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Abstract. The variation of snow albedo with wavelength across the solar spectrum from

0.3 um in the ultraviolet (UV) to 2.5 um in the near infrared (IR) was measured at Amundsen-
Scott South Pole Station during the Antarctic summers of 1985-1986 and 1990-1991. Similar
results were obtained at Vostok Station in summer 1990-1991. The albedo has a uniformly
high value of 0.96-0.98 across the UV and visible spectrum, nearly independent of snow grain
size and solar zenith angle, and this value probably applies throughout the interior of
Antarctica. The albedo in the near IR is lower, dropping below 0.15 in the strong absorption
bands at 1.5 and 2.0 um; and it is quite sensitive to grain size and somewhat sensitive to zenith
angle. Near-IR albedos were slightly lower at Vostok than at South Pole, but day-to-day
variations in the measured grain size due to precipitation, drifting, and metamorphism were
found to cause temporal variations in near-IR albedo larger than those due to any systematic
geographical change from South Pole to Vostok. The spectrally averaged albedos ranged from
0.80 to 0.85 for both overcast and clear skies, in agreement with measurements by others at
South Pole and elsewhere in Antarctica. Using a two-layer radiative transfer model, the albedo
can be explained over the full wavelength range. Tests were made to correct for systematic
errors in determining spectral albedo. Under clear skies at about 3000-m elevation the diffuse
fraction of downward irradiance varied from 0.4 in the near UV to less than 0.01 in the near IR;
knowledge of this fraction is required to correct the measured irradiance for the instrument's
deviation from a perfect cosine-response. Furthermore, the deviation from cosine response is
itself a function of wavelength. Under clear skies a significant error in apparent albedo can
result if the instrument's cosine collector is not parallel to the surface; e.g., if the instrument is
leveled parallel to the horizon, but the local snow surface is not horizontal. The soot content of
the snow upwind of South Pole Station was only 0.3 ng/g. It was somewhat greater at Vostok
Station but was still too small to affect the albedo at any wavelength. Bidirectional reflectance
at 0.9-um wavelength, measured from a 23-m tower at the end of summer after the sastrugi
(snow dunes) had diminished, showed a pattern remarkably similar to the spectrally averaged

pattern obtained from the Nimbus 7 satellite.

Introduction

The surface energy budget of the Antarctic ice sheet is
dominated by radiation. In summer the four radiation terms
(downward and upward shortwave, downward and upward
longwave) are each in the range 100 to 400 Wm™, generally
exceeding the sensible and latent heat fluxes by at least an order
of magnitude [Rusin, 1961; Schlatter, 1972; Carroll, 1982].
Because radiation is the driving force of Antarctic climate,
radiation measurement programs have been established at most
of the Antarctic research stations. The measurements at high
plateau locations represent the largest areas of the Antarctic
continent and are therefore the most significant for its climate.
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In those radiation studies, special attention has always been
given to measurement of the snow albedo. This is because snow
albedo is in general highly variable. It should actually be less
variable on the Antarctic plateau than elsewhere, because the
snow always remains well below freezing and metamorphism
proceeds slowly; but since the Antarctic-surface albedo is high,
small differences in albedo can mean large differences in
absorbed radiation. For Antarctic snow the reported spectrally
averaged albedo in summer ranges from about 0.8 to 0.9
[Liljequist, 1956; Hanson, 1960; Hoinkes, 1961; Kuhn et al.,
1977; Peterson, 1978; Carroll and Fitch, 1981; Yamanouchi,
1983], implying a factor of 2 variation in absorbed shortwave
radiation flux:

Climatological studies of the solar radiation budget
throughout the year have been carried out at several interior
stations: at Plateau Station [Kuhn et al., 1977], at South Pole
Station [Carroll and Fitch, 1981], and at Mizuho Station
[Yamanouchi, 1983]; however, these studies consisted of
measurements of the solar radiation only in one or two broad
bands.
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Our experiment focused instead on spectrally resolved
measurements. These are needed to understand the controls on
regional solar energy budgets, because in addition to the spectral
dependence of the solar irradiance the atmosphere, clouds, and
snow all have radiative properties that change considerably with
wavelength across the solar spectrum. Spectral albedos are also
needed to interpret remote sensing observations from satellites
that observe in narrow bands at visible and near-IR wavelengths.

The Antarctic plateau has importance for global climate
because of its large area, and it also provides an excellent site
for testing theories of radiative transfer in snow. Radiative
transfer models of snow [e.g., Wiscombe and Warren, 1980a;
Grenfell, 1992] illustrate the dependence of albedo on the
physical properties of the snow. The albedo of a homogeneous
snowpack depends on the size and shape of the grains, the
angular distribution of the incident radiation field, the
concentration of absorbing impurities, the surface roughness,
and for layers less than about 10 cm thick, on the thickness of
the layer and the reflectance of the underlying surface. Spectral
albedo measurements in the Arctic [Grenfell and Maykut, 1977,
Grenfell and Perovich, 1984] could be explained by the models
in the near-IR, where the albedo is low. At visible wavelengths,
however, where the albedo is high, the measured albedo was not
as high as the models predicted. Warren and Wiscombe [1980]
concluded that the snow in the experiment of Grenfell and
Maykut [1977] was not pure. The variation of absorption with
wavelength indicated that the most likely absorptive impurity
was graphitic carbon (soot). That idea was confirmed by
Grenfell et al. [1981], who measured snow albedo in the
Cascade Mountains and then analyzed the snow for its soot
content, essentially validating the model's prediction for a
mixture of soot in snow [Warren, 1982; Chylek et al., 1983].

Antarctic snow should be much cleaner than northern
hemisphere snow, so it was puzzling that the only measurement
of Antarctic snow albedo with good spectral resolution [Kuhn
and Siogas, 1978] (reproduced as Figure 2.2 of Schwerdtfeger
[1984]) also showed rather low values in the visible. These may
have been due to experimental errors (M. Kuhn, personal
communication, 1984), but another possible explanation,
favored by Warren and Wiscombe [1980], was that they were
made too close to the station and therefore subject to local
pollution. This raised the possibility that radiation
measurements made near large inland Antarctic stations might
not accurately represent the surrounding plateau.

Part of the difficulty in interpreting snow albedo measure-
ments lies in the complexities arising from vertical variations of
grain size in the snowpack and rapid changes in illumination
that may occur on time scales that are short compared with
measurement times. In addition, surface roughness can degrade
the accuracy of small-scale albedo measurements even if it does
not appreciably change the true albedo. In a field of longitudinal
snow dunes (sastrugi), which are prevalent in regions with
strong prevailing winds, the local surfaces are not horizontal;
they may even be in shadow if the sastrugi ridges are high and
the Sun is low. Accurate measurements under clear sky would
therefore require mounting the instrument high above the
surface to obtain a representative field of view. Under cloudy
skies the radiation field is diffuse, substantially reducing this
sampling error. During the present experiments the sastrugi
were small and widely spaced, so we were able to measure
albedo over flat level surfaces between the sastrugi ridges.

South Pole Station is an ideal location for measuring the
optical properties of snow. Because of its remote location,
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impurities in the snow are minimal, and because the air
temperature rarely rises above -20°C, snow metamorphism
proceeds very slowly. In addition, the solar zenith angle changes
negligibly over a 24-hour period. Consequently, long intervals
of stable conditions exist so that comprehensive studies of the
optical properties of the snow are possible.

