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Near-infrared spectral monitoring of Triton with IRTF/SpeX I:
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Abstract

We present eight new 0.8 to 2.4 µm spectral observations of Neptune’ssatellite Triton, obtained at IRTF/SpeX during 2002 July 15
22 UT. Our objective was to determine how Triton’s near-infrared spectrum varies as Triton rotates, and to establish an accurat
for comparison with past and future observations. The most striking spectral change detected was in Triton’s nitrogen ice absorp
at 2.15 µm; its strength varies by about a factor of two as Triton rotates. Maximum N2 absorption approximately coincides with Triton
Neptune-facing hemisphere, which is also the longitude where the polar cap extends nearest Triton’s equator. More subtle rotationa
are reported for Triton’s CH4 and H2O ice absorption bands. Unlike the other ices, Triton’s CO2 ice absorption bands remain nearly const
as Triton rotates. Triton’s H2O ice is shown to be crystalline, rather than amorphous. Triton’s N2 ice is confirmed to be the warmer, hexagon
β N2 phase, and its CH4 is confirmed to be highly diluted in N2 ice.
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Neptune’s moon, Triton, experiences complex seas
variations in its subsolar latitude due to the combinat
of Neptune’s obliquity and Triton’s inclined orbit(Trafton,
1984; Forget et al., 2000). These variations are expect
to drive complex seasonal changes in Triton’s surface
atmosphere. Because Triton’s N2-dominated atmosphere
in vapor-pressure equilibrium with its N2 surface ice, smal
changes in ice temperature cause extreme changes in su
pressure(Brown and Ziegler, 1980). As changes in subsola
latitude alter insolation patterns, Triton’s surface pressur
expected to vary by one to two orders of magnitude(Trafton,
1984; Stansberry et al., 1990; Hansen and Paige, 1
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Spencer and Moore, 1992; Forget et al., 2000), with corre-
sponding seasonal changes in thedistributions of volatile N2,
CO, and CH4 ices on Triton’s surface.

Observers have reported evidence of change on T
on both long and short time scales, from stellar occu
tions, and from spectroscopy and photometry at UV, v
ble, and IR wavelengths. Stellar occultations in 1993, 19
and 1997 indicate that Triton’s atmospheric pressure ha
creased since the 1989 Voyager encounter, with the su
pressure rising from 14 to 19 µbar(Elliot et al., 1998, 2000a
2000b). Visible photometry spanning 1952 to 1990 sho
a long-term blue-ing trend in Triton’sU − B and B − V

colors(Buratti et al., 1994). Superimposed on this trend a
occasional reddening episodes with time scales of less
a year(Buratti et al., 1999; Hicks and Buratti, 2004); a sim-
ilar reddening was also seen between 1977 and 1989
Brown et al., 1995, for a review). These reddenings decre
the flux at 0.35 µm by nearly a factor of two relative
the flux at 0.6 µm. In the mid-UV (0.279–0.311 µm) Trit
brightened by roughly 27% between 1993 and 1999(Young

http://www.elsevier.com/locate/icarus
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and Stern, 2001). These interannual changes in UV a
visible albedos and colors are much larger than variat
seen with rotational phase; Triton’s lightcurve amplitude
0.27 µm is 8%, and only 5% at 0.35 µm(Hillier et al., 1991;
Young and Stern, 2001), so the observed changes reflect s
ular, rather than rotational variations. Similarly, the occu
tion results most likely imply global-scale changes(Elliot et
al., 2000b).

