
of dives does not show such a distinct pattern (table) and were
led to ask whether the diel pattern was simply one of diving
frequency or also one involving dive depths. The diel pattern
of standard deviations of dive depths (table) gives some indi-
cation that dive depths are much more variable at night than
during the day. Indeed, graphical representation of the distri-
bution (figure) shows that during daylight, females not only
dive less frequently than at night, but less deeply than at night.
Furthermore, their dive depths are somewhat more consistent
during daylight than during the night.

The consistency and strength of the diel patterns in diving
frequency and depth imply a high likelihood that either the
seals' prey undergoes a corresponding diel pattern in vertical
distribution or that the seals' ability to capture their prey varies
in a way that results in the observed patterns. Croxall et al.
(1985) attributed diel patterns in dive frequency at South Geor-
gia to the former cause. Whether the same is true in the vicinity
of Seal Island has yet to be determined. Evidence is lacking for
a general statement about diel vertical migration by krill; stud-
ies at several locations suggest that vertical migration by krill
is varied and complex (Pavlov 1969; Everson and Ward 1980;
Kalinowski and Witek 1980; Witek et al. 1981; Everson 1984;
Morris, Ward, and Clark 1983, 1984; Godlewsak and Klusek
1987; Ichii 1987; Loeb and Shulenberger 1987). There is, how-
ever, circumstantial evidence for diel changes in the seals' abil-
ity to capture krill; Brinton et al. (1987) and Loeb and Shulen-
berger (1987) suggested that lower catches of krill during
daylight hours may be due to more efficient visual detection of
nets by the krill. Integration of our results with those of AMLR
krill studies conducted concurrently (Macaulay, Antarctic Jour-
nal, this issue; Bengtson, Boveng, and Jansen, Antarctic Journal,
this issue) may reveal which of these hypotheses is most con-
sistent with the patterns in fur seal diving.

We will investigate further the diel pattern of variability in
dive depths (greater variability at night) to determine whether
the variability is due mostly to variation among individual seals
or variation among sampling dates. If the former is true, it
would suggest that individual females employ different diving
strategies or feed in areas where vertical distributions of krill
are different. If the latter is true, it would indicate that the seals
are responding to temporal changes in the vertical distribution
of prey in foraging areas surrounding Seal Island (see Bengtson
et al., Antarctic Journal, this issue).

The authors are grateful to D.A. Croll and J.K. Jansen for
assistance at Seal Island. This research was supported by the
National Oceanic and Atmospheric Administration as part of
its AMLR Program.

References

Bengtson, J.L. 1988. Long-term trends in the foraging patterns of fe-
male antarctic fur seals at South Georgia. In D. Sahrhage (Ed.),
Antarctic ocean and resources variability. Berlin: Springer-Verlag.

Bengtson, J. L., P. Boveng, and J. K. Jansen. 1991. Foraging areas of krill
consuming penguins and fur seals near Seal Island, Antarctica. Ant-
arctic Journal of the U.S., 26(5).

Brinton, E., V. Loeb, M.C. Macaulay, and E. Shulenberger. 1987 Vari-
ability of Euphausia superba populations near Elephant Island and the
South Shetlands: 1981 vs. 1984. Polar Biology, Z 345-362.

Costa, D.P., J.P. Croxall, and C.D. Duck. 1989. Foraging energetics of
Antarctic fur seals in relation to changes in prey availability. Ecology,
70,596-606.

')l Ik loal

Q 40

lo

Distribution of diving activity by time of day and maximum depth
of dive for a sample of lactating antarctic fur seals at Seal Island,
South Shetland Islands. (GMT denotes Greenwich Mean Time. m
denotes meter.)

Croxall, J.P, I. Everson, G.L. Kooyman, C. Ricketts, and R.W. Davis.
1985. Fur seal diving behaviour in relation to vertical distribution of
krill. Journal of Animal Ecology, 54, 1-8.

Everson, I., and P. Ward. 1980. Aspects of Scotia Sea zooplankton.
Biological Journal of the Linnean Society, 14, 93-101.

Everson, I. 1984. Zooplankton. In R.M. Laws (Ed.), Antarctic ecology
(Vol. 2). New York: Academic Press.

Godlewsak, M., and Z. Klusek. 1987 Vertical distribution and diurnal
migrations of krill-Euphausia superba Dana-from hydroacoustical
observations, SIBEX, December 1983/January 1984. Polar Biology, 8,
17-22.

Holt, R.S., R.P. Hewitt, and J.E. Rosenberg. 1991. The U.S. AMLR
program: 1990-1991 field season activities. Antarctic Journal of the U.S.,
26(5).

Ichii, T. 1987 Observation of fishing operations on a krill trawler and
distributional behavior of krill off Wilkes Land during the 1985/86
season. In Selected scientific papers-1987, Scientific Committee for the
Conservation of Antarctic Marine Living Resources. Tasmania, Australia:
CCAMLR.

Kalinowski, J . , and Z. Witek. 1980. Diurnal vertical distribution of krill
aggregations in the Western Atlantic. Polish Polar Research, 1, 127-146.

Loeb, V., and E. Shulenberger. 1987 Vertical distributions and relations
of Euphausiid populations off Elephant Island, March 1984. Polar
Biology, Z 363-373.

Macaulay, M. 1991. AMLR program: Spatial patterns in krill distribution
and biomass near Elephant Island, austral summer 1991. Antarctic
Journal of the U.S., 26(5).

Morris, D.J., I. Everson, C. Ricketts, and P. Ward. 1984. Feeding of krill
around South Georgia. II: Relationships between feeding activity,
environment, and vertical distribution. Marine Ecological Progress Se-
ries, 20, 203-206.

Morris, D.J., P. Ward, and A. Clarke. 1983. Some aspects of feeding in
the Antarctic krill Euphausia superha. Polar Biology, 2, 21-26.

Pavlov, V.Ya. 1969. The feeding of krill and some features of its behavior.
Trudy VNIRO, 66, 207-222. [MAFF translation number NS94.] (In
Russian)

Witek, Z., J . Kalinowski, A. Grelowski, and N. Wolnomiejski. 1981.
Studies of aggregations of krill (Euphausia superha). Meeresforschung,
28,228-243.

216	 ANTARCTIC JOURNAL



AMLR program: Foraging areas
of krill-consuming

penguins and fur seals
near Seal Island, Antarctica

JOHN L. BENGTSON, PETER BOVENG, and JOHN K. JANSEN

National Marine Mammal Laboratory
Alaska Fisheries Science Center

National Marine Fisheries Service
National Oceanic and Atmospheric Adn in is tra tion

Seattle, Washington 98115

Because land-breeding predators such as antarctic fur seals
(Arctocephalus gazella), chinstrap penguins (Pygoscelis antarctica),
and macaroni penguins (Eudyptes chrysolophus) are tied to colo-
nies ashore during their breeding seasons, these species have
relatively fewer options for foraging areas during these periods
compared to flighted birds or ice-breeding seals. Changes in
prey availability or environmental conditions in marine habitats
adjacent to the colonies ashore influence predators' reproduc-
tive success, growth and condition, feeding ecology, and be-
havior. Linking the results of pelagic studies on prey and en-
vironmental features with data obtained from land-based
monitoring of predators (see accompanying fourteen AMLR
articles in this section of Antarctic Journal, this issue) is a vital
step in elucidating the potential effects of natural and human-
caused perturbations on various components of the antarctic
marine ecosystem.

During the 1990-1991 austral summer field season, we un-
dertook studies to identify and describe the ecological charac-
teristics of the foraging areas of antarctic fur seals and penguins
breeding at Seal Island, Elephant Island (60°59.1'S 55°23.1'W).
This research, which was part of the Antarctic Marine Living
Resources (AMLR) program, had three principal objectives:
• To follow antarctic fur seals, chinstrap penguins, and maca-

roni penguins during their feeding trips to sea to pinpoint
important foraging areas,

• To compare predator foraging areas used early and late in
the reproductive season to determine the extent to which
these areas change within a season, and

• To use hydroacoustic and net sampling in these areas to eval-
uate the distribution and abundance of prey species such as
antarctic krill (Euphausia superba).
There were two phases of field work: early January (aboard

the Japanese research vessel Kaiyo Maru) and mid-February
(aboard the Chilean research vessel Alcazar). A comprehensive
survey of biological and physical features in the tracking area
was also conducted by the National Oceanic and Atmospheric
Administration (NOAA) ship Surveyor during the second phase
in February. In preparation for tracking operations, radio trans-
mitters and time-depth recorders were attached to antarctic fur
seals, chinstrap penguins, and macaroni penguins. The time-
depth recorders were programmed to sample the depth in the
water column every 10 seconds, providing a record of the times
and depths of fur seal or penguin feeding dives. Subsequent
analyses will compare the dive profiles of predators (time-depth
recorder data) with the results of acoustic and net sampling of
prey. A radio direction-finding system was installed aboard the
research vessels to allow tracking the movements of the instru-
mented fur seals and penguins at sea. This system worked well,

with a working radio reception range of approximately 5 kilo-
meters from the vessel for penguins to 15 kilometers for fur
seals.

The Kaiyo Maru supported tracking operations from 1-8 Jan-
uary 1991. Tracks to foraging areas were completed for four
chinstrap penguins (six trips), one macaroni penguin, and one
fur seal (table 1). Most penguins were followed for the majority
of an entire feeding trip to sea; however, the one fur seal fol-
lowed was monitored on its outbound journey only until it
appeared to have reached the outer limit of its foraging range
(on the third day of an 8-day foraging trip). During tracking
operations, Japanese scientists conducted acoustic and net sam-
pling to characterize the prey field.

Antarctic fur seals were tracked from 13 to 22 February
aboard the Alcazar. Although the initial plan had included
tracking both penguins and fur seals, unavoidable scheduling
delays required that actual tracking operations be limited to fur
seals alone because penguin chicks had already started to
fledge. A total of eight tracks of female fur seals during offshore
feeding trips was obtained (table 2). During this period, acous-
tic and net sampling of zooplankton was undertaken aboard
the Alcazar and Surveyor.

The results of this study suggest that foraging locations
change within a breeding season as well as between years (see
Bengtson, Boveng, and Hewitt 1990). Of course, the only direct
comparison that can be made within this season is for fur seals.
Although only one fur seal was tracked during January, its
feeding area was quite different from those used by other fe-
males later in the season (or observed in previous years of
tracking)—over four times farther out to sea than the farthest
ranging fur seal in February. Moreover, the chinstrap penguin
records from January indicated that penguins were feeding up
to twice as far offshore as observed in previous seasons.

The locations of foraging areas correspond to the preliminary
analyses of acoustic and net sampling for prey. In January,

Table 1. Results of tracking antarctic fur seals,
macaroni penguins, and chinstrap penguins

to their foraging areas near Seal Island, Antarctica,
from 12 to 20 January 1991

NOTE: Maximum distance away from Seal Island is indicated. Compass
bearing from Seal Island to the last position observed is also noted.

Maximum
Elapsed distance

Identification	Tracking times	time	(in kilo-
number	Start track	End track (in hours) meters) Bearing

Fur seal
900	4 Jan: 2030 7 Jan: 2000	71.5	240	047

Macaroni penguin
350b	3 Jan: 0800 3 Jan: 1842	18.2	15	332

Chinstrap penguin
762C	1 Jan: 1725 2 Jan: 0825	14.0	23	027
660b 2 Jan: 0834 2Jan: 1424	5.8	6	040
820b	3Jan: 0327 3Jan: 1005	6.6	7	345
372b	3 Jan: 2015 4 Jan: 0250	6.6	25	030
762C	4Jan: 0240 4 Jan: 1353	11.2	11	044
660 b	4Jan: 1539 4 Jan: 2030	4.9	18	019

a Partial track of feeding trip (outbound portion only).
b Partial track of feeding trip.

Complete track of feeding trip.
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Table 2. Results of tracking antarctic fur seals
to their foraging areas near Seal Island, Antarctica,

from 14 to 22 February 1991

NOTE: Maximum distance away from Seal Island is indicated. Compass
bearing from Seal Island to the last position observed is also noted.

Maximum

Identification	Tracking times	
Elapsed distance

time	(in kilo-
number	Start track	End track (in hours) meters) Bearing

790a	14 Feb: 1849 15 Feb: 0730	12.7	23	340
849b	15 Feb: 2015 l7 Feb: 0428	32.2	49	036
810a	17 Feb: 2057 l9 Feb: 0725	34.5	41	330
750b	19 Feb: 0002 19 Feb: 0719	7.3	14	011
830b	19 Feb: 0417 19 Feb: 1338	9.3	14	086790a	19 Feb: 2000 20 Feb: 1223	16.4	36	319957 a	20 Feb: 2226 21 Feb: 0850	10.4	18	341
770b	21 Feb: 2052 22 Feb: 0600	9.9	35	030

that patches of krill were present throughout the area; feeding
trips of fur seals during this period were shorter (1-3 days)
than in January. This pattern suggests that predator foraging
areas may change within seasons in direct response to prey
distribution and abundance.

The authors thank all of their colleagues at Seal Island and
aboard the Kaiyo Maru, Alcazar, and Surveyor for sharing their
thoughts and ideas in stimulating discussions. Special thanks
are extended to D. Croll, P. Eberhardt, M. Goebel, T Ichii, H.
Ishii, A. Mujica, and M. Naganobu. We are grateful to the
officers and crews of the three ships for providing excellent
logistic support and for helping to make our field experience
so enjoyable. This research was supported by the National
Oceanic and Atmospheric Administration as part of its AMLR
program.

a Complete track of feeding trip.
b Partial track of feeding trip.
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Seabirds have been identified as potentially important mon-
itors of offshore prey resources (Boersma 1976; Crawford and
Shelton 1978; Anderson and Cress 1984; Cairns 1987; Williams
and Croxall 1990). As part of the Commission for the Conser-
vation of Antarctic Marine Living Resources (CCAMLR) Eco-
system Monitoring Program (CEMP), chinstrap penguins (Py-
goscelis antarctica), macaroni penguins (Eudyptes chrysolophus),
and cape petrels (Daption capensis) have been studied since 1987
at Seal Island, South Shetland Islands (60°59.2'S 55°23.1'W).
The reproductive performance, demography, and behavior of
these species are monitored annually in an effort to understand

the relationships of these predators to prey and other environ-
mental conditions.

The goals of the 1990-1991 field season on Seal Island (4
December 1990 to 11 March 1991) were to
• monitor the breeding success, chick growth, fledgling size,

reproductive chronology, foraging behavior, diet, abun-
dance, survival, and recruitment of chinstrap and macaroni
penguins,

• investigate the diving behavior of chinstrap penguins to as-
sess changes in foraging behavior and effort as the breeding
season progressed,

• assess the reproductive success of cape petrels,
• evaluate the potential effects of electronic instruments on the

behavior of penguins, and
• measure the energetic cost of reproduction as chinstrap pen-

guins incubate, guard, and creche their chicks.
We report here some of the results of reproductive factors

measured for chinstrap penguins during the 1990-1991 breed-
ing season on Seal Island, and compare these results with ob-
servations from previous years.

We estimated chick production by censusing creched chin-
strap chicks present in nine geographically discrete colonies
undisturbed by other activities (table 1), and we assessed the
mean reproductive success of individual nests and nesting
chronology by monitoring the number of incubated eggs or
brooded chicks until the chicks at individually identified nests
in two colonies (of 124 and 113 nests each) had creched (table
2). Hatching peaked on 24 December 1989 and 29 December
1990 and fledging began on 3 February 1990 and 13 February
1991 in the 1989-1990 and 1990-1991 austral summers.
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Table 1. Number of chinstrap penguin chicks
raised to creche in selected colonies

on Seal Island, South Shetland Islands, Antarctica,
from austral summer 1987-1988 through austral summer 1990-1991

Year
Colony	1987-1988	1988-1989	1989-1990	1990-1991

	

21	128	99	87	53

	

24	53	30	 1	5

	

31	316	278	354	221

	

32	79	27	128	50

	

33	177	76	182	74

	

42	133	102	241	146

	

51	64	49	60	28

	

54	126	135	147	86

	

66	211	142	288	203

	

Total	1,287	938	1,488	866

We monitored the growth rates of chinstrap penguin chicks
by weighing a sample of chicks every 5 days from a colony of
approximately 2,000 nests (colony 4). In 1987-1988 and 1988-
1989, samples of 30 randomly selected chicks were weighed. In
1989-1990 and 1990-1991, during the guard stage, samples of
at least 50 chicks (contained in at least 30 nests) were measured.
After creching, a total of 75 chicks was measured each sampling
period. Chinstrap penguin chick weights peaked prior to fledg-
ing (figure, table 2), as reported at other sites (Volkman and
Trivelpiece 1980; Taylor 1985). Following the initiation of chin-
strap penguin fledging, daily samples of fledglings preparing
to depart from the beach were weighed until the completion of
fledging (table 2).

The number of chinstrap penguin chicks raised to creching
on Seal Island in 1990-1991 was lower than in the previous 3

Table 2. Peak chick size and reproductive success
of chinstrap penguins at Seal Island,
South Shetland Islands, Antarctica,

from austral summer 1987-1988 through austral summer 1990-1991
NOTE: Peak weights (in kilograms) indicate maximum age prior to fledg-
ing at colony number 4. Fledging weights were obtained from chicks on
the beach preparing to their departure to sea. Reproductive success was
calculated as the number of chicks raised to creche of the nests that
successfully hatched eggs (chicks/nest). The number of creched chicks
of the nests that successfully raised chicks to creche (chicks per active
nest) at colonies number 4 and 25. Values in parentheses represent
standard deviations and sample sizes.

Evaluation	 Year
parameter 1987-1988 1988-1989	1989-1990	1990-1991

Peak	3.76	3.92	3.40	3.30
weight	(0.38, n=30) (0.40, n=30) (0.60, n=75) (0.42, n=75)
Fledging	3.27	3.25	3.00	2.90
weight	(0.28, n=49) (0.37, n=87) (0.40, n=141) (0.30, n=254)
Chicks per

	

nest	1.62	_a	 1.20	1.35
Chick per
active nest	1.75	1.48	1.45	1.45

a Data unavailable.

0	10	20	30	40	50

Date (Julian)

Growth of chinstrap penguin chicks at colony number 4 on Seal
Island, South Shetland Islands, Antarctica, in 1989-1990 and 1990-
1991. Error bars represent ± 1 standard deviation. (kg denotes kilo-
gram.)

years (table 1). Reduced chick production may have resulted
from a number of possibilities:
• a decline in prey availability prior to breeding (resulting in

fewer birds attempting to breed),
• a decline in prey availability during breeding (resulting in a

higher nest failure rate during the early incubation period
prior to the field team's arrival),

• both of these factors, or
• other factors such as weather or ice conditions.
A comparison of data between 1989-1990 and 1990-1991 pro-
vides some clues about the possible timing of these interannual
differences in environmental conditions. Although fewer chicks
were produced overall in 1990-1991, the reproductive success
of individual nests was similar to that observed in 1989-1990,
indicating that the lower chick production resulted from fewer
birds attempting to breed or more nests being lost between egg
laying and hatching (or both) rather than an increased mortality
of chicks during the chick rearing period. Although chinstrap
penguin chick growth rates were similar in 1990-1991 and 1989-
1990, the timing of chick growth was temporally shifted, due
to the later hatching dates in 1990-1991. This shift provides
further inferential evidence that environmental conditions were
less optimal some time either prior to or during the early stages
of reproduction.

Chinstrap fledgling weights were similar in 1989-1990 and
1990-1991, but lower than in the previous 2 years. Chinstrap
penguins are capable of raising two chicks: because prey avail-
ability varies from one year to the next, energy may be invested
in two chicks of lower body mass at fledging or one chick of
higher body mass at fledging. Bost and Jouventin (1991) have
found that gentoo penguin (Pygosce/is papua) chick survival per
nest during is higher during "good" years, and the mean fledg-
ing weight is lighter. A similar situation may have occurred on
Seal Island. Food availability may have been sufficient during
chick rearing in 1989-1990 and 1990-1991 to permit individual
nests to raise more chicks of lower body mass. Conditions prior
to chick rearing in 1990-1991, however, may have led to a fewer
number of nests surviving to the chick rearing stage, leading
to the overall reduction in chick production in 1990-1991 in
spite of the high chick survival to creching.

We thank Harriet R. Huber, Steven D. Osmek, Michael E.
Goebel, and Peter Boveng for their energetic assistance with
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the field work at Seal Island. We also thank the officers and
crews of the National Oceanic and Atmospheric Administration
(NOAA) Ship Surveyor and the MN Society Explorer for provid-
ing outstanding logistical support. This research was sup-
ported by the (NOAA) as part of its Antarctic Marine Living
Resources (AMLR) Program.
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Profiles of temperature and conductivity were made along a
transect of 13 sampling sites in Lake Bonney (figure 1) during
November 1990 and January 1991. Measurements were made
with a SeaBird SBE25 Sealogger designed for through-ice sam-
pling and fitted with both finestructure and microstructure
temperature and conductivity sensors. An example of a tran-
sect made in January is presented here for raw temperature and

LAKE BONNEY
ANTARCTICA	 1000	0	METRES 3300 4000 5000

Figure 1. Map of Lake Bonney showing sampling locations and
proximity to surrounding glaciers.

conductivity finestructure (figures 2 and 3). The transect re-
veals differences and similarities between the two basins of
Lake Bonney and suggests possible mechanisms for circula-
tions within and between basins.

The transect extends from a point approximately 50 meters
from the face of the Taylor Glacier in the west lobe (site W5),
through the narrows separating the two basins, and finishes

N15 N21
W5 W10 W20 W30 NV (N30 ElO	E20	E30	E40	E50

WEST LOBE
	 EAST LOBE

TEMPERATURES (°C), L. BONNEY, 12-13 JANUARY 1991
Figure 2. Temperature profiles along a west-east transect, Lake Bonney, 12-13 January 1991. All depths are relative to the free water surface.
Each profile is drawn at the sampling site where it was measured. The lake bottom is also shown. (m denotes meters.)
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CONDUCTIVITY (Siemens/metre), L BONNEY, 12-13 JANUARY 1991
Figure 3. In situ conductivity (in siemens/meter), unadjusted for temperature, along the west-east transect. The decrease in conductivity
in the bottom waters of the east lobe is probably a temperature effect, as chemical analyses show no decrease in salt concentration with
depth. (m denotes meters.)

near the eastern end of the east lobe (site E50) (see figure 1).
The temperature and conductivity profiles in figures 2 and 3
are superimposed on a longitudinal profile of the lake bed.
Maximum water depths exceed 40 meters in the west lobe
(W20) and 38 meters in the east lobe (E10). These depths are
greater than those measured by Angino, Armitage, and Tash
in 1964 and Hendy et al. in 1977, none of which exceeded 35
meters.

Temperature profiles show evidence of the large volume of
meltwater inflow that occurred in December 1990. This can be
seen as a 1 °C step of approximately 1-meter depth overlying
all profiles. The transition from the step to the underlying pro-
file becomes smoother from west to east, indicating that the
freshwater inflow under the ice probably occurred within the
top meter of water below the ice, with the main sources being
the Taylor and Rhone Glaciers in the west lobe. A counter-flow
from east to west probably exists at greater depths in the nar-
rows as indicated by the interleaving of warmer (from the east
lobe) and colder (from the west lobe) layers in the profiles from
Nb, N15, N21, and N30.

Exchange between basins below the level of the sill in the
narrows is probably negligible. This is reflected in the conduc-
tivity profiles showing a very sharp salt gradient in the west
lobe. This gradient is not transferred to the east lobe but is cut
off below 12 meters, with a transition step from 12 meters to
16 meters appearing in all east lobe conductivity profiles.

Finally, interleaving and inversions are evident in tempera-
ture and conductivity profiles next to the submerged face of
the Taylor Glacier (W5). These structures are rapidly smoothed
with distance from the glacier (W10, W20) and are typical of
the layering that accompanies thermohaline convection. In this
case, the convection is driven by melting at the face of the
glacier that is submerged in a strong salinity gradient. It is
possible that the melting process at the glacier face drives a
weak convective circulation that extends throughout much of
the west lobe below the level of the sill that separates East and
West Lobes (cf. Ivey and Corcos 1982).

This work was supported in part by National Science Foun-
dation grant DPP 88-20591 to John C. Priscu.
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Photosynthetic organisms living in the antarctic lakes of the
McMurdo dry valleys experience a unique light regime because
of the large variation in incident irradiance and because of the
characteristics of the permanent ice cap. Although numerous
records of incident irradiance exist at the latitude of these lakes
(about 77S), there have been few reports of continuous under-
water irradiance in them. My field team has observed large
differences in opacity of the Lake Bonney ice cap, differences
that might influence water-column photosynthesis, prompting
us to make continuous, concomittant measurements of indicent
and underwater irradiance.

This article presents quantitative data on changes in ice opac-
ity of the ice cap on the east lobe of Lake Bonney during the
1989-1990 austral summer.

Incident irradiance was measured with a LICOR cosine cor-
rected quantum sensor connected to a Campbell data logger
set at a 10-minute logging interval. When the quantum sensor
was not available, incident irradiance was measured with a
LICOR pyranometer sensor. Regression analysis on data col-
lected concurrently with both air sensors (r2 = 0.99; degrees of
freedom = 2351) was used to estimate incident quantum flux
during periods when the latter was not measured directly. Un-
derwater quantum flux was measured with a LICOR spherical
sensor connected to a LICOR LI-1000 data logger (10-minute
logging interval). The underwater sensor was set at 10 meters
beneath the piezometric water level (about 6 meters beneath
the top of the 4.2-meter-thick ice cap). Irradiance immediately
beneath the ice cap was computed using an exponential equa-
tion (i.e., Beer's Law) in conjunction with underwater extinc-
tion coefficients measured at approximately weekly intervals.

Integrated daily incident and underwater irradiance (imme-
diately beneath the ice) between 16 November 1989 and 20
January 1990 are shown in figure 1. Incident irradiance gradu-
ally increased until mid-December and then decreased whereas
underwater irradiance declined sharply during the first week
in December and remained relatively constant to the end of the
study period. A scatter plot of under-ice irradiance versus in-
cident irradiance revealed two trends (figure 2). Early season
data (29 November to 3 December 1989) had a higher slope
(slope= 0. 032; r 2 =0.95) than data logged between 4 December
1989 an 8 January 1990 (slope = 0.017; r' = 0.96). Based on these
slopes, light transmission through the ice decreased from 3.2
percent to 1.7 percent during the first week in December, a
period when casual observations noted a significant increase
in ice fractures near the surface of the ice cap. The attenuation
coefficient of the ice cap increased from about 0.81 per meter
to about 0.98 per meter over the same period.

Embedded within these seasonal trends is a daily trend in
the percentage of light transmission through the ice. Figure 3

shows daily traces of the percentage of transmission through
the Lake Bonney ice cap between 15 November and 24 Decem-
ber 1989. Before the ice cap became more opaque, the daily
variation in the percentage of light transmission varied from
about 3.2 to 6.0 percent. The highest transmission always oc-
curred near local midnight (when direct solar radiation is
shielded by local mountains) and the lowest when the Sun was
at its highest angle to the ice surface. This variation is presum-
ably related to the degree to which incident irradiance is re-
flected from the surface of the ice; direct solar radiation which
impinges directly upon the ice surface near local noon is re-
flected to a relatively greater extent than the more diffuse ra-
diation which occurs near local midnight. This contention is
supported by the fact that light transmission was greatest on
cloudless days. (Compare the variation for the cloudless days
between 18 and 23 December with the previous few days when
there was almost total cloud cover.) The amplitude of daily light
transmission also changed considerably after the ice became
less transparent. The percentage of transmittance at local mid-
night was about 75 percent greater than at local noon before 4
December; this factor dropped to about 38 percent when the
ice became more opaque after 4 December.

The variability in underwater light transmission caused by
the permanent ice cap of Lake Bonney can influence the pho-
tophysiology of phytoplankton existing in the water column.
Because of the lack of turbulence in Lake Bonney (Spigel, Shep-
pard, and Priscu 1990; Spigel et al., Antarctic Journal, this issue),
one might hypothesize that the light regime of a particular
phytoplankton population is regulated completely by changes
in solar angle and local meteorological conditions. This data set
shows that the permanent ice cap on this lake can induce sec-
ond-order variations in the underwater light field that should
also be considered when examining primary production in ice-
covered lakes.

I thank T. Sharp, R. Spigel, M. Lizotte, I. Sheppard, and P.
Neale for assistance with data collection. This work was sup-
ported in part by National Science Foundation grant DPP 88-
20591 to John C. Priscu.
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Figure 1. Variation in daily integrated incident and underwater (im-
mediately below the 4.2-meter ice cap) irradiance (moles quanta
per meter squared per day) in the east lobe of Lake Bonney be-
tween 16 November 1989 and 20 January 1990.
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Figure 3. The percentage of transmission of incident solar radiation through the ice cap on Lake bonney between 15 November 1989 and
24 December 1990. The peaks always occur near local midnight whereas the valleys always occur near local noon. Data were logged at
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Rates of primary production
and growth for

phytoplankton in Lake Bonney

THOMAS R. SHARP and JOHN C. PRIscu

Department of Biological Sciences
Montana State University
Bozeman, Montana 59715

The permanently ice-covered lakes in the McMurdo Dry Val-
leys of southern Victoria Land offer a rare opportunity to study
natural phytoplankton assemblages in a nonturbulent environ-
ment. In a turbulent environment, phytoplankton are subject
fluctuating light, because of vertical displacement in the water
column. Although measurements of primary production deter-
mined by bottle methods at stationary depths may not ade-
quately mimic conditions in a turbulent environment, these
methods should give a more accurate estimate of primary pro-
duction in a nonturbulent environment.

Another factor that makes permanently ice-covered lakes
amenable to primary production and growth studies, is the
virtual absence of planktonic grazers. In most pelagic ecosys-
tems, grazing results in significant loss of phytoplankton bio-
mass. Here, we present a detailed seasonal study of phyto-
plankton primary production and growth in a dry-valley lake.
The lack of mixing and grazing activity allowed us to examine
the seasonal dependence of phytoplankton photosynthesis on
irradiance and to compute phytoplankton growth rates over the
season.

Primary production of phytoplankton from the center of the
east lobe of Lake Bonney was measured by the carbon-14
method at approximately weekly intervals from 30 October to
11 January during the 1990-1991 season. The methods and
depths are similar to those described previously (Priscu et al.
1990) except that samples were incubated for 24 hours. Primary
production measured in a single 24-hour incubation was shown
to be equal to three 8-hour incubations. Excretion of photosyn-
thetically assimilated carbon-14 was measured by acidifying
and drying down the filtrate, from the sample. The amount of
organic carbon-14 was determined via liquid scintillation spec-
troscopy.

Earlier research (Parker et al. 1977) reported that up to 90
percent of the carbon-14 assimilated during their incubation
was excreted as dissolved organic carbon. Because this rate
seems unusually high, we measured dissolved organic carbon
excretion on samples collected from the photosynthetic maxi-
mum (4.5 to 5 meters) during both the 1989 and 1990 austral
summers. We found that, using vacuum filtration (300 milli-
bar), between 16 and 25 percent of the photoassimilated carbon-
14 was excreted. The proportion of carbon-14 excretion was
reduced to about 9 percent when samples were filtered by grav-
ity, presumably because of a reduction in cell breakage with
gravity filtration. This latter rate is within the range normally
reported for antarctic freshwater phytoplankton (Heywood
1984).

Rates of integrated (4.5 to 20 meters) primary production
ranged from 5.6 to 22.6 milligrams of carbon per square meter
per day (figure). Integrated primary production was positively
correlated (r2 = 0.73) with irradiance immediately under the ice.

O 10	30	50	70

Days from 30 October 1990

Seasonal patterns in primary production (milligrams of carbon per
meter squared per day), chlorophyll a (milligrams per meter
squared), and irradiance (moles quanta per meter squared per
day).

Seasonal primary production (30 October 1990 to 11 January
1991) was 1.05 grams of carbon per square meter. Chlorophyll
a concentrations, a measure of phytoplankton biomass, in-
creased over our sampling season (figure). The decline in in-
tegrated (4.5 to 20 meters) chlorophyll which occurred during
December is probably not caused by a loss of biomass but rather
by dilution of the surface population by glacial meltwater. A
growth rate was derived by linear regression of log transformed
values. The growth rate estimated by this method was low,
0.012 per day. This is equivalent to a doubling time of 56 days.

Our results show that the underice community was present
at the start of our sampling season. Either phytoplankton
growth occurred before the start of our field season or some
portion of the phytoplankton populations remains viable
through the winter dark period. In addition, the phytoplankton
may remain photosynthetically active through March when ad-
equate light still exists to drive photosynthesis. Our next field
season (1991-1992) will begin in early September in an attempt
to ascertain the standing stocks and activities of these phyto-
plankton populations at the onset of daylight. This early season
study will give a better estimate of annual primary productivity
in dry valley lakes of the McMurdo Sound region.

We thank Michael Lizotte, Patrick Neale, Robert Spigel, Ian
Forne, and Ian Sheppard for their assistance in the field. This
work was supported by the National Science Foundation grant
DPP 88-20591 to John C. Priscu.
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Natural fluorescence and
photosynthetic quantum yields

in vertically stable
phytoplankton from

perennially ice-covered lakes
(dry valleys)

MICHAEL P. LIZOTTE and JOHN C. PRISCU

Department of Biological Sciences
Montana State University
Bozeinan, Montana 59717

The perennially ice-covered lakes located in the dry valleys
near McMurdo Sound are among the least turbulent aquatic
systems in the world. This is primarily due to ice cover, low
advective stream inflow, and strong vertical gradients in salin-
ity. Phytoplankton occur in highly stratified layers, are typically
dominated by flagellates, and show extreme physiological ac-
climation to their low irradiance environment (Lizotte and
Priscu in press).

Recent advances in photobiology suggest that both chloro-
phyll a concentration and primary production rates can be es-
timated from solar-induced fluorescence of chlorophyll a ("nat-
ural fluorescence") based on relatively simple relationships
(Kiefer, Chamberlin, and Booth 1989; Chamberlin et al. 1990).
This technique has great potential for extending temporal and
spatial resolution for measurements of phytoplankton biomass
and productivity beyond that possible with discrete water sam-
ples and standard methods. In remote aquatic systems, such
as the dry valley lakes, this method has several advantages.
Natural fluorometers could be deployed to collect data year-
round. The sensors are photodiodes, the system has no moving
parts, and the data can be stored electronically.

Our specific objective was to test the natural fluorescence
technique for various stratified phytoplankton populations in
the dry valley lakes. We measured natural fluorescence pro-
files, the phytoplankton variables relevant to models predicting
chlorophyll and production (Kiefer et al. 1989), chlorophyll a
concentrations, and primary production rates in Lake Bonney
(east and west lobes), Lake Hoare and Lake Fryxell. See papers
by Priscu, Neale and Priscu, Spigel et al., and Sharp and Priscu
(Antarctic Journal, this issue) for related studies.

Phytoplankton populations at piezometric depths of 4 to 20
meters were sampled through holes (0.25- to 1-meter diameter)
in the ice cover. Profiles of natural fluorescence (upwelling ir-
radiance at 683 nanometers) and scalar irradiance (400 to 700
nanometers) were measured with a Biospherical Instruments
PNF-300 profiling natural fluorometer. The depth sensor read-
ings were corrected for variations in salinity with depth (from
freshwater to approximately 3 times seawater) by comparison
with a marked line. Predictions of chlorophyll a concentration
and primary production rate based on natural fluorescence
rates were made using the models presented by Kiefer et al.
(1989). Quantum yield of photosynthesis was determined as
described in SooHoo et al. (1987) from measurements of pho-
tosynthetic efficiency, phytoplankton absorption spectra and
spectral irradiance. Photosynthesis-irradiance experiments
(carbon-14 incorporation) were conducted as described in Li-
zotte and Priscu (in press). Chlorophyll a concentration was

quantified by fluorometry of acetone extracts of particulate ma-
terial. The absorption spectra of phytoplankton (400 to 700 na-
nometers) was determined for material concentrated on What-
man CF/C filters (Mitchell and Kiefer 1988) corrected for
residual absorbance after extraction with methanol. Spectral
irradiance (400 to 700 nanometers) was determined with a Bio-
spherical Instruments MER-1000 spectroradiometer. For Lake
Hoare, we used the irradiance spectra reported by Palmisano
and Simmons (1987).

The 3.0 to 4.5 meters of ice cover on these lakes has one
obvious advantage for measurements of natural fluorescence:
red light is strongly attenuated by ice, effectively eliminating
contamination of the upwelling signal by backscattered sun-
light. In open waters, red light contamination can limit the
method to depths greater than 6 meters (Kiefer et al. 1989).
Profiles of natural fluorescence as a function of available irra-
diance closely traced chlorophyll a concentrations but with an
offset of approximately 1 meter (figure 1). This offset is due to
upwelling fluorescence, which can originate from several me-
ters below the sensor (Kiefer et al. 1989). Data for phytoplank-
ton from discrete depths were always compared with the nat-
ural fluorescence signal 1 meter above.

Chlorophyll a concentration can be predicted from natural
fluorescence based on the quantum yield of fluorescence and
the chlorophyll a specific absorption coefficient for the phyto-
plankton. These characteristics were determined for 17 phyto-
plankton samples (table), and average values for the quantum
yield of fluorescence (0.044) and the mean chlorophyll a specific
absorption coefficient (0.015) were used to predict chlorophyll
concentration for a larger set of natural fluorescence measure-
ments. Predicted values were significantly correlated with
measured chlorophyll concentrations (figure 2; n = 122,
r2 =0.772). Thus, natural fluorescence appears to be a applica-
ble technique for estimating chlorophyll a concentrations in
stratified phytoplankton populations of the dry-valley lakes.

