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We present new near-infrared spectra of the planet Pluto obtained
at Lowell Observatory on 83 nights during 1995-1998. The dense
temporal sampling of our observations enables us to measure with
unprecedented detail cyclical changes in the depths of methane,
carbon monoxide, and nitrogen ice absorption bands, modulated by
Pluto’s diurnal rotation. We show that CO, N,, and weak CH, ab-
sorption band depths exhibit rotational patterns very different from
those of Pluto’s visible lightcurve, unlike the strong CH,4 absorption
bands which are closely correlated with the visible lightcurve. Our
observations are used to constrain the longitudinal distributions
of the three ice species on Pluto’s surface. The data also reveal a
subtle, longer term strengthening of Pluto’s strong near-infrared
CH, bands, which is used to constrain the latitudinal distribution
of CH, ice. We simulate the observed diurnal and seasonal spectral
and photometric behavior of Pluto by means of model distribu-
tions of three terrain types. We see no evidence for changes in the
distributions of Pluto’s surface ices during the 1995-1998 interval.
(© 2001 Academic Press
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1. INTRODUCTION

Mapping Pluto’s terrains in this fashion is considerably com
plicated by the fact that observable changes due to the changi
illumination and viewing geometry can be difficult to distinguish
from changes resulting from possible evolution of the surface «
Pluto itself. Volatile ices on Pluto (thought to be primarily nitro-
gen, contaminated with CO, GHand probably other minority
constituents; see, e.g., Cruikshatlal. 1997) are in vapor pres-
sure equilibrium with the atmosphere (see, e.g., Spesical.
1997). Energy is transported by sublimation and condensatic
with a bulk flow of gas from energy source to sink, leading tc
seasonal transport of volatile ices from regions receiving stror
sunlight to areas receiving less, at rates possibly as high as s
eral centimeters of ice removed or deposited per Earth year wh
Pluto is near perihelion, as it currently is (Speneeal. 1997,
Traftonet al. 1998, Grundy and Stansberry 2000).

During the past six years, we have pursued an intensive spe
tral and photometric monitoring campaign intended to searc
for changes due to both geometric and volatile transport effec
We have worked to obtain a densely sampled data set, hopi
to distinguish between the different sorts of changes Pluto
expected to exhibit over time and to be able to use our obse
vations to constrain models of the geographic distribution ¢
Pluto’s diverse terrains and of their evolution through time.

The persistentvisible lightcurve of Pluto (e.g., Marcialis 1097) OUr Pluto monitoring program makes use of all available tele

implies a heterogeneous surface. Orbital and rotational circuffOPe/instrument combinations. This paper reports results ba:
stances ensure that different regions of Pluto’s surface are & data obtained during the interval 1995-1998 with a singl
ented toward the Earth and Sun at different times. Over Pluté&escope and instrument. Restricting our analysis to this pc
day (6.4 Earth days), the sub-Earth and sub-Sun points on pities of_the data set reduces the potential impact of systemat
pass through all longitudes, enabling an observer on Earth®0rs in our search for subtle secular trends.

learn about the longitudinal distribution of Pluto’s diverse ter-
rains by studying how Pluto’s spectral reflectance varies over that
time period. Over longer, seasonal time scales, the sub-Earth
and subsolar points on Pluto also move in latitude. In recentData presented in this paper were all acquired at Lowe
decades, these points have moved north from Pluto’s south@ipservatory’s 1.8-m Perkins telescope on Anderson Mesa. T
hemisphere, crossing the equator during the mutual event seatrumentwas OSIRIS, the Ohio State Infra-Red Imaging Spe
son of the 1980s, and are now moving well into the northetrometer (described by DeP@t al. 1993). OSIRIS split the
hemisphere. If long-term variations can be disentangled fromavelength range from 1.2 to 2.4m into three orders by means
the shorter term longitudinal variations, pairs of observatioms a grating and a cross-dispersing grism (grating—prism comk
taken at different epochs can be used to constrain the latitudination). These three orders, coinciding approximately with the.
distribution of terrains on Pluto. H, and K atmospheric windows, were recorded simultaneous

2. DATA ACQUISITION AND REDUCTION
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TABLE |
Summary of OSIRIS Pluto + Charon Observations

on a 256x 256 NICMOS3 HgCdTe array. We used a«3%4
arcsec slit, oriented North—South on the sky, resulting in spectral
resolution of about 700. J band seeing at the Perkins telescope

during 1995-1998 ranged from 1 to 3 arcsec, resulting in minor Phase bPEIUt::Jl';S | Total Pluto
.. . . . . Sub-Eartn angie
variations in slit losses during most nights. UT date of angle 9 integration
Our observations yielded data of reducible quality ombservation 9 Lon (%) Lat () time (min)
83 nights, as tabulated in Table I, along with the mean sub-Earth
latitude and longitude on Pluto and the total usable inte rati1995/03/13'5 178 154 168 115
; g . grati®8s 031145 1.77 98 16.8 120
time on Pluto+ Charon. The sub-Earth latitudes and longitudesygs/oe/18.4 1.01 94 15.0 45
are plotted in Fig. 1, showing the distribution of our spatial sam995/06/19.3 1.03 43 15.0 110
pling of Pluto’s surface. Each object observation consisted 1#95/06/20.3 1.06 345 15.0 100
one or more sets of at least five consecutive exposures, wif§>/06/22.3 111 234 14.9 130
individual exposure times ranging from 30 s for bright sol Jo96/03/01.5 1.88 0 18.9 45
P ging or brig 8f996/03/02.5 1.88 303 18.9 130
analog stars to 300 s for PluteCharon. For the brightest stars,; 996/03/03.5 1.87 247 18.9 85
shorter subexposures were used to avoid saturation. These weg6/04/14.4 1.24 45 18.6 155
co-added to make synthetic 30-s exposures. Prior to each exjf96/04/15.4 121 348 18.6 180
sure, the object was moved to a new position in the spectrograiJR¢/04/16.4 119 291 18.6 165
slit. This dithering compensated for the impact of individual bé\%f;%/o‘”ﬂ4 1.16 237 185 160
. gcomp P vidl 96/05/07.3 0.67 101 18.1 195
pixels and permitted exposures to be subtracted pairwise to {8g6/05/08.3 0.64 136 18.1 75
move night sky lines. The optimal extraction procedures we useabe6/05/26.3 0.47 201 17.7 160
to extract spectra from OSIRIS spectral images have been #e26/05/27.3 0.48 144 17.6 135
scribed in detail by Grundgt al. (1999) and will not be further 1996/05/28.3 0.49 93 176 105
discussed here 1996/05/29.3 0.50 33 17.6 185
’ . . 1996/06/05.3 0.63 359 17.4 180
Stars were observed periodically, bracketing Pi®haron 1996/06/08.2 0.70 194 17.3 45
sequences in both time and airmass. Every third year, we $€96/06/20.2 1.00 237 17.0 50
lected a new 9th mag “Pluto star” near Pluto’s position, with996/06/21.3 1.03 180 17.0 55
a B-V color matched to that of Pluto. Each night we observt%‘ggsfgggi-é igg ;gg %-g 122
the Pluto stgr, then Plute Charon, then the star again, and S0997/03/24.5 168 o1 20.9 165
on, alternating between the two. From the sequence of star @857/03/25 .4 1.68 35 20.9 170
servations, spectral extinction curves were derived for times ap97/03/26.4 1.66 339 20.9 180
propriate to each Plute Charon observation. These were usetP97/04/15.4 1.27 293 20.6 195
to correct for telluric extinction effects. By dividing extinction-iggzgjﬁs-j i;g igg 28-2 gg
corrected Plutg- Charon spectra by extinction-corrected stalog7/04/18.4 120 125 0.6 105
1997/04/19.4 1.18 71 20.6 215
1997/05/25.4 0.43 206 19.8 35
o4 , , , —14.90 1997/05/26.3 0.43 148 19.8 265
- 1 1997/05/27.3 0.44 93 19.7 270
[ o R * . e o ¢ o o« *7 , 1997/05/28.3 0.44 35 19.7 270
=220 e * *e 15008  1997/05/29.3 0.45 340 19.7 215
8 [ e . * o * o . ] T 1997/06/08.4 0.62 132 19.4 45
o . [ ® [ 3 LANE Al ]
.t @, o0 @eel 0 - L () *] & 1997/06/09.3 0.65 83 19.4 50
S T L . = Jis10>  1998/03/08.4 1.87 219 22.9 130
3 . K LI I S 1998/03/09.5 1.86 162 22.9 160
T 18 - ./ S ¢ ] g  1998/03/10.5 1.86 106 22.9 160
= T + A » o +J1520§  1998/03/115 1.85 50 22.9 175
5 [ A % a0 ¢ i £ 1998/03/125 1.85 353 22.9 185
16~ N E < 1998/04/17.4 1.28 127 22.6 210
L A a . 4+ 1530 1998/04/18.4 1.26 72 22.6 215
14l , , , E 1998/04/19.4 1.24 16 22.6 220
0 90 180 270 360 1998/04/20.4 1.21 319 22.6 215
East Longitude (degrees) 1998/04/21.4 1.19 263 22.6 220
1998/04/22.4 1.17 206 22.6 205
FIG. 1. Latitude and longitude of sub-Earth points on Pluto at times wherggog/05/05.4 0.83 195 223 150
our OSIRIS spectra were obtained, illustrating the density of our sampling p§98/05/07.4 0.78 80 223 120
Pluto’s surface. Observations during 1995, 1996, 1997, and 1998 are indicated §98/05/08.3 0.76 28 2213 140
triangles, diamonds, squares, and circles, respectively. Pluto’s visible lightcung®g/05/09.4 0.73 330 222 220
(dashed curve, right axis) gives an indication of the longitudes where visuailg98/05/10.4 0.71 274 222 230
brighter and darker materials occur on Pluto’s surface. Circled pairs of obseryg98/05/27.3 0.42 38 21.8 255

tions are discussed in Section 4.2.
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Table I—Continued After producing unscaled albedo spectra of PlatGharon,
our next task was to remove Charon’s spectral contribution <

Phase Pluto's Total Pluto We could analyze spectra of Pluto alone. For the phase angle e
sub-Earth angle | - . .

