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Use of ice-core analysis to infer temperature and composition
of the paleoatmosphere requires knowledge of how isotopes
and impurities are incorporated into snow and how they may
migrate after deposition. We are studying oxygen isotopes and
sulfate aerosols to further our understanding of ice core data.

Oxygen isotopes. Seasonal cycles in isotopic oxygen-18 are ap-
parent in ice cores in regions with sufficient annual accumula-
tion to resolve them. Such cores usually also provide a detailed
record of chemical changes in the atmosphere over the years.
Airflow patterns frequently change with season, so to interpret
the ice-core data properly, researchers must know when the
chemical species found in the firn were deposited. The isotopic
composition of the snow can, when properly understood, pro-
vide such a seasonal indicator. The seasonal change in isotopic
oxygen-18 may also provide insights into the seasonal climate
changes, so studying the seasonal isotopic oxygen-18 signal is
important.

We will address two issues:
• What controls the isotopic composition of precipitation?
• Is the isotopic composition of snow altered by sublimation

after deposition?
To address the first question we collected individual daily

samples from every event of snowfall, diamond dust, and frost
at South Pole Station, December 1990 through February 1991.
Samples were also collected at Vostok Station by S.C. Warren,
T.C. Grenfell, and J. Kiddon. The corresponding weather re-
ports and radiosonde temperature-and-humidity profiles were
also recorded for the time of our stay. We will, thus, be able to
relate the isotopic oxygen-18 to relevant weather conditions
such as air temperature at different levels, surface air pres-
sure, height of the inversion layer, and wind speed and direc-
tion. The samples have not yet been analyzed for isotopic
oxygen-18.

The possible alteration of the isotopic composition of snow
after deposition is studied by determining the seasonal changes
in isotopic composition of near-surface snow. Vertical temper-
ature gradients in the snow may cause sublimation from the
warmer snow a few centimeters below the surface and depo-
sition of frost at the cold upper surface. The increase in heavier

isotopes in "summer" layers could partly be due to preferential
loss (by sublimation) of the lighter isotopes in previously de-
posited surface snow rather than a change in isotopic compo-
sition of summer snowfall. Therefore, the mean isotopic oxy-
gen-18 of firn may not be the same as that of precipitation.

A sampling location was established 6 kilometers from South
Pole Station on the 130° line, i.e. about 90° from the prevailing
wind, to escape the influence of the station on snow accumu-
lation. Two profiles 1.5 meters apart were sampled in a snow
pit in December. One-centimeter samples were collected in the
top 50 centimeters and 2-centimeter samples were collected
down to 2 meters. Stratigraphy was also recorded. The spatial
variability in the snow will be assessed by comparing the two
profiles of isotopic oxygen-18. This procedure was repeated in
January and February but only down to 1-meter depth. Each
pit was refilled after sampling. Each subsequent pit was dug 10
meters upwind of the previous one, i.e., close enough that the
stratigraphy was similar but far enough that its temperature
profile was not disturbed by the previous pit.

This sampling was also carried out at Vostok Station in De-
cember and January but with the sample spacing half that at
South Pole Station because the accumulation is only 2-3 grams
per square centimeter per year at Vostok Station. In spite of the
low accumulation and substantial surface relief, clear annual
layers were seen both at Vostok and South Pole stations similar
to those described by Mosley-Thompson et al. (1985), for rea-
sons discussed by Cow (1965).

Daily sampling of snowfall, and monthly pit studies, will be
carried out in the austral winter of 1992.

Sulfate aerosol. Measurements of impurities in ice cores are
interpreted as evidence of the history of atmospheric compo-
sition. The ratio of concentration in the snow (grams of impur-
ity per gram of snow) to concentration in the air (grams of
impurity per liter of air) depends on the mechanisms and effi-
ciency of removal processes and may not remain constant from
one climatic period to another. Variations in impurity concen-
tration in ice cores as a function of depth, which are normally
attributed to changes in atmospheric composition or snow ac-
cumulation rate, may also be due in part to changes in the
efficiencies of removal mechanisms.

Sulfate is an important factor related to climate variability
because most cloud droplets form on sulfate nuclei. The num-
ber density of these cloud condensation nuclei in the atmo-
sphere determines the number and size of droplets in water
clouds, which affects the cloud albedo and cloud lifetime.
Therefore, changes in cloud condensation nuclei number can
affect the Earth's radiation budget and possibly other climatic
variables as well, such as precipitation.

