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ABSTRACT

A thermal nodel, devel oped to predict seasonal nitrogen cycles on
Triton, has been nodified and applied to Pluto. The nodel” is used
to calculate the partitioning of nitrogen between surface frost
deposits and the atnosphere, as a function of tine for various sets
of input paraneters. Pluto’s high obliquity is found to have a
signiticant .effect on the distribution of frost on its surface.
Conditions that would |lead to permanent polar caps on Triton are
found to lead to pernmanent zonal frost bands on Pl uto. In sone
instances, frost sublines from a seasonal cap outwards, resulting
in a "polar bald spot". Dark frost does not satisfy observable on
Pluto, in contrast to our findings for Triton. Bright frost cones
closer to matching observable, but is not conpletely satisfactory.
At mospheric pressure variations exist seasonally, but the
anplitudes, and to a |esser extent the phase, of the variations
depends significantly on frost and substrate properties. I n nost
cases two peaks in atnospheric pressure are observed annually: a
greater one associated with the sublimation of the north polar cap
just as Pluto recedes from perihelion, and a |esser one associated
with the sublinmation of the south polar cap as Pl uto approaches
peri hel i on. At nospheric pressure is thus determ ned both by
Pluto's di stance from the sun and by the subsolar |atitude. Qur
nmodel predicts frost-free substrate surface tenperatures in the 50
to §8|§ range, while frost tenperatures typically fall between 30
to .




et al, 1993) . If this is the case, Pluto may join Mars and Triton
In possessing a climate controlled by a pol ar-cap-buffered surface-
at nosphere system On Mars,” and probably on Triton, at nospheric
pressure varies seasonally as polar caps subline and condense
(Leighton and Murray, 1966, Trafton, 1984, Spencer, 1990). Frost
deposit locations and rates of sublimation and condensation are
determ ned by energy balance in the frost deposit, as frost deposit
tenperature changes and the |atent heat of the solid-vapor
transition bal ance incomng solar insolation, emtted thernal
radi ation, and thernmal conduction of heat to and from the
subsurf ace.

On a body whose atnospheric pressure is determned by vapor
pressure equilibriumwth surface frosts, volatile conditions as a
function of time donmnate the climate. Forecasting climte forward
or backward in tine is inpossible wthout incorporation of volatile
processes and the physical properties of the frost itself. Fr ost
properties under the cryogenic conditions of the outer solar system
are not well constrained however. Frost inventory, emssivity, and
albedo can take on a large range of possible values. By modelling
vol atil e behavior as these paraneters are varied, and conparing the
model results with observations, we may be able to constrain these
frost properties.

W may conpare nodel predictions to observable on both Triton
and Pluto. Both Triton and Pluto have a volatile inventory which
includes N2, CH4, and CO (Cruikshank et al, 1984, Cruikshank et al,
1991, Crui kshank et al, 1993, Omen et al, 1992). Bot h have thin
at nospheres dom nated by nitrogen (Broadfoot et al, 1989, Tyler et
al, 1989, Elliot et al, 1989, Hubbard et al, 1989, Ownen et al,
1993) . Both exhibit bright south poles, from which one m ght
expect frost to have sublimated (Stansberry et al, 1990, Hansen and
Pai ge, 1992), as both bodies have experienced sunshine at southern
| at1tudes during this epoch. The two bodies have simlar size,
density, rotational periods, and, when Pluto is at perihelion,
their distance fromthe sun is conparable. They may have had a
?éQBIar origin early in the history of the solar system (Stern,

InEressive data sets have been acquired for Pluto by earth-
based observers. Disk-integrated brightness and rotational |ight
curves have been neasured. servations of the secular decrease in
Pluto’s brightness and accentuation of its rotational |ight curve
since 1955 are summarized in Stern et al, 1988. The recent series
of Pluto-Charon nutual events have yiel ded albedo maps of Pluto’s
surface (Young and Binzel, 1993, Buie et al, 1992). These maps
show a bright south polar region, a dark md-southern |atitude
region, a bright md-northern [atitude region, and a dark region at
hi gher northern |atitudes. A fortuitous stellar occultation in
1988 allowed the neasurenent of Pluto’ s atnospheric pressure

Assum ng that nitrogen is the dom nant constituent, the pressure is
on the order of 0.1 to 0.5 Pa (Elliot et al, 1989, Hubbard et al,
1989) . Pluto's disk-inte%rated bri ght ness tenperature has been
measured both at far IR (Sykes, 1993) and at mllimeter wavel engths



(Weintraub et al, 1993) but the two data sets don’t seemto agree
unl ess a wavel ength dependent emssivity is invoked (Sykes, 1993).
The challenge nowis to pull all these observations together into
a general picture of what may be taking place on Pluto. To do this
one nust disentangle tenporal. variability due to changes in the
observing geonetry of Pluto fromthe earth, fromtenporal changes
due to volatile transport. One approach to this is to apply a
thermal nodel to Pluto's seasonal nitrogen cycle.