UT date of angle integration longitude of each OSIRIS observation, we computed the con
observation 0 Lon () Lat (°) time (min)  bined Plutot Charon fluxes at 1.57 and 2.12% (wavelengths
1098/05/28.3 0.42 212 )18 o ere chosenasa comprom|§e _between the QSIRIS signal pre
1998/06/18.3 0.79 242 213 145 sionand the flatness of Pluto’s lightcurve), using HST/NICMOS
1998/06/19.2 0.81 168 21.2 150 Spectral observations of Pluto alone (Grundy and Buie, in prep
1998/06/20.2 0.84 130 21.2 160 ration) and the separate phase coefficients of Pluto and Chat
1998/06/21.3 0.87 72 212 100 (Buieet al. 1997). Each OSIRIS Plute Charon spectrum was
1998/06/22.3 0.89 7 2L.2 145 scaled to match these wavelengths. Then the Buie and Grun
1998/06/23.3 0.92 319 21.2 % 5000b) “standard model” Ch ' for th
1998/06/24.2 0.94 268 211 50 ) “standard mode aron spectrum for the same gy
1998/06/25.2 0.97 208 21.1 140 Ometry was subtracted, assuming radii of 1150 and 593 km f
1998/06/26.3 0.99 151 211 160  Pluto and Charon, respectively (Bug al. 1997), to produce
1998/06/27.3 1.02 94 210 195 Pluto-only albedo spectra, for the geometry of each OSIRIS ol
1998/06/28.2 1.05 41 2L.0 40 servation. Finally, we used Pluto’s phase coefficient measured
1998/06/29.2 1.07 344 21.0 145 T AWEPCI (Buietal. 1997) t tthe Plut | ¢
1998/06/30.3 1.10 285 21.0 180 (Buieet al. 1997) to correct the Pluto-only spectra
1998/07/01.2 1.12 231 21.0 165 to A; albedos (defined the same way as the geometric albec
1998/07/02.2 1.15 173 20.9 135  except for phase anglg= 1° instead ofg = 0°, as described
1998/07/03.2 1.17 118 20.9 150  py Buie and Grundy (2000b)).
1998/07/04.2 1.20 64 20.9 120 Note our dependence on ancillary data from HST/NICMOS
1998/07/05.2 1.22 7 20.9 125 i .
1998/07/08.2 1.9 198 20.8 35 and WFPC1. Without those data, we could have used the sir
1998/07/14.2 1.42 217 20.7 40 pler Douget al.(1999) procedure for removing Charon’s spec:
1998/07/15.2 1.44 162 20.7 110 tral contribution. However, the significant difference betweel
1998/07/16.2 1.47 106 20.7 120 pluto and Charon phase coefficients introduces phase-ang
1998/07/17.2 1.49 50 20.6 95 dependent errors if they are not accounted for separately,
1998/07/18.2 1.51 354 20.6 120 !
1998/07/19.2 153 299 20.6 45 We have done. Though we attempt to overcome this sour

of error, our procedure still depends on many uncertain a
sumptions. For example, we do not know if the separate Plu

spectra, we removed instrumental effects as well. During 19@§Ed (_:haron phase coefficients from Bedeal. (_1997) are ap-
priate for all wavelengths. Our assumption that they ar

we used SA0140910 for our Pluto star and we used SA01411% .
during the three subsequent years. is buttressed by evidence that, for Charon, wavelengths b

Although located conveniently close to Pluto, our Pluto stapg/gen 1.4 and 25”“ @fh'b't very similar phase behavior, in
pite of Charon’s significant albedo contrasts over that wav

did not share the Sun’s spectral energy distribution, so an X
ditional correction was needed. The required information w esngth range (Buie and Gr_ur_ldy 2000b). We al_so do not "”OV.V
assumed phase coefficients are appropriate for all regic

obtained by observing well-known solar analogs such as i :
6060, 16 Cyg B, SA 102-1081, SA 105-56, SA 107-684, aH Pluto’s heterogengous surface. If either of these assum
SA 113-276. On most nights, we observed one or more of thdlQQs were problematic, we would be unable to proceed withol

stars, resulting in many independent determinations of the Spggpsmerably more dense temporal sampling andfor additior

tral differences between the Pluto stars and the solar analog st%ﬂé”ces of data, such as densely sampled near-infrared fi

At the level of our ability to correct for telluric extinction andP otometry.

instrumental effects across our spectral range (several percent),

all of these latter solar analog stars were seen to have identical 3. SPECTRAL FEATURES AND VARIABILITY

spectral distributions. Pluto was nearest to BS 6060 in the sky,

and so of the well-known solar analogs, this star was observedExample spectra are plotted in Fig. 2 to illustrate Pluto’s spec
on the most nights. Our corrected Plgt@haron spectra can tral features in this wavelength range. Vibrational absorptions ¢
thus be considered to be ratios to BS 6060, which is reportegtthane ice dominate the spectral region, in spite of @haps
to be an excellent solar analog (see, e.g., Porto de Mello andbggng less abundant than nitrogen iceit¢ is considerably less
Silva 1997). To the extent that BS 6060 and the Sun have iderptically active than Chkl and a correspondingly longer optical
cal flux distributions, each corrected PlatdCharon spectrumis path length in N ice is required to match the observegidand
proportional to the albedo spectrum of a body with the combinatl 2.15um (see, e.g., Grundgt al. 1993, Oweret al. 1993).
surfaces of Pluto and Charon. However, the constant of prop®he 0-3 overtone band of carbon monixide ice is also seenin o
tionality differs for each spectrum, due to variable spectrometgpectra (Dowét al.1999). Approximate absorption coefficients
slit losses and changing phase angles. for the centers of selected absorption bands marked in Fig. 2
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FIG.2. Averages of OSIRIS Pluto spectra obtained near the minimum anu ast Langitude (degrees)

maximum of Pluto’s visible lightcurve. Ten spectra went into each average. TheFIG 3. Band depth fraction of the 1.66m CH, band showing variation

B nitrogen 0-2 band at 2.1,5_m, the CO 0-3 band at 1.578m, and_a number with sub-Earth longitude (top curve, upper left axis). The wavelengths use

of CH4 bands are marked with arrows. Areas blotted out by telluric water vapgr compute this fraction were 1.655-1.668 (the CH, band) divided by the

absorptions are indicated k. mean of 1.60-1.6&m and 1.68—1.7@2m (the continuum). The solid curves with
gray envelopes indicating uncertainty are LOWESS traces computed from t
data (the procedure is described in the text)4@Hsorption increases upward,

tabulated in Table Il (the sources of these optical constants #fé maximum CH band depth corresponding to the visible lightcurve maxi-

described in the Appendix). mum. The 1996-2000 visible lightcurve (Buie and Grundy 2000a) is provide

Th ianifi t iati Plut t for reference, with longitudes associated with minimum and maximum ligh
ere are signincant varialions among our FIuto Spectra, ag |3 «shelf japeled (middle dashed curve, right axis). The bottom curve is tt

evident in Fig. 2, which shows deeper CO;,,ldnd CH bands 1 66,m band center; albedo.

and higher continuum albedos near the maximum of Pluto’s

visible lightcurve. Inthe remainder of Section 3 we will examine

in greater detail the different types of variations exhibited byn absorption band and wavelengths adjacent to the band «

absorption bands of these three ice species. be used to compute the fractional absorption depth of a speci
band. Figure 3 shows the fractional band depth of the f®6
3.1. CH, Absorption Bands CH4 band, which can be seen to vary with Pluto’s longitude. Thi

Quantitative analyses of Pluto’s variable spectral features cp %rticular band is deepest near PIuto’s visible lightcurve max
y P m, shallowest near lightcurve minimum, and of intermediat

be done by calculating ratios between strategically selectg pth in the intermediate “shelf’ region of Pluto’s lightcurve

wavelengths for each night’s data. This approach has the advgr%'und 300 longitude

tages of computational efficiency and minimizing sensitivity t0' 1 . oce correspondence between the visible lightcurve a

scaling uncertainties. A ratio between the central Wavelength,[ﬂfe depth of the 1.6&m CH, band implies that this absorp-

tion band is predominantly formed in the higher albedo materi
on Pluto’s surface. It might be tempting to conclude from thi
curve that CH ice abundanceamust also correlate with visible

albedo, but such a deduction would be premature. The additi
Imaginary part of Of Minute amounts of an opaque continuum absorber can redt

