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To continue and extend investigations of fluxes of natural
particulate materials from southern ocean summer surface waters
that we began in 1987 during Ocean Drilling Program leg 113
(Biggs et al. 1988), we deployed drifting sediment traps on 11
occasions for 20-37 hours each during Ocean Drilling Program
leg 119 in January and February 1988. A 3-trap array with
conical 0.16-square-meter traps suspended 50 meters, 100 me-
ters, and 200 meters below the surface was launched, tracked,
and recovered from the ice escort vessel Macrsk Master when
permitted by its schedule of ice-tending duties and logistic
suport for the drillship. Most of these deployments took place
in Prydz Bay (four consecutive collections from site 739; three
from site 740; one from site 741; and two from site 742; see
Fryxell 1988). We also got a 1-day collection over the south
Kerguelan Plateau (site 744) before the Master was released
from escort service.

To see how the depth of the mixed layer and phytoplankton
standing stocks varied between our collection sites, we used
an internal-recording Seabird "SeacatClD-19" to profile the
temperature-salinity characteristics of the upper 200 meters of
the water column from the Master, and we collected water from

5 depths with 5-liter Niskin bottles. Chlorophyll was measured
on board by standard fluorometric method (Parsons, Maita,
and Lalli 1985), but samples were also returned to Texas A&M
University for detailed characterization of algal pigments and
their degradation products by high-performance liquid chro-
matography. Our vertical temperature/salinity profiles were
supplemented with expendable bathythermograph drops from
the drillship while the Resolution was underway between sites.

Following the same analytical protocols as they had used to
process the Ocean Drilling Program leg 113 samples from aus-
tral summer 1987, researchers from several institutions are
sharing splits of the trapped material to characterize its organic
carbon, organic nitrogen, amino acid, and carbon-13/nitrogen-
15 composition (S.A. Macko, Memorial University of New-
foundland; M.A. Altabet, Woods Hole Oceanographic Insti-
tution); biogenic silica content (D.J. DeMaster, North Carolina
State University); and chlorophylls and their degradation prod-
ucts (R.R. Bidigare, M.E. Ondrusek, and Il Noh

'
Texas A&M

University). Phytoplankton species composition will be de-
scribed by D.M. Stockwell and S.H. Kang, who sailed on the
Master as field team for a companion upper ocean science pro-
gram to describe the taxonomy of suspended and sinking algal
material (G.A. Fryxell, principal investigator).

The leg 119 sediment-trapping program was sponsored by
National Science Foundation grant DPP 86-02762 to D.C. Biggs
and by the U.S. Science Advisory Committee to Joint Ocean-
ographic Institutions, Inc. Ship time on board the Master was
provided by the Ocean Drilling Program.
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Recruitment processes of marine fishes and the identification
of stages in the early life history (which are most vulnerable
to mortality) are important topics of study in fish biology.
Despite the ecological and commercial importance of antarctic
fishes, little is known about their larval and juvenile devel-
opmental stages. Studies have focused on the spatial and tem-
poral occurrence of larvae, as related to hydrographical regimes,
and on their feeding ecology and the interannual variability of
abundance levels (e.g., Kellermann 1986; 1987; Kellermann
and Kock 1988). To understand relationships between early
life history processes and biotic and physical environment, it
is necessary to determine the time scale of major events in
development and the growth rates of individual life stages.
Unfortunately, critical assessment of these parameters in the
field requires a logistically difficult sampling program. There-
fore, we are obtaining such information from the otoliths of
larval antarctic fishes.

Fish otoliths are calcified structural components of the inner
ear's equilibrium and auditory sensory system and may con-
tain an historical record of biological and ecological information
encountered during a fish's lifespan. Otoliths consist of a pro-
tein matrix into which calcium zones are deposited with a
daily, anticyclic periodicity (Mugiya 1987) moderated by diel
metabolic cycles as synchronized to ecological and environ-
mental parameters. The daily nature of microincrement for-
mation has been demonstrated for the antarctic fishes
Nototheniops nudifrons and Trematomus newnesi (Hourigan and
Radtke 1989; Radtke et al. 1989). During periods of slow growth,
more calcium and less protein is deposited. Although it is
known that increment formation is initiated the day following
hatch in a variety of species, such investigations are lacking
for the notothenioid antarctic fishes. Critical events in early
life history—including larval hatch, first feeding and yolk ab-
sorption—may be documented in otolith microstructure by
distinct discontinuities, providing information on the relative
time scales of larval ontogeny.

To validate the periodicity of otolith deposition zones, larvae
of the notothenioid fish Notothenia neglecta were reared from
field-caught eggs (figure 1) on board the icebreaking research

Figure 1. Field-caught egg with embryo of the antarctic fish No-
tothenia neglecta, 4.42 millimeters in diameter. Note the advanced
stage of the embryo and the yolk-sac.

vessel RIV Polarstern. Eggs were collected near Elephant Island
and in the northern Weddell Sea in October 1988. They con-
tained embryos at an advanced stage of development, showing
spontaneous heartbeats and body movements. Eggs were reared
in 60-liter inert plastic tanks at densities of 2-4 eggs per tank.
After hatching, larvae were removed and placed in separate
tanks for continued rearing under controlled temperature and
light regimes. Water temperature varied between –1.0° and
1.8°C, and the light cycle was standardized to 16 hours light!
8 hours dark. During the week following hatch, larvae were
marked with tetracycline, which deposits a fluorescent mark
on the increment at the day of formation (Hourigan and Radtke
1989). Larvae were either starved or fed on a diet of wild
zooplankton. Following completion of the cruise leg, eggs and
larvae were flown to the Alfred-Wegener-Institut for Polar and
Marine Research, Bremerhaven, where rearing experiments
were continued. Survival of larvae ranged from 15 to 68 days.
These experiments will document the initiation of otolith mi-
croincrement formation and its periodicity in larval antarctic
fish. Investigation of microincrement symmetry will provide
information on the effect of starvation on growth-increment
formation.

To investigate hatching periodicity and early life history dy-
namics from field-caught larvae of antarctic fishes, otolith mi-
crostructure was analyzed in larvae of six species of icefishes,
Channichthyidae, caught during the expeditions of RIV Polar-
stern in Bransfield Strait and adjacent waters in spring 1987
and 1988. Large sample sizes were available for Chionodraco
rastrospinos us, Chaenodraco wilson i, and Pagetopsis rnacropterus.
Larvae of C. rastrospinosus hatch in early spring, and yolk-sac
larvae initiate feeding on overwintered late furcilia larvae of
the antarctic krill Euphausia superba and on larval nototheniid
fishes (Kellermann 1986). Hatching in C. wilsoni and P. ma-
cropterus is likely to occur during winter (Kellermann 1989),
when the area is poorly accessible by research vessels. In these

194	 ANTARCTIC JOURNAL



/j ;,,j i-,

4
A

%

species, investigations on otolith microstructure are the most
reliable means to assess early life history events. Otoliths from
a 34.3 millimeters (total length) C. wilsoni larva displayed a
distinct core and a second concentric disruption which are
likely to represent hatching and yolk absorption marks (figure
2). Sixty-two microincrements were counted in this specimen
between the two events suggesting a considerably long yolk-
absorption period. Such long yolk-absorption periods have
also been observed in other antarctic fishes through rearing
experiments of larval Harpagifer antarcticus (Daniels 1978) and
Nototheniops nudifrons (Hourigan and Radtke 1989).

Additional larval samples of N. gibberifrons, C. rastrospinosus,
N. larseni, and K. anderssoni were obtained in limited quantity
for study during a January 1989 cruise aboard the National
Oceanic and Atmospheric Administration ship Surveyor. Lar-
vae were collected from Bransfield and Gerlache straits and
South Georgia in deep (60-90 meters and 140-180 meters) oblique
bongo tows, shallow "yo-yo" 30-meter bongo tows, and Issacs
Kidd Midwater Trawls. Smaller collections of C. antarcticus, A.
skottsbergi, G. opisthopterus, N. nudifrons, and C. aceratus were
also obtained.

Because spawning in most notothenioid fishes appears to
be fixed and concluded within a few weeks, hatching occurs
independent of the pack-ice retreat and subsequent onset of
the production cycle in spring. The large larval yolk reserves
seem to be sufficient to compensate for periods of food short-
age, which may occur if pack-ice retreat is delayed in the spring
and fish larvae hatch before the onset of egg production of
copepods following the spring bloom (Kellermann 1989). Oto-
lith microstructure may reveal in situ information on the tem-

poral and spatial variability of yolk absorption and growth
rates. If it is possible to relate such data to the biotic and
physical environment of yolk-sac larvae, the factors contrib-
uting to the survival and performance of larvae may be iden-
tified and used to construct models of spawning and life history
tactics.

Thanks are due to the crews of the WV Polarstern and Na-
tional Oceanic and Atmospheric Administration ship Surveyor
for help in collecting and rearing. Hordes of laboratory workers
too numerous to mention helped with sample preparation and
data analyses. This research was supported by National Sci-
ence Foundation grants DPP 85-21017 and DPP 88-16521.
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The cytoplasmic microtubules of eukaryotic cells perform
essential functions in many cellular processes, including mi-
tosis, organelle transport, and nerve growth and regeneration.
The polymerization of microtubules from their subunit pro-
teins, tubulin alpha-beta dimers and microtubule-associated
proteins (MAPs), is an entropically driven reaction mediated
largely by the release of structured water at regions of inter-
subunit contact (Correia and Williams 1983). Because subunit
association is driven by an increase in entropy, microtubule
formation is favored by high temperatures. The microtubules
of warm-blooded animals, for example, assemble from their
subunits at physiological body temperatures (30-37°C) and de-
polymerize at lower temperatures (0-4°C). By contrast, the
cytoplasmic microtubules of the antarctic fishes, a group of
poikilotherms adapted to temperatures in the range -1.8 to
+ 2°C, must assemble in an unfavorable thermal environment.
The long-term goal of our project is to determine the biochem-
ical adaptations that enable the microtubules of antarctic fishes
to assemble and function efficiently at low temperatures. As
part of this effort, we have initiated studies of the dynamics
of antarctic fish microtubules polymerized to a steady state in
vitro.

Cytoplasmic microtubules in vitro are dynamic polymers that
add and lose tubulin dimers by several end-dependent mech-
anisms. "Tread milling" involves the net and balanced addition
and loss of tubulin dimers at opposite microtubule ends (Mar-
golis and Wilson 1978) at polymer steady state. Consequently,
subunits that enter a microtubule at one end eventually dis-
sociate from the other. For MAP-rich and MAP-free mam-
malian microtubules at 30-37°C, the rates of this subunit "flux"
are approximately 1 and 52 micrometers per hour, respectively
(Margolis and Wilson 1978; Farrell etal. 1987; Hotani and Horio
1988). If treadmilling is important physiologically, then the
microtubules of the cold-adapted antarctic fishes should ex-
hibit similar behavior at low temperatures.

During the past year, we completed studies of the tread-
milling of the microtubules of antarctic fishes at near-physio-
logical and supraphysiologica! temperatures (Himes and Detnch
1989). Samples of pure, MAP-free brain tubulin from Not othienia
gibberifrons, purified as described previously (Detrich and
Overton 1986), were polymerized at 5, 10, or 20°C for intervals
sufficient to achieve steady states in polymer mass and stable
length distributions. Tubulin incorporation into and loss from
the steady-state microtubules were measured by a modification
of the radio-labeled guanosine 5'-triphosphate (GTP) marker
procedure (Margolis and Wilson 1978; Himes and Detrich 1989).
Microtubule length distributions were determined by negative-
stain electron microscopy. Figure 1 shows the initial rates of
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Figure 1. Temporal-dependence of the incorporation of [3H]GTP-
labeled tubulin into microtubules at three temperatures. Samples
of a preparation of N. gibberifrons tubulin were polymerized at
temperatures of 5, 10, or 20°C for intervals (300 minutes at 5°C and
10°C, 220 minutes at 20°C) sufficient to attain a steady state in
microtubule mass and to achieve stable length distributions. The
microtubules were then exposed to pulses of [3H]GTP for the times
indicated, collected by centrifugation, and analyzed for radiolabel
incorporation (Himes and Detrich 1989). The uptake of radiolabeled
nucleotide by the microtubules (Mts) is plotted as a function of
pulse duration at 5°C (open circles), at 10°C (closed circles), and
at 20°C (open triangles). Tubulin concentrations: 5°C, 1.1 milligrams
per milliliter (mg/ml); 10°C, 0.86 milligrams per milliliter, and 20°C,
0.59 milligrams per milliliter. Microtubule number concentrations:
5°C, 1.5 x 10- 10 molar (M); 10°C, 3.4 x 10 10 molar; 20°C, 3.0 x
10 10 molar. The microtubule length distributions corresponding
to these experiments are shown in figure 2. Reprinted from Himes
and Detrich (1989) with permission. (Copyright 1989 American
Chemical Society.) (jiM denotes micromolar.)
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tubulin uptake (monitored by tritium-labeled GTP ([3H]GTP))
into N. gthherifrons microtubules at the three temperatures, and
figure 2 presents the length distributions for the same three
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Figure 2. Microtubule length distributions at three temperatures.
Samples of the microtubule populations from the experiments of
figure 1 were prepared for negative-stain electron microscopy 200
minutes after the temperature jump to 20°C and 300 minutes after
the temperature jump to 5 and 10°C. Specimens were examined,
micrographs were recorded, and microtubule lengths were mea-
sured by methods described elsewhere (Himes and Detrich 1989).
Each panel presents a histogram of microtubule number as a func-
tion of microtubule length. The mean length of each microtubule
population is noted in the appropriate panel. The numbers of mi-
crotubules measured were 333 at 5°C, 263 at 10°C, and 406 at 20°C.
Reprinted from Himes and Detrich (1989) with permission. (Copy-
right 1989 American Chemical Society.) (pim denotes micrometer.)

microtubule populations. Clearly, the greatest rate of tubulin
incorporation occurred at 5°C, the temperature at which the
mean microtubule length was greatest .. and the microtubule
number concentration was smallest. The linear uptake of la-
beled tubulin is consistent with subunit incorporation by a
treadmilling mechanism, and the flux rates were 3 micrometers
per hour at 5°C, 1 micrometer per hour at 10°C, and 0.4 mi-
crometer per hour at 20°C. Thus, when examined at a tem-
perature, 5°C, near the physiological range of the antarctic
fishes, the MAP-free microtubules of N. gibberifrons treadmill
at a rate intermediate between those reported for MAP-free
and MAP-rich mammalian microtubules at 30-37°C. The ap-
parent conservation of microtubule treadmilling by these cold-
adapted fishes suggests that subunit flux may play an impor-
tant functional role in microtubule-dependent processes.

During the past year, we made substantial progress in other
project objectives. For example, we employed automated Ed-
man degradation on a gas-liquid solid-phase protein sequencer
to determine the amino acid sequences of alpha-tubulin pep-
tides from N. coriiceps neglecta brain. These peptides, compris-
ing an estimated 15 percent of the alpha chain, were isolated
from tryptic digests of the fish alpha tubulin by reverse-phase
high-performance liquid chromatography as described previ-
ously (Detrich 1988). Comparison of the sequences of cognate
peptides from the antarctic fish and from a mammal (pig) re-
vealed that the alpha tubulin of the fish contains amino acid
substitutions at approximately 10 percent of the positions ex-
amined. Evaluation of the functional significance of these re-
placements is currently in progress.

Due to the impact of the Bahia Paraiso oil spill at Palmer
Station, we were unable to conduct planned field studies dur-
ing the 1988-1989 austral summer. We gratefully acknowledge
the assistance provided to the project during past years by the
captains and crews of R/V Polar Duke and by the personnel of
ITT Antarctic Services, Inc. This research was supported by
National Science Foundation grant DPP 86-14788.
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Body temperatures of antarctic fishes are identical to the
temperatures of the cold polar seas that they inhabit. In the
area of the Antarctic Peninsula, where our field activities are
carried out, the entire life histories of endemic species occur
at body temperatures ranging between -1.1 and + 3°C (DeWitt
1971). These chronically cold temperatures pose several chal-
lenges for maintenance of normal physiological function at the
cellular level. Ranking prominently among these difficulties
are the need for energy metabolism to regenerate adenosine
triphosphate (ATP) at rates sufficient to power normal biolog-
ical activity and the requirement for chemical commodities of
that metabolism (i.e., soluble metabolites and respiratory gases)
to traverse the cell in an unimpeded fashion. Challenge to the
former resides in the inherent thermal sensitivity of all chem-
ical reactions, including enzymatic catalysis. The latter is af-
fected, because thermal cooling depresses intracellular diffusion
rates and increases cytoplasmic viscosity (Sidell and Hazel 1987).
Our recent investigations have focused on adaptations to these
challenges that are manifest in oxidative muscle tissues of the
antarctic fishes, Trematornus newnesi and Not othenia gibberifrons.

In addition to more obvious environmental impacts, the un-
fortunate grounding on 28 January 1989 of the Argentine sup-
ply ship Bahia Paraiso affected normally scheduled science
activities at Palmer Station during late austral summer 1988-
1989. One consequence was cancellation of our project's field
activities to accommodate requirements of oil-containment
personnel and environmental scientists dispatched to the scene
by the Foundation. Consequently, this report will focus upon
work being carried out at our University of Maine laboratory
on material collected during the previous field season.

During the previous two austral summers, we established
that
• oxidative muscle tissues of antarctic fish species show sig-

nificantly greater capacities at cold temperature for aerobic
metabolism and oxidation of fatty fuels than homologous
tissues from temperate zone fishes (Crockett and Sidell in
press) and

• monounsaturated fatty acids are catabolized by these tissues
much more readily than either saturated fatty acids of equal
chain length or carbohydrate substrates (Sidell et al. 1988,
in preparation).
Physiological importance of the latter result, however, ul-

timately is dependent upon whether the preferred monoun-
saturated fatty acyl substrates revealed by our in vitro
experiments are found in significant amounts in blood-borne
and intracellular neutral lipid pools of these fishes. To resolve
this question, graduate student Eric Lund has been analyzing
fatty acyl compositions of neutral lipid stores in T. newnesi and
N. gibberifrons.

Our fatty acyl compositional analyses are being conducted
on samples frozen in liquid nitrogen at Palmer Station and
transported to our home laboratory. At the University of Maine,
total lipid extracts from tissue and serum samples are prepared
by chloroform: methanol (2:1) extraction. Free fatty acids (FFA)
and triacylglycerols (TAG), the predominant neutral lipid frac-
tions are separated from polar phospholipids by thin layer
chromatography. Each neutral lipid fraction is then transes-
terified to form its corresponding fatty acid methyl ester (FAME)
and then subjected to capillary-gas chromatography to quan-
tify fatty acyl composition.

Results to date confirm that the preferentially metabolized
fatty acyl substrates identified in earlier experiments represent
a significant fraction of the total blood-borne pool in both spe-
cies (table 1). Palmitoleic acid (16:1), generally only a very
minor component of the circulating lipids of higher vertebrate
animals, accounts for 5 to 8 percent of available fatty acids in
these antarctic fishes. Isomers of oleic acid (18:1) account for
an even more impressive 15 to 30 percent of blood-borne fatty
fuels. These data further strengthen our conclusions that en-
ergy metabolism of aerobic tissues in antarctic fishes largely is
based upon catabolism of monoenoic fatty acids.

In addition to our metabolic and biochemical experiments,
we have been examining the subcellular structures of oxidative
muscles from N. gibberifrons and T. newnesi to identify any
aspects of ultrastructural organization that might be adaptive
to normal function at severely cold body temperature. In these
studies, graduate student Richard Londraville has been ap-
plying a suite of statistical techniques, collectively known as
stereological analyses, in examining transmission electron mi-
crographs (TEM) of oxidative muscle tissues. Stereology per-
mits us quantitatively to estimate three-dimensional aspects of
cellular structure from two-dimensional TEMs.

Using material fixed for electron microscopy during austral
summers 1986-1987 and 1987-1988, Londraville has been able
to identify several features of oxidative muscle from antarctic
fishes that we believe specifically are related to overcoming
potential limitations in intracellular diffusion of metabolites
and respiratory gases at the severely cold cellular temperatures
of antarctic fishes (table 2). Densities of mitochondrial popu-
lations within oxidative muscles are exceptionally high (table
2) and resemble those induced by cold temperature adaptation
in temperate-zone species (Sidell 1988). Such high mitochon-
drial densities serve to reduce mean diffusion pathlengths for
cellular metabolites traversing between mitochondrial and cy-
toplasmic compartments of the cell. Oxidative muscle fibers
from these antarctic species are exceptionally large in mean
cross-sectional area, posing a potentially significant problem
for delivery of oxygen from capillaries to the cells' mitochon-
drial populations (table 2). Our preliminary calculations, how-
ever, suggest that intracellular lipid stores of the tissues may
enhance transcellular oxygen flux because of the high solubility
of oxygen in this nonpolar phase. This response also is similar
to lipid droplet accumulation that is induced by cold accli-
mation in some temperate-zone species (Sidell 1988). The role
of lipid in oxygen flux and storage within muscle tissues, how-
ever, may be of particular importance to antarctic fishes whose
expression of the intracellular hemoprotein, myoglobin, is ei-
ther very low or even absent (as in Channichthyid icefishes).
In other words, we believe that the substantial intracellular fat
deposits may play a role in oxygen metabolism of antarctic
fishes that is analogous to the function of myoglobin in warmer-
bodied species. More complete ultrastructural analyses aimed
at these questions currently are underway.
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T. newnesi

	2153.4	± 215.3

	

0.348 ±	0.012

	

0.451 ±	0.019

0.026 ± 0.002

	

1.60 ±	0.010

Species

N. gibberifrons

	2102.8	± 193.7

	

0.249 ±	0.007***

	

0.549 ±	0.028*

	

0.012 ±	0.004**

	

1.31 ±	0.006*

Table 1. Percentage of fatty acyl composition of triacylglyerols (TAG) and free fatty acids (FFA) in serum from antarctic fishes.a

N. gibberifrons	 T. newnesi

Fatty acid	 TAG (ri = 4)	 FFA (n = 4)	 TAG (n = 6)	 FFA (n = 3)

14:0
	

3.0 ± 0.6
	

2.1 ± 0.2
	

4.5 ± 0.4
	

4.2 ± 0.8
16:0
	

13.2 ± 1.7
	

15.9 ± 4.1
	

10.8 ± 0.8
	

17.6 ± 1.8
16:17
	

7.9 ± 0.9
	

5.6 ± 0.8
	

7.3 ± 0.3
	

6.0 ± 0.4
16:2
	

9.3 ± 0.9
	

1.1 ± 0.2
	

7.6 ± 0.8
	

1.6 ± 0.2
16:4
	

0.4 ± 0.1
	

0.7 ± 0.3
	

0.2 ± 0.1
	

0.6 ± 0.1

18:0
	

2.7 ± 0.2
	

3.1 ± 0.4
	

2.5 ± 0.2
	

3.6 ± 0.4
18:1 w9
	

21.8 ± 2.7
	

10.8 ± 0.7
	

24.9 ± 1.1
	

11.4 ± 1.3
18:1 w7
	

4.0 ± 0.9
	

4.8 ± 0.3
	

6.0 ± 0.5
	

5.5 ± 0.4
18:2w6
	

0.8 ± 0.1
	

0.7 ± 0.1
	

1.1 ± 0.1
	

1.2 ± 0.3
18:3w3
	

0.3 ± 0.1
	

0.4 ± 0.1
	

0.4 ± 0.1
	

0.6 ± 0.1

18:4u3
	

2.2 ± 0.5
	

3.6 ± 0.8
	

1.5 ± 0.1
	

3.1 ± 0.2
20:1
	

1.8 ± 0.4
	

1.0 ± 0.4
	

2.2 ± 0.2
	

0.6 ± 0.2
20:2w6
	

3.8 ± 2.0
	

4.5 ± 1.2
	

0.5 ± 0.1
	

1.5 ± 0.7
20:4w6
	

0.1 ± 0.1
	

ND
	

0.2 ± 0.1
	

0.1 ± 0.1
20:4w3
	

0.4 ± 0.1
	

0.6 ± 0.1
	

0.2 ± 0.1
	

1.2 ± 0.4

29:5w3
	

13.1 ± 2.7
	

24.5 ± 2.7
	

12.6 ± 1.2
	

19.3 ± 1.6
22:lwll
	

0.5 ± 0.2
	

0.1 ± 0.1
	

0.3 ± 0.2
	

ND
22:1w9
	

0.1 ± 0.1
	

0.2 ± 0.1
	

0.6 ± 0.2
	

0.5 ± 0.2
21:5u3
	

0.5 ± 0.2
	

1.2 ± 0.2
	

0.7 ± 0.1
	

0.9 ± 0.4
22:5w3
	

0.7 ± 0.1
	

1.2 ± 0.3
	

0.6 ± 0.1
	

1.9 ± 1.0

22:6w3	 6.2 ± 0.9	 10.5 ± 1.0	 9.3 ± 1.1	 10.6 ± 1.7

a Balance of total (i.e., to 100 percent) is in minor peaks not identifiable by fatty acid standards and accounting for less than 1 percent of total.
ND = not detectable. Data are shown as mean ± S.E.M.

Finally, our project is beginning to examine the potential
physiological role of the poorly understood pathway for 3 -
oxidation of fatty acids by peroxisomes of liver tissue in ant-
arctic fishes. Unlike the better understood pathway for fatty
acid oxidation in mitochondria, that found in peroxisomes of
mammals seems preferentially to metabolize long-chain poly-
unsaturated fatty acids (Hovik and Osmundsen 1987) and is
capable of shortening the chain length of these substrates in

multiples of two-carbon units, releasing the now shortened
and activated fatty acyl CoA back into the cytoplasm (Os-
mundsen et al. 1987). Because of the exceptionally high content
of long-chain polyunsaturated fatty acids in the lipid stores of
antarctic species (table 1) and the poor ability of the mito-
chondrial system to metabolize these substrates, we believe
that the hepatic peroxisomal pathway may serve an important
function in modifying these fatty acids to a form accessible to

Table 2. Ultrastructural characteristics of oxidative muscle in two antarctic fishes.a

Parameter

A(f), square micrometers mean cross-sectional area of fibers

V(mit, f)
fraction of fiber volume occupied by mitochondria

V(myf, f)
fraction of fiber volume occupied by myofibrils

V(lip, f)
fraction of fiber volume occupied by lipid droplets

S(mit, mdiv), per square millimeter surface area of individual
mitochondrial membrane per unit of fiber volume

a values are means ± S.E.M.; *p < .05, **p < .01,	< .001, for between-species comparisons by Student's T-test.
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mitochondria. Our initial experiments to approach this ques-
tion are being carried out by graduate student Lisa Crockett
during the 1989 Winter Cruise of RIV Polar Duke.

We gratefully acknowledge the excellent support provided
by Masters and crew of R/V Polar Duke and support personnel
from ITT/Antarctic Services at Palmer Station. Their efforts
have been critical to the success of our project. This work was
supported by National Science Foundation grant DPP 85-16137.
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Reproductive success of kelp gulls
and south polar skuas

at Palmer Station,
Antarctic Peninsula, 1988-1989

Z.A. EPPLEY and M.A. RUBEGA

Department of Ecology and Evolutionary Biology
University of California
Irvine, California 92717

M. L. TASKER

Nature Conservancy Council
Aberdeen, Scotland, AB1 1XE UK

As part of our studies on evolutionary adaptation of antarctic
chardriiform birds to reproduction in the cold, we obtained
data on the reproductive success of kelp gulls (Larus doinini-
canus) and south polar skuas (Catharacta maccorrnicki) nesting
near Palmer Station in the austral summer of 1988-1989. As-
pects of the breeding biology of these species have been stud-
ied at Palmer Station in previous years (Parmelee, Fraser, and
Neilson 1977; Parmelee, Bernstein and Neilson 1978; Neilson
1983 cited in Pietz 1987 and Hemmings 1984; Maxson and
Bernstein 1984; Heimark and Heimark 1984; Pietz 1986, 1987).
Here, we provide observations to add to existing data on the
status and productivity of bird populations of the Palmer Sta-
tion area. We compare reproduction in the Palmer populations
to that observed in previous years and to that of other antarctic
and subantarctic colonies of these species. In January 1989, an
oil spill occurred near Palmer Station and resulted in a com-
plete reproductive failure in the south polar skua population
(Eppley and Rubega 1989). The impact of oil on the south polar
skuas was documented in detail in a previous publication (Ep-
pley and Rubega in press). In this paper, we focus on repro-
duction prior to the oil spill.

In 1988-1989, there were at least 260 breeding pairs of kelp
gulls and 320 breeding pairs of south polar skuas. Both gulls
and skuas nested in small colonies (generally fewer than 50
pairs) on several islands and peninsulas within 5 kilometers
of Palmer Station. We monitored 44 kelp gull nests in three
colonies on a daily basis between 5 December 1988 and 11
January 1989. Observations on kelp gulls began late in the egg-
laying period and extended until the oldest chicks were within
2 weeks of fledging; at this time the youngest chicks were
about 50 percent of adult weight. We stopped entering the
colonies at this time to minimize disturbance: the large, mobil
young flee when approached, creating confusion and aggres-
sive interactions among birds in the colony. We monitored 53
south polar skua nests in three colonies on a daily basis be-
tween 30 December 1988 and 19 February 1989. Observations
on south polar skuas began late in incubation and were ter-
minated when the last skua chick died following the oil spill.

During daily nest checks, we recorded the nest contents,
banded newly hatched chicks, weighed chicks, and identified
the prey in chick regurgitations. Chick ages (+ 12 hours) were
estimates based on the development of the chick during our
daily check compared to that of known-age (+1 hour) chicks
hatched in the lab. Numbered latex bands (racing pigeon counter
marks) were used to identify individual chicks; these were
removed at the end of the study. Chicks were weighed (+ 1
gram) with Pesola scales. When we found dead chicks, we
inspected the carcasses for signs of injury or disease. We as-
sumed chicks starved if no other causes were apparent and
chicks had not gained a typical increment of weight just prior
to death. Chicks were assumed dead if they were missing for
three consecutive nest checks.

We compared reproductive parameters between Palmer
populations in 1988-1989 to those from other sites and years.
For parameters without variance estimates, we simply com-
pared the values of parameters. For parameters with variance
estimates, we erected 95 percent confidence intervals (1.96 x
standard error, Sokal and Rohlf 1969); if published mean values
fell within the confidence intervals for our data, we concluded
that the values were not significantly different.

The timing of breeding for kelp gulls (table 1) was similar
to that observed by Parmelee et al. (1977) (egg-laying 12 No-
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Table 1. Reproductive parameters of kelp gulls and south polar
skuas at Palmer Station, 1988-1989.

Kelp Gull	South Polar Skua

Phenology:
Egg-laying

Range	 11 Nova to 21 Dec	2 Decb to 5 Jan 
Peakc	25 Nova	 1 Jan 

Hatching
Range	 7 Dec to 3 Jan	30 Dec to 2 Feb
Peak	 21 Dec	 29 Jan
Mean	 20 Dec + 6 daysc	17 Jan + 11 daysd

Reproductive success:
Clutch size
(eggs per nest)	 2.6	 1.4e

Hatching success
(chick hatched per egg)	83% of 113	66% of 77

Chick survival
(chicks surviving to last
check per chicks
hatched)	 83% of 94	 0 of 51

Productivity
(chicks surviving to last
check per nest)	 1.8

a Estimated using hatching dates and an incubation period of 27 days
(Watson 1975); we observed incubation to last 26 days (n = 1).
b Estimated using hatching dates and an incubation period of 28 days
(Young 1963).
C Peak is the date with the largest number of events (i.e., eggs laid or
chicks hatched).
d Standard deviation.
e These are minimum estimates, some eggs may have been lost between
laying and our first nest check.

vember through 18 December). Clutch size (table 1) was also
similar to previous observations (2.6 eggs per nest, Parmelee
et al. 1977) and larger than that observed among kelp gulls at
Marion Island in the subantarctic or in South Africa (1.9-2.1
eggs per nest, Williams, Cooper and Hockey 1984). Egg mor-
tality at Palmer in 1988-1989 was low (table 1). Causes of egg
mortality were: infertility (44 percent), egg loss (predation pre-
sumably by other gulls or skuas, 39 percent), damage during
incubation (11 percent), and death during pipping (6 percent).
Chick mortality was also low (table 1). The prime cause of
mortality was starvation and accounted for 38 percent of the
chick deaths; 13 percent died as a result of injuries sustained
while in neighboring territories. In half of the deaths, the cause
was unknown or no carcass was found. Chick loss was con-
centrated among second and third chicks: only two first-hatched
chicks were lost. Growth rates (0-20 day) of kelp gull chicks
at Palmer Station (figure) were not significantly different at
Palmer in 1988-1989 than those reported for Marion Island
and South African colonies (Williams et al. 1984). In 1988-1989
kelp gulls fed their chicks predominantly on krill, limpets, and
fish (table 2). Overall productivity was high among Palmer
Station kelp gulls, averaging 1.8 chicks per nest. The number
of young surviving through fledging cannot be estimated from
these data. Any measure of fledging success in 1989-1990 would
have been biased by oil pollution and its effects on potential
predators and prey.

In 1988-1989, the timing of breeding in south polar skuas
(table 1) was similar to that observed at Palmer in 1979-1980
by Pietz (1987) and at Signy Island (Hemmings 1984), but it
was about 2 weeks later than reported for this population by
Parmelee et al. (1977) and by Pietz (1987) for 1980-1981. Clutch
size was smaller in 1988-1989, with 42 percent of the nests
containing 2 eggs rather than 88 percent which is typical for
this population (Pietz 1987). Hatching success (table 1) was
similar to previous values at Palmer (Neilson 1983 cited in
Hemmings 1984, Pietz 1987), and Signy Island and was gen-
erally higher than other at other colonies in the Antarctic and
subantarctic (Hemmings 1984). Identified causes of egg loss
were flooding of the nest (24 percent), infertility (24 percent),
predation (16 percent), and death during pipping (12 percent).
Growth rates of skuas in 1988-1989 (figure) were similar before
and during the oil spill (Eppley and Rubega in press), and

Table 2. Percentage of occurrence of different prey types in
chick regurgitations.

Kelp gull	South polar skua

Number of samples examined	46	 26
Krill	 59%	 62%
Fish	 7%	 58%
Limpets	 37%	 -
Seaweed	 8%	 -
Isopods	 2%	 -
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therefore, have been combined. Skua growth rates in 1988-
1989 were not significantly different from those at Palmer for
1980-1981 (Pietz unpublished data) but both appear to be lower
than those seen at Signy Island and Cape Hallett (figure 5,
Hemmings 1984) and at Palmer in 1979-1980 (Pietz unpub-
lished data). In 1988-1989, krill and fish were the predominant
items in south polar skua chick regurgitations (table 2). This
observation differs from previous seasons when fish were the
main prey of south polar skuas and krill accounted for less
than 15 percent of their diet (Pietz 1987).

Although the reproductive parameters for south polar skuas
in 1988-1989 were within normal values, the population suf-
fered a complete reproductive failure. In some previous years,
food shortages increased sibling aggression and intraspecific
predation, leading to reduced reproductive success (Pietz 1987).
However, in contrast to these years (Parmelee et al. 1978; Pietz
1986), in 1988-1989 south polar skuas were frequently ob-
served feeding near their colonies. This continued inshore for-
aging, apparently normal chick growth rates and prevalence
of mortality in single chick nests suggest a different mechanism
for the mortality in 1988-1989. The mortality among first-hatched
skua nestlings was highly compressed in time and coincided
with the oil spill. We suggest that exposure to oil caused a
short-term disruption of normal parental attendence behavior.
This exposed the young to fatal intraspecific aggression, the
only cause of mortality observed after the oil spill (Eppley and
Rubega 1989 in press).

This research was supported by National Science Founda-
tion grant DPP 87-16005 to A.F. Bennett. We thank the people
of Palmer Station for their kindness and support throughout
our field season. We thank Bill Fraser for help in the field and
many enlightening discussions. We are grateful to Pamela Pietz
for her willingness to share with us her unpublished data and
her experience with south polar skuas.
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Bird observations
at Seymour and Cockburn islands

DAVID H. ELLIOT

Byrd Polar Research Center
Ohio State University

Columbus, Ohio 43210

During the course of geologic fieldwork on Seymour and
Cockburn islands in 1986-1987 and 1989, observations were
made on the occurrence of nesting sites of various birds.

Sir James Clark Ross, L. Crozier, J.B. Hooker, and others,
landed on Cockburn Island on 6 January 1843. They found a
large colony of Adélie penguins, cormorants (blue-eyed shags),
and snow petrels. Ross and his party were struck by the rel-
ative abundance of vegetation and Hooker noted in particular
the lichen Lecanora miniata (later reassigned to Caloplaca hookeri)
which ". . . grows nowhere else in such profusion; a circum-
stance which may arise from its preference for animal matter;
the penguin rookery of Cockburn Island, which taints the air

by its effluvium, being, perhaps, peculiarly congenial to this
lichen" (Ross 1847, p. 339). The penguin rookery is still oc-
cupied and cormorants were seen although not nesting birds;
however, neither snow petrels nor their nests were observed
during the brief visit made to Cockburn Island in January 1987.

The Adélie penguin rookery near Penguin Point, possibly
the most southerly on the east side of the Antarctic Peninsula,
was probably first visited by Captain C.A. Larsen and two
members of the crew of the Jason on 18 November 1893 (Larsen
1894).