Primary production rates can be predicted from natural flu-
orescence rates based on the quantum yield of photosynthesis
and the quantum yield of fluorescence, or a consistent ratio of

Chlorophyll a (mg m3; • )
0	2	4	60	1	2
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Upwelling Light at 683 nm / Irradiance (X1000;

Figure 1. Profiles of natural fluorescence per unit irradiance and
chlorophyll a concentration (milligrams per cubic meter) meas-
ured during December 1990. (m denotes meter. mg m 3 denotes
milligrams per cubic meter. nm denotes nanometer.)
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Chlorophyll a concentration, mean chlorophyll a specific absorption
coefficients, quantum yield of photosynthesis, and quantum yield of

fluorescence for phytoplankton from dry valley lakes

Lake	 Depth
(date, 1990)	(meters)	Chlorophylla a	ah2	QYCC	QYFd

Bonney (east)	4.5	0.91	0.013 0.0031	0.068
(25 November)	6	0.69	0.015 0.0024 0.071

10	0.61	0.017 0.0072 0.046

Bonney (east)	4.5	1.01	0.020 0.0018 0.020
(10 December)	6	0.68	0.016 0.0022 0.042

10	0.78	0.020 0.0041	0.037
17	0.71	0.015 0.036	0.023

Bonney (west)	4	1.21	0.019 0.0015 0.050
(1 December)	6	1.49	0.019 0.0032 0.022

8	1.39	0.019 0.0034	0.019
13	1.37	0.019 0.0068 0.043

Hoare	 5	0.57	0.017 0.0049 0.11
(8 December)	10	3.15	0.010 0.020	0.056

12.5	4.62	0.010 0.043	0.037

Fryxell	 5	3.33	0.017 0.0082 0.047
(7 December)	7	6.10	0.008 0.018	0.048

8.5	6.65	0.009 0.051	0.042

a In milligrams per cubic meter.
Specific absorption coefficients, in square meters per milligram of
chlorophyll.
Moles of carbon fixed per mole of photons absorbed.

d Moles of photons fluoresced per photon absorbed.

both quantum yields. When we used individual quantum yield
estimates for each phytoplankton population (table), the model
of Kiefer et al. (1989) predicted primary production rates similar
to measured values (figure 3A); however, predicted production
could not be reconciled with measured rates if average values
were assumed for the quantum yields (figure 3B), primarily
because of high variability in the quantum yield of photosyn-
thesis. Stratified phytoplankton populations in perennially ice-
covered lakes exhibited widely varying quantum yields for pho-
tosynthesis, a finding that probably reflects a high degree of
acclimation to particular conditions in each stable environment.

In general, the stratified phytoplankton populations in these
perennially ice-covered lakes most resemble the shade-accli-
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Figure 2. Chlorophyll a concentration (milligrams per cubic meter)
predicted from natural fluorescence as a function of measured
values (log scales). The line equals a slope of one.

1.0

measured production
Figure 3. Primary production rates (milligrams carbon per cubic
meter per hour) predicted from natural fluorescence as a function
of measured values (log scales): using quantum yields of photo-
synthesis and of fluorescence determined for each sample (A) and
using the mean values for the quantum yields of photosynthesis
and of fluorescence (B). The lines equal a slope of one.

mated phytoplankton found in many lakes and seas as "deep
chlorophyll maxima" (Lizotte and Priscu in press). Our results
suggest that simple natural fluorescence models, which have
yielded good estimates of chlorophyll concentration and pro-
duction in vertically mixed seas (Kiefer et al. 1989; Chamberlin
et al. 1990), may not be equally applicable to stratified phyto-
plankton populations. For the dry valley lakes, however, which
reportedly have few planktonic grazers, net primary produc-
tion could be estimated from changes in chlorophyll concentra-
tion measured continuously by natural fluorescence.

We thank Patrick Neale, Tom Sharp, Robert Spigel, and Ian
Forne for their assistance in the field. This work was supported
by National Science Foundation grant DPP 88-20591 to John C.
Priscu.
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Variation of the fluorescence
quantum yield in relation to

photosynthesis by phytoplankton
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Phytoplankton populations in Lake Bonney (Taylor Valley)
live below 4.5 meters of perennial ice cover, which reflects or
absorbs all but a small portion of incident light and prevents
wind-induced mixing. Given the low advective streamfiow and
strong vertical density gradients, turbulence is virtually absent,
and the flagellate populations in this lake are highly stratified
along the depth gradients in light, temperature, salt, and in-
organic nutrients.

Study of these photobiologically interesting phytoplankton
populations is hampered by their relative inaccessibility during
much of the year. Our objective was to determine if instruments
measuring solar-induced chlorophyll fluorescence emitted by
phytoplankton ("natural fluorescence") constitute a practical
means of monitoring biomass and production in Lake Bonney
when direct sampling of the lake is difficult. The estimation of
photosynthesis from fluorescence is based on the hypothesis
that the efficiency of light absorption is a primary factor gov-
erning the quantum yield of photosynthesis as well as the quan-
tum yield of fluorescence, so that the latter may be an index of
the former. Although much is known about how photosyn-
thesis of natural populations varies as a function of light inten-

sity (the photosynthesis-irradiance curve), little is known about
how irradiance affects the fluorescence yield in natural popu-
lations. Here, we present preliminary results on the variation
of fluorescence yield of Lake Bonney phytoplankton in vitro and
discuss approaches used to estimate primary productivity from
natural fluorescence. In situ measurements of natural fluores-
cence and other bio-optical parameters are presented in a sep-
arate contribution (see Lizotte and Priscu, Antarctic Journal, this
issue).

A 10-liter sample was taken by lowering a Niskin bottle
through a drill hole in the ice cover. The sample was stored in
the dark at ambient temperature. After at least 30 minutes of
dark-adaptation, a 1-liter aliquot was placed in a clear polycar-
bonate container and the Lu 3 (chlorophyll fluorescence) sensor
of a Biospherical Instruments PNF-300 profiling natural fluo-
rometer was positioned directly over the uncovered top of the
container. The container was then illuminated by a halogen
projector (500-watt) source filtered through two blue-green
(Corning 4-97) filters and one or more nickel screen neutral
density filters. Chlorophyll radiance was corrected for a back-
ground measured on filtered lake water and divided by scalar
irradiance to estimate a relative fluorescence quantum yield.
An example measurement for phytoplankton sampled at a pie-
zometric depth of 4.5 meters on 20 November 1990 is presented
in figure 1. At steady low irradiance (<6 micromoles of photons
per square meter per second), light limiting for photosynthesis
(Lizotte and Priscu 1990), fluorescence yield was constant.
However, at irradiances near or above the threshold of light
saturation of photosynthesis (ikF 15-40 micromoles of photons
per square meter per second, Lizotte and Priscu 1990), fluores-
cence rose to a peak and then rapidly declined to a new steady
state (Fe) after approximately 5 minutes of illumination. Also
shown in figure 1 is the fluorescence transient that occurs when
the herbicide dichlorophenyl-dimethyl urea (DCMU) is added.
There is an immediate fluorescence yield increase from F to a
maximum yield (F,). At increasing irradiance, there is a decline
in both F and F, as well as in the difference F, - F, the steady-
state variable fluorescence.

A decline in fluorescence yield ("quenching") as irradiance
increases has been explained through mechanisms that dissi-
pate absorbed light energy in excess of that needed for steady-
state photosynthesis by releasing heat (Genty, Briantais, and
Baker 1989). As more energy is directed toward heat, propor-
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Figure 1. Time course of relative fluorescence yield for Lake Bon-
ney phytoplankton sampled at 4.5 meters on 20 November 1990.
Measurements were made with four separate 1-liter aliquots ex-
posed to scalar irradiances of 5.5, 18, 67, and 200 micromole pho-
tons per square meter per second. The discontinuity at time equal
to approximately 300 seconds, corresponds to the addition of the
photosynthetic inhibitor dichlorophenyl-dimethyl urea at a final
concentration of 10 micromolar.

tionally less energy is emitted as fluorescence. A unique feature
of Lake Bonney phytoplankton is the low threshold irradiance
for the onset of fluorescence quenching, about 20 times lower
than previously observed for phytoplankton in culture (figure
2). Quenching at very low irradiance suggests extreme shade
"adaptation" in Lake Bonney phytoplankton through mainte-
nance of low photosynthetic capacity. Such scaling of photosyn-
thetic capacity to the low ambient irradiance minimizes the
cellular "cost" of phototrophy.

We are assessing the importance of quenching at low irradi-
ance on the estimation of photosynthesis from natural fluores-
cence by comparing several types of derived photosynthesis-
irradiance functions. Relative photosynthetic response was
estimated from fluorescence emission using the method of

0.1	1	10	100	1000
Irradiance (.imoI photons m 2 s1)

Figure 2. Relative fluorescence yield (Fe) of Lake Bonney phyto-
plankton (4.5 meters) as a function of scalar irradiance (closed
circles), and of Thalassiosira weisflogii grown at 70 micromole pho-
tons per square meter per second (mol photons m- 2 s- 1 ) (open
circles) (Falkowski et al. 1986). Note log scale for irradiance; fluo-
rescence yield is normalized to the maximum in each case.

Kiefer, Chamberlin, and Booth (1989), which assumes a con-
stant ratio of the quantum yields of photosynthesis and fluo-
rescence, as well as a modification of this method (Chamberlin
et al. 1990), which incorporates an irradiance dependent cor-
rection to the ratio. A third method of estimating photosyn-
thesis from fluorescence uses the ratio of variable (F,, - F) to
maximum (F,,) fluorescence (Genty et al. 1989). This fluores-
cence ratio has been shown to be robustly related to photosyn-
thetic electron transport. Finally, all these measures of light
dependent photosynthesis were compared to the photosyn-
thesis-irradiance curve derived from measurements of carbon-
14 assimilation as described by Lizotte and Priscu (1990).

Preliminary results suggest that both the original and mod-
ified method for the estimation of photosynthesis from natural
fluorescence shows significantly slower saturation with increas-
ing light intensity compared to the carbon-14 derived curve
(figure 3). Thus, fluorescence-based estimates of photosyn-
thesis at 'k (46 micromoles of photons per square meter per
second) are about 30-60 percent of "saturated" photosynthesis
at 200 micromoles of photons per square meter per second. On
the other hand, the fluorescence ratio method shows a closer
correspondence to the saturation characteristics of carbon-14
assimilation (figure 3).

Subsequent analysis will attempt to improve the accuracy of
fluorescence-based estimates of photosynthesis using a cus-
tomized quenching correction. We will also consider whether
environmentally specific corrections of photosynthesis esti-
mates can be derived using ancillary measurements of variable
fluorescence. In any case, the analysis to date suggests that a
single correction formula will not be sufficient for both oceanic
surface waters and stratified deep chlorophyll maxima such as
in Lake Bonney.

We thank Michael Lizotte, Thomas Sharp, Robert Spigel, and
Ian Forne for field assistance. This work was supported by
National Science Foundation grant DPP 88-20591 to John C.
Priscu.
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Figure 3. Estimates of relative photosynthesis as a function of
irradiance for Lake Bonney phytoplankton sampled from 4.5 me-
ters using carbon-14 assimilation (solid curve), a constant ratio
between the quantum yields of photosynthesis and fluorescence
(triangles), an irradiance dependent ratio between the quantum
yields of photosynthesis and fluorescence (squares) or the steady
state variable to maximum fluorescence (solid circles). For the
purpose of comparison photosynthesis was normalized to 1 at 200
micromoles per square meter per second (imoI m-2 1).
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Redox-mediated cycling
of iron and manganese

in Lake Fryxell:
Associations with particulate,
colloidal, and dissolved forms
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and S.A. SPAULDING
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Arvada, Colorado 80002

Lake Fryxell, one of a series of closed-basin perennially ice-
covered lakes located in the Taylor Valley of southern Victoria
Land, is the site of continuing studies of the biogeochemistry
of trace metals, organic matter, and nutrients in lake ecosys-
tems. Approximately 7 square kilometers in area and with a
maximum depth of 18.7 meters, Lake Fryxell has a center ice
thickness of 5 meters. It is fed by 10 glacial meltwater streams
that flow intermittently for a period of about 2 months during
the austral summer. These inflows, along with a contribution
from wind-blown particles that reach the water column through
fissures in the ice cover, are the major source of solutes to the
water column. The water column is extremely stable, and the
dominance of diffusion-controlled transport of solutes has been
documented (Lawrence and Hendy 1985; Aiken et al. 1991).

To illustrate the predominant hydrologic and chemical factors
that affect cycling of metals and nutrient elements in the lake,
figure 1A shows concentration-depth profiles for sodium, a
nonreactive element. Sodium increases monotonically from 196
milligrams per liter at the surface layers just beneath the ice to
2,844 milligrams per liter at 18 meters, about 0.5 meters above
the sediment surface. Such a profile shape indicates a source
of sodium from the sediments, a stable water column, and
diffusion-dominated transport as dominant features.

The euphotic zone, extending from just under the ice cover
at 5 meters down to 9.5 meters, has a dissolved oxygen profile
that proceeds from 0.7 millimolar at 5 meters to a maximum of
1.1 millimolar at 75 meters, and decreases to below detection
at 9.5 meters. The hypolimnion, extending from 9.5 to 18 me-
ters, is anoxic, with sulfide concentrations approaching 1.25

millimolar (Howes and Smith 1990). The presence of a well-
defined oxic-anoxic boundary, together with the stable water
column, active phytoplankton and bacterial communities at dif-
ferent levels throughout the water column, and a reducing hy-
polimnion, present distinct conditions that would affect redox-
sensitive, biologically utilized elements such as manganese and
iron. Iron is an essential micronutrient for phytoplankton and
bacteria, and it is associated with the cycling of other nutrients
such as sulfur and phosphorus.

During the austral summer season of 1990-1991, we sampled
lake water column profiles of particulate, colloidal, and dis-
solved metal species by tangential-flow ultrafiltration (Ranville,
Harnish, and McKnight 1991), with particular emphasis on
iron-size fractionation. Considerable evidence has accumulated
to indicate the importance of particulate and colloidal phases
(organic and inorganic) in the cycling and transport of iron
(Hart 1982). In the data that follow, we define particulate (>0.45
micrometer), colloidal (0.45 micrometers to 100,000 daltons),
and dissolved (<100,000 daltons) phases operationally as the
difference between unfiltered, 0.45 micron-filtered, and
100,000 nominal molecular weight-filtered concentrations. For
purposes of simplicity in discussing the profile shapes, we fur-
ther combine particulate and colloidal forms and consider them
in total as "insoluble."

A conceptual model of a generalized transport mechanism
for iron and manganese in lakes has been presented by Davison
(1985) and is illustrated in figure lB. Based upon iron profiles
and likely redox reactions and transformations between partic-
ulate and dissolved phases, this model predicts a two-way cy-
cling of iron (Fe) and manganese (Mn) elements. Assuming a
redox boundary (redoxcline) that is well defined and dictated
by the oxic-anoxic boundary, the model assumes a source of
oxidized insoluble metal in the oxic zone that is transported
downward by gravitational and random transport processes to
the redox-cline, where decreased negative log hydrogen ion
activity (pH) and redox potential (pE) favor reductive dissolu-
tion to reduced soluble forms:

Fe(OH)3(S) + 3H + e = Fe` + 3H20
Mn02(S) + 4H + 2e = Mn2 + 2H20

Upward diffusion of the dissolved iron or manganese into the
oxic zone results in re-oxidation and precipitation as particulate
oxides, and the cycle continues. This two-way transport cycle
produces and maintains a characteristic maximum of insoluble
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OXIDATION AND PRECIPITATION
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metal concentration above the redox boundary that has been
noted in some temperate lakes. An analogous dissolved peak
is present below the particulate peak and slightly above the
redoxcline. The vertical offset of these peaks relative to the
redoxcline is variable, and the persistence of particulate phases
well into the anoxic zone has been noted (Davison 1985). The
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Figure 1. A. Depth-concentration profile of sodium size fractiona-
tion in Lake Fryxell water column, 21 December 1990. (mg/I denotes
milligrams per liter.) B. Conceptual model for redox-driven cycling
of iron and manganese. After Davison (1985). C. Depth-concentra-
tion profile of iron size fractionation in Lake Fryxell water column,
21 December 1990. (I denotes liter.)

paired peaks of particulate and dissolved metal has been ob-
served for several lakes (Spencer and Brewer 1971). Although
this model does not address hydrologic conditions, biological
uptake, and interactions with dissolved organic matter, it
serves as a conceptual framework for interpreting water-col-
umn profiles of these elements.

The manganese profile (figure 2) of Lake Fryxell shows very
low concentrations at the top of the water column, with a max-
imum in dissolved manganese in the vicinity of the redoxcline
(9.5 meters). Dissolved manganese remains enriched well into
the hypolimnion, diminishes progressively to 16 meters, then
remains relatively constant to the 18-meter depth. The peak of
dissolved metal at the oxic-anoxic boundary (9.5 meters) is be-
low a peak of insoluble manganese at 9.25 meters. The man-
ganese profile thus shows the paired peaks feature proposed
by the conceptual model and as noted for other lakes. However,
the maximum particulate concentration is some 10 times less
than the maximum dissolved concentration, suggesting that
manganese reprecipitates in the water column to a limited ex-
tent. At the prevailing low manganese concentrations and am-
bient pH (7.6), manganese oxidation would be limited kineti-
cally compared to iron oxidation and low existing levels of
particulate manganese may reflect this limitation. A striking
dominance of dissolved forms is evident throughout the water
column from 8.5 to 18 meters. Only in the near surface layers
(5-8 meters) where manganese is present in extremely low
concentration do particulate forms appear to dominate. The
lack of particulate manganese in the reducing hypolimnion is
consistent with the fact that insoluble manganese sulfide
phases rarely form. The enrichment of dissolved manganese
that persists in the hypolimnion may be ascribed to the disso-
lution of manganese-containing solid phases and accumulation
over long periods (thousands of years). Potential dissolution
processes include microbial or abiotic reduction of manganese
oxides producing soluble manganese, (Stumm and Morgan
1970), microbial or abiotic reduction of ferric oxide and release
of sorbed manganese (II) in the reducing hypolimnion, or pH-
affected shifts in exchange equilibria that would result in de-
sorption of manganese (II) from manganese oxides and ferric
oxides.

The depth-concentration profile of iron (figure 1C) reveals
some similarities and several marked contrasts to the man-
ganese profile. The lowest total iron concentrations also occur

Figure 2. Depth-concentration profile of manganese size fraction-
ation in Lake Fryxell water column, 21 December 1990. (I denotes
liter.)

1991 REVIEW	 231



in the upper oxic-water column, but the iron concentrations are
5 to 10 times higher than the manganese concentrations. There
is an apparent source of particulate iron at 5 meters; dissolved
iron increases to a maximum of 19.4 micrograms per liter at 7
meters, followed by a peak of total and particulate at 7.5 meters
(the oxygen maximum) that diminishes toward the redoxcline.
Total and particulate iron then diminish to a minimum at 9
meters, somewhat above the oxic-anoxic boundary. The pres-
ence of an active phytoplankton population and the absence of
pertinent geochemical factors suggest biotic control of iron cy-
cling in the photic zone. Although we present no direct evi-
dence for these processes, active uptake of iron by phytoplank-
ton and production of iron specific extracellular compounds
(siderophores) are both conceivable.

The sequence of peaks near the oxic-anoxic boundary are:
dissolved peak, 10 meters; colloidal peak, 9.5 meters; particu-
late peak, 10.5 meters. For iron, then, the oxidation/reductive
dissolution cycle occurs lower in the water column than the
corresponding manganese cycle. This may be explained by the
fact that manganese reduction occurs at higher pH and more
oxidizing redox potentials than does iron reduction. The colloi-
dal and dissolved peaks may correspond to the paired peaks
feature predicted by the model and this feature is more spatially
defined than in the manganese profile. These results suggest
that the ferrous iron (Fe') that diffuses above the oxycline is
oxidized and precipitates as colloidal iron oxides which then
settle through the oxycline and are readily reduced and dis-
solved.

The large particulate peak at 10.5 meters may be predomi-
nantly iron sulfides. Calculations using the chemical equilibria
program WATEQ4F (Ball, Nordstrom, and Zachman 1987) in-
dicate the onset of supersaturation with respect to the sulfide
minerals mackinawite (FeS) and greigite (Fe3S4) at this depth.
As observed by Green et al. (1986) greigite is metastable with
respect to pyrite and thus iron removal is likely the result of
precipitation as some iron monosulfide phase and subsequent
alteration to pyrite in the sediments. The profile shows in ad-
dition that below 10 meters iron removal by sulfide forms is
probably limiting dissolved iron concentrations at these depths.
The detectable dissolved iron may be present as organic com-
plexes resulting from the high dissolved organic carbon present
(25 milligrams of carbon per liter at 18 meters) (Aiken et al.
1991) in the lower water column.

The iron profile presented here suggests a complex dynamic
for iron cycling involving the superposition of biotic transfor-
mations of iron species and forms, abiotic redox mediation,
equilibrium solubility control, and particulate/colloidal/dis-
solved form transformations. The complexity of these cycles

and apparent superposition of chemical, hydrologic, and biotic
processes emphasize that although simple conceptual models
aid in understanding the cycling of redox elements, more rig-
orous treatment is required. Questions of chemical speciation
and kinetics, organic complexation, biological utilization, min-
eral phase relations, and hydrologic transport processes now
being investigated will aid in the understanding of iron and
manganese cycling in Lake Fryxell.

We gratefully acknowledge the excellent support provided by
the National Science Foundation, Antarctic Support Associates,
and VXE-6 in the pursuit of this research. We also wish to thank
Brian Howes for his support and advice in our field effort.
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Nematodes are among the most numerous invertebrates in
desert soils and have an important role in nutrient cycling of
desert ecosystems. We have been studying the ecology and
functional significance of nematodes in the antarctic polar de-
sert. During 1990-1991, we sought to examine the distribution
of nematodes and their relationship to soil microbial and soil
physical and chemical factors in the McMurdo Dry Valleys and
to determine the response of soil nematodes to temperature,
moisture, and carbon augmentation in a 1-year field experi-
ment.

Distribution of netnatodes. The locations selected for study rep-
resented a diversity of soil types and variations in soil moisture.
Sites spanning the lengths of Taylor, Garwood, and Wright
valleys and a site at Cape Royds, Ross Island were sampled
during January 1990. In 1991 the sites that were sampled were
the following:
• Taylor Valley—Lake Hoare, Lake Fryxell (Site of Special Sci-

entific Interest number 12, Canada Glacier) and Linneaeus
Terrace (Site of Special Scientific Interest number 19).

• Wright Valley—Meserve Glacier, Lake Vanda, Lake Bull; Bea-
con Valley, Meirs Valley; and McKelvey Valley.

• Victoria Valley—Lake Vida, Upper Victoria Valley; Bull Pass;
and Cape Bird.

Replication at each site varied from 8 to 30 samples. Soils were
collected using sterile techniques, returned to McMurdo, and
subsampled within 24 hours for nematodes and soil moisture.
A paired soil subsample was returned to the United States for
further chemical and biotic analyses. Nematodes, tardigrades,
and rotifers were extracted by sugar centrifugation and
counted, and nematodes were identified to genus and placed
in functional groups (Freckman 1982). Sugar centrifugation was
selected for nematode extraction based on efficiency tests of
alternative methods (e.g., Baermann funnel and modifications)
at McMurdo.

Contrary to expectations based on previous literature, more
than 65 percent of McMurdo Dry Valley soils contained nema-
todes. The distribution of soil nematodes in the McMurdo Dry
Valleys was more patchy than in other desert soils; however,
where nematodes occurred, the densities in the McMurdo Dry
Valleys (up to 4,000 per kilogram dry soil) were comparable to
nematode densities in other desert soils (Freckman and Man-
kau 1986). Nematodes occurred in greater abundance in dry
soils than did rotifers and tardigrades, which were generally

restricted to moist soils near meltstreams. The diversity (three
genera) and trophic structure of the nematode community in
McMurdo Dry Valley soils is less complex than in other deserts.
In McMurdo Dry Valley soils, nematodes occupy two or three
functional levels, bacterial-feeding (Scottnema lindsayae, Plectus
sp.) and omnivore/predaceous (Eudorylaimus sp.).

High densities of nematodes occurred in soils with a wide
range of soil moisture, salinity, nitrogen, and carbon contents
(table). As in other desert soils, the relationship between ne-
matodes and soil properties appears to be complex. Soil mois-
ture and other soil physical and chemical properties such as
total nitrogen, organic carbon, phosphate, and salinity, ana-
lyzed from Year I, did not significantly correlate with nematode
abundance. This suggests that energy availability and dispersal
may be more important factors regulating nematode abun-
dance.

Field manipulation experiment. We had hypothesized that water
and temperature controls the activity of nematodes in the
McMurdo Dry Valleys, and that the energy supply of the soil
system determines the population density and species com-
position of the nematode community. To examine environmen-
tal and biotic factors limiting nematode numbers, in 1990, we
established a field experiment with six treatments and five rep-
licates at Lake Hoare, Taylor Valley, where we manipulated soil
conditions. The six treatments included the following:
• a control,
• increased water,
• increased water and additional carbon (0.1 molar sucrose),
• increased soil temperature,
• increased water and increased temperature, and
• a combination treatment of increased water, increased tem-

perature, and additional carbon.
Temperature was increased by placing 0.5-square-meter poly-
carbonate plastic "mini-greenhouses" over the soil. There were
no differences in nematode densities and life stages among the
different treatment plots at the initial sampling prior to impos-
ing the treatments.

Selected chemical properties for
McMurdo Dry Valley soils containing nematodes, 1990

	

Mini-	Maxi-	Coefficient
Soil property	Unit	Mean mum	mum	variation

Organic carbon	 0.086 NDa	0.523	87

Total nitrogen	milligrams	0.044 0.006	0.347	109
per gram

Ammonium	milligrams	1.17	ND	9.31	112
(NH4)	per kilogram

Nitrate (NO3 )	milligrams	6.26	0.03	102.0	255
per kilogram

Phosphate	milligrams	1.17	0.01	8.92	118
(PO4 )	per kilogram

pH	 8.47	5.55	9.98	8.1

Electrical	deci Siemens 0.29	0.02	4.11	223
conductivity	per meter

Nematodes	Log (N+1)	2.43	1.03	3.80	31.1
per kilogram
of dry soil

a ND denotes no data.
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In January 1991, we resampled the soil using sterile tech-
niques. Soil temperatures were significantly higher inside the
chambers. Total densities of Scottnema, a bacterial-feeding ne-
matode, were significantly greater on all treatments after 1 year,
whereas the densities of the larger omnivore/predator, Eudory-
laimus, were unchanged. The most significant effect of treat-
ments was noted with the combination treatment of increased
temperature plus carbon plus water where the densities of
Scottnema males increased significantly over the control. This
may indicate that Scottnema, a dominant genus endemic to the
McMurdo Dry Valleys is a sensitive indicator of soil environ-
mental change.

This work was supported by National Science Foundation
grants DPP 88-18049 and DPP 89-14655. The authors acknowl-
edge the contributions of their technical assistant during the
1990 and 1991 seasons, John T Freckman.
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We have been interested in reviving ancient microorganisms
entrapped in glacial ice. These organisms have potential for use
in studies on the mode and tempo of evolution. Our work has
been in two phases: first, to develop techniques for avoiding
recent external contamination and, second, to use these tech-
niques to isolate microbes from ice cores obtained from glaciers
in Greenland.

Protocol for isolating microorganism from ice. There are two major
problems associated with recovering microorganisms from gla-
cial ice. The first is to ensure that recent contaminants intro-
duced during drilling, handling, and transportation are de-
tected and avoided. The second is to find rare organisms
without damaging or killing them with the techniques used to
eliminate the recent contaminants.

Experiments with artificially manufactured ice-core sections
showed that liquid sterilants such as sodium hypochlorite, and
ethanol were either partially effective for exterior sterilization
or resulted in considerable death for microorganisms found in
the interior. We thus abandoned the use of liquids as a means
of eliminating exterior contaminants. The procedure we devel-
oped employs ultraviolet sterilization of the ends of the ice core
followed by aseptic mechanical extraction of an interior core in
a laminar flow hood at -20 °C. This results in an intact hollow
outer (contaminated) piece and a solid interior piece (containing
organisms of interest). Extraction is accomplished by wrapping
the core with black paper and holding the paper in place with
aluminum foil leaving 4-5 millimeters of ice on each end totally
exposed. This wrapped core is placed on a plastic petri dish
and the exposed end pieces are irradiated with 28,620 joules
per square meter of ultraviolet light. The incident beams of
ultraviolet light are perpendicular to long axis of the ice core
section to minimize ultraviolet exposure to the interior ice. The

dosage is in excess of what is necessary to provide a sterile
surface at both ends of the ice. This subsection of ice is placed
into a sterilized vise for the aseptic, mechanical extraction of
an inner core. From one of the sterile ends three to four 4
millimeter holes are drilled aseptically through the ice (parallel
to the long axis) exiting at the other sterile end. A sterile saw
blade is inserted into a hole and an interior piece cut out by
sawing from hole to hole. This inner piece is aseptically re-
moved. This method results in a 30-70 percent recovery (by
volume) of noncontaminated ice from the original core.

Melting is accomplished by moving the pieces into another
laminar flow hood at 25 °C. Meltwater is collected into chemi-
cally clean, sterile 1-liter Erlenmeyer flasks. The unfiltered
meltwater is used as a source for plating and inoculation of 10
different culture media (petri dishes and broth tubes). The re-
maining meltwater is filtered (millipore, 0.45 micrometers) un-
der low vacuum pressure (30-50 millimeters of mercury). The
filter paper is placed on a petri dish containing malt extract
agar (a complete medium for the growth of fungi). All inocu-
lated media, broth tubes and petri dishes with filters are in-
cubated at 8 CC and inspected for growth of microorganisms at
1, 3, and 6 weeks. The petri dishes and tubes are then moved
to a 15 °C growth chamber for 2 weeks, followed by 1 week at
20 °C. Media for the cultivation of algae are incubated under
constant light (full spectrum, 50-watt bulb at 8 °C).

Microbes isolated from glacial ice in Greenland. To date, 12 core
sections from GISP2 (cores B and D), Dye-3 1971 and Dye-3
1979 have been melted. Microorganisms were recovered from
all sections of ice we have studied (tables 1 and 2). Isolates
present on the most recently inoculated plates have not been
identified as yet. Table 1 summarizes the number of unique
species recovered from each subsection. Table 2 lists the species
recovered from each section. Species present in more than one
subsection of the same section are indicated by an asterisk
(table 2). Except for nonsporulating fungi, most of the filamen-
tous fungi have been identified to genus and several to species.
The identification of yeasts, bacteria, algae, and remaining fila-
mentous fungi is in progress.

Discussion. The results show that it is possible to obtain a
variety of microorganisms from the interior of ice cores. It is
also encouraging that some taxa were recovered from more
than one section and depth and thus multiple isolation of the
same taxon of progressively older age is feasible. The isolates
from the interior core and exterior shell basically fall into two
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Table 1. Results of ice core microorganism isolation.
The number of distinct isolates is listed for each subsection.

Inner core	Outer shell

	

Bac-	 Bac-
Core number  Depth (m)b teria Fungi Algae teria Fungi Algae

GB-63-1
	

62.000
	

2	5
	

6
GB-63-2
	

62.155
	

2
	

2
GB-63-3
	

62.225
	

2
GB-63-4
	

62.300
	

1	2
	

2

GD-131-1
	

130.000
	

1	1
	

2
GD-131-2
	

130.102
	

1	5
	

2
GD-131-3
	

130.185

GD-i 35-1
	

134.000
GD-i 35-2
	

134.203

GD-226-1
	

225.000
	

2
	

5
GD-226-2
	

225.205
	

2
	

2

GD-326-1
	

325.000
	

1
	

1
GD-326-2
	

325.160
	

2
	

2

D3/71-49-1
	

158.569
	

1	1
D3/71 -49-2
	

158.729
D3/71-49-3
	

158.794
D3/71-49-4
	

158.879

a Greenland ice core sections used in this study (GB-63-1 = GISP2-13
core, tube number 63, subsection 1; GD = GISP2-D core; D3!71 =
Dye-3 core, 1971).
Depth of core subsection (i.e., depth from glacier surface). Subsection
1 is at the top of core section. Subsection length varies from 0.160 to
0.330 meters.

NOTE: Blank cells = 0.

unique groups of species with little overlap within a subsec-
tion. These results in conjunction with our previous experi-
ments on artificially contaminated cores indicates that the me-
chanical subcore procedure and isolation protocol is effective
in preventing exterior contaminants from invading the inner
core.

The organisms we have isolated are among those isolated by
previous researchers that are tolerant of low temperatures (C/a-
dosporium sphaerospernum, Horak 1960, Sun, Huppert, and
Cameron 1978; Penicillium oariabile, Cooke and Lawrence, 1959;
Micrococcus spp. and Sarcinia spp., Johnson, Madden, and
Swafford 1978; Chrysophyta spp., Lavrenko, 1966), low oxygen
tensions (e.g., Leptothrix lopholea, Staley et al. 1989) and pro-
longed aerial transport (Cladosporium spp., Penicillium spp. and
Phorna hibernica, Sun et al. 1978; Micrococcus sp., Johnson et al.
1978; Crysophyta spp., Brown, Larson, and Bold 1964). Reports
of recovery of viable microorganisms from deep subsurface
environments have usually been restricted to those from mud
cores (Cross and Atwell 1974), deep aquifers and other subsur-
face sediments (BalkwiIl 1989, 1990; Beeman and Suflita 1990).
A number of studies on microorganisms from snow (Ling and
Seppelt 1990) and sea ice (Garrison, Sullivan, and Ackley 1986;
Vargo, Fanning, and Bell 1986; Kottmeier et al. 1987) have been
conducted; however, only a few attempts have been made to
recover viable microorganisms from deep glacial ice (Abyzov,
Bobin, and Kudriashov 1986). Our isolates from Greenland ice
cores are similar to those reported from deep ice cores in Ant-
arctica by Abyzov et al. (1986) and, thus, the prospect for ob-
taining the same taxon for evolutionary comparisons is prom-
ising.

This research was supported by National Science Foundation
grant DPP 90-01520.

Table 2A. Identifications of microorganisms isolated from Greenland ice core sections
(dry drilled)

NOTE: Bacteria are underlined. Filamentous fungi are given in italics. Yeasts are given in bold and algae are in plain text. The yeasts and algae are not
fully identified. An asterisk indicates that this species was isolated more than once from that section.

Inner core

Cladosporium sp.
sphaerospermum
Geotrichum sp.
Phoma sp. 1*
Exophiala sp. 1
white yeast sp. 1 *
Rhodotorula sp. 2
Rhodotorula sp. 3

Sarciniasp. 1*
Sarcinia sp. 2
Micrococcus sp. 1

Penicillium sp.1 *

Rhodotorula sp. 1*
white yeast sp. 1
white yeast sp. 3
Sarciniasp. 1*

Identification
Outer shell

Acremonium sp. 1
Auerobasidium pullalans*
Basipetospora sp. 1
Cladosporium herbarum

Penicillium sp. 1
Phoma sp. 1
dematiaceous, sterile sp 1*
dematiaceous, sterile sp 2

Rhodotorula sp. 1 *
mycelial yeast

Alternaria sp.
Cladosporium herbarum
Exophiala sp. 1

white yeast sp. 2
Chloromonas polyptera
Sarcinia sp. 1

Sampling depth
Core number'
	

(in meters)

GISP2-B-63
	

62.300

GISP2-D- 131
	

130.185

a Number for identifying core in sequence.
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Table 2B. Identifications of microorganisms isolated from Greenland ice core sections
(wet or thermal drilled)

NOTE: Bacteria are underlined. Filamentous fungi are given in italics. Yeasts are given in bold and algae are in plain text. The yeasts and algae are not
fully identified. An asterisk indicates that this species was isolated more than once from that section.

Sampling depth
Core number 	 (in meters)

GISP2-D-135	 134.203

GISP2-D-226	 225.205

GISP2-D-326	 325.160

Dye 371491	 158.879

a Number for identifying core in sequence.
b Thermal drilled core.

Identification
Inner core	 Outer shell

Sarciniasp. 1*	 Phomasp. 1
Rhodotorula sp. 1
Chrysophyta sp. 1 (cyst)

Aspergillus sp. 2	 Acremonium sp. 1
Penicillium sp. 1	 Basipetospora sp. 1
Penicillium sp. 3	 Cladosporium herbarum

Penicillium sp. 1
Rhodotorula sp. 3*	 Penicillium so. 4

Phoma sp. 2
Chrysophyta sp. 1 (cyst)

Rhodotorula sp. 1
Rhodotorula sp. 3
Chrysophyta sp. 2 (cyst)

Aspergil/us sp. 2	 Exophiala sp. 3
Exophiala sp. 1 *	 Penicillium sp. 1
Penicillium variabile	 Penicillium sp. 2
Sarcinia sp. 1*	 Phoma sp. 1
Phoma sp. 2
Chrysophyta sp. 3 (cyst)
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Medical studies___________________________

Indoor temperature variations
in McMurdo, Antarctica

MICHELE M. D'ALESANDRO, ANTONIA LOPEZ,
H. LESTER REED, and ROBERT HARFORD

Naval Medical Research Institute
Thermal Stress Adaptation Program

Bethesda, Maryland 20889-5055

Not only are there conflicting reports regarding the effects of
experimental, seasonal, or occupational cold exposure on mea-
surements of human serum triiodothyronine (T 1) (Reed et al.
1990b; Solter et al. 1989); the role of cold in changing human
thyroid hormone kinetics is still poorly understood. Thyroid
hormones help regulate metabolic rate, cardiovascular func-
tion, and mood. These hormones rapidly adjust to cold expo-
sure (Reed et al. in preparation). Depending on the situation,
serum T, has been reported to increase (Nagata et al. 1976;
Smals, Ross, Kloppenborg 1977), decrease (Reed et al. 1990b;
Solter et al. 1989), or not change (Reed et al. 1990a). Well-
clothed factory workers chronically exposed to temperatures of
—40 to 0 °C have decreased serum total triiodothyronine (TT1)
and elevated free triiodothyronine (FT,) (Solter et al. 1989); men
living in Antarctica for 5 months have decreased serum TT, and
FT1 levels (Reed et al. 1990a; Reed et al. 1990b). These differ-
ences in serum values illustrate the difficulties of comparing
different geographical populations with varying types and du-
rations of cold exposure. Antarctic winter-over personnel also
experience several mild to moderate psychophysiological dis-
turbances, including impaired cognition, insomnia, anxiety,
depression, and reduced motivation. These conditions have
been described by Strange and Klein (1974) as "winter-over
syndrome," which is now known to peak in mid-winter (Gun-
derson and Palinkas 1988).

We performed a longitudinal study of meteorological and
indoor temperature fluctuations, with emphasis on tempera-
ture gradients, experienced from head to foot during the 1989-
1990 season. Our objective was to define more accurately the
actual living conditions and extent of cold exposure experi-
enced by winter-over personnel in McMurdo. The McMurdo,
Antarctica, research station consists of approximately 100 struc-
tures that accommodate as many as 1,200 people during the
austral summer (October to January) and a small contingent of
military and civilian personnel during winter-over operations
(February to October). The winter-over personnel stay year-
round.

Temperatures were taken in California in August 1989
(34°03'N 118°14'W) and after 20 to 24 weeks and 40 to 44 weeks
of residence at McMurdo Station (77°51'S 166°37'E). Meteoro-
logical temperatures were provided by Naval Support Force
Antarctica. Mean daily temperatures ranged from a high of
—2.93±0.46°C in January 1990 to a nadir of —28.06±1.38°C
in August 1990 (figure, block A). The average time spent out-

doors was also recorded for nine military winter-over volun-
teers and, as expected, the nadir of 18.94± 6.16 hours per
month corresponded with the lowest average monthly mete-
orological temperatures (figure, block B).

