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We present model occultation lightcurves demonstrating that a
strong thermal inversion layer at the base of Pluto’s stratosphere
can reproduce the minimum flux measured by the Kuiper Airborne
Observatory (KAQ) during the 1988 occuitation of a star by Pluto.
The inversion layer also forms the occultation equivalent of a
mirage at a radius of 1198 km, which is capable of hiding tropo-
spheres of significant depth. Pluto’s surface lies below 1198 km,
its radius depending on the depth of the troposphere. We begin
by computing plausible temperature structures for Pluto’s lower
atmosphere, constrained by a cailculation of the temperature of
the atmosphere near the surface. We then trace rays from the
occulted star through the model atmosphere, computing the resul-
tant bending of the ray. Model light curves are obtained by sum-
ming the contribution of individual rays within the shadow of
Pluto on Earth. We find that we can reproduce the KAO lightcurve
using model atmospheres with a temperature inversion and no
haze. We have explored models with tropospheres as deep as 40
km (implying a Pluto radius of 1158 km) that reproduce the suite
of occultation data. Deeper tropospheres can be fitted to the data,
but the mutual event radius of 1150 km probably provides a lower
bound. If Pluto has a shallow or nonexistent troposphere, its den-
sity is consistent with formation in the solar nebula with modest
water loss due to impact gjection. If the troposphere is relatively
deep, implying a smaller radivs and larger density, signficant
amounts of water loss are required.  © 1994 Academic Press, fnc.

INTRODUCTION

Our knowledge of Pluto and its atmosphere has in-
creased 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 submillimeter spectrometric and photometric
capabilities. In the present paper we utilize these diverse
data sets together with new modeling to assemble a picture
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of the physical state of Pluto’s surface and atmosphere,
as well as to infer Plute’s density and bulk composition.

The stellar occnitation of 1988, observed from the
Kuiper Airborne Observatory (KAQ) and other stations
(Elliot et al. 1989, Millis er al. 1994), yielded peculiar
lightcurves which have been interpreted in terms of haze
extinction (Elliot and Young 1992) or a temperature inver-
ston from the cold surface to a warm middle atmosphere
(Eshleman 1989, Hubbard et al. 1990). The inversion
model leads to the prediction of an atmosphere dominated
by a mass 28 (e.g. N, or CO) molecule, rather than CH,
(mass 16) (Yelle and Lunine 1989).

This prediction is strongly supported by the near-IR
spectroscopy of Owen er al. (1993), which has detected
the solid N, 2.16-um absorption band on Pluto. N, 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, N, also has a vapor pressure approxi-
mately 10* times larger than that of CH,, the next most
abundant molecule detected on Pluto’s surface (Owen et
al. 1993). Thus, N, is very likely the primary constituent
of the atmosphere. Yelle and I.unine (1989) noted that
the temperature of a pure N, atmosphere would be close
to the surface temperature, giving a scale height of =30
km, but the presence of CH, at a mixing ratio of 1073 (an
overabundance of an order of magnitude compared to
vapor pressure equilibrium if the CH, and N, ices are at
the same temperature) would absorb enough solar infrared
radiation to heat the atmosphere to more than 100 K. The
1988 occultation data (Elliot ef al. 1989, Hubbard et al.
1990) revealed that the atmosphere had a scale height
of approximately 60 km at a radius of about 1250 km,
consistent with a N, atmosphere at 106 K (Millis et al.
1994}). The overabundance of CH, necessary to achieve
this agreement is paradoxical, because N, has replaced
CH, as the primary atmospheric constituent, yvet CH, is
crucial for achieving atmospheric temperatures of 106 K.
The presence effort goes a significant way toward resolv-
ing this paradox.

The inversion model has been criticized by Millis ef al.
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(1994) and Stern (1992) on the grounds that it fails to
achieve the very low stellar intensity observed by the
KAQ at lightcurve minimum, estimated to be =2% (J.
Elliot, personal communication). We show that pure in-
version models, with sufficiently large temperature gradi-
ents and no haze, can reproduce the low flux level ob-
served at the bottom of the KAQ lightcurve.