TABLE Il
Peak Absorption Coefficients of Selected Bands

Wavelength  Lambert absorption

Ice species £m) coefficient (cnmml)  refractive index ~ both visible albedo and CHband contrast with no apprecia-
ble change in the CHabundance. If Pluto’s lightcurve were
CH, 0.73 53 x 10:2 3.1x 1“: caused by heterogeneous distribution of an opaque continut
g:j i:gg ;‘3 I 18+0 ‘51:2 )X( igs a}bsorber, almost all of the qlbgdo variation would occur at col
CH, 1.48 65 x 10-1 77 % 10-6 tinuum wavelengths. Association of Gldbundance with visual
CHy 1.66 27 x 10+t 36x 10 albedo also requires albedos at the center of 6&hds to be
CHy 1.72 15x 10™* 21x10°* anticorrelated with visual albedo, which is approximately whe
CH, 179 12 x 1°+i L7x 1(ri is seen in our data, in the bottom panel of Fig. 3. The behavi
5024co ing Na igg Al%i 182 12 )X( igv of the band center albedo is as expected around minimum a
BN, 215 15 x 10-2 26 % 107 maximum light, but subtle differences at shelf longitudes ar

intriguing, where the band center albedo is similar to the albec
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at maximum light. In contrast, the fractional band depth showeetween minimum and maximum light. This pattern of banc
intermediate values at these longitudes, implying thaf &in-  depth variation is similar to that reported from earlier observa
dance could be just as high at shelflongitudes as itis at maximtions of other weak Clibands at wavelengths less thapth
light but that band depths and visible albedos at shelf are redu¢Bdie and Fink 1987, Grundy and Fink 1996).
by additional continuum absorption. To extract curves representing longitudinal variations from th

We examined comparable ratios and band center albedosdoatter of these data, we used the LOWESS (LOcally WEighte
the CH, bands at 1.33, 1.72, 1.79, and 2.&h and all showed Scatterplot Smoothing, Cleveland 1979) algorithm. LOWES:
similar patterns with longitude, although with more scatter, dug ideally suited for approximating the shape of an underly
to poorer OSIRIS signal-to-noise performance at the absorptioig curve from noisy, irregularly sampled data. Unlike poly-
band and/or continuum wavelengths of these other methane feamial or Fourier fits, LOWESS does not impose a functiong
tures. The consistent longitudinal variation of band strengths flmrm on the derived curve. The LOWESS trace is simply com
the strong Cl bands confirms and expands on earlier reponmited from the data, via low-order polynomial fits to the dat:
of correlation between Pluto’s lightcurve and near-infrared CHwvithin a moving window. For variations caused by different
band depths (e.g., Marcialis and Lebofsky 1991). regions rotating in and out of view, the window must be rel-

However, an interesting contrast is provided by the weal CHtively wide, because the underlying curves must vary grac
bands in high-albedo regions of Pluto’s near-infrared spectrunally. For example, a point on Pluto’s equator would be visi
These weak absorption bands, having peak absorption codife for exactly 180 of subviewer longitude, and the full width
cients some two orders of magnitude weaker than the strongéhalf maximum of its longitudinal signature would be 120
near-infrared bands (see Table II), are much more difficult to d&H LOWESS traces shown in this paper were computed with-
tect. However, two of them can be measured in the OSIRIS dat&0 -wide triangular window, and a quadratic polynomial (win-
one at 1.24.m and one at 1.48&m. As shown by Fig. 4, there dows ranging from 120to 220 all gave similar results). Source
is considerable scatter in our measurements of their fractioalde for our implimentation of the LOWESS algorithm is avail-
band depths, but a distinctly different pattern can neverthelessdtde from http://www.lowell.edu/users/buie/idl. We used a sim
discerned in their longitudinal variation, with maximum absorglar approach to estimate the uncertainty associated with ea
tion around longitude Oand minimal absorption somewherd OWESS trace, computing the standard error of the mean bas

on the formal errors of the data within a moving window.
The contrasting behaviors of weak versus strong, G&hds

S A R T provides an essential clue toward understanding the distributic

5 g:gg of CH, ice on Pluto. Methane is clearly not distributed as sim
§ 0.20 ply as one might conclude from only examining strongCH
£ g':z absorption bands but must instead occur in at least two distin
S reservoirs having different longitudinal distributions. It is the
™ 0,00 jo.10 weak bands and not the strong bands which provide the bet
Jo.08 indication of CH, abundance, because the weak bands requi
0.0 8 significantly longer optical path lengths in GHce than are
é needed to form the strong GHbands (approximate mean op-
004 e tical path lengths can be estimated by inverting the absorptic
0023 coefficients in Table I1). The weak bands can only form whert
000 Methane is abundant, while the strong bands can form whe
- G methane is only a minority constituent. This point was initially
R T PIE explored by Grundy (1995) and by Grundy and Fink (1996) an
£ 0.0 'Q'"-cr..o_ _QO__.G---aﬂ""_ e will be examined in additional detail in Section 4.1 of this paper
E 0.04 P50
E g;gﬁ 3.2. CH, Band Secular Evolution
é """" gI(JI B 1;,0 I '2;0' - ' '3.1,0 A close examination of the upper curve in Fig. 3 reveal
East Longitude (degrees) that the 1995 band depths (triangles) tend to plot slightly lowe

FIG.4. Absorptionfractions for weak Cibands, with greater CHabsorp- than.the. 1998 p.OITItS (circles), sques.tmg thatin adgmon tott
tion toward the top of the figure. From OSIRIS data we measuredithe3v,  lONGitudinal variations, the CiHabsorption may have increased
CH, band at 1.48m (top curve, upper left axis) and the unassigneq 6&hd  over that interval. We examined this possibility more quantita
at 1.24um (middle curve, right axis). Although the data are quite noisy, thiyely by comparing the entire set of band depths to a Fourier f
LOWESS traces show significantly different longitudinal patterns from those RS the subset of the data obtained at sub-Earth latitudes betwe

the strong CH bands in Fig. 3 (see text). Also shown are Grundy and Fink (199? . .
data for the weak 0.7am band (open symbols, lower left axis, threaded by 0" and 22 (the most densely Sampled latitude reglon)' The

Fourier fit to guide the eye), obtained during 1980-1994, at sub-Earth latitud@@nd depths rglatiye to the Fourier curve are shown for ea'Ch
ranging from—9° to +14°. our 83 spectrain Fig. 5. When plotted against sub-Earth latituc
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1.2F ' : ' ' ] among the separate reservoirs of ek responsible for pro-
E 3 ducing the two classes of absorption bands.
©
AR é 3.3. CO Absorption Band
(&)
g = Carbon monoxide ice has been detected via absorption bar
§ 10 £ inPluto’s spectrum (Oweet al. 1993, Dou€et al. 1999). From
5 ©  thermodynamic considerations and observations of the 0-2 ove
§ , tonebandat2.3bm, COisthoughtto be dissolved as a minority
o & constituent in Pluto’s Nice (e.g., Quirico and Schmitt 1997b,
5 09 I Doutt et al. 1999). We were not able to observe the 0-2 CC
« band because OSIRIS provides insufficient signal precision
osk . . . . ] the wavelength of that band. However, the weaker 0-3 overtol
"1 16 18 20 o0 o4 at 1.579um is apparent in our spectra, revealing yet anothe
Sub-Earth Latitude (degrees) pattern of longitudinal behavior, as shown by Fig. 6.

FIG. 5. Increasing 1.66:m methane band depth relative to a Fourier fit The 0-3 CO absorption reac_hes a relatlvely narrow max
to all the data in the sub-Earth latitude interval 20-2@bservation years are MUM somewhere between minimum and maximum light, bt
indicated with triangles, diamonds, squares, and circles, for 1995, 1996, 19#7s nearly undetectable at shelf antll®ngitudes. This longi-
and 1998, as in other figures. The straight line is a least-squares linear fit toghelinal pattern is reminiscent of the inverse of the pattern e:
trend. The best fit slope is& + 0.17 percent per degree of sub-Earth Iatitudehibited by the weak Cldbands, suggesting that CO is absent it

terrains where Clloptical path lengths are longest. The rela:
tively small longitudinal extent of the CO absorption peak an
(or against time) an increase in 1.6 CH, band depth with its much-reduced absorption strength away from its maximu
latitude (or time) appears to be confirmed. are intriguing, suggesting that the terrain where this absorptic

If the apparent increase in 1.¢6n CH,; band depth is real, band forms may be quite localized.
other strong Clibands should exhibit similar behavior. We did \We only observed one CO band with OSIRIS, and so w
similar tests using the 1.33, 1.72, 1.79, and 2@ bands. All could not use other absorption bands to confirm the observ
five strong CH bands showed increasing depth with latitudeehavior. Additional observations of the stronger 0-2 CO bar
(and time), with best-fit slopes all larger than their formal  would be useful for this purpose, although, being much stronge
errors. The measured slopes vary quite a bit from one band to thet band will be more sensitive to highly diluted CO, and st
next, ranging from 0.30 to 0.88. The weighted averagefstO its longitudinal distribution may be closely linked with that of
0.1% per degree of sub-Earth latitude. These numbers depengd
on the spectral resolution and the wavelengths chosen for bandhe OSIRIS data show no convincing evidence for secul:
and continuum windows and so presumably contain systemasimlution of the CO band, though the signal precision and brie
errors. Future observations would be useful for refining these
numbers, as they could benefit from the potential continuation
of the trend over a longer time base. EEEEEEEE———————