Interpretations of these changes have invoked eff
including volatile transport (e.g.,Trafton, 1984; Spence
1990; Stansberry et al., 1990; Hansen and Paige, 1
Grundy and Stansberry, 2000), photochemical processin
of atmospheric gases and surface ices (e.g.,Delitsky and
Thompson, 1987; Johnson, 1989; McDonald et al., 19
Salama, 1998; Strazzulla, 1998; Hudson and Moore, 2
Moore and Hudson, 2003), changes in ice particle siz
and porosity due to annealing or sintering (e.g.,Clark et
al., 1983; Eluszkiewicz, 1991; Eluszkiewicz et al., 19
Eluszkiewicz and Moncet, 2003), and atmospheric depos
tion, mechanical under-turning, and thermally-induced s
mersion, of thin (∼ 100 µm) layers on Triton’s surface (
discussed byYoung and Stern, 2001).

To test the theoretical models and to make sense o
clues from occultation, UV, and visible data, we want
monitor changes in the composition, mixing state, tem
ature, and grain sizes of the ices on Triton’s surface. To d
the near-infrared is the only spectral region to reveal this
formation (e.g.,Cruikshank et al., 1993, 2000; Quirico
al., 1999). Historical evidence for spectral changes at ne
infrared wavelengths is ambiguous. As reviewed byBrown
et al. (1995), Triton’s CH4 absorption bands were strong
in 1980 (on Triton’s leading hemisphere) than in 1981
Triton’s trailing hemisphere). It is unclear whether the
changes are related to spatial or temporal variability. F
thermore, the earlier data sets have very low signal-to-n
and spectral resolution (λ/�λ ∼ 20 in 1980) compared wit
what can be routinely obtained at present.

To improve temporal sampling of Triton’s near-infrar
spectrum, in 2002 we began a new program of high-qu
spectroscopic monitoring using consistent data acquis
methods, with observations roughly once a month du
each Triton apparition. In light ofpossible longitudinal vari
ation in CH4 band strength (e.g.,Cruikshank and Apt, 1984
;

,

Cruikshank et al., 1988), we began this program by obser
ing Triton on eight consecutive nights. These initial obs
vations, the subject of this paper, serve two purposes. F
being spaced at roughly 61◦ subsolar longitude interval
these observations provide information on the longitud
distribution of ices on Triton’s surface. Second, they cre
a fiducial data set against which to compare past and fu
observations by ourselves and others.

2. Observations and reduction

We obtained rotationally resolved infrared spectrosc
of Triton over eight consecutive nights (2002 July 15–
UT) at NASA’s Infrared Telescope Facility (IRTF) on Mau
Kea as tabulated inTable 1. Triton’s rotational period and
orbital period about Neptune are both 5.877 days, s
nights provided some protection against weather loss
also enabled direct comparison of similar rotational pha
at the beginning and end of our run. Weather was acc
able for spectroscopy on all eight nights. We used the s
cross-dispersed mode of the SpeX spectrograph(Rayner
et al., 1998, 2003), covering the 0.8 to 2.4 µm waveleng
range with five spectral orders, recorded simultaneousl
a 1024× 1024 InSb array.

To minimize spurious spectral slopes which can a
from differential atmospheric refraction, we used an im
rotator to keep SpeX’s 0.3 arcsec slit oriented on the
plane as close to the parallacticangle as possible. The para
lactic angle is the sky-plane projection of the plane defi
by observer–object and observer–zenith vectors, and g
the orientation on the sky-plane of light dispersion due
differential atmospheric refraction. It is desirable to maint
alignment of the slit with the parallactic angle, especially a
high airmasses, but the necessity of keeping Neptune
away from the slit interfered with that goal. Near tran
when the airmass was low (∼ 1.3) and the parallactic ang
rotated rapidly, we kept the slit within 60◦ of the parallac-
tic angle. During the more critical higher airmass obse
tions (nightly maximum airmass was∼ 1.85) we kept the
slit within 15◦ of the parallactic angle, resulting in a ma
imum cross-slit dispersion between 0.8 and 2.4 µm of
than 0.2 arcsec, which compares favorably with the 0.6
Table 1
Circumstances of observations

UT date of
observation
mid-time

Transparency and
K band seeing
conditions

Subsolar
longitude
(◦)

Phase
angle
(◦)

Total
integration
(min)