Dominican gulls and antarctic terns are the birds most com-
monly seen on Seymour Island. Dominican gull nests were
noted near the shore southeast of Cape Wiman (figure). Ant-
arctic tern nests, on the other hand, are much more widespread
and were seen near Cape Wiman and at a number of localities
south of Cross Valley. The terns apparently prefer to nest on
the concretionary sandstones of the Lower Tertiary (Paleocene)
Sobral Formation. The concretions, which are up to 1 meter
across, are commonly rather friable; thus the concretions break
up readily and the ensuing rubble of smaller blocks and loose
sand seems to provide particularly suitable nesting grounds.
Other nesting areas are likely to be present on Seymour Island.

Geologic fieldwork was supported by National Science
Foundation grants DPP 85-19080 and DPP 87-16258.
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Physiology of diving
in emperor penguins	 'I

and Weddell seals
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SCOTT ECKERT, and YVON LE MAHO

Physiological Research Laboratory
Scripps Institution of Oceanography

University of California at San Diego
La Jolla, California 92093

This was a continuation of the previous year's project on
the measurement of several physiological variables related to
diving (Kooyman et al. 1988). Procedures were similar except
that one station served for both studies of the penguins and
seals. Ice conditions were also different. The sea ice at the
station was 2 meters thick, with an equal amount of platelet
ice attached to the bottom of the ice. Most of the platelet ice
had disappeared by 5 December. The phytoplankton bloom
occurred on 9 December, and visibility from the sub-ice cham-
ber decreased to 1 or 2 meters, which made the chamber use-
less. Metabolic rates of both the seals and penguins were
obtained by measurement of oxygen gas concentration changes
under a plexiglass dome sealed to the water surface. In this
flow-through system, the difference between ambient oxygen
concentration and that inside the dome was determined with
an AEI oxygen analyzer, while the animal was at the surface
breathing air.

Other physiological variables measured, such as muscle tem-
perature and heart rate, were obtained by means of a sub-
mersible microprocessor. The microprocessor was interfaced
with appropriate transducers and attached to the back of the
animal.

The seals dived readily under the experimental conditions.
Metabolic studies of the seals were completed. The preliminary
analyses show that the seal's metabolic rate was low, not much
more than 50 to 100 percent above the predicted resting met-
abolic rate, for all diving activities. A thermistor placed in the
propulsive muscle measured muscle temperature. Preliminary
results indicate little temperature change during the dive.

The emperor penguin studies were procedurally different
from the seal work in regard to experience. The birds were
held for several weeks. During that time, the birds gained
weight, because they readily took hand-offered fish as well as
those they captured on feeding dives below the ice. Several
birds dived at a time, and they were given almost continuous
access to the dive hole (figure). During the time we held them,
they readily dived below the ice. At times they made dives
over 10 minutes. All dives were shallow, and we assume from
indirect evidence that they fed exclusively on Pagothenia horch-
grevinki.

Similar physiological variables to those of the Weddell seal
were measured. Preliminary analysis indicates that heart rates
during 4- to 6-minute dives were only slightly lower than rest-
ing heart rates. Also obtained during these studies was muscle

The six experimental birds concluding their "conference" and pre-
paring to make a dive. (Photo by G.L. Kooyman.)

temperature, cardiac output at rest, and swim velocity. In ad-
dition, four emperor chicks were collected at Cape Washington
and returned to San Diego. At the time of their collection, their
masses ranged from 6 to 10 kilograms. At present (July), their
masses are between 20 to 25 kilograms; equal to lean adults.
These chicks are now involved in a series of metabolic studies.

This work was supported by National Science Foundation
grant DPP 86-13729. We also give special thanks to Dave Bres-
nahan and Eric Chiang for organizing and coordinating the
penguin airlift which involved the Army, Navy, Air Force, and
a Borek Air twin otter crew, all of whom did an outstanding
job. The U.S. Antarctic Program support contractor performed
a remarkable coordinated effort of setting up the entire com-
plex sea-ice station in a single day.
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Weddell seals (Leptonychotes weddelli) have a circumpolar dis-
tribution in the fast ice of Antarctica. The fast ice is attached
to the land so breathing holes through it remain fixed in lo-
cation both absolutely and relative to any permanent ice fea-
tures. The seals' ability to swim over distances of several
kilometers and to depths of 600 meters under this ice cover
has been known for some time (Kooyman 1981). Exactly how
they are able to find breathing holes through the ice and the
patterns of their under-ice movements have not been studied
extensively. We studied:
• the movements of males and females near a natural tidal

crack;
• the importance of vision and audition in locating breathing

holes at an experimental site that was new to the animals;
and

• the response of a male to the playback of territorial vocali-
zations of a conspecific.
We also outfitted one seal with a video camera and recorder

so we could correlate sub-ice features with the tracked move-
ments of the seal.

We set up two field camps on sea ice within 10 kilometers
of McMurdo Station. One was along a natural tidal crack and
the second was 4 kilometers from the tidal crack in an area
where the only breathing holes were ones we had provided
and to which we could control the seals' access. At each site,
we set out an array of hydrophones in a diamond pattern with
a long axis of 1 kilometer. The seals were tracked by deter-
mining the time difference of arrival at the hydrophones of 65
kilohertz signals from small acoustic transmitters temporarily
attached to the seals for the duration of the experiment. Trans-
mitter signals were modulated to indicate depth. The track of
the seal could be viewed in real time on a computer at the
experimental site or the data could be sent by radio telephone
to McMurdo Station for real-time viewing on a computer in
the biology laboratory.

Along the tidal crack we instrumented two male and three
female seals. The females spent most of their time on long
looping dives away from the crack going to depths of 300 to
400 meters, indicative of feeding dives (figure 1). In contrast,
the males usually left the crack only once or twice a day for
an extended dive (figure 2). The precision with which the
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Figure 1. Typical dive patterns of a female Weddell seal along a
tidal crack. The squares indicate locations of hydrophones inserted
in the crack. When the animal was in the crack, we did not receive
signals from the acoustic transmitters. This figure shows an entire
day's tracking. These dives were often to depths of 300 to 400
meters and reflect feeding dives.

territorial male stopped at the boundaries of his territory is
clearly shown. Except for the occasional long dive, the re-
mainder of the dives were shallow dives, usually less than 50
meters. This tracking has allowed us to observe for the first
time the rigidness of the territorial boundaries along a tidal
crack which appear to be almost as precise as those of land-
based territorial pinnipeds such as northern fur seals (Callor-
hinus ursinus, Peterson 1968).

At the isolated holes, we were able to conduct more con-
trolled experiments. First, we showed that, like their ringed
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Figure 2. Typical dive patterns of a male Weddell seal along a tidal
crack. The clear bar in the center of the dot pattern aligns with the
crack itself. The squares indicate locations of hydrophones in-
serted in the crack. One of the hydrophone locations is almost
totally obscured by the dive points. When the animal was in the
crack, we did not receive signals from the acoustic transmitters.
This figure shows an entire day's tracking. The precision with which
the male stopped at the boundaries of his territory is clearly shown.
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seal (Phoca hispida) counterparts in the arctic, Weddell seals
rely primarily on vision to locate breathing holes. On voluntary
excursions, they found holes located 100, 200, and 400 meters
from the entry hole but failed to locate a hole 800 meters from
the entry hole. Blindfolded seals could be attracted to an un-
familiar hole by providing an acoustic cue. As with the ringed
seals, the cue we used was the easily localizable cue produced
by tapping a metal rod on the ice. Although this cue was
effective, it was not responded to as readily by blindfolded
Weddell seals as it had been by blindfolded ringed seals. Figure
3 shows the track of a blindfolded Weddell seal introduced
into hole 5 with the acoustic cue being presented at hole 3. In
one experiment, an animal with no sensory restrictions ap-
parently used the acoustic cue provided by vocalizations of
other seals at the tidal crack 4 kilometers away to escape from
the isolated site. This female demonstrated the acoustic rang-
ing behavior we had seen previously in ringed seals. Instead
of swimming directly toward the tidal crack, she first swam
approximately at a right angle to the direction to the sound
source before turning toward the distant acoustic cue. By
swimming at an angle to the direction of the sound and noting
how rapidly the angle to the sound source changed, the seal
could presumably determine how far it was to the distant
sound source. Ths seal was located the following day at the
tidal crack.

We also placed a video camera and recorder on the back of
one seal. The camera was much less sensitive than the seal's
visual system so when the camera first detected a hole from
50 to 100 meters away, the seal was already swimming on a
straight line toward it. Even with its reduced sensitivity, the
camera was effective in showing that the seal was attracted to
patches of light where surface snow cover was less and that
in those patches the seal fed on Pagothenia borchgrevinki by
backlighting the prey that were often located in platelet ice.

In another experiment, recorded Weddell seal trill vocali-
zations were played back at a hole a tagged young male seal
had been using regularly. During the entire time of the play-
back, the animal did not enter the hole, although he did come
close to the hole and swam in tight circles near it. The animal
swam close enough to the hole to see that there was no visible
male guarding the hole. Nevertheless, the seal did not enter
the hole during the playback.

We were able to track Weddell seals in real time as they
swam under the ice. The sensory hierarchy used in finding
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Figure 3. The track of a blindfolded Weddell seal introduced into
hole 5 with the acoustic cue being presented at hole 3. The solid
squares are the positions of the hydrophones. The duration of this
dive was 10 minutes, 22 seconds.

new breathing holes in the ice is the same as that employed
by ringed seals with vision being most important and used
whenever possible and audition being used when vision is
unavailable. Distances to distant acoustic stimuli appeared to
be determined by ranging prior to swimming toward the stim-
uli. The under-ice tracking system can be used in detailed
investigations of many aspects of seal ecology and behavior.

We thank Megan Lyons and Julie Hagelin for field assis-
tance. This work was supported in part by National Science
Foundation grants DPP 85-03371 and DPP 86-19272.
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Ever since the days of the Belgica expedition of 1899 when
the American physician, Frederick Cook, wrote of the "mel-
ancholy darkness" and "lethargy" of the winter-over crew
(Sullivan 1957), men and women who spend an entire year in
Antarctica have experienced a number of mild to moderate
psychophysiological disturbances after several months of win-
ter confinement. These disturbances are manifested in symp-
toms such as insomnia, irritability and aggression, anxiety,
depression, reduced motivation, gastrointestinal disorders,
musculoskeletal aches and pains, and impaired cognition, in-
cluding difficulty in concentration and memory, absentmind-
edness, and the occurrence of mild fugue states known as
"long-eye" (Natani and Shurley 1974). These symptoms ap-
pear to increase over time, peaking at mid-winter (Gunderson
and Palinkas 1988). Strange and Klein (1974) have grouped
these symptoms into a general phenomenon known as the
"winter-over syndrome."

Previous research has pointed to social, psychological, and
occupational characteristics of antarctic station personnel as
contributing to variations in these symptoms. Little is known,
however, of the influence of specific social and personality
characteristics and the severity of the station environment,
either independently or in combination, on these symptoms.
This paper examines the social, psychological, and environ-
mental correlates of the psychophysiological symptoms asso-
ciated with wintering-over in Antarctica and the extent to which
these correlates can be used to predict the severity of symp-
tomatology during the winter-over period.

Subjects were 513 U.S. Navy enlisted men and civilian sci-
entists and technicians assigned to six small U.S. antarctic
research stations between 1964 and 1974. Measures of depres-
sion, insomnia, hostility, and anxiety were elicited at the be-
ginning and end of the winter-over period. Data on social and
psychological characteristics of subjects were obtained at the

time of screening for physical and psychological suitability for
winter-over duty. Three specific environment scales were de-
veloped on the basis of ranges in station altitude, latitude, and
mean annual temperature. These characteristics were also in-
tegrated to create an environmental severity score for each
station, ranging from 1 (benign) to 5 (extreme).

A comparison of the four symptoms by time and military/
civilian status is provided in table 1. The severity of all four
symptoms increased significantly over the course of the winter-
over period. When the subjects were divided into military and
civilian groups, military personnel reported significant in-
creases in all four symptoms but civilian crewmembers re-
ported significant increases only for hostility and anxiety.

Zero-order correlations with the four symptoms as reported
at the beginning and end of the winter-over period, charac-
teristics of station environment, and social and personality
characteristics of station personnel are contained in table 2.
Station latitude, altitude, and mean annual temperature were
associated with depression and insomnia at the beginning of
winter. Station size was inversely associated with depression
and hostility. Of the personality characteristics, a high need
for autonomy was significantly associated with hostility and a
need for nurturance was directly associated with depression.
Age was inversely associated with depression, hostility, and
anxiety. Education, on the other hand, was directly associated
with hostility. Military personnel were more likely to be de-
pressed and have sleep problems while civilians were more
likely to report hostile feelings.

Environmental measures of severity and size were also in-
versely associated with reports of depression at the end of the
winter, along with hostility and anxiety. Size and environ-
mental severity, however, were unrelated to sleep problems
by the end of the winter. A need for control by others was
inversely correlated with depression and insomnia while a
need for autonomy was directly related to hostility. Age was
inversely associated, and education was directly associated,
with hostility. Education was inversely associated with depres-
sion and insomnia, however. Military personnel were more
likely to experience symptoms of depression, insomnia, and
anxiety at the end of winter than civilian personnel.

Given the large number of predictors, a series of stepwise
multiple regression analyses was constructed to identify, in a
preliminary way, the most important (p < 0.05) predictors of
the four psychophysiological symptoms as reported at the end
of the winter. Included in each of the analyses as an indepen-
dent variable was the respective psychophysiological symptom
as reported at the beginning of the winter. Zero-order corre-
lations for the symptoms as reported at the beginning and end
of winter were as follows: depression (r = 0.49, p < 0.001),
insomnia (r = 0.43, p < 0.001), hostility (r 0.36, p < 0.001),
and anxiety (r = 0.40, p < 0.001). Interaction effects between
the personality measures and military/civilian status were also
included in the analyses.
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Table 1. Psychophysiological symptoms by time and occupational status

Early winter	 Late winter

	

N	 Mean (S.D.)	 Mean (S.D.)	 F ratio

Total sample
Depression	 421	 3.63(l.31)	 3.84(l.38)	 10.51
Insomnia	 417	 5.50(l.85)	 5.95 (2.01)	 20.07***
Hostility	 421	 3.55(l.14)	 4.24(l.29)	 105.11
Anxiety	 417	 4.45(l.48)	 5.10 (1.74)	 5555***

Military personnel
Depression	 294	 3.78(l.33)	 4.01 (1.42)	 8.31**
Insomnia	 292	 5.65(l.94)	 6.23 (2.02)	 21.35***
Hostility	 295	 3.49(l.13)	 4.16(l.32)	 64.31
Anxiety	 290	 4.52(l.53)	 5.21 (1.80)	 3757***

Civilian personnel
Depression	 127	 3.26(l.19)	 3.43(l.19)	 2.24
Insomnia	 125	 5.13 (1.57)	 5.29 (1,81)	 0.93
Hostility	 126	 3.69(l.16)	 4.43(l.20)	 43.70***
Anxiety	 127	 4.28(l.35)	 4.85(l.59)	 19.25***

<0.05.
<0.01.

***p<0.001.

Table 3 summarizes the strength of the 	association between	significant independent predictor of all four symptoms. En-
the environmental, social, and psychological characteristics	vironmental severity contributed significantly to the prediction
which contributed significantly to the prediction of the four	of hostility and anxiety; however, the more severe the envi-
symptoms. Between 21 and 30 percent of	the variance in symp-	ronment, the less severe the symptoms. Military status pre-
torn scores were accounted for by the	full models. The re-	dicted for insomnia. A low need to be controlled by others
spective symptom score at the beginning	of the winter was a	predicted for depression. A high need for autonomy predicted

Table 2. Zero-order correlation coefficients between symptoms and end of winter and station environment, personality, and
sociodemographic characteristics.

Beginning of winter (March)	 End of winter (September)

	

Depression	Insomnia	Hostility	Anxiety	Depression	Insomnia	Hostility	Anxiety

Station environment
Station latitude
Station altitude
Station temperature
Station size

Psychological needs
Inclusion-expressed
Inclusion-wanted
Control-expressed
Control-wanted

Affection-expressed
Affection-wanted
Achievement
Autonomy
Nurturance
Order

Social characteristics
Age
Education
Military status

*p < 0.05 (two tailed).
<0.01.

***p<0.001.
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Table 3. Regression of symptoms at end of winter on station environment, personality, sociodemographic characteristics, and
health-related behaviors.

Symptoms

Depression
(beta)

Condition at beginning of winter
Environment severity
Control wanted
Affection—expressed
Affection—wanted
Autonomy
Military status
Full model—R	 .53
R 2	.28
F5.17***
d.f.	 26,347

<0.05.
<0.01.

001

	

Insomnia	 Hostility	 Anxiety

	

(beta)	 (beta)	 (beta)

	

42***	 34***

	

- .15**	 -

-

	

.50	 .46	 .54

	

.25	 .21	 .30

	

437***	 3.60***	 549***

	

26,344	 26,347	 26,345

for hostility. A high score on the need to express affection and
a low need for affection from others contributed significantly
to the prediction of anxiety.

All four symptoms increased significantly during the course
of the austral winter. This increase was also found in previous
studies of this population (Gunderson 1974; Gunderson and
Palinkas 1988); however, the results of this study expand upon
the earlier research in three important respects. First, many of
the physical and psychological symptoms experienced by win-
ter-over personnel are influenced by environmental condi-
tions, particularly at the end of the winter. This influence,
however, is in general, a positive one, reflecting some form of
adaptation to the prolonged isolation and extreme environ-
ment. Second, significant independent contributions to the
prediction of this increase were made by the symptoms as
reported at the beginning of winter, which suggests that a
substantial amount of adaptation to the antarctic environment
occurred prior to the austral winter. Third, this adaptation
appears to be related to social characteristics of station per-
sonnel and the possession of certain social personality needs
or traits which are satisfied by existing social and environ-
mental conditions and the relative absence of needs or traits
which the environment cannot satisfy (Palinkas 1989).

Psychophysiological symptoms experienced during the win-
ter-over period in Antarctica may be reduced by assigning
individuals to different stations on the basis of specific social
and personality characteristics. Additional research is recom-
mended to determine how differences in the cultural back-
ground of station personnel and in the cultural s ystems of the

stations themselves influence the associations between social
and personality characteristics and psychophysiological symp-
toms.

This work was supported by National Science Foundation
grant DPP 87-16461 and by the Naval Medical Research and
Development Command, Bethesda, Maryland.
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The U.S. Antarctic Program has long been distinguished by
the presence of both military and civilian personnel on the ice.
Previous studies have indicated that these two groups exhibit
different patterns of adaptation to the prolonged isolation and
extreme environmental conditions of the austral winter. Navy
personnel, for instance, have been found to have lower job
morale, a much higher incidence of insomnia, anxiety, and
depression, and more sick-call visits than civilians. Civilians,
on the other hand, report more hostility than military person-
nel in early winter (Doll and Gunderson 1971; McGuire and
Toichin 1961; Palinkas, Gunderson, and Burr, Antarctic Journal,
this issue).

These differences in patterns of adaptation and psychosocial
adjustment may be due to differences in personality charac-
teristics and coping styles exhibited by the two groups. Gun-
derson (1974), for instance, found that personality traits which
predicted for emotional control or task performance in enlisted
Navy seabees failed to predict for adaptation in Navy officers
or civilian scientists. Moreover, the same personality trait did
not necessarily predict for all measures of adaptation (Doll,
Gunderson, and Ryman 1969). Palinkas, Gunderson, and Burr
(Antarctic Journal, this issue) found that military and civilian
personnel exhibited significant differences in certain person-
ality needs that also independently predicted for symptoms of
depression, insomnia, hostility, and anxiety at the end of win-
ter.

The purpose of this study was to determine if military and
civilian personnel differ with respect to two sets of coping
responses and resources known to moderate the association
between stressful life events and illness: social support net-
works and individual personality traits and coping styles (Bill-
ings and Moos 1981; Holahan and Moos 1985; Kobasa 1979).
Subjects were 47 civilian and 28 military winter-over personnel
who deployed to Antarctica during the 1988-1989 season. All
were volunteers who had been selected for antarctic duty on
the basis of occupational expertise and who had fulfilled the
medical and psychological screening criteria required for win -
ter-over duty. Questionnaires were administered to study sub-
jects either prior to or immediately following deployment to
Antarctica.

Both physical and mental health status were evaluated on

the basis of responses to the Health and Daily Living (HDL)
form (Moos et al. 1983). This 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), with subscales measuring
depressive mood and ideation, endogenous depression, and
depressive features; a measure of alcohol consumption based
on quantity and frequency (Armor, Polich and Stambul 1978);
and a measure of medication usage. The HDL form also in-
cluded questions relating to the experience of stressful events
(negative, positive, and exit events) during the past year which
were then weighted using the formulae derived from Holmes
and Rahe (1967).

Information on personality characteristics and coping styles
obtained from the HDL questionnaire included measures of
self confidence; method of coping (active cognitive coping,
active behavioral coping, avoidance coping); and focus of cop-
ing (appraisal-focused coping, problem-focused coping, emo-
tional-focused coping). Perception of control was assessed by
means of the I-E (internal-external) Locus of Control Scale (Rot-
ter 1966).

Information on social support networks were obtained from
questions included in the HDL form and from the Social Sup-
port Questionnaire (SSQ) (Sarason et al. 1983). The HDL, ques-
tions were used to assess the frequency of social activities with
friends, number of social network contacts, and number of
close relationships. The SSQ provided measures of the number
of individuals providing support in a set of defined contexts
and the perceived adequacy of that support.

A comparison of the military and civilian study subjects is
provided in table 1. The civilian group was significantly older
(t = 4.22, p < 0.001), better educated (t = 5.51, p < 0.001),
and had more prior experience in the Antarctic (x 2 = 8.40, p
< 0.01) than the military group.

Table 2 provides a comparison of physical and mental health
status and stressful life events between military and civilian
study subjects. Civilian subjects reported significantly more
physical symptoms and negative life events than military per-
sonnel. No significant differences were observed on any of the
other variables measured.

A comparison of personality characteristics and coping styles
and social support networks is provided in table 3. Civilian
personnel reported significantly higher levels of active cog-
nitive coping than military personnel. Civilians also reported
a more external locus of control and a greater use of logical

Table 1. Sociodemographic characteristics of U.S. Antarctic
Program military and civilian personnel.

	

Military (N = 28)	Civilian (N = 47)

Characteristic	 N	Percent	N	Percent

Sex
Men	 26	92.9	41	87.0
Women	 2	7.1	6	13.0

Prior antarctic experience
Yes	 1	3.6	15	31.9
No	 30	96.4	32	68.1

Mean age	 28.18	 33.26

Mean education	 12.46	 14.47
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Table 2. Comparison of U.S. Antarctic Program military and civilian personnel by health status and life events.

Military (N	28)
	

Civilian (N = 47)

Mean	S.D
	

Mean	S.D.	 t	 Significance

Health and well-being
Physical symptoms	 0.07	 0.27
Global depression	 5.63	 6.25
Depressed mood and ideation	 1.86	 2.35
Endogenous depression	 2.22	 2.91
Depressive features	 3.70	 4.23
Alcohol consumption	 0.21	 0.19
Medication use	 1.11	 1.10

Life events
Negative	 19.86	33.63
Exit events	 15.57	29.30
Positive	 34.79	39.64

	

0.33	 0.70	-2.18	 p = 0.033

	

7.43	 6.42	-1.17	 N. S.

	

2.70	 2.82	-1.33 	 N.S.

	

3.28	 3.08	-1.44	 N. S.

	

4.72	 4.03	-1.03 	 N.S.

	

0.27	 0.37	-0.82	 N.S.

	

0.91	 0.94	 0.82	 N. S.

	

53.18	47.19	-3.51	 p = 0.001

	

13.47	30.40	 0.29	 N. S.

	

50.82	42.58	-1.61 	 N.S.

analysis and affective regulation in coping with stressful life
events but the differences between the two groups were only
marginally significant (p < 0.10).

These preliminary data indicate that military and civilian
personnel differ with respect to their age and education, phys-
ical health status, and the experience of stressful life events.
Previous studies have found both age and education to be
positively associated with measures of adaptation and in-
versely associated with psychological symptomatology among
antarctic winter-over personnel (Gunderson 1974; Palinkas,
Gunderson, and Burr 1989). On the other hand, civilians ex-
hibited significantly more physical symptoms and experienced
more negative life events prior to wintering-over which should
place them at greater risk for stress-related symptomatology
than the military personnel.

The analysis of stress-coping responses and resources re-
vealed that civilian personnel are more likely to utilize active
cognitive coping responses in handling stressful life events
than military personnel. Further research is required to deter-
mine if this particular coping response is adaptive in the con-
text of prolonged isolation under extreme environmental
conditions. Navy subjects on the other hand, may have a
stronger internal locus of control than civilians. Although the
difference was not found to be statistically significant in this
study, an internal locus of control may prove to be maladaptive
under conditions of prolonged isolation, especially for enlisted
Navy personnel who have little control over their activities in
an isolated antarctic research station (Palinkas 1989).

Due to the multiple comparisons tested, a certain number
of associations are expected to occur on the basis of chance

Table 3. Comparison of U.S. Antarctic Program military and civilian personnel by individual and social stress-coping responses
and resources.

Military (N = 28)
	

Civilian (N = 47)

Mean	S.D
	

Mean	S. D.	 Significance

Personality characteristics and coping style
Self confidence	 16.89
Locus of control	 6.56
Active cognitive coping	 14.29
Active behavioral coping	 16.17
Avoidance coping	 1.36
Logical analysis	 5.84
Information seeking	 6.61
Problem solving	 7.58
Affective regulation	 7.00
Emotional discharge	 3.19
Visit to mental health professional	 1.56
Visit to other professional	 1.43

4.10
2.96
7.15
8.01
1.63
3.58
4.56
3.44
4.19
2.26
0.51
0.50

	

15.50
	

3.49
	

1.54
	

N.S.

	

8.08
	

3.23	-1.89
	

N.S.

	

18.38
	

7.47	-2.17	p = 0.034

	

17.14
	

8.68	-0.44
	

N.S.

	

1.93
	

1.68	-1.36
	

N. S.

	

7.38
	

3.41	-1.76
	

N.S.

	

7.31
	

4.27	-0.62
	

N.S.

	

8.75
	

4.12	-1.18
	

N. S.

	

8.75
	

3.97	-1.73
	

N. S.

	

2.63
	

2.09
	

1.05
	

N.S.

	

1.38
	

0.49
	

1.47
	

N.S.

	

1.24
	

0.43
	

1.72
	

N.S.

Social networks and support
Social activities with friends
Number of social network contacts
Number of close relationships
Number of supports
Satisfaction with support

	

5.95	2.66

	

19.30	13.07

	

16.04	10.83

	

3.71	 1.94

	

5.80	0.34

	

5.71
	

2.70
	

0.35
	

N. S.

	

21.88
	

19.85	-0.53
	

N. S.

	

13.67
	

11.16
	

0.86
	

N. S.

	

3.44
	

2.02
	

0.56
	

N. S.

	

5.63
	

0.42
	

1.58
	

N.S.
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alone. Consequently, caution should be exercised when in-
terpreting the results of this study. In addition, study results
are also subject to reinterpretation with the availability of new
information obtained through ongoing data collection efforts.
Nevertheless, the results suggest that military-civilian differ-
ences in patterns of adaptation to the prolonged isolation and
extreme environmental conditions of an antarctic winter may
be due to differences in age, education, prior antarctic expe-
rience, and the utilization of certain stress-coping responses
and resources within the context of the respective organiza-
tional structures of the two groups. A longitudinal study is
currently underway to determine if differences in these or-
ganizational structures influence the adaptive patterns of each
group and if these patterns have any long-term effects on the
health and well-being of group members.

This work was supported in part by National Science Foun-
dation grant DPP 87-16461 and by the Naval Medical Research
and Development Command, Bethesda, Maryland.
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Lower atmosphere studies

Vertical profiles
of ozone and aerosol

within, at the edge of, and
outside of the antarctic polar vortex

in the spring of 1988

T. DESF-I[ER, D.J. HOFMANN,
and J.V. HEREFORD

LI)cparf went of Physics and Atronoi,iii
University of Wyoming

Laraniie, Wioinin' 82071

Since the springtime ozone depletion over Antarctica was
first discovered by Farman, Gardiner, and Shanklin (1985),
there have been extensive measurements to understand the
underlying causes and the temporal and spatial structure of
the ozone hole. As part of this effort, ozone, temperature, and
aerosol soundings were taken at McMurdo Station in 1986, 25
August to 3 November (Hofmann et al. 1987 and Hofmann,
Rosen, and Harder 1988); and in 1987, 29 August to 9 Novem-
ber (Hofmann et al. 1989). Results from these measurements
indicated that ozone depletion occurred primarily in Septem-
ber in periods of fewer than 10 days and was confined to the
12-20-kilometer layer. In 1987, ozone depletion proceeded at
a faster rate, lasted longer, and extended to higher altitudes
than in 1986. Aerosol measurements in both years indicated
that upward motion was not occurring in the vortex, and that
a condensation nuclei layer existed just above the ozone de-
pletion region in mid-October. The time of appearance of this
layer could not be determined by the 1986 or 1987 measure-
ments, although it did not exist in late August in 1987. These
measurements were repeated in 1988 to further substantiate
the earlier observations, to determine the time of formation of
the condensation nuclei layer, and to collect measurements in
polar stratospheric clouds with a new aerosol counter designed
for sensitivity to low concentrations of large particles (i.e.,
those with radii larger than 1.0 micrometer).

Field operations. Ozone and temperature profiles were mea-
sured in 41 balloon flights at McMurdo from 24 August to 14
November 1988. Optical particle counters were included on
four flights to measure sulfate layer particles (radii greater than
0.15 micrometer), four flights to measure condensation nuclei
(radii greater than 0.01 micrometer), and two flights to measure
larger particles. Because of the motion of the antarctic polar
vortex, measurements were obtained within, at the edge of,
and outside the vortex.

Although the polar vortex did not remain over McMurdo as
it did in 1986 and 1987, it was overhead long enough to es-

tablish that ozone depletion was slower, less extensive, and
ended earlier than in either 1986 or 1987 (Deshler, Hofmann,
and Hereford in press). A comparison of the 18 ± 1 kilometer
temperature and ozone mixing ratio for 1986, 1987, and 1988
is shown in figure 1. Averaged over September, the ozone
mixing ratio at 18 kilometers decayed with a half-life of 37 days
compared to 28 days in 1986 and 12 days in 1987. Note that
in 1988 the 18-kilometer temperature began to warm substan-
tially by mid-September, while in 1986 and 1987 it remained
below - 70°C until late October. Figure 2 presents vertical ozone
and temperature profiles in late August and at maximum de-
pletion for the 3 years. While ozone partial pressure in the 16-
18-kilometer layer decayed to values as low as 10 nanobars in
1986 and 3 nanobars in 1987, in 1988 at maximum depletion
ozone partial pressure was 60-70 nanobars in the depleted
region, a reduction of only 30-50 percent. Even with these
differences in degree of ozone depletion, there were similar-
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ities to previous measurements. Ozone depletion was caused
by a sink between 12 and 20 kilometers. Primary depletion
was episodic and occurred in periods of fewer than 10 days.
Measurements at the edge of the vortex displayed the ozone
layering observed in 1986 and 1987 and suggest the exchange
of ozone rich and poor air across the vortex wall in the 12-20-
kilometer layer. Outside the vortex, vertical profiles displayed
a region of high ozone and constant temperature above 20
kilometers.

Measurements of sulfate layer aerosol again indicated no
upward motion within the vortex during ozone depletion.
Measurements of condensation nuclei were made on 26 Au-
gust and 5 September. On 26 August, ozone depletion had
not begun and the condensation nuclei profile was normal,
although there was an indication of the beginning of an en-
hanced layer at 26 kilometers. By 5 September, this enhanced
layer was well established. It existed just above the layer of
ozone depletion which was then most severe in the 20-22-
kilometer layer. The condensation nuclei layer was observed
to persist through the final measurements on 25 October just
above the region of ozone depletion. On one flight in early
September with the aerosol counter designed to sample larger
particles, layers of ozone depletion were found to be correlated
with layers of enhanced aerosol concentration for aerosol with
radii greater than or equal to 0.2 micrometer (Hofmann 1989).
Although there were also layers of enhanced aerosol for aerosol
greater than or equal to 1.0 micrometer, the surface area dis-
tribution was dominated by the smaller particle mode, radii

greater than or equal to 0.2 micrometer. These observations
are consistent with the idea that heterogeneous chemistry is
a controlling factor in ozone depletion.

D.J. Hofmann, J.V. Hereford, and S. Gabriel were at McMurdo
from 24 August to 14 November and T. Deshler from 3 October
to 14 November. This work was supported by National Science
Foundation grant DPP 87-15913.
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Do gold, chromium oxide,
and carbon-containing particles

provide tracers of
Mount Erebus emissions?

RAYMOND CHUAN and JULIE M. PALAIS

Glacier Research Group
University of New Hampshire

Durham, New Hampshire 03824

Since 1983, a largeaerosolparticle* sampling program has
been in operation during the austral summer in the vicinity of
Mount Erebus, Ross Island, Antarctica, in an attempt to assess
the effects of the emissions from Mount Erebus on the com-
position of the atmosphere and the ice. Chuan et al. (1986)
characterized many types of aerosol particles collected both in
the plume of Mount Erebus and in the ambient atmosphere
between Mount Erebus and the South Pole. Many of these
particles have also been seen in the emissions from other vol-

* The term "large" aerosol particles is taken in the atmospheric aerosol
sense, meaning they are 1 to 100 microns in size, whereas in the
volcanological sense these would be considered "fine" particles (see
for example Rose, Chuan, and Woods 1982).

canoes (Chuan, Rose, and Woods 1987; Woods and Chuan,
1988). To use volcanic particles as tracers of the emissions of
Mount Erebus, it is necessary to find particles that are peculiar
to Mount Erebus.

Chemically, Mount Erebus is known to be rich in fluorine
and chlorine. These do not, however, provide good particle
tracers because they appear either as gaseous compounds or
as soluble salts which apparently do not survive very far from
the source, because they have been found only in the imme-
diate vicinity of the summit. Therefore, we must seek materials
that are not necessarily abundant but are distinctive of the
Mount Erebus emissions. After reviewing aerosol samples col-
lected since 1986 at the summit of Mount Erebus, in the snow
near the volcano and in the ambient atmosphere, we have
identified the particles described here, which we believe are
characteristic of the Mount Erebus emissions.

Crystalline particles of elemental gold. We believe that these
particles form in some vapor-phase reactions in the plume
leaving Mount Erebus, with subsequent quenching of the va-
pors and nucleation into 10-micrometer size crystals (Meeker,
Kyle, and Chuan 1987). These gold particles are numerous
enough to be readily discernible in the analysis by scanning
electron microscopy (figure, block A), and energy-dispersive
X-ray measurements. Both the morphology and the elemental
X-ray spectrum of gold are quite distinctive so that the iden-
tification of the crystalline elemental gold is quite easy. To our
knowledge, such gold particles have not been reported from
other volcanoes.

Chromium-oxide particles. These are very small amorphous
particles with a distinctive surface texture. While metal oxides
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A. Aggregated gold crystals collected in the ambient atmosphere between McMurdo and South Pole. The aggregate measures about 12
micrometers across, but the individual columnar crystals are about 0.25 by 5 micrometers. B. Chromium-oxide particle collected in ambient
atmosphere between McMurdo and South Pole. The long dimension is about 4 micrometers, although the individual nodules are only about
0.15 micrometer. C. Carbon-containing particle collected in snow on the Terra Nova Saddle near Mount Erebus. Particle is composed of a
low-density mass of irregular plates and spheres several microns across. D. X-ray spectra of particle mass in C showing the prominence
of carbon (C), oxygen (0) and chlorine (Cl), with very minor amounts of aluminum (Al), silicon (Si) and sulfur (S). The silver (Ag) is used
to coat the sample to make it conductive. (keV denotes kiloelectronvolt.)

are not uncommon among small volcanic particles [e.g., cop-
per, zinc, and iron oxides have been reported from other vol-
canic emissions (Rose et al. 1982)], we consistently find
chromium-oxide particles in the Mount Erebus plume as well
as in the snow and in the ambient atmosphere near the vol-
cano. These particles are typically quite small, from sub-micron
to a few microns; their morphology is platelet with nodules
on the surface, as seen in the figure (block B).

Carbon-containing particles. These are particles with a variety
of morphologies which are often aggregates of smaller parti-
cles, as seen in the figure (block Q. Their chemical composition
is not yet well defined, although we do find from repeated X-
ray analysis that there are strong components of both carbon
and oxygen (see figure, block D), typical of a carbonate. If
these particles are some sort of carbonate, it is not clear from

either the X-ray spectra or the particle morphology what the
associated cation might he, since none is seen in the X-ray
spectra. Although we believe that this carbon-containing ma-
terial has its source at Mount Erebus, until we are better able
to determine its exact composition, we cannot preclude other
sources. Further sample collections at the crater rim should
help to determine whether or not the volcano is really the
source of this material.

The recognition of these three types of particles as being
derived from Mount Erebus will help in our eventual goal to
assess the geographical extent of the transport of Mount Erebus
emissions over the antarctic continent.

We gratefully acknowledge the excellent support provided
to us by the men and women of VXE-6. This work was sup-
ported by National Science Foundation grant DPP 87-04319.