Since atmospheric sulfate is in the form of a particle rather
than a gas, its concentration in snow and ice depends not only
on the atmospheric concentration but also on the mechanisms
of deposition. Particles can be deposited either via "wet depo-
sition" (the particle functioning as a condensation nucleus or
ice nucleus, or scavenged by falling snow crystals) or via "dry
deposition" (direct attachment of particles to the ground sur-
face without first being incorporated into falling ice crystals),
as reviewed by Shaw (1979). A snow surface seems to be ideally
suited for dry deposition because it is porous. Air is pumped
in and out of the snow by small-scale turbulence, barometric
pressure changes due to synoptic weather systems, and the
systematic seasonal change in mean surface pressure. Sulfate
particles have radii of 0.01-0.3 micrometer and are expected to
diffuse to ice surfaces within the pore spaces in snow, and
attach there. Therefore, in snow the primary mechanism of dry
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deposition may be wind pumping rather than sedimentation
and Brownian diffusion. This process may be enhanced by
sastrugi, which increase the effective surface area for wind pen-
etration and create pressure differences across sastrugi which
could facilitate the filtering of aerosol particles out of horizontal
airflow (Cunningham and Waddington in preparation).

To investigate wet deposition, we collected samples of snow
from individual snowfall events at South Pole Station in austral
summer 1990-1991. These frozen samples have now arrived in
Seattle, and they will be analyzed for sulfate using ion-ex-
change chromatography. Simultaneous air sampling was also
done by drawing air through filters. The filter assemblies were
hung under a shield (to protect them from blowing snow),
above an insulated plywood box housing the pumps, at the
edge of the clean-air sector. The wind direction was carefully
monitored, and the pumps switched off whenever the wind
could possibly bring polluted air from the station or from an
airplane. These filters have also been returned to Seattle and
await analysis.

Falling snow will contain only the sulfate accumulated by
wet deposition. As snow ages on the ground, it will collect
additional sulfate by dry deposition. To investigate this hypoth -
esis, we sampled vertical profiles of snow in a pit with 1-cen-
timeter resolution. We also sampled sastrugi three-dimen-
sionally to look for differences in sulfate content on windward
versus leeward ends of sastrugi. These samples were taken at
the same site used for oxygen-isotope sampling, 6 kilometers
"southeast" of the South Pole Station. Samples from vertical
profiles and sastrugi were also collected at Vostok Station.

Estimation of the dry-deposition flux of sulfate due to wind-
pumping using the theory of Cunningham and Waddington
requires knowledge of the permeability of the snow, the spec-
trum of pressure fluctuations, the distribution of sastrugi on
the surface, and the survival time for interstitial aerosol parti -
cles before sticking to a snow grain. To estimate the aerosol
particle survival time, 10-centimeter-diameter cylinders were

pushed vertically into the snow to obtain snow columns of
varying depth. Air was then pulled through the cylinders into
a condensation-nucleus counter. The aerosol concentration de-
creased with increasing thickness of the snow columns, with
an e-folding depth of 1.6 centimeters. Together with the snow
porosity and volume of the sample, this gives an e-folding, or
average, residence time of 3 seconds for aerosol particles. The
residence time will depend on the pore geometry. The snow
we studied was granular, of density 0.35-0.4 grams per cubic
centimeter, and had grain radii of 50-100 micrometers, which
is typical for the Antarctic Plateau. A residence time of 3 sec-
onds means that pressure fluctuations on all time scales longer
than about 1 second should be considered in the estimation of
dry deposition.

Year-round sampling is important because aerosol counts are
highest in summer while snow accumulation is greatest in win-
ter. During the full-year project, we plan to collect daily samples
of air and of falling snow (also frost and rime) for sulfate anal-
ysis. We plan to take vertical samples of deposited snow
monthly.

This research was supported by National Science Foundation
grant DPP 88-18570.
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The spectral distribution of the atmospheric emission in the
infrared was measured at Amundsen-Scott South Pole Station
during the period from December 1989 to January 1991. The
data obtained by a Michelson interferometer, located on the
roof of Skylab, include the column densities for water, carbon
dioxide, ozone, fluorocarbon- 11, fluorocarbon-12, and nitric

acid in the wavenumber region ranging from 500 per centimeter
to 1,500 per centimeter. Monitoring these components during
the austral winter gives important information about the
change in concentration during the long absence of sunlight,
contributing to the knowledge of the chemistry that influences
the depletion of the ozone layer.

The measurements are fully automated and require a mini-
mum of attention. A control program on a COMPAQ 286 PC
starts data collection every 17 hours. The valve of a Joule-
Thompson cryostat is opened, and nitrogen cools the detector
to 78 Kelvin. A plane mirror is rotated to four different posi-
tions, two blackbodies of different temperatures, and two sky
elevation angles of 15 and 45 degrees. The data are recorded on
the computer's hard disk or on floppy disks which need to be
exchanged once every 2 weeks.

The two outside blackbodies as well as an inside reference
blackbody are used for calibration. This allows the data ana-
lyzer to obtain the absolute radiance emitted by the atmosphere
and its spectral distribution.
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