Grundy and Fink (1996) searched for secular trends in Ct 1
band depths, using CCD spectra obtained during 1980-1994
measure Chl bands at 0.73 and 0.8§9m. Based on pairs of &
observations at three longitudes, separated by 7-year interv.§ i
they reported that the 0.78m band became weaker (absolutel@ 0.05
as well as relative to the stronger 0.881 band) with rates of 2 I
decline ranging from 0.4 to 1.4 percent per degree of sub—Eaﬁ
latitude. :

That a weak Chiband shows the opposite secular trend froré
the stronger bands again implies that the weak and strong ba'?
are formed in different provinces. It would be useful to test i i
weak CH, bands continue diminishing at present, simultaneol -0.05
with the strengthening of the stronger ¢ibnds. Unfortunately, ° * East Longillusg:.; (degrees)
our OSIRIS signal precision is not sufficient to reveal band depth

changes of only a few percent for such weak bands. Additional™'C: & Fractional band depth for the 0-3 CO band at 1.5if8. The
wavelengths used to compute these points were 1.577—L158the CO band)

hlgh S|gnal-to—n0|se CCD an(_j ne_ar'mfrared sPe?tral monltor”&g/ided by the mean of 1.561-1.57#n and 1.582—1.597m (the continuum).
would be very useful for illuminating differences in secular €Vorears are indicated with the plotting symbols used earlier and the solid cur
lution of weak and strong Chtbands, thus aiding differentiationenclosed in a gray envelope is the LOWESS trace.
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time span do not permit particularly meaningful limits to be 1.0[” L ' ' 7]

placed on the subtle changes which might be expected.

3.4. N, Absorption Band oL
We examined the weak nitrogenice absorption band at211,5

which is produced by the 0-2 vibrational overtone transition i

B Nyice (e.g., Grundgt al.1993, Oweret al. 1993, Dout’et al.

1999). Again, only a single A\band can be detected by OSIRIS,S 0.4

and so we cannot seek independent confirmation of our concd

sions from other absorption bands. Measurement of this ba

is a difficult task for several reasons. OSIRIS signal precisio

declines at wavelengths beyong.th, due to diminishing solar

output, lower albedos on Pluto, and increasing sky backgroun - By 150'

as can be seen in Fig. 2, the 2,46 band is not a particularly East Longitude (degrees)

striking feature in our data. Additionally, the;Mand is located _ _ o

on the curved shoulder of the much stronger (and varable) Cf £15.°; 72072 0 H.fed e computesfom 3 vapie e

absorption band centered at Zuth. Because these factors rejgicated as in previous figures.

sulted in unacceptable levels of scatter when simple ratios were

computed, we needed a more sophisticated approach. . L . .
We used a radiative transfer model based on Hapke theHR}“ fj|m|n|shes by a smaller factor at longitudes away from it:

(e.g., Hapke 1993) to fit the methane and nitrogen absorptidRgXimum, and the maximum appears to be more extended
simultaneously, using as inputs 40 K infrared optical constants 89itude, implying that the regions producing the e band
B Ny ice from Grundyet al. (1993) and of CHice from Schmitt ©N Plutg are more evenly distributed in longitude than the regior
et al. (1998). We chose a configuration consisting of a glaf§educing the CO band.
of N, ice laying on top of granular CHice, consistent with .
recent volatile transport modeling by Grundy and Stansber§y5' CH, Band Shifts
(2000). The best-fit b glaze thickness results are shown in Methane absorption bands shift toward shorter wavelengtt
Fig. 7. As with the strong CHice bands, greater optical pathwhen the methane is highly diluted in nitrogen ice so that eac
lengths in N ice are required near lightcurve maximum, but th€H, molecule is surrounded by ;Nmolecules instead of
longitudinal variation is seen to be somewhat different from thether CH, molecules (Quirico 1995, Quirico and Schmitt 1997a
pattern shown by the strong GHands. Although Nabsorption Schmittet al. 1998). Doug'et al. (1999) showed that, unlike on
is somewhat reduced around minimum light, the minimugn Nrriton, CH,; on Pluto must be present in two phases, one dilute
absorption seems to occur arouridd@ngitude, rather than nearin N, ice and the other rich enough in Githat the CH crystal
minimum light. This pattern is more like that exhibited by th&tructure prevails. Thermodynamically, the coexistence of the:
CO ice band and is approximately the inverse of the weak Cltivo phases implies that methane is sufficiently abundant (great
ice band pattern. Compared with the CO band, theabsorp- than 3 to 5% relative N,depending on the temperature) to satu
rate the available pNice, with excess methane forming ¢irich
grains containing Bas the minority species (Trafton 1999). In
this scenario, local ratios of the GHlich and N-rich phases
depend on the local relative abundances of,@Rd N ices.
More of the observed CHmight be expected to be diluted in
N, at longitudes where Nis more abundant (whereMptical
path lengths are greater). If so, the methane bands should
more shifted toward shorter wavelengths at those longitude
We tested this hypothesis by fitting the ¢blands in our data
with a Hapke model in which the fraction of Ghh CHj-rich
versus N-rich ice is a free parameter, using optical constant
from Schmittet al.(1998) for the CH-rich component and from
Quirico and Schmitt (1997a) for the;Nich component. In spite
of considerable scatter, the 1.66 band clearly shows a greater
0 90 180 270 360 fraction of diluted CH at longitudes similar to the longitudes
ERsHLangmKle (e where N optical path lengths are greatest, as shown in Fig. ¢
FIG.7. Nitrogen glaze thickness fitted to observed 2.4 band. Obser- These fits also verify the conclusions of Dewt al. (1999),
vation years and the LOWESS trace are indicated as in previous figures.  that a substantial fraction of Pluto’s Gldxists in the Clg-rich
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phase, unlike the situation on Triton’s surface (e.g., Quetal. ing 1995-1998 (excluding changes which arose and then 1
1999). verted back to baseline behavior during September—Februs

To verify the pattern shown in Fig. 8, we applied the samghen Pluto was unobservable from Earth). It should be note
technique to the other observed g£Hands. Similar patterns that OSIRIS spectra of Triton obtained over the same 199¢
were clearly shown by fits to the 1.33 and 12 CH, bands, 1998 time interval showed no evidence of variability in Triton’s
and by LOWESS analysis, we were marginally able to detem¢ar-infrared spectrum (Hilbeet al. 1998, 1999), even while
similar trends in fits to the 1.48 and 2/2m bands as well. transient changes were reported in Triton’s visible spectrul
For the 1.24 and 1.72m bands, the scatter was sufficient tgBuratti et al. 1999). Perhaps the sorts of visible-wavelengtl
obscure any pattern. These results indicate that more of the GiHanges reported for Triton are not accompanied by changes
responsible for forming Pluto’s strong near-infrared absorptiorear-infrared wavelengths.
bands is diluted in Blice at longitudes where Nce is likely
to be more abundant. Additionally, GHiich ice appears to be 4. SpATIAL AND TEMPORAL DISTRIBUTION OF ICES
more widespread at longitudes having lessaldsorption.

The previous section demonstrated several distinct patter

3.6. Other Possible Variations of variable spectral behavior exhibited by Pluto. We now at

As can be seen in Table I, our data were obtained at pha@@pt to bring together these separate pieces of information
angles O < g < 1.9 Some,solar system objects exhibit Op_see what, taken together, they can tell us about the distributi

position surges in this angular range while others do not. Bas%f olatile SPecies on Pluto’s su'rfac'e. TWO classesf O.f variatic
be considered in turn: longitudinal/diurnal variations anc

on the diverse behavior of solar system objects, one might gt_itudinallseasonal variations. All of the diurnal variations cal
ect to see variable photometric behavior for Pluto’s surfacg, L .
P P  assumed to be due to a fixed (at least on the 1995-1998 ti

perhaps between different wavelengths or between different 2

gions. If such an effect could be detected and quantified, it coﬁﬁale) longitudinal distribution of ices on Pluto’s surface. Th

provide valuable remote-sensing opportunities. Using Hubpore subtle seasonal variations must be due to the increasin

