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Abstract

Photometric observations of Pluto in the BVR filter system were obtained in 1999 and in 1990—1993, and observations in the 0.89-um
methane absorption band were obtained in 2000. Our 1999 observations yield lightcurve amplitudes of 0.30 *= 0.01, 0.26 + 0.01, and 0.21
+ 0.02 and geometric albedos of 0.44 = 0.04, 0.52 = 0.03, and 0.58 = 0.02 in the B, V, and R filters, respectively. The low-abedo
hemisphere of Pluto is slightly redder than the higher albedo hemisphere. A comparison of our results and those from previous epochs shows
that the lightcurve of Pluto changes substantially through time. We developed a model that fully accounts for changes in the lightcurve
caused by changes in the viewing geometry between the Earth, Pluto, and the Sun. We find that the observed changes in the amplitude of
Pluto’s lightcurve can be explained by viewing geometry rather than by volatile transport. We also discovered a measurable decrease since
1992 of ~0.03 magnitudes in the amplitude of Pluto’s lightcurve, as the model predicts. Pluto’s geometric albedo does not appear to be
currently increasing, as our model predicts, although given the uncertainties in both the model and the measurements of geometric albedo,
this result is not firm evidence for volatile transport. The maximum of methane-absorption lightcurve occurs near the minimum of the BVR
lightcurves. This result suggests that methane is more abundant in the brightest regions of Pluto. Pluto’s phase coefficient exhibits a color
dependence, ranging from 0.037 = 0.01 in the B filter to 0.032 = 0.01 in the R filter. Pluto’s phase curve is most like those of the bright,
recently resurfaced satellites Triton and Europa. Although Pluto shows no strong evidence for volatile transport now (unlike Triton), it is
important to continue to observe Pluto as it moves away from perihelion.
© 2003 Elsevier Science (USA). All rights reserved.
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I. Introduction is provided by telescopic observations of Triton's albedo
variegations and color through the historical period it has

The Voyager || spacecraft revealed that even frozen icy been known to astronomers (Buratti et al., 1994).
bod_ies at the edge of the S_olar System exhi bit_active vol- Pluto, abody similar to Triton in many ways (see Table 1),
canism and seemingly transient condensed volatiles such as is the only planet in the Solar System that has not been
methane, nitrogen, carbon dioxide, and carbon monoxide. scrutinized by a spacecraft. Soon after the discovery of meth-
Several geysers and many plume-deposits were observed on ane ice on Pluto (Cruikshank et al., 1976), it was redlized that
Triton, the large satellite of Neptune (Smith et al., 1989). A Pluto must possess a least a tenuous atmosphere because
long-term record of seasonal transport of volatiles on Triton methane has a nonzero vapor pressure a Pluto’s equilibrium
temperature (Cruikshank and Silvaggio, 1979; Trafton, 1980).
« Corresponding author. Fax: +1-818-354-0066. With the discovery during a stellar ocgultatlon of asignificant
E-mail address: bonnie.buratti @jpl.nasa.gov (B. J. Buratti). amosphere (Hubbard et al., 1989; Elliot et d., 2000) and the
1 Now at Grays Harbor College, Grays Harbor, WA. Spectroscopic detection of the more abundant component ni-
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Table 1
Physical properties of Pluto (with Triton for comparison)

Pluto Triton
Heliocentric distance (AU) 30-50 30
Orbital period (years) 248 165
Orbital inclination (°) 17 1572
Orbital eccentricity 0.25 0.0009%
Rotation period (days) 6.3872 5.88
Radius (km) 1180 1350
Bulk density 21 21
Visual geometric albedo 0.55 0.70
Atmosphere (ubar) 3-60° 14
Surface temperature (K) 40-60° 38
Surface composition CH,, N,, CO CH,, N,, CO

CO,, H,0O

Atmospheric composition N,, CH, N,, CH,

2 With respect to Neptune.
P See text for discussion.
¢ See discussion in Stern et al. (1993).

trogen (Owen et d., 1993), a much more volatile substance
with avapor pressure on Pluto’ s surface 4 orders of magnitude
greater than that of methane, the idea of a significant atmo-
sphere was established. With its high eccentricity (Pluto's
distance from the Sun varies from about 30 to nearly 50 AU,
a change in distance that corresponds to a factor of 2.8 in
insolation) and an obliquity of 122°, causng a substantial
excursion in subsolar latitude, seasonal volétile transport on the
planet should be significant (Trafton and Stern, 1983; Stern
and Trafton, 1984; Stern et a., 1988; Trafton, 1990; Hansen
and Paige, 1996). These models are based on the idea of a
seasonal atmosphere caused by oscillations of several orders of
magnitude in vapor pressures of the magjor atmospheric com-
ponents. Although estimates of the surface pressure of Pluto’'s
atmosphere range from 3 ubars based on a model (Trafton et
al., 1998) to 19 pbars based on occultation measurements and
subsequent andysis (Elliot et a., 2000) to 58 ubars based on
the N, frost temperature (Stansberry et ., 1994; Y oung, 1994)
to 60 wbars based on the line width of nitrogen (Tryka et d.,
1994), the consensus is that the atmosphere is in vapor-pres-
sure equilibrium with the surface, et least a perihdion. Is it
possible that the planet’s entire atmosphere is seasonal, subli-
meating only in the period around perihelion, and “collapsing”
back onto the surface after a few decades? The evolution of
Pluto’'s atmosphere depends so sensitively on a variety of
factors, including the mixing ratios of atmospheric constitu-
ents, and the composition, abedo, and emissivity of the sur-
face, that the various models present conflicting answersto this
basic question (Stansberry et d., 1996; Trafton et d., 1998;
Stansberry and Yelle 1999).

