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Absolute spectrophotometry of Ptuto in the wavelength range of 5600 to 101500 A was
obtained on 4 nights covering lightcurve phases of 0.18, 0.35, 0.49, and 0.98. The four
phases included minimum light (0.98) and one near maximum light (0.49). The spectra
reveal significant variations in the arr-sorption depths of the methane bands at6200,7200,
7900, M00, 8600, 8900, and 101000 A. The minimum amount of absorption was found to
occur at minimum light. This variation would imply a 307o change in the column abun-
dance of methane within 3 days. A model employing an anisotropic surface distribution
of methane frost and a clear layer of CIIa gas was developed to explain the variation in
absorption strength with rotational phase. The fit to ihe overall spectrum requires the
presence of a frost with particle sizes on the order of a few millimeters. An upper limit of
5.5 m-am is derived for the one-way column abundance of CHa gas. An equally good fit
to the variation of the 72ffi-A band is obtained if the atmosphere is removed from the
model entirely. o 1987 Acsdemic Pr6s, Inc.

INTRODUCTION

Previous observations of Pluto have re-
vealed a very interesting planet. Its orbit
has the largest semimajor axis and eccen-
tricity of any known planet in the Solar Sys-
tem. This gives it a perihelion distance of
29.6 AU and an aphelion distance of 49.3
AU, resulting in a large temperature varia-
tion during a Plutonian year.

Photoelectric observations of Pluto since
1953 (Walker and Hardie 1955, Hardie
1965, Andersson and Fix 1973, Neff el a/.
1974, Binzel and Mulholland 1984, Tholen
and Tedesco 1986) have shown that there
are substantial brightness variations. Plu-
to's lightcurve has been observed to have a
large amplitude varying from about 0.12
mag in 1955 to almost 0.3 mag today. In
addition, the mean of the lightcurve has de-
creased by about 0.22 mag over the same
period of time. Analyses of this photometry

I Present address: Institute for Astronomy, Univer-
sity of Hawaii, 2680 Woodlawn Dr. Honolulu, HI
96822.

have attributed the rotational lightcurve to
surface albedo features (Lacis and Fix
1972, Marcialis 1983).

Infrared photometry by Cruikshank et al.
(1976) and Cruikshank and Silvaggio (1980),
and spectroscopic studies by Fink et al.
(1980), Soifer et al. (1980), and Apt et al.
(1983) have shown the presence of meth-
ane. Both a methane atmosphere and sur-
face frost have been called upon to explain
the observed absorption features. Unfortu-
nately, methane frost and gas display very
similar spectra at medium to low resolu-
tion, and distinguishing between the two
phases on the basis of absorption strength
or band shape can be very difficult. Knowl-
edge of the column abundance of CHa gas
can give a direct determination of the sur-
face temperature, a quantity that is difficult
to measure with current infrared instru-
ments.

A lightcurve of the CHa absorptions can
furnish diagnostic information that can dis-
tinguish between gaseous and solid meth-
ane. If the absorption were due entirely to a
uniform atmosphere, the equivalent width
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ofthe bands should not change as Pluto ro-
tates. A nonuniform covering of frost, on
the other hand, would show a variation.

The objective of the research was to
monitor the spectrum of Pluto as it rotates.
The spectrograph described by Fink et al.
(1980) was used for the new observations
because it had demonstrated the ability to
acquire spectra with good signal-to-noise
ratios in a single night. With this instrument
and the rotational period ofPluto ofabout 6
days it was possible to obtain high signal-to-
noise spectra covering a range oflightcurve
phases. The observations and modeling of
spectra obtained at four different rotational
phases are described in this paper.

OBSERVATIONS AND INSTRUMENTATION

All of the observations were carried out
at the 155-cm Catalina Observatory tele-
scope during the period 1983 April 18-23. A
summary of the 61 exposures of Pluto from
4 nights is presented in Table I.

The transmission grating spectrograph
used gave a resolution of about 20 A in the
wavelength range 0.56 to 1.05 pm. The im-
age scale at the entrance slit was 10 arcsec
frr-r, yielding a field of view of 180" along
the slit and 10" across the slit. A slit width
of l0" was chosen so that essentially all of
the light from Pluto could be collected, and
so that absolute spectrophotometry could
be carried out. The reduction of the beam
by the final lens gave a scale of about 80
arcsec mm-r along the len€ith of the slit and
a dispersion of about 700 A/mm.

TABLE I

Suvrr.renv or OssenvltroNs oF PLUTo

UT date Number of
exposures

Total time Rotational
(min) phase

The detector employed for all of the ob-
servations was an 800 x 800 charge coupled
device (CCD) array of 15-pcm pixels manu-
factured by Texas Instruments for the
Space Telescope camera. The CCD and its
associated readout electronics were used in
cooperation with the Space Telescope
Wide Field Planetary Camera investigation
definition team.2

During the observations special care was
taken to track the object accurately during
integrations, the longest of which was 10
min. To allow corrections for telluric ab-
sorptions observations of SAO 120312, aG5
star, were interposed between exposures of
Pluto. This regular sampling of a compari-
son star throughout the night also made it
possible to determine extinction coeffi-
cients for each night, necessary for calibrat-
ing SAO 120312 with respect to the stan-
dard stars. As well as monitoring air mass
effects, this procedure monitored slow see-
ing changes that affect the amplitude of the
channel fringes (see next section). SAO
120312 was chosen for its proximity to
Pluto, similarity in color to the Sun, and its
relatively low brightness level (M, : 9.2).
The latter allowed long enough exposures
(-25 sec) to average out seeing fluctuations
so that spectra of the comparison star were
of seeing disk averages and thus compara-
ble to Pluto.