216	 ANTARCTIC JOURNAL



• Heimaey
Etna
Arenal

D Poas
Colima

01

100

10

• El
IVISH•

• Erebus

01

100

10

References

Chuan, R.L., J.M. Palais, W.I. Rose, and P.R. K yle. 1986. Fluxes, size,
morphology and composition of particles in the Mt. Erebus plume,
December, 1983. Journal of Atnwspheric Chemistn, 4, 467-477.

Chuan, R.L., W.I. Rose, and D.C. Woods. 1987. SEM characterization
of small particles in eruption clouds. In J.R. Marshall (Ed.), Clastic
particles—Scanning electron microscopy and shape analysis of sedimentary
and volcanic clasts. New York: Van Nostrand Rheinhold.

Meeker, K.A., P.R. Kyle, and R.L. Chuan. 1987. Particle emissions
from Mount Erebus during 1986-1987 field season. Antarctic Journal
of the U.S., 22(5), 247-248.

Rose, WI., R.L. Chuan, and D.C. Woods. 1982. Small particles in
plumes of Mt. St. Helens. Journal of Geoplusical Research, 87 (C-7),
4,956-4,962.

Woods, D.C., and R.L. Chuan. 1988. Stratospheric aerosols. In P.V.
Hobbs and M.P. McCormick (Eds.), Aerosols and climate. Hampton,
Virginia: A. Deepak.

Elemental tracers
of volcanic emissions

in antarctic aerosol
and snow samples

JULIE M. PALAIS and BYARD W. MosIIEI

Glacier Research Group
University of New Ha in ps/nrc

Durham, New Hampshire 03824

Studies of atmospheric aerosol composition in remote re-
gions of the world have revealed that there are certain volatile
trace elements which are enriched with respect to their com-
position in average crust or marine sources. Because of its
geographical isolation and remoteness from the major sources
of anthropogenic emissions, Antarctica provides an excellent
location for studying the natural sources of the atmospheric
aerosol. Volcanoes are usually implicated as the major natural
source for the enriched elements in remote atmospheric aero-
sol.

Mount Erebus, the world's southernmost active volcano, is
the principal source of volcanic emissions to the antarctic at-
mosphere. Recent work at the volcano suggests that it may be
a more important source of aerosols to the antarctic atmosphere
than heretofore assumed (Chuan et al. 1986).

Preliminary examination of plume aerosol data from Mount
Erebus and other volcanoes around the world suggests that
volcanoes of different composition can be distinguished on the
basis of certain elemental ratios in their plumes (see figure).
We are attempting to establish whether a trace elemental sig-
nature characteristic of Mount Erebus can be identified to help
determine whether the volcano is an important source of trace
elements and other impurities to the antarctic atmosphere.
Comparison of the elemental ratios in Erebus plume samples
and snow samples collected near the volcano will allow us to
determine whether snow samples provide good surrogates for
aerosol measurements.

The elemental signature of Mount Erebus will he determined
by examining the elemental ratios of the trace elements arsenic,
indium, antimony, and zinc to selenium in aerosol and snow
samples and treating the data with a variety of statistical meth-
ods so that each sample can be apportioned among the various
possible aerosol sources that may have contributed to it.

During the 1988-1989 antarctic field season, snow samples
were collected at a variety of sites in pre-cleaned, acid-washed

1-liter polyethylene bottles. Eight sites were studied to examine
the spatial variability of trace elements in surface snow sam-
ples. The locations of sampling sites were chosen to be rep-
resentative of different source regimes (e.g., marine, volcanic,
pollution) to characterize "near-source" trace-element concen-
trations in snow.

To eliminate possible seasonal variations in trace-element
concentrations at any one site, we tried to integrate 1 year's
accumulation in each sample. Because some of the sampling

Group I

As/Se	in/Se	Sb/Se	Zn/Se

a
	

Ratio

Group II
144 95

As/Se	in/Se	Sb/Se	Zn/Se

b	 Ratio

Ratios of trace elements in plume aerosol samples from active
volcanoes. (As denotes arsenic. Se denotes selenium. In denotes
indium. Sb denotes denotes antimony. Zn denotes zinc.)
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sites had not been visited before, the accumulation rate was
estimated on the basis of stratigraphic features such as depth
hoar and hard-packed layers. At one of the sampling sites, a
test of the interannual variability in trace-element concentra-
tions was also made. The Terra Nova Saddle, a site that had
been visited before (and which we knew had an annual ac-
cumulation of about 50 centimeters of snow) was chosen for
this test. In addition, at two of the sampling sites (Terra Nova
Saddle and Newall Glacier), we planned to try to locate and
sample a specific annual layer; namely the 1984-1985 horizon,
in which there might exist fallout from the austral summer
1984-1985 eruptions of Mount Erebus (Kyle 1986).

All snow samples are being preconcentrated by lyophiliza-
tion (freeze-drying) prior to instrumental neutron activation
analysis. We are currently testing a variety of methods by
which the residue of this process can be taken up and packaged
for instrumental neutron activation analysis. The main goal of
this preliminary work is to establish a noncontaminating pre-
concentration protocol which will allow determination of as
many of the seven element tracers (arsenic, selenium, zinc,
indium, manganese, vanadium, and antimony) as possible.
Aliquots of NBS Standard Reference Materials (e.g., SRM 1643a,
Trace Elements in Water) have been added to deionized water,
the samples frozen and lyophilized and the residue recovered.

In our first tests, samples of deionized water with trace metal
spikes were frozen and lyophilized and recovery of the trace
elements was attempted. Post-lyophilization rinsing of the

sample bottles with ultra-pure nitric acid did not give us com-
plete recovery of the trace metal spikes. We have also tried
tests in which an aliquot of "trace metal clean" starch solution
is added to deionized water, refrozen, and then lyophilized.
The starch provides a convenient matrix for the recovery of
particulates and trace elements contained in the snow sample
and can be easily recovered and packaged for instrumental
neutron activation analysis. After the starch has been purified,
the next step is to determine the minimum amount of starch
to add to effect complete trace-metal recovery. Results obtained
to date suggest that addition of approximately 0.25 grams of
starch contained in 10-15 milliliters of deionized water results
in complete trace-metal recovery while blank levels for most
trace metals remain low when compared with levels reported
in antarctic snow.

It is our pleasure to thank the C-130 and UH-1N crews of
VXE-6 for excellent logistical support. This work was funded
by National Science Foundation grant DPP 87-15963.
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Satellite observations
of katabatic winds

blowing from Marie Byrd Land
onto the Ross Ice Shelf

DAVID H. BROMWICH

Byrd Polar Research Center
Ohio State University
Columbus, Ohio 43210

Parish and Bromwich (1986) used the simple steady-state
model of Ball (1960) to simulate the pattern of time-averaged
surface airflow over the west antarctic ice sheet during the
non-summer months. Input data consisted of ice slopes at a
spatial resolution of 38 kilometers and estimates of the tem-
perature structure in the lowest layers of the atmosphere. Sim-
ilar to the situation for the entire antarctic continent (Parish
and Bromwich 1987), the gravity-driven drainage pattern was
found to exhibit strong cross-slope variability with the surface
air converging into several zones just inland from the ice-sheet
margins. The most prominent of these confluence zones was
diagnosed to discharge across Siple Coast and was strongly
supported by a variety of data including summer surface-wind
observations (Parish and Bromwich 1986; Bromwich 1986).

Bromwich (1989) has shown that cloud-free, thermal infrared
satellite images often contain prominent warm signatures of

antarctic downslope (katabatic) winds during winter. The tem-
perature increase associated with strong katabatic airstreams
appears to be caused by intense vertical mixing and transport
of drift snow (Bromwich 1989; Parish and Bromwich 1989). To
evaluate the frequency and utility of katabatic wind signatures
within and beyond the Siple Coast confluence zone, all avail-
able thermal images between mid-May and mid-June in 1988
(2 or 3 per day) were examined. Direct broadcast data from
the National Oceanic and Atmospheric Administration satel-
lites covering the Siple Coast area are typically recorded one
or more times each day at McMurdo Station (Anonymous 1988).
The imagery of most relevance to this pilot study is provided
by the advanced very-high-resolution radiometer at thermal
infrared wavelengths (near 11 micrometers) and has a spatial
resolution of 1.1 kilometers.

Cassettes containing digital data for the period of interest
were obtained from the Antarctic Research Center at Scripps
Institution of Oceanography, and were examined with a sat-
ellite image processing system. These results were obtained:
• The area was completely overcast about half the time. Clou-

diness statistics given by Schwerdtfeger (1970) for Byrd Sta-
tion indicate that average winter conditions are not very
different.

• Drainage of air from East Antarctica to Marie Byrd Land,
via the main glacier valleys which dissect the Transantarctic
Mountains, is a fairly common event. About half of the
cloud-free images showed significant glacier wind activity
all along this section of the mountains.

• Well-defined drainage airflow within the Siple Coast con-
fluence zone shows up in about half of the cloud-free im-
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ages. Quite often, the katabatic wind signatures appear to
extend all the way across the Ross Ice Shelf to its northern
edge, a distance of over 1,000 kilometers.
Figures 1-3 have been prepared to illustrate some charac-

teristics of the satellite-observed katabatic wind signatures that
cross Siple Coast. They compare signatures with simultaneous
automatic weather station wind observations and with the sea-
level pressure field over the flat Ross Ice Shelf. The latter is
constructed by manually analyzing automatic weather station
(AWS) observations of surface pressure, temperature, and wind.
Primarily data from 1986 are presented, because the automatic
weather station adjacent to Byrd Station (AWS 03) did not
operate during most of 1988; thermal images used for this year
were collected by Defense Meteorological Satellite Program
satellites and have a spatial resolution of 2.7 kilometers.

Figure la shows airflow within and beyond the confluence
zone with significant contributions from winds blowing out of
Shimizu Ice Stream, Reedy Glacier, and Scott Glacier. The
combined airstream blows for about 200 kilometers across the
Ross Ice Shelf before dissipating. The pressure field is not well
resolved near Siple Coast (figure ib), but may consist of isobars
(lines of constant pressure) nearly parallel to Siple Coast.

Figures 2 and 3 illustrate airflows from the confluence zone
that extend for great distances across the Ross Ice Shelf and
propagate parallel to the Transantarctic Mountains. Figure 2a
shows a katabatic airstream that has reached AWS 11; speed
is 7.5 meters per second and the direction is parallel to lateral
boundaries of the signature. That part of the signature over
the Ross Ice Shelf became well organized only over the pre-
ceding 4 hours and was associated with the simultaneous de-
velopment of a ridge to the southeast of AWS 11 and 08 and
a trough to the northwest (figure 2b); a significant isallobaric
component of motion may therefore be present. The airflow
within the confluence zone is being modulated by mesoscale
cyclones located to the southeast and southwest of the Byrd

automatic weather station (AWS 03). To the northwest of AWS
11 in figure 2a, well-defined katabatic airstreams blow from
Byrd, Mulock, and Skelton glaciers and merge to form a broad
signature. The wind direction at AWS 24 is parallel to the edge
of the signature, and the speed is 5 meters per second. This
low speed probably is recorded because AWS 24 is located just
outside of the katabatic jet. Bromwich (1989) reported that
these particular signatures are present on almost all cloud-free
thermal infrared satellite images during winter.

Figure 3a illustrates a katabatic surge that apparently extends
about 1,800 kilometers from the Byrd automatic weather sta-
tion to the northwestern edge of the Ross Ice Shelf where the
offshore wind generated a narrow coastal polynya (area of
open water surrounded by sea ice). Zwally, Comiso, and Gor-
don (1985) noted that an atmospherically forced polynya is
often present in this locality during the winter months. Surface
winds are generally parallel to the lateral boundaries of the
signature, and the speeds are about 7.5 meters per second.
Figure 3b shows that a cyclone was present over the central
part of the ice shelf and for much of the distance along the
Transantarctic Mountains the flow is nearly parallel to the iso-
bars; marked cross-isobaric motions only appear to the north
of AWS 24. The pressure field was fairly invariant for the
previous 10 hours. Wind observations from AWS 11 together
with this stationary time scale indicate that the katabatic surge
probably only reached AWS 24 by image time. This finding
suggests that the mountain-parallel katabatic signature actually
consists of air from two main katabatic sources: Marie Byrd
Land and the Byrd Glacier area. Parish and Bromwich (1987)
and Bromwich (1989) concluded that strong persistent kata-
batic winds typically blow out of Byrd Glacier during the non-
summer months. Figure 3a shows that katabatic winds from
many of the glaciers along the Transantarctic Mountains also
contribute to the mountain-parallel flow. The presence of warm
surface air along the mountains is shown in figure 3b by the

Figure 1. (a) Signatures (hatched) of katabatic winds on an advanced very-high-resolution radiometer thermal infrared image for 0600
universal coordinated time 3 June 1988 in relation to simultaneous automatic weather station wind observations. (b) Sea-level pressure
field over the Ross Ice Shelf for the same time. Isobars (constant pressure lines) in hectopascals are solid and isotherms (constant
temperature lines) in degrees celcius are dashed. Automatic weather station locations are shown as filled circles with numbers attached.
Direction from which the wind blows is shown by the orientation of the line drawn to the location circle. Wind speed notation is as follows.
Calm is shown by a circle concentric with the location circle. Non-zero speeds are indicated by symbols attached to direction line: no
symbol means less than 1.3 meters per second; half a barb equals 2.5 meters per second; and a full barb 5 meters per second.
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Figure 2. Same as figure 1 but for a Defense Meteorological Satellite Program thermal infrared image at 0000 universal coordinated time 4
July 1986. Dashed signature boundary implies that the image interpretation is somewhat uncertain.

Figure 3. Same as figure 2 but for 2100 universal coordinated time 9 August 1986.

large decrease of air temperature (greater than or equal to 17°C)
from AWS 11 to 08 and from AWS 24 to 25.

To summarize, it can be stated that this pilot study has
suggested that marked drainage airflow may be resolved on
winter thermal infrared satellite images of the Siple Coast area
around 25 percent of the time. Usually, katabatic wind sig-
natures are aligned parallel to the surface-wind directions re-
corded at adjacent automatic weather stations. The wind speeds
associated with the signatures evaluated here are less than
those studied by Bromwich (1989). About 10 percent of the
time, katabatic airflows cross the Siple Coast, propagate north-
ward along the Transantarctic Mountains and appear to reach
the northwestern edge of the Ross Ice Shelf. In the case pre-
sented here, this apparent 1,000-kilometer propagation across
flat terrain was associated with a cloud-free, quasi-stationary
cyclone over the central Ross Ice Shelf, and may primarily

consist of combined katabatic airstreams from Marie Byrd Land
and Byrd Glacier.

This research was supported by National Science Founda-
tion grant DPP 87-16339. Robert H. Whritner of the Antarctic
Research Center at Scripps Institution of Oceanography sup-
plied the cassettes with digital advanced very-high-resolution
radiometer passes. The Defense Meteorological Satellite Pro-
gram Library at the National Snow and Ice Data Center dili-
gently searched their collection for examples of katabatic surges
along the Transantarctic Mountains, and provided photo-
graphic copies. All this assistance is gratefully acknowledged.

References

Anonymous. 1988. McMurdo Station gets satellite-image processing
system. Antarctic Journal of the U.S., 23(2), 8-9.

220	 ANTARCTIC JOURNAL



Ball, F.K. 1960. Winds on the ice slopes of Antarctica. In Antarctic
inetr'orologt!. Proceedings of the Symposium, Melbourne, 1959. New
York: Pergamon Press.

Bromwich, D.H. 1986. Surface winds in West Antarctica. Antarctic

Journal of the U.S., 21(5), 235-237.
Bromwich, D.H. 1989. Satellite analyses of Antarctic katabatic wind

behavior. Bulletin of the American Meteorological Society, 70, 738-749.
Parish, T.R., and D.H. Bromwich. 1986. The inversion wind pattern

over West Antarctica. Monthly Weather Review, 114, 849-860.
Parish, T.R., and D.H. Bromwich. 1987. The surface windfield over

the Antarctic ice sheets. Nature, 328, 51-54.

Parish, T.R., and D.H. Bromwich. 1989. Instrumented aircraft obser-
vations of the katabatic wind regime near Terra Nova Bay. Monthly
Weather Review, 117, 1,570-1,585.

Schwerdtfeger, W. 1970. The climate of the Antarctic. In Climates of
the Polar Regions, World Survey of Climatology (Vol. 14). New York:
Elsevier Publishing Company.

Zwally, N.J., J.C. Comiso, and A.L. Gordon. 1985. Antarctic offshore
leads and polynyas and oceanographic effects. In S.S. Jacobs (Ed.),
Oceanology of the Antarctic Continental Shelf. (Antarctic Research Se-
ries, Vol. 43.) Washington, D.C.: American Geophysical Union.

Observational and modeling
studies of the katabatic winds

at Terra Nova Bay
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One of the most commonplace meteorological features in
the lower atmosphere over Antarctica is the gravity-induced
slope or katabatic wind. Such winds are best developed during
the austral winter months above the steeply sloping coastal
periphery of the continent. Intense winds in excess of 30 me-
ters per second are frequently encountered during these pe-
riods. Currently underway is a comprehensive study of the
katabatic wind regime near Terra Nova Bay. This site was
selected because previous studies (Bromwich and Kurtz 1982;
Kurtz and Bromwich 1985) have shown the area to be prone
to intense katabatic winds for nearly the entire winter. Parish
and Bromwich (1987) have shown that significant channeling
of the cold air in the interior of the continent acts to make the
Terra Nova Bay region one of the windiest in all of Antarctica.

Automatic weather stations have been deployed at Inex-
pressible Island, some 30 kilometers downwind from the mouth
of the Reeves Glacier, since 1984. More recently, an array of
five additional automatic weather stations have been deployed
to sample the spatial variation of the katabatic wind. In ad-
dition, four automatic weather stations have been set up in
support of ongoing, cooperative meteorological studies of the
Italian Antarctic Expedition. Data for the winter months of
1988 are illustrated in figure 1. The strongest katabatic winds
(winter resultant winds in excess of 15 meters per second are
seen at Inexpressible Island; other stations situated further in
the interior experience somewhat weaker winds generally be-
tween 8 and 10 meters per second. The wind directions at the
stations reflect the general streamline pattern shown in Parish
and Bromwich (1987).

As part of the study, numerical simulations of the Terra
Nova Bay katabatic wind regime have been conducted. The
model used is a six-level, bulk-layer version of the three-di-
mensional, hydrostatic, primitive equation model described in
Parish (1987). Details of the model equations, finite difference
forms, and boundary conditions can be seen in Parish and
Waight (1987). The lowest layer is approximately 115 meters
in depth and corresponds to a well-mixed katabatic wind layer.
Boundary-layer radiative and turbulent flux parameterizations
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are based on results obtained from the high-resolution me-
soscale numerical model (Pickett 1989). The bulk model offers
a convenient means of providing results comparable with the
more refined approach without excessive computational de-
mands. The bulk model uses a 50-by-50 grid of antarctic terrain
heights spaced 20 kilometers apart. The height values were
obtained from the digitized height map of Drewry (1983). The
model atmosphere was initialized about a state of rest; the
initial temperature profile is representative of average atmos-
pheric conditions over Antarctica during the non-summer
months (see figure 6.9 in Schwerdtfeger 1984). The model

equations have been integrated for a period of 12 hours by
which time near-steady solutions prevail.

To focus in on Terra Nova Bay, results from a 21-by-21 grid
nested within the larger 50-by-50 domain are presented. Figure
2 shows the 20-kilometer topographic representation of the
Terra Nova Bay region as well as results from the 12-hour
simulation for wind vectors, streamlines, and wind speeds.
Some of the detailed topographic features are smoothed some-
what; the terrain surrounding the Reeves and David glaciers
is extremely complex with mountain peaks interspersed
throughout the area of interest. The 12-hour field of velocity
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vectors within the bulk katabatic layer shows that the flow is
strongly channeled at the head of the Reeves Glacier and ac-
celerates down along the neck of the glacier. The topograph-
ically forced drainage convergence leads to a highly asymmetric
katabatic wind pattern across the glacier making the flow on
the north side significantly stronger than that depicted on the
south side. Thermal infrared satellite images reveal north-south
temperature gradients across Nansen Ice Sheet which are prob-
ably caused by this meridional speed distribution (Bromwich
in press). The corresponding flow streamlines illustrate a marked
confluence zone upwind of the Reeves Glacier, in agreement
with the streamlines proposed by Parish and Bromwich (1987).
In addition, a minor confluence feature can be seen approxi-
mately 40 kilometers south of the main confluence zone. Brom-
wich, Parish, and Zorman (in press) have noted that airborne
sastrugi observations upstream from the David Glacier offer
strong support for a second significant confluence zone in the
vicinity of Terra Nova Bay. The model-produced 12-hour ka-
tabatic wind speeds in the lowest layer suggest strong katabatic
winds are confined to the steep slopes in the vicinity of Reeves
Glacier. A maximum wind speed in excess of 25 meters per
second is seen within the Reeves Glacier; this is well within
the limits observed from the automatic weather station plat-
forms situated along Reeves Glacier as well as from data col-
lected during the instrumented flights of November 1987 (Parish
and Bromwich in press). The strong katabatic winds issuing
from Reeves Glacier can be seen to persist for extended dis-
tances. Note that a 15-meter-per-second flow can be traced
well over 100 kilometers from the base of the ice slope. Again,
this facet of the numerical simulations is in at least qualitative
agreement with the data collected during airborne study as
well as inferred from automatic weather station data and sat-
ellite imagery (Bromwich in press).

We wish to thank Charles Stearns and George Weidner of
the University of Wisconsin at Madison for their efforts in the
construction, deployment, and data collection of the automatic
weather stations. The Italian automatic weather station data

presented here were made available to David H. Bromwich
under the Data Exchange Agreement between the Italian Na-
tional Antarctic Research Program and the Byrd Polar Research
Center. This research has been supported by the National Sci-
ence Foundation through grants DPP 87-16127 (to Thomas R.
Parish) and DPP 87-16076 (to David H. Bromwich).
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A strong katabatic wind event
at Terra Nova Bay

DAVID H. BIoMwIcH
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Columbus, Ohio 43210

THOMAS R. PARISH
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Laramie, Wyoming 82071

Surface winds over the sloping ice fields of Antarctica appear
to be highly irregular with marked areas of confluence and
difluence inland from the steep coastal ice slopes (Parish and

Bromwich 1987). Where air from a large section of the ice sheet
becomes focused (a "confluence zone"), the supply of cold air
to downwind coastal sectors is considerably enhanced, and
the resulting katabatic winds are intensified and more persis-
tent. Confluence zones seem to be the dominant features of
the antarctic surface windfield and may be responsible for the
majority of the boundary-layer transport of air across the ant-
arctic periphery (Parish and Bromwich 1986). Terra Nova Bay
is a region with intense katabatic winds that are sustained by
an inland confluence zone and is viewed as a prototype of this
climatically important coupling.

We are conducting an in-depth investigation to describe the
kinematics and dynamics of this representative wind regime.
Completed analyses include establishment of the time-aver-
aged characteristics of the confluence zone from aerial pho-
tography of the snow surface and from mesoscale numerical
modeling (Bromwich, Parish, and Zorman in press). An im-
portant finding was that within about 180 kilometers of the
coast, the broadscale confluence zone becomes organized into
two smaller confluence zones focused on the Reeves and David
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glaciers. In addition, two aircraft missions were carried out to
elucidate the spatial variations of the boundary-layer winds
and temperatures from the inland confluence zone, down the
steep coastal ice slopes and for hundreds of kilometers offshore
(Parish and Bromwich 1989). Notable results were that the
strong katabatic winds only become established near the head
of Reeves Glacier, and that the katabatic airstream was fol-
lowed for 200 kilometers beyond the foot of the terrain slope.

One of the most comprehensive antarctic arrays of automatic
weather stations (AWS) is deployed in support of this project.
In 1988, it consisted of five U.S. units (numbers 05, 09, 21, 23,
and 27) and four platforms belonging to the Italian National
Antarctic Research Program (stations 50, 51, 52, and 53). Ob-
servations from these sites are used to describe a 9-day kata-
batic wind event at Terra Nova Bay during March 1988 which
had a well-defined start and finish.

Figure 1 presents a sequence of surface-wind speed readings
at 3-hour intervals from automatic weather stations along the
western shore of Terra Nova Bay and at the head of Reeves
Glacier (see figure 2 for the locations). Because wind directions
during winter at these two sites do not vary that much (Brom-
wich and Parish 1988), wind-speed variations almost solely
monitor changes in the intensity of the katabatic airstream that
blows down Reeves Glacier and crosses Nansen Ice Sheet to
reach Inexpressible Island.

The selected event started around the middle of 14 March
and ended on 22 March in 1988. The 9-day average wind speed
at Inexpressible Island was 16.9 meters per second and the
strongest speed was 36 meters per second; these 3-meter-height
values are close to the typical March conditions reported by
Bromwich (1989) of 18.2 and 34 meters per second, respec-
tively. The wind-speed record displays major maxima and min -
ima at intervals of about 1.5 days. The wind speeds measured
by AWS 09 at the head of Reeves Glacier follow the general
trend of the Inexpressible Island values. Notable differences
do occur, as for example during the first half of 18 March when
the variations are anticorrelated.

Figure 1. Time series of surface-wind speeds measured by auto-
matic weather stations (AWS) on Inexpressible Island (AWS 05)
and at the head of Reeves Glacier (AWS 09), 14-22 March 1988.
AWS 05 winds are measured at a height of 1.5 meters and at 3
meters on AWS 09. (ms -1 denotes meters per second.)
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Figure 2. Regional conditions accompanying strong katabatic winds
at Inexpressible Island, 1500 universal coordinated time 15 March
to 0000 universal coordinated time 16 March 1988. For each au-
tomatic weather station site (numbered dots) the vector-averaged
wind at 3 meters height has been plotted according to the following
convention. Direction from which the wind blows is shown by the
orientation of the line drawn to each automatic weather station
location. Resultant speed is denoted by symbol attached to the
direction line: no symbol means less than 1.3 meters per second;
half a barb equals 2.5 meters per second; a full barb 5 meters per
second; and a flag 25 meters per second. For all sites except 13
and 51, the wind direction hardly changed, so that the vector-av-
erage and the scalar-average speeds are nearly identical. Numbers
entered vertically next to each automatic weather station give the
departure of the station air pressure from its March 1988 average
(pressure anomaly in hectopascals) and the potential temperature
in degrees celsius. The solid and dashed lines are isopleths of
pressure anomaly and potential temperature, respectively.

To provide a detailed description of the regional windfield,
two 12-hour periods centered on the strongest and lightest
wind speeds recorded at Inexpressible Island during the 9-day
interval have been considered. These periods, respectively, are
from 1500 universal coordinated time (about 12 hours behind
local time at McMurdo Station) 15 March to 0000 universal
coordinated time 16 March and from 0600 to 1500 universal
coordinated time on 22 March.

Figure 2 summarizes the average strong-wind conditions.
Vector-average winds at 3-meter height, mean potential tem-
peratures, and pressure anomaly values have been plotted.
The latter two variables were used by Bromwich and Parish
(1988) to compare temperature and pressure readings from
automatic weather station sites near Terra Nova Bay but at
very different heights above sea level. The 25-meter-per-sec-
ond winds at Inexpressible Island are associated with weak
pressure gradients over the southwestern Ross Sea and coastal
air temperatures which are about 10°C lower than those off-
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shore. These results are qualitatively consistent with the typical
winter katabatic conditions described by Bromwich (1989).
Marked pressure gradients are present over the polar plateau,
and a trough projects from the plateau toward the Northern
Foothills. The potential temperature at the head of Reeves
Glacier is 0.9°C lower than at Inexpressible Island, reflecting
the more intense vertical mixing at the latter site due to the
stronger winds (Parish and Bromwich 1989). In conjunction
with the high winds at Inexpressible Island, speeds are gen-
erally above average throughout the Terra Nova Bay region;
only at the Priestley Glacier site (AWS 52) are wind speeds
about average. As noted by Bromwich and Parish (1988), sta-
tion 50 is generally near the northern edge of the katabatic jet
from Reeves Glacier. Here it is embedded within the katabatic
airstream which then appears to reach station 53 with a 4.4°C
increase in potential temperature.

Figure 3 describes the average conditions during light winds
at Inexpressible Island. In contrast to the strong-wind case,
pressure gradients over the Ross Sea are marked but weak
upslope from Reeves Glacier. The distribution of pressure
anomaly values is inverted relative to figure 2 with the largest
values over the plateau. A trough projecting westward from
Terra Nova Bay overlies the northern halves of Reeves Glacier
and Nansen Ice Sheet. Bromwich (1989) also found that strong
east-west pressure gradients over the ocean were typically as-
sociated with light winds at Inexpressible Island. The thermal
contrast between the coast and offshore has decreased from
10°C in the strong-wind period to about 3.5°C here. This de-
crease is consistent with a dramatic decrease in the transport
of cold katabatic air into the Terra Nova Bay region. Wind
speeds are much lower than in figure 2, although the decrease
is not as marked at Priestley Glacier (site 52). Generally, it
appears that wind speed changes in a coherent fashion
throughout the Terra Nova Bay area, reflecting a close coupling
between the interior confluence zone and the coastal katabatic
winds. The 8-meter-per-second winds at station 53 may result
from a localized acceleration of katabatic winds from Priestley
Glacier down the lee side of the Northern Foothills.

The results from this examination of a strong katabatic wind
event at Terra Nova Bay during March 1988 can be summarized
as follows. The change from the strongest to the lightest winds
at Inexpressible Island was associated with coherent variations
of wind, temperature, and pressure throughout the area. Sev-
eral of these changes can be rationalized in terms of the cou-
pling between the interior confluence zone and the coastal
katabatic winds.

This research was supported by National Science Founda-
tion grants DPP 87-16076 to D.H. Bromwich and DPP 87-161 27
to T.R. Parish. The Italian automatic weather station data used
here were made available to Bromwich under the Data Ex-
change Agreement between the Italian National Antarctic Re-
search Program and the Byrd Polar Research Center. Collection
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Figure 3. Same as figure 2, but for light wind conditions at Inex-
pressible Island, 0600 to 1500 universal coordinated time 22 March
1988. Once again directional variability was small.

and distribution of U.S. automatic weather station data is funded
by National Science Foundation grant DPP 86-06385 to Charles
R. Stearns.
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Katabatic winds in Adélie Land,
East Antarctica

GERD WENDLER

Geophysical institute
University of Alaska

Fairbanks, Alaska 99701

Strong surface winds in Adélie Land were first recorded by
Douglas Mawson early this century; however, relatively little
was known about these katabatic winds, because observations
were limited to manned coastal stations. Inland data sets were
sparse and of short duration.

In the late seventies, Stanford Research Institute (A. Peter-
son) and the University of Wisconsin (C. Stearns) developed
the automatic weather stations which report over satellite
(Stearns and Wendler 1988). An automatic weather station
array of six stations was established from close to Dumont
d'Urville up to Dome C at 3,280 meters altitude, some 1,080
kilometers inland from the coast. The location of these stations
can be seen from figure 1 and the table. One of these stations,
D17, recorded for only a short period of 7 months; however,
for the other stations, data for up to 9 years (1980 to present)
are available. These stations measure temperature, atmos-
pheric pressure, and wind speed and direction besides some

non-meteorological elements. The recording height is 1.5 to
2.5 meters above the surface, and the data are transmitted by
satellite. (Stearns 1982; Weidner 1987).

In figure 2, the mean annual wind speed over the period
1980 to 1988 is plotted against the distance from the coast. It
can be seen that the winds at Dome C were very light. A
comparison with other long-term inland stations shows that
Dome C experiences the lowest wind speed of all inland sta-
tions of Antarctica. A mean annual value of 3.2 meters per
second was observed with no pronounced annual cycle. This
is unique, because a freely exposed station at a height of 3,280
meters on any other continent would have a higher wind speed:
it is caused by the flat terrain and a strong surface inversion.
Over flat terrain no gravity flow can develop and furthermore
the surface inversion hinders the circulation of the free at-
mosphere from reaching the surface. The wind speed steadily
increased for more than 900 kilometers when going down the
slope. On the average, the lower-lying station D47 had a 19
percent stronger wind speed than D57. Somewhere between
D47 (105 kilometers from the shore) and D17 (some 12 kilo-
meters from the shore), the maximum wind speed occurred.
When going closer to the shore, the wind speed decreased
again, and D10, located 5 kilometers from the ocean, had a 23
percent less strong wind than D17. From the fact that the
highest station had the lowest wind speed the influence of the
gravitational flow can be judged. The fact that the stronger
windspeed was not observed at the coast agrees with the model
calculations and shows the strong influence of slope angle.
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Figure 1. Area maps of Adélie Land with the locations of manned and automatic weather stations.
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Wind direction "constancy" for five automatic weather stations in Adélie Land, East Antarctica.

Station:	 D10	 D47
Latitude:	 66°42S	 67°23'S
Longitude:	 13948'E	 13843'E
Altitude (in meters):	 240	 1,560

January	 0.91	 0.92
February	 0.93	 0.95
March	 0.94	 0.93
April	 0.94	 0.90

May	 0.94	 0.92
June	 0.90	 0.95
July	 0.90	 0.92
August	 0.92	 0.93

September	 0.92	 0.90
October	 0.91	 0.93
November	 0.83	 0.92
December	 0.85	 0.90

Annual	 0.91	 0.92

D57	 D80	 Dome C
681 1'S	 7001 'S	 7430'S

137032'E	 13443'E	 12300'E
2,100	 2,500	 3,280

0.93	 0.83	 0.43
0.94	 0.84	 0.40
0.93	 0.88	 0.36
0.92	 0.94	 0.56

0.90	 0.97	 0.52
0.83	 0.86	 0.52
0.93	 0.85	 0.46
0.95	 0.90	 0.44

0.92	 0.91	 0.57
0.94	 0.80	 0.41
0.89	 0.86	 0.61
0.90	 0.83	 0.57

0.91	 0.87	 0.49

Another indication that the entire slope area is under the
influence of gravitational flow can be found in the annual
variation in wind speed. For all slope stations, we found an
annual course which showed winter values about 30 percent
stronger than summer ones. Dome C, however, does not show
any systematic annual variation. Actually, the highest monthly
wind speed was observed in summer. This might be explained
by the fact that during this time the surface inversion was the
weakest, and the upper air wind speed could penetrate through
the planetary boundary layer to the surface.

With the exception of Dome C, all slope stations showed a
strong constancy (q) in wind direction which is defined as the
ratio of the magnitude of the mean wind vector to the scalar
average wind speed (table). A value of 1.0 means that the wind

blows from only one direction, whereas a value 0.0 means that
the winds for opposite directions with equal strength are equally
frequent. There is, of course, no place in nature where a value
of 0.0 is found, since the general circulation has preferred
directions. The strong directional constancy with monthly mean
values of around 0.9 indicates that the downslope gravitational
flow is the major determining factor for all slope stations, and
that cyclonic disturbances have only a slight modifying effect
for these stations. Only for Dome C was much more variation
in wind direction observed. There is a slight diurnal and annual
variation in direction. At night and during the winter, when
the gravitational force was stronger, a somewhat more down-
ward component was observed, while during daytime and
summer, a more cross-slope component was found.

Annual Mean Wind Velocity for AWS stations in Adelie Land
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Figure 2. A profile of the mean annual wind speeds (1980-1988) from the coast to Dome C, some 1,080 kilometers inland. (AWS denotes
automatic weather stations. m/s denotes meters per second. km denotes kilometer.)
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The strong directional constancy in the wind is understand-
able for the whole winter and the summer nights, because at
that time the surface energy budget is negative (Wendler, Ish-
ikawa, and Kodama 1988). During daytime in midsummer,
however, the radiation budget becomes positive despite the
high surface reflectivity, destroying or at least severely weak-
ening the inversion (Kodama, Wendler, and Ishikawa 1989.
How can we explain the constancy in wind direction during
these times? Measurements through the boundary layer, car-
ried out at several places along the slope, reveal that while it
is relatively warm over the coastal areas, it is cold over the
antarctic continent itself. A temperature gradient of 2.5°C per
100 kilometers was found, which generates a geostrophic wind.
This wind, which flows in the same direction as the katabatic
wind, can explain the midsummer constancy in wind direction.
Other studies carried out recently concerned themselves with
the atmospheric turbidity, which appeared low and un-
changed over the last 30 years (Wendler and Ishikawa 1988)
and with blowing snow (Wendler 1988, 1989), a very wide-
spread and common occurrence in the coastal areas of Adélie
Land, a manifestation of which are the large sastrugi fields.

This study was supported by National Science Foundation
grant DPP 87-14828. My thanks go to many people from the
U.S. Antarctic Research Program and Expeditions Polaires

Françaises, without whose help this study could not have been
carried out.
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It is generally assumed that for several thousand years prior
to 1950 an approximate equilibrium existed between the pro-
duction of carbon-14 (' 4C) by cosmic rays in the atmosphere
and the natural decay associated with the ' 4C half-life of 5,730
years. Another recent source of production is from fusion bomb
tests in the atmosphere, especially those conducted during the
1950s and the more massive 1961-1962 tests which perturbed
the natural equilibrium. Most of the atmospheric 14C exists

mainly as 14CO2 (Eisenbud 1987). In addition, nuclear reactors
release some 14C.

In collaboration with the National Science Foundation, Di-
vision of Polar Programs, the National Oceanic and Atmos-
pheric Administration Air Resources Laboratory (Geophysical
Monitoring for Climatic Change) collected whole-air samples
at the Amundsen-Scott South Pole Station since 1964 for the
purpose of measuring atmospheric 14C in carbon dioxide. The
samples taken between 1964 and 1968 were collected in co-
operation with the National Weather Service, analyzed by the
Argonne National Laboratory, and reported in the Department
of Energy, Health and Safety Laboratory report, HASL-243
(Telegadas 1971). Subsequent 14C measurements for 1972 through
1987 analyzed in Miami are reported here.