Regardiess of whether the haze or thermal inversion
layer model is used, the radins of Pluto inferred from the
occultation data by Millis et al. (1994), <1180 km or =1195
km, is significantly larger than the radius inferred from
the mutual event data (Buie et al. 1992), We explore the
possibility that a troposphere, lying below the tempera-
ture inversion, would have escaped detection in the 1988
occultation data and hence could account for the discrep-
ancy. We consider a range of troposphere depths (0 to
40 km), using previous work by Yelle et al. (1991) and
Stansberry et al. (1992) on the temperature structure of
Triton’s troposphere as a model for Pluto’s. We can repro-
duce the occultation data for any of these troposphere
depths by varying the tropospheric temperature structure,
0 Pluto radii in the range 1158 to 1198 km are compatible
with the occultation data. It should be noted that 1158
km is simply the smallest radius for Pluto that we have
considered in detail: fits to the data can also be achieved
for deeper tropospheres (smaller radii). The 1150 km mu-
tual event radius of Buie et al. (1992) probably provides
a lower bound on the real radius becanse models of the
mutual event data by Young and Binzel (1993) that include
the effect of limb darkening 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 1.78 and 2.01
g cm~? and use current understanding of early solar nebula
composition to discuss probable scenarios for Pluto’s gen-
esis and early evolution.

ATMOSPHERE MODELS

In this section we use albedo maps of Pluto’s surface,
constructed from 5 years of mutual event data (Buie et
al. 1992, Young and Binzel 1994}, to compute the distribu-
tion of surface temperatures on Pluto. By considering
energy exchange between surface and atmosphere we
then constrain the temperature of the atmosphere above
the planetary boundary layer. This in turn is used as a
boundary condition for models of the atmospheric temper-
ature profile, the construction of which, and fitting to
KAO lightcurve data, are described in the latter part of
this section.

Surface—Atmosphere Energy Balance

In order to determine the temperature of Pluto’s near
surface atmosphere, we need to calculate the flow of en-
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TABLE 1
Buie et al. Young and Binzel
N, ice temperature 35510398 K 35510398 K
(assumed)
N, ice emissivity 05to1 0.5to01
Atmospheric 53K 51K
temperature
Temperature of 54 K 2K

areas heating the

atmosphere
Typical upward

heat flux
Downward heat

flux in

N, free areas

N, covered areas

5.5 erg em 2 sec”! 9 erg em™? sec!

1 1

0.1 erg cm? sec”
0.3 erg cm™ sec™

sec”!
1

(.1 erg cm™
0.3 erg cm™? sec”

ergy between the surface and atmosphere. We approach
this problem using the model of Stansberry ef al. {1992),
which was previously applied to energy balance between
Triton’s surface and atmosphere. The model calculates
the partitioning of absorbed solar energy between radia-
tion in the infrared, transport of latent heat vig the subli-
mation and condensation of the volatile N, 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 Buic et al. (1992) and Young and Binzel (1993) from
the 5-year series of mutual events we calculate bolometric
albedo distributions on Pluto,

The scattering behavior of the surface depends on the
single-particle scattering phase function.-We used Hapke
theory (Hapke 1981) to calculate bolometric albedos from
the Buie et al. albedo map based on both the Hen-
yey~Greenstein phase function for Triton’s surface
(Stansberry er al. 1992) and 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 Buic et al. (1992)
in deriving their albedo map. We only calculated bolomet-
ric albedos for the albedo map of Young and Binzel (1993)
using this second phase function.

The bolometric albedo is then used to calculate surface
temperatures and the N, ice distribution. In Stansberry
et al. (1992) the coverage of N, ice was influenced by both
the temperature of the surface (areas with equilibrium
temperatures below the chosen N, temperature were
taken to be N,-covered) and by choosing a minimum al-
bedo for N,-covered areas. For Pluto the N, distribution
is only weakly influenced by setting an albedo criterion.
Table I summarizes the results of our surface—atmosphere
energy balance calculation for Pluto. Values based on
both albedo distributions are shown, where applicable.
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Average values are given for the temperatures of areas
free of N, ice and the heat fluxes associated with them.

The maximum surface temperatures (50 to 535 K} are
considerably higher than the warmest temperatures calcu-
lated for Triton by Stansberry et af. (1992), namely 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 N, ice at this season. Also, the albedo
contrast between Ny-covered and N,-free regions on Pluto
is much larger than on Triton. As a result, the temperature
of Pluto's atmosphere near the surface is about 10 K
warmer than Triton’s.