DATA REDUCTION

The process of data reduction is largely
unchanged from that described by Fink et
a/. (1980) and Johnson et al. (1984). A few
new steps have been added to the reduc-
tions to achieve the highest possible signal-
to-noise. These steps are (1) removal of
cosmic ray strikes on each raw image, (2)
dividing all data by a flat-field, and (3) shifr
ing of individual spectra by a fraction of a
pixel to line up instrumental and telluric
features between the spectra to a high de-
gree of precision.

2 Team members are W. B. Baum. A. D. Code.
D. G. Currie, G. E. Danielson, J. E. Gunn, T. Kelsall,
J. Kristian, C. R. Lynds, P. K. Seidelman, B. A.
Smith. and J. A. Westphal.

1983 Apr 18
1983 Apr 19
1983 Apr 20
1983 Apr 23

r t n
200
200
90

t 2
20
20
9

0.  19
0.35
0.50
0.97

Note. r : 29.891 AU, Pluto-Sun distance; A =

28.934 AU , Earth-Pluto distance; a = 0.7", phase an-
sle between the Earth and the Sun as seen from Pluto.



For accurate spectrophotometry sum-
ming all the signal was considered to be a
primary objective. In this case the summa-
tion aperture along the slit for the object
signal should be as large as possible to en-
sure that all of the light is collected. Such a
large aperture degrades the signal-to-noise
ratio by including too much sky signal along
with the light from the object. The optimum
signal-to-noise in this case is achieved with
an object aperture of 5 pixels (Buie 1984).
For this data set an aperture of 9 pixels
(- 15 arcsec) was chosen to ensure the com-
plete summation of the signal while retain-
ing most (-90%) of the possible signal-to-
noise. The same aperture was also used for
the comparison star so that any fractional
loss was equal for the two.

Wavelength calibration of the data was
carried out with exposures of a helium
emission lamp. The dispersion determined
from a linear least-squares fit was 10.60 A/
pixel. To obtain a precise wavelength scale
(*15 A) the position of a telluric absorp-
tion. the oxygen A-band (OzA) at 7260 A,
was used as a reference point for each spec-
trum.

A complete description of the techniques
used for cosmic ray strike removal is given
by Buie (1984). Flat-field corrections were
provided by dividing each raw CCD image
by a high signal-to-noise image (uniform
along the slit) taken of the telescope dome.
In any case only a small correction was in-
troduced by the flat-fielding process be-
cause all objects were positioned on the
same place in the slit.

Figure I shows a raw spectrum of the
comparison star using a l-mm slit. Traces
from several different flat-fields at a variety
of slit widths are also shown. The sinusoi-
dal fluctuations, or channel fringes, are the
result of optical interference between the
front and back surfaces of the relatively
thin (about 16 pcm) absorbing silicon layer
of the CCD. The amplitude of the channel
fringes is determined by the spectral res-
olution, as shown in the flat-field curves.
In the case of point sources the spectral
resolution was not defined bv the slit, but

PLUTO METHANE VARIATIONS

6000 8000 toooo
Wovetenqih ( i)

Ftc. l. Top curve is a raw spectrum ofSAO 120312
that was used as the reference spectrum for shifting.
Below are traces of the same row from three flat fields
recorded with different slit widths. The top, middle,
and bottom curves correspond to 0.25-, 0.5-, and l-mm
slit widths, respectively. Note the increase in the
fringe amplitude with increasing spectral resolution.

by the size of the
exposure.

seeing disk for each

The exact placement of the channel
fringes on the detector was determined by
the object's position in the entrance slit.
Centering within the entrance slit was accu-
rate to within -1"-3", resulting in random
shifts of the spectra and their interference
fringes by l-2 pixels in the focal plane of
the array. Additional noise is introduced
into the data if this misregistration between
different exposures is not corrected.

Shifting of the spectra was accomplished
by a convolution of the data with a shifted
sinc function which preserves all of the in-
formation (i.e., lineshapes and even noise)
in the data. The foundations for this pro-
cess are explained in Bracewell (1965), and
a detailed description of its usage for these
reductions can be found in Buie (1984).

