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The interaction of the snow surface with solar radiation was
studied at South Pole and Vostok stations.

Snow albedo, snow grain sizes, and spectral irradiance. Snow
grain size is the most important variable controlling snow al-
bedo. We had previously measured spectral albedo and snow
grain sizes at South Pole Station in 1986 (Warren, Crenfell, and
Mullen 1986), and documented the various errors that can enter
albedo measurements. Day-to-day variations in grain size were
responsible for day-to-day variations in spectral albedo. The
results agreed with the theoretical model of Wiscombe and
Warren (1980a).

Because of the relative homogeneity of the Antarctic Plateau,
measurements at South Pole Station have been assumed to be
representative of most of East Antarctica, but we thought that
a test of this assumption would be in order. The flights to
Vostok Station this year offered us the opportunity to supple-
ment the South Pole Station measurements at a higher, drier
location 1,300 kilometers away. We measured spectral albedo
on several clear and cloudy days at Vostok Station using the
photometer described by Grenfell (1981), and photographed the
snow grains in the uppermost layers. We measured grain size
as a function of depth down to 30 centimeters, with vertical
resolution of 1 millimeter in the top centimeter, because the
properties of the uppermost layer were shown to be important
particularly in the solar infrared when we matched our South
Pole Station measurements with a multilayer radiative-transfer
model.

We are now analyzing these data to obtain albedo, including
corrections for the deviations from cosine response of the in-
strument together with the measured diffuse/direct ratio of
incident sunlight. The preliminary indication (before these cor-
rections) is that they are in agreement with the measurements
at South Pole Station and with the model. The variability in
spectral albedo from day to day due to grain-size variations is
apparently larger than any systematic variation with location
from South Pole Station to Vostok Station. These day-to-day
variations in grain size are due to ice-crystal precipitation ("dia-
mond-dust") events, surface frost events, aging of deposited
snow, and drift. The normal grain radius for rounded, wind-
packed snow is 50-100 micrometers, but the drifting snow par-
ticles we photographed were extremely small: 10-20-microme-
ter radii. These tiny grains can briefly cause high albedo in the
near infrared, especially at 1.8 and 2.3 micrometer wavelength,
but they apparently rapidly sinter to become larger grains.

We also measured the downward spectral irradiance under
clear sky and a variety of cloud conditions, for comparison with
atmospheric radiation models such as Wiscombe and Warren

(1980b). These measurements required absolute calibration of
the photometer, which was done both in Seattle and at South
Pole Station.

Absorptive impurities in snow. A survey of elemental carbon
(soot) pollution in the region of South Pole Station had been
carried out in 1986 to evaluate its potential effect on measure-
ments of snow albedo, as well as to determine soot content in
remote background air and snow. The results of that study were
published by Warren and Clarke (1990). It showed a plume of
soot pollution downwind of the station, but the plume was of
insufficient concentration to affect snow albedo. The remote
"background" site 13 kilometers upwind of the station had 0.1-
0.3 nanograms of soot per gram of snow, and the wavelength-
dependence of its absorption indicated that the absorption was
primarily due to soot, not crustal dust.

In conjunction with the albedo measurements at Vostok Sta-
tion, a soot survey was also conducted at that station. We con-
structed a clean area with plastic sheets in our Jamesway hut
for melting and filtering operations. Snow samples were col-
lected along lines in several directions away from the station,
then melted and filtered. By comparing the filters visually to a
set of standard filters, we were able to make a rough estimate
for each filter on site at Vostok Station, and to draw a prelimi-
nary contour map. The filters have now been returned to the
United States, where Tony Clarke will complete the analysis of
their soot content.

As at South Pole Station, the snow at Vostok Station is pol-
luted downwind, in the range 1-7 nanograms of carbon per
gram of snow. The site we chose for albedo measurement 1
kilometer upwind of the station is sufficiently unpolluted, so
the albedo is unaffected. We reached this site on foot, carrying
our instruments on a sled, to avoid contamination by motor
vehicles. Snow at two remote sites was also sampled, at 6 and
10 kilometers upwind. These filters are not dark enough to
estimate accurately by eye, so we await their analysis by Clarke.
Because the snow accumulation rate at Vostok Station is only
about 2.5 grams per centimeter per year, i.e. one-third that at
South Pole Station, when we have the remote soot content at
Vostok Station, we can estimate the partitioning between "wet"
and "dry" deposition for soot, by comparing it to the South
Pole Station value and assuming that the wet and dry deposi-
tion efficiencies are the same at both locations.

Regarding the influence of the station pollution, we tenta-
tively conclude (based on the visual estimations), first, that the
site used in the past at Vostok Station for snow pits in conjunc-
tion with ice-coring (very near our albedo site) is the cleanest
area at that distance from the station and, second, that the
albedo site used by the Vostok weather station is contaminated
with about 20 times the soot content of snow at the albedo site
behind the Clean Air Facility at South Pole. Even this larger
soot amount will reduce the albedo by only about 0.003, a
quantity too small to detect by radiation instruments.