The model produces a globally averaged atmospheric
ternperature at the top of the planetary boundary layer.
The assumption of a single temperature for the atmo-
sphere at that level results in an overestimate of the con-
vected heat flux between the surface and atmosphere.
Negligible errors in surface temperature are introduced
by this simplification because these heat fluxes are small
compared to the solar heat flux. Inreality, the temperature
of the atmosphere over warm areas will be higher than
over colder areas. This gradient in atmospheric tempera-
ture may drive a circulation, producing a region of nega-
tive temperature gradient, i.e., a troposphere. Radiation
and conduction are neglected within the lower atmo-
sphere, a simplification that is justified post facto by the
observation that the upward convected heat fluxes we
calculate exceed the conducted stratospheric heat flux by
over two orders of magnitude.

Troposphere

Rather than develop a detailed model of a hypothetical
Pluto troposphere, we have considered a variety of plausi-
ble schematic troposphere structures. The most basic
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 2 more complicated issue. Character-
istic temperature gradients associated with convective
tropospheres are the wet pseudoadiabat, —0.1 K km™!,
or the dry adiabat, —~0.75 K km™!, above the planetary
boundary layer. While an upward convected heat flux
produces negative temperature gradients, downward con-
vected heat fluxes increase the temperature gradient and
can result in positive temperature gradients if the down-
ward heat flux is more than = 0.5 erg cm~? sec™! (Stans-
berry et al. 1992). We have explored a range of models
for Pluto’s troposphere incorporating lapse rates appro-
priate to both upward and downward convection, either
singly or in combination (two different lapse rates
applying over two layers in the troposphere), with a mix
of wet and dry lapse rates.

Upper Atmosphere

We use a “‘Bates model”’ to describe the temperature
profile of the atmosphere above the tropopause (Bates
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1951). We note that the Bates model is a mathematical
convenience rather than either an empirical or first princi-
ples model of the expected temperature profile. Thus, our
model atmospheres should be taken as only semiquantita-
tive descriptions of Pluto’s atmosphere rather than as
rigorous constraints on the exact details of the atmo-
spheric parameters. The temperature profile is specified
by

172)=T.[1 —ae™], )]
where
a=1- -;% )
and
_ (dT/dz)
T _H; —71, (3)

The subscripts « and 0 refer to values at large altitudes
and at the tropopause, We use 7, = 106 K and T, = 50
K. The value of (dT/dz), is adjusted to fit the knee in the
KAO lightcurve. £, the geopotential height, is a gravity-
scaled height coordinate defined by

_ (e,
¢ 3 o az. @

Determination of Upper Atmospheric Structure by
Fitting the KAO Lightcurve

We use three critical points in the KAQ lightcurve to
determine the atmospheric structure above the tropo-
pause. These three points, taken from Eliot and Young
(1992), are the time to half light, #,, time to the ‘‘knee”
(see Fig. 3) in the lightcurve, f,, and the time for the flux
to fall to 1/e of the value at the knee, ¢,. We derive a
reference pressure at 1250 km (determined by £) of 1.13
ub. The spacing between #; and ¢, determines the surface
radius or tropopause level, depending on the model being
considered, which we find to be 1198 km. Finally, the
interval between ¢, and t, constrains the value of the tem-
perature gradient, (dT/dz),, at the base of the stratosphere.
We find that we require (d7/dz), =~ 30 K/km to fit the
knee in the lightcurve, This temperature gradient is largely
an artifact of our choice of the Bates model, because the
knee is actually formed by the portion of the atmosphere
where the temperature profile is strongly curved, around
1210 km. The large temperature gradient we find in these
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models is required to provide enough curvature at those
levels, and does not relate directly to the shape of the
knee.

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; =
1174.61 * 2.12 km, r, = 1124.68 + 2.25 km, and »/ =
1091.26 = 3.15 km. Our fits 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 N, composition) at 1250
km is 1.13 ub.

Figure 1 iltustrates a subset of the temperature profiles
we have explored, and Table II summarizes some derived
atmospheric parameters. Elliot and Young (1992) found
a reference pressure of 1.26 = 0.35 ub at 1250 km, some-
what larger than the value we derive, 1.13 ub. The Pluto
radii derived from their temperature inversion models and
those of Millis et af. (1994), =1195 km, are very slightly
smaller than the zero-thickness troposphere radius in our
models, 1198 km. The source of these minor discrepancies
is unclear at present, but probably lies in the details of
the assumed temperature profile.

