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We present a new model for the surface albedo distribution of Pluto that fits absolute
photometry spanning 1954 to 1986. We found two distinct configurations that fit out-of-
eclipse photometry equally well. Each set of model parameters contains two spots near
the equator and two polar caps. The two sets differ primarily in the equatorial spots; one
set has two dark spots while the other has one dark and one bright spot. To first order,
the equatorial spots generate the rotational lightcurve and the polar caps produce the
orbital lightcurve (frequently referred to as the secular dimming). However, these effects
are not separable as previously thought. We compared these models with available
mutual event data and found that the agreement is good. Through the end of 1987 the
two models predict similar event lightcurves but beginning in 1988 they differ quite
markedly. One of our recent mutual event observations made on 1988 January 13 UT is
in agreement with only one of the equatorial spot configurations: the model with one
bright and one dark spot. © 1989 Academic Press, Inc.

INTRODUCTION

Twenty years after the discovery of
Pluto, Walker and Hardie (1955) found that
the brightness of Pluto varies, thus allowing
them to determine a rotational period.
Since that time, observations by Hardie
(1965), Andersson and Fix (1973), Neff et
al. (1974), Binzel and Mulholland (1984),
and Tholen and Tedesco (1988) have shown
that the lightcurve varies; the amplitude of
the lightcurve has increased and the mean
brightness has decreased.

Lacis and Fix (1972), Andersson and Fix
(1973), and Renschen (1977) explained the
lightcurve of Pluto in terms of the changing
viewing aspect caused by a high obliquity
coupled with a fixed surface albedo distri-
bution. Their explanations provided the
first crude pole position for Pluto and a very
rough idea of the contrast that exists on the
surface. All of this work was severely ham-

! Current address: Space Telescope Science Insti-
tute, 3700 San Martin Dr., Baltimore, MD 21218.

pered by the short time interval spanned by
the observations (~8% of Pluto’s orbit) and
the quality of the data set.

A decade later and after the discovery
of Pluto’s satellite, Marcialis (1983, 1988,
hereafter referred to as the TSM, or two-
spot model) once again attempted to ex-
plain the observed lightcurve. By that time,
additional photometry and an improved
pole orientation were available. Using two
dark circular spots on the surface of Pluto,
Marcialis reproduced the changing shape
and amplitude of the rotational lightcurve.
Marcialis also concluded that a dark equa-
torial band could account for the decrease
in mean brightness.

Many questions still remain that we will
address in this paper. Can a fixed surface
albedo distribution reproduce the light-
curve of Pluto? If so, is the assumption of a
permanent surface albedo distribution rea-
sonable? How much contrast is there be-
tween different regions on the surface? In
this paper we present new observations and
an improved model that fits the observed
lightcurve of Pluto from 1954 to 1986.
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TABLE 1

PHOTOMETRIC OBSERVATIONS OF PLUTO IN 1986

JD of B 4 Observer(s) Telescope
observation mag
2446414.14441 14.8450 0.0028 Tholen UH 2.24-m
2446428.12837 14.8058 0.0045 Tholen UH 2.24-m
2446429.13537 14.7087 0.0075 Tholen UH 2.24-m
2446433.13147 14.8460 0.0082 Tholen UH #1 0.61-m
2446442.10859 14.6984 0.0023 Tholen UH 2.24-m
2446443.07966 14.7992 0.0028 Tholen UH 2.24-m
2446443.12528 14.8058 0.0032 Tholen UH 2.24-m
2446444.05130 15.0023 0.0034 Tholen and Buie UH 2.24-m
2446444.11065 15.0061 0.0033 Tholen and Buie UH 2.24-m
2446445.05413 14.9229 0.0046 Buie and Tholen UH 2.24-m
2446445.14423 14,9217 0.0043 Tholen and Buie UH 2.24-m
2446446.11899 14.8260 0.0009 Tholen UH 2.24-m
2446449.05752 14.7652 0.0122 Buie UH #1 0.61-m
2446496.11304 14.8943 0.0185 Tholen and Lark UH #1 0.61-m
2446498.10231 14.7303 0.0051 Tholen UH #1 0.61-m
2446499.07867 14.6661 0.0058 Tholen UH #1 0.61-m
2446500.07776 14.6481 0.0070 Tholen UH #1 0.61-m
2446501.07308 14.8381 0.0062 Tholen UH #1 0.61-m
2446502.09032 14.9126 0.0066 Tholen UH #1 0.61-m
2446503.05411 14.7784 0.0053 Tholen UH #1 0.61-m
2446509.98459 14.7362 0.0012 Tholen UH 2.24-m
2446510.11683 14.7307 0.0019 Tholen UH 2.24-m
2446514.10574 14.8777 0.0032 Tholen UH 2.24-m
2446523.91417 14.6943 0.0062 Buie UH #1 0.61-m
2446539.87000 14.8529 0.0028 Tholen UH 2.24-m
2446539.97810 14.8624 0.0045 Tholen UH 2.24-m
2446540.09619 14.8689 0.0020 Tholen UH 2.24-m
2446540.87147 14.7897 0.0057 Tholen UH 2.24-m
2446541.93138 14.6909 0.0012 Tholen UH 2.24-m
2446542.89250 14.6703 0.0030 Tholen UH 2.24-m
2446543.03821 14.6620 0.0030 Tholen UH 2.24-m
2446543.89733 14.5845 0.0047 Tholen UH 2.24-m
2446544.82196 14.5797 0.0079 Tholen UH 2.24-m
2446544.91591 14.5991 0.0030 Tholen UH 2.24-m
2446578.01192 14.8838 0.0090 Tholen UH #1 0.61-m
2446578.89047 14.8715 0.0053 Tholen UH #1 0.61-m
2446579.89957 14.7440 0.0040 Tholen UH #1 0.61-m
2446589.91007 14.7021 0.0041 Tholen UH #1 0.61-m
2446590.90150 14.8996 0.0048 Tholen UH #1 0.61-m
2446591.90397 14.8573 0.0045 Tholen UH #1 0.61-m
2446608.78362 14.6768 0.0014 Tholen UH 2.24-m
2446608.97190 14.7103 0.0031 Tholen UH 2.24-m
2446619.80110 14.7544 0.0021 Tholen UH 2.24-m
2446620.85141 14.6649 0.0019 Tholen UH 2.24-m