Careful photometric observations of Pluto can provide
the groundwork for answering this question. Evidence for
the seasonal deposition or sublimation of ice on Pluto’s
surface should be detectable with Earth-based telescopes.
Rotational lightcurves obtained between 1954 and 1997
have increased markedly in amplitude, and concomitant
decreases have occurred in the planet’s geometric albedo

(see summary by Stern et al., 1988, and the recent results of
Buie et a., 1997). These lightcurves can be deconvolved to
provide rough albedo maps (Marcialis, 1988) as a function
of epoch, once the effects of viewing geometry are modeled.
More accurate abedo maps were derived from the mutual
events that occurred between 1985 and 1990 (Buie et d.,
1992; Young and Binzel, 1993; Young et a., 1999) and
from Hubble Space Telescope (HST) images (Stern et a.,
1997). The complicating factor is, of course, that the geom-
etry with which a terrestrial observer views Pluto changes
with epoch, and these changes must be fully accounted for.
It is especially important to search for evidence for volatile
transport at this unique time, as Pluto passes through its
perihelion. Even if volatile transport is not currently occur-
ring, accurate photometric observations will provide a base-
line for comparison with future observations.

In this paper, we present three new sets of lightcurves
that were obtained during the 1990s. An intensive, dedi-
cated campaign during the summer of 1999 at Table Moun-
tain Observatory produced lightcurves in the B, V, and R
filters with good longitudinal resolution. In 2000 we ob-
tained a methane lightcurve of Pluto at the same facility
with a narrow band (0.005 um FWHM) 0.89-um methane-
absorption filter. A third, more sporadic campaign con-
ducted with the 60-in. telescope on Palomar Mountain
throughout the early 1990s produced a lightcurve with less
longitudinal resolution, but with good photometric accu-
racy. We compare our 1999 observations, along with pre-
viousdly published lightcurves of Pluto, with a time-depen-
dent model lightcurve of Pluto that fully accounts for
changes in viewing geometry between Pluto, the Earth, and
the Sun. The model is based on HST images of Pluto (Stern
et a., 1997). We find that historical changes in the light-
curve of Pluto can be most easily explained by the effects of
viewing geometry, rather than by volatile transport.

In addition to detecting the seasonal trangport of volatileson
Pluto, a current lightcurve of Pluto is required as background
for understanding whether there is a nonzero eccentricity in
Charon’s orbit (Null et al., 1993; Tholen and Buie, 1997). The
determination of the orbit of the Pluto-Charon system depends
on centroiding each object accurately, which depends in turn
upon the abedo distribution on the object’ s disk a the time of
the observation. Findly, changes in Pluto’s lightcurve could
offer evidence for active geologic processes on the planet.