From 1972 to 1987, 6-day whole-air samples were collected
in stainless steel, 900-cubic-inch spheres pressurized to 3,000
pounds per square inch to obtain carbon dioxide aliquots. Ex-
traction of the carbon dioxide was made prior to the shipment
to Miami. Nine liter-atmospheres of carbon dioxide gas are
required to fill the carbon-14 counting tubes for precision 14C
counting. Since most aliquots contained only about 1 liter of
carbon dioxide, it was necessary to combine the discrete sam-
ples provided. Corrections for the measured 13C isotopic com-
position of the sample were made and the units of the reported
values are the per mu (A 14C) deviation from the National Bu-
reau of Standards standard, which was age corrected to the
year 1950. (Earlier South Pole Station data, 1964-1968, were
corrected in the same fashion.) Further details of the laboratory
analyses are not within the scope of this report but can be
obtained by writing to Cöte Ostlund.

The South Pole Station 14C measurements in per mil appear
in the figure along with measurements for the period 1963-
1980 from northern Norway (Nydal and LOvseth 1983); all val -
ues are on the scale ( 14C), also see Levin et al. 1985. A few
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of the new South Pole Station values, which are obviously
erroneous, have been omitted. The remaining 1972-1987 val-
ues depict a smooth decreasing trend despite the 2 1/2 year
break. Norway values are higher than those at South Pole
Station. One must note that the Soviet high-yield nuclear tests
at Novaya Zemlya were a major source of 14C. It is likely,
however, that most of the bomb test 14C in both high northern
and equatorial latitudes as well as the cosmogenic 14C was
initially injected into the stratosphere. Hence the small differ-
ence between the north polar and south polar ground-level
concentrations might be expected at steady state.

The main sink for carbon dioxide is the oceans, although
some of it later returns to the air. If in the future anthropogenic
sources of 14C remain small, it is expected that over the cen-
turies, South Pole Station 14C readings will decrease toward

the assumed pre-nuclear bomb era value of 0 per mil, yet
remain somewhat higher.
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In a recent article, Ramanathan et al. (1989) presented pre-
liminary results from the Earth Radiation Budget Experiment
(ERBE) showing that clouds have a net cooling effect on the
surface of the Earth. Their conclusion is based on analyses of
broadband visible and infrared satellite images used to infer
the global distribution of cloud-radiative forcing (C). C is a
measure of cloud-induced radiative heating expressed as the
sum of shortwave radiative forcing (Csw) and longwave radia-
tive forcing (C LW ), caused respectively by cloud albedo and
greenhouse effects. Though Ramanathan et al. observed cool-
ing (C < 0) on a global scale, they observed anomalous surface
warming for high-latitude snow-covered regions.

In this paper, we use surface-radiation measurements to
assess the potential for determining cloud-radiative influences
on the surface temperature field at the South Pole. Because
the south polar surface is horizontally homogeneous and its
radiation regime is thought to characterize a large region of
the Antarctic Plateau, it is an ideal high-latitude site to inves-
tigate "regional" cloud effects. Whereas the use of satellites to
discriminate reflective clouds over bright surfaces can produce
ambiguous results, analyses of continuous surface-based ra-
diation measurements combined with sky-cover observations
facilitates this distinction, perhaps providing a more accurate
assessment of cloud-radiative effects.

The measurements used in this study were made at the
National Oceanic and Atmospheric Administration's (NOAA)
Geophysical Monitoring for Climatic Change (GMCC) South
Pole Observatory. Acquired data consist of upward and down-
ward fluxes of shortwave and longwave irradiances, direct-
beam solar irradiance, and surface meteorological variables.
The details of GMCC's South Pole Observatory monitoring
project as well as the data are given in Dutton, Stone, and
DeLuisi (1989). In this study, only daily mean values of "sur-
face" temperature measured at 2 meters (T 5), the downward
longwave irradiance, and the direct-beam irradiance are ana-
lyzed. We correlate these data with daily mean total sky-cover
data. It should be noted that nightime sky-cover observations
made at the South Pole are subject to errors that are related
to lunar brightness. According to Schneider, Paluzzi, and Oliver
(1989), thick clouds can be distinguished from less dense clouds
even during the darkest periods, but thin or scattered sky cover
is systematically underestimated when the moon is relatively

bright. No correction for such a bias was applied to the sky-
cover data used in our analysis.

Figures la, lb, and ic are time series, for 1 year beginning
September 1986, of T, longwave irradiance with sky cover and
direct-beam irradiance, respectively. The smooth curves rep-
resent empirically determined clear-sky conditions for the peak
sunlit months, November to January (dashed), and the dark
winter months, April to August (dotted). Clear days were se-
lected on the basis of minimal sky cover and small standard
deviations of irradiances (based on mean hourly values) to
ensure temporal homogeneity. Except for the April-to-August
clear-sky temperatures, which were fitted with a third-order
polynomial, selected data were fitted with quadratic functions.

Normal clear-sky conditions at the pole are characterized by
a weak, steady flow of cold air from higher terrain and a strong,
persistent temperature inversion in the lower troposphere.
Transitory disturbances usually result in surface warming and
a weakening of the inversion. Carroll (1983) suggests two pos-
sible mechanisms for such perturbations: downward vertical
mixing of warm upper-level air, and northerly warm-air ad-
vection (with north taken to be the Greenwich meridian). In
an earlier study, Ohtake (1978) analyzed upper-air trajectories
over Antarctica, showing that intrusions of warm, moist air
and cloud condensation nuclei reached the pole from the Wed-
dell Sea and produced a variety of cloud types. Schwerdtfeger
(1968) related surface warming to longwave heating from clouds
associated with such moist intrusions aloft. In addition, the

10.0

Figure 1. Time series of (a) surface temperature, (b) downward
longwave irradiance (line referenced to left scale) and sky cover
(bars, right scale), and (c) direct-beam irradiance, for 1 year begin-
ning September 1986. The smooth curves represent clear-sky con-
ditions described in the text.
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effects of sensible and latent heating play a minor role in mod-
ifying T (Schwerdtfeger 1984). It is clear that no one mecha-
nism controls the surface temperature field; instead I. is forced
by complicated radiative and dynamical interactions. Our pre-
liminary analysis of the 1986-1987 South Pole Observatory data
indicates that surface warming is usually correlated with en-
hancements of longwave irradiance that often result in positive
convergence of longwave radiation at the surface (this is es-
pecially apparent in the hourly data record, though not pre-
sented here). These longwave irradiance enhancements are
associated with cloudiness suggesting that clouds can contrib-
ute to surface heating over the Antarctic Plateau.

Scatter plots of T vs. longwave irradiance for November to
January and April to August are shown in figures 2a and 2b,
respectively. Each plot is fitted with a quadratic function. The
residual standard deviation of fit and linear correlation coef-
ficient are given in each figure. Positive correlation between
T and longwave irradiance is expected, since longwave irra-
diance is dominated by thermal emissions from the lower levels
of the troposphere whether or not clouds are present. Note,
however, that the range of clear-sky temperatures during the
period from April through August is only about 10°C, whereas
the total observed range is close to 40°C (refer to figure la). It
is obvious that warmer temperatures correlate with values of
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Figure 2. Scatter plots of surface temperature vs. downward long-
wave irradiance for (a) November-January 1986-1987 and (b) April-
August 1987, fitted with quadratic functions. RSD is the residual
standard deviation of fit and COR is the linear correlation coeffi-
cient.
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longwave irradiance that are above those predicted for clear
conditions. Even during the summer months, prominent
warming events correlate with increases in longwave irradi-
ance. These increases in longwave irradiance are due to a com-
bination of longwave cloud emissions and emissions from the
warmed air column below cloud base. Clouds at the South
Pole often form in the warmest layers near the top of the
inversion. Because the thermal emission from such clouds tends
to be greater than emissions from the relatively cool, dry sub-
cloud layers, the observed enhancements of longwave irra-
diance are mostly attributed to cloud greenhouse effects.

To quantify the observed relationship between T, and the
presence of clouds, we evaluated the fractional changes in
direct-beam irradiance and longwave irradiance associated with
cloudiness. The ratio of direct-beam irradiance to its predicted
clear-sky values gives an estimate of the daily direct-beam
cloud transmissivity (Tr DB). As shown in figure 3a, values of
TR3B are negatively correlated with sky cover. The greater range
of TrDB for large sky cover is attributed to variations in cloud
optical depth for different cloud types having equal coverage.
This is an important point, since the net effect of Csw plus CLW

on T S obviously depends on cloud optical properties. We also
computed the ratios of observed values of longwave irradiation
to predicted clear-sky values to determine the fractional change
in the downward longwave irradiance as an estimate of long-
wave radiative forcing associated with clouds. Longwave-ra-
diative forcing is negatively correlated with TrDB, as is shown
in figure 3b, the largest values of longwave-radiative forcing
corresponding to optically thick clouds. In many instances,
especially during the winter, observed values of longwave ir-
radiance exceed the upwelling longwave radiation resulting in
a net flux of longwave radiation into the snow pack and also
a surface temperature rise. During the initial stages of a warm-
ing event, when clouds are decoupled from the surface by a
strong intervening inversion layer, longwave-radiative forcing
is dominated by warm cloud emissions (i.e., C 1 w). As radiative
exchanges between the cloud base and the surface occur, how-
ever, and turbulent and advective processes progress, the in-
tervening atmosphere warms. These processes dynamically
force the temperature field and increase the subcloud com-
ponent of longwave-radiative forcing. Without essential in-
formation about the cloud's physical and radiative characteristics
and knowledge about the temporal nature of the turbulent and
advective fluxes, the relative contributions of CLW, the sub-
cloud radiative forcing, and the dynamic forcing of the surface
temperature cannot be evaluated.

Figures 3c and 3d illustrate the relationship between changes
in T expressed in terms of temperature differences, TDIF = T
(measured) - T, (clear), and longwave radiative forcing for
November through January and April through August, re-
spectively. During the austral winter months, positive tem-
perature differences are highly correlated with longwave
radiative forcing, but during the period from November through
January there is virtually zero correlation for small longwave
radiative forcing and increasingly positive correlation as long-
wave radiative forcing increases. The scatter of T D!F about 0
for small values of longwave radiative forcing during the pe-
riod from November through June may be explained by the
fact that shortwave cloud-radiative forcing was neglected in
this analysis. Thin, broken, or scattered clouds cause compli-
cated radiative interactions owing to multiple surface and cloud
reflections that may suppress or enhance the net cloud-radia-
tive forcing depending on the relative magnitudes and signs
of Csw and CLW.
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Preliminary analysis of the 1986-1987 South Pole Observa-
tory data indicates that positive longwave radiative forcing
occurs both in summer and in winter when clouds of sufficient
optical depth and sky cover are present. Under such conditions
the surface actually tends to warm. During the summer, how-
ever, changes in T associated with variably thin or scattered
clouds may be negative or positive depending on the net ra-
diative forcing caused by cloud albedo plus greenhouse effects.
Throughout the year, downward vertical mixing and warm air
advection contribute significantly to surface warming, but these
effects cannot be resolved based on the analyses presented in
this paper. Detailed case studies involving analyses of the
physical and optical properties of clouds as well as the dy-
namical mechanisms that influence the temperature field must
be undertaken before the causes and effects of cloud-radiative
forcing at the South Pole can adequately be resolved.

We are grateful to the National Science Foundation for con-
tinued support of the NOAA/GMCC monitoring program at
the South Pole. We thank the NOAA and GMCC field per-
sonnel who maintain that station and those involved in editing

and processing the data used in this study. We also wish to
thank Vernon Derr for his continued support and advice.
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The Geophysical Monitoring for Climatic Change (GMCC)
program of the National Oceanic and Atmospheric Adminis-
tration (NOAA) conducts measurements of climatically im -
portant gases and aerosols at Amundsen-Scott South Pole
Station. Condensation nuclei concentration has been measured
since 1974, and aerosol scattering extinction (cr.) has been
measured (using a four-wavelength nephelometer) since 1979.
The first year of ir data, presented by Bodhaine and Bortniak
(1981), showed an annual cycle strikingly different from the
condensation nuclei record, being dominated by sea-salt events
in the austral winter. The aerosol monitoring program has been
discussed by Bodhaine (1983) and Bodhaine et al. (1986). An
aerosol chemistry experiment was conducted during 1982 and
the results were presented by Bodhaine et al. (1986, 1987). In
1987, a more extensive aerosol experiment was conducted that
included aerosol filter samples for PIXE analysis, aerosol size-
distribution measurements in the Aitken size range, and aero-
sol black-carbon measurements.

Condensation nuclei concentration is measured continu-
ously with a General Electric automatic condensation nuclei
counter (Skala 1963). Calibration points for the automatic con-
densation nuclei counter are obtained twice daily with a Pollak
condensation nuclei counter (Metnieks and Pollak 1959). The
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operation and calibration of this instrument at the South Pole
was discussed by Bodhaine and Murphy (1980).

A 4-wavelength nephelometer similar in design to that of
Ahiquist and Charlson (1969) measures cr,, p continuously with
approximately 4-hour time resolution at the wavelengths 450,
550, 700, and 850 nanometers. The u p measurements are most
sensitive to particles having diameters in the 0.1- to 1.0-mi-
crometer diameter range (the accumulation mode) whereas
condensation nuclei concentrations tend to be dominated by
particles smaller than 0.1-micrometer diameter (the Aitken
mode). Since particles in the 0.1- to 1.0-micrometer range tend
to dominate the total background atmospheric aerosol mass,
cr is often representative of aerosol mass. The condensation
nuclei measurements provide a good indication of any local
pollution events that could interfere with the routine moni-
toring program.

During 1987, aerosol size distribution in the Aitken size range
was measured using a Nuclepore-filter diffusion battery ap-
paratus constructed by GMCC. The black carbon component
of the aerosol was measured with an aethalometer constructed
at Lawrence Berkeley Laboratory (Hansen et al. 1982, 1988).
These instruments were described in detail by Bodhaine et al.
(1989). Since carbon is the dominant absorber in the atmos-
pheric aerosol, the measurement of light absorption using this
instrument is essentially a carbon measurement (Rosen et al.
1978).

Daily geometric means of condensation nuclei, o, and
Angstrom exponent (:ga) for the year 1987 are shown in figure
1 (left). The condensation nuclei concentration data show an
obvious annual cycle with a maximum of about 200 per cubic
centimeter in austral summer and a minimum of about 10 per
cubic centimeter in winter. These concentrations may be com-
pared with those at Mauna Loa, Hawaii, typical of the back-
ground troposphere in that region, of about 250 per cubic
centimeter, and at Samoa, in the marine boundary layer, of
about 300 per cubic centimeter. Condensation nuclei concen-
trations in large cities are of the order of 105_106 per cubic
centimeter.
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Figure 1. South Pole daily geometric means for 1987 (left) and monthly geometric means for 1974-1987 (right), of condensation nuclei
concentration (lower), o, (middle), and a (top). u,, p data are shown for 450 nanometers (dotted), 550 nanometers (solid), 700 nanometers
(dashed), and 850 nanometers (long dashed). Angstrom exponent data are shown for a 12 (dotted), a23 (solid), and a34 (dashed). Least
squares trend analyses are shown for condensation nuclei and o (550) data.
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The cr,,., data show a minimum in May and a series of events
in late winter caused by the transport of sea-salt aerosol to the
interior of the antarctic continent. The a data show an increase
in particle size in late winter, implying an influx of larger
particles during that time. Typical background ir values at
Mauna Loa are about 107_106 per meter and at Samoa are
about 10 per meter. orsp in large cities is of the order of about
10-10 per meter.

Figure 1 (right) shows monthly geometric means of conden-
sation nuclei, u, and a for the entire record of data. The slopes
of the least square trend lines are not statistically significant.

Data for July 1987 were chosen to examine relationships
among various measured variables because the first half of the
month appears to be representative of background conditions
and the second half is dominated by large events that may be
sea salt. Figure 2 shows u,p, condensation nuclei concentra-
tion, black carbon concentration, and condensation nuclei frac-
tion for July 1987. The general level of o during the last half
of the month is nearly a factor of 10 higher than during the
first half of the month, and seems to be dominated by indi-
vidual events. The major peaks in condensation nuclei coincide
with the peaks in o; however, the overall level in conden-
sation nuclei is relatively not as high as for cr, p, suggesting an
influx of larger particles during the last half of the month.

The major peaks in aerosol carbon generally coincide with
those in cr,p and condensation nuclei, and occasionally exceed
1 nanogram per cubic meter. The two carbon peaks on 28 July
may have been caused by local pollution; the cause of the large
carbon peak on 30 July is unknown.

The fraction of condensation nuclei penetrating a Nuclepore
filter with 2-micrometer diameter pores (figure 2) suggests a
shift in size distribution toward larger sizes during the last half
of July. Although the condensation nuclei fraction data are
somewhat noisy, it is apparent that the major condensation
nuclei fraction peaks tend to coincide with the major o, peaks.
Again, this suggests that an additional shift toward larger sizes
occurs during large cr,Pevents.

Figure 2 (bottom) shows a time-height cross section of tem-
perature for July 1987 calculated from South Pole rawinsonde
data. The strong, shallow surface temperature inversion is per-
sistent during the entire month. On 17 July, however, the time
of the transition in aerosol data, the strength of the inversion
decreased dramatically and a warm air mass moved in at about
the 600-millibar level. Trajectories typical of the first and last
halves of July are shown in figure 3. The direct, rapid transport,
evident on 23 July near the maximum of the warm event,
arrived from the Weddell Sea in less than 2 days. The 12 July
trajectories were slow moving and remained over the continent
up to 7 or 8 days back.

The black carbon data for 1987 were presented by Hansen
et al. (1987). Maximum values of about 2-3 nanograms per
cubic meter occurred during the austral summer, and mini-
mum values less than 0.1 nanogram per cubic meter occurred
in about April-May. This annual cycle resembles the annual
cycle in u, data, suggesting that the aerosol carbon may be
related to long-range transport from oceanic regions or from
lower latitudes in general.

This work was performed as part of the ongoing NOAA/
GMCC monitoring program with continuing support from the
National Science Foundation.

References

Ahiquist, NC., and R.J. Charlson. 1969. Measurement of the wave-

E

z	1-I0
C)
2

2-

E	-
C)

0	-

I ki 14,
a
0

Figure 2. From the top, o, for 450 (dotted), 550 (solid), 700 (dashed),
and 850 nanometers (long-dashed); condensation nuclei concen-
tration; black carbon concentration; fraction of condensation nu-
clei penetrating a 2-micrometer pore diameter Nuclepore filter, and
vertical time cross section of temperature for July 1987 at the South
Pole.

length dependence of atmospheric extinction due to scatter. Atoms-
pheric Environment, 3, 551-564.

Bodhaine, B.A. 1983. Aerosol measurements at four background sites.
Journal of Geophysical Research, 88, 10,753-10,768.

234	 ANTARCTIC JOURNAL



20W
20E

40°T

40'E

60' W

60°E

80°W

	

90'S	 80°E

1000w

	

80'S	 100°E

120° N

	

7005 -	 120'E

140° W

140°E

160'W 60°S -

	

1800	W	160 E

20'\W	0
20°E

40 W

40°E
600 W

60°E

800W

o°s	 80°E

1000w

	

80'S -	 100°E

120° N

70'S	 120°E

140° W

140°E
160°W 60'S

	

W	160 E

Figure 3. Isobaric trajectories calculated backward from the South Pole at 0000 Greenwich mean time (A) and 1200 Greenwich mean time
(B) on 12 July (left) and 23 July (right) 1987 at the 500-millibar level.

Bodhaine, B.A., and J.C. Bortniak. 1981. Four wavelength nephelo-
meter measurements at South Pole. Geophysical Research Letters, 8,
539-542.

Bodhaine, B.A., and M.E. Murphy. 1980. Calibration of an automatic
condensation nuclei counter at the South Pole. Journal of Aerosol
Sciences, 11, 305-312.

Bodhaine, B.A., J.J . DeLuisi, J. M. Harris, P. Houmere, and S. Bauman.
1986. Aerosol measurements at the South Pole. Tellus, 38B, 223-235.

Bodhaine, BA., J.J. DeLuisi, J. M. Harris, P. Houmere, and S. Bauman.
1987. PIXE analysis of South Pole aerosol. Nuclear Instruments and
Methods in Physics Research, B22, 241-247.

Bodhaine, B.A., E.G. Dutton, J . J . DeLuisi, G.A. Herbert, G.E. Shaw,
and A.D.A. Hansen. 1989. Surface aerosol measurements at Barrow
during AGASP-II. Journal of Atmospheric Chemistry, 9,213-224.

Hansen, A.D.A., H. Rosen, and T. Novakov. 1982. Real-time mea-

surement of the absorption coefficient of aerosol particles. Applied
Optics, 21, 3,060-3,062.

Hansen, A.D.A., B.A. Bodhaine, E.G. Dutton, and R.C. Schnell. 1988.
Aerosol black carbon measurements at the South Pole: Initial results,
1986-1987. Geophysical Research Letters, 15, 1,193-1,196.

Metnieks, A.L., and L.W. Pollak. 1959. Instruction for use of photo-
electric condensation nucleus counters. Geophysical Bulletin (No. 16).
Dublin, Ireland: School of Cosmic Physics, Dublin Institute for Ad-
vanced Study.

Rosen, H., A.D.A. Hansen, L. Gundel, and T. Novakov. 1978. Iden-
tification of the optically absorbing component in urban aerosols.
Applied Optics, 17, 3,859-3,861.

Skala, G.F. 1963. A new instrument for the continuous measurement
of condensation nuclei. Annals of Chemistry, 35, 702-706.

1989 REVIEW	 235



Short-term variations
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The time series of atmospheric carbon dioxide measure-
ments at the South Pole, begun in 1957 by collecting samples
in glass flasks (Keeling et al. 1976) constitutes one of the longest
and most dramatic records of human impact on the environ-
ment. Since 1975, the National Oceanic and Atmospheric Ad-
ministration's Geophysical Monitoring for Climatic Change
Division (GMCC) has been measuring atmospheric carbon
dioxide concentration at the South Pole using an in situ non-
dispersive infrared analysis apparatus (Gillette et al. 1987; Ro-
binson et al. 1988). The results of this program through 1988
are presented as monthly mean concentrations in figure 1. The
major features of this record are the increase due primarily to
fossil fuel combustion and the annual variation due to a com-
bination of seasonal biospheric fluxes, sea-air exchange, and
atmospheric transport.

Because the South Pole is so remote from major sources and
sinks of carbon dioxide, the measured carbon dioxide concen-
trations generally show very little variation over time periods
ranging from hours to days. An analysis of the data from 1975
through 1982 concluded that carbon dioxide variations occur-
ring over periods shorter than 5 days were not significant
(Gillette et al. 1987). Recent improvements in the measurement

:
/
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19/	19/b 19/f 19/9 19/9 1980 1981 1980 1980 1984 1885 1986 1987 1988

Figure 1. Monthly mean concentrations Of atmospheric carbon
dioxide measured at the South Pole from 1975 through 1988. (CO2
denotes carbon dioxide, ppm denotes parts per million.)

precision have prompted an analysis of the short-term varia-
tions in the carbon dioxide concentrations measured during
1986.

The daily mean carbon dioxide concentrations for 1986 are
plotted on an expanded scale in figure 2. The smooth curve is
the result of applying a low-pass digital filter, having a 50
percent cutoff at a 30-day period, to the daily mean values. To
study the high frequency carbon dioxide variability, we have
compared the hourly mean carbon dioxide values to this curve.
The hourly means are calculated from 50 1-minute mean values
and for 1986; the average standard deviation of the 1-minute
means about the hourly mean is 0.04 parts per million. Ninety-
five percent of the standard deviations are less than 0.1 parts
per million. The distribution of hourly means about the smooth
curve shows that 1 percent of the residuals are larger than 0.2
parts per million. Inspection of the record reveals that these
large residuals are not randomly distributed but are concen-
trated in 7 periods of "anomalous" carbon dioxide concentra -
tion lasting from 2 to 7 days. An example from February 1986
having a maximum negative departure from the curve of 0.35
parts per million is shown in figure 3a. Negative carbon dioxide
anomalies occurred in summer and positive anomalies oc-
curred in winter.

In an attempt to interpret these results, we compared the
carbon dioxide variations to the aerosol scattering coefficient

and ozone concentration measured at the South Pole ob-
servatory and the time-height cross sections of potential tem-
perature determined from twice-daily rawinsonde data (figures
3a and 3b). We found that the carbon dioxide concentration
anomalies were often associated with variations in aerosols
and ozone, and with the occurrence of warmer air at 650-600
millibars. During winter the carbon dioxide anomalies were
also associated with a weakening or complete breakdown of
the surface temperature inversion (figure 3b). These results,
combined with a previously established connection between
aerosol light scattering and transport of marine aerosols to the
South Pole (Bodhaine et al. 1986, 1987), suggest that anomalies
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Figure 2. Daily mean carbon dioxide concentrations measured at
the South Pole during 1986 (+). The smooth curve is the result of
applying a low pass digital filter to the daily means (see text). (CO2
denotes carbon dioxide, ppm denotes parts per million.)
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in carbon dioxide concentration at the South Pole are associated
with transport, from lower latitudes, of air that has had a recent
marine influence. In the summer, this marine air is depleted
in carbon dioxide and in the winter the carbon dioxide con-
centration anomaly is positive.

These results provide the first evidence linking small but
significant variations in atmospheric carbon dioxide concen-
tration at the South Pole to synoptic scale air-mass changes.

1989 REVIEW

Further, the occurrence of negative carbon dioxide anomalies
in austral summer and positive anomalies in winter, associated
with the transport of marine air, is consistent with recent re-
suits from a 2-D model (Tans et al. 1989) showing the southern
oceans to be a carbon dioxide sink during summer and a carbon
dioxide source during winter. Thus the short-term variability
of carbon dioxide at the South Pole may contain information
useful to studies of the global carbon cycle.
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Seasonal cycles
of hydrogen and carbon monoxide

in the polar regions:
Opposite-phase relationships
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Beaverton, Oregon 97006

The seasonal cycles of trace gases are driven directly or in-
directly by seasonal variations of temperature and solar radia-
tion. For gases that have sizable natural sources, the increased
temperatures during springs and summers tend to cause in-
creased emissions from microbial and other biological pro-
cesses. Increased solar radiation during summers causes higher
levels of hydroxyl ion (OH), which remove many biogenic
gases. Normally in each hemisphere, the cycles of production
and destruction lead to significantly lower concentrations of
biogenic gases during summer and early fall months compared
to other times of the year. The seasonal variations of methane,
carbon monoxide, and hydrocarbons are well-known examples
of such behavior. From our work in the polar regions and at
other latitudes, we find that hydrogen (H 2) does not follow
this pattern even though many of its sources are the same as
for carbon monoxide.

Measurements of H2 and carbon monoxide taken between
May 1985 and May 1987 at the South Pole and at Barrow,
Alaska, in the Arctic are shown in figure 1. There are two
noteworthy features.

First, the seasonal variation of carbon monoxide is out of
phase in the two hemispheres as expected, but the seasonal
variation of H2 is in phase. When concentrations of H 2 are high
in the Arctic, they are also high in the Antarctic—a most un-
usual pattern. The reversed-phase relationships are demon-
strated more clearly in figure 2. In this figure, the correlation
coefficients between monthly averaged concentrations in the
Antarctic and in the Arctic are plotted as a function of lag time.
The lagged correlation coefficient shown in figure 2 is defined
as the correlation between the arctic and antarctic concentra-
tions shifted by the lag time t months:

r() = It II (C(t) -	)(C(t+) - I/
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Figure 1. Monthly average concentrations of carbon monoxide and
H 2 in the polar regions. Concentrations of carbon monoxide are
about twice as high in the Northern Hemisphere compared to the
Southern Hemisphere and highest concentrations during the year
occur in winters of both polar regions. In contrast, there is more
H2 in the antarctic atmosphere compared to the arctic, and highest
concentrations occur at the same time in both hemispheres. (ppbv
denotes parts per million by volume. CO denotes carbon monoxide.
H2 denotes hydrogen.)

[
(C(t) -	 - s )2]
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t=1
where rns is the correlation coefficient, C(t) and C(t) are con-
centrations at time t in the northern and southern polar regions
respectively, C and C% are the average concentrations during
the months involved in each calculation.

238
ANTARCTIC JOURNAL



0	2	4	6	8	10 12 14 16 18 20 22 24 26

1 .0

Lag Period (months)

Figure 2. Lagged correlation coefficients between monthly average
concentrations in the Antarctic and the Arctic. The figure demon-
strates the differences in the global cycles of H 2 and carbon mon-
oxide and the relationship of the concentrations in the two polar
regions. (CO denotes carbon monoxide. H 2 denotes hydrogen.)

For example, the lag correlation coefficient with 0 lag is just
the correlation between the concentrations in the Arctic and
the Antarctic between 4/1985 and 6/1987; the coefficient with
lag time = 1 is the correlation between concentrations during
4/1985.....6/1987 in the Antarctic and the concentrations in
the Arctic during 5/1985.....6/1987, 4/1985; for lag time 2
it is the correlation coefficient between antarctic concentrations
during 4/1985.....6/1987 and arctic concentrations during 6/
1985.....6/1987, 4/1985, 5/1985, and so on for the other val-
ues of the lag time. The differences between the global cycles
of carbon monoxide and H2 are apparent in figure 2.

Second, the concentration of carbon monoxide is more than
twice as high in the Arctic compared to the Antarctic, but this
"interhemispheric gradient" is reversed for H 2: there is more
H2 in the Antarctic than in the Arctic. More detailed latitudinal
data also show that H2 is more concentrated in the Southern

Hemisphere compared to the Northern Hemisphere, which is
also extremely unusual for trace gases, particularly those af-
fected by human activities as hydrogen is thought to be.

The identified sources of H 2 are various anthropogenic sources,
biomass burning, oceans, oxidation of methane and other hy-
drocarbons, biological nitrogen (N 2) fixation, and a very small
volcanic source. Hydrogen is removed from the atmosphere
by soils and by reaction with OH radicals (see Warneck 1988;
Schmidt 1974, 1978; Conrad and Seiler 1980; Khalil and Ras-
mussen 1989) and also by escaping the atmosphere into outer
space. The unusual behavior of hydrogen may be explained
by the fact that most of the land surface area is in the northern
hemisphere and not much is removed from the Southern
Hemisphere. But there is also the possibility that the oceanic
source has been greatly underestimated. It is still not known
which of the several possibilities is the real explanation for the
cycles and global distribution of H 2 we have discussed. Data
from the polar regions will be the key in delineating the natural
and anthropogenic contributions to the global cycle of H2.

This research was supported in part by the National Science
Foundation grants DPP 88-21320 and DPP 87-17023. Additional
support was provided by the Biospherics Research Corpora-
tion and the Andarz Company.
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Atmospheric methane in Antarctica

L.P. STEELE, P.M. LANG, and R.C. MARTIN

Cooperative Institute for Research in Environmental Sciences
University of Colorado

National Oceanic and Atmospheric Administration
Boulder, Colorado 80309-0216

The rising concentration of methane in the Earth's atmos-
phere is of concern both because it is an important greenhouse
gas and because its oxidation to water in the stratosphere has
probably led to an increase in the level of middle-atmosphere
water over the past century (Blake and Rowland 1988; Thomas
et al. 1989). It has been proposed that heterogeneous reactions
occurring on the surfaces of polar stratospheric clouds (which
are believed to consist mainly of water ice and nitric acid) play
a crucial role in the formation of the antarctic ozone hole (Sol-

omon et al. 1986). Experimental measurements have lent sup-
port to this view (Molina et al. 1987). Thus, increasing levels
of atmospheric methane are implicated as a factor in the de-
velopment of this phenomenon.

Since 1983 flask samples of air have been collected at sites
in Antarctica and analyzed for methane. The locations of these
sites are given in table 1. Except for the one at South Pole
Station, these sites are at coastal locations. They constitute an
important component in the geographical coverage of the global
cooperative flask sampling network which is operated by the
Geophysical Monitoring for Climatic Change (GMCC) division
of the U.S. National Oceanic and Atmospheric Administration
(NOAA). A recent description of this network and its appli-
cation to the measurement of the global distribution of at-
mospheric carbon dioxide can be found in Conway et al. (1988).

The measurements of methane are made by the technique
of gas chromatography with flame ionization detection. Full
details of the sampling and analytical procedures are provided
in Steele et al. (1987). The full record for background methane
concentrations at antarctic sites is shown in figure 1. Methane
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Table 1. Flask sampling sites for atmospheric methane.

Cooperating
Site	 country

Halley Bay	 U. K.
McMurdo	 U.S.A.
Palmer Station	 U.S.A.
South Pole	 U.S.A.
Syowa	 Japan

a Above mean sea level.

concentrations are reported in units of parts per billion by
volume in dry air. The uniformity of the concentrations over
the geographical range of the five sites is quite remarkable,
and both the long-term growth and the regular seasonal var-
iation are obvious.

For the two sites (South Pole and Palmer stations) which
have complete records for methane, we have calculated the
growth rates. As in previous reports of our methane data (Steele
et al. 1987; Robinson et al. 1988), we first form monthly average
methane values from individual flask values, then 12-month
running mean methane values are calculated and plotted at
the mid-point of each 12-month interval. Finally, linear least-
squares techniques are used to perform both linear and quad-
ratic fits to the 12-month running mean values. The results are
shown in table 2. While in both cases the linear fit provides a
good fit to the data, the quadratic fit provides a slightly better
description of the data. The negative sign of the quadratic
coefficient, and its statistical significance, indicate a slowing
of the methane growth rate over this period. Such a slowing
has also been indicated in methane measurements made at the

Altitudea
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Cape Grim Baseline Air Pollution Station in Tasmania, Aus-
tralia (see Steele et al. 1987).

By taking the quadratic fit to the 12-month running mean
concentrations and subtracting it from the monthly data, we
obtain a detrended data set. The six residual values corre-
sponding to each January in the 6-year record are then aver-
aged. This is also done for the other months of the year. The
result for the South Pole is shown in figure 2. The uncertainty
shown for each monthly value represents the standard error
of the mean value. That is, the sample standard deviation has
been divided by the square root of six. The peak-to-peak am-
plitude of the seasonal cycle at the South Pole is 29.2 ± 1.6
parts per billion by volume (September through February). The
corresponding value at Palmer Station is 32.1 ± 4.0 parts per
billion by volume, also for September through February. These
values can be compared to an earlier estimate of 28 parts per
billion by volume for the peak-to-peak amplitude measured at
Cape Grim Station (Fraser et al. 1984).

The remoteness of Antarctica from known sources of meth-
ane makes it an ideal location for making background mea -
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Figure 1. Background atmospheric methane (CH 4) concentrations measured in flask air samples collected at sites in Antarctica. South Pole
(nfl, Palmer Station (0), Halley Bay (A), McMurdo (+), and Syowa (X). Results from individual flask samples are shown. (ppb denotes parts
parts per billion.)
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R2Location

South Pole 0.9971
0.9988

0.9961
0.9969

Palmer Station

Type of
fita

Linear
Quadratic

Linear
Quadratic

c 

-0.37 (0.04)

-0.27 (0.07)

1561.8 (0.3)
1560.0 (0.3)

1561.7 (0.3)
1560.5 (0.4)

b'

11.86 (0.08)
13.83 (0.23)

12.02 (0.10)
13.41 (0.36)

Table 2. Trends in atmospheric methane concentrations.

a lhe fit is to the 12-month running mean methane concentrations, which are located at the mid-point of the appropriate 12-month interval. For the
linear case, the function a + bt is fitted, while for the quadratic case the function a + bt + Ct 2 is fitted, where t is in years and t = 0 at 1 July 1983.
The coefficients a, b, c are estimated by least squares methods. Values in brackets are the estimated standard errors. R 2 is the square of the multiple
correlation coefficient.
b in parts per billion by volume.

In parts per billion by volume per year.
din parts per billion by volume per year.

JAN FEB MAR APR MAY JUN JULAUG SEP OCT NOV DEC
Month

Figure 2. Average seasonal cycle of atmospheric methane (CH 4) at
the South Pole determined from 6 years of data. The uncertainties
shown for each month represent the standard errors of the mean
deviations from the detrended data set (see text). The peak-to-peak
amplitude (September through February) is 29.2 ± 1.6 parts per
billion by volume (ppb).

surements of atmospheric methane. Data such as that presented
here not only document the long-term changes in the concen-
tration but also provide valuable information for testing both
our understanding of atmospheric chemistry and hypotheses
about the sources of atmospheric methane.

We thank Lee Waterman of NOAA/GMCC for his capable
handling of the logistics of the flask sampling network. We
are also indebted to the efforts of the many individuals who
collected the flask samples.
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Antarctic automatic weather stations:
Austral summer 1988-1989

CHARLES R. STEARNS and GEORGE A. WEIDNER
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The United States Antarctic Program (USAP) automatic
weather station project places automatic weather station units
in remote areas of Antarctica in support of meteorological re-
search. Stearns and Weidner (1986) describe the automatic
weather system. The USAP automatic weather station units
support the following studies:

• 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, and

• Climatology of Byrd, Siple, and Dome C stations.
Stearns and Wendler (1988) reviewed the results from these

above studies. The data are used for support of air operations
at Williams Field, Antarctica, and of oceanographic work in
the Ross Sea.