OBSERVATIONS AND DATA

Table I lists the new data that we ob-
tained on Mauna Kea with the University
of Hawaii 2.24-m and #1 0.61-m tele-
scopes. The times listed in Table I are the
Julian dates corresponding to the time of
observation. The magnitude reported is the
apparent Johnson B magnitude. All obser-

vations were made differentially with re-
spect to one of two local comparison stars.
Prior to opposition (late April), we used the
star called ‘1986 Primary,’’ and, after op-
position, ‘1985 Primary’’ was used. These
two stars were selected primarily for use
during mutual event observations (Tholen
1985). The Johnson magnitudes for these
stars were, in turn, determined differen-
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SUMMARY OF PLUTO PHOTOMETRY

TABLE II

Year Points Filter Average Observer(s) Reference
sub-Earth
latitude (°)
1933 20 pt -55.3 Baade Baade (1934)
1953 6 \' —55.4 Kuiper Walker and Hardie (1955)
* 1954 6 A% ~54.6 Walker Walker and Hardie (1955)
* 1955 15 Opent —54.0 Walker, Hardie Walker and Hardie (1955)
* 1964 14 \ —44.6 Hardie Marcialis (1983, 1988)
1966 5 A —415 Kiladze Kiladze (1967)
+ 1972 18 v -30.5 Andersson Andersson and Fix (1973)
1973 28 \' -29.5 Neff Neff et al. (1974)
* 1975 12 A% —24.9 Lane, Neff, Fix Lane et al. (1974)
1978 21 U,B,V -20.5 Abramenko et al. Abramenko et al. (1981)
* 1980 26 B —15.5 Tholen, Tedesco Tholen and Tedesco (1988)
* 1981 35 B —134 Tholen, Tedesco Tholen and Tedesco (1988)
1981 63 U,B,vV —15.0 Lyutyi, Tarashchuk Lyutyi and Tarashchuk (1982)
* 1982 27 B -11.0 Binzel, Mulholland Binzel and Mulholland (1984)
* 1982 63 B -134 Tholen Tholen and Tedesco (1988)
* 1983 27 B -11.0 Binzel, Mulholland Binzel and Mulholland (1984)
* 1983 20 B -9.0 Tholen Tholen and Tedesco (1988)
* 1984 27 B -7.1 Binzel Binzgel, private communication
* 1986 44 B -3.0 Tholen, Buie, Lark this work

Note. An asterisk before the date indicates which data were used to constrain the model.

T P stands for photographic magnitude.

} Open stands for an unfiltered, i.e., ‘‘open,” detector.

tially with respect to SAO 120107, which
we have defined to have B = 9.8966, V =
9.2400, and (B — V) = 0.6566. The tabu-
lated uncertainties represent one standard
deviation of only the Pluto photometry.
The error in the transformation to the stan-
dard system has not been included, pending
finalization of the photometric system. As
such, there may be a systematic error of up
to a few thousandths of a magnitude be-

tween the data obtained before and after
opposition.

Table II summarizes the available pho-
tometry of Pluto through the end of 1986.
The first column indicates the data that we
modeled. We excluded some data sets from
the fit, as explained below, because of ex-
cessive random or systematic errors. How-
ever, we included the data set from 1955
despite its systematic error due to the pau-
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city of older observations. These data were
obtained through an ultraviolet blocking fil-
ter whereas the 1954 data were obtained
through a Johnson V filter, leading to a poor
match of photometric systems. We found
that a 0.042-mag correction, when added to
the data, removes all of the small vertical
offset between the 1954 and 1955 data. Be-
cause the sub-Earth latitude was changing
very slowly, there should have been very
little change in the lightcurve between the
two epochs. We note that Marcialis (1983,
1988) also applied a similar correction to
the 1955 data but his value was 0.024 mag.