The objectives of our project were to determine the spectral
albedo () of snow across the solar spectrum from 0.3- to
2.5-um wavelength and to obtain the corresponding depth
profiles of density and grain radius to test the consistency
between observed values and results of radiative transfer
models. To select measurement sites unaffected by station
pollution, we also documented the extent and degree of soot
pollution in snow in the vicinity of the station [Warren and
Clarke, 1990].

Instrumentation

The first observational program was carried out at South Pole
Station (90°S) during the austral summer December 1985 to
February 1986. A brief description was given by Warren et al.
[1986]. In December 1990 and January 1991, additional data
were obtained at South Pole and also at Vostok Station (78°S,
107°E).

The principal instruments used in this study were
intermediate resolution spectrophotometers (A/6A from 25 to 50)
designed specifically for polar use. The first had three parallel
optical channels allowing measurements of spectral irradiance
from 0.4 to 2.5 um and was described in detail by Grenfell
[1981]. It was battery operated to enhance portability and to
avoid the need for an on-site electrical generator. The full
system, including the data acquisition system, weighed less than
15 kg, was easily transportable by a single person using a
backpack or a sled, and worked well at temperatures as low as
-35°C. The second instrument was a filter photometer using a
GaAsP photodetector to extend the spectral range into the
ultraviolet with comparable spectral resolution, tolerance to low
temperatures, and directional sensitivity. It had a single optical
system and was about a third the size of the visible/IR
instrument. Both instruments were designed to accept a fiber
optics probe and collimator to measure spectral radiance above
or within the snow with a field of view of about 15°. The
instruments were deployed on hand-drawn sleds to avoid
contamination of the measurement sites by motor vehicles.

The radiation observations were recorded with a Polycorder
516B data logger and transferred to a personal computer for
processing at the station. The Polycorder was also used to drive
and monitor the wavelength setting of the instruments, which
greatly speeded up the observing rate.

Snow grain size was studied using a hand lens with 10-im
resolution for initial estimates together with macrophotography
to provide a quantitative record. Representative depth profiles
at both South Pole and Vostok are shown in Figure 1. With the
lens it was possible to determine the grain radii to an estimated
accuracy of about 25 pm. Snow density was measured with a
Taylor-LaChapelle snow density kit to an accuracy of about 0.01
Mg m™ We were fortunate to find that the sastrugi which were
built up by wind during the winter had diminished considerably
during late spring, leaving large areas of flat level surface where
albedos could be measured accurately from near the surface.

Irradiance and albedo studies were carried out with the
instruments mounted 1.0 to 1.5 m above the surface on tripods.
Measurements were made under conditions ranging from
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Figure 1. Partially disaggregated near-surface snow crystals at South Pole and Vostok in the summer of 1990-
1991. Snow crystals were dislodged from the wall of a snowpit with a plastic ruler; the grains were then
photographed as they lay on the ruler. The spacing between tick marks is 1 mm. (a) Vostok, December 29,
1990, 0-mm depth. The smallest grains in the bottom left of this photo are drift snow that fell on the ruler
during photography. (b) Vostok, December 27, 1990, 1-mm depth. (c) Vostok, December 21, 1990, 4-mm
depth. (d) Vostok, December 30, 1990, 20-mm depth. (e) South Pole, January 10, 1991, 0-to 5-mm depth. An
example of rare surface frost. (f) South Pole, January 10, 1991, 15-mm depth. (g) South Pole, January 10,
1991,40-mm depth. (h) South Pole, January 10, 1991, 100-mm depth.
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uniform overcast with the solar disk completely obscured to
direct sunlight. Under clear conditions the diffuse incident
spectral irradiance was recorded along with the total values to
separate the direct and diffuse components of the incident
radiation field for the purpose of data reduction. A silicon
photodiode reference photometer was deployed at each site to
record temporal variations of incident irradiance at 0.65 um
during each measurement. This made it possible to determine
when the incident radiation was sufficiently stable, and in
favorable cases it was possible to adjust for the variations during
data reduction.

Calibration for Irradiance

The directional sensitivity of the turret type of irradiance
collectors mounted on the instruments [Grenfell, 1981] was
measured on site using a quartz halogen lamp. A series of light
baffles was used to prevent stray light scattered from the walls
of the hut from influencing the results. Deviations from an ideal
cosine law were wavelength dependent, but they were less than
about 15% at angles from 0° to 72°, which included the range of
solar zenith angles during the experiment. Under clear skies the
contribution from the direct solar beam was corrected using the
fractional deviation of the measured respohse, S(0), from a true
cosine response, €, = [S,(0) - cos 6]/cos 6, for a range of solar
zenith angles. A representative curve for the departure from an
ideal cosine response for the Si and PbS1 channels is shown in
Figure 2 for selected wavelengths. The residual diffuse incident
radiation and the reflected radiation were assumed to be
isotropic; nevertheless both of these also required the
application of a correction factor, C,, chosen such that
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Introducing the definition i = cos @ and assuming that L .. is
isotropic, we can express the correction as

1
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0

and the corresponding spectral albedo is given by
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F)f (true) F)f (diffuse, true) + F;f (direct, true)

SO
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Equation (3) is equivalent to the correction procedure used by
Seckmeyer and Bernhard [1993]. Values of C, between 0.4- and
1.2-um wavelength and the total correction to the albedo for an
example of a solar zenith angle of 68°, C,[1 + &,(68°)], are
shown in Figure 3. Under cloudy conditions, both the incident
and the reflected radiation fields were nearly isotropic and the
correction canceled out of the albedo ratio.

A correction for the shadowing of the surface by the
instrument was also applied to all upwelling irradiance
measurements. The correction was determined by measuring
the geometric area of the shadow and computing its contribution

/ /2
njzlx,diff cosO sin6 d6 = C; Jlk,diﬁ S, (6) sin6 dO (1)  to the upwelling radiation under overcast conditions. The
0 0 shadowing correction was 1% for the visible/IR instrument and
so that 0.5% for the UV photometer.
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Figure 2. The departure of the turret detectors from true cosine response versus angle of an incident beam (6)
at selected wavelengths. The fractional error is defined as €, = [S(B,A) - cos 6]/cos 6, where S(8,A) is the

measured directional sensitivity of the instrument.
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Figure 3. Albedo correction for diffuse radiation (C,, solid
line) as well as the total correction (dashed line) versus
wavelength for solar zenith angle of 68°.

Radiative Transfer Models

Our observations are compared with the results of theoretical
models. The models use Mie theory for the single scattering by
individual snow grains followed by a computation of multiple
scattering in the snowpack. In Mie theory the scattering pattern
is obtained for a single particle in isolation; however, we show
below that the models agree quite well with measured spectral
albedos even for closely packed snow. This is because at visible
and near-infrared wavelengths the particle sizes and spaces
between particles are very large compared with the wavelength
of light, so one can assume incoherent scattering by the
individual particles.