Indoor temperatures were measured with a 150-centimeter
temperature monitor with thermistors placed 2 centimeters
from the floor and sequentially every 30 centimeters from the
floor. Average indoor head-to-foot temperatures fell by 6.49
percent during predeployment in California, 12.55 percent in
January 1990 in McMurdo, and 35.01 percent in August 1990 in
McMurdo. The temperature, from head to foot, decreased at a
rate of 0.85 ±0.21 °C per meter (August 1989, California),
1.58± 0.21 °C per meter (January 1990, McMurdo), and
3.73±0.15°C per meter (August 1990, McMurdo) (table 1). Tem-
peratures were monitored in several areas, including berthing
(Building 206, Building 155), working (Dispensary, Eklund Bi-
ological Center), and recreation (Gymnasium, Building 155 pas-
sageway) areas (table 2). Changes in the temperature gradient
from head to foot were much greater during the January 1990
period than during the August 1990 period.

This temperature gradient experienced by antarctic residents
may induce a subtle heat loss through the lower extremities.
Physiological changes in response to this type and duration of
subtle cold stimulus requires further study.

We would like to thank Naval Support Force Antarctica, the
McMurdo winter-over detachment members who volunteered
their time, and the National Science Foundation for its support.
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A. Meteorological climate (°C) at McMurdo, Antarctica during 1989-
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January 1990

25.06 ± 0.21
21.72 ± 0.19

21.45 ± 0.13
17.83 ± 0.10

23.63 ±0.09
20.52 ± 0.12

19.63 ±0.17
16.48±0.23

22.41 ± 0.32
19.87 ± 0.31

23.21 ± 0.07
22.41 ±0.14

20.67± 0.15
18.01 ± 0.33

22.70 ± 0.40
22.42 ± 0.30

18.09 ± 0.47
13.79 ±0.75

August 1990

24.63 ± 0.13
17.10± 0.26

NDC
ND

19.50 ± 0.29
13.36 ± 0.26

13.67 ± 0.53
9.52± 1.57

ND 
ND 

12.95 ± 0.65
5.15±0.35

16.33 ± 1.38
11.16± 2.83

23.46 ± 0.50
15.55± 0.84

ND 
ND 

H
F

H
F

H
L

H
F

H
F

H
F

H
F

H
F

H
F

Table 1. Average head and foot temperatures
(in degrees Celsius plus or minus standard error)

experienced by winter-over personnel in McMurdo, Antarctica,
as measured during the 1989-1990 season

Table 2. Representative head (H) and foot (F) indoor
temperatures (°C) experienced by winter-over personnel while
in facilities at McMurdo, Antarctica during 1989-1990 season

Head	Foot	Rate of change
temperature	temperature	(in °C per meter)

California 1989

Port Hueneme	H	24.32±0.23
F	22.74±0.22

California 	24.32±0.23	22.74±0.22
(August 1989)

McMurdo	21.98±0.74	19.22±0.97
(January 1990)

McMurdo	18.42±2.01	11.97±1.77
(August 1990)

a Temperature measured during predeployment.

The opinions and assertions expressed in this article are
those of the authors and are not to be construed as official or
as reflecting the views of the Department of the Navy, Depart-
ment of Defense, or the National Science Foundation. This
work was supported in part by the Naval Medical Research and
Development Command work unit number 63706N
M0095.004.1008 and National Science Foundation grant DPP 88-
17037.
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The polar T3 syndrome:
Meaning for midlatitude residents

H. LESTER REED, MICHELE M. D'ALESANDRO,
and ROBERT HARFORD

Naval Medical Research Institute
Thermal Stress Adaptation Program

Bethesda, Maryland 20889-5055

Although populations in polar communities are expanding,
very little information is available regarding human responses
to the environmental extremes found in these conditions. Res-
idents in McMurdo, Antarctica, have more than doubled their
production of the thyroid hormone triiodothyronine (T 1) and
have increased in equally large amounts their tissue uptake of
the hormone or total volume of distribution (TVd). These
changes were evident after 5 months and remain for the 10
months of their stay more than double the residents' basal val-
ues obtained in California before deploying to Antarctica (Reed
et al. 1990). Thyroid hormone action mediates metabolic rate,
cardiovascular function, lipid metabolism, and mood. The
source, mechanism, and physiologic importance of these in-
creases in T 1 tissue uptake are unknown.

To grasp the global significance of the antarctic findings and
understand their mechanisms more fully, our group has stud-
ied and reported on two populations of subjects undergoing
significant seasonal exposure, but not living in Antarctica (Ko-
walski et al. 1991, Reed et al. 1991). Furthermore, to clarify the
time course and molecular mechanisms of the polar T 3 syn-
drome, we have studied subjects both before their deployment
to McMurdo, Antarctica, and monthly thereafter for 40 weeks
while they were in McMurdo during 1989-1990. The nuclear T1
binding sites on circulating white blood cells were character-
ized during these studies.

We used the nearly complete and very consistent gastroin-
testinal (HasselstrOm et al. 1985) absorption of T, to test the
serum clearance of a pharmacologic oral (o) dose of 76.8 na-
nomoles (50 micrograms) of T, (Cytomel). This method of meas-
uring T, kinetics by analyzing 23 serial samples of immunoas-
sayable T, up to 24 hours after the dose may overestimate the
contribution of the early phase of the disappearance curve.
Thus, it is not directly comparable to the tracer studies but
offers an analysis of T, kinetics in locations where isotope stud-
ies are difficult, as in isolated polar regions.

We have reported the use of this test in two separate groups
analyzed in a paired fashion. These groups include seven sub-
jects studied for 18 consecutive months while living in Wash-
ington, D.C., and nine men studied before and after 8 weeks
of military operations in the Arctic. Recent studies of in vitro
binding assays of white blood cell nuclear T, receptors carried
out in McMurdo from 1989 to 1990, combined with these in vivo
kinetic tests, helped characterize the time course and mecha-
nism of the polar T, syndrome.

In the group of antarctic residents (1989-1990) (two women,
seven men), monthly pharmacologic kinetic studies were done
and the data compared to the subjects' predeployment study
in California. Additionally, the mononuclear T, receptor (NT,R)
was isolated and its kinetic parameters defined from 23 subjects
during the study to clarify the particular type of tissue receptor
involved in this process.

Annual patterns of T, tissue uptake exist in the Washington,
D.C., area (38°54'N 77°01'W). The serum T, removal rate (meta-
bolic clearance rate (MCR,,)) changes by 28 percent and the
tissue uptake (distribution volume (TVd,,)) changes by 30 per-
cent from the annual mean (Reed et al. 1991). Arctic operations
for 2 months are associated with an increased MCR,, of 31 per-
cent and TVd,, of 35 percent over basal conditions (Kowalski et
al. 1991). Monthly studies of antarctic residents (1989-1990)
showed the changes in TVd,, compared with predeployment
values to be uncertain in the first 2 to 3 months of residence.
By 4 months, however, the TVd,, had increased to 18 percent of
basal value and remained elevated for the next 5 months until
the end of the winter-over period. Significant trends in thyro-
tropin elevation occurred over the 10 months and seemed re-
lated to a subtle decline in thyroxine.

The subjects presented in this collection of studies vary
widely in nutritional balance, age, sex, and location of study.
The unifying feature is that T, TVd,, is significantly increased
by seasonal flux and by sojourns to the Arctic and Antarctic.
Although the magnitude is markedly less than previously re-
ported for the polar T, syndrome (Reed et al. 1990), it possibly
reflects differences between measuring immunoassayable T,
content compared with the isotope tracer studies previously
reported.

The TVd,, most likely represents rapidly exchanging T, pools
and may underestimate changes in muscle and fat tissue that
compose more slowly exchanging T, compartments (Nicoloff
1986). The physiological mechanism for these changes would
involve increases in T, receptor number or affinity. These re-
ceptors may either be within the nucleus and act as direct reg-
ulators of protein synthesis or be extranuclear and act as storage
reservoirs. The nuclear components of these receptors in hu-
man mononuclear leukocytes were measured in the 1989-1990
austral summer and are presently being analyzed.

The polar T, syndrome is not restricted to Antarctica and
similar changes in thyroid economy are present in both midla-
titude seasonal flux and arctic field operations. The time course
of T, kinetic changes is on the order of months while in polar
residence, but it is likely that some changes occur within
weeks. The physiologic and psychological importance of ex-
panding the T, pool, perhaps at the expense of thyroxine,
needs further study at both geographic poles.

We would like to thank Naval Support Force Antarctica, the
McMurdo winter-over detachment members who were sub-
jects, and the National Science Foundation for their support.
We would also like to thank all co-authors of past publications
including Eugene D. Silverman, K.M. Mohamed Shakir, David
Brice, Robert Dons, Kenneth D. Burman, John T. O'Brian, Jorge
A. Ferreiro, and Louis D. Homer.

The opinions and assertions expressed herein are those of
the authors and are not to be construed as official or reflecting
the views of the Department of the Navy, Department of the
Army, Department of Defense, or the National Science Foun-
dation. This work was supported in part by the Naval Medical
Research and Development Command work unit number
63706N M0095.004.1008 and by National Science Foundation
grants DPP 85-19514 and DPP 88-17037.
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Stress, coping, and depression
in U.S. Antarctic Program personnel

LAWRENCE A. PALINKAS and DEIDRE BROWNER

Department of Community and Family Medicine
University of California, San Diego

La Jolla, California 92093-0807

Since the late 1950's, all volunteers for winter-over duty at
U.S. research stations in the Antarctic have been routinely
screened by teams of U.S. Navy psychiatrists and psycholo-
gists. Psychiatric suitability of these candidates has been deter-
mined on the basis of motivation, history of past job perfor-
mance, present ego strength and adequacy of defense
mechanisms, and adequacy of interpersonal relationships (Nar-
dini et al. 1962). Overall, the screening program has been suc-
cessful in screening out individuals who might be totally inef-
fective under the stress of antarctic isolation, or who might
require hospitalization for a psychiatric disorder. The program
has been less successful, however, in identifying or screening
in individuals who are best qualified for such an assignment.
Clinical evaluations have not been powerful predictors of ant-
arctic adjustment, which has traditionally been evaluated in
terms of work performance, social compatibility, and emotional
composure (Gunderson 1974).

The objective of this study was to determine whether certain
personality characteristics and coping resources and responses
known to be associated with the severity of depressive symp-
tomatology prior to deployment to Antarctica may also be used
to predict for depression after one or more seasons on the ice.
Subjects for this study were 235 men and women who were
members of the U.S. Antarctic Program in 1988 and 1989. All
military and civilian applicants for winter-over duty who were
given psychological screenings between June and October 1988
and evaluated as medically and psychologically qualified for
winter-over duty (N = 152) were invited to participate. Also
invited to participate were 150 male and female summer sup-
port personnel who arrived at McMurdo Station within the first
week of the austral summer (October 1988). Of the 302 individ -
uals initially contacted, 778 percent agreed to participate. Of
the 210 respondents who provided complete data in wave I, 130
(61.9 percent) completed the follow-up survey. An additional 25
subjects provided complete data in the follow-up survey but
not in the initial survey.

Physical and mental health status were evaluated on the basis
of responses to the "Health and Daily Living Form" (HDL)

(Moos et al. 1983). This form included information on physical
symptoms experienced in the previous year; a global measure
of depression derived from "Research Diagnostic Criteria"
(RDC) (Spitzer, Endicott, and Robins 1978), a measure of alco-
hol consumption based on quantity and frequency (Armor, Pol-
ich, and Stambul 1978); and a measure of medication usage.
The HDL form also included questions relating to the experi-
ence of stressful life events during the past year.

Information on personality characteristics and coping styles
obtained from the HDL questionnaire included measures of self
confidence; methods of coping (active cognitive coping, active-
behavioral coping, avoidance coping); and focuses of coping
(logical analysis, problem solving, information seeking, affec-
tive regulation, emotional discharge). Perception of control was
assessed by means of the "I-E Locus of Control Scale" (Rotter
1966). Measures of the availability of and satisfaction with social
support were derived from the short form of the "Social Sup-
port Questionnaire" (Sarason et al. 1983). A measure of occu-
pational stress was based on a modified version of a job-char-
acteristics scale developed by Karasek (1979).

The association between baseline measures of personality,
stress, and coping resources on the one hand and responses
and depressive symptomatology on the other, both at baseline
and at year 1 was assessed by means of Pearson product-mo-
ment correlations. Appropriate square root transformations
were made on certain variables to satisfy assumptions of nor-
mal distributions. Depression at baseline (the time of the initial
interview) was significantly associated with the use of all three
methods of coping (active-behavioral, active-cognitive, and
avoidance); information seeking, affective regulation, and emo-
tional discharge as a focus of coping; low satisfaction with social
support; number of ounces of alcohol consumed per day in the
past month; number of medications consumed; an external lo-
cus of control; low self-esteem; high job-related stress; and
stressful life events (table 1). Depression at year 1 was signifi-
cantly associated with baseline measures of active-cognitive
and avoidance coping; affective regulation, information seek-
ing, and emotional discharge; an external locus of control; num-
ber of medications consumed; baseline depressive symptoms;
and stressful life events.

The relative contribution of each of these baseline mea-
sures—combined with social characteristics of age, sex, edu-
cation, military/civilian status, and income—to the prediction
of depression at year 1 was assessed in a stepwise multiple
regression model. The results are presented in table 2. The use
of emotional discharge was the strongest independent predictor
of depression at year 1, followed by depression at baseline,
number of medications consumed, winter-over duty, low use
of active-cognitive coping, and stressful life events. The entire
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Table 1. Zero-order correlations between baseline and year 1
depressive symptoms and baseline measures of personality
characteristics, social support and coping, stress, and health

status, U.S. Antarctic Program personnel

Depressive symptoms
Measure	 Baseline	 Year 1

Personality characteristics
Self-esteem	 - 0.24**	 -0.10
Locus of control
	 0.40**	 0.31**

Social support
Number of supports	 -0.16	 <0.01
Satisfaction with support	 _0.34**	 -0.18

Method of coping
Active-cognitive	 0.23*	 0.18*
Active-behavioral
	 0.19*	 0.16

Avoidance	 0.42**	 0.38**

Focus of coping
Logical analysis	 0.13

	
0.15

Information seeking	 0.25**	 0.24*
Problem solving	 0.05	 -0.02
Affective regulation	 0.21*	 0.20*
Emotional discharge	 0.33**	 0.39**

Stress
Total life events	 0.31**	 0.18*
Job-related stress	 0.23*	 0.17

Health status
Depression	 1.00

	 0.55**
Number of medications	 0.30**	 0.27**
Alcohol consumption	 0.23*	 0.03

p <0.05
<0.01 (two-sided)

Table 2. Regression of depressive symptoms at year 1
on baseline characteristics of U.S. Antarctic Program personnel

Depressive symptom score
Characteristic	 B	SE-B	Beta

Emotional discharge coping	0.3708 0.0997	0.5847***
Baseline depressive symptoms	0.0324 0.0122	0.4431*
Number of medications consumed -0.1444 0.0630 _0.3828*
Winter-over statusa	 -0.3575 0.1336	_0.3509**
Active-cognitive coping	 -0.0247 0.0118	_0.3011*
Stressful life events	 0.1539	0.0955	0.2087
Sex'
	

0.1461	0.1501	0.1232
Constant"	 1.5015 0.2980

R
	

0.66
R2
	

0.44
Adjusted R2
	

0.34
F
	

445***

p <0.05
<0.01
< 0.001

a Winter-over status was coded as 1; summer-support status was coded
as 2.

b Males were coded as 1; females as 2.
The constant refers to the slope and does not have a beta coefficient.

model accounted for 44 percent of the variance in depressive
symptoms at year 1.

In all personnel, an external locus of control, increased
stressful life events, and use of avoidance and active-cognitive
methods of coping and information seeking, affective regula-
tion, and emotional discharge as a focus of coping predicted
for depression at the end of the year. A number of studies have
found a strong inverse association between avoidance coping
and psychological adjustment to stressful experiences (Billings
and Moos 1981; Cronkite and Moos 1984; Pearlin and Schooler
1978; Smith, Patterson, and Grant 1990), and between emo-
tional discharge as a focus of coping and measures of health
status (Billings and Moos 1984; Holahan and Moos 1985). Ad-
ditional research is recommended to determine if these char-
acteristics are equally predictive of depressive symptoms in
winter-over and summer support personnel.

This work was supported by National Science Foundation
grants DPP 87-16461 and DPP 90-96178 and by the Naval Med-
ical Research and Development Command, Bethesda, Mary-
land.

References

Armor, D.J., J.M. Pouch, and H.B. Stambul. 1978. Alcoholism and treat-
pnent. New York: John Wiley and Sons.

Billings, AG., and R.H. Moos. 1981. The role of coping responses in
attenuating the impact of stressful life events. Journal of Behavioral
Medicine, 4, 157-189.

Cronkite, R.C., and R.H. Moos. 1984. The role of predisposing and
moderating factors in the stress-illness relationship. Journal of Health
and Social Be/iavior, 25, 372-393.

Gunderson, E.K.E. 1974. Psychological studies in Antarctica. In E.K.E.
Gunderson (Ed.), Human adaptability to Antarctic conditions. (Antarctic
Research Series, Vol. 22.) Washington, D.C.: American Geophysical
Union.

Holahan, C.J., and R.H. Moos. 1985. Life stress and health: Personality,
coping, and family support in stress resistence. Journal of Personality
and Social Psychology, 49(3), 739-747

Karasek, R.A. 1979. Job demands, job decision latitude, and mental
strain: Implications for job redesign. Administrative Science Quarterly,
24, 285-314.

Moos, RH., R.C. Cronkite, A.G. Billings, and J.W. Finney. 1983. The
health and daily living manual. Palo Alto: Social Ecology Laboratory,
Department of Psychiatry and Behavioral Sciences, Stanford Univer-
sity and Veterans Administration Medical Center.

Nardini, J.E., R.S. Hermann, and J.E. Rasmussen. 1962. Navy psychi-
atric assessment program in the Antarctic. American Journal of Psy-
clliatry, 119, 97-105.

Pearlin, LI., and C. Schooler. 1978. The structure of coping. Journal of
Health and Social Behavior, 19, 2-21.

Rotter, J.B. 1966. Generalized expectancies for internal versus external
control of reinforcement. Psychological Monographs: General and Ap-
plied, 800, Whole No. 609).

Sarason, IC., H.M. Levine, R.B. Basham, and B.R. Sarason. 1983.
Assessing social support: The social support questionnaire. Journal
of Personality and Social Psychology, 44, 127-139.

Smith, L.W., T.L. Patterson, and I. Grant. 1990. Avoidant coping pre-
dicts psychological disturbance in the elderly. Journal of Nervous and
Mental Disease, 178, 525-530.

Spitzer, R.L., J . Endicott, and E. Robins. 1978. Research diagnostic
criteria: Rationale and reliability. Archives of General Psychiatry, 35,
773-782.

1991 REVIEW	 241



Climate and lower atmosphere studies_______

Ozone depletion and
denitrification in the antarctic

stratosphere in austral spring 1990

TERRY DESHLER

Department of Physic and Astronomy
University of Wyoming

Laramie, Wyoming 82071

As part of the international effort to understand the causes
and rates of the springtime ozone depletion that occurs over
Antarctica, the University of Wyoming has been measuring
vertical profiles of ozone, temperature, and polar stratospheric
cloud particles in late winter and early spring at McMurdo
Station since 1986 using balloons. These measurements provide
a solid observational base to characterize the vertical and tem-
poral characteristics of the process of ozone destruction, and
to define the particle size distribution and formation tempera-
tures of polar stratospheric clouds, which are an important
ingredient in preparing the stratosphere for ozone destruction
as sunlight returns in late winter (Solomon 1990).

In 1990, the balloonborne measurement campaign began on
25 August and continued until 3 November 1990. During this
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Figure 1. Profiles of ozone(03)partial pressure at McMurdo Station,
Antarctica. The initial sounding, 25 August 1990, is compared with
the one at maximum depletion, 9 October 1990. (km denotes kilo-
meter. mPa denotes mitlipascals.)

period, 40 ozone and temperature profiles extending to ap-
proximately 32 kilometers were measured. Instruments were
also included on six flights to measure polar stratospheric
clouds, two flights to measure condensation nuclei, and two
flights, to measure water vapor.

The ozone measurements indicated again the severity of
ozone depletion over Antarctica (Deshler and Hofmann 1991).
At maximum depletion on 9 October approximately half the
total column of ozone had been destroyed. In figure 1 the initial
ozone sounding of the season is compared with the sounding
taken at maximum depletion. The large change in the ozone
profiles shown in figure us similar to 1987 and 1989, but the
almost complete destruction of ozone between the altitudes of
15 and 16.5 kilometers is new.

The temporal and vertical character of ozone depletion in
1990 was similar to the two previous worst years on record,
1987 (Hofmann et al. 1989) and 1989 (Deshler et al. 1990), mark-
ing the first time that severe ozone depletion was observed 2
years in a row. Figure 2 compares October average ozone and
temperature soundings for the years 1986 through 1990. Al-
though 1987, 1989, and 1990 were similar in the amount of ozone
destroyed, the altitude of maximum depletion decreased from
16.5 to 15 kilometers. In each of these years, the altitude of

03 MIXING RATIO (ppmv)
10 2	101	 1	 10

40

35

30
E-

' 25
U]
0
ID 20
H-
F-
-J
< 15

5

0
—85 —75 —65 —55 —45 —35 —25 —15 —5

TEMPERATURE (C)
Figure 2. October average temperature (in degrees Celsius) and
ozone(03)soundings from 1986 to 1990, compared with an average
of the five initial soundings for these years. Temperature profiles
are the left family of curves with scale at the bottom. Ozone mixing
ratio profiles, in parts per million by volume (ppmv), are the right
family of curves with scale at the top. (km denotes kilometer.)
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maximum depletion corresponds directly with the altitude of
the minimum temperature. Although similar temperature pro-
files were observed in 1989 and 1986, ozone depletion was
nearly twice as great in 1989 compared with 1986. The coldest
October was 1987, although 1990 had similar temperatures;
however, the October average ozone-mixing ratio reached its
lowest value in 1990, thus replacing 1987 as the worst year of
the record.

In 1990, we also had the opportunity to collaborate with
Italian scientists who made lidar measurements from 30 August
to 11 October at McMurdo. Lidar can measure the presence and
altitude of polar stratospheric clouds that are thought to be
composed of a nitric acid trihydrate. By comparing lidar mea-
surements of the existence of polar stratospheric clouds with
our temperature measurements, which are in turn compared
with laboratory predictions of condensation temperatures for

nitric acid trihydrate (Hanson and Mauersberger 1988), we were
able to establish threshold values for the amount of nitric acid
present in the stratosphere in 1990. An example of this com-
parison is shown in the right-hand panel of figure 3. From a
comparison of 21 soundings, polar stratospheric cloud layers
were observed by lidar only when temperatures were below
condensation temperatures for air containing 2 parts per mil-
lion by volume water and 1 part per billion by volume nitric
acid (Gobbi et al. 1991). Since water vapor measured at Mc-
Murdo on two occasions in 1990 was found to be near 2 parts
per million by volume (Hofmann, Oltmans, and Deshler 1991),
this comparison indicates that the 1990 antarctic stratosphere
was highly denitrified when measurements began on 30 Au-
gust.

In the left-hand panel of figure 3 are measurements from a
particle counter flight within 13 hours of the lidar sounding.

SCATTERING RATIO

10 10 - i	21Q 1 1	10 10210
CONCENTRATION (cm -3)

180	190 200 210 220
TEMPERATURE K

Figure 3. Aerosol concentration per cubic centimeter (cm 3), in eight size ranges (left-hand panel), and temperature in degrees Kelvin and
lidar profiles (right-hand panel) on 6 September 1990, at McMurdo Station, Antarctica. The aerosol concentrations are for particles ^- 0.01
micrometer (gm) (condensation nuclei) to ^! 5.0 micrometer radius. The dashed lines at 0.15, 0.25, and 0.5 micrometer are smoothed curves
for the antarctic background sulfate aerosol at those sizes, determined on 21 September. The smooth temperature curves are calculated
condensation temperatures for water, ice, and nitric acid trihydrate (NAT) (Hanson and Mauersberger 1988). The solid (dashed) lines are
for 3 (2) parts per million by volume (ppmv) water and for this amount of water with 1 and 5 parts per billion by volume nitric acid (HNO3).
The lidar scattering ratio measured 13 hours after the aerosol sounding is on the right of the right-hand panel, with scale at the top.
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Clearly the polar stratospheric cloud layer at 15 kilometers is
measured by both the lidar and particle counter. Comparisons
of the lidar scattering ratio with the scattering ratio calculated
from particle-counter measurements has provided information
on the shape and composition of polar stratospheric cloud par-
ticles (Deshler et al. 1991).

J. Hereford, S. Gabriel, and K. Hofmann were at McMurdo
from 22 August to 3 November, and T. Deshler from 22 August
to 5 October. This work was supported by the National Science
Foundation grant DPP 87-15913. The lidar measurements were
funded by the Italian Antarctic Program under the FAADR
grant. A. Adriani, G. Gobbi, S. Ugazio, and M. Viterbini were
at McMurdo from 21 August to 14 October 1990.
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A study of polar
stratospheric clouds

at the South Pole

J.M. ROSEN and N.T. KJOME
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University of Wyoming
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S.J. OLTMANS
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This paper describes research performed during austral win-
ter 1990 taking balloonborne measurements of polar strato-
spheric clouds and frost point in the nighttime stratosphere
over Amundsen-Scott South Pole Station. Scientists believe that
polar stratospheric clouds help establish conditions for ozone
destruction by removing nitric acid from the vapor phase and
by providing a surface on which chlorine compounds can be
activated. Since polar stratospheric clouds form only at rela-
tively low temperatures, the South Pole clearly is one of the
most auspicious sites to study these clouds: the lowest strato-
spheric temperatures, as well as significant ozone depletion,
occur there.

A newly developed balloonborne instrument, a backscatter-
sonde, was used to obtain the polar stratospheric cloud profiles.
This instrument, described by Rosen and Kjome (1991a), has
been used to study polar stratospheric clouds in the north polar

vortex (Rosen, Oltmans, and Evans 1989) as well as to monitor
stratospheric aerosols at midlatitude. The data product gener-
ated by the backscattersonde is similar to that produced by lidar
systems. A balloonborne frost-point sensor with a successful
record in the Arctic and Antarctic also was used in this project
(Rosen et al. 1988; Rosen, Oltmans, and Evans 1989; Rosen,
Kjome, and Oltmans 1990).

The 1990 effort resulted in fewer soundings than initially
anticipated, but in general, the program was successful. Major
findings were published by Rosen and Kjome (1991b).

Preliminary results obtained with the frost-point sensor
showed that the entire troposphere and stratosphere inside the
vortex become saturated as the atmosphere gradually cools.
From combined frost-point and backscattersonde results, we
can deduce that continued cooling in winter causes not only
extensive polar stratospheric cloud formation but also signifi-
cant dehydration and denitrification in the stratosphere. The
extent to which dehydration and denitrification are exported to
higher latitudes is an important question and needs to be ad-
dressed by soundings from other locations.

A second effort was carried out at the South Pole in austral
winter 1991. Research was conducted to obtain more extensive
data on water vapor and polar stratospheric cloud development
at selected critical periods. Soundings during initial polar strat-
ospheric formation in May will define the necessary conditions
for type I and type II polar stratospheric clouds. Monitoring
characteristic low winter stratospheric frost points during
spring warming and final stages of the winter vortex provided
a measure of the permeability of the vortex "bottle."

This work was supported by the National Science Foundation
under grant DPP 88-16563. Fred Schrom and Carl Groeneveld
were primarily responsible for instrument preparation and
launching of the balloons at Amundsen-Scott Station. They
were assisted by David Ayers and Kitt Hughes. Their efforts
are greatly appreciated.
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Lidar measurements
of the middle atmosphere

at South Pole
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The antarctic ozone hole has generated much interest in the
composition and dynamics of the antarctic middle atmosphere.
Ground-based measurements from the interior of the continent
in winter are rare. In this article, we present lidar measure-
ments of polar stratospheric clouds and mesospheric sodium
profiles made on 25 June 1990 at the South Pole.

The University of Illinois at Urbana-Champaign (UIUC) so-
dium lidar was installed at the Amundsen-Scott South Pole
Station in December 1989. The lidar is composed of a flashlamp-
pumped tunable dye laser that is tuned to 589 nanometers and
a receiving system based on a 35-centimeter Cassegrain tele-
scope. The system configuration was developed in 1986 for an
airborne lidar campaign. Because the receiving system includes
an astronomical-quality telescope and narrowband etalon fil-
ters, the lidar can make measurements during both the day and
night. The etalon subsystem and its controller were designed
by Fred Roessler and John Harlander from the University of
Wisconsin. Although the UIUC sodium lidar does not include
a large telescope nor the latest in laser technology, it is a rugged
and reliable system capable of measuring aerosol, stratospheric
temperature, and mesospheric sodium profiles. Figure 1 shows
the total integrated photocount profile for 25 June 1990. The
profile shows enhanced scattering from polar stratospheric
clouds between 15 and 25 kilometers. Molecular scattering de-
cays with altitude up to 65 kilometers. Resonant scattering from
the sodium layer is evident from 75 to 110 kilometers.

Gardner, Sen,ft, and Collins installed the system at South
Pole during December 1989, and Collins wintered over to op-
erate the system, with assistance from Sliter, through October

1990. The lidar was operated during cloud-free conditions, from
17 December 1989 until 28 October 1990. A total of 420 hours
of lidar measurements were obtained.

Polar stratospheric clouds first formed in the last 10 days of
May. Initially these clouds formed in thin layers about 1 kilo-
meter thick close to an altitude of 22 kilometers. By mid-June,
polar stratospheric clouds had formed distinct layers 1-3 kilo-
meters thick over the entire 12-28 kilometer altitude region.
This structure is illustrated in figure 2, with backscatter profiles
plotted at 30-minute intervals over a 15-hour period. The fine
vertical structure evident on 25 June is typical of that observed
throughout the austral winter until September. Little change in
this vertical structure can be seen over the 14-hour observation
period, indicating that the clouds, as they are moved overhead
by advection, cover a wide horizontal expanse. By mid-Septem-
ber, with the return of sunlight to the antarctic stratosphere
and rising temperatures, the polar stratospheric clouds dissi-
pated. Thin, broken polar stratospheric clouds were observed
until mid-October.

Previous observations of the sodium layer have been limited
to interferometric, and lidar studies at Syowa station (69°S). The
sodium column abundance of approximately 6 x 10 atoms per
square centimeter is typical of that observed at Syowa in 1985
(Nomura et al. 1987), but lower than that observed at Svalbard
(78°N) in January 1987 (Gardner, Senft, and Kwon 1988) and at
Urbana (40°N) over a 6-year period (1980-1986) (Gardner et al.
1986). The height of the layer centroid, approximately 89 kilo-
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Figure 1. Total lidar photocount profile 25 June 1990. Scattering
from polar stratospheric clouds, the neutral atmosphere, and me-
sospheric sodium are evident. (km denotes kilometer.)
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Figure 2. Sequence of polar stratospheric cloud backscatter profiles. The profiles are plotted at 30-minute resolution. There is no appre-
ciable change In the fine vertical structure over the 15-hour observation period, indicating the large spatial scales of the clouds. (UT
denotes universal time. km denotes kilometer. Na denotes sodium.)
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Figure 3. Sequence of sodium profiles. The profiles are plotted at 20-minute resolution, and the peak density is 5,000 atoms per cubic
centimeter. The strong variation in the bottom side of the layer may be a tidal effect. Appearance of sodium as low as 74 kilometers altitude
Is evidence of the strong downwelling over the South Pole in winter. (UT denotes universal time. km  denotes kilometer. Na denotes sodium.)
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meters is comparable with Syowa and Svalbard for mid-winter,
but significantly lower than at Urbana. The lower edge of the
sodium layer extends as low as 74 kilometers, an observation
that has not been reported from any other sites. The extremely
low centroid is probably caused by strong downwelling over
the South Pole in winter. The root mean square width of the
layer approximately 5 kilometers is comparable to values re-
ported at Syowa, Svalbard, and Urbana. Sodium profiles are
plotted at 10-minute resolution in figure 3. There is a strong
variation in the bottom side of the layer with a period close to
12 hours. This 12-hour variation may well be connected to the
semi-diurnal tide propagating into the polar regions. The phase
progressions typical of gravity wave activity in the sodium layer
(Gardner and Voelz 1987) are evident. From the sodium density
profiles, it is possible to deduce the relative atmospheric den-
sity and horizontal wind perturbations. The value of the root
mean square horizontal wind perturbations of 26 meters per
second is typical of that observed at Urbana at mid-winter
(Senft and Gardner in press).

This work was supported by National Science Foundation
Grant DPP 87-18089. Funds were provided by the Division of
Polar Programs and the Division of Atmospheric Sciences under

the Coupling, Energetics, and Dynamics of Atmospheric Re-
gions (CEDAR) Program.
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Antarctic automatic weather stations:
Austral summer 1990-1991

CHARLES R. STEARNS and GEORGE A. WEIDNER

Department of Meteorology
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The National Science Foundation's Division of Polar Pro-
grams places automatic weather station units in remote areas
of Antarctica in support of meteorological research and opera-
tions. The automatic weather station data are collected by the
ARGOS Data Collection System on board the National Oceanic
and Atmospheric Administration series of polar-orbiting satel-
lites. Stearns (1987) gives the history of the automatic weather
station locations in Antarctica up to 1988. Stearns and Weidner
(1988, 1989, 1990) continue the history through 1990.

The basic unit measures air temperature, wind speed, and
wind direction at a nominal height of 3 meters above the surface
and air pressure at the electronics enclosure. (See table 1.) Some
units measure relative humidity at 3 meters and the air tem-
perature difference between 3 meters and 0.5 meters above the
surface at the time of installation. One unit was equipped to
measure eight levels of snow temperature.

The automatic weather station units are located in arrays for
meteorological experiments and operational support. (See table
2.) Some of the areas supported are:
• Barrier wind flow along the Antarctic Peninsula and the

Transantarctic Mountains;
• Katabatic wind flow down the slope to the Adélie Coast,

Reeves Glacier, Byrd Glacier, and Beardmore Glacier;

• Mesoscale circulation and the sensible and latent heat fluxes
on the Ross Ice Shelf;

• Climatology of Byrd, Siple, and Dome C stations;
• Oceanography in the Ross Sea;
• Meteorological support for flight operations at McMurdo,

Antarctica; and
• Monitoring for possible station locations and aircraft landing

sites.
Stearns and Wendler (1988) give examples of the research

carried out using the automatic weather station units in Ant-
arctica. Savage and Stearns (1985) present climatological infor-
mation collected by the units in Antarctica. The automatic
weather station data are available at 3-hour intervals on floppy
disks starting in 1980. The yearly data books contain the 3-
hourly data and monthly summaries. The data books still in
print are Sievers, Weidner, and Stearns (1988); Keller, et al.

Table 1. Meteorological variable, sensor, and
resolution for the polar automatic weather stations.

The pressure sensor drifts less than 0.2 millibars per year.

Variable	 Sensor	 Resolution

Air pressure	Parascientific model 215	0.05 millibar
Air temperature	Platinum resistance thermometer 0.125 °C

0.25 meters per
Wind speed	Belfort aerovane model 123	 second
Wind direction	Belfort aerovane model 123	20

Relative humidity Vaisala HMP-31 UT	 1 percent
Temperature

differences,
air and snow	Two thermocouple junctions	0.05 'C
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(1989); and Keller, Weidner, and Stearns et al. (1990). Monthly	only air pressure and temperature was created for these sites
means and extremes from 1980 to the present are available both	and placed in a wooden dog house, which was installed by
on paper and floppy disks.	 helicopter sling load to Seal Island at the north end of Young

Icing on the polar islands destroys the anemometers and	Island on 27 December 1990. The location of the Balleny Islands
aerovanes, making it impractical to try to measure wind speed	is shown in figure 1. Ten 80-amp hour batteries weighing 280
and direction. An automatic weather station unit measuring	kilograms were installed with a solar panel for charging the

Table 2. Automatic weather station locations in Antarctica for 1991

NOTE: The ARGOS ID and the World Meteorological Organization number (WMO No.) are for 1991. The WMO number is the location number for the
Global Telecommunications System. The Scott Island unit may be installed at a later date during 1991

ARGOS	 Altitude	 Site
Site No.	 ID	 Latitude	Longitude	(meters)	Start	 Stop	WMO

8914
8916
8919

8904
8934
8933

8903
8910

8906
8907
8927

8937
8935
8915

8913

8980

8931
8924
8911
8908
8900

8905
8909
8921
8923
8901

8926
8902
8920

8917
8930
8932

8918

D-1O
D-47
D-80

Dome C
Port Martin
Cape Denison

Byrd Station
Siple Station

Marble Point
Ferrell
Pegasus N.

Pegasus
Minna Bluffa
Linda 

Whitlock
Scott Island
Young Island 

Marilyn
Schwerdtfeger
Gill
Lettau
Martha II

Manuela
Shristi
Sushila
Sandra
Lynn

Larsen Ice
Butler Island
Uranus

Cape Adams
RACER Rock
AGO-Ala

Clean Air

a New sites for 1991.
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66.70°S
67.38°S
70.02°S

74.50°S
66.82°S
67.02°S

80.00°S
75.90°S

77.43S
78.02°S
77•9505

78.03°S
78.50°S
78.50°S

76.24°S
67.37°S
66.28°S

79.98°S
79•9405
80.03°S
82.59°S
78.38°S

74.92aS
74.72°S
74.41°S
74.48°S
74.21°S

66.9TS
72.20°S
71.43°S

75.01°S
64.16°S
77.52°S

90.00S

Adélie Coast

	139.800 E	 240

	

138.720 E	1,560

	

134.720 E	2,500

	

123.00E	3,280

	

141.390 E	 39

	

142.68E	 31

Stations

	120.00°W	1,530

	

83.92°W	1,054

Ross Island Region

	163.750 E	 120

	

170.800 E	 45

	

166.51E	 10

	

166.600 E	 10

	

166.51°E	 900

	

168.350 E	 50

Ocean Islands

	168.700 E	 275

	

179.97°W	 30

	

162.33E	 30

Ross Ice Shelf

	165.03°E	 75

	

169.83E	 60

	

178.63°W	 55

	

174.27°W	 55

	

173.42°W	 18

Reeves Glacier
	163.600 E	 80

	

161.58E	1,181

	

161.31 0 E	1,441

	

160.480 E	1,525

	

160 . 390 E	1,772

Antarctic Peninsula

	60.55°W	 17

	

60.34W	 91

	

68.93©W	 780

	

62.53W	 25

	

61.54W	 17

	

23.74°W	1,545

South Pole Station

	2,835	Jan

Feb 80
Jan 83
Nov 84

Feb 80
Jan 90
Jan 90

Feb 80
Dec 87

Feb 80
Dec 80
Jan 90

Jan 91
Jan 91
Jan 91

Jan 82
Dec 87
Dec 90

Jan 84
Jan 85
Jan 85
Jan 86
Feb 87

Feb 84
Dec 87
Jan 88
Jan 88
Jan 88

Oct 85
Mar 86
Mar 86

Jan 89
Nov 89
Jan 91

86

Feb 91

89262

89208
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Figure 1. Map of Antarctica showing the locations of the automatic
weather station units for 1991. The units in the rectangle about
Manuela site are shown in figure 2 and the units in the rectangle
about Ferrell site are shown in figure 3.

batteries. The weight of the batteries was expected to hold the
unit in place so it could be installed by helicopter without the
need for people on the ground.

