
Table 2. McMurdo Sound, 1989-1990 field season. Seasonal
changes in abundance and estimated clearance rates of

heterotrophic flagellates at 15 meters. A clearance rate of 5
nanoliters per heterotrophic flagellate per day determined on 19
January 1990 from uptake of fluorescently labelled bacteria (Putt
and Miceli unpublished data) was used to calculate a preliminary

estimate of community clearance rate.

Date	 Station	Abundance 	Clearance rate 

26 Nov 1989	H	 0.1	 1
27 Nov 1989	IE	 0.2	 2
26 Dec 1989	H	 1.5	 18
27 Dec 1989	IE	 0.9	 11

a Includes heterotrophic dinoflagellates in the nanoplankton (1-20 mi-
crometer) size category. Shown in cells per liter x 106.
b Percent at 15 meters per day.

data collected during the 1989-1990 field season to estimate
more accurately bacterivory at both the single species and com-
munity level in McMurdo Sound.

L. Davis, E. Zettler, S. Kottmeier, and the staff of the VXE-
6 and USCG helicopter operations assisted greatly with this
project. This work was supported in part by National Science
Foundation grant DPP 89-16840 awarded to M. Putt and D.K.
Stoecker.
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Quantitative analysis
of the vertical distribution
of overstory macroalgae

near Anvers Island, Antarctica
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ROBERT J . ROWLEY, ROBIN M. Ross, and MICHAEL NEUSHUL

Marine Science Institute
University of California

Santa Barbara, California 93106

In response to the grounding of the Ba/iia Paraiso, the Na-
tional Science Foundation sent our research team to Palmer
Station to assess the impact of the accident on the environ-
ment. We had the opportunity to describe quantitatively the
epilithic macroalgal and invertebrate communities near Anvers
Island. Although the first scuba-diving observations of the
antarctic benthos (in early 1958) were primarily of macroalgae
(Neushul 1959, 1961, 1965), only DeLaca and Lipps (1976) and
Richardson (1979) have quantitatively described antarctic ma-
croalgal vertical distribution. DeLaca and Lipps (1976) de-
scribed two transect sites, also near Palmer Station, apparently
based on single 1-square-meter quadrats per depth.

* Present address: Department of Microbiology and immunology, Univer-
sity of Illinois at Chicago, Chicago, Illinois 60680.

In the present investigation, five study sites were located
near Anvers Island in March or early April 1989: one on the
southeast side of DeLaca Island, one each on the north and
south sides of Hermit Island, and two on the northeastern side
of Dream Island (figure 1). All sites were located adjacent to
steep, rocky shores. The rock substrate extended to at least a
20-meter depth subtidally except at the north side of Hermit
Island site. Permanently marked transects were established at
each site. Transect locations and underwater maps are avail-
able from the authors. Nine-meter-long transects were located
along depth contours at 2, 5, 10, 15, and 20 meters, but not
all depths were sampled at each site (table). The cover of ma-
croalgal overstory was recorded over 1-by-9 meter paths along
the length of each transect using an underwater 8 millimeter
video camera. Six 0.78-square meter quadrats (78 by 100 cen-
timeters) with 25 regularly spaced dots per quadrat were su-
perimposed over the video images at regular intervals along
each transect. The macroalga under each dot was identified
and percent cover for each taxon determined (Littler and Littler
1985). Voucher collections of macroalgae for species identifi-
cation were made from areas immediately adjacent to each
transect. In the summary analysis of data from all sites, equal
weight was given to each depth even though not all depths
were sampled at each site (table). The overstory macroalgal
cover was quantitatively removed from three 0.125-square-me-
ter quadrats (35.4 by 35.4 centimeters) along each transect and
the substrate video-recorded. The percentage cover of encrust-
ing algae was determined from these recordings using 25 reg-
ularly spaced dots superimposed over the video image. All
invertebrates and remaining non-encrusting algae from these
quadrats were subsequently removed for later quantification.
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Figure 1. Location of study sites relative to southwestern Anvers
Island, Palmer Station, and the wreck of the Bahia Paraiso. (km
denotes kilometer.)

Five macroalgal species or groups of species were observed
in the overstory video quadrats:
• Desmarestia antarctica;
• Desmarestia menziesii and Desmarestia anceps;
• Hitnantothallus grandifolius;
• Red blades, primarily Palmaria (Leptosarca) decipiens, Iridaea

cordata, Curdia racowitzae, Myriogramme mangini, Gigartina
skottsbergii, Porphyra plocamiestra, and Sarcodia (Kallymenia)
antarctica;

• Plocamium cartilagineum (perhaps with other Plocamium spp.)
A sixth category consisting of crustose algae and bare rock
was also recorded. A number of understory macroalgae was
also present but were too small to appear clearly on the
video recordings. These included a variety of red algae and
the brown algae Phaeurus antarctica and Adenocystis utricu-
larius.
Overall, 72 percent of the bottom was covered by an over-

story of the large brown algae Desmarestia menziesii, Desmarestia
anceps, Desmarestia antarctica, and Himan tothallus grandifolius
(figure 2). D. menziesii and/or D. anceps occurred at all depths
and were dominant at 2 and 5 meters. D. antarctica dominated
the overstory at 10 and 15 meters. H. grandifolius was also
abundant at 15 meters and dominated at 20 meters. Although
only one site was quantitatively sampled at 20 meters (table),
H. grandifolius was also dominated at 20 meters at the DeLaca
Island site.

Depth counts which were sampled at each study site

Sample depths (in meters)
Site	 2	5	10	15	20

DeLaca Island	X	X	X	X	*

Hermit Island north	X	X	X
Hermit island south	X	X	X	X	X
Dream island 1	X	X
Dream Island 2	X	X

Note: X denotes complete sample; * denotes voucher collection only

sYi A?,;
4q /q

Species Group
Figure 2. Overall percentage cover of overstory macroaigae from
five sites near Anvers Island.

Red blades covered 13 percent of the bottom (figure 2). These
species were present at all depths but most conspicuous at 2
meters. Myriogramme mangini, Gigartina skottsbergii, and Sar-
codia antarctica were most common at 10, 15, and 20 meters
while the other red blade species listed above were most com-
mon at 2 and 5 meters. The red alga Plocamium cartilagineum
covered 4 percent of the bottom overall (figure 2) but was
observed in quantity only at 15 and 20 meters. Crustose cor-
alline algae were present on rocks with and without an over-
story macroalgal canopy. Overall, they covered 77 percent of
the rock surface with similar percent cover at each depth.

These overall patterns were quite similar at all five sites. The
DeLaca Island and two Hermit Island sites were in areas where
the surface of the ocean was covered by an oil-slick resulting
from the grounding of the Bahia Paraiso (Kennicutt et al. 1990)
but the two Dream Island sites were not (or if exposed to the
oil, to a far lesser extent). There were no observable differences
between these two groups of sites with respect to the per-
centage cover of either macroalgal overstory or crustose cor-
alline algae.