Ultraviolet albedo of snow. A second portable spectral photom-
eter was used at South Pole Station to measure ultraviolet al-
bedo of snow. The measurements confirmed our theory and
1986 measurements (Warren et al. 1986) that the ultraviolet
albedo from 300 to 400 nanometers wavelength is nearly as high
as the visible albedo, about 0.97 This number is needed for
studies of sunlight-driven chemical reactions in the strato-
sphere involving ozone.

In preparation for this experiment, the instrument was cali-
brated for irradiance at several temperatures, and for the cosine
response at each wavelength. Calibrations were obtained for all
the spectral interference filters: of their spectral transmittance
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and the temperature-dependence of their peak wavelength. A
low-pass filter was installed to remove light leakage due to
higher order constructive interference.

Effect of sastrugi on bidirectional reflectance of snow. For satellite
remote sensing of the atmosphere above a snow surface (and
of the snow surface itself) using reflected sunlight, it is neces-
sary to know how the reflected radiation is distributed with
angle. This is because a narrow-field-of-view sensor on a sat-
ellite will measure the reflected radiance only in a particular
direction, and that measurement may be more or less than the
average radiance. The function that describes the distribution
of reflected radiance with angle, called the bidirectional reflec-
tance distribution function, is a function of four angles: solar
zenith and azimuth, and satellite zenith and azimuth. For areal
or temporal averages on many natural surfaces, only three an-
gles are needed to describe the function, because only the dif-
ference between the two azimuths is important, not their in-
dividual values. This assumption was made when developing
empirical bidirectional reflectance distribution functions from
Nimbus-7 satellite data (Taylor and Stowe 1984) for use in the
Earth Radiation Budget Experiment. In large areas of the polar
regions, however, all four angles are needed, because the snow
is eroded by the wind into sastrugi which are oriented parallel
to a prevailing wind direction. The bidirectional reflectance dis-
tribution function shows a forward peak when the solar beam
is parallel to the direction of the sastrugi and an enhanced
backward peak when it is perpendicular. Averaging over all
solar azimuths (relative to the sastrugi azimuth) causes back-
scattering to be averaged together with forward-scattering. The
conclusion of the Earth Radiation Budget Experiment analysis,
that snow is the most nearly isotropic of all Earth surfaces, may
therefore be partly a spurious result of this averaging.

The study of the effect of sastrugi on bidirectional reflectance
distribution function was pioneered by Kuhn (1974, 1985) who
made measurements at a few angles from the roof of the Clean
Air Facility at the South Pole. We have advanced his work by
conducting a thorough survey of combinations of solar azi-
muth, and viewing zenith and azimuth angles, at a few selected
wavelengths. We were also able to obtain greater accuracy by
mounting our instrument higher off the snow surface than
Kuhn did, now that the 22-meter meteorological tower is avail-
able. The increase in height is essential because it is important
to have a small angular field of view (about 15°) but still have a
"footprint" large enough to be representative of the surface,
i.e., to contain several sastrugi ridges and troughs within the
field of view.

We found the South Pole to be an ideal location for this type
of study because over the course of a day all solar azimuth
angles are sampled while the zenith angle changes minimally.
From the top of the 22-meter tower at the edge of the clean-air
sector, slightly more than 180° of the azimuth is undisturbed
snow, the other 180° contains buildings and footpaths. To com-
plete the bidirectional reflectance distribution function pattern
for the disturbed portion of the hemisphere, we use observa-
tions made 12 hours later, with the Sun 180° around in azimuth.

We attached the photometer using a fiber-optic link to a nar-
row-field-of-view radiance probe which was then mounted on
a goniometer. Measurements are made with 15-degree field of
view at 15-degree intervals in viewing zenith and azimuth an-
gles throughout the day (on cloudless days), at intervals of 1
hour (15 degrees of solar azimuth).

Some modifications to the instrument were made to prepare
it for use in the cold antarctic spring. The photometer and
datalogger are now housed in an insulated box, which is kept

warm by an electrical heating pad. Grounding wires are at-
tached to the datalogger, the photometer, and the human op-
erator to discharge the static electricity which we had found to
be a problem at temperatures below —35 °C. Hourly sets of
data were collected for the bidirectional reflectance distribution
function pattern at two wavelengths: 660 nanometer (to repre-
sent AVHRR Channel 1) and 900 nanometers (where Rayleigh
scattering from the sky is negligible). Some of the 900-nano-
meter results from 2-7 January are shown in figure 1. Even
though the sastrugi were substantially decayed and the Sun
was near its highest elevation, the effect of sastrugi on bidirec-
tional reflectance distribution function is still apparent. The
strong forward peak seen when the solar azimuth is aligned
with the sastrugi axis (11:30 Greenwich mean time; 2.8 times
the mean brightness) is reduced to 2.0 times the mean bright-
ness when the solar beam is perpendicular to the sastrugi axis
at 5:30 Greenwich mean time. The patterns at intermediate
times have a forward peak of intermediate strength and show
left-right asymmetry in the side-scattering.

