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Evidence for the Exposure of
Water Ice on Titan’s Surface
Caitlin A. Grifﬁth,1* Tobias Owen,2 Thomas R. Geballe,3
John Rayner,2 Pascal Rannou4
The smoggy stratosphere of Saturn’s largest moon, Titan, veils its surface from
view, except at narrow wavelengths centered at 0.83, 0.94, 1.07, 1.28, 1.58, 2.0,
2.9, and 5.0 micrometers. We derived a spectrum of Titan’s surface within these
“windows” and detected features characteristic of water ice. Therefore, despite
the hundreds of meters of organic liquids and solids hypothesized to exist on
Titan’s surface, its icy bedrock lies extensively exposed.
Titan’s thick haze obscures a surface expected to harbor both the source and sink of much
of Titan’s atmosphere. Methane, the second
most abundant atmospheric constituent
(⬃0.05 bar) detected after N2 (1.4 bar), is
continually and irreversibly destroyed by solar ultraviolet photolysis, a process rapid
enough to require a recent supply of methane
(1). Two end-member scenarios are possible.
Ongoing geologic activity supplies atmospheric methane (and leads to an atmosphere
that varies in size with supply), or ocean
reservoirs of methane exist as a result of past
geologic activity (2, 3). The products of
methane photolysis, a variety of simple and
complex organic compounds, precipitate to
Titan’s surface, leaving a history of Titan’s
atmospheric composition. If Titan’s atmosphere has existed in its present form since its
formation, ⬃800 m of organic liquids and
solids blanket Titan’s surface (1).
Previous efforts to determine Titan’s surface composition focused on relatively small
spectral regions. Surface albedos at 1.28,
1.58, and 2.0 m match the spectra of both
water ice (4, 5) and solid organic sediments
(6, 7). Surface albedos at 1.07 and 1.28 m
are ⬃100% higher than that at 1.58 m, also
consistent with water ice and aged tholins
(laboratory analogs of Titan’s organic haze),
although notably not young tholins (7). Titan’s 5-m surface albedo (8) exceeds that at
3 m (9) but is smaller than 1- to 2-m
values, again consistent with the dirty water
ice found on icy Jovian satellites and the haze
sediments expected for Titan’s surface (7).
Here, we analyze Titan’s 0.8- to 5.1-m
spectrum to derive surface albedos at the
eight window wavelengths. Our study builds
on previous work (4, 5, 8, 9), because the
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broad spectral features characteristic of solids
(i.e., surface constituents) emerge only with
the examination of a large spectral range.
We recorded observations at the United
Kingdom Infrared Telescope (UKIRT) with the
CGS4 spectrometer (Fig. 1, Table 1) and at
NASA’s Infrared Telescope Facility (IRTF)
with the new SpeX spectrograph (10). Two
grating positions, overlapping in wavelength
coverage, provide correct relative albedos from
0.8 to 5.1 m (Fig. 1). The data’s 2- to 2.3-m
flux ratios agree within 2% with previous data
devoid of cloud events (11), indicating relatively
cloud-free conditions on Titan. Division of Titan’s raw spectra by those of the observed G
stars (Table 1) eliminates most telluric absorption features. Considering Titan’s optical size

(12), distances to the Earth and the Sun, and the
standard’s magnitude, we calculated Titan’s
geometric albedo (its reflection relative to an
isotropically scattering reflector). Fluxes agreed
well, within 3%, with previous observations at
0.5 to 1.0 m (13–15) and among our dataset,
but less well with a study of Titan’s 1.05 to 2
m spectrum (5).
We derived Titan’s surface reflectivity
and atmospheric opacity from radiative transfer calculations (16) that simulated the absorption and scattering of sunlight from Titan’s atmosphere (17, 18) and produced synthetic spectra that are compared with those
observed. We first constrained the main
opacity source in the windows, Titan’s haze,
by examining the spectral regions— 0.5 to 0.7
(14, 15), 0.79, 0.9, 1.65, 2.2, 3.1, and 4.8
m—that are exterior to the windows and
most sensitive to the haze (19). Haze models
specifying the particle size, shape, and density with altitude then bridge the windows to
these wavelength regions, thus providing
haze optical depths at the windows (20).
Several constraints on the opacity of Titan’s haze guide our derivation of the haze
optical depths. Voyager high phase angle observations indicate an optical depth (at 0.5
m) of 0.1 at 200 km altitude (21). In addition, Titan’s surface is discernible at 0.63
m, indicating an upper limit to the 0.63-m
opacity of the haze (22, 23). (Here, gas absorption is negligible.) At 0.79 m, the haze