1220 TT T [T T T[T I T[T T T[T T T[E

1200 r

£ |
1180 —
1160 |~ -ﬂ
e leav by e boaa Lo
0 20 40 60 80 100 120
T (K)
FIG. 1. Various temperature profile models used in the synthesis of

lightcurves. All profiles are essentially identical above the tropopause
atr= 1198 km. The “*knee’’ in the KAQ lightcurve is formed in the region
near i205-1210 km. Lightcurves shown in Figs. 3 and 4 correspond to
a typical temperature profile (o ¢ <).
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TABLE II
Reference radius 1250 km
Reference pressure 1.13 ub

Molecular mass 28
Temperature of stratosphere 106 K
Tropopause radius 1198 km

Equivalent N,

Depth of Surface pressure® temperature!
troposphere (km) (ub) °K)
0 3.1 ub 35.2 (o)
3 3.4 ub 35.3 (o)
10 4.2 ub 35.6 (B)
20 6.8 ub 36.4 (B)
40 24 ub 38.4 (B)

¢ Approximate—depends on our assumption of a Bates model strato-
sphere and (dT/d2);,, = 0.7 K k™
b Assuming vapor pressure equilibrinm.

SYNTHESIS OF LIGHTCURVES

Theory

In this section we describe the synthesis of lightcurves,
with the aim of constraining the depth of a possible tropo-
sphere and hence the minimum radius of the solid planet.
We start with a spherically symmetric model atmosphere
in which the molecular 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 ¢’ from the optical axis, with
D = ', Because Pluto is unresolved in the occultation
observations, the multiple signals are summed into a sin-
gle value for the total flux from the occulted star, ¢b(r'),
normalized such that ¢ = 1 for the unocculted star.

The value of ¢ 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 fiux for each path by determining
the curvature of the wavefront imposed by the atmo-
sphere. In this model there is no net loss of photons above
the tropopause by scattering or absorption. The effect of
tropospheric clouds has been included in some models
for stationary phase paths which pass through the tropo-
sphere. Each point #' is linked by stationary phase paths
to at least two corresponding closest-approach radii » in
Pluto’s atmosphere, located on opposite sides of the opti-
cal 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 ¢ becomes
infinite (although the average stellar flux over a small finite
time interval remains finite). These points divide, on
the ¢’ axis, regions where the corresponding number of
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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 theoretical lightcurve to a lightcurve
which can be directly compared with observations as fol-
lows: (1} At each value of ¥, the flux from multiple stellar
images is summed to give a single value of é. (2) We
compute a series of r' values corresponding to equally
spaced intervals in time ¢, using the formula ' =
V2 + vt — t.,.)°. Each observing station has a speed
v with respect to the shadow plane, an impact parameter
Foin With respect to the center of the shadow, and a time
tmn at which it reaches ry;,. (3) We perform a triangular
convolution of the model flux over a stellar profile with
“radius’’ r. (typically, r. = 1.6 km). {4) Finally, noise is
added to the synthesized lightcurve at the level quoted
in Millis et al. (1994) for the station under consideration.
Synthesis of noise plays a critical role in this discussion:
we shall argue that possible tropospheric caustics are un-
observable owing to the low S/N values for Pluto occulta-
tion lightcurves from the most central chords. We con-
sider two types of noise, instrumental shot noise and
scintillation, Shot noise is simulated by adding random
signal increments with Gaussian statistics to each syn-
thetic lightcurve, choosing the rms amplitude of the incre-
ments to match the actual signal-to-noise ratio (S/N) for
the station. The synthetic shot noise is taken to be inde-
pendent of ¢, as would be appropriate for a signal domi-
nated by the background sky and Pluto signal and by dark
current. Scintillation is produced by small-scale density
fluctuations in Earth’s atmosphere and in Pluto’s oc-
culting atmosphere. Scintillation in Earth’s atmosphere
mainly occurs at much higher frequencies than those sam-
pled in the Pluto data sets and is negligible for our pur-
poses. In the following section we discuss the effect of
smali-scale structures in Pluto’s atmosphere on occulta-
tion lightcurves.

