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Optical properties of antarctic snow
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Solar radiation incident on, and reflected by, the snow surface
was measured near South Pole Station as functions of wave-
length, angle, and distance from the station. The experiment
was designed to resolve a discrepancy in earlier measurements
of the reflectance of antarctic snow, as well as to obtain more
detailed information than previously available about the optical
properties of antarctic snow. The field team (Grenfell, Warren,
and Mullen) worked at the South Pole for 2 months, from 16
December 1985 to 16 February 1986.

The objectives of the study were
• to observe spectral albedos of snow across the solar

spectrum,
• to obtain depth profiles of snow-grain radius in order to

construct theoretical models of spectral albedo for pure snow,
• to extend spectral albedo measurements of snow into the

ultraviolet,
• to document the extend and degree of soot pollution due to

station activities and to assess whether it could invalidate
solar radiation measurements made close to large stations,
and

• to obtain the spectral distribution of incident solar radiation at
the antarctic surface for various cloud conditions in order to
test radiation models of the antarctic atmosphere.
Two portable spectrophotometers were used. The first (Gren-

fell 1981) can select any wavelength in the range 400-1,400
nanometers using a continuously variable filter and has 11
discrete filters for wavelengths from 1,400 to 2,500 nanometer.
The second, recently constructed by P. Mullen, uses fixed-
wavelength filters in the ultraviolet (300-400 nanometers, visi-
ble, and near-infrared (420-900 nanometers). The observations
were recorded on Omnidata "Polycorder" data loggers and
dumped to our portable computer (Kaypro 2000) so that re-
duced data and plots (such as the figure) were available within 1
or 2 days after each experiment and could be used to plan
subsequent experiments.

Snow-grain radii were measured photographically and with a
handheld eyepiece. On-site tests showed that the eyepiece
method gave good average grain radii. Our results generally
agreed with Cow (1965).

Spectral albedo measured under diffuse lighting conditions
(overcast cloud) on many days repeatedly agreed with the re-
suits of theoretical models (Wiscombe and Warren 1980), which
predicted values approaching 1 in the visible range and found
snow grain size to be the most important variable controlling
snow albedo in the near-infrared. A representative albedo
curve is shown in the figure. The visible albedo values were
found to be 98-99 percent and were relatively insensitive to
grain size. The near-infrared albedo, however, varied substan-
tially among the experiments, due to day-to-day variations of
snow-grain size caused by precipitation and wind-drifting.

The only previous measurements of antarctic snow albedo
with good spectral resolution (Kuhn and Siogas 1978 re-

produced as figure 2.2 of Schwerdtfeger 1984) showed max-
imum albedos about 90 percent in disagreement with the theo-
ry and also implying a spectrally integrated albedo which is
lower than essentially all direct measurements of that quantity
on the antarctic plateau.

The albedo is difficult to measure accurately under clear sky
conditions at large solar zenith angle 0 0 because the incident
radiation is primarily the direct solar beam while the upwelling
radiation is diffuse. Studies were done to estimate the magni-
tude of potential errors. Several problems must be taken into
account. (1) The instrument must be kept level to at least a small
fraction of a degree of arc since the percentage error is propor-
tional to secant Q,. (2) If the angular sensitivity of the instrument
is not precisely proportional to the cosine of the angle between
the direction of incidence and the optical axis, corrections are
required to obtain actual irradiances and the resultant albedo.
These corrections must be applied to the diffuse components of
the radiation as well as to the direct-beam component. With the
sensor design we used, the net correction was dependent on
wavelength and ranged from 0 to 10 percent. (3) If the surface
under study is tilted away from horizontal, it can have an
apparent albedo which is significantly different from the value
measured normal to the surface. Our observations show that for
a surface tilt of 2 degrees, the change in the apparent visible
albedo is as much as 10 percent depending on solar azimuth.