The Polar Sea arrived at Terra Nova Bay on 1 January 1991.
The remaining parts of the Snow Cave automatic weather sta-
tion on Inexpressible Island were removed to the Polar Sea. The
Manuela Site unit on the southern tip of Inexpressible Island
appeared to be in good shape. The anchors for Pat site were
ablated out of the ice and the tower was tipped slightly. Due to
the difficulty of anchoring on ablating ice, the Pat site unit was
removed. The aerovane at Shristi site was replaced. Figure 2
shows the Reeves Glacier and Inexpressible Island units. Pat

1991 AWS SITES

Figure 2. Map of the 1991 locations of the automatic weather sta-
tion units in the Reeves Glacier area of Antarctica including Ma-
nuela Site. (M denotes meter.)

site was at the midpoint of a line from Manuela site to Teall
Nunatak.

The Polar Sea arrived at McMurdo, Antarctica, on 3 January
1991.

On 13 January 1991, an automatic weather station unit that
included a temperature profile system was installed about 300
meters south of the south end of the Pegasus runway and
approximately 200 meters east of the line of the runway. The
site (figure 3) was appropriately named Pegasus South.

On 16 January 1991, a flight was made to Byrd Station to
repair automatic weather station 8903 whose signal was not
being received. At the site, the boom was rotated 1200, and the
antenna cable and antenna were replaced. The old antenna
cable shield had parted from the connector, and the ground
connection through the shield to the antenna was broken. The
unit beeped, and upon our return to McMurdo Station, its
signal was being received.

The unit from Mount Erebus was returned to McMurdo Sta-
tion. The wind system, air temperature sensor, and the an-
tenna had been destroyed after 1 year on the highest point of
the volcano.

An LC-130 flight was made to Marilyn site on 18 January
1991. The temperature sensor was open at the cable to the unit.
The tower was raised by one 1.5-meter section, and a boom,
which included a relative humidity sensor and vertical temper-
ature difference, was installed.

On 22 January 1991, an automatic weather station unit was
installed on Minna Bluff (figure 3) at an elevation of about 900
meters. The tower, which is 1.86 meters high, is anchored to
rock boards using 15 meters of chain to the tower. Two anchors
were to the south, and one each to the east, west, and north.

A Twin Otter flight was made to the Reeves Névé on 23
January 1991. The electronics of the automatic weather station
units at Sushila and Sandra were removed for repairs.

Figure 3. Map of the Ross Island area of Antarctica showing the
locations of Ferrell, Pegasus North, Pegasus South, Minna Bluff,
and Linda sites for 1991.
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On 24 January 1991, a flight by Twin Otter was made to Gill
Site (figure 1). Automatic weather station 8925 was removed,
and 8911 was installed. The tower did not need to be raised.

A Twin Otter flight was made to the Reeves Névé on 26
January 1991. At Sushila site, the automatic weather station
electronics was reinstalled, and one box of batteries was added.
At Sandra site the automatic weather station electronics was
installed. At Lynn site the aerovane was replaced.

On 28 January 1991, a unit was installed east of Minna Bluff
in an area of hard snow surrounded by crevasses. The site was
named Linda. Figure 3 shows the location of the site.

The dog house for Scott Island (figure 1) was prepared and
moved to the helicopter pad for transportation by sling to the
Polar Sea. About 17 February 1991, the Polar Sea flew the unit to
Scott Island; however, the sling broke on the way over, and the
unit dropped into the ocean. The unit on Scott Island that
operated for 2 years had stopped and was removed from the
island.

We were assisted at McMurdo by Bruce Sinkula and Shawn
Smith of the Department of Meteorology, University of Wiscon-
sin, by Ensign Mark Sullivan, NSFA-Meteorology, and by the
crews of the NSFA helicopters, the Twin Otters, and the LC-
130s. On board the Polar Sea, CPO Pete Rose and his MSTs
helped with shipping and the removal and installation of au-
tomatic weather station units. The helicopter crews provided
excellent flight support.

On the Antarctic Peninsula, members of the British Antarctic
Survey removed the automatic weather station unit from Ur-
anus Glacier but were unable to replace the unit on the Larsen
Ice Shelf. Unit 8932 was deployed to the automatic geophysical
observatory site (AGO-Al) in Coats Land.

On the Adélie Coast, members of the Expeditions Polaires
Françaises were able to replace the Port Martin unit 8914 with
unit 8934 which had been in storage at Dumont d'Urville. The
wind speed systems had been destroyed, and new ones were

installed. Unit 8914 was installed at D-10. The unit does not
have a pressure gauge. D-80 and D-47 are not being received.

The automatic weather station program is supported by Na-
tional Science Foundation grants DPP 88-18171 and DPP 90-
15586. The British Antarctic Survey installs and services the
automatic weather station units in the Antarctic Peninsula area.
Expeditions Polaires Françaises installs and services the units
along the Adélie Coast.
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Wind speed, wind direction,
and air temperature

at Pegasus North during 1990

CHARLES R. STEARNS and GEORGE A. WEIDNER

Department of Meteorology
University of Wisconsin

Madison, Wisconsin 53706

The blue-ice area south of White and Black islands is being
considered as a runway for wheeled aircraft. In 1989 and 1990,
one automatic weather station unit was located in the area to
monitor the meteorology of the region to find out if the site is
satisfactory for wheeled aircraft operations.

The first automatic weather station unit was installed on 22
January 1989 about 2 nautical miles south of the downed air-
craft named Pegasus. The unit was removed 11 November 1989
for installation on Mount Erebus and another unit was installed
on 23 January 1990 at 77.95°S 166.51°E near Malcolm Mellor's
Chalet at the north end of the Pegasus runway. On 13 January

1991, a second unit was installed about 300 meters south of the
south end of the runway and about 200 meters east of the line
of the runway 166.51°E. The second automatic weather station
unit is equipped to measure temperatures at depths in the ice
of 0, —0.05, —0.10, —0.20, —0.40, —0.80, and - 1.60 meters.
The ice is covered with snow that is variable in depth and the
ice at the site is not horizontally flat. Figure 1 in Stearns and
Weidner (Antarctic Journal, this issue) shows the locations of the
two automatic weather station sites near the Pegasus runway.
The data from the Pegasus North unit for 1990 will be given
here.

The automatic weather station unit at Pegasus North mea-
sures wind speed, wind direction, air temperature, and relative
humidity at a nominal height of 3 meters. Air pressure is meas-
ured at the electronics enclosure. The vertical air temperature
difference is measured between 3.0 meters and 0.50 meter.
Estimates of the sensible and latent heat fluxes to the air can
be made using the wind speed, vertical air-temperature differ-
ence, and the relative humidity.

The results for 1989 are presented by Stearns and Weidner
(1990). During 1989 between 22 January and 11 November, there
was no evidence of air temperature high enough to melt the
snow. During December 1990, the air temperatures were above
freezing frequency and accompanied with strong winds. Figure

Wind Speed & Temperature vs. Time
Pegasus North Site

December 1990, 3 hourly values
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Figure 1. Three-hourly values of air temperature and wind speed at Pegasus North for the month of December 1990. (ms- 1 denotes meters
per second.)
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I is a graph of 3-hourly values of the wind speed and air tem-
perature at the Pegasus North site for December 1990. The air
temperature sensor is shielded from the Sun but is not me-
chanically ventilated so the temperature should be suspect if
the wind speed is less than 2 knots or 1 meter per second.
Figure 1 shows several occasions when the wind speed is above
1 meter per second and the air temperature is 2 to 4 °C above
freezing. Figure 2 presents the mean wind speed in a 10°-wide
wind direction interval as a function of the wind direction for
the interval. As in 1989 (Stearns and Weidner 1990), the pattern
is similar showing the highest mean wind speeds coming from
the direction of 195°. Figure 2 also shows the wind direction
frequency in percent as a function of the wind direction. The

most frequent wind direction is from 60° or from the direction
of Scott Base.

The table gives the monthly mean values of air temperature
and wind speed, the resultant wind speed and direction, and
the maximum wind speed and direction from the monthly cli-
matic summarizes for Pegasus North. The sensible and latent
heat fluxes are calculated from the 3-hourly values of air tem-
perature, wind speed, vertical air temperature difference, and
relative humidity. The total latent heat flux for the year is equiv-
alent to the sublimation of 94 millimeters of water from the
surface. The resultant wind direction is between 73° and 131°
while the monthly maximum wind speed are from 150° to 198°.
The pattern is similar in 1989. Figure 3 shows the wind speed

.

•	•.
••

	

•..	S	 •

	

I	 I	 I	 I

16

14

12
(I)

E 10

a
C')

•.S.

2
'nj

C'

Mean Annual Wind Speed for each Wind Direction Category
Pegasus North Site

1 January - 31 December 1990
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Wind Direction Category, deg +/— 5 deg

Wind Direction Frequency vs. Wind Direction Category
Pegasus North Site

1 January — 31 December 1990
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Figure 2. Mean annual wind speed and wind direction frequency in 100 wind intervals as a function of the wind direction for Pegasus North
for January through December 1990. (ms- 1 denotes meters per second.)
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Figure 3. Three-hourly values of wind speed and wind direction for March 1990 for Pegasus North. (ms- 1 denotes meters per second.)

Monthly mean air temperature, wind speed, sensible heat flux,
and latent heat flux, resultant wind speed and direction (VV/DD),

and maximum wind speed and direction (VV/DD) for Pegasus
North during 1990

Maximum
Month	Temperature  Speed' Resultant' wind 	QC	E0C

January	-5.4	3.1	2.2/73	12.2/182	15.5 24.1
February	-12.0	4.0	2.9/91	16.5/184	3.0 15.3
March	-19.5	5.2	2.6/119	26.2/198 -13.0 5.8

April	-24.2	4.8	2.2/122	26.4/191 -21.4 3.1
May	-25.5	4.0	2.7/83	27.7/185 -12.1 2.8
June	-30.6	3.9	2.3/106	28.4/187 -25.9 1.0

July	-31.1	3.3	2.3/79	26.2/195 -11.5 1.9
August	-35.7	3.8	2.0/86	29.7/192 -29.9 0.4
September	-33.8	3.3	2.0/77	18.5/187	-9.4 1.5

October	-22.6	4.1	3.2/82	16.8/150 -20.8 2.4
November	-10.2	3.5	1.4/100	23.1/163	-7.6 15.6
December	-2.4	4.8	2.5/131	19.3/170 -24.7 28.2

a In degrees Celsius.
In meters per second.
In watts per square meter.

every 3 hours for the month of March 1991 which had the
highest monthly mean wind speed. The two gusts lasted for 2
to 4 days and are typical of the high wind speed events at
Pegasus North. The wind direction during the gusts is from
the same sector as the maximum wind speeds given above.

The automatic weather station program is supported by
National Science Foundation grants DPP 88-18171 and DPP
90-15586.
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A boundary-layer study
near Ross Island

using acoustic remote sensing

ZHONG Liu, JERRY K. GEER, and DAVID H. BROMWICH

Byrd Polar Research Center
Ohio State University
Columbus, Ohio 43210

Planetary boundary-layer studies in Antarctica have im-
proved greatly since the introduction of automatic weather sta-
tion data and satellite images. Due to the height limitation of
automatic weather station data, however, such boundary-layer
studies are restricted to phenomena which have a surface
expression (Neff 1981; Mastrantonio, Ocone, and Fiocco 1988).
A sodar (an abbreviation for sonic detection and ranging) can over-
come this limitation by providing three-dimensional wind and
backscatter data up to an altitude of several hundred meters.
During the 1990 campaign, we used a sodar at Williams Field
(figure 1), a place on the Ross Ice Shelf near the southwestern
tip of Ross Island strongly influenced by the surrounding com-
plex topography and by the mesoscale and synoptic-scale pres-
sure systems. The main purposes of the campaign were to test
out the sodar in the harsh antarctic environment and to gain
further understanding of the characteristics and evolution of
the boundary layer in such a complex setting.

The sodar used in this campaign is of a special configuration
designed by Radian Corporation especially for operations in
Antarctica (temperatures ranged from —32 °C to +3 °C and
wind speeds up to 18 meters per second were experienced).
The unit is compact relative to the most common sodar designs
and is constructed of durable, light-weight materials. It is also
mounted on skis for portability.

The fundamental principle of the sodar is quite straightfor-
ward, though it is possible to employ fairly rigorous signal-
processing techniques. The three-axis, monostatic sodar is

wbas" Oak	Cape Mackay

Ross Ice Shelf
Ik,'do Ic. .If	

Sodir it Wams Fletd

Figure 1. Topographic map of Ross Island, adapted from O'Connor
and Bromwich (1988). The sodar was located at Williams Field. (km
denotes kilometer.)

composed of three acoustic transducers mounted at the focal
points of three parabolic reflectors. These assemblies are each
enclosed in a protective fiberglass cylinder which has a layer of
acoustic dampening foam on its inside surface. Each one of
these three shielded transceivers constitutes what the design -
ers refer to as a leg.

These legs are mounted in line on a rack at specific orienta-
tions. The center leg lies along the vertical axis. The next leg
lies in the plane formed by the vertical axis and the long axis
of the rack but is oriented at an angle of 22.5 degrees away from
vertical. The last leg is also tilted at an angle of 22.5 degrees
but in a plane normal to the plane containing the axes of the
other two legs.

This particular sodar operates at an acoustic frequency of
2250 hertz. The sodar collects data by transmitting a 2250-hertz
pulse of selected duration in a round-robin fashion from each
of the legs. Immediately following the transmission of a pulse
from one leg, the same transducer switches to receiving mode.
Based on the known frequency, pulse duration, and leg orien-
tation, a specialized signal-processing card located in a micro-
computer expansion slot calculates the three dimensional wind
values and passes them to the computer to be written to disk
for subsequent analysis.

The 1990 campaign lasted from 19 October to 5 November.
During this period, we experienced a significant diurnal vari-
ation of the boundary layer under the influence of insolation.
In figure 2, the average 3-hour surface air temperatures over
this period show a maximum at 1200 local time and a minimum
at 0000 local time, respectively. The effect of surface heating
over the ice shelf also extends to a certain height. Intermittent
balloon sounding data show that the vertical temperature pro-
file on a typical day, which has some clouds around, evolves in
the following three stages. In stage I, the ground-based inver-
sion layer is raised aloft as the insolation increases. The maxi-
mum height rise did not exceed 200 meters during the cam-
paign. In stage II, the elevated inversion descends following
from the decrease of absorbed solar energy and gradually in-

	

-26	 I

	

0	2	4	6	8	10	12	14	16	18	20	22
LOCAL TIME (HOURS)

Figure 2. Average surface air temperature based on 3-hour obser-
vations from 19 October to 6 November 1990.
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creasing net heat loss from longwave radiation. In stage III,
strong net heat loss from longwave radiation strengthens and
reconstructs the ground-based inversion layer. Hourly mean
resultant wind speed profiles derived from the sodar data fol-
low this diurnal change under 500-meter height with maxima
being found after midday and minima after midnight.

Studies of the blocking effect of Ross Island on stratified near-
surface air have been reported by Schwerdtfeger (1984), Slotten
and Stearns (1987), and O'Connor and Bromwich (1988). The
24-hour average resultant wind direction profile below 500 me-
ters altitude from the sodar records (figure 3A, solid line) shows
the following:
• a large wind direction deviation from the mean flow at low

levels due to the island deflection and the blocking effect of
Hut Point Peninsula up to 200 meters altitude;

• a gradual clockwise decrease of this deviation as the height
increases;

• unidirectional airflow above 326 meters.
Figure 3B, plotted from sodar horizontal wind records, shows
an example of the island blocking effect. The clockwise wind
directional rotation starts from the bottom level (northeast
wind) and ends up with a uniform wind direction (southeast
wind) above 300 meters altitude.

Strong sodar backscatter obtained during the campaign was
found to have a close relation with wind-shear magnitudes.
According to the acoustic scattering cross-section equation
(Batchelor 1957; Tatarskii 1971), received sodar backscatter sig-
nals are proportional to spatial temperature inhomogeneities.
Analysis of backscatter and wind-shear magnitudes supports
the idea that wind-shear magnitudes may be the key factor for
generation of temperature inhomogeneities. The wind shears
that appeared during the campaign are classified as follows:
• strong wind speed shear;
• wind direction shear accompanying strong wind speed;
• both wind speed and direction shears.
Thermal convection is not a major contributor to generation of
sodar backscatter in this area during spring.

Three-dimensional sodar wind data provide a variety of in-
formation on the structure of the boundary layer. The 24-hour
average resultant wind speed profile (figure 3A, dashed line)
shows a maximum wind speed at 75 meters, a feature that may
be classified as a low-level jet (Stull 1988). The hourly average
resultant wind speed profiles show the evolution of this jet,
which becomes less well-defined at midday and midnight.

In conclusion, the sodar deployment at Williams Field during
the 1990 campaign was successful, and it proved to be an effec-
tive tool for probing the behavior of the stable planetary layer.
An extensive field study of the katabatic winds near Siple Coast
using a combination of a sodar and a RASS (radio acoustic
sounding system for sensing the temperature profile) at each
of two camps is planned for all of November 1991.

This research was supported by National Science Foundation
grant DPP 89-16921 to David H. Bromwich.
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Figure 3. A. 24-hour resultant wind derived from sodar horizontal
wind records during the campaign. Solid line: 24-hour resultant
wind direction versus height. A clockwise rotation of wind direc-
tion results from the blocking effect of Hut Point Peninsula and
Ross Island. Dashed line: 24-hour resultant wind speed versus
height. A wind speed maximum is located at 75 meters altitude. (M
denotes meter. M/S denotes meters per second.) B. An example of
the blocking effect from 1200 to 1600 local time, 31 October 1990.
The vector length gives wind speed in meters per second, and the
orientation shows the wind direction with an easterly moving from
right to left. (M denotes meter.)
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Real-time, in situ measurement
of hydrogen chloride and

sulfur dioxide
in the plume of Mount Erebus
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and sulfur dioxide. The detection concept is illustrated in figure
1. The response due to a 1-minute, 12-parts-per-million sulfur
dioxide exposure is shown in figure 1A. During the exposure,
the sulfur dioxide diffuses into the TEA, increasing the mass
of material on the crystal. This is seen as an increase in the
sensor signal. After the 1-minute exposure, the sulfur dioxide
TEA diffuses, and the signal returns to baseline as the mass on
the crystal decreases. A 449-hertz response was observed for

A6443
mQurNC^ SHIFT

The only significant source of gases and aerosols in the ant-
arctic atmosphere is Mount Erebus, the southernmost active
volcano. Using a multistage quartz crystal microbalance cas-
cade impactor, research teams have measured emissions at the
rim of Mount Erebus and throughout the continent to deter-
mine the impact Mount Erebus has on Antarctica (Chuan 1976,
Chuan et al. 1986; Meeker, Kyle, and Chuan 1985). The gaseous
makeup of the Mount Erebus plume has also been measured
by several methods (Stoiber, Malincomico, and Williams 1983;
Rose, Chuan, and Kyle 1983; Crowe et al. 1987; Finnegan et al.
1989). Previously, however, hydrogen chloride and sulfur diox-
ide concentrations emitted by Mount Erebus have not been
directly determined. We report here real-time, in situ measure-
ments of hydrogen chloride and sulfur dioxide gases in the
Mount Erebus plume. The measurements were made using a
modified quartz crystal microbalance cascade impactor.

The quartz crystal microbalance cascade impactor has been
the primary instrument used to measure the size distribution
and mass concentration of aerosols in the antarctic atmosphere.
The ambient aerosols, segregated by their size, are collected
when they impact a piezoelectric crystal, which serves as sen-
sitive mass balance. A piezoelectric crystal operates as a mass
microbalance by measuring the change in its oscillating fre-
quency due to a change in mass on the surface of the crystal.
When a carefully chosen chemical coating is applied to the
crystal's surface, the crystal becomes a selective and highly
sensitive chemical vapor sensor (Karmarker and Guilbault 1974;
Cooke, West, and Watts 1980). The crystal coating must have a
selective and specific response to the gas of interest but must
not respond to other, interferring gases present.

For our work, the crystal was coated with triethanolamine
(TEA), a substance which responds to both hydrogen chloride
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Figure 1. Example of chemical vapor detection using piezoelectric
crystal coated with triethanolamine. A. Response due to a 1-minute
exposure to 12 parts per million (ppm) of sulfur dioxide (SO 2) at
the 10-minute mark. This is a reversible interaction. B. Response
due to a 1-minute exposure to 2 parts per million of hydrogen
chloride (HCI) at the 10-minute mark. This is an irreversible inter-
action. (HZ denotes hertz; MHZ denotes megahertz.)
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12 parts per million of sulfur dioxide. This type of response is
referred to as a reversible interaction and is synonymous with
the separation process used in gas chromatography columns.
This is a very sensitive technique; concentrations below the
parts-per-million threshold can be measured.

The response due to a 1-minute, 2-parts-per-million expo-
sure of hydrogen chloride is shown in figure lB. The hydrogen
chloride reacts chemically with the TEA and forms a hydro-
chloride salt. As the hydrochloride salt is produced, the mass
on the crystal increases with a corresponding increase in sensor
signal. In this case, the signal does not return to baseline,
however, since this chemical reaction is irreversible. An 82-hertz
response was observed for 2 parts per million of hydrogen
chloride.

We can take advantage of these two different types of inter-
actions to measure sulfur dioxide and hydrogen chloride si-
multaneously using with the same sensor crystal (figure 2).
The total 540-hertz response is a composite signal consisting of
both sulfur dioxide and hydrogen chloride interactions. Beccuse
the sulfur dioxide starts to diffuse out of the TEA when the
gases are removed from the sensor, the concentration of sulfur

dioxide can be determined by calculating the difference be-
tween the maximum signal response and the new baseline. In
this example, the shift due to sulfur dioxide is 432
(540— 108 = 432), so the shift from hydrogen chloride is 108.
Comparisons with the responses in figure 1 show that there is
close agreement with sulfur dioxide, 432 versus 449, and the
hydrogen chloride response is somewhat higher than the single
exposure, 108 versus 82.

A four-stage quartz crystal microbalance cascade impactor,
described previously (Chuan 1976), was used in the field mea-
surements. The instrument was modified to be able to use the
first three stages to collect aerosols; the last stage contained the
coated crystal. The measurements were taken on 16 January
1991 on the rim of Mount Erebus as the plume drifted over the
side of the rim. The sensor was exposed to the plume for a
period, then a charcoal filter was placed on the inlet to remove
the chemical vapors and purge the crystal with pure air so the
sulfur dioxide could diffuse out of the TEA.

By comparing the signal traces with the calibration curves
such as those shown in figures 1 and 2, the concentration of
sulfur dioxide and hydrogen chloride were determined to be
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Figure 2. Example of simultaneous detection of 12 parts per million (ppm) of sulfur dioxide (SO 2) and 2 parts per million of hydrogen
chloride (HCI) with single crystal coated with triethanolamine. Sulfur dioxide signal, 432 hertz (Hz), is determined by the difference of total
signal shift (540 hertz) and shift from original baseline at 42 minutes (108 hertz). The hydrogen chloride concentration is the shift from the
original baseline determined at 42 minutes, 108 hertz.
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0.2 and 1.1 parts per million, respectively. The sulfur dioxide
concentration is in very close agreement to the correlation spec-
trometer determination of 0.28 parts per million of sulfur diox-
ide. Using independent estimates of the diameter of -the plume
and its rise rate and assuming uniform concentration across the
plume, the fluxes are calculated to be 30 metric tons per day of
sulfur dioxide and 90 metric tons per day of hydrogen chloride.
The average sulfur dioxide flux calculated from correlation
spectrometer measurements for January 1991 was 72±28 metric
tons per day. As for hydrogen chloride, the only comparison is
the chlorine-to-sulfure ratio obtained with the lithium hydrox-
ide-treated filters. The filter chlorine-to-sulfur ratio on the day
this measurement was made was 0.7. This would yield a cal-
culated hydrogen chloride flux of 25 metric tons per day, which
is lower than the 90 metric tons per day calculated from the
direct hydrogen chloride measurement. We will continue to
study these results and reconcile the two sets of measurements.

This work was supported in part by National Science Foun-
dation grant DPP 87-04319 to Bowers and Chuan and DPP 87-
14848 to Kyle.
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A case study of
katabatic wind-forced

mesoscale cyclogenesis
near Byrd Glacier
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Ohio State University
Columbus, Ohio 43210

Katabatic winds coming downslope from the interior of Ant-
arctica converge toward several broadscale topographic troughs
and inject enhanced jets of cold air into the warmer maritime
air over the coastal areas (Parish and Bromwich 1987). These
features can be observed on thermal infrared satellite images
as surface-level, dark (warm) streaks across ice surfaces near
sea level (Bromwich 1989a). Horizontal temperature gradients
in the boundary layer (called boundary Layer baroclinic zones)
can form as a result of these cold-air outbreaks and, in con-
junction with a weak surface trough, constitute sufficient con-
ditions for mesoscale cyclone formation (cyclogenesis; Brom-
wich 1989b). This has been extensively verified around Terra
Nova Bay by analyzing automatic weather station data and by
examining high-resolution satellite images (Bromwich and Par-
ish 1988; Bromwich 1989c, 1991); however, because of the gen-

eral deficiency of moisture over the Ross Ice Shelf and the lack
of appropriate surface data, mesoscale cyclones linked with
katabatic winds coming from Skelton, Mulock, and Byrd gla-
ciers have been infrequently analyzed to confirm this hypoth-
esis. Despite this lack of confirmation, it is known that the
western side of the Ross Ice Shelf is a cyclogenetic area linked
with these katabatic airflows from East Antarctica. This article
presents an example of mesoscale cyclogenesis that took place
in this area during February 1988. Automatic weather station
data, surface and 500 hectopascal synoptic analyses provided
by the Australian Bureau of Meteorology, and satellite infor-
mation were used to study this case.

The NOAA (National Oceanic and Atmospheric Administra-
tion) 10 thermal infrared satellite image at 1723 universal co-
ordinated time 17 February (figure 1) shows very distinctive
katabatic wind signatures (dark) coming downslope through
Byrd, Mulock, and Skelton glaciers. Note that the plumes
clearly spiral into a mesoscale cyclone centered slightly to the
south of automatic weather station 15. The previous image at
1313 universal coordinated time 17 February already showed
the katabatic features, and suggested an incipient cyclonic cir-
culation slightly to the east of Byrd Glacier. Data recorded by
automatic weather station 15 showed that the wind direction
turned clockwise from southwesterly to northwesterly between
0000 and 0300 universal coordinated time 17 February signaling
the time when the cyclonic circulation started to predominate
over this site. Regional pressure field analyses over the Ross
Ice Shelf, analyses that were constructed from automatic
weather station data, confirmed the development of a surface
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Figure 1. NOAA 10 thermal infrared satellite image (1.1-kilometer resolution) along with the automatic weather station wind data at 1723
universal coordinated time 17 February 1988. Numbers identify automatic weather station sites. Lines drawn to each site indicate the
direction from which the wind blows. Large barbs attached to each direction line denote 5 meters per second of wind speed, while half
barbs denote 2.5 meters per second. No barb means less than 1.25 meters per second. (km denotes kilometer.)

trough over the western side of the Ross Ice Shelf adjacent to	Glacier. Although the image centered the vortex between units
the Transantarctic Mountains during this time. Thus, the pres-	15 and 24, the automatic weather station analysis placed its
ence of a surface trough and a probable boundary layer baro-	center to the south of both sites (figure 3). During the same
clinic zone induced by the katabatic outbreaks created sufficient	period (around 0000 universal coordinated time 18 February),
conditions for the formation of a mesoscale cyclone near Byrd	another mesoscale cyclone formed over the southern Ross Sea
Glacier sometime between 0300 and 1200 universal coordinated	near Franklin Island (unit 13; see Bromwich and Parish 1988 for
time 17 February. From the pressure field analyses, a weak	discussion of this event), providing another example of the
cyclonic perturbation could be analyzed from 0900 universal	related development in both areas noted by Bromwich (1991).
coordinated time 17 February suggesting the most probable	The next satellite image at 1251 universal coordinated time 19
formation time of the mesocyclone.	 February shows both mesoscale cyclones in an apparently

On the next day (18 February), the satellite image at 1302	weakened state, but the image at 1438 universal coordinated
universal coordinated time (figure 2) shows a well-defined low-	time 20 February reveals a low-cloud spiral associated with a
cloud feature associated with the cyclonic circulation near Byrd	well defined vortex centered just to the southwest of automatic
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Figure 2. NOAA 9 thermal infrared satellite image with concurrent wind data at 1302 universal coordinated time 18 February 1988. (km
denotes kilometer.)

weather station 00. It appears that the two mesoscale systems
merged into one subsynoptic cyclone which reached its maxi-
mum development sometime on 20 February. Unfortunately the
lack of satellite information for about 25 hours impedes verifi-
cation of this conclusion. The progressive counterclockwise
turning of the wind at automatic weather station 00 from north-
northeasterly to southwesterly between 0300 universal coordi-
nated time 20 February and 0000 universal coordinated time 21
February, signals the east-southeastward passage of the com-
bined vortex toward Marie Byrd Land.

The surface synoptic analyses from 0000 universal coordi-
nated time 17 February to 1200 universal coordinated time 21
February revealed a broadscale cyclonic circulation affecting the
southern Ross Sea and the Ross Ice Shelf. Over the same pe-
riod, the 500 hectopascal analyses showed the passage of three

midtropospheric troughs over McMurdo Station: one around
1200 universal coordinated time 17 February, the second at 0000
universal coordinated time 18 February and third around 1200
universal coordinated time 20 February. The first was associ-
ated with the formation of the vortex near Byrd Glacier, and
second with the formation of the Franklin Island cyclone. The
initial development of the cyclone near Byrd Glacier was also
associated with the passage of the second trough. The third
trough transit occurred around the time that the combined
vortex intensified. It appears that cyclonic vorticity advection
at 500 hectopascals played a central role in the formation and
evolution of the mesoscale cyclone being discussed Here.

In summary, the probable establishment of a boundary layer
baroclinic zone induced by katabatic winds and a subsynoptic
trough along the Transantarctic Mountains created sufficient
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Figure 3. Mesoscale analysis at 1302 universal coordinated time 18
February (same time as figure 2) using the automatic weather sta-
tion data recorded by the NOAA 9 satellite. Numbered dots are
automatic weather station sites. The automatic weather station
wind data are plotted as described in the caption for figure 1. Solid
lines are isobars in hectopascals with 92[F0]992 hectopascals, and
dashed lines are isotherms in degrees Celsius. Large arrows join
the satellite-observed positions of the mesoscale vortices, one
originating around Franklin Island and the other near Byrd Glacier.
A: 1251 universal coordinated time 19 February; B: 1438 universal
coordinated time 20 February; C: 1057 universal coordinated time
21 February; D: 1732 universal coordinated time 21 February; and
E: 0532 universal coordinated time 22 February.

conditions for the formation of a mesoscale cyclone near Byrd
Glacier around 0900 universal coordinated time 17 February.
The cyclonic surface circulation could have advected moisture

from the open Ross Sea onto the ice shelf and generated clouds
which made the vortex visible on satellite imagery. The general
midtropospheric flow caused the eastward movement of the
vortex across the Ross Ice Shelf, while the passage of a mid-
tropospheric trough gave synoptic support for its development.
It seems to have merged with another mesoscale cyclone which
developed around Franklin Island. Although this combined
system did not develop beyond subsynoptic size, and arrived
at Marie Byrd Land in its dissipating stage, consideration of
this example in conjunction with the case examined by Brom-
wich (1989b) suggests that these types of mesoscale systems
may contribute significantly to the annual snowfall accumula-
tion over West Antarctica.

This research was supported by National Science Foundation
grant DPP 88-16792 to David Bromwich. The satellite imagery
was recorded by U.S. Navy personnel at McMurdo Station, and
obtained from Robert Whritner of the Antarctic Research Cen-
ter at Scripps Institution of Oceanography (National Science
Foundation grant DPP 88-15818).
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Numerical simulation
of the katabatic winds
over West Antarctica

DAVID H. BROMWICH and YANG Du

Byrd Polar Research Center
Ohio State University
Columbus, Ohio 43210

Surface wind observations taken both at the few interior sta-
tions and by traverse party members have shown that katabatic
winds are the most significant climatological feature of the
lower portion of the atmosphere over Antarctica. Schwerdtfeger

(1970) indicated the dominant influence of antarctic topography
(figure 1) in shaping the surface windfield. Parish and Brom-
wich (1986) simulated the directional near-surface airflow char-
acteristics over West Antarctica and showed that the most sig-
nificant features are a small number of confluence zones where
cold drainage currents from a large interior area converge to-
ward the coast. The continental-scale drainage streamline sim-
ulation performed by Parish and Bromwich (1987) suggests that
numerous confluence zones may be found over the antarctic
continent. Parish and Bromwich (1991) modeled the directions
and speeds of surface airflow over Antarctica. The intensity of
the drainage flow is generally proportional to the steepness of
the terrain. The winds are relatively weak over the interior and
gradually increase during descent to sea level in response to
steeper ice terrain near the coast. This near-coastal pattern is
modulated by the impact of lateral convergence associated with
the confluence zones.
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Figure 1. The antarctic continental topography including stations, South camp (S), Upstream B (U) and North camp (N), mentioned in text.
The square denotes the modeling domain for which results are presented in figures 2 and 3. (km denotes kilometer.)

To understand more completely the dynamics of antarctic
surface winds, a detailed study of surface airflow over West
Antarctica is being conducted. Emphasis is placed on that part
of Marie Byrd Land upslope from Siple Coast where, in contrast
to most parts of Antarctica, terrain slopes are steeper in the
interior than adjacent to the coast. Preliminary results of nu-
merical modeling of airflow over West Antarctica are presented
here. A three-dimensional version of the model described by
Parish and Waight (1987) which follows Anthes and Warner
(1978) was used. It is written in terrain-following sigma coor-
dinates and contains 10 vertical levels. The vertical levels are
arranged so that the highest vertical resolution is in the lower
portion of the atmosphere (sigma levels 0.996, 0.985, 0.97, 0.95,
0.93, 0.9, 0.8, 0.6, 0.35, and 0.1). The simulations were con-
ducted with a 50 x 50 grid and a grid spacing of 40 kilometers.
The terrain slopes were taken from the accurate topographic
map of Drewry (1983). Because the computational domain in-
tersected the very steep Transantarctic Mountains, some ter-
rain smoothing was required to ensure numerical stability, but
it was done in such a way as to preserve as much of the original

terrain structure as possible. The model was integrated for 24
hours from an initial rest state, and the results represent well-
developed drainage during the polar night without the compli-
cations introduced by clouds or synoptic pressure gradients.

Integration of the model for West Antarctica showed that the
winds developed rapidly, and after 12 hours of integration,
there was little significant change. Figure 2 is the simulated
streamlines at 24 hours for the first sigma level approximately
representing the surface winds. The winds blow down from
the gentle interior to the coastal areas. The airflow converges
into several zones around the margin of the ice sheet. The
divergence zones are at the crest areas of the terrain. This is
consistent with the continental-scale streamline simulation for
Antarctica (Parish and Bromwich 1987). The most significant
convergence zone is found near Siple Coast where cold airflows
from a large interior section of West Antarctica are concen-
trated. Such a situation is considered to be a major factor in
shaping coastal katabatic winds. Parish and Bromwich (1986)
suggested that this convergence area may continually add large
amounts of cold air to the boundary layer circulation over the
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Ross Ice Shelf. Bromwich, Carrasco, and Stearns (in press) have
recently presented extensive satellite evidence to support this
contention.

Figure 3 is the same as figure 2 but for wind speeds. The
strongest wind speeds, enclosed by the 10-meter-per-second
isopleths, are found over the steep coastal slopes. In the inte-
rior, the winds are weaker with the lowest speeds coinciding
with the highest points of the terrain. The model results also
show a 10-meter-per-second isopleth, which encloses South
camp location. Two other locations north of this site, known as
Upstream B and North camps, have lower simulated wind
speeds. This is generally in agreement with the winds observed
at these stations during summer. Bromwich (1986) analyzed
wind observations from these three temporary camps taken

STREAMLINES

during the 1984-1985 and 1985-1986 austral summers as part
of the Siple Coast glaciology project. Going from north to
south, the observed winds were found consistently to increase
in speed and become less variable in direction. This was in-
ferred to be due to the greater influence of the airflow conver-
gence at South camp. The limited area occupied by the 10
meter-per-second isopleth near South camp requires further
explanation. The opposing acceleration effects of lateral con-
vergence and slackening terrain slopes probably leads to this
situation. Thus, the observational and modeling analyses for
the Siple Coast area are mutually consistent.

This research was supported by National Science Foundation
grant DPP 89-16921 to David H. Bromwich. T.R. Parish provided
valuable assistance with the modeling.
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Automatic weather station
observations of strong katabatic

winds near Terra Nova Bay,
Antarctica
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For 9 months of the year, net radiative cooling characterizes
the heat budget of the ice slopes of the antarctic continent. As
a result, the surface wind regime over Antarctica is strongly
influenced by the underlying terrain. Katabatic winds are a
predominant boundary-layer phenomenon; some of the strong-
est surface winds on Earth are found along the coastal sections
of Antarctica. Currently underway is an observational study of
the intense katabatic winds found near Terra Nova Bay (75°S
163°E). Six automatic weather stations have been installed along
Reeves Glacier and upslope from the glacier on the plateau. All
stations were deployed by Charles Stearns and colleagues at
the University of Wisconsin, Madison. In addition, an array of
four automatic weather stations near Terra Nova Bay has been
deployed by the Italian Antarctic Expedition. Positions and re-
sultant wind data for the period from February 1988 through
January 1989 can be seen in Bromwich, Parish, and Pellegrini
(1990). Here, we will focus on data collected by automatic
weather station units 8905 and 8909, which are situated beyond
the foot and near the head of Reeves Glacier, respectively.