The 1933 data of Baade (1934) were ob-
tained photographically, and as such proba-
bly have random errors in excess of 0.1
mag, which renders the data too crude for
our purposes. Kuiper’s 1953 observations
(Walker and Hardie 1955) were excluded
because of the lack of error bars on the
data. In addition, the observations were not
very consistent with the Walker and Hardie
(1955) measurements. Without knowing
how to weight the data against other data
sets, we felt that the data should not be
included in the model fit. We did attempt to
trace the origins of the Kuiper data, but to
no avail. Walker and Hardie (1955) mention
that the Kuiper data they presented were
from a larger collection that Kuiper had not
yet made public. At our request, E. Whita-
ker searched the Kuiper archives at the
University of Arizona, but he was not able
to find any mention of the ‘‘missing’’ Pluto
photometry. A similar request made to R.
Hardie by R. Marcialis (private communi-
cation) in 1981 yielded no positive results
either.

Kiladze’s 1966 data (Kiladze 1967) are to-
tally inconsistent with the Hardie data from
1964. Several other authors have specu-
lated that Kiladze performed only differen-
tial photometry and adjusted his zero point
so that his data matched the 1954-1955
data. Lyutyi and Tarashchuk (1982) dis-
missed this possibility, claiming that
Kiladze did not publish any data of his
own. The obvious discrepancy is due to the

fact that Lyutyi and Tarashchuk referenced
Kiladze (1966) which does not contain
data, rather than Kiladze (1967), which
does.

The 1973 data set was excluded from the
fit because it is inconsistent with the orbital
lightcurve and the rotational lightcurves de-
fined by the other good data sets near the
same epoch. We were surprised at this in-
consistency since the data should be of high
quality. The data Neff collected in 1973
were primarily intended to disprove a
shorter photometric period proposed by
Kiladze (1966). The data span 4 consecu-
tive nights within which “‘high’’ time reso-
lution photometry was obtained. The mean
of each individual night of observation is
close to the final models. However, the
slope of the lightcurve within a single night
is very different from the lightcurves mea-
sured in 1972 and 1975. Most of the other
lightcurves used in this analysis are com-
prised of many observations which were
spread out over many more nights. Such a
spread in the observations provides data
which are less susceptible to systematic er-
rors within a night and also provides a bet-
ter measure of the scatter of the observa-
tions. For these reasons we excluded the
1973 Neff data from the model fit.

The Abramenko 1978 data set was ob-
tained via some sort of television system
with dubious linearity and therefore was
eliminated. Last, the Lyutyi and Tarash-
chuk data were excluded because of large
random errors (which, we note, led to their
erroneous claim of detecting the first mu-
tual events). In total, we modeled a 318-
point subset of the full data set containing
461 points.

There is one important change from pre-
vious work in the way we present the data
in this paper. In the past it has been cus-
tomary to plot magnitude versus lightcurve
phase, a simple quantity the computation of
which requires only a lightcurve period and
an epoch. There are important limitations
to this technique. A lightcurve period is a
good approximation of the rotational period
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over the interval of observation when the
lightcurve extrema occur at the same phase
for all sub-Earth latitudes. In the case of
Pluto, the sub-Earth latitude has changed
substantially since the first lightcurve mea-
surements. It is quite possible that the al-
bedo features on the surface could cause a
significant drift of the lightcurve extrema
over the time of observation.

Because we now have an independent
determination of the rotational period, we
no longer need to use, or even solve for, the
lightcurve phase. We can now compute a
quantity which corrects for all effects due
to viewing geometry: the east longitude of
the sub-Earth point, where we define 0°
long to be the sub-Charon point. By using
longitude, parallax no longer distorts the
shape of the lightcurve and the spot loca-
tions are completely decoupled from the
determination of the primary independent
variable. This step also removes the false
structure from the x? surface that is due to
the irregular sampling interval.

The orbit for Pluto, taken from the Astro-
nomical Almanac (cf. 1988 vol., Sect. E),
provides the distance and phase angle infor-
mation. The orbit of Charon (Tholen and
Buie 1987) provides the latitude and longi-
tude by assuming Pluto is locked in a 1:1
spin—orbit resonance with Charon (orbital
period of Charon equals the rotational pe-
riod of Pluto and eccentricity of Charon’s
orbit is zero). For consistency with our pre-
vious work on Pluto, we define the north
pole to be parallel with the spin angular mo-
mentum vector of Pluto (rather than anti-
parallel as required by the IAU definition).

This latest orbit for the satellite provides
much better information about the orienta-
tion of Pluto over the time span of the data
base than that previously available. In con-
trast, Marcialis’ TSM relied on a polyno-
mial approximation to the instantaneous
plane-of-sky inclination determined by
Harrington and Christy (1981). Primarily in-
tended only for dates near the onset of mu-
tual events, this formula does not work well
away from the epoch of the polynomial.
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FiG. 1. Comparison of the Harrington and Christy
(1981) polynomial for the sub-Earth latitude and a full
orbital calculation based on the satellite orbit of Tho-
len and Buie (1987). The fine structure on the curves is
due to the annual motion of the Earth. As we would
expect from Pluto’s obliquity, the amplitude is largest
when the Earth passes through the equator of Pluto.
The mutual event window indicates when events can
be seen from the Earth.