2002/07/15.39 Clear, 1.0′′ 359.8 0.58 52
2002/07/16.39 Scattered clouds, 0.8′′ 61.1 0.55 52
2002/07/17.41 Cirrus, 0.7′′ 123.6 0.52 84
2002/07/18.40 Thin high clouds, 1.2′′ 184.1 0.49 64
2002/07/19.40 Some thin cirrus, 0.8′′ 245.2 0.46 68
2002/07/20.39 Some thin cirrus, 0.7′′ 306.3 0.42 68
2002/07/21.40 Some thin cirrus, 0.6′′ 7.6 0.39 68
2002/07/22.39 Very clear, 0.8′′ 68.5 0.36 84
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sec width of the bestK band seeing disk encountered duri
the run. We could not find evidence in our Triton data for
spurious spectral slopes characteristic of differential refrac-
tion problems.

Spectral extraction was accomplished using theHorne
(1986) optimal extraction algorithm as implemented
M.W. Buie et al. at Lowell Observatory (e.g.,Buie and
Grundy, 2000; Grundy and Buie, 2001; Grundy et
2002a).

We alternated observations of Triton with those of nea
reference star HD 202282, cataloged as spectral class
(Houk and Smith-Moore, 1988), in addition to more distant
well-known solar analogs 16 Cyg B, BS 5968, BS 6060,
SA 112-1333. Observations of the latter four stars were u
to determine that HD 202282 is also an excellent solar a
log in this spectral range. From the suite of solar analog
servations obtained each nightwe computed telluric extinc
tion, enabling us to correct all star and Triton observation
a common airmass. We then divided the airmass-corre
Triton spectra by the mean of the airmass-corrected s
analog spectra. Because the flux from Triton is entirely
to reflected sunlight over the observed wavelength ra
this operation produced spectra proportional to Triton’s d
integrated albedo, as well as eliminating most instrume
and telluric spectral features. Residual telluric features do re
main near 1.4 and 1.9 µm, where strong and narrow tel
H2O vapor absorptions make sky transparency espec
variable in time. Final, normalized albedo spectra of Tri
from the eight nights are shown inFig. 1.

Wavelength calibration was derived from telluric s
emission lines extracted from the Triton frames and fr
separate observations of SpeX’s internal integrating sph
illuminated by a low-pressure argon arc lamp. Profiles
these line sources were well approximated by Gauss
having full width at half maximum (FWHM) of∼ 2.5 pixels,
implying resolving power (λ/�λ) between 1600 and 170
over our spectral range. Wavelength uncertainty, prima
due to flexure within SpeX, is approximately one pixel. W
Triton and reference star seeing disks uniformly wider t
the slit, these filled slit resolutions and wavelength unc
tainties apply to all of our observations.

It is not possible to quote absolute albedos from narr
slit spectra alone, since variable slit losses (e.g., due to tr
ing or changes in seeing) undermine the photometric fidelity
of comparisons between targets and standards. For the
of 2002 July 21, M. Connelly kindly took JHK photomet
of Triton for us with the University of Hawaii’s 2.2 m tele
scope at Mauna Kea with the QUIRC IR array(Hodapp et
al., 1996). The standard star was FS137 (from the UKI
extended faint standards list,Hawarden et al., 2001), and we
corrected for the∼ 0.5 airmass difference using the me
Mauna Kea extinction values ofKrisciunas et al. (1987).
Under these assumptions, Triton’s average geometric a
dos were 0.964, 0.811, and 0.603 through the J, H, an
filters, respectively, on this night, consistent (to the 1
,

t

-

Fig. 1. IRTF/SpeX observations of Triton on eight consecutive nights (200
July 15–22 UT), normalized at 1 µm and offset upward as indicated
the values in parentheses. Approximate wavelengths of various mole
absorptions are indicated along the bottom.

quality of our photometry) with the IR colors tabulated
Cox (2000).