There are two valuable results which cone from modelling a
probl em First is the capability to analyze trends as paraneters
are varied. This trend analysis can be used in our apBIication to
constrain frost properties. The second inportant capability is to
pin down a set or set of paranmeters consistent with Pluto
observations, and then proceed to address specific questions
rel evant to understanding what may really be taking place on Pluto.

The Pluto questions which we wish to address with our nodel
are as follows:

1. Can Pluto observations be described in ternms of a N2
atnosphere in vapor pressure equilibrium wth surface frost
deposits?

2. How does Plutois eccentric orbit and high obliquity affect
its volatile distribution?

3. What surface and frost tenperatures are likely, as a
function of time, for a body at Pluto's distance fromthe sun?

4. Can we bound a range of possible atnospheric pressure
level s and variation for planning purposes for Pluto m ssion
opportunities?

5. What insights %jeaned from nodeling volatile behavior on
Pluto are applicable to Triton? As input paraneters are varied, do
we note the sane trends in volatile partitioning and distribution
as previously determned for Triton (Hansen and Paige, 1992)? Can
a conparison of Pluto and Triton shed light on the Triton bright
frost / dark frost enigma (Spencer, 1990, Stansberry et al, 1990,
Egaigp and Pai ge, 1992, Elusczkewicz, 1991, Duxbury and Brown,

The nodel we have used is a direct adaptation of our Triton
thermal nodel, nodified to apply to Pluto. Hansen and Paige (1992)
originally nodified a Mars thermal nodel to apply to conditions on
Triton. This thermal nodel is based on the successful Leighton and
Murray (1966) diurnal and seasonal formulation of the heat bal ance
of the polar caps on Mars. The nodel solves the frost energy
bal ance equation to calculate sublimation and condensation rates as
a function of time and latitude. The prinmary input paraneters are
the albedo and em ssivity of the frost, the albedo and thernal
inertia of the substrate, and the total nitrogen inventory. The
nmodel outputs frost deposit locations as a function of tine, which



can be conpared to albedo boundaries observed on Pluto, and
at mospheric pressure and  disk-integrated bri ght ness and
tenperature, which can be directl conpared to earth-based
measurements of these quantities on Pluto.

The Pluto Thermal Mode

The thermal nodel used for Pluto is a direct adaptation of the
Triton thermal nodel described in detail by Hansen and Pai ge
(1992) . Briefly, the Pluto thermal nodel solves the heat bal ance
equation shown in Figure 1 four tinmes per Pluto hour at 18
| atitudes. Frost is sublined or condensed locally at a rate
consistent with maintaining global vapor pressure equilibrium and
conservation of mass and energy. The nodel transitions from a
state in which an atnosphere exists and frost tenperature changes
are controlled by vapor pressure equilibrium to an atnospherel ess
state in which little or no |atent heat is avail able, and frost
tenperature changes are dom nated by radiative bal ance.

Table 1 lists” some of the npbst inportant variables in the
nmodel and shows again the considerable degree of sinilaritK bet ween
Triton and Pluto. It was not necessary for exanple, to change the
interior heat flux, which was set to 6 mWw/m~2 for Triton - the
simlar densities of the two bodies would | ead one to predict

simlar rock content (Null et al, 1993, Brown et al, 1991) .
Li kewi se, the rotational periods are close enough that the depth of

the diurnal thermal wave is simlar, thus the algorithmused to
determ ne the thicknesses and the number of layers in the substrate
could be left unchanged. The top three layers are set to 1/4 the
depth of the diurnal thermal wave, wth subsequent |ayers
thickening by a factor of 1.13, and we are using 60 | ayers.

The frost deposit is assuned to be isothermal, which is
equi valent to assumng that the frost is porous enough to remain in
vapor pressure eguilibriun1mﬁth t he atnosphere. e nodel nakes
predi ctions based on pure nitrogen frost. Recent spectral data
woul d indicate that this should give realistic results because
nitrogen is by far the dom nant volatile constituent, wth CO and
CH4 present only in trace amounts (Onen et al, 1993).