It isimportant to remember that the historical lightcurves
of Pluto, as well as the new lightcurves obtained at Table
Mountain Observatory, are actually measurements of the
Pluto—Charon system. Pluto contains 84% of the visible
light of the system (Buie et a., 1997). Although our derived
geometric albedos are for Pluto alone, the signal from Cha-
ron has not been subtracted from the lightcurves of Pluto, in
order to facilitate comparisons with earlier epochs. The one
measured lightcurve of Charon exhibits an amplitude of at
most 0.07 mag, only afourth of Pluto’'s (Buie et al., 1997).
Thus, at least 96% of the measured lightcurve amplitude of
the system is due to Pluto, at least during the current epoch.
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Table 2
Summary of Table Mountain Observations, 1999
Time (UT) No. images 0 a r D
B \% R
1999:
June 6 04:44-11:40 8 7 9 212229 0.44 30.163 29.175
7 04:32-11:36 7 6 7 268-284 0.46 30.164 29.177
8 04:05-11:20 9 8 8 323-340 0.47 30.164 29.179
9 03:57-11:26 7 8 13 19-37 0.49 30.164 29.182
18 04:11-10:24 7 7 8 167-182 0.70 30.167 29.218
19 04:01-10:39 8 8 9 223-238 0.72 30.167 29.224
20 04:14-10:45 8 8 9 280-295 0.75 30.167 29.229
21 04:13-10:42 8 8 8 336-351 0.77 30.167 29.235
22 04:37-10:21 8 12 10 3347 0.80 30.168 29.241
23 04:23-10:14 8 10 6 89-103 0.83 30.168 29.248
July 14 05:09-08:49 3 6 2 194-202 1.35 30.174 29.441
15 04:11-08:46 6 7 7 249-259 1.37 30.174 29.452
16 04:06-08:49 6 6 6 305-316 1.39 30.174 29.465
17 05:43-08:34 7 5 4 5-12 141 30.175 29.477
18 04:28-08:32 6 6 6 58-68 143 30.175 29.489
31 04:24-07:42 8 7 8 71-79 1.67 30.179 29.665
Aug 1 04:01-07:33 8 8 7 126-134 1.69 30.179 29.680
2 03:53-07:26 10 8 8 183-191 1.70 30.179 29.695
3 03:51-07:25 8 5 5 239247 172 30.179 29.710
4 04:00-07:23 11 7 7 296-304 1.73 30.180 29.725
5 03:50-07:19 7 7 6 349-359 174 30.180 29.740
6 03:40-07:17 10 6 5 48-56 176 30.180 29.755
7 03:45-07:14 8 7 6 104-112 1.77 30.181 29.770
8 03:45-07:05 8 7 5 160-168 1.78 30.181 29.785
2000 (methane filter only):
July 22 04:33-04:46 2 25 147 30.285 29.624
23 03:54-04:07 2 80 1.49 30.285 29.637
24 05:32 1 140 151 30.285 29.651
25 04:28-05:07 2 194-195 1.53 30.286 29.664
26 03:44-04:38 3 248-251 155 30.286 29.677
27 03:42-04:33 2 304-306 1.56 30.286 29.691
28 04:54-05:23 2 4-5 1.58 30.287 29.705

I1. Observations and data analysis
1. Table Mountain Observatory (TMO)

As part of adedicated program, 24 nights of photometric
measurements of Pluto were obtained in the BVR filter
system at JPL’s Table Mountain Observatory in Wright-
wood, California during its opposition in the summer of
1999. The observations were obtained on a 24-in. reflecting
telescope with a 1024 square CCD camera covering a field
of 10 arcmin at the Cassegrain focus. Nominal integration
times were 10 min. for the B filter, and 5 min. for the V and
R filters. Bias frames and flatfield images in each filter were
obtained at the beginning of the night. The flatfields were
1-s exposures of the inside of the dome flooded with incan-
descent light. Five stars in Landolt field PG1633 were ob-
served at least three times each night as absolute photomet-
ric standards (Landolt, 1992). In 2000, 7 nights of
observations in a narow band 0.89-um methane-absorption
filter were obtained with the same observing protocol and
10-min. integration times (Landolt magnitudes were ob-

tained by interpolating between the R and | filters). The
images obtained are summarized in Table 2, where 0 is the
west (IAU) longitude (corrected for light travel time, al-
though the times listed in the table are Earth-received
times), « is the solar phase angle, r is the Pluto-Sun dis-
tance, and D is the Pluto—Earth distance.

2. Palomar Mountain Observatory

More sporadic observations of Pluto’s lightcurve were
obtained with the 60-in. telescope at Paomar Mountain
Observatory in the early 1990s, as time became available on
our other observing programs. These observations were
obtained in the B, V, and R filters with a 1024 square CCD
camera covering a field of 9.6 arcmin at the Cassegrain
focus. Typical integration times were 5 min. for the B filter,
and 40 to 60 s for the V and R filters. Bias frames and
flatfield images in each filter were obtained at the beginning
of the night. The flatfields were obtained by coadding and
averaging 10 images of the inside of the dome illuminated
with incandescent light. One or two Landolt fields were
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Table 3
Summary of Palomar Observations, 1990—1993
Time (UT) No. images 0 a r D
B \% R
1990 June 19 06:30-08:36 17 353-358 1.38 29.659 28.929
1992 Jan 11 13:30-13:59 2 3 2 155157 1.63 29.688 30.177
12 13:27-14:02 2 4 211-213 1.65 29.688 30.163
13 13:07-13:55 4 4 267-269 1.66 29.688 30.148
14 13:27-13:58 2 5 325-326 1.68 29.688 30.134
15 13:23-13:53 2 4 21-22 1.69 29.688 30.119
16 12:46-13:51 3 5 76-79 171 29.688 30.104
March 18 10:45-12:10 2 16 326-333 1.60 29.693 29.126
19 10:10-11:12 3 5 20-23 1.58 29.693 29.112
1993 March 3 11:30-13:17 9 8 56-259 1.83 29.725 29.423
410:43-13:01 10 7 311-316 1.82 29.725 29.407
511:34-12:34 3 3 8-10 1.81 29.726 29.391
6 08:15-13:16 15 10 57-69 1.80 29.726 29.376

observed throughout the night as absolute photometric stan-
dards. The observations are summarized in Table 3.