Constraints on Scintillation Amplitude from the Data

Data from the 1988 Pluto occultation observed with the
KAO have the highest S/N of any data set, and can be
used to place limits on scintillations produced by density
fiuctuations in Pluto’s atmosphere. In principle scintilla-
tions 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 assume that the
density perturbations are only in the vertical direction so
that the atmosphere remains radially symmetric. Second,
we assume that the amplitude of the density fluctuations

507

is proportional to the mean density and that they are a
superposition of waves having a Kolmogorov wavenum-
ber spectrum over a range of radial wavenumbers {Nara-
yan and Hubbard 1988).

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 as analyzed by Narayan and Hubbard (1988).
We find that a relative root-mean-square density fluctua-
tion in Pluto’s atmosphere >0.002 is required for detect-
able scintillations to appear, but that levels >0.003 give
scintillations larger than seen in the KAO lightcurve. Such
density fiuctuations are about an order of magnitude
smaller than those inferred for the stratosphere of Nep-
tune. In general, synthesized Pluto scintillations appear
with significant amplitude onty above the *‘knee,”” and
have only a slight effect on the positions of caustics. The
synthetic lightcurves presented below include scintiila-
tions with an RMS amplitude of 0.003. The corresponding
RMS temperature fluctuation is =~0.2 K.

Effect on the Lightcurve of a Diurnal Boundary Layer

As shown in Fig. 1 of Millis er al. (1994), 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 carly morning
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 sur-
face temperature, as is observed on Mars and in desert
areas of Earth. The amplitude of the diurnal temperature
variation al the surface depends on the thermal inertia of
surface layers, but is unlikely to exceed 5 K. The thermal
skin depth is given by h ~ Vz, where y, the eddy diffu-
sion coefficient, is taken to be ~10 m? sec™!, by analogy
with earth’s troposphere, and ¢t ~ 3 x 10° sec. This yields
h ~ 1 km. With an amplitude of =5 K for the temperature
variation assuming constancy of pressure, the relative
variation in density and hence refractivity would be of
order 0.1 over the interval &. 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 layer in some cases has
a small effect on the minimum flux value that would have
been observed by the KAO. We do not consider it further.

Effect of a Troposphere on the Lightcurve

Figure 2 displays model lightcurves corresponding to
some of the atmosphere models in Fig. 1. The presence
of a troposphere causes the appearance of caustics
(spikes) in the observed flux, typically in the central region
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(a) The effect on the lightcurve of adding tropospheres of various depths. The temperature gradient in the troposphere was set equal

to 0 K km™!, and curves a—d are for troposphere depths of 0, 5, 20, and 40 km, respectively. The lightcurves have been offset by 10% in normalized
flux for clarity. (b) The effect of changing the tropaospheric temperature gradient on the lightcurve, Curves a—d are for tropospheric temperature
gradients of —0.2, —0.4, —0.65, and —0.75 K km™!, respectively. The troposphere depth was 40 km.

of the shadow. Another important but more subtle effect
is a slight increase in flux at the minimum in the lightcurve.
The KAO measurements limited the minimum flux to less
than about 2% (J. L. Elliot, personal communication).
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 six lightcurves taken
during the 1988 occultation, We note that the addition of
a troposphere has no noticeable effect on the knee.
Figures 2a and 2b illustrate the effect of changing the
tropospheric depth and temperature gradient, respec-
tively. The curves from bottom to top are for increasingly
deeper tropospheres (Fig. 2a) or for tropospheres with
increasingly negative temperature gradients (Fig. 2bj. The
lightcurves are multivalued in this representation for rea-
sons described earlier. In Fig. 2a the image of the star
strikes the surface at r' = 260 km in the absence of any
troposphere, but with a troposphere, rays passing below
the tropopause are refracted to larger values of r’ and are

focused into a caustic at about r' = 730 km. For the 5-
km deep troposphere the caustic is truncated by Pluto’s
limb just as it begins to form. The deeper tropospheres
allow the 730-km caustic to fully form before the star
dives behind Pluto, and in the case of a 40-km troposphere
a central caustic is produced and the stellar image begins
a second trek outward in r’ before the star is finally extin-
guished by Pluto. The excursions at very low flux levels
between ' = 500 and 700 km are due to numerical noise
in the model atmosphere.