Space Telescope near-infrared spectrophotometry of Chal%?lftherly viewing geometry, to the ongoing effects of volatile
Buie and Grundy (2000b) were unable to detect any variatitt)rﬁnSport processes, or to some combination of the two.
of Charon’s phase function with wavelength. Nevertheless, We  Lonaitudinal Distribution
searched our data set for wavelength-dependent phase anglé 9
effects by taking groups of spectra obtained at similar longi- Several earlier investigations have considered the longituc
tudes and plotting various spectral ratios versus phase anglal.distribution of Pluto’s ice species (e.g., Buie and Fink 198
We searched for geographically variable phase-angle effectsNdgircialis and Lebofsky 1991, Grundy 1995). Grundy and Fin
comparing the plots produced using groups of observations n€E96) showed that at least three distinct terrains were requir
minimum light, near maximum light, and nearl®éngitude. Our by the combination of CCD spectra and mutual event photomet
data could have revealed these types of effects if they were(agonclusion also reached by Deet'al.(1999) from modeling
significant as~10% per degree, but no evidence was found f&?luto’s near-infrared spectrum). Slicing the Bueieal. (1992)
such strong wavelength-dependent or regionally variable phaseximum entropy albedo map into three levels, Grundy ar
angle effects. Fink (1996) produced a hypothetical map for the geograph
Transient variations have been reported in Triton's spectrusiistribution of these three terrains. They used arguments abc
(e.g., Burattiet al. 1999). Since Triton and Pluto share simthe effects of physical processes thought to be acting on Plutc
ilar surface and atmospheric compositions, sizes, photomesigface ices to characterize the terrains as follows. The da
properties, and heliocentric distances, whatever putative pest regions, mostly concentrated from? 86 160 longitude,
cesses are responsible for short-term changes in Triton’s sp&efe postulated to consist of a dark, reddish lag deposit of wat
trum could also be expected to operate on Pluto. Visible wavee and organitholin residues, with a spectrum reminiscent of
length photometric monitoring of Pluto during 1995-1998 (BuiB145 Pholus. The brightest regions, concentrated at high la
and Grundy 2000a) shows no transient variability in Pluto’s B-Wudes and limited equatorial outcrops between°1&itd 220
color of the sort reported for Triton. Nevertheless, we searchkuhgitude, were composed of volatile nitrogen ice, with mino
our OSIRIS data for evidence of any transient spectral variabili§H; and CO contamination, perhaps similar to the surface «
on Pluto by directing our attention toward outlying pointsin all oT riton. The intermediate albedo slice was assumed to be dol
the plots generated in doing the analyses presented in earlier ssated by CH-rich ice, with minor tholin contamination. This
tions of this paper. In all cases, we found that the outliers cor@H,-rich unit was generally confined to lower latitudes and lon
sponded to nights in which factors such as equipment problerggudes from 220 to 8(°, and its existence was justified by
poor weather, short integration times, nearby field stars, etc. velatile transport models (e.g., Benchkoura 1996, Stansber
duced our confidence inthe data. Infact, considering the richnessl. 1996, Traftonet al. 1998). The Grundy and Fink (1996)
of our sampling, the data provide rather strong evidence agaim&p was not proposed as a unique solution required by the avz
any transient variability of Pluto’s near-infrared spectrum duable data. Rather, it was intended to demonstrate that sucl
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distribution could indeed reconcile the spectral and photomettiiese stronger bands are produced in the highest albedo t
data and to motivate folding together additional data sets capataan. The pattern shown by weak ¢Hands could be described
of constraining more aspects of the problem. as similar, except for significantly reduced absorption aroun

Lellouch et al. (2000) advanced the effort to constrain théightcurve maximum. The longitudes where weak Qbands
longitudinal distribution of Pluto’s terrains significantly by ob-show diminished absorption relative to the stronger bands a
taining lightcurves at several thermal infrared wavelengths froabout the same longitudes which show maximugmaNd CO
ISO. Using thermal models, Lellouat al. (2000) showed that ice absorption and maximum GHilution in N, ice. Taken to-
Grundy and Fink (1996) style 3-terrain maps are consistent wigkether, these trends suggest the following distribution of ice:
the thermal emission lightcurves, if in the darker two terraifeast volatile ices near minimum light, most fwvith CH, and
thermal inertias are low enough that diurnal temperature var@© diluted in it) near maximum light, and most ¢lHear 0
tions are significant. longitude. This distribution of ices matches that proposed b

The OSIRIS data presented in this paper provide additior@tundy and Fink (1996), based on a completely independe
information about the distribution of Pluto’s terrains. These datiata set.
are particularly valuable for demonstrating the different behavior The dashed curves in Fig. 9 show the trends predicted t
of weak and strong ClHbands and for directly measuring CCOthe Grundy and Fink (1996) map and the dotted curves shc
and N ice absorptions (rather than inferring their distributiothe same for the variant of that map proposed by Lellcatc.
from marginally detected Cjband wavelength shifts, as dong2000). The specific terrain models used to compute these moc
by Grundy and Fink (1996)). Figure 9 shows schematically hosurves are described in the Appendix. Considering the limite
the longitudinal trends in our new data compare with each othegectral data used to constrain these maps, they do a surprisin
and with the visible lightcurve. good job of predicting the longitudinal spectral variations see

As Fig. 9 shows, absorption in the strong £bands is dis- in our OSIRIS data. However, significant deviations are eviden
tributed similarly to Pluto’s visible lightcurve, implying that The discrepancies are particularly notable at longitudes néar 9
and 270, where the models do not have enoughdksorption
and have too much weak GHbsorption.

The Buieet al. (1992) albedo map which was used to pro-
duce the Grundy and Fink (1996) and Lelloughal. (2000)
maps was based partially on photometric observations of s
perior mutual events during the 1980s. These events offere
a unique opportunity to map Pluto’s sub-Charon hemisphel
(centered at Olongitude), but the tightly constrained orienta-
tion of Pluto during superior events made it difficult to distin-
guish between center-to-limb photometric effects and intrinsi
albedo variations. Uncertainties in Pluto and Charon radii an
radiative transfer in Pluto’s atmosphere compounded the pro
lem. These factors increase uncertainty about albedo features
the Buieet al. (1992) map at 90and 270 longitudes, which
were always positioned near the limb of Pluto during the mutuz
events.

To test if discrepancies between the Grundy and Fink (199¢
map and the OSIRIS data could be traced to limb artifacts i
the Buieet al. (1992) albedo map, we needed a Pluto map ok
tained independently of the mutual events. Fortunately, it he
recently become possible to map Pluto’s surface features |
means of direct imaging, using observations at different long
tudes to resolve ambiguities between albedo and limb effect
A series of Hubble Space Telescope WFPC2 observations

0 90 180 270 360 Pluto+ Charon was obtained in 1994, leading to new visible
EastLonglluge: (degress) and ultraviolet albedo maps (a preliminary analysis of the HS

FIG.9. TheBuie and Grundy (2000a) 1996-2000V lightcurve and longitiMages was presented by Stetnal. (1997), but we make use
dinal trends seen in OSIRIS data (solid curves with error envelopes). Longitu@idfsa newer version currently being prepared for publication)
“Min,” “Max,” and “Shelf” are indicated on the top axis. All curves are normal-|n g procedure analogous to that of Grundy and Fink (1996

ized to a common scale and oriented such that up is more (i.e., more light, MQJ&8 sliced this new HST map into three visual albedo levels ar
absorption, more dilution, etc.). The dotted, dashed, and dashed-dotted curves.

represent the behavior of Grundy and Fink (1996), Lelloetcal. (2000), and assigned them to similar compositional units. The HST map

sliced HST maps, respectively, for sub-Earth latitude ZRese maps are shown Shown in Fig. 10, along with other maps discussed in this pape
in panels 1, 2, and 4 of Fig. 10. The longitudinal behavior of the HST map is very similar to

__CH, (
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that of the maps based on Grundy and Fink (1996), as indicated Grundy and Fink (1996) map
by the dashed-dotted curve in Fig. 9, bolstering the case thatthe ~ 90

featuresin the earlier maps neaf @@d 270 are mostly real and 45

that the failure of all three maps to replicate Pluto’s longitudinal

behavior should be blamed on something else. 0
We experimented with modifying the three-terrain maps, us- -45
ing information from OSIRIS data to guide where the extent
- -90
of one terrain ought to be expanded at the expense of another. Lellouch et al. (2000) map
Because the OSIRIS data only provide approximate longitudi- 90

nal information and extremely limited latitudinal information,
any map created in this fashion depends heavily on human judg-
ment and is necessarily somewhat arbitrary. Nevertheless, this
exercise is useful for exploring the general implications of the
trends exhibited by the OSIRIS data. We began with the Lellouch

et al. (2000) version of the Grundy and Fink (1996) map and . e NI T
replaced some of the #@/tholin- and N-rich terrains around 90 prrrrrer Bu'e.?t a_.l HST .ri-'.a.p

0° longitude with CH-rich material. We also replaced some of .
the CH;-rich terrain near 90and 270 with H,O/tholin and N.
The modified map is shown in the fifth panel of Fig. 10, and the = 0
longitudinal trends predicted by it are plotted as dashed curves B
in Fig. 11. This map provides somewhat better matches to the =,
behaviors of both weak and strong ¢€bands, as well as to the

N band and the visible lightcurve.

We also created amap based onthe HST data described earlier
For this map we permitted regions to be composed of “checker-
board” mixtures of different units, rather than forcing them to
be homogeneously composed of a single unit, enabling us to
achieve a closer match to the original HST albedo map. Our
modified HST map is shown in the bottom panel of Fig. 10, and
its longitudinal trends are indicated by dotted curves in Fig. 11. Modified GF map
Examples of model spectra computed for this map are shown in
Fig. 12, along with averaged OSIRIS spectra for similar viewing
geometry. The longitudinal spectral behavior of this map is quite
similar to that of the modified Grundy and Fink map. It is use-
ful to consider the differences between these maps. Differences
of this magnitude are unconstrained by the OSIRIS data. The
mutual event maps should be more reliable neadofAgitude,
while the HST map is preferred at longitudes away from 0
Features shared by both maps are probably real; other features
should be treated with skepticism.