Composite depictions of the annual course of state parame-
ters for the entire automatic weather station array have been
prepared for the calendar year 1988. The trends were computed
by first determining daily averages (vector averages for wind)
and then passing the time series through a nine-point low-pass
filter to remove much of the high-frequency variance. Figure 1
shows the evolution of potential temperature and wind speed
during the course of 1988 for units 8905 (Inexpressible Island)
and 8909 (head of Reeves Glacier). Pronounced is the decrease
of potential temperature during February (days 32-60). The
rapid change is, in all likelihood, a result of the rapidly chang-
ing solar geometry and resulting decrease in solar insolation.
This sudden onset of winter has been alluded to in Bromwich
(1989). Accompanying the abrupt temperature decrease is a
pronounced increase in the intensity of the katabatic wind. In
a period of approximately 1 month, resultant wind speeds in-
crease in excess of 100 percent. By mid-April (day 110) winter
conditions are fully established with daily resultant wind
speeds near 15 meters per second at 8905 and mean potential
temperatures near 250 kelvin. Note that the potential temper-
ature trends at 8909 are nearly identical to those found at 8905,
indicating similar synoptic influences and/or local radiative con-
ditions. As noted in the aircraft studies of katabatic winds near

Terra Nova Bay by Parish and Bromwich (1989), values of po-
tential temperature are nearly identical at the head and foot of
the Reeves Glacier. This feature has also been noted in mod-
eling studies (Parish and Waight 1987) and is characteristic of
katabatic-prone areas. The wind speeds seen at 8909 are con-
sistently some 3-5 meters per second less than corresponding
wind speeds at 8905, implying that the katabatic flow acceler-
ates down the approximately 40-kilometer stretch of Reeves
Glacier. Bromwich (1989) has noted that the katabatic wind
exhibits little deceleration from the terminus of the ice edge of
Reeves Glacier and 8905 despite the 34-kilometer trek across
the flat Nansen Ice Sheet. Only minor enhancements to the
autumn changes are observed during the following 5 1/2 months
(days 110-274). The potential temperature trend observed dur-
ing the winter months suggests a coreless winter. Both poten-
tial temperature and wind-speed trends display a similar, al-
though possibly weaker, return to summertime conditions
during the austral springtime months of October and Novem-
ber (days 275-335). Short-term variations, presumably due to
the effects of transient synoptic systems, are present in both
potential temperature and wind speed throughout the entire
year.

To depict interrelationships in weather between the two au-
tomatic weather station sites, records were subjected to spec-
trum and cross-spectrum analysis. Results here will feature
wind speeds from the transitional period from January through
March 1988 only. Power spectra for wind speeds at 8905 and
8909 for this period are shown in figure 2. As is expected during
summer months, a diurnal cycle is present (peak at 1 day). In
addition, there is a suggestion of synoptic variability at 8905;
secondary peaks in the percentage of explained variance over
the 2-10 day time scale. Wintertime (May through July, days
121-213) power spectra at 8905 for wind and pressure (not
shown) display appreciable variance over time scales of 2-10
days, presumably associated with transient synoptic activity.

Cross-spectrum analysis shows that the wind speeds meas-
ured by the automatic weather station units are highly coherent
with each other. Wind speeds for the period from January
through March 1988 at sites 8905 and 8909 show a correlation
coefficient of 0.68. Similarly high coherence in wind speed (val-
ues in excess of 0.65) can be seen over nearly all frequencies at
surrounding automatic weather stations near Reeves Glacier
and situated on the sloping antarctic ice fields. Pressure differ-
ences between the head of the Reeves Glacier and Inexpressible
Island and the wind speed at Inexpressible Island were also
shown to be significantly correlated (correlation coefficient of
0.61). This suggests that katabatic winds are associated with a
horizontal pressure gradient directed down Reeves Glacier. Fig-
ure 3 shows the cross spectra. Note that a high degree of co-
herence is present over time scales of 1 to 7 days; no phase lag
is seen between the katabatic wind at Inexpressible Island and
the pressure difference along Reeves Glacier. This feature is
evident when comparing horizontal pressure differences be-
tween 8909 and 8905 during periods of high winds at Inex-
pressible Island. Analyses show that higher wind speed events
at 8905 are associated with correspondingly larger pressure
differences between 8909 and 8905 with higher sea level pres-
sures at the head of Reeves Glacier. For wind speeds in excess
of 30 meters per second at 8905, horizontal pressure differences
at these two sites are 7.5 hectopascals greater than what is
found during weak wind periods (8905 winds less than 10 me-
ters per second). This suggests that extreme katabatic winds at
Inexpressible Island undergo significant acceleration down the
glacier valley and perhaps along the flat Nansen Ice Sheet.
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Figure 1. Annual course of potential temperature (in degrees kelvin) and wind speed (in meters per second) at 8905 (Inexpressible Island)
and 8909 (head of Reeves Glacier) during 1988.
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Figure 2. Power spectra of wind speed at 8905 and 8909 during the period from January through March 1988.
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The surface windfield over the sloping ice fields of Antarctica
is characterized by pronounced spatial variability whereby ra-
diatively cooled air formed over large areas of the continental
interior converges and discharges across the coastline in a small
number of narrow regions (Parish and Bromwich 1987). Such
"confluence zones" provide a large supply of cold near-surface
air to the coastal slopes and allow the resulting katabatic winds
to become substantially stronger and more persistent. Terra
Nova Bay is one such area (Bromwich 1989a) and is being in-
tensively studied to characterize these features. A wide variety
of observational strategies is being employed including obser-
vations from an extensive array of automatic weather stations
(e.g., Bromwich and Parish 1988). Because the spatial variabil-
ity of the surface winds is so high, however, it is necessary to

interpolate between the automatic weather station observa-
tions. Thermal infrared satellite images, which can provide a
spatial resolution of 1.1 kilometers and which contain promi-
nent winter signatures of katabatic winds (Bromwich 1989b),
provide the necessary capability.

All available NOAA-AVHRR (National Oceanic and Atmos-
pheric Administration-Advanced Very-High-Resolution Radi-
ometer) satellite images at thermal infrared wavelengths, im-
ages that were collected at McMurdo Station on Ross Island
between July and September in 1988 and 1989, were reviewed
to describe the range of behavior exhibited by the surface winds
near Terra Nova Bay. A representative set of examples is pre-
sented here. As discussed by Bromwich (1989b), winter ther-
mal infrared satellite images of this area exhibit prominent
warm signatures of surface winds probably as a result of vig-
orous vertical mixing in stably stratified air masses due to
strong low-level winds. Low-level transport of drifting snow
over the polar plateau also contributes to the warm signatures
there. That coastal warm satellite signatures reflect the pres-
ence of cold air is apparently anomalous, but arises because
this warmth is confined to atmospheric levels adjacent to the
ice surface; higher up in the boundary layer the air is signifi-
cantly colder than the surrounding air masses. Confirmation of
this conjecture was obtained during November 1987 when two
instrumented aircraft flights down and beyond Reeves Glacier
found that negatively buoyant air at 175 meters above the ice

Figure 1. Winter thermal infrared satellite image of the Terra Nova Bay area illustrating the typical situation of a katabatic wind-forced
polynya (one of the largest ever noted). NOAA-10 1054 universal coordinated time 21 April 1988 AVHRR channel 4. Simultaneous automatic
weather station observations are plotted in black with the wind direction shown by the orientation of the line. The attached full wind barbs
indicate 5 meters per second of speed, and the half barbs signify 2.5 meters per second. The air temperature in degrees Celsius is listed
above and to the left. The station air pressure in hectopascals is entered to the right (sea-level values are given for those stations, at the
center and to the right, near sea level). The image is oriented north-south with north at the top. For scale, Drygaiski Ice Tongue protrudes
for 70 kilometers from Victoria Land into the Ross Sea.
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face-wind conditions over the plateau and at Inexpressible Is-
land are very similar to those in figure 1. In contrast to figure
1, however, there is no large polynya in Terra Nova Bay, and a
signature of the offshore katabatic airflow extends to the south-
east ending just beyond the eastern tip of Drygaiski Ice Tongue
(just visible in the reproduction). Presumably either the wind
speed or the low-level stratification is too weak to provide a
thermal signature over the relatively warm pack ice covering
the southwestern Ross Sea. The reason for the lack of a polynya
in Terra Nova Bay and the presence of only a shore lead along
the coast requires explanation (another example where this
condition persisted for an extended period has been found).
For the 24 hours preceding the image the wind speed at Inex-
pressible Island varied between 11 and 19 meters per second
and averaged 15 meters per second; thus, start-up of the strong
winds just before image time and resulting short time for the
ocean to respond to the moderate wind forcing cannot explain
the lack of a polynya. Furthermore, the presence of a wind
signature to beyond the confines of Terra Nova Bay illustrates
the surface presence of at least moderate wind forcing over the
region where the polynya is usually located. A plausible expla-
nation is that formation of a large polynya requires winds of a
minimum speed on the order of 25 meters per second for sev-
eral hours, and that the wind forcing did not approach the
required threshold conditions. For comparison, sustained wind
speeds averaging 27 meters per second and reaching 29 meters

per second were experienced at Inexpressible Island in the 30
hours preceding the time when the very large polynya was
imaged by figure 1.

Figure 3 presents an example of light winter winds at Inex-
pressible Island. Conditions over the plateau above Reeves Gla-
cier do not differ significantly from those present in figure 1.
The warm signature of katabatic airflow across Nansen Ice
Sheet (at center) is just visible. The Inexpressible Island auto-
matic weather station registers a 2.5 meters per second wind
from the southwest. The small polynya near Inexpressible Is-
land is a remnant from moderate katabatic winds that died
away 12 to 18 hours before the image. The strong winds re-
sumed early on 20 July, generally consistent with the typically
short duration of lighter winter winds (Bromwich 1989a). A
nearly cloud-free mesoscale cyclone is located between Terra
Nova Bay and Franklin Island to the southeast as can be in-
ferred from their pressure and wind readings; Bromwich (1991)
has shown that such cyclones develop with great frequency in
this area on a year-round basis. Little plateau evidence of con-
vergence into David Glacier can be seen through the cloud
cover, and there is correspondingly little evidence of katabatic
airflow across Drygaiski Ice Tongue. Fairly uniform fluctuations
of the katabatic winds throughout the Terra Nova Bay region
have been inferred from the automatic weather station records
and the changes from figures 1 to 3 are consistent with this
finding.

a

plk

ab

Figure 3. Winter thermal infrared satellite image of the Terra Nova Bay area showing an example of light coastal winds. NOAA-10 1656
universal coordinated time 19 July 1988 AVHRR channel 4.
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This research was funded by National Science Foundation
grant DPP 89-16134 to David H. Bromwich. The satellite im-
agery was recorded by U.S. Navy personnel at McMurdo Sta-
tion, and obtained from Robert Whritner of the Antarctic Re-
search Center at Scripps Institution of Oceanography (National
Science Foundation grant DPP 88-15818).
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Climate processes
on the antarctic plateau

STEVEN C. WARREN

Department of Atmospheric Sciences, AK-40
University of Washington
Seattle, Washington 98195

The following three reports (Brandt, Grenfell, and Warren;
Walden, Murcray, and Heuberger; and Harder, Grootes, and
Charlson; all Antarctic Journal, this issue) describe work done at
South Pole and Vostok stations from November 1990 to February
1991 on National Science Foundation grant DPP 88-18570, with
co-principal investigators T.C. Grenfell, P.M. Grootes, and R.J.
Charlson. The project consists of several sub-projects, all re-
lated to climatic processes, either with the present radiation
climate of Antarctica or with how evidence of past climate is
recorded in antarctic ice. The interior stations, South Pole and
Vostok, were chosen for these studies because measurements

at those sites are representative of a large fraction of the con-
tinent and they are locations where ice cores have been drilled.

The field team at South Pole Station consisted of Thomas
Grenfell, Stephen Warren, Richard Brandt, Susan Harder, and
Von Walden. Grenfell and Warren also went to Vostok Station
for 3 weeks to repeat an experiment that they had performed
at South Pole Station in 1986 on optical properties of snow to
see whether the 1986 results could apply to a larger area.

Several of the projects carried out in the summer will be
continued in a full-year experiment through the winter of 1992,
as described in the reports that follow.
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Optical properties of snow
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The interaction of the snow surface with solar radiation was
studied at South Pole and Vostok stations.

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

A prerequisite for climate model calculations of greenhouse
warming and other climatic changes is the ability of radiation
models to calculate accurately the direct radiative effects of
atmospheric gases given temperature, ozone, and water-vapor
profiles. How to make these calculations is unclear because the
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Figure 1. Infrared spectrum for clear sky on 11 December 1990 for
an elevation angle of 45 0. ( Preliminary data; spectrum will change
when improved estimate of instrument response is applied.)

shapes of gaseous absorption lines in the far wings are not well
known. Therefore, it is necessary to have observations of long-
wave radiation in the real atmosphere (Ellingson, Ellis, and Fels
1991). An international project on the Intercomparison of Ra-
diation Codes in Climate Models has been established by the
atmospheric radiation community. Our measurements on the
Antarctic Plateau will be offered to researchers in the interna-
tional project so they can be used to test radiation models in
the most extreme temperature and humidity conditions found
in the Earth's atmosphere.

During the 1990-1991 austral summer field season at South
Pole, the interferometer and pyrgeometer were operated on the
top of Skylab for about 2 months. Figure 1 is a typical clear sky
spectrum taken on 11 December 1991 showing the contributions
of carbon dioxide, ozone, water vapor, and methane. The at-
mospheric window region is visible from about 8 to 13 microns.
The broadband flux measured by the pyrgeometer on clear days
was about 125 watts per square meter.

Figure 2 is the spectrum from an overcast sky on 9 January
1991, together with two blackbody curves, showing that the
brightness temperature of the cloud base is about 245 K. To-
gether with information about the temperature structure of the
atmosphere and the cloud base height, we can determine the
cloud emissivity (or optical thickness). The pyrgeometer meas-
ured 210 watts per square meter at this time.

We are now compiling a data set of atmospheric profiles of
temperature, ozone, and water vapor, obtained coincident with
our spectral measurements. We have temperature profiles and
some information of water-vapor profiles from the twice-daily
radiosondes launched by the South Pole Meteorological Office.
Ozone profiles are being obtained from the National Oceanic
and Atmospheric Administration, Climate Monitoring and Di-
agnostics Laboratory. Visual cloud observations, as well as
cloud photographs, were taken at the times that spectra were
recorded with the interferometer. In addition, we have near-
surface temperature measurements from two temperature sen-
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Figure 2. Infrared spectrum for overcast sky on 9 January 1991 for
an elevation angle of 15 0. ( Preliminary data; spectrum will change
when improved estimate of instrument response is applied.)

sors mounted at 2 and 11 meters above the surface on the
meteorological tower. The humidity measured by radiosondes
is inaccurate at low temperatures. During the 1990-1991 austral
summer, however, one balloon was launched carrying a frost-
point hygrometer which should yield more accurate water va-
por amounts. We coordinated the launch schedule with the
National Oceanic and Atmospheric Administration techni -
cians, so that we could obtain clear-sky infrared spectra coin-
cident with an accurate water-vapor profile.

Our data analysis and interpretation will focus on several
particular problems, including the comparison of spectral ra-
diance and broadband flux measurements with theoretical cal-
culations from longwave computer models, using the observed
profiles of atmospheric constituents as input. We will quantify
the contributions of greenhouse gases, ice crystals and clouds,
and meteorological conditions to the downward infrared radia-
tion at the Earth's surface. The effects of the strong near-surface
temperature inversion and "diamond-dust" ice crystals will be
of particular interest. This modeling will lead to parameteriza -
tions of the downward infrared over the Antarctic Plateau in
terms of atmospheric parameters such as inversion strength,
near-surface ice crystal amount, and clouds.

The interferometer is now undergoing modifications and cal-
ibration in Denver. It will be reinstalled at South Pole in Decem-
ber 1991 and will obtain spectra through the winter of 1992.

This work was supported by National Science Foundation
grants DPP 88-18570 and DPP 89-17643.
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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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In November 1990, Renate Heuberger from University of
Denver went to South Pole to retrieve the data and to make
several changes in the insulation of the instrument to prevent
it from overheating during the summer. A first look at the data
indicated that the instrument was still working satisfactorily.
Steve Warren and Von Walden from University of Washington
were introduced to the system and watched over the measure-
ments for the rest of the summer.

Even though the system had been working exceptionally
well, a decision was made to overhaul the instrument. In Jan-
uary 1991, the instrument was returned to Denver, where sev-
eral changes were to be made to increase the scan speed of the
instrument and to replace the Joule-Thompson cryostat with a
closed-cycle cooler that would avoid restriction of the measure-
ment time caused by the quantity of available cooling gas.

The data from 1989-1990 are still being analyzed. Figure 1
shows a typical winter clear sky spectrum with the strong tem-
perature inversion seen in the carbon dioxide region (600-750

per centimeter). Figure 2 shows part of this region expanded
and compared to calculated carbon dioxide lines. Water lines
are shown in figure 3. The amount used for the calculated lines
will be used to retrieve the column density of nitric acid, found
in the region between 860 and 910 per centimeter together with
water lines. Since the measured concentrations in this wave-
number region are very small (see figure 1), the signal-to-noise
ratio during the winter is relatively small and several spectra
need to be averaged to get a usable result.

The improved system is scheduled to be brought back to
South Pole for another year. Steve Warren, who is planning
to winter over, will be in charge. Having him on site during
the austral winter will be a big advantage. He will be able to
observe not only the sky conditions at the time of each mea-
surement but also blowing snow and diamond dust, two phe-
nomena which have a dominating influence on emission mea-
surements from the ground. He will also be able to change the
scheduling program so there will be more data taken under
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Figure 1. Spectrum taken with the atmospheric emission radiometer from the South Pole on 7 September 1990. The instrument was viewing
150 elevation. (microwatts/cm 2 sr cm- 1 denotes radiance. cm- 1 denotes wavenumber.)
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clear-sky conditions. The 1990 experience showed that not
enough measurements are taken under favorable conditions if
they are taken at fixed time intervals.

The project was supported by National Science Foundation
grant DPP 89-17643 and the National Aeronautic and Space
Administration.
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Figure 3. Expanded region of the 15 0 elevation spectrum of 7 September 1990. Most of the features in this area are caused by water vapor.
(microwatts/cm 2 sr cm- 1 denotes radiance. cm- 1 denotes wavenumber.)

Temperature increase observed
in Adélie Land,

East Antarctica?

GERD WENDLER and DEAN PRICHARD
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A time series of a new data product—the outgoing longwave
radiation as derived from satellite—recently became available.
National Oceanic and Atmospheric Adminstration satellites
have collected these data since the early 1970s. They were re-

duced to a common monthly format on a 2.5° latitude-longitude
grid (Winston et al. 1979; Janowiak et al. 1985). Adjustments
for slightly different sensors were carried out.

Outgoing longwave radiation data have been used success-
fully in tropical regions, especially in relating their values to
rainfall over ocean surfaces (e.g., Prasad and Verma 1985). They
have been used more recently in polar regions (Wendler in
press), where models predict that a maximum warming should
occur because of increased carbon dioxide and other trace
gases.

The outgoing radiation for Mer Dumont d'Urville (offshore
area between 120° and 150°E and between 62.5° and 675°S) was
calculated. We chose an offshore area, because the temperature
is more uniform there than in coastal area of Antarctica, where
altitude differences cause greater variations in surface temper-
ature. A large annual variation can be observed (not shown),
with maxima close to 200 watts per square meter in summer,
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while in winter values drop to 170 watts per square meter. Year-
to-year differences occur, but because the annual cycle is so
strong, trends are difficult to detect. Hence, in figure 1 we
plotted the deviation series obtained by deducting the mean
annual curve from the time series. Linear regression of these
data points shows an increase of 1.8 watts per square meter, or
about 1 percent of the radiative flux over the 15 years. This
regression line is significant at the 95 percent level. Converting
this radiation trend into a temperature change, an increase of
0.6 °C would occur over this area, as seen from space, during
the last 15 years. If this trend were to continue, it would result
in a temperature increase of about 4 degrees per century.

It could be argued, on the one hand, that this trend is nothing
more than a function of using different satellites or, on the
other, that the temperature change is a result of a decrease in
ice concentration. Wendler and Prichard (in preparation)
showed that neither is the case.

The logical question is: are there are other data that verify
the increase in temperature? Dumont d'Urville, the main
French station in Antarctica, is the only long-term meteoro-
logical station in the study area. Located on a small island,
Dumont d'Urville is about 4 kilometers off the coast of the
continent (66°38'S 139°48'E) at an altitude of 43 meters. Mete-
orological data are available for the period 1957-1990. Figure

74	76	78	80	82	84	86	88	90

Year
Adelie Land Region

Figure 1. Deviation series (1974-1990) of the outgoing longwave radiation as seen from space (with the mean annual radiative flux deducted)
for Mer Dumont d'Urville. Note the increase in the values of 1.8 watts per square meter over the 16-year observation period.
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2A shows the normalized time series of the temperature with
the annual cycle removed. An increase of about 0.8 °C for the
34 years (which would amount to an increase of about 2.4 °C
per century) was observed. Automatic weather stations have
been deployed in Adélie Land since 1980. No clear trends can
be seen in these data collections, because the record is shorter
and also more fractured, due to breakdowns of the automatic
weather stations.

The observed temperature increase for Mer Dumont d'Ur-
yule is in general agreement with temperature trends observed
in high southern latitudes. Mean temperatures for the whole
antarctic region (60°-90°S) have been compiled by Boden, Kan-
ciruk, and Farrell (1990) for the period 1958-1990 (see figure
2B). An increase of about 1.1 °C for the period, or about 3.5 °C
per century, was observed.

In summary, satellite observations indicated a temperature
increase for this region of Antarctica. Such an increase is in
agreement with surface observations and model predictions.

This study was supported by National Science Foundation
grant DPP 87-14828. J.E. Janowiak supplied the data tape of the
radiative flux, and P. Pettré supplied the climatological data for
Dumont d'Urville.
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Figure 2. A. Deviation series (1956-1990) of surface temperature for Dumont d'Urville. Note the increase of about 0.8 °C over the 34-year
period. B. Deviation series (1958-1990) of the mean surface temperature for the high latitudinal southern region (60°S-90°S). Note the
increase of about 1.1 °C for the period.
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Helioseismology is a method used to study the properties of
the solar interior by measuring the Sun's natural Vibration fre-
quencies. These Vibrations are detected at the solar surface as
upward and downward motions and also as intensity Varia-
tions. The periods of the approximately 10 different oscillations
range from about 15 to less than 3 minutes, and the spatial
scales range from the entire solar circumference to about 1
megameter. The oscillation spectrum is crowded, so accurate
measurement requires good resolution both in temporal and
spatial frequency. South Pole is a unique site for obtaining he-
lioseismology measurements because long-duration observa-
tions interrupted only by bad weather are possible during the
austral summer. Scientists have taken advantage of this feature
most summers since 1979.

Progress in detector and data-recording technology has al-
lowed our group to increase the angular resolution of full solar
disk images from 2502 pixels (1981, 1987) to 5002 (1988) to 1,0002
pixels during the 1990-1991 field season. This increase allows
us to probe a greater range of depths within the Sun. We also
have lengthened the duration of our observations to improve
temporal frequency resolution. This permits more accurate de-
termination of the solar oscillation frequencies.

After arrival at South Pole on 31 October 311990, we started
recording solar images once per minute from 9 November 1990
to 13 January 1991. The images showed the Sun's brightness in
a 1-nanometer bandpass centered on the 393-nanometer cal-
cium-TI spectral line. Weather conditions were unusually bad

so that our duty cycle was only about 30 percent. Nonetheless,
analysis of the more than 100 gigabytes of recorded data shows
that a satisfactory temporal frequency response function was
obtained. Our telescope was capable of making high-resolution
images and, for the first time, our observations were limited
by atmospheric turbulence rather than by the instrument. Im-
age sharpness proved to be variable and seldom better than a
few arc seconds. A comparison of image quality with regular
balloonsonde measurements is in progress. The image quality
was such that oscillations of spherical harmonic degree up to
about 1,000 were detected.

Analysis of helioseismology data requires a major computing
effort, which is now in progress. Some recent results from our
previous runs have been published in the past year. (The ref-
erence list contains eight publications of recent results.)

In addition to our helioseismology observations, we used the
20-centimeter aperture telescope at South Pole Station visually
to observe Sirius and Alpha Centauri at high magnification in
30- and 15-knot wind conditions. Image quality was of order 1
arc second at small zenith angle and light wind, and it deteri-
orated at larger zenith angles and wind speeds. We also in-
stalled an inexpensive polar-orbiting weather satellite receiver
to help plan our observations. South Pole is a superb site for
the reception of data from these satellites since every one is in
range on each orbit. This first use of such a receiver at South
Pole was successful. It was left at the meteorology lab for com-
munity use.

The field party included the authors, D. Neff (National Solar
Observatory) and R. Aikens (Photometrics Ltd.). We are grate-
ful for the outstanding logistic support provided by South Pole
Station personnel. This work was supported in part by National
Science Foundation grant DPP 89-17626. The National Solar
Observatory is one of the National Optical Astronomy Observ-
atories operated by the Association of Universities for Research
in Astronomy, Inc., under cooperative agreement with the Na-
tional Science Foundation.
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The cosmic background radiation is the dominant radiation
field in the Universe. According to the Big Bang model, the
cosmic background radiation originated in a hot, dense phase
of the early Universe and had a blackbody spectrum as a result
of the well-established thermal equilibrium at that time. As the
Universe expanded, the cosmic background radiation cooled
while preserving its blackbody spectrum. A major prediction
of the Big Bang model is that the cosmic background radiation
has a blackbody spectrum to high precision. Events in the 10 to
20 billion years since the Big Bang (such as the formation of
galaxies or other structures) may have left signature distortions
in the cosmic background radiation spectrum. Our experiment
tests this prediction of the Big Bang model and constrains the
conditions and physical processes that dominated the early
Universe.

We began our program in 1982 with a collaboration between
groups led by G. Smoot (University of California at Berkeley),
G. Sironi (Universita' di Milano, Milan, Italy), N. Mandolesi
(TESRE/CNR, Bologna, Italy), B. Partridge (Haverford College,
Haverford, Pennsylvania), and L.Danese and G. De Zotti (Os-
servatorio Astronomico, Padua, Italy). Our goal has been to
conduct a coordinated, careful determination of the long-wave-
length cosmic background radiation spectrum (Smoot et al.
1985, 1987), where distortions from a blackbody spectrum are
likely to be largest.

The experiment is conceptually very simple. The measure-
ment uses a radiometer—a radio receiver whose output is pro-
portional to the input power—to measure precisely the differ-
ence in power between the sky and a cryogenic absolute
reference target. The cold reference target is designed and con-
structed to have its temperature (radiated power) known to
high precision; consequently, the comparison of the sky at ze-
nith to the target determines the temperature of the zenith sky.

The signal from the sky is the sum of signals emitted from
many sources: the cosmic background radiation, the atmo-
sphere, the galaxy, the nearby terrain, and so on. Careful de-
sign of the instrument and of the experimental technique can
greatly reduce the intensity of these unwanted signals, but they
cannot be eliminated completely. Each must be measured and
subtracted from the zenith sky signal, leaving the cosmic back-
ground radiation as the residual. By repeating this measure-
ment at several frequencies, with instruments of similar design,
we measure the intensity spectrum of the cosmic background
radiation.

Our first observations were conducted from a remote site in
California's White Mountains and covered the range from 0.3
centimeters to 12 centimeters, a range which we later extended
to 50 centimeters. As the experiment progressed to the tech-
nically more challenging longer wavelengths, the progressive
degradation of the California site from encroaching civilization
and its radio interference raised the need for new and better
site (Kogut et al. 1991). The size of the antennae (figure 1)
precluded a shift to balloon or rocket observations, leading us
to search for alternate sites on the ground. The South Pole

Figure 1. Measurement technique and concept. Operators invert
the 4-centimeter radiometer to compare the signal from the zenith
sky to the cryogenic target buried in the ice. The comparison fixes
the temperature of the zenith sky, from which we subtract all fore-
ground emission to derive the temperature of the microwave back-
ground. The dimensions of the other radiometers scale (approxi-
mately) with wavelength.
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proved to be an excellent choice. It is remote, so manmade
disturbances are minimal and controllable. It is at high altitude,
so the thickness of the atmospheric layer overhead is reduced.
It is a desert, so the atmospheric water-vapor content, the main
source of variation (and, therefore, uncertainty) in atmospheric
signal, is greatly reduced. The terrain is flat and cold reducing
potential ground emission. And, last but not least, the Amund-
sen-Scott Station offers outstanding logistic and organizational
support.

In the austral summer of 1989, we took six radiometers and
the cold-reference target to a site about 1.6 kilometers from
Amundsen-Scott Station. During the 4-week observational
campaign, we conducted extensive measurements of the at-
mospheric emission at 0.3, 4, 8, 12, and 37 centimeters, and of
the galactic emission profile and cosmic background radiation
temperature at 4, 8, 12, 20, and 37 centimeters. Technical sup-
port in the field was provided by F. Cavaliere and I. Gibson.
Results of the observations are in press (De Amici et al. 1990;
Sironi et al. in press) or in progress.

Our experiment measured the cosmic background radiation
temperature from 0.3 to 50 centimeters, complementing the
shorter-wavelength measurements of the COBE satellite (0.05
to 1 centimeters). COBE showed that for wavelengths shorter
than 1 centimeter the cosmic background radiation spectrum
is well described as a blackbody with no deviation exceeding
about 1 percent of the peak flux (Mather and Smoot 1990).
Combining our measurements with those of COBE shows that
the cosmic background radiation spectrum is consistent with a
single temperature (2.735 kelvin) blackbody spectrum to a few
percent over the wavelength range 0.05 to 30 centimeters. Fig-
ure 2 shows the measured cosmic background radiation tem-
perature vs. wavelength, with a few representative distorted
spectra. The distorted spectra are at the limits of what is con-
sistent with the measurements, and indicate energy release in
the early Universe as a percentage of cosmic background radia-
tion energy.

Our data and those from COBE limit the shape and amplitude
of possible spectral distortions, and restrict the energy release
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Figure 2. Recent and historically important measurements of the temperature of the cosmic background radiation. The results of recent,
precise measurements of the spectrum of the cosmic background radiation are shown. Squares denote results of the Berke ley-Milano-
Bologna-Haverford-Padova collaboration from nonpolar sites; triangles denote preliminary results from the 1989 campaign; stars denote
short wavelength results from interstellar cyanogen; lines denote results from COBE; inverted triangles denote upper limits from balloon-
borne experiments. For comparison, a few historically significative measurements from the late 1960s are shown (filled circles); notice
how the experimental error bars have dramatically decreased at all but the longest wavelengths. A few representative distorted spectra
are also shown. The dotted line is the spectrum for a 1-percent energy release at a time between about 1 year and 10,000 years. The dashed
line is spectrum expected for a 1-percent energy release at a time after about 10,000 years that heats the matter significantly. The lack of
distortion tells us that the recent intergalactic medium is not very hot. The dot-dashed lines indicate the spectral distortion expected for
an ionized intergalactic medium whose temperature ranges from cold to moderately warm (10,000 kelvin). (K denotes kelvin. GHz denotes
gigahertz. cm denotes centimeter.)
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in the early Universe (1 month to 100,000 years after the Big
Bang) to less than 1 percent of the energy in the cosmic back-
ground radiation. This, in turn, limits various models of galaxy
formation and clustering, as well as more exotic possibilities
such as primeval turbulence, primordial particle decay, or the
existence of large amounts of antimatter (Smoot et al. 1985;
Mather and Smoot 1990).

Our longest-wavelength measurements search for traces of
the intergalactic medium that should be left over from galaxy
formation. If it existed and were hot (millions of degrees), it
could account for the observed diffuse X-ray background. A
hot intergalactic medium, though, would distort the cosmic
background radiation at short wavelengths, a possibility ruled
out by the COBE satellite data. The intergalactic medium must
either be warm to cool, or there must be very little left after
galaxy formation. A warm or cool intergalactic medium can
distort the cosmic background radiation spectrum at very long
wavelengths, so our measurements will help resolve this prob-
lem.

We plan to make additional measurement of the long-wave-
length spectrum of the cosmic background radiation, both with
the radiometers used in 1989 and with new instruments, to
confirm the results obtained so far, to reduce the errors, and
to improve the wavelength coverage. Twenty-five years have
passed since the discovery of the cosmic background radiation,
and the search for spectral distortions is on. The field is still
developing and continues to be an exciting and fundamental
area of research for cosmologists and astrophysicists.

This project was supported by National Science Foundation
grant DPP 87-16548, by the U.S. Department of Energy, contract
DEACO376SF00098, and by ENEA-CNR, Progetto Nazionale
Antartide.
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The first optical determination of temperatures and winds,
derived from high-resolution measurements of oxygen atmos-
pheric bands, in the austral polar upper atmosphere is pre-
sented here. The temperatures obtained appear to indicate con-
tamination of the photochemically produced layer emission of
the atmospheric bands by auroral excitation. These variations
are simultaneously observed with atomic oxygen emission at
5577 angstroms, which is used as an indicator of auroral activ-
ity. These measurements illustrate the capabilities of this
method to obtain upper atmospheric kinetic temperatures and
winds from molecular species.

The oxygen atmospheric bands are known to be present in
the airgiow and to be enhanced under auroral conditions. The
airglow emission comes from a narrow height range centered
at about 92 kilometers. It is the result of oxygen photochemical
reactions in which the net result is the recombination of atoms
to molecules. The intensity of the green emission from atomic
oxygen at 5577 angstroms covaries (Rees 1989, pp. 146-156)
with the atmospheric bands in the airglow, but its altitude of
peak emission is higher at about 97 kilometers.

The band contains spectral information that can be used to
determine the wind and temperature at the height of emission.
It is normally assumed that the molecule is in rotational equi-
librium with the ambient gas; thus, the rotational temperature
is equal to the local temperature. It is also assumed that the
velocity distribution of emitting molecules is in statistical equi-
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librium with the ambient gas; hence, the doppler width and
doppler shift contain information on the kinetic temperature
and wind, respectively. In this paper, we present determina-
tions of the kinetic temperature and the wind from high-reso-
lution observations at Amundsen-Scott Station from the 0-1
band at 8660 angstroms.

The rotational temperature of the 0-1 atmospheric band in
the airglow has been found to be close to that for the oxygen-
hydrogen Meinel bands at 86 kilometers (Viereck and Deehr
1989), and it is also expected to be close to the kinetic temper-
ature of the 5577-angstrom atomic oxygen airgiow emission
since the average temperature profile varies slowly with height
in the altitude range 80-100 kilometers (CIRA86 1988). In the
absence of strong wind shears, the average winds measured by
high-resolution spectroscopy of these three emissions would
be expected to be similar. Further, occasions may be found
when the upward propagation of a large monochromatic wave
or a tide appears at each height with an observable phase
change. In this paper, only the molecular oxygen atmospheric
bands and the atomic oxygen green line are considered.

Auroral emission is present in diffuse and discrete forms for
a large proportion of the time at Amundsend-Scott Station.
Aurorally excited 5577-and 8660-angstrom emissions occur.
Their presence complicates the interpretation of temperature
and wind measurements mentioned above. Particle precipita-
tion can excite oxygen atoms directly to both the singlet-S and
singlet-D states. Radiative relaxation from the singlet-S state
generates 5577-angstrom photons at altitudes, typically be-
tween 95 and 150 kilometers, leaving the oxygen atom in the
singlet-D state. Below 200 kilometers, the highly metastable
singlet-D oxygen atom is more likely to decay to the ground
state by collision than by radiation. One possible quenching
reaction is excitation transfer from the singlet-D state of atomic
oxygen to an oxygen molecule which is excited above the sec-
ond vibrational level, resulting in the subsequent emission of
8660-angstrom light (Valiance Jones and Gattinger 1973, pp.
232-240). Accordingly the auroral stimulation of both the 5577-
and 8660-angstrom emissions depends on electron impact on
atomic oxygen, although the latter also depends upon the avail-
ability of vibrationally excited oxygen molecules. Since vibra-
tional excitation is commonly known to occur as part of the
final stage of energy degradation of precipitating electrons in
aurora, there is good reason to expect that a large enough
proportion of electronic ground-state oxygen molecules will be
vibrationally excited above the second level. Thus, a simplified
argument leads to the conclusion that the height range of both
emissions in the aurora should be comparable; therefore, de-
rived winds and temperatures should be grossly similar. If,
however, if the electron precipitation is very soft so as to favor
the excitation of singlet-D atoms, little 5577-angstrom excitation
would occur, but 8660-angstrom emission would be generated
in the F-region resulting in higher temperatures, possibly over
1,000 K, being found because of the strong contribution of the
high altitude, high temperature, emission in the light blending
together along the line of sight of the instrument.

This paper presents temperatures and winds derived from
high resolution observations at Amundsen-Scott Station of the
two emissions, 8660 angstroms and 5577 angstroms. The data
show that two conditions occur where the interpretation of the
assumed blending of light along the line of sight is relatively
simple, one where the averaging gives similar temperatures in
both, the other where the 8660-angstrom temperatures are
more characteristic of the upper thermosphere, that is, F-region
above 200 kilometers.

Since January 1989, through a joint project between the Uni-
versity of Alaska and the University Washington, a high-reso-
lution, servo-controlled two-channel Fabry-Perot spectrometer
has been in operation during the period of darkness at South
Pole Station. Much of this time has been used to study the
accepted tracers of winds and temperatures in the upper and
lower thermosphere, namely the atomic oxygen emissions at
6300 and 5577 angstroms, respectively. During part of April
1991, spectra of a 2-angstrom region of the 0-1 band of the
oxygen atmospheric system were obtained at 8660 angstroms
in one channel. Simultaneously, in the other channel, spectra
of 5577-angstrom line from atomic oxygen were obtained. Us-
ing a periscope to select light from the sky, measurements were
made in the four cardinal and four intra-cardinal points and
also in the zenith. For these data, the average exposure time
for a spectrum was 30 minutes. These data were processed to
give winds and temperatures averaged over the emission layer.

Figure 1 shows the temperature and relative emission rate
data for 21 April 1991 for both emissions. To display the emis-
sion rate data showing principally temporal changes, the values
have been presented as a running average over all directions of
view. For the period from midnight to 1500 universal time,
temperatures differ by varying amounts in the range 0-100 K
with a mean temperature which rises from about 250 K to 350
K. Later than 1500 universal time, the kinetic temperature of
the atmospheric bands rises several hundreds of degrees above
that determined from the green line. The curve of emission
rate of the 8660-angstrom emission is enhanced by aurora dur-
ing this period.