Under our assumption, justified in previous sections,
that the near surface atmospheric temperature is 50 K,
different tropospheric temperature gradients produce dif-
ferent tropopause temperatures. Figure 2b shows that the
positions of the caustics in the lightcurves are quite sensi-
tive to the tropopause temperature. The importance of
this effect can be seen by examining Fig. 2a, in which the
tropopause temperature was 50 K in all cases, and the
caustics all occur at the same position. By comparison,
here the caustics occur at various locations which vary
in a systematic way with the tropopause temperature,
Tirop- As Ty, becomes lower, the position of the caustic
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first moves toward the center of the shadow (curves a
and b), reaching it for a tropospheric temperature gradient
of —0.5 K km™', and then moves back outward {curves
¢ and d) as the temperature gradient approaches the dry
adiabat. The observation of such caustics could in princi-
ple be diagnostic of the temperature at the tropopause
and the depth of the troposphere. All of the caustics in this
and Fig. 2a occur at ¢’ values smaller than the minimum #'
probed by the KAQO (868 km, Millis et af. 1994) and would
not be visible in that data set,

Deep tropospheres with any significant tropospheric
temperature gradient might have been detected by the
KAQO in ways other than the position and strength of their
caustics. In those lightcurves (Fig. 2b) significant flux is
contributed to the region 868 < ' < 1000 km by rays
passing through the atmosphere on the far limb of Pluto.
The flux there is limited to <2% by the KA( data (J. L.
Elliot, personal communication). Clouds in the tropo-
sphere could mitigate this problem. A cloud layer 10 km
thick, having the tropopause as its upper boundary, and
vertical optical depth =0.1, such as were observed in
Triton’s troposphere by the Voyager 2 imaging system
{Rages and Pollack 1992), would diminish the far limb
tropospheric flux by one-third. As shown in Figs. 3 and
4, this brings our model lightcurves into agreement with
the minimum light established by KAO. The clouds pro-
posed here would not contribute to the formation of the
knee in the KAO lightcurve, because they lie well below
the level in the stratosphere where the knee is formed,
between 1205-1210 km. The clouds proposed here should
not be confused with the haze layer originally proposed
by Elliot ef al. (1989) as a possible cause of the knee.

The presence of a troposphere on Pluto certainly has
the potential of producing easily observed effects in occul-
tation lightcurves, but would these effects have been seen
in the 1988 occultation data? Figure 3 shows model
lightcurves calculated for the KAQ occultation chord.
Curve (a) is calculated for the model atmosphere denoted
by ¢ ¢ < in Fig. 1 (with a 40-km-thick troposphere having
a temperature gradient of —0.7 K km™"}, with and without
a tropospheric cloud layer (the model with a cloud layer
has a lower minimum flux). In curve (b), which is offset
downward for clarity, Pluto scintillations corresponding
to a relative density fluctuation of 0.003 are added to the
model with a cloud layer. Curve (¢) 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
10-km-thick cloud layer with a vertical optical depth of
0.13 and an opacity scale height of 10 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 ap-
proach distance r_;,, = 188 km (Millis e7 al. 1994). Figure
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FIG. 3. Comparison of theoretical and measured lightcurves for

KAOQ. (a) Theoretical lightcurve for temperature profile (v ¢ ©) shown in
Fig. 1, with and without a cloud layer. {b) Same as (a}, with scintillations
added. (¢} Same as (b), with noise added. (d) KAO data.

4 shows, in a manner analogous to that of Fig. 3, the
synthetic lightcurves and actual data for this station. Al-
though 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 quite deep.

IMPLICATIONS OF THE RADIUS FOR PLUTO’S
DENSITY AND ORIGIN

The occultation analysis presented above provides con-
straints on Pluto’s density and composition which have
implications for the chemical reservoirs from which the
Pluto/Charon system formed. The high atmospheric tem-
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ical lightcurve for temperature profile (v = ») shown in Fig. 1, with and
without 2 haze layer. (b) Same as (a), with scintillations added. (¢) Same
as (b), with noise added. (d) Toowoomba data, kindly provided by 1.
Wasserman and R. Millis.