Fig. 1. Titan’s leading (blue) and trailing (black) hemispheres (Table 1) display different window
albedos, a result of different average surface reﬂectivities (22, 35–37, 48, 49). Calculated spectra
of the trailing hemisphere appear at wavelengths where methane absorption information exists
(red). Within errors, no hemispheric difference appears at the 2.9- and 5-m windows. (Inset)
Details of 5-m spectra of Titan’s leading (L) and trailing (T) hemispheres. Fine spectral structure
results from smoothed noise coupled with incomplete sky subtraction. Optically thick regions in
Earth’s atmosphere appear in gray; here, data are unreliable.
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opacity resides essentially above an optically
thick (almost black) layer of CH4, thus allowing for a methane-independent derivation of
the haze optical depth. At 1.65, 2.2, 3.1, and
4.8 m, absorption lines are saturated, rendering Titan’s spectrum fairly insensitive to
uncertainties in the gas absorption (4). The
center and wings of CH4 bands probe altitudes from 70 to 160 km and collectively
provide constraints on the haze vertical structure. Our derived haze optical depths (Fig. 2)
can be reproduced with models in which
Titan’s haze is conglomerate in shape, similar
to terrestrial smog (24–30). These values
agree with previous models except those that

are most optically thin and thick at 0.6 to 0.85
m (31).
Apart from haze, methane and carbon
monoxide (at 5 m) mildly obscure Titan’s
windows. A carbon monoxide abundance of
20 ⫾ 10 parts per million matches the data
within the noise (Fig. 1), consistent with millimeter and near-infrared spectra of Titan (8,
32, 33). We assumed a methane distribution
equivalent to a total column abundance of
3.6-km amagat (34). We adopted Karkoshka’s (14, 15) absorption coefficients of 0.011
and 0.01 km⫺1 amagat⫺1 at 0.83 m and
0.94 m. On the basis of laboratory data of
methane (4, 9, 11), we assumed 0.005 km⫺1

Fig. 2. Titan’s leading hemisphere albedo (red squares) resembles that of Ganymede’s leading
hemisphere (green) (50, 51). The blue dashed line shows a laboratory synthesis of Titan’s organic
sediment [tholin 4 of Cruikshank et al. (41)] of 100-m grain size. Tholin of smaller grain size likely
exhibits less pronounced absorption features. The widths of the red squares (half this width
shortward of 1.4 m) represent the wavelength widths of the windows. Errors in Titan’s surface
albedo are derived assuming 50% uncertainties in the particle sizes and CH4 optical depth,
variations in the haze vertical density consistent with observations, and, at 5 m, noise. (Bottom
inset) Surface albedos for Titan’s leading (red squares) and trailing (blue circles) hemispheres. (Top
inset) Haze optical depths (left axis, squares) at window wavelengths, except 2.9 and 5 m, which
have values of 0.3 ⫾ 0.15 and 0.07 ⫾ 0.01, respectively. The disk-averaged percentage of light
reﬂected from Titan’s surface (right axis, blue diamonds) reveals that one observes primarily diffuse
light, rather than direct light, from Titan’s surface at wavelengths below 1.5 m.
Table 1. Titan spectra. Shown are the wavelengths (micrometers), UT dates of observations, longitude of
the sub-Earth point (i.e., the center of the disk), air mass [i.e., 1/cos(), where  is the Titan-to-Earth
zenith angle], and the standard stars.
Wavelength
4.6 –5.2
4.6 –5.2
2.3–5.1
0.8 –5.1
0.8 –5.1
0.8 –5.1

Date

Longitude

Air mass

Standard

10/26/97* 10:30
10/17/97* 10:00
10/22/00† 13:00
10/26/01† 13 :15
10/27/01† 12:30
10/30/01† 12:30

124
280
260
293
315
23

1.1-1.9
1.04-1.5
1.00-1.08
1.00-1.09
1.00-1.09
1.00-1.10

BS582/G0V
BS72/G0V
SAO93936/G2V
SAO76817/G0
SAO76817/G0
SAO76817/G0

*Unpublished UKIRT spectra of resolving power R ⫽ 500.

†New IRTF spectra of resolving power R ⫽ 400.