We are grateful to J. Campbell, J. Baldell, and several support
personnel from Palmer station for help in the field. This project
was supported by National Science Foundation grants DPP 89-
18276 and supplement to DPP 85-18872.
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The intertidal zone
at Palmer Station, Anvers Island,

Antarctic Peninsula,
in the wake of

the Bahia Paraiso spill

WILLIAM STOCKTON

Institute of Marine Sciences
University of California

Santa Cruz, California 95064

On 29 January 1989, the ship Bahia Paraiso ran aground and
sank in Arthur Harbor, adjacent to Palmer Station, discharging
a large quantities of diesel and jet fuels (Kennicutt 1990; Ken-
nicutt et al. in press). The short- and long-term impact of the
spill on the biological environment raised an immediate con-
cern for the welfare of, the station as well as its value as a
research site.

The intertidal zone around Palmer Station, like the intertidal
zone of the entire antarctic continent, has not been widely
studied. (Antarctic Bibliography lists only 79 references, many
of which apply to the subantarctic islands). Hedgpeth's initial
descriptions (1969, 1970, 1971) and Stockton's preliminary de-
scription of a boulder field assemblage (1973) constitute the
principal references for the intertidal zone at Palmer Station.
None of these surveys was quantitative, however, and the qual-
itative evaluation of the oil spill's effect on the intertidal zone
depends, in part, on the existence of pre- and post-spill
quantitative data. Nevertheless, it is clear from the quali-
tative observations of personnel at the site that the algae and
limpet populations inhabiting the intertidal zone were se-
riously affected by the spill. The algae adjacent to the station,
it was observed, turned brown, and approximately half of
the limpets died.

By the time the oil spill survey team arrived, the bulk of the
oil had dissipated from the harbor, though the ship continued
to leak small amounts throughout March and April. To all
appearances, the intertidal zone had returned to its previous
condition, with some notable exceptions. The lack of pre-spill
information inhibits the assessment of any long-term effects
of the spill; knowing the density of limpets and the abundance
of the intertidal algae, for example, would greatly enhance
scientists' ability to assess the damage done to the area. The
principal intertidal alga, Urospora sp., grew abundantly in most
offshore facing areas, though it had been reported to have
turned brown soon after the spill occurred (Fraser personal
communication). Limpets were also found in many areas
that had been exposed to oil, though it was estimated that
half of the limpets had died during the month after the spill
(Fraser personal communication). The cryptic fauna found
among a stable boulder field on Bonaparte Point (Stockton
1973), adjacent to the station, appeared to have been com-
pletely destroyed.

Concerns for the intertidal community extended to the off-
shore islands that surround Arthur Harbor. Observation of

these islands suggested that the initial descriptions of the in-
tertidal zonation of Hedgpeth (1969, 1970) applied only to the
area immediately adjacent to the station, an area which can
be characterized as well protected from wave surge and, at the
same time, strongly affected by brash ice that forms from the
nearby piedmont glacier. The brash ice scours the intertidal
zone near the station reducing it to a scattering of algae and
limpets; therefore, the absence of algae near the station did
not necessarily constitute an effect of the spill.

The principal organisms in the intertidal zone are a fila-
mentous green alga (Urospora sp.), the blade-forming red alga
(Porphyra endividiifolia), diatoms, limpets (Nacella concinna), and
a blade-forming red algae (Leptosomia simplex and, only occa-
sionally, Palma na decipens). Preliminary observations made
around most of the islands demonstrated that zonations vary
among locations, both in vertical extent and the abundances
of the individual components (Stockton, work in progress). As
would be expected, this appears to be due to local differences
in exposure to wave action and other natural forces. The upper
portions of the zone are covered by Urospora and Porphyra,
below which is a band of diatom film. Lower down, the limpet
Nacella grazes the diatom layer, producing essentially bare rock.
The bare zone stops with the presence of coralline algae, which
often forms a strikingly horizontal line; this probably marks
the lowest extent of the tide.

As mentioned above, the lack of a strong base of quantitative
information on the distribution and abundance of the intertidal
plants and animals prior to the oil spill makes the measurement
of any long-term effects difficult. As a result, though the effects
of the spill on the intertidal zone appear to be very limited,
both spatially and temporally, this is more an opinion than a
quantitative assessment. It would appear that there is a gen-
uine need for catalogs of general information on the distri-
bution of the flora and fauna of Anvers Island and, more
generally, the Antarctic Peninsula, particularly as concerns for
the environment increase and the need to measure accurately
how changes in the environment affect the biosphere.

This research was funded by National Science Foundation
grant DPP 89-12054.
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Chemical bioactivity
in common shallow-water

antarctic marine invertebrates

JAMES B. MCCLINTOCK

Department of Biology
University of Alabama

Birmingham, Alabama 35294

JOHN HEINE, MARC SLATTERY, and JAMES WESTON

Moss Landing Marine Laboratories
Moss Landing, California 95039-3304

A number of studies have postulated that high-latitude ma-
rine invertebrate fauna should be characterized by low levels
of chemical defense (Bakus 1974; Bakus and Green 1974; Green
1977; Vermeij 1978; Bakus 1981). The basis for this conclusion
is that benthic and pelagic fish predation decreases with in-
creasing latitude (Palmer 1979; Neudecker 1979), thereby re-
leasing high-latitude species from predatory pressures and a
mechanism to select for distasteful compounds. Studies of ant-
arctic marine communities, however, have documented in-
vertebrate predation and competition (Dayton et al. 1974; Dayton
1989). Moreover, extreme environmental stability and an ex-
tensive geological history suggest that opportunities exist for
the evolution and co-evolution of predator-prey defense mech-
anisms such as the production of noxious or toxic chemicals.
Our current program is examining chemical activity in common
shallow-water marine invertebrates in McMurdo Sound. These

studies allow an evaluation of the latitudinal hypothesis for
chemical defense in marine invertebrates and provide impor-
tant insights into the role of bioactive compounds in structur-
ing antarctic marine communities.

Our program has concentrated on benthic sponges because
they are abundant and conspicuous components of antarctic
marine communities and many are known to possess chemical
deterrents at lower latitudes (Bakus et al. 1986). During austral
summer 1989-1990, we collected tissue samples of 18 species
of sponges from depths of 20-40 meters at a variety of locations
in McMurdo Sound including New Harbor, Cape Evans, Turtle
Rock, Castle Rock, and Arrival Heights. Crude aqueous ex-
tracts were prepared from fresh sponge tissues and naturally
occurring concentrations of extracts used to conduct a variety
of bioassays. These included a cytotoxicity assay exposing the
gametes of the sea urchin Sterechinus neumayeri to aqueous
extracts and righting response times of the sea star Odontaster
validus placed into sea water with aqueous extracts. In addition,
aqueous extracts were tested for their ability to induce sensory
tube-foot retraction (indicative of noxicity) in five species of
sympatric sea stars, with feeding habits ranging from exclusive
spongivores to those which do not include sponges in their
diets.