To ensure that our measurements would be representative of
large areas, we were especially concerned to avoid possible
effects of pollution from the station. The pollutant with the
greatest potential effect on snow albedo is graphitic carbon,
which is present in the exhaust of aircraft, oversnow vehicles,
and diesel generators. We collected samples from the top 20
centimeters of both old sastrugi and newly arrived drift snow,
mostly within a radius of 3 kilometers of the station. These
samples were melted and filtered at the clean-air facility using
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Points (plus signs): Spectral albedo of the snow surface measured
600 meters "northeast" (045° grid) from the clean-air facility at the
South Pole on 23 January 1986 under diffuse light (thick overcast).
Solid curves: Calculations of spectral albedo for homogeneous
snowpacks of uniform grain radius r 50 micrometers and r 100
micrometers. The experimental points match theoretical calcula-
tions for r <50 micrometers at wavelength X> 1.5 micrometers and
50-100 micrometers for shorter wavelengths. At the shorter wave-
lengths, the light penetrates more deeply into the snow, so the
albedo is sensitive to grains beneath the surface; whereas at the
longer wavelengths, the albedo is influenced only by the grains very
close to the surface. The observed albedos can thus be explained by
an increase of grain size with depth. ("pm" denotes "micrometer?')
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methods developed by Antony Clarke (University of Hawaii).
Visual comparison with standard filters allowed us, while still at
the South Pole, to draw a preliminary contour map of the carbon
content of surface snow in the vicinity of the station. More
accurate estimates will be available from snow sample which
were shipped back to the United States and are now being
analyzed by Dr. Clarke. The conclusion from our preliminary
work is that the pollution is very minor. Just 500 meters upwind
of the clean-air facility there is normally less than 1 nanogram of
carbon per gram of snow (1 part per billion). Even 2 kilometers
downwind from the station carbon content did not exceed 10
parts per billion. For snow-grain sizes typical of Antarctica, our
models predict that 10 parts per billion carbon would reduce
snow albedo by only 1 percent at the most sensitive wavelength.
Thus, we reject the suggestion of Warren and Wiscombe (1980)
that the low visible albedos of Kuhn and Siogas were due to
impurities in the snow. More likely explanations are that the
snow surfaces directly beneath Kuhn and Siogas' instrument
were sloping slightly and that measurements were made under
direct sunlight or that the shadows cast by their instrument
were substantial.

A pilot study was undertaken to measure the angular varia-
tion of solar radiation reflected from the snow surface and how
the bidirectional reflectance distribution function is affected by
sastrugi. The bidirectional reflectance distribution function is
needed for remote sensing of snow albedo from satellites. Pi-
oneering work on this subject was done by Kuhn, Kundla, and
Stroschein (1977) and Kuhn (1985). By using the recently erec-
ted 23-meter meteorological tower near the clean-air facility, we
were able to combine a small angular field of view with a large
footprint, which is in a sastrugi field is necessary to reduce the
sampling error. Measurements were made with 10-degree field
of view at 15-degree intervals in viewing zenith and azimuth
angles throughout the day, at intervals of 1 hour (15 degrees of
solar azimuth). Over about 180° of viewing azimuth, the snow
surface was essentially undisturbed by station activities. The
measurements were made at solar elevations of 22° and 16°, at
900 nanometers wavelength, with some measurements also at
570 nanometers. Only small differences in the pattern were
seen for different solar azimuths, because the snow surface was

quite smooth in January and February 1986. To examine the
largest effects of sastrugi on the bidirectional reflectance dis-
tribution function an experiment covering the period from sun-
rise to summer solstice would be recommended, because the
sastrugi are most pronounced at the end of winter and decay
during the summer (Cow 1965). Our preliminary measure-
ments will be compared with the top-of-atmosphere bidirec-
tional reflectance distribution function estimated by Taylor and
Stowe (1984).

We thank Cliff Wilson and Brad Halter for the use of the clean-
air facility, and Hank Koch for designing an electrical grounding
system for our bidirectional reflectance measurements on the
tower. This research was supported by National Science Foun-
dation grant DPP 83-16220.
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Measurements of the snow albedo and atmospheric long-
wave radiation were done at the Amundsen-Scott South Pole
Station for 2 weeks in November and December, 1985. Upfacing
pyranometers of total and near-infrared wavelength region
(Eko MS-800) and pyrgeometer (Eppley PIR) were installed on
the roof of the clean-air facility, and downfacing pyranometers

were set on the pipe over the snow field about 80 meters from
the building.

The snow albedo is the strongest controlling factor of the
radiation budget of the snow surface. Several measurements of
albedo have been conducted at the South Pole since the begin-
fling of the station; however, there were still problems con-
cerning the spectral distribution of albedo depending on the
contamination of snow (Kuhn and Siogas 1978; Warren and
Wiscombe 1980) or the incident angle dependence of albedo in
relation to the snow surface (Carroll and Fitch 1981; Warren
1982; Yamanouchi 1983).

A preliminary result shows that the albedo ranges between 83
and 86 percent (calibration has not been completed yet)—low
under the clear sky and rather high under the cloudy sky.
Further analysis of the sampled snow should be made to exam-
ine the relation between the albedo and the contamination of
the surface snow.
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