Each image was processed with standard routines from
the IRAF software package. The bias frame was subtracted
from each image and the flatfield images, and each image
was then flatfiel ded. Relative photometry was obtained from
image-to-image and from night-to-night by calculating the
ratio of Pluto’s sky-subtracted integral brightness to that of
severa (typically three to five) on-chip standard stars. Ra-
tios of each star to the others were also checked for con-
stancy, to confirm that none of the on-chip standard stars
were variable. Because Pluto’s movement from night to
night was generaly less than an arcminute each night, the
same on-chip standards could be used for more than one
night. Of course, the same standards could not usually be
used for an entire observing run, but at least two standards
were carried from night to night to assure an accurate
relative lightcurve. Absolute photometry was accomplished
by computing the magnitude of Pluto with respect to the
stars in a Landolt field on the most photometric night, and
tying the rest of the lightcurve to that point. In 1999, Pluto’s
entire 6.4-day rotational phase curve was covered severa
times to minimize gaps in longitudinal coverage. In the
early 1990s when the coverage was more haphazard, there
are significant gaps in the longitudina coverage.

Table 4
Fourier coefficients of lightcurve
n B filter V filter R filter

a, b, a, b, a, b,
0 16.049 — 15.216 — 14.652 —
1 —-0.108 0.0309 0.100 0.029 —0.089 0.026
2 0.046 —0.026 0.041 —0.026 0.038 —0.026
3 —0.003 0.007  —0.004 0.007 —0.003 0.007
4 0.000 0.006 0.004 0.003 0.001 0.002
5 0.004  —0.005 0.004  —0.007 0.005 —0.005

Errors: the 1 o error for the leading coefficient is 0.0008 and 0.001 for
the higher order coefficients.

The universal times of each observation were all cor-
rected for light-travel time to ascertain the subobserver
longitude. Each magnitude was corrected to the mean op-
position distance between Pluto and the Earth (38.5 AU),
and Pluto and the Sun (39.5 AU). For our TMO data, each
set of observations was then fitted with a regression pro-
gram to the equation

mag(0, a) = >(a,cosné + b,sinnd) + Ba, (1)

where 0 is the subobserver (west, in the IAU convention)
geographical longitude on Pluto at the time of each obser-
vation (from JPL’s Horizon's program at http://ssd.jpl.
nasa.gov/horizons.html, which uses a rotation period of
6.38723, in close agreement with the value of 6.38726 =
0.00007 of Tholen and Tedesco, 1994), « is the solar phase
angle, a, and b, are the Fourier coefficients, and B is the
linear phase coefficient. The coefficients for a 5th-order
Fourier fit and the phase coefficients are listed in Tables 4
and 5. Our vaues for the phase coefficient are in good
agreement with both the previous results of 0.037 = 0.002
for the B-filter (Tholen and Tedesco, 1994) and 0.039 =+
0.002 for the V-filter (Buie et al., 1997, corrected for the
entire system by weighting the individual phase coefficients
by the relative brightnesses of the two components). We
show for the first time that there is a clear wavelength
dependence to Pluto’s phase coefficient (see Section V).
The excursion in phase angle from Palomar was not suffi-
cient—0.4°—for the determination of a solar phase curve;
to correct that data we used the phase coefficients derived
from our TMO model.

Table 5

Phase coefficients
Wavelength B (mag/®)
B (0.44 um) 0.037 *+ 0.001
V (0.55 um) 0.032 + 0.001
R (0.68 wm) 0.032 = 0.001
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Table 6
Opposition magnitudes, geometric albedos, and lightcurve amplitudes of Pluto

1999 1990-1993

Opp. mag p2 Amplitude Opp. mag. p2 Amplitude
B 16.05 + 0.03 0.44 + 0.04 0.30 = 0.01 16.15 + 0.05 0.40 = 0.05 0.40 += 0.08
Vv 15.22 = 0.02 0.52 = 0.03 0.26 = 0.01 15.20 = 0.03 0.53 = 0.04 0.29 = 0.03
R 14.65 = 0.01 0.58 = 0.03 0.21 = 0.02 14.65 = 0.02 0.58 = 0.04 0.28 = 0.03

2 Pluto only.

Tholen and Tedesco (1994) and Binzel and Mulholland
(1984) noted both secular “fading” in the brightness of
Pluto. We noticed no such changes; in fact the geometric
albedo of Pluto was constant for the period we observed, at
least within our errors (see Table 6). We typicaly use one
or two Landolt fields each night, with 3-10 stars in each
field, so changes in a standard star would stand out as a
major inconsistency. The question of Pluto’s abedo and
color through time is discussed in detail in the next section.