We found that 11 of the 18 species of sponges examined had
chemical activity (table). In most cases extracts of sponges with
chemical activity had widespread effects on bioassay organ-
isms, causing mortality in sea urchin gametes and a reduction
in the capacity of sea stars to right themselves. Sea stars which
do not feed on sponges or are feeding generalists generally
showed sensory tube-foot retraction to aqueous sponge ex-
tracts from chemically active species. The exclusively spongi-
vorous Perknaster fuscus, however, feeds primarily on Mycale
acerata (Dayton et al. 1974), a chemically bioactive species (see
table) (McClintock 1987). The body wall of P. fuscus is toxic
(McClintock 1989), suggesting that it may sequester sponge

Bioassays examining the toxicity and noxicity of crude aqueous extracts of antarctic sponges. Crude aqueous extracts were prepared
by homogenizing a known weight of sponge with an equal volume of sea water and filtering out particulate material. These were tested

against Sterechinus neumeyeri gametes, Odontaster validus righting responses, and sea star tube-feet retraction. A plus sign (+)
Indicates a significant inhibitory effect at the 5 percent level when compared to controls (n = 10 trials/extract; Fisher's Exact Test). A
minus sign (—) indicates no significant effect when compared to controls. O.v. = Odontaster validus, O.m. = odontaster meridionalls,

D.b. = Diplasterias bruce!, A.c. = Acodontaster conspicuus, P.k. = Perknaster fuscus.

Sea urchin	 Sea star	 Sea star tube-foot retraction
Sponge species	 sperm activity	righting response	O.v.	O.M.	D.b.	Ac.	P.f.
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Scanning electron micrograph showing the hyperid amphipod Hyperiella dilatata carrying the chemically defended antarctic pteropod Clione
Iimacina (McClintock and Janssen 1990). Amphipods carrying pteropods are chemically defended from predation by antarctic fish. Mag-
nification is approximately x 50. (Micrograph by P. Oshel.)

toxins in its own tissues providing a means of chemical de-
fense. There are no known predators on this sea star, while
other antarctic sea stars are preyed upon (Dayton et al. 1974).
Nonetheless, P. fuscus may possess saponins, a class of noxious
compounds known to occur in the Echinodermata (Faulkner
1984).

Chemical compounds causing toxicity or noxicity in antarctic
sponges are poorly known. Dendrilla membranosa has been shown
to possess diterpenes (Molinski and Faulkner 1987), while La-
trunculia sp. contains an active imino-quinone pigment (Perry
et al. 1986). Sponges collected during our 1989-1990 summer
season will be analyzed to isolate and identify bioactive natural
products (Faulkner personal communication).

Additional benthic antarctic marine invertebrates were found
to be noxic. Pieces of fresh mantle tissues of the nudibranches
Austrodoris mcmurdensis and Tritoniella eatoni and the opistho-
branch Phylline antarctica were rejected by fish (Pagothenia borch-
grevinki and Trematomus bernacchii). Pieces of body wall of the
nemertean Parbolasia corrugatus and the fleshy tissues of the
soft coral Alcyonium paessleri were also rejected by fish. Al-
though pieces of the body wall of the antarctic tunicate Cnem-
idocarpa verrucosa were readily consumed by fish, pieces of the
tough outer tunic were not consumed and may be chemically
defended and/or rejected due to their consistency. A pelagic
antarctic marine invertebrate was also found to have noxious
chemicals in its body tissues. The common pteropod Clione
limacina was always violently rejected by P. borchgrevinki, as
were whole animal homogenates imbedded in agar. Moreover,
a unique symbiotic relationship was discovered. The pelagic
hyperiid amphipod Hyperiella dilatata captures and carried the

chemically defended C. limacina, thereby providing itself with
chemical defense (see figure) (McClintock and Janssen 1990).

We thank J . Bozanic, J. Hanson, J. Barry, I. Bosch, and L.
Basch for assistance with sponge collections. P.K. Dayton pro-
vided assistance with sponge taxonomy. S. Duncan assisted
with bioassays. This research was supported by National Sci-
ence Foundation grant DPP 88-15959 to J.B. McClintock.
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Dissolved organic material
in seawater

as a source of nutrition for
invertebrate larvae

from McMurdo Sound, Antarctica

D.T. MANAHAN, F.M. SHILLING, J.R. WELBORN,
and S.J. COLWELL

Department of Biological Sciences
University of Southern California

Los Angeles, California 90089-0371

As part of a study to determine the differences in energy
requirements and feeding strategies of comparable larvae in
two contrasting environments (polar—Antarctica; temper-
ate—California), we investigated the role of dissolved organic
matter as a food source for echinoderm larvae. Our approach
was to:
• measure the concentrations of dissolved amino acids and

sugars in samples of seawater from McMurdo Sound taken
from areas where larvae have been found in net-tows,

• measure the rates of transport of specific organic substrates
into larvae,

• measure the metabolic rates of larvae as a basis for a com-
parison of the contribution that the transport of dissolved
organic matter could provide to larval energetics, and

• determine whether those stages of development lacking a
digestive system can increase in biomass in the absence of
particulate foods.
The concentrations of amino acids and sugars dissolved in seawater.

The concentrations of amino acids and sugars dissolved in
seawater from McMurdo Sound were measured using high-
performance liquid chromatography. Figure 1 shows some rep-
resentative data. The upper part (figure 1, block A) shows the
composition of dissolved amino acids from three environ-
ments: the sea ice, water column, and the benthos. The sam-
ples were taken late in the austral winter (23 September 1989).
When samples were taken from the platelet sea ice later in the
season (austral spring, 17 November 1989), the diversity and
concentrations of amino acids increased (see inset, figure 1,
block A). The chemical spectrum of dissolved sugars in sea-
water from McMurdo Sound is shown in the inset in figure 1,
block B. The spectrum is composed of three major sugars:
glucose, fructose, and sucrose. The concentration of sugars
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Figure 1. Dissolved amino acids and sugars in seawater from
McMurdo Sound, Antarctica. A. Dissolved amino acids: samples
were taken (23 September 1989) by scuba divers from under the
sea ice (chromatogram labeled 'Ice"), from the water-column at a
depth of 10 meters, and from the seawater-sediment interface at
the same location (depth of approximately 24 meters, chromato-
gram labeled "Benthos"). These three chromatograms are to the
same scale (i.e., peak areas are proportional to substrate concen-
tration). Peaks marked "?" are not identified because they did not
have the same elution time as standards. Peaks marked refer
to the peaks for lie, Leu, and Lys (in order). The NH 4 + peak Is
marked "?" to emphasize that the concentration of NH 4 + (am-
monium) is uncertain because the sample was frozen for several
(no more than 6) hours prior to analysis. Inset chromatogram (dif-
ferent scale) shows the dissolved amino acids In a sample of sea-
water taken later In the season (17 November 1989) from underneath
the sea Ice. B. Dissolved sugars: inset chromatogram shows the
spectrum of dissolved sugars In seawater. Histogram gives a depth
profile of dissolved sugars. Samples for this depth profile were
taken (13 November 1989) with a Niskin bottle at depths of 5, 10,
and 20 meters.
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was found to change as a function of depth, as can be seen
from the histogram where the highest concentration of sugars
was found at 10 meters (samples taken 13 November 1989).