A notable discrepancy which we were unable to overcome is
seen between the CO absorption curve and both modified map
models. Our model curves invariably show too much CO absorp- irEa e pvalne
tion at longitudes around 270This problem arises because CO 0 90 180 270 360
and N, only occur together in our three-terrain models, and we
need N to be abundant at that longitude. It does not seem to be
possible to reconcile the CO band depth curve with the other oby FIG. 10. Pluto maps discussed in this paper, shown in cylindrical projec
served band depth curves, using a 3-terrain model with terraias. white areas areNrich terrains, gray areas are Giich terrains, and black
like those described by Grundy and Fink (1996), wheseahNd areas are bD/tholin-rich terrains, except in the case of the Befial. HST map,
CO always ocurr together. The;Mnd CO longitudinal curves Where shade corresponds to albedo.
differ in three important ways. They peak at different longitudes,
their peaks have different widths, and their ratios between masariability of one or more of the three Grundy and Fink terrains
ima and minima differ significantly (see Figs. 6 and 7). Th®ne possible scenario could be that theridh terrain is not as
OSIRIS data thus provide the first tentative evidence for eitheniform as has been supposed. Perhaps there is less CO gnd |
the existence of a fourth terrain type on Pluto or of longitudin@h the region responsible for Pluto’s lightcurve maximum bu
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similar spectral trends. Without knowing which effect is respon
sible for the observed changes in Pluto’s spectrum, modelir
and interpreting the spectral evolution would be highly spect
lative, at best. In this section, we will argue that the observe
changes in methane band depths are primarily geometric e
fects, rather than the result of ongoing changes in Pluto’s surfa
ices.

Subsolar (and sub-Earth) latitudes on Pluto have been mo
ing north at about 2 per Earth year in recent decades. This
slow northward trend will cause secular spectral changes, if tf
northern and southern hemispheres of Pluto differ spectrally,
if high-latitude regions differ from equatorial ones. Both types
of differences are expected, since Pluto’s southern hemisphe
had been oriented toward the Sun for more than a century 1
until the mid 1980s, and the northern polar regions have re
cently begun receiving continuous sunlight for the first time
in over a century. A significant quantity of,Nce from the
southern hemisphere should have sublimated away over the p

Wavenumber (cm™)

: 8000 7000 6000 5000 4500
0 90 180 270 360 1.0
East Longitude (degrees) o
B 0.8
FIG. 11. Observed longitudinal trends (solid curves) compared with preQ
dictions of the modified Grundy and Fink map (dashed curves) and modifi<<_ 0.6 ill "’M\ M"’"’“\ ﬂw\\
HST map (dotted curves). < : J \ l\\ N \
5 0.4 ;,' f NAUR f \\
, , o .2 " R N, 110
more of these contaminants dissolved in thedé at other longi- % / ] m\ ]
tudes. Other configurations can be imagined which could equa= ¥ ﬁ,&o 8o

well explain the observed trends, such asvariations in continut 0.0

absorption or in vertical compositional gradients within terrains ’ o~ A, 106
An intriguing possibility suggested by the data is that th o J f' VN . r VM\\ 1 <
\

anomalously bright equatorial patch about longitude°1in0

the HST map (e.qg., the third panel of Fig. 10; see also Ste 1.0
et al. 1997) could be unusually rich in CO ice. How CO coulco
become concentrated in a small, equatorial region is unknovd
to us, but we note that CO has a significantly higher refractivet
index than N and CHj ices and could thus be more strongly<c
backscattering than Pluto’s other ice species, in regions whe.‘g 0.4
it was the dominant ice. I
Spectral monitoring with higher signal precision will be ex-£ g o
tremely useful for confirming and refining the trends reporte
here and could perhaps make it possible to distinguishamo 000l . . . v v v 0 0 v v v v v 0 v i1 0
various possible scenarios of differentiation of one or more « 1.2 1.4 1.6 1.8 2.0 2.2
the three Grundy and Fink terrains. Wavelength (um)

4.2. Temporal/Latitudinal Distribution

FIG. 12. Examples of theoretical spectra predicted by the modified HS™
map, for minimum light, 8, and maximum light longitudes, and 2@titude

The secular evolution of Pluto’s spectrum presents a md*@n curves, offset upward by 0.2). Averages of OSIRIS spectra at comparak

challenging problem than the diurnal spectral variations

ometries are provided for comparison (curves composed of isolated poir
ith error bars). Noise in the highest albedo regions of the model curves resu

dressed in Section 4.1,.because viewing and illumination ggsm noise in the laboratory data for Gidiluted in N ice. Details of the models
ometry as well as volatile transport processes could produggd to represent the three terrains are provided in the Appendix.
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century, condensing in the northern hemisphere, particularlysatuthern middle or high latitudes are bright, and Pluto’s dimmin
high northern latitudes (Benchkoura 1996, Spemted. 1997, results from these regions gradually rotating out of view. The
Trafton et al. 1998), and likely producing latitude-dependensouthern mid-latitudes are bright is confirmed by various rece
differences in textures, albedos, and compositions. Various afapping efforts (e.g., Buiet al. 1992, Sterret al. 1997, Young
forts to map albedo features on Pluto’s surface are in genegall. 1999), but if southern high latitudes are also bright, the
agreement that higher northern latitudes have higher albedosaunst have become bright relatively recently to explain Pluto’
average than albedos in equatorial latitudes (e.g., Btiigl. increasing brightness prior to the 1980s (e.g., Deitshl. 1995).
1992, Young and Binzel 1993, Steeh al. 1997, Younget al. It may still be possible to reconcile the lightcurve data with
1999). Being derived from the albedo maps, our maps share tiiatic albedo pattern if the southern high latitudes are bright, b
characteristic. southern polar regions are quite dark. Whatever the eventual r
The previous section showed how band depth variations @fition, it is clear that continued photometric and spectroscop
the strong CHbands were closely correlated with visible albedmonitoring of Pluto are required to build a convincing case the
variations in longitude, implying that these bands were predonituto’s albedo patterns and distribution of volatile ices are nc
nantly formed by CHdiluted in the bright, M-rich terrain. Ifthe static.
same correlation holds in latitude, we would expect the strongSecond, volatile transport calculations by Grundy an
CH, bands to become stronger as the viewing geometry shiisansberry (2000) and others show that rates of volatile trar
toward more northerly sub-Earth latitudes, bringing more of thgort should be high enough to significantly alter optically activ
bright northern terrain into view. This trend of increasing banslrface layers of Mrich regions within a few Earth years, via
depths is exactly what is seen in the OSIRIS data. The obseneggrocess they termeslar gardening The anticipated changes
slope measured in Section 3.1 was an increase®t®.1% are of sufficient magnitude to be easily observable. In light c
per degree of sub-Earth latitude. We computed spectra for ane high predicted rate of solar gardening, our attribution c
model maps at a series of sub-Earth latitudes and obtained sohserved changes to geometric effects rather than to the ¢
ilar slopes of 0.586% and 0.564% for our modified Grundy argbing action of this process demands an explanation. Gruni
Fink and modified HST maps, respectively. and Stansberry (2000) argued that solar gardening would eitt
Unlike the strong Chl bands, the weak CHbands are not rapidly lead to the establishment of some steady-state config
formed in the high-albedo Nrich terrain of our models. They ration or else drive a cycle of evolution which would look like a
are formed predominantly in darker, Giich regions which are steady-state when averaged over a sufficiently large geograp
more concentrated at southern and equatorial latitudes. Socalsextent. Areas on Pluto which have only been exposed to t
the strong bands increase in depth the weak bands shouldSlin for a few years and have thus not yet reached the equil
minish. This behavior was reported by Grundy and Fink (1996)um state (at present, only north-facing slopes at high northe
for the weak 0.73:m band, based on three matched pairs of okatitudes) contribute negligibly to the projected surface area se
servations, each pair spanning a 7-year interval. They reporfeam Earth, and so the spectral signatures of regions which &
declines in band strength of 0.4 to 1.4 percent per degree of sabrrently progressing from winter depositional to summer solz
Earth latitude. Our model maps predict declinesin @it8band gardened textures would not be easily detected. The visible di
depth as well, at rates averaging 0.7 and 0.8 percent per degrePluto is dominated by regions which have been exposed
of sub-Earth latitude for the modified Grundy and Fink map artde Sun for many years, much longer than the predicted time
the modified HST map, respectively, at the same longitudes aamiive at a thoroughly solar gardened texture.
time intervals observed by Grundy and Fink (1996). While we apparently cannot observe the seasonal onset of :
The excellentagreement between the theoretical and obserladyardening, we might expect to observe its consequences
secular trends for both strong and weak J¥ands is consis- the surface configuration of observablg-Nch units represents
tent with our hypothesis that the observed behavior is caugbé product of extensive solar gardening. Grundy and Stansbe
by geometric effects, and not by changes in the surface id@900) predicted that in solar gardened regions, €& would
themselves. However, several reasons for caution remain tod@eome increasing concentrated several centimeters below
addressed before we can conclude that the hypothesis is inde@dace, where net radiative heating could drive preferential su
correct. limation of N,. The overlaying material, by contrast, would have
First, recent photometric observations (Buie and Grundycomposition much closer to theddominated atmosphere, be-
2000a) show that Pluto’s brightness is gradually diminishing eause thermal radiation efficiently cools the uppermost surfa
visible wavelengths, particularly near lightcurve maximum. Ona the ice, even at local noon, resulting in surficial condens:
possible explanation of this trend could be that high northeripn of additional ice from the gas phase. Doet al. (1999)
latitudes have low albedos. Another could be that albedos a@&monstrated spectral evidence for the simultaneous exister
diminishing with the passage of time. Either scenario conflictd terrains including both both Nrich ice and CH-rich ice,
with our picture of northern terrains composed of brightiéh  but their models generally put the Gidominated phase on top,
ice and a surface distribution of ices and albedos which is statiecause they assumed that sublimation would occur at the
on time scales of a few years. A third explanation could be tha¢rmost surface.
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At weakly absorbing wavelengths, photons penetrate more TABLE I11
deeply within a surface than they do at more strongly absorbing Pairs of OSIRIS Observations
wavelengths, providing a way of probing compositional profiles

