto occultation 

lightcurve observed by Elliot et al. (1989) was due to the thermal structure of the 

atmosphere rather than a haze layer. The first reason, described above, is that the 

haze layer which would produce the "knee" is very different from the types of haze 

layers predicted by physical models of haze formation. The second is that Yelle and 

Lunine (1989) demonstrated that any atmosphere on Pluto with a CH4 mixing ratio 

;::: 0.01 would have a temperature of 106 K. This implies two things: first, that the 

atmosphere is about 50 K hotter than the surface, so there must be a temperature 

inversion linking the two, and second, that the molecular weight of the atmosphere 
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is essentially that of N2• The third reason to think there is not a haze layer is that 

spectroscopy has confirmed the dominance of N 2 ice on the surface of Pluto (Owen 

et al., 1993), and through the disparity in the vapor pressures of CH4 and N2, that 

confirms the Yelle and Lunine prediction for the atmospheric temperature. Given 

this evidence that "thermal structure" models and not "haze layer" models appear 

to be the appropriate ones for Pluto's atmosphere, the next question to ask is, why 

doesn't the radius determined from the occultation agree with the radius determined 

from the mutual events? 

Summary 

The basic thrust of this paper is to show that the best measurements taken during 

the 1988 Pluto occultation, those from the KAO (Elliot et al., 1989), do not constrain 

Pluto's radius to be significantly larger than the mutual event radius, 1165 km (Buie 

et ai., 1992; Young and Binzel, 1994; see Section 1.3). This is accomplished by first 

developing model atmospheric structures that extend below the 1200 km level which 

are consistent with constraints on the upper atmosphere from the occultation, and 

consistent with constraints on the surface-atmosphere energy balance in the lower 

atmopshere. Next, these model atmospheres are used to compute lightcurves for 

comparison with the KAO and other light curves from the occultation. Implications 

of the radius for Pluto's density, and therefore composition, are also discussed. 

A calculation of Pluto's atmospheric temperature, similar to the one for Triton's 

atmospheric temperature (Stansberry et al., 1992 (Appendix C)), provides the bot

tom end point for our model atmosphere. The upper constraint is provided by the oc

cultation measured pressure, 1.26 jlb, at a radius of 1250 km (Elliot and Young, 1991) 
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and the temperature of Yelle and Lunine (1989), 106 K. The surface-atmosphere en-

ergy balance calculation for Pluto indicates that, unlike Triton, Pluto's atmosphere 

may be about 10 K warmer than its N2 ice deposits. This also would seem to in

dicate fairly vigorous convection on Pluto, which would produce a nearly adiabatic 

temperature gradient in the atmosphere near the surface. Based in this, we modeled 

Pluto's atmosphere as having a troposphere near the surface, but entirely below a 

radius of 1206 km. The 1206 km reference point is set by the location of the "knee" 

in the light curve. Above 1206 km the atmospheric temperature increases rapidly to 

the 106 K value calculated by Yelle and Lunine (1989). The most basic features of 

all of the model atmospheres are a near surface temperature of 50 K, based on the 

energy balance calculation, linked with a troposphere to a temperature minimum at 

1206 km, and a strong temperature inversion linking the 1206 km level to the up

per atmosphere. The temperature at the 1206 km level depends on the depth of the 

troposphere because the surface temperature and tropospheric temperature gradient 

are fixed. 

Next we needed to compute what occultation light curve would have been observed 

if Pluto's atmosphere were described by our models. This was done by computing the 

refraction of the starlight at each level in the atmosphere in a top down sense. Because 

Pluto is unresolvable, it is possible for rays from multiple points in its atmosphere 

to be refracted onto the same point in Pluto's shadow on Earth, so this effect had 

to be accounted for in computing our modellightcurves. 

We were interested in discovering whether the tropospheric layer we included in 

our model atmospheres below 1206 km had any visible effect on the lightcurves. The 

answer to this was that the troposphere did infuence the lightcurve, usually in fairly 
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dramatic fashion, typically adding one or more very bright spikes (caustics) to the 

central portion of the light curve. The next question was, would these spikes have 

been observed by the occultation experiments that were actually performed? 

There are three factors which help hide caustics during occultation events. First, 

most caustics occur at the center of the shadow, so if no observations are obtained 

near the center of the shadow, caustics will not be seen. Second, the caustics, while 

bright, are very narrow. The finite time resolution of an experiment means that, 

when averaged over an integration interval, the caustic will get averaged with the 

lower flux levels to either side, reducing its intensity. Third, experiments come with 

noise included, and that noise can be comparable in magnitude to the strength of 

caustics, especially considering the second point above. In order to really say whether 

the occultation experiments ruled out a troposphere on Pluto we had to fold these 

three experimental effects into our modellightcurve calculations. 

A comparison between our models, including noise, finite integration time, and 

the real offset of the experiments from the center of Pluto's shadow, with two of the 

actual data sets from the experiment, are shown in Figures 3 and 4 of Appendix E. 

These figures demonstrate that our models, when the effects just discussed are in

cluded, reproduce the original data strikingly well. They also demonstrate that the 

effects due to the troposphere in the model atmosphere are totally washed out in 

the experimental simulation. This demonstrates that Pluto could have a deep tro

posphere which would not have been detected by the occultation experiments. In 

fact, deep tropospheres (40 km) are in some ways less likely to have been detected 

than shallow ones. As mentioned earlier, the depth of the troposphere has a direct 

influence on the atmospheric temperature at the 1206 km temperature minimum: the 
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deeper the troposphere, the colder the minimum. We found that this had the effect of 

moving one of the caustics well outside the minimum of the light curve and reducing 

its intensity. Because this second caustic has a tendency to fall fairly far from the 

shadow center but still within the minimum for warmer tropopauses, where the KAO 

could have picked it up, colder tropopauses and therefore deeper tropospheres are 

actually favored in our model. 

This suggests that the occultation may have told us relatively little about Pluto's 

radius, and that a radius of 1165 km is consistent with that data. What are the 

implications of this radius for Pluto's density? Pluto's mass has been determined 

by Null et ai. (1993) and Young et al. (1993 DPS) to be 1.3 X 1025 g, so its radius 

tells us the density directly. A Pluto as small as 1165 km would have a density of 

approximately 2 g cm-3 • This can be used to infer the ratio of H20 ice in Pluto to the 

amount of rock that is in it. We have some constraints on the original abundances of 

elements which were incorporated into the planets from a variety of sources. These 

elemental abundances can be used to compute the ratio of H20 ice to rock that we 

would expect a planet to have gotten during its formation. The most recent of these 

estimates is that the ice mass fraction (mass of ice divided by total mass) should be 

0.44 ± 0.1. The ice mass fraction of an 1165 km Pluto is 0.32, which is significantly 

lower than this extimate. The implication is that if Pluto is small, it must have lost a 

significant fraction of its water inventory after formation. Part of this loss may have 

occurred during the formation of Charon, if that moon formed by a giant impact, 

as is commonly believed. Additional mechanisms for water loss would be required to 

bring Pluto's density up to the 2 g cm-3 implied by the small radius. 
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Contribution 

The possibility that Pluto might have a troposphere that wouldn't have been 

detected in the occultation data was a suggestion I made after Bill Hubbard described 

the "mirage" effect of the temperature inversion to me. He suggested the snappy 

title of the paper, as well as supplying the codes to generate light curves from model 

atmospheres. I was responsible for computing the surface energy balance, volatile 

ice distributions, and basal atmospheric temperature using the albedo maps of Buie 

et al. (1992) and Young (1993). I also put together the atmosphere models, using 

Roger Yelle's suggestion that the upper atmosphere might well be described by a 

Bate's model. Jonathan Lunine contributed the section on Pluto's density, and Don 

Hunten contributed calculations concerning the possibility of diurnal variations in 

the temperature structure of the atmosphere. 

Discussion 

While this study is new, there is already a seperate piece of evidence supporting 

the idea that the occultation did not determine Pluto's radius to be significantly 

larger than the mutual event radius. Tryka et al. (1993 DPS), using t.heir laboratory 

data on the temperature dependence of the shape of the 2.16 pm N2 band estimate 

that Pluto's N2 ice temperature is 40~~ K. At 40 K N2 has a vapor pressure of 

58 pb. In the study presented in this section we find a surface pressure for Pluto of 

48 pb if the radius is 1166 km, with that pressure being somewhat dependent on 

the details of the temperature structure we assume. This surface pressure follows 

from the occultation determined pressure at 1250 km and hydrostatic equilibrium. 
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If the actual N2 temperature is at the low end of the Tryka et al. range, 38 K, the 

surface pressure would still be 19 pb, and the atmosphere considerably deeper than 

the typical occultation derived value of a few microbars. 

The final piece of the Pluto radius puzzle is explaining how the atmosphere can 

have a CH4 mixing ratio 2:: 0.01 when the CH4 vapor pressure is 4 orders of magnitude 

less than that of N2• The high mixing ratio is necessary to explain the Yelle and 

Lunine atmospheric temperature, which in turn is critical both for concealing the 

presence of the troposphere and reconciling the occultation scale height with a (now 

known) predominantly N2 atmosphere. And without the 106 K upper atmosphere, 

there would be no mirage effect to conceal the tropsophere, and the occultation radius 

would still be in conflict with the mutual event radius. 
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The composition of Pluto's atmosphere is one of the most important outstanding 

issues to be addressed. Yelle and Lunine (1989) calculated that Pluto's atmospheric 

temperature would be 106 K if the CH4 mixing ratio were ~ 0.01. Combined with 

the occultation determined scale height of 57 km, this implies that the molecular 

weight of the atmosphere is ~ 28. This conclusion is supported by the spectroscopic 

discovery of N2 ice on Pluto (Owen et al., 1993). The 106 K temperature also implies 

a temperature inversion between the warm upper atmosphere and the much cooler 

surface, which both produces the "knee" in the lightcurve, and may have hidden 

Pluto's troposphere from the occultation, so it leads to a self-consistent picture of 

Pluto's atmosphere. The missing piece of this picture is an explanation of how to 

produce a CH4 mixing ratio ~ 0.01, which is two orders of magnitude higher than 

is expected from vapor pressure equilibrium if the CH4 and N2 ices are at the same 

temperature. Here I suggest a possible answer to this question. 

Both CH4 and N2 will be transported seasonally on Pluto. Up until now we have 

considered their transport individually, ignoring the fact that the transport of CH4 

will be slower than what we calculate from energy balance (Chapter 2) due to the 

fact that sublimating CH4 must diffuse through a dense background atmosphere of 

N2• Another reason why we should consider their interaction as they are transported 

is that they form a solid solution, so their vapor pressures are not simply their sat-
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uration vapor pressures. This fact will enhance the volatility contrast between CH4 

and N2, which is ",,4 orders of magnitude for the pure ices. The volatility contrast 

means that sublimation preferentially transports N2 out of a solid solution, leaving 

CH4 behind in the ice in a process I will term "fractional sublimation". Fractional 

sublimation will produce a lag deposit of CH4 in areas where the previous season's 

deposit of solid solution is nearly depleted. Such would be the situation in late Sum-

mer/early Fall, which is precisely the current season in Pluto's northern hemisphere. 

It was argued in Section 2 that the physics of sublimation for a pure CH4 deposit 

is significantly different than for N 2 dominated volatiles. Below I explain how this 

could lead to the elevated CH4 mixing ratio required in the Yelle and Lunine (1989) 

model. 

4.1 Solid Solution 

The simplest assumption we can make about the vapor pressure behavior of a 

CH4-N2 solid solution is that it obeys Raoult's law. Letting ei be the saturation 

vapor pressure of CH4 or N2 at a particular temperature, and Xi their mixing ratios 

in the solid solution, Raoult's law gives the equilibrium vapor pressure of the ith 

component as Pi = Xiei and the mole fraction of the ith component in the gas as 

(JS6) 

This states that the equilibrium vapor pressure of a component in the solid solution 

is lower than over the pure solid by a factor of the mole fraction in the solid. For 

non-ideal solutions the mole fraction must be multiplied by the activity, which is 

unlikely to be significantly different from unity, and may depend on composition. 
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Data are unavailable for N2-CH4 solid solution activities, and I am interested in 

effects of a couple of orders of magnitude, so Raoult's law is a good approximation 

to use. 

4.2 Fractional Sublimation 

By considering conservation of molecules during exchanges between the solid and 

gas phases, we can use the above equations to study the compositional evolution of 

a N2-CH4 solid solution during the summer season on Pluto. We define the column 

abundance of molecules in the solid phase as Ni = ZXipi/ Pi, where Pi is the density of 

the solid of component i, Pi its molecular weight, and Z the depth of the layer of solid 

solution. The column abundance of molecules of component i in the gas is approx-

imately Ni = Pxi/ Pig, where g is the acceleration of gravity. Differentiating each, 

equating the differentials to conserve number, and using Raoult's law to eliminate 

the gas composition we find that the differential equation governing the evolution of 

the solid solution composition as a function of depth, z, is 

(4.1) 

where F is a function of the saturation vapor pressures of the components 

(4.2) 

Here P is the ratio of saturation vapor pressures of component i to j, and P is the 

total gas pressure. 

Figure 4.1 shows the composition of a layer of solid solution as it sublimates. 

The behavior for a range of initial compositions is shown, and the volatility ratio 
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Figure 4.1: Depth of a sublimating layer of solid solution vs. its composition. 

P was set to 10-4, appropriate for a CH4-N2 mix (solid lines). At the begining of 

the sublimation cycle the layer depth is defined to be unity, and the composition is 

(assumed to be) uniform throughout the layer. As the summer season progresses N2 

preferentially sublimates, and the remaining solid solution becomes slowly enriched 

in CH4 • Due to the extremly small value of P for CHCN2' almost no CH4 sublimates. 

As the layer depth approaches a value of X~H4 Zo, CH4 at nearly its original inventory 

quickly starts to dominate the remaining layer by number, and the composition 

increases quickly towards pure CH4 • This behavior is nearly identical for volatility 

ratios P ~ 0.1. Only for components of fairly similar volatility does the composition 

evolve differently. The dashed curve in Figure 4.1 starting at an initial composition 

X2 = 0.1 is for P = 0.5. In this case significant amounts of the second component 
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sublimate along with the N2, somewhat slowing the abrupt change in composition 

late in the season. 

An interesting caveat to consider in the context of this figure is that the composi-

tion of the entire layer was assumed to be homogeneous throughout the calculation. 

This is equivalent to assuming that N 2-CH4 solid state diffusion is infinitely efficient. 

For a finite diffusion coefficient, CH4 will be be enhanced in a sublayer at the top of 

the solid solution as N2 preferentially sublimates from the surface. Under the alter-

native assumption that solid state diffusion is infinitely inefficient it can be shown 

that a pure monolayer of CH4 will form on the surface of a solid solution after ap-

proximately 10 In (10 ) monolayers of the solid solution itself has sublimated. For an 

initial CH4 mole fraction Xo = 0.01, a pure CH4 monolayer will form after 500 or so 

monolayers of the solid solution have sublimated, or in about 100 seconds. The real 

timescale for forming a nearly pure CH4 rind in sublimating regions lies somewhere 

between 100 seconds and the seasonal timescale, depending on the CHCN2 solid 

state diffusion coefficient. 

Eluszkiewicz (1991) gives data for the volume self-diffusion coefficients of solid 

The CH4 lag deposit can equilibrate with the rest of the solid solution only if the flux 

of CH4 molecules diffusing downward from the lag deposit equals the flux of CH4 

molecules being added to the lag deposit from sublimating layers. Equating these 

two fluxes and solving for the diffusion coefficient yields 

(4.3) 

where X is the diffusion coeficient required to maintain a given mole fraction gradient 
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in the solid solution as it sublimates, ~~ is the mole fraction gradient, p is the density 

of the solid solution, and L is the latent heat of sublimation. Substituting ~~ = 

0.1 cm -1 implies that If: ~ 6 X 10-7 is required to to keep CH4 diffusing downward 

into the ice at the same rate it is building up on the surface. 

Factors that will decrease K are the fact that (jBT4 is an overestimate of the subli

mation energy flux, probably by about an order of magnitude, and porosity. Porosity 

increases the effective area that is sublimating per unit area that is collecting en

ergy. This will reduce the rate of concentration of CH4 on the surface. Most of the 

solar energy is deposited at depth in the ice, so sublimation at depth will be favored 

wherever there is a connection from the interior of the ice to the atmosphere. CH4 

was asumed to be totally involatile in this derivation, whereas it will have a finite 

sublimation rate from the surface. In fact, the gas sublimating from a CH4 patch 

must have the same total pressure as the surrounding atmosphere (Section 4.3), so 

as fractionation proceeds the CH4 sublimation rate will approach the N2 sublima

tion rate, reducing the diffusion flux required for re-equilibration of the remaining 

solid. Another consideration is that the actual diffusivity of the solid solution will 

be somewhat larger than the volume diffusivity because the surface is bound to be 

multicrystalline. If we assume that factors decreasing the above estimate of If: can 

account for a decrease by a factor of 103 , and that factors which increase our estimate 

of the diffusion coefficient in the solid solution increase it by an order of magnitude 

from 10-14 , it seems plausible that solid-state diffusion can probably mix at least 

some of a forming CH4 lag deposit with the rest of the solid solution. On the other 

hand, diffusion is probably not efficient enough to keep the composition of the sub

limating layer totally homogeneous, so the formation of a CH4 lag deposit will be 
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slower than was calculated under that assumption earlier. The compositional evolu-

tion of the surface of a sublimating patch of solid solution taking both sublimation 

and diffusion into account is shown schematicaly as the dash-dot line in Figure 4.1. 

4.3 Temperature Revisited 

If the process of fractional sublimation described above produces nearly pure CH4 

ice as lag deposits as the season progresses, they will have a higher temperature than 

the N2 dominated bulk of the volatile ices for the following reasons. First, they will 

have a much different distribution than the bulk of the volatile ices. The fractiona

tion process is most effective in areas where the most sublimation occurs, ie. where 

time-integrated insolation is greatest. If some CH4 patches have been established on 

Pluto at this time, they are likely to still be in areas with large insolation, resulting 

in higher equilibrium temperatures. If CH4 were as volatile as N2 , these high equi

librium temperatures would be compensated by increased sublimation. As shown in 

Figure 2.2, the relative involatility of CH4 and the presence of the dominantly N2 

background gas effectively inhibit the ability of CH4 sublimation to affect the sur

face energy balance, so the lag deposits will have temperatures approaching their 

equilibrium temperature. 

An alternative view leading to the conclusion that CH4 patches must be warmer 

than the N 2 dominated volatiles is that the total pressure over the CH4 patches 

must equal the atmospheric pressure. If the surface pressure is approximately 3 /1 b 

of N2 (Elliot and Young, 1991), a CH4 patch would have a temperature of 50 K 

to maintain hydrostatic equilibrium. The low albedos near Pluto's equator result in 

equilibrium temperatures in excess of 50 K (Stansberry et al., 1994 (Appendix E)), 
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so if pure CH4 is present near the equator it may well be able to attain temperatures 

of 50 K. Surface pressures between 3.8 and 48 J.lb have recently been shown to be 

consistent with the occultation data (Stansberry et al., 1994 (Appendix E)). The 

saturation vapor pressure of CH4 reaches 48 J.lb at a temperature of 57 K. This may 

be somewhat hotter than is reasonable to expect, but a slightly impure CH4 patch 

could have a lower temperature because of the significant pressure contribution of 

even relatively small (~ 10%) amounts of N2 in the solid solution. 

4.4 Methane Patch Model 

What is the net effect of these processes on the composition of Pluto's atmo

sphere? This question can only be answered in detail through a global volatile trans

port calculation which accounts for the disequilibrium nature of CH4 sublimation, 

but a qualitative understanding is easier to come by. As mentioned in the section 

on the physics of volatile transport, the exchange of CH4 with the atmosphere is 

governed by the same physics as the exchange of heat with the atmosphere. Using 

atmospheric heating as an analogy, patches with enhanced CH4 concentration are 

analogous to areas heating the atmosphere, and areas where deposition is occurring, 

or where the CH4 concentration is about the same as what is being deposited, are 

analogous to areas which cool the atmosphere. The presence of warmer than average 

areas on the surface leads to an atmospheric temperature higher than the average 

surface temperature because atmospheric heating is much more efficient than atmo

spheric cooling (Stansberry et al., 1992). By analogy, the presence of CH4 patches, 

which produce CH4 much faster than the average surface does, leads to an elevated 

atmospheric mixing ratio of CH4 • 
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An alternative way to understand this is to consider a surface which has the same 

composition everywhere, so the atmospheric composition can simply be calculated 

from Raoult's Law. Now replace part of that volatile surface with CH4 patches which 

are sublimating. As shown in Section 2, sublimation from such a patch forms a layer 

of CH4 gas much more quickly than N2 gas from the background atmosphere can 

diffuse back towards the surface. Thus, the patches will be in equilibrium with pure 

CH4 gas at the same pressure as the rest of the atmosphere. The composition of the 

bulk of the atmosphere will be influenced by mixing of this pure CH4 gas upward. 

Thus the composition of the atmosphere will depend on the area of the CH4 patches, 

and the efficiency with which the CH4 gas overlying them is mixed into the bulk of 

the atmosphere. This can be quantified by expressing the global conservation of CH4 

being sublimated and deposited: 

(4.4) 

where A is surface area, either of CH4 patches (subscript p) or of areas undergoing 

deposition (subscript d), CU and CD are the transfer coefficients for the CH4 through 

the N2 atmosphere in the upward and downward directions respectively, and .6.X is 

the change in CH4 mole fraction between the surface and the background value in 

the atmosphere. 

As in heat transfer, the coefficient for upward transport, CU , is considerably larger 

than for downward transport because CH4 is bouyant in the N2 atmosphere; the ratio 

of the two is probably approximately 10 (Stansberry et ai., 1992). The change in CH4 

mole fraction between the gas at the surface and well away from the surface over a 

CH4 patch, .6.Xp, is just 1 - Xo, where XO is the mole fraction well away from the 
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surface. Slightly less obvious is the value of ~X for portions of the surface where CH4 

is being deposited. According to Raoult's Law, if the atmospheric mole fraction of 

CH4 is 10-2
, the solid solution being deposited is 99% pure CH4 • This means that the 

reverse of fractional sublimation occurs as the gas freezes out: CH4 gets depleted in 

the gas just above the surface and must be resupplied from further away. An upper 

limit on ~X in areas where the atmosphere is freezing out is XO - 0 = XO. Solving 

Equation 4.4 for the ratio of the area of CH4 patches to the area of deposition and 

substituting XO = 10-2, as required by Yelle and Lunine (1989), gives Api Ad = 10-3 , 

that is if a tenth of a percent of the volatile covered surface consists of CH4 patches, 

the atmsopheric mole fraction of CH4 will be 1%. This seems to be quite reasonable 

in view of the active seasonal cycle on Pluto. 
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The surfaces and atmospheres of Triton and Pluto are very strongly coupled. The 

depsosition of solar energy at the surface on global scales determines the atmospheric 

pressure through vapor pressure equilibrium with the volatile N2 and CH4 ices. On 

local scales, the presence of the volatile atmosphere strongly influences surface tem

peratures because of the overwhelming contribution of latent heat of sublimation, at 

least for N2. The result is an unusual distribution of surface temperatures: all N2 ice 

on the surface of these bodies is at the same temperature, while areas free of N2 ice 

are warmer and have temperatures dependent in the usual way on albedo, location 

and emissivity. 

The temperature and thermal structure of the lower atmospheres of Triton and 

Pluto can be calculated by considering the heat flux which is convected between 

the surface and atmosphere. The surface temperature distribution, determined from 

albedo maps, means that areas free of N2 ice supply heat to the atmosphere, while 

areas with N2 ice absorb heat from the atmosphere. On Triton the narrow range 

of albedos and the large extent of the south polar cap constrain the atmospheric 

temperature to the narrow range 40-42 K, barely warmer than the N2 polar cap 

temperature. On Pluto, the wide range of albedos and the current position of the 

sun near the equator result in much more efficient atmospheric heating, raising the 
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temperature of the lower atmosphere approximately 10 K above the N2 ice tem-

perature. This heating could contribute to the formation of a deep troposphere on 

Pluto. 