With this approach all of the spectra were
registered with respect to the stellar refer-
ence spectrum shown in Fig. 1. The opti-
mum shift was determined by minimizing
the noise in the ratio of the unknown spec-
trum and the reference. The result of this
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Frc. 2. Ratio of two different exposures of the same
comparison star taken on the night of 1983 Aprll 23
shown with no shifting on the top and a relative shift of
0.877 pixels on the bottom.

procedure is illustrated in Fig. 2. When the
two spectra are not registered the ratio is
very noisy due to the mismatch in the chan-
nel fringes while the strong telluric absorp-
tions, such as the O2A band, show a charac-
teristic "S" shape pattern. After shifting,
the fringes and "S" shapes disappear. The
shifts required ranged from no shift to 2 pix-
els, with the average shift being about 0.5
pixels.

This technique does not guarantee per-
fect cancellation of the telluric absorptions
and channel fringes. The telluric features
are only canceled when the air mass is well
matched and atmospheric absorbers such
as water vapor are constant throughout the
night. Similarly, changes in seeing during
the night will prevent good cancellation of
the interference fringes, because of the
varying spectral resolution. The effects of
these problems were minimized with fre-
quent and periodic observations of compar-
ison stars.

Only after the spectra were registered
with respect to the reference spectrum
could they be averaged. For each night all
of the Pluto spectra were averaged with
equal weight. The comparison star average
was constructed by using all available expo-
sures from that night. If the resulting mean
air mass was not identical to that of Pluto,
one or two comparison star spectra were
removed from the average to make the
match as close as possible.

The average of the Pluto spectra for 4
nights is illustrated in Fig. 3, where the data
from this investigation are compared to the
previous spectrum by Fink et al. (1980).
Both are plotted on a relative reflectance
scale normalized to l at 6000 A. The slight
difference in slope is due to the different
comparison stars used. Aside from the ob-
vious improvement in the signal-to-noise,
the spectra are qui-te similar except that the
shape ofthe 8900-4 band has changed since
1980. A discussion of the implications of
this change will follow in the conclusions.

Absolute flux calibration of the spectra
require correcting for atmospheric extinc-
tion. The extinction coefficients were deter-
mined from the comparison star spectra for
each night by a least-squares fit to each
wavelength and are shown in Fig. 4.

While the variation in opacity caused by
the changing amounts of atmospheric water
vapor from night to night is expected, the
changes in the extinction at the short-wave-
length end of the spectrum is not readily
explained. It is possible that this is due to
varying amounts of volcanic dust from the
eruption of El Chichon in 1982. These data
demonstrate the need for caution in the use
of "average" extinction coefficients for a
given site. The data plotted in Fig. 4 dem-
onstrate that for the best results the extinc-
tion must be determined every night.

The final phase of the data reduction pro-
cedure involved determination of the abso-
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Ftc. 3. Average of all four Pluto-SAO 120312 ratios
for 1983 compared with the data from Fink et al.
(1980). The 1983 data represents 470 min of integration
on Pluto while the 1980 data reDresents onlv 35 min.
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Frc. 4. Extinction curves for 1983 April 18, 19, 20,
and 23 (top to bottom).

lute flux and geometric albedo for Pluto.
Absolute calibration of the spectra for each
individual night was carried out by observ-
ing the standard stars 109 Vir and BS 6629
for which absolute flux levels have been
published by Johnson (1980).

The 10" entrance slit of the spectrometer
was wide enough (Johnson et al. 1984) to
admit all the light so that no correction for
the light lost outside the slit was required.
Since the ratios of comparison star/stan-
dard star and Pluto/SAO 120312 were
smoothly varying, four points of the spec-
trum sufficed for calibration purposes. The
points were chosen to avoid telluric absorp-
tions and methane features in Pluto's spec-
trum. At each wavelength the number of
counts per second was determined from an
average of 15 adjacent points in the spec-

TABLE II

Ansorurs CnlrnnarroN on SAO 120312"

Date
(UT)

Standard
star

Wavelength (A)

6000 7000 8000 9500o.2

5 .85  4 .61
5.84 4.60
s .94 4.66
5.69 4.54
6.25 4.88
6.05 4.82
5.52 4.48

5.88 4.66
0.09 0.06
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l8 Apr 1983
l8 Apr 1983
19 Apr 1983
19 Apr 1983
20 Apr 1983
20 Apr 1983
23 Apr 1983

Average
o of the mean

109 Vir
109 Vir
109 Vir
109 Vir
109 Vir
109 Vir
BS 6629

3.74 3.2r
3 .68  3 .12
3.76 3.25
3.64 3.07
3.87 3.27
3.89 3.39
3.67 2.87

3.75  3 .17
0.004 0.06

Nore. Pairs of values for a particular date refer to measure-
ment before and after transit of the star.

, Flux (erg cm-2 sec,r A,') x l0r3

trum. Multiplying the measured count ratio
by the absolute flux ofthe standard yielded
the absolute flux of the comparison star.
The air mass correction was then applied
from the previously determined extinction
coefficients. This correction was generally
about lVo with the largest being 5Vo. For
each night the absolute flux of the compari-
son star was calculated independently. For
the final absolute flux determination of the
star SAO 120312 the average was taken and
is shown at the bottom of Table II. Table III
gives the absolute flux determination of
Pluto for each of the 4 nights of observa-
tion.