3. Analysis and discussion

The eight Triton spectra inFig. 1 appear qualitatively
similar to one another, but close examination reveals s
tle differences. The most significant of these is a varia
in the depth of theβ N2 ice absorption band at 2.15 µm,
becomes more apparent in the enlarged view inFig. 2. This
variation can be quantified by computing the integrated are
of that band in each night’s spectrum, as plotted versus
solar longitude inFig. 3. The data reveal a nearly-sinusoid
rotational variation with maximum nitrogen absorption se
when Triton’s Neptune-facing hemisphere is oriented tow
the observer. The sinusoidal best-fit peak-to-peak variatio
96± 16%.

This nearly factor of two rotational variation in Triton
N2 absorption band could result from numerous poss
physical variations with longitude on Triton. For instance



458 W.M. Grundy, L.A. Young / Icarus 172 (2004) 455–465

ause
and.
ze
en-

ed in
7;

uld

me
m

rver
h
iew.
f
y to

to
uth-
eir
y to
ox-

nit
n of
s
tions

lso

Fig. 2. Enlarged view of nightly spectra of Triton’s N2 ice absorption band
(gray curves), compared with the grand average (black curves).

seen from Earth, a factor of two change in Triton’s N2 ice-
covered projected area as Triton spins on its axis could c
a factor of two change in the observed absorption b
A longitudinal change in thickness of a nitrogen ice gla
could have a similar effect, as could a change in the d
sity of scattering centers or absorbing particles embedd
such a glaze (e.g.,Eluszkiewicz, 1991; Duxbury et al., 199
Eluszkiewicz and Moncet, 2003). If Triton’s nitrogen ice is
granular, a change in its mean grain size with longitude co
also produce the observed variation.

Triton’s subsolar (and sub-Earth) latitude during the ti
of our observations was−50◦, near the peak of a maximu
southern summer (e.g.,Trafton, 1984; Forget et al., 2000).
Regardless of the specific origin of the variation in N2 mean
optical path length as Triton rotates, such high sub-obse
latitudes tend to suppress rotational variations because muc
of the observable hemisphere remains in continuous v
Only regions north of−40◦ latitude actually rotate out o
view as Triton spins, but being foreshortened by proximit
Triton’s limb, these regions can only contribute modestly
the total surface area projected towards Earth. Higher so
ern latitude regions remain in continuous view, with th
projected areas varying as Triton rotates, but their abilit
produce rotational variations diminishes sharply with pr
imity to the pole.

To determine if a previously identified compositional u
on Triton could produce the observed rotational variatio
the N2 band, we plotted inFig. 4 fractional projected area
versus subsolar longitude at the epoch of our observa
for the six spectral units mapped byMcEwen (1990)from
Voyager II clear, green, and violet filter images (see a
he

and

m

Fig. 3. Integrated area of Triton’s N2 ice absorption band at 2.15 µm, as a function of subsolar/sub-viewer longitude, showing a large cyclical variation. T
integrated area was computed by normalizing each spectrum to a line fitted to continuum wavelengths on either side of the absorption band, then integrating
one minus the normalized spectrum over the band interval. For the N2 ice band we used 2.093 to 2.117 µm and 2.175 to 2.185 µm for the continuum
2.117 to 2.175 µm for the band interval. Vertical error bars are formal uncertainties while horizontal bars represent the time intervals during whichdata were
recorded. Five data points are re-plotted outside the 0◦ to 360◦ interval to clarify the periodic trend. A sinusoidal fit to the data (dotted curve) has its maximu
at 19◦ longitude, a peak-to-peak amplitude of 96± 16%, and a constant offset of 3.43× 10−3 µm.
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e
Fig. 4. Numbered solid curves indicate fraction of projected full disk coverage by the six spectral units ofMcEwen (1990), as a function of subsolar longitud
for our observing geometry. Broken lines represent sums of McEwen’s units 1, 4, and 6 (the equatorial collar) and 2, 3, and 5 (the polar cap).
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Flynn et al., 1996). These units can be divided into two ge
eral classes. Triton’s south polar cap comprises units 2
and 5, while units 1, 4, and 6 are located in an equatoria
band. From volatile transport models, N2 ice is expected to
be currently condensing at equatorial latitudes and sublim
ing away from high southern latitudes (e.g.,Stansberry e
al., 1990; Hansen and Paige, 1992). However, all three equa
torial band units are best seen when Triton’s anti-Nept
hemisphere is oriented toward Earth, opposite the obse
behavior of the N2 ice bands. These data strongly imp
that McEwen’s three equatorial collar components are
the regions of Triton responsible for producing the obser
2.15 µm N2 absorption band.

