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Spectral albedo measured on blue-white ice below Mount Howe
(87°S 150°W), on 17 November 1992, under direct sunlight at
elevation angle 22°. Also plotted are the spectral albedos of snow at
South Pole Station and of a green iceberg at 67 0 S 62 0 E (near
Mawson Station), and a calculated spectrum for pure, infinitely thick
blue ice with a scattering coefficient similar to that of the green ice.
The spectrum of snow is from Grenfell et al. (in press); that of the
green ice and calculated blue ice are from figure 2 of Warren et al.
(1993).

cracks that scattered light, but it had almost no bubbles;
therefore, the scattering coefficient was much lower than for
blue glacier ice. For comparison to the green ice, the spectrum
of a hypothetical blue ice with a scattering coefficient similar
to that of the green iceberg was calculated using the method

of Mullen and Warren (1988); it is also plotted in the figure.
Because the blue-ice model used an unrealistically low bubble
content, its calculated spectral albedo is probably lower than
that of any natural surfaces of thick glacier ice. On the other
hand, the spectrum of snow can be taken as an upper limit for
the surfaces of glaciers and ice sheets.

We thank David Bresnahan for scheduling our trip from
the South Pole to Mount Howe, and Henry Perk, the Twin-
Otter pilot, for flying us there. We appreciate the help of other
members of the field team: Denise Worthen and Susan Hard-
er of the University of Washington and Raymond Dunn from
the National Oceanic and Atmospheric Administration's Cli-
mate Monitoring and Diagnostics Laboratory. This research
was supported by National Science Foundation grant OPP 91-
20380.
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Spectral bidirectional reflectance and energy absorption
rates of antarctic snow

R.W. CARLSON and T. ARAKELIAN, Jet Propulsion Laboratory, California Institute of Technology, Pasadena, California 91109

T
he climate and energy balance of Antarctica is largely
determined by the optical properties of snow, which

exhibits high reflectance and, therefore, low energy absorp-
tion in the visible region of the solar spectrum. In the near
infrared (NIR), however, there are strong absorption bands
that will absorb radiation. The rate of solar energy deposition
depends on the illumination geometry and atmospheric
transmission as well as the grain-size distribution and angular
scattering properties of snow. Consequently, it is important to
investigate the NIR spectral and angular reflectance of natural

antarctic snow surfaces, not only for energy deposition stud-
ies but also for characterizing remote-sensing spectroscopic
observations.

During the past four austral summers, we have investi-
gated the visible and NIR spectral and angular scattering
properties of snow at the South Pole Station (1989-1990 sea-
son), Byrd Surface Camp (1990-1991, 1992-1993 seasons),
and Vostok Station (1991-1992 season). The usual clear skies
at South Pole and Vostok allowed us to obtain excellent sets of
spectral and goniometric data. At Byrd Surface Camp, despite
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two attempts, persistent clouds and/or high winds precluded
all but a few spectral measurements. In this short paper, we
highlight some of our results from South Pole and Vostok. In a
previous note (Carlson et al. 1992), we compared our field
spectra with remotely sensed spacecraft data. In this paper,
we discuss the spectral dependence of the solar energy
absorption rate and the angular scattering profiles at visible
and NIR wavelengths.

The general spectral properties of antarctic snow are
illustrated in figure 1A, which shows a typical reflectance
spectrum at the South Pole with the Sun at approximately 230
elevation angle and nadir viewing. Also shown are theoretical
bidirectional reflectance curves for various snow grain radii.
The values shown in figure 1A are relative to a Lambertian
surface under the same illumination. Although the reflectance
is high and featureless in the visible wavelengths, the NIR
region contains absorption bands, and these can be related to
vibrational transitions in the water molecule (Ockman 1958).
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Figure 1. The heavy line in A shows an observed spectrum taken at
the South Pole with the Sun at approximately 23° elevation and
nadir viewing. Theoretical curves are shown for assumed spherical
ice grains with various radii. The computed spectra used Warren's
(1984) indices of refraction to obtain the single-scattering albedo
and an angular asymmetry parameter. Using van de Hulst's
similarity relation, the equivalent single-scattering albedo for
isotropic scattering was found and used in Hapke's (1981)
formulation to obtain the spectral reflectance. An ice grain radius of
approximately 50 gm is indicated for the experimental
measurements. In B, the spectral dependence (dP/d?) of the
absorbed power is shown for the same solar elevation and grain
sizes. Absorption by atmospheric water and carbon dioxide was
included, and Hapke's (1981) directional-hemispheric albedo is
used. Note that most of the absorption occurs for near-infrared
wavelengths. The inset shows the integrated power (P) absorbed
and the weighted albedo. (t denotes micrometer. MW cm-2 t-1
denotes milliwatts per square centimeter per micrometer.)