For our modeling we have computed the
true orientation of Pluto and Charon from
their full orbital parameters. As shown in
Fig. 1, the polynomial approximation dif-
fers quite strongly from the full calculation
for dates prior to 1970. In particular, for the
Walker and Hardie (1955) data, the error in
the sub-Earth latitude is 12-15° depending
on parallax. Such a large error casts serious
doubts on the validity of the Marcialis
TSM, with regard to understanding the or-
bital lightcurve. We note that our sub-Earth
latitude calculations are good to about 2°
for the 1950s, with the potential error de-
creasing as the sub-Earth point approaches
0° lat.

Before fitting a model to the data, we
transformed the photometry to a Johnson B
magnitude at the mean opposition distance
(39.5 AU heliocentric, 38.5 geocentric) and
zero degrees phase angle. We assumed a
constant (B — V) color for Pluto of 0.842
and a phase coefficient of 0.037 mag/deg.
Tholen derived both quantities from an in-
dependent analysis of the 1980 to 1983 pho-
tometry.

An overview of the photometry of Pluto,
presented in Fig. 2, shows a decrease in the
overall brightness of the planet at all longi-



28 BUIE AND THOLEN

6. e B BB L

L i i ]

15.70 . 3 B

F e § i H ]

P T

C i ]

%15.80—{ t .& .

) R Tl ]

.

ooy ;
@ 1590 H M I Y

g r e, ]

T ]

= [~ e . 4

S 16.00 - . - - 1954-5 —

= F . A . - 1964 1

E % = * - 1980-3 3

3 -

16.10 'T'fzi -

| AU U RN SRS B AT EN SR S

0 90 180 270 360

East Longitude (degrees)

FiG. 2. A subset of the Pluto photometry. This
shows the photometric data from 1954-1955, 1964, and
1980—1983 plotted as a function of the east longitude of
the sub-Earth point. Note the change in shape, ampli-
tude, and mean brightness since 1954. For clarity, all
uncertainties less than 0.004 mag are not shown.

tudes as well as an increase in the light-
curve amplitude. The change in overall
brightness is easier to see when plotted as a
function of the sub-Earth latitude, shown in
Fig. 3. For simplicity, we plot three longi-
tudes from each lightcurve epoch. These
longitudes correspond to the maximum of
the lightcurve (MAX, 210°), the minimum
(MIN, 100°), and the relatively constant
portion of the lightcurve (SHELF, 350°).
The orbital lightcurve clearly shows the
rate at which the brightness change de-
creases as the sub-Earth point approaches
the equator of Pluto. Note how the bright-
ness has been essentially constant from
1980 to 1983 while the 1986 data show a
slight upturn in brightness for MAX and
MIN. It is the behavior of the lightcurve
shown in Fig. 3 that we wish to model with
a surface albedo distribution while still re-
producing the rotational lightcurve.

MODEL

The basic assumption of our model is that
the lightcurve is caused by static albedo
patterns on the surface of Pluto. These pat-
terns are treated as potentially overlapping
circular spots. We have assumed through-
out that Charon is a uniform sphere. The
choice of circular spots minimizes the nu-
merical computations and provides a more

direct comparison between our results and
the earlier TSM. We adopted the size and
albedo of Charon and the size of Pluto as
determined from the modeling of mutual
event observations (Tholen and Buie 1987).

The reflected light from any given point
on the surface is the bidirectional reflec-
tance as defined in the surface reflectance
theory of Hapke (1981). Computing the re-
flectance using Hapke’s theory requires
specifying two unknown quantities, the sin-
gle scattering albedo, w, and the average
particle phase function for the 180° scatter-
ing angle, P(0). For reference, P(0) is unity
for isotropic scatterers. The advantage of
using this theoretical formalism is that the
reflected light is determined from funda-
mental quantities of the surface material
which can, in principle, be constrained by
laboratory measurements.

The Marcialis TSM uses normal reflec-
tance and a linear limb-darkening coeffi-
cient to model the reflected light from the
surface. The normal reflectance is the same
as the bidirectional reflectance for zero de-
grees phase angle seen normal to the sur-
face. In most cases, linear limb darkening
provides a reasonable approximation to the
limb darkening predicted from Hapke’s the-
ory. However, a precise correspondence
between w and P(0), and the TSM values
does not exist. The goodness of fit between
the two approaches should be similar for
both treatments. In fact, the TSM is much
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simpler to compute, a definite advantage in
its favor. Nonetheless, we feel that w and
P(0) are a much more useful set of model
parameters because they relate to funda-
mental properties of the surface material.
For instance, the value of w is constrained
to lie between 0 and 1 by invoking conser-
vation of energy. Also, from the value of
P(0) we can tell if a surface is forward- or
backscattering; P(0) less than one implies
forward scattering particles while P(0)
greater than one implies back scattering
particles.

Each spot on the surface adds five free
parameters to the model. In addition to w
and P(0) there is the latitude and longitude
of the center of the spot and its radius. For
our modeling we used a weighted x2 where
each residual is weighted by the reciprocal
of the stated uncertainty squared. The
model parameters that best fit the data were
determined by a nonlinear least-squares
technique based upon a simplex algorithm
(cf. Caceci and Caceris 1984).