The atmospheric composition of Triton and Pluto is also controlled by the surface 

interaction. Both CH4 and N 2 have significant vapor pressures at the low tempera

tures found on Triton and Pluto, but methane's vapor pressure is 104 times smaller 

than that of N2. Although CH4 and N2 form a solid solution, seasonal transport 

will naturally produce regions of nearly pure CH4 in areas where sublimation has 

been most intense. CH4 gas will sublimate from these regions at a greatly enhanced 

rate, pumping up the concentration of CH4 in the atmosphere. The 1988 occultation 

lightcurve (Elliot et al. 1989) is consistent with the atmospheric thermal structure 

predicted by Yelle and Lunine (1989) for an atmosphere with an enhanced CH4 

mixing ratio (Hubbard et al., 1990). 

Such an atmospheric thermal strcuture is also attractive because it offers the 

possibility of reconciling the "mutual event radius" (~ 1165 km) and the "occulta

tion radius" (~ 1200 km) for Pluto. Atmospheric heating by enhanced levels of CH4 

in the upper atmosphere produces a steep positive thermal gradient which must lie 

at a radius of approximately 1206 km to reproduce the occultation lightcurve. This 

temperature inversion produces a "mirage", effectively preventing the occultation 

experiment from probing regions of the atmosphere below that level. In this scenario 

there is no such thing as the "occultation radius" of Pluto, because the surface was 

never detected in the experiment. It is possible to derive a Pluto radius from the 

occultation using the recent determination of the temperature (and therefor vapor 

pressure) of the N2 ice on Pluto, 40~~ K (Tryka et al., 1993b). Using the occulta-
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tion determined atmospheric pressure at 1250 km, hydrostatic equilibrium, and a 

thermal structure model fro the atmosphere which is consistent with the occultation 

lightcurve, this implies a surface radius of 1166 km, within 1 km of the mutual event 

determination. 

5.2 Future Work 

Several areas for future effort based on the work presented here would be fruitful. 

One possibility is to use the albedo maps of Pluto to calculate the thermal flux that 

would be observed from Earth. Such a calculation could be directly compared with 

far-infrared (Sykes et al., 1987) and millimeter wave (Altenhoff et ai., 1988; Stern 

et al., 1993; Jewitt et al., 1994) observations of Pluto. There is some controversy 

concerning these measurements because the data at the two wavelengths give different 

brightness temperatures for the surface. A comparison with a spectrum calculated 

from the albedo maps would constrain some model parameters used in reducing those 

data, as well as providing constraints on the accuracy of the albedo data. 

The work done here to understand Pluto's atmospheric composition should be 

applied to Triton as well. Triton's atmospheric structure and composition have been 

measured in somewhat more detail than for Pluto, and are seen to be quite different: 

Triton's atmospheric CH4 abundance is at least two orders of magnitude lower than 

Pluto's (Herbert and Sandel, 1991), and it lacks a strong temperature inversion above 

the tropopause (Yelle et ai., 1991). While these two points fit with the hypothesis 

that elevated levels of CH4 cause a temperature inversion, the different abundances 

of CH4 found in Pluto's and Triton's atmosphere's have not been explained. Two 

possibilities come to mind: either seasonal processes on Triton had not produced 
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CH4 patches by the time of the Voyager flyby, or Triton posesses an intrinsically 

smaller inventory of CH4 , and the atmospheric abundance will always be low. It 

should be possible to either determine which of these is the case, or place constraints 

on the total CH4 inventory on Triton using the patch model for the atmospheric CH4 

abundance. 

Another avenue for exploiting the CH4 patch model as well as the albedo maps of 

Pluto is in predicting the near term ('" 10 yr) evolution of Pluto's atmosphere. Such 

calculations could be both timely and useful if the Pluto Fast Flyby (PFF) mission, 

scheduled for launch at the turn of the century, actually happens. Pluto's distance 

from the sun is increasing because of its eccentric orbit, and some calculations indicate 

that the atmospheric bulk may decrease as a result (Stern and Trafton, 1984; Young, 

1993). Not only can the atmospheric bulk change with time, but if the CH4 mixing 

ratio is determined by seasonal processes, the atmospheric temperature structure 

could also change. The PFF spacecraft could, in principle, accurately detrmine the 

atmospheric structure and composition, providing a useful constraint on the coupling 

between the surface and atmosphere. 
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APPENDIX A 

ALBEDO PATTERNS ON TRITON 

Following is a photocopy of' Albedo Patterns on Triton', by John A. Stansberry, 

which appeared in Geophysical Research Letters, volume 16, pages 961-964, in 1989. 

It is preceded by a photocopy of the letter from the copyright holder, the American 

Geophysical Union, granting permission for its inclusion in this dissertation, and a 

photocopy of the letter from me requesting that permission. 
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November 12, 1993 

Mr. John A. Stansbeny 
University of Arizona 
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thesis, including microfilm editions thereof. Permission is restricted to the use stipulated. 
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joumal or book title, volume number, page number!, year, and the pIuase -Copyright by the 
American Geophysical Union.- Substitute the last phra3e with -PublUlwl by the American 
Geophysical Union if the paper is not subject to U.S. copyrlght - sec the copyright line on 
the first page of the published paper for such classification. 

Please feel free to contact me again if you need fuIther assistance. 'Ihank you. 

Sincerely, 
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1ulie A. Hedlund 
Manager 
Publications Administration 
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Julie Headland 
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(602) 621 - 4497 

November 9, 1993 

John A. Stansberry 
phone: (602) 621 - 2276 
email: stansber@lpl.arizona.edu 

I would like permission from the AGU to include reprints of three papers in my Doctoral Dissertation at the 
University of Arizona. I am the lead author on two of the papers, and sole author on the third. The three 
papers are: 

Zonally Averaged Thermal Balance and Stability Models for Nitrogen Polar Caps on Triton, Geophys. Res. 
Lett. 11, 1773-1776, 1990. 

Upper Limits on Possible Photochemical Hazes on Pluto, Geophys. Res. Lett. 16, 1221-1224,1989. 

Albedo Patterns on Triton, Geophys. Res. Lett. 16,961-964,1989. 

Please let me know if I can provide any further information. I am planning on graduating within two 
months, so if the process of obtaining permission is going to take longer than that, please inform me as soon 
as possible. 

jL7bl;?= 
John Stansberry 
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Cover. Neptune as seen by the Voyager 2 spacecraft 
on its way to its August 25 (UT) encounter with the 
planet. These images were made on June 22 from a 
distance of 92.2 million kilometers. The top image 
shows Neptune as it would appear to the human eye; 
the bOllom image has been enhanced to show details 
more clearly. Neptune's deep, clear atmosphere 
consists mostly of hydrogen gas. The planet's tur· 
quoise color is caused by a combination of atmo· 
spheric scallering and the absorption of red lights by 
methane. Voyager images show that Neptune has a 

very active system of clouds. Of particular interest 
are the dark oval cloud system (seen here in the right 
center portion of the planet) and the double ring of 
clouds around the planet's south pole. The dark oval, 
reminiscent of !upiter's Great Red Spot, is one of 
Voyager'sfirst major discoveries at Neptune. Other 
features that Voyager may discover at Neptune and 
Triton are the subjects of the Neptune prediction 
papers presented in this issue. (Photo courtesy of the 
Jet Propulsion Laboratory.) 

86b 



GEOPHYSICAL RESEARCH LETTERS, VOL. 16, NO.8, PAGES 961-964, AUGUST 1989 

ALBEDO PATTERNS ON TRITON 

John A. Stansberry 

Department of Planetary Sciences, University of Arizona 

AbJtract. A model for seasonal transport of volatiles 
based on Trafton [1984J is coupled to considerations 
of methane photochemistry to infer albedo patterns on 
Triton's surface at the time of the Voyager encounter. 
The relatively large southern subsolar latitude at present 
is predicted to cause the deposition of an extensive 
fresh frost layer covering approximately the northern 
half of the planet. The region between 10° and -35° 
latitude is expected to be devoid of surface frosts and will 
probably be covered with organic compounds resulting 
from methane dissociative chemistry. These substances 
are thought to be rather low in albedo and red in color. 
Triton's south polar cap is expected to extend from -35° 
latitude to the southern pole. Sublimation of Triton's 
south polar ices been occurring since 1930, but has been 
preferentially occurring near the pole. The sublimation 
of ices in this region may be concentrating dark organic 
matter on the surface of the ice or exposing layers of this 
material which have built up in the ice over many seasonal 
cycles. The south polar cap may be distinctly darker near 
the pole than around the equatorward edge. 

Introduction 

Triton promises to be one of the most fascinating and 
unique objects in our solar system. It is the only large 
planetary satellite in a highly inclined orbit around it's 
primary. Neptune's oblateness produces a torque which 
causes Triton's orbital plane to precess with a period of 
-640 Earth years. Neptune itself possesses a significant 
obliquity to the ecliptic with the result that during some 
entire Neptunian years the subsolar latitude on Triton is 
near 0°, while during others years the subsolar latitude 
is as large as 55°. The latitude of the sub solar point 
on Triton as a function of time was derived by Trafton 
[1984J from the data of HlllTis [1084J and is illustrated 
in Figure 1. Because Triton possesses an atmosphere 
composed primarily of nitrogen and methane [Cruikshank 
et aI., 1984; Cruikshank and Apt, 1984J which are 
ncar (N2) or below (C~) their solidus temperatures, 
the atmosphere can be expected to condense onto the 
surface when the temperature declines. Trafton [1984J 
has shown that seasonal transport of methane will lead to 
it's removal from the equatorial regions and redeposition 
near Triton's poles. Since nitrogen is even more volatile 
at the temperatures relevant to Triton's surface it seems 
likely that extensive polar cap deposits of condensed ~2 
will also exist. The same situation occurs on Mars where 

Copyright 1989 by the American Geophysical Union. 
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Fig 1. The sub solar latitude on Triton as a function of 
time. 

polar deposits of C02 and H20 condense directly from the 
atmosphere. 

This paper attempts to address the question of what 
Triton will look like when Voyager images it this August. 
The focus will be on spatial variations in Triton's visual 
albedo rather than on tectonic patterns related to crater
ing and internal stresses. In particular, seasonal transport 
of volatiles coupled with methane photochemistry is pre
dicted to produce a. dark annulus around Triton's equator 
and a bright, frost covered winter (northern) hemisphere. 
The southern polar cap may display a gradational albedo 
pattern, dark at the pole to lighter toward the edge, or a 
complex pattern resulting from the exposure of layers of 
organic material built up over many seasonal cycles. 

Volatile Transport Model 

Trafton [1984J developed the most thorough model to 
date of volatile transport on Triton •. Using equilibrium 
between absorption of insolation, re-radiation in the 
thermal infrared and the latent heat required to sublimate 
methane ice, he was able to show that all methane 
(and other volatiles such as Nl or CO for that matter) 
on Triton's surface would be transported to the polar 
regions. To reach this conclusion he averaged the rate of 
sublimation as a function of latitude over a seasonal cycle. 
The results of the calculation, the seasonally averaged 
rate of sublimation as a function of latitude, are shown in 
Figure 4 of his paper. Integrating over the life of the solnr 
system he determined that a. layer of volatiles -1000 km 
thick would be sublimed from Triton's equatorial regions. 
Since Triton's radius is thought to be <2400 kID, and its 
composition is probably -90% H20 ice and rock, neither 
of which can be considered to be volatile at Triton's 
temperature, all of the volatile ices wi!! have been stripped 
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from the equatorial regions and redeposited at the poles. 
Since sublimation is so effective at redistributing Triton's 
volatile ices, the polar caps should, on t:tlerage, extend 
to ±35· latitude, the position at which net sublimation 
is balanced by net deposition in his model. In view of 
the impending Voyager encounter it is interesting to ask 
whether these polar caps will be modified by processes 
acting on timescales comparable to a Triton season. 

A simple way to approach this question is to consider 
that during a particular season the subsolar latitude will 
be very nearly constant over a period of several Earth 
years. The subsolar latitude (';'5) as a function of time 
was derived by Trafton and is plotted in Figure 1. The 
complex interplay of :-Ieptune's orbital frequency and the 
precession frequency of Triton's orbital plane is evident. 
To zeroth order the seasonal effect on Triton's polar 
caps can be accounted for by simply centering Trafton's 
sublimntion curve (his Figure 4) on the current subsolar 
latitude and assuming that the zeroes of the graph define 
the seasonal boundaries of the polar caps. Thus for 
the current subsolar latitude of ¢s = -43· the nominal 
polar cap boundaries should lie at -7S· and _So latitude. 
It is somewhat counter-intuitive to e."Cpect that Triton's 
northern polar cap presently extends to below the equator, 
but it will almost certainly extend to at least the border 
of the northern 'arctic circle', i.e. the region which is 
currently dark continually. The border of this region is 
just given by ¢A.C. = !JO· -I.psl, where OA.C. is negative 
for os positive, and vice tlerJCL Thus the current northern 
arctic circle lies at +47" latitude, and the seasonally 
deposited frosts should extend at least that far. 

By examining thermal balance on Triton's surface on 
the time scale of a Triton day the above predictions can be 
refined. If we neglect the heat capacity and conductivity 
of Triton's surface materials, the rate of energy deposition 
on Triton's surface due to sublimation is given by just the 
difference between the insolation received by the surface 
and the thermal emission from that surface. The rate of 
sublimation on the sunlit hemisphere can be expressed as 
a function of colatitude, 8, the colatitude of the subsolar 
point, 85, and longitude, f3 as 

R\ = [5(1- .-tT) { sin 85 sin 8 cos 11 

+COS8sCOS8-~} (la) 

while on the dark hemisphere it is given by 

(lb) 

Here AT is Triton's albedo and the effective temperature 
has been assumed to depend (through ...,) on the ratio of 
the area covered by volatile frost to the area of volatiles 
exposed to sunlight. The thickness of the permanent polar 
caps is assumed to be thicker than the layer that seasonal 
sublimntion can remove, thus they are taken to be the 
smallest caps which can exist. The fraction of the day the 
surface is sunlit will be a function of the colatitude and 
the total obliquity between Triton's orbital plane and the 
ecliptic plane. The range of longitudes (measured from 
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Figure 2. The diurnally averaged rate of sublimation on 
Triton's surface as a function of latitude. Curves for four 
different subsolar latitudes are shown. 

the subsolar meridian) exposed to sunlight as a function 
of latitude is -flT to flT, where flT is given by 

-1 
cosflT = tan8tan8s (2) 

By averaging equation 2 over the longitude, p, we derive 
an expression which will allow us to assess the seasonal 
boundaries of the polar caps in some detail. The average 
is computed according to 

The results are shown in Figure 2 for four different 
(southern) subsolar latitudes. The curve labelled .ps = 
-43· corresponds to present conditions. The curves 
for equinox and maximum southern summer are labelled 
"'S = O· and "'S = -55· respectively. The sharp 
breaks in these curves all coincide with the 'arctic circle' 
corresponding to the particular subso1ar latitude chosen. 
Points north of the northern arctic circle receive no 
sunlight and thus all have the same rate of sublimation. 
Points south of the southern arctic circle receive light 
continually. The result for equinox is as expected: net 
sublimation occurs over a range of latitudes centered 
on the equator while deposition occurs at the poles. 
The results for increasing subsolar latitudes are less 
intuitive (ie. more interesting). As I"'sl increases, the 
trend is for the peak sublimation rate to move poleward 
of the subsolar latitude. For the three cases with 
subsolar latitudes different from O· the peak sublimation 
is occurring at the south pole itself. 

Seasonal sublimation will be capable of removing or 
depositing layers of volatile frosts. The regions where 
net deposition or sublimation are expected to occur for 
a particular season can be found from Figure 2. For tbe 
current season (¢s = -43·) net sulilimation is occurring 
over the latitude range 10· > '" > -00·, with material 
being removed most swiftly from the pole itself. Another 
fact evident from Figure 2 is that net deposition of 
volatile ices or frosts should be occurring at all latitudes 
northward of 10·. consistent with the result more simply 
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derived above. Although these deposits are seasonal and. 
therefore, are not a permanent polar cap. they will consist 
of freshly deposited frosts and may well appear distinctly 
bright when Triton is imaged. 

Coupling of Volatile Transport to Surface Darkening 

Triton may have a chemically active atmosphere, and it 
is equally likely that chemistry is taking place on and in 
the surface (Delitsky and Thompson. l!)SiJ. The chem
istry of interest in this paper is dissociation of methane 
and the subsequent recombination of the products into 
higher organic compounds. These compounds have a gen
erally dark red albedo. the redness increasing as a func
tion of exposure time. On Titan the red color is fairly 
pale because as the chemical products form they tend to 
fall below the optically thick layers in the lower atmo
sphere where they cease to affect the albedo. On Triton 
it is probable that the surface is not typically obscured 
by optically thick layers (Stansberry et al., 1989; McKay 
et al., IDS!)J, so the organic compounds will be able to 
redden further and contribute a dark red aspect to the 
planet's overall albedo. This is born out by observations 
(eg., Cruikshank and Brown, 19S6J. In general the surface 
chemistry is dri\'en by galactic cosmic ray (GCR) bom
bardment, and the atmospheric chemistry is driven by so
lar ultraviolet radiation. These processes will together 
tend to deposit a fairly thick layer of products on Triton's 
surface. Delitsky and Thompson estimated that GCR's 
would create a layer 2 to 4 meters deep. The contribution 
from UV chemistry in the atmosphere can be obtained by 
scaling from Titan. It is estimated that the mass produc
tion rate of products on Titan is 3 x 10-14 g cm-2 8-1 

(TODn et al., 19S8J. Assuming that the mass production 
rate is just proportional to the incident UV flux we can 
simply scale the Titan figure by the square of the ratio 
of Saturn's to :-ieptune's semi major axes to arrive at a 
value of 3 x 10-15 g cm-2 s-I. Multiplying this value by 
the age of the solar system and dividing by the density 
of the products indicates that roughly 4 meters of pho
tolysis products will have been deposited as well. It is 
difficult to assess exactly how much of this material will 
be mixed into Triton's polar cap ices, but some qualitative 
statements can be made. The GCR products will tend to 
be distributed through the upper few meters of the ice 
because of the penetrating ability of the high energy pho
tons (Delitsky and Thompson, 198il. The UV photolysis 
products will initially build up on the surface, but as ices 
are repeatedly sublimated and redeposited the products 
will be mixed in. 

During seasons when net sublimation is occurring, the 
organic products mixed in with the ices will be left behind 
due to their low volatility. This situation holds for Triton's 
southern polar cap as discussed above. The amount of 
ice which will sublimate from two representative regions 
of the cap during the southern spring and summer is 
estimated below. From Figure 2 it can be seen that net 
sublimation of ice is expected to occur over the latitude 
interval _35° to _40° (near the edge of the southern 
cap) for subsolar latitudes in the range 0° to _55°. 
Figure 1 indicates that during the current seasonal cycle 

the subsolar latitude has been in the appropriate range 
for approximately 40 years. The depth of the layer which 
will sublimate can be calculated according to 

D = ~!.h ~t 
Lj:.pr<t 

(4) 

Here D is the' depth of the sublimated (or deposited) 
layer. R is the rate of sublimation. L is the latent heat 
of sublimation for the ice in question, P is the density 
of the ice, and ~t is the time intenal. For nitrogen ice 
with a small amount of methane. L·= 2.43 X 109 erg g-I, 
and P = 1 g cm-3• For an average rate of sublimation 
R = 200 erg cm-2 s-I near the tdge of the southern polar 
cap. the depth of the sublimated layer is about 100 cm. 
This indicates that if the mixing ~atio of dark material 
in the ice is approximately 1% by volume, a layer of 
organic material -1 cm thick will ha\'e been deposited 
during the current seasonal sublimation cycle. Within 
10° degrees of Triton's southern pole net sublimation has 
been occurring for the past 35 years at an average rate 
of 400 erg cm-2 s-I with the result that about ISO cm 
of volatiles will have been sublimated from this region, 
with a resultant layer of organics -2 cm thick deposited. 
This assumes that significant amounts of organic products 
are being produced and mi~ed in with the upper layers 
of the polar caps on times cales comparable to a Triton 
season. If so, the layer of organic material, thicker at the 
pole than at the edge of the polar cap, may display a 
gradation in albedo from dark at the pole to less dark 
at the boundary of the cap. The darkening effect of 
the organic material may be strengthened by the fact 
that the process of rep~ated sublimation and deposition 
of ice layers has probably been occurring on Triton's 
surface for billions of years. As layers of organic material 
deposited and subsequently buried in previous seasonal 
cycles are exhumed by sublimation, they will become 
thicker and presumably darker in appearance. These 
deposits may dominate the albedo of Triton's southern 
polar cap presently since Triton is approaching major 
southern summer. The darkest region on the surface 
will be the strip between latitudes 10° and 35° where no 
volatile ices should currently be present and a layer of 
organics -meters in thickness has been deposited since 
Triton's early history. 

Conclusions 

The relatively large southern subsolar latitude at 
present will contribute to the deposition of an extensive 
fresh frost layer covering approximately the northern halI 
of Triton. The frost should be primarily composed of 
nitrogen and methane and is expected to have a high 
albedo. The region of the planet between 10· and -35° 
latitude is predicted to be the darkest in appearance due 
to the total lack of surface frosts and a thick, ancient 
covering of organic compounds resulting from methane 
dissociative chemistry. These substances are relatively 
dark in albedo and red in color. Triton's southern 
polar cap extends from -35° latitude to the southern 
pole. The cap has been undergoing net sublimation for 
appr~imlltely 35 years resulting in the removal of a la~'er 
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of volatiles ranging in thickneos from 100 em near the 
edge of the cap to 180 em at the south pole i~elf. If dark 
organic matter becomes mixed with the upper layers of the 
polar cnps on a timescale of a few hundred years, the cap 
may display a resultant gradation in albedo from dark at 
the pole to less dark near the edge. Another possibility is 
that sublimation of polar cap ices is exposing underlying 
layers of dark organic matter which have built up over 
many seasonal cycles. These deposits could well dominate 
the albedo of the southern cap at the time of the Voyager 
fly by. 

Acl:nowledgemenu. Thanks go to Jonathan Lucine for 
advice and useful discussions, and to Lyle Broadfoot and 
the Voyager UVS Project for funding. 
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APPENDIX B 

THERMAL BALANCE AND STABILTIY MODELS 

Following is a photocopy of 'Zonally Averaged Thermal Balance and Stability 

Models for Nitrogen Polar Caps on Triton', by John A. Stansberry, J.I. Lunine, 
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ZONALLY AVERAGED THERMAL BALANCE AND STABILITY MODELS FOR 
NITROGEN POLAR CAPS ON TRITON 

John A. Stansberry, J.I. Lunine, C.C. Porco 

Department of Planetary Sciences, University of Arizona 

A.S. McEwen 

U.S.G.S., Flagstaff 

Ab~trQct. We have analyzed Voyager four color imaging 
data of Triton to calculate the bolometric hemispheric 
albedo as a function of latitude and longitude. Zonal 
averages of these data have been incorporated into a 
thermal balance model involving insolation, reradiatation 
and latent heat of sublimation of N2 ice for the surface. 
The current average bolometric albedo of Triton's polar 
caps is 0.8, implying an effective temperature of 34.2K and 
a surface pressure of N2 of 1.6 JJb {or unit emissivity. This 
pressure is an order of magnitude lower than the sur£ace 
pressure of 18 JJb inferred from Voyager data (Broadfoot 
d al., 1989; Conrath ct al., 1989), a discrepancy that can 
be reconciled it the emissivity ofthe N2 on Triton's sur£ace 
is 0.66. The model pre4icts that Triton's sur£ace north of 
IS" N latitude is experiencing deposition of N2 frosts, as 
are the bright portions of the south polar cap near the 
equator. This result explains why the south cap coven 
nearly the entire southern hemisphere of Triton. Initial 
results from a seasonal model are also described briefly, 
although they do not agree with the Voyager observations. 