amagat at 1.07, 1.28, 1.58, and 2.0 m (5),
and 0.07 km⫺1 amagat⫺1 at 2.9 m. A factor
of 2 variations in the methane coefficient
changed the surface albedos by 9 to 10% at
0.83 and 0.94, 3 to 4% for the 1- to 2-m
windows, 100% at 2.9 m, and immeasurably at 5 m.
With constraints on Titan’s atmospheric
opacity, we determined the surface reflectivity by reproducing Titan’s observed albedo
with radiative transfer calculations (Fig. 1).
We compared Titan’s surface albedos with
candidate surface constituents: organic precipitates and water ice (Fig. 2). Organic sediments, such as tholins, strongly absorb at 2.9
m because of N-H stretching vibration.
Equally prominent is its red color or absorption longward of 1.2 m, as a result of groups
containing conjugated C-C and C⫽C bonds.
Water ice absorbs at 2.9 m because of 1
and 3 stretch bands, at 1.49 m because of
their first overtone combination, and at 1.9
m because of the 2 ⫹ 3 combination band.
Shortward of 1 m, the dirty water ice characteristic of satellites displays a highly reflective and gray spectrum. Neither Titan’s leading nor trailing spectra are red, characteristic
of complex organic material. Instead, the major absorption bands of water ice are reproduced at 1.49, 2.0, and 2.9 m. Indeed, Titan’s spectra resemble Ganymede’s spectrum, dominated by ice features (Fig. 2).
Our observations represent the disk-averaged light from Titan’s hemispheres. Images
indicate that roughly one-third of Titan’s leading hemisphere is more reflective at all 0.8- to
2.0-m windows than most of the rest of Titan’s surface (22, 35–37). If this terrain accounts for the leading and trailing albedo differences, it is substantially more reflective than
its surroundings in the 0.8- to 1.3-m windows
and somewhat brighter at 1.6 and 2.0 m,
suggesting a purer and/or smaller grain-size ice
surface than that of the darker terrain.
The dark component of Titan’s surface is
poorly constrained. Liquids (e.g., methane
and the anticipated precipitates, ethane and
propane) darken Titan’s terrain (38). In addition, a thin dusting of haze over ice lowers
Titan’s albedo at short wavelengths while
leaving its 2.9 and 5.0 reflectivities unaffected, similar to the observed differences between the hemispheres. Both of these terrains
are expected. Once the particulates, wafting
in the wind or flowing in streams, haphazardly end up in lakes or oceans, they remain
coupled to the liquid (4). Eventually, the haze
particles, heavier than the primary liquids,
settle to the bottoms of lakes. The high and
dry terrain loses sediments, and lowlands accrue a buffet of organic material.
⫺1
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Adaptation in a
Plant-Hummingbird Association
Ethan J. Temeles1* and W. John Kress2
Sexual dimorphism in bill morphology and body size of the Caribbean purplethroated carib hummingbird is associated with a reversal in ﬂoral dimorphism
of its Heliconia food plants. This hummingbird is the sole pollinator of H.
caribaea and H. bihai, with ﬂowers of the former corresponding to the short,
straight bills of males, the larger sex, and ﬂowers of the latter corresponding
to the long, curved bills of females. On St. Lucia, H. bihai compensates for the
rarity of H. caribaea by evolving a second color morph with ﬂowers that match
the bills of males, whereas on Dominica, H. caribaea evolves a second color
morph with ﬂowers that match the bills of females. The nectar rewards of all
Heliconia morphs are consistent with each sex’s choice of the morph that
corresponds to its bill morphology and energy requirements, supporting the
hypothesis that feeding preferences have driven their coadaptation.
Understanding natural adaptations of organisms
to their environment has been the focus of
evolutionary investigations since the time of
Darwin (1) and Wallace (2). Plant-animal interactions, especially those between flowering
plants and their animal pollinators, provide
classic examples of hypothesized coadaptations
that confer advantages to both mutualists (3,
4). The most convincing investigations of
adaptation require (i) the presence of discrete
character polymorphisms in natural populations, (ii) evidence for the genetic basis of
this variation, (iii) fitness measures, and (iv)
comparative studies among populations (5).
Here we present comparative data from two
Lesser Antillean islands on contemporary
character polymorphisms in sympatric species of the tropical plant genus Heliconia and
their common pollinator, the purple-throated
carib hummingbird, which support the
principle of coadaptation between these
mutualists.
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The purple-throated carib hummingbird,
Eulampis jugularis, is an example of sexual
dimorphism that results from ecological
causation: Although the wings and body
masses of males average 8.6 and 25%, respectively, larger than those of females, the
bills of females average 30% longer than
those of males and are 100% more strongly
curved (6, 7 ). Temeles et al. (7 ) showed
that E. jugularis is the sole pollinator of
two species of Heliconia on St. Lucia, a
green-bracted H. bihai whose long, curved
flowers match the bills of females and a
red-bracted H. caribaea whose short,
straight flowers match the bills of males
(Fig. 1, A to E and G). Each sex prefers and
feeds most efficiently from the Heliconia
species whose flowers correspond to its bill
size and shape, which is consistent with the
predictions of ecological causation and
feeding adaptation (7 ). At forest reserves
on St. Lucia where the red-bracted H. caribaea is absent or rare, a red-green–bracted
morph of H. bihai takes its place and has
shorter, straighter flowers with a morphology intermediate between those that correspond to the bill morphologies of males and
females (Fig. 1F). Male E. jugularis at
these sites are associated primarily with the
red-green–bracted morph of H. bihai,
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