The Pluto thermal nodel tracks whether nitrogen is in its
alpha or beta state. This is a significant change from the Triton
model . Solid nitrogen wundergoes a phase transition at a
tenperature of 35.61 K from a hexagonal crystal structure (T >
35.61 K) to a cubic structure (T < 35.61 K). = The nodel now stops
its normal routine when the transition tenperature is reached and
devotes all energy to the latent heat of the al pha-beta transition,
8.18e3 J/ kg (Johnson, 1960). Frost tenperature remains constant
and no frost is allowed to sublime or condense until the transition
fromalpha to beta or beta to alpha is conplete. The nodel tracks
whether frost is in its alpha or beta state at all tines. The



| atent heat of the solid-vapor transition is the appropriate value
for the phase of the solid: 2.5e5 J/kg for beta frost, and 4.3e5
J/ kg for alpha frost (Brown and Ziegler, 1980) .

Pluto’s orbit and obliquity enter into the solar insolation
termin the heat bal ance equation. Pluto's orbit is the | east
circular of all the planets in the solar system wth an
eccentricity of 0.249. |Its obliquity is high, 119.998 deg (derived
fromNull et al, 1993). Planets that have obliquities greater than
approxi mately 54 degrees, have annual insolation at the poles that
IS greater than the annual insolation at the equator (Ward, 1974)
Currently Pluto's orbit orientation is such that the sun crosses
Pl ut oss equator at perihelion and aphelion. One might expect that
this would affect seasonal frost deposition patterns, as
iIIuFtrated in Figure 2, and this expectation is borne out by nodel
results.

MODEL RUNS
Over 25 different cases have been run for Pluto. See Table 2.
The primary input paranmeters varied between runs are: substrate

albedo and thermal inertia, frost albedo and enmissivity, and tota
nitrogen inventory. Al properties remain constant wth time and
no hem spheric differences have been assigned in runs to-date.

On Pluto, as determined fromthe series of nmutual events,
surface albedo varies froma |low of 0.15 to a high of 0.9 (Buie et
al, 1992, Young and Binzel, 1993). Most of the nodel runs assigned
an albedo of 0.2 to frost-free substrate and 0.8 to the frost, or
0.8 to the substrate and 0.2 to the frost. As on Triton we wanted
to test a "dark frost" hypothesis, although it is harder to inagine
a dark frost wth an albedo of 0.2, than it was to imagine a frost
on Triton that was just relatively dark, with an albedo of O0.6.

Substrate thernmal inertia was assigned values of 1, 7, or 50
X 10A- 3 cal/cm”*2-K~-sec”l/2. A thermal i1nertia of 1 is simlar to
that derived for Rhea (Spencer and More, 1992), and estimated for
surfaces of fine-grained icy satellites (Mrrison and cruikshank,
1973) ; a thermal i1nertia of 50 is appropriate for solid water ice.
Table 3 gives the depth of the diurnal and seasonal thermal waves
for each of these three val ues.

Frost emssivity was varied from0.6 to 1.0. At nospheri c
pressure is a strong function of frost emssivity (Nelson et al,
1992), and thus the range of em ssivity values modelled coul d be
constrai ned by observed atnospheric pressure. The aql obal ly
aver aged nitrogen i nventory was set at either 50, 100, or 200
kg/m* %2, This very inmportant paraneter is poorly constrained
(Cruikshank et al, 1984, puxbury and Brown, 1993).



MODEL RESULTS

Model output is shown in the fi%ures that follow All data is
plotted as a function of time from 1000 to 2100 AD. The top pane

gives Plutots distance fromthe sun in AU for reference. Pluto's
hi ghly eccentric orbit is obvious. The second panel plots whole
di sk albedo. This is sinply a sumof surface area with and w t hout
frost, weighted as Pluto would have been viewed from the earth.

The third panel gives tenperatures. Figure 4 and subsequent
figures “plot our tenperatures. (Fufure 3 has a different
convention than subsequent figures and use of this panel is
described in the caption.) The solid line is the frost
tenperature. This has a direct correspondence w th atnospheric
pressure due to the constraint of malntaining vapor pressure
equi librium The fine-dotted line is the warnest surface
tenperature of the substrate, anywhere on the planet, at the given
tine. The dot-dash line gives the disk-integrated brightness
temperature at a wavelength of 60 nicrons. The dashed |ine gives
the disk-integrated brightness tenperature at 1300 m crons. hese
two tenperatures are determned by calculating the emtted flux for
each elenment visible fromthe earth, based on its tenperature and
em ssivity.