Figure 2 is a plot of the meridional (southward positive) and
zonal (eastward positive) horizontal components of the line-of-
sight wind determined from the motions measured from two
species for 22 April 1991. The velocity ranges found for each are
similar, with variations from zero to 60 meters per second.
There is an indication in the earlier part of the day that a time
delay over about 2 hours exists between the variations in wind
in the meridional components and a suggestion that the dom-
inant oscillation is a diurnal tide.

Temperatures and Emission Rates for 21 April 1991

Derived from 55774 and 8660A

Figure 1. Temperatures and averaged relative emission rates above
Amundsen-Scott Station on 21 April 1991, derived from observa-
tions of the 5577-angstrom emission from atomic oxygen and
8660-angstrom region from the oxygen 0-1 atmospheric band. (A
denotes angstrom. UT denotes universal time. E denotes emis-
sion.)

Legend

Temp 86604

* Temp error

o Teirp 55774

o E rate 8660A
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Figure 2. Plot of the meridonal (southward positive) and zonal (eastward positive) horizontal components of the line-of-sight wind deter-
mined from the motions measured from two species of 22 April 1991. The velocity ranges found for each are similar, with variations from
0 to 60 meters per second (m/s). There is an indication in the earlier part of the day that a time delay over about 2 hours exists between
the variations in wind in the meridional components and a suggestion that the dominant oscillation is a diurnal tide. (UT denotes universal
time.)

Although there have been several reported observations of
the rotational temperature of the oxygen atmospheric bands,
this is the first report of a simultaneous study of the kinetic
temperatures and winds from both molecular and atomic emis-
sions determined by measurements at high resolution.

The temperature results in the period from midnight to 1500
universal time are consistent with the contention that the
height ranges of emission are similar. This being so, consider-
ation of the temperature values would suggest that a significant
proportion of the emission must be in the upper mesosphere
region where the temperature is typically close to 200 K. Cur-
rent understanding (Rees 1989) of the atmospheric bands
suggests that there are two major sources of excitation: one
photochemical which occurs predominantly in the upper meso-
sphere and the other related to the excitation of singlet-D oxy-
gen and its collisional transfer to vibrationally excited molecular
oxygen in the lower thermosphere. The latter mechanism is
expected to maximize where the combination of falling molec-
ular collision rate with altitude is balanced by the rising avail-
ability of singlet-D oxygen excited by the aurora and by cascade
from the singlet-S state. As mentioned earlier, the height of
maximum emission of the atmospheric bands in the aurora
could rise to the upper thermosphere when the incoming elec-
tron flux is very soft. Temperatures in the upper thermosphere
are expected to be in the vicinity of 1,000 K (CIRA86); hence
when the observed blended temperature approaches 1,000 K,

a strong upper thermosphere source is expected to
be present. Otherwise, for temperatures in the region of 200-
400 K, photochemical mechanisms in the upper mesosphere
and lower thermosphere predominate.

For the period from 1500 universal time onwards, where the
atmospheric band kinetic temperature rises several hundred
degrees above that found from 5577 angstroms, the mechanism
of excitation transfer must predominate if the foregoing argu-
ments are true. Figure 1 shows that the intensity of the 8660-
angstroms enission has a high mean value between 1500 and
2000 universal time.

It should be noted that existence of a wind shear could easily
appear to be a temperature change, and the spurious indication
that the temperature has increased would affect both 5577-
angstrom and 8660-angstrom measurements similarly, al-
though not identically, if they remained in the same height
range. Derived temperatures increase in both cases, but be-
cause of the mass difference between the molecular and atomic
species, a blend of bulk shifts would appear as a larger tem-
perature rise for the atmospheric bands than for the green line
because of the different line widths. Hence, for a situation
where a wind shear in the emission layer is normal, we expect
the atmospheric band kinetic temperature to appear higher at
all times, all other things being equal.

This paper presents the first study of upper atmospheric
dynamics and thermodynamics using the doppler shift and
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width data from the oxygen atmospheric band. The simple
interpretation which may be applied for the case of a source
solely containing airglow is not applicable to the data obtained
from Amundsen Scott Station. Auroral emission in the lower
and upper thermosphere blends with the airglow to give tem-
peratures and winds that are averages weighted by volume
emission rate.

The analysis presented here is consistent with our current
understanding of the excitation of the atmospheric bands and
the atomic oxygen line in the aurora and airgiow when the
observed temperatures are in near agreement and in the 200-
400 K range. However, when the temperature derived from the
atmospheric band rises to upper thermosphere values, consis-
tency can only be maintained by supposing that the incoming
auroral particle spectrum has made a transition from typical
energies in the kiloelectronvolt range to near 100 electronvolts
or below. Therefore, it is deduced that such a transition oc-
curred at 1500 universal time on the 21 April 1991 and reversion
to the kiloelectronvolt range at 2100 universal time.

The derived winds show signs that a blend of doppler shifts
exists along the line of sight that may include changes of direc-
tion. Hence, the data do not provide input on any particular
height interval that is narrow enough to characterize a layered

circulation. It is probable that the line of sight integrates over
more than a vertical wavelength of upward propagating waves
present in that region of the atmosphere.

The program to study the dynamics and thermodynamics of
the thermosphere and mesosphere at Amundsen-Scott Station
is supported by National Science Foundation grant DPP 90-
17484.
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We have constructed instruments to measure the atmos-
pheric conduction current and the atmospheric electric field,
two fundamental parameters of the global-electric circuit. The
instruments were deployed at the Amundsen-Scott South Pole
Station in January 1991 and are designed to operate continu-
ously for up to 1 year without operator intervention.

An electrical potential difference of approximately 300 kilo-
volts exists between the ionosphere and the Earth's surface. It
has been widely accepted for many years that the collective
action of thunderstorms over the entire globe is the primary
generator of this global ionospheric potential. A secondary gen-
erator of ionospheric potential at high latitudes is driven by the
interaction of the solar wind with the geomagnetic field, re-
sulting in a potential that varies spatially across the polar cap
(Park 1976). The cross-polar-cap potential may vary from 30 to

100 kilovolts, depending on solar wind conditions. At high lat-
itudes, the total potential of the ionosphere is the superposition
of the cross-polar-cap potential and the global potential. The
ionospheric potential is manifested by an atmospheric electric
field at the surface of the order of 200 volts per meter, and the
ionospheric potential drives a conduction current through the
intervening atmosphere on the order of several picoamperes
per square meter. The atmospheric current and the electric field
at high latitudes respond to a mixture of lower atmospheric and
magnetospheric influences.

The atmospheric processes that generate the ionospheric po-
tential and regulate the conduction current flow commonly are
referred to as elements of the "global atmospheric-electrical
circuit." The primary scientific objectives of this project are the
study of the terrestrial and extraterrestrial sources and modu-
lations of the global circuit. The South Pole Station was chosen
as our instrument site for several reasons. Most important, the
station sits on the antarctic plateau, a region where the atmo-
sphere has the ideal qualities for making measurements of
global-atmospheric electricity because the measurements are
relatively unperturbed by local meteorological conditions
(Cobb 1977). Second, South Pole Station is located within the
geomagnetic polar cap; therefore, atmospheric electricity mea-
surements made at the pole are useful in investigating global
processes as well as large-scale electrical processes unique to
high latitudes. Third, the downward air-Earth current being
delivered to the surface of the antarctic polar plateau is larger
(approximately twice as large) than the global average because
of the high altitude of the plateau, which is, therefore, strongly
coupled to the global electric circuit. Finally, the local topogra-
phy of the antarctic plateau is flat and void of obstructions,
making it ideal for taking atmospheric electricity measure-
ments.

The initial operational phase of this project has three primary
objectives: to establish that the instruments will work in the
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antarctic environment for extended periods of time without
human intervention or establish what design modifications will
be required to achieve this, to determine the conditions under
which the variations in the measurements due to local mete-
orological effects are small enough to allow us to study global
electrical processes, and to determine if correlated, multiple-
sensor measurements are needed to distinguish global electri-
cal signatures from those caused by local effects. For the last
two purposes, we constructed two identical arrays of instru-
ments. Monitoring and caretaker services by a winter-over tech-
nician are available at the station if required.

We have established two identical instrumentation sites (ar-
rays 1 and 2) near South Pole Station, as shown in the field site
diagram of figure 1. Each array consists of three major com-
ponents; an atmospheric current sensor, an electric field sensor,
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and a data processing/power-supply unit. Each sensor is ele-
vated from the ice surface by separate support structures. The
data processing/power-supply units are buried under the ice
surface in vaults. Array 2 is located closest to the station in the
middle of the science quadrant. The site of array I is approxi-
mately 600 meters away from array 2. Processing of the data
from both arrays takes place in the Skylab, and the data are
recorded on the University of Maryland data-logging system.
The data from both arrays are transmitted via signal cable.
Power to array 2 is provided via cable from the Skylab, and
power to array 1 is via cable from the U.S. Geological Survey
(USGS) seismometer vault, located approximately 250 meters
from the Skylab.

The atmospheric current measurements are being made with
an instrument of the type described by Burke and Few (1978),
adapted to the present experiment. It has not been deployed
previously in the Antarctic. The atmospheric electric-field mea-
surements are being made with rotating-dipole electric-field
mills of the type developed at Stanford University (Park 1976).
They have been found to operate reliably under antarctic con-
ditions. Figure 2 shows the current sensor and the electric-field
mill in their deployed configuration at South Pole Station. A
block diagram of the instruments showing the data flow for
each array is shown in figure 3.

The current sensor employs a split spherical shell in the form
of two hollow stainless steel hemispheres with 17.8-centimeter
radii. The hemispheres are joined mechanically but are electri -
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Array 2
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South Pole Station
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Figure 1. Diagram of the field site at the South Pole Station for the
experiment. The locations of the two instrument arrays are shown.
(USGS denotes U.S. Geological Survey.)

Figure 2. Atmospheric current sensor (sphere) and electric field
mill (foreground) shown in their deployment at the site of array 1.
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Figure 3. Block diagram showing the transmission and processing of data for each instrument array. Eight analog data channels from the
current sensor are multiplexed (Mux) and digitized (A/D) within the current sensor. The electronic digital signals strobe a light-emitting
diode (LED). The optical signal is transmitted via optical fiber cable and converted back into electronic signal by a photodiode (PD) circuit
in the vault box. Two analog data signals from the field mill are transmitted via cable to the vault box, where they are digitized. The current
sensor and field mill data are computer processed and converted to a serial data stream by a universal asynchronous receiver/transmitter
(UART) circuit for transmission via modem to a receiving modem in the Skylab. The data are then reconfigured by a UART/computer for
data logging.

cally isolated from each other by a thin (1-centimeter) horizon-
tal Teflon disk between them. The sensor electronics are inside
the sphere. The sphere is suspended and electrically isolated
from the ice surface, that is, there are no electrical paths from
the sphere to ground with impedance lower than through the
surrounding air. In this fashion, the conducting sphere as-
sumes the electrical potential of the air surrounding it. In prin-
ciple, the atmospheric conduction current is determined by
measuring the current flowing from the air into one hemisphere
through the internal electronics and out the other hemisphere.
A simple linear relationship exists between the current meas-
ured by the sensor electronics and the absolute atmospheric
conduction current. Given the simple geometry of the sensor,
the constant of proportionality is a known geometric factor
(Burke and Few 1978). A tower structure supports each current
sensor above the surface, consisting of three 4-meter-tall ver-
tical wood posts located at the corners of a 13-meter equilateral
triangle. The sphere is suspended 3 meters above the ice sur-
face by tensioned Kevlar support cables attached to the wood
posts. The current sensor has two other cables attached; a
shielded 4-wire electric cable supplies power to the sensor from
the vault box, and a fiber-optic data link between the sensor
and the vault box. The field mill is mounted on a wooden
support tower at a distance of 3 meters above the surface, 13
meters away from the current sensor triangle.

The deployment of two arrays of instruments is necessary to
distinguish unambiguously between atmospheric-electrical
signals of local and global origin. For example, during ideal
fair-weather conditions, we observed slight differences in the

measurements between the two arrays, probably caused by
turbulent mixing of an electrode layer of space charge near the
ice surface. The minimum separation distance between the two
arrays that is required to decouple their fair-weather electrical
signals of local meteorological origin is determined by the cli-
matology of the antarctic plateau. The vertical thickness of the
prevailing surface wind structure extends to the top of a nearly
permanent surface inversion layer (Dalrymple 1966). The max-
imum scale size of turbulent mixing of the surface winds is
about the depth of the layer, or about 600 meters; therefore,
the array separation distance of 600 meters is such that local
signals (due to turbulent or convective mixing of the surface
electrode layer) measured by the two arrays will be uncorre-
lated although, of course, they are close enough together that
polar cap or global signals will be correlated.

The University of Houston field team members, Edgar A.
Bering and Gregory J . Byrne, arrived at South Pole Station on
5 January 1991. Array 2 was deployed on 11 January at a site
chosen to be in an area that is easily accessible and to minimize
cable runs. The site of array 1 was then chosen to be a suitable
distance away from array 2. Array 1 was deployed on 15 Janu-
ary. The field team departed South Pole on 18 January, leaving
both arrays fully operational. Data from the first few days of
operation are given by Bering et al. (Antarctic Journal, this issue).

This research was supported by National Science Foundation
grant DPP 89-17464. We thank members of Antarctic Support
Associates at the pole for their assistance in deploying the ar-
rays, and Katherine Price for her winter-over technical assis-
tance.
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We have constructed instruments to measure the atmos-
pheric conduction current and the atmospheric electric field;
two fundamental parameters of the global-electric circuit. The
instruments were deployed at the Amundsen-Scott South Pole
Station in January 1991 as described in a separate paper (Byrne
et al., Antarctic Journal, this issue).

The air-Earth current is associated with the potential differ-
ence between the Earth's surface and the upper atmosphere.
According to classical theory, the primary generator of this
potential difference at low latitudes is the collective action of
thunderstorms over the entire globe (Israel 1973). Thunder-
storms charge the upper atmosphere globally to a potential on
the order of + 300 kilovolts with respect to the surface. Mea-
surements have indicated that the potential varies on time
scales from minutes to seasonal, but that at any given time, the
potential is approximately the same at all locations globally
(Norville and Holzworth 1987), except at high latitudes.

At high latitudes, a secondary generator is driven by the
interaction of the solar wind with the geomagnetic field (Park
1976), resulting in a potential across the polar caps. The cross-
polar-cap potential may vary from 30 to 100 kilovolts, depend-
ing on the states of the magnetosphere and solar wind. At high
latitudes, therefore, the potential of the upper atmosphere is a
superposition of the cross-polar-cap potential and the global
potential, so that the vertical current density will respond to a

mixture of lower atmospheric and magnetospheric influences.
The effect of different sources of upper atmospheric potential
at high latitudes can be isolated by use of current density data
from a network of sites within the polar cap to take "snapshots"
of the polar cap potential. These snapshots are a primary long-
term goal of the research in Antarctica described in this article.
It will be possible to make these snapshot measurements only
if local effects due to processes in the planetary boundary layer
(Hoppel, Anderson, and Willett 1986) and biases arising from
atmosphere-instrument interactions are negligible much of the
time.

To verify the feasibility of our approach, we constructed two
identical arrays of instruments (arrays 1 and 2) in the vicinity
of the South Pole Station as described by Byrne et al. (Antarctic
Journal, this issue). Each of the arrays consists of three major
components: an atmospheric current sensor, an electric field
sensor, and a data processing/power supply unit. Array 2 is
located closest to the station in the middle of the science quad-
rant. Array 1 is approximately 600 meters away from array 2.

This article will present the data from the 3 days recorded by
the field team, 15-17 January 1992. Figure 1 shows an overview
of 506-seconds averages of the data. The top panel shows the
electric field and the bottom panel shows the current from both
arrays. All instrumentally valid data are shown, but the data
have not been edited to remove periods of inclement weather.

The surface weather conditions during this 3-day interval
were quite varied. On 15 January 1991, the sky was completely
overcast by nimbostratus clouds at 250 meters from 0000 to
0900 universal time, with winds 4-10 knots. Light snow fell
from the start of the day until 1500. From 0900 to 2000 universal
time, there were broken altocumulus at 500-700 meters, with
0 to 5 knot winds. From 2000 universal time, 15 January to 1000
universal time, 16 January, there were scattered cirrus at 1,500
meters, with 5 to 8 knot winds. From 1000 to 1700 universal
time, the weather was clear with 11 knot winds. From 1700
universal time, 16 January to 0200 universal time on 17 January,
the weather worsened steadily, with low-lying altostratus
clouds moving in to produce fully overcast conditions with light
snowfall at 0200. The weather began to improve at 0500, with
the overcast conditions giving way to scattered cirrus at 1,500
meters by 0800. Winds remained in the 6 to 10 knot range. The
sky was clear from 1000 to 1600, with 13-15 knot winds. At 1600
universal time, scattered cirrus at 1,500 meters appeared and
remained for the rest of the day. Surface winds remained 13-
15 knots.

Portions of figure 1 contain data that have been seriously
perturbed by inclement weather. Inspection of the figure shows
intervals where the variance of the data is large and where there
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Figure 1. Data taken during the 15 through 17 January 1991 interval
are plotted as a function of universal time. The top panel shows
506-second averages of the electric field data from both arrays,
with array 1 (the array farther from the station) plotted as solid
lines and array 2 plotted as dashed lines. The bottom panel shows
the current density data. Positive values correspond to downward
fields and currents, the fair-weather direction. (V m' denotes
volts per meter. A rn- 2 denotes amps per square meter. UT denotes
universal time.)

was highly variable disagreement between the two arrays (dc
offsets will be discussed below). The intervals from 0000 to
approximately 1500 universal time on 15 January and from 0100
to 0600 on 17 January were periods of both snowfall and per-
turbed data. As expected, it appears that the snow grains were
charged, producing serious perturbations. On the other hand,
the data appear unperturbed for the rest of the period shown.
Thus, it appears that scattered high-altitude clouds and winds
as high as 15 knots are not problems for the measurement.

The valid data in figure 1 show a number of interesting fea-
tures. First, both the current and the electric field show a clear
diurnal variation consistent with the well-known Carnegie
curve (Parkinson and Torrenson 1931). It is interesting to note
that the field maximum each day occurred at 1400 universal
time, in contrast to the 1800 universal time maximum usually
found during Northern Hemisphere summer. A maximum at
1400 is consistent with a lack of thunderstorm activity in North
America and strong thunderstorm activity in east Africa and
Brazil, which is expected in January.

A second feature of major interest is the general agreement
between the data from the two arrays. Figure 1 shows conclu-

sively that local effects do not obscure signals of global origin
as long as it is not actually snowing.

On the other hand, there are two disagreements between the
data from the two arrays that need to be discussed. There is
an apparent offset between the values measured by the two
arrays in both data sets. Throughout electric field data and in
the current data after 1200 on 16 January, this offset corre-
sponds to a constant ratio between the two signals of 1.039,
with array 1 giving the larger values. We attribute this constant
difference to the presence near array 2 (approximately 100 me-
ters away) of the geodesic dome of the station, a meteorological
instrument tower, and a radio antenna tower. Before 1200 on
16 January, the current meter at array 1 measured a higher
current than array 2 whereas the field meters agreed. This
discrepancy appears to be a warm-up transient, possibly as-
sociated with the last cleaning of the insulators, which was
done in the field at low temperature. Judging from the inferred
conductivity data, we determined that array 2 had shown the
same effect earlier.

The data are shown in successively finer detail in figures 2
and 3. Figure 2 is a three panel figure showing 252-second

Figure 2. The top two panels show 256-second averages of the
same data as in figure 1 for the 36-hour interval starting at 1200
universal time on 16 January 1991. The third panel shows the at-
mospheric conductivity interred from the data in the top two
panels. (V m 1 denotes volts per meter. A rn 2 denotes amps per
square meter. mho m 1 denotes milliohms per meter. UT denotes
universal time.)
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Figure 3. Detail of figure 2 showing the 10-hour interval starting at
1000 universal time on 17 January. The top panel shows 70-second
averages and the lower two panels show 128-second averages. (V
rn' denotes volts per meter. A m- 2 denotes amps per square
meter. mho m' denotes milliohms per meter. UT denotes univer-
sal time.)

averages of 36 hours of data starting at 1200 universal time on
16 January. The third panel in figure 2 shows the conductivity
inferred by dividing the current density by the field. This panel
shows that the two arrays agree very well and that there were

small variations in the conductivity that were not coherent with
the diurnal variations in field and current. These facts indicate
that the instruments were measuring ambient phenomena, not
merely leakage resistance.

Figure 3 shows still finer detail. Note the high degree of
short-term correlation, particularly in the electric field data.
The current data were uncorrelated on time scales shorter than
roughly 100 seconds. The presentation of at least 2-minute av-
erages is required to obtain meaningful comparisons. The elec-
tric field data, on the other hand, agree reasonably well on time
scales as short as 10 seconds.

In conclusions, we have found that atmospheric electricity
instruments 600 meters apart near South Pole Station were
measuring signals of global origin, except when it was snow-
ing. We can detect variations of 1-2 percent amplitude. Finally,
the instruments can detect signals of global origin on time
scales of a few minutes.

The University of Houston field team members, Edgar A.
Bering and Gregory J . Byrne, arrived at South Pole on 5 January
1991. The field team departed South Pole on 18 January. This
research was supported by National Science Foundation grant
DPP 89-17464. We thank members of Antarctic Support Asso-
ciates at the Pole for their assistance in deploying the arrays,
and Katherine Price for her winter-over technical assistance.
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A comparison of
low-frequency pulsations
in electron precipitation

and magnetic fields
at South Pole Station

JOHN PAQUETTE and D.L. MATTHEWS

Institute for Physical Science and Technology
University of Maryland

College Park, Maryland 20742

The University of Maryland 30-megahertz riometer and the
Bell Labs fluxgate magnetometer have recorded data continu-
ously at South Pole Station since 1982. The riometer provides a
measurement of the flux of energetic (greater than 5-10 kilo-
electronvolts) electrons precipitating into the ionosphere, while
the magnetometer detects the components of the geomagnetic
field in the H (north-south), D (east-west), and Z (vertical)
directions. Our survey of the data from these two instruments
reveals the existence of intervals of long-period (200-1,000 sec-
onds) pulsations appearing in both precipitation and fields.
Only those events showing three or more complete cycles and
occurring between 0600 and 1800 magnetic local time were con-
sidered; this produced a database of 252 events for the period
from 1982 to 1989.

One such correlated pulsation event is shown in figure 1. The
data shown in this and subsequent figures have been filtered
with a wide bandpass filter with cutoffs at 20 and 600 seconds.
The pulsations clearly are correlated and last for nearly an hour.
Note that the onset of pulsations in the two traces is nearly
simultaneous.

Figure 2 shows another such event but with an important
difference. Although the field and precipitation pulsations are
correlated in the latter part of the event as before, the onset of
precipitation pulsations occurs much earlier than the onset of
field pulsations. Cross power-spectral analysis confirms that
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Figure 1. Cosmic noise absorption (an indicator of energetic elec-
tron precipitation), is the upper curve and the H (north-south) com-
ponent of the geomagnetic field is the lower curve in this plot of
an hour-long interval on 16 May 1983. The data are 10-second av-
eraged and bandpass filtered. Note the nearly simultaneous onset
of pulsations in the two plots. (dB denotes decibel. nT denotes
nanotesla.)

the magnetic field data and the precipitation share a common
frequency of 2.5 millihertz.

To understand the significance of the disparity in onset times,
the origin of the correlated pulsations must be considered. Co-
roniti and Kennel (1970) outlined a mechanism whereby mag-
netic pulsations (perhaps originally excited at the magneto-
pause; see Chen 1974) in the frequency range of interest could
create precipitation pulsations at their own frequency by mod-
ulating the growth rate of whistler mode turbulence at the
magnetic equator. If precipitation pulsations and magnetic pul-
sations do begin at the same time at the magnetic equator, the
difference between the electron velocity (a few tenths of the
speed of light) and the Alfven speed (the speed at which mag-
netic disturbances propagate through a plasma; in this case, a
few hundred thousand kilometers per second) will lead to dif-
fering onset times as seen on the ground. At South Pole Station,
the expected disparity is on the order of several hundred sec-
onds.

To determine the onset objectively in cases such as the one
shown in figure 3, where oscillations at other frequencies may
occur in one of the traces, a computer program that determined
onset based on averaged variances was used. Analysis of the
pulsation events mentioned above using the onset finder pro-
gram indicated that in 30 percent of the events the onset of
precipitation pulsations preceded the onset of magnetic pul-
sations by more than 120 seconds; however, in 35 percent of
the events pulsations in precipitation and fields began within
less than 120 seconds of each other. Finally, 35 percent of the
events showed the onset of magnetic pulsations leading the
onset of precipitation pulsations by 120 seconds or more. The
dividing line was set at 120 seconds, because that is approxi-
mately half the expected delay introduced by transit time and
is about twice the estimated error of the onset finder program.

Those events which show precipitation pulsation onset lead-
ing magnetic pulsation onset are consistent with Coroniti and
Kennel's prediction, but those that show very little difference
in onset time between field and precipitation pulsations are
not. If the disparity in onset times is caused by the differing
travel times from the source to the station, the source region
for such events must lie much closer to the station than the
magnetic equator; in many cases, the data are consistent with
simultaneous onset in precipitation and magnetic fields. Al-
though a model once was developed suggesting that the ionos-
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Figure 2. This plot has the same format as figure 1, but the pulsa-
tions in the absorption begin almost 15 minutes earlier than the
pulsations in the magnetic field. (dB denotes decibel. nT denotes
nanotesla.)
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Figure 3. The presence of several frequency components makes
the determination of onset difficult in the magnetic field compo-
nent in this case. (dB denotes decibel. nT denotes nanotesla.)

pheric modulation of steady precipitation could lead to pulsa-
tion events of this type (Maehlum and O'Brien 1968), it is
unclear if such a mechanism is applicable here.

Another means of distinguishing these two classes of events
is provided by the Stanford University very-low-frequency de-
tector which also is located at South Pole Station. By averaging
the very-low-frequency signal in the 500 hertz to 1,000 kilohertz
band over the duration of each of the pulsation events, a single
number denoting the level of very-low-frequency activity dur-
ing each event was found. Some 70 percent of the events in
which the onset of precipitation pulsations leads the onset of
magnetic pulsations have a higher level of very-low-frequency
activity than the events with nearly simultaneous onsets. This
may be significant in that Coroniti and Kennel (1970) predict

that correlated pulsations events could occur during times of
enhanced very-low-frequency activity.

The last class of events, in which magnetic pulsations begin
before the associated pulsations in precipitation, may be attrib-
utable to movement of an area of precipitation into the riome-
ter's field of view, resulting in an apparent onset that is later
than the true onset. Such movement cannot explain events of
the first type, because the riometer is sensitive to a smaller area
than the magnetometer. Comparison to data from the imaging
riometer for ionospheric studies (IRIS), installed at South Pole
in 1988, (Detrick and Rosenberg 1990), confirms this explana-
tion for 12 out of the 15 events of this type for which good IRIS
data was available, during the years 1988 and 1989.

We would like to acknowledge L.J. Lanzerotti of AT&T Be!!
Laboratories for the use of the magnetometer data, and Stan-
ford University for the use of the very-low-frequency data.

The work at the University of Maryland was supported in
part by National Science Foundation grant DPP 88-18229.
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Imaging riometer
measurements of
F-region electron

density structures
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Institute for Physical Science and Technology
University of Maryland

College Park, Maryland 20742

Radio-wave absorption in the F-region is not usually consid-
ered as a mechanism for riometer fluctuations, because the
critical frequency of the F-region is usually much lower than
the wave frequency. For example, riometer operating frequen-
cies are typically in the range 20-50 megahertz, whereas the
critical frequency of the F-region is commonly on the order of
2-3 megahertz. The F-region contribution to riometer absorp-
tion is small and essentially constant in this case and, thus, can
be regarded as part of the quiet day absorption. Abdu, De-
gaonkar, and Ramanathan (1967) and Ramanathan, Bhons!e,

and Degaonkar (1961) have suggested, however, that in certain
circumstances when the critical frequency of the F-region is
high (greater than 4-6 megahertz), the F-region absorption due
to electron-ion collisions might be as significant as the conven-
tional D- and E-region absorption associated mainly with elec-
tron-neutral collisions (see also Taubenheim 1976).

While studying South Pole riometer and auroral photometer
data for signatures of the dayside polar cusp, a localized region
of the magnetosphere where the entry of magnetosheath
plasma to low altitudes is most direct, several unusual events
were encountered. They show significant riometer absorption
and atomic oxygen, 630.0 nanometers, emission but no asso-
ciated ionized molecular nitrogen, 427.8 nanometers, emission.
The atomic oxygen emission is generally associated with pre-
cipitating electrons of several hundred electronvolts energy,
sufficient only to reach the F-region. The ionized molecular
nitrogen emission, on the other hand, is caused by precipitat-
ing electrons with kiloelectronvolt or higher energies that can
reach the D- and E-regions. It appears, therefore, that these
events are unrelated to D- and E-region ionization enhance-
ments. With the help of Halley Polar Anglo-American Coordi-
nated Experiment (PACE) high-frequency radar and Defense
Meteorological Satellite Program (DMSP) particle data, a study
of possible mechanisms for such events leads us to suggest that
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Figure 1. South Pole broadbeam riometer and photometer data for
the event of 10 June 1989. A 0.4-decibel increase in 38.2-megahertz
riometer absorption occurs at about 1500 universal time and fades
out after 1630 universal time. There is a sudden increase around
local noon (1530 universal time) in the intensity ratio of 630.0 nano-
meters emission to 4278 nanometers emission. (UT denotes uni-
versal time. MHz denotes megahertz. dB denotes decibel. kA de-
notes kilorayleigh. nm denotes nanometer.)

F-region electron density patches probably were responsible for
some of the anomalous riometer absorption events.

Figure 1 shows broadbeam riometer and photometer data
from South Pole Station (74° magnetic latitude) for an event that
occurred on 10 June 1989. The cusp was identified to be around
66° magnetic latitude between 1200 and 1600 universal time on

this day. Thus, South Pole presumably was well inside the polar
cap. The data of figure 1 show a 0.4-decibel increase in 38.2-
megahertz riometer absorption at approximately 1500 universal
time. There is also a sudden increase around local noon (1530
universal time) in the intensity ratio of 630.0-nanometer emis-
sion to 4278-nanometer emission. The absence of any appre-
ciable response in the 427.8-nanometer emission suggests that
electron precipitation with kiloelectronvolt energies or higher
did not contribute to the riometer absorption. In figures 2 and
3, we show data from the imaging riometer for ionospheric
studies (IRIS) (Detrick and Rosenberg 1988). During the period
between 1530 and 1540 universal time, the absorption in a lo-
calized region reaches a value between 1 and 1.5 decibels, and
the structures move poleward across the field of view (figure
2). The range of their velocities determined from figure 3 is
between 200 and 300 meters per second if we assume they are
at a height of 90 kilometers, a typical altitude where hard elec-
tron precipitation would result in riometer absorption. If we
assume, however, that the absorption results from features at
an F-region height of 200 kilometers, then the velocity range
will be between 450 and 650 meters per second.

To identify the origin of the riometer absorption, we exam-
ined the relevant data from the Halley PACE radar, DMSP sat-
ellites, and the South Pole ionosonde. PACE radar data show a
series of features formed in the cusp and then drifting poleward
across the polar cap. At the latitude of South Pole Station
around 1530 universal time the velocities of these features are
in the range of 400 to 600 meters per second, consistent with
the IRIS measurements if the absorption is assumed to be due
to F-region features. Furthermore, at this time, DMSP satellite
data indicate that soft precipitation was occurring at the South
Pole latitude with energies up to about 300 electronvolts and
total number flux on the order of 10° electrons per square cen-
timeter per second per steradian. This flux can produce only
0.05-decibel absorption by electron-neutral collisions. The flux
may contribute, however, to the formation of F-region patches.
Finally, the value of 9 megahertz measured for the critical fre-
quency of the F-region at South Pole between 1500 and 1600
universal time also suggests the presence of a large-scale F-
region patch.

In conclusion, significant riometer absorption can occur in
the cusp and polar cap in the apparent absence of electron
precipitation with energies sufficient to cause D-region ioni-
zation enhancements. Some of the anomalous absorption
events may be due to F-region electron density patches formed
in the cusp and drifting into the polar cap. Detailed information

South Pole IRIS, Day 161, 10 June, 1989
UT	7W	 •-ri

1520

1530
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Figure 2. One-minute IRIS images of this event. The absorption structures in a localized region reach a value between 1 and 1.5 decibels
between 1530 and 1540 universal time and move upward (poleward) across the field of view. (UT denotes universal time. dB denotes
decibel.)
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about F-region patches, such as electron density and temper-
ature profiles, will be used to make a comparison of calculated
F-region absorption values with those actually measured.

This work was supported by National Science Foundation
grant DPP 88-18229. We would like to thank R.A. Greenwald,

K.B. Baker and J.R. Dudeney for PACE radar data, P. Newell
for DMSP data, and F.T. Berkey for South Pole ionosonde data.
We appreciate the assistance of John Cress, the winter-over
science technician at South Pole Station for the 1989 season.

1520	1525	1530	1535	1540	1545	1550
UT, South Pole IRIS, 10 June, 1989

Figure 3. Seven of 49 IRIS beams from two adjacent north-south columns. The top four are from one column, the lower three from the
column to the east. The different separations of the peaks in different beams indicate a velocity range between 200 and 300 meters per
second for the features moving poleward, if they are assumed to be at a height of 90 kilometers; however, if it is assumed that the
absorption results from features at a F-region height of 200 kilometers, then the velocity range will be between 450 and 650 meters per
second. (UT denotes universal time. dB denotes decibel.)
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Identification of a post-
magnetic-noon source for Pc1-2

micropulsations
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Magnetic micropulsations observed on the ground are the
signature of plasma waves that have propagated from a mag-
netospheric source region. Their occurrence pattern and spec-
tral character are a consequence of both the generation mech-
anism and their path-modulation en route to the ground
observer.

Micropulsations in the 0.1-0.4 hertz band, known as Pcl-2
(Fukunishi 1981), have a diurnal occurrence pattern with a day-
time peak (Heacock 1974; Boishakova, Troitskaya, and Ivanov
1980; Popecki et al. 1990). Some interpretations have attributed
this to the localized nature of a proposed cusp source (Bol-
shakova et al. 1980) or to the propagation effects of sunlight on
the ionosphere (Sato and Saemundsson in preparation). This
survey of micropulsations at three high-latitude ground sta-
tions clearly shows a postmagnetic noon occurrence peak for
Pcl-2, even at South Pole, which has no solar day.

Inductions coils were operated at Sondre Stromfjord, Green-
land (750 geomagnetic latitude), Siple (-61') and South Pole
(-74') during 1986. The data for the entire year was Fourier
transformed and presented in spectrograms covering the 0.1-
5.0-hertz range. Events with well-defined spectral peaks (Pc-
type micropulsations) were selected, and information about
them was gathered into a database. The center frequency,
bandwidth, start and stop times, and other information were
recorded for some 4,500 events from all three stations. The

number of times wave power was seen in the 0.1-0.4-hertz
band during 1986 is plotted as a function of local magnetic time
in the figure. Local magnetic noon occurs when the magnetic
meridian of the station intersects a line joining the Earth and
Sun.

All three stations display a diurnal pattern, with a postmag-
netic noon peak. The presence of this pattern at South Pole
eliminates the explanation of sunlight-induced propagation ef-
fects, since South Pole has no solar day. The pattern persists at
South Pole, even during local winter. A single postnoon peak
at all three stations suggests a magnetospheric afternoon
source region. It also argues against the possibility of a cusp
source, which should display a noon-symmetric pattern in-
stead. The possible association of Pc1-2 occurrence with solar
wind parameters and internal magnetospheric energy sources
is currently being studied.

We would like to thank Hank Dolben for the extensive pro-
gramming support that made the data analysis for this project
possible. For the careful fieldwork necessary to establish and
maintain the South Pole and Siple micropulsation stations, we
would also like to thank Marc Lessard (1984, 1985), Hank Dol-
ben (1981), Ralph Varney (1975), and Mark Widholm (1981).

This work was supported in part by National Science Foun-
dation grant DPP 89-13870.
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The diurnal occurrence pattern for Pc1-2 (0.1-0.4-hertz) waves has
a post-magnetic noon peak at three high-latitude stations. The
horizontal axis is local magnetic time, divided into 20 minute seg-
ments. The vertical axis is the number of times (Qty) that wave
power in the 0.1-0.4-hertz band was observed in any 20-minute
segment of the day in 1986. The presence of a diurnal pattern at
South Pole indicates that it is from a magnetospheric afternoon
source and is not a propagation effect of sunlight on the iono-
sphere.
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Observations at high latitude often show that pulsations of
the Earth's magnetic field at Pc 3-4 frequencies (20 to 50 milli-
hertz) are accompanied by similar variations in the intensity of
very-low-frequency (500 to 2,000 hertz) radio emissions. These
so-called quasi-periodic, very-low-frequency emissions are, thus,
a lower frequency analog of the amplitude-modulated radio
signals of the commercial AM radio band.

A recent study by Engebretson et al. (1991) at South Pole
Station showed that simultaneous activity at Pc 3-4 frequencies
in magnetic field, auroral brightness, and very-low-frequency
emissions appeared when South Pole Station was near the foot-
print of magnetic field lines connecting to the outer boundary
of the Earth's magnetosphere (that is, near the cusp/cleft foot-
point). These observations have given new support to theories
that all of these variations are related to upstream waves lo-
cated in the solar wind just upstream from the region of its
interaction with the Earth's magnetosphere.

As a follow-up study, we have looked at the relationship
between quasi-periodic emissions and magnetic pulsations and
their spatial extent by using data obtained during September
1986 from three sites in Antarctica: Halley Bay and Siple sta-
tions lie close to the nominal position of the plasmapause (deep
in the magnetosphere), and South Pole Station is near the day-
side cusp, but at nearly the same longitude, relative to the
Earth's magnetic field, as Halley Bay.

It has been proposed that quasi-periodic emissions originate
in the magnetosphere as the result of the modulation of an
existing very-low-frequency hiss or chorus source by compres-
sional magnetic pulsations, and a straight-ahead path at equa-
torial latitudes has long been assumed for the entry of Pc 3-4
wave power from the region sunward of Earth. As a result,
most previous studies have assumed that the modulated very-
low-frequency emissions arise near the equator on field lines
in the magnetosphere which map directly down to each ob-
serving site (e.g., Sato and Fukunishi 1981). The very-low-
frequency signal itself is considered to arise from electrons
spiraling around the magnetic field, also near the equator.