The table gives the automatic weather station unit location,
identification number, latitude, longitude, elevation, and the
start date for the 27 automatic weather station units in oper-
ation during 1989. Three units have been abandoned since
1980.

The field work during austral summer 1988-1989 started

Automatic weather station locations for 1989.

Elevation	 ID start
Longitude	 (in meters)	 date

Site name	 ID	 Latitude 

Purpose: Katabatic wind flow (G. Wendler, University of Alaska)
D-10	 8912	 66.71S
D-47	 8916	 67.380S
D-80	 8919	 70.03S
Dome C	 8904	 74.720S

Purpose: Climatic record (C. Stearns, University of Wisconsin)
Siple Station	 8910	 75.960S
Clean Air	 8918	 90.00°S

Purpose: Naval Support Force Antarctica support network
Marble Point	 8906	 774405
Ferret	 8907	 77.970S
Whitlock	 8913	 76.240S
Scott Island	 8916	 67.370S

	

139.81°E	 240	 15 Jan 84

	

138.720 E	 1.560	 13 Nov 85

	

134.740 E	 2.500	 11 Dec 85

	

123.960 E	 3.280	 13 Jan 83

	

84.23°W	 1.054	 10 Dec 87

	

2 1 836	 28 Jan 86

	

163.77°E	 120
	

5Feb 80

	

170.82°E
	

45
	

10 Dec 80

	

168.700E
	

275
	

23 Jan 82

	

1 79.97°W	 30?
	

25 Dec 87
Purpose: Ross Ice Shelf network (C. Stearns, University of Wisconsin)
Marilyn	 8915 U, ia	 79.96S	 164.960E
Schwerdtfeger	 8924 U, T	 79.94S	 169.83E
Gill	 8925 U, I	 80.030S	 173.64W
Lettau	 8908 U, I	 82.54°S	 174.37°W
Martha II	 8900 U, T	 78.350S	 173.37°W
Purpose: Reeves katabatic flow (Bromwich and Parish, Universities of Ohio and Wyoming)
Manuela	 8905 U, T	 74.940S	 163.690E
Shristi	 8909 U, T	 74.72S	 161.580E
Sushila	 8921 T	 74.41S	 161.280E
Sandra	 8923	 74.51S	 160.420E
Lynn	 8927 U, T	 74.230S	 160.29E
Pat	 8931 U, T	 74.880S	 163.1OaE

Purpose: Barrier Wind, Antarctic Peninsula (C. Stearns, University of Wisconsin)
Larsen Ice	 8926	 67.00°S	 60.45©W
Butler Island	 8902	 72.210S	 60.17W
Cape Adams	 8917	 75.010S	 62.53W
Uranus Glacier	 8920	 71.43S	 68.91©W

	

75	 16 Jan 84

	

60
	

24 Jan 85

	

55
	

24 Jan 85

	

55
	

29 Jan 86

	

18
	

11 Feb 87

	

80
	

28 Dec 87

	

1,200
	

28 Dec 87

	

1,431	 20 Jan 88

	

1,525
	

19 Jan 88

	

1,772
	

19 Jan 88

	

30
	

iJan 89

	

17	 iJan 86

	

91
	

1 Mar 86
28 Jan 89

	

780
	

6Mar 86

a U-AWS unit has relative humidity sensor. T-AWS unit has vertical temperature difference sensor. Sushila site is not equipped with a pressure
gauge.
b lhe latitude and longitude are determined by the ARGOS system.
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with C. R. Stearns boarding the ice breaker, Polar Sea, at Hobart,
Tasmania for the trip to McMurdo Station, Antarctica. On 27
December 1988 the Polar Sea reached the Balleny Islands. Buck-
le Island was surrounded by low clouds below the level of the
automatic weather station unit installed in 1987 so no attempt
was made to recover the automatic weather station unit and
the Polar Sea proceeded to Scott Island arriving there on 28
December 1988. The automatic weather station unit on Scott
Island had been installed on a snow bank and the movement
of the snow bank during the year had strained the guy wires
and tipped the tower. The aerovane had been totally destroyed
by ice accumulation. One should not try to measure the wind
speed and direction on Scott Island! Another automatic weather
station unit was installed without the aerovane. Scott Island
will need a different design for the automatic weather station
unit to protect the unit from the salt and ice.

The Polar Sea reached Terra Nova Bay on 1 January 1989.
Pat Site was installed near the junction of the Reeves and
Priestley glaciers. The surface was melt ice and very solid.
Holes were drilled into the ice and anchoring was to a 4-by-4
in stuck in the hole about 2 feet. Manuela site was in good
condition. David Bromwich's automatic weather station unit
from Polar Research Laboratory was installed near the snow
cave on Inexpressible Island. On the trip to McMurdo the Polar
Sea stopped at Franklin Island so that a helicopter inspection
flight could be made to Whitlock Site. The automatic weather
station unit was in excellent condition. The Polar Sea arrived
at McMurdo on 2 January 1989.

George Weidner and Yinsheng Zhang of the Institute of
Glaciology and Geocryology, Lanzhou, China arrived at
McMurdo 4 January 1989. The automatic weather station elec-
tronics shipped by air were apparently damaged by X-rays
limiting the work that would be done during austral summer
1988-1989 and requiring that priorities be established. The Marble
Point automatic weather station was removed and the tower
dismantled so that the radioactive thermal generator could be

removed. A battery powered unit was installed nearby. A bat-
tery powered unit was installed at Byrd Station but failed to
operate for more than a few days. The radioactive thermal
generator was removed from Byrd Station by Lt. Singelaub. A
helicopter accident on one flight to Ferrell Site prevented re-
moval of the RTG from Ferrell site. The plan to install an
automatic weather station unit on Mount Erebus was delayed
until next season.

A Twin Otter flight was made to Elaine Site to remove the
automatic weather station unit and on the return to McMurdo
the tower at Marilyn Site was raised and the automatic weather
station electronics replaced. On another Twin Otter flight the
automatic weather station electronics at Lynn Site were re-
placed. The transmitter had failed. The automatic weather sta-
tion unit intended for Mount Erebus was installed at Pegasus
Site on the blue ice near Williams Field.

Alan Osborne of the British Antarctic Survey serviced the
automatic weather station units at Larsen Ice Shelf and Butler
Island, removed the automatic weather Station unit from
Dolleman Island and installed an automatic weather station
unit at Cape Adams near the edge of the Ronne Ice Shelf.

On a traverse by Expedition Polaris Fransaises, Didier Simon
removed the automatic weather station unit at D-57 and re-
paired the automatic weather station unit at D-47.

This work was sponsored by the National Science Foun-
dation grant DPP 86-06385. The logistic support of the British
Antarctic Survey and Expedition Polaris Fransaises are appre-
ciated.
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Helioseismology probes the interior conditions of the Sun
by measuring its global oscillations. The Sun oscillates at mil-
lions of slightly different frequencies centered around 3 mega-
hertz. Different oscillations sample different ranges of depth
and latitude and are also sensitive to rotation in varying ways.
This allows precise measurements of frequencies to be used
to learn about the interior structure and rotation as functions
of depth and latitude. The resulting information can be com-
pared with models of the Sun based on the theory of stellar
structure and evolution, one of the major foundations of our
current understanding of the Universe. Because the frequency
spectrum of solar oscillations is crowded, helioseismology ob-
servations must be made with good spatial and frequency res-
olution to help separate one oscillation mode from another.
The South Pole has been used as a site for helioseismology
observations since 1980 because of the opportunity to obtain
spectra with good resolution and exceptional freedom from
spurious frequency responses. In addition, the nearly constant
height of the Sun and the stable atmospheric conditions at the
South Pole allow one to obtain observations which are less
affected by noise produced by the Earth's atmosphere.

In December 1981, at a time of high solar activity, we made
measurements from the South Pole with the solar disk resolved
into about 50,000 spatial elements. One of the results of this
work was evidence for an aspherical structure of the solar
interior of unexpectedly large magnitude (Duvall, Harvey, and
Pomerantz 1986). Subsequent observations by other observers
did not show evidence for such a large asphericity. To deter-
mine whether this discrepancy was solar in origin or due to a

(Top) One of about 20,000 images of the Sun obtained once per
minute at the South Pole in November 1988. (Bottom) The difference
between two images taken 2 minutes apart. The light and dark
patches are intensity changes caused by thousands of different
modes of oscillations trapped within the Sun's interior. This is the
raw data for helioseismology.
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problem with our 1981 observations, we returned to the South
Pole in November 1987 (Jefferies et al. 1988a) to repeat the
experiment at a time of low solar activity. This 1987 campaign
was successful and a comparison of 1981 and 1987 results showed
that the observational method was sound and that the Sun
had changed its properties (Jefferies et al. 1988b) In particular,
we found a relatively large asphericity corresponding to a high
level of solar activity and a relatively low amount correspond-
ing to low activity. Evidently the interior properties of the Sun
are altered by the presence of magnetic fields or some other
effect which waxes and wanes with the solar magnetic cycle.
We have continued to analyze data obtained in 1987 and have
found no significant change in the properties of solar rotation
within the Sun between 1981 and 1987. As part of this work,
we have developed improved reduction programs which were
then used to reanalyze our 1981 data as well as the 1987 data
in exactly the same manner.

In 1988, we made observations with a new camera system
with twice the angular resolution. The equipment consisted of
a small telescope equipped with a 0.6-nanometer pass band
filter centered on 393 nanometers which formed a full disk
image of the Sun on a charged-coupled device (CCD) camera
of 512-by-512 pixels. The field team arrived at the South Pole
on the second flight of the season, 2 November, and after set
up and a wait for good weather, we started observing on 14
November. We operated the equipment for 329 hours until 30
November when we had used all our recording tape. During
this interval, we recorded 261 hours of high-quality data in-
cluding a period of 123 hours at a duty cycle of 92 percent. In
all, we obtained about 10 gigabytes of digital data which are
currently being reduced. An example of the observations is
shown in the figure. Among the goals of the 1988 campaign

is to further our study the change of solar asphericity as the
sunspot cycle rises to a high level of activity. Two different
predictions have been made of the 1988 asphericity magnitude
(Cough 1988; Kuhn 1989), and it will be interesting to see which
of these, if either, our observations match.

In addition to the authors, the field parties included D. Jak-
sha of National Solar Observatory in 1987 and R. Aikens of
Photometrics, Ltd., in 1988. Their assistance and that of the
South Pole support personnel was essential to the success of
this program. This work was supported in part by National
Science Foundation grant DPP 87-15791. The National Optical
Astronomy Observatories are operated by the Association of
Universities for Research in Astronomy, Inc., under contract
with the National Science Foundation.
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1989 REVIEW

Measurements of the doppler shifts and widths of upper
atmospheric emissions from the night sky at Amundsen-Scott
Station at 90°S have commenced during the austral winter of
1989. These measurements are dedicated to the study of the
neutral atmosphere circulation in the southern polar thermos-
phere and mesosphere.

The dynamics of the neutral thermosphere at high latitudes
are largely determined by the configuration of the ionospheric
electric field and the precipitation patterns which are associ-
ated with it. The present understanding of the high-latitude
neutral thermospheric temperature and wind structure has
been derived from ground-based data (McCormac and Smith
1984; Sica et al. 1986; also see the review by Hernandez and
Killeen 1989) and satellite measurements (Killeen et al. 1982;
McCormac et al. 1987). In the southern polar regions, ground-
based exploration of thermospheric dynamics is now in its
early stages (Stewart et al. 1985; Smith et al. 1988).

Currently, there are three Fabry-Perot spectrometers in Ant-
arctica, two of which are in continuous use. These are located
at Halley Bay (75°S) and at Amundsen-Scott Station (90°S). The
South Pole experiment reported here is at high geomagnetic
latitude (L 14) and is subject to the high-latitude driving
forces, while the instrument at Halley Bay is at comparatively
low geomagnetic latitude (L = 4) and, thus, is influenced by
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high-latitude driving forces only at moderate to high levels of
geomagnetic disturbance.

Because of the greater degree of offset between the geo-
graphic and geomagnetic coordinates in the Southern Hemi-
sphere (15°, as opposed to 9° in the Northern Hemisphere),
the dual influences of extreme ultraviolet and solar wind par-
ticle effects have a different interplay in the two hemispheres.
This distinction has been recognized in the simulations made
with the National Center for Atmospheric Research's ther-
mospheric global circulation model by Roble et al. (1984). Ex-
perimental evidence and theory indicate that the behavior of
the neutral thermosphere in the high-latitude F-region de-
pends very strongly on the ionospheric densities and on the
magnetospheric convection pattern. Although the coupling be-
tween ions and neutrals is often weak in some parts of the
auroral zone and polar cap regions, there are strong sources
of momentum within the dusk cell circulation pattern that
serve to provide the continual input required to maintain cel-
lular circulation. These sources are located at the cusp region
and in the equatorward fringe of the convection boundary.
The dawn cell is less well coupled at auroral latitudes, and
although it passes through the cusp and cleft, it is usually
weaker than its evening counterpart. The result of this close-
coupled behavior is that the neutral wind circulation bears a
temporally and spatially averaged imprint of the ion convec-
tion pattern. The effects of other sources and sinks of mo-
mentum are comparable or smaller in the polar cap. In general,
one may use the high-latitude thermospheric circulation as a
measure of the average pattern of ionospheric convection.

Substantial asymmetries also exist in the polar cap winds
because of the modulating effect caused by the rotation of the
ionosphere about the south rotation pole and the correspond-
ing changes in solar illumination. Cross polar winds are nor-
mally stronger at times of lower solar zenith angles, since
ionospheric densities are higher at the cusp and are maintained
by the cross-polar convection of flux tubes. This modulation
is expected to be more pronounced in the southern polar cap
because of the greater offset of the geomagnetic and geographic
poles. The Joule and frictional heating in the cusp and polar
cap can frequently be the major source of heating for individual
atmospheric parcels (St. Maurice and Hanson 1982).

Since at least one very-high-latitude southern ground-based
station is required to complement the stations elsewhere on
the globe, it is a fortunate coincidence that Amundsen-Scott
Station, at the South Pole, is also one of the prime southern
research sites and the location where our high-resolution op-
tical spectrometer has been installed during the 1988-1989 aus-
tral summer. This spectrometer has been in operation since its
deployment, and accumulation of data began in early April
when the Sun was sufficiently far below the horizon.

The South Pole Station normally samples the cusp region
continuously for approximately 1 hour per day. It provides
uninterrupted dark-noon conditions for 3 months in the winter
season, thereby permitting optical doppler measurements of
neutral and ion motions in the F-region to be made in the cusp
and cleft.

The instrument chosen for the investigation of the global
circulation is a multiple-beam optical spectrometer with suf-
ficient resolving power to determine the small doppler shifts
and widths of selected emissions from the upper atmosphere.
The particular self-aligning instrumental configuration used at
Amundsen-Scott has been described by Hernandez and Mills
(1973), and it has been hardened to operate at the remote site.
The experiment is autonomously controlled by a minicomputer

which, besides operating the optical section, records the mea-
surements and other necessary housekeeping data to maintain
the integrity of the measurements. Samples of data obtained
at the South Pole have been sent to the home institutions by
satellite to validate the measurements and general operation
of the experiment. For completeness, the instrument sequen-
tially observes the sky at eight (evenly spaced) locations about
the compass rose at 30° elevation above the horizon. South is
reckoned to be the direction of the southern geomagnetic pole.
This pattern is repeated throughout the observing day to es-
tablish the motions and temperature of the observed regions.
A given position of the sky requires about 4 minutes of mea-
surement to obtain a signal-to-noise ratio sufficient to deter-
mine upper thermosphere temperatures and winds with
uncertainties of about 35 kelvin and 20 meters per second,
respectively.

Figure 1 shows the reduced measurements for 23 April 1989
universal time. The upper panels show the kinetic temperature
for the four cardinal points, and the letters indicate the direc-
tion of observation. The middle panel shows the winds in
meteorological convention (positive toward the North Pole,
eastward and upward), and the bottom panel indicates the
(relative) emission rate of the sky emission being observed.
These measurements are obtained from the naturally occurring
tracer emission of 01 630 nanometers in the thermosphere.
The analyzed mass motions, or winds, for all the observed
directions are given in figure 2 in vector fashion. Figure 3
shows both measured winds at Amundsen-Scott and the Na-
tional Center for Atmospheric Research thermospheric ionos-
pheric global circulation model-simulated winds for the same
day plotted on a geomagnetic polar diagram. The dashed ar-
rows show the simulation results while the solid arrows show
the measured vectors with their tails fixed to circles which
describe the locus of the measuring station relative to the geo-
magnetic South Pole.

Referring to figure 3, the reader can discern the effects of
the twin-cell circulation pattern, referred to earlier, with turn-
over points at 20 magnetic local time (24 universal time) for
the dusk cell. The dawn cell is not as clearly defined, although
a turn-over point can be seen at near 07 magnetic local time
(11 universal time). In general, the large-scale characteristics
of the simulations are consistent with the measurements in
that there is a strong anti-sunward flow. Another simulation
calculation, with the appropriate parameters for the particular
day of the measurements, will be needed for further compar-
isons with the experimental data.

This work was supported in part by National Science Foun-
dation grants DPP 86-15099 and DPP 88-14563. The spectrom -
eter was operated by John Cress of Amundsen-Scott Station.
We thank R.G. Roble for making available the results of his
simulation.
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Figure 1. Measurements of the dynamic and thermodynamic state of the upper thermosphere for 23 April 1989 universal time, using the
15,867K (630 nanometers) radiation as a tracer, taken from Amundsen-Scott Station. The letters indicate the direction of observation in
geomagnetic coordinates at 300 elevation above the horizon. The meteorological convention of positive winds toward the North Pole and
eastward is used here. Magnetic midnight occurs at about 4 universal time. The emission rate scale is in arbitrary units.
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Figure 2. Vector representation of the wind data taken 23 April 1989
universal time at Amundsen-Scott Station. After harmonic decom-
position, the vectors have been calculated for overhead (75°S mag-
netic) and for points 350 away on the magnetic meridian. The velocity
scale is indicated by the arrow on the right side. (MLT denotes
magnetic local time.)
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Figure 3. Overhead map view of the measurements from the South
Pole with the geomagnetic South Pole as the axis. The observations
are indicated by the solid arrows, which are vectors with their tails
fixed to circles which describe the locus of the measuring station
in geomagnetic coordinates. The measurements are superimposed
on a thermospheric ionospheric global circulation model simula-
tion (dashed arrows). (Simulation courtesy of R.G. Roble, National
Center for Atmospheric Research.) (SPO denotes South Pole Ob-
servatory.)
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Cosmic background
anisotrophy measurement

at 10 degrees
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The cosmic background radiation is believed to be the rem-
nant of the primeval fireball from which the present-day Uni-
verse evolved. When observed with a radiometer
(radiotelescope), the cosmic background radiation has a tem-
perature of about 2.75 kelvin. Measurements of the degree of
uniformity (isotropy) of the cosmic background radiation serve
to provide information about the early Universe.

Numerous measurements of the isotropy of the cosmic back-
ground radiation have shown it to be uniform to T/T < 2 x
i0 - (where T = 2.75 kelvin on arc-minute scales. Experiments
at scales greater than 10 degrees have measured a dipole an-
isotropy, believed to be a result of the peculiar motion of our
galaxy with respect to very distant objects.

The region of 1 to 10 degrees remains a relatively unexplored
angular size. Two groups have recently reported anisotropy
on this scale at a level approximately equal to 5 x 10 (Mel-
chiorri et al. 1981; Davies et al. 1987). This is particularly sig-
nificant because it occurs at a level predicted by many theories
of galaxy formation. Unfortunately these results are also con-
troversial because they were close to experimental sensitivity
limits and may be marred by systematic errors in the experi-
ment. To test these results we decided to make a measurement
at the 10-degree scale at two microwave frequencies. The
Amundsen-Scott South Pole Station was chosen as a site for
this measurement because the cold high-altitude environment
serves to reduce atmospheric interference with the measure-
ment. Figure 1 shows the expected atmospheric emission at
the South Pole.

We chose to make our measurement at 15 and 25 gigahertz
where atmospheric emissions, as well as signals from our gal-
axy, are low. By using two frequencies, we can determine
whether a signal is galactic in origin or truly reflects anisotro-
phy in the cosmic background radiation. Because we are trying
to make very sensitive measurements, a low-noise receiver is
desired. In both systems, we employ low-noise cryogenic high
electron-mobility transitor amplifiers. In each system, two an-
tennas with 7 degree beams pointed 10 degrees apart feed the
signal into a cryogenic microwave switch operating at 100 hertz.
Cryogenic requirements for the system are met using a closed
cycle helium gas refrigerator needing only electricity to oper-
ate. The switched signal is fed into the high electron-mobility
transistor amplifier where the signal power is multiplied by
1,000. The signal is further amplified by a low-noise warm
amplifier and then converted to a direct-current signal. This
direct-current signal is passed to a lock-in amplifier which elec-
tronically differences the signal from the two sky positions.

* Jeffrey Schuster is also affiliated with the physics department, Uni-
versity of California, Berkeley, California 94720.

CALCULATED ATMOSPHERIC BRIGHTNESS TEMPERATURE
AT 3.6 KM (SOUTH POLE BAROMETRIC ALTITUDE)
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Figure 1. South Pole Atmospheric Emissions. This is the predicted
atmospheric emission as a function of frequency. The calculation
is based on theoretical water (H 20), oxygen (0 2), and ozone (03)
line shapes assuming 300 microns precipitable water based on
South Pole balloon data included in this article. For comparison,
the upper and lower plots are atmospheric emissions at sea level
and balloon altitudes, respectively. (K denotes kelvin. KM denotes
kilometers. GHz denotes gigahertz.)

The total noise of each system was about 4iiiK/ V"H-z including
atmospheric noise.

Because these are highly sensitive measurements, excess
noise due to systematic drifts and atmospheric disturbances
must be minimized. A slow second chop on the sky serves
this purpose. By moving the whole apparatus back and forth
on the sky, 'second" subtracting these signals results in mea-
surements on smaller time scales making the system less sus-
ceptible to drifts and atmospheric noise. We then let the rotation
of the Earth change our field of view.

The instrument operated as expected. Atmospheric radio-
metric temperatures of 2.7 kelvin at 15 gigahertz and 5.5 kelvin
at 25 gigahertz were measured and are close to the theoretically
predicted values for the South Pole. To ensure the system was
operational, the galactic plane was allowed to drift into the
beam. The data including the galactic crossing is in figure 2.
The galaxy appears as a bump with amplitude 9 mK, roughly
twice the value predicted by scaling galactic maps from low
frequencies, but the theories are not well understood at these
high frequencies (25 gigahertz).

By putting together scans, we can build up integration time,
reducing noise signal and increasing our ultimate sensitivity.
Figure 3 shows just such data. Data from different scans at
close sky positions are binned and averaged together. A rough
attempt was made at removing galaxy signal as well as the
signal due to the dipole anisotropy. An additional residual
linear trend remained; because we are not sensitive to such
large angular scales, this trend was removed. This data is slightly
oversampled with points displayed at 2.5 degrees apart on the
sky or roughly one-third of a beamwidth. The reduced x2 of
this set is 0.95 for 19 degrees of freedom and is consistent at
the 50-percent level with random noise, i.e., no structure is
immediately obvious. These results are preliminary and more
analysis must be done.

This work was supported by National Science Foundation
grant DPP 87-15984, the California Space Institute, and the
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Figure 2. Twenty-five gigahertz (GHz) data including galaxy emis-
sion. The drift scan data are grouped into 30 second bins and
double-subtracted. For display purposes the data are filtered and
the average 2-sigma error bar is shown. The expected signal from
the galaxy based on maps made at low frequencies is included.

University of California. This work would not have been pos-
sible without the support and encouragement of John Lynch.
We thank Mike Balister, Sandy Weinreb, and Marian Pos-
pieszalski at NRAO. We also wish to thank the physics de-
partment machine shop and electronics shop and Thea Howard
at the University of California at Santa Barbara. Finally, we
would like to thank Amundsen-Scott Station manager Bill
Coughran and the whole 1988-1989 ANS support staff for their
constant support at the Pole.
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Anisotropy measurements
of the cosmic background radiation

from the South Pole
at 1 degree

PETER R. MEINHOLD, * PFIILII' M. LUBIN, and
ALFREDO 0. CFIINGCUANCO**

University of California
Santa Barbara, California 93106

DONALD E. Moiuis

Lawrence Berkeley Laboratories
Berkeley, California 94720

The search for structure in the spatial distribution of the
cosmic background radiation is one of the few experimental
tests of cosmological models. Currently no definitive detec-
tions of anisotropy have been made except for the dipole term,
and upper limits of 20 to 200 parts per million have been
established from 10 arc seconds to 90 degrees angular scale.
In the region from 1 to 10 degrees, few experiments have been
done with sufficient sensitivity seriously to constrain cosmo-
logical models, galaxy formation scenarios in particular. Two
recent reports of detection in this region are suggestive but
may suffer from systematic problems (Melchiorri et al. 1981;
Davies et al. 1987).

For theoretical and experimental reasons, interest in exper-
iments in the 1- to 10-degree range has risen in the past few
years. The two primary systematic difficulties with doing sen-
sitive experiments in this angular range are the atmosphere,
which has time varying structure, and galactic contamination,
which must be modeled and possibly subtracted.

We have chosen to work at 3 millimeters, where emission
from the galaxy is low. While this choice of frequency reduces
the problem of galactic contamination, problems with atmos-
pheric emission are increased. It is evident from measurements
and models of atmospheric emission that in order to work at
90 gigahertz, one requires either a very stable atmosphere or
a high enough altitude that the emission lines are not saturated
and the measurement can be done between molecular tran-
sitions. For example, at sea level, the atmospheric emission is
more than 6 orders of magnitude higher than a desired sen-
sitivity of T/T	10.

We have built a system to make measurements on 0.5- to 5-
degree scales and have performed experiments at balloon al-
titude and at the South Pole Station. We chose the South Pole
as a ground observation site because of the low water content
and previously reported high stability of the atmosphere there.
Figure 1 shows the measured atmospheric water vapor column
density at the South Pole for the time we were there. Following
is a brief description of the experiment and some of the results
from the South Pole expedition.

* Peter R. Meinhold is also affiliated with the physics department,
University of California at Berkeley 94720.

** Alfredo 0. Chingcuanco is also affiliated with the mechanical en-
gineering department, University of California at Berkeley 94720.

SOUTH POLE PRECIPITABLE WATER COLUMN DENSITY
NOVEMBER, 1988 TO JANUARY. 1989
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Figure 1. Precipitable water column density, South Pole Station,
November, 1988, to January, 1989. (cm denotes centimeters.)

Our optical system is an off-axis Gregorian telescope, con-
sisting of a 6.5 degree gaussian full width at half maximum
power corrugated scalar feed, a 1-meter diameter, 1-meter focal
length primary, and a confocal elliptical secondary mirror. The
resulting beam can have a full width at half maximum power
of 20 to 50 arc minutes, depending on the secondary mirror
used (our results are for a full width at half maximum power
of 36 arc minutes). Rotation of the secondary about the axis of
the feed horn throws the beam in right ascension on the sky.
We chop the beam by a physical angle of 1 degree on the sky
at 10 hertz to make a first difference measurement of temper-
ature fluctuations. With a gaussian full width at half maximum
power of 36 arc minutes, the ratio of solid angle available for
contamination to that in the beam puts stringent limits on the
allowable sidelobe response. We measured our sidelobes down
to —85 decibels, and attached a ground shield during data
taking.

Our detector system is a Niobium SIS (Superconductor-In-
sulator-Superconductor) based coherent radiometer, operating
at 90 gigahertz. Our mixer, HEMT IF amplifier (spot noise
about 1 K), and cooled radio-frequency section enable us to
achieve a system spot noise of about 33 kelvin at a mixer
physical temperature of 3.5 kelvin. During data taking at the
South Pole, our full band (0.6 gigahertz) noise was approxi-
mately 40 K, providing a theoretical system sensitivity (before
chopping) of AT = 1.6 rnK/ \/Tii

From late November, 1988, to early January, 1989, we made
measurements from the South Pole Station of cosmic back-
ground radiation fluctuations and galactic emission. Galactic
dust emission is a possible background for us. By comparing
data from two of our balloon experiments at 90 gigahertz to
the IRAS data at 100 microns, we obtain a calibration of ap-
proximately 10[pK : (M Jy _: Sr)] for the ratio of emission at
3 millimeters to IRAS 100-micron emission. Using this number,
along with a galaxy scan taken at the South Pole, we can
estimate the contribution of galactic emission to our data. We
chose to measure in a region around RA = 21.5, DEC = —73,
where the IRAS 100-micron map shows a total intensity min-
imum of about 4-10 MJy/Sr, and one degree differences only
of order 1-2 MJy/Sr. This suggests that the galactic dust con-
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tribution is a small though not completely negligible correction
at our sensitivity.

We observed nine points with 1-degree physical chop angle
on the sky, in a strip, spaced so that one beam from each point
coincided with one beam from the next point. Several strips
were measured to different sensitivities. This gives us a pow-
erful test for systematic errors, as well as providing information
on a variety of angular scales, from the beam sigma of 15 arc
minutes up to approximately 5 degrees. After time lost due to
setting up, equipment problems, and bad weather, we ob-
tained about 80 hours of data, which reduced to about 70 hours
after editing out radio interference and bad sky data. Our scan
system gave us an efficiency (time spent on the measurement
points) of only 60 percent, reducing the real data further to
about 43 hours. With a calculated chopped statistical system
sensitivity of 3(rnK ± \/M), or 4(mK ± \/Fi) with sky shot
noise included, we measured approximately 6(inK ± V'Fi)
(RMS) on the sky for short time scales. This number includes
all sources of atmospheric noise at our scale.

Several runs were made of just atmospheric noise and are
being investigated to help understand the nature of the sky
noise at the South Pole. As an example, figure 2 shows the
Fourier transform of a set of data taken with the azimuth fixed,
so the instrument was measuring sky noise only. The X-axis
is in millihertz, and the "1/f knee" occurs at approximately 0.5
millihertz, or approximately 2,000 seconds.

To work with the data, we have found it necessary to remove
slow drifts in offset, which can be attributed to long-term sky
variations, changing electrical offsets, and temperature gra-
dients on the primary. Our observing technique allows a nat-
ural way to remove such nonintrinsic shifts. Since we scan
from one side of the strip to the other and then back in a period
of about 30 minutes, linear variations on time scales long com-
pared to 30 minutes can be removed without removing cosmic
background radiation structure. The results plotted in figure
3 are the summed data for each point, with statistical error
bars, where the raw data have been edited and piecewise linear
fit in time, over times of approximately 3 hours. The results
for a truncated Fourier fit subtraction, constructed to fit only
structure longer than three scans, as well as a Legendre po-
lynomial fit, are consistent with the data presented. In addi -
tion, a linear fit in right ascension has been removed, as we

presume it to be due to either systematic error or large-scale
atmospheric variation. We are currently investigating the large-
scale pressure variations over Antarctica during our measure-
ment period in hopes of learning about this background. The
error bars on this data set are consistent with the short-term
RMS fluctuations.

This set with error bars shown has a reduced chi-square of
1.53, corresponding to approximately 20 percent probability of
being consistent with the null hypothesis. We are currently
analyzing the data to test various cosmological models, such
as the cold dark matter galaxy formation model, scale invariant
gaussian fluctuations, etc. These calculations will be presented
in a forthcoming paper.

This work was supported by the National Aeronautics and
Space Administration, National Science Foundation grant DPP
87-15984, the California Space Institute, the University of Cal-
ifornia, and the U.S. Army. This work would not have been
possible without the support and encouragement of Nancy
Boggess, Buford Price, and John Lynch. Special thanks to Rob-
ert Wilson, Anthony Stark, Joe Stack, and Paul Moyer at Bell
Labs for assistance in machining the primary and secondary
mirrors. We gratefully acknowledge the support of Donald
Morris and Anthony Kerr. In particular we would like to thank
station manager Bill Coughran and all of the 1988-1989 ANS
staff at the Pole for their enthusiastic support.
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Isotropy observations
of the cosmic microwave

background

M. DRAGOVAN

Joseph Henri La/raterij
Priuccte;i Unu'ersiti

Princeton, Nt't' Jersey 08544

Today, the Universe is filled with structure; in every direc-
tion one looks there are galaxies and galaxy clusters: the Uni-
verse is clumpy on all scales. The structure we see today must
have formed at some time in the past. The furthest we can see
back is to the formation of the cosmic microwave background,
when the electrons and protons combined (termed recombi-
nation) leaving the Universe transparent to photons. The pho-
tons and barvonic matter then expanded independently of one
another. Any structure in the Universe at recombination will
cause the physical temperature of one region to be slightly
different from another. Hence, an observer many years later
will see small intensity differences of the microwave back-
ground when comparing adjacent regions on the sky. The
contrast is very low; currently il/I < 2 x 10 at long wave-
lengths (0.6 centimeter).

The microwave background is a thermal spectrum with a
temperature of 2.78 kelvin, the peak intensity occurring at a
wavelength of 1.8 millimeter. Isotropy measurements on both
the Wein and Raleigh-Jeans (R-J) portions of the spectrum are
important: measurements on the R-J side are sensitive to pri-
mordial fluctuations, those on the Wein side are sensitive to
protogalaxies.

We took a small (1.2 meter) submillimeter telescope to the
Amundsen-Scott Station at the South Pole to search for ani-
sotropy on the Wein side of the peak of the microwave back-
ground. Recent results by the Berkeley-Nagoya collaboration
indicate an excess flux in the submillimeter background spec-
trum. To constrain the origin of the excess, it is necessary to
measure its isotropy. Our preliminary results will be described
in the last section; the following section describes the advan-
tages of the South Pole site.

The South Pole site. Amundsen-Scott South Pole Station pro-
vides a unique site for studies of the cosmic background ra-
diation. It is at high altitude (roughly 10,800 feet-pressure
altitude, corresponding to 530 millimeters of mercury pres-
sure), and it is cold (surface temperatures vary from -50 to
—20° F during November and December). The high altitude
reduces the pressure broadening of the water (H 20) and ox-
ygen (02) lines which are the primary sources of emission in
the millimetric atmospheric windows. The cold temperatures
mean that most of the water in clouds is frozen. Ice crystals
do not have the rotational absorption bands characteristic of
water vapor and are essentially transparent to millimetric ra-
diation. Measurements of the atmospheric emission at the South
Pole indicate a precipitable water vapor content of 0.3 milli-
meters on a typical day and approximately 1 millimeter on the
worst. Variations in atmospheric emission, caused by water
vapor clouds passing through the telescope beam, give rise to
an additional noise source, (termed skit noise) characteristic of
a site. The South Pole has roughly an order of magnitude less
sky noise than the observatory at Mauna Kea, Hawaii.

The South Pole has a singular geometric advantage over any
other observatory location: a patch of sky never rises or sets.
Consequently, observations are limited by the length of stretches
of clear weather rather than the length of time the source takes
to transit. Additionally, no corrections need be made for vari-
able opacity with elevation. The only sources of variable opac-
ity are the weather conditions during the observations. In
addition, at the Pole, since the zenith angle of a field is con-
stant, variations of side lobe pickup of the warm Earth are
minimized.

The combination of high atmospheric transmittance, low sky
noise, and long observing times on a given patch of sky make
the South Pole the best available location to search for aniso-
tropy in the cosmic background radiation.

Isotropy measurement of the microwave background oil Weill
side of the peak. Recent measurements of the submillimeter mi-
crowave background spectrum indicate there is an excess flux
amounting to 0.10 of the total power in the background ra-
diation. If this measurement is correct, it will be very inter-
esting to measure its isotropy in order to constrain its origin.
To measure the submillimeter isotropy and not be confused
by local galactic emission, it is necessary to observe dark-sky
regions as determined from the infrared astronomy satellite
100-micrometer maps. An observing site with low water vapor
is also required. The site chosen was the National Science
Foundation station at the South Pole.

To accomplish the observations, we used a 32-channel array
of bolometer detectors coupled to a 1.2-meter off-axis antenna
(figure). This combination gave us a beam size of 5 arc minutes
per pixel. The total patch of the sky observed simultaneously
was approximately the size of the Moon. Three different filter
bands (350 micrometers, 450 micrometers, and 600-800 mi-
crometers) were used. The 350-micrometer band is sensitive
to emission from cool (15-20 kelvin) dust; the 450-micrometer
and 600-micrometer bands are sensitive to the excess. With
only 2 days of data reduced, we find the isotropy to be M/I <
10 2 , which corresponds to T/T < 10 in the 600-micrometer
band. When all of the data is reduced, we will probably get a
factor of 10 improvement; i.e., ZT/T < 10. These results put
severe constraints on dust models of the origin of the excess.

Other members of the observing team were W.R. Platt, R.

El I _ __

A photograph of the 1.2-meter off-axis telescope. A large ground!
Sun shield is attached to the entrance aperture to reduce interfer-
ence from the Sun and the Earth. To track in azimuth, the antenna
rotates on the large horizontal wheel; to move in elevation, the
antenna rotates about its optical axis. The receiver and associated
electronics are placed in the enclosed cab at the rear of the antenna.
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Pernic of the Yerkes Observatory, University of Chicago, and
A.A. Stark of Bell Labs. We wish to thank M. Pomerantz of
the Bartol Research Institute for his support and encourage-

ment during the first incarnation of this experiment. This work
was supported at the South Pole by National Science Foun-
dation grant DPP 87-17300.