I11. Results

The resulting lightcurves for the B, V, R, and methane
filters based on our TMO and Palomar observations are
shown in Fig. 1. Clearly the Palomar observations are de-
ficient when compared with those of TMO. We show the
Palomar observations to establish the following: (1) the

albedo and color (B-V) of Pluto and the shape of its light-
curve did not change in the 1990—1999 period, at least
within the accuracy of our measurements; and (2) the color-
dependent amplitude of the lightcurve is obvious in the
1990-1993 observations (see Table 6). Because our 1999
observations agree in all essential measures with the 1990—
1993 data, and because the completeness of the Palomar
dataisinferior to that of the TMO data, we will consider the
TMO measurements our prime data set in modeling.
From our results the following can be derived:

1. Geometric abedos at B, V, and R wavelengths

2. Colors

3. Color variegations in the light curve

4. Lightcurve amplitudes, which can be compared with
previous years for the purpose of detecting volatile
transport

Phase coefficients as a function of wavelength

6. The distribution of methane on Pluto’s surface.

ol

Geometric albedos were derived with the formula (fol-

= —25logyp — 25109y [(R-p)?/(r - A)], (D)

where m,, is the mean opposition magnitude of the planet,
My, iS the magnitude of the sun at the same wavelength, p
isthe geometric abedo, Ris the semimajor axis of the Earth
(1 AU), pisthe planet’sradius (Table 1), r isthe semimajor
axis of Pluto (39.5 AU), and A is the distance between Pluto
and the Earth at opposition (38.5 AU). In order to separate
the brightness of Charon from that of Pluto, we use the
V-magnitude difference between the two bodies of 1.888
mag from Buie et al. (1997) and the BVR color differences
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Fig. 1. The rotational lightcurves of Pluto-Charon derived from our Table
Mountain and Palomar Mountain Observations. All measurements are
mean opposition magnitudes. From the top, the methane (0.89 um absorp-
tion band), R, V, and B filters. The error bars are approximately the size of
the data points, except for the methane filter, which has individua error
bars depicted.

from Marcidlis et al. (1993). We used the following solar
magnitudes; V = —26.75 (Colina, 1996), R = —27.29
(Davies et a., 1998), and B = — 26.09 (from the B-V in
Allen, 1976). Our results are listed in Table 6, along with
the opposition magnitudes and amplitudes of the lightcurves
(these latter two quantities are for the Pluto—Charon system,
while the geometric albedos are for Pluto only). Our obser-
vations show that throughout the 1990s the absolute albedo
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Fig. 2. The visual geometric albedo of Pluto through time, based on the observations listed in Table 7.

of Pluto has not changed to within our errors of measure-
ment.

Purported secular changes in Pluto’s albedo have caused
much confusion. The abedo should change, even in the
absence of volatile transport, as regions of high or low
albedo move into the view of a terrestrial observer. To
further investigate the existence of secular changesin Plu-
to’s brightness, we researched &l the published visua mag-
nitudes and B—V colors of Pluto since 1930. From the
magnitudes we derived geometric albedos. Often exact
dates and times of the observations are not available, or it is
not stated which corrections were made; further confound-
ing our attempt to compare observations is the differencein
photometric systems and overall observational integrity
through the decades. Nevertheless, our “best-effort” results
are shown in Fig. 2 and listed in Table 7. Qualitatively, the
trend makes sense: Pluto has bright caps at both poles (Buie
et a., 1992; Young and Binzel, 1993; Stern et al., 1997), so
as the planet moved through a subobserver latitude of 0° in
1987 (during the peak of the eclipse season), its albedo
should have reached a minimum, as Fig. 2 suggests. How-
ever, our model (Section 1V) predicts an increasing albedo
(at least in the B filter) since 1950. Given the low fidelity of
photometric systems prior to 1980 and the fact that early
observations included the brightness of Charon, we con-
clude that the combined measurements show no solid trend.
Although our observations show no decrease in abedo
between 1993 and 1999 within the 3—4% absol ute accuracy
of our measurements, the composite data set (Fig. 2) shows
a ~1% decrease per year in abedo. Tholen and Tedesco

(1994) reported a secular decrease in Pluto’s brightness of
about 0.2% each year, which they call “fading.” Continued
observations with high photometric integrity should reveal a
future increase in the albedo of Pluto, as our model predicts.

2. The color of Pluto

Because color isarelative quantity, it is possible to more
accurately measure it than albedo. The available observa-
tions, summarized in Table 7, show that the color of Pluto
has been essentially constant through time, to within the
errors of the various measurements, with a B-V of 0.82 =
0.03.

3. Color variegations in the light curve

A color dependence to the lightcurve of Pluto means that
one hemisphere should be a different color than the other.
Fig. 3 isa B—R (three point average) lightcurve of Pluto,
clearly showing that the trailing hemisphere, which is 25—
30% darker than the leading hemisphere at visual wave-
lengths, is about 4% redder, as measured by B—R. This
result is consistent with the findings of Buie et al. (1997),
who found a B-V for the lower-albedo hemisphere of 0.873,
compared to 0.862 for the higher-albedo hemisphere. Al-
though our results are for the Pluto—Charon system, and
Buie et a.’s results are for Pluto alone, the comparison is
essentially valid, given the much smaller amplitude of Cha-
ron’s lightcurve and its relative dimness. Marcialis and
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Table 7
Published visual geometric albedos and B-V of Pluto