One difficulty with this algorithm was in
ensuring physically allowable parameters.
The algorithm requires an infinite 2 space
to function properly, which in turn requires
an infinite domain for each of the model
parameters. In our case, some of the pa-
rameters have a noticeably finite domain.
For instance, the single scattering albedo
must lie between 0 and 1, inclusive. If the
solution tends toward either end-point, the
algorithm tries to compute a X using a
value of w that is nonphysical.

To allow the program to continue, a
value of x* must be chosen when out-of-
range parameters are encountered. Our first
approach was to return a very large x2 when
any parameter was out-of-range. In this
case, the simplex will not converge on a
solution. Instead, the solution will usually
stop near the place where the parameter be-
comes invalid. We found that a better ap-
proach is to reflect the value about its phys-
ical limit, thus making the domain appear
infinite. For example, a single scattering al-
bedo of —0.1 is treated the same as 0.1 and,

similarly, an albedo of 1.1 is treated as 0.9.
Without this modification, the convergence
time for the simplex algorithm was much
longer.

RESULTS

We began our modeling by checking our
calculations against those made previously
by Marcialis. The albedo configuration pro-
posed by Marcialis has two components,
equatorial spots and latitudinal bands. Us-
ing the equatorial spots, we verified the
ability of his model to reproduce the chang-
ing shape and amplitude of the lightcurve.
We also verified that the latitudinal bands
reproduce the orbital lightcurve. However,
upon combining the two components, the
model no longer fits the data. The presence
of the bands severely reduced the ampli-
tude of the rotational lightcurve. We dis-
covered that the orbital and rotational
lightcurves cannot be completely sepa-
rated.

We investigated a number of different
configurations in the search for the simplest
way to match the observed lightcurve of
Pluto. The first goal of the modeling was to
explain the orbital lightcurve. One instruc-
tive case we considered was a single polar
cap.

A single polar cap was not able to repro-
duce the shape of the orbital lightcurve.
This configuration fits the total change in
brightness between 1953 and 1986 but could
not fit the photometry from 1964 and 1972.
Furthermore, a single cap predicts the or-
bital lightcurve is not flat as our viewpoint
crosses Pluto’s equator.

By including a bright cap on each pole,
the model reproduces the orbital light-
curve. As stated previously, the orbital and
rotational lightcurves are not separable.
However, the orbital lightcurve is indepen-
dent of the rotational lightcurve in the
model if we choose a longitude where the
equatorial spots cannot be seen. For these
special longitudes we can solve for the po-
lar cap parameters independent of the equa-
torial spots. The procedure yields approxi-
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TABLE III

SpoT MoDEL PARAMETERS FOR SHELF

Radius w P(0)
(km})

Pluto?® 1162.0 0.776 2.1
Charon® 620.7  0.863 1
Spot Latitude Longitude Radius w P(0)
#1 -19 110.1 30.6 0.406 04
#2 —23.0 195.2 14.8 0.971 2.9
#3 814 195.6 59.4 0.999 2.2
#4 South Pole 44.2 1.000 15

Note. Both radii are based upon an assumed orbital radius
of 19,800 km.

« Numbers on this line are unspotted properties of Pluto.

& Numbers for Charon are global properties.

mate values for the polar cap parameters
which can then be used as starting points
for the subsequent simultaneous fit involv-
ing all of the spots. The final model thus has
four circular spots, yielding a total of 24
free parameters.

An important factor when using the sim-
plex algorithm is the choice of starting
point. From this point, the routine will
search out the lowest x? value that it can
find by adjusting the model parameters in a
direction that will decrease x2. The program
converges on a solution when it cannot find
a set of model parameters that yield a better
x2. This criterion means that the solution
will be a local minimum but not necessarily
the absolute minimum or even the only
minimum of similar depth. To check for
consistency within the model and to search
for multiple minima, we chose three differ-
ent starting points.

The first step in determining a good start-
ing point was to fit the orbital lightcurve
using only the polar caps. This procedure
resulted in three sets of parameters, one
each that fit the MIN, MAX, and SHELF.
To the polar cap configuration we added
two equatorial spots at appropriate longi-
tudes. For MIN, the two equatorial spots

must be brighter than the background to
reproduce the shelf and maximum of the
rotational lightcurve. For SHELF, one
equatorial spot must be darker than the
background and one must be brighter. For
MAX, there is a dark spot for the minimum
and a dark spot for the shelf of the light-
curve.

From these three starting points the sim-
plex algorithm began to search for the mini-
mum x2. No minimum exists near the start-
ing point for MIN. The model parameters
quickly migrated toward those for SHELF.
Both of the starting points for MAX and
SHELF produced distinct and equally good
fits to the data.

Tables III and IV summarize that model
parameters for MAX and SHELF. The final
model results are based on a 1° resolution
integral over the surface. Italicized parame-
ters were adopted from the model of Tholen
and Buie (1987). The orbital radius was
adopted from a preliminary value that one
of us (DIT) provided in the early stages of
analyzing speckle interferometry data. This
orbital radius differs slightly from the final
value of 19,640 km (Beletic et al. 1989)
and will have little effect on the model
values.

TABLE 1V

SPoT MODEL PARAMETERS FOR MAX

Radius w P(0)
(km)

Pluto® 1162.0 0.789 24

Charon® 620.7  0.863 1.