The fourth panel shows atnospheric pressure as a function of
time in pascals on a log scale. The bottom panel shows at which
| atitudes frost deposits occur as a function of tine. The st&fpled
area is the area predicted to be covered by frost. The sawt oot h
curve plotted in this panel is the subsolar |atitude. It is a
sawt ooth curve because of Pluto’s eccentricity: the sun crosses
from -60 to +60 deg latitude quickly as Pluto noves through
perihelion, but crosses from+60 to -60 slowy as Pluto noves
t hrough aphel i on.

THERVAL | NERTI A
H gh Thermal Inertia:

Al bright frost runs with a high thermal inertia substrate
formed permanent zonal bands rather than polar caps. See Figure 3.

This was clearly the result of Pluto's high obliquity. Oh a
seasonal time scale, higher thernmal inertia surfaces required
| onger to cool off or to warmup, thus renmained closer to their
annual average tenperatures. noted, Plutots annual average
insolation is higher at its poles than at its equator because of
its obliquity. he exact latitude zone at which the band forned
was not significant - it depended on the Pluto season at which the
run was initiated. (This was determned by initiation of several
runs at different tines during the Pluto year). The zonal bands

wer e permanent because the high thernmal inertia substrate warnmed up




and then stayed warm at the poles, due to the higher insolation,
Breventing the condensation of new frost. The albedo difference
etween a dark, heat-absorbing substrate and a bright reflective
frost further reinforced the stability of the zonal band.  Frost
tenperature was very stable, remaining very close to 35 Kin this
particular run, thus flattening out seasonal variations in
at nospheric pressure. The surface tenperature of frost-free
substrate reached 50 K when the subsol ar point reached its nost
extreme |atitude.

Moderate Thermal Inertia

Moderate thermal inertia runs with a |ow nitrogen inventory
predi cted seasonal polar caps. |In many cases these seasonal caps
sublimated fromthe pole out, devel oping a "polar bald spot". See
Figure 4. The polar caps were asynmetric: the south polar cap
persi sted through the slow excursion through aphelion, while the
short-lived north polar cap was in place during perihelion.

Substrate tenperatures were calculated to reach 55 K while
the frost tenperature stayed between roughly 34 and 40 K Hlﬂh
tenperatures were correlated with extreme subsolar latitude. The
di sk-integrated brightness tenperature predicted at 1300 mcrons is
observed to dip below the frost tenperature - this was due to the
frost emissivity, which for this run was set to 0.6. |f this were
the real Pluto, an earth-based observer in 1982 woul d neasure a
bri ghtness tenperature at 60 mcrons of approximtely 48 K while
in 1991 an earth-based observer would nmeasure a tenperature at 1300
m crons of approxi mtely 38 K Assi gnment of an even lower
emssivity to the frost would further widen this apparent
tenperature difference.

Some cases were transitional in nature, with a permanent zonal
band and seasonal polar caps. This generally happened for noderate
inertia cases when the frost was cold, as is the case for a high
em ssivity or high albedo frost. Hgh inventories of nitrogen also
led to this configuration, as shown in Figure 5 which was a |ow
thermal inertia case. Sone frost was nobile enough to nove around
seasonal ly and form pol ar caps, but the rest remained in the stable
zonal band.

Low Thermal Inertia

Low thermal inertia cases with |ow nitrogen inventories, and
all dark frost runs, formed seasonal polar caps. These caps
condensed earlier and sublined earlier than noderate inertia cases.
See Figure 6. Seasonal variation in atnospheric pressure was nost
pronounced for low thermal inertia runs. Two pressure peaks per
Pluto year were predicted. The two atnospheric pressure mnina
were directly correlated to the condensation of the northern and
southern caps. The pressure peak associated with the sublimtion
of the southern cap as Pluto approached perihelion was typically




| ower than that associated with the sublimation of the northern cap
as Pluto receded from perihelion.