Y ear Latitude® p Error B-V Reference

1930.000 53 1.0 0.20 Andersson (1974)

1931.219 52 0.74 0.15 Andersson (1974)

1933.214 53 0.87 0.15 Andersson (1974)

1933.833 55 0.84 0.15 Whyte (1980)

1954.5 54 0.84 0.13 Whyte (1980)

1964.5 44 0.76 0.10 Whyte (1980)

1971.247 33 0.68 0.02 Andersson and Fix (1973)

1972.038 30 0.71 0.04 Andersson and Fix (1973)

1972.351 31 0.73 0.01 Andersson and Fix (1973)

19725 0.82 Andersson (1974)

1973.008 28 0.62 0.02 Andersson et al. (1983)

19755 27 0.73 0.03 Marcialis (1988)

1980.375 16 0.71 0.02 0.80 Lyutyi and Tarashchuk (1982,
1984)

1980.375 16 0.69 0.02 Lyutyi and Tarashchuk (1982,
1984)

1981.408 14 0.70 0.01 Lyutyi and Tarashchuk (1982,
1984)

1981.408 14 0.68 0.01 Lyutyi and Tarashchuk (1982,
1984)

1983.296 9 0.64 0.02 Grundy and Fink (1996)

1983.299 9 0.66 0.02 Grundy and Fink (1996)

1987.170 0 0.64 0.01 0.86 Marcidis et a. (1993)

1987.310 1 0.63 0.01 Doute et al. (1999)

1989.493 -2 0.82 Blanco et a. (1994)

1990.389 -5 0.60 0.01 Grundy and Fink (1996)

1990.490 -5 0.82 Blanco et a. (1994)

1992.403 -9 054 0.01 Doute et al. (1999)

1992.5 -10 0.52 0.04 0.85 + 0.06 This study

1992-1993 -10 0.61 0.86-0.87 Buie et a. (1997)

1994.287 -14 0.59 0.01 Grundy and Fink (1996)

1994.290 -14 0.49 0.01 Doute et al. (1999)

1995.359 -16 0.52 0.01 Doute et al. (1999)

1995.364 —16 0.61 0.01 Doute et al. (1999)

1995.370 -16 0.65 0.01 Doute et al. (1999)

1999.5 -23 0.52 0.03 0.85 = 0.03 This study

2|1AU convention.

Lebofsky (1991) also showed that the lowest albedo mate-
rial on Pluto is the reddest.

4. Pluto’s lightcurve through time

The shape and amplitude of a planet’s lightcurve is a
rough measure of the distribution of high- and low-albedo
regions on its surface (if one assumes sphericity). Changes
in the lightcurve through time are thus key indicators of
volatile transport or large-scal e active geologic processes, if
one corrects for the effects of viewing geometry. Fig. 4isa
comparison of our observations in the B filter with those of
Tholen and Tedesco almost 20 years earlier. Clearly there
are changes in the shape of the lightcurve. Fig. 5 is a
comparison of the earlier V-filter lightcurves with ours at
approximately 10-year intervals (the curves are normalized
to the highest albedo). Even with the poor photometric
quality of rotational lightcurves prior to 1980, it is easy to
see that the amplitude of Pluto’slightcurve has substantially
increased over the past 50 years.

5. Phase coefficients as a function of wavelength

Our 1999 abservations enabled the first determination of
the wavelength dependence of Pluto’s phase coefficient
(Table 5). Fig. 6 shows the phase curve of Pluto in each of
three filters, with each best-fit linear phase curve derived
from Eq. (1). The results show an inverse relationship be-
tween the wavelength and the corresponding phase coeffi-
cient, a correlation that has been noted for many other
objects and even among objects (e.g., Noland et al., 1974;
Millis and Thompson, 1975; Buratti and Veverka, 1983;
Buieet al., 1997). The explanation for this effect depends on
the relative importance of multiple scattering as the albedo
of the surface increases. If one neglects the effects of co-
herent backscatter, the most significant physical factor in an
object’s phase coefficient is the compaction state of the
surface (e.g., Veverka, 1977). As a body becomes fully
illuminated to an observer, the rapid disappearance of mu-
tual shadows cast by particles comprising the regolith



178 B.J. Buratti et al. / Icarus 162 (2003) 171-182

0 100 200 300
Longitude

T T T S

Fig. 3. The B magnitude — the R magnitude as a function of longitude.
This graph shows that the low-albedo hemisphere of Pluto (180° to 360°)
is dlightly redder than the brighter hemisphere. The data points are three-
point averages of the observations shown in Fig. 1.

causes the brightness of the object to increase far more
rapidly than predicted by simple geometric scattering. Asan
object’s albedo increases (as Pluto’ s does with wavelength),
partial illumination of these shadows by multiply scattered
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Fig. 4. A comparison of our B-filter lightcurve with that obtained 16 years
earlier by Tholen and Tedesco (1994). The data are normalized to the peak
brightness of the 1999 lightcurve. A significant change in the shape of the
lightcurve has occurred.
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Fig. 5. A comparison of our V-filter lightcurve with those obtained earlier.
The amplitude of Pluto—Charon’ s lightcurve has been significantly increas-
ing with time.

photons causes the brightness of the body to decrease more
slowly. A comparison of Pluto’s phase curve with that of
other planets and satellites is discussed in Section V.