Since single scattering is calculated assuming spheres, we
attempt to mimic the albedo of a snowpack of nonspherical
particles by a model snowpack of "equivalent" spheres. When
the particle size is much larger than the wavelength, which is
true for snow in the visible and near infrared, Warren [1982]
argued that a snowpack of spheres containing the same total
surface area of snow grains and the same total volume of ice per
square meter of the snowpack is the best way to mimic the
spectral albedo of a snowpack of nonspherical particles. The
spheres in the model snowpack then have the same surface-to-
volume ratio as the nonspherical particles in the real snowpack,
but the number of particles is greater. In many of our
experiments the snow grains had been blown by the wind and
were well rounded and nearly equidimensional; and it was easy
to assign characteristic radii to these grains. When their shapes
deviated greatly from equidimensional, the effective radius was
taken to be slightly more than half the small dimension to
represent the same surface-to-volume ratio [Grenfell et al.,
1981; Warren, 1982].

The reasons that one does not make large errors by assuming
spherical grains were given by Craig Bohren in his review of
this paper: "The orientationally averaged extinction cross section
of a convex particle that is large compared with the wavelength
is one-half its surface area. The absorption cross section of a
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large, nearly transparent particle is proportional to its volume
almost independent of its shape. The closer the real part of the
particle's refractive index is to 1, the more irrelevant the particle
shape. The asymmetry parameter of large particles is dominated
by near-forward scattering, which does not depend greatly on
particle shape."

The Mie calculations used the algorithm of Wiscombe [1979,
1980]. They required the spectral absorption coefficient of pure
ice which was measured in the laboratory by Grenfell and
Perovich [1981] over the wavelength range 0.4 - 1.4 um and by
Perovich and Govoni [1991] for 0.25-0.4 um. For A>1.4 um we
used the values recommended by Warren [1984]. Subsequent to
our completion of the model calculations, accurate
measurements of the spectral absorption of ice from 1.4 to
2.8 um were reported by Kou et al. [1993]. These are in
excellent agreement with the values of Warren [1984] based on
less accurate measurements, and our results would not change
significantly if we used the data of Kou et al.

Multiple scattering in the snowpack was computed using a
multilayer extension of the §-Eddington model [Joseph et al.,
1976] applied by Wiscombe and Warren [1980a] and a four-
stream discrete ordinates model [Grenfell, 1992]. For the
present application the two models gave essentially identical
results. Both models include multiple layers to represent
structural variations with depth. Similar results were obtained
with a two-stream model by Bohren [1987, his Figure 8] which
used constant values of extinction efficiency, Q_,, and asym-
metry parameter, g, instead of wavelength-dependent values
obtained from Mie theory. To obtain accurate albedos, it is thus
not necessary to use Mie theory as long as a good approximation
for the single-scattering albedo is used. We did, however,
obtain slightly better agreement with the observations when we
used the wavelength-dependent values of Q_ and g from Mie
theory.

In the present study, the snow grain size was chosen to be
monodisperse with a different value for each model layer. For
pure snow at a wavelength of 0.5 um the downward irradiance
was reduced to 1/e of its surface value at a depth of z = 10 cm
suggesting that a total profile depth of about 30 cm should be
sufficient to determine the spectral albedo to within 1%. Grain
radii used in the model were within 25 um of the measured
values. Specific model calculations are presented below in
conjunction with the corresponding observed spectra.

eXt

Albedo Observations
Spectral Albedo for Diffuse Illumination

Typical spectral albedo measurements under cloudy skies
where the solar disk was completely obscured are shown in
Figure 4. The primary features of o, are values that approach
unity in the visible and ultraviolet with a gentle maximum near
0.5 um and a slight decrease toward the near-ultraviolet
wavelengths. In the infrared the o, drops rapidly toward longer
wavelengths showing individual absorption features correspond-
ing to the molecular absorption bands of ice [Grenfell and
Perovich, 1981; Kou et al., 1993]. This gives secondary maxima
at wavelengths of about 1.1, 1.35, 1.8, and 2.25 um. The set of
observations presented in Figure 4 is an average of three scans
for typical clean snow conditions taken on January 23, 1986.
The corresponding grain size profile is given in Table 1.

Also shown in Figure 4 is the theoretical albedo curve for a
single-layer model with a snow grain radius of r, = 100 pm.
Agreement is excellent for 0.3 to 0.9 um, but the model
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Figure 4. The observed spectral albedo for diffuse incident
radiation versus wavelength for January 23, 1986, near South
Pole Station [{o) = 0.83]. The error bars show the standard
deviation of three scans. Where they are not shown, the
standard deviation is smaller than the height of the symbol. The
solid lines are model results for a homogeneous layer with a
grain radius of 100 pm [(o) = 0.81] and for a two-layer model
with a 0.25-mm thick layer of 30-lm grains over a thick layer of
100-pm grains [{o) = 0.83]. NOAA's average albedo for this
day was (o) = 0.839.

predictions are too low at longer wavelengths. Reducing the
grain radius to 50 um causes the model prediction to be too high
for A<1.4 um but too low for A>1.4 um (Figure 1 of Warren et
al. [1986]), indicating that a vertically homogeneous snowpack
cannot explain the observations. With the addition of a surface
layer of thickness h = 0.25 mm and grain size r_, = 30 um, the
model matched the observations throughout the entire spectral
range. This illustrates the sensitivity of the near-IR albedo to
snow grain size in the uppermost surface layers. For A>1.4 um
the absorption coefficient of ice is so large that only the
uppermost layer of grains can contribute significantly to the
scattering. For example, in a snowpack of density 0.4 Mg m™
and grain radius 100 um, Brandt and Warren [1993] found that
the penetration depth for photons varies from 240 mm at a
wavelength of 0.47 um to as little as 0.4 mm at 2.0 pm.

By going to a two-layer model, we are introducing two
additional parameters (h and r, ). There is a variety of combi-
nations of (h, r_ ., r;,) that can cause the model to produce a
good match with the observed spectral albedo within the
constraints of our data; we have shown one example that is both
plausible and simple. Unfortunately, in 1986 we did not
recognize the potential importance of grain size variation within
the top millimeter of the snowpack, so our photographs of the
"surface" grains actually contain snow from the top 5 mm. Ata
low-elevation Antarctic site, however, Stephenson [1967] did
find that grain radius increased in the top 7 mm from 50 um to
160 um. A model with smaller grains at the surface is plausible
for two reasons. (1) It is well known that as snow ages the
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surface-to-volume ratio decreases (and thus the effective grain
size increases) due to "destructive metamorphism" [LaChapelle,
1969] which occurs most rapidly in the first few days after the
snowfall. (2) In the Antarctic, even aged snow can have
significantly smaller grains at the surface because of the
prevalence of wind drifting. Snow grains suspended in the
drifting layer shrink by sublimation. Furthermore, as wind-
drifted snow settles when the wind speed diminishes, the
smallest suspended grains would be expected to fall out last,
resulting in a sorting of the grains by size in the topmost layers.
Smaller grains have a larger surface-to-volume ratio and
therefore favor scattering over absorption. This is consistent
with the observation of Liljequist [1956] that the spectrally
averaged albedo increased after windstorms. At Vostok we
photographed snow grains with average radii of 10 to 15 um in
snow drifting along the surface (the smallest grains shown in
Figure 1a).

Alternatively, such small surface grains might not be required
by the model to match the observations if it were to take into
account the nonsphericity of the snow grains. Calculations by
Takano and Liou [1989] have shown that deviations from
spherical shape cause enhanced side scattering at the expense of
forward scattering, which decreases the asymmetry factor and
increases the albedo. Most of their published results were for
broad wavelength bands; however, they presented monochro-
matic results for two wavelengths which showed that the
decrease in the asymmetry parameter was greater at 0.55 pm
than at 2.2 um for all particle sizes (their Table 3).