Unit 5 is the only McEwen spectral unit having its min
mum and maximum projected areas coinciding in longitude
with the observed N2 band minimum and maximum. Th
unit comprises the bulk of Triton’s polar cap. However,
peak-to-peak amplitude of unit 5’s projected area variatio
is only about 21%, far below the factor of two variatio
exhibited by Triton’s N2 absorption band. If N2 ice were uni-
formly distributed in unit 5 (optionally including any comb
nation of minority polar cap units 2 and 3), it could not va
as dramatically with sub-viewer longitude as is observed
the N2 ice responsible for Triton’s N2 band is predominantly
located on the polar cap, it must not be uniformly distr
uted across the cap. A possible resolution is that since
time of the Voyager encounter in 1989, N2 ice could have
sublimated away from high southern latitudes of the cap
a large, pole-centered, symmetric patch of the southern
has lost its N2 ice, the longitudinal variations arising from
the shape of the edge of the cap would be enhanced. To r
a factor of two variation in projected area, the devolatiliz
region would need to extend from the southern pole to ab
−31◦ latitude.
h

Significant high latitude N2 ice sublimation loss is to b
expected during major summers on Triton. N2 ice should
sublimate away at rates as high as a few cm per Earth
(e.g., Spencer, 1990; Stansberry et al., 1990; Hansen
Paige, 1992; Grundy and Stansberry, 2000), so several ten
of cm of N2 ice could have disappeared from high south
latitudes between the time of the Voyager encounter (1
August) and the present observations (2002 July). Trito
total surface inventory of N2 ice is not known, but it is pos
sible that southern polar regions were coated by such a
layer of N2 ice at the time of the Voyager encounter. A
ternatively, the N2 ice at high southern latitudes could ha
mechanically evolved to a state which has a much hig
density of scattering centers, resulting in shorter mean o
cal path lengths and thus little contribution to the format
of the 2.15 µm N2 ice band, which requires mean op
cal path lengths of several cm. It is also possible that2
ice condenses as a thin glaze, invisible at the visual w
lengths explored by Voyager (e.g.,Duxbury et al., 1997
Eluszkiewicz and Moncet, 2003). This condensation nee
not respect the boundaries of geological or spectral unit
would simply condense wherever thermal emission exce
absorbed solar insolation, tending to favor higher albedo
gions and (currently) more northerly latitudes (e.g.,Moore
and Spencer, 1990; Trafton et al., 1998). The edge of Triton’s
bright polar cap which extends especially close to the eq
tor on the Neptune-facing hemisphere could be an espec
favorable site for N2 condensation. Under this scenario, hi
southern latitudes could have been free of N2 ice even at the
time of the Voyager encounter.