6. The methane distribution on Pluto

The magnitude of the methane lightcurve shown in Fig.
1 is inversely proportional to the amount of methane on
Pluto’s surface, as the 0.89-um filter isin the middle of an
absorption band. The inverse correlation of the methane
lightcurve with the brightness, at least in a rough sense,
shows that the brightest regions on Pluto are methane-rich.
This result is in agreement with that obtained with high-
resolution visual spectroscopy 17 years earlier (Buie and
Fink, 1987), with a 1988 near-infrared study (Marcialis and
Lebofsky, 1991), and with amore recent near-infrared study
(Grundy and Buie, 2001).

IV. A model for Pluto’s lightcurve

It is clear from the measurements described in the last
section that Pluto exhibits substantial changes in its light-
curve that could be attributed to seasonal volatile transport.
However, the large obliquity (122°) and inclination (17°)
that are responsible—along with its high orbital eccentricity
—for the movement of volatiles on its surface also cause the
geographic region viewed by aterrestrial observer to change
significantly. HST images (Stern et a., 1997) and mutual
event maps (Young et a., 1999) and ground-based light-
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Fig. 6. The solar phase curve of Pluto—Charon in the B, V, and R filters.
The points are corrected to the mean distance between the Sun, Earth, and
Pluto, and for rotational effects. The line is the best-fit linear phase
coefficient.

curves all show that Pluto has substantial albedo variega-
tions. As abedo features move in or out of a terrestrial
observer's point of view, significant changes in Pluto’'s
lightcurve will occur. In order to isolate changes in Pluto’s
lightcurve due to volatile transport, it is essential to first
model changes in the lightcurve expected from viewing
geometry alone.

With a map of norma reflectance the lightcurve of a
planet or satellite can be predicted. Further, assuming the
surface does not change, we can predict how the lightcurve
is expected to vary in time as a function of the varying
viewing and illumination geometry. To produce these pre-
dictions, we used the maps generated by Stern et a. (1997)
from HST observations that are available on the world wide
web at http://opposite.stsci.edu/pubinfol/gif/PlutoMap.gif.
The observations for this map were taken through the HST
FOC F410M filter with an effective wavelength of 0.41 pm.

Our procedure for generating the lightcurves is as fol-
lows. We first assumed that the phase angle was 0° (and
thus the subsolar and subobserver point are the same). The
geometric albedo for a given subsolar/observer latitude and
longitude was determined as follows. First, we found all of
the pixels that would be visible for a given subsolar/ob-
server latitude and longitude, i.e., al the locations within
90° of the subobserver point as determined by locations
where the dot product between the vector pointing to the
subobserver point and that pointing to the location in ques-
tionis positive. Then the normal reflectance of all thevisible
pixels was averaged together weighted by the cosine of the
latitude (to account for distortions due to the map projec-
tion) and the cosine of the incidence angle (to account for
foreshortening effects) to yield the predicted geometric a-
bedo. The possibility of limb darkening was included in our
model. However, the results shown assume no limb dark-
ening. This assumption was made because Y oung and Bin-
zel (1994) and Buie et al. (1997) found that limb darkening
is not strong on Pluto and thus Stern et al. (1997) did not
include limb darkening in the generation of the HST maps
we used. A lightcurve for a given subsolar/observer latitude
(corresponding to a given epoch) is then generated by cal-
culating the geometric albedo while varying the longitude
through a full orbit.

The results for approximately 20-year intervals are
shown in Fig. 7, along with the time-matched observations.
Because the HST maps are all in east longitudes (unlike the
IAU and our own convention), our synthetic curves are
shown with this convention.

V. Discussion and conclusions
1. Volatile transport on Pluto

Our lightcurve from 1999 shows a significantly higher
amplitude than those of previous years; in genera the am-
plitude has been increasing with time. Fig. 7 shows that the
model lightcurve of Pluto is also increasing with time due to
the emergence of bright regions such as polar caps into a
terrestrial observer’'s line of sight. To quantify the compar-
ison between the two sets of lightcurves, we show the
predicted amplitude vs the measured amplitude through
timein Fig. 8. Before 1980 V-filter measurements are plot-
ted, and after 1980, B-filter data are plotted, to correspond
to the HST wavelength (there are no B-filter lightcurves
prior to 1980). The exception is the datafrom 1992, as there
are no photometrically accurate published lightcurvesin the
B filter for that time frame (our B-filter lightcurve from this
period contains essentially only two points). Instead we use
the amplitude of the V filter (Buie et al., 1997, and Table 6).