Introduction 

Prior to the Voyager encounter with Neptune observ&
tional studies of Triton's surface hBd shown that both 
CH. and N2 were present (Cruikshank ct aL, 1984, Cruik· 
shank and Apt, 1984), probably as solids on the sur£ace 
(Lunine and Stevenson, 1985). Continuing observations o{ 
Triton's spectrum indicated that it was undergoing signifi· 
cant changes in the period between 1977 and 1989. Tholen 
and Stoith cj al. (in Stoith d aL, 1989, fig. 27a) reported 
that the spectral shape in the visible was nearly neutral in 
1989, whereas some 12 years earlier Bell et al. (1979) and 
Cruikshank cj aL (1979) observed a distinctly red slope in 
the visible. McEwen (this issue; cf. Stoith cj aL, 1989) 
finds that only a small part of this change can be due 
to the change in viewing geometry alone, and that both 
Triton's dark "equatorial" zone (situated mostly north of 
the equator) and south cap must have been redder in 1977 
than in 1989. We suggest that this change may be due to 
the deposition of a few centimeters of N2 frosts over this 
region in the intervening years. 

In this paper we explore some aspects of thermal balance 
on Triton's surf'ace at the time of the Voyager flyby using 
Voyager imaging data, and describe a seasonal model 

Copyright 1990 by the American Geophysical Union. 

Paper number 90GL01470 
0094-8276/90/90GL-01470S03.00 

for the time dependent transport of ~2 frost caused by 
the seasonal motion of the sun in'Triton's sky. Voyager 
imaging data have been analyzed to produce global 
multispectral mosaics (McEwen, this issue); we have used 
these data to derive maps of the bolometric hetoispheric 
albedo (hereafter albedo) of Triton's sur£a.ce as a function 
of latitude, longitude, and illumination angle. Zonal 
averages of the data are used to calcula.te the thermal 
balance between insolation, reradiation, and latent heat 
of sublimation or deposition of N2 frost at each latitude 
in a manner sitoi1ar to that described in Trafton (1984) and 
Stansberry (1989). We find that N2 frost is currently being 
deposited as far south as IS" N latitude, in a layer a few 
centimeters thick. We also find that much of the material 
comprising the northern portion of the south polar cap is 
so bright that it is stable against sublimation even during 
the current southern summer. 

We briefly describe an adaptation or our static model 
which follOW'll the thermal balance on Triton's sur£ace 
as a function of time under the assumption that the 
albedo of N2 frosts is constant. This seasonal model 
predicts that Triton's southern cap should have retreated 
to approximately 30· south latitude at the time of the 
Voyager flyby, in conflict with imaging data, which 
indicate that the southern cap extends nearly to the 
equator. We suggest that the variable albedo of the 
N2 frosts is a key feature in the behavior of Triton's polar 
caps. 

Albedo Data and Thermal Balance 

A map of the bolometric hemispheric albedo of Triton 
was derived from the multispectral mosaics and photo
metric function of McEwen (this issue). Images of hemi· 
spheric albedo were first produced for ea.ch of four color 
ruter mosaics through numerical integration of the photo
metric function over a hemisphere of emission. The hemi· 
spheric albedo images were combined and weighted by 
the fraction of solar energy incident in each bandplllll [cf. 
McEwen cj aL, 1988) to obtain the total bolometrie hemi· 
spheric albedo. Earth-based observations of Triton show 
a relatively flat spectrum from 0.6 to 2.0 JJm (Cruibhank 
cj al., 1979; Stoith d aL 1989), so the Voyager orange fil· 
ter data (0.59 ± 0.3 JJm) were used to model the near·m 
albedo. Since 93% of the solar spectral irradiance oc· 
curs in the wavelength range below 2 JJm [Weast and A.5-
tie, 1983), deep CH. absorptions beyond 2JJm should not 
strongly affect the derived albedos. 

Albedo varies with incidence angle (i), which may be 
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important in calculations of surface temperature [Squyres 
and Veverka, 1982). This efFect is especially important for 
very bright surfaces such all Triton's, since small changes 
in the albedo, A, produce large fractional changes in the 
quantity (1 - A), which determines the temperature. In 
seneral, albedo increaaes with increasing i, but the efFect is 
reduced by surface roughness and by multiple scattering. 
The photometric model used for the mosaics by McEwen 
[this issue) does not include roughness and wu not fit to 
high phase data (i > 80"), so we have utilized the model 
albedo at i = 30' for this paper, irrespective of the actual 
illumination angle. 

o 
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Fig. 1. A plot of the albedo data for an illumination angle 
(i) of 30'. The solid line is the azimuthally averaged 
data set WIed in our .models. The dallhed lines give the 
minimum and mnxirimTD of the data in each latitude band. 
The change in albedo between the south polar cap and the 
darb:r equatorial band can be clearly seen near 0" latitude. 

Figure 1 shows the zonally averaged bolometric hemi
spheric albedo for the case of a constant illumination an
gle of 30" from the zenith. The transition from the bright 
south polar cap materials to the darb:r units north of 
the equator is plainly visible. The dot-dash lines give the 
minimum and ma,o!!mm of the data in each latitude band. 
The albedo north of 45" N latitude is Wlknown since that 
region wu not illuminated during the encounter. Based 
on this figure we have assumed that the south polar cap, 
ie. the deposit of volatile N2 in the south, begins at the 
equator and continues uninterrupted to the south pole. 
Clearly the south cap is not homogeneous, nor is the loca
tion of its border constant with longitude, so this aasump
tion may prove to be incorrect, but for the simplified case 
of zonal averaging it seems a reasonable starting point. 

The efFective temperature of Triton's N2 frosts is de
termined by the balance between insolation and reradia
tion in the infrared. The latent heat of sublimating frosts 
acts only to bu1fer the temperature of the ices at & con
stant value (Leighton and Murray, 1966), since tbe flow 
of N2 gu is slow compared to the sound speed (Ingersoll, 
1990). Thus, the efFective temperature of the polar cap 
system (both summer and winter caps) is, 

Tea, = (Io(~; A») t . (1) 

10 is the solar flux (1500 ergs an2 S-I), A is the average 
albedo of the illuminated portion of the caps, 7 is 
the ratio of the total area of the caps to the (cross 
sectional) illuminated area of the caps, and a is the 

Stefan-Boltzmann constant. The physical temperature of 
the caps may exceed this value for emissivities leas than 
unity. The fact that the vapor pressure of N2 depends on 
the physical temperature of the frosts, not the efFective 
radiative temperature, will allow us to constrain the 
emissivity of Triton's volatiles. 

Using Eq. 1 for the temperature of the caps, energy 
conservation between insolation, reradiation and latent 
heat can be exp"reaaed as, 

R = ~~o (1- A') cos IP _ (l ~ A») .. (2) 

R is the rate of volatile deposition (an sec-I), A' is the 
local albedo, '" is the angle between the local normal to 
the surface and the vector pointing at the sun, L is the 
latent heat of sublimation for N2 (2.6 x 10v erg g-I), P 
is the density of the N2 ice (taken all I), and the other 
terms are as in Eq. 1. Where the rllte in Eq. 2 is positive, 
volatiles are condensing onto the surface. By averaging 
this equation over longitude we obtain the zonally (or 
equivalently, diumal1y) averaged deposition rate as a 
function of latitude. Diurnal averaging is appropriate for 
N2 frosts on the surface, since their nightside temperature 
is held constant by latent heat transport, and for any 
expoeed water ice on the surface, which has a radiative 
time constant of 30 years all compared to Triton's 5.6 
day rotation period. Eq. 2 must be solved iteratively since 
both the geometric factor, 7, and the average albedo of 
the illuminated cap, A, depend on our assumptions about 
the volatile dilItribution on the sur!ace. Aasuming that the 
south polar cap covers the southern hemisphere, we can 
solve Eq. 2 to determine the model border of the northern 
cap, ie. where the deposition rate becomes positive. 

60 30 0 -30 -60 -90 
Latitude 

Fig. 2. The deposition rate of N2 all a function of latitude 
on Triton calculated for the time of the Voyager flyby. 
The solid line gives the zonally averaged sublimation rate 
calculated from the data of Figure 1. The dallhed lines 
give the deposition rate calculated using the maximum 
(upper line) and minimum (lower line) albedos found in 
a latitude band. Many of the highest albedo portions of 
the south polar cap are currently undergoing deposition 
of N2 frost in spite of the fact that the subaolar latitude 
is 45" S latitude. 

The deposition rate all a function o£1atitude is plotted in 
Figure 2. The solid line is the rate for the zonally averaged 
albedo data, while the dashed lines are for the maximum 
and minimum albedo values in a latitude bin. Deposition 
is occurring at a constant rate of ... 1 an yr-I over the 
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unilluminated portion of Triton's northern hemisphere. 
The deposition rate decreases monotonically until it 
reaches zero at IS" N latitude, the model border of 
the northern 5eallOnal frosts. The deposition of a few 
centimeters of bright, neutral colored N2 frost in this 
IIl'e& is consistent with the changes in Triton's spectrum 
between 1977 and 1989 [Smith et 41., 1989; McEwen, this 
issue] if the underlying bare ground is redder than the frost 
due to the effects of CH4 photochemistry. Comparison 
with Figure 1 shows that IS" N is also the average 
latitude where the transition from dark northero materials 
to the brighter south polar cap begins. This seems 
to be inconsistent with the simple interpretation given 
above: we would expect a band of dark red substrate 
to be exposed between IS" N and the equator. One 
possible explanation may be that N2 frost condenses in 
the atmosphere Nld £alb out onto the surface as the 
meridional winds carrying the condensate northward slow 
in the region of the equator [R. V. Yelle. J.I. Lunine, and 
D.M. Hunten, per30n41 communiC4lion]. A3 shown by 
the upper dashed line in Figure 2, limited areas with 
brighter than average albedo between IS" N and 3~" S 
latitude are actually undergoing deposition of N2 frosts, 
even though in a zonally averaged sense a small amount 
of net sublimation is occurring. This is a direct result of 
the fact that the temperature of the frosts is controlled by. 
the global average of their albedo, not the local albedo, a 
concept explored more thoroughly below. 

The average albedo, A, and geometric factor, "T, of the 
regions of Triton north of IS" N latitude and south of 
the equator (the areas comprising the polar caps) are 0.8 
and 3.9 for a subsolar latitude of 45" S. Using Eq. I, 
the resultant radiative temperature for the caps is 34.2K. 
If the kinetic temperature of the frosts were also 34.2K, 
the saturated vapor pressure of N2 at the surface would 
be 1.6jJb. The temperature of Triton's polar ices was 
inferred to be approximately 38K by a combination of 
the Voyager UVS, RSS and mIS data [Broadfoot et 4l., 
1989; Tyler ct 41., 1989; Conrath et 4l., 1989], implying 
a surface pressure of 18 jJb. This inconsistency can be 
removed by allowing for non·unity emissivity of the frosts 
on the surface. A globally averaged emissivity for the 
£rosts is equal to (34.2K / 38K)4 = 0.66. This emissivity 
may be reasonable since nitrogen is a poor radiator in the 
mid- to far-infrared [Lunine and Stevenson, 1985]. 

Stability of the Cunent Cap Configuration 

The average albedo of Triton's volatile N2 frosts deter· 
mines the temperature (T",,) of all of the N2 frosts on the 
surface, regardless of the local albedo. Due to differen
tial insolation on the surface, the zonally aftraged albedo 
at which the equilibrium temperature just equals Too, is 
a function of latitude. This albedo represents the stabil
ity point between areas which will experience deposition 
of frost 113. sublimation of frost. The zonally averaged 
albedo required to achieve this stability is shown in Fig
ure 3. The two solid lines are for subsolar latitudes of 45" 
S (1989) and 35" S (1977), and are for an assumed surface 
temperature and emissivity for N2 of 38K and 0.66 re
spectively. The albedo data from Figure 1 are reproduced 
here as a dashed line (zonal average) and dot·dashed lines 

(minimum and maximum in a latitude band) for compar· 
ison. The figure clearly illustrates that localJzed portions 
of the south polar cap were stable against sub1imation at 
latitudes as far south as 3~" in 1989, and all areas north
ward of 21" N were stable. Pursuing the hypothesis that 
parts of Triton north of the south polar cap were redder 
(and poIIsibly darker) in 1977 than in 1989, we plot the 
stability albedo curve for 1977, assuming that A and t 

were constant over the 12 year period. In order for the 
surface to have been frost-free in 1977, it must have had 
an albedo less than the 1977 curve, while the presence of 
£rost in 1989 requires a bare ground albedo greater than 
the 1989 curve. We have not yet calculated how much of 
the change in 'Inton's spectrum between 1977 and 1989 
can be reproduced using albedo values consistent 'irith the 
curves of Figure 3. 
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Fig. 3. The albedo at which N2 ice on 'Inton's surface 
will be stable against sublimation (solid line) for a 
subsolar latitude of 45° S. The dashed and dot-dashed 
lines just reproduce the data of Figure 1 to illustrate 
qualitatively what portions of Triton's surface are stable. 
Regions with albedo greater than the stability albedo will 
undergo deposition, while areas with albedo lower than 
the stability albedo will experience sublimation. 

Time Dependent Volatile Transport 

We have incorporated the ideas of our model in a code 
which determines the sublimation rate, temperature and 
(model) albedo on Triton's auri'ace as a function of time 
using Eq.'s 1 and 2, and'li-afton's [1984) expl'es3ioo for the 
subsolar latitude on Triton as a function of time. Spencer 
[this issue] gives a detailed discussion of a very similar 
model. This model assumes that any volatiIespresent 
on the surface have a constant albedo of 0.85, and that 
the surface albedo underlying any seasonal deposits is 0.6, 
consistent with the data in Figure 1. The model results are 
insensitive to initial conditions over more than a few tens 
of seasonal cycles ( .... 600 years) for initial N2 £rost depths 
on the order of meters. A major problem with this model 
is that aver long periods of time (10' years) continual 
transport of £rost to the geographic poles OCClU'l, resulting 
in permanent polar caps with essentially zero area1 extent. 
The re&lIOn for this is that the geometric factor, gamma, 
in Eq. 's 1 and 2 monotonically increases as volatiles are 
removed from the equator to the poles. Consequently, the 
seasonally averaged zero of the deposition rate function 
follows the volatiles poleward, producing more poleward 
transport in the next season. 
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Sea.son.ally transported layers of frost overly the perma
nent polar caps described above. The seasonal layer of 
frost in our model for 1989 covers Triton's surface north
ward of the equator and southward of 28· south latitude. 
Full coverage of the northern hemisphere by fresh layers 
of frost is consistent with the idea that redder materials in 
the equatorial region have been covered since 1977, flat
tening the spectrum. The lack of any frosLa between the 
equator and 28· S latitude seems to be inconsistent with 
the bright nature of the materials in that region. Un
doubtedly our assumption that all frosts have the same 
albedo causes this inconsistency since we have shown that 
frost albedo variations lead to the stability of some of the 
polar cap material near the equator. 

Conclusions 

When viewed in the context of our results for frost depo
sition rates and stability albedo, the current appearance 
of Triton can begin to be understood. The presence of 
volatile cap materials as far north as the equator is con
sistent with the results plotted in Figure 3, which predict 
that materials as bright as those making up some portions 
of the northern part of the south polar cap are stable dur
ing the current season. Moreover, reference to the upper 
curve in Figure 2 suggests that active deposition of frosts 
is occurring from well south of the equator into the north
ern hemisphere. Changes in Triton's color and albedo 
since 1977 [Smith et Ill., 1989) suggest that the northern 
hemisphere was redder (and possibly darker) during that 
epoch than it is now. Depoeition of N2 frost onto such 
a surfllU might raise its albedo to the current value of 
... 0.6 and decrease its redness. The nature of the bright 
fringe associated with the edge of the south cap ill less 
clear; it may represent freshly depoeited frosts on top of 
an underlying permanent cap, or N2 mow f.alling onto the 
surfllU after forming in the atmosphere [R. V. Yelle, J.I. 
Lunine, and D.M. Hunten, pcrJonGI communication). Ei
ther of these p08Sibilities is consistent with the model, but 
not directly predicted by it. 
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We explore the energeties of Triton', surface-atmosphere sys
tem using a model that Includes the turbulent transfer of sensible 
heat as weU lIS insolation. reradiation, and latent heat transport. 
The model reIles on a 1" by 1· re:IOludon hemispberic boJomettic 
albedo map of Triton (or detcrmlnlng the atmospheric tempera· 
ture, the Nl frost emissivity, and the temperarures of IlIIfrosted 
pordons of the surface aJnsistellt with a frost temperature of 
"'38 K. For a ph)'!icaUy plausible rang!: of heat transfer coem· 
elents, we find that the atmospheric temperatUre roughly 1 Ian 
above the surface Is approximately I to 3 K hotter than the surface. 
Atmospheric temperatures of 48 K suggated by early analysis o( 
radio oa:ultadon data cannot be obtained for plausible values of the 
heat transfer coefficlents. Our CIlcuiadons Indlcate that Triton's Nl 
frosts musi have an emissivity weU below unity In order to have a 
temperature o( "'38 K, aJnsistent with previous results. We also 
find that convection over small hot spots does not significandy cool 
them off, so they may be able to act as continuous sources of 
buoyancy (or convective plumes, but have not explored whether 
the convection Is vigorous enough 10 entrain particulate matter 
thereby forming a dust devil. Our elevated atmospheric tempera· 
tures mnke gt:ySer driven plumes with Initial upward velocities 
SID m ,-I stagnate In the lower atmosphere. These "wimpy" 
plumes provide a possible explanation for Triton's ''wind 
streaks." Olm_ ...... r... 

INTRODUCTION 

The Voyager measurements of the temperature ofTri
ton's surface, and the composition and pressure of its 
atmosphere are consistent with N: gas in vapor pressure 
equilibrium with N: frost on the surface. Conrath et al. 
(1989) using the Voyager Infrared Interferometer (IRIS) 
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reported that the dayside temperature of Triton's surface 
was 38~! K if the surface has an emissivity of 1, and 
41 ~1 K for an emissivity of 0.5. Broadfoot et al. (1989) 
using the Voyager Ultraviolet Spectrometer (UVS) mea
sured a nearly pure Nz atmosphere at an altitude of 
600 km, and obtained a model pressure and temperature 
of 14 /Lbar and 38 K immediately above the surface. Tyler 
et al. (1989) from a Voyager Radio Science (RSS) occulta
tion by Triton's atmosphere obtained best values for the 
near surface pressure and temperature on Triton of 16 /Lb 
and 48 K, although their data were also consistent with a 
temperature of 38 K at the surface, ramping up to 48 K in 
the bottom three kilometers. The saturation vapor pres
sure of Nl at the IRIS-determined surface temperature 
of 38 K is 19 /Lb, consistent with the surface pressures 
determined by both the RSS and UVS experimenters. If 
the surface temperature is much different from 38 K, the 
saturated vapor pressure o(Nz changes drastically: at 
34 K the vapor pressure of N: is 1.3 /Lb, while at 41 Kit 
is 97 /Lb. Thus, an uncertainty of 5 /Lb in surface pressure 
leads to an uncertainty of only 0.6 K in the frost tempera
ture, based on the vapor pressure relation given by Brown 
and Ziegler (1979). 

Atmospheric pressure on Triton is highly sensitive to 
the temperature of solid Nl on the surface (which we refer 
to as frost to avoid using the term "ice" for both Nl and 
HlO) because of the large latent heat of sublimation of 
Nl . As a result, Triton's rarefied atmosphere is able to 
transport enough heat to maintain all the Nz frosts at a 
single temperature (Trafton 1984, Ingersoll 1990). The 
temperature of the frost is determined by the amount of 
solar radiation it absorbs at all locations on the satellite, 
on the fraction of Triton's surface which it covers, and on 
its emissivity. A particular frost distribution implies a 
specific relationship between frost temperature and emis· 
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sivity. Using hemispheric albedos derived from Voyager 
imaging data we exmaine the range of likely frost distribu
tions and thereby detennine the frost emissivity corre
sponding to a temperature of37. 7 K, The derived emissiv
ity is significantly smaller than unity, perhaps as a result 
of the small IR absorption coefficient of N:. 

Initial analysis of the Voyager Radio Science experi
ment by Tyler et al. (1989) suggested that the near surface 
atmospheric temperature was approximately \0 K higher 
than the frost temperature. Ingersoll and Tryka (1990) 
suggested that atmospheric temperatures this large could 
be caused by convection of energy from a small number 
of relatively wann, unfrosted areas on the surface, and 
that the "plumes" were a visible manifestation of this 
process. The frost distributions and solar energy deposi
tion calculations presented here allow us to quantitively 
evaluate this hypothesis, We find that the Ingersoll and 
Tryka suggestion is untenable because warm areas on the 
surface of Triton are not extensive enough to raise the 
atmospheric temperature by more than I or 2 degrees 
above the frost temperature and because of an incorrect 
choice for an important parameter in Ingersoll and Tryka's 
heat flux estimate. More refined analysis of the radio oc
cultation data by Gurrola et al. (1992) finds temperatures 
much lower than those initially reported by Tyler et al. 
(1989). We find that the heating of the atmosphere by 
unfrosted wann spots on the surface is a plausible expla
nation for the atmospheric temperatures reported by Gur
rola et al. (1992). 

The concept of atmospheric heating by unfrosted areas 
on Triton also played a roll in the global circulation model 
developed by Ingersoll (1990), where he found that the 
wind directions at the surface and at 8 km altitude resuJ[ 
from two different effects. Sublimation of the South Polar 
Cap drives a polar anticyclone in the Ekman boundary 
layer, which occupies the lowest kilometer of the atmo
sphere. This circulation is responsible for the predomi
nantly northeasterly·"wind streaks" on the surface, (Han
sen et al. 1990). The fractional pressure difference 
between the south pole and the equator required to drive 
the sublimation flow is ~/P < 0.024 (Ingersoll 1990). A 
pressure difference this small means that the isothermality 
of Triton'S N: frost is not disturbed by the sublimation 
flow. Well above the surface boundary layer, the plume 
tails indicate that the wind direction changes to westerly 
(Smith et al. 1989). The thennal wind equation implies 
that this change of wind direction with altitude is due to 
an equator-to-pole temperature gradient. Ingersoll (1990) 
proposed that the equatorial atmosphere was warmed by 
contact with unfrosted patches on the surface. 

A study by Yelle et al: (1991) focused on temperatures 
in the lowest 20 km or so of the atmosphere and paid 
particular attention to the 8 km region. Yelle et al. argued 
that the temperature gradient in the lowest 8 km was 

slightly steeper than the profile implied by N: vapor pres
sure eqUilibrium because of cooling associated with con
vection. However, Yelle et al. did not consider the near 
surface boundary layer in any detail and in this region a 
variety of temperature profiles are possible. The study 
reported here is confined to the boundary layer, which 
we take to be roughly I km deep. We show that small 
temperature inversions are possible over frosted portions 
of the surface because the efficiency of convection is 
reduced in the near-surface layer. These inversions may 
play an important role in the propagation of Triton's 
plumes. 

Before addressing the question of how energy transfer 
between Triton's surface and atmosphere affects the at
mospheric temperature, we must deal with some prelimi
nary issues. The most basic quantity in the energetics 
of the surface is the rate at which sunlight is absorbed; 
therefore, we first outline the calculation of Triton's hemi
spheric bolometric albedo. The details of that calculation 
are presented in an appendix. Next we consider the varia
tions in surface temperature for unfrosted areas over 
tirnescales ranging from Triton's day to its long season and 
find that over diurnal timcscales the surface temperature 
should remain constant. Following that, we develop a 
simple model for detennining the distribution of Triton's 
N: frost, which plays an important role in determining the 
frost temperature. Finally we discuss the theory behind 
turbulent transfer of heat in the atmosphere under a vari
ety of circumstances, describe how this couples atmo
spheric and surface temperatures, and present tempera
ture profiles for the lower atmosphere resulting from 
this theory. We then proceed with the calculation of the 
atmospheric temperature and find that it is higher than 
the frost temperature by I to 3 K, but that atmospheric 
temperatures above =-45 K can not be achieved under 
physically plausible model parameters. We also discuss 
the fate of a hypothetical "hot spot" in the southern 
hemisphere as a paradigm for a dust devil source region, 
and find that such a spot can remain hot in spite of the 
cooling effect of the atmosphere, thus providing station
ary sources of buoyancy on the surface which could possi
bly drive plumes. We have not explored whether convec
tion over these areas would be capable of entraining dust, 
thus fonning a dust devil. We also discuss the implications 
of our temperature profiles on moist convective plume 
dynamics and find that weak plumes will be halted in the 
lower atmosphere. Such plumes are new candidates for 
the fonnation of Triton's "wind streaks." 