The transport rates of dissolved organic matter by echinoderm lar-
vae. Figure 2, block A shows a representative set of experiments
designed to measure the relative rates of transport of different
substrates by larvae. Prism-stage larvae of the echinoid Ster-
echinus neumayeri were shown to be capable of transporting all
classes of compounds tested, with the highest rates of trans-
port being for alanine, and the lowest for glucose (figure 2,
block A). The change in the rate of alanine transport as a
function of development was studied for the larvae of several
species of echinoderms. The lower graph in figure 2 shows
the data for different stages of development of the asteroid
Odontaster validus. The graph shows a plot of the effect of
increasing alanine concentration on the rate of alanine trans-
port. A substantial increase in the maximum rate of alanine
transport (Jmax) was observed as development proceeded. The
increase in the Jmax indicates that, as development proceeds,
the number of transport sites for alanine increases.

The metabolic rates of larvae. The rates of respiration of em-
bryos and larvae of the asteroid Odontaster validus are shown

A. Echinoid: S. neumayeri (26-d-old prism larvae)

alanine

acetate
palmitate

glycerol

0	 -
0 2 4 6 8 10 12 14 16 18 20

Time (mm)
22 B. Asteroid: 0. vandus20-
18	 Bipinnaria (78-d-old)
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8
	 0
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4,
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Alanine concentration (uM)

Figure 2. Transport of dissolved organic material from seawater by
echinoderm larvae reared from adults taken from McMurdo Sound,
Antarctica. A. Comparative rates of transport of alanine, acetate,
palmitate, glycerol, and glucose dissolved in seawater by prism-
stage larvae of the echinoid Sterechinus neumayeri (26 days old).
The rate of transport of each substrate was determined in a sep-
arate experiment. Each substrate concentration was 1 micromolar
at the start of each of the 5 experiments. B. Ontogenic changes in
the kinetics of transport of dissolved alanine during the develop-
ment of the asteroid Odontaster validus.

in figure 3, block A. The metabolic rates of embryonic and
larval stages of this species were low, ranging from 2 to 4
picomoles of oxygen per individual per hour (figure 3, block
A).

The contribution of dissolved organic matter to larval energy re-
quirements. The transport rate of an organic substrate by em-
bryos and larvae is dependent upon the concentration of that
substrate in the natural environment. From the data for dis-
solved amino acids in seawater given in figure 1, block A, the
total concentration of neutral amino acids was found to be
approximately 500 nanomolar. The rate of transport of a neutral
amino acid (alanine) by gastrula of Odontaster validus is shown
in figure 2, block B. The corresponding metabolic rates are
given in figure 3, block A. Combined, these data allow for the
following calculations. From a substrate concentration of 500
nanomolar, a gastrula would transport neutral amino acids at
a rate of 0.6 picomoles per individual per hour. Such low
molecular weight amino acids (e.g., alanine) would require 3
moles of oxygen per 1 mole amino acid for complete combus-
tion. Thus, a transport rate of 0.6 picomole amino acid per
individual per hour, expressed as oxygen equivalents, could
support a metabolic rate of 1.8 picomoles oxygen per individual
per hour. Taking the average metabolic rate of gastrulae of
Odontaster validus to be 3.0 picomoles of oxygen per individual
per hour, then the transport of amino acids from seawater
could support 60 percent of the metabolic needs (i.e., the ratio
of 1.8 to 3.0). Complete compensation of the metabolic rate
could be obtained if the neutral amino acid concentration in
the environment were to be 833 nanomolar.
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Figure 3. Metabolic rates and changes in biochemical composition
during the development of the asteroid Odontaster validus. A. The
rates of oxygen consumption during the early development of
Odontaster validus. Metabolic rates were measured at -1.4° C us-
ing polarographic oxygen electrodes. B. Changes in biomass (ash-
free dry organic mass), lipid, and protein during the early devel-
opment of Odontaster validus. Embryos were reared in particle-free
seawater (here defined as seawater passed through a 0.2-microm-
eter pore size filter). Error bars represent 1 standard error of the
mean. Where no bars are shown, the error bar fell within the graph-
ical representation of the data point.
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The calculations given above reveal that dissolved organic
matter could supply a significant input to the energy needs of
embryos and larvae. The data given in figure 3, block B further
support this suggestion. Eggs of Odontaster validus were reared
for 35 days in particle-free seawater. During this initial 35-day
period of development, the embryos lack a digestive system
and are unable to feed on particulate material. Yet, we ob-
served a net increase in dry organic mass during early devel -
opment. Biomass doubled during this period from the egg
(625±18 nanograms) to the gastrula stage (1,355±71 nano-

grams). Thus, growth occurred for those stages lacking a diges-
tive system, presumably through the use of dissolved organic
matter.

The authors would like to thank Sid Bosch and Larry Basch
for scuba diving and collecting adults for subsequent spawn-
ing. The assistance of the McMurdo-based ITT support per-
sonnel is also greatly appreciated.

This research was supported by National Science Founda-
tion grant DPP 88-20130 to D.T. Manahan.

Daily variability
of phytoplankton and

oceanographic parameters
during the fall

in Arthur Harbor

G.A. FERREYRA and V.A. ALDER

Inst it uto Antártico Argentino
Buenos Aires, Argentina

A survey of several biological and physicochemical param-
eters was carried out in the vicinity of Palmer Station (Arthur
Harbor) (64°46'S 64°05'W) from 21 March to 22 April 1990. The
goal of this research was to understand the behavior of phy-
toplankton during this period and to complement future in-
vestigations on microzooplankton variability and survival of
diatom resting forms.

A high-resolution sampling was deployed during the in-
vestigation period. Subsurface Niskin water samples were taken
daily for seawater analysis, and net plankton tows were per-
formed with a 26-micrometer net for qualitative studies. Chlo-
rophyll a measurements were done by filtering seawater through
Whatman GF/F glass fiber filters; readings of extinctions of 90
percent acetone pigment extracts were carried out with a dual
beam spectrophotometer; and equations of Jeffrey and Hum-
prey (1975) were used for the calculations. Relative carotenoid
concentrations were expressed as the ratio between 480- and
663-nanometer extinctions of the acetone extracts (Howard-
Williams and Warwick 1989). pH was measured with a Cole-
Parmer ph-meter; salinity with a Beckman induction salino-
meter, and temperature with an YSI model 58 oxygen-tem-
perature probe. Wind velocity and direction were recorded by
the anemometer of the station, and daily incident energy of
visible sunlight was measured with an Eppley Precision Spec-
tral Pyranometer (Biospherical Instruments Inc.). Seawater
samples for nutrient studies were stored frozen at —30 °C for
subsequent analysis with a Technicon II Autoanalyzer system
in the laboratory of the Instituto Antartico Argentino. Three
replicate samples of seawater were filtered through pre-com-
busted (500 °C) CF/F Whatman glass fiber filters for carbon-
hydrogen-nitrogen analysis. This material was lyophilized and

stored frozen at —30 °C. Determinations will be done in the
laboratory of the University of Quebec at Rimouski (Depart-
ment of Oceanography).