For example, the minimum at 1.5 micrometer (p.m) corre-
sponds to the simultaneous excitation of two stretching
modes in the water molecule, denoted v1 +v3 . In general, tran-
sitions in the condensed state occur at longer wavelengths
than those for the gaseous molecules, and for ice and liquid
water, transitions are greatly broadened because of hydrogen-
bonding interactions.

Absorption occurs as radiation passes through the grains;
therefore, the strength of absorption and the resulting
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Figure 2. Bidirectional reflectance for snow surface at Vostok. These
relative reflectance values are for scattering in the principal plane for
two solar incidence angles 01. Various wavelengths are shown,
ranging from the visible (A-0.5 ltm) to the infrared (D-2.3 gm).
Note the enhancement at high emission angles (low scattering
angle) which varies with wavelength and solar elevation.
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reflectance spectrum depend on the grain size. Comparison
of the experimental and theoretical results (see figure 1A and
caption) indicates that the grain size for these observations
was approximately 50 pm radius. Larger grains were consis-
tently observed at Vostok (approximately 200 .tm radius, Carl-
son et al. 1992), but the extent to which these values represent
average conditions is not established. Based on our field mea-
surements and the remote-sensing observations presented in
our previous paper, we suggest that the range of radii
(30-1,000 [tm) shown in the theoretical curves encompasses
much of the surface of antarctic snow.

The spectral dependence of the surface energy absorp-
tion rate for various grain radii is shown in figure 1B, com-
puted for a solar elevation angle of 23.5°. Atmospheric water
vapor and carbon dioxide absorption is included in this cal-
culation, but Rayleigh and aerosol extinction and scattering
have been neglected. This figure illustrates that the majority
of solar energy absorbed at the surface occurs for NIR wave-
lengths and that grain size plays an important role in deter-
mining the energy balance. The integrated power is also
shown (inset, figure 1B) as a function of grain radius, along
with the mean albedo. For our nominal range of grain sizes,
approximately 10-30 percent of the incident power can be
absorbed, giving a mean albedo weighted by the transmitted
solar spectrum of approximately 70-90 percent. At 23° solar
elevation, which represents a rough average for the southern
summer solstice, the power absorbed is approximately 5-15
milliwatts per square centimeter (MW cm-2). Comparing this
value to that for emitted blackbody radiation, 20 MW cm-2
for a -30°C blackbody, illustrates the radiation deficit for
Antarctica.

As the solar elevation changes, the magnitudes and
shapes of the reflectance spectrum also change. The angular
dependence [the bidirectional reflectance function (BDRF)]
depends on the scattering phase function for the individual
particles and the amount of multiple scattering. The phase
function is highly anisotropic, strongly peaked in the forward
scattering direction. Multiple scattering, on the other hand,
tends to produce diffuse, isotropic bidirectional reflectance.
In the NIR where the particles are absorbing, only a few scat-
terings take place, and the anisotropy of the single particle
phase function is evident in the BDRF. In contrast, the visible
BDRF arises from repeated scatterings and is more isotropic.

The BDRF of polar snow was obtained at South Pole and
Vostok at 14 wavelengths that span a range of absorptivities.

The angular reflectivity in the principal plane is shown in fig-
ure 2 for Vostok snow with two solar elevation angles (corre-
sponding to local noon and midnight). The reflectances are
relative to a nadir-viewed Halon surface illuminated at the
same solar elevation angle. This reference surface deviates
from an ideal Lambertian scatterer at high incidence angles
and has not been accounted for in producing figure 2.

It can be seen from figure 2 that snow is a nearly uni-
formly diffuse reflector for low values of the incidence and
emission angles. As one views the surface at high emission
angles in the forward scattering direction, however, there is a
marked increase in the brightness. This enhancement arises
from the forward-scattering lobe of single scattering (and low
orders of multiple scattering). The enhancement increases as
the solar elevation decreases, and it is mainly due to the
increases in the single-particle scattering phase function at
lower scattering angles.

Comparing the low absorption visible region and
absorbing infrared wavelengths shows the effect of multiple
scattering. For visible wavelengths, the large number of mul-
tiple scatterings produces a more isotropically scattering
surface. In contrast, at absorbing wavelengths, the single-
scattering albedo is only a few percent, implying that only
one or a few scatterings occur before the average photon
escapes from the medium. The highly anisotropic single-
scattering phase function pattern is approximately pre-
served, leading to the observed large angular contrasts.
Quantification of this behavior will be important for remote-
sensing applications.

This work was supported by the National Science Foun-
dation, Office of Polar Programs, and the National Aeronau-
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by National Science Foundation grant OPP 88-16641.
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