ALBEDO DATA 

A map of Triton 's hemispheric bolometric albedo (here
after "albedo") derived from Voyager Imaging Science 
observations is the foundation of these calculations. Past 
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TABLE I 
Variation of Normal Albedo with Illumination Angle on Triton 

11111/1111 • 0") 

jO This paper Hillier tI al. (1990) 

10 1.002 1.002 
20 1.007 1.006 
30 1.017 1.015 
40 1.029 1.026 
50 1.045 1.040 
60 1.061 1.056 
70 1.080 1.062 
80 1.103 1.070 

models (Stansberry el 01. 1990a) used the albedo values 
for a constant illumination angle of 30°. however. it has 
long been known that albedo generally increases with 
increasing illumination angle. j (reviewed by Henderson
Sellers and Wilson 1983). The albedo map used in this 
study includes the variability of albedo with i. Although 
multiple scattering reduces illumination angle effects. 
they may nevertheless be important on bright surfaces 
because a small change in albedo. X. produces a large 
fractional change in the quantity (1 - X). which deter
mines the temperature (Squyres and Veverka 1982). llIu
mination angle effects may be particularly significant on 
Triton due to the large change in subsolar latitude with 
season. When the subsolarpoint is near the equator. polar 
regions are illuminated at diurnal mean iIIumjnation angles 
(1) approaching 90°. while at the equator j = 45°. thus 
accentuating the equator-ta-pole temperature gradient. In 
contrast. when the sub solar point is at a high latitude (up 
to ::55°). i is least at the summer pole. and the variation 
of albedo with j thus increases the volatile flux away from 
the summer pole. 

The variation of albedo with j in our reflectance func
tion for Triton is shown in Table I. where we tabulate 
A(11/A(j = 0). The trend of increasing X with increasing i 
is clearly seen. Photometric roughness reduces the depen
dence of X on j (Squyres and Veverka 1982); Hapke analy
ses of Triton by Hillier el 01. (1990. 1991a) and Buratti el 
01. (1991) resulted in average roughness parameters of 10° 
and 30°. respectively. A comparison of A(11/A(j = 0) for 
our model and that of Hillier el 01. (1990) is shown in 
Table I; the dependence of X on j is about 33% larger in our 
model. The above studies used disk-integrated data to fit 
the Hapke parameters. so their models may not accurately 
describe the illumination and emission angle dependences 
of the reflectance function. While we do not explicitly 
model the effect of roughness on the albedo. our empirical 
photometric model includes a more complete range in 
illumination and emission angles. as well as phase angles. 

as described in detail in Appendix A. and. therefore. forms 
a more complete description of the data set. 

DIURNAL TEMPERATURE VARIATIONS 
AND INSOLATION 

Because of the dependence on illumination angle. the 
albedo of an area on Triton's surface is a function of 
latitude. longitude. and time of day; however. the temper
ature of the surface probably does not vary greatly with 
the time of day. even at night. for the following reasons. 
First. the frosts are all maintained at one temperature by 
latent heat transport. so the ratio' of total energy absorbed 
by the frosts to the total energy reradiated determines 
their temperature. Ingersoll (1990) demonstrates that the 
pressure variation induced by diurnal changes in insol
ation received by Triton's frost is approximately the same 
as the pressure variation required to drive the sublimation 
flow. t:.PIP < 0.02. A M' this small results in a negligible 
frost temperature variation as discussed in the intro
duction. 

Second. the diurnal temperature variation of unfrosted 
surfaces is also probably small if they are dominated by 
water ice. as shown by the following considerations. The 
conductive thermal skin depth of a material is given by 
dean = (kTl1rpcplIl2. where k is the conductivity. T is the 
timescale of temperature variation. p is density. and cp 
is specific heat (cf. Turcotte and Schubert 1982). The 
timescale for radiative cooling of a material is T = pCp 

ATdradlerrsT4. which can be rearranged to give a radiative 
skin depth drad = TerrsT4/pcp AT. where drad is the thick
ness of material that will cool by ATin time T. e is emissiv
ity. the Stefan-Boltzmann constant is rrs. and the other 
symbols are as above. The ratio 

R=-= ~ --dean (pc k)"~ AT 
drad 1fT errs T4

' 
(1) 

is indicative of how a surface will respond to variations 
in insolation. For R ,. I the surface temperature will be 
constant over a time T because conduction to and from 
the subsurface is more efficient than radiative cooling. 
R c( 1 implies that the material is able to cool via radiation 
on a timescale of T in spite of conduction. 

Figure I shows the ratio of conductive to radiative skin 
depth. R. as a function of the timescale. T, Because of 
Triton's complex seasons (Harris 1983. Trafton 1984). 
several timescales are potentially of interest. The vertical 
dotted lines mark the diurnal timescale (Td)' the short 
season timescale (T,,). and the long season timescale (Til)' 
The upper curve shows that surface temperature in areas 
dominated by completely nonporous H~O should be 
strongly influenced by conduction to and from the subsur-
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FIG. I. The rntio of the conductive skin depth to the rndiative skin 
depth given in Eq. (1) vs timescale for nonporous water and N: ices. Td 

is Tri[on's diurnal period. T .. is [he period ofTrilon's shon season. and 
Th is [he period of a long season. The parnmelers used are k":o • 2 x 
10". kS : .. 2 x 10" erg K-' cm-' 5-'. c~:o • 2.7 x 10'. c~: • 10' erg 
g-' K-'. p • I II cm-'. £ .. 0.9. J.T .. 2 K. and T .. 38 K. 

face on diurnal timescales. As a result, the temperature 
remains near its diurnally averaged value rather than re
sponding quickly to changes in insolation. If the unfrosted 
areas are dominated by porous H~O ice, such as a regolith, 
the values for the conductivity, density. and heat capacity 
will be smaller. The lower curve in this figure is appro
priate for HP ice in which the product (pcpk) is reduced 
by a factor of 100 by porosity. This curve is also appro
priate for nonporous N~ ice because the conductivity of 
N. is 100 times less than for H.O, but their densities are 
viry similar (Ahmad and Phillips 1987, Scott 1976). Even 
if the conductivity is reduced by porosity, the tempera
tures should remain fairly constant over the period of a 
day, because R = 8. For this reason we use the diurnally 
averaged surface temperature in our energy balance calcu
lations. Figure I also shows how the surface temperature 
will vary on the longer timescales associated with Triton's 
seasons. For timescales approaching Tn' porous H~O ice 
will have a temperature close to its radiative equilibrium 
value (R = 0.1), but for nonporous H~O the temperature 
will be somewhere between its equilibrium value and its 
long·term (=- 160 year) average value because R =- 1. The 
apparently young age of Triton's surface is an argument 
for a low porosity, high conductivity subsurface. If such 
is the case, the long·term seasonal cycle on Triton must 
be influenced by conduction in the subsurface. 

Given the above arguments that surface temperatures 
on Triton are nearly constant over the period of a day, 
we calculate the diurnally averaged rate of solar energy 
deposition at a panicular latitude as 

s = 110«(1 - Mil) cos iI, (2) 

where 1 is the length of the day at the latitude of interest 
normalized to Triton's rotational period, and «(1 - Mill 
cos I) is the average of the absorbed insolation over the 
illuminated ponion of the latitude band. Figure 2 is a plot 
of the average (heavy solid line), minimum. and maximum 
(dashed lines) albedo vs latitude for a subsolar latitude of 
45'S, appropriate·forthe time of the Voyager fly by. The 
thin solid line is the zonally averaged albedo for a constant 
illumination angle 000" used in our previous study (Stans
berry el al. 199Oal. Overall. the albedos used here are 
higher than those used previously. This change is slightly 
accentuated nonh of the equator where the illumination 
angle is large. resulting in larger albedos. With the rate of 
solar energy deposition across Triton's surface in hand. 
we proceed to the question of the frost distribution. 

FROST DISTRIBUTION 

The temperature of Triton 's frosts depends on the distri
bution of the frost on the surface (Stansberry el al. 1990a, 
Moore and Spencer 1990, Eluszkiewicz 1991, Yelle 
(1992», as well as its average albedo. We calculate the 
frost distribution and albedo from ISS data by applying 
two criteria for frost coverage to a I" by I" map of 
Triton's bolo metric hemispheric albedo. First, we as
sume that any point on the surface with a diurnally 
averaged eqUilibrium temperature (T. = (S/21T£O's) 1/4) 

lower than the frost temperature (TF) is frosted, because 
N~ will condense on these areas. Throughout this study 
we assume that the frost temperature is 37.7 K in order 
to be consistent with the measured surface pressure 
(16 ~b). Second, warm areas (T. > TF) with an albedo 

o 
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" ~ .8 
u .;:: 

" .r: 
c. 
] .8 

" :: 
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90 45 0 -45 -90 
LaliLude 

FIG. l. The zonal average (heavy solid line). maximum. and mini· 
mum (dashed lines) of [he hemispheric bolomeuic albedo data used in 
Ihis s[udy. The dependence of [he albedo on ilIuminalion angle has 
been included. The dOlled line is [he zonal average of the data for an 
ilIumina[ion angle assumed [0 be 30·. 
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FIG. 3. The cutoff albedo (Ac. heavy horizontallinel and the stability 
albedo (As, heavy curved linel, ploued vslatitude on Triton. The shaded 
area demarks the panion of Triton's surface which is unfrosted in the 
model for Ac .. 0.75, TF - 37.7 K. and a subsolar latitude of 45' south. 

greater than a certain threshold value, which we desig
nate as the cutoff albedo (Xc). are assumed to be frost 
covered regardless of their equilibrium temperature. 
These areas comprise. actively sublimating N: frost. 
Warm areas (T. > TF) with albedo A < Ac are taken to 
be unfrosted. We allow Ac to be a free parameter, and 
examine its effects on our results. 

Figure 3 illustrates the interaction of AC and the frost 
temperature in detennining the frost distribution. The thin 
solid line and the dashed lines are the bolo metric albedo 
data reproduced from Fig. 2. Ac is plotted as the horizontal 
solid line. and the curved solid line is given by 

large sublimation rates there. We assume that the portion 
of Triton northward of the cum:nt arctic circle (45· 
north) is covered with N. frost because it receives no 
solar energy at the current time. As stated in the 
previous section. the storage of solar energy in the north 
on a seasonal timescale may inhibit frost fonnation there 
to some degree if very nonporous H:O ice dominates 
the subsurface. . 

The cutoff albedo allows us to assign frosted or un
frosted labels to areas on the surface without perfonning 
a seasonal model for the frost distribution. Early seasonal 
models (Stansberry et al. 199Oa. Spencer (1990» were 
oVersimplified. predicting that all of the frost would be 
transported to the exact poles 'of Triton. More recent 
models of frost transport including heat conduction into 
the surface (Spencer and Moore 1992. Hansen and Paige 
(1992» show promise for modeling the overall charac
teristics of Triton's frost distribution. namely the exis
tence of the large South Polar Cap during a peak southern 
summer season. and a relatively frost-free northern equa
torial zone. However. the albedo distributions produced 
by these models are necessarily crude (typically bimodal) 
and cannot match the exact albedo distribution seen on 
Triton. We prefer to use the cutoff albedo as a free param
eter for detennining the frost distribution because it is 
simple and tied directly to the albedo data. 

ATMOSPHERIC HEAT TRANSFER 

The scope of this study is confined to the planetary 
boundary layer of Triton. where interactions between the 
surface and atmosphere strongly influence atmospheric 
dynamics. The depth of the Ekman layer on Triton. within 
which the magnitude and direction of winds is influenced 

A = I _ &uO'o T} . 
s lof(cos I) 

(3) by the surface. is on the order of 1 km (Ingersoll 1990). 
so we adopt 1 km as an appropriate depth for the boundary 
layer. Examination of another measure of the boundary 
layer depth. the Monin-Obukov scale length. for the con
ditions which occur on Triton reveals that depths this 
large. while not common. do occur under very stable 
atmospheric conditions. The precise depth of the bound
ary layer is not a critical factor in the study because 
the main results. heat fluxes and differences in potential 
temperature. are insensitive to this depth. as long as it is 
sufficiently large. 

&u is the emissivity of the local surface (assumed to be 
unfrosted). TF is the frost temperature. and 10 , f, and 
(cos j) are as defined in Eq. (2). We refer to AS as the 
stability albedo. An area with an albedo A > AS will 
have an equilibrium temperature T. < TF• and frost will 
condense there. while an area with A < AS has T. > 
TF • and frost will sublimate from it. According to the 
criteria above. we consider only areas with albedos 
lower than both the stability albedo line and the cutoff 
albedo line to be unfrosted. The range of data-meeting 
these criteria for this example of Xc = 0.75 has been 
shaded. Most of what is called the South Polar Cap is 
frosted because it has albedo A > Xc. Most of the area 
north of about IS· north latitude is frosted because it 
has A > AS. while some areas near the equator are 
unfrosted. By using the cutoff albedo. we are able to 
model the South Polar Cap as frost covered. despite the 

In order to detennine the energy balance at Triton's 
surface and its effect on the temperature ofTriton's lower 
atmosphere we must develop a method for computing the 
heat flux between the atmosphere and the surface. This 
heat ftux results from the turbulent motion of the atmo
sphere above a thin sub layer at the surface where conduc
tion dominates. as we will show below. The efficiency 
with which the heat ftux is transported by turbulence is 
calculated. and representative temperature profiles are 
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presented over both warm and cold areas of Triton. We 
also argue that the temperature profile in the atmosphere 
is not changed by considering free convection rather than 
forced convection. although in large part free convection 
should dominate the atmosphere above warm areas. 

We model the turbulent transport of sensible heat 
through the atmospheric boundary layer using 
Monin-Obukhov similarity theory (cf. Arya 1988). Under 
the assumption that. as in the Earth's atmosphere. the 
vertical fluxes of heat and momentum are constant in the 
near surface boundary layer. and that heat and momentum 
are transported by forced convection, this theory relates 
the dimensionless temperature gradient in the atmosphere 
to an assumed universal function, tPH' 

for near-neutral but unstable conditions. The quantity L 
in Eq. (6) is the Monin-Obukhov length, defined by 

L = u!Tcpp 
1010 le.,gF' (7) 

where g is the acceleration of gravity. LMO represents the 
depth of the surface layer in which turbulence is predomi
nantly produced by wind shear. Above LMO buoyancy is 
the predominant source of turbulence. LMO is also'a mea
sure of the atmospheric stability: for LMO < 0 the atmo
sphere is unstable, and for LMO > 0 it is stable. Note that 
the sign of LMO is the same as the' sign of F, the heat flux. 
In order for there to be an upward heat flux (F < 0) the 
temperature gradient must be unstable, while for there to 

le.,:.d6 
0; dz = tPH' 

(4) be a downward heat flux it must be stable. 
Substituting Eq. (Sa) into Eq. (4) we obtain a relation

ship between the heat flux at the surface and the tempera
ture gradient, where Ie., is Von Karman's constant, approximately 0.4,8 

is potential temperature. and z is height. 6. is the normaliz
ing temperature scale and is defined by 

(Sa) 

d6 F tPH 
dz = pCpku. Z· (8) 

Integrating Eq. (8) to a height z gives 

(9) where F is the heat flux defined as positive downward, p 
is the atmospheric density, cp is the heat capacity, u. is 
the friction velocity, where 6" is the atmospheric temperature and 8s is the 

surface temperature. CH is the heat transfer coefficient, 
(Sb) and has the form 

which is the normalizing velocity scale, and TO is the shear 
stress at the surface. Ingersoll and Tryka (1991) estimate 
u. = 24 cm s -I from the fact that the stress in the bound
ary layer, To, is responsible for the meridional transport 
ofN:. They used a rough estimate of the interhemispheric 
N: flux, and, in addition, u. must vary with latitude; 
therefore, we discuss results for a range of values for u. 
below. 

The advantage ofusing the normalized temperature gra
dient in Eq. (4) is that the function rPH is then dimension
less; i.e., all temperature gradients are similar. The func
tional form of rPH has been experimentally determined for 
the Earth's atmosphere by Businger et al. (1971) to be 

Z tPH = 0.74 + 4.7y;-
1010 

for stable conditions, and 

(6a) 

[ 
'tP ]-1 

CH(z,4o) = kv t ZH dz • (10) 

There are several factors which influence the value of the 
heat transfer coefficient. The most basic consideration is 
that rPH has a different form depending on whether LMO is 
positive or negative. The result is that the coefficient for 
upward transfer of heat (LMO < 0) is, in general, larger 
than the coefficient for downward heat transfer. Another 
factor which influences heat transfer, especially on Earth, 
is the roughness of the surface. which is usually pa."anle
terized as a roughness scale. Zo. In general. it is assumed 
that the atmospheric temperature is equal to the surface 
temperature up to Zo. so it becomes the lower limit in the 
CH integral. On Earth Zo ranges over approximately five 
orders of magnitude (for locales ranging from mud flats to 
city centers). with a resulting change in CH , ofa factor of 
approximately 10 (Arya 1988, p 168). As was pointed out 
by Sutton et al. (1978), the assumption that the atmosphere 
and ground temperatures are equal up to Zo is incorrect 
for low density atmospheres where molecular diffusion is 
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much more efficient than on Earth. The effect of diffusion 
is to set up a conducting sublayer near the surface. which. 
if it is thick enough. acts to mask the roughness of the 
surface. thereby eliminating the dependence of CH on Zo. 

In order to determine whether diffusion or roughness 
effects dominate in the boundary layer we can compare 
the thickness of the diffusive sublayer with plausible val
ues for the surface roughness scale. Following the analysis 
of Sutton et al. (1978) we calculate that on Triton the 
thickness of the near surface layer. where diffusion is the 
primary means of heat transfer. is;:. = Klkyll. = 21 cm. 
where K = 200 erg cm! S-I is the thermal diffusivity of 
N: gas. For comparison. on Earth roughness scales of 
Zo "" 20 cm are characteristic of relatively flat areas with 
trees or hedges (Arya 1988). Lettau (1969) proposed that 
the roughness scale of a surface can be estimated from 
images on the basis of geometrical arguments as Zo = 
(r/2)(hld):. where h is the height of roughness elements 
on the surface. d is the distance between elements. and 
r is the ratio of width to height for the elements. Taking 
r = 10 we find that Zo = 21 cm can be achieved by a range 
of surface configurations ranging from 4-m-high "blocks" 
separated by about 40 m up to 100-m-high blocks sepa
rated by 4 km.lfthe roughness elements are not relatively 
blocky. their height would have to be somewhat greater 
to achieve Zo = 21 cm. A surface with roughness elements 
larger than 100 m could also account for a Zo in excess of 
21 cm. but would have been detected in Voyager images. 
If the aspect [atio of the roughness elements is smaller 
(i.e .• they are more nearly as high as they are wide) they 
can be shorter. but must be more closely spaced. In the 
limit of a "sun cup" type of arrangements. say r = 0.1. 
obstacle heights as small as about 21 cm can yield a Zo of 
21 cm. but they must be very closely spaced (about 14 
cm). The above arrangements yielding Zo > ;:. '" 21 cm 
are plausible; however. the topographically smooth and 
apparently young surface of Triton seems an unlikely 
place to find them. so we assume that diffusion of heat 
dominates over the effect of surface roughness in the 
surface layer of the atmosphere. 

In the presence of a diffusive boundary layer the equa
tion for CH takes on a slightly different form (Sutton et al. 
1978): 

(11) 

The integral in this case is carried out from the top of the 
diffusive boundary layer to the level of interest rather than 
from Zo. We have chosen the upper limit of the integral in 
Eq. (II) to be I km for reasons given earlier. Additionally. 
the Radio Science results confined the increase in TA to 
the lowest 3 km. so our value at I km should compare 

z/Lyo 
7.9 0.0 -7.9 -15.7 -23.6 -31.5 

2 0 -2 -4 -6 -8 -10 
Heat Flux (erg cm-z 
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1
) 

FIG. 4. The dependence of the heat transfer coefficient CH on heat 
flux. F (bollom axis). and Monin-Obukov lenglh (top axis). The curves 
labeled a. b. and c arc for ". - Z8. Z4. and ~O em 5- 1• respectively. 

with that region. Equation (9) shows that the heat flux is 
dependent on the value of C H' Alternatively we can use 
Eqs. (6). (7). and 11 to determine what CH is required for 
a given heat flux. 

Figure 4 illustrates the required heat transfer coeffi
cient. CH ; as a function of both the heat flux (bottom axis) 
and the Monin-Obukhov length. LMO (top axis). The range 
of heat flux values has been chosen to represent the condi
tions which occur in our model runs. The values of CH 
change sharply as the heat flux goes from positive to 
negative. For upward heat fluxes. CH is nearly indepen
dent of the magnitude ofthe heat flux. while for downward 
heat fluxes. CH decreases sharply from about S x 10-: to 
about l.OS x 10-: at a heat flux of I erg cm -2 s -I for our 
nominal value of u. = 24 cm S-I (curve b). Curves a and 
c correspond to values of u. of28 and 20 cm s -I • providing 
a feel for the influence of u. on the heat transfer coeffi
cient. In our calculations the frost is desciibed by a single 
temperature. and we make the simplifying assumption 
that the atmosphere is as well. Under this assumption. all 
of the frosted areas have the same downward heat flux 
and are described by the same heat transfer coefficient. 
The transfer coefficient for .upward flow is not strongly 
dependent on the magnitude of the heat flux. so to a close 
approximation unfrosted areas on the surface which are 
heating the atmosphere can be described by a single trans
fer coefficient as well. We use values for the upward 
coefficient of heat transfer. C~ = 9 X 10-2• and the 
downward coefficient. C~ = 1 x 10-:. These values are 
consistent with the computed heat fluxes. but we also 
present results for a range of C~ in order to bracket its 
heat flux dependence. 
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FlG. S. Temperature profiles in Triton's boundary layer. The num· 
bers on the cUl'\les are the values of the heat ftux used in the calculation. 
The right·hand set of CUl'\les begin at 4S K at the surface. 

TEMPERATUREPROFnES 

Equation (8) also allows us to calculate the temperature 
profile in Triton's atmosphere given a value for the heat 
flux. F. Rather than plotting the potential temperature we 
have transformed to actual temperature using T" = 9" -
gz.!cp • where the adiabatic lapse rate. glcp • on Triton is 
0.75 K km- t • Figure 5 schematically illustrates two fami
lies of temperature profiles: one at the left rooted at 38 K 
representing areas with downward heat fluxe~ of (from 
left to right) 0.3. 0.45. 0.6. and 1 erg cm-1 s-t. and a 
second family at the right rooted to a surface temperature 
of 45 K. representative of unfrosted areas heating the 
atmosphere. for heat fluxes of (left to right) -IS. - 10. 
and - 5 erg cm -1 s -I. These profiles are only illustrative 
because in our energy balance model the atmosphere is 
assumed to have a single temperature at I km. whereas 
this figure is based on an assumption for the surface tem
perature and heat flux. In our models there is a sort of 
tug·of-war which goes on between cold areas. which are 
mostly frosted. and warm unfrosted areas on Triton. with 
the atmospheric temperature playing the part of the flag 
in the middle of the rope. In order to come to a self
consistent solution. T" is allowed to shift back and forth 
until the upward heat fluxes arejust balanced by the down
ward heat fluxes. 