The highest surface tenperature of frost-free substrate was
predicted to reach 60 K. The frost tenperature in this run varied
from26 to 36 K The em ssivity for this run was set to 0.8, but
the brightness tenperature detected at 1300 mcrons never dipped
bel ow the frost tenperature because there was always a substantia
expanse of warm substrate in view, as conpared to the case
illustrated in Figure 4. Peaks in frost tenperature were
correlated with the subsolar latitude. Increases and decreases in
the other three tenperatures tracked increases and decreases in
whol e di sk albedo. If this were the real Pluto the brightness
tenperature neasured at 60 mcrons in 1982 woul d be approximately
53 K. In 1991 the brightness tenperature at 1300 microns woul d be
roughly 46 K

EMISSIVITY

As has been noted by other authors (Stansberry et al, 1990,
Nel son et al, 1992), an increase in frost emssivity corresponds to
a decrease in atnospheric pressure. H gh emssivity frosts are
col der than | ow emissivity frosts. Em ssivity val ues [ower than
0.6 predicted atnospheric pressures far higher than the val ue
measured during the stellar occultation in 1988. Mdel runs also
suggest that high emssivity bright frosts won't condense as far
equatorward as |low emssivity frosts, and tend to condense |ater.

N2 | NVENTORY

The nitrogen inventory has a significant effect on polar cap
deposits, and is one of the nost poorly constrained paranmeters. A
| arge frost deposit will change tenperature slowy, because of its

significant heat capacity. It will take longer to go through the
al pha - beta phase transition than a thin deposit, thus de ag|ng
subsequent sublimation or condensation,. This has in fact been

proposed as the mechanismfor naintaining a bright nitrogen polar
cap on Triton, at a season when it is not expected to be stable
(Duxbury and Brown, 1993). Figure 5 shows a run with a gl obal
nitrogen inventory of 100 kg/m**2, The only difference between the
runs shown in Figure 5 and Figure 6 is that the nitrogen inventory
was doubl ed. This small change caused the nodel to predict
per manent zonal bands in addition to seasonal polar caps. As
nitrogen was stabilized in the zonal band, seasonal variation in
at nospheric pressure was flattened out substantially.




BRI GHT FROST/ DARK FROST ENI GVA

On Triton, one of the nobst intriguing questions raised after
the Voyager flyby, was “which is the polar cap - the bright deposit
seen in the southern hem sphere or the (relatively) dark northern
hem sphere? ". Early thermal modelling by Stansberry et al (1990),
and later efforts by Hansen and Pai ge ﬁ1992), showed that a bright
seasonal nitrogen cap would not be stable in southern sumer at the
time of the Voyager fIYby. Spencer (1990), proposed that the
nitrogen frost was relatively dark, and Elusczkiewicz (1991)
proposed that freshly condensed nitrogen would be transparent.
Hansen and Paige found that a relatively dark or transparent frost
yiel ded predictions of observable consistent wth Voyager

observations. =~ These were not the only possible explanations -
ot her possibilities included: 1) a bright permanent N2 cap
produced and mai ntained by anisotropic internal heat flow (Brown
and Kirk, 1991) ; 2) a permanent albedo difference of the substrate

which affects the radiative bal ance (More and Spencer, 1990) ; 3)
N2 ice shattered by going through the al pha-beta phase transition,
and thereby changing its radiative prqfertles (Eluszkiewicz, 1991,
Duxbury and Brown, 1993, Tryka et al, 1993); and 4) a bright Iag
deposit of |less volatile CH4 and possibl¥ CO and Q02 ices (G undy
and Fink, 1991, Cruikshank et al, 1991, Trafton, 1992).

On Pluto it is far nmore difficult to conceive of a process by
which frost is formed which is really dark (-0.2 albedo), not just
relatively dark (0.6 albedo). |If a darkening process could be
i magi ned, it must also be active only on Pluto and not on Triton.
Dark frost runs of our nmodel did not yield predictions at all close
t0 Pluto's observable. Figure 7 is a run wth the paraneters that
gave the best fit to Triton observable. This run, as was the case
with other dark frost runs, predicted that bare bright substrate
woul d be observable fromthe earth from 1955 to 1990, but that this
bright ground would be visible to far above the equator, thus no
dark md-latitude band in the south was predicted. At nospheric
pressure was too high to match stellar occultation results. No
di fferences between 60 and 1300 micron brightness tenperatures were
predicted. A dark frost does not rescue us on Pluto as it did on
Triton, however a transparent frost cannot be ruled out.