A statistical study of quasi-periodic and magnetic activity at
Pc 3-4 frequencies showed that both peaked shortly before local
noon at each of the three stations. Although magnetic activity
was clear and strong at all three stations, quasi-periodic activity
was more common and stronger at South Pole Station (102
events) than at either of the lower latitude sites. A comparison
of quasi-periodic activity at South Pole and Halley Bay stations,
which are situated at nearly the same local time, showed that
when activity was observed at Halley Bay, there was essentially
always similar activity at South Pole, but the converse was not
necessarily true. Magnetic pulsations were found in more cases
than were quasi-periodic emissions; in fact, there were no cases
in our data set in which quasi-periodic emissions were present
without accompanying magnetic pulsations.

Figure 1 shows an example of simultaneously recorded ultra-
low-frequency and very-low-frequency signals from South Pole
and Siple stations. The modulations of very-low-frequency
power are highly correlated in both frequency and detailed
waveform at the two stations, suggesting a common localized
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Figure 1. Waveform plots of the east-west component magnetic field signals XBB from search coil magnetometers (upper panel) and
bandpass filtered very-low-frequency (VLF) receivers in the 1-2 kilohertz frequency range (lower panel) at South Pole and Siple stations,
Antarctica, from 1445 to 1500 universal time (UT) 14 September 1986 (86257). In each panel the solid trace, with legend at the left, is from
Siple, and the dotted trace, with legend at the right, is from South Pole. (XBB denotes the east-west or "X"-component of the search coil
magnetometer signal.)

source, while ultra-low-frequency pulsations are less well cor-
related, showing both somewhat different frequencies and little
waveform coherence on short time scales. Although such a clear
correlation between very-low-frequency signals is not always
observed, it is not uncommon in our joint data set.

Upstream waves are known to occur when the interplanetary
magnetic field is oriented to within 45 degrees of the Earth-Sun
line, and their frequency is proportional to the interplanetary
magnetic field magnitude. During 14 September 1986 data from
Interplanetary Monitoring Platform 8 (IMP-8) satellite indicated
that the interplanetary magnetic field cone angle was within 10
degrees of being radial during the time interval shown in figure
1, and the interplanetary magnetic field magnitude of 5.5 nano-
teslas suggests that upstream waves would have a frequency
of 33 millihertz, roughly equal to the frequency of the waves
observed on the ground.

The good correlation between quasi-periodic emissions at
different locations can be shown using frequency spectra as
well. In figure 2, we show frequency spectra of magnetic and
quasi-periodic signals from the three stations for the interval
1340 to 1410 universal time 21 September 1986 (day 86264). The
very-low-frequency modulation (quasi-periodic) spectra show

similar double peaks at each of the three stations. Although
the magnetic field (ultra-low-frequency) spectra peak in
roughly the same frequency range, they exhibit little similarity
from station to station and differ from the quasi-periodic spec-
tra at all three stations. In this and most other examples, the
ultra-low-frequency spectrum at South Pole Station most
closely resembles the quasi-periodic spectrum.

We have found that although both ultra-low-frequency sig-
nals and very-low-frequency modulations appear to be con-
trolled by an upstream wave source. The waveforms and fre-
quency structures of quasi-periodic variations are often
remarkably similar at widely scattered stations, while the ultra-
low-frequency signals are not. There is at present no known
way of producing the modulations of the very-low-frequency
signals on the Halley Bay or Siple field lines at frequencies
different from those of the locally observed magnetic pulsa-
tions, so we are left with the idea that they must have arisen
elsewhere. Our data, thus, suggest that this class of quasi-
periodic signals, presumably produced in space, reach low al-
titudes only near the cusp and then propagate below the ion-
osphere to lower latitude stations. In contrast, the frequencies
of magnetic pulsations in the Pc 3-4 range probably have their
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frequencies determined in part by resonance conditions on
nearby magnetic field lines.

According to the usual model of generation of quasi-periodic
emissions, these data suggest that compressional ultra-low-fre-
quency pulsations, responsible for the modulation of very-low-
frequency signals, do not penetrate far inward from the dayside
magnetopause. This, in turn, raises questions about how Pc 3—
4 magnetic pulsations can reach to lower latitudes, because it
has been assumed that compressional ultra-low-frequency pul-
sations were the means of transport. An alternative possibility
is that the generation of quasi-periodic emissions via an ultra-
low-frequency modulation effect might be greatest where the
total magnetic field is the weakest and, thus, might be limited
to regions in the outer magnetosphere.

This work was supported in part by National Science Foun-
dation grants DPP 89-13870 and DPP 86-13783.
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Figure 2. Frequency spectra of magnetic field data (ultra-low-
frequency-Y (ULF)) and bandpass filtered very-low-frequency
(VLF) data near 1 kilohertz (kHz) from South Pole, Siple, and Halley
Bay stations, Antarctica, for the interval 1340 to 1410 universal time
(UT) 21 September 1986 (86264). The vertical scales (power) are in
arbitrary units.
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A three-dimensional perspective
on cosmic-ray anisotropies

JOHN W. BIEBER and JIASHENG CHEN

Bartol Research Institute
University of Delaware

Newark, Delaware 19716

Long-term measurements of the flow of cosmic rays near
Earth provide a vital observational basis for testing theories of
the transport and solar modulation of galactic cosmic rays.
These flows are manifested as small (typically less than 1 per-
cent) anisotropies in the flux of cosmic rays recorded by
ground-based detectors. The two components of the anisotropy
in the ecliptic plane are collectively called the "diurnal aniso-
tropy," because they are determined through analysis of the
diurnal variation recorded by a low-latitude or midlatitude de-
tector (Bieber and Chen 1991; Chen, Bieber, and Pomerantz
1991). The third component of anisotropy represents flows nor-
mal to the ecliptic plane and is called the "north-south" ani-
sotropy. It can be accurately measured by comparing fluxes
recorded at neutron monitor stations operated by the Bartol
Research Institute in McMurdo, Antarctica, and Thule, Green-
land (Bieber and Pomerantz 1986; Chen and Bieber in prepara-
tion).

	

0.6	liii	I	11111	11111	I	II

i 

	

0.2	lIllIllIll	1111111	11111111	I

	

19.0	 I	I	I	I	I	I	I	I	I	I	I	I	ill

o

oI 

	

14.0	 I	I	I	I	I	I	I	I	I	I	I	I	I	I	III

03 0.00
-0.05 -

	

...0.10	 I	I	I	I	I	I	I	I	I	I	I	I

	

65	70	75	80	85

Year

Figure 1. Three-dimensional cosmic ray anisotropy recorded dur-
ing 1961-1988. Top and middle panel display the amplitude and
phase of the diurnal anisotropy recorded by neutron monitors at
Deep River (closed circles) or Mount Washington (open circles).
Bottom panel displays the north-south anisotropy g,s measured
by neutron monitors in McMurdo and Thule (except for 1976-1978
when Alert station was used in place of Thule). Data points with
attached error bars are individual yearly means (corrected for geo-
magnetic effects), and the curves represent 3-year moving aver-
ages. Vertical lines denote years of sunspot minimum. The cosmic
rays producing these anisotropies are primarily protons with a
median energy of 1.7 x 1010 electron volts.

Three-dimensional cosmic-ray anisotropy. The top panel of figure
I shows the amplitude of the diurnal anisotropy expressed as
a percentage of the daily mean intensity, and the middle panel
represents the phase as the local time of maximum intensity.
The bottom panel shows the cosmic-ray north-south aniso-
tropy, which is actually a bidirectional anisotropy in the sense
that the direction of cosmic-ray flow reverses when the polarity
of the interplanetary magnetic field reverses. A positive value
indicates the particles flow northward when the magnetic field
points away from the Sun and southward when the field points
toward the Sun.

Significant long-term variations are evident for all three com-
ponents of the anisotropy. Both the north-south anisotropy and
the amplitude of the diurnal anisotropy vary with the 11-year
sunspot cycle, with minimum values occurring near sunspot
minimum (vertical lines through figure 1). In contrast, the
phase of the diurnal anisotropy exhibits a pronounced variation
with the 22-year solar magnetic cycle. The local time of maxi-
mum is significantly earlier during the 1976 solar minimum,
when the Sun's magnetic polarity is positive (outward magnetic
fields in the Sun's northern hemisphere), than during the 1964
or 1986 solar minima, when the Sun's polarity is negative.

Cosmic-ray gradients and scattering mean free path. By inverting
the cosmic-ray transport equations, we can use the anisotropy
measurements to derive new information on the parallel mean
free path, which characterizes the rate at which particles dif-
fuse parallel to the magnetic field, and on spatial gradients of
the cosmic-ray density. In accord with current understanding,
we assume that the perpendicular mean free path is 1 percent
as large as the parallel mean free path and quote a value only
for the latter.

Results appear in figure 2. The radial gradient, shown in the
top panel, is always positive indicating that the cosmic-ray den-
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Figure 2. A. Cosmic-ray radial density gradient Gr. B. Parallel scat-
tering mean free path X. C. Bidirectional latitude gradient G 1 , as
determined from neutron monitor observations of the three-dimen-
sional anisotropy. The bidirectional character of the latitude gra-
dient means that cosmic-ray density increases (G; zi >0) or de-
creases (G 1,<0) with distance away from the heliospheric current
sheet in either direction. Hatched areas denote years when the
Sun's magnetic polarity was in the process of reversing. These
reversals separate epochs of negative solar polarity (1961-1968
and 1981-1988) from epochs of positive solar polarity (1972-1979).
Other notations are as in figure 1. The astronomical unit (AU) is
the mean distance of Earth from the Sun, or about 1.5 x 1011 meters.
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sity increases with distance from the Sun, as expected. This
component of the gradient varies with the 11-year sunspot cycle
but shows little indication of a sensitivity to the Sun's magnetic
polarity. This observation poses a significant challenge to drift
models of solar modulation (KOta and Jokipii 1983; Potgieter
and Moraal 1985), which predict that the radial gradient should
be substantially smaller in epochs of positive solar polarity (for
example, the 1970's) than in epochs of negative solar polarity.

On the other hand, the bidirectional latitude gradient, shown
in the bottom panel of figure 2, exhibits a striking sensitivity
to the Sun's magnetic polarity. Its behavior shows that the
cosmic-ray density has a local maximum or minimum near the
current sheet according to whether the Sun's magnetic polarity
is respectively negative or positive, which is precisely in accord
with a key prediction of drift theory.

Perhaps the most surprising result of this analysis is shown
in the middle panel of figure 2. The parallel mean free path is
substantially larger during the sunspot minima of 1964 and 1986
than during the sunspot minimum of 1976. The only mecha-
nism known to produce such a sensitivity of the mean free
path to the Sun's magnetic polarity is scattering by magnetic
turbulence that has an imbalance, described as magnetic hel-
icity, between wave modes with left-hand and right-hand cir-
cular polarization (Bieber, Evenson, and Matthaeus 1987; Bieber
and Burger 1990). An imbalance at about the 50 percent level
suffices to explain the results presented in figure 2, which
suggests that magnetic helicity may play an important role in
the transport and solar modulation of high-energy cosmic rays.

We thank P. Evenson for useful discussions, and L. Shulman
and C.-H. Tsao for their roles in support of the Bartol Research
Institute neutron monitor program. This work was supported
by the National Science Foundation under grants DPP 88-18586
and ATM-9014806.
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Long-duration
antarctic balloon flight

using emulsion chamber
cosmic-ray detectors

R. JEFFREY WILKES, J. TWA!, and M. WILBER

Department of Physics
University of Washington
Seattle, Washington 98195

J.H. DERRICKSON and THE JACEE COLLABORATION*

Marshall Space Flight Center
National Aeronautics and Space Administration
Marshall Space Flight Center; Alabama 35812

JACEE (Japanese-American cosmic ray emulsion chamber ex-
periment) is a U.S.-Japanese collaboration that has performed
a series of long-duration balloon flight experiments over the
past 10 years, including flights from Australia to South America
(Wilkes et al. 1990). The purpose of the experiment is to study
the spectra, composition, and interactions of primary cosmic
rays at energies greater than 1 teraelectronvolt per nucleon

(Jones et al. 1987). A secondary motivation for our 1990 antarctic
flight was to evaluate the performance of JACEE emulsion
chamber detectors (Burnett et al. 1986) in the presence of high
background dose rates, to some extent emulating conditions
that might be encountered in space flight exposures and/or
future long-duration balloon flight campaigns.

*The JACEE Collaboration: K. Asakimori, Kobe Women's Junior Col-
lege; T.H. Burnett, University of Washington; M.L.Cherry, Louisiana
State University; S. Dake, Kobe University; J.H. Derrickson, Marshall
Space Flight Center/NASA; W.F. Fountain, Marshall Space Flight Cen-
ter/NASA; M. Fuki, Kochi University; J.C. Gregory, University of Ala-
bama at Huntsville; T. Hayashi, University of Alabama at Huntsville;
R. Holynski, Institute for Nuclear Physics, Krakow; J . Iwai, University
of Washington; A. lyono, Okayama University of Science; W.V. Jones,
Louisiana State University; A. Jurak, Institute for Nuclear Physics, Kra-
kow; J . Lord, University of Washington; 0. Miyamura, Hiroshima Uni-
versity; H. Oda, Kobe University; T. Ogata, Institute for Cosmic Ray
Research; E. D. Olson, University of Washington; TA. Parnell, Marshall
Space Flight Center/NASA; F.E. Roberts, Marshall Space Flight Center!
NASA; S.C. Strausz, University of Washington; Y. Takahashi, Univer-
sity of Alabama at Huntsville; T. Tominaga, Louisiana State University;
J.W. Watts, Marshall Space Flight Center/NASA; J.P Wefel, Louisiana
State University; M. Wilber, University of Washington; B. Wilczynska,
Institute for Nuclear Physics, Krakow; H. Wilczynski, Institute for Nu-
clear Physics, Krakow; R.J. Wilkes, University of Washington; W. Wol-
ter, Institute for Nuclear Physics, Krakow; B. Wosiek, Institute for Nu-
clear Physics, Krakow.
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Antarctica offers several advantages over other long-duration
ballon flight routes: equipment remains under the control of
U.S. agencies throughout flight and recovery, and ballasting
requirements are greatly reduced by the absence of sunset.
Recovery is essential for emulsion chamber flights, but the sci-
ence package has minimal telemetry requirements, reducing
other burdens on flight operations facilities. The main invest-
ment of effort by experimenters occurs following successful
recovery. JACEE payloads are modular, with a basic unit of
mass 50-100 kilograms and can be readily handled under typ-
ical field conditions. In case of delayed recovery, the ambient
environment in Antarctica is much less hostile to photographic
media than is the environment in tropical latitudes.

The JACEE-10 experiment consisted of two boxes containing
emulsion chamber detectors and was flown as one of four ex-
periments on a joint gondola prepared by R.P. Lin and others
at the University California at Berkeley (Lin 1990). The detectors
(figure 1) consisted of stacks of lead plates, nuclear track emul-
sion (photographic) plates, X-ray films, and CR-39 etchable
plastic plates. Space and weight limitations restricted JACEE to
two chambers, each with 30 x 40 x 20-centimeter internal di-
mensions, 40 x 50 x 25-centimeter external dimensions (includ-
ing styrofoam insulation), and 75-kilogram net mass. Thermal
insulation consisted of high-density styrofoam, 1 inch thick on
sides and bottom, and 2 inches thick on the top surface; exter-
nal surfaces were painted with white high-titanium-oxide con-
tent paint. The insulating styrofoam was covered with at least
one layer of low absorptivity-emissivity ratio aluminized mylar.

The University of California at Berkeley provided thermistors
for temperature monitoring. The JACEE science team in Ant-
arctica included Jim Derrickson from Marshall Space Flight
Center/NASA and Mark Wilber from Seattle.

The emulsion chambers were assembled in Seattle, using
photographic materials supplied from Japan, and then shipped
commercially to Christchurch, New Zealand, for inclusion in
the National Science Foundation/U.S. Antarctic Program logis-
tics system. The equipment left Seattle on 21 November and
arrived on-site in Antarctica in perfect condition and well before
our own personnel.

Launch occurred on 20 December 1990, with the subsequent
flight altitude profile as shown in figure 2. The very constant,

JACEE-10 (Antarctica) Chamber Structure 12/90
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Figure 1. Emulsion chamber structure used for the JACEE-10 Ant-
arctic balloon flight. (Em denotes nuclear track emulsion; Pb de-
notes lead; cm denotes centimeter.

Table 1. Analysis of sample emulsion plates near the top and the
bottom of one of the JACEE-10 chambers.

Plate location	Fog densitya	Random track background 

Top	 0.82 (± 0.06)	 9.73 x 105
Bottom	 0.79 (--0.06)	 9.92 x 105
JACEE8c	0.50 (± 0.10)	 8.50x 10

a In developed grains per 1,000 cubic microns.
b In tracks per square centimeter.

From a midlatitude flight of comparable duration.

high altitude maintained with minimal ballasting was an im-
portant benefit of the continuous insolation obtained at polar
latitudes in summer. In the corresponding absence of nighttime
cooling, however, internal package temperatures rose to over
38 °C, as recorded by a simple maximum temperature recorder
in one of the emulsion boxes. This can be easily avoided in
future flights by using lower absorptivity-emissivity ratio sur-
faces and radiators if necessary. Following one circumnaviga-
tion, the flight was terminated by command on 29 December
after approximately 205 hours at float. The gondola landed
about 100 kilometers south of McMurdo Station. The landing
site was just within range of helicopter operations; recovery
crew members (including the JACEE scientists) dismantled the
gondola for helicopter retrieval, and materials were returned
promptly to McMurdo. The chambers were received in Seattle
about 2 weeks later in excellent condition.

Following disassembly and inspection, photographic mate-
rials were processed in our Seattle laboratory. Tables 1 and 2
compare the results from JACEE-10 with previous flights. De-
spite the rather high temperatures encountered during flight,
the emulsion quality, particularly the signal-to-noise ratio, is
essentially equivalent to that obtained in mid-latitude flights.
In the X-ray films (table 2), initially used as "triggers" to locate
events, the difference between fog densities in exposed and
unexposed (control) films is the relevant parameter. Due to the
timing of the antarctic campaign relative to film production
scheduling in Japan, it was necessary to use film near the end
of its shelf life, and pre-exposure densities were rather high.
Overall, however, these results suggest that further flight op-

Table 2. Analysis of background fog density (optical density of
developed film in signal-free areas) from JACEE-10 test X-ray

films compared to other JACEE flights. Control films were kept
in Seattle, and indicate factory-fresh background for the

particular processing times used (15 minutes in each case).

JACEE-9	JACEE-8
JACEE-10	(New Mexico	(Australia

(Antarctica)	September 1990)	February 1988)

Exposure
parameters
(in millibars)	3-4	 3-4	 4-5

Elevation
(in hours)	205	 43	 120

Control	 0.30	 0.17	 0.32

Exposed	0.96	 0.32	 0.57
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Figure 2. JACEE-10 flight information. A. Geographical path. B. Altitude profile. Comparison with altitude data for midlatitude flight (JACEE-
8) shows improvement in both duration and stability. (km denotes kilometer; mbar denotes millibar.)
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portunities in Antarctica would present a viable option for con-
tinuing our long-term program.

This research was supported by the National Science Foun-
dation (grants PHY 89-07990 and INT 88-16215), the Depart-
ment of Energy, the National Aeronautics and Space Adminis-
tration, and Japan Society for the Promotion of Science.
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Ducted whistlers and the burst loss
of radiation-belt electrons

to geomagnetically conjugate
ionospheric regions

W.C. BURGESS and U.S. INAN

Space, Telecom mu nica tions, and Radioscience Laboratory
Stanford University

Stanford, California 94305

Lightning-associated bursts of high-energy electrons appear
to precipitate from the radiation belts primarily or exclusively
because of Scattering in the magnetosphere by certain light-
ning-generated magnetospheric radio waves known as ducted
whistlers. If true, this hypothesis could help explain how thun-
derstorms contribute to the dynamic equilibrium of the radia-
tion belts. We present here a portion of the evidence that sup-
ports this hypothesis.

Precipitating bursts of radiation-belt electrons are studied by
examining their effects on radio signals received at Palmer Sta-
tion and at sites in the Northern Hemisphere. Narrowband
signals propagating subionospherically from distant very-low-
frequency, low-frequency, and medium-frequency transmitters
are monitored for sudden, characteristic amplitude perturba-
tions. These perturbations are attributed to transient, localized
disturbances of the ionosphere near the path traveled by the
signal (Poulsen, Bell, and man 1990) caused by the impact of
ionizing bursts of energetic electrons (Carpenter et al. 1984).

Multiple perturbations sometimes occur within a few
hundred milliseconds of each other on signals whose paths lie
in the Northern and Southern hemispheres, separated by thou-
sands of kilometers (Burgess and man 1990). Twin ionospheric
disturbances, one in each hemisphere, have been inferred for
these events. In these cases the two disturbances appear to
occupy geomagnetically conjugate regions, which is consistent
with the near-simultaneous precipitation of energetic electrons

from both the northern and southern "ends" of radiation belt
flux tubes. Figure 1 shows examples of this effect on two pairs
of signals propagating in opposite hemispheres through con-
jugate regions.

Signal perturbations observed at Palmer Station are almost
always time-associated with ducted whistlers, also observed at
Palmer Station (Inan and Carpenter 1986). Ducted whistlers are
very-low-frequency radio waves guided by irregularities in the
cold magnetospheric plasma (ducts) along the Earth's magnetic
field lines from near their source lightning flash, usually in the
Northern Hemisphere, to the geomagnetically conjugate loca-
tion in the opposite hemisphere. On the way they are dispersed
in frequency, with higher frequencies travelling faster than
lower frequencies. At the conjugate location, they return into
the Earth-ionosphere waveguide and can be monitored on the
ground (Helliwell 1965). In addition to launching ducted whis-
tlers, a lightning flash can also launch nonducted whistlers,
which neither follow field lines nor return to the Earth-iono-
sphere waveguide, and so are only observed on satellites (Ed-
gar 1976). Figure 2 shows the ducted whistlers associated with
two of the conjugate signal perturbations shown in figure 1.

Until now, there has been little evidence defining the relative
roles of the two different whistler modes in scattering and pre-
cipitating radiation-belt electrons; however, regardless of which
kind of whistler causes the scattering, the electrons can be
expected to precipitate near the magnetic field line on which
they were scattered. Since nonducted whistlers travel far from
the magnetic field lines followed by ducted whistlers, one
would expect precipitation induced by nonducted whistlers to
disturb the ionosphere in regions many hundreds of kilometers
away from the ionospheric reentry locations of ducted whistlers
launched at the same time. On the other hand, if precipitation
was induced by ducted whistlers, one would expect the dis-
turbed ionospheric regions to be close to the ionospheric reen-
try locations of the whistlers.

Recent work has often shown arrival bearings of ducted
whistlers at Palmer Station to be similar to arrival bearings of
signal paths perturbed in association with those whistlers. This
implies that ducted whistlers play the major role in the precip-
itation of lightning-associated precipitation bursts. An example
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Figure 1. Two pairs of subionospheric radio signals propagating in opposite hemispheres exhibit near-simultaneous (within a few hundred
milliseconds) amplitude perturbations in response to individual Northern Hemisphere lightning flashes. The upper pair of signals is
perturbed together at B and E; the lower pair at A, C, and D. Although event pairs D and E appear to coincide, the D pair actually precedes
the E pair by 2 seconds. The Northern Hemisphere signal paths which are perturbed lie nearly geomagnetically conjugate to the Southern
Hemisphere paths, which are perturbed simultaneously. The signal transmitter call signs, locations, and frequencies in kilohertz are: NAA
(Maine, 24.0 kilohertz); CD96 (Chile, 960.0 kilohertz); 48.5 (Nebraska, 48.5 kilohertz); and NPM (Hawaii, 23.4 kilohertz). The sites where the
signals are received are Arecibo, Puerto Rico (AR); Palmer Station (PA); and Huntsville, Alabama (HU). An asterisk after a transmitter or
receiver name indicates the geomagnetically conjugate location. (UT denotes universal time. Signal amplitudes are shown as a percentage
of full-scale range.)

of this association is shown in figure 3, where the whistlers
associated with events D and E arrive from the general direction
not only of the perturbed signal paths seen at Palmer Station,
but of the conjugate of the paths seen perturbed in the North-
ern Hemisphere. A 1800 ambiguity in the analysis technique
causes the two-sided appearance of the bearing results; how-
ever, analysis of the whistler dispersions indicates that both
whistlers came from geomagnetic latitudes north of Palmer Sta-
tion, so southward-bearing lobes can be disregarded.

If ducted whistlers alone are indeed responsible for a major-
ity of lightning-associated bursts of precipitation, then ground-
based observations of ducted whistlers and subionospheric sig-
nal perturbations may provide adequate information to assess,
routinely and quantitatively, the radiation-belt losses from
lightning.

This research was supported by the National Science Foun-
dation under grant DPP 90-20687 (Palmer Station) and by the
Office of Naval Research under grant N00014-82-K-0489 (Are-
cibo). Data collection at Huntsville was supported by the Na-
tional Aeronautics and Space Administration under grant
NAG8-778.
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Figure 2. An expanded view of the event pairs D and E shown in
figure 1. A spectrogram of broadband radio-wave data observed at
Palmer Station is shown for 5 seconds during which event pairs D
and E occurred, demonstrating that each pair was associated with
an individual ducted whistler; increasing darkness on the spectro-
gram represents increasing signal intensity. The strong, isolated
final component of whistler E gave indeterminate bearing results
and probably arrived closer to Palmer Station than the other whis-
tler components; it was not considered in the bearing analysis
displayed in figure 3. (UT denotes universal time. Receiver/trans-
miller station abbreviations defined in the caption for figure 1.)
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Figure 3. Arrival bearings for whistlers D and E (see figure 2) ob-
served at Palmer Station. North is offset in the bearing plots to
facilitate comparison with the map. Southward lobes may be dis-
regarded (see text). (Receiver/transmitter station abbreviations de-
fined in the caption for figure 1.)
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Feature maps of ice streams
C, D, and E,

West Antarctica
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Goddard Space Flight Center
Greenbelt, Maryland 20771

Satellite image data reveal a wealth of features that assist in
interpreting ice-flow dynamics and the flow history of the west
antarctic Siple Coast region. A map of features observed in ice
streams C, D, and E of the Siple Coast/Rockefeller Plateau area
has been created based on 10 overlapping Landsat thematic
mapper (TM) images and one advanced very-high-resolution
radiometer (AVHRR) image. This map reveals several geo-
graphic features not previously identified and emphasizes the
importance of satellite image mapping in the polar regions. The
Landsat TM images were purchased jointly by the National
Aeronautics and Space Adminstration (NASA) and the U.S.
Geological Survey (USGS) as part of the Siple Coast Project (see
Bindschadler, Brownworth, and Stevenson 1988). AVHRR im-
ages were provided by R. Whritner of the Scripps Institution
of Oceanography.

The map was created using the pcARC/INFO geographical
information system (GIS) and is available from the authors as
a pcARC/INFO file on floppy disk. An initial mosaic of the
Landsat images, at approximately 1:1,000,000 scale, was used
to identify a network of tiepoints for the individual scenes. By
entering this network into the GIS, subsequent mapping of
images at various scales could be combined into a single map.
Most of the mapped features were digitized from the Landsat
TM images, consisting of contrast-enhanced combinations of
bands 2, 3, and 4, at approximately 1:200,000 scale. The
grounding line (that is, the boundary between ice resting on
bedrock and floating ice of the Ross Ice Shelf) was digitized
from the AVHRR image at roughly 1:3,000,000 scale. AVHRR
has a greater brightness resolution, which facilitates mapping
of the subtle break in slope marking the grounding line (see
Bindschadler and Vornberger 1990).

Due to the absence of fixed features, such as rock outcrop-
pings, an accurate registration to a geographical coordinate
system was not attempted. Approximate geographic coordi-
nates are given in figure 1. An accurate registration of the
images is currently being undertaken by the USGS.

The mapped region (figure 2) consists of ice streams, former
ice streams, inter-ice-stream ridges, and floating shelf ice. The
Ross Ice Shelf is very flat in appearance, with a few occurrences
of short troughs oriented normal to flow and attributed to the
presence of bottom crevasses. Ice streams are characterized by
crevasses, relatively high-frequency and high-amplitude sur-
face undulations, and a high density of flowbands. Former ice
streams (specifically, ice stream C) are similar in appearance,
but lack surface crevasses and, in general, have more subdued
features due to burial after rapid flow ceased. Inter-ice-stream
ridges are characterized by smooth to very slightly undulating
surface topography, with flowbands absent or very faint. Dif -
ferentiating between the ice streams and the inter-ice-stream
ridges is difficult in the eastern (upstream) portion of the map,
because the ice streams widen, their margins become more
diffuse, flowbands become rarer, and the undulations within
the streams become more subdued. In the upstream regions,
inter-ice-stream ridges are characterized by areas of slightly
smoother topography bounded by ice containing very faint
flowbands (figure 3A).

The map provides a better delineation of the grounding line
at the outflow area of ice streams D and E than was previously
reported (for example, Rose 1979), and refines the shape of the
western margin of Siple Dome. Further, the images reveal sev-
eral additional lineations on the northern and eastern side of
Siple Dome that we believe represent relict ice stream margins
and flowbands. Crosscutting relationships of these features
and structures in ice stream C suggest that, if they represent a
different pattern of ice-stream flow, that pattern must be older
than the cessation ice stream C, which is estimated to have
ceased rapid flow approximately 250 years ago (Shabtaie and
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Figure 1. Sketch map of western West Antarctica showing loca-
tions of the feature map and the Landsat thematic mapper scenes
in figure 3A and B. (nm denotes nautical miles. km denotes kilo-
meters.)
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Bentley 1987). Similar features are also observed near the
mouth of ice stream C (see Stephenson and Bindschadler 1990).

A variety of boundaries are observed at the margins of the
ice streams where they abut the more slowly moving inter-ice-
stream ridges (figure 3B). These were mapped as two boundary
types, characterized by the estimated degree of shearing rep-
resented by ice motion at the interface. Boundaries mapped as
solid lines are interpreted to have a high, shearing velocity
contrast. The "fence-post" hatchured map lines indicate less
distinct boundaries interpreted to have a smaller, less shearing,
velocity contrast. Boundaries of former ice streams are shown
as dashed lines, with no attempt made to determine their for-
mer velocity or shear.

Finally, the map includes the ice-surface elevation contours
from Rose (1979). These data were coregistered to the map
using prominent ice features, such as the confluence of ice

streams D and E, as reference points. The inclusion of these
data highlights the general concurrence of topographic fea-
tures, such as troughs and ridges, with the mapped ice streams
and inter-ice-stream ridges. The topographic data, however, are
not reliable at finer scales, and their conformance to the
mapped grounding line is poor. This is most apparent in the
on the downstream (west) side of Siple Dome.

This work was supported by National Science Foundation
grant DPP 89-46322.
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Advances in antarctic
surveying and mapping

JERRY L. MULLINS

U.S. Geological Survey
Reston, Virginia 22092

The U. S. Geological Survey's (USGS) Antarctic Surveying
and Mapping Program focused its activities during the 1990-
1991 season on the acquisition of global positioning system
(GPS) geodetic mapping control, doppler satellite surveying,
an international GPS campaign, seismology, and Doppler sat-
ellite tracking. The GPS geodetic mapping control, acquired in
cooperation with the New Zealand Department of Surveys and
Land Information, supported the cooperative United States!
New Zealand 1:50,000-scale mapping program in the McMurdo
Dry Valleys and on Ross Island.

The 1990-1991 field season was the first time the USGS's
mapping program employed GPS positioning as the means of
establishing new geodetic mapping control in Antarctica. The

USGS team of Philip D. Ibarra and Gordon H. Shupe, working
with a New Zealand team, established 16 new GPS stations.
The team reoccupied eight existing stations to tie the season's
control network to previous surveys. Over 40 GPS baseline
observations were incorporated into the final adjustment of
these station positions.

Three new mapping control stations—SHUPE, ERIN, and
CAPE TENNYSON—were established on Ross Island using
doppler satellite surveying techniques. The stations were po-
sitioned as part of a program to densify control on Ross Island
to support 1:50,000-scale topographic mapping. Also, the team
established eight new doppler satellite stations and reoccupied
two previously established stations in the vicinity of the pro-
posed Pegasus runway on the McMurdo Ice Shelf. These 10
stations will be reoccupied in subsequent field seasons to mon-
itor the direction and velocity of ice movement in support of
the Cold Regions Research and Engineering Laboratory's pro-
posed Pegasus blue ice runway project.

In addition, the USGS participated in the second phase of
the Antarctic GPS Observing Campaign, the forerunner of a
major international cooperative GPS observation campaign
proposed for the 1991-1992 austral summer season in the
southern hemisphere. The objectives of the international GPS
campaigns are to undertake investigations to determine the
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relative motion between the antarctic tectonic plates and the
adjoining plates and to establish a baseline between existing
and proposed antarctic Very Long Baseline Interferometry
sites.

The USGS team, with teams from other participating coun-
tries, conducted simultaneous observations at antarctic stations
22 January to 13 February 1991, for the first GPS International
Earth Rotation Service (IERS) and Geodynamics Experiment
(GIG'91) global observing campaign. The GIG'91 obtained a
quality data set from a network of globally distributed stations
that will assess the utility of GPS in relation to other IERS space
techniques. The IERS GPS campaign was an extensive, inter-
national collaboration with more than 50 participating agencies
and institutions from about 30 countries and produced a global
set of simultaneous GPS observations for geodynamic and geo-
detic studies. The antarctic continentwide GPS operations were
coordinated by the Australian Survey and Land Information
Group in Canberra, Australia, a member of the Scientific Com-
mittee on Antarctic Research (SCAR) Working Group on Geod-
esy and Geographic Information.

The USGS team collected GPS data continuously (24 hours
daily) at the McMurdo station using a dual frequency carrier
phase GPS receiver. Agencies from Australia, Germany, Italy,
Spain, Chile, Argentina, and the United States deployed GPS
receivers at nine stations, including the U.S. station at Mc-
Murdo. The GPS data collected at these stations are being pro-
cessed in Australia, Spain, Italy, and the United States.

The primary goal of the GIG'91 project is to investigate the
scientific potential of performing GPS observations on the con-
tinent of Antarctica. The poject offers an opportunity to eval-
uate the practical aspects of GPS survey operations in polar
regions. The experience is being used to access the utility of
integrating GPS surveys, conducted in support of potential
scientific projects with observations at GPS fiducial (continuous
tracking) reference stations located in Antarctica. The results
will identify key areas for further improvement in tracking in-
strumentation, field procedures, and in data analysis.

Planning for the 1991-1992 GPS campaign has begun. The

objective of the SCAR's Working Group on Geodesy and Geo-
graphic Information is to acquire high-quality geodetic data to
study geodynarriics affecting the Antarctic and adjoining tec-
tonic plates. Other programs, notably the Global Sea Level
component of the National Oceanic and Atmospheric Admin-
istration's Climate and Global Change Program, will be sup-
ported by the SCAR project. In addition to the sites occupied
during the 1990-1991 field season, the network will be ex-
panded to include stations at the Soviet Union, South African,
United Kingdom, and Japanese bases.

In January 1991, the USGS team conducted a geodetic survey
to establish the position of the true South Pole marker at
Amundsen-Scott Station. Based on this season's observations
and data from previous surveys, the ice sheet at the South Pole
continues to move approximately 10 meters per year in a
northwesterly direction. The team installed a permanent brass
marker identifying the 1990-1991 austral summer position. The
marker is inscribed, "Geographic South Pole 1-7-91 USGS."

The USGS has operated a Doppler satellite receiving station
year-round at Amundsen-Scott South Pole Station since the
1972-1973 season. The USGS South Pole team of William L.
Norton and Karen A. Peterson wintered-over during the 1990-
1991 season. The team collected satellite tracking data to estab-
lish precise ephemerides of geodetic satellites. Also, the USGS
operates and maintains seismometers at the South Pole. Due
to its remote location, South Pole Station provides essential
azimuth control deminiation of epicenters for disturbances that
occur in the southern latitudes and serves as a vital station in
the Worldwide Standardized Seismological Network.

The USGS maintains the SCAR Library for Geodesy and Geo-
graphic Information. The library's collection contains U.S. car-
tographic materials, aerial photographs, satellite images, geo-
detic control, and antarctic maps prepared by the U.S.
Geological Survey and agencies from other countries. The
SCAR library's collection is available to scientists, cartogra-
phers, and antarctic researchers.

These programs were funded by National Science Founda-
tion grant DPP 85-12516.
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Monitoring the dynamics
of the antarctic coastline

with Landsat images

B.K. LUCCHITTA and L.M. BERTOLINI

U.S. Geological Survey
Flagstaff, Arizona 86001

T.G. FERRIGNO and R.S. WILLIAMS, JR.

U.S. Geological Survey
Reston, Virginia 22092

The extent of advance or retreat of ice shelves and glacier
tongues along the antarctic coastline is known only for a few

well-studied areas; yet to assess changes induced by global
climatic variations properly, the entire coastline should be mon-
itored. Climate-induced changes in the area and volume of
polar ice sheets may severely affect the Earth's densely popu-
lated coastal regions; melting of the west antarctic ice sheet
alone would cause a sea-level rise of 3 to 5 meters (Mercer, 1978;
Thomas, Sanderson, and Rose 1979).

An extensive set of Landsat images covering Antarctica was
acquired in the early to middle 1970's. Recently, an international
consortium of the Scientific Committee on Antarctic Research
began a program to obtain new Landsat images over the ant-
arctic coastal region. Pairing these later views with scenes im-
aged earlier will permit changes in the coastline to be moni-
tored (Lucchitta and Ferguson 1986). Our pilot study showed
that the images, after scanning, digitizing, and registration,
can be manipulated by image-processing techniques. These
techniques enable us to compare the extent of shelf ice, glaciers,
and open-water or seasonal ice and to map and quantify the
changes. Our study also showed that many crevasse patterns

*	 .