Figures 6a and b are the same profiles as in Fig. 5. but on 
an expanded scale in order to show the near surface struc
ture. The dashed line in 6a is the saturated temperature pro
file for a frost temperature of 37.7 K. and in 6b the dashed 
line is the dry adiabat for a surface temperature of 45 K. 
In the case of downward heat fluxes a strong temperature 
inversion exists in the bottom 10 m or so which. for small 
heat fluxes. then turns over and approaches or exceeds the 

saturated lapse rate. The strong. near-surface inversion reo 
suIts because the proximity of the surface limits eddy scale 
sizes. making turbulent transport inefficient. Further form 
the surface. turbulence becomes more efficient. allowing a 
less dramatic temperature inversion to drive the same heat 
flux. For larger downward heat fluxes the temperature in
version does not v~nish at higher altitudes. which may have 
implications for the observations of clouds in Triton's 
lower atmosphere if the clouds are N,condensation clouds. 
In Fig. 6b we note that a strongly superadiabatic tempera
ture gradient exists in the lowest few meters over areas 
with upward heat fluxes. which quickly becomes adiabatic 
above that. The extremely sharp drop in temperature just 
above the surface contrasts with the temperature profile 
proposed by Ingersoll and Tryka (1990). which rose adia
batically from the surface temperature (shown as the 
dashed line in this figure). This strong near·surface tem
perature gradient acts to reduce the atmospheric tempera
ture above unfrosted areas by a few degrees from what 
one would get assuming an adiabat starting at the surface 
temperature. 

These temperature profiles and the similarity theory in 
the preceding section apply to the case of forced convec
tion; i.e .• the interaction between the surface and a back
ground wind field creates the turbulent motions responsi
ble for heat transport. Strictly speaking. this only applies 
for -zILMO < I. while for -ziLMO > I the effects of 
the surface interacting with the wind should be negligible 
(Wyngaard et al. 1971). In such a case it is predicted that 
the temperature gradient should be given by d91dz = 
(a9.lz)(zILMO )-1/3 rather than Eq. (4). where a is a con
stant of proportionality which we calculate to be of order 
1. Integrating the above expression yields an equation 
for the change in potential temperature across the region 
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FIG. 6. The same CUl'\les as in Fig. S. but the lower panion is blown 
up. Note that both the horizontal and venital axes are different in panels 
a Idownward heat ftuxesl and b lupward heat ftuxesl. 
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TF <T. <T" T. >T" T .TF 

FIG. 7. A schematic diagram of Ihe three lypeS of lerrain on Trilon and the convective lIunsporl of sensible heat through Trilon's atmosphere. 
The section A-A' on Ihe left is shown in detail at the right. 

above -l.ILMO > I. For the heat fluxes we calculate in 
this model the result is that the freely convecting region 
is adiabatic to within 0.02 K. Thus, whether we consider 
free or forced convection, we find an adiabatic thermal 
structure for - z/ Ly,o > 1. 

SURFACE-ATMOSPHERE ENERGY BAlANCE MODEL 

We have constructed a model that accounts for the 
transport of both latent heat of sublimation and sensible 
heat through Triton's atmosphere. Fig. 7 is a sketch 
which shows the basic elements of our model for the 
turbulent transfer of sensible heat. The surface is divided 
into three types on the basis of albedo and diurnally aver
aged eqUilibrium temperature. Our method for determin
ing which protions of the surface are frosted or unfrosted 
was described earlier. It is necessary to subdivide the 
unfrosted portions of the surface into two types as well. 
An unfrosted area with an equilibrium temperature greater 
than the atmospheric temperature, (T. > 9,,) contributes 
a heat flux to the atmosphere (type I). In contrast, heat 
flows from the atmosphere to unfrosted areas with TF < 
T. < 9 A (type 2). All areas with an eqUilibrium temperature 
less than TF, regardless of their albedo, are defined as 
frosted (type 3), and there is a sensible heat flux from ~he 
atmosphere to the frost as well as a latent heat flux which 
buffers the frost temperature to a single value. 

Assuming that conduction to and from the subsurface 
acts only to keep the surface temperature constant over 
the period of a day, the conservation of energy for each 
of the three types of terrain depicted in Fig. 7 can be 
expressed as 

SI + F. = SUITBr., 

S: + F: "" SulTon, 

S) + FJ = sFITBl1 + Lm, 

(I2a) 

(l2b) 

(I2c) 

where SJ is the diurnally averaged insolation as defined by 
Eq. (2), S is the emissivity, where the subscripts "U" and 
"F" refer to unfrosted and frosted surfaces, respectively, 
7jis the temperature of the surface with subscript referring 
to the type of area (I, 2, or 3), ~ is the convected heat 
flux, and Lm is the latent heat flux. The transport oflatent 
heat in Triton's atmosphere is very efficient, and acts to 
keep the frost temperature, T), constant across the sur
face, so we can integrate Eq. (I2c) over the surface. If the 
integrated latent heat flux were not zero, the atmosphere 
would be changing its mass, and, therefore, its pressure. 
While the atmospheric pressure may vary over seasonal 
timescales, from one day to the next the net change in 
pressure is negligible, and the latent heat flux integrates 
to zero. The effective temperature of the frosts is then 
determined solely on the basis of the total solar energy 
they absorb and their total radiating area: 

(13) 

Here ai: is the projected area of Triton's frost as seen from 
the sun. aF is the total area of the frosts, both calculated 
according to our model for the frost distribution, SF is the 
total solar energy flux absorbed by the frosts. TF = T) is 
the frost temperature. and the other symbols are as in Eq. 
(12). Having eliminated the unknown latent heat flux from 
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Eq. (12). we can now apply the atmospheric heat transfer 
theory described earlier to express the turbulent heat 
fluxes ~ in terms of the temperatures of the surface and 
atmosphere. 

Applying Eq. (9). and recalling that the coefficients for 
upward and downward transfer of heat are different. we 
can write the turbulent heat fluxes as 

F, = pcpu.C1'tC8. ... - 0,). 

F: = pcpu.C~(O,., - 0:). 

F) = pcpu.C~(O,., - OF)' 

(l4a) 

(l4b) 

(l4c) 

where 0, = T,. 0: = T:. and OF = TF, and 0,., is the 
potential temperature of the atmosphere at I km. These 
can be immediately substituted into Eqs. (l2a). (l2b). and 
(13) to express the surface energy balance as 

S, + pCpu.CMB;. - T,> = euCTBTt. (lSa) 

S: + pCpu.CMB;. - T:) = euCTBT~. (lSb) 

aFSF + aFPcpu.C~(B;. - TF) = aFer<TBT~. (lSc) 

Equation (IS) is three equations in the four unknowns T, , 
T:. TF• and 0,.,. In order to solve this system we must 
have a fourth expression relating these temperatures. 

In steady state. conservation of energy requires that the 
total heat convected upward from areas with T. > 0,., be 
equal to the heat convected downward in areas with 
T. < 0,.,: 

(16) 

Here aJ is the total area of typej on the surface. and F; is 
the average flux of sensible heat flowing from that type of 
area to the atmosphere. Using Eq. (14) we can rewrite the 
average heat fluxes in Eq. (16) to include the atmospheric 
temperature explicitly: 

F. = pcpu.C1't(O,., - T,) 

is = pCpu.CMo,., - T:) 

F, = pCpu.CMB;. - TF)· 

If we make the simplifying assumption that 0,., is the same 
everywhere (which we discuss below). we can express 
the average flux in terms of the average temperature of 
the surface. Doing so. substituting these into Eq. (IS). and 
solving for 0,., we get 

(17) 

This shows that the atmospheric temperature is an aver
age of the surface temperatures. with both the areas. cal
culated from the frost distribution. and heat transfer coef
ficients as the weighting factors. In the limit that upward 
convection of heat is infinitely more efficient than down
ward convection. 0 .... approaches r.. In the opposite ex
treme. (l .... approaches the "average" temperature of the 
frosted areas and ·those unfrosted areas where there is a 
downward heat flux. 

By assuming above that 0,., is constant. we have h:nored 
horizontal variations in the temperature at the top of the 
boundary layer. However. large variations are not ex
pected. The time constant for the horizontal transport of 
heat is l'h "" RT/211. where RT/2 is'a typical dimension for 
an unfrosted patch. and u is the wind speed (=-10 m s-', 
Ingersoll 1990). whereas the time constant for the vertical 
transport of heat is l'v =- (pcp Az ;IT)IF "" Az/Cu.CH). 
Horizontal variations in the atmospheric temperature will 
be small if l'h/l'v = CH(u.lu)(AzIRT ) < I. Using;lz = I 
km and C1't = 9 x 10-: implies that l'h/l'v = 3, while for 
C~ = I X 10-:, l'h/l'v = 0.3. We conclude that some 
horizontal variations in 0,., occur, but their magnitude 
should be fairly small. This is consistent with Ingersoll's 
(1990) atmospheric circulation model. which requires 
some temperature variation to drive the upper level winds. 
The effect of the constant 0,., assumption on our heat 
transfer model is that we slightly overestimate the fluxes 
to and from the atmosphere. However, the turbulent heat 
ftuxes we calculate are small compared to the radiated 
ftux. so the errors in temperature produced by this simpli
fying assumption will be small. 

Equations (16) and (17) constitute four equations in the 
four unknowns TF, (l,.,. T" and T:. Equation (17) relates 
(l,., to TF and the averages of T, and T:. while Eqs. (l6a) 
and (I6b) give T, and T: at each unfrosted point on the 
surface: Eq. (I6c) couples the frost energetics to the atmo
spheric temperature. The scheme we use for solving this 
set of equations is iterative. Given a frost distribution. 
we estimate values for TF• (l,.,. T,. and T:. We then use 
Newton's method to solve Eqs. (16) for new values of TF , 

T,. and T:. and substitute these into Eq. (17) to obtain a 
new (lA' We repeat this procedure until a self-consistent 
solution to the problem is obtained. In the following sec
tion we refer to the potential temperature of the atmo
sphere at I km. 0,.,. rather than its actual temperature. In 
the discussion section which follows we refer to the actual 
temperature of the atmosphere. TA = 0,., - 0.75 K. for 
ease of comparison with the results of Tyler el al. (1989) 
and Ingersoll and Tryka (1991). 

MODEL RESULTS 

Figure 8 consists of three maps of the surface of Triton 
showing where areas of type I. 2. or 3 occur for three 
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FlG. S. Three maps of the· distribution of N: frost on Triton. White 
areas reprcscnt frost. whilc dark IIJ'cy and !isht grey areas are type I and 
2 tcrrains respectivcly. Maps a. b. and c are for cutoff albedos of Ac -
0.7. 0.7S. and 0.8. respectivcly. Thc hcat transfcr coefficicDt.! are crt -
9 x 10-: and C1t - I x 10-:. Maps a and b are consistcDt with the 
obscrved circulation on Triton. 

different values of the cutoff albedo, Xc = 0.7,0.75, and 
0.8. The portion of Triton northward of 45· north is as
sumed to be completely frosted. so only areas southward 
of 45· north are shown. The dark gray areas in the map 
represent unfrosted areas that are wanner than the atmo
sphere (type I), light gray areas are unfrosted and cooler 
than the atmosphere (type 2). and the white areas repre
sent frost (type 3). Referring back to Fig. 3 it is apparent 
that as Xc is increased, more areas on the South Polar Cap 
become unfrosted. In the north, the frost distribution is 
relatively unaffected by changing Xc because most of the 
albedos there lie above the hS line. As extreme examples, 
Xc = 0.6 implies that nearly all of Triton is frost covered. 
while Xc = 0.9 corresponds to a large fraction ofthe South 
Polar Cap being unfrosted. A second trend in Fig. 8 is 
for the areas heating the atmosphere (type I) to move 
southward as he increases. For small values of Xc, nearly 
the entire South Polar Cap is frosted. but as he increases. 
low albedo areas in the south become unfrosted and start 
heating the atmosphere. causing TA to increase. A second
ary effect is that unfrosted areas near the equator with 

relatively low equilibrium temperatures become cooler 
than the atmosphere and move into the type 2 regime . 

The various temperatures in the model as a function of 
the cutoff albedo are plotted in Fig. 9. TF is a cons~nt 
37.7 K in order to match the 16 ~b surface pressure. T~ is 
the average temperature of type 2 areas (unfrosted. down
ward sensjple heat flux). 810. is the atmospheric tempera
ture. and TI is the average temperature of unfrosted areas 
that are heating the atmosphere. All of the temperatures 
(except TF) increase as the cutoff albedo is increas.ed. The 
sharp increase in the atmospheric and unfrosted tempera
tures for 0.75 < he < 0.8 is caused by the addition of 
unfrosted areas with high eqUilibrium temperatures on the 
South Polar Cap. 810. ranges from 38.3 K at he = 0.6 to 
44.8 K at Xc = 0.9. As can be seen from Fig. (3). he = 
0.6 implies that nearly all of Triton is frost covered, while 
he = 0.9 corresponds to a large fraction of the South Polar 
Cap being unfrosted. On the basis of consistency with the 
observed atmospheric circulation. we argue below that 
appropriate values of Xc lie in the range 0.7 to 0.75. The 
values of Cl'! and C~ used in producing Figs. (8) and (9) 
were 9 x IO-~ and 1 x 10-2, respectively. 

Figure 10 is a triplet of maps similar to those in Fig. 8. 
but the heat transfer coefficients are changing rather than 
the cutoff albedo. As mentioned earlier, there is some 
uncertainty in u. because of the difficulty in precisely 
estimating interhemispheric mass flow and because latitu
dinal variations in u. have been neglected. Also, our cal
culations of CH could be inaccurate in the unlikely situa
tion that surface roughness overwhelms the effects of 
molecular conduction very near the surface. To assess 
the effects of these uncertainties on our results, we have 
perfonned calculations with C~ = 10- 1,10- 2, and 10-3, 

5O~ 
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.3 To 
II B • .. 
" g, .' e ::::::----., T. ~ 40 
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Cutoff Albcdo (Ae) 

FIG. 9. Thc tcmpcl'3turcs ofTrilon's atmosphcre and avcragc tcm· 
peraturcs of its surfacc units (types I. ~. and frost covcred) vs the cutoff 
a1bcdo for hcat transfcr cocfficicnts of C~ • 9 x 10-: and C1t - I x 
10-:. 
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FlG. to. Similar to Fig. 8. but the cutoff albedo is 0.75 in all three 
maps and the downward heat tran5fer coefficient C1t - I X 10-', I X 

10-1, and I x 10- 1 in a, b. and c, respectively. The upward heat uansfer 
coefficient Cft - 9 X 10-1• Map b is most consistent with the observed 
circulation on Triton. 

which are shown in panels a, b, and c, respectively. Only 
the product, (CHu.), enters in the calculation and, conse
quently, these calculations (or different C~ also show how 
the results depend on u •. crt is nearly independent of u.' 
so results for different values of Cl'! are not shown. 
Changing C~ has vinually no effect on the frost distribu
tion, which depends only on Tp and he, but the panitioning 
of unfrosted areas between those which heat the atmo
sphere (type I) and those which cool the atmosphere (type 
2) does change. Map b relfects our results for the values 
of C~ and Cl'! calculated earlier. When downward heat 
transfer is assumed to be inefficient (Map c) compared to 
our calculated value for ~, a relatively small ponion of 
unfrosted areas which are hottest are able to control8A • 

As downward transfer becomes more efficient, a larger 
ponion of the unfrosted areas are required to maintain 8 A' 

In the limit that C~ "" crt (Map a), all of the unfrosted 
areas heat the atmosphere, but this is unrealistic because 
C~ must be significantly less than Cl'! for any reasonable 
values of " •. 

The effects of varying the relative sizes of the heat 
transfer coefficients on the temperatures are shown in Fig. 

11. Cl'! was held equal to 9 x IO-l and C~ was varied 
from 9 x 10-4 to 9 x IO- l , which represents a variation 
of two orders of magnitude from the value we calculated 
earlier for C~. 8,~ decreases from 40 K to less than 38 K 
as C~ is increased, with the result that some unfrosted 
areas which were type:2 (cooler than the atmosphere) then 
fall into the type I (warmer than the atmosphere) category. 
Thus, as C~ increases, the average temperature of the 
type I areas decreases, as does the type :2 temperature. 
The trend of these temperatures with C~ is the same 
regardless of what cutoff albedo we choose, so we can 
conclude that uncertainties in the Iieat transfer coeffi
cients will lead to changes of. at most. plus or minus I K. 
if we have over- or underestimated (CHu.) by a factor of 
10. This is highly unlikely because the Ingersoll and Tryka 
(1990) value for ". is based on the mass flux in the surface 
boundary layer, which in turn depends only on the solar 
energy deposition rate in the sunlit hemisphere. The esti
mate of this quantity used by Ingersoll and Tryka (1990) 
is certainly more accurate than an order of magnitude and, 
in our opinion, is unlikely to be off by more than 50%. 
Also, we have argued that the subdued topography on 
Triton implies that surface roughness is overwhelmed by 
molecular conduction near the surface. Even if this is not 
true, the consequences for CH are small unless Zo greatly 
exceeds 21 cm. 

Figure 12 displays the frost emissivity we calculate vs 
he, the cutoff albedo. Since we require TF to be 37.7 K in 
the model. we can allow the frost emissivity to be a vari
able rather than the frost temperature. Here we have used 
heat transfer coefficients of Cl'! = 9 x IO-l and C~ = 

~ 40 
3 
Cl .. 
'" Il. 

~ 38 
c---------------~T~,------~==~ 

FlG. 11. The variation of Triton's atmospheric and surface tempera· 
tures ys C/o/Cft. Cft is 9 x 10-: and C1t varies upward and downward 
by one order of magnitude from the value we compute on lhe basis of 
boundary layerthcory, C/o would have to be implausibly small to achieve 
an atmospheric Icmper.IlUre of 48 K. 
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FIG. U. The emissivity of Triton' 5 N: from required for TF - 37.7 
K vs the cutoff albedo for heat transfer coefficients of C~ • 9 X IO-l 

and C'1i .. I x 10-:. Based on plausible values fOrlhe cutoff albedo and 
the heatlransfer coefficients. the irest emissivity must be 0.77 > OF > 
0.7. 

1 X 10-1• although the emissivity results are quite insensi
tive to the actual values as long as C~ s 10- t X C~. The 
sharp decline in emissivities for 0.8 < Ac < 0.85 is due. 
once again. to the rapid change in frost distributions as 
the cutoff albedo changes. For Ac > 0.85 large portions 
of the area around the south pole are unfrosted. greatly 
reducing the amount of insolation received by the frost. 
The result is that lower emissivities are required for (J A = 
37.7 K. The presence of large unfrosted areas on the South 
Polar Cap is inconsistent with both the appearance of the 
cap and the circulation model ofIngersoll. so we conclude 
that emissivities lower than about 0.7 are unrealistic. Ta
ble 11 summarizes the energy balance for Triton's frosts 
in the case of Ac = 0.75. C~ = 1 X 10-2• and C~ = 9 X 
10-1• 

DUST DEVILS AND PLUMES 

We have applied our model to the case of a hot spot on 
the South Polar Cap as a test of the dust devil hypothesis. 
An unfrosted patch with a high equilibrium temperature 
might serve as the source ofa buoyant plume (dust devil?). 
but the heat flux caried away by the plume must not cool 

TABLE II 
Frost Energy Balance 

Total frost arel1 (41rRt) 
Projected frost area (,rRtl 
Average frost albedo 
Average insolation received by frost 
Convected heat flux (down) 
Convected heat flux (up) 
Frost emissivity 

94% 
94% 
0.77 
86.3 erg cm-: S-I 

0.3 erg cm-1 S-I 

:s erg cm-: S-I 

0.75 

NOlt. At: D 0.75. C'1i • I x 10-:. and C1t • 9 x 10-:. 

the spot off too much. or the plume will shut down. The 
plumes observed on Triton operated relatively steadily 
over a period of 1 h (Soderblom el al. 1990). and the 
fact that none were observed to start or stop during the 
encounter suggests that they probably persist for longer 
periods. The imaging data require that the source spot for 
the plume (if it has an albedo much different from the 
surrounding material) be <2 km in diameter. Since this is 
below the resolution of our albedo map. we have modeled 
a hot spot on the South Polar Cap (S-r south latitude. the 
position of the East Plume) as a single pixel with an'a1bedo 
that we select. In terms of the global energetics this is 
equivalent to many smaller spot~ at subresolution scale. 
We have not yet included any of the physics of buoyant 
plumes. so these results are independent of the size of the 
hot spot we choose. so long as the global energy balance 
is unaffected. We run the model for a range of spot albedos 
and calculate the temperature of the spot which results. 

Our results for a hypothetical dust devil spot are shown 
in Fig. 13. The straight lines are for the usual temperatures 
in the model. and the curved lines are the temperature of 
a pixel at S-r south latitude vs the albedo of that pixel. 
The upper thin curve gives the eqUilibrium temperature 
of the pixel. and the lower curve is the temperature with 
the convective heat flux included. Two features of the 
graph are important. First. we have not changed the global 
energy balance significantly by changing the albedo of a 
single pixel. as evidenced by the fact that the lines for T F • 

TA • etc. are horizontal. Second. T,po, is only 1 or 2 Kless 
than ~pot' indicating that the convected heat flux does not 

60 

~ 
;; 50 .. 
" Il. e :. 

40 

______ --I4 ________________ ~~--~ 
T.--T.·---

T, 

Hot Spot Albedo 

FIG. 13. The temperature of a hypothetical unfrosted spot at 57'S 
latitude vs the albedo assigned to it. The upper curve is the temperature 
without convection. and the lower curve results when convection is 
included. The model parameters are At: • 0.75. C1t • 9 x 10-:. and 
C'1i • I X 10-:. 
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FIG. 14. The velocity ofa buoyant plume in Triton's atmosphere vs 
altitude. The curves at left are for an initial upward velocity of 10 m S-I 

and those at the right are for an initial velocity of ~o m 5-1• The solid 
lines are the velocity in our atmospheric temperature profile. which has 
an inversion in the lowest two kilometers. The dashed lines are for 
propagation into the atmospheric model of Yelle ./ al. (1991). The 
temperature inversion causes weak plumes to stagnate in the lower 
atmosphere. 

cool the dust devil spot off a great deal. even though Tit, 
is generally much smaller than the temperature of the 
spot. This means that dark spots at the latitude of the 
observed plumes will stay hot and might serve as stable 
sources of buoyancy to drive plumes. For high values of 
the spot albedo (>0.88) the temperature of the spot falls 
below the frost temperature because we have calculated 
the spot temperature using the equations for type I areas 
regardless of whether the spot we have chosen falls into 
that category. In terms of the global energy balance. the 
hypothetical spot is classified by type and included in the 
calculation correctly. 

The presence of a temperature inversion above the 
frost-covered regions discussed earlier has implications 
for the propagation of plumes through the troposphere. A 
model for the plumes which involves buoyancy forces due 
to nitrogen condensation in the atmosphere was presented 
by Yelle et al. (1991). under the assumption of an atmo
spheric temperature profile which decreased with altitude. 
Here we evaluate the effects of a near-surface inversion 
on such plumes. Using the curve labeled 0.6 in Fig. 6. we 
exmaine the upward propagation of a moist convective 
plume. with a width of I km originating from a surface 
region covered with nitrogen frost. We assume for this 
exercise that entrainment in the lowermost part of the 
atmosphere is sufficiently small that the temperature pro
file within the plume as it rises and expands is the moist 
adiaibat due to nitrogen condensation. as in Yelle et al. 
(1991). Figure 14 shows the velocity profile for initial 

upward velocities of 10 m S-I and 20 m S-I. for a back
ground atmosphere with and without an inversion in the 
first 2 km above the surface. The initial velocities are on 
the low end of those required to explain the plumes in the 
Voyager images. which propagate up to the tropopause at 
8-10 km CYelle et al. 1991). The 20 m S-I plume is little 
affected by the inversion. and will continue upward to 
the tropopause. The 10 m S-I plume is truncated by the 
inversion due to loss of buoyancy; plumes with smaller 
velocities will be truncated at even lower altitudes. 

The figure illustrates the potential for the temperature 
inversion to truncate plumes with low initial upward ve
locities. irrespective of the particular value of the temper
ature gradient above the inversion layer. Such truncation 
may provide an explanation for the observed "wind 
streaks." Plumes will tend to entrain dark material from 
the surface Cor subsurface below the frost) in the upwelling 
column CYelle et al. 1991). "Wimpy" plumes which fail in 
the inversion layer will deposit their load of dark material 
according to the low altitude winds. This is in contrast to 
more vigorous plumes. seen in the images. which break 
through the inversion and carry their load up to 8-10 km. 
where it is borne and dispersed over large distances by 
the upper level winds. 