The errors shown for the absolute cali-
bration are the random errors from all of
the independent calibrations. A referee for
this paper has noted that the single calibra-
tion based upon BS 6629 appears to be sys-

o.4

o.2

TABLE III

Assolure Clr-rnnetIoN on Pluro'

Date Phase
(UT)

Wavelength (A)

6000 7000 8000 9500

18 Apr 1983
19 Apr 1983
20 Apr 1983
23 Apr 1983

0 . 1 9
0.35
0.48
0.98

10.4  8 .87  7 .21  6 .33
10.5  8 .93  7 .3 r  6 .51
11.0  9 .27  7 .60  6 .64
9.14  7  .83  6 .52  5 .78

,  F lux (ergs cm-2 sec-r  A-r)  X 10t5.
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tematically below the mean, indicating that
systematic errors dominate over random
errors. The calibration of SAO 120312
based on BS 6629 and 109 Vir differ by
-7%.

To derive the geometric albedo it is nec-
essary to divide the flux spectrum of Pluto
by the incident solar flux. An approximate
method is to use a solar-type comparison
star whose flux spectrum is very nearly the
same as that of the Sun. The comparison
star SAO 120312 is classified in the SAO
catalog as a G5 star, and upon comparing
its flux spectrum to that of the Sun (Arvsen
et al. 1969) it was found to have the same
color as the Sun to within the accuracy of
our data, that is, abott lVa. Therefore the
geometric albedo of Pluto can be deter-
mined directly to within this error from the
ratio spectrum.

For the absolute scaling of the geometric
albedo only one wavelength, chosen to be
6000 A, is required. It should be noted that
the derived geometric albedo spectrum is
for Pluto and Charon seen together. The
relative contribution of Charon to the total
flux is not precisely known now and may
not be constant. The relative flux contribu-
tions of Charon needs to be taken into ac-
count in any modeling. Table IV contains a
summary of physical parameters adopted
for the Pluto-Charon system.

The uncertain quantities in the geometric
albedo calibration are (1) flux of the Sun
(good to -3Vo), (2) flux of Pluto-Charon
(good to -10%), and (3) projected areas of
Pluto and Charon (good to -50%). The un-
certainties in r and A are negligible. The
importance of the large uncertainty in the
area of Pluto and Charon is lessened by in-
cluding the radii in the model calculation.

The final observational results of this in-
vestigation are displayed in Fig. 5. The fig-
ure shows the geometric albedo spectrum
of Pluto for rotational phases 0.19, 0.35,
0.49, and 0.98. Methane absorption bands
at 6200,7200,7900,8400, 8600, 8900, and
10,000 A are clearly evident in all the spec-
tra. The strongest band in the spectrum is at

TABLE IV

Aoopreo Psvsrclr- PARAMETERS or PLuro
eNo CHenoN

Pluto mass
Pluto radius
Charon mass
Charon radius
Charon-Pluto separation
Pluto surface gravity
Pluto-Charon density
Charon orbital period
First minimum light in 1980
Lighttime correction
Lightcurve period

M : 1 . 4  x  1 0 2 5 g
R :  1500 km

m : 1 . 8  x  1 0 2 4 g

r : 7 5 0 k m
20,000 km
c : 41.5 cm sec 2
p : l g c m 3
Same as lightcurve
JD 2444240.661
0.167 day
6.38726 days

Note, Parameters are from various sources: Trafton
and Stern (1983), Hege et al. (1982), and Tholen and
Tedesco (1986). The flux assumed for the Sun is from
Arvsen e/ al. (1969]�. The values for r and A at the
time of the observations are listed in Table I.

8900 A. It can easily be seen on the spectra
for phases 0.49 and 0.98 that the depths of
the methane absorption features are differ-
ent. The overall change in brightness for
the various phases agrees with that ex-
pected from the lightcurve.

The 10,000-4 feature is noisy because it
appears at the edge of sensitivity of the in-
strument and is not clearly defined, but defi-
nitely seems to be present. Appearing next
to the 8900-4 band are two shoulders at
8400 and s600 A. At 7900 A is a weak shal-
low band that is very useful for fitting the
column abundance of the atmosphere and
constraining the frost model. A very well-
defined band with a good signal-to-noise ra-
tio is located ar7200 A, and is important in
the subsequent model analyses. The weak-
est feature, at 6200 A, is not seen clearly at
all phases, but seems to be present. On no
spectrum is this feature as strong as seen in
the data from Fink et al. (1980.

ANALYSIS

Explaining the observed spectrum de-
pends upon the behavior of methane frost
and methane gas under conditions likely to
exist on Pluto. A synthetic match to the
Pluto spectrum has already been published
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for methane gas (Fink et al. 1980) but little
has been done for methane frost.