To investigate this effect in snow, we extended to smaller
asymmetry parameters the calculations shown in Figure 19 of
Wiscombe and Warren [1980a]. Using these results, we found
that the changes in asymmetry parameter needed to match the
observed albedo with a single homogeneous layer were
negligible at 0.55 um and much larger at 2.2 um, where a
decrease in g of about 0.3 was needed. Since this is opposite to
the result of Takano and Liou's [1989] model, we favor the two-
layer interpretation; and the two-layer model with a thin layer of
30-um grains overlying a thick layer of 100-um grains will be
used as a reference in several model calculations below.

In a remote-sensing study, Carlison et al. [1992] attempted to
exploit the sensitivity of near-infrared albedo to grain size.
They used a ratio of reflectances at 1.7 pm and 1.5 um from the
Galileo flyby of Antarctica on December 8, 1990, to map the
distribution of surface grain size, obtaining radii ranging from
about 50 to 200 um. If those estimates are accurate, our value of
30 um may be smaller than the average for the Antarctic
continent. The Galileo measurements are discussed further
below.

Visible and Ultraviolet Albedo

The visible and ultraviolet portion of Figure 4 is shown with
greater resolution in Figure 5. The observational curve is
slightly bowed with a maximum between about 0.45 and
0.5 um. Compared with this are the model results of Figure 4.
The agreement is within 0.012 at all wavelengths. We have also
included the South Pole results of Kuhn and Siogas [1978], the
only previous measurements of spectral albedo on the Antarctic
plateau. These values are much lower than either the present
data or the model calculations. They imply a spectrally averaged
albedo of 0.76, lower than other measurements in the interior of
Antarctica. The major difference is in the visible, while in the
near infrared their results are reasonably consistent with our
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Figure 5. Ultraviolet and visible spectral albedos from Figure 4
compared with the data of Kuhn and Siogas [1978] and with
model results for two different grain sizes.

models [Warren and Wiscombe, 1980, Figure 1] and
observations.

The low visible albedo of Kuhn and Siogas [1978} cannot be
explained by any realistic grain size. As shown in Figure 5,
their measured albedos are lower than would be expected even
for a grain radius of 1000 pm, typical of old melting snow.
Warren and Wiscombe [1980] explained this discrepancy by
proposing that the snow measured by Kuhn and Siogas
contained 750 ng of soot per gram of snow (ng/g). The soot
survey of Warren and Clarke [1990], however, found no more
than 3 ng/g of soot even downwind of the station where the
concentration was greatest. We therefore favor other explana-
tions such as neglect of a large shadowing correction or other

experimental errors (M. Kuhn, personal communication, 1984).

Albedo After New Snow Deposition

Observations made directly after a new snowfall on January
2, 1986 (Figure 6), show significantly higher albedos. The
difference relative to Figure 4 ranges from 0.005 near 0.7 um to
as much as 0.04 in the near infrared. In this case, the only
difference in snowpack structure was that the ice grain radius
estimated visually in the upper few millimeters was smaller (20
to 40 um). The corresponding theoretical curve is shown as a
solid line in Figure 6, and the observed grain size profile is
listed in Table 1. The addition of a thin fine-grained layer with
r = 15 pm matched the near infrared quite well and produced
almost no change in the visible. Unfortunately, our photographs
from that day were not in focus. To obtain an independent
estimate for the size of newly fallen snow grains before
undergoing any destructive metamorphism, we use the
measurements by Kikuchi and Hogan [1979] of a-axis and c-axis
lengths in summertime snow crystals (primarily hexagonal
columns) at South Pole Station to compute the size of equivalent
spheres by the method described above. The resulting frequency
distribution of radii can be characterized by its "effective radius"
(surface-area-weighted mean radius [Hansen and Travis, 1974]),

0.6 0.7 0.8
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Figure 6. The spectral albedo for diffuse incident radiation
versus wavelength for a layer of new snow on wind-packed snow
(January 2, 1986) [{ot) = 0.85]. The solid lines are model results
for two-layer models with a 0.25-mm layer of 30-um [(o) =
0.83] and 15-um grains [{(o) = 0.85] as indicated. The bottom
curve here is the same as the top curve in Figure 4. NOAA's
average albedo for this day was (o) = 0.87.

which is 17.5 um. Thus we think that a surface grain radius of
15 pm is not unreasonable in the model.

Clear Sky Albedos

Spectral albedo under clear skies is shown in Figure 7a for
solar zenith angles of 55°, 68° and 72°. Because these
observations were made several weeks apart, the grain-size
profiles were somewhat different. To isolate the effect of zenith
angle alone we also show model calculations for the above
zenith angles in Figure 7b. In general, the albedos are greater
for larger solar zenith angle. The differences are quite small for
high albedos, primarily in the visible, and also for very low
values, in parts of the infrared, and they are largest for
intermediate values, as will be further illustrated in Figure 11
below. The observed increase of albedo with zenith angle is
also predicted by the models. The reason that the albedo is
higher for larger zenith angles is that a photon, on average,

Table 1. Mean Snow Grain Radius Versus Depth Below
Surface at South Pole in 1986 for Snow Whose Albedo is
Shown in Figures 4-6

January 2,
Depth, mm January 23 New Snowfall

0-5 50 um 25 um

5-50 50-150 50-150

50-100 100-150 100-150
100-200 100-250 100-250
200-300 150-200 150-200
300-400 150-250 150-250




Albedo

Albedo

18,676
1 3 O |___ = L - 1 N 1 L 1
1 clear-sky ( (@) r
albedos
0. 84 Observed L
0.6 -
0.4+ =
1 solar. zenith angle
0.24 —72° -
| --e8° S.Pole
--55° (Vostok) !
0.0 " T T T
0.3 0.6 1 2 3
Wavelength (um)
1.0 : e ———! :
0.8+ o
0.6 =
0.4+ -
0.24 -64un 723 -
] "7 8syn = 68 o .
Osun = 95
0.0 " ————— : .
0.3 0.6 1 2 3
Wavelength (um)
Figure 7. (a) Observed spectral albedos for clear sky

illumination versus wavelength for solar zenith angles of 55°
[{oy = 0.80], 68° [{or) = 0.84], and 72° [{cr) = 0.85]. The error
bars have been omitted for clarity. They are the same size as in
Figure 4. (b) Model calculations of spectral albedo for clear sky
illumination versus wavelength for solar zenith angles of 55°
[{o) = 0.83], 68° [(o) = 0.85], and 72° [{o) = 0.85]. The
snowpack parameters are the same as those used for the top
curve in Figure 4, the two-layer model.

undergoes its first scattering event closer to the surface if it
enters the snow at a more nearly grazing angle. If the scattering
event sends it in an upward direction, its chance of escaping the
snowpack without being absorbed is greater than it would be if
it were scattered from deeper in the pack.

In the near infrared the observed albedos (Figure 7a) are
lower than the model albedos (Figure 7b) for all three cases.
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Figure 8. Observations of the ratio of diffuse to total (D/T)
radiation under clear sky conditions. Results of Kuhn [1985] are
included for reference. Station elevations are as follows: South
Pole, 2835 m; Vostok, 3488 m; Siple Station, 1054 m. We
apparently used a smaller shade than did Kuhn, so we measured
a larger fraction of diffuse radiation.