DISCUSSION 

The results of our model indicate that the atmospheric 
temperature. Tit, = Bit, - 0.75 K. at the top of the approxi
mately I-km-thick boundary layer is within :0.5 K of 
39 K for a cutoff albedo in the range 0.7 to 0.75. which 
we favor for reasons given below. Consideration of a 
generous (two orders of magnitude) range in the values 
for C~ only alter this conclusion by. at most. plus or minus 
I K. A small temperature rise of I K is also consistent 
with the presence of condensation clouds in Triton' slower 
atmosphere. Above the surface boundary layer the atmo
sphere will follow the dry adiabat of 0.75 K km -I until 
the atmosphere reaches saturation. For a temperature 
inversion of I K. the return to the vapor pressure relation 
will happen in slightly more than I km. suggesting that 
the atmosphere could be undersaturated. inhibiting cloud 
formation. in the lowest 1 to 2 km. but saturated and 
cloudy at higher altitudes. A relatively clear near surface 
layer would be difficultto detect in Voyagerimages. which 
have a maximum resolution of 1 km. A larger temperature 
rise in the boundary layer would imply a deeper cloud free 
region in conflict with the observations. 

The high atmospheric temperature found by Tyler et al. 
is inconsistent with the values we calculate for the heat 
transfer coefficients. Their atmospheric temperature is 
too high even if we ignore downward turbulent heat trans
fer and consider only conduction. which is less efficient. 
In that case we can calculate an effective heat transfer 
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coefficient by equating the conducted heat flux to an 
equivalent turbulent heat flux and solving for CH • 

where ks. = 300 erg cm- I K-I S-I (Weast 1967) is the 
conductivity of N~ gas at 38 K. p = 10-7 g cm- 3 is the 
atmospheric density. cp = 107 erg g-I K-I is its specific 
heat. U" = 24 cm s -I is the friction velocity. and ~ = 
IW cm is the boundary layer thickness. We have run our 
model with this value for C~ (and he = 0.75). and find an 
atmospheric temperature of 44 K. but must emphasize 
that there is no physical reason to expect a value of C~ 
as low as 10-". A more recent analysis (Gurrola et al. 
1992) of the radio science data gives a lower atmospheric 
temperature of 43 = 5 K. Our results in this study are in 
agreement with the lower end of this temperature range. 

We have used a simple mechanism. namely the cutoff 
albedo. he. to calculate frost distributions on the basis of 
Voyager imaging data. Perhaps more important than the 
frost distribution itself is the partitioning of unfrosted 
areas into regions which heat the atmosphere and those 
which cool it. Ingersoll (1990) showed how the evidence 
for wind directions on Triton is neatly described by a 
model for the global circulation which includes heating of 
the atmosphere over the equatorial regions. Figures 8 
and 10 show graphically where heat is supplied to the 
atmosphere as a function of both he and C~. In Fig. 8c. 
which is for a cutoff albedo of 0.8. all of the regions heating 
the atmosphere lie southward of 45° south. clearly in con
ftict with Ingersoll's circulation model. Figure 8a. where 
he = 0.7. reflects a Triton where most of the atmospheric 
heating occurs near the equator. although in longitudinally 
limited regions. Similarly. in Fig. lOa. which is for a rela
tively small downward heat transfer coefficient of C~ = 
1 X 10-3• all of the atmospheric heating is taking place 
southward of 45° south. In Fig. lOb. where C~ = IO-~. 
reflecting our nominal values for C~ and Cl'!. much more 
of the heating occurs in the equatorial regions. consistent 
with Ingersoll's circulation model. These comparisons 
with the circulation model lead us to favor relatively low 
cutoff albedos for determining the frost distribution. with 
0.7 S he < 0.75 being our best estimate. Also. our nominal 
values for C~ and Cl'! are consistent with the circulation. 
although for C~ somewhat larger more of the heating 
occurs near the equator. 

The existence of large unfrosted areas on the South 
Polar Cap is inconsistent with the observed atmospheric 
circulation on Triton. Such areas would heat the atmo
sphere more effectively than unfrosted regions near the 
equator with lower equilibrium temperatures. resulting in 
northward circulation at both high and low altitudes. The 

presence of large unfrosted areas on the South Polar Cap 
is also inconsistent with observations of the N~ absorption 
at 1.16 I'm. which requires N~ frost to be abundant on the 
portions of Triton visible from Earth. It also tells us about 
the appearance ofN~ ice on Triton. McEwen (1990) identi
fied six spectrally distinct surface units on Triton from 
Voyager imaging data. His units 3. 5. and 6. which have 
normal albedos of approximately 0.88 at 0.48 I'm. com
prise the bulk of what one would intuitively define as the 
South Polar Cap on the basis of its appearance in the 
Voyager images. Unit 1. which is similar in spectral slope 
to the other units. but has a normal'albedo of 0.8 at 0.48 
I'm. also lies on the South Polar Cap. Our results here. 
combined with the circulation model of Ingersoll. confirm 
that these four units from McEwen's study correspond to 
surfaces dominated by N~ ice. Our unfrosted areas overlap 
with the most southern portions ofMcEwen's units 1 and 
4 in the lower albedo equatorial band. but large portions 
of these two units north of the equator are defined as 
frosted in our model. A possible explanation for this is 
that small scale topography in the equatorial region is 
hiding the frost which is being deposited there in partial 
or total shadow (Yelle (1992». The equatorial region 
is especially suited to such an effect because the insolation 
angles there are currently large. enhancing the ability of 
low angle topography to influence the small scale frost 
distribution. Other possibilities are that there are frost 
deposits north of the equator which are too thin to have 
changed the spectral reflectance of those regions. or that 
solar energy stored in the subsurface in the equatorial 
region during the southern spring season may be keeping 
temperatures there above the equilibrium temperature 
that we calculate. This could inhibit the formation offrost 
on the surface north of the equator even though insolation 
there is weak. If the region from the equator to 45° north 
were unfrosted. it would change the energy balance of the 
frosts in our models by approximately 10%. 

Based on the above arguments for 0.7 shes 0.75. we 
conclude that the emissivity ofTriton's N~ frosts is in the 
range 0.7 < eF < 0.77. which is well below unity. An 
explanation for this may lie in the spectral properties of 
N~in the far infrared. around the peak of the 37.7 K Planck 
function at 77 I'm. I1-N~. the solid phase at temperatures 
greater than 35.6 K (Brown and Ziegler 1979). has a broad 
absorption band centered at 154 I'm (Rich et al •• 1982) 
which is probably responsible for most of the thermal 
emission of Triton's N •. OI-N. has two much narrower far 
infrared absorption bands at204 and 143 I'm (St. Louis 
and Schnepp 1969) which control the emission character
istics at lower temperatures. The Planck mean emissivi
ties of 01- and f3-N~ as a function of particle size were 
calculated by Stansberry et al. (l990b). An emissivity of 
"'0.75 for f3-N~ at 37.7 K is achieved for "grain" sizes of 
approximately I cm. Here "grain" size is used in the 
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sense of a sample free of scattering centers such as void 
spaces. but which may be polycrystalline. For isolated 
grains smaller than I cm. the emissivity was seen to de
cline steadily. However. in some limit a surface composed 
of many closely spaced grains which are much smaller 
than the wavelength of interest begins to look like a sample 
free of scattering centers. The emissivity of such a surface 
should approach unity. assuming it is deep enough to 
achieve a large optical depth. Thus the N: emissivity we 
calculate from our energy balance models should provide 
some constraints on the physical state ofTriton's N: frost 
in terms of grain size and porosity. 

Our model for dust devils on Triton is admittedly over
simplified and only addresses the question of whether 
unfrosted areas in the south polar region will be hot in 
spite of the heat flux carried away by the atmosphere. To 
first (or perhaps zeroth) order the answer seems to be that 
there can be areas with temperatures as much as 20 K 
higherthan the atmospheric temperature. if they have low 
enough albedos (A :S 0.1). The spots must be :S I km in 
size. since no pixels with normal albedos of less than 0.2 
were observed by Voyager (Smith et al. 1989). Ingersoll 
and Tryka (1990) demonstrated that if the near-surface 
atmosphere is heated to temperatures of -50 K. a buoyant 
plume could form and rise to altitudes of greater than 10 
km. more than high enough to reproduce the plumes on 
Triton. 

The conclusion presented here. that unfrosted regions 
of the surface are unable to raise the atmospheric temper
ature by more than a few degrees. contradicts the sug
gestion made by Ingersoll and Tryka (1990) that convec
tion over warm areas of the surface could represent a 
mechanism for heating the atmosphere to 50 K. The 
disagreement is due partly to the quantitative calculation 
of solar energy deposition presented here. whereas In
gersoll and Tryka (1990) presented only very simplified 
estimates. Perhaps a more important difference is the 
way in which forced convection in the boundary layer 
is handled. The results presented here have the virtue 
of using self-consistent values of heat flux and CH • 

Ingersoll and Tryka adopted a more empirical approach 
and estimated a Monin-Obukhov scale length of 3 km 
from the Tyler et al. (1989) temperature profile. This is 
a severe overinterpretation of the RSS results-they are 
nol of high enough quality to determine the length scale 
for temperature variations and the details of the profile 
presented by Tyler et al. are assumed rather than 
derived from the data. Our calculations indicate a 
Monin-Obukhov scale length of 0.3 km over frosted 
areas of the surface. a factor of 10 smaller than the 
value used by Ingersoll and Tryka. but for the same 
conditions. Monin-Obukov scale lengths in excess of I 
km are found only for heat fluxes smaller than 0.2 erg 
cm-: S-I. As a consequence of this. Ingersoll and Tryka 

underestimated the heat flux required to produce an 
atmospheric temperature of 50 K. 

The temperature inversions we predict over the frosted 
portions of Triton have interesting implications for the 
dynamics of buoyant plumes of the type discussed in Yelle 
et al. (1991). Plumes with an initial upward velocity of 
:S 10 m S-I do not achieve positive buoyancy while travel
ling through the region of the temperature inversion. so 
they decelerate. reaching zero upward velocity at alti
tudes of :S2 km. More energetic plumes with initial up
ward velocities of around 20 m s -I are not greatly affected 
by the temperature inversion in the lower atmosphere. 
and travel upward to a height of 8 km. where they are 
stopped by the inversion at the tropopause. The weaker 
plumes are a candidate for generating the "wind streaks" 
observed on Triton's surface (Hansen et al. 1990). be
cause they will deposit their load of particulate material 
according to the winds in the Ekman layer. Since the 
plumes are assumed to have entrained dust before erupt
ing from the surface. this model obviates the need for 
strong winds to entrain dust from the surface to form the 
wind steaks (Sagan and Chyba 1990. Eluszkiewicz 1991). 

APPENDIX A: 
ALBEDO MAPPING OF TRITON 

Among Ihe images relurned by Voyager 2 are full-disk six·fiIter se· 
quences of Triton acquired at low phases anaJes (11'-39") and at various 
rotational longitudes during Ihe approach to Neptune. and higher·phase 
images (61'-79") in selected filters coverinl ponions of the Neptunc· 
facing hemisphere. These data (Table AI) have been used to model 
Triton's "bolo metric hemispheric albcdo" (or simply "albedo"). which 
is the ratio of total solar cnel'iY scallered by a surface clement to the 
total solar cnel'iY incident on the clement. Although additional images 
at phase anaJes greater than 79' would be desirable. thosc acquired 
durinll thc ftyby wcre not selected forthis study because (I) the 97'-1lB' 
phase images cover only small areas near the terminator; and (2) the 
brightnesses of all other high phase imalles (130'-160") arc dominated 
by scallering from the atmosphere and airborne clouds and plumes 
(Smith ~I 01. 1989. Hansen ~I 01. 1990. Hillier et 01. 1990. 1991a). 

Reffectance Function 

Preliminary modeling with the photometric function of Hapke (\984) 
indicated that the macroscopic roughness parameter for Triton is ncar 
zero (Smith ~I 01. 19891. Also. because the lowest phase angle is I I'. the 
opposition effect is not observcd. and a backscaller function is not 
needed to fit the data. Also. the opposition effect has little effect on 
the albedo (Hapke 198\). Therefore. a simplified version of Hapkc's 
equation with the Henyey-Grecnstein phase function (P(a)) was choscn 
for the reftectance function. where 

where II' is single'scallering albedo." is the cosine of the emission anaJe. 
and ". is the cosine of the illumination angle. The Henyey-Green5lein 
phasc function is 
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FDS Phage 
(frame count) angle 

1I~8.24-11~9.33 12" 
11277.49-11278.21 13· 
11291.41-11292.12 14· 
11298.49-11299.01 IS· 
11313.03-11314.00 IS" 
11338.26-11339.23 22" 
11348.23-11349.20 24· 
11371.48-11372.45 27" 
11377.09-11377.27 2S" 
11386.39-11387.14 38· 
11392.55-11393.23 61· 
11393.40-11393.50 63· 
11394.45 70-

°11395.09 74· 
11395.27 79" 
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TABLE AI 
Image Sets Used Cor Photometric Modeling 

SubspacecnUt 
lat. Ion 

-51.89 
-53. 127 
-54. lS7 
-54. 173 
-55.207 
-52.268 
-49.290 
-38.337 
-33.346 
-13.360 
+ II. 11 
+ 14.13 
+20. 17 
+24.20 
+28, ~ 

Resolution 
(km/pixell 

SO 
42 
36 
33 
28 
20 
17 
9 
7 
4 
1.6 
1.3 
0.9 
0.7 
0.6 

Filters" 

all 
all 
all 
all 
all 
all 
all 
all 

GR. CL. VI. UV 
all 
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GR. CL. VI. UV 
CL 
CL 
CL 
CL 

" Voyager narrow·angle camera filters: OR (0.59 q 0.03 (m). GR (0.56 q 0.04 fm). BL (0.48 q 0.04 fml. CL (0.47 q 0.14 (m). VI (0.41 q 0.03 fm). 
UV (0.35 q 0.03 fm). 

PIa) -. "". (I + g" + 2gcosa,--
(( - r!J (2A) 

where g is a parameter that varies (rom - I to + I and a is the phase 
angle. The H functions can be approximated by 

(( + lr) 
H(x) - (I + lr(\ - .... )IIl)· 

(3A) 

where w' is nonnaJly taken as the single-scallering albedo. However. 
by making w' an independent parameter we found that the fits to the 
Triton data were significantly improved (see Table All). The (unction in 
this (arm should be considered entirely empirical. For the mapping of 
albedo we need a model that accurately describes the data. and do not 
care whether or not the filled parameters arc "pbysically meaningful" 
as is often assumed o( the Hapke parameters (e.I., Hillier ~I 41. 1990. 
1991a. Buratti tl at. 19911. 

Solutions (or II and w' were derived (or each filter by finding those 
values that resulted in the smallest mean absolute deviation in nonnal 

albedo between corresponding pixels in the coregistered simple cylindri" 
c:aJ (ormat (weighted by the cosine of the latiWde to normalize by surface 
area). Rather than foUowing the usual approach of minimizing the devia
tion squared. we chose to minimize the mean absolute deviation because 
this is a more "robust" estimation. i.e •• less influenced by extreme or 
outlierdatapoints (Press ~I 41. 1986). By solvina for II and ... • on a pixel
by-pixel basis. systematic variations in surface albedo (such as relatively 
dark surface units at high illumination angles near the equator) will not 
bias the results (McEwen (986). The mean global results in all six narrow
angle camera filters (Table All) arc verY near (within 0.01) - 0.28 for II 
and 0.96 for ..... 

We searched for variations in photometric properties of different 
surface units by making rutios of simple cylindrical images (of the 
same filter) with different subsolar and subspacecraJ't positions. Prior 
to rutioing. the images were corrected to nonnal albedo by Eq. ((A) 
with II - -0.28 and w' - 0.96. To first order. the rutios all appeared 
flat with a mean value o( 1.0. as expected if the photometric correction 
adequately describes the data. (Note that many published photometric 
models (ail this test.) If distinct photometric units exist on Triton. 
they should (orm discrete patches o( relatively high or low rutio 

TABLE AIl 
Photometric Function Fits 

Best fits with .... - w Best fits with independent w' 

Filter II ... Deviation a III Deviation 

OR -0.26 0.984 0.045 -0.27 0.953 0.034 

GR -0.25 0.984 0.040 -0.27 0.955 0.029 

BL -0.26 0.986 0.047 -0.29 0.957 0.035 

CL -0.27 0.989 0.045 -0.28 0.962 0.035 

VI -0.30 0.991 0.050 -0.29 0.963 0.039 

UV -0.26 0.996 0.OS2 -0.27 0.963 0.065 



TRITON'S ENERGY BALANCE 259 

values. Only one obvious anomalous area was seen (described below). 
Note that we did not make a comprehensive search for photometric 
anomalies: we simply wanted to ~tisfy ourselves Ihal the alobal 
average values for II and w' an: adequate for our purposes. 

The one area wilh anomalous scallering behavior is a bright palch 
centered at latitude 50" south. 10nBitude IO" east which darkens with 
increasing phase angle less than other areas on Triton. One of the 
active plumes (west plume) discovered on Triton (Soderblom tl 01. 
1990) was originating from the eastern (upwind) marKin of this bright 
patch. The photometric anomaly has the precise outline of the bright 
patch and does not have the east-west elongated form of the plume. 
which suggests that the anomalous material is most likely on the 
surface. perhaps consisting of fresh frost condensing out of the plume. 
However. the atmosphere darkened poleward of the latitude of west 
plume (Soderblom tl 01. 1990. Fig. 6). so atmospheric effects cannot 
be ruled out. 

Albedo Mapping 

Multispectral mosaics covering most of Triton below the arctic circle 
were produced from the six·filter approach images (McEwen 1990). 
Images of hemispheric albedo were produced for each filter by numerical 
integration of the refiectance function over a hemisphere of emission. 
The hemispheric albedo images were combined and weighted by the 
fraction of solar energy incident in each bandpass rcf. McEwen el 01. 
1988) to model the bolometric albedo. Earth·based observations ofTri· 
ton show a relatively fiat spectrum from 0.6 to 2.0 I'm (Cruikshank 
el 01. 1989. Smith tl 01. 1989). so the Voyager orange·filter data were 
used to model the near·IR aJbed() (i.e .. with a fiat extrapolation for all 
surface units). Deep CHI absorptions beyond 2 I'm should not signifi· 
cantly affect the albedo because 93% of the solar spectral irradiance 
occurs at wavelengths shoner than ~ jlffi. However. evidence for loss 
of contrast at 0.89 I'm in Triton'sorbital light curve (Hillier el 01. 1991b). 
which is controlled by latitudinal asymmetries in the south polar cap 
marKin (McEwen 1990). is consistent with more ofa linear extrapolation 
(i.e •• the darker and redder nonhern equatorial unit continues to increase 
in brightness with increasing IR wavelength whereas the bright south 
polar cap remain spectrally neutral). ltthis inference is correct. then our 
albedo map would slightly underestimate (from this effect alone) the 
albedo of the nonhern equatorial region. Ponions of Triton just below 
the arctic circle (from about30" to 4S"N latitude) were imaged only near 
the extreme limb and/or terminator and are not covered in the mosaics 
of McEwen (1990). We filled this missing area in our albedo map by 
interpolation. 
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UPPER LIMITS ON POSSmLE PHOTOCHEMICAL HAZES ON PLUTO 

John A. Stansberry, Jonathan I. Lunine, and Martin G. Tomasko 

Department of Planetary Seiences, University of Arizona 

,U~lf'IJct. Elliot d AI. (1989J invoked a haze layer near 
the surface of Pluto to explain certain features of a stellar 
occultation by that planet in June, 1988. The primazy 
requirements for this haze layer were that it achieve unity 
tangential optical depth at a radius of 1174 Ian and be 
essentially transparent above 1189 Ian. We explore here 
the possibility that aerosols generated through methane 
photolysis could be respon"ible for such a haze layer. 
A comprehensive model of aerosol production, particle 
growth, aedimentation and condensation is applied to 
the atmosphere of Pluto using pressures, temperatures 
and composition derived from the stellar occultation and 
other data. We test two atmosphere models proposed 
in the literature, one from Elliot d AI. [1989J, and one 
from Hubbard cl IlL (1989J, as well as a range of optical 
properties for the particles. In order to produce a haze 
with unity tangential optical depth at 1174 lan, we had 
to use an aerosol mass production rate equal to twice the 
total methane dissociation rate due to solar UV expected 
for Pluto and usume that the particles produced were 
10 times more ablOrbing than those in other hazes in 
the outer solar system. The possibility of condenaation 
in the lower atmosphere WIt.I con"idered but did not 
result in distinctly different haze optical depths. I£ a 
photochemical haze on Pluto was respon"ible for the 
occultation lightcurve measured by Elliot et IlL, operation 
of a photochemical system different from thOle on Titan, 
Uranus or Neptune i, indicated. Alternatives include 
near sur!ace condensation processes driven by circulation, 
and the possibility that the occultation light curve can 
be explained in its entirety by temperature effects as 
proposed by Hubbard d AI. [1989J. 

Introduction 

The occultation of a star by Pluto on June 9, 1988 af
Corded a superb opportunity to learn about the atmo
aphere of this tiny outer planet. Elliot et IlL [1989) ob
tained data with the Kuiper Airborne ObseIVatory which 
contained, among other features: (1) a break in slope in 
the curve of signal intensity versus time, corresponding to 
a steeper decrease in starlight at a radius of roughly 1189 
Ian from Pluto center, and (2) a base signal level which 
is very low (roughly 0.005 flux relative to unrefracted or 
unextinguished starlight). Elliot el IlL modeled their data 
assuming a pure methane atmosphere with a temperature 
profile which is nearly isothermal or increasing modestly 
from the surface to a temperature of 67 K. To explain 
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the break in slope, an extinction layer with an abrupt top 
at 1189 lan, and unity tangential optical depth at 1174 
lan, was invoked. The methane pressure in the haze re
gion is several microbus. In the Elliot el IlL model, the 
surface is below the haze but is not well con"trained; as
suming sur!ace methane saturation the ground is placed 
at just above 1000 Ian radius, well below the eclipse ra
dius of 1142 Ian [Tholen and Buie, 1989) or the speckle 
interferometry corrected radius of 1152 Ian [Beletic et IlL, 
1989J. . 

Yelle and Lunine (1989) offered an sltemative picture 
of the Pluto atmosphere. By energy balance arguments 
involving ablOrption and reemiuion of solar infrared 
radiation by methane, they derived a temperature profile 
for Pluto's atmosphere which increases steeply from a 
surface value of 55-60 K to a nearly isothermal 106 K 
a Cew kilometers above the surface. Combined with the 
occultation scale height, the profile implies the presence of 
a second gas, heavier than methane; plausible candidates 
include carbon monoxide. nitrogen and ar!on. Hubbard 
dIlL [1989) showed that the Yelle and Lunine temperature 
prolile could produce the break in slope in the occultation 
data. They derived a surface pressure of roughly 3 
"b, 50% methane, at a radius or 1189 lan, well above 
the eclipse and speckle results. Eshleman (1989) baa 
considered non- isothermal models as well. with similar 
results. The Hubbard et IlL baseline model produced too 
much flux in the central region of the occultation curve. 
Ways to reduce the flux include (a) including a boundary 
layer with a steepened near sur!ace temperature profile 
[Bunten, pen. comm., 1989; Eshleman, 1989) or (b) 
invoking an extinguishing haze layer,lesa thick and abrupt 
than Elliot et CJl. 

Elliot d aL, in invoking the haze, suggest that it 
may be photochemical in origin and akin to the aerosol 
hazes in the atmospheres or other outer solar system 
bodies. This paper attempts to evaluate this suggestion, 
and also explores the nature of hazes which may be 
produced in the Hubbard et IlL atmosphere. We use a 
detailed model of aerosol growth and tranJport, coupled to 
atmospheric composition.s and temperature VI. pressure 
profiles proposed by the above authors. We conclude that 
the very low pressure in Pluto's atmosphere necellSitates 
an aerosol production rate equal to the total. maximnm 
methane photolysis .rate expected at Pluto, and that the 
aerosols produced be more absorbing than those on Titan 
if a haze layer is to be detectable in the occultation data. 