Spot Latitude Longitude Radius w P(0)
#1 -13.9 99.1 31.0 0.064 2.6
#2 -25.9 315.7 174 0.142 14
#3 79.6 2134 62.4 1.000 13
#4 South Pole 453 1.000 1.5

Note. Both radii are based upon an assumed orbital radius
of 19,800 km.

a Numbers on this line are unspotted properties of Pluto.

» Numbers for Charon are global properties.
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TABLE V

MoDEL FIT SUMMARY

Year Points x? xr |0-C]| 4 0-C
SHELF Total x? = 1768
1954 w 6 174 176 0.0067 0.0058 —0.0028
1955 wh 15 801 2.39 0.0083 0.0070 —0.0047
1964 h 14 77.2 243 0.0137 0.0097  0.0081
1972 a 18 884 229 0.0358 0.0242  0.0311
1975 Inf 12 8.0 0.84 0.0302 0.0483 —0.0071
1980 tt 26 989 202 0.0075 0.0052  0.0030
1981 tt 35 292.9 2,99 0.0079 0.0041  0.0001
1982 bm 27 326.6 3.59 0.0171 0.0080 —0.0050
1982 t 17 2976 432 0.0113 0.0039  0.0091
1983 bm 57 1120 1.45 0.0091 0.0079 —0.0074
1983 ¢ 20 T1.8 196 0.0039 0.0031 —0.0001
1984 bm 27 1009 2.00 0.0127 0.0096 —0.0012
1986 t 44 1959 218 0.0073 0.0047  0.0043
MAX Total x? = 1844

1954 w 6 191 1.84 0.0078 0.0058 —0.0032
1955 wh 15 107.2 2.76  0.0087 0.0070 —0.0063
1964 h 14 912 264 0.0139 0.0097  0.0095
1972 a 18 922 234 00366 00242  0.0330
1975 Inf 12 8.1 085 0.0312 0.0483 —0.0064
1980 tt 26 99.7 202 00071 0.0052  0.0038
1981 tt 35 360.6 3.32 00083 0.0041 -0.0007
1982 bm 27 227.2  3.00 0.0157 0.0080 —0.0031
1982 ¢ 17 3411 4.63 0.0107 0.0039  0.0101
1983 bm 57 157.5 1.72 0.0099 0.0079 —0.0076
1983 ¢ 20 76.7 2.02 0.0038 0.0031 —0.0001
1984bm 27 879 1.86 0.0124 0.0096 —0.0016
19086 t 44 1758 2.07 0.0072 0.0047  0.0020

Note. 1° resolution surface integral.

In the early stages of the modeling, the
centers of both polar caps were fixed on the
poles. With an early limitation that pre-
vented overlapping spots, we were unable
to make the dark equatorial spot large
enough. To remedy this difficulty, we al-
lowed the polar caps to slip off of the pole
thereby allowing more room for the dark
spot to ‘‘grow.” We found that the south
polar cap did not move far from the pole but
the north polar cap moved off by a substan-
tial amount. In an effort to eliminate unnec-
essary free parameters, we fixed the center
of the south polar cap exactly on the pole
thus reducing the number of free parame-
ters to 22, while allowing the position of the
north cap to vary. Later improvements to
the modeling software eliminated the over-
lapping spot restriction, but we have not
tried to recenter the north polar cap on the
pole.

The fits to individual data sets for the two
models are summarized in Table V. The let-
ters shown after the year are the first letters
from the last names of the observers tabu-
lated in Table II. The column labeled x; pro-
vides a check on the fit in units of a stan-
dard deviation. A perfect fit given the
stated errors would yield x, = 1. A value of
2 could indicate the error bars were under-
estimated by a factor of 2. The scatter of
the fit is tabulated under |0 — C| while the
mean error is shown under O — C. If these
two quantities are equal and larger than the
mean error bar (), then the model differs
systematically from the data.

In Fig. 4, a subset of the data is plotted
against the model calculations for the
SHELF model. The agreement between the
model and the data is typical of the fit to the
other data sets. The scatter in the fit is
0.0078, 0.0137, and 0.0073 mag for 1954—
1955, 1964, and 1986, respectively. Figure 5
shows the agreement between both sets of
model parameters and the orbital light-
curve. Again, the differences between the
fit given by SHELF and MAX are negligi-
ble.

Within the data set, the poorest fit (using
SHELPF) is to the data from 1971 to 1975
with a scatter of 0.0336 mag while the best
fit occurs for the 1983 Tholen data with a
scatter of 0.0039. The fit to the data from

TABLE Vi

ERROR ANALYSIS FOR SHELF

Description of Linear!
Parameter 2x?
Pluto background w 0.16

Pluto background P(0) 0.81

Spot Latitude Longitude Radius w P(0)
#1 4.3 15.6 0.6 5.52 189
#2 15.3 42 08 587 305
#3 0.5 5.7 20 030 54
#4 3.1 0.03 319

+ See text for a description of this quantity.
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the MAX model is very similar. The total >
is 1768 and 1844 for SHELF and MAX, re-
spectively, while the square root of the re-
duced x? (x.) is 2.436 and 2.488. There are
no systematic trends in x, with the different
data sets and we feel confident that our er-
ror bars are not underestimated by a factor
of 2 as is indicated by x,. Therefore we con-
clude that the excess scatter is caused by
something other than the random errors.
One possibility is that we are seeing the ef-
fects of systematic differences between the
six photometric systems used by the vari-
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F16. 5. Comparison between the orbital lightcurve
and both the SHELF and the MAX model curves.
Both models reproduce the orbital lightcurve very
well.

ous observers at the level at which the
model is now fitting the data.