WR

Figure 1. Stancomb-Wills Glacier Tongue of the Brunt Ice Shelf, Weddell Sea. Lyddan Island at top left. Movement vectors, obtained by
tracing crevasse patterns on Landsat images acquired 12 years apart. (Landsat images MSS 1579-08270, path 190, row 114, 22 February
1974, and MSS 50702-08511, path 181, row 113, 1 February 1986.) The vector lines originate at measured point (right end of faint white lines),
here shown on the earlier Landsat image. Glacier was divided into fields A, B, C (separated by heavy white lines). Grounding line is near
origin of heavy lines on right side of glacier, glacier has moved to the left.
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Figure 2. Graph showing the ice tongue increase in velocity toward
the shelf front. Baseline is near the grounding line. Velocities
range from about 1 kilometer per year at 20 kilometers from the
grounding line, to about 1.2 kilometers per year at 100 kilometers
from the grounding line. The velocities of path A are slowest, prob-
ably because the glacier tongue is pinned by the ice shelf and
Lyddan Island to the north. The velocities of path B in the center
are fastest. The velocities of path C are intermediate, probably
because the south side of the glacier is less confined, being bor-
dered by open water or "thin" ice shelf between tabular icebergs.
(km denotes kilometers.)

in the floating part of outflow glaciers retain their identity over
as long as 15 years, so that the patterns may be registered
digitally by using a computer-interactive display or optically by
using a stereoscope. From the registered points, the movement

of the crevasse patterns can be calculated giving an extensive
velocity profile of the glaciers. For example, 70 points on the
Stancomb-Wills Glacier and Ice Tongue, eastern Weddell Sea,
Queen Maud Land, yielded velocities ranging from 950 meters
per year near the grounding line to 1,200 meters per year at
100-kilometer distance seaward from this line. The statistical
error of the measurements along individual flowlines was de-
termined to be 3 to 5 percent. Our data agree well with a
velocity of 1,300 meters per year obtained on the ice tongue
just west and downstream from our measurements (Thomas
1973). This glacier and ice tongue have moved exceptionally
fast. Similar measurements are possible for most outlet glaciers
in Antarctica, and we have identified about 20 sets of presently
available paired Landsat images for further analysis. (See fig-
ures 1 and 2.)

Monitoring coastline changes and obtaining a baseline of cur-
rent glacier velocities will significantly improve our understand-
ing of the present antarctic environment and its sensitivity to
future changes in global climate.
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Antarctic Marine Geology
Research Facility
and Core Library,

1990-1991

DENNIS S. CASSIDY

Department of Geology
Florida State University

Tallahassee, Florida 32306

A summary of work accomplished during the 1990-1991 proj-
ect year (1 June 1990 to 31 May 1991) by staff of the National
Science Foundation's Ar .arctic Marine Geology Research Facil-
ity and Core Library at the Florida State University is a litany
of familiar activities: the distribution of samples from the col-
lections, the receipt of new specimens, sediment description
work, and miscellanea.

Sample distribution. From the dredged, trawled, grabbed, and
cored sediments comprising the antarctic and southern ocean
collections in storage at the Facility, 1,109 samples were distrib-

uted to 19 scientists at 16 institutions in seven countries (Aus-
tralia, England, Germany, Japan, New Zealand, Sweden, and
the United States). Distributed on the basis of 25 separate re-
quests received by the Curator, the samples were taken:
• from 35 piston cores (257 samples), 48 trigger cores (96 sam-

ples), and 10 Blake trawls (39 samples) recovered aboard 17
of the 45 southern ocean coring cruises of USNS Eltanin;

• from 12 piston cores (196 samples) and two trigger cores (two
samples) recovered aboard four of the five coring cruises of
ARA Islas Orcadas to the South Atlantic Ocean and the Wed-
dell Sea;

• from 5 piston cores (377 samples) and 51 grab specimens (54
samples) retrieved aboard four austral summer cruises (1978-
1979, 1979-1980, 1981-1982, 1982-1983) of the U.S. Coast
Guard icebreaker Glacier;

• from 5 of the 15 Dry Valley Drilling Project (DVDP) drill cores
(49 samples), involving 37 of the 408 core boxes; and

• from 31 of the 216 boxes of drill core (39 samples) recovered
from the CIROS-1 and CIROS-2 drill holes (CIROS is Ceno-
zoic Investigations in the Western Ross Sea).
Thus, the 1,109 samples were removed from 109 different

cores, ten different trawls, and 51 different grab specimens
recovered aboard 25 cruises of three vessels, and from seven
drill holes. Recovery areas represented by specimens that were
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sampled include broad coverage of the South Pacific and South
Atlantic oceans, the Scotia, Tasman, Ross, and Weddell seas,
Croft Bay and Herbert Sound (James Ross Island), the George
V-Adélie Land coastal margins of Antarctica, and the DVDP
locations of Lake Vanda, Don Juan Pond, New Harbor, and
North Fork Basin.

To date (31 May 1991), a total of 203,993 samples are known
to have been distributed from components of the collections
since the inception of the Florida State University program in
1960, with more than 92 percent of this total being accounted
for by samples removed from specimens recovered during the
USNS Eltanin/ARA Is/as Orcadas circumpolar survey cruises that
began in 1962 and terminated in 1978. Of interest, too, is that
the 203,933 samples were received over the years by 296 differ-
ent investigators representing 126 institutions of 16 nations (Ar-
gentina, Australia, Brazil, Canada, England, France, Germany,
India, Japan, New Zealand, Scotland, Soviet Union, Sweden,
Switzerland, the United States, and Yugoslavia).

Receipt of new specimens. The only shipment made to the Fa-
cility this year is a collection of cored and grabbed sediments
recovered aboard RIV Polar Duke (cruise 90-7) from fjords, bays,
and coves off the western coast of the Antarctic Peninsula, and
from Croker Passage and the Gerlache and Bismarck straits
during December 1990 (Domack 1991). Received on 29 April
1991 were 16 piston cores (97.82 meters), 16 trigger cores (10.85
meters), 10 gravity cores (5.20 meters), 24 subcores of Smith-
McIntyre grabs, and 106 miscellaneous bag samples of sediment
from the various cores and grab specimens. Preliminary re-
search upon these materials will be under the direction of Eu-
gene Domack (Hamilton College) and Scott Ishman (Ohio State
University).

Two additional shipments were expected, but arrivals were
delayed. Now en route to the Facility, they comprise cores and
grab samples recovered from the Ross Sea/McMurdo Sound
area (near Beaufort Island) during a February/March 1990
cruise of RIV Polar Duke (Anderson and Bartek 1990), and from
the Bransfield Strait, Andvord Bay, Weddell Sea, and Herbert
Sound during a January 1991 cruise of this same vessel to the
northern Antarctic Peninsula (Anderson 1991). Piston, trigger,
and gravity cores (26 cores having an estimated total core me-
terage of 36 meters), and two grab samples are to be received.

Sediment description work. During the past year, work was
completed on the describing of sediments (18 piston and trigger
cores totaling 3746 meters) recovered aboard RJV Polar Duke
(cruise 89-IV) from the King George and central Bransfield ba-
sins (Bransfield Strait), and work begun a prior year on sedi-

ments recovered aboard Glacier during austral summer 1986-
1987 operations in the western Ross Sea (44 piston cores and
11 trigger cores totaling 52.81 meters) was continued (now,
about 90 percent complete). This work includes the determi-
nation of basal sediment ages of the piston cores based on
diatom zonations.

Miscellanea. Representative of the usual variety of service-
oriented duties and other tasks associated with the day-to-day
operation and administration of the Antarctic Research Facility
were the demands made upon time and material resources by
visitors (91 persons on the occasion of 23 visits), the fulfillment
of numerous requests for data, technical information, and lit-
erature (requests that are frequent and often consume extrav-
agant quantities of time and effort to satisfy, because of the
aforementioned service-oriented policy of cooperation that has
been firmly established at the Facility), and work with the com-
puter-maintained bibliographic database of publications con-
cerned with (and related to) research on samples removed from
the sediment collections. Last year's total count of 1,480 entries
into the database (Cassidy 1990) has been augmented by an
additional 90 publications that have been identified as eligible
for inclusion.

Funding in support of the curatorship of antarctic collections
for 1990-1991 has been according to the terms of amendment
15 to National Science Foundation contract C-1059 (DPP 75-
19723).
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Distribution of enteric bacteria
in antarctic seawater

surrounding the sewage outfall
at McMurdo Station

GORDON A. MCFETERS and SHELLEY K. WATTERS

Department of Microbiology
Montana State University
Bozeman, Montana 59717

Sewage wastes have been disposed in ocean environments
for many years. Large volumes of untreated sewage are re-
leased into estuaries, nearshore areas, and deep-ocean sites on
a continual basis by large urban centers globally. This practice,
however, is accompanied by an overall degradation of environ-
mental quality, as indicated by decreased numbers of resident
fishes and benthic fauna as well as potential human health
problems (Grimes 1986).

Little attention has been given to the environmental impact
of human activities on the pristine antarctic environment dur-
ing the early years of polar exploration. As a result, the accu-
mulation of waste of various types has become increasingly
noticeable around larger installations. That has been the case
at McMurdo Station where considerable attention has been fo-
cussed recently by the media and conservation organizations.
The Division of Polar Programs of the National Science Foun-
dation has responded by launching a major initiative to reduce
the level of environmental impact at McMurdo Station and other
polar centers of human activity.

The environmental circumstances at McMurdo Station raise
a number of important questions concerning the disposal of
untreated sewage into the ocean. From the human-health per-
spective, the source-water intake serving the desalinization
plant and the potable water system for the station is located
about 360 meters from the sewage outfall. That proximity is of
concern because the portion of the year when the population
of McMurdo Station is highest (October through January) is
also the time when the sewage discharge is maximal. Addition-
ally, the low seawater temperature (- 1.8 °C) could extend the
persistence of both indicator bacteria and pathogens since re-
duced ambient temperature has been shown to extend the sur-
vival of enteric bacteria in marine environments (Carlucci and
Pramer 1960; Halton and Nehlsen 1968; Baros, Hanus, and Mor-
ita 1975). Reduced temperature has also been shown recently
to induce enteric bacteria to enter a physiological phase with
reduced metabolic activity and extended persistence (Nilsson,
Oliver, and Kjelleberg 1991) that has been suggested as an im-
portant factor in the extended survival of pathogenic and in-
dicator bacteria in marine environments (Grimes et al. 1986).

This study was initiated to describe the persistence, distri-
bution, and environmental impact of enteric bacteria originat-
ing from the sewage outfall at McMurdo Station. The focus of
this communication is the distribution of the sewage plume in
the seawater. We will describe the preliminary results of a field
study that was carried out at McMurdo Station in 1990. A con-
firmation of these findings as well as experiments to address
the other aspects of the project are ongoing.

These studies were carried out at McMurdo Station, Antarc-
tica, during October, November, and December 1990. A sam-
pling grid was established on the sea ice in front of McMurdo

Station (figure). Samples were collected through 8-inch holes
drilled in the ice using a 2.2-liter Niskin bottle and placed in
sterile, 2-liter bottles. Samples were collected in the same zone,
relative to the sewage outfall, each day, and the Niskin bottle
was disinfected with hot water before the next day of sampling.
Samples were collected at each station 1 meter from the bottom
of the water column and immediately under the ice. Control
(pristine) samples were also collected at New Harbor and near
Danger Slope. Sample bottles were transported directly to the
laboratory without freezing where coliform enumerations were
done. Aliquots of the samples were filtered through membrane
filters (0.45-micrometer mean pore diameter, Millipore, Corp.)
according to established procedures (American Public Health
Association 1989) then placed on Tergitol 7 agar (Difco) supple-
mented with TTC as described by Carlucci and Pramer (1960)
that were incubated for 24 hours at 35 °C. Typical colonies were
counted and the number of coliforms per 100 milliliters of sea-
water calculated by the volume of water filtered. Bacteria from
each sample were confirmed using gas formation in lauryl tryp-
tose broth (American Public Health Association 1989). Sedi-
ment samples were also collected for coliform enumeration
from two experimental stations and one control (pristine) sta-
tion. Weighed sediment samples were mixed with autoclaved
seawater, shaken vigorously, then filtered and cultured, as with
the water samples. Coliform bacteria were also examined in the
bottom 20 centimeters of the sea ice at some stations by taking
ice cores with a 7.5 centimeters Sipre coring device. The ice
samples were melted with shaking at 35 °C then filtered and
cultured as with the water samples.

This report provides an overview of the results obtained from
the 1990 field season. A total of 42 samples was collected and
analyzed from the area adjacent to McMurdo Station. Here, we
present the results from eight samples. These results provide a

Map of McMurdo Station. Letters indicate approximate locations
of sampling sites.

1991 REVIEW	 319



Viable counts of coliform bacteria
obtained from samples taken at various sites in McMurdo Sound

Depth
Sampling	(in	Water columna
site	meters)	Top	Bottom	Sea ice 	Sedimentc

A	_d	1x106	-	-	2x105
B	26	1	9	-	-
C	6	3x102	2x102	2	-
D	24	3	8	-	-

E	12	2x102	3x102	3	4x102
F	9	2	12	-	-
G	22	1x103	25	41	-
H	24	57	9	1	-

Control	-	0	-

a In coliforms per 100 milliliters of seawater.
b In coliforms per 100 milliliters of seawater. Meltwater from the bottom 20

centimeters of a sea-ice core (75 centimeters in diameter).
In coliforms per 100 grams.

d Not detected.

Coliform levels in the bottom of the sea ice were consistently
low. This might be explained by the tendency of freezing to kill
these bacteria with fairly high efficiency.

The extreme environmental conditions surrounding Mc-
Murdo and other polar stations suggests that sewage disposal
merits special consideration under these circumstances. The
low water temperature is likely responsible for the extended
persistence of both bacterial and organic contaminants in the
seawater. Our ongoing studies on the survival and physiologi -
cal behavior of enteric pathogens and indicator bacteria will
provide additional information on the former, and we are plan-
fling experiments to examine the rate of biochemical oxygen
demand (BOD) reduction under ambient conditions to address
the latter consideration. In the long run, some form of waste-
water treatment might be advisable for a base as large as
McMurdo. This position is held by both Baross et al. (1975) and
Halton and Nehlsen (1968) who suggested that such discharges
should receive full treatment followed by disinfection.
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U.S. Navy support activities,
1990-1991

J02 KEVIN LAVERY and MARGARET R. REED, LCDR, USN

U.S. Naval Support Force, Antarctica
Port Hueneine, California 93043

During the 1990-1991 austral summer, personnel of the U.S.
Naval Support Force Antarctica (NSFA) provided communica-
tions facilities, weather information services, flight planning
and scheduling, air traffic control services, port services, med-
ical and dental care, galley services, material support, base

operation support, and fire-fighting capabilities to the U.S.
Antarctic Program. Additionally, aircraft support was provided
the U.S. Navy's Antarctic Development Squadron 6 (VXE-6),
units of the U.S. Air Force, and the 1091 Tactical Air Group of
the Air National Guard of Schenectady, New York. Support to
the program was also provided by U.S. Army personnel, under
the command of the Commander of NSFA; the U.S. Coast
Guard provided icebreaker support.

McMurdo Station operations. The nucleus of the U.S. Antarctic
Program (USAP) is McMurdo Station on Ross Island. This sta-
tion is the main staging area for all USAP projects at Amund-
sen-Scott South Pole Station and remote locations.

The parent military contingent, U.S. Naval Support Force
Antarctica, is divided into nine departments—administration;
communications; operations; supply; public works; medical;
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terminal operations; morale, welfare, and recreation; and safety
and training.

The administration department oversaw the transfer and in-
flux of new personnel, as well as processed awards, promo-
tions, reenlistments, and financial matters. The department
also produced a weekly newspaper, the Antarctica Sun Times,
and supervised the Navy Broadcasting Service detachment,
which manages a two-channel radio and a three-channel tele-
vision station. The post office processed 149,698 pounds of
incoming and 80,862 pounds of outgoing mail.

The communications department processed a total of 84,271
messages during the 1990-1991 austral summer. Field party
communications were reliable during the austral summer, and
the Data Message Exchange system was used extensively. The
military affiliated radio system (MARS) shack processed over
800 outgoing phone patches and over 1,000 outgoing MARS
grams and received 172 MARS grams.

The operations department supported the efforts of over 100
individual science projects this season, actively employing LC-
130 Hercules aircraft in 26 of those missions. The department
used more New Zealand forces, reserve, and augmenting per-
sonnel during the 1990-1991 season to replace U.S. military
personnel called up for Operation Desert Storm. Although the
cost of loading cargo increased, there was no effect on season
operations.

The crash/fire division of the operations department re-
sponded to three fires, 24 false alarms, 26 aircraft emergencies,
and 32 drills during the austral summer. Maintenance efforts
performed on fire detection systems resulted in a 100 percent
operating rate by season's end.

One search-and-rescue mission on 21 November recovered
two USAP personnel from a D-8 tractor carrying an explosives
sled that had fallen into a crevasse. There were no injuries.

The McMurdo supply department processed arriving and
departing USAP cargo stocks and provided fuel for aircraft,
motor vehicles, and heating. At the end of the season in late
February, McMurdo's total figures for fuels on hand was
442,920 gallons of JP-4, 112,328 gallons of JP-5, 6,118,336 gallons
of JP-8, and 202,314 gallons of MOGAS (motor gasoline). In
February a new fuel-transfer hose was installed. The hose's
greatest improvement over standard Navy hoses was its num-
ber of pieces, 64 instead of 792.

NSFA's public works department was responsible for oper-
ating and maintaining Byrd Surface Camp and the Marble Point
Air Facility. Eight public works personnel were assigned to Byrd
Surface Camp during the austral summer season. Sixty-three
flights required support from the camp, and 115,092 pounds of
cargo and 62,831 pounds of fuel were delivered to the site.
Public works personnel also administered the hazardous waste
and materials program and constructed and maintained the
annual ice runway and ice and snow roads.

The McMurdo Station medical dispensary and dental clinic
saw 2,763 sick call visits during the austral summer season,
and the clinic at Amundsen-Scott South Pole Station had 112
visits. There were 23 medical evacuations from McMurdo Sta-
tion, and two from the South Pole Station. All personnel re-
quiring medical transport were accommodated during regular
logistics and science flights.

The terminal operations department, working with VXE-6,
sent three personnel to the Union Carbide plant in Bushton,
Kansas, in July 1990 to be trained to handle liquid helium and
nitrogen, which are used by U.S. scientists for cosmic radiation
studies. The department was instrumental in transferring 22
passengers and 12 long tons of cargo to the Soviet Union's

Vostok Station. U.S. Army personnel from Fort Eustis, Virginia,
and members of the New Zealand Army augmented the de-
partment. The Navy Cargo Handling Training Battalion from
Williamsburg, Virginia, assisted at McMurdo during the ship
offload.

The safety and training department pursued an active train-
ing and awareness schedule, including an all-hands safety
standdown on 15 December. During this time, various safety-
related lectures and briefings covered vehicle safety, safety mis-
haps, fire safety and prevention, and hazardous waste and
materials disposal. The department scheduled over 200 military
personnel to attend the antarctic snowcraft survival school and
the antarctic sea-ice survival school. In addition, 275 newcom-
ers were briefed on antarctic safety and the environment.

Detachment operations. NSFA carried out its mission at Mc-
Murdo Station and three other locations, spanning 10,000
miles. Because McMurdo is entirely dependent on the outside
world, two detachments—the unit's homeport headquarters at
Port Hueneme, California, and the Naval Antarctic Support
Unit (NASU) in Christchurch, New Zealand—provide addi-
tional technical and logistical support for the station. Before
deployment, department representatives, who act as liaisons
for both the summer support and wintering party at McMurdo,
are chosen to stay in Port Hueneme. They handle administra-
tive, supply, and logistics matters.

Formerly called NSFA Detachment Christchurch, the unit
was officially changed to Naval Antarctic Support Unit (NASU)
on 1 October 1990. In September 1990 NASU, the National
Science Foundation (NSF) New Zealand representative, and
NSF's support contractor moved their offices to the newly com-
pleted International Antarctic Center near the Christchurch In-
ternational Airport. This building serves as the entry point for
all southbound passengers and returning flights.

McMurdo summer operations ended in February, when con-
trol of the station was turned over to a National Science Foun-
dation Station Manager and a military Officer-In-Charge. This
action established the fourth location, Detachment McMurdo.

The 1991 wintering crew participated in the first mid-winter
medical evacuation (MEDEVAC) in Antarctica since 1966 on 3
June 1991. The patient, Peter Harding of the New Zealand Di-
vision of Scientific and Industrial Research at Scott Base, was
flown to a medical facility in Christchurch. The 96-hour mission
employed the talents of the wintering crew, NSFA, and VXE-6
personnel.

Aircraft operations. Air support provided by the U.S. Navy's
Antarctic Development Squadron Six (VXE-6) forms the life-
blood of science operations in the continent's interior. On 22
August, winter-fly-in operations began with the arrival of three
ski-equipped Hercules airplanes (LC-130) that flew eight turn-
around missions between McMurdo and Christchurch, New
Zealand. A total of five LC-130 cargo aircraft were deployed
during the 1990-1991 austral summer support season. Both
airplanes and crew responded well to the increased number of
field camps and open-field landings and takeoffs. Two aircraft
from the 109" Tactical Air Group, New York Air National Guard
(ANG), were provided to augment the LC-130 fleet for 2 weeks
in January.

Between October 1990 and February 1991, VXE-6 flew the
NSF-owned LC-130 airplanes 3,500.9 hours to transport 3,968
people, 3,743,645 pounds of cargo, 130,860 pounds of mail, and
324,995 gallons of fuel. These flights were augmented 162.7
hours flown by the two ANG LC-130s that transported 125
people, 154,632 pounds of cargo, 923 pounds of mail, and
27,032 gallons of fuel.
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Wheeled aircraft operations involving U.S. Air Force C-5A
Galaxy and C-141 Starlifter aircraft were conducted extensively
during the early part of the season. Additionally, the Royal New
Zealand Air Force (RNZAF) and Italian Air Force provided
C-130 aircraft support.

Warm temperatures dominated the McMurdo Sound area,
causing the ice runway to begin melting earlier than usual.
Continuing air operations under these circumstances required
an accelerated flight schedule. Consequently, maximum allow-
able cabin weight was not attained during the last three north-
bound Royal New Zealand Air Force flights. LC-130 turnaround
flights were begun also earlier.

The program's secondary air arm is the UH-1N helicopter
fleet, also operated by VXE-6. The squadron deployed six heli-
copters and was briefly augmented with one RNZAF UH-1H
for 60 days. The U.S. Coast Guard Aviation Detachment 125,
operating from the Polar Sea (WAGB-11), provided two HH-65A
helicopters for use at the Beardmore Glacier field camp, 250
miles south of McMurdo.

The VXE-6 UH-1N helicopters flew 1,364.7 hours, trans-
ported 2,251 passengers, and moved 680,790 pounds of cargo
and 1,250 pounds of mail. The RNZAF UH-1H helicopters flew
144.5 hours.

An alternate "blue ice" landing strip located 12 miles from
McMurdo Station, known as "Pegasus," was tested for flight
operations during the 1990-1991. LC-130 crews practiced land-
ings and takeoffs at the site during November, December, and
January, only to find that the aircraft skis sank into the ice a
few inches more than was expected. Final maintenance to re-
move compacted snow toward the end of the season conflicted
with redeployment schedules, and, consequently, the project
was put on temporary hold.

Weather operations. The meteorology division of the U.S. Naval
Support Force, Antarctica supports the scientists of the U.S.
Antarctic Program, VXE-6, oceanic vessels below 60°S, and
other Treaty nations requesting support.

Navy weather observers were assigned to McMurdo Station,
Byrd Surface Camp, Marble Point, Beardmore South Camp,
Amundsen-Scott South Pole Station, and the corridor aerogeo-
physics of the southeastern Ross transect zone (CASERTZ) field
camp. At McMurdo Station every 12 hours, weather observers
prepared reports that included sky condition, wind speed, air
temperature, humidity, sea-surface temperatures, and an ex-
tended 24-hour forecast. For vessels transitting to McMurdo
north of the 60°S latitude, the Christchurch, New Zealand,
weather office provided weather reports.

The Byrd Surface Camp weather team maintained all com-
munications equipment and checked navigation instruments.
They also assisted in cargo staging and operating heavy equip-
ment. Communications with McMurdo were difficult at times
due to intense solar activity.

One Navy aerographer's mate was assigned to Marble Point
Air Facility. During periods of good weather, observations were
taken and relayed to McMurdo every 3 hours, every hour in
inclement weather. The aerographer's mate also assisted in all
resupply and fueling operations at Marble Point.

Weather observers were also posted at Beardmore South
Camp and CASERTZ, each with duties similar to those person-
nel assigned in other outlying stations. This season marked the
first in which climatological data was collected in the CASERTZ
area.

Civilian science personnel were trained in certain weather
observations and the use of weather equipment. Their input

augmented that of several automated weather stations in the
area.

Two ice observers from the Naval Polar Oceanography Center
in Suitland, Maryland, were assigned to the McMurdo weather
office in December to provide ice reconnaissance support for
all vessels enroute to McMurdo. A refueling mission at the
Italian station Terra Nova Bay required a more thorough sea-
ice evaluation.

There was little need for international weather cooperation
this season. The Italian Antarctic Program, operating out of
Terra Nova Bay, was the only foreign program that communi-
cated with McMurdo's weather office on a regular basis, with
daily weather reports. Occasional reports for other interna-
tional stations were transmitted to Britain's Rothera and Halley
Stations and Germany's Filchner Station. There were periodic
reports transmitted to the Soviet station at Molodezhnaya and
the German station at Cape Williams. Forecasts also were pro-
vided to foreign aircraft, working with or for the U.S. Antarctic
Program.

The Christchurch weather office provided weather informa-
tion for all air and surface operations north of 60°S. Briefings
were given to VXE-6, components of the U.S. Air Force and
New York Air National Guard, Royal New Zealand Air Force,
and Italian Air Force. Both Military Sealift Command vessels
were also briefed.

Ship operations. Ship operations were vital for the support of
the McMurdo Station community during the 1990-1991 austral
summer season, with eight vessels visiting the McMurdo
Sound area. The U.S. Coast Guard icebreaker Polar Sea cut a
channel in McMurdo Sound so that the two supply ships, Gus
W. Darnell and Greenwave, could deliver fuel and cargo to the
station and remove wastes and other materials. The Italica, a
vessel from the Italian Antarctic Program, visited McMurdo
twice during the season. The Soviet Antarctic Program vessel,
Professor Viese, brought to McMurdo Soviet scientists who were
enroute to Vostok Station. The Polar Queen, supporting the Ger-
man Antarctic Program, visited McMurdo to offload passengers
and cargo. Two U.S. civilian cruise ships, the World Discoverer
and Frontier Spirit, made visits to McMurdo in late January and
February.

Departing Seattle 14 November, the Polar Sea made a port call
in Hobart, Tasmania, and embarked scientists from several
projects, as well as Bernhard Lettau, manager for ocean and
climate systems program of the National Science Foundation's
Division of Polar Programs.

Polar Sea reached the fast-ice edge 3 January, finding it 29
miles north of McMurdo. The ship moored at the McMurdo ice
pier 2 days later. At McMurdo, Polar Sea took on 49,886 gallons
of JP-5 for Marble Point Air Facility. Refueling and retrograde
operations at Marble Point began on 15 January and were com-
pleted when the ship returned to McMurdo on 17 January.

After receiving nearly 400,000 gallons of fuel from Gus W
Darnell, Polar Sea departed McMurdo on 8 February for the Ross
Sea to support two science projects. Returning 9 days later, the
ship headed for Scott Island to install and recover automatic
weather stations for two science projects in the western
Amundsen Sea. Departing McMurdo Station for Seattle, Polar
Sea embarked 14 Naval Support Force, Antarctica and Antarctic
Support Associates personnel for redeployment to the United
States.

On 19 December, the tanker Gus W. Darnell departed Theo-
dore, Greece, stopping over in Fremantle, Australia, on 7 Jan-
uary. Upon arrival in McMurdo on 19 January, the ship off-
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loaded 5,161,708 gallons of JP-8 and 96,967 gallons of JP-5. A
total of 396,858 gallons of DFM was transferred to the Polar Sea.
The supply ship Greenwave departed Port Hueneme, California,
for McMurdo Station, Antarctica, on 2 January. The ship deliv-
ered over 5,000 long tons of cargo and picked up over 2,200
long tons for return to the United States before departing
McMurdo with eight passengers.

The Italian ship Italica arrived in McMurdo from Terra Nova
Bay for two same-day visits on 15 and 29 January. Twenty pas-
sengers were transferred ashore for air transport to New Zea-
land. italica onloaded 24,565 gallons of JP-8 for transport to the
Italian station at Terra Nova Bay.

A Soviet science team arrived in McMurdo via the Professor
Viese 29 January to transfer cargo and passengers to the Soviet

station at Vostok. Professor Viese embarked 22 U.S. civilian and
military personnel for an historic trip to Lyttleton, New Zea-
land.

The German research vessel Polar Queen transferred three
passengers ashore at McMurdo 10 February for air transport to
New Zealand.

Two commercial cruise ships brought tourists to McMurdo
toward the end of the austral summer season. The first ship,
World Discoverer, arrived in McMurdo on 20 January and the
second ship, Frontier Spirit, on 15 February. Each ship made two
separate visits to the station. World Discoverer visited the station
again on 17 February and Frontier Spirit 20 days later. Tours of
the station for passengers from both cruise ships were given
by Navy and civilian station personnel.

Antarctic support operations,
1990-1991

Antarctic Support Associates
Englewood, Colorado 07652

On 1 April 1990 Antarctic Support Associates (ASA) officially
assumed responsibility for contractor support services to the
National Science Foundation's U.S. Antarctic Program (USAP).
During 1990-1991, more 730 contractor employees provided
support to USAP at the three U.S. stations and several remote
camps in continental Antarctica and the Antarctic Peninsula.
Project management, with headquarters in Englewood, Colo-
rado, oversees the provision of personnel, materials, and spe-
cialized logistics. Offices in Port Hueneme, California, and
Christchurch, New Zealand, support continental antarctic ac-
tivities, while support of Antarctic Peninsula and ship opera-
tions are provided through maritime agents in South America.

ASA's principal tasks include:
• support of USAP-sponsored scientific research projects and

visitor events;
• the operation and maintenance of facilities at McMurdo Sta-

tion, Williams Field, Amundsen-Scott South Pole Station,
Palmer Station, and field camps;

• engineering and construction of new facilities and the reno-
vation of existing infrastructure systems throughout the Ant-
arctic;

• operation of the research vessel R'V Polar Duke and other ice-
strengthened ships that are subcontracted by ASA for the
National Science Foundation.
Port Hueneme, California, and Christchurch, New Zealand,

branches. The Port Hueneme branch of ASA processed and
shipped more than 9 million pounds of supplies and cargo to
continental and Peninsula sites. Between August 1990 and Feb-
ruary 1991, more than 8 million pounds materials were sent via
air or ship transport to McMurdo Station for use there or for
use at outlying sites; an additional 266,000 pounds of materials
were shipped from Port Hueneme to South America for use at
sites, including Palmer Station, in the Antarctic Peninsula re-
gion.

In Christchurch, New Zealand, ASA personnel assisted more
than 1,000 civilian USAP participants. ASA arranged accom-

modations in New Zealand while participants waited to depart
for McMurdo Station, issued cold weather clothing, manifested
them to Antarctica, and arranged for their return to the United
States. In September 1990, the ASA Christchurch office, along
with the NSF Representative for New Zealand and the Naval
Antarctic Support Unit of Naval Support Force Antarctica,
moved from its old facility to the new International Antarctic
Center near the Christchurch International Airport.

McMurdo Station. At McMurdo Station, ASA personnel sup-
ported science projects, managed the Eklund Biological Center,
the Thiel Earth Science Laboratory and the Berg Field Center,
and provided construction and maintenance support at Mc-
Murdo Station and Williams Field.

At two large field camps, ASA personnel provided special
support, including constructing the camp. One camp on the
Siple Coast supported 16 researchers conducting 6 projects as
part of the corridor aerogeophysics of the southeastern Ross
transect zone (CASERTZ) project. Support at the CASERTZ
camp included air support by a Twin Otter airplane through
ASA's subcontract with Kenn Borek Air, Ltd. The other major
field camp was near the Beardmore Glacier. At this site, ASA
supported 31 researchers conducting 9 projects. Smaller camps
were also supported at Cape Crozier, New Harbor, Lake
Fryxell, Lake Bonney, and Lake Vida.

Besides supporting 61 science projects, Berg Field Center
personnel worked to change the old "Survival School" training
program and develop a new "Field Safety Training Program"
to meet the individual needs of each group of participants.
Field safety training instructions at the Berg Field Center taught
all sea-ice courses and outdoor safety orientation lectures and
designed eight special training courses that included special
training for work in the dry valleys and on sea ice, two courses
to prepare personnel for wintering at McMurdo and South Pole
stations, and an advanced snowcraft survival course. During
the austral summer season, instructors trained 582 science
team members, ASA employees and U.S. Navy personnel, 153
New Zealand Antarctic Research Program personnel, and 43
other special participants, including U.S. Coast Guard person-
nel.

ASA personnel working at the Eklund Biological Center con-
tinued and refined the laboratory waste management plan that
includes segregating and collecting solid and hazardous waste.
These refinements, along with new enforcement policies, re-
sulted in increased compliance by ASA staff and science per-
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sonnel. At the end of the season 82 barrels of hazardous labo-
ratory and photographic chemical wastes and 36 barrels of
radioactive waste were turned over to waste management per-
sonnel for proper disposal.

In addition to regular construction and support for 55 science
teams, construction and maintenance efforts by ASA's engi-
neering division emphasized projects that were part of NSF's
safety, environment, and health initiative during the 1990-1991
austral summer. Forty-four major construction and mainte-
nance projects were accomplished at McMurdo Station and Wil-
liams Field. These included:
• continued construction of the new science, engineering, and

technology center, with emphasis on Phase I;
• completion of dormitory 209;
• removal from Winter Quarters' Bay of D-8 Caterpillar tractor

that fallen through the sea ice early in the austral summer;
• installation of four pre-fabricated modules at Williams Field

for use by researchers participating in the long-duration bal-
loon launches;

• construction and maintenance of a 50-acre balloon launch
pad at Williams Field for the long-duration balloon launches;

• construction and installation of a science and living module
for use U.S. investigators working the Russian station Vostok
in central East Antarctica.
In February 1991 National Science Foundation representa-

tives decided to end burning of waste materials at the Fortress
Rocks landfill. To meet the station's needs for disposing of
burnable wastes, ASA personnel designed and procured ma-
terials to build a temporary incinerator. The incinerator was
built and tested during the 1991 austral winter.

As part of the increased effort to improve environmental
practices at U.S. stations, 470,402 pounds of non-hazardous
and 138,074 pounds of hazardous waste were processed at
McMurdo Station and loaded on to the supply ship Green Wave
for return to the United States. Among these waste materials
were 32,215 pounds of cardboard, paper, plastics, aluminum
cans, metal scraps, and hazardous waste, which were shipped
to McMurdo Station from the South Pole for processing and
shipment back to the United States for disposal.

McMurdo Station commenced winter operations on 28 Feb-
ruary 1991. During the 1991 winter, the station was staffed by
183 ASA employees and 5 NSF researchers, in addition to Navy
personnel from Naval Support Force Antarctica.

Amundsen-Scott South Pole Station. Austral summer activities
at South Pole Station, which began with the opening flight to
the site in late October 1990, focused on support to 39 science
and technical teams, as well as on the continuation of work
required to maintain, upgrade, and extend the useful life of the
station facilities. Science support projects included successfully
fielding the cosmic microwave background radiation project
and constructing the foundations for a new microwave tele-
scope to be installed during the 1991-1992 austral summer.

Seasonal operations and maintenance projects at South Pole
Station included:
• installing the second of three new engine-generator sets in

the station's main power plant;
• completing repairs to the foundation of the geodesic dome to

restore its structural integrity;
• replacing five of the station's nine fuel bladders to prevent

potential failure;
• repairing the station water system when leaks developed in

the main snow melter and a water-holding tank near the
power plant;

• improving sanitary conditions at the summer/emergency
camp and replacing the fire-damaged emergency galley;

• removing snow drifts around the cargo year and berms, the
geodesic dome, summer camp structures, and station arch-
ways.
Amundsen-Scott South Pole Station began winter operations

on 16 February 1991 with a complement of 16 ASA and five
science personnel wintering at the site.

Palmer Station. Situated near the tip of the Antarctic Penin-
sula, Palmer Station is supported by ice-strengthened vessels
bringing personnel and supplies to the site via ASA's husband-
ing agents in South America. During the austral summer re-
search season, which began in mid-September, the station sup-
ported 16 research projects. The research and support
population peaked in December 1990 with 46 personnel at the
station.

In addition to the routine facilities maintenance tasks, ASA's
operations and maintenance personnel were involved in a num-
ber of critical upgrade and rehabilitation projects including
installing fire-suppression systems in the power plant, emer-
gency generator room and the hazardous waste storage build-
ing and replacing bolts and gaskets in the fuel line to prevent
leaks.

During the 1990-1991 austral summer, Palmer Station expe-
rienced an increase in the number of visits by tour ships that
brought over 1,400 tourists to the station. Besides these orga-
nized visits, research ships from Chile, Argentina, Great Brit-
ain, and Brazil anchored in Arthur Harbor and visited the sta-
tion. ASA personnel also assisted NSF personnel with a special
visit to the station by representatives from 15 of the Antarctic
Treaty Consultative Party (ATCP) nations.

Various safety, environment, and health projects were also
accomplished. In February 1991, a joint fuel-spill exercise with
Argentina was held to prepare personnel in the event of a major
spill from the submerged Bahia Paraiso. Five new or refurbished
safety programs were established. These included a glacier
search-and-rescue team, a Zodiac search-and-rescue team, a
medical trauma team, an oil-spill response team, and a fire
response team. Work also continued to complete the clean-up
of Old Palmer Station.

Science teams were supported at Palmer Station until mid-
June 1991 when winter operations began.

Ship Operations. The research ship Polar Duke spent 249 days
at sea during 1990-1991, covering more than 31,000 nautical
miles. The ice-strengthened ship support 18 science projects in
marine biology, physical oceanography, and marine geology
and geophysics, along with a number of small field camps.
Helicopters were used from the Polar Duke for the first time,
supporting a geology project in the Tres Montes and Peninsula
Taitao areas of the Chilean Canals.

A chartered ship, the M/V Erebus, was used during 1990-
1991 to accomplish various tasks, including removing debris
from Old Palmer Station and transporting National Park Service
personnel to Stonington Island for an archeological survey of
the old U.S. station East Base. The Erebus also transported
personnel and cargo to and from the Antarctic Peninsula and
brought the ATCP visitors and other personnel to and from
King George Island to Palmer Station.

ASA support services were provided under National Science
Foundation, contract number DPP 89-22832.
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Back cover. Circular Thalassiosira spp. and elongate Core-
thron spp. with spines attached were collected from the near-
surface waters of Andvord Bay during Polar Duke cruise
90-7 The diatoms were separated on a 0.4 micrometer Nuleo-
pore filter, carbon coated, and photographed at 174 times on
Polarpan type 52 medium contrast 3-inch-by-5-inch film on

the geology department's Cambridge Stereoscan 5200 scan-
ning electron microscope at Colgate University. The photo-
graph was taken by undergraduate Sarah F. May as part of
NSF-RU! grant DPP 89-15977 to Eugene W. Domack and
Charles E. McClennen. (See article on page 112.)
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