This discrepancy could be due to surface grains being larger on
clear days with greater absorption of sunlight and destructive
metamorphism, or to inaccurate characterizations of the cosine
collector, or it could indicate a fault in the model.

Between 0.6 and 1.0 um, however, where the albedo should
be relatively insensitive to both grain size and zenith angle, the
observed albedo is higher than the model calculation at South
Pole for 68° and 72° but lower than the model calculation at
Vostok for 55°. We cannot explain these discrepancies;
however, we note again here, as elsewhere, that albedo is more
difficult to measure accurately under a clear sky than under
diffuse illumination.

Diffuse Radiation From a Clear Sky

The ratios of diffuse to total incident irradiance (D/T) are
shown in Figure 8. The values from South Pole decrease from
about 0.40 at 0.4 um to less than 0.01 beyond 0.9 um. The
values of D/T are greater at South Pole mainly due to the larger
zenith angles. At both locations, however, the D/T ratios are
about twice what would be expected from pure Rayleigh
scattering by a molecular atmosphere [McCartney, 1976, Figure
4.8]. In both 1986 and 1990 the optical depth of stratospheric
aerosol was only about 0.01 [Dutton and Christy, 1992], so the

Table 2. Empirical Fit of Diffuse to Total Incident Irradiance
on Cloud-Free Days to D/T = B¥AA

Correlation  Solar Zenith
Site A B Coefficient Angle
South Pole -3.26  0.0305 0.995 67-720
Vostok -3.33  0.0165 0.985 55-640
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deviation of D/T from its Rayleigh value is probably due to
small atmospheric ice crystals in an apparently clear sky.

Between 0.4 and 1.0 um the wavelength dependence of D/T
fits well to a power law (Table 2). The exponent of -3.3 differs
slightly from that of Rayleigh scattering (-4) due to multiple
Rayleigh scattering and because some of the scattering was by
particles.

Albedo of a Sloping Surface

An important potential source of error in albedo measurement
under clear skies is the tilt of the surface away from horizontal.
Surface slope can introduce errors in mountainous regions
because of the large slope angles and at high latitudes because
even small slopes cause significant error at large solar zenith
angle.

For a plane surface the dominant effect is that the incident
irradiance with respect to the local zenith is different from the
irradiance incident with respect to the normal of the sloping
surface. For the case of a small surface slope, isotropic reflected
radiance, and an instrument set up with the cosine collector
parallel to the horizon, the apparent albedo, o, (ap), is given by

“)

cos| 0, + O,¢ COSP 0
ak(ap) = ah(tme) [ coses rf ]|:1 _ %ﬂ}’

sun

where 8 is the solar zenith angle, 6 . is the slope of the
surface in radians, and ¢ is the solar azimuth defined as zero
when the solar azimuth is in the uphill direction from the
detector. The second factor in brackets in equation (4) accounts
for the projection of the incident irradiance onto the sloped
surface and is the dominant effect. The third factor accounts for
the slice in the downward hemisphere that would be filled with
snow if the surface were level. This factor is close to unity for
small slope values but gives rise to an azimuthally independent

" Il " | " Il L 1 n |
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o 0. -
©
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Figure 9. The effect of a surface slope of 2° on apparent
spectral albedo. The observations are denoted by the points.
The model curves are derived from smoothed albedo
observations for a level surface, corrected for slope using
equation (4).
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shift which amplifies slightly the asymmetry in the apparent
albedos for the uphill and downhill directions (¢=0° and 180°)
with respect to the flat surface albedo. At an azimuth of 90° the
only effect is due to this slice. For high Sun the slope effect is
modest, but at large zenith angles typical of polar latitudes, it
increases rapidly.

Observations were carried out on a surface with a slope of 2°
at a solar zenith angle of 70°, and the results are indicated by the
individual points in Figure 9. The results from equation (4) are
also included as solid lines. For o, (true) in equation (4) we have
used a smoothed curve passed through the average of all our
measurements of «,(70°) made over level surfaces. In the
visible the apparent albedo reached a maximum value at 0.6 um
of about 1.04 for the Sun in the downhill direction and a
corresponding minimum of 0.87 when the Sun was in the uphill
direction. Equation (4) predicts a total variation of about 20%
giving apparent albedos between 0.89 o, (true) and 1.08 o, (true).
These predictions match the observations (Figure 9) quite well
throughout the visible wavelength region.

Beyond 1.4 um the model did not match the observations. In
this case, the reflected radiance was increasingly influenced by
single scattering and the assumption of nearly isotropic upwel-
ling radiance was probably no longer a good approximation. A
more thorough investigation of this phenomenon, however, is
rather complex and is beyond the scope of the present work.

Effect of Soot Contamination

A comprehensive study of the near-surface soot content in
and around South Pole Station [Warren and Clarke, 1990]
showed that the concentration in our observation area was about
0.3 ng/g, which was close to the background level measured 13
km upwind of the station. The calculations of Warren and
Wiscombe [1980, their Figure 7a and footnote 3] indicated that a
uniform distribution of 15 ng/g of soot is needed to produce a
1% decrease in spectral albedo of fine-grained snow at the most
sensitive wavelength (0.5 pm) if the spatial distribution of soot
is assumed to be randomly located external to the snow grains.
About half as much soot is needed to cause the same reduction
of albedo in the case of soot particles inside the snow grains
[Chylek et al., 1983; Bohren, 1986]. The more realistic case of
soot particles on the surfaces of the grains would have an
intermediate effect on albedo. In general, the soot levels appear
to be a factor of 20 too low to have a measurable effect on the
observations reported here. Contamination can be significant,
however, if the albedo is measured too close to the station, as we
observed on one occasion.

Soot Survey at Vostok

To choose a clean site for albedo measurements at Vostok
Station, we measured the soot content of the snow at the
locations indicated in Figure 10. To determine the impurity
levels in the snow, we used the technique of Warren and Clarke
[1990]. Samples of between 3 and 6 liters of snow were melted
and run through a 0.4-um nuclepore filter under a vacuum
allowing the impurities to be deposited uniformly over the filter.
The snow was melted quickly in a microwave oven and poured
immediately into the filtering apparatus to minimize adherence
of soot to the walls of the glass containers. The nuclepore filter
collected almost all the soot. The most ever obtained on backup
filters during calibration of the method was 5% (A. Clarke,
personal communication, 1986). Absolute soot content was
obtained by assuming a specific absorption of 9.68 m? g™! and
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Figure 10. Diagram of contamination of the snow by soot (carbon) at Vostok Station in nanograms per gram.

Sampling sites are indicated by plus signs.

measuring the transmissivity of the filters [Clarke et al., 1987].
The estimated absolute uncertainty is a factor of 2-3, but relative
values are more accurate. In the field the darkness of the filters
was compared against a standard set provided by Antony Clarke.
It was thus possible to achieve useful results on station in near
real time. For the 1986 experiment at South Pole, both the
filters and the frozen snow samples were brought home to the
United States and processed in the laboratory to calibrate the
field technique.