Additional clues can be gleaned from examination of T
ton’s other near-infrared spectral features as function
subsolar longitude. More subtle rotational variations can
seen in Triton’s CH4 ice absorption bands, three of which a
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and 1.620
µm for the
Fig. 5. Integrated areas of three of Triton’s CH4 absorption band complexes, showing longitudinal trends different from that shown by the N2 band, and also
smaller fractional amplitudes. Dashed lines represent constant fits whilesinusoidal fits are indicated by dotted curves with peak-to-peak amplitudes of 14± 1,
23± 4, and 65± 10% from top to bottom of the figure. For the 1.65 µm band, we used 1.605 to 1.620 µm and 1.685 to 1.699 µm for the continuum
to 1.685 µm for the band interval. For the 1.73 µm band we used 1.686 to 1.698 µm and 1.735 to 1.745 µm for the continuum and 1.698 to 1.735
band interval. For the 0.89 µm band we used 0.860 to 0.878 µm and 0.909 to0.930 µm for the continuum and 0.878 to 0.909 µm for the band interval.
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shown inFig. 5. The longitudinal variation of the 0.89, 1.6
and 1.73 µm CH4 bands have best fit sinusoidal peak-to-p
amplitudes of 65± 10, 14± 1, and 23± 4%, respectively
Since there is strong spectroscopic evidence that Trit
CH4 is highly diluted in N2 ice (e.g.,Cruikshank et al., 1993
Quirico et al., 1999, and also this work), it is perhaps som
what surprising not to see more similar rotational variat
patterns for Triton’s CH4 and N2 absorption bands. Thi
evidence for different longitudinal distributions, possib
caused by different concentrations of CH4 in Triton’s N2 ice,
demands explanation. More subtle differences in longit
nal variability of different CH4 bands offer equally importan
clues, with weaker CH4 bands (such as the one at 0.89 µ
apparently showing more pronounced variability than th
stronger bands. The weaker bands require greater op
path lengths to produce observable absorption, so the
more sensitive to higher CH4 concentrations. For Pluto, di
ferences in longitudinal variability have also been repo
between N2 and CH4, and between different CH4 bands, and
have been interpreted as evidence for compositionally
tinct reservoirs of CH4-bearing ice(Grundy and Buie, 2001).
Concentration of CH4 in N2 ice is likely to be related to loca
sublimation and condensation history, with CH4 gradually
becoming more concentrated in ice undergoing sublima
by means of solid state distillation (e.g.,Trafton et al., 1998
Grundy and Stansberry, 2000).

A similar plot for Triton’sν1 + 2ν2 + ν3 CO2 ice absorp-
tion band at 2.01 µm (Fig. 6) does not reveal statistically sig
nificant rotational variation (best fit sinusoidal peak-to-p
amplitude is 8± 6%). The absence of stronger rotation
variation implies either a surprisingly uniform longitudin
l

distribution of CO2 ice on Triton, or that the CO2 ice tends
to outcrop at high latitudes. CO2 is non-volatile at Triton sur
face temperatures, so it is often thought of as a compone
the bedrock or substrate (along with H2O ice and other non
volatile materials) upon which more volatile materials mo
about on seasonal time scales (e.g.,Cruikshank et al., 1993
Quirico et al., 1999). Its occurrence at high southern la
tudes is consistent with the loss of volatile ices from h
southern latitudes predicted by volatile transport mod
However it has recently been suggested that CO2 may move
about on seasonal time scales as well, not by sublima
and condensation, but via aeolian transport(Grundy et al.,
2002a). The small amplitude of observed longitudinal va
ation in Triton’s CO2 bands would also be consistent w
widely distributed CO2 dust.

Similar techniques could not be used to quantify the l
gitudinal dependence of Triton’s CO ice because it has on
two absorption bands in our spectra, both at inconven
wavelengths. The 0–2 transition at 2.35 µm is flanked
strong CH4 bands so the continuum level could not be de
mined accurately. The 0–3 transition at 1.58 µm is entan
with a CO2 ice absorption band and the edge of a H2O ice
band complex.