PLUTO S THERMAL SI GNATURE

IRAS' detection of Pluto at 60, 80, and 100 mcrons in 1982
|l ed Sykes (1993) to conclude that Pluto's surface tenperature was
in the range of 55 to 73 K A warm surface could co-exist with up
to a projected area of 33% frost with a tenperature of 35 K and be
consistent with | RAS data (Sykes, ibid) . This seened to be at
variance with mllineter wave neasurenments acquired in 1991, which
have been interpreted to indicate a surface tenperature for Pluto




that is in the range of 30 to 44 K (Wintraub et al, 1993), unless
wavel engt h- dependent em ssivity was invoked (Sykes, 1993) . Qur
results show that nitrogen ice will be "patchy" on a |atitudinal
scale (either in zonal bands or permanent caps, but not covering
the planet globally). We predict frost tenperatures between 25 and
40 K, and maxi mum surface tenperatures for unfrosted areas to be in

the 50 to 60 K range, depending on substrate thernal inertia. O wu r

nodel predicts that the tenperature neasured at the earth depends
significantly on the viemﬁag geonetry fromthe earth. Figure 4 for
exanpl e showed a case in which at times, although the surface was
much warner, the V|emang(?eonetry was such that the neasurenent
made from the earth would be the tenperature of the polar cap
frost. Furthermore the brightness tenperature neasured at 60 and
at 1300 mcrons is a function of tinme, as frost and surface
tenperatures change and the frost noves around. W can attribute
as nuch as a 10 K difference in the results at 60 and 1300 m crons
to the conbination of tenporal changes. in surface and frost
tenperatures and the change in view ng geonetry.

MATCH TO OBSERVABLE

As was the case for Triton, the observed albedo boundaries are

very difficult to match. W do not find in any of our runs a
bright nitrogen cap that woul d persist from 1955 t hrough 1990. W
do see cases in which an old south polar cap is still 1n place in

1955, subsequently sublines, and a new south polar cap has begun to
condense by 1980. This situation would potentially yield a bright
south pole, and dark south md-latitudes with a bright northern
hem sphere.  The low thermal inertia case illustrated in Figure 8
shows an exanple of this case, but the atnospheric pressure and
albedo trends are not good matches to dat a.

A high thermal inertia substrate with just a pernmanent zonal
band (no seasonal caps) can be rul ed out because predicted albedo
mar ki ngs are conBIeter i nconsi stent with observations. A "dark
frost” case can be discarded for reasons given above.

The best match so far to Pluto observable is shown in Figure
9. This run has a noderate thernmal inertia, an emssivity of 0.8,
and a nitrogen inventory of 50 kg/m*2. This case is flawed in that
it does not predict a bright south polar cap in 1985 (the caﬁ does
not begin formng until the late 1990s), but it does still have a
bright polar cap in 1955, and shows a decrease in disk-integrated
albedo as seen from the earth between 1955 and 1985, The
at nospheric pressure is in the right ball park. The bright ness
tenperature nmeasured at 60 mcrons fromthe earth in 1982 was
predhgtﬁd to be 47 K, while the prediction for 1300 mcrons in 1991
was .




Application of the Triton thermal nodel to Pluto has enabled
conpari sons of the seasonal nitrogen cycles on these two bodies.
Al t hough they may have forned in the sanme region of the solar
system and share many simlarities, their climtes today depend
nost significantly on their current orbital characteristics.
Trends have been identified as frost and substrate properties have
been vari ed. W have not yet found a uniform set of paraneters
whi ch could yield good matches to observable for both bodies.

The failure to find a set of paraneters which perfectly
mat ches Pluto observable does not necessarily mean that the
assunption of vapor pressure equilibriumwas flawed. It does
indicate that the situation is nore conplex than can be descri bed
by a sinple thernmal nodel. Milti-conmponent ices certainly play a
role. Time variability of frost properties may be an inportant
factor. Application of a sinple nodel is just the first step in
the process of understanding the real Pluto climte, and trends
identified will lead to insight into nore conplex processes that
nmust be incorporated for the nodel to be viable.

We have shown that Pluto's eccentric orbit and high obliquity
have a very significant effect on the condensation and sublimation
of its polar caps. The eccentricity of Pluto's orbit is the reason
that the northern cap condenses slowly as Pluto noves through
aphel i on, whereas the southern cap condenses quickly as the sun
noves to its nost northerly latitude just after perihelion. In
many cases the southern cap persists |onger than the northern cap
because of its slowrate of sublimation. Pluto's high obliquity is
responsible for the prediction of the formati on of zonal bands in
high thermal inertia cases, and polar bald spots in noderate
thermal inertia runs.

The discrepancy between tenperatures neasured at infrared and
mllineter wavel engths may not be as | arge as previously thought.
Model results indicate that a difference of up to 10 K could result
fromthe change in tine between the two measurenents, attributable
to the conbination of change in view ng geonetry and change in
frost and substrate tenperatures over the intervening 9 years. The
war mest substrate surface tenperatures we predict are 60 K for a
| ow thermal inertia run and 50 K for a high thermal inertia run.
Frost tenperatures ranged from 25 to as high as 40 K, depending on
frost parameters assuned.