The data in Fig. 5 clearly show that the
depths of the methane features are depen-
dent on rotational phase. Every band of
methane observed was weakest at the
phase corresponding to minimum light
(0.98). There was a perceptible change even
between the phases of 0.35 and 0.49. For
a uniform amount of gaseous methane the
total amount of absorption would remain
nearly constant with rotational phase.
Some variation would be expected for an
inhomogeneous surface because the albedo
pattern will change the column abundance
integrated over the disk. Ifthe center ofthe
disk is darker than the area near the limb,
the high air mass regions are weighted more
in the integral. The absorption depth would
be larger for this case than for a uniform
sphere. If Pluto's lightcurve minimum is
caused by a dark spot on the center of the
disk (e.g., Marcialis 1983) then the absorp-
tion due to the gas would be greatest at min-
imum light. This is opposite to what is ob-
served. Thus the data present evidence that
at least a fraction of the methane absorption
observed is due to a surface frost layer
which is nonuniformly distributed over the
surface of Pluto.

(a) Photometric Spot Model

The photometric lightcurve of Pluto com-
bined with the large obliquity of the rota-
tional axis can lead to a detailed model of
the surface albedo distribution. One such
model was constructed successfully for
Saturn's satellite, Iapetus (Morrison er a/.
1975), as verified by the Voyager imaging
results (Smith et al. 1982). Marcialis (1983)
has developed a model that attempts to ex-
plain the known variation of Pluto's light-
curve in which he uses two circular dark
areas on the surface to explain the changing
amplitude and shape of the lightcurve since
1955. However, this model was not able to
account for the decrease in Pluto's mean
brightness. This secular dimming might be

explained by a more complicated surface
albedo distribution, including polar caps or
bands, or it might be explained by physical
changes of Pluto's surface properties such
as the evaporation of ices, which might
result from Pluto's changing distance from
the Sun.

From these considerations the simple
two-spot model cannot be expected to lead
to a complete interpretation of the spectro-
scopic data. Nonetheless it is a physically
reasonable model that can be used as a
starting point to constrain two different
types of terrain with different optical prop-
erties.

The relevant parameters from the two-
spot model developed by Marcialis are the
spot sizes and locations. The latitudes of
both spots are 23oS, while their radii are 46"
and 28' at west longitudes of 0' and 134',
respectively. The longitude used here in-
creases with time and is referenced to 0'
long at minimum light (lightcurve phase :

0). Note that the direction of Pluto's north
pole has been defined in accord with the
right-hand rule for spin vectors in physics
(i.e., choice "c" from Davies et al. (1980,
p. 215)) which is different from the adopted
IAU convention). In 1983 the sub-Earth
point was - 10' south of Pluto's equator and
moving north by abott 2.2' per year. The
spots were used as a starting point to con-
strain the distribution of methane on Pluto.
The contrast ratio and limb darkening are
determined in the current treatment.

(b) Synthetic Frost Calculations

A rigorous solution to the general scatter-
ing problem of a closely packed surface
frost with arbitrary particle shapes has not
yet been achieved. Hapke (1981) details an
approach for the approximate calculation of
a spectrum for multiply scattering, close
packed surface particles given sufficient
knowledge of their composition.

The first step in the Hapke model calcula-
tion is to determine the average single scat-
tering albedo from the complex index of re-



fraction and particle size of a material. The
material on Pluto's surface is assumed to be
methane frost. The real part of the index of
refraction for methane is n. : 1.33 (Mar-
coux 1969) and was assumed to be constant
from 5000 to 10,000 A. The imaginary index
of refraction can be calculated from the ab-
sorption coefficient for the particles as a
function of wavelength. Imaginary indices
are not available in the literature for solid
methane, but optical depths for liquid meth-
ane have been reported by Ramaprasad e/
al. (1978). These were converted to imagi-
nary indices. The absorption coefficients
for the liquid agree quite closely to those
for the gas (e.g., Fink e/ al. 1977). Since the
difference in density between solid and liq-
uid methane is much smaller, the approxi-
mation should be quite good for this resolu-
tion. The value determined for the liquid
will be used in the subsequent analysis.

The geometric albedo as a function of
wavelength can then be calculated leaving
only the particle size as a free parameter.
The conditions under which Hapke's the-
ory is valid (as applied here) are (l) particle
size is much larger than the wavelength of
light, (2) particles are closely packed, (3)
particles are irregularly shaped, and (4) a
surface integration element consists of a
homogeneous mixture of a single type of
particle.

The dependence of the synthetic spec-
trum on the particle's phase function was
explored. The depth of the absorptions was
not found to be critically dependent on the
phase function chosen. The actual function
for Pluto's surface particles is not known,
but a reasonable approximation is the iso-
tropic case. Throughout the rest ofthe anal-
yses this case is assumed.

Using the absorption coefficients of Ra-
maprasad for methane it is not possible to
match the observed wavelength variation of
Pluto's continuum, and material having a
wavelength-dependent absorption coeffi-
cient must be added. An easy way to fit the
observed spectrum is to modify the equa-
tion for optical depth given in Hapke

PLUTO METHANE VARIATIONS

(1981). The new equation becomes

?(I) : a(),)D" * rs(tr), (1)

where the first term represents the opacity
due to methane and the last term is the opti-
cal depth due to other absorbing material in
the particle. The latter is considered to be
the continuum optical depth. This treat-
ment has the advantage that rs can be deter-
mined independent of the particle size, thus
separating the task of fitting the continuum
albedo and the depths of the methane
bands.