Contour lines of soot content based on the Vostok filter
samples are shown in Figure 10. All samples used to draw the
contour lines were taken from sastrugi to represent approximate
upper limits to the soot content. The contour lines are only
approximate because of scatter in the data. The pattern,
showing a plume in the downwind direction, is similar to that at
South Pole Station mapped by Warren and Clarke [1990], but
the soot concentrations are a factor of 2-3 higher at Vostok.
This also appears to be true for the soot content in the snow
collected at remote sites 6 km and 10 km upwind of Vostok,
intended to represent unpolluted background snow. Samples
collected 13 km upwind of South Pole Station contained 0.1-0.3
ng/g. Snow from the remote site at Vostok was determined by
visual examination of the filters to contain 0.6 ng/g. The ratio of
soot content at Vostok and South Pole may therefore be similar
to the ratio of snow accumulation rates (2-3 g cm™2yr'! and 8 g
cm™ yr! respectively).

Figure 10 shows that the site used for snow pit studies in
years past is well chosen; it is the cleanest area at that distance

from the station. The site used for measurement of surface
albedo at the Vostok weather station was just upwind of the
buildings, and its soot content was 7 ng/g, 20 times the concen-
tration at the NOAA albedo-monitoring site at the South Pole
Clean Air Facility. Even 7 ng/g, however, can reduce the albedo
only by about 0.005, too small to be detectable.

Comparative Effects of Sun Angle, Grain Size, and Soot

Model calculations shown in some of the earlier figures are
combined and replotted in Figure 11 in the form of albedo
differences as a result of changing one of the controlling
variables, as a function of albedo of a standard snowpack.
Different points on the abscissa correspond to different
wavelengths. Figure 11a shows the increase in albedo as the
solar zenith angle increases from 0° to 80°. There is little
change at wavelengths where the albedo is close to zero
(2.0 pm) or unity (in the visible). The maximum sensitivity
occurs at wavelengths where the albedo is 0.2 to 0.4 (1.0 to
1.5 pm). The same is true for the sensitivity of albedo to grain
size (Figure 11b), where the albedo increases as grain size
decreases.

Quite different behavior, however, arises from the addition of
soot (Figure 11¢). Soot in small quantities is able to reduce the
snow albedo significantly only at wavelengths where the albedo
is high, primarily the visible. In spectral regions where the
albedo is lower due to increased absorption by the ice itself, the
soot contributes less to the total absorption.
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Comparison of Albedos from South Pole and Vostok

To see if there are systematic differences between the albedos
observed at South Pole and Vostok, we compare the results of
cloudy sky observations to eliminate differences due solely to
the variations in solar zenith angles. All the results from each
station were averaged, and the two average spectra are compared
with each other in Figure 12a. The difference between the
albedos shows no significant wavelength trend and has an
average value of 0.0022 with a standard deviation of 0.03. This
is negligibly different from zero at well above the 99%
confidence level and is consistent with the profiles of grain size
and density at the two locations (Tables 3, 4, and 5). We can
therefore recommend the use of albedo measurements near
either South Pole or Vostok to represent the entire East
Antarctic plateau.

Carlson et al. [1992] visited Vostok Station in December
1991, one year later than we did, and found grains of
200-um average radius, which are larger than the results given
in Table 3. They concluded that their grain sizes were
consistent with their inference from Galileo. However, the
Galileo flyby occurred in December 1990 when we were at
Vostok and measured smaller grain sizes. As a result, we feel
that the algorithm for grain-size estimates from Galileo requires
further validation.

Although the radiative transfer analysis shows consistency
with the albedo observations and provides a general framework
for computing spectral albedo, it is also useful to have purely
observational estimates for averaged spectral albedos. For
diffuse illumination conditions, results from different sites and
stations can be compared directly. The averaged spectral
albedos, including scans from 19 different sites, are enclosed by
the envelope in Figure 12b. The width of the envelope is
greatest in the infrared, primarily due to variations in surface
grain size but also to increased noise levels at smaller incident
irradiance. The regional variations among the cases we have
examined appear to be small enough that for cloudy conditions
the averaged values are likely to be a good representation for
clean sites on the Antarctic plateau.

The average values of o, are listed in Table 6 together with
the standard deviations. For clear sky conditions (Figure 7) the
solar zenith angle should be taken into account and a single
averaged 0, curve is not appropriate.

Figure 11. Sensitivity of spectral albedo to solar zenith angle,
snow grain size, and soot content plotted as functions of the
spectral albedo of a reference snowpack. Different points on the
abscissa correspond to different wavelengths (see Figure 4). (a)
Effect of zenith angle. Plotted is the increase in albedo for the
specified solar zenith angle, 8__, relative to the albedo for 0, =
0°. Grain radius is 100 pm. (b) Effect of snow grain size.
Plotted is the increase in albedo for the specified grain radii
relative to the albedo of a coarse-grained snowpack of r = 1000

um; O = 60° (c) Effect of soot content. Plotted is the
decrease in albedo relative to a pure snowpack due to three
different amounts of soot. Snow grain radius is 100 pm and 6
= 60°. The soot is assumed to be randomly distributed and
external to the snow grains. These results would apply for half
the stated soot amounts if the modeling had instead assumed
soot particles inside the ice grains [Chylek et al., 1983].
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Figure 12. (a) Average spectral albedos under diffuse

illumination for South Pole and Vostok. (b) The smoothed
envelope of observed spectral albedo for diffuse illumination for
19 cases observed at South Pole and Vostok Stations. From the
mean values of o, we find (o) = 0.83.

Spectrally Averaged Albedos
The spectrally averaged broadband albedo, {0}, is given by
j oy, F;f dr

ST

where F}Ll is the spectral distribution of the incident solar
irradiance. Because of the uncertainty in absolute calibration of
the spectrophotometer, we have used the results of an
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Table 3. Averaged Snow Grain Radius (r) Versus Depth (z)
Measured Visually in the Field

South Pole, 1985-1986 Vostok, 1990-1991

Z, mm r,um o,um N r,um o,um N
0 73 53 9 71 64 10
5 - - - 83 62 9
10 58 51 5 92 68 6
20 43 51 5 83 74 6
30 - - - 67 35 3
50 94 71 4 185 205 6
100 98 50 5 189 162 6
150 100 - 1 - - -
200 180 82 5 223 186 6
300 150 71 2 296 229 6
400 300 - 1 538 407 2
500 325 233 2 500 - 1
550 250 - 1 - -

600 350 - 1 -- -
650 500 - 1 - -

Sigma (o) is the standard deviation of averages from N different
days rather than the standard deviation in a distribution of grain sizes
for a single sample.

atmospheric radiation model [Wiscombe and Warren, 1980b;
Wiscombe et al., 1984] to determine F}f instead of
measurements. The model spectra are for clear skies at various
solar zenith angles over the Antarctic plateau and for overcast
conditions of various cloud thickness. Some of these spectra
were presented by Brandt and Warren [1993] in their Figure 1.
For the solar spectrum under overcast cloud we used an average
cloud thickness found by Kuhn et al. [1977] at Plateau Station
that caused the apparent transmittance of the entire atmosphere
to be 0.82. Since albedos were not measured for A > 2.5 um, we
used model-calculated albedos for 2.5-5.0 um. Because there is
so little solar energy at these wavelengths, {(0l) is insensitive to
uncertainties in the spectral albedo used here.

