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The continuing analysis and interpretation of the data
measured at the South Pole during 1975, 1976, and 1977 has
concentrated on three major tasks: (1) summarizing the
daily and seasonal mean radiation and heat budgets (Car-
roll 1979); (2) evaluating the surface short wave albedo and

its dependence on solar elevation and cloud cover (Carroll
and Fitch 1980); and (3) modeling of the polar planetary
boundary layer response to varying forcing (Carroll and
Fitzjarrald 1979). Following is a brief summary of the re-
sults of these efforts.

Quarterly averaged radiation components are given in
table 1. Note that in summer, the coverage is interrupted
due to operational maintenance, instrument relocation,
and related logistical requirements. The heat budget for
the surface can be written as: NET = MS + ML + FSO
= HSR + Fso, where NET is the net radiation on the surface,
HS and HL are the sensible and latent heat fluxes to the air,
iso is the heat flux into the snow, and HSR is the imbalance
or residual difference between NET and i'so and is an
indirect measure of HS + ML. These components are sum-
marized in table 2 for the same periods. In this table, the

Table 1. Quarterly summaries of radiation components (in watts per square meter)

Days

103/75-170/75
171/75-260/75
261/75-320/75
353/75- 80/76
81/76-170/76

171/76-260/76
261/76-325/76
44/77- 80/77
81/77-170/77

171/77-260/77
261/77-310/77

Global
shortwave
radiation

	

Down	Up

	

.0	 .0

	

.0	 .0

	

173.5
	

150.9

	

296.7
	

253.4

	

.0	 .0

	

.0	 .0

	

177.7	153.8

	

106.8
	

94.4
	.0	 .0

	

.0	 .0

	

123.0	108.2

Total global
radiation

Down	Up

105.3
96.1

268.2
439.1
104.9
91.2

277.9
218.5
112.7
101.5
213.2

Longwave
(total-	 Surface

shortwave)	longwave
Down	Up	Emission

126.1
115.9
143.5
190.2
119.1
114.4
147.9
149.4
125.9
121.0
130.8

	

121.4	105.3	121.4

	

113.4	96.1	113.4

	

285.7
	

94.7
	

134.8

	

446.4	142.4	193.0

	

122.9	104.9	122.9

	

115.4
	

91.2	115.4

	

286.9	100.2	133.0

	

242.4	111.8	148.0

	

125.6
	

112.7
	

125.6

	

118.7	101.5	118.7

	

236.9	90.1	128.7

Days 45-55 missing.

Table 2. Quarterly summaries of heat budget components (in watts per square meter)

Days

103/75-170/75
171/75-260/75
261/75-320/75
353/75- 0/7
81/75-170/76

171/76-260/76
261/76-325/76
44/77-80/77
81/77-170/77

171/77-260/77
261/77-310/77
Uncertainties based on

typical magnitude

S.
	 S*b	 FSOC	 FSOd

	
Net	 HSR'

	- .31	 - .12	-1.99	-2.1	-16.0	-13.9

	

-1.87	- .20	-1.54	-1.7	-17.2	-15.5

	

2.28
	

2.26
	

1.37
	

3.6	-16.1	-19.7

	

.00	- .66	 2.82
	

2.2	- 1.3	- 2.3

	

- .40	- .42	-2.83	-3.3	-18.0	-14.8

	

- .59	- .22	-2.14	-2.4	-24.2	-21.7

	

3.44	 2.28
	

1.25
	

3.5	-11.0	-14.2

	

-4.20	-2.68	- .61	-3.3	-21.4	-18.1

	

-1.81	- .88	-1.42	-2.3	-13.0	-10.7

	

-1.61	-1.41	- .97	-2.4	-17.2	-15.3

	

1.97
	

1.97	- .76
	

1.2	-15.2	-16.4

	

± .02	 ± 0.3	 ± 0.2	 ± 0.3	 ± 0.8	 ± 1.1

S = total heat gain for an 80-centimeter snow column, calculated from the net change in column temperature from first to last
samples in the period.

b s = total heat gain for an 80-centimeter deep snow column, summed from the hour-to-hour changes In snow temperature.
C F50 = conduction of heat downward In the snow at 80 centimeter depth.
d F50 = downward conduction at air/snow Interface.
• Net = net downward radiation flux.