The calculation of the complete model re-
quired a numerical integration over the visi-
ble hemisphere. Four parameters needed to
be specified: the particle size and zs for the
area within the spots and for the area out-
side ofthe spot boundaries. To perform the
integration the surface was broken up into
annuli about the center of the apparent
disk. The contribution to the integral for
each annulus is the weighted average of the
integrand evaluated for each terrain type,
and the weights are equal to the fraction of
the annulus covered by each type. The in-
tegral was evaluated using the Gaussian
quadrature mesh points tabulated in Stroud
and Secrest (1966) for a 40-point sum.

The spectra shown in Fig. 5 represent the
geometric albedo of Pluto and Charon to-
gether. The light from Charon was modeled
by assuming it to be a uniform sphere with
no methane on its surface. Thus the geo-
metric albedo of Charon is determined by
the value ofrs chosen for its surface, adding
a fifth free parameter to the model.

The first step in fitting the model to the
data is to adjust the continuum level. The
value of 16 rnuSt be determined for the two
terrain types on Pluto and for Charon yield-
ing three unknowns at each wavelength.
Since each wavelength has been measured
at four different rotational phases, three
continuum parameters can in principle be
determined. Since Charon only contributes
roughly 2O% of the flux, the model is not
very sensitive to the value chosen for its 16.
For this reason ro for Charon was arbitrarily
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constrained to be somewhere between the
re's for the bright and dark regions on Pluto.
This now requires only two rotational
phases to determine the two zs's for Pluto.

To simplify the search for a solution five
points in the continuum were picked across
the spectrum at 6000, 6600, 7600, 8200, and
9360 A. The spectra from opposite hemi-
spheres, phases 0.49 and 0.98, were used to
constrain the model. To simplify the follow-
ing description bright (z or radius) will refer
to that quantity for the background material
on Pluto. Dark will refer to the material in-
terior to the spots.

The continuum optical depth as a func-
tion of wavelength, rs(.tr), was specified by

rs(I) : a)r2 + b\ + c. (2)

The coefficients (a, b, and c) were deter-
mined from a least-squares fit to the rs's for
five chosen points across the spectrum. The

TABLE V

ColrrNuuu Oprrcel Dreru Qulonerrc
CoerntcrENrs

Bright areas Dark areas Charon
on Pluto on Pluto

a

b
c

2.641 x lD-e 1.936 x 10-E 0
-4. '163 x l0 5 3.414 x l0-4 1.143 x 10 s

2.543 x l0-1 1.659 2.290 x t0 1

coefficients that were used for the rest of
the analyses are listed in Table V.

Once the continuum is determined in the
model, the methane bands can be investi-
gated. The methane particle sizes that
would match the absorptions were deter-
mined by fitting only the center of the 7200-
A band for the two phases. The best fit to
the observed spectra is shown in Fig. 6 for
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Ftc. 6. Pure frost synthetic spectrum fitted to the7290-A band. This synthetic specrrum represenrs
the best fit to the data that could be obtained with a pure frost model. Particle radii are 4.4 and 6.2 mm
for the bright and dark areas, respectively. The solid lines are the data and the dotted lines are the
calculated curves.
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particle radii of 4.4 and 6.2 mm for the
bright and dark areas, respectively. The
model accurately reproduces the phase-de-
pendent behavior of the 7200-A band. The
fit to the other methane bands is also quite
good, with the exception of the 8900-A
band. This points out a shortcoming of the
model in that the weak bands are too weak,
or the strong bands are too strong. Multiple
scattering in the frost has not enhanced the
weak bands enough.

(c) Synthetic Gas Calculations

To include the behavior of an atmosphere
over a spotted frost-free surface the contin-
uum is fitted with the same parameters de-
termined in the previous section while the
effect of the atmosphere is included by mul-
tiplying by its transmission for each surface
element. The transmission to a point on the
surface as afunction of p(p: cos d, where
0 is the angle to the surface normal) is given
by

I:  exp[-r(A)]
(3)

A : 2A1ly,,

where r(A) is the mean optical depth of the
atmosphere as a function of abundance, A
is the slant path two-way abundance, and
A1 is the one-way column abundance along
the normal to the surface (i.e.. unit air
mass). All column abundances reported
will be given in terms of this quantity.

The procedure for calculating the mean
optical depth of methane gas has been dis-
cussed in detail by Fink et al. (1977) and
Benner (1979). They describe the use ofthe
Mayer-Goody or random band model with
aLorentz lineshape. However, for the con-
ditions that exist on Pluto (I : 40-60'K
and P - 10 5 atm) the ratio of the Doppler
width to the Lorentz width is -103. Voigt
profiles were calculated by Fink et al.
(1980) but were not found to be different
from the pure Doppler case until pressures
of -0.05 atm were reached. Calculating a
Voigt profile instead of a pure Doppler pro-
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file involves computing one more embed-
ded integral. This increase in complexity
was not felt to be justified in light of the
small correction it would provide. Further-
more, neglecting Lorentz broadening is an
approximation that will not change the rota-
tional phase-dependent behavior of the
model.