Salinity levels increased gradually during the period studied
as a result of the decrease of summer freshwater runoff (Krebs
1977); while temperature showed a generally inverse pattern
(figure, blocks B and C). Superimposed on this general trend,
cyclic variations in both salinity and temperature were ob-
served, with higher values following stormy days. Bienati and
Comes (1970) and Krebs (1977) pointed out that the water
column remained stratified until April in Paradise Bay and
Arthur Harbor, with coldest temperatures and lowest salinities
at the surface as a result of the input of meltwater from the
surrounding glaciers. Cross-correlation analyses of the de-
trended data showed that these periodicities were strongly
associated with wind fluctuations. During the investigation
period, wind blowed 76 percent of the time from the north-
northeast-northwest-east-west quadrants. This engendered lo-
cal events in which surface water was pushed offshore, giving
rise to subsequent upwelling processes that could explain the
above-described variability.

The behavior of phytoplanktonic standing crop in the area
of Arthur Harbor has been described by Krebs (1973, 1977) as
presenting characteristic blooms in spring, summer, and fall.
The present study focused on the high-frequency temporal
variability of phytoplankton at the end of the fall growth pe-
riod. Throughout the period of our observations, chlorophyll
a values decreased consistently, in agreement with decreasing
incident radiation, temperature, and pH (figure, block A). The
decrease in pH values reflected a transition from a situation
dominated by primary production to one where heterotrophic
activity became increasingly important, which confirms the
results of Krebs (1977) and Shabica, Hedgpeth, and Park (1977).
A significant negative correlation was found between relative
carotenoid concentrations and variations in daily incident ra-
diation (figure, blocks D and E). Goldman, Mason, and Wood
(1963) suggested that fluctuations in carotenoid/chlorophyll a
ratios are more closely associated with chlorophyll degradation
than with carotenoid buildup, and Auclair et al. (1982) showed
the presence of high-frequency endogenous chlorophyll a syn-
thesis and degradation, triggered in a response to changes in
the stability of the water column during the semi-diurnal tidal
cycle. The observed daily variability of the carotenoid ratio
could be explained by similar mechanisms, suggesting a high
degree of adaptability of the dominant phytoplankton assem-
blages to the adverse light conditions characteristic of the late
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Daily variability of chlorophyll a, temperature, salinity, carotenoid
ratio, total incident radiation, and pH in subsurface Arthur Harbor
waters during March and April 1990.

fall. Phytoplankton and microzooplankton species composi-
tion, community structure, and succession studies will be un-
dertaken to complement the information obtained during this
first step of our research.

We would like to thank Polly Penhale and Mahlon Kennicutt
II, team leaders of the oil spill rapid response team during the
1989 and 1990 field seasons, respectively, as well as the ITT
support personnel at Palmer Station for their assistance in
sample collection and general logistics. This work was sup-
ported by the National Science Foundation as part of the effort
deployed by the Bahia Paraiso oil spill rapid response team,
and the Instituto Antártico Argentino.
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Particulate food and growth
of planktotrophic

sea star larvae
in McMurdo Sound,

Antarctica
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In polar regions, phytoplankton food for planktotrophic lar-
vae of marine invertebrates is extremely scarce during all but
a short period in the summer (Rivkin in press). Surprisingly,
the correspondence between larval feeding periods and the
midsummer pulse of phytoplankton production is not close
for many antarctic species (Pearse, McClintock, and Bosch in
press). In the case of the abundant sea star Odontaster validus
in McMurdo Sound, over half of the 4-month larval feeding
period occurs in the spring, well before the annual summer
pulse of phytoplankton (table 1). One explanation for this ap-
parent anomaly is the finding that larvae of 0. validus and
other invertebrates may have the ability to ingest bacteria,
which are seasonally more equable than phytoplankton (Riv-
kin et al. 1986). The relative importance of phytoplankton and
bacteria as larval food remains unknown, however. Our on-
going research evaluates this question as part of a more general
study of feeding and energy requirements of polar and tem-
perate echinoderm larvae.

Larval growth on different diets. Efforts during the 1989 field
season in McMurdo Sound were focused on laboratory and
field growth experiments of 40- to 90-day-old bipinnaria larvae
of 0. validus. Typically, about 1,000 larvae were placed in 1-
liter vessels with:
• lab-cultured phytoplankton and bacteria,
• field-collected phytoplankton and bacteria,

• lab-cultured bacteria,
• lab-cultured cyanobacteria, or
• field-collected bacteria.
Possible use of dissolved organic materials (Manahan et al.,
Antarctic Journal, this issue) was evaluated by providing sets
of larvae with natural seawater filtered through 0.2-micrometer
membrane filters to remove particulate food. All the vessels
were gently rotated on a plankton wheel for 7-21 days; the
media were changed every 2-3 days. The dry organic weight
of larvae was determined gravimetrically at the beginning and
end of experiments. We compared growth of larvae in the
laboratory with that of larvae reared within screened chambers
placed at various depths in the sea (see Olson, Bosch, and
Pearse 1987 for methods); these larvae had access to natural
food particles only, and their growth should represent a close
approximation of growth in natural populations.

There was substantial larval growth of 60-day-old bipinnar-
ias in all treatments containing particulate food, whether bac-
terized phytoplankton, cyanobacteria, or bacteria alone, and
whether from laboratory cultures or natural seawater (table 2).
There was no significant growth in the absence of particulate
food, and final mean larval biomass was significantly higher
in all treatments with particles present than in 0.2-micrometer
filtered seawater (one-way ANOVA, p<0.05). Moreover, as
was also found by Olson et al. (1987), the average biomass of
these larvae held within screened chambers in the field in-
creased significantly during a 10-day incubation period in No-
vember.

Larval stomach contents. What types of particles are larvae
feeding on in nature? To answer this question, we examined
by light and transmission electron microscopy the stomach
contents of larvae of 0. validus that were held in the field within
screened chambers for hours to days during different times of
the spring feeding period. Analyses to date of 30 larvae reveal
that their guts were generally empty during the first part of
spring (October to mid-November, when phytoplankton and
bacterial concentrations were low; Rivkin, Anderson, and Gus-
tafson, Antarctic Journal, this issue) (figure 1, blocks A and B),
or contained amorphous material (figure 2, block A). By early
December, some larval guts contained phytoplankton (includ-
ing empty diatom frustules) as well as other single cell organ-
isms (figure 2, blocks B-D).

Our studies demonstrate that bipinnaria larvae of 0. validus
grow on bacterized phytoplankton or on bacteria alone but not
when in particle-free water, and they ingest natural phyto-
plankton and other large particles in the field, although ap-
parently at extremely low frequencies depending on their
availability. We hope to refine these findings during the 1990-
1991 research season in McMurdo Sound and focus more on
the putative role of bacteria in the larval nutrition of these
ubiquitous sea stars.

Table 1. Numbers of embryos and larvae of the sea star Odontaster validus taken from surface waters near McMurdo Station during the
spring of 1985. No brachiolaria stage (140-167 days old) larvae were collected (from Bosch 1988).

Bipinnaria larvae
Month	 Embryos	 Gastrulas	 Early	 Mid	 Mid/Late	 Late

September	 39
	

11	 14
October	 7	 27

	
17	 C

November	 0	 29
	

27
5 December	 0	 0

	
10	 11
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Table 2. Change in mean biomass of bipinnaria larvae of
Odonaster validus maintained in the laboratory (11 days; 7-18

November) and in situ (10 days; 9-19 November) under different
food regimes. Standard deviations are in parentheses.