_ The atnospheric pressure variations are of perhaps the nost
interest in ﬁlanning or future Pluto missions. W find that in
nost cases the high levels of atnospheric pressure that Pluto is
currently experiencing will continue to increase until the year
2000, but will start to drop after 2020. The pressure may drop by
many orders of magnitude, and the drop to |ow pressure will persist
through Plutocs slow excursion through aphelion.




Pl uto observable supply an additional set of constraints on

frost properties on both wTriton and Pluto, and to-date a
satisfactory match to all observable on both bodies has not been
f ound. Bright nitrogen frost is just too volatile to persist

throu?h the southern spring and summer. W are left with the sane
set of possibile explanations as previously identified for Triton.

Qur future work will focus on these possibilities: 1) A
| arge CH4 deposit, left behind after sublimtion of the seasonal N2
frost, can be invoked to explain light curve observations, but it
will ultimately have to be consistent with spectral observations as
well; 2) Wth the addition of the al pha-beta phase to our nodel
we are in a position to test the explanation proposed by bDuxbury
and Brown (1993), in which a large inventory of nitrogen frost is
stabilized by the the al pha-beta transition, 3) modelling of
transparent frost cases, In which frost is assigned the albedo of
the underlying substrate (which may be assigned differing val ues
latitudinally), is straightforward.
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FI GURE CAPTI ONS

Fi?ure 1. This figure illustrates the frost heat bal ance equation
solved by the nodel. A change in frost tenperature, nC* dar/dt, is
determ ned by the conbination of incomng solar energy, so(1-a),
the emtted thermal energy, e*signma*T**4, |atent heat of frost
sublimation or condensation, L*dm/dt, and thermal conduction of
heat to and fromthe substrate, kx*dT/dz. The change in frost
tenperature is balanced wth frost condensed or sublined in such a
way as to insure conservation of energy and gl obal vapor pressure
equi l'ibrium

Figure 2. Pluto's eccentric orbit is expected to affect deposition
and sublinmation rates of its polar caps.

Figure 3. Mdel output for a high thernmal inertia case (run #32)
Is shown in this figure. This run had a thermal inertia of 50 X
10’ -3 cal / cm*2-sec”1/2-K, a substrate albedo of 0.2, a frost
albedo of 0.8, a frost emissivity of 1.0 and a global N2 inventory
of 50 kg / m2.  This case predicts the formation of a pernmanent
zonal band of frost. The latitude at which the band is forned is
not significant - the latitude is determ ned by Pluto's season at
the time a run is started. Atnospheric pressure is very stable as
frost is inmobilized in the permanent band. Tenperatures plotted
in the third panel are the frostpoint tenperature (solid line), the
north and south pole tenperatures (dash and dash-dot |ines) , and

the tenperature at +10 deg latitude (fine dot). This illustrates
why there are no seasonal polar caps - the polar tenperature is
never |ow enough for frost to condense. Peaks in the substrate

temperature are observed to correspond to nmaxi num excursions of the
subsol ar point.

Figure 4. This case illustrates what happens when the substrate is
assigned a noderate thermal inertia (7 X 10A-3 cal/cm*2-sec”1/2-K).
In this run (#35) the substrate albedo was 0.2, the frost albedo
was 0.8, the frost emssivity was 0.6 and the gl obal N2 inventory
was 50 kg / m2.  Polar caps devel op, but sublinme fromthe center
ot , thus devel opi ng "polar bal d spots®. The south polar cap is
observed to | ast nmuch longer than the north polar cap, as Pluto

moves through aphelion. Two peaks in atnospheric pressure are
observed per Pluto year, with the one follow ng perihelion being
nmor e pronounced. In this particular case, the next maxima i s

reached just after 2000 AD, and persists to ‘2020. The tenperature
curves show that there will be times that the tenperature of Pluto
geasured fromthe earth will be just the tenperature of the frost
eposi t.

Figure 5. Sonetinmes transitional cap / band cases are observed,
usually in the case of a cold (high albedo or high em ssivity)
frost. This configuration also occurs with a relatively large N2
I nventory. The case shown here is run #38, which had a therm



inertia of 1 X 10 A-3 cal / cm*2-sec*l/2-K, a substrate albedo of
0.2, a frost albedo of 0.8, a frost emssivity of 0.8, and a
n|tr0ﬂen inventory of 100 kg / m2. A pernmanent zonal band forms

but the frost is still nobile enough seasonally to form seasonal
pol ar caps.
Fi gure 6. Run #31, shown here, is a low thermal inertia case.