Table 4. Profiles of Averaged Snow Grain Radius (r) Versus
Depth (z) at South Pole in 1986 Together With Size Range
and Number of Grains measured (N)

Z, mm T, Um Tmjin > MM Fpax , Um N
0 52 21 96 15
10 122 34 278 31
20 171 53 372 24
50 169 87 319 23
100 192 87 370 16
150 138 98 209 5
200 195 87 326 16
250 196 71 356 24
350 247 188 333 10
450 208 100 467 10
550 189 111 311 19
650 209 128 289 17

Grain sizes were measured by S.Marshall (personal communication,
1988) on our photographs.
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Table 5. Profiles of Averaged Snow Density, {p), Versus Depth, z

South Pole Vostok
z(top),  z(bot), P, z(top),  z(bot), {p),
mm mm Mg m3 c N mm mm Mgm~™ c N
0 50 0.337 0.038 5 0 30 0.311 0.036 4
50 100 0.357 0.029 5 33 54 0.304 0.019 4
100 150 0.365 0.031 4 55 83 0.303 0.019 4
150 200 0.362 0.034 5 90 114 0.315 0.013 4
200 250 0.390 0.044 3 118 139 0.310 0.024 4
250 300 0.388 0.043 4 146 176 0.328 0.013 4
300 350 0.384 0.023 2 183 203 0.327 0.015 3
350 400 0.389 0.018 3 204 226 0.325 0.024 4
400 450 0.383 0.011 2 239 269 0.353 0.031 4
450 500 0.383 0.008 3 268 298 0.363 0.018 3
500 600 0.370 0.014 2 305 335 0.338 0.041 4
600 700 0.380 - 1 350 380 0.420 - 1
700 800 0.370 - 1 400 430 0.300 - 1
800 900 0.410 - 1
900 1000 0.390 - 1

Sigma is the standard deviation and N is the number of sites.

Albedos are computed for the complete solar spectrum 0.3 to
5.0 um. We have also computed values for two broad bands that
divide the spectrum into two nearly equal parts, 0.3 to 0.7 pm
and 0.7 to 5.0 pm. This division at 0.7 um is commonly used in
general circulation models. The results of these calculations are
given in Table 7. The absorption spectrum of clouds is very
similar to that of snow, attenuating more strongly in the infrared
than in the visible, because both media consist of H,O whose
shortwave absorption spectrum is nearly the same for liquid and
solid phases. This causes spectrally averaged snow albedo to
increase with increasing cloud opacity (Figure 5 of Grenfell et
al. [1981], section k of Warren [1982], and Table 3 of Grenfell
and Perovich [1984]).

Also shown in Table 7 are the average albedos obtained by
the atmospheric monitoring station of NOAA's Climate
Monitoring and Diagnostics Laboratory (CMDL) at the Clean
Air Facility at South Pole Station. The average albedos for the
months we were at South Pole in 1985-1986 were computed
from daily average values supplied by E. Dutton (personal
communication, 1994). For comparison we also show the 2-year
averages for five sunlit months published by Dutton et al.
[1989]. Their average of 0.81-0.83 is also in accord with most
other measurements of snow albedo in Antarctica, e.g., those of
Yamanouchi [1983] at Mizuho, Kuhn et al. [1977] at Plateau
Station, and Carroll and Fitch [1981] at South Pole. NOAA's
averages for 1985-1986 are about 3% higher than their 1986-
1988 values. Our values of (o) for individual overcast days in
1986 (January 2 and 23) are 1-2% lower than those measured by
NOAA-CMDL, as indicated in the captions to Figures 4 and 6.
This result, however, is affected by our choice of an average
cloud optical thickness of T = 0.6. Clouds are probably thicker
at South Pole than at Plateau Station. If 7 is increased from 0.6
to 6 (the thickest cloud ever observed by Kuhn et al.), then the
computed (o) increases by about 0.035.

A Comment on the Effect of Sastrugi on Albedo

Wendler and Kelley [1988] measured spectrally averaged
snow albedo in Terre Adélie on the slope of East Antarctica

using pyranometers. They found that the surface albedo
increased with cloud cover and zenith angle consistent with
earlier investigations reviewed by Warren [1982]; however, their
analysis of the effect of sastrugi on albedo in the fourth section
of their paper is not correct. It consists of model calculations
predicting albedo to drop below 0.2 at large solar zenith angles,
in disagreement with all measurements over sastrugi fields, in
particular those of Carroll and Fitch [1981], who reported that
albedo increased monotonically with zenith angle all the way to
6,,, = 90°. The error in Wendler and Kelley's analysis is the
assumption that the albedo of shaded snow is only 0.15, whereas
that of sunlit snow is 0.8. In reality the albedo, which is the
probability that an incident photon interacting with the snow
will reemerge above the surface, should not be significantly
lower in the shadow.

To measure the albedo of a sastrugi field, one can either take
many readings across the field from 1-m height, as Wendler and
Kelley did, or raise the downward-looking radiometer
sufficiently high above the surface (at least several meters) so
that a representative field of view would be obtained which
contains typical sunlit and shadowed area fractions. Their
albedo measurements appear reasonable, lying in the range 0.75-
0.92. We suggest that only their section "sastrugi and albedo" is
based on an incorrect model. Their earlier sections, including
Figures 1 through 5, appear to contain useful and valid data.

Bidirectional Reflectance of Snow

Narrow-field-of-view sensors on satellites monitoring solar
radiation measure the reflected radiance in a particular
direction. For climate studies of the Earth's radiation budget,
the albedo is needed, which is the integral of the upward
radiance over all angles, divided by the downward irradiance.
To infer the albedo from a radiance measurement at only one
angle, it is necessary to know the bidirectional reflectance
distribution function (BRDF). The BRDF is a function of four
angles: solar zenith and azimuth and satellite nadir and azimuth.
For areal or temporal averages on many natural surfaces, only
three angles are needed to describe the function, because only
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Table 6. Averaged Spectral Albedos for Diffuse Illumination,
South Pole and Vostok Data

A, um o c A, um o o

0.310 0.973  0.003 0.858 0.895 0.014
0.320 0974 0.003 0.869 0902 0.028
0.330 0974  0.002 0.889 0.864 0.017
0.340 0974 0.003 0900 0.881 0.028
0.350 0.978 0.003 0940 0.867 0.026
0360 0979  0.004 0.951 0.846 0.017
0.370 0978  0.004 0.967 0.841 0.034
0.380 0977 0.001 0989 0.782 0.031
0400 0982  0.007 0.999 0.760 0.026
0415 0981 0.009 1.029 0.748 0.042
0449 0982 0.010 1.043  0.750 0.025
0477 0983 0.010 1.052 0.764 0.034
0482 0982  0.008 1.078 0.781 0.028
0.500 0.982  0.009 1.099 0.780 0.028
0.512 0981 0.008 1.117  0.773  0.029
0.523 0981 0.007 1.129  0.768 0.036
0.540 0981 0.010 1.133  0.750 0.043
0.553 0978  0.007 1.144  0.750 0.027
0.567 0979 0.010 1.173  0.678 0.039
0.581 0978 0.014 1.200 0.709 0.056
0.592 0978 0.014 1.207  0.594 0.041
0.600 0972 0.010 1.239  0.547 0.048
0.605 0972 0.011 1.289  0.550 0.050
0617 0976 0.014 1.333  0.548 0.054
0.622 0973 0.011 1.364  0.503 0.043
0.630 0972 0.012 1.400 0.508 0.062
0.638 0970 0.0i4 1409 0516 0.028
0.654 0966 0.015 1.500 0.145 0.048
0.668 0.963 0.016 1.600 0.162  0.060
0.681 0959 0.016 1.700 0.245 0.071
0.708 0.956 0.014 1.800 0.323 0.075
0.725 0950 0.013 1.900 0.301 0.081
0.738  0.929  0.019 2.000 0.062 0.029
0.739 0932 0.013 2.150 0.139 0.051
0.768 0926 0.012 2250 0206 0.065
0.774 0925 0.025 2.380 0.133  0.059
0.801 0.909 0.012 2450  0.098 0.055
0.831 0915 0.028 2,500 0.087 0.075
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Early work on the bidirectional reflectance of snow was
reviewed by Warren [1982]. Since then Taylor and Stowe
[1984a] obtained an average BRDF for the snow-atmosphere
system from satellite observations of snow at different angles by
assuming that all the snow examined at a particular zenith angle
had the same albedo. The variation of BRDF with wavelength
was calculated by Li [1982] for a flat snow surface using
radiative-transfer modeling. Recent measurements at selected
wavelengths for flat snow surfaces were reported by Steffen
[1987].