Description or Aerosol ~odel 

We have adapted a computer program previously used 
to model photochemical hazes on Titan (Toan el AI., 1980), 
Uranus (Pollack d 41., 1987J, and Jupiter [Smith and 
Tomasko, 1987), to model hazes in Pluto's atmosphere. 

1221. 
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The code tracks the growth and transport of aerosol 
particles in an atmOllphere with 110 prescribed temperature 
VlI. pressure profile, composition and pvity. Particles all 
begin in the smallest size bin and grow by coagulation 
and/or condenllation. The efficiency of coagulation 
depends on particle size and is calculated after the 
formulation of Fuchs [19641. The particles are allowed to 
fall under the influence of gravity with settling velocities 
calculated according to formuln.e in Kasten [19681, which 
are valid for both free molecular flow and Stokes flow. 
In the atmospheres we consider here sedimentation is 
predominantly in the Cree molecular flow regime. 

In order to estimate limits on the aerosol mass produc
tion rate at Pluto we scaled the production rate of aerosol" 
in Titan's atmosphere. At Titan methane chemistry is 
stimulated by both magnetospheric particles and solar UV 
radiation. However, oo1y a fraction of the methane pho
tolyzed is converted to aerosol forming products (tholins)i 
the remainder reacts to form ethane, acetylene and other 
light hydrocarbons IYung et cU., 19841. The aerosol pro
duction rate resulting from solar UV alone is estimated to 
be 3 X 10-14 g an-' 5-1 [Toon et cU., 19881. The change 
in solar flux between Titan and Pluto is presently a factor 
of 1/10, giving our lower limit of 3 x 10-1S g an-' S-I for 
the production rate at Pluto. An upper limit is estimated 
by assuming that all of the methane photolyzed produces 
tholins, and that cosmic rays provide as much energy Cor 
photolysis as solar UV, giving a maximum aerosol produc
tio:! mte c£ 6 x 10-14 g em-' S-I. This i. an overestimate 
since cosmic rays probably deposit their energy on Pluto's 
lUlface, IIOt high in the atmosphere. 

Based upon a comparison with the location where 
methane photolysis occurs in other outer solar system 
atmosphe:es, we took the level of particle production in 
our modeb to be at 0.1 nanobar.s. For 110 plane parallel 
atmosphere the corresponding altitude would be 700 Ian. 
Since Pluto'. radius is approximately 1100 \em, curvature 
effects (of order (R/ ~)' == 2.7) are important and the 
plane parallel approximation is invalid. Accordingly, 
we modified our program to conserve flux in spherical 
r;eometry and account for the variation of gravity with 
altitude. The photolysis level (.1 nanobars) moved upward 
to approximately 1000 \em, and this is the level at which 
we required all creation of particles to occur in our modeb. 

In some model runs condensation of gases onto pre
existing aerosol" was allowed to occur near the surface 
where both the Hubbard et a1. and the Elliot ct a1. 
atmospheres have 110 lower temperature. In the absence 
of a detailed ehemic:al and gas diffusion model, and in 
the interest of exploring the poesibility of an optieal1y 
thick haze in Pluto'. atmosphere in 110 timely fashion, we 
simply allowed half of the mass production to go towards 
condenllable gasses in the lower atmosphere. Including 
condensation typiea1ly resulted in optically thinner hazes 
as discussed below. 

Khare et cU. [19841 have experimentally determined the 
optical properties of photochemical products formed in 
low pressure mixtures of nitrogen and methane (tholins). 
The products of these experiments closely reproduced the 
appearance of the hazes in Titan's upper atmosphere. 
Subsequently, Khare et 41. [198il performed similar 
experiments in a range of gas compositions with hydrogen, 

methane and helium. Baaed on their results we allowed 
a range of optical properties Cor the particles in our 
modeb. Using a mie scattering calculation and particles 
with real index of refraction ~ = 1.6 and imaginary index 
II; = {O.OOl,O.Ol,O.l}, we derived extinction coefficients 
for particleo in the size range 1 om < r < 10 JIm at a 
wavelength of 0.64 pm. An imaginary index of refraction 
in the range 7 x ~O~ < II; < 5 X 10-3 is appropriate for the 
ProdUets of photolysis in a pure methane gas (Khare et cU., 
19871, while II; == 10-' is more appropriate Cor a Titan 
tholin (Khare et cU., 19841. By using a value of II; F 0.1 
we hope to place an upper limit on the optical thickness 
of hazes in Pluto's atmosphere. Table 1 summarizes the 
assumptions included in our model. 

TABLE 1. PARAMETERS USED IN MODEL 

quantity 
initial particle radius 
mass production rate 

photochemical level 
0., index of refraction 
II;, index of refraction 
extinction wavelength 

value assumed 
0.001 pm 

3 x 10-15 to 6 X 10-14 

(g an-' S-I) 

0.1 Db CRt (1000\em) 
1.6 

{O.OOl, 0.01, 0.1} 
0.64 pm 

Atmosphere Modeb and Results 

The two atmospheric modeb we considered are 1IUDl

marized in Table 2. The first, designated ELl, was pro
poeed by Elliot et a1. [1989). Their occultation experiment 
yielded two quantities of interest here: the ratio of tem
perature to mean molecular weight, and the total pres
sure, both at a ~ce level. The reference level used 
(the half-light radius) was defined by the point where the 
stellar flux was diminished by a factor of two from itt 
background level, and occurred at a radius of 1214 Ian. 

TABLE 2. ATMOSPHERE MODELS AND RESULTS 

parameter ELI HUB 
Po (pb) 75.0 2.7 
T(K) 58 to 67' 56 to 106 
eompoeition em. 1:1 CRt:CO 
!o (an s-') 84.0 61.0 
ro (\em) 1013 1189 
r (tangent) 0.99 to 7.2 x 10-3 0.27 to 1.0 x 10-3 

r (vertical) 0.14 to 1.3 x 10-3 0.025 to 9.5 x 10-' 

ELI UII\lII1eS 110 pure methane composition giving an at
mospheric temperature at the half-light level of 67 K. The 
total pressure at that point was determined to be 0.78 pb. 
EL 1 assumes that the surface pressure is equal to the sat
uration vapor pressure of methane at 58 K, the lUlface 
temperature of Pluto determined by Sykes et cU. (1987). 
The atmOllpheric temperature is taken to be 58 K from 
the lUlfaee to the top of their extinction layer at 1189 
\em. and 67 K upward Crom that point. Hydrostatic equi
librium then requires a rather small Pluto radius of 1013 
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Ian. The second model, designated HUB, is patterned af
ter the results of HubbMd et 41. (19891, azid ineludes a 
strong temperature gradient, from 56 Ie to 106 K, in the 
bottom 4S Ian of the atmosphere. The temperature or 
106 K in the upper atmosphere requires a mean molecu
w weight ror the atmosphere or roughly 25, indicated in 
Table 2 by a 1:1 mix or methane and carbon monoxide 
(nitrogen is another pos!ibility). An important difference 
resulting from this is that the photolysis level in the HUB 
model occurs deeper in the atmosphere than in ELI since 
the methane abundance is down by a factor of two. 

The extincting layer proposed in Elliot et al. started 
abruptly at a radius or 1189 Ian and quickly thickened 
to a tangential (line of sight) optical depth of unity 15 
Ian lower down.. The results of the aerosol model are 
given in the last two 1ines oC Table 2 and illustrated in 
Figure 1. Our maximum and minimum tangential optical 
depths at a radius or 1174 Ian ror the Elliot et al. and 
Hubbard et al. atmospheres are given in the row or Table 
2 labeled 'r (tangent)', and reach an extreme value of 

2000 

- 1800 
S 
~ -en 1600 
=' .... 

'C 
a:s 

0:: 1400 

1200 

1000~~~~~~~~~~~ 

-8 -6 -4 -2 0 

log (Tangential Optical Depth) 
Fig 1. The tangential optical depth due to extinction 
by aerosol particles at a wavelength of 0.64' pm as a 
function or Plutocentric radius. Elliot et al. [1989J 
hypothesized a haze layer with unity tangential optical 
depth at a radius or 1174 Ian and an abrupt top at 
1189 Ian in order to explain the occultation lightcurve 
measured through Pluto's atmosphere. Our maximum 
and minimum hazes are shown for two atmosphere models 
which are summarized in Tables 1 and 2. The maximum 
haze produced in the Elliot etal. atmosphere model (ELI) 
has approximately the same properties as the proposed 
haze layer, although detailed models of the occultation 
light curve which would result !rom this haze have not been 
performed. 

unity. The values for the Hubbard et al. atmosphere are 
given at 1189 Ian (the bottom of the aerosol calculation). 
The minimum optical depths in all models correspond 
to particles with OJ = 0.001 and a production rate of 
3 x 10-IS g cm-2 ,-I, and the maximum to OJ = 0.1 and 
a production rate of 6 x 10-14 g cm-2 S-I. Most models 
which included condensation were different only in that 
they were optica;1ly thinner than the comparable models 
excluding condensation. This results directly from our 
assumption that the total mass production rate is divided 
between creation of particles high in the atmosphere and 
condensation in the lower atmosphere. The tangential 
optical depth as a function of altitude is shown in Figure 1. 
Maximum and minimum optical depths in both the Elliot 
et tsl. (solid lines) and the HubbArd et tsl. (daahed lines) 
atmospheres are plotted. Shading indicates the range 
of model results we obtained. The optical depth of the 
hazes is a smoothly increasing function of altitude in all 
models although a lmee in the optical depth profile does 
occur in the region just above the proposed haze layer. 
If tangential optical depths ::; 0.5 would be seen as clear 
atmosphere in the occultation results, then the maximum 
ELI haze might fully explain the light curve •. Detailed 
models of the efFect of our haze on the light curve should 
be examined in order to determine this. The optically 
thickest model which included condensation is plotted just 
below the maximum ELI haze model. It was identical 
to that model except that half of the production rate 
was required to go into condensation in a single layer 
near 1190 km. ~ stated earlier, the resulting haze is 
optically thinner than if condensation does not occur. 
Telescopic observations of Pluto's surfa.ce constrain the 
verticle optical depth to be ::; 1, and Elliot et al. required 
it to be ~ 0.19. ~ shown in the last row of Table 1, 
none of our model hazes violate the first constraint, and, 
again, the thickest haze is consistent with the Elliot et al. 
constraint. 

Timescales 

It is of interest to evaluate the timescales for production 
and decay of photochemically-produced aerosols in Pluto's 
atmosphere, since Pluto exhibits strong seuonal efFects 
due to axial tilt and orbital eccentricity 011 timesca1es 
of decades (the orbital period being roughly 240 years). 
The timescale for buildup of an aerosol layer is just 
the total aerosol column mass density (1 divided by the 
production rate R. For the thickest haze in the Elliot 
et al. atmosphere, (1 = 1.1 X 10-' ~ cm-2, R = 6 X 

10-14 g cm-2 a-I, which leads to a timescale of 5.8 years, 
much amaller than a Pluto season and much longer than 
a Pluto day (6 days). The loss of aeroeols is primarily 
through sedimentation; here the timescale (r...,) is the 
atmospheric scale height H divided by the sedimentation 
velocity v. For Pluto's thin atmosphere sedimentation 
occurs in the free molecular flow regime, so that from 
Rossow (1978J 

r..., = !. = 27rrp (2kT)3
/

2 (16p,g'ar l 
, 

1/ rr~ 

where p = gas mass density, p, = density of aerosol 
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particles, It: = Boltzmann's constant, T = temperature, 
J.I = molecular weight of atmosphere, 9 = gravitational 
acceleration and G = particle size. For aerosol particle 
density of 1 g cm-3 and size 8 X 10-1 J.lm (typical in 
our models), three scale heights above Pluto's surface 
r, .. = 0.03 to 0.3 year; for a density of 0.1, r .... is of 
order 0.3 to 3 years. In either case, the fallout time 
is again shorter than a season and much longer than 
a Pluto day. We therefore conclude that the buildup 
and decay of the photochemically-produced aerosols is 
responsive to seasonal variations but does not respond to 
diurnal variations, justifying post-facto the treatment of 
the previous section. 

Conclusion 

We have used a detailed microphysical model to 
estimate the properties of aerosols created by methane 
photolysis in Pluto's atmosphere. Production of hazes 
as optically thick as suggested by Elliot et tsl. (1989J 
requires a mass production rate equal to twice the total 
methane dissociation rate expected from solar UV at 
Pluto, and particles that are 10 times more absorbing 
at 0.64 J.lm than aerosols produced photochemically on 
Titan. It is not clear whether the haze structure we 
obtain would be capable of reproducing the occultation 
lightcurve results obtained by Elliot et al. The thickest 
haze for the atmosphere model of Hubbard et tsl. (1989J 
might violate their assumption of a clear atmosphere, 
although this is an extreme case. If Elliot et al. are correct 
in invoking a near surface, discrete, haze, photolysis in 
Pluto's atmosphere is both more efficient than at Titan 
at producing tholins, and it results in tholins with optical 
properties unique in the outer solar system. Because 
no strong negative temperature gradient is predicted for 
Pluto, cumulus condensation is not possible; however, 
boundary layer fogs near the terminator are possible 
(Hunten, per3. comm., 1989J. It may also be that 
the interpretation of Hubbard et tsl. that the apparent 
extinction near rurface is due to a steep temperature 
gradient with no haze required at all is cor=:t. 
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Ab3tract. We present model occultation light curves demonstrating that a strong thermal 

inversion layer at the base of Pluto's stratosphere can reproduce the minimum flux mea

sured by the Kuiper Airborne Observatory (KAO) during the 1988 occultation of a star 

by Pluto. The inversion layer also forms the occultation equivalent of a mirage at a radius 

of 1206 lan, which is capable of hiding tropospheres of significant depth. Pluto's sun:ace 

lies below 1206 lan, its radius depending on the depth of the troposphere. We begin by 

computing plausible temperature structures for Pluto's lower atmosphere, constrained by 

a calculation of the temperature of the atmosphere near the surface. We then trace rays 

from the occulted star through the model atmosphere, computing the resultant bending 

of the ray. Model light curves are obtained by summing the contribution of individual 

rays within the shadow of Pluto on the Earth. We find that we can reproduce the KAO 

light curve using model atmospheres with an inversion layer having a temperature gradient 

of ~ 20 K lan-I at its base. We have explored models with tropospheres as deep as 40 

lan (implying a Pluto radius of 1166 lan) that reproduce the suite of occultation data. 

Deeper tropospheres can be fitted to the data, but the mutual event radius of 1150 Jan 

probably provides a lower bound. If Pluto has a shallow or non-existent troposphere, its 

density is consistent with formation in the solar nebula with" modest water loss due to 

impact ejection. If the troposphere is relatively deep, implying a smaller radius and larger 

density, significant amounts of water loss are required. 

Introdu.ction 

Our knowledge of Pluto and its atmosphere has increased dramatically in recent 

years because of a series of mutual events in which Pluto and its moon Charon successively 

eclipsed each other, an occultation of a bright star by Pluto in 1988, and the advent of 

sensitive infrared and sub-millimeter spectrometric and photometric capabilities. In the 

present paper we utilize these diverse data sets together with new modeling to assemble 

a picture of the physical state of Pluto's surface and atmosphere, as well as infer Pluto's 
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density and bulk composition. 

We rely on albedo maps of Pluto's surface and the stellar occultation data 

to constrain our models. The five year long series of mutual eclipses between Pluto and 

Charon have been used to produce maps of surface albedo on both bodies.1•2 From these 

maps we compute the distribution of surface temperatures on Pluto. By considering ene~gy 

exchange between surface and atmosphere we then constrain the tempera~ure of the atmo

sphere above the planetary boundary layer. The stellar occultation of 1988, observed from 

the Kuiper Airborne Observatory (KAO) and other stations 3.4 yielded peculiar lightcurves 

which have been interpreted in terms of haze extinction, 3.5 or a temperature inversion from 

the cold surface to a warm middle atmosphere.4•5•6.i' The inversion model leads to the pre

diction of an atmosphere dominated by a mass 28 (e.g. N2 or CO) molecule, rather than 

CH4 (mass 16).8 This prediction is strongly supported by near-m spectroscopy,9 which has 

detected the solid N2 2.16 I'm absorption band on Pluto. The inversion model has been 

criticized on the grounds that it fails to achieve the very low (~ 2% 10) stellar intensity 

observed by the KAO at light curve minimum.4•1l We show that pure inversion models, 

with sufficiently large temperature gradients and no haze, can reproduce the bottom of 

the KAO lightcurve. 

Regardless of whether the haze or thermal inversion layer model was used, the 

radius of Pluto inferred from the occultation data4 , < 1180 km or. ~ 1195 km, has been 

significantly larger than the radius inferred from the mutual event data. 1 We explore this 

discrepancy by considering the possibility that a troposphere, lying below the temperature 

inversion, would have escaped detection in the 1988 occultation data. We consider a range 

of troposphere depths (0 to 40 lan), using previous work on the temperature structure of 

Triton's troposphere 12.13 as a model for Pluto's. We can reproduce the occultation data 

for any of these troposphere depths by varying the tropospheric temperature structure, 

so Pluto.radii in the range 1166 to 1206 km are compatible with the occultation data. 

3 
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It should be noted that 1166 Ian is simply the smallest radius for Pluto that we have 

considered in detail: fits to the data can be also be achieved for deeper tropospheres 

(smaller radii). The 1150 km mutual event radius of Buie et al.1 probably provides a lower 

bound on the real radius because models of the mutual event data that include the effect 

of limb darkening 2 yield larger radii. Thus, we have covered the reasonably acceptable 

range of Pluto radii with these models. Finally, we show that these radii imply that Pluto's 

bulk density is between 1.73 and 1.94 g cm-3, and use current understanding of early solar 

nebula composition to discuss probable scenarios for Pluto's genesis and early evolution. 

Surface - Atmo~phere Energy Balance 

In order to determine the temperature of Pluto's near surface atmosphere, we 

need to calculate the flow of energy between the surface and atmosphere. We approach 

this problem using the model of Stansberry et al.,12 which was previously applied to the 

energy balance on Triton. The model calculates the partitioning of absorbed solar energy 

between radiation in the infrared, transport of latent heat via sublimation and condensa

tion of volatile N2 ices on the surface, and heating of the atmosphere by convection from 

warm regions on the surface. Conduction of heat into the subsurface is neglected. Using 

the albedo maps of Buie et aZ.1 and Young and Binzel 2 we calculate bolometric albedo dis

tributions on PlutO.I4 The bolometric albedo is then used to calculate surface temperatures 

and the N2 ice distribution. IS Table 1 summarizes the results of our surface-atmosphere 

energy balance calculation for Pluto. Values based on both albedo distributions are shown, 

where applicable. Average values are given for the temperatures of areas free of N2 ice and 

the heat fluxes associated with them.I6 

The relatively large temperature contrast (> 10 K) across Pluto's surface is a 

possible mechanism for supplying the CH. mixing ratio .of > 10-3 required in Yelle and 

Lunine's model for heating Pluto's upper atmosphere to:::::: 106 K.8 A mixing ratio of 10-3 

is well above what is obtained if the CH. and N2 ices are at the same temperature, but if 
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CH4 exists on the surface at temperature a few Kelvin warmer than the N2 ice, a mixing 

ratio of 10-3 is reasonable. The existence of regions with distinctly different temperatures 

may also resolve the conflict betwen the infrared and sub-millimeter surface temperatures 

of PlutoF 

The model produces a globally averaged atmospheric temperature at the top of 

the planetary boundary layer. The assumption of a single temperature fo~ the atmosphere 

at that level results in an overestimate of the convected heat flux between the surface and 

atmosphere. Negligible errors in surface temperature are introduced by this simplification 

because these heat flu."<:es are small compared to the solar heat flux. In reality, the tem

perature of the atmosphere over warm areas will be higher than over colder areas. This 

gradient in atmospheric temperature may drive a circulation, producing a region of neg

ative temperature gradient, i. e. a troposphere. Radiation and conduction are neglected 

within the lower atmosphere, a simplification that is justified P03t facto by the observation 

that the upward convected heat fluxes we calculate exceed the conducted stratospheric 

heat flux by over two orders of magnitude. 

Upper Atmo3phere 

The discovery that N2 is the dominant ice on the surface of Pluto 9 dictates 

that the atmosphere be composed primarily of N2 , not Ca., in accord with the conclusion 

of Yelle and Lunine.8 N2 ice is a very weak absorber of near infrared light compared to 

CH", and it must dominate the surface in order to have been detected at all. N2 also 

has a vapor pressure approximately 10" times larger than that of Ca., the next most 

abundant molecule detected on Pluto.9 Thus, N2 is very likely the primary constituent of 

the atmosphere. Yelle and Lunine 8 noted that the temperature of a pure N2 atmosphere 

would be close to the surface temperature, giving a scale height of ::::: 30 km, but the 

presence of CH4 at a mixing ratio of 10-3 would absorb enough solar infrared radiation 

to heat the atmosphere to more than 100 K. The 1988 occultation data 3,18 revealed that 
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the atmosphere had a scale height of approximately 60 km at a radius of about 1250 km, 

consistent with a N2 atmosphere at 106 K.. The overabundance of CH. necessary to achieve 

this agreement is paradoxical because N 2 has replaced CH. as the primary atmospheric 

constituent, yet CH. is crucial for achieving atmospheric temperatures of 106 K. We have 

adopted a parameterized model 19 of the atmosphere with a stratospheric temperatur~ of 

106 K, and a conductive temperature profile (inversion) linking the stratosphere to the 

much cooler surface or tropopause. This parameterized temperature profile depends only 

on the temperature at the tropopause, and the heat flux conducted downward from the 

stratosphere. 

Tropo3phere 

Rather than develop a detailed model of a hypothetical Pluto troposphere, we 

have considered a variety of plausible schematic troposphere structures. The most ba

sic measure of the troposphere is its depth, which we have allowed to vary from 0 to 40 

km. The temperature gradient in the troposphere is a more complicated issue. The heat 

flux convected from the surface to the atmosphere is more than 2 orders of magnitude 

greater than the stratospheric heat flux. Characteristic temperature gradients associated 

with heating from below are the wet pseudo-adiabat, -0.1 K km-1, or the dry adiabat, 

-0.75 K lan-I, above the planetary boundary layer. The equatorial atmosphere, which 

most influenced the KAO lightcurve,3,4 is where heating is oc~g. It is probable that 

a spatial mixture of the wet and dry adiabats, or an intermediate temperature gradient, 

applies there. While an upward convected heat flux produces negative temperature gradi

ents, downward convected heat fluxes increase the temperature gradient and can result in 

positive temperature gradients 12 if the downward heat flux is more than ~ 0.5 erg cm-2 

S-I. We have explored a range of models for Pluto's troposphere incorporating lapse rates 

appropriate to both upward and downward convection, either singly or in combination (two 

different lapse rates applying over 2 layers in the troposphere). The final constraint on the 
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troposphere is the temperature near the surface, which we calculate in the energy balance 

model to be between about 50 and 55 K. We have taken 50 K as the base temperature 

in all of our models. If the troposphere is 40 km. deep, our lightcurve fits yield a surface 

radius for Pluto of 1166 kIn, close to the mutual event radius of Buie et al., l 1150 km. 

Fitting the KA 0 LightcuT1Je 

We use three critical points in the KAO lightcurve to determine the atmospheric 

structure above the tropopause. These three points, taken from Elliot and Young, 5 are 

the time to half light, tt, time to the "knee" (see Figure 3) in the lightcurve, tk, and the 

time for the flux to fall to lie of the value at the knee, t T • The reference pressure (at 1250 

km.) is determined by t t. The spacing between t t and tT determines the tropopause level, 

and the interval between tT and tk constrains the steepness of the temperature gradient at 

the base of the stratosphere. We present our models in terms of the radius from the center 

of Pluto's shadow on Earth rather than times, and the corresponding values of these radii 

are r'l = 1174.61 ± 2.12 km, ~ = 1124.68 ± 2.25 km., and ,;. = 1091.26 ± 3.15 km. Our fits 
3 

reproduce the location of these features to within 0.5 km. Number density is derived from 

hydrostatic equilibrium and the constraint that the pressure (assuming an N2 composition) 

at 1250 km is 1.38 J'b.20 Figure 1 illustrates a subset of the temperature profiles we have 

explored. Table 2 summarizes some atmospheric parameters we derive. 