Thi's run had a thermal inertia of 1 X 10"-3 cal / cm*2-sec”1/2-K,
a substrate albedo of 0.2, a frost albedo of 0.8, a frost
emissivity of 0.8, and a nitrogen inventory of 50 kg / m2.
Seasonal caps without polar bald spots form The south polar cap
is still observed to persist longer than the north polar cap, but
differences are not as great, because the north polar cap is able
to condense earlier and sublinme later than in the noderate inertia
case. Atnospheric pressure variation is nost pronounced for these
low thermal inertia cases, wth orders of nmagnitude difference
between the maxi ma and m ni ma.

Figure 7. This "dark frost" run has the best fit set of paraneters
for Triton: a thermal inertia of 7 X 10A-3 cal / cmr2-secr1/2-K,
a substrate albedo Oof 0.8, a frost albedo of 0.2, a frost
emssivity of 1.0, and a nitrogen inventory of 50 kg / m2.
Al though Triton observable were predicted very well by this case,
it does poorly for Pluto. The frost is assuned to be dark,
overlying a bright substrate. Although whole disk albedo decreases
over the last 30 years, the match of albedo boundaries to
observable is poor. This nodel run would predict that one would
see not only a bright south pole, but that the entire southern

hem sphere woul d be bright. Al'l “dark frost" cases predicted
fgrnatkfn of pol ar caps. Two peaks in atnospheric pressure are
observed.

Figure 8. This case shows a good match to albedo boundaries, but
performs  poorly in predicting disk-integrated albedo and
at nospheric pressure. This was run #34, which had a thernal
inertia of 1 X 10A-3 cal / em*2-sec”1/2-K, a substrate albedo of
0.2, a frost albedo of 0.8, a frost emssivity of 0.6, and a
nitrogen inventory of 50 kg / m2.

Figure 9. This case is the best natch to observable so far,
although it is not perfect. This is run #12, which had a thernal
inertia of 7 X 10"-3 cal / cm*2-sec*1/2-K, a substrate albedo of
0.2, a frost albedo of 0.8, a frost emssivity of 0.8, and a
nitrogen inventory of 50 kg énﬁz. The remmants of last Pluto
year’s south polar cap would have been visible in 1955, but this
run does not predict formation of the newcap in time for the 1985-

88 observations of a bright south pole. It does predict dark south
md-latitudes and bright north md-Ilatitudes, but unfortunately
al so predicts a bright north polar cap. (Earlier formation of a

north polar bald spot would solve this problem!) Wole disk albedo
woul d have decreased from 1955 to 1970, but a recent upturn shoul d
have been observed. Atnospheric pressure was in the right ballpark
in 1988, and will reach its peak in “ 2005. The peak w || persi st
until ‘ 2025.
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Table 2. Thermal Mbdel Runs

Run # Ther mal Substrat e Fr ost Frost N2

Inertia Albedo Albedo Emissivity Inven-

x 10" -3 tory

1 7 0.8 0.2 1.0 50
2 7 0.8 0.2 |.O 100
3 7 0.8 0.2 1.0 200
4 1 0.8 0.2 1.0 50
5 50 0.8 0.2 1.0 50
11 7 0.4 0.8 0.6 50
16 1 0.4 0.8 0.6 50
17 7 0.4 0.8 0.8 50
18 1 0.4 0.8 1.0 50
13 1 0.3 0.9 0.8 50
31 1 0.2 0.8 0.8 50
33 1 0.2 0.8 1.0 50
34 1 0.2 0.8 0.6 50
37 1 0.2 0.8 0.6 100
38 1 0.2 0.8 0.8 100
41 1 0.2 0.8 0.8 200
12 7 0.2 0.8 0.8 50
15 7 0.2 0.8 0.8 100
35 7 0.2 0.8 0.6 50
30 7 0.2 0.8 1.0 50
40 7 0.2 0.8 0.8 200
43 7 0.2 0.8 0.6 100
14 50 0.2 0.8 0.8 50
32 50 0.2 0.8 1.0 50
36 50 0.2 0.8 0.6 50




Tabl e 3. Dept hs of the Diurnal and Seasona
Dfferent Thermal Inertias of the Substrate

Thermal Inertia D urnal therml
X 10"-3 cal / wave depth
cmr2-secrl/2-K (m

1 0.02

7 0.12

50 0. 88

Ther mal Waves for

Seasonal thernal
wave depth

105
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