Biomass (nanograms per larva)a

% Increase
Food condition	 n	Final	Change	per day

Temperate phytoplankton	2	943 (77)	+436
	

7.8
Mixed polar phytoplankton	3	934 (98)	+427

	
7.7

Temperate cyanobacteria	3	891 (30)	+384
	

6.9
Lab-cultured bacteria	3	864 (14)	+357

	
6.4

Ambient bacteria
(<1 micrometer)
	

3	879 (28)	+372
	

6.7
Particle-free

(<0.2 micrometer)
	

1	590	+ 83	1.5
Ambient particles

(in situ)
	

5	868 (44)	+297	5.2

a lnitial biomass in laboratory and in situ cultures, 507 and 571 nano-
grams per larva, respectively.
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Figure 1. Early-stage larvae (45 days old) of Odontaster validus after
being held within screened chambers in the field from 18 to 25
October. Note empty digestive tract. A. Photo of living bipinnaria
approximately 0.5 millimeter in total length. B. One micron histo-
logical section of bipinnaria embedded in epon resin. (e marks the
esophagus, m the mouth, r the rectum, and s the stomach.)
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Figure 2. Transmission electron micrographs of stomach contents of bipinnaria larvae. A. Amorphous material (20 micrometers across)
found in stomach of 45-day-old larva after being held within screened chambers from 18 to 25 October. B. Unidentified phytoplankton cell.
approximately 10 micrometer across, in stomach of 90-day-old larva held in the field from 24 November to 8 December. C. Unidentified
single cell organism (20 micrometer diameter) in stomach of another 90-day-old bipinnaria held in the field as in block B. D. Chain of empty
diatom frustrules (total length 30 micrometer) in stomach of bipinnaria of same age and feeding history as block B.
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We thank Fraser Shilling for assistance in analyses of bio-
mass, Richard Rivkin for information on the abundance of
natural food particles, Pam Blades-Eckelbarger for help with
electron microscopy, and Donal Manahan and Vicki Pearse for
constructive discussions. We are also grateful for the logistic
support of Antarctic Services, Inc., of ITT, the Division of Polar
Programs of the National Science Foundation, and the U.S.
Naval Antarctic Support Force. This research was supported
by National Science Foundation grants DPP 83-17082 and DPP
88-18354 to J.S. Pearse and a Harbor Branch Institution post-
doctoral fellowship to I. Bosch.
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Lipids in polar ctenophores
and medusae: Visual

observations of location
and origin
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The presence or absence of accumulated lipids in arctic and
antarctic medusae and ctenophores was determined by visual
examination of living specimens with a dissecting microscope.
In the Arctic (between Iceland and Svalbard), gelatinous zoo-
plankton were hand-collected using scuba at depths of 0 to 25
meters in July and August 1988. Surface water temperatures
ranged from -I to 11 °C (averaging 2 to 4 °C) with a strong
thermocline. In the Antarctic, studies were done at McMurdo
Sound, Ross Sea (77°38'S 166°25'E) in November 1987 and
December 1988. Specimens were collected using scuba and
with a 1-meter plankton net fished through holes in the ice.
Water temperatures in the upper 20 meters were nearly iso-
thermal, ranging from -1.6 to -0.6 °C. Prior to this investi-
gation, the location of lipids in polar gelatinous organisms was
undocumented.

Lipids were seen in many of the more than 200 gelatinous
zooplankton specimens collected. They always consisted of
various sized droplets and larger masses within the lumen
of the gastrovascular system (figure). In ctenophores, lipids
were seen in the meridional canals below the comb rows, or
in one species (Mertensia ovum) in special sacs extending from

the tentacular canals (figure, block B). In medusae, they oc-
curred either in the stomach, ring, and/or radial canals (fig-
ure, block C).

Lipids were seen in 9 of 14 species of arctic medusae ex-
amined, including Aegina citrea, Aglantha digitale, Euphysa ja-
ponica, Halitholus pauper, Hybocodon prolifer, and Sarsia princeps.
In antarctic medusae, lipids were seen only in the stomach of
Solmundella bitentaculata; none were seen in Diplulmaris antarc-
tica, Kollikerina maasi, Leuckartiara sp., or Mitrocomella frigida.
All arctic ctenophores examined, including Beroe cucumis, Bol-
inopsis infundibulum, and Mertensia ovum, contained visible lip-
ids. In B. infundibulum small oil droplets (0.1 to 0.3 millimeters)
occurred in the meridional canals (figure, block A). Mertensia
ovum, the most abundant species of gelatinous zooplankton in
the Arctic, was unique in that large amounts of lipids (up to
10 to 20 milligrams) occurred in specialized "oil sacs" extending
orally along the tentacle bulbs (figure, block B). In the antarctic
ctenophore Callianira antarctica, juvenile specimens (1 to 2 mil-
limeters in length) contained an abundance of lipid droplets
both in the stomodeum and in the meridional canals, whereas
in larger specimens (12 to 45 millimeters) lipids were confined
to the stomodeum.

Accumulation of lipids was observed in feeding animals,
suggesting that the prey-derived lipids were unmodified. In
the Arctic, when Calanus spp. copepods were fed to M. ovum,
lipids were seen in the canals within 12 to 18 hours and sub-
sequently began to accumulate in the paired oil sacs. In the
Antarctic, when Calanoides acutus copepods were fed to C. ant-
arctica, lipids accumulated in the gut as the prey were digested
and remained there for more than 2 weeks. In the ctenophore
B. cucumis, an abundant and sometimes dominant species of
ctenophore in both the Arctic and Antarctic, most arctic spec-
imens contained some small, reddish-colored oil droplets (0.05
to 0.3 millimeters) within the meridional canal. These lipids
apparently came from its prey M. ovum, as was verified by
feeding experiments. Antarctic specimens of B. cucumis con-
tained only a few small droplets in the meridional canals.

Disappearance of lipids in starved animals suggested that
lipids are taken up and assimilated. Calanus spp. copepods
with large oil sacs were fed to starved arctic medusae and
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A. Bolinopsis infundibulum meridional canal below comb row with numerous lipid droplets (arrow). Bar is 0.25 millimeter. B. Mertensia
ovum with paired oil sacs (arrows). Specimen 24 millimeters total length. C. Euphysa japonica manubrium and radial canals showing lipids
in radial canals (arrows). Bar is 1 millimeter.

ctenophores that contained either no visible lipid, or to animals
where the amount of lipid was previously categorized. Within
6 hours after feeding, large amounts of lipids were seen at the
base of the stomachs of the medusae Catablema sp. and H.
pauper. After 12 hours, the lipids appeared as small droplets
in the radial canals and after 1 to 3 days no lipids were seen.

Previous studies have documented the importance of lipids
in polar gelatinous zooplankton (Percy and Fife 1981; Clarke
1983, 1984; Reinhardt and Van Vleet 1984; Clarke et al. 1987;
Hagen 1988), but it was not apparent that in the Antarctic, the
average lipid content of ctenophores and medusae is about 3
percent of dry weight (range is 0.4 to 6 percent), whereas in
the Arctic it is nearly three times higher, about 8 percent of
dry weight (range is 1.5 to 22 percent). These differences are
probably related to the amounts of lipids in their prey. The
abundance of lipid-rich Calanus spp. copepods in the Arctic
may be responsible for the high levels of lipids in arctic ge-
latinous predators.