HSR = residual = Net - F50

Days 45-55 missing.
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residual (HsR) represents the flux of sensible and latent heat
to the air. The seasonally averaged observations are con-
sistent with those of previous studies, indicating that
throughout most of the year there is a net radiative loss
from the surface. The loss averages 16 to 20 Watts per
square meter (Wm 2) in winter. In summer, the downward
flux of heat from the air exceeds these losses by 10 to 20
percent, resulting in storage of heat in the snowpack. In
winter HSR is between 85 and 90 percent of the radiative
loss, with the remaining 10 to 15 percent supplied from
deep snow storage.

On daily time scales, the energy balance components are
highly variable, with ranges several times their long-term
means. This variability appears to result from variation in
forcing associated with variations in the large-scale flow,
i.e., changing large-scale pressure gradient, cloudiness, and
variations in the mean temperature of the lower atmos-
phere (height not greater than 1 kilometer).

To examine this short-term variability a model of the
atmosphere-surface boundary layer was developed to simu-
late the south polar region. The model is driven by an
imposd pressure gradient (geostrophic wind) which can
vary with time. A radiation and heat balance at the top
of the snow couples conduction within the surface to the
overlying atmosphere, and the turbulent transfers of mo-
mentum and heat are calculated using a simplified closure
model (Brost and Wyngaard 1978).

Results of the model calculations for winter conditions
show the strong effects of time-varying geostrophic forcing.
There are significant increases in surface fluxes when the
wind speed increases or turns anticyclonically. Corre-
sponding decreases occur when the wind decreases or turns
cyclonically. There is considerable dynamic response to the
model system, showing the overshoot and undershoot typ-
ical of an underdamped system. The amount of overshoot
depends most strongly on the speed of the geostrophic
turning, since the faster speeds (faster than 180° per 24
hours) cause a significant inertial motion.

The surface slope also greatly affects the boundary-layer
motion. The amount of cross-isobar flow and the heat flux
depend on the relative orientation of the geostrophic wind
and the surface slope. Equilibrium profiles of the velocity
in the boundary layer also vary greatly. The amount of
heat-flux change when the wind direction varies depends
on which quadrant the wind has passed through, relative to
the slope orientation. The results of model studies show
that the magnitude of HSR can be strongly affected by the
complex response of a turbulent, stable Ekman layer over a
sloped surface to variations in the magnitude and orien-
tation of the large-scale pressure field From these studies
and the observed behavior of HSR, it appears that in winter
these transient events (which have time scales less than one
day) produce strong downward fluxes, resupplying the
upper snow layers with heat. This in turn minimizes the
mean vertical temperature gradient in the deep snow
column, keeping the mean upward conductive flux small.
In the absence of transients of this type, the snow loses this
heat by radiation and the ratio of HSR to the conduction into
the snow (Fso) decreases with time. It appears that in the

absence of such transients, the long-term average ratio of
HSR to FSO would be much smaller than the values shown
in table 2. Conversely, the high frequency of occurrence of
such events implied by the data suggests that these mech-
anisms play a major role in maintaining the coreless winter
by forcing the upper few tens of centimeters of snow to act
as a short-term heat storage buffer.

The upward and downward fluxes of shortwave radia-
tion obtained during the summer seasons of 1975, 1976, and
1977 were analyzed to determine effective surface albedos
(a,) as functions of cloudiness and solar elevation angle (A)
(see figure). In nonovercast conditions, the albedo decreases
linearly from 0.98 at A 2° to a minimum of 0.83 ± .005
for A> 20°. With full overcast, a linear decrease is also
found from 0.93 at A <2° to 0.84 ± 0.005 for A> 180.
The weak effect of cloud cover on the albedo is attributed
to the thinness of clouds typical of the region.

Shortwave albedo (a.) versus sun elevation (A) for different
amounts of cloud cover. Open circles represent no clouds,
dots represent cloud cover less than or equal to 0.24, tri-
angles represent cloud cover less than 0.8, and X's represent
cloud cover greater than 0.7. Linear expressions for non-
overcast and near overcast are shown.