The first observations of the effects of sastrugi on BRDF
were made by Kuhn [1974, 1985] from the roof of the Clean Air
Facility at the South Pole. We found South Pole Station 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 are negligible. In our 1986 pilot study we measured the
BRDF from the top of the 23-m tower in the clean air sector.
From this vantage point, about 180° of azimuth is undisturbed
snow; the other 180° contains buildings and footpaths. To
complete the BRDF pattern for the unmeasurable half of the
hemisphere, we used observations made 12 hours later when the
Sun was in the opposite direction. The results were interpolated
across the region shadowed by the tower.

We attached a fiber-optics probe from our photometer to a
collimating tube mounted on a goniometer. We used only one

Table 7. Spectrally Averaged Albedo for Various Wavelength
Intervals

the difference between the two azimuths is important, not their
individual values. This assumption was made when developing
empirical BRDFs from Nimbus 7 satellite data [Taylor and
Stowe, 1984a] for use in the Earth Radiation Budget Experiment
(ERBE).

In large areas of the polar regions, however, all four angles
may be needed because the sastrugi are oriented parallel to a
prevailing wind direction. The BRDF shows a forward peak
when the solar beam is along the direction of the sastrugi but
sometimes shows an enhanced backward peak when it is
perpendicular. Averaging over all solar azimuths relative to the
sastrugi orientation causes backscattering to be averaged
together with forward scattering. The conclusion of the ERBE
analysis, that snow is the most nearly isotropic of all Earth
surfaces, may therefore be at least partly a result of this
averaging. By altering the effective zenith angle, sastrugi can
reduce the spectrally averaged albedo by an amount that varies
with sastrugi orientation relative to the direction of the Sun and
. which averages only about 1% [Carroll and Fitch, 1981, Table
2]; however, sastrugi can potentially have a much greater effect
on the angular pattern of reflected radiation.

Site/Type 0.3-5.0 0.3-0.7 0.7-5.0
pum pm um
Observed

Cloudy sky, average 0.83 0.98 0.67
Cloudy sky, upper envelope 0.85 0.99 0.71
Cloudy sky, lower envelope 0.80 0.97 0.64
Clear sky 6, = 72° South Pole ~ 0.85 0.99 0.72
Clear sky 6, = 68° South Pole  0.84 0.99 0.70
Clear sky 6, = 55° Vostok 0.80 0.98 0.63
NOAA-CMDL

Dec. 1985* 0.83

Jan. 1986* 0.85

Feb. 1986* 0.87

Oct. 1986-77 0.83

Nov. 1986-7t 0.82

Dec. 1986-7t 0.81

Jan. 1987-8% 0.82

Feb. 1987-8% 0.83

Modeled

Cloudy sky
Single layer, r = 100 pm 0.81 0.98 0.63
Two layer, r =30 & 100 pm 0.83 0.98 0.67
Two layer, r = 15 & 100 pm 0.85 0.98 0.72
Clear sky, two layer, r = 30 and 100 pm

Ogun = 72° 0.85 0.99 0.74

Bgun = 68° 0.85 0.98 0.72

Bgun = 55° 0.83 0.98 0.67

NOAA-CMDL, National Oceanic and Atmospheric Administration
Climate Monitoring and Diagnostics Laboratory.
* South Pole albedos from E.Dutton (personal communication, 1994).
+ Two-year averages at South Pole from Dutton et al. [1989].
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Figure 13. Bidirectional reflectance distribution function at
0.9-um wavelength, normalized to an average value of 1.0 using
equation (1) of Taylor and Stowe [1984b] and averaged over
solar azimuth angle relative to a fixed geographical reference
frame. The inside circle denotes a viewing nadir angle of 22.5°
and the outside circle denotes 82.5°. The solar zenith angle was
about 75°. The measurements were made at 15° intervals in
both azimuth and nadir angle. The direction of the Sun is
indicated by the circle and arrowhead.

wavelength (0.9 um), where Rayleigh scattering from the sky is
negligible (see Figure 8). Measurements were made once an
hour with a 15° field of view at 15° intervals in viewing zenith
and azimuth angles throughout the day. These measurements
were made in early February 1986 on cloudless days.

All the patterns obtained were very similar, giving a forward
scattering pattern similar to Taylor and Stowe's results from the
top of the atmosphere. This is because the sastrugi usually
diminish in prominence during the summer [Gow, 1965] and the
surface was nearly flat in February 1986. We therefore present
only the average of the patterns (Figure 13), scaled to give an
average value of 1.0. The relative values are within 20% of
unity over all but the forward direction, with a maximum of 4.3
in the forward direction. This pattern is remarkably consistent
with the results of Taylor and Stowe [1984a, b] especially since
their values were averaged over visible wavelengths. This result
suggests that the pattern at 0.9 um approximately represents the
average over the solar spectrum.

Since the BRDF varied only slightly as the Sun moved in
azimuth relative to the prevailing wind direction, it may be
adequate for ERBE to use a BRDF that depends only on three
angles rather than four, at least in February when the sastrugi
are diminished. This approximation may, however, lead to
significant inaccuracy in October and November when the
sastrugi are well developed.

Measurements of the effect of sastrugi on BRDF are
continuing. Some additional results with the same instrumenta-
tion were presented by Brandt et al. [1991].
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Conclusions

The present set of observed spectral albedos agrees well with
radiative transfer models even at visible wavelengths, where the
albedo is indeed as high as 0.98. We confirm the predictions of
Bohren and Barkstrom [1974]. Their formula for visible
wavelengths, o, =1 - 6 [k, d]l/z, gives values in the range 0.98-
0.96, where k, is the absorption coefficient for pure ice and d is
the snow grain diameter. Our results also confirm the high
visible albedos measured by Liljequist [1956] but do not agree
with the low measured values of Kuhn and Siogas [1978].

On the basis of observations made under diffuse illumination,
spectral albedo values measured at Vostok Station are
essentially the same as at South Pole. Soot levels on the
Antarctic plateau away from stations are low enough that they do
not affect the spectral albedo of the snow. Thus we conclude
that the vertical profile of near-surface grain size is sufficient to
predict o, using radiative transfer theory. Photographs of
surface snow grains on future Antarctic traverses would be
useful in assessing the variability of albedo across the interior of
the continent.
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