The lipid deposits that we observed in polar ctenophores
and medusae could provide a significant energy reserve. For
example, a ctenophore or medusa with a lipid deposit equalling

only 5 percent of total dry weight could fast for about 1 month
without weight loss.

This study was sponsored in part by National Science Foun-
dation grants OCE 85-16083, OCE 87-46136, DPP 86-13388, and
DPP 87-16337.
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The antarctic and arctic (especially one boreal lake, Lake
Baikal, Siberia) have benthic fish faunas dominated by no-
tothenioids and cottoids, respectively. The benthic habit of
certain antarctic notothenioid fishes, particularly those of the
family Nototheniidae, and morphological similarities to the
boreal cottoids (sculpins) suggest that nototheniids and scul-
pins are ecological replacements of each other (Marshall 1962).
The ancestors of sculpins and nototheniids, and most members
of both groups, lie on the bottom and feed on benthic inver-
tebrates. Although all nototheniids and sculpins lack swim-
bladders, a few species are found off bottom (table). Besides

A list of notothenhids (McMurdo) and cottoids (Laurentian Great
Lakes and Lake Baikal, Siberia) used in behavioral observation

on the use of the lateral line for feeding

Nototheniids studied	 Habitat and depth

Trematomus (Pagothenia) bernacchii	 Benthic
Trematomus loennbergi	 Benthopelagic
Tematomus centronotus	 Benthic
Pagothenia borchgrevinki	 Cryopelagic
Trematomus hansoni	 Benthic

Cottoids studied	 Location	Habitat and depth

Cottus bairdi	 GL	Benthic
Cottus cognatus	 GL	Benthic
Myoxocephalus thompsoni	GL	Benthic
Cottus kessler!	 LB	Benthic
Paracottus kneri	 LB	Benthic
Batrachocottus baikalensis	LB	Benthic
Batrachocottus multiradiatus	LB	Benthic
Cottocomephous grewinki	LB	Benthopelagic
Procottus jiettelesi	 LB	Benthic

being most speciose in cold habitats, many nototheniids and
cottoids occupy habitats that are dark due to either the ex-
tended polar night, thick ice, or great depth. Even where they
live in shallow water and in temperate zones, sculpins tend
to feed at night (Hoekstra and Janssen 1985; Brandt 1986).

It has been suggested that the lateral line system is important
to fishes that need to operate in biologically lightless condi-
tions. This system consists of clusters of hair cells, called neu-
romasts. (Hair cells also constitute the sensory cells in the ears
of all vertebrates). The hair cells have specialized cilia imbed-
ded in a gelatinous cupula. Water flow moves the cupula and
cilia causing the hair cell to stimulate neurons. The neuromasts
may be freely exposed on the skin surface or in canals in the
skin. Pores connect the canals to the ambient water. Neuro-
masts on the skin surface and neuromasts in canals respond
differently to water movements (Denton and Gray 1988, 1989;
Kroese and Schellart 1987). Unfortunately, very little is known
about how fish use lateral line information.

Under conditions in which there are no visual cues, nearly
all nototheniids (except Trematomus centronotus) and all scul-
pins studied respond to live prey or a vibrating plastic sphere
by biting. (Fish are blinded by eye removal, have black plastic
coverings over their corneas, or are viewed under infrared
illumination.) Regardless of habit (table), nototheniids and
sculpins studied respond only when they are either motion-
less, usually on the bottom, or have stopped swimming and
are about to lie on the bottom. The benthic nototheniids and
sculpins appear to be ambush predators, so responding only
while motionless (or nearly so) is not surprising. Trematomus
hansoni, which frequently clings to aquaria walls by using its
pectoral and pelvic fins as a sucker, also responds while
clinging.

We have noted several differences between the nototheniids
and sculpins in their response to vibrating stimuli and live
prey (amphipods). While sculpins responded to stimuli near
the head and trunk, none of the nototheniids responded to
vibratory stimuli near the trunk. The sculpins we have studied
(table) reorient to a near-trunk stimulus by a quick "flip" which
repositions the snout accurately near the stimulus, which it
then bites at (detailed for Cottus bairdi in Hoekstra and Janssen
1985, 1986).

The fact that nototheniids and sculpins use different pos-
tures while on bottom may relate to the contrasting response
to stimuli along the trunk. Nototheniids hold the pectoral fins
appressed to the trunk, while sculpins hold the pectoral fins
in a spread position, so the trunk lateral line is fully exposed
to stimuli above and below the lateral line.

A difference that may affect sensitivity to prey is that scul-
pins cease respiratory movements when "listening" for prey
but nototheniids do not. When the lateral lines of sculpins are
briefly stimulated they hold the opercula in a spread position
(Janssen, Coombs, and Pride in press). This presumably helps
to minimize stimulation of the lateral line by the fish's own
movements and respiratory flow.

We think the comparisons between nototheniids are inter-
esting for two major reasons. First, the nototheniids are able
to locate prey via the lateral line and so are equipped to feed
in the winter darkness or beneath thick sea or glacial ice. This
confirms the suggestion by Montgomery and MacDonald (1987)
and Montgomery, McDonald, and Housley 1988 (based on
neurophysiology of the lateral line) that these fishes should
be able to feed using the lateral line to detect prey. Second,
because sculpins respond to prey along the trunk as well as
along the head and suppress respiration when stimulated, it
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is our impression that the sculpins are more specialized for
detecting prey via the lateral line than are the nototheniids.
Hence, there may be limits to their ecological convergence,
likely due to either differences in ecological requirements on
constraints due to ancestry.

This work was supported in part by National Science Foun-
dation grant DPP 88-16775.

References

Brandt, S.B. 1986. Ontogenetic shifts in habitat, diet, and diel-feeding
periodicity of slimy sculpin in Lake Ontario. Transactions of the Amer-
ican Fisheries Society, 115, 711-715.

Denton, E.J., and J.A.B. Gray. 1988. Mechanical factors in the exci-
tation of lateral lines of fish. In J. Atema J., R. R. Fay, A. N. Popper,
and W.N. Tavolga (Eds)., Sensory biology of aquatic animals. New York:
Springer-Verlag.

Denton, E.J., and J.A.B. Gray. 1989. Some observations on the forces
acting on neuromasts in fish lateral line canals. In S. Coombs, P.

Gorner, and H. Munz. The mechanosensory lateral line. New York:
Springer-Verlag.

Hoekstra, D., and J. Janssen. 1985. Non-visual feeding behavior of the
mottled sculpin, Cottus bairdi, in Lake Michigan. Environmental Bi-
ology of Fishes, 12, 111-117.

Hoekstra, D., and J. Janssen. 1986. Receptive field of the mottled
sculpin lateral line for Daphnia and a vibrating inert stimulus. Copeia,
1986, 91-96.