The temperature used for the gas was de-
termined from assuming equilibrium be-
tween the methane vapor pressure and at-
mospheric surface pressure. Over the range
of column abundances investigated the
equilibrium temperature falls in the range of
50 to 60'K. The transmission of the atmo-
sphere is weakly dependent on the temper-
ature, through its effect on the Doppler
half-width so the actual value is not critical.

The methane gas absorption coefficients
used in the band model calculations are
from long-path methane absorption spectra
from Fink et al. (1977) and Benner (1979).
These absorption coefficients were deter-
mined at room temperature (-300'K) for
Lorenlz broadened lines. The mean line
spacing (6) for each band was also deter-
mined at room temperature and must be ex-
trapolated to the conditions on Pluto. The
constant value ofD : 0.1 cm lwas chosen
because it is similar to values that Fink el
a/. (1980) used and yielded synthetic spec-
tra that matched the appearance of Pluto's
spectrum (cf. Fig. 7). For most of the ob-
served bands at these abundances, a con-
stant line spacing is a reasonable approxi-
mation. However, an even better fit is
obtained by adjusting 6 for each band (Fink
et al. 1980). While the fit would be im-
proved by this adjustment, the fit is not
more significant since each E adds an addi-
tional free parameter to the model calcula-
tion.

Figure 7 shows a synthetic spectrum with
a column abundance of 9.4 m-am that
matches the depth of the 7290-A band for
the rotational phase of 0.98. For the other
hemisphere (phase : 0.49) 14.6 m-am is re-
quired to fit the band. The gas model cannot
explain the phase dependence of the ab-
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sorptions. Trafton and Stern have investi-
gated the properties of a methane atmo-
sphere on Pluto (Trafton 1980, Trafton and
Stern 1983, Stern and Trafton 1984). They
conclude that Pluto's atmosphere would be
in hydrostatic equilibrium and that there
are no appreciable tides in the atmosphere
for atmospheric densities considered here.
Those arguments rule out variability in the
atmosphere as the cause of the observed
variations. Other explanations such as large
systematic and long-lived cloud patterns
cannot be ruled out, but there is no compel-
ling evidence at this time to think this is
likely. Thus it seems a surface frost distri-
bution is a more reasonable explanation for
the observed phase variation of the spec-
trum of Pluto.

U) Final Model

The gaseous and solid methane absorp-
tions calculated previously were combined.
An upper limit to the gas abundance is
found from the spectrum showing the mini-

Wovelength ( i)

FIc. 7. Pure gas synthetic spectrum fitted to the phase 0.98. This synthetic spectrum represents an
atmospheric fit to the data constrained by the 7290-A band at a rotational phase of 0.98. The column
abundance is 9.4 m-am.

8000 toooo

mum absorption (phase of 0.98). A value of
9.4 m-am was found under the fitting as-
sumptions described above (see Fig. 7). A
more realistic upper limit can be obtained
from a model that combines gas and frost.
The fit to the continuum is identical to that
calculated in the individual models. There
are now three parameters available to spec-
ify the methane absorptions: particle sizes
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Flc. 8. The line represents the values of the three
parameters that yield a match to the observed depth of
the 7290-A band in the phase 0.49 and 0.98 spectra.
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in the two terrains on Pluto and the column
abundance of the gas. The possible values
of the three free parameters th-at yield a
match to the depths of the 7290-A band are
shown in Fig. 8. The upper limit to the at-
mosphere is found when there is no meth-
ane frost left in the dark areas. For the
present model calculations the upper limit
is 5.6 m-am. Note that the bright particles
are not necessarily bigger than the dark par-
ticles. In fact, there is a solution where the
parlicles are the same size.

Figures 9 and 10 show the model fit for
two selected possible solutions of the pa-
rameters plotted in Fig. 8. Figure 9 shows
the fit at the gaseous upper limit, where the
dark particle size is 0. Figure l0 is an inter-
mediate case where the column abundance
is 3 m-am and the particle diameters are 6.1
and 4.7 mm for the bright and dark areas,
respectively. The case where the gas abun-
dance is 0 was shown previously in Fig. 6.
All three cases fit the 7200-4 band equally
well, though the fit to the 8900-A band is
not the same for all. When the eas contribu-
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tion is large, the relative band intensities
are more reasonable, as would be expected.
However, in no case is the fit to the phase
variation of the 8900-4 band as eood as for
the 7200-A band.

CONCLUSIONS

Methane absorption features in the spec-
trum of Pluto are shown to vary with rota-
tional phase. A uniform atmosphere cannot
explain this variation. A surface distribu-
tion of methane frost with or without an
atmosphere is capable of explaining the ro-
tational phase variation.