The agreement between the predicted lightcurves, based
on changes in viewing geometry, and the measured light-
curvesis remarkable. Based on these results, all the changes
in Pluto’s lightcurve during the past 50 years can be ac-
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Fig. 7. A comparison of our lightcurve model with time-matched measurements of Pluto—Charon’s lightcurve obtained during the past 5 decades. The
lightcurve model is based on HST maps (Stern et a., 1997), transformed to the correct viewing geometry.

counted for by viewing geometry rather than by volatile
transport.

One inconsistency between the viewing-geometry model
and the observations between 1950 and 2000 is that the
geometric albedo is not increasing as the model predicts
(Fig. 7). The subobserver latitude as seen from Earth was
54° in 1954, when the first observations of the lightcurve
were obtained, 0° in 1988, and —26° in 2000 (latitudes are

in the IAU convention, where +90° is the rotational south
pole). The predictions of our model are for a roughly con-
stant geometric albedo between 1950 and 1975, and a slow
increase after that. The trend continues to be downward or
constant, which has al so been noted by Tholen and Tedesco
(1994) and Buie (2002). Given the difficulties in measuring
geometric albedo, an absolute quantity, we do not take this
finding as firm evidence for volatile transport (e.g., the
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Fig. 8. A comparison of the measured amplitude of the lightcurve of the Pluto—Charon system (dots) with the predictions of our model based on the HST

map (line).
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denuding of a polar cap). In addition, the north polar cap of
Pluto (IAU convention) was not well observed during the
period the HST maps were made, so the abedo of this
region may be substantially different from that depicted on
the maps. Finally, high-albedo material exhibits more ex-
treme limb-darkening than low-albedo material, with a crit-
ical change occuring in the 0.5 to 0.6 region (Buratti, 1984).
Thus the albedo of Pluto’s polar caps may be substantially
underestimated in the HST maps. Our model predicts an
increase in the geometric albedo of Pluto during the next 30
years of a dramatic 18%, a value that should easily be
detectable with current ground-based photometric tech-
niques.

It is important to monitor Pluto now as it moves away
from perihelion, because this is the critical time for the
possible collapse of its atmosphere onto the surface. Accu-
rate photometric observations at the current epoch are im-
portant, as they will provide a baseline for the investigation
of the subsequent condensation of methane and nitrogen
onto Pluto’s surface.

Fig. 8 also shows that the amplitude of Pluto’slightcurve
should have reached a plateau around 1990, and then started
to decrease. Our data show this effect, particularly if one
compares the V data from the early 1990s and the TMO
measurement. Both Buie et a. (1997) and our results yield
avalue of 0.29 for Pluto’s V-filter lightcurve in 1992, with
Buie et al.’s data giving a better constrained error of 0.01
mag. In 1999, the measured V-filter amplitude of the light-
curve is 0.26 = 0.01 (see Table 6). Again, this change in
Pluto’s lightcurve is not evidence for volatile transport; on
the contrary it is entirely consistent with the predicted
changes in viewing geometry between the Earth, Pluto, and
the Sun. Clearly, this result needs to be confirmed by future
observations.

2. Pluto’s phase curve

Essentially all atmosphereless bodies in the Solar System
exhibit a nonlinear increase in brightness as their surfaces
become fully illuminated to the observer. This effect is
caused by the disappearance of mutual shadows cast among
particles comprising the upper regolith. The additional ef-
fect of coherent backscatter, first discussed in the context of
planetary surfaces by Hapke (1990), causes an even sharper
increase in the observed brightness at very small phase
angles (often <1°). When compared with the phase curves
of other bodies, Pluto’s phase curve is most like those of the
bright, recently resurfaced satellites Triton and Europa (Fig.
9), and very much unlike the Moon or a satellite such as
Callisto (see Buratti 1991). Pluto’s phase curve thus yields
a hint, abeit not very compelling, that Pluto has been
recently resurfaced. There is no evidence for an opposition
surge on Pluto, although the small excursion in phase angles
may mean we are seeing a surge that appears to be linear
over the small range observed. This argument has credence
because the value of Pluto’s phase coefficient is higher than
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Fig. 9. The phase curve of Pluto—Charon compared with selected bodiesin
the Solar System. Pluto phase curve is most similar to that of recently
resurfaced objects such as Triton and Europa rather than of objects with
regoliths that have been formed by meteoritic gardening. The Triton ob-
servations are from Goguen et al. (1989), the Europa observations are from
Domingue et al. (1991), and the lunar observations are from Buratti et al.
(1996).

that of ~0.02 typically observed for icy objects with an
albedo similar to Pluto’s (Buratti and Veverka, 1984). In
addition, Pluto may exhibit a narrowly peaked opposition
curve at phase angles less than 0.4°. Due to geometrical
constraints between the Earth, the Sun, and Pluto, the min-
imum in Pluto’s solar phase angle will not be reached for
another 15 years, unless of course amuch-needed mission to
Pluto is transformed from dream to redlity.
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