perature required to fit the occultation data, which con-
firms ecarlier analyses of Hubbard et al. (1991) and Millis
ef al. (1994), implies a predominance of gases of molecular
weight close to 28 in addition to the CH, required for
heating (Yelle and Lunine 1989). Based on solar elemental
abundances and motecular stability, CO and N, are the
best candidates. The most recent near-infrared spectros-
copy of the surface of Pluto (Owen et al. 1993) reveals
solid phases of nitrogen, methane, and carbon monoxide,
in the ratio 100: 1.5:0.5. Comparison of the ratio of the
three volatiles reveals two issues of significance. First,
the N;t0-CO ratio is orders of magnitude larger than
that expected in any primitive reservoir from which Pluto
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could have formed, including molecular cloud grains (Van
Dishoeck et al. 1993) or material processed through the
Sun’s protoplanetary disk (hereafter ‘‘solar nebula™)
{Lewis and Prinn 1980). This suggests significant loss of
carbon monoxide after formation and/or production of N,
from an additional source, possibly ammonia which
is relatively abundant in molecular cloud grains (Van
Dishoeck et al. 1993). Second, the presence of significant
amounts of CH, on Pluto weighs in favor of relatively
unaltered molecular cloud material, for which the CH,-
to-CO ratio is not too dissimilar from that derived spectro-
scopically for Pluto’s surface; gas processed in the solar
nebula would be expected to have much smaller CH,
abundances unless very efficient catalysis of CO reduction
on grains were achieved (Engel ¢f al. 1990). Grains from
the molecular cloud core which went to form the Solar
System could have fallen into the solar nebula with modest
heating and processing (Lunine et al. 1991), avoiding sig-
nificant chemical reequilibration provided radial mixing
were inefficient in the solar nebula, as argued by Steven-
son (1990) (but see Prinn 1990).

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 some-
thing of its early history. If Pluto’s radius is at the upper
end of the range we calculate above, 1198 km, its astro-
metrically determined mass 1.31 + 0.024 x 10% g (Null
et al. 1993), yields a bulk density for the planet of 1.82 g
cm . (A more recent mass determination by Young et
al. (1994) yields p = 1,78.) If Pluto’s radius is 1158 km,
its density is 2.01 g cm™>. The link between the bulk
density and the rock-to-ice ratic of the planet comes
through the fact that carbon is roughly half the abundance
of oygen in solar material, and CO will tie up oxygen
preferentially relative to water. Hence the rock-to-ice ra-
tio and bulk density of an icy body is determined by how
much carbon was locked up in the primordial gas as CO
(and secondarily CQ,, which under relevant conditions is
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 Fig. 5 we plot the ice mass fraction versus bulk
density of Pluto (solid line). The positions of the error
bars at p = 1.82 and 2,01 g cm™? reflects the range of
Pluto densities we derive from our lightcurve modeling.
The length of the error bars is based on a range of Pluto
interior models which include the uncertainty due to dif-
fering degrees of hydration of the rock component (Simo-
nelli and Reynolds 1989, McKinnon and Mueller 1988);
they are extended to the lowermost tick marks to allow for
the additional uncertainty due to the presence of organics.
These ice mass fractions are compared with the theoreti-



PLUTONIAN MIRAGES

6 L L L L |
» T -
- ' -
i
5 i Anders & Grevesse —
________ — o= e o - — -
- ;
_ : ]
-------------- ) O T B e A —y W
.5 t T Grevesse et al |
Q
S 4
o L
0
) -
=
=
8 -
Rl R A R
F Anders & Ebihara
oL P
B AR AN AR BT A
1.8 1.9 2 2.1
Pluto Density, g em™
FIG. 5. Ice mass fraction versus density of Pluto. Solid line is Pluto,

error bars show range corresponding to different models. Lowermost
error bar in each case makes an additional allowance for the presence
of organics, which would lower the ice mass fraction. Horizontal dashed
lines are predictions from clemental abundance determinations; as de-
scribed in text, the Grevesse values (with dashed error bar) are most
up-to-date.