in the optically active layers of Pluto’s surface. The absorption Initial observation Follow-up observation

coefficients of different near-infrared Glte bands range over yr gate Lon() Lat() UT date Lon() Lat()

many orders of magnitude (see Table Il and Schetidl. 1998),

so that different Clibands are formed, on average, at differeri®©97/03/24.5 91 20.9 1998/06/27.3 94 21.0

depths in the surface of Pluto. Recalling the wavelength shi227/03/25.4 35 209 1998/06/28.2 41 21.0

discussed in Section 3.5, we can explore;@GHundance as a1997/03/26.4 339 209 1998/06/29.2 344 21.0
' 1997/04/15.4 293 20.6 1998/07/19.2 299 20.6

function of depth by comparing the fractions of £t CH,-
rich versus N-rich phases required to fit absorption bands of
different strengths. Unfortunately, the large optical path lengths

required to produce measurable absorption in the weakar Gihif of an observing season and another during the second hal
bands have hampered laboratory measurements of absorpgi¥ollowing observing season. To fully duplicate the observin
coefficients for the weaker diluted Glands. The best Iabora—(but not the illumination) geometry, one must also observe at tt
tory data currently available for diluted Gldre those of Quirico same sub-Earth longitude, which means consideration of Plutc
and Schmitt (1997a). Fitting the 1.48, 1.33, 1.72, 1.66, amtl4-day period. We were also constrained to observe during nig
2.2 pm bands (in order of increasing band depth) to an avejme at a fixed terrestrial site. Merging all of these constraints, w
age of OSIRIS spectra obtained near maximum light, we obtg#und that observations separated by 460 days (1.26 years) p
CHg-rich fractions of 0.72, 0.37, 0.46, 0.24, and 0.49, respegie good duplication of observing geometry. We were fortunat
tively. These numbers roughly resemble the anticipated trerghough to obtain four such pairs in our OSIRIS observations, :
but not exactly. The 2.2m band does not fit the trend becausgypulated in Table 11l and circled in Fig. 1.

that band is considerably broadened and distorted by saturatiorzor each of the four pairs of matched-geometry observation
leading to spurious fits which prefer fractions of £i1 CHs- e measured band depths for four £bands, at 1.33, 1.66,
rich and in N-rich phases to be nearly equal because that com72, and 2.2.m. The resulting 32 measured band depths ex
bination produces the broadest possible combined absorptighited considerable scatter but were averaged together to obt;
band. Probably confusing matters as well are other more Slabweighted mean change in band depth-&6 + 1.3% over
tle problems, such as limitations of the laboratory data whighe 460-day intervals. This nondetection of a statistically sig
interfere with fits to the weaker 1.48 and 1.@& bands. The pjficant change in Cliband depths is consistent with none of
best-fit CH,-rich fraction also depends somewhat on the wavghe observed secular evolution being due to volatile transpol
length limits selected and the possible presence of other specti@ —0.6 - 1.3% number can be compared with the expecte:
features. For example, the 1.6 water ice band may be con-change of1.5 + 0.3% in 460 days (based on the observed sec
taminating the 1.66.m CH, band to some extent. Further, eaclyjar change of+-0.6 & 0.1% per degree of latitude, assuming
band samples a range of surface layers, with deeper strata ¢gnof the change was due to ice evolution instead of viewin
tributing more to the formation of the wings of each band argkometry). The signal precision of our OSIRIS data is only suf
more superficial strata controlling the core of each band. N&ycient to exclude the changing ice model at thed ebnfidence
ertheless, the rough trend seen here suggests that methamgyi§. This experiment needs to be repeated with an instrume
indeed more concentrated below the surface of Pluto, as pggpable of delivering higher signal precision, and similar expe

dicted by Grundy and Stansberry (2000). Alternatively, subsiments could also be done at CCD wavelengths.
face enrichment of Cldcould result from a more CHrich at-

mospheric composition at the time the ice was deposited, now
being revealed by sublimation. To reach a more definitive result,
it will be necessary to simultaneously model all wavelengths
using a stratified model, which is beyond the scope of t

paper.

5. CONCLUSION

hi We present 83 new near-infrared spectra of Pluto, obtaine
Jﬁjring 1995-1998 at Lowell Observatory’s Perkins telescop

. . . .. The new data sketch a uniquely detailed picture of the phy:
Returning to the hypothesis of static versus changing ice dféél distribution of CO, N, and CH ices on Pluto’s surface.
tributions, we note thatthereis asimple, direct, Earth-based m%?ecifically the new d:ata,have enabled us to:

surement which could potentially resolve the question. Pluto
motion along its heliocentric orbit currently causes the subsolare explore the close correlation between strong near-infrare
latitude on Pluto to move steadily north at a rate of abéyte2 CH,4 band depths and Pluto’s visible lightcurve in much greate
Earth year. Near Pluto’s perihelion passage, the Earth’s motidetail than earlier efforts,

along its orbit produces a parallax at Pluto’s heliocentric dis- ®¢ show that N absorption does not correlate with the visible
tance of~4°, aligned approximately along the sky projection ofightcurve, by means of the 0-2 band at 2/4%,

Pluto’s spin vector. This parallax provides pairs of opportunities ¢ show that CO absorption does not correlate with the visibl
to observe Pluto at one sub-Earth latitude, one during the filightcurve and has a narrow absorption peak neat brigjitude,
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from measurement of the 0-3 band at 1.5i#8 (the CO absorp- manent shadow, beyond the reach of traditional spacecraftime
tion maximum seems to coincide with an anomalously brighihg experiments for the remainder of the century. In planning
equatorial spot on Pluto’s surface), spacecraft flyby, it will be essential to consider the distributiol
e independently confirm the existence of two distinct unitsf ices implied by our data. If flyby timing is not carefully opti-
containing CH ice, based on contrasting longitudinal behaviamized with respect to Pluto longitude, a single spacecraft may |
and secular trends between weak and strong kzhds, unable to do high-resolution imaging of some of Pluto’s distinc
e show that CH dilution correlates with B optical path provinces, thus falling short of its scientific potential to provide
length, but not with the visible lightcurve, by directly measuringeological context for all of Pluto’s diverse terrain types.
variations in CH dilution in N, ice with longitude,
e independently confirm and refine the general geographic
distribution of CH, and Nb:CHj, ices proposed by Grundy and APPENDIX
Fink (1996),
e detect a secular trend of increasing band depth in stronger Model Configuration of Pluto’s Three Terrain Types
CH, bands, consistent with a geometric explanation and notin modeling the three terrains proposed by Grundy and Fink (1996), we ha
requiring the spatial distribution of Pluto’s ices to have changeubhtly modified their configurations to improve agreement with our new nea
over the 1995-1998 interval. infrared spectra, to add CO ice, and to bring the model’s photometric phase cu

into agreement with the value reported by Bateal. (1997). It is certain that

) ) . i h | ) tional adi P
The data also raise some puzzlmg new questions. For e)eigtgr itstot espectra coy d t?e thalned by aqldltlona adjustment o ?ur moc
efrains, but our primary objective is understanding the sources of Pluto’s spect

ample, the secular trends of increasing depths of strong Cliiations, not achieving a cosmetically perfect spectral match. The Hapke [
bands and declining depths of weak £bbnds suggests thatrameters adopted for this paper are macroscopic roughnesi®, backscatter-
Pluto’s high northern latitudes are predominantly surfaced wilthy parameteBo = 0.8, compaction paramethr= 0.1, and a single-scattering
N, : CH,: CO solid solution, consistent with expectation fronﬁ)hase functiorPg) composed of a two-term Henyey—Greenstein phase functio

. . . h width parameteb = 0.63 and asymmetry paramete= —0.6 (using the
volatile transport models. However, photometric 0bserva‘tloPéle%rameterization of McGuire and Hapke (1995)). These values are not unig

imply that these regions may be be darker tharrih terrains i, providing a match to the Buiet al. (1997) phase curve, but they are plau-
at lower latitudes. It is not clear why high northern latitudg Nsible values for transparent, icy grains and are comparable to parameters fi
ice should be darker. Additional photometric and spectroscopicvoyager photometry of Triton and other outer Solar System objects. It |
observations are needed to resolve this puzzle. Perhaps the ndRisasonable to expect these parameters to be constants, neither depende

ern high latitudes have darkened since the mutual event Seagv&\‘elength nor on terrain type, but not having additional constraints to app
Wwe rmust make gross assumptions.

due to the ongoing action of processes such as solar gardenmghe first terrain is an exceptionally bright one, dominated hyid¢, with
The north polar regions may be quite unusual, compared wifall quantities of Ciiand CO ice mixed into the Nice in solid solution, as
other parts of Pluto’s surface. Unlike lower latitudes which hawavisioned by Lunine and Stevenson (1985). Large portions of Triton’s surfa
received daytime sunlight for many decades, north polar regidﬁyszkiewicz 1991, Cruikshanét al 1993, Quiricoet al. 1999) are proba-