Water ice absorption bands are so broad they span
absorption bands, interfering with computation of their in
grated areas. However, it is possible to compute ratios
are sensitive to the depths of specific H2O ice bands. Fo
instance,Fig. 7 shows a measure of rotational variation
the depth of Triton’s 1.5 µm H2O ice band. The case fo
rotational variation of this absorption band is more convi
ing than for the CO2 ice band discussed earlier (35± 12%
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the
15 µm

00 to
eak
Fig. 6. Integrated area of Triton’s 2.01 µm CO2 absorption band, showing non-detection of any longitudinal variation. The dashed line is a constant fit and
dotted line is a sinusoidal fit with peak-to-peak amplitude 8± 6%. We used 2.002 to 2.008 µm and 2.015 to 2.020 µm for the continuum and 2.008 to 2.0
for the band interval.

Fig. 7. Rotational variation of the fractional band depth of Triton’s 1.5 µm H2O ice band complex, computed using the average of wavelengths from 1.5
1.570 µm for the band and the average of wavelengths from 1.430 to 1.450 µm and from 1.683 to 1.710 µm for the continuum. Best fit sinusoidal peak-to-p
amplitude is 35± 12%.
ral
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ence
ght
ave-
peak-to-peak variation for the sinusoidal fit to the H2O ice
fractional band depth), but it is intriguing that the gene
trend matches that of the sinusoidal fit for CO2 (and also
agrees with a tentative report of leading-trailing asymm
try of these two ices byMarchi et al., 2004). For both ices,
the leading hemisphere seems to show slightly stronge
sorptions while the trailing hemisphere shows weaker o
Higher quality follow-up observations are needed to inve
gate this line of evidence, which could potentially shed li
on the relation between Triton’s surface CO2 and H2O, both
non-volatile at Triton surface temperatures, with impacts
which preferentially strike Triton’s leading hemisphere (e
Zahnle et al., 2001).

To search for more subtle spectral features, we c
bined all eight of our spectra into a grand average sp
trum. Since SpeX’s internal flexure caused correspond
between wavelengths and pixels to shift slightly from ni
to night, we re-sampled each spectrum to a common w
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Fig. 8. Grand average Triton spectrum from this work (black curve) compared withCruikshank et al. (2000)data (gray curve offset by+0.3). The two spectra
are quite similar, but the new data have slightly higher spectral resolution, as evidenced by the narrower CO2 bands near 2 µm.
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length grid before computing the grand average, resultin
a slight loss of spectral resolution. Nevertheless, the g
average spectrum shown inFig. 8 has signal precision an
spectral resolution among the highest of any Triton spect
ever published in this wavelength range.

We compared our grand average spectrum with othe
cent Triton spectra and found excellent agreement in
overall spectral shape (e.g.,Quirico et al., 1999; Cruikshan
et al., 2000; Forni et al., 2001; the Cruikshank et al. data b
ing reproduced inFig. 8). Consistent with results reporte
by Forni et al. (2001)and byMarchi et al. (2004), our data
show no evidence for three weak absorption bands te
tively reported at 1.543, 1.683, and 1.749 µm byQuirico et
al. (1999), ruling out narrow absorption bands at these wa
lengths any deeper than 1, 1, and 2%, respectively.

We compared the CH4 bands in our Triton spectrum wit
laboratory absorption spectra of pure CH4 and of CH4 di-
luted in β N2 ice (Quirico and Schmitt, 1997; Schmitt
al., 1998; Grundy et al., 2002b). As initially reported by
Cruikshank et al. (1993), the wavelengths of Triton’s ob
served CH4 absorption bands correspond precisely with
wavelengths of CH4 highly diluted in β N2 ice, such tha
the CH4 molecules are isolated from one another rather t
forming dimers or larger clusters. No convincing evidence
seen in our Triton grand average spectrum for the exist
of more concentrated CH4, contrasting with the clear ev
dence for ordinary CH4 ice in Pluto’s spectrum (e.g.,Douté
et al., 1999).