Auroral observations
with the imaging riometer

at South Pole Station

Q. Wu and T.J. ROSENBERG

Institute for Physical Science and Technology
University of Maryland

College Park, Maryland 20742

Since the beginning of 1988, the imaging riometer for io-
nospheric studies (IRIS) has been providing continuous images
of ionospheric regions of cosmic radio noise absorption in the
vicinity of South Pole Station. The technical details of the sys-
tem were described by Detrick and Rosenberg (1988). Cosmic
noise absorption is generated by electron precipitation, which
during darkness can also produce auroral displays. The ability
of the IRIS instrument to record absorption images during
daytime and under adverse weather conditions has opened
the door to further studies of auroral activities.

One research area that can benefit from the availability of
IRIS data is that associated with high-latitude auroral conju-

gacy. Optical observations (e.g., all-sky camera) are not well
suited to studies of auroral conjugacy, particularly for latitudes
well into the polar cap, because solar illumination will preclude
the measurement in one or the other hemisphere. Further-
more, neither the conventional riometer nor the magnetometer
is capable of resolving details of auroral morphology; however,
the approximate location of the flow of auroral electrojet cur-
rent, which is produced by auroral precipitation, can be esti-
mated with magnetometer data (Wu et al. 1988).

In figure 1, we show the conventional broadbeam riometer
data from South Pole, Antarctica, and its nominally conjugate
point Iqaluit, Canada, for a nightside auroral event. The field
of view of the broadbeam antenna covers a circular area of 50-
kilometer radius at approximately 100 kilometers in height.
The data show absorption of as much as I decibel at Iqaluit
but a negligible amount at South Pole. The information that
can be extracted from this kind of data is limited, however,
For example, the absence of corresponding absorption at South
Pole might mean that the event is limited to one hemisphere
only. On the other hand, at South Pole absorption might be
occurring just outside the field of view of the riometer.

These two possibilities have different implications in regard
to the meaning of auroral conjugacy. The IRIS data offered a
means to investigate these questions. Figure 2 illustrates the
IRIS data for the time period of figure 1. Even though the
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Figure 1. Riometer data from South Pole Station, Antarctica, and Iqaluit, Canada. Local magnetic midnight is at 0330 universal time. (DOY
denotes day of year. MHz denotes megahertz. dB denotes decibel.)
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South Pole IRIS, 15 January, 1988
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Figure 2. One-minute images of auroral absorption obtained with
the IRIS instrument from South Pole Station. The images are ori-
ented so that the magnetic poleward direction is up, equatorward
is down, west is to the left, and east is to the right. (UT denotes
universal time. dB denotes decibel.)

conventional broadbeam riometer showed very little absorp-
tion, the IRIS, which covers a larger projected area on the
ionosphere (200 kilometers by 200 kilometers) revealed the
presence of absorption regions equatorward of the station at
0342 universal time and 0352 universal time. Thus, for this
event, we were able to determine with the help of the IRIS
data that auroral particle precipitation was occurring at times
simultaneously in both hemispheres but at high latitudes in
the Northern Hemisphere than in the Southern Hemisphere.

Auroral conjugacy reflects the topology of the magnetic field
lines in the magnetosphere. The geometry of the magnetos-
phere varies with season, interplanetary magnetic field, and
substorm activities. These variations often result in changes in
auroral conjugacy. Further study of auroral conjugacy with
IRIS will expand our knowledge about the magnetosphere.

The IRIS is also being used to study phenomena occurring
in a region of the magnetosphere called the polar cusp, where
solar wind particles can penetrate into the ionosphere. Re-
cently, Greenland magnetometer chain data obtained in the
northern cusp region has led to the discovery of ionospheric
convection vortices (Friis-Christensen et al. 1988). The IRIS has
recorded events of this nature in the Southern Hemisphere
cusp region, and the data have been used to estimate the
traveling speed of the vortex (Rosenberg et al. 1989). Further
study of this kind of vortex structure with IRIS at South Pole
will be carried out.

This work is supported by National Science Foundation grants
DPP 86-10061 and 88-18229. We would like to thank D.L. De-
trick and L.F. Lutz for data reduction and technical assistance
and E.J. Wollack who tended our instrument at South Pole
Station during the winter of 1988.
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Atmospheric extinction in blue and
yellow light at the South Pole

KWAN-YU CHEN, JOHN P. OLIVER, and
F. BRADSFIAW WOOD

Department of Astronomy
University of Florida

Gainesville, Florida 32611

During the 1988 austral winter, eight standard stars of the
UBV system, as listed in the table, were observed at the South
Pole with the use of the automated South Pole Optical Tele-
scope (Chen et al. 1986). The purpose of such measurements
is to determine the effect of the Earth atmosphere on stellar
brightnesses, i.e., the atmospheric extinction, as part of a com-
prehensive evaluation of the South Pole as a site for a night-
time optical astronomical observatory. The observation was
made photoelectrically with a blue filter and a yellow filter
corresponding to the B and V magnitude, respectively.

To the first approximation, with the neglect of color-depen-
dent terms, the relations between the observed values values
of a star and the magnitudes in the UBV systems are system
are:

Sb - 2.5 log b = B + kbX
Sv -2.5 logy = V + kX

Stars observed for atmospheric extinction.

Star name	 V	 B - V	Air mass

a Columbae	 2.64	-0.12	1.78
P Columbae	 3.12	1.16	1.71
€ Corvi	 3.00	1.33	2.67

y Corvi	 2.59	-0.11	3.42
-y Trianguli Australis	2.89	0.00	1.07
a Trianguli Australis	1.92	1.44	1.07
X Sagittarii	 2.81	1.04	2.33
a Sagittarii	 2.02	-0.22	2.26
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where b and y are observed values, expressed in counts per
second, with blue and yellow filters respectively; kb and kv are
the respective extinction coefficients; Sb and S are the respec-
tive zero-point scale factor; and X is the air mass, which to the
first approximation, is equal to the secant of the zenith distance
of a celestial object. With the use of these equations, the values
of kb and kv can be calculated.

As an example, observations of these stars in two groups in
a 3-hour duration on 14 May 1988 were used to calculate the
extinction coefficients. For the group containing a Columbae,
y Corvi, y Trianguli Australis, and r Sagittarii k = 0.162 and
k = 0.394; for the other group containing 1 Columbae, €
Corvi, a Trianguli Australis, and is. Sagittarii k = 0.167 to kb
= 0.194. These first estimates of extinction coefficients may
be compared to those average values (June 1967 to January
1969) k(X 5,500) = 0.148 and k(X 4,500) = 0.230 observed at

Cerro Tololo InterAmerican Observatory (Gutierrez-Moreno
and Moreno 1970).

This work was supported in part by National Science Foun-
dation grants DPP 84-14128 and DPP 86-14550.
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Observing the ionosphere
with the Polar Anglo-American
Conjugate Experiment radars

KILE B. BAKER and RAYMOND A. GREENWALD

Jo/ins Hopkins University
Applied Physics Laboratory

Laurel, Maryland 20707-6099

The solar wind blowing across the Earth's magnetic field
acts somewhat like an electric generator. It creates an electric
field in the ionosphere which drives electric currents and plasma
flows called the ionospheric convection. A particularly impor-
tant region for energy input is the area known as the cusp,
which is the area where the solar wind has its most direct
access to the ionosphere. The cusp occurs at approximately
local noon at a magnetic latitude of about 75°. Thus the cusp
passes almost directly over South Pole once a day.

The convection pattern near the cusp is strongly controlled
by the interplanetary magnetic field carried by the solar wind.
Many models of the convection (e.g., Heppner and Maynard
1987) indicate an interesting relation of the flows in the North-
ern and Southern Hemispheres. When the interplanetary mag-
netic field points to the east, the plasma convection in the
Northern Hemisphere flows generally westward past the local
noon meridian before finally turning northward and passing
over the polar cap. At the same time, in the Southern Hemi-
sphere, the flow pattern takes the plasma westward initially,
but the flow then makes a sharp turn around and the plasma
moves back to the east before finally turning into the polar
cap. When the interplanetary magnetic field points in the op-
posite direction these patterns are swapped. To study the de-
tails of ionospheric convection it is necessary to have a system
which can determine the velocities of the plasma over a very
large area. To study how these flows respond to changes in
the interplanetary magnetic field, the system must be able to
determine the velocities with high temporal resolution (ap-
proximately 1 minute).

In January, 1988, an ionospheric radar was constructed at
the British Antarctic Survey base, Halley Station. This radar
has a field of view which is magnetically conjugate (i.e. on the
same magnetic field lines) to a nearly identical radar located
in Goose Bay, Labrador. The joint project between British Ant-
arctic Survey and the Johns Hopkins University Applied Phys-
ics Laboratory is known as the Polar Anglo-American Conjugate
Experiment (PACE). (See figure 1.) The radars scan an angular

Figure 1. The field of view of the Halley radar (solid wedge) with
the conjugate mapping of the Goose Bay radar field of view (dashed
wedge). The conjugate position of Goose Bay is also shown. Note
that South Pole is located within the Halley field of view.
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wedge of 52 from about 300 kilometers to 3,000 kilometers in
range. Figure 1 shows the field of view of the Halley radar
along with the field of view of the Goose Bay radar mapped
to its conjugate region.

The PACE radars are rather substantial structures. Since they
operate over a large bandwidth at high-frequencies (8-20
megahertz), the antennas must be quite large. To form a nar-
row beam and scan this beam rapidly, a linear array of 16 of
these antennas is used. Each member of the array is a log-
periodic antenna whose longest element measures nearly 15.5
meters from tip to tip. The antennas are spaced 15.5 meters
apart, so the entire array covers a distance of 232.5 meters.
The photograph (figure 2) shows one of the antennas at Halley.
Each tower is mounted on a metal sled base, which can be
dug out of the accumulated snow and pulled to a new level
surface each year.

The data obtained with the PACE radars have already been
used in a number of presentations and papers. Figure 3 shows
an example of the conjugate ionospheric convection discussed

- --	-

--

-

1.
ANIV

(1	 t

Figure 2. One of the log-periodic antennas of the 16 antenna array
at Halley Station. The base of the antenna is placed on a thin metal
sled. The box on the right side of the tower contains the transmitter
and associated electronic switches. The flags were placed on this
antenna to symbolize the cooperative nature of the PACE project
and the tree at the top is for luck. Halley Station can be seen in the
background.
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Figure 3. Vector velocity maps derived from the Doppler velocity
data for (a) the Goose Bay data, and (b) the Halley data. These data
were taken at 1531 universal time, which is approximately 1230
magnetic local time at the radars.

in two papers, Baker et al. (1989) and Greenwald et al. (in
press). At 1530 universal time (approximately local noon) on
22 April 1988, the interplanetary magnetic field was pointed
eastward. The Goose Bay radar observed the westward flow
of plasma across the local noon meridian. At Halley, the flow
near the radar was generally westward, but at greater ranges
eastward flow was observed. This hemispheric difference is
precisely what ionospheric convection models predict for east-
ward interplanetary magnetic fields. Baker et al. (1989) also
reported that patches of enhanced ionization were observed
to form nearly simultaneously in both hemispheres. These
patches then drifted into the polar cap in a manner consistent
with the plasma convection models. Greenwald et al. (in press)
have done an extensive analysis of the way in which the flow
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patterns changed in response to fluctuations in the interpla -
netary magnetic field. The dynamics of the ionospheric re-
sponse to these fluctuations have not been studied to any
extent previously, and the flow models currently in use do not
deal with these dynamic changes.

In summary, the PACE project is a new experiment that is
ideally suited to the study of the dynamics of the interaction
between the solar wind and the ionosphere. This joint British!
American project is expected to produce a wealth of new in-
formation about how the Earth responds to its space environ-
ment.

The authors would like to thank the staff of the Air Force
Geophysics Laboratory High-Latitude Ionospheric Observa-
tory at Goose Bay, Labrador, for their help in the operation of
the Goose Bay radar, and the Ionospheric Branch of the Air
Force Geophysics Laboratory for permission and support in
operating the Goose Bay field site. Thanks are also extended
to the personnel of the British Antarctic Survey and in partic-
ular to J.R. Dudeney, M. Pinnock, N. Mattin, and J.M. Leon -
ard. The authors also wish to express their appreciation to R.P.

Lepping for providing the solar wind data from the IMP-8
satellite.
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Variations in the Earth's magnetic field in the hydromagnetic
frequency range approximately 0.022-0.1 hertz have been mea-
sured at the conjugate sites of Iqaluit (Frobisher Bay), North-
west Territories, Canada, and the geographic South Pole
Antarctica (L 14). The characteristics of Earth's hydromag-
netic waves are dictated by the magnetosphere's plasma struc-
ture and by processes occurring within it and in the

interplanetary medium. Monitoring these waves with ground-
based and/or space-borne sensors facilitates study and under-
standing of the magnetosphere's interaction with the solar
wind.

Hydromagnetic waves in the frequency range approximately
0.022-0.1 hertz (commonly denoted the 'Tc3 band") are ob-
served in all magnetospheric regions, including those at high
latitudes (Engebretsen et al. 1986; Slawinski et al. 1988) as well
as upstream of the Earth's bow shock in the solar wind (Yu-
moto 1986; Russell et al. 1971). While the energy source for
such waves is in the solar wind, it remains unclear precisely
how the energy enters the magnetosphere and produces dis-
tinct frequency waves.

Two possible models are generally invoked for this energy
transfer. The first of these uses surface waves on the mag-
netopause driven by the solar wind excitation of the Kelvin-
Helmholtz instablility. The other uses waves that are produced
upstream of the bow shock by ion cyclotron resonance in the
ion foreshock region.

Ground-based magnetic field data are acquired at South Pole
Station, Antarctica, and at Iqaluit, Northwest Territories, Can-
ada, in the conjugate region using three-axis fluxgate mag-
netometers interfaced to digital data acquisition systems
(Lanzerotti, Medford, and Rosenberg 1982); local time at the
stations is universal time minus 4 hours. A low pass filter is
applied to the sampled 1-second South Pole data prior to de-
cimation to 10-second samples. Ten-second values of the H-
component field (north-south variations) acquired during local
daytime hours (10-21 universal time) over the intervals 15
August to 16 December 1985 and 29 December 1985 to 16 Jan-
uary 1986 are used (Slawinski et al. 1988). Five-second values
of the Iqaluit H-component data acquired over the intervals 16
July to 11 September 1985, 12 October to 31 December 1985,
and 15 January to February 1986 are also used for the present
statistical study.
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The H-component data are treated with a prolate spheriodal
window in the time domain (Thomson 1982) to obtain hourly
power spectra using a fast fourier transform routine. A max-
imum in the 20-50 millihertz band of each spectrum is iden-
tified by computer routine after subtracting a least squares line
fit from the original spectrum. A gaussian curve fit to the
identified maximum is then used to calculate the "Q-value"
(defined here as the central frequency divided by the full width
at half-maximum) of the peak.

The interplanetary magnetic field data used for the analysis
are from the IMP-8 spacecraft and consist of approximately 15-
second averages calculated from 12 consecutive 1.28-second
values of the field magnitude as well as similar averages for
the three field components in the geocentric solar magnetos-
pheric coordinate system. Hourly averages are then calculated
from these averages. Spacecraft trajectory plots are examined
visually to ensure that upstream interplanetary field conditions
are sampled.

We looked for a relationship between the dominant Pc3 fre-
quency observed at both Iqaluit and South Pole during local
daytime hours and hourly values of the interplanetary mag-
netic field magnitude and direction. No significant relationship
is found between Pc3 frequency and the interplanetary mag-
netic field direction. A pattern is found, however, between
Pc3 frequency and the interplanetary magnetic field magni-
tude, as shown in the figure. Two frequency regimes emerge:
for Pc3 frequency greater than or equal to 29 millihertz (Iqaluit)
and Pc3 frequency greater than or equal to 28 millihertz (South
Pole), Pc3 frequency tends to increase with interplanetary mag-
netic field magnitude (open circles). The observed frequency
is independent of the interplanetary magnetic field magnitude
for Pc3 frequency less than these values (darkened circles).
Explanations for the frequency cutoffs at 29 millihertz and 28
millihertz are discussed in Wolfe et al. (in press) and Slawinski
et al. (1988).

Predictive equations are given in the figure for the least

squares best fit lines with and without an intercept term for
both panels. The linear correlation coefficients for both stations
are significant within the 0.001 level for the number of data
points (assuming no autocorrelation of the individual time se-
ries). The equations with an intercept term for both stations
agree well, each with a slope of 2.1.

The table summarizes important features of hydromagnetic
waves in the studied frequency band as observed at South Pole
and Iqaluit during local daytime hours. Note that the two
frequency branches are found at both high-latitude stations,
similar to the results of Gul'elmi (1974) from studies of data
obtained at lower latitudes. Frequency cutoffs are in close
agreement, 28-29 millihertz, at these conjugate stations. Most
of the selected events occur for Pc3 frequency less than the
frequency cutoff and exhibit a frequency independent of in-
terplanetary magnetic field magnitude. Further study is war-
ranted to examine these events.

Quantitative relationships are given in the table for the de-
pendent branch Pc3 frequency greater than frequency cutoff;
slopes of 2.1 for the f-B relationship as found for both stations
are significantly lower than previously reported slope values
of approximately 6 from lower latitude studies (table 2, Sla-
winski et al. 1988). By constraining the linear fits to pass through
the origin, however, slopes of 5.7 at South Pole and 5.4 at
Iqaluit agree approximately with earlier results. Furthermore,
these values support the theoretical predictions of slope values
of approximately 6 for upstream ion cyclotron waves (Gul'elmi
1974). The table gives additional characteristics for events with
Pc3 frequency greater than the frequency cutoff.

Certain interplanetary magnetic field conditions favor more
the occurrence of these events when Pc3 frequency is greater
than 31 millihertz, (slightly higher than the frequency cutoff).
Results from conjugate hemispheres agree that events most
often occur for B > 0, B < 0, and B 2 > 0. Events are also
found to occur more often in local morning than in local after-
noon hours. Finally, all events can be considered to be nar-
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Peak frequency in Pc3 band measured at Iqaluit (left) and South Pole (right) plotted vs. magnitude of interplanetary magnetic field (IMF).
A power criterion P (P = peak power minus background fit) is applied to the data. A significant f-B relationship is found for events with
Pc3 frequency 29 millihertz (open circles) at lqaluit and with Pc3 frequency 28 millihertz (open circles) at South Pole. Predictive
equations are in close agreement between Iqaluit and South Pole for lines with and without an intercept. The tines through the origin agree
reasonably with theory.
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> frequency cutoff

Two branches
frequency cutoff

Events with Pc3 frequency
< frequency cutoff

Dependent branch Pc3 frequency
r	0.55, 0.001 Level, P = 4

28 millihertz

Pc3 frequency independent of B
80 percent

29 millihertz

75 percent

Summary of South Pole and lqaluit Pc3 results [High latitude f-B,MF relationship Pc3 (20-50 millihertz) local daytime hours].

South Pole	 Iqaluit

= (2.1 ± 0.5) B + (22 ± 3)
N = 37
f =(5.7±0.2)B

Theory
6B Gul'elmi (1974)

Event Characteristics
B > 0	 81 percent
B < 0	 87 percent
B > 0	 75 percent

= (2.1 ± 0.5) B .. (21 ± 3)
N = 45

= (5.4 ± 0.2) B

83 percent (f > 31 millihertz)
87 percent
71 percent

Narrowbanded	 °MED = 31(16 <0 < 52)	 OMED = 20 (4 < 0 < 33)
Local morning occurrence	 68 percent	 60 percent

rowbanded pulsations because the analyses show that the
median (QMED) = 31 at South Pole and QMED 20 at Iqaluit
(Slawinski et al. 1988; Wolfe et al. in press).

Our present study shows a lack of conjugacy on an event-
by-event basis (Wolfe et al. in press). Only four of the 45 Iqaluit
and 37 South Pole "events" occurred simultaneously during
the 5 months of data analyzed, which implies poor hydrom-
agnetic wave communication between the hemispheres at these
high latitudes when examined on an hourly basis as done thus
far. With respect to the lack of conjugacy, it is possible that
the upstream waves may not excite a field line resonance or
that, if excited, such a resonance may not extend over the
entire field line near cusp latitudes. In addition, South Pole
and/or Iqaluit may be on open field lines during the times of
the events. Further theoretical work on these matters is in
progress.

The work of A. Wolfe at New York City Technical College
was partly supported by National Science Foundation grants
DPP 86-18074 and DPP 89-43753, and the work of D. Venka-
tesan at Calgary was supported by National Science and En-
gineering Research Council (Canada) grant 69-1565. A. Wolfe
would like to thank D. Venkatesan of the University of Calgary
for his hospitality during a visit. We thank A. Lazarus for IMP-
8 trajectory plots and R. Lepping for interplanetary magnetic
field data.
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In the South Pole balloon campaign during the austral sum-
mer of 1985-1986, eight stratospheric balloon payloads were
launched from Amundsen-Scott South Pole Station (Bering et
al. 1986). The payloads were instrumented to measure the
vertical and horizontal components of the atmospheric electric
field and the atmospheric conductivity. Over 460 hours of data
were acquired from which a variety of scientific questions of
the electrical processes in the lower and upper atmosphere can
be addressed. In this report, we present some of the obser-
vations of the electrical environment of the south polar strat-
osphere that have bearing on the nature of the Earth's global
atmospheric-electrical circuit (Roble and Tzur 1986).

The global circuit describes the flow of electrical current
through the atmosphere. As an analogy with a simple electrical
circuit, the global circuit consists of two capacitive plates
(spherical on a global scale), formed by the positively charged
ionosphere and the Earth's surface. Current flows from the
ionosphere to the surface through the resistive atmosphere,
discharging the Earth-ionosphere capacitor. The capacitor is
recharged by thunderstorms, which worldwide act collectively
as the battery of the global circuit. The atmospheric conduction
current J: flowing from the ionosphere to the surface is given
by the Ohm's law relation J = or where ads the atmospheric
conductivity and E is the vertical component of the electric
field. The conductivity of the atmosphere is maintained by
cosmic-ray ionization of the atmospheric molecules. The ver-
tical electric field is a function of the ionospheric electrical
potential, which is maintained primarily by the global thun-
derstorm activity. In the polar regions, an additional generator
of the ionospheric potential is a magnetospheric dynamo, which
is driven by the interaction of the solar wind with the geo-
magnetic field. Therefore, in the polar regions the global circuit
and variations in the circuit are a result of a complex combi-
nation of effects of atmospheric (lower and upper) and extra-
terrestrial origin.

The downward air/Earth current that flows to the surface of
the antarctic plateau is larger (approximately equal to a factor
of 2) than the global average owing to the high elevation of
the terrain, which significantly decreases the columnar resis-
tance of the overlying atmosphere (Roble and Tzur 1986).
Therefore, because of its orography, Antarctica is strongly cou-
pled to the global atmospheric-electrical circuit. Hence, mea-
surements are needed to characterize the electrical environment
of this region to identify and understand the mechanisms of
the global circuit.

The average profile of the negative ion conductivity mea-
sured during the South Pole balloon campaign is shown in
figure 1. The positive ion measurements were contaminated
by photoelectric emissions (Byrne et al. 1989) and are not shown.
The scale height (the e-folding distance) of the South Pole
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Figure 1. A comparison of the profile for the negative ion atmos-
pheric conductivity u - measured at the South Pole with a model
profile and profiles measured at Syowa Station and Siple Station.
(km denotes kilometer. ohm -1 m 1 denotes per ohm per meter.)

profile is approximately 10 kilometers. The conductivity pro-
files measured previously at Siple Station, Antarctica, (Byrne
et al. 1988) and Syowa Station, Antarctica, (Tanaka, Ogawa,
and Kodama 1977) are shown for comparison. The differences
in the measured profiles are primarily due to the variation in
the cosmic-ray ionization with geomagnetic latitude and solar
cycle. Also shown is a model profile (Hays and Roble 1979)
which has been used to describe the conductivity in the entire
polar cap stratosphere in global models of the atmospheric-
electrical circuit. Based on the three measured profiles, the
model profile underestimates the conductivity at lower strat-
ospheric altitudes, and the model underestimates the conduc-
tivity scale height. The figure illustrates that a single profile
as a model for the conductivity of the entire polar cap strat-
osphere may be an inadequate description of the actual con-
ductivity in this region.

Figure 2 shows the electric field and the negative conduc-
tivity measurements made during one flight (flight 8) of the
South Pole campaign. Also shown is the balloon altitude and
the negative ion component of the atmospheric conduction
current calculated from Ohm's law. A diurnal variation is ev-
ident in the electric field data, witF a maximum near 1800
universal time and a minimum near 0300 universal time. This
diurnal variation was not associated with the balloon motion.
No significant diurnal variation in the conductivity was ob-
served. During this flight, the Earth's magnetosphere was
"quiet" (based upon the geomagnetic activity index K,), which
means that the contribution of the magnetospheric dynamo to
the total ionospheric potential was relatively small compared
to the potential generated by the global thunderstorm activity.
Therefore, in this case, the observed diurnal variation in the
electric field manifests the diurnal variation of the "battery"
of the global circuit, the worldwide thunderstorm activity. For
"disturbed" geomagnetic conditions, the contribution to the
ionospheric potential of the magnetospheric dynamo generator
is comparable to the thunderstorm generator.

To estimate the contribution of the magnetospheric dynamo
to the electrical parameters, we binned the data set from all
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Figure 2. The balloon altitude (in kilometers), vertical component
of the electric field E1 (x 1O 1 Vm'), and negative conductivity
-y-(X 10-12 ohm'm 1 ) measured over a 5-day time span during
balloon flight 8 of the South Pole balloon campaign. The atmos-
pheric conduction current J(pA M 2) is calculated from E and 'y-
by Ohm's law. Negative values of E. and J1 denote downward point-
ing vectors. (UT denotes universal time.)

eight flights of the South Pole campaign into 30-minute inter-
vals of universal time and averaged on the basis of "quiet" (K1,

2—) or "disturbed" (K1, 2) geomagnetic conditions. The
results are shown in figure 3. The measurements are scaled to
the 30-kilometer level. For "quiet" conditions the curves man-
ifest the average diurnal modulation of the global circuit by
worldwide thunderstorm activity. For "disturbed" conditions,
the amplitudes of the diurnal variations of E and I. are reduced
by approximately 20 percent. The suppression of the amplitude
of the diurnal universal time variation is the expected effect of
the superposition of potentials of the thunderstorm and mag-
netospheric dynamo generators at high latitudes (Roble and
Tzur 1986).

This research was supported by the National Science Foun -
dation grants DPP 84-15203 and DPP 86-14091.
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Figure 3. The measured vertical electric field E and calculated
atmospheric conduction current J averaged over the entire data
set from the South Pole balloon campaign for the conditions of
"quiet" and "disturbed" geomagnetic conditions. Both curves are
scaled to the 30-kilometer level, pA rn -2 denotes picoamperes per
square meter. V rn' denotes volts per meter.)
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Balloon observations
of the electric field over South Pole:

Convection patterns
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Eight balloon flights were launched from Amundsen-Scott
South Pole Station during the 1985-1986 austral summer to
measure the ionospheric electric field in the vicinity of the polar
cusp and the polar cap (Bering et al. 1987). The polar cusp
region is important to the study of the coupling between solar
wind, magnetosphere, and ionosphere. The balloon-borne
technique is one that uses a roughly Earth-fixed platform, that
has a higher time resolution and less ambiguous separation of
temporal and spatial variations than the radar and space-borne
techniques. The single-point nature of the measurement means,
however, that large-scale flow patterns can be inferred only in
some average sense. Four hundred sixty-eight hours of data
from the whole campaign are presented in the form of equiv-
alent ionospheric convection patterns, binned and averaged
over magnetic local time and various geophysical parameters
such as K,, and the interplanetary magnetic field directions.
The solar wind and interplanetary magnetic field conditions
have been obtained from the IMP-8 satellite data. DMSP F-6
and F-7 satellites data have been used to locate the various
particle precipitation boundaries in the auroral zone and polar
cap. The intent of this work is to determine if there are any
differences between data obtained in this way and those ob-
tained from other techniques.

The amount of variability is one of the most impressive fea-
tures in the electric field data obtained by the balloon. To
understand the validity and limitations of the long-term av-
erages as representation of our data, patterns of individual
days have been examined. Two-minute averages of the data
obtained on 15 January 1986 are shown in figure 1. DMSP data
shows the balloon was in the polar cap from 0000 to 0430
magnetic local time. The fluctuations in the anti-sunward flow
during this period possibly can be attributed to temporal var-
iations in the polar cap flow but not to auroral ozone boundary
motions. In the morning sector, the convection reversal that
takes place at 1130 magnetic local time was probably associated
with passage under the cusp boundary. Before this time when
interplanetary magnetic field was northward, sunward flow
can clearly be seen. The interplanetary magnetic field turned
southward at 1130 magnetic local time; an event that appears
to be responsible for the intensification of poleward flow near/
post magnetic noon. During the early morning hours, when
interplanetary magnetic field B, < 0 and B2 > 0, the ionospheric
flow was weak and irregular. During 1130-2100 magnetic local
time, interplanetary magnetic field B, was mostly positive; the
ionospheric flow was mostly westward. The "sloshes" during
the period seem to have been associated with short southward
turnings of the interplanetary magnetic field. These features
indicate that the flow patterns respond to boundary crossings
and interplanetary magnetic field conditions very sensitively.

Global average. To obtain the global flow structure and remove

Figure 1. Two-minute average ionospheric drift velocities for 15
January 1986. The vectors have been plotted in a clockdial format
in the Earth-fixed reference frame. The base of each flow vector is
plotted at the balloon position in magnetic local time—corrected
geomagnetic latitude coordinates. (M/S denotes meters per sec-
ond. LT denotes local time. UT denotes universal time.)

transient temporal effects from the data, long-term averages
of the data were computed. Two-minute average data such as
those shown in figure 1 have been averaged over the whole
campaign, binned in half-hour intervals of magnetic local time.
The results are shown in figure 2a. The expected two-cell pat-
tern is clearly evident (Heppner 1977; Foster et al. 1982), with
sunward flow along both flanks and anti-sunward flow near
magnetic noon. It also shows clearly that the dawn cell is
smaller than the dusk cell.

K,, dependence. The results of averaging the data binned as a
function of K,, are shown in figures 2b, 2c, and 2d. There are
four significant features here. First, as magnetic activity (K,,)
increases, the flow magnitude becomes greater. Second, flow
vectors turn more poleward, possibly implying that the con-
vection cells were expanded. Third, the east-west reversal shifts
toward earlier magnetic local time as K,, increases. Fourth, the
flow near magnetic midnight becomes more disorganized as
K,, increases.

Interplanetary magnetic force dependence. To investigate the in-
terplanetary magnetic force orientation influence on the daily
average convection patterns from our data, we binned the 2-
minute average E-field data by using delayed (Etemadi et al.
1988) and weighted 1-hour averages of interplanetary magnetic
force B B: values. Results are shown in figure 3 (blocks
a to d). The invariant latitude variations of the flow vector are
due to different flights launched at different times and loca-
tions. When interplanetary magnetic field B,, > 0, our patterns
show that westward flows predominate in the dusk sector,
suggesting that the reversal boundary was poleward of 75°
invariant. The flow velocities have greater magnitude on the
dayside and in the dawn-cell and are better organized than in
interplanetary magnetic field B, < 0 cases (Dc La Beaujardiere,
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Wickwar, and King 1986). Ionospheric flow speeds were greater
when interplanetary magnetic force B2 < 0. Under the same
condition, when interplanetary B 11 > 0, the east-westward flow
reversal rotated toward earlier magnetic local time in the pre-
noon sector than the case when interplanetary magnetic field
B 1, < 0 (Heelis 1984), as shown in figure 3 (blocks c and d).
Furthermore, our overall patterns show that when interpla-
netary magnetic field B2 > 0, the convection flow turns sun-
ward around 1030-1130 magnetic local time (figure 3, blocks
a and b). This feature is also shown in our individual day
patterns (figure 1).

Examination of the South Pole balloon data shows that al-
though some details of the temporal variation and dynamics
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may be lost in the long-term averaging process, our results
help to quantify the dependence of the daily patterns on the
interplanetary magnetic force and activity level and have con-
sistently shown the features presented above. These features
are basically in agreement with the observations over the
Northern Hemisphere by radar and satellites.

This work was supported in part by National Science Foun-
dation grant DPP 86-14091.
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Examples of high-latitude
electric and magnetic-field

perturbations
that were not accompanied by

solar wind pressure fluctuations
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The study of impulsive magnetic and electric-field pertur-
bations has been a topic of extreme interest recently. Attention
was first focused on these perturbations by the suggestion that
they represent the ionospheric signature of flux-transfer events
(Goertz et al. 1985; Sandholt et al. 1986; Lanzerotti et al. 1986,
1987; Southwood 1985, 1987; Todd et al. 1986; Bering et al.
1988; Lockwood, Sandholt, and Cowley 1989). Subsequently,
it was determined that many of these events were propagating
east or west along the auroral oval, rather than anti-sunward,
and that their diameter was 3 to 5 times larger than expected
on the basis of simple flux-transfer-event models (Friis-Chris-
tensen et al. 1988; GlaI3meier, Hönisch, and Untiedt 1989).
Recently, there have been several suggestions made regarding
the possibility that these events are all the result of pressure
pulses in the solar wind passing the Earth (Sibeck et al. 1989a,
1989b; Southwood and Kivelson in press; Fairfield et al. in
preparation). The generation of current vortices by means of
impinging pressure pulses is a well-known model for the gen-
eration of mid-latitude Pc3 events (Yumoto, Saito, and Tanaka
1987). It is certainly possible for similar processes to be oper-
ating at higher latitude; however, the assertion that all high-
latitude impulsive events result from such a process is a state-
ment that seems overly broad. Proving such a sweeping as-
sertion is, of course, very difficult. Disproving it, on the other
hand, is easy. Strictly speaking, it requires only one counter-
example to disprove such a statement. Ultimately, statistical
study of a large set of events is required to determine the
relative importance of pressure pulses vs. other sources in
producing impulsive events in the high-latitude ionosphere.
The purpose of this paper is to present examples of impusive
events that are not accompanied by pressure pulses in the solar
wind.

Database. The electric field data were acquired during the
1985-1986 South Pole balloon campaign (Bering et al. 1987) in
which eight balloon payloads carrying three-axis double-probe
electric-field detectors and X-ray scintillation counters were
launched sequentially from South Pole Station, Antarctica, at
an invariant latitude of 74.5°. The noise level of the electric-
field instrument was approximately 0.4 millivolts per meter,
the digitization increment was 0.1 millivolts per meter, and
the data were sampled at 8 hertz. Balloon payload attitude was
determined from an on-board magnetometer. The high-reso-
lution magnetic field data used for this study were measured
at the Cusp Lab at South Pole Station, Antarctica (Lanzerotti,
Medford, and Rosenberg 1982), and at Iqaluit, Northwest Ter-
ritories, Canada (Wolfe et al. 1986), two stations nominally
conjugate to a distance of order 200-300 kilometers (Lanzerotti
et al. 1987).

Data. The first example is an event that took place at 1627
universal time on 3 January 1986 (Lin et al. in preparation).
This event is shown in figure 1, which displays the electric
field measured by the South Pole balloon (bottom three panels)
and the magnetic-field perturbations measured at South Pole
(solid line, top three panels) and Iqaluit (dashed line). Detailed
model studies of these data and the Greenland chain mag-
netometer data (Lin et al. in preparation) have shown that this
event was a combination of a twin current vortex of the type
discussed by Friis-Christensen et al. (1988) ("towing system")
and a coaxial current system of the type discussed by Lanzer-
otti et al. (1986) ("twisting system"). This event has been found
to have a radius of approximately 284 kilometers and to have
moved eastward at 3.9 kilometers per second. The current in
the towing system was approximately 1.2 x 105 amps and the
current in the twisting system was approximately 2.0 x iO
amps (Lin et al. in preparation.

Figure 2 shows the solar wind ram pressure and interpla -
netary magnetic field magnitude and orientation detected by
the IMP 8 spacecraft between 1550 and 1650 universal time on
3 January 1986. In this figure, 0 is the cone angle of the mag-
netic field about the XGSM axis and ci) is the azimuth angle in
YGSM - ZGSM plane, measured counterclockwise from the pos-
itive Y axis. The data have been shifted by the calculated 616-
second propagation delay between the IMP 8 spacecraft and
the ionosphere above South Pole.

Figure 2 shows that the impulsive event in the ionosphere
was not preceded by an appreciable change in solar wind dy-
namic pressure. Furthermore, the field cone angle indicates
that field orientation was fluctuating somewhat between typ-
ical "garden-hose" orientation and a purely perpendicular ori-
entation. Note particularly that the cone angle did not approach

SOUTH POLE BALLOON CAMPAIGN
University of Houston

Flight 6

-220 1-
W	360

jI	,
-10

1600	 1615	 1630	 1645	 1700
UNIVERSAL TIME, JANUARY 3. 1986

Figure 1. The top three panels show 15-second averages of geo-
magnetic field variations observed at South Pole Station (solid
lines) and Iqaluit (dashed lines). The bottom three panels show 15-
second averages of the electric field measured by payload on 1985-
1986 South Pole balloon flight 6 from 1600 to 1700 on 3 January
1986. (nT denotes nanotessla. mV/m denotes millivolts per meter.)
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Figure 2. Solar wind pressure, interplanetary magnetic field strength
and orientation, where 0 is the cone angle of the magnetic field
about XGSM and CF is the azimuth angle in the Y - Z plane (0° +
Y). Figure shows interval from 1550 to 1650 universal time on 3
January 1986. (nT denotes nanotessla. UT denotes universal time.)