. - S . . . y similar to this unit. Our model for Pluto’s Nrich terrain is produced by
emerged into continuous, perihelion sunlight in the mid 1980%; & i 2"\, ice at 37 K with 0.7% diluted Cilice, 0.15% diluted CO

after more than a century of continuous darkness. DepOSI'[IOQ@’ and 0.000003% tholin (volumetric proportions). Optical constants for th
processes associated with condensation on the dark winter hexpiice were taken from Grundegt al. (1993), for the diluted Chlice from
sphere would have been suddenly supplanted by solar gardewirico and Schmitt (1997a), and for the tholin from Khateal.(1984). Since
ing/sublimation type processes. The textures and compositio%ﬂca' constants for the 0-3 band of diluted CO ice were not available, w

S . . . sed the Legay-Sommaire and Legay (1982) data for pure CO and adjuste
distribution of ices near the pole may still reflect this IFecengt:cording to the observed differences between the 0-2 bands in pure and

ab“_th shift in dominant processes. o luted CO (Quirico and Schmitt 1997b). Peak absorption coefficients fdp
Finally, we must stress how essential it is to repeatedly ofind diluted CO are included in Table II. In addition to the linear combinatior

tain diverse types of data over time scales which prodiglgse of these optical constants, we imposed a minimum absorption coefficient

temporal sampllng)f Pluto’s diurnal and seasonal varlablllty.°-0°03 cnT+, to overcome problems where noisy optical constants near zero ¢

. - .. negative, resulting in meaningless single-scattering albedos. The choice of 3’
Of particular value are visible wavelength photometry, VISIbItléemperature for the nitrogen ice is based on modeling by ®eiLdl. (1999), as

to near'infrfire_d spectroscopy, and thermal infrared phOtOf_“e'Mu as radiative balance modeling by Grundy and Stansberry (2000). We us
Only by bringing together well-sampled data of these diffet-o-cm-diameter “grains,” as done by Deet al. (1999). Much heated discus-
ent types can real breakthroughs be made in understandingsﬁhehas surrounded the issue of grain sizes in Hapke models. The problen

remarkably complex surface of the ninth planet. that backscattering single-scattering phase functions are required to match

. . . observed photometric behavior of bodies such as Triton, yet individual cryste
Much moredense Spatlal sampllng an essential counterpar?of nitrogen ice are invariably forward scattering, owing to their feeble absorptio

to the C_Jense temporal Samp””g V\{e call for. The kind of Spat'@defficients and small refractive indices. The “grains” simulated in our mode
resolution needed can only realistically be achieved by a spasesuld probably be thought of as aggregates of numerous smaller particles, th
craft visit to the Pluto/Charon system. Sending a spacecraft wllbparticles being most likely in the several millimeter size range.

yield enormous scientific benefits, but it must be done quickly or The next terrain has no analog on Triton, being dominated by, €&l

. . . S . his terrain could perhaps be produced by sublimation of most of the nitroge
the scientific return will be diminished by simple geometry. A, ou'd perhaps be pr y mon ; 9
fom the previous terrain. In addition to spectroscopic evidence, its occurrence

subsolar latitudes on Pluto continue ma_rChing northwar.d, MQEported by two-component volatile transport models (e.g., Benchkoura 199
and more of the planet’s southern hemisphere moves into p&fwell as the high CHabundance in Pluto’s atmosphere (e.g., Stansberr
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et al. 1996). ISO thermal infrared observations suggest that this terrain haBaie, M. W., and W. M. Grundy 2000a. Continuing evolution of the lightcurve
low thermal inertia and significant diurnal temperature variations (Lell@ich of Pluto.Bull. Am. Astron. Sa@2, 1083 (abstract).

al. 2000), implying limited diurnal sublimation and condensation gfilNthis  Buje, M. W., and W. M. Grundy 2000b. The distribution and physical state o
terrain. Nitrogen may still be present, dissolved in the;G¢¢ as a minority H,0 on Charonlcarus 148 324-339.

species, but it is not expected to be spectroscopically detectable. No Iabora@l%’ M.W., D. J. Tholen, and K. Horne 1992. Albedo maps of Pluto and Charor
data are available for near-infrared spectral behavior of icelwith dissolved Initial mutual event resultdcarus97, 211-227.

N». Consequently, we simulated Pluto’s gHch terrain with pure, granular ) .

CHj ice at 40 K with 0.0002% tholin dispersed through theQl simulate Buie, M. W., D. J. Tholen, and L. H. Wasserman 1997. Separate lightcurves
radiation-induced production of tholinin the Gite (e.g., Strazzullat al. 1984, Pluto and Charoricarus125 233-244.

Sternet al. 1988, Johnson 1989). GHce optical constants were taken fromBuratti, B. J., M. D. Hicks, and R. L. Newburn Jr. 1999. Does global warming
a data set currently being prepared for publication (three preliminary spectranake Triton blushNature397, 219.

were published by Schmitt al (1998)). Selected CHice peak absorption Cleveland, W. S. 1979. Robust locally weighted regression and smoothing sc
coefficients are included in Table Il. The tholin optical constants were takenterplots.J. Am. Stat. Asso@4, 829—-836.

from Khareet al. (1984). We also imposed a minimum absorption coefficient afryikshank, D. P., T. L. Roush, T. C. Owen, T. R. Geballe, C. de Bergh
0.04 cnT. Instead of having a single grain size of this material, we found that g_ Schmitt, R. H. Brown, and M. J. Bartholomew 1993. Ices on the surfac
our spectral fits were improved by using a mixture of 1 cm and 0.1 mm grains of Triton. Science261, 742—745.

mixed in the proportions 99.5% and 0.5%, respectively (by volume). The Smal@fuikshank, D. P, T. L. Roush, J. M. Moore, M. V. Sykes, T. C. Owen, M. J

grains served to scatter light into the cores of the stronger, saturated absorpt'c@artholomew R. H. Brown, and K. A. Tryka 1997. The surfaces of Plutc
bands, broadening them relative to the band widths in models composed of 8+ charon eriélut'o and éharon(é A Stern and D. J. Tholin, Eds.)

§ingle grain size. An alterngtive way of interpreting such a mixture of grain sizes p. 221-267. Univ. of Arizona Press, Tucson.

is to think of the small grains as representing rough texture on the surfaces OIT)_

the large ice grains. Crwkshank_, D.P.,T.L.Roush,M.J. I_?,artholomew, T.R. Geballe, Y. J. Pendletol
The last terrain is dark, reddish, and rich in nonvolatig@Hce and organic S. M. White, J,‘ F.Bell lll, J. K. Davies, T. C. Owen, C. de Bergh, D. J. Tholen,

tholins. This terrain is hypothesized to underlie other terrains on Pluto, beingM' P. Be_r'nsteln, R. H. Brown, K. A. Tryka, and C. M. Dalle Ore 1998. The

exposed whereverNCO, and CH ices have sublimated away, leaving only the composition of centaur 5145 Pholusarus 135 389-407.

photolytic and radiolytic residues which accumulate in the ice and/or settle &®@Poy, D. L., B. Atwood, P. Byard, J. Frogel, and T. O'Brien 1993. Infrarec

of the atmosphere. The centaur 5145 Pholus is a potential spectral analog (e.dmager/spectrometer (OSIRIS)roc. SPIE1946 667-672.

Cruikshanket al. 1998). To simulate this terrain, we used a granular/intimat®outé, S., B. Schmitt, E. Quirico, T. C. Owen, D. P. Cruikshank, C. de Bergh

mixture consisting of 70% (by volume) 70m grains of crystalline KO ice |, T.R. Geballe, and T. L. Roush 1999. Evidence for methane segregation at t

at 50 K, 15% 3um grains of tholin, and 15% A&m grains of opaque carbon. surface of Plutolcarus 142 421-444.

Optical constants for the 2D ice were taken from Grundy and Schmitt (1998)prish, W. F., R. Harmon, R. L. Marcialis, and W. J. Wild 1995. Images of Pluta

and for the tholin from Kharet al. (1984). Opaque carbon was simulated by generated by matrix lightcurve inversidoarus 113 360—386.

using a refractive index of 1 and an absorption coefficient of 10,000 ciihis Eluszkiewicz, J. 1991. On the microphysical state of the surface of Tritor

seemingly strange approximation is necessitated by a limitation of the equivalenj Geophys. Re86, 19219-19229

slab model used to compute single-scattering albedos in our implementation d 99 h d Ni | d Triton: A C
of the Hapke model. The equivalent slab model fails to duplicate the optica/U"Y: W- M- 1995Methane and Nitrogen Ices on Pluto and Triton: A Com-

behavior of actual carbon grains because real carbon particles are rough at tr?éne‘d Laboratory and Telescope InvestigatiBh.D. thesis, Univ. of Arizona,

scale of the wavelength of light, enabling more light than the equivalent sIabTucson'

model predicts to penetrate into the grains and thus be absorbed. If the optfieéindy, W. M., and U. Fink 1996. Synoptic CCD spectrophotometry of Plutc

constants of amorphous carbon were used instead of our ad hoc numbers, tiger the past 15 yearkearus 124, 329-343.

equivalent slab model would incorrectly predict high single-scattering albed@sundy, W. M., and B. Schmitt 1998. The temperature-dependent near- infrar

because of specular reflection from the grain’s exterior. absorption spectrum of hexagonaj® ice.J. Geophys. Re403 25809—
25822.

Grundy, W. M., and J. A. Stansberry 2000. Solar gardening and the seasol
evolution of nitrogen ice on Triton and Plutiearus 148 340-346.
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