These albedos are higher than those reported for other
interior plateau stations. I believe that the higher values at
the South Pole can be attributed to the slower rates of
surface snow metamorphosis there due to lower maximum
sun elevations and absence of diurnal radiative flux and
temperature cycles.

The success of this effort is largely the result of the ded-
ication of the winter-over personnel: R. Hamilton, B. Fitch,
B. Jackson, R. Jackson, C. Wahn, and M. Soares. Their con-
tribution is gratefully acknowledged. The modeling work
was begun while I visited the Meteorological Institute, Uni-
versity of Hamburg, Federal Republic of Germany. The
support of this institute and the advice of a number of its
members is also gratefully acknowledged.

Support for this work has been provided by the Agricul -
tural Experiment Station of the University of California and
National Science Foundation grants DV 40893, DPP 76-22260,
and DPP 77-19362.
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Antarctic aerosol research

S. BARNARD, R. HENRY, A. HoGAN, and J. SAMPSON

Atmospheric Sciences Research Center
State University of New York-Albany

Albany, New York 12203

S. Barnard departed for Antarctica in October, arrived at
Pole just after the station opening, and remained there
through the austral summer 1979-80. J. Samson arrived at
Pole in mid-December. They continued a series of aerosol
observations and investigations of basic meteorological
transport processes and began a new series of experiments
to estimate the flux of aerosol particles from the antarctic
atmosphere to the surface snow and firn.

R. Henry arrived at McMurdo Station in early January.
He began a new series of observations of ozone, small ions,
aerosol particles, and water vapor near the surface. This
program will attempt to (1) determine the frequency of
intrusions of stratospheric air to the surface about the pe-
riphery of Antarctica, (2) evaluate the transport of marine
moisture across the Ross Ice Shelf, and (3) establish the
characteristics of small ion concentrations in the extremely
clear air arriving at McMurdo from the ice cap.

A. Hogan joined usccc Northwind in Wellington, New
Zealand, on 19 December 1979 and made aerosol, solar,
and other meteorological observations along a track from
Wellington to Campbell Island to the Ross Sea (figure).
These observations were continued at McMurdo and Vanda
Stations.

The 1979-80 austral summer was unusual in that a per-
sistent flow was established, bringing relatively warm air to
Antarctica through most of the season. Relatively weak (for
the southern ocean) northerly winds followed the North-
wind almost to Antarctica, finally yielding to the polar
easterlies over the Ross Sea. During early January this flow
became strong enough to cause persistent "southerly"
winds (along the international dateline, rather than from
the usual direction along the Greenwich meridian) at the
surface at the South Pole. As such flow may transport ma-
terial from the Ross Sea area to the South Pole, which might

later be found in firn strata, we are now analyzing the
20-year Pole Station record to determine the frequency of
such transport.

Aerosol observations indicate that surface aerosol con-
centrations in the South Pacific are similar to those
measured in the past over the North Pacific and the Ice-
landic low pressure area of the North Atlantic (Hogan
1976). Aerosol concentrations over the Ross Sea were com-
parable to those measured by Meszaros and Vissy (1974)
over the Weddell Sea.

Solar observations show the total atmosphere to be quite
clear and low in aerosol concentration from 40° to 50°S
but quite turbid in the vicinity of the Antarctic Conver-
gence. The air of the polar easterlies over the Ross Sea was
also quite low in total aerosol content, but not nearly as
low as antarctic continental air measured over McMurdo
and Vanda Stations. The Angstrom (1961) turbidity (total
attenuation of sunlight by aerosol particles) measured at
McMurdo and Vanda Stations showed no change from sim-
ilar measurements made near there by Fischer in 1967 and
at Mandheim in 1949 (Liljequist 1956).

This research was supported by National Science Foun-
dation grants DPP 76-23110 and DPP 76-23115 and by
National Oceanic and Atmospheric Administration grant
047 022 44025. The authors offer special thanks to Captain
Garrett and the officers and men of Northwind for their
enthusiastic support, and to the New Zealand Antarctic
Research Program, Gary Lewis, and Brian Leech for their
assistance at Vanda Station.
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