cal value computed as described in the previons para-
graph, assuming that the predominant phase of carbon is
CO (not CH,), which soaks up a significant fraction of the
oxygen that would otherwise mostly form water. Revised
elemental abundances for the Sun are reflected in the
three horizontal lines; the oldest being Anders and Ebi-
hara (1982) and the most recent Grevesse et al. (1991).
The dashed error bar reflects the uncertainty in the most
recent determination, If involatile organic phases are pres-
ent in the material, the horizontal lines should slide up-
ward an amount dependent upon the composition and
abundance of the organics. If half the carbon is in the
form of organics which contain no oxygen (an extreme
assumption), the Grevesse line should be moved up to
roughly the top of its error bar,

The ice mass fraction we estimate for Pluto is systemati-
cally below the theoretical value based on the elemental
abundance determination of Grevesse et al. (1991), al-
though for the larger radius/lower density Pluto there is
nominal agreement between the theoretical value and our
estimate. An underabundance of ice is most readily ex-
plained by water loss during or after formation. Models
for the formation of Charon by giant impact (M¢Kinnon
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1989} suggest some water loss, but loss of a significant
fraction of the water (i.e., half) appears difficult. More-
over, Triton’s density of 2.05 g cm™* as determined from
Voyager 2’s trajectory (Tyler et al. 1989) implies a large
amount of water loss; its dynamical history associated
with capture by Neptune could conceivably lead to more
water loss than from Pluto, though this has yet to be
modeled in detail.

Most important is that Fig. 5 illustrates a cautionary
note regarding cosmogonic interpretations of density: er-
ror bars on elemental abundance determinations and the
range of possible interior models limit the strength of the
conclusions which can be drawn. It is essential to decrease
the uncertainty in the elemental abundance determina-
tions, since constraints on the interior models are not
likely to improve in the near future.

CONCLUSIONS

We fitted the KAO lightcurve using atmosphere models
containing a troposphere and an inversion layer at the
base of the stratosphere. The inversion model implies the
presence of N, and/or CO in the atmosphere along with
CH,, and the recent spectroscopic detection of these spe-
cies as solid phases on the surface is consistent provided
that the CH, ice is a few degrees warmer than N,/CO
ices. The warm regions on Pluto’s surface may explain
the CH, mixing ratio of >>1073 required in the Yelle and
Lunine (1989) model for heating Pluto’s upper atmosphere
to =106 K. A mixing ratio of 1072 is well above what is
obtained if the CH, and N, ices are at the same tempera-
ture, but if CH, exists on the surface at temperatures a
few Kelvin warmer than the N, ice, a mixing ratio of 107°
is reasonable.

The existence of regions with distinctly different tem-
perature may also resolve the conflict between the infra-
red and sub-millimeter surface temperatures of Pluto.
Svkes et al. (1987) measured infrared brightness tempera-
tures for Pluto of =58 K. Later microwave observations
(Altenhoff er al. 1988, Stern et al. 1993) found microwave
brightness temperatures of 35-40 K. QOur lightcurve fits
and hydrostatic equilibrium require Pluto’s N, 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 N,. Such a two-temperature-
component surface model appears 1o be confirmed by the
submillimeter photometry of Jewitt (1994).

The model lightcurves reproduce the shape and location
of the knee in the lightcurve as well as the minimum
flux observed by the KAQ. In some cases we require a
relatively thin layer of clouds (normal optical depth =0.1)
below the tropopause in order to meet the minimum flux
constraint. Our model lightcurves also agree qualitatively
with other measured lightcurves from the 1988 Pluto oc-
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cultation, and we find that none of the data rules out the
presence of a substantial (up to 40 km) troposphere. The
model atmosphere we employ is not based on a physical
model of processes in Pluto’s atmosphere, nor is it derived
directly from an inversion of lightcurve data. Because of
this, the details of the temperature and pressure structure
presented here are somewhat uncertain, and the best
physical representation of the atmospheric structure is
still that of Hubbard ef af. (1990), which was based on
an inversion of the KAO data.

Previous occultation determinations of Pluto’s radius,
for example the 1195 km of Millis et al. (1994) reflect only
the bottom of the stratospheric temperature inversion.
Our fits put the base of the inversion at 1198 km, with a
possible mirage caused by an underlying troposphere,
hence pushing the surface radius downward from 1198
km. If the troposphere is thin (< 10 km) Pluto’s radius is
near §{90 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 became more dense via water loss during its
capture by Neptune, reaching its current density of 2.05 g
cm~>. 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
1158 km, Pluto would have had to undergo considerable
loss of primordial water to reach its current density.
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