These measurements will be continued during the period
from January through March 1992 as the solar elevation drops
from 23.5° to zero, and during the period from September
through December 1992 as the Sun comes up in the spring.

Snow temperatures. In preparation for the winter measure-
ments to be taken in support of the oxygen-isotope project
described in a companion paper by Harder, Grootes, and Charl-
son (Antarctic Journal, this issue), we built and calibrated an
array of thermistors. They were installed in the snow at South
Pole Station to measure the vertical temperature profile from 0
to 1 meter below the surface, with 2-centimeter resolution near
the top. The disturbed snow was allowed to equilibrate for 10
days before temperatures were recorded. When the Sun is shin-
ing, the thermistors can absorb more sunlight than the sur-
rounding snow, and so may record a higher temperature. We
attempted to minimize this by painting them white, but the
thermistors near the surface still gave spuriously high temper-
atures unless they were shaded from sunlight (figure 2). (The
low temperature at the snow surface shown in the figure was
caused by a decrease in the surface air temperature over the
previous 24 hours.) None of the published antarctic snow-tem-
perature measurements we are aware of have mentioned shad-
ing, although some researchers are now using reflective mylar
covers for thermistors to minimize radiative heating (Stearns
personal communication). This result, therefore, calls into
question some of the published measurements of snow tem-
perature in the sunlit season, measurements that may have
been made without shading. Shading is necessary, however,
only for thermistors in the top 20 centimeters. Our currently
deployed thermistor string uses aluminized mylar thermistor
covers which reduce the overestimation of sunlit snow temper-
ature to 0.3 °C.

This work was supported by National Science Foundation
grant DPP 88-18570.
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Figure 2. Temperatures measured at depths 0-600 millimeters
(mm) in surface snow at South Pole Stations, January 1991. The
snow was shaded by a large plywood sheet beginning at time = 5
minutes. The temperature drops suddenly as the thermistor equi-
librates with the snow, and then slowly as the snow cools in the
shade. The initial rapid drop is the indication that the thermistors
were absorbing solar radiation and, therefore, not measuring the
snow temperature when they were in the Sun.
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The radiation emitted by the atmosphere down to the surface
(called terrestrial or longwave radiation) falls mostly in the wave-
length range of 5-50 microns and is responsible for the green-
house effect. It is a large part of the surface energy budget
everywhere but becomes the dominant source of heat to the
Earth's surface at night and in the antarctic winter.

We are studying the spectrum of thermal infrared radiation
from the antarctic atmosphere in a collaborative project of the
University of Washington and the University of Denver. The
University of Denver's interferometer has recently been oper-
ated at South Pole Station (December 1989 through January
1991) to detect changes in abundances of trace gases in the

stratosphere by observing their emission lines. The instrument
is a Bomem interferometer, which has been modified to collect
radiance at several zenith angles with 1.50 field of view. The
instrument has a spectral resolution of 1 inverse centimeter and
uses a mercury-cadmium-telluride detector cooled by liquid ni-
trogen. We also operate an Eppley pyrgeometer which mea-
sures the broadband infrared flux from 5 to 50 microns.

Our collaboration is to use the spectral radiance measure-
ments for climate studies. For this purpose, we need ancillary
data on clouds, ice crystals, and profiles of temperature, hu-
midity, and ozone. Our goals are, first, to understand the con-
trols of the longwave energy budget of the Antarctic Plateau
and, second, to develop a well-calibrated data set for testing
atmospheric radiation models.

The spectral region covered by the interferometer (6-20 mi-
crons) encompasses the central portion of the blackbody spec-
trum for atmospheric radiation and the absorption and emis-
sion bands of important greenhouse gases, including carbon
dioxide, water vapor, ozone, and methane. The low water va-
por content of the antarctic atmosphere means that the other
gases will have greater importance than elsewhere on Earth.
This is especially true in the winter when precipitable water,
which is typically a few centimeters elsewhere on Earth, drops
to less than 0.01 centimeters over the east Antarctic Plateau
(Kuhn 1973).

A prerequisite for climate model calculations of greenhouse
warming and other climatic changes is the ability of radiation
models to calculate accurately the direct radiative effects of
atmospheric gases given temperature, ozone, and water-vapor
profiles. How to make these calculations is unclear because the
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