An upper limit to the gaseous column
abundance assuming no frost contribution
to the spectrum is 9.4 m-am. This number
can be increased if the weaker bands in the
spectrum are fitted at the expense of the
stronger ones or if an atmospheric model
with varying line spacing is used (e.g., Fink
et al. 1980).If the spot model with frost is
used and no solid methane is allowed in the
dark regions, the present model assump-
tions give an upper limit of 5.4 m-am. The
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Frc. 9. Gas and frost model fit at the gas upper limit. Model fit for the point from Fig. 8 for dark
particle size of zero. Column abundance of gas is 5.6 m-am and the bright particle radius is 2.2 mm.
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column abundance derived from the model
also depends on the light contributed by
Charon. Since the satellite is assumed to be
void of methane gas and frost, it represents
a neutral component that reduces the ab-
sorption depth for a given column abun-
dance. If methane frost exists on the sur-
face of Charon, the derived methane
column abundance would decrease.

The model of Pluto presented in this
work includes albedo variations and a dis-
tribution of methane frost along with an
atmosphere of methane gas. The model can
explain the rotational phase variation of the
methane features. The frost particles are as
large as 6 mm if the atmosphere does not
contribute to the methane absorptions, with
smaller sizes required depending upon the
bulk of the atmosphere (see Fig. 8). The
numbers derived from the model depend on
the choices made for the phase function and
Charon's contribution to the total light.
Changing these parameters will affect the
derived particle sizes and the column abun-
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Frc. 10. Gas and frost model fit at a midrange solution. Model fit for a column abundance of 3 m-am,

bright particle radius of 3.1 mm, and a dark particle radius of 2'4mm.
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dance, but not the general appearance and
behavior of the synthetic spectra.

It is interesting to note that if albedo
(thus temperature) controls the surface dis-
tribution of methane, less methane would
be expected in the darker regions. This
would lead to the sense of the variation that
is seen. This correlation implies that the
surface is not isothermal as suggested by
Stern and Trafton (1984). Their model re-
quires a minimum of -3 cm-am of methane
to maintain an isothermal atmosphere. This
is considerably less than the upper limit of 5
m-am derived from this model. An observa-
tion that seems to run counter to the al-
bedo-methane correlation is the behavior
of the model for low gas abundances. As
the column abundance of the gas goes to
zero the particle size increases in the dark
regions (see Fig. 8). The model does not
imply less methane in the dark regions,
only that the particles must be larger than in
the bright regions if there is no atmosphere.
Perhaps laboratory studies of the growth of
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frost grains at these temperatures could
support or refute this explanation.

A major problem with the model is its
failure to reproduce the relative band
strengths between the 7290- and 8900-4
bands. The frost is assumed to consist of a
single particle size within a given terrain.
The failure of the model to explain all of the
methane features simultaneously might be
explained by a more complex frost on the
surface of Pluto. Clark and Roush (1984)
have shown that a two-component frost
(i.e., two particles sizes) will reduce the
band ratio between weak and strong fea-
tures. Another possible model that might
yield a better fit is one that separates the
continuum absorber and the methane frost,
If the two components are separated on the
surface so that their scattering properties
are independent, then the spectrum will be
an average of a bright (methane) spectrum
and a dark continuum spectrum and the
methane absorption features will no longer
be diminished by the contiuum absorber.
The primary goal of this analysis was to
explain the newly discovered phase varia-
tion of the spectrum. Other models were
not investigated at this time for this reason
and because there is no other information
yet available to help distinguish between
them.

It is important to remember that the cur-
rent spot model does not explain the secu-
lar dimming of Pluto. One suggestion
(Cruikshank and Silvaggio 1980) proposes a
net evaporation of methane from the sur-
face over the past 35 years. The structure of
the 8900-4 band shown in Fig. 4 may be
related to this net evaporation. The double
absorption peak seen in the spectrum of
Fink er al. (1980), verified by Apt et al.
(1983), is not seen in the 1983 data. This
indicates that the physical characteristics of
the methane could have changed during
only one year. Interpretation ofthis change
is difficult because of the lack of appropri-
ate laboratory spectra, but the phenomena
ofincreased band structure with decreasing
temperature and phase changes in solid
methane has been reported by Fink and Sill
(1978). This is consistent with the fact that
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Pluto is still approaching perihelion and
therefore its mean temperature should be
slowly increasing. Not enough is known
about methane or Pluto to understand this
behavior fully now. Further observations
are required as Pluto passes through perihe-
lion and begins to move away from the Sun.

The absorption coefficients used for the
frost were approximated by measurements
of liquid methane. Measurements of the ab-
sorption coefficients for the solid will im-
prove the spectroscopic model. Details of
the band shapes could be relied upon if a
laboratory comparison can be made. For
the same reason it would be useful to have
methane gas absorption coefficients mea-
sured at Plutonian temperatures (40 to
60'K). The gas measurements would be
more difficult to obtain because of the low
vapor pressure of methane at those low
temperatures but would aid in separating
the frost and gas contributions to the spec-
trum of Pluto.

Despite the shortcomings of the current
model, the strong presence of solid meth-
ane in the observed spectrum of Pluto can
no longer be denied. The quantitative as-
pect of the model presented here will be
greatly aided by improved physical parame-
ters. The series of mutual eclipses between
Pluto and Charon that has commenced
(Binzel et al. 198il will do much to increase
our knowledge of the system.
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