00 or 180° during the event. The most dramatic change that
was observed in the solar wind at this time was the brief and
abrupt southward turning of the interplanetary magnetic force
that took place at about 1615 universal time. It seems, there-
fore, that the only variation of solar wind properties that could
be causally related to the impulsive event shown in figure 1
is this southward turning.

A second example is shown in figure 3, which is a two-part
figure, with part A corresponding to figure 1 and part B to
figure 2. This figure shows an event that began at 1242 uni-
versal time on 4 January 1986. As shown in figure 3a, this
event was a typical impulsive event. Figure 3b shows that the
solar wind pressure was essentially constant throughout the
event. Furthermore, the interplanetary magnetic field was not
radially aligned. The interplanetary magnetic field did, how-
ever, turn slightly southward at 1237 universal time (delayed
time).

Conclusions. It is easy to find examples of high-latitude im-
pulsive perturbation events that are not associated with solar
wind pressure variations detectable by the IMP 8 spacecraft.
Therefore, the assertion that all such impulsive events are re-
sponses to pressure pulses is contradicted by the available
data.

This work was supported by National Science Foundation
grants DPP 84-15203 and DPP 86-14091. We thank L.J. Lan-
zerotti, C.G. Maclennan, and A. Wolfe for the South Pole and
Iqaluit magnetometer data and many discussions. We than
E. Friis-Christensen for providing the Greenland magnetom-
eter chain data and for useful discussion. The IMP 8 interpla-
netary magnetic field data of N. Ness were provided by R.
Lepping. The IMP 8 plasma data were provided by A. Lazarus
who was supported by National Aeronautics and Space Ad-
ministration grant NAG5-584.
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Understanding how energy carried by the solar wind gets
deposited in the Earth's system of magnetic field, plasma, and
neutral atmosphere is one of the central questions of solar-
terrestrial physics. Clearly, the interaction is mediated by the
solar magnetic field embedded in the solar wind plasma and
the Earth's magnetic field which ultimately becomes stressed
and serves as an intermediate repository of energy. Spacecraft
measurements have indicated that segments of the Earth's
magnetic field on the dayside of the magnetosphere at radial
distances of about 10 Earth radii might become opened and
connected to the solar magnetic field carried by the solar wind.
These segments of magnetic field (identified only by the plasma
on them) will then be carried by the solar wind to the nightside
by convection through the magnetosphere where they again
become closed Earth field lines through the same process of
reconnection. With only limited spacecraft spatial coverage
within the vast volume of space identified as the magnetos-
phere (the volume containing the Earth's magnetic field), it is
virtually impossible to unambigiously sort out the complicated
topology of the above-described process known as flux-trans-
fer events. The hope is that ground experiments in the Arctic
and Antarctic might identify a signature for flux-transfer events
and then through multiple site observations be able to resolve
the physics of reconnection.

The reconnection process of a flux-transfer event should
launch a magnetohydrodynamic wave on the field lines that
have been opened or closed by the process. The closure of
current systems associated with these waves have been mod-
eled by Southwood (1985, 1987) and Lee and Fu (1985) and
result in ionosphere loop currents which produce definitive
magnetic signatures that should be detected by magnetometers
on the ground (Lanzerotti et al. 1986). An example of a possible

ground signature of a flux-transfer event is given in the top
two panels of figure 1. The large amplitude, one-cycle, long-
period wave is supposedly the signature. With the measure-
ment of these events by induction magnetometers, another
aspect becomes apparent, namely, the high-frequency (Pci)
wave superimposed on the long-period wave (Arnoldy, En-
gebretson, and Cahill 1988). The intent of this paper is to
present Viking satellite data which was magnetically conjugate
(according to the MACSAT magnetic field model) to the ground
station at Sondre Stromfjord, Greenland, at the time of the
flux-transfer event signature. The suite of satellite data consists
of magnetic and electric-field data along with charged particle
measurements. The analysis of this event is still in progress,
so only a preliminary summary of the results will be presented
here.

The bottom three panels o f figure 1 give the Viking magnetic
field data at an altitude of about 13,000 kilometers to the same
time scale as the ground magnetic field data. An analysis of
the combined satellite electric and magnetic field data indicates
that the large amplitude B-field fluctuations between 1330 and
1340 universal time probably are the lowest order mode res-
onant field oscillation because of the 90-degree phase differ-
ence between the two fields. While, on the other hand, the
large B-field fluctuations between 1350 and 1355 universal time
are in phase with E-field fluctuations suggesting that they may
be due to stationary field-aligned Birkeland currents, the so-
called "Mantle" Birkeland current. It is during this time that
other Viking detectors identify satellite passage through cusp
field lines. Charged-particle detectors measured the typical
low-energy electron precipitation and a plasma probe, sensing
the spacecraft potential, identified the time between 1350 and
1355 universal time as one of enhanced plasma density, again
typical of the cusp region.

There are two other measurements made by the Viking
spacecraft which are pertinent to this flux-transfer event study.
First, the high-frequency waves seen superimposed on the
ground event were also measured by the satellite magnetom-
eter, although they are not evident in the data presented in
figure 1. Dynamic spectrograms of both the ground and sat-
ellite event show that
• they had the same frequency profile,
• they lasted for the same duration,
• the satellite event occurred about 30 seconds earlier in time,

and
• finally, the spacecraft event was predominantly left polar-

ized while the ground event was a mixture of plane and
right polarization.
Second, the proton particle spectrometer measured V proton

events commencing at 1334 universal time. These particle events
have a V-shape on an energy versus time spectrogram which
can be interpreted as due to the dispersion of magnetosheath
ions in propagating from a localized injection region some 10
Earth radii from the satellite near the dayside magnetopause
(Burch et al. 1982).

In interpreting this data set, one must keep in mind that the
satellite will be magnetically conjugate to the ground station
only at one time; the satellite data mixes spatial with temporal
fluctuations; and finally, due to different distances of the two
observation points from a source region and from each other,
the propagation time of waves and particles must be taken
into account when doing any kind of timing study. Taking all
these considerations into account, the schematic in figure 2
presents a possible interpretation of this event. First, it is clear
that the magnetic signature of the flux occurs on magnetic
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Figure 1. Top two panels give ground pulsation data measured at Sondre Stromfjord, Greenland. To the same time scale as the second
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Figure 2. Schematic giving a possible interpretation of the event.
(FTE denotes flux-transfer event.)

fields below the cusp (closed?). Second, there is evidence of
reconnection in that magnetosheath plasma appears on these
field lines and can be timed along with the flux-transfer event
to a reconnection time or injection at 1330 universal time. Fi-
nally, with the combination of space and ground data it ap-
pears fairly certain that the high frequency Pci event was clearly

a temporal event and its timing places its origin near the mag-
netopause but on field lines almost a degree equatorward from
the flux-transfer event. This interpretation is consistent with
the location of its satellite measurement and polarization. The
satellite measured the original Alfven (left polarized) wave
while the ground station sensed it via horizontal ducting (hence
a mixture of right and plane polarization). This data set is very
interesting and still remains under analysis.

This research was sponsored at the University of New
Hampshire, Augsburg College, and the University of Min-
nesota by National Science Foundation grant DPP 86-13272.
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Simultaneous lightning-associated
precipitation

of radiation belt-electrons into the
Northern and Southern hemispheres

W.C. BURGESS and U.S. INAN

Space, Telecommunications and Radioscience Laboratory
Stanford University

Stanford, California 94305

Recent very-low-frequency radio recordings at Palmer Sta-
tion and at Arecibo, Puerto Rico, provide the first ground-
based evidence that individual lightning flashes can induce
bursts of high-energy electrons to precipitate from the radia-
tion belts into both Northern and Southern hemispheres.

Certain characteristic perturbations of subionospherically
propagating very-low-frequency signals have been attributed
to transient patches of excess ionization generated in the lower
ionosphere when struck by bursts of energetic (40 kiloelec-
tronvolt to 1 megaelectronvolt) radiation belt electrons (Hel-

liwell, Katsufrakis, and Trimpi 1973; Carpenter et al. 1984; man
and Carpenter 1986, 1987). These electrons, normally trapped
in stable orbits by the Earth's magnetic field, precipitate from
the radiation belts as a result of interactions with magnetos-
pheric radio waves ("whistlers") which are launched by light-
ning. Significant perturbation of a subionospheric signal is
thought to result only when excess ionization occurs on or
near the signal's great-circle propagation path (man et al. 1988;
Poulsen, Bell, and man in preparation). Until now, there was
no evidence of association between individual ionospheric per-
turbations observed in the north and in the south.

The simultaneous signal perturbations illustrated in figure
1 were recorded between 0954 and 0958 universal time on 21
March 1989. The amplitude of a 23.4 kilohertz signal from the
U.S. Navy transmitter in Hawaii (NPM) was measured at Pal-
mer Station. The amplitude of a 48.5 kilohertz signal from the
U.S. Air Force transmitter in Nebraska was measured at Are-
cibo, Puerto Rico. As the map in figure 2 shows, the great-
circle propagation paths of these two signals come no closer
than about 5,500 kilometers to each other (the distance between
the transmitters); however, both paths do cross regions, shown
encircled on the map, which are geomagnetically conjugate to
each other. Of 46 perturbations measured at Arecibo between
0930 and 1000 universal time, 44 occurred within 800 millisec-
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48.5 at AR 21 Mar 89 50 Hz 8 p1 blk
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Figure 1. The amplitudes of subionospheric signals from a 48.5-
kilohertz U.S. Air Force transmitter (48.5) to Arecibo, Puerto Rico
(AR) and from a 23.4-kilohertz U.S. Navy transmitter in Hawaii (NPM)
to Palmer Station, Antarctica (PA), are perturbed simultaneously
despite distances between the two great-circle signal paths which
are nowhere less than 5,500 kilometers. This effect is attributed to
energetic electrons being induced out of the radiation belts in geo-
magnetically conjugate locations by a single lightning flash. The
amplitude scales are in percent of full-scale range, with zero rep-
resenting absence of signal. (UT denotes universal time. Hz de-
notes hertz.)

onds of a similar perturbation observed at Palmer Station. Sim-
ilar activity took place during the time prior to and after the
period shown, as well as on the preceding and following days.

The remarkable simultaneity of these events can be under-
stood as follows. While trapped, the electrons bounce between
Northern and Southern hemispheres, reflecting or "mirroring"
when encountering the stronger magnetic field near the Earth.
After being scattered by a whistler, some electrons may mirror
one or more additional times before precipitating, so that a
single whistler could cause electron precipitation into both
hemispheres. This effect has been suggested by satellite ob-
servations (Voss et al. 1984). Differences that exist between
the northern and southern geomagnetic fields could contribute
to the effect by increasing the likelihood of scattered electrons
precipitating in the south, even after mirroring in the north
(man, Wolf, and Carpenter 1988).

Future ground-based observations of magnetically conjugate
precipitation may provide long-term information on the be-

havior and content of the radiation belts. Comparison of si-
multaneous signal perturbations could yield clues about solar
effects and electron populations in the radiation belts. It is
important to note in this respect that the events shown oc-
curred a few days after one of the biggest geomagnetic storms
since quantitative records began in 1868 (J oselyn and McIntosh
1989).

This research was supported by the National Science Foun-
dation under grant DPP 86-11623 and by the Office of Naval
Research under grant N00014-82-K-0489.
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Figure 2. This map shows the great-circle signal paths from the two transmitters (48.5, NPM) to the two receivers (AR, PA). Lines of constant
geomagnetic latitude are drawn in both Northern and Southern hemispheres for reference. A circle of 1,000 kilometers diameter has been
drawn on the NPM-PA path in the Southern Hemisphere, and the geomagnetic conjugate of this circle has been drawn in the Northern. Not
only does the conjugate circle lie directly on the 48.5-AR path, it encloses a known region of strong and common lightning activity which
could have served to 'trigger" the precipitation of radiation-belt electrons into both hemispheres.
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Polar Research Board:
Antarctic-related activities,

July 1988 through June 1989

SHERBURNE B. ABBOTT

National Research Council
National Academy of Sciences

National Academy of Engineering
Institute of Medicine

Washington, D.C. 20418

Since its establishment in 1958, the Polar Research Board
has guided the development of programs and policies con-
cerned with domestic and international polar science. Accord-
ingly, the Board assists in the formulation and maintenance
of strong research programs that are responsive to U.S. na-
tional interests and scientific opportunities. In addition, the
Board serves as the U.S. National Committee for the Scientific
Committee on Antarctic Research (SCAR) of the International
Council of Scientific Unions (ICSU), thereby ensuring U.S.
participation in SCAR and encouraging international cooper-
ation in antarctic research activities recommended by SCAR.

The Board is multidisciplinary in structure and bipolar in
focus. Representatives from the biological, earth, physical,
medical, and social sciences and from engineering are selected
to construct an appropriate balance between arctic and ant-
arctic experience . * Board members are appointed for 4-year

* Current Board membership: Gunter E. Weller, University of Alaska,
Fairbanks (Chairman); Roger C. Barry, University of Colorado; Eddy
C. Carmack, University of British Columbia; F. Stuart Chapin, Uni-
versity of California, Berkeley; Rita R. Colwell, University of Mary-
land; Ian W. Dalziel, University of Texas at Austin; Paul K. Dayton,
Scripps Institution of Oceanography; Dennis E. Hayes, Columbia
University; John E. Hobbie, Marine Biological Laboratory; Louis J.
Lanzerotti, AT&T Bell Laboratories; Mark F. Meier, University of
Colorado; John P. Middaugh, Department of Health and Social Sci-
ences, State of Alaska; Donald B. Siniff, University of Minnesota;
Susan Solomon, Environmental Research Laboratory, National Oceanic
and Atmospheric Administration; Kevin E. Trenberth, National Cen-
ter for Atmospheric Research; Wilford F. Weeks, University of Alaska,
Fairbanks; and Oran R. Young, Dartmouth College. Ex Officio mem-
bers: Charles R. Bentley, University of Wisconsin (Alternate U.S.
Delegate to SCAR); Jeff Dozier, University of California, Santa Bar-
bara (Committee on Glaciology); Robert H. Rutford, University of
Texas at Dallas (U.S. Delegate to SCAR); and Ted S. Vinson, Oregon
State University (Committee on Permafrost). Polar Research Board
staff: Sherburne B. Abbott (Staff Director); and Mariann S. Platt (Ad-
ministrative Secretary).

terms. Subgroups of the Board include two standing commit-
tees on permafrost and glaciology and a dozen ad hoc groups
that are convened for specific studies and discharged upon
their completion.

The Board meets semiannually to review its program, to
develop U.S. positions on matters to be considered by SCAR,
and to provide a forum for discussion of the Federal agency
programs in the polar regions and the activities of nongov-
ernmental organizations with polar interests. Discourse at Board
meetings often elucidates questions or needs that then become
the topics of new studies.

This report summarizes the antarctic activities of the Board's
continuing program and the activities of the U.S. National
Committee for SCAR.

Polar Research Board antarctic activities. In 1986, the Polar Re-
search Board completed a blueprint for both disciplinary and
topical research in Antarctica, building on the recommenda-
tions of the 1980s and anticipating the needs for the year 2000
and beyond. Four major new scientific research issues and the
role of antarctic research in global programs were identified as
priorities, among others, for future programs. New projects
are either underway or being initiated by the Board to address
the new scientific research issues identified in the report.

The report noted the need for a comprehensive plan for
antarctic conservation and environmental management be-
cause of the concerns about possible environmental degra-
dation resulting from increased human activity in Antarctica.
The Board has begun developing a study to construct an en-
vironmental research agenda for programs to assist in detect-
ing and measuring environmental changes in the polar regions
of local, regional, or global significance. In addition to the need
to understand the adaptability of the antarctic environment to
human-induced changes, the 1986 report notes the importance
of human adaptation to the antarctic environment and the
possible linkages between space and antarctic life science in-
vestigations. Consequently, the Board is undertaking a prelim-
inary study to assess the opportunities for human factor research
and the projects and issues of relevance to both polar and
space research that could benefit by using the Antarctic as a
laboratory and analog for space.

As demonstrated by research on the antarctic ozone hole,
the Antarctic plays an important role in global systems, par-
ticularly climate. To contribute to developing global change
science programs, e.g., the International Geosphere-Biosphere
Program (IGBP), the Board developed a preliminary report on
the role of Antarctica in global change for SCAR. In addition
to examining phenomena and processes in the Antarctic that
play an important role in global change, the report identifies
high-priority research themes. As noted below, this report was
adopted, and subsequently, published by SCAR in 1989.

Projects of the Board's subgroups also contribute to the over-
all effort to understand the role of Antarctica in global pro-
cesses. For example, in response to a request from the
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Department of Energy, the Committee on Glaciology is plan-
ning a forum on sea-level change to examine progress made
in measurements and models since the 1984 publication of the
Committee's report, Glaciers, Ice Sheets and Sea Level: Effects of
a CO,-Induced Climate Change. In addition, an ad hoc panel of
the Committee on Glaciology published a report on "Prospects
and Concerns for Remote Sensing of Snow and Ice." The ad
hoc panel advanced recommendatons on the availability of data
from current sensors for glaciology, the development of future
sensors appropriate for snow and ice research, the distribution
of remote-sensing data, the definition and processing of geo-
physical products from raw remote-sensing data, and the ed-
ucation of future glaciologists on remote sensing.

The Board also has examined the infrastructure, operational
programs, and monitoring programs required to support basic
research in the polar regions. Since 1986, the Board has eval-
uated the disciplines, equipment, and support requirements
necessary to maximize the scientific research potential of ex-
isting and proposed U.S. Coast Guard ice-breakers. Two re-
ports completed in 1988 summarize the findings. In June 1989,
the Board was developing a report to recommend improve-
ments in data collection, transmission, and archiving of upper
atmosphere rawinsonde observations in Antarctica, because
of the significant contributions such programs make to un-
derstanding of both antarctic and global chemical and dynamic
processes.

Scientific Committee on Antarctic Research activities. The Board,
as the U.S. National Committee for SCAR, continues to lead
activities that may increase the effectiveness and strengthen
the scientific leadership in SCAR. For example, the Board con-
sidered the possible contributions of antarctic science to the
evolving IGBP as an opportunity to make clear the connections
between antarctic science and global science. As a result, the

Board developed a report on the role of the Antarctic in global
change, which subsequently was adopted and published by
SCAR. The report identifies antarctic priorities for the IGBP
and calls for development of multidisciplinary and multina-
tional research programs in Antarctica to study global change.
In October 1988, the report was presented to the IGBP Com-
mittee of ICSU, where it was well received.

At its twentieth meeting in September 1988, SCAR selected
an IGBP Steering Committee, and Board chairman, Gunter
Weller, was appointed chairman. The Board is assisting in the
effort to develop an implementation plan for the recommended
research programs. Draft papers are being developed by na-
tional committees for discussion at the next meeting of SCAR.

In preparing for the twenty-first meeting of SCAR on 15-27
July 1990 in Sao Paulo, Brazil, the Board will devote its spring
1990 meeting to antarctic and SCAR issues. Among other things,
the Board will discuss and develop U.S. positions on: imple-
mentation of the report on the role of Antarctica in global
change; Antarctic Treaty Consultative Meeting recommenda-
tions to SCAR on data management, protected areas, among
others; the activities of SCAR Groups of Specialists and Work-
ing Groups; relationships with other organizations (e.g., Council
of Managers of National Antarctic Programs); coordination of
multi-national science programs (e.g., structure and evolution
of the antarctic lithosphere, global change, biological investi-
gations of terrestrial antarctic systems, antarctic-space life sci-
ences research); the agenda for the SCAR Antarctic Science
Conference, to be held on 23-28 September in Bremen, Federal
Republic of Germany; the revised format of national reports
to SCAR; applications from Spain, Finland, Korea, The Neth-
erlands, and Colombia for membership in SCAR; and SCAR
finances and dues structure.

Antarctic Marine Geology
Research Facility and Core Library,

1987-1988 and 1988-1989

DENNIS S. CASSIDY

Department of Geology
Florida State University

Tallahassee, Florida 32306

This is the sixteenth in a series of reports that have appeared
in the Antarctic Journal of the U.S. since 1973 (Cassidy 1973)
providing yearly summaries of project activities at the National
Science Foundation's Antarctic Marine Geology Research Fa-
cility and Core Library at the Florida State University. As in
past reports, topics for review continue to be dominated by
those of the distribution of samples from the more than 17,000
meters of cores and other specimens now stored at the National
Science Foundation repository, the receipt and processing of
new materials, and the description and classification of marine
sediments recovered by coring and grab-sampling. Unlike past

summaries, though, this report covers a 2-year period (1 June
1987 to 30 May 1989).

During this period, 2,255 samples were distributed from
project collections. These samples, grouped below by project
year (1987-1988 and 1988-1989) and by source, are as follows:
• 1987-1988 (1 June 1987 to 30 May 1988).

USNS Eltanin: 245 samples from 14 piston cores, 26 trigger
cores, one Blake trawl, one Menzies trawl, one rock dredge,
and one hand-collected specimen recovered from the Atlantic,
Pacific, and Indian Oceans and Ross Sea aboard 16 of the 45
southern ocean coring cruises of Eltanin.

ARA Is/as Orcadas: 174 samples from eight piston cores and
four trigger cores recovered from the South Atlantic Ocean
and Weddell Sea aboard two of this vessel's five coring cruises
to the antarctic and subantarctic sectors of the South Atlantic.

International Weddell Sea Oceanographic Expeditions (IWSOE):
Two samples from one Phleger core recovered during the 1986
IWSOE cruise of the U.S. Coast Guard icebreaker Glacier.

Austral summer 1978-1979: 110 samples from seven piston
cores, seven trigger cores, and 35 grab specimens recovered
aboard Glacier off the Ad%elie and George V coasts of Ant-
arctica.

Austral summer 1980-1981: one sample from a piston core
collected aboard Glacier in the vicinity of Low Island, Bransfield
Strait.
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Austral summer 1981-1982: 252 samples from five piston cores,
three trigger cores, and two grab specimens recovered during
operations aboard Glacier in areas adjacent to the northern
Antarctic Peninsula (Bransfield Strait; Herbert Sound between
James Ross and Vega islands)

Austral summer 1985-1986: 104 samples from two piston cores,
two trigger cores, and 17 box cores recovered aboard Glacier
from the Bransfield and Gerlache straits, and Marguerite Bay.

Dry Valley Drilling Project (DVDP): one sample from the New
Harbor (hole 10) drill core.

Cenozoic Investigations in the Western Ross Sea (CIROS): 52
samples from 46 of the 216 boxes of drill core obtained from
the CIROS-1 and CIROS-2 drill holes.

Thus, 941 samples were taken during 1987-1988, and from
a total of 141 different cores, trawls, and grab samples, a rock
dredge, and a hand-collected specimen recovered aboard 23
cruises of three vessels, and from three drill holes. Addition-
ally, their distribution was made on the basis of 30 separate
requests submitted by 22 investigators representing 14 insti-
tutions of four nations (Brazil, England, Japan, and the United
States).

• 1988-1989 (1 June 1988 to 30 May 1989):
LISNS Eltanin: 296 samples from 35 piston cores, 21 trigger

cores, 3 Phieger cores, 15 Blake trawls, three Menzies trawls,
five rock dredges, and one Campbell grab (with one specimen
unknown as to its method of collection) recovered aboard 27
cruises (Ross and Weddell seas; Atlantic, Pacific, and Indian
oceans).

ARA Islas Orcadas: 297 samples from 20 piston cores and 13
trigger cores recovered aboard the five coring cruises (South
Atlantic Ocean).

Australsunimner 1978-1979 (Glacier): one grab sample (off George
V coast).

Austral summer 1979-1980 (Glacier): 379 samples from 42 pis-
ton cores and two grabs (Ross Sea).

Austral summer 1981-1982 (Glacier): 22 samples from eight
piston cores and five grabs (Bransfield Strait; Flandres Bay off
Danco Coast; Croft Bay and Herbert Sound off James Ross and
Vega islands)

Austral summer 1982-1983 (Glacier): 166 samples from one
piston core, one grab, and 23 box cores (Ross Sea-Sulzberger
Bay).

Austral summer 1984-1985 (Glacier): Four samples from one
piston core and one grab (shelf north of King George Island;
Amundsen Sea-Pine Island Bay).

Austral summer 1985-1986 (Glacier): 18 samples from four box
cores (Andvord and Flandres bays off Danco Coast; Gerlache
Strait).

Austral winter 1987-1988 (R/V Polar Duke cruise 88-VI): 19
samples from 5 piston cores and one gravity core (shelf margin
north of Livingston Island, South Shetland Islands).

Ross Ice Shelf Project (RISP): 44 samples from three of ten and
eight of 47 gravity cores recovered (respectively) through the
1977-1978 and 1978-1979 RISP site J-9 drill hole.

Cenozoic Investigations in the Western Ross Sea (CIROS): 68
samples from 57 of the 190 boxes of CIROS-1 drill core.

Thus, the 1,314 samples distributed during 1988-1989 were
taken from 224 different cores, trawls, dredges, and grab sam-
ples recovered aboard 39 cruises of four vessels, and from two
drill holes. These samples, distributed in response to 27 sep-
arate requests, were received by 19 investigators representing
10 institutions in Australia, Germany, Switzerland, and the
United States. (The average number of samples distributed per

year for the past 27 years is 7,400. Since 1962, a total of 199,813
samples have gone to 274 investigators at 118 institutions in
16 countries: Argentina, Australia, Brazil, Canada, England,
France, Germany, India, Japan, New Zealand, Scotland, Soviet
Union, Sweden, Switzerland, United States of America, and
Yugoslavia. A list of sample recipients is available upon re-
quest.)

New specimens were added to the collections for the twenty-
sixth and twenty-seventh consecutive years since the receipt
at Florida State University (in 1962) of cores taken during the
first cruise of LISNS Eltanin, aboard which personnel of the
Florida State University Department of Geology maintained
the marine geology coring program from 1962 to 1972. Ac-
quired in five shipments over 15 months (between 2 June 1987
and 2 September 1988) were 187 piston, trigger, and gravity
cores totaling 261 meters, one dredge sample, 363 grab sam-
ples, and 134 miscellaneous samples of bagged core sediment
retrieved under the supervision of John B. Anderson (Rice
University), Lawrence A. Lawyer (University of Texas), and
their representatives during four austral summer/austral win-
ter cruises of Glacier and Polar Duke to the western Ross Sea,
Bransfield and Gerlache straits, and shelf areas west of King
George, Anvers, Renaud, Lavoisier, and Adelaide islands
(Antarctic Peninsula), and in more than a dozen fjords, bays,
and coves off the Davis, Danco, and Graham coasts and the
coasts of Anvers, Brabant, and King George islands (Anderson
1986; Anderson, Bartek, and Reid 1987; Anderson and Domack
1988; Lawyer 1988).

One chapter in the history of the Florida State University
curatorial program was closed and another opened with the
receipt of specimens from two of the four project cruises. Pis-
ton and trigger cores recovered during the austral summer
1986-1987 campaign of Glacier in the western Ross Sea were
the last to be taken aboard this vessel. Following that cruise,
the icebreaker was decommissioned after more than 30 years
of service (National Science Foundation 1987). The receipt of
Bransfield Strait cores recovered aboard the RUBBS 86 (Rice
University Bransfield Basin Study 1986) cruise of the NSF-
chartered research ship, Polar Duke, marked the first receipt
by the Facility of Polar Duke materials.

Core-transit activities also involved the on-loan transfer of
many recently received components of the collections to pro-
ject scientists at Rice University (John B. Anderson) and Ham-
ilton College (Eugene W. Domack) for purposes of study,
sampling, and X-radiography. Transferred were the sampling
halves of 119 piston, trigger, and gravity cores totaling 236
meters. Returned to the Facility were the sampling halves of
264 piston and trigger cores (435 meters), and several hundred
bagged grab and other sediment samples that had been sim-
ilarly borrowed by the Rice group on prior occasions.

During 1987-1988, staff at the Antarctic Research Facility
completed the description and classification of marine sedi-
ments recovered by coring (128 piston and trigger cores; 218
meters) and grab-sampling (57 grabs) during the 1984-1985
austral summer cruise of Glacier in areas adjacent to the South
Orkney and South Shetland Islands, Anvers Island, and Mar-
guerite and Pine Island bays (Anderson 1985). Completed also
was the description and classification of RUBBS 86 (Polar Duke)
piston core sediments (seven cores; 3.88 meters). When the
compilation of data into final form is complete (typing, draft-
ing, proofreading, and printing), two new volumes of sedi-
ment descriptions will be issued. In progress is laboratory work
associated with the describing of sediments (55 piston and
trigger cores; 52 meters) recovered during the austral summer
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1986-1987 cruise of Glacier to the western Ross Sea (Anderson,
Bartek, and Reid 1987).

Printed (800 copies) and distributed (September 1988) as the
most recent issue (Kaharoeddin et al. 1988) in our continuing
series of sediment description volumes was a presentation of
the descriptive data and other information resulting from work
on austral summer 1979-1980 materials collected aboard Glacier
from the northwestern and southwestern antarctic continental
margins in the Ross Sea. These materials, comprising 268.48
meters of piston and trigger cores (154 cores), 124 grab sam-
ples, and bagged sediments recovered by an additional 15
attempts at piston-coring, represent the greatest total number
of cores and other specimens ever received by the Facility from
any single project cruise of any vessel. Thus, the 230-page
volume is the lengthiest singe-cruise volume of descriptive
data yet produced at the Facility.

To date, a total of 1,366 publications have been identified as
making use of data derived from the results of analyses of
samples removed from the National Science Foundation col-
lections. (Copies of these publications, which include under-
graduate honor's and master's theses, doctoral dissertations,
journal articles, symposium proceedings, scientific and tech-
nical reports, bulletins, maps, atlases, textbooks, encyclope-
dias and other reference volumes, cruise reports, magazine
articles, etc., are on file in the Facility's Reference Library.)
During the 1988-1989 project year, data-processing equipment
and necessary software were acquired by the Facility, making
it possible for us to establish a computer-maintained biblio-
graphic data base of the 1,366 titles. The data base is kept
current on a daily basis, and eventually, a bibliography of titles

will be published. (A small component of the bibliographic
data base appears in Cassidy 1988).

Funding in support of curatorial activities discussed in this
report has been provided by amendments 12 and 13 to National
Science Foundation contract C-1059 (DPP 75-19723).

Anderson, J.B. 1985. Preliminary results from the USCGC Glacier 1985
cruise. Antarctic Journal of the U.S., 20(5), 81-85.

Anderson, J.B. 1986. Rice University Bransfield Basin Study (RUBBS)
Cruise Report. Houston, Texas: Rice University, Department of Ge-
ology and Geophysics.

Anderson, J.B., L.R. Bartek, and D.E. Reid. 1987. Preliminary results
of a 1986-1987 austral summer marine geological survey of the west-
ern Ross Sea. Antarctic Journal of the U.S., 22(3), 120-122.

Anderson, J.B., and E.W. Domack. 1988. USAP 1988 Cruise Ill R.V.
Polar Duke Cruise Report, Houston, Texas: Rice University, Depart-
ment of Geology and Geophysics.

Cassidy, D.S. 1973. Antarctic Marine Geology Research Facility, 1972-
1973. Antarctic Journal of the U.S., 8(6), 356-337.

Cassidy, D.S. 1988. The ARA Is/as Orcadas marine geology coring pro-
gram: A research bibliography. Polar Record, 24, 223-230.

Kaharoeddin, F.A., M.D. Russell, S.D. Weiterman, C.R. Cooper, T.H.
Lang, D.R. Clark, J.M. Covington, J.V. Firth, J.L. Applegate, S.
Knüttel, and J . R. Breza. 1988. The United States Antarctic Research
Prograiii in the western Ross Sea, 1979-1980: The sediment descriptions
(Contribution 53). Tallahassee: Florida State University, Department
of Geology, Sedimentology Research Laboratory.

Lawyer, L.A. 1988. Cruise report, R/V Polar Duke 04-88 (informal doc-
ument). Austin, Texas: University of Texas, Institute for Geophysics.

National Science Foundation. 1987. Glacier returns from last southern
voyage. Antarctic Journal of the U.S., 22(1/2), 15.

Antarctic Bibliography
issued in new format

G. 	TiILRO\'7I

hcici Ut' ioid icc/i iiolo'i/ L)i cis ion
Libraril of Congress

t"v'asii nit,'ton, Li. C. 20:540

Since its inception in 1963, the Antarctic Biblwgra p/ni Project
at the Library of Congress has been providing bibliographic
coverage of the world's antarctic literature. Over the years,
various methods of preparation were adopted and different
bibliographic products emerged.

Citations were first typed on 5-by-7-inch cards, with index
terms in the margins. These were reduced photographically,
printed, and cut to a 3-by-5-inch format. The printed cards
were mailed to a number of recipients, including the Office of
Antarctic Programs at the National Science Foundation, where
complete files were maintained by author, subject, location,
and grantee. The hierarchical structure of the subject terms
allowed manual retrieval at up to three levels of specificity.

After card production, the margins of the 5-by-7 manuscript
cards were cut off and the remainder of the cards, containing
the citations and abstracts, were mounted on boards, arranged
in 13 subject categories. When the number of items mounted

reached 2,000, the boards were reduced photographically,
printed, and assembled into hard-bound volumes, along with
indices typed from the alphabetized 3-by-5-inch cards.

With the advent of automation, card production was dis-
continued and publication of a monthly current-awareness bul-
letin was begun, in September 1972. A single keyboarding of
the permanent bibliographic records now allowed for produc-
tion, without further human intervention (except for quality
control), of different publications, such as the monthl y Ciirremit
Antarctic Literature (CAL), the hard-bound Antarctic Biblmo,çma pin,
(now cumulated every 18 months rather than for ever' 2,000
items), alphabetical indices for different lengths of cumulation,
and others.

Eventually, the computer file itself became a bibliographic
product when it was made available for online access by a
commercial vendor, the ORBIT Search Service. With its so-
phisticated search programs the online data base offers much
more effective means of retrieval than the printed indices,
selecting and printing the desired records in a fraction of time
time that would be required for consulting volume after vu!-
ume of printed material.

Finally, taking advantage of progress in technolog y , anutimer
product was developed. Since the summer of 1989, the entire
Cold Regions Database, containing over 147,000 bibliographic
records, of which over 40,000 are relevant to the Antarc0c, is
available on a single compact (CD-ROM) disc, for use ' tIm a
personal computer.

The CD-ROM format offers all the capabilities of online IC
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trieval and several additional advantages, such as unlimited
access at any time, lower cost if the system is used as little as
a few hours per year, no telephone fees, immediate output,
interactive searches without time pressure, the convenience of
desktop reference, etc.

At the request of our sponsors, the National Technical In-
formation Service contracted for the production of the CD-
ROM. The disc is available from the National Information Ser-
vices Corporation (NISC), 3100 St. Paul Street, Baltimore, MD
21218 (telephone 301/243-0797); it is priced at $595.00 for a 1-
year subscription with an update after 6 months.

Retrieval is performed through Dataware CD-Answer soft-
ware modified by NISC, in High Sierra/ISO 9660 format. The
system operates on IBM or IBM-compatible hardware. CD-
ROM drives are available from NISC in the United States and
Canada.

The data base can be searched, or searches limited by a
number of bibliographic fields, including record number; au-
thor (personal or corporate); source; subject (general or spe-
cific); geographic location; name of journal, conference, or
compendium; abstract; language; date, or combinations of the
above, using Boolean logic. The number of possible permu-
tations is practically unlimited.

The many other features include extensive help displays,
multiple display and print format, browsing of indices, point-
ing and shooting of search terms, record and frequency counts,
saving of queries, phrase searching, truncation, highlighted
search terms and results, and printed documentation.

The Antarctic Bibliography in this new format will be of par-
ticular value to the U.S. antarctic stations where it will replace
the cumbersome paper copies and, in combination with the

microfiche files, provide quick access to all the topics dealt
with in much of the world's antarctic literature.

The advent of this latest addition to the family of products
based on the Cold Regions Database raises anew the question
that must be faced by all information system designers: should
the new format replace some of the older forms or be added
to them? In current practice, the latter alternative is usually
chosen, because many users are unable to take advantage of
expensive advanced technology. On the other hand, producers
will naturally seek ways in which new products can be used
to reduce some of the costs of production and distribution.

In the case of the Antarctic Bibliography, monthly and cu-
mulative print products have been maintained together with
online and CD-ROM versions of the data base. Only one mea-
sure of cost reduction was adopted: author and subject indices
to CAL will no longer be issued. Instead the cumulative Ant-
arctic Bibliography, with author, subject, geographic and gran-
tee indices will be shifted from an 18-month to an annual
schedule.

Every one of the different bibliographic products offered to
the community of antarctic scientists or scholars derives, of
course, from the data base which is the result of diligent com-
pilation of citations and abstracts for some 27 years. By con-
tinuing to augment the data base in machine-readable form,
the prerequisites are maintained for the creation of products
taking advantage of the latest technology.

To facilitate the basic task of compilation, authors and pub-
lishers are encouraged to send publications, reprints, or cita-
tions to the Library of Congress, Science and Technology
Division, Special Projects Section, Washington, D.C. 20540.

The antarctic mapping program

LOWELL E. STARR and FREDERICK S. BROWNWORTH

National Mapping Division
U.S. Geological Survey
Reston, Virginia 22092

During the 1988-1989 antarctic research season, the U.S.
antarctic mapping program undertook a diversity of projects:
• 1:250,000-scale satellite image mapping,
• 1:250,000-scale reconnaissance mapping,
• 1:1,000,000-scale mapping on the 1MW format,
• 1:50,000-scale topographic mapping,
• doppler satellite and geodetic control field surveys,
• gravity data acquisition,
• aerial photography,
• Scientific Committee on Antarctic Research (SCAR) Library

for Geodesy and Geographic Information operations,
• and South Pole Station mapping needs.