Table VI represents our best efforts to-
ward determining uncertainties for the de-
rived model parameters. Each number in
this table represents an estimate of the
change in that free parameter that is needed
in order to double the 2. To determine an
error bar for a given parameter, we per-
turbed that parameter from its nominal
value. The remaining 19 free parameters
were then adjusted by the simplex program
to try and minimize the x? again. The two
values for the perturbed parameter with
their associated x? serve to define the cur-
vature of the x? surface for that parameter.
To save on computer time, only one point
in a single direction from the nominal value
was computed and the computation was
done at 3° resolution. While these numbers
do not reflect a standard uncertainty, they
give one a feel for the relative importance
of each parameter in the model fit. Not sur-
prisingly, a few parameters have uncertain-
ties that are quite large. P(0) for all of the
spots, w for the equatorial spots, the longi-
tude of the dark equatorial spot, and the
latitude of the bright equatorial spot are the
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most poorly determined quantities. Some
of the values seem to be very tightly con-
strained. In particular, the uncertainties on
the radii of the spots are quite low.

On the basis of the fit to the available out-
of-eclipse photometry, MAX and SHELF
work equally well in explaining the known
lightcurve behavior of Pluto. Figure 6
shows the predicted orbital lightcurves for
a complete orbit of Pluto around the Sun. It
is no surprise that the models agree quite
well in the time span constrained by data.
The models do not diverge very fast beyond
the last constraint in 1986. Figure 7 shows
the rotational lightcurve for a few different
times. The four curves labeled 1950 through
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FiGc. 7. Rotational lightcurves from the SHELF
(solid lines) and MAX model (dashed lines) for se-
lected epochs. Each plot represents the brightness of
Pluto during a single rotation at the time of opposition
for the indicated year.

1980 show the observed evolution of the
lightcurve where the two models do not dif-
fer strongly. However, the plot for 2020
shows a strong difference between the
models.

(Note that in the curves for SHELF in
Fig. 7, the lightcurve minimum from 1950 to
1980 remains at the same longitude while
the lightcurve maximum drifts from 225° in
1950 to 210° in 1980. This drift is precisely
the behavior we expected that would per-
turb the determination of a lightcurve pe-
riod from the out-of-eclipse photometry.)

From these plots it is clear that we would
need to wait a very long time to eliminate
one of the two models on the basis of light-
curve photometry alone. Fortunately, the
mutual events can decide the question
much sooner. Through the end of 1987,
both models predict nearly identical event
lightcurves. The similarity arises because
the models do not differ on the Charon-fac-
ing hemisphere in the northern hemisphere
and the satellite transit events have been
progressing from the north pole to the
south. Thus, the model lightcurves do not
differ until the satellite begins to cover ma-
terial at the latitude of spot #2 in the MAX
model, that is, southward of —8° lat.

Our first observation of an inferior event
this far south occurred on 1988 January 13
UT. The data from this observation are
shown in Fig. 8. The solid curve, referred
to as ‘‘three circles,”” is based on the uni-
form albedo model we have been using to
model the orbit and sizes of Pluto and
Charon. This model is discussed more fully
in Tholen et al. (1987). The three-circle
model does not model the effects of the
background lightcurve and has been shifted
vertically to match the data. On the other
hand, the spot model provides both the
overall brightness of Pluto and Charon as
well as the brightness of the system during
an event. For this reason, no shifts or cor-
rections are necessary, or appropriate, for
the SHELF and MAX curves. Upon close
examination, we find that the MAX model
predicts a much later minimum and more
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SHELF models.

asymmetric lightcurve than is shown by the
data. The SHELF model, which has no lon-
gitudinal albedo markings on the Charon-
facing hemisphere, matches the data quite
closely. Aside from a small vertical shift,
SHELF and the three-circle model are
nearly identical. From this comparison, we
find that the MAX model is inconsistent
with the mutual event data and can now be
dismissed.

To help visualize the Pluto albedo map,
we have generated images from the model.
These pictures are shown in Fig. 9. This set
of images represents the most realistic im-
age that we can generate at this time. The
limb-darkening evident in the images (ex-
cept for Charon) is a natural consequence
of the Hapke formula. The shadowing of
the surface of Pluto does not represent a
circular approximation. The shape comes
from a full geometric computation for each
point on the surface. It is interesting to
note, however, that the shadow does ap-
pear to be circular, vindicating our assump-
tions in using the three-circle approach
elsewhere. For a better feel of the reflec-
tance of the surface, Fig. 10 shows center-
to-limb reflectance values for the different
albedo domains on Pluto. As Figs. 9 and 10

show, the albedo of the surface of Pluto
varies a great deal. In fact, the contrast ra-
tios are much greater than Marcialis’ 2: 1
assumption for the equatorial spots.