Closer examination of Triton’s nitrogen absorption
2.15 µm (Fig. 9) shows its shape to be consistent with
warmer, hexagonalβ ice phase, as reported byCruikshank
et al. (1993). No evidence is seen for the presence of
colder, cubicα N2 phase. However, it is not possible to ru
out the existence of fine-grainedα N2; small particles lead to
short mean optical path lengths, and can thus produce
 -

Fig. 9. Comparison of Triton’s grand average 2.15 µm N2 band (solid curve)
with synthetic Hapke models(Hapke, 1993)based on hexagonalβ N2 ice
(dotted curve) and cubicα N2 ice (dashed curve) (optical constants fro
Grundy et al., 1993). No evidence is seen for the existence ofα N2 on
Triton’s surface, neither at 2.148 µm nor at 2.166 µm.

ligible spectral contrasts for weak absorption bands suc
these.

The existence of the temperature-sensitive absorptio
band at 1.65 µm is the usual way to distinguish cold c
talline H2O ice from amorphous H2O ice (e.g.,Schmitt et al.,
1998). A strong CH4 absorption obscures this waveleng
in Triton’s spectrum, but the shape and wavelength of
broader 1.5 µm H2O band can also be used to distinguish
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Fig. 10. Enlargement of Triton’s 1.5 µm H2O ice band complex (solid
curve), compared with Hapke models(Hapke, 1993)based on crystalline
H2O Ih (dotted curve) and amorphous H2O Ia (dashed curve) optical con
stants fromGrundy and Schmitt (1998)andSchmitt et al. (1998), respec-
tively. Crystalline H2O ice matches Triton’s H2O ice absorption very well
while amorphous ice does not. The deep absorption bands at 1.65, 1.6
1.72 µm are due to CH4 dispersed in N2 ice, omitted from the models to
show the H2O ice absorptions more clearly.

phase of H2O ice. Comparing our grand average with t
spectral behavior of crystalline and amorphous H2O ice in
Fig. 10, it is clear from the band’s wavelength and conv
shaped bottom that Triton’s water ice is predominantly cr
talline. This result was tentatively reported byCruikshank et
al. (2000), and our new data now make this conclusion qu
firm. That H2O ice on Triton’s surface should be crystalli
might not have been expected, since the surface temper
is low enough for H2O ice to remain amorphous over th
age of the Solar System(Jenniskens, 1998). Its crystallinity
is probably indicative of warmer formation conditions f
Triton’s H2O ice.

4. Conclusion

New 0.8–2.4 µm spectral observations of Neptune’s
jor satellite Triton obtained at IRTF/SpeX on eight conse
tive nights in 2002 reveal periodic variations in the streng
of absorptions bands of Triton’s surface ices: N2, CH4, and
H2O, but not CO2. The observed variations (or lack there
give an indication of how these four ice species are dist
uted in longitude. The most heterogeneously distributed
is N2, which shows twice as much absorption on Trito
Neptune-facing hemisphere as on the anti-Neptune h
sphere. Comparison with maps of Triton’s spectral u
d

e

made from Voyager data suggest that Triton’s observed2
ice is concentrated on low-latitude regions of Triton’s po
cap, which are predominantly located on the Neptune-facin
hemisphere. Non-volatile H2O ice seems to be slightly con
centrated on Triton’s leading hemisphere while Triton’s C4
ice seems to be slightly concentrated on the trailing he
sphere. Triton’s CO2 ice shows the least longitudinal vari
tion, suggesting that it is either very uniformly distributed
that it is confined to high latitudes. Additionally, the sha
of Triton’s 1.5 µm water ice band complex clearly sho
that Triton’s H2O ice is crystalline, rather than amorphous
phase, and the shape of Triton’s 2.15 µm N2 ice absorption
is entirely consistent with the warmer, hexagonalβ N2 crys-
talline phase. The wavelengths of Triton’s CH4 ice absorp-
tions are consistent with Triton’s CH4 being highly diluted
in N2 ice, albeit with longitudinally-variable concentration
Using this data set as a baseline, we hope to detect fu
evolution of Triton’s near-infrared spectrum, on time scale
ranging from months to years.
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