The U.S. Geological Survey surveying team, Timothy Han-
non and Philip Ibarra, participated in a joint geodetic control
survey and gravity data collection effort with New Zealand
Department of Survey and Land Information surveyors. The
control data acquired will support future 1:50,000-scale topo-
graphic mapping in areas of high scientific interest to the north

of the McMurdo Dry Valleys in southern Victoria Land. The
U.S. Geological Survey will carry out the data analysis needed
to provide the mathematical framework to begin converting
the existing geodetic data to WGS-84 as recommended at the
recent XX SCAR meeting. This season's accomplishments in-
cluded acquisition of doppler satellite data for four stations,
horizontal and vertical observations, sea-level ties at Scott Base
and Cape Roberts, and acquisition of gravity data. In addition,
six control stations on Minna Bluff were paneled for aerial
photographic purposes. Coverage for four stations was ob-
tained for use in future mapping programs.

Other survey activities included repositioning the true geo-
graphic South Pole marker, providing assistance to two sci-
entific projects, and preparing a map of the U.S. Navy UH-IN
helicopter 12 crash site.

The 1:250,000-scale Landsat multispectral scanner image
mapping project in the McMurdo Sound Region is on schedule;
the original data processing is now nearly completed. Follow-
on Landsat multispectral scanner projects are being identified
and, in cooperation with the National Aeronautics and Space
Administration, Landsat Thematic Mapper data are being ac-
quired to prepare satellite image maps of Siple Coast ice streams
D and E.

Six 1:250,000-scale Landsat multispectral scanner image maps
in-work and three 1:250,000-scale reconnaissance series maps
are being prepared for publication later this year. This will be
followed by publication of a new million-scale map, Deep Freeze,
that will provide coverage for northern Victoria Land.
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During the year the U.S. Geological Survey completed its
contribution under a U.S. Geological Survey/New Zealand
agreement to prepare 1:50,000-scale topographic maps of the
McMurdo Dry Valleys. Cartographic materials for five maps
were shipped to New Zealand for compilation and digitization.
Publication of these 1:50,000-scale maps is planned for 1990-
1991. The remaining four topographic maps initially included
in the project have been deferred pending rephotography of
that area. Additional large-scale mapping projects are being
evaluated and grantees are encouraged to submit their future
needs for the outlying years to the National Science Founda-
tion's Polar Science Section, Polar Earth Sciences Program
Manager, and/or the U.S. Geological Survey.

The following aerial photography was acquired:
• the Cape Crozier penguin rookery,
• partial coverage of the Cape Roget penguin rookery,
• Siple Coast ice stream B,
• vertical and oblique coverage of the South Pole Station and

Mount Howe,
• the blue ice area at Dominion Range, and

• the Marble Point area.
The SCAR Library for Geodesy and Geographic Information

assisted numerous antarctic research projects by making geo-
detic data, satellite images, aerial photographs, maps, charts,
and other data available, and by providing technical staff sup-
port to aid scientists, cartographers, authors, and others in
planning their work in Antarctica and/or preparing to publish
their reports.

During the year the library was relocated to new quarters
in the U.S. Geological Survey National Center to serve the user
community better. Computer terminals were installed and a
series of digital data bases is planned to inventory the antarctic
source materials. A large collection of soviet 1:200,000- and
1:100,000-scale topographic maps was received, as well as a
computer printout of available soviet KATE-200 and KFA-1000
satellite imagery. These items will make a valuable addition to
the library. A floppy disk of antarctic maps and charts was
received from the secretary of the SCAR Working Group on
Geodesy and Geographic Information which will be used to
verify the Library's collection.

Antarctic support operations,
1988-1989

R.A. BECKER

ITT/Antarctic Services, inc.
Paranius, New Jersey 07652

ITT/Antarctic Services, Inc., (ANS) activities during 1988-
1989 marked the ninth year of providing support services to
the United States Antarctic Program (USAP). Services are pro-
vided in both continental Antarctica and the Antarctic Pen-
insula. Project management, with headquarters in Paramus,
New Jersey, oversees the provision of personnel, materials,
and specialized logistics to USAP's four major stations and
remote field sites in the Antarctic. Offices in Port Hueneme,
California, and Christchurch, New Zealand, support conti-
nental antarctic activities, while support of Antarctic Peninsula
and ship operations are provided through maritime agents in
South America.

ANS'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,
Siple Station, Palmer Station, and field camps;

• engineering and construction of new facilities and the ren-
ovation of existing infrastructure systems throughout the
Antarctic;

• operation of the research vessel RIV Polar Duke and other
ice-strengthened vessels which are subcontracted by ANS
for the National Science Foundation.
McMurdo Station. During the 1988 winter, in addition to on-

going tasks in operations and maintenace of station facilities,
a complement of construction personnel worked on various

assigned projects. Among the work completed was the interior
fitting of dormitory 208, extensive modification of T-5 struc-
tures for use as recreational club facilities, demolition and re-
moval of many temporary housing structures, and fabrication
projects for science support in advance of the coming austral
summer season. In late August, a contingent of ANS personnel
was deployed to McMurdo Station via the annual winter fl y-
in. Construction crews continued the work on berthing and
other support facilities while an augmented operations and
maintenance department began work on the planned transi-
tion of Navy public works functions to ANS. Other highlights
of this period included the support of the third year of antarctic
ozone depletion studies by the National Ozone Expedition,
conversion of building 64 into shop facilities, layout of foun-
dation footings and column placement for the new science
laboratory buildings, and reactivation of the Williams Field and
ice runway sites.

Austral summer operations were characterized by the field-
ing of a large number of complex projects at McMurdo Station
and surrounding environs. Support to science included the
completion of over 200 construction work orders, rehabilitation
of the inventory of fish huts, construction and activation of
science camps at Cape Chocolate, Lake Fryxell, Cape Evans,
and sea-ice research sites, fabrication and site assistance in the
establishment of science facilities at South Pole Station and at
the Siple Coast glaciology project camps, completion of a new
dive locker for use by research diving groups.

Construction activities during the austral summer were
highlighted by the continued work on the new science labo-
ratory. Two of the three phases of the structure were erected
and major utilities equipment was placed within the structures.
The prefabricated foundation system for dormitory 209 was
placed and work was finalized on the punch list tasks devel-
oped for the three previously erected dormitories. Other not-
able projects included the beginning of an upgrade program
for the base utility system, construction of a new chapel, earth-
works in advance of upcoming construction projects, and con-
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siderable work in the environmental clean up and retrograde
program.

The Eklund Biological Laboratory support staff provided ser-
vices to 53 researchers representing 11 science projects. During
the austral summer, 5,200 kilograms of frozen samples, con-
sisting of glacier ice, snow, meteorites, and biological speci-
mens were maintained and handled. Fourteen drums of
radioactive waste from McMurdo Station were packaged for
disposal.

The Berg Field Center, continental Antarctica's facility for
outfitting research and support personnel destined for remote
field sites, provided equipment to 400 personnel during 1988-
1989. Instruction in snowcraft survival was provided to 680
participants and Berg Field Center staff were active in the
search-and-rescue team.

McMurdo Station commenced winter operations on 25 Feb-
ruary 1989.

South Pole Station. Austral summer activities at South Pole
Station, which began with the opening flight to the site on 29
October 1988, focused on ANS's provision of support to re-
searchers in meteorology, astronomy, and astrophysics as well
as on the continuation of work required to maintain, upgrade,
and extend the useful life of the station facilities. Chief among
the science support projects accomplished were:
• the reactivation and on-going maintenance of a remote fa-

cility used for studies of helioseismology;
• the successful fielding of the cosmic microwave background

radiation researchers that included the construction of a new
support facility and the coordination of complex logistics
support;

• the installation of an interferometric spectrometer in the Sky-
lab building;

• assumption of responsibility for recruitment, hiring, and
training of the winter-over science technician.
Seasonal operations and maintenance projects at South Pole

Station included:
• the structural framing and enclosure of a two-story addition

to the communications building;
• installation of a new MICRO VAX II station mainframe com-

puter;
• the installation of a new fire alarm system;
• erection of a new summer camp berthing Jamesway; and
• the reconfiguration of an existing module into expanded

head facilities.
During the course of work on the dome survey project, a

failed structural member was discovered which necessitated
the digging out and inspection of the entire geodesic dome
base ring foundation. Support was also provided to the blue
ice runway survey project, the sewer outfall monitoring work
and the testing of a meteor burst communications system.

South Pole Station closed on 14 February 1989 with a com-
plement of 15 ANS and five science personnel wintering over
at the site.

Sip/c Station. Siple Station, deactivated for the 1988 winter
period, was reopened on 23 November 1988 using the char-
tered Twin Otter aircraft for put-in. A small crew consisting
of five ANS and two Stanford University personnel were on
site for 6 weeks to prepare and pack for shipment to the United

States valuable materials in advance of final deactivation of the
station. Seven operational LC-130 flights resulted in a retro-
grade of 44,400 kilograms of materials and equipment from
the site. Following a selective disablement program, Siple Sta-
tion was closed on 13 January 1989.

Sip/c Coast Camps. Two remote field camps were activated in
support of the glaciology and geophysics investigations in the
Siple Coast region during 1988-1989. The camp at Upstream
B, last active in the 1985-1986 austral summer season, was re-
established and the facilities expanded. A new site of inves-
tigation, Upstream C, was constructed for a peak population
of 25 personnel. Both of these facilities served as base camps
for surface vehicle based research as well as for aerial inves-
tigations using chartered Twin Otter aircraft. Upstream C camp
was operational during the period from 11 November 1988 to
27 January 1989 while Upstream B was operational from 14
November 1988 until 11 January 1989.

Charter aircraft services were again provided through ANS's
subcontract with Kenn Borek Air, Ltd. Two similarly equipped
and configured Twin Otters were used for support of the Siple
Coast glaciology program, the blue-ice runway surveys, the
opening up of Siple Station, and the positioning of researchers
at satellite sites remote from the field camps. A total of 394
mission hours was flown during 1988-1989.

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 ANS's hus-
banding agents in South America. Austral summer operations
commenced with the arrival of the summer support crew on
20 October 1988.

The station supported 11 science programs during the course
of its operations in 1988-1989. In addition to the routine fa-
cilities maintenance tasks, ANS's operations and maintenance
personnel were involved in a number of critical upgrade and
rehabilitation projects including the change out of primary
diesel generator sets within the main power plant and the
conversion of T-5 to a support facility for the Terrascan System.
As in years past, a number of port calls were made by com-
mercial tour vessels. Extensive support was rendered to special
clean up and environmental impact investigation teams sub-
sequent to the sinking of the Bahia Paraiso.

Ship Operations. The 1988-1989 operating season saw the
RIV Polar Duke, chartered by ANS for the National Science
Foundation, used to even greater capacity than in years past.
Operating time over this 1-year period reached 339 days. Proj-
ects supported by the R'V Polar Duke included: the AMERIEZ
investigative cruises; research in Marine Biology, Physical
Oceanography and Field Geology; and shuttles of personnel
and equipment from King George Island in support of work
subsequent to the sinking of the Bahia Paraiso. With the sus-
pension of U.S. Coast Guard icebreaker service in the Antarctic
Peninsula area, R/V Polar Duke became the primary vessel for
all shipments of cargo and fuel to Palmer Station moving over
159,000 kilograms of material and 435,000 liters of marine grade
diesel oil to the site.

ANS support services were provided under National Science
Foundation, contract number DPP 80-03801.
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U.S. Naval Support Force,
Antarctica: Station operations,

1988-1989

L. REED, LIEUTENANT, USNR

P111)/ic Affairs Officer
U.S. Naval Support Force Antarctica

Point Hueneine, California 93043

Operating the United States of America Antarctic Program
each season is a complex job, demanding a constant supply
of material and human resources.

McMurdo Station must rely upon a system of smooth inter-
departmental operations to meet its objectives. The parent U.S.
military contingent, U.S. Naval Support Force Antarctica
(NSFA), helps to accomplish this goal with an organization
consisting of nine departments: administration, communica-
tions, operations, supply, public works, medical, terminal op-
erations, morale/welfare/recreation, and safety/training. (See
figure 1.)

Daily functions can be the routine publishing of official in-
structions and directives in the administrative department or
can involve large amounts of equipment and personnel.

One of the most essential links is the operations department
and its Air Traffic Control Division (ATC).

The ATC division maintains the McMurdo (MAC) Center.
The MAC Center is reponsible for providing en route flight
following for air traffic control, separation of aircraft, and search
and rescue. These services are provided by high-frequency
voice radio for aircraft operating south of 600 S. MAC Center
is assisted by other antarctic stations in providing these ser-
vices. For flights between antarctic stations and New Zealand,
MAC Center coordinates with Auckland Radio. The point for
transfer of control and responsibility between MAC Center and
Auckland Radio is 60 degrees south latitude.

During Operation Deep Freeze 1989, MAC Center handled
3,390 LC-130 flight hours and 1,232 UH-1N helicopter flight

Figure 1. The terminal operations department of the Naval Support
Force Antarctica is responsible for the loading and unloading of
all cargo used by science and military personnel in Antartica. (Of-
ficial U.S. Navy photograph.)

hours. The LC-130s carried a total of 3,496 passengers to and
around Antarctica, delivered 3,798,183 pounds of cargo, 112,530
pounds of mail, 114,256 gallons of JP (jet petroleum) fuel, and
173,276 gallons of DFA (diesel fuel arctic). Total pounds moved
reached 6,909,207.

Communications is another major component of the support
force. This department serves the station's technical needs by
handling incoming and outgoing message traffic, as well as
satellite/radio systems communications, and personal com-
munications as available, which contribute to morale.

The satellite communications system provides McMurdo
Station with voice communications to the rest of the world via
a land earth satellite.

MARS is a system of radio communications which relies on
volunteer military and civilian ham radio operators and is de-
signed as a back-up military communications system. As a way
of keeping operators' skills sharp in peacetime, this network
provides "telephone" service for military and civilian partici-
pants of the USAP. Phone calls originating in Antarctica are
"patched" into the short-wave radio transmitter, broadcast to
a receiving MARS operator in the United States, and then
patched back into the phone system as a collect call.

Another MARS service is the "MARS gram." A MARS gram
is a short letter, transmitted by ham radio from the MARS
operator at one end to the other. The recipient operator then
mails the letter through the regular postal service. This system
cuts days off the regular antarctic mail service and provides
personnel with another means for communicating home. Seven
hundred and thirteen MARS grams were sent and 573 received
during the 1988-1989 summer season.

More than 130,000 messages were broadcast over three cir-
cuits (US-16, US-18, and US-19) which are used to pass tele-
type, facsimile, weather information, and administrative traffic
between McMurdo, Christchurch, and outlying stations and
ships.

A project of considerable significance to USAP's mission was
the testing and evaluating of synthetic extreme cold weather
(ECW) clothing. A wide variety of clothing, ranging from par-
kas and overtrousers to goggles, and fast-assembly tents were
tested. While most items yielded positive results, more exten-
sive testing will be completed at the end of Operation Deep
Freeze 1990.

NSFA's Terminal Operations Department began the 1988-
1989 season coordinating the shipment of a 12,000-liter con-
tainer of liquid helium to the South Pole in support of the
cosmic microwave background Radiation project.

The department coordinates movement of all cargo and pas-
sengers for the United States Antarctic Program from the United
States to McMurdo Station and outlying camps and stations.
In the process the department works with U.S. Air Force,
Navy, and Air National Guard, Royal New Zealand Air Force
aircraft, and U.S. Coast Guard and Military Sealift Command
ships. (See figure 2.)

By the end of the 1988-1989 season, Terminal Operations
had overseen the movement of more than 10,000 tons of ship-
borne cargo and one and three-quarter million pounds of air-
borne cargo.

NSFA also provided medical care for personnel at McMurdo
Station, outlying stations and field camps. The clinic at McMurdo
Station provides everything from daily medical and dental sick-
call to emergency care. It also houses a four-bed medical ward
and X-ray services.

The Navy winter-over hospital corpsman at Palmer Station,
Chief Petty Officer Dennis Hampton, was involved in the res-
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Figure 2. A U.S. Air Force C-141 Starlifter cargo plane comes in for
a landing at the ice runway at McMurdo Station. Each year the ice
runway is rebuilt for the summer season. (Official U.S. Navy pho-
tograph.)

cue of the Bahia Paraiso, the Argentine icebreaker which sank
a mile off the coast of the station on 28 January 1989. Hampton
provided first aid, treatment for moderate hypothermia, su-
turing, and local anesthetic aid. In addition, he initiated a
search aboard the ship for medications required by elderly
tourists and established a 15 bed-field hospital. Hampton helped
to set up living spaces at the station, a considerable task due
to the fact that Palmer, built for a population of 40 personnel,
swelled to 317. He also assisted in meal planning for the sur-
vivors and a station clean-up.

The Marble Point Air Facility, a refueling station for heli-
copters supporting outlying science camps, was refueled by
the U.S. Coast Guard icebreaker Polar Sea (WGAB-11) in the
first ship-to-shore refueling operation in the history of the
continent.

Figure 3. Unloading cargo from the supply ship M/V Green Wave
is a major task at the end of the austral summer season. The ship
resupplies the station with food, equipment, and other essentials
for the winter. (Official U.S. Navy photograph.)

NSFA's Public Works Department resupplied the Marble
Point station at the beginning of the season via motorized
traverses of the Ross Ice Shelf which carried food, equipment,
and fuel to the facility. Located approximately 60 miles from
McMurdo Station, the facility is manned by three naval-mem-
bers, an aerographer, construction mechanic, and a utilities-
man. They live and work at this isolated site and outside of
their regular occupations of weather-observation, mainte-
nance, and plumbing, they share responsibilities of cooking,
cleaning, and laundry.

Naval Support Force Antarctica serves as the primary sup-
port system for scientific research efforts on the continent. As
an integral extension of the National Science Foundation's Di-
vision of Polar Programs, this unit's mission continues to grow
and be shaped by ever-changing needs of a bustling science
community on the world's last continent. (See figure 3.)

U.S. Naval Support Force,
Antarctica: Detachment operations,

1988-1989

L. REED, LIEUTENANT, USNR

Public Affairs Officer
U.S. Naval Support Force Antarctica

Point Huene,ne, California 93043

Naval Support Force Antarctica carries out its mission from
four locations. During the austral summer season, the main
body of NSFA personnel deploys to McMurdo Station. Two
other detachments provide technical and logistical support for
McMurdo, and the unit's homeport headquarters at Port Hue-
neme, California, and a logistic staging area at Christchurch,

New Zealand. During the winter season, command of the
support force in McMurdo is turned over to a detachment
officer-in-charge. This action formally establishes the fourth
location, Detachment McMurdo.

Prior to the beginning of each summer season, Naval Sup-
port Force Antarctica's Port Hueneme detachment selects one
or more representatives from various departments to provide
liaison and research for the command when communications
and time schedules make it difficult for deployed personnel to
accomplish those objectives. Additionally, Naval Support Force
Antarctica's homeport representatives are responsible for co-
ordinating cargo and passenger operations for the continental
United States portion of transit to and from Antarctica, and
material control operations within the United States. They also
coordinate the loading of cargo bound for McMurdo Station
onto the Military Sealift Command vessel M/V Green Wave.
This cargo consists of supplies used for end-of-season replen-
ishments for the upcoming winter, and through the next sum-
mer season, at McMurdo, South Pole, and Palmer Station.
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The task set before the Christchurch detachment is consid-
erably more involved than that of Port Hueneme (figure 1). A
detachment officer-in-charge, who reports directly to the com-
mander, maintains jurisdiction over all personnel transiting to
and from Christchurch. The officer-in-charge also performs as
the local coordinator for Naval Air Systems Command in New
Zealand and as Naval Aviation Engineering Support Unit point
of contact for Navy Calibration Lab activities in that country.

As a public information delegate, the officer-in-charge es-
tablishes and directs community relations, public affairs, and
information programs for the U.S. Navy and Operation Deep
Freeze. The officer-in-charge acts as the U.S. military liaison
to the American Embassy in New Zealand and serves as the
single point of contact with local government and civilian agen-
cies on matters regarding policies, procedures, and directives
affecting Operation Deep Freeze.

The detachment as a whole functions as a microcosm apart
from McMurdo Station. Administratively, Detachment Christ-
church provides per diem computations for transiting person-
nel, counseling services, administers advancement
examinations, offers educational support services, and clerical
services.

The communications department provides flight following
for U.S. aircraft missions to and from Antarctica. It also pro-
vides high-frequency radioteletype, facsimile, and voice circuit
communications with McMurdo Station on a 24-hour basis.
Circuit links are also kept with the New Zealand Ministry of
Transport Civil Aviation Weather Network.

VXE-6's air department provides intermediate level support
for all ground support equipment and conducts safety in-
spections on all stock equipment. It also provides calibration
services for precision measuring equipment to supported ac-
tivities (figure 2).

Purchasing and contracting services for McMurdo and
Christchurch military units are handled by the Supply De-
partment. The shipping and receiving of general and aviation
supplies is under its operational control. Supply also oversees
the detachment's civilian personnel program and maintains
records for other civilian personnel employed in New Zealand.

Quarters and other facilities in Christchurch are maintained
by the detachment Public Works Department, which also co-

Figure 1. U.S. Naval Support Force Antarctica operates a detach-
ment at Christchurch, New Zealand. Detachment Christchurch
functions as a cargo and personnel staging area for flights to and
from Antarctica. (Official U.S. Navy photgraph.)

Figure 2. Maintenance personnel perform a preventive maintenance
check on their equipment prior to its operation. (Official U.S. Navy
photograph.)

ordinates and provides construction services for the U.S. Naval
Observatory in Black Birch, New Zealand. Transportation
management for government-owned vehicles is controlled by
the department.

Other detachment operations include medical and dental
services, weather services, and the management of a Navy
Exchange retail store and a military post office.

Perhaps the busiest component of the detachment is the
terminal operations department. The detachment terminal op-
erations officer coordinates with the CNSFA terminal opera-
tions officer and through him with Norton Air Force Base,
Hawaii, Hickam Air Force Base, Hawaii, and Naval Air Station,
Point Mugu, California, and other air terminals as appropriate
for receipt and loading of air cargo and personnel. Along with
exercising control over contractor, science and military pas-
senger, and cargo movements through New Zealand, terminal
operations responds to hazardous material retrograde require-
ments at the end of each summer season (figure 3). Quality
assurance of all containers and packages is maintained, and
authorization for shipping animal and plant specimens is con-
ducted through this department to the New Zealand Depart-
ment of Agriculture.

Lastly, the McMurdo Station winter-over detachment serves
essentially as a maintenance force for the interim between
austral summer seasons. During the winter of Operation Deep
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Figure 3. Personnel from U.S. Naval Support Force Antarctica's
Terminal Operations department are charge with the safe and proper
disposal of hazardous materials from the continent. (Official U.S.
Navy photograph.)

Freeze 1989, Detachment McMurdo completed several note-
worthy projects. The station's largest finished structure, build-
ing 155, underwent a significant enlargement of the ship's
store, and personnel and finance office spaces were created.
The station library, laundry facility, gymnasium, and package
store were installed with new electrical wiring, as well as a
new heating system, plumbing, tile, a suspended ceiling, fire
sprinkler, and new walls. The pier cargo office received similar
improvements except new walls, a heating system, and fire
sprinkler. Additionally, a plumbing upgrade in the medical

building and new telephone wiring and carpeting in the per-
sonnel and finance building were completed.

In the area of electronic communications, a new computer
procedure allowed for a faster, more efficient means for elec-
tronically routing all messages and electronic mail to each de-
partment. The elimination of hard-copy messages proved a
considerable time-saving aspect.

During the winter-over season, the Naval Support Force
Antarctica Public Works Department monitors the thickness
of and constructs the annual ice runway in preparation for C-
141 landings during the special winter flight operations and
the start of the deployment flights in the summer.

Also in the winter, Public Works begins work on the annual
ice pier. The removal of the soil cap above the pier began on
8 March and was completed 25 March, a project involving all
members of the transportation division. Approximately 2,150
cubic yards of soil was removed. The ice pier was then re-
capped with 4 feet of ice for structural upgrade. The capped
surface is later protected and insulated with a layer of soil to
make the surface suitable for continuous heavy-vehicle oper-
ation during ship offload.

The pier, measuring roughly 95-by-75 meters, was re-capped
by eight to ten Public Works personnel at various points
throughout the process. The element of danger was always
present, since severe winter weather, fatigue, and the oper-
ation of heavy equipment on an uncertain ice surface were
constant factors.

Collectively, Naval Support Force Antarctica and its detach-
ments incorporate the services of a variety of international
government and private agencies to maintain a continuous
modern civilization in an otherwise untamed domain.

U.S. Naval Support Force,
Antarctica: Weather operations,

1988-1989

L. REED, LIEUTENANT, USNR

Public Affairs Officer
U.S. Naval Suport Force Antarctica
Point Hueneme, California 93043

Antarctica is the land of science, where research and explo-
ration are the focus of U.S. national policy. The mechanics by
which this policy is carried out rely almost entirely upon an
effective, responsive, and safe logistic support program.

Safety is the driving concern in all logistics operations. Avia-
tion, ship, and cargo operations are potentially dangerous in
any locale but particularly in an environment as harsh as Ant-
arctica. The hazards associated with whiteout conditions, fog,
hurricane-force winds, severe wind chill, and shifting ice floes
make weather support synonymous with safety support.

The ability to obtain accurate weather observation data, eval -
uate the present synoptic situation, and formulate an accurate
forecast is the mission of the weather office. The forecast is
crucial to the success of the logistics mission and to the safety

of all concerned. Data from manned camps, from automated,
unmanned weather stations and from remote sensing satellites
is the lifeline of the weather office. The quality of the forecast
depends upon the accuracy and timeliness of all available in-
formation. (See figure 1.)

Antarctica is largely devoid of data-gathering facilities. There
are presently 34 manned antarctic stations and 29 automatic
weather stations which routinely report weather in an area
approximately the size of the United States and Mexico. Eleven
of the manned stations are located on the Palmer Peninsula
thus making the available data somewhat clustered and not
well dispersed. (See figure 2.)

Reports from manned stations and camps are transmitted
off the continent via the host country's communication net-
work. A few stations which routinely experience good high-
frequency communications with one another will exchange
data directly. Once the data reaches the host country, it is
directed into the World Meteorological Organization (WMO)
communication network and made available to the remainder
of the antarctic community. In this manner, data is freely ex-
changed, usually within a reasonably short period of time.

The U.S. Antarctic Program's all-Navy weather staff uses a
unique polar-orbiting satellite system developed specifically
for Operation Deep Freeze by the Scripps Institute in La Jolla,
California. Four times daily, satellite images are relayed from
McMurdo to the Antarctic Research Center at Scripps for re-
cording in their archives.
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Figure 1. Upper-air research is a large component of the daily op-
erations of the McMurdo Station weather office. Flight plans and
scientific studies depend upon the accuracy and timeliness of such
research. (Official U.S. Navy photograph.)

Figure 2. A U.S. Navy aerographer's mate records air pressure
readings from a plotted chart of the continent. (Official U.S. Navy
photograph.)

As the satellite passes over different areas of the continent,
it locates one area commonly seen on all views of each pass.
The satellite then extracts that geographical piece and displays
it on a monitor. By using a series of photos taken at different

Figure 3. The U.S. Coast Guard icebreaker Polar Star, shown here
docked at the McMurdo Station ice wharf, is the sister ship of the
Polar Sea, which is supported by the U.S. Antarctic Program during
the 1988-1989 austral summer. (NSF photograph by Ann Haw-
thorn.)

points in the satellite's course, a film look, or flicker, of that
area can be developed, allowing us to animate the motions of
cloud patterns over that area.

With the exception of data from Palmer Station, all weather
observations from the United States Antarctic Program re-
porting stations are forwarded to McMurdo Station. These
reports are rebroadcast via high-frequency teletype to Christ-
church, New Zealand, where they are then inserted into the
New Zealand meteorological data circuit. From Christchurch
the data is sent to Wellington, New Zealand, put into the
World Meteorological Organization data stream and made
available to all potential users.

Weather forecasting, particularly in Antarctica, is an oper-
ational science. At present, very little is known about the dy-
namics of the weather phenomena which influence our logistics
operations. The high-latitude forecaster is constantly searching
for more data, new pieces of information which will help ex-
plain the development and movement of weather systems.
Effective, responsive communication is the key to ensuring all
sources of data are available to the forecaster. Without access
to all of the data presently available, the forecaster-scientist
cannot hope to contribute to the understanding of high-lati-
tude meteorology. (See figure 3.)
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U.S. Naval Support Force,
Antarctica: Ship operations,

1988-1989

L. REED, LIEUTENANT, USNR

Public Affairs Officer
U.S. Naval Support Force Antarctica

Point Heuneine, California 93043

One U.S. Coast Guard and two civilian contract ships trav-
eled to McMurdo Station during the 1988-1989 summer sea-
son. USCGC Polar Star remained in Seattle on standby from 1
January through 28 February. (See figure 1.) The USCG Polar
Sea (WGAB-11) provided icebreaking support; the M/V Paul
Buck Transported fuel to the station and onloaded retrograde
fuel; and the M/V Green Wave resupplied the station to meet
the needs of the upcoming winter season.

Leaving Seattle 7 November, the Polar Sea charted a course
south to the frozen continent. (See figure 2.) Onboard were
2,200 cases of soda and a Bailey Bridge, used when unloading
cargo at McMurdo Station's ice pier.

During its voyage south, the Polar Sea made port calls in
Noumea, New Caledonia; Hobart, Tasmania; and Geelong,
Australia. In Hobart, three U.S. Navy personnel were em-
barked to work with the Coast Guard icebreaker in a fuel
retrograde operation as part of close-out operations and en-
vironmental safety precautions at Cape Hallett. This 1-day op-
eration saw 190 kiloliters of fuel removed. Departing Cape
Hallett, the cutter conducted operations en route to Inexpres-
sible Island, Terra Nova Bay, and Franklin Island.

During the first week in January, the icebreaker cut an 8
nautical mile-long ice-free channel to McMurdo Station on Ross
Island, eventually mooring at the ice wharf for cargo offload.
(See figure 3.) Admiral P.A. Yost, Commandant USCG and
Rear Admiral R.A. Nelson, Chief Office of Navigation, Safety
and Waterways Services (USCG) visited during this period to
observe the icebreaking operations.

%4 1,'.,	......	..	-	4. ..

::

Figure 2. A U.S. Coast Guard icebreaker escorts the supply ship
Green Wave through ice and away from McMurdo Station. (NSF
photograph.)

With a waterway access to Winter Quarters Bay and the ice
pier, the Polar Sea continued its operations of supporting sci-
entific projects and logistical operations.

During the middle of January the Polar Sea provided trans-
port for Peter Wilkness, Eric Chiang, Commander, Naval Sup-

Figure 1. Chunks of annual, or pack, ice drift behind the stern of
the USCGC Polar Star. The Polar Star is one of two polar-class
icebreakers currently operating for the U.S. Coast Guard in the
polar regions. (Official U.S. Navy photograph.)

Figure 3. A refueling ship prepares to dock at McMurdo Station.
The station is situated on Ross Island, the southernmost island in
the world accessible by ship. (Official U.S. Navy photograph.)
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port Force Antarctica (CNSFA) and Operations officer to Terra
Nova Bay to pay an official visit to the Italian station there.

Returning to Erebus Bay and mooring at the ice pier the
Polar Sea began taking on fuel and supplies for Marble Point
Air Facility. Also during this period the ship's dive team con-
ducted an underwater inspection of the Winter Quarters Bay
ice wharf and reported the pier to be generally in good con-
dition.

With the loading of 6,000 liters of JP-5, two pumps, 14 tn-
walls of hose, and associated couplings and fittings completed,
the Polar Sea departed for Marble Point. This operation would
be the first ship-to-shore refueling operation in the history of
the continent.

The Polar Sea, embarked with three U.S. Navy personnel
involved with the refueling of Marble Point, broke through
multiyear ice to within 290 meters of shore. At this time, it
was able to transfer more than 150 kiloliters of JP-5 fuel to the
air facility.

Refueling complete, the icebreaker returned to McMurdo
Sound and began breaking out the ice runway. This allows
new ice to form during the winter months providing a more
structually sound surface for construction of a runway that
wheeled aircraft can land on. The ship's arctic survey boat

operated in the area during this time conducting sounding and
logistic support for the Polar Sea.

With the ice runway broken up, Polar Sea escorted the M/V
Paul Buck, arriving from Geelong, Australia, alongside the ice
pier at Winter Quarters Bay for fuel transfer. With the MIV
Paul Buck moored, the Polar Sea tied up alongside to transfer
the Cape Hallett retrograde fuel and received 200 kiloliters of
JP-5 fuel. After transferring 7,500 kiloliters of JP-4 and 13,000
kiloliters of DFA to shore, the M/V Paul Buck was ballasted
down and towed into the turning basin by Polar Sea and pro-
vided escort out the ice-free channel.

Soon after, the icebreaker escorted the cargo vessel M/V
Green Wave alongside the ice pier. The Green Wave unloaded
5,500,000 kilograms of cargo acquired from Port Hueneme,
California, and Lyttleton, New Zealand. Receiving 2,000,000
kilograms of retrograde cargo the Green Wave was escorted out
of the ice free channel by the Polar Sea. The Polar Sea, with
escorting duties complete, left McMurdo to continue with the
Treaty Inspection team visits and headed home in late Feb-
ruary.

The successful close of the icebreaker Polar Sea's operations
in Antarctica during the austral summer season saw McMurdo
refueled and resupplied in preparation for the upcoming dark-
ness of the winter season on the frozen continent.

U.S. Navy Antarctic Development
Squadron Six activities

1988-1989

LTJG LISA A. TREMBLY

VXE-6 Naval Air Station
Point Mugu, California 9.3042

Antarctic Development Squadron Six (VXE-6) provides the
only regular intracontinental air logistics support for the United
States Research Program (USARP). The squadron also sup-
plements other forms of air and sea support for cargo and
passenger movements between Christchurch, New Zealand,
and McMurdo Station, Antarctica.

Under a memorandum of agreement between the Depart-
ment of Defense and the National Science Foundation, the
squadron's 420 active-duty Navy personnel, made up of ap-
proximately 64 officers (42 pilots, 12 navigators, and 10 staff
support officers) and 373 enlisted personnel (78 aircrewmen,
45 staff support, and 250 maintenance personnel) operate and
maintain six LC-130 "Hercules" ski-equipped airplanes, owned
by the National Science Foundation and six UH-1N "HUEY"
twin-engine helicopters provided by the U.S. Navy.

During the months of the antarctic winter night, VXE-6 is
hard at work training flight crews and maintenance personnel
at the squadron's home base at Naval Air Station, Point Mugu,
California.

The Deep Freeze season for air operations commenced in
mid-August with the departure of four LC-130s from Naval
Air Station, Point Mugu, California, via Hickam Air Force Base,

Hawaii, Pago Pago, and Christchurch, New Zealand. Ex-
tremely poor McMurdo weather throughout most of the season
and the availability of only five LC-130s placed heavy schedule
problems on the program, but optimum use of available re-
sources, efficient scheduling during good weather days, and
the excellent cooperation of science and logistics support per-
sonnel allowed completion of all critical projects close to sched-
ule. During periods of less heavily scheduled operations in
January, several reconnaissance flights for 1989-1990 were con-
ducted.

Winter fly-in commenced with four LC-130 aircraft departing
the continental United States on 15 August. All aircraft arrived
in Christchurch by 18 August. Eight turnaround missions to
McMurdo were completed between 23 August and 1 Septem-
ber. Winter fly-in provides McMurdo Station with personnel
and materials necessary for the opening of the austral summer
season in October. Extreme cold, high winds, and limited day-
light hours make winter fly-in operations the most hazardous
LC-130 flights the squadron faces.

On 12-13 October five LC-130s deployed from Naval Air
Station, Point Mugu, with the the last aircraft arriving in
McMurdo on 30 October. Redeployment commenced from
Christchurch to Point Mugu after completion of all turnaround
flights and station close-out on 26 February 1989. Five aircraft
were returned to Point Mugu on 1 March.

LC-130 science support activity involved multiple party put-
ins, pull-outs, air sampling, and reconnaissance flights. The
largest amount of support was provided to Siple Coast science
with 419.2 hours being flown to various field camps on the
Siple Coast.

No dedicated MEDEVAC flights were required this season.
All patients requiring medical treatment were transported from
South Pole Station to McMurdo or McMurdo to Christchurch
on regularly scheduled logistics flights.
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Two major search-and-rescue exercises and five search-and-
rescue team field exercises were conducted during the oper-
ating season involving many of the command's search and
rescue capability. Significant weekly training was conducted
throughout the season and greatly increased teams' readiness.

Two actual search and rescue events occurred during the
Deep Freeze '89. The first incident occurred in October 1988
when a search-and-rescue team was sent out after a scientist

overdue to McMurdo during severe weather conditions. The
scientist later returned to McMurdo without injury. The second
incident occurred after an aircraft accident on the Ross Ice
Shelf.

During the 1988-1989 season, LC-130 and UH-1N aircraft
flew 4,622.9 hours transporting 7,952,807 pounds of mail, cargo,
fuel, and 5,182 passengers.
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