DISCUSSION

One of the basic questions we set out to
investigate was whether a static surface al-
bedo distribution could reproduce Pluto’s
observed lightcurve behavior. Originally
Marcialis (1983) and more recently Stern et
al. (1988) have argued in favor of a dynamic
albedo distribution on time scales that are
short compared to the orbital period of
Pluto. Stern et al.’s primary arguments in
favor of this conclusion are the rapid dim-
ming of Pluto as it approaches perihelion, a
simultaneous reddening of the planet, and
the extremely high albedo, which implies a
very fresh frost deposit.

We have shown that a fixed albedo distri-
bution can also reproduce the rapid dim-
ming of Pluto as it approaches perihelion.
The reddening discussed by Stern er al. is
by no means confirmed. Qur own observa-
tions now span 1980 to the present and no
color change has occurred, yet our (B — V)
color is slightly redder than earlier, but less
precise, measurements; the significance is



FIG. 9. A computer-generated picture of Pluto, SHELF model. The left panel depicts four different
equatorial views of Pluto, from top to bottom, 0°, 90°, 180°, and 270°. Pluto’s north appears at the top.
The right panel shows four views during the 1987 March 19 transit of Charon in front of Pluto. The
orientation matches how we see Pluto from Earth. Our north is at the top in these pictures; Pluto’s
north pole is to the right. This sequence covers roughly 4 hr going from the top frame to the bottom.
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probably between the 1 and 2 sigma levels.
In any case, the reddening does not argue
for Stern er al.’s model since reddening
could occur with a static model just as well.
If the equatorial region is redder than the
poles, we would see the system become
more red as we approach the equator. In
fact, Binzel er al. (1988) have shown that
the mutual event observations are consis-
tent with the equatorial regions being red-
der than the poles. We did not quantita-
tively analyze the effect of changing (B —
V) on the model. However, the B photome-
try was not found to be systematically off-
set from the offset from the V photometry
once the constant color correction was ap-
plied. From this lack of difference we con-
clude that the effect of a variable (B — V)
within the model would be insignificant.
We do know that methane frost exists on
the surface of Pluto and that it darkens
when exposed to ultraviolet radiation. If
the high albedo of Pluto is in fact due to
methane frost, then we agree with Stern et
al. that the frost deposits must be recent,
implying a dynamic surface albedo distribu-
tion. However, we note that Enceladus also
has a very high albedo surface, similar in
albedo to the bright regions on Pluto. The
difficulty with any mechanism that gener-
ates bright surfaces will be how one can

include the presence of very low albedo
material on the same body.

The basic arrangement of the ‘‘spots”
must be close to the truth; the polar caps
are required to fit the orbital lightcurve
while the equatorial spots are required to
fit the rotational lightcurve, although the
shapes of these features could easily depart
from circularity. For example, a variation
consistent with this model could be if the
small bright equatorial spot from the
SHELF model was a bright peninsula jut-
ting northward from the south polar cap.
We make no claims that this particular al-
bedo map is unique. Our principle conclu-
sion is that a static map can be constructed
that is consistent with all available photom-
etry. This picture will certainly improve as
more photometry, both in and out of
eclipse, is added to the data set.

The extremely high contrast ratio pre-
dicted by the model is driven by the need to
fit the orbital lightcurve. As Marcialis
showed, without the orbital lightcurve a
contrast ratio of only 2: 1 is necessary to fit
the data. Once the polar caps are added, the
equatorial spots are constrained to be much
smaller, thus driving the contrast ratio up.

One obvious explanation that would re-
lax the need for such a high contrast ratio is
to invoke time variability. It is conceivable
that we have been observing the recession
of the north polar cap and the subsequent
uncovering of a darker underlying surface.
From the shape of the orbital lightcurve we
see that Pluto has faded little since 1980. It
is possible that this is not a geometric effect
but simply the complete evaporation of a
thin methane frost layer leaving a perma-
nent water ice cap in view. This process is
very similar to the observed behavior of the
polar caps on Mars where there is a perma-
nent water ice cap with a variable covering
of CO; frost.

This discussion raises what may sound
like completely open questions that may
never be solved but the mutual events be-
tween Pluto and Charon will be able to pro-
vide some additional constraints. The first
of the 1988 satellite transits has already pro-
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vided a direct discrimination between the
two models presented here. Once we have
a full set of transits covering the entire
hemisphere of Pluto, we should be able to
improve substantially on the albedo map
derived here. The time span of the mutual
events is short enough that any temporal
variation will have a marginal effect on the
modeling. Combining event observations
and the rest of the out-of-eclipse measure-
ments, we should be able to decide whether
or not there have been significant temporal
variations on the Pluto surface.

We would like to stress the importance of
monitoring the out-of-eclipse brightness of
Pluto with high precision photometry (o <
0.005 mag) during and after the mutual
event season. It is very important to get a
well-sampled lightcurve, especially the
maximum and minimum. Not only will con-
tinued lightcurve photometry aid the analy-
sis of the mutual event data, but it will also
continue to be important as we strive to
improve our limited knowledge of the sur-
face of Pluto.
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