SynthetJitJ of lightcuTTJetJ 

We start with a spherically-symmetric model atmosphere in which the molec

ular number density, n, is known as a function of radius, r. The optical axis of the 

occultation lies on a line passing through the occulted star and the center of Pluto. The 

observer is located at a distance D from Pluto and a distance r' from the optical axis, with 

D ~ r'. Because Pluto is unresolved in the occultation observations, the multiple signals 

are summed into a single value for the total flux from the occulted star, ci>(r'), normalized 

such that ¢ = 1 for the unocculted star. 

7 

134 



J.A. Stan3berry: Pluto Mirage3 

The value of r/J is calculated, for a given value of r', by summing over all 

stationary phase paths from the star to the observer, and by calculating the amplification 

or deamplification of the flux for each path by determining the curvature of the wavefront 

imposed by the atmosphere. In this model there is no n~t loss of photons above the 

tropopause by scattering or absorption. The effect of clouds has been included in some 

models for stationary phase paths which pass through the troposphere. 

Each point r' is linked by stationary phase paths to at least two corresponding 

closest-approach radii r in Pluto's atmosphere, located on opposite sides of the optical 

axis. For a given stationary phase path, refraction within the troposphere can give rise to 

a singular point where dr' / dr vanishes and the ray-optical flux r/J becomes infinite (although 

the average stellar flux over a small finite time interval remains finite). These points divide, 

on the r' axis, regions where the corresponding number of stationary phase paths double 

(e.g., from two to four), and are therefore caustics. In such cases an observer with infinite 

resolution would see multiple mirage-like images of the occulted star located at different 

values of r in Pluto's atmosphere, e.g., one image on the observer's side of the optical axis 

and three images on the opposite side. 

We convert a theoreticallightcurve to a lightcurve which can be directly com

pared with observations as follows: (1) At each value of r', the flux from multiple stellar 

images is summed to give a single value of r/J. (2) We compute a s«:ries of r' values corre

sponding to equally-spaced intervals in time t, using the formula r' = v' ~ + v2( t - tuun)2. 

Each observing station has a speed v with respect to the shadow plane, an impact param

eter r'min with respect to the center of the shadow, and a time tmin at which it reaches r'min. 

(3) We perform a triangular convolution of the model flux over a stellar profile with "ra

dius" r. (typically, r. ~ 1.6 Ian). (4) Finally, noise is arlded to the synthesized light curve 

at the level quoted in Millis et al.4 for the station under consideration. 

Synthesis of noise plays a critical role in this discussion: we shall argue that 
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possible tropospheric caustics are unobservable owing to the low SIN values for Pluto 

occultation lightcurves from the most central chords. We consider two types of noise, in

strumental shot noise and scintillation. Shot noise is simulated by adding random signal 

increments with gaussian statistics to each synthetic lightcurve, choosing the r.m.s. ampli

tude of the increments to match the actual signal-to-noise ratio (SIN) for the station. The 

synthetic shot noise is taken to be independent of ,p, as would be appropriate for a signal 

dominated by the background sky and Pluto signal and by dark current. Scintillation is 

produced by small-scale density fluctuations in the Earth's atmosphere and in Pluto's oc

culting atmosphere. Scintillation in the earth's atmosphere mainly occurs at much higher 

frequencies than those sampled in the Pluto data sets, and is negligible for our purposes. 

In the following section we discuss the effect of small-scale structures in Pluto's atmosphere 

on occultation lightcurves. 

S cintillatio~ 

Data from the 1988 Pluto occultation observed with the KAO have the highest 

SIN of any data set, and can be used to place limits on scintillations produced by density 

fluctuations in Pluto's atmosphere. In principle scintillations might affect our inferences 

about the large scale structure of Pluto's atmosphere, so we have evaluated them in our 

models as follows. First, we asume that the density perturbations are only in the vertical 

direction so that the atmosphere remains radially symmetric. Seco~d, we assume that the 

amplitude of the density fluctuations is proportional to the mean density, and that they 

are a superposition of waves having a Kolmogorov wavenumber spectrum over a range of 

radial wavenumbers.21 

Only a few scintillations are seen in the KAO lightcurve, and even these may 

not be statistically significant; this is in marked contrast to a typical Neptune occultation 

lightcurve.21 We find that a relative root-mean-square density fluctuation in Pluto's atmo

sphere> 0.002 is required for detectable scintillations to appear, but that levels> 0.003 
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give scintillations larger than seen in the KAO light curve. Such density fluctuations are 

about an order of magnitude smaller than those inferred for the stratosphere of Neptune. 21 

In general, synthesized Pluto scintillations appear with significant amplitude only above the 

"knee", and have only a slight effect on the positions of caustics. The synthetic lightcurves 

presented below include scintillations with an &\1S amplitude of 0.002. The corresponcUng 

RMS temperature fluctuation is ~ 0.2 K. 

Diurnal boundary layer 

As shown in Figure 1 of Millis et al.,4 all of the tracks of observations of the 1988 

Pluto occultation were nearly parallel to Pluto's rotation axis. The Charters Towers and 

KAO tracks largely sampled early moming portions of Pluto's atmosphere after a night 

lasting about 3 Earth days, while stations such as Auckland, Black Birch, Hobart, and Mt. 

John largely sampled atmosphere that had been in daylight. The bottom part of Pluto's 

atmosphere should share the diurnal variation of the surface temperature, as is observed 

on Mars and in desert areas of the Earth. We estimate 22 that such a diurnal boundary 

layer would have a thickness h '" 1 km, and we assume an amplitude of temperature 

variation '" 5 K. Assuming constancy of pressure, the relative variation in density and 

hence refractivity would thus be of order 0.1 over a height interval h. The boundary layer 

shifts the amplitude and position of caustics in some models, but its influence is not as 

pronounced as some of the other effects considered. The boundary ~ayer in some cases has 

a small effect on the minimum flux value that would have been observed by the KAO. 

Effect of a Trop03phere on the Lightcurve 

Figure 2 displays model light curves corresponding to some of the atmosphere 

models ,in Figure 1. The effect of the troposphere is the addition of caustics (spikes) in 

the observed flux, typically in the central region of the shadow. Another important but 

more subtle effect of some of the tropospheres is a slight increase in flux at the minimum 

in the light curve. The KAO measurements limited the fiu."( at r' = 868 km to less than 
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about 2%.10 We find residual fluxes of somewhat less than 1% for the atmosphere without 

a troposphere, and of less than 2% for some cases with tropospheres. Below we describe 

atmosphere models which both meet the minimum flux requirement and which do not 

create caustics that would have been detected in any of the 6"lightcurves taken during the 

1988 occultation.4 We note that the addition of a troposphere has no noticeable effect 9n 

the "knee". 

Figures 2a and 2b illustrate the effect of changing the tropospheric depth and 

temperature gradient, respectively. The curves from bottom to top are for increasingly 

deeper tropospheres (2a) or for tropospheres with increasingly negative temperature gra

dients (2b). The lightcurves are multi-valued in this representation for reasons described 

earlier. In Figure 2a the image of the star strikes the surface at r'= 100 km in the absence 

of any troposphere (a), but with a troposphere, rays passing below the tropopause are 

diffracted to larger values of r' and are focused into a caustic at about r'= 410 km. For 

the 5 km deep troposphere (b) the caustic is truncated by Pluto's limb just as it begins 

to form. The deeper tropospheres (c,d) allow the 410 km caustic to fully form before the 

star dives behind Pluto, and in the case of a 40 km troposphere (d) a central caustic is 

produced and the stellar image begins a second trek outward in r' before the star is finally 

extinguished by Pluto. The repeated excursions at very low flux levels between r'= 150 to 

350 km are due to numerical noise in the model atmosphere. 

Figure 2b shows that the position and strength of the caustics in the lightcurve 

are quite sensitive to the tropospheric temperature gradient, generally weakening and 

moving to larger radii as the temperature gradient becomes more negative. The central 

caustic evident in lightcurve (a) also disappears. Actually the tropospheric temperature 

gradient itself has a relatively weak effect on the caustics: it is mostly the effect of the 

changing temperature at the tropopause that we are seeing here. This can be verified by 

examining Figure 5a, in which the tropopause temperature was 50 K in all cases, and the 
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caustics all occur at the same position. The observation of such caustics could in principle 

be diagnostic of the temperature at the tropopause and the depth of the troposphere. It 

is interesting to note that if the tropospheric temperature gradient is < -0.5 K km-l 

the caustic from a 40 km deep troposphere falls well off the right side of the plot. The 

same is not true for shallower tropospheres because they have tropopause temperatt1!es 

(for plausible lapse rates) that are warmer than deeper tropospheres, leading to caustics 

within the light curve minimum. 

Deep tropospheres with temperature gradients between about 0 K km-l and 

-0.43 K km-l suffer from a problem other than the position and strength of their caustics. 

In those lightcurves (b) the caustic is formed by rays passing through the atmosphere on 

the far limb of Pluto. Rays near those forming this caustic contribute flux to the region 

around 868 km, where the flux is limited to < 2% by the KAO data. Clouds in the 

troposphere could mitigate this problem. Clouds with vertical optical depths of 0.1, such 

as were observed in Triton's troposphere,23 would diminish the far limb tropospheric flux 

by one half. This would bring our model lightcurves into agreement with the minimum 

light established by KAO. We wish to emphasize that the clouds proposed here would not 

contribute in the least to the formation of the knee in the KAO light curve - they lie well 

below the level in the stratosphere where the knee is formed. 

The presence of a troposphere on Pluto certainly has the. potential of producing 

easily observed effects in occultation light curves, but would these effects have been seen 

in the 1988 occultation data? Figure 3 shows model light curves calculated for the KAO 

occultation chord. Curve (a) is calculated for the model atmosphere denoted by -e-e- in 

Figure 3 (with a 40 km thick troposphere having a temperature gradient of -0.4 K km-l ), 

with and without a tropospheric haze layer (the model with a haze layer has a lower 

minimum flux). In curve (b), which is offset downward for clarity, Pluto scintillations 

corresponding to a relative density fluctuation of 0.002 are added to the model with a haze 
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layer. Curve (c) shows the same model, but with shot noise added. Curve (d) shows the 

actual KAO data. The minimum flux in the model KAO lightcurve with no clouds is about 

4%, but if we add a cloud layer with a vertical optical depth of 0.06 and an opacity scale 

height of 15 km, the minimum flux drops to 2%. 

A more telling station from the point of view of revealing the troposphere is 

Toowoomba, which has a closest approach distance rmln = 188 km." Figur~ 4 shows, in a 

manner analogous to Figure 3, the synthetic light curves and actual data for this station. 

Although caustics are prominent in the noise-free theoretical curve, by the time this curve 

has been degraded to the noise level in the observation, they are indistinguishable from 

the noise in the data. Thus, the occultation data do not exclude the possibility that Pluto 

has a troposphere which is possibly quite deep. 

Plu.to's Den.sity and Origin 

The occultation analysis presented above provides constraints on Pluto's den

sity and composition which have implications for the chemical reservoirs from which the 

Pluto/Charon system formed. The high atmospheric temperatUre required to fit the oc

cultation data, which confirms earlier analyses,"·1 implies a predominance of gases of high 

molecular weight in addition to the ClL. required foratmospheric heating. As discussed 

extensively, 1,8 CO and N2 are the best candidates. Recent near-infrared spectroscopy of 

the surface of Pluto 9 reveals solid phases of N:h CRt and CO, in the ratio 100:1.5:0.5. 

Examination of the ratio of the three volatiles reveals two issues of significance. First, 

the N2-to-CO ratio is four to five orders of magnitude larger than that expected in any 

primitive reservoir from which piuto could have formed, including molecular cloud grains 

24 or material processed through the sun's protoplanetary disk (hereafter "solar nebula") 

.25 This suggests significant loss of carbon monoxide after formation and/or production of 

N2 from an additional source, possibly ammonia which is relatively abundant in molecu

lar cloud grains.24 Second, the presence of significant amounts of CH4 on Pluto weighs in 
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favor of relatively unaltered molecular cloud material, for which the CIL.-to-CO ratio is 

not too dissimilar from that reported for Pluto;9 gas processed in the solar nebula would 

be expected to have much smaller CH. abundances 25 unless very efficient catalysis on 

grains were achieved.26 Grains from the molecular cloud core which went to form the so

lar system could have fallen into the solar nebula with modest heating and processing,27 

avoiding significant chemical reequilibration because of the inefficiency of ra9.,ial mixing in 

the nebula.28 

The density of Pluto can be used to infer the planet's bulk ratio of "rock" (i.e. 

silicates and metals) to "ice" (water and more volatile compounds), and hence something 

of its early history. If Pluto's radius is at the upper end of the range we calculate above, 

1206 km, its mass,29 1.31 ± 0.024 x 1025 g, yields a bulk density for the planet of 1.73 g 

cm-3• The link between the bulk density and the rock-to-ice ratio of the planet comes 

through the fact that carbon is roughly half the abundance of oxygen in solar material, 

and CO will tie up oxygen preferentially relative to water. Hence the rock-to-ice ratio 

and bulk density of an icy body is determined by how much carbon was locked up in the 

primordial gas as CO (and secondarily CO2, which under relevant conditions is much less 

abundant than the monoxide). Complicating the issue is the abundance of carbon locked 

in involatile organic phases; it may represent half the carbon in interstellar clouds, and 

creates an additional uncertainty in using bulk density to infer bulk composition. 

In Figure 5 we plot the ice mass fraction versus bulk density of Plutoj the error 

bars are based on a range of Pluto interior models which include the uncertainty due to 

differing degrees of hydration of the rock componentj30 the error bars should be extended 

to the lower tick marks to account for the additional uncertainty due to the presence of 

organics. These rock mass fractions are compared with the theoretical value computed 

as described in the previous paragraph. We assume here that the predominant phase of 

carbon is CO (not CH4), which soaks up a significant fraction of the oxygen that would 
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otherwise mostly form water. Revised elemental abundances for the sun are reflected in the 

three horizontal lines; the oldest being Anders and Ebihara 31' and the most recent Grevesse 

et al.32 The dashed error bar reflects the uncertainty in the most recent determination. IT 

involatile organic phases are present in the material, the dashed lines should slide upwards 

an amount dependent upon the composition and abundance of the organics. IT half t.he 

carbon is in the form of organics which contain no oxygen (an extreme assUmption), the 

Grevesse et al. line should be moved up to roughly the top of its error ba:r. 

An ice mass fraction for Pluto below the theoretical value is most readily ex

plained by water loss after formation. The two error bars defining the uncertainty ranges 

for Pluto are positioned roughly on densities corresponding to the occultation and mutual 

events radii described above. The smaller Pluto falls well below the Grevesse line, implying 

a larger amount of water loss early in its history. A larger Pluto requires little or no water 

loss. Models for the formation of Charon by giant impact 33 suggest some water loss, but 

loss of a significant fraction of the water (i.e. half) appears difficult. Moreover, Triton's 

density 34 of 2.05 g cm-3 implies a large amount of water loss; its dynamical history associ

ated with capture by Neptune could conceivably lead to more water loss than from Pluto, 

though this has yet to be modeled in detail. 

Conclwion3 

We fitted the KAO light curve using atmosphere models containing a tropo

sphere and an inversion layer at the base of the stratosphere. The inversion model implies 

the presence of N2 and/or CO in the atmosphere along with Clla, and the recent spectro

scopic detection of these species as solid phases on the surface is consistent provided the 

CH<j ice is a few degrees warmer than N2 / CO ices. The model light curves reproduce the 

shape and location of the knee in the lightcurve as well as the minimum flux observed by 

the KAO. In some cases we require a relatively thin layer of clouds (T < 0.1) below the 

tropopause in order to meet ths minimum flux constraint. Our model light curves also agree 
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qualitatively with other measured light curves from the 1988 Pluto occultation, and we find 

that none of the data rules out the presence of a substantial (up to 40 km) troposphere. 

The temperature inversion we need to fit the knee in the KAO light curve is 30 K km-I • 

Uncertainties in the shape and location of the knee in the ·KAO lightcurve S allow this 

temperature gradient to be as small as 20 K Ion-I, which is stronger than that deduced 

by Hubbard et al.1 , probably because of changes in astrometry.3S 

Previous occultation determinations of Pluto's "radius" (eg. 1195 km 4,20) only 

reflect the bottom of the stratospheric temperature inversion. Our fits put the base of the 

inversion at 1206 km, but it forms a mirage that may have a troposphere lying beneath 

it. This would push the surface radius downward from 1206 km. If the troposphere is 

thin « 10 km) Pluto's radius is near 1200 km, and, combined with compositional data, 

suggests that it formed from outer solar nebula material with relatively little water loss 

during and after formation. This fits with the nebular formation scenario for Triton, which 

would have started with a density close to Pluto's, but then become more dense via water 

loss during its capture by Neptune, reaching its current density of 2.05 g cm-3. However, 

we show that 40 km deep tropospheres, which would nearly reconcile the occultation and 

mutual event radius determinations for Pluto, are also possible. If the troposphere is 40 

km deep, implying a radius of 1166 km, Pluto would have had to undergo considerable 

loss of primordial water to reach its current density. 
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Table3 

Table 1. Surface Energy Balance 

Quantity Albedo Map: 

N2 ice temperature (assumed) 

N2 ice emissivity 

Atmospheric temperature 

Temperature of areas heating 

the atmosphere 

Typical upward heat flux 

Downward heat flux in: 

N 2 free areas 

N 2 covered areas 

Stratospheric heat flux 

Buie et al. 

35.5 to 39.8 K 

0.5 to 1 

53K 

54K 

5.5 erg cm-2 a-I 

Young and Binzel 

51 K 

52 K 

9 erg cm-2 S-1 

0.3 erg cm-2 a-I 0.3 erg cm-2 a-I 

0.07 to 0.15 erg cm-2 S-1 
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Table 2. Model Atmospheres 

1Iopopauseraeuus 

Temperature gradient at the 

base of the stratosphere-

Depth of troposphere 

Okm 

5km 

10 km 

20 km 

40km 

1206 km 

30 K km- I 

Surface pressure (approximate) . 

3.9 ~b 

7.5 ~b 

10 ~b 

18 ~b 

48 ~b 

- Uncertainties in modeling the KAO light curve S are equivalent to an uncertainty of a 

factor of about 1.5 in this value. 
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Figure Caption$ 

Fig. 1: Various temperature profile models used in the synthesis of light curves. 

All profiles are essentially identical above the tropopause Oat r = 1206 kIn where "the 

knee" in the KAO light curve is formed. Lightcurves shown in Figs. 3 and 4 correspond to 

a typical temperature profile ( - • - • -). 

Fig. 2a: The effect on the light curve of adding tropospheres of various depths. 

The temperature gradient in the troposphere was set equal to 0 K km-l, and curves (a) -

(d) are for troposphere depths of 0, 5, 20, and 40 lan, respectively. The light curves have 

been offset by 10% in normalized flux for clarity. 

Fig. 2b: The effect of changing the tropospheric temperature gradient on the 

light curve. Curves (a) - (d) are for tropospheric temperature gradients of -0.1, -0.4, -0.45, 

and -0.5 K lan- l respectively. The troposphere depth was 40 kIn. 

Fig. 3 Comparison of theoretical and measured lightcurves for KAO. (a) The

oreticallightcurve for temperature profile ( - • - • - ) shown in Fig. 1, with and without a 

haze layer. (b) Same as (a), with scintillations added. (c) Same as (b), with noise added. 

(d) KAO data. 

Fig. 4: Comparison of theory and data for Toowoo~ba. (a) Theoretical 

lightcurve for temperature profile (- • - • -) shown in Fig. HI, with and without a 

haze layer. (b) Same as (a), with scintillations added. (c) Same as (b), with noise added. 

(d) Toowoomba data.36 

Fig. 5: Ice mass fraction versus density of Pluto. Solid line is Pluto, error 

bars show range corresponding to different models. Horizontal dashed lines are predictions 

from elemental abundance determinations; as described in text, the Grevesse et al. values 

(with dashed error bar) are most up-to-date. 
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calculate bolometric albedos from the Buie et al. albedo map based on the Henyey

Greenstein phase function for Triton's surface 12and a phase function of the form 

P(g) = 1 + b cos(g) where b = 2.0 is the value consistent with the assumptions made 

by Buie et al.1 in deriving their albedo map. We only ~alculated bolometric albedos 

for the albedo map of Young and Binzel 2 using this second phase function. 

15. In Stansberry et al. 12 the coverage of N2 ice on Triton was influenced by both the 

temperature of the surface (areas with and equilibrium temperatures below the chosen 

N2 temperature were taken to be N2-covered), and by choosing a minimum albedo for 

N2-covered areas. For Pluto the N2 distribution is only weakly influenced by setting 

an albedo criterion. 

16. The maximum temperatures we calculated for the areas heating the atmosphere (50 

to 55 K) are considerably higher than the warmest temperatures we calculated for 

Triton 12, 45 K. This is because the ice free regions on Pluto are at the subsolar point, 

whereas on Triton the subsolar point is dominated by N2 ice at this season. Also, 

the albedo contrast between N2-covered and N2-free regions on Pluto is much larger 

than on Triton. The temperature of Pluto's atmosphere near the surface is about 10 

K warmer than Triton's as a result. 

17. Sykes et al. (Science 237, 1376 (1987» measured infrared brightness temperatures for 

Pluto of::::: 58 K. More recent microwave observations (Altenhoff, W.J. et aI., A3tron. 

A3trophy3 190, L15 (1988); Stern, S.A., D.A. Weintraub and M.C. Festou, Science, 

submitted) found microwave brightness temperatures of 35-40 K. Our lightcurve fits 

and that hydrostatic equilibrium require Pluto's N2 ice to be at 35.5 K if there is no 

troposphere, and 39.8 K for a 40 km troposphere, but we also find surface temperatures 

of::::: 55 K in areas free of N2. 

18. Hubbard, W.B., D.M. Hunten, S.W. Dieters, K.M. Hill, R.D. Watson, Nature 336, 

452 (1989) 
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19. Chamberlain, J.W., and D.M. Hunten, (Theory of Planetary Atmo"phere" Academic 

Press, (1987) p. 69) describe an analytic model thermosphere (the so-called Bates 

Model) in which the temperature profile is specified by 

where 

and 

To 
a=1-

Too 

(dTJdz)o 
T = T. ,.,,' 

00 - .Lo 

The subscripts 00 and 0 refer to values at large altitude and a reference level. T defines 

a scale height for the transition from To to Too and is set by the abruptness of the 

knee in the KAO light curve. ( is a gravity scaled height coordinate defined by 

(= 1% g(z) dz. 
Z() go 

Having chosen (dT J dz)o to fit the knee in the lightcurve, we calculate the heat flux 

that would flow downward from the stratosphere under that gradient taking the con

ductivity ofthe N2 gas to be k = 2.6Tl.3 (Hirschfelder, J.O., Molecular theory of ga.se" 

and liquid.s Wiley, New York (1964». We find that we require stratospheric heat 

fluxes approximately twice as large as those calulated by Hubbard et aI. 7 to fit the 

knee, but that the uncertainties in the shape of the knee given by Elliot and Young 5 

allow for heat fluxes 1.5 times smaller than our nominal models, nearly in agreement 

with Hubbard et aI. 

20. Elliot and Young 5 found a reference pressure of 1.26 ± 0.35 J.'b at 1250 km. Also, 

the Pluto radii derived from temperature inversion models by Elliot and Young 5 and 

Millis et al.,4 ~ 1195 km, also smaller than the zero thickness troposphere radius in 

our models. The source of these discrepencies is unclear at this time, but is probably 

due in part to details of the assumed temperature profiles. 
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cultation have not been considered in this analysis, but will slightly affect the param

eters we have fit. Due to the extreme sensitivity of the lightcurve to the atmospheric 

structure, these changes could further reduce the stratospheric temperature inversion, 

bringing it into agreement with the Hubbard et aZ. 1 value of 10 Klan-I. 
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