Janssen, J., S. Coombs, and S. Pride. In press. Feeding and orientation
of mottled sculpin (Cottus bairdi) to water jets. Environmental Biology
of Fishes.

Kroese, A.B.A., and N.A.M. Schellart. 1987. Evidence for velocity-
and acceleration-sensitive units in the trunk lateral line of the trout.
Journal of Physiology, 394, 13P.

Marshall, N.B. 1962. Some convergences between the benthic fishes
of polar seas. In Biologie Antarctique. S.C.A.R. Symposium I, 273-
278.

Montgomery J., and J. Macdonald. 1987. Sensory tuning of lateral line
receptors in antarctic fish to the movements of planktonic prey.
Science, 235, 195-196.

Montgomery J . , J . Macdonald, and G.D. Housley. 1988. Lateral line
function in an antarctic fish related to the signals produced by plank-
tonic prey. Journal of Comparative Physiology, 163, 827-833.

Ageing studies
on the early life

stages of antarctic fishes

ADOLF K. KELLERMANN and RICHARD L. RADTKE

School of Ocean and Earth Science and Technology
Biological Oceanography

Hawaii Institute of Geophysics
University of Hawaii

Honolulu, Hawaii 96822

JAMES J. RUZICKA

Department of Oceanography
University of Hawaii

Honolulu, Hawaii 96822

Fishes of the percomorph suborder Notothenioidei are the
predominant group of the antarctic coastal fish fauna. These
fishes are key components of the marine ecosystem. The bot-
tom-dwelling species are top predators in the benthic food
web, whereas the few pelagic and bentho-pelagic fishes have
occupied trophic niches in the copepod and krill systems of
the antarctic midwaters. In turn, notothenioid fishes form the
diet of some warm-blooded predators such as birds, seal, and
whales (Kock 1985). Demersal fishes are also the target of a
large-scale commercial fisheries for more than a decade, which
in some species has led to a serious depletion of stocks (Kock
et al. 1985). In spite of the ecological and commercial impor-

tance of antarctic fishes, knowledge of the population dynam-
ics of their early life stages is still limited, although the available
information has substantially increased recently (Kellermann
1989c; North in press).

The pelagic stages of the primarily demersal notothenioid
fishes form temporal, but integral, parts of the midwater com-
munities. Consequently, knowledge of the interactions of the
various larval and post-larval stages with their planktonic en-
vironment is essential to understand the functional relation-
ships that must exist between the timing of the life history
stanzas and the seasonal dynamics of their environment. The
key parameter to assess properly the duration of the yolk-sac
stage and the subsequent larval stages is age. Age and larval
growth are directly related, because mortality may be to growth
(Houde 1987). Stage-specific growth-rate analyses on the back-
ground of ambient conditions will, therefore, provide essential
information to describe growth and survival patterns for the
early stages of antarctic fishes.

The only hard parts in larval fishes that can be used for
ageing are the otoliths. They form around primordia that are
the first structures to become visible during embryogenesis
(Brothers 1984). Multiple primordia cause multiple cores in the
otoliths of some species, but have not yet been observed in
antarctic fishes. Although several primordia have been found
in one core, all species so far studied show a single core of 40-
100 micrometers in diameter (Hourigan and Radtke 1989; Radtke
et al. 1989; Radtke 1990; Radtke and Kellermann in press). Fish
otoliths are calcified structural components of the inner ear's
equilibrium and auditory sensory system, and may contain a
historical record of biological and ecological information en-
countered during a fish's lifespan. They consist of a protein
matrix into which calcium zones are deposited with a daily,
anticyclic periodicity (Mugiya 1987) moderated by metabolic
cycles as synchronized to ecological and environmental pa-
rameters. The daily nature of microincrement formation has
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been demonstrated for larvae and/or adults of the antarctic
fishes Nototheniops nudifrons and Trernatornus newnesi (Hourigan
and Radtke 1989; Radtke et al. 1989). During periods of slow
growth, more calcium and less protein is deposited. Critical
events in early life history, including larval hatch, first feeding
and yolk adsorption, or ossification may be documented in
otolith microstructure by distinct marks, providing information
on the relative time scales of larval ontogeny.

In several antarctic fishes, the larval phase is known to ex-
tend throughout the winter months (Kellermann 1989a, 1989c).
Samples collected in May and June, i.e., early winter in the
Antarctic Peninsula area, indicated that larvae of, e.g., the
nototheniids Notothenia kern p1 and Trernatornus scotti occurred
in the epipelagic waters, and abundance levels in some species
suggested that at least early winter conditions did not imply
severe limitations on the survival of larvae (Kellermann and
Schadwinkel in press). Sagittal microincrement analysis in the
channichthyids Pagetopsis macropterus (figure 1) and Pseudo-
chaenichthys georgianus revealed that both species hatch in win-
ter, i.e., May and August/September, respectively (Radtke and
Kellermann in press). During the winter cruise of RIV Polar
Duke in 1989, ichthyoplankton was caught as incidental by-
catch in small plankton nets. The presence of young larvae
indicated that hatching of the batch-spawning myctophid Elec-
trona antarctica continues throughout the period from June
through August. Notothenioid larvae constituted only minor
fractions of the ichthyoplankton in contrast to the samples
collected in May and June. This might reflect their lower abun-
dance levels later in winter, but the different nets used in the
two surveys, i.e., net avoidance by the larger larvae, or year-
to-year variations in abundance and distribution must be con-
sidered. Recently hatched larvae of Trernatornus eulepidotus con-
firmed previous assumptions based on laboratory rearing that
hatching occurs in winter (Ekau 1989). Otolith microincrement
analyses are currently being undertaken to assess hatching
periods and winter growth rates in the most abundant species.

Summer samples of ichthyoplankton were taken in the Ant-
arctic Peninsula region during the expedition Me 11/4 with
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RIV Meteor in December/January 1989-1990. As in previous
years (Kellermann 1986, 1989a), notothenioid larvae were most
abundant but were chiefly confined to waters of Weddell Sea
origin in the southern and eastern parts of the Bransfield Strait.
Icefish larvae Chionodraco rastrospinosus were caught in unu-
sually high numbers. The assumed spawning area of Notothenia
kempi to the southwest of Anvers Island was sampled for larvae
on a mesoscale station grid. A few recently hatched larvae
caught in the southwest off Adelaide Island indicated that the
hatching season was about to commence by the end of the
cruise (mid January). The cyclonic gyre system to the west of
the Peninsula which is assumed to retain larval N. kempi in the
shelf areas (see Kellermann and Schadwinkel in press) was
indicated by sea-surface temperature distribution during the
cruise. Larvae and age-group 1 juveniles of Pleuragramma an-
tarcticurn which are usually abundant in the area were ex-
tremely scarce. Early stages of the myctophid fish Electrona
antarctica will be used to compare hatching periods and sum-
mer growth rates, decoded from otolith microstructure, with
the data obtained during the preceding winter 1989.

Eggs of the nototheniid fish Notothenia neglecta (figure 2) were
collected in June through August 1989 from RIV Polar Duke
and brought to Palmer Station, from where they were later
transferred by plane to the lab at the University of Hawaii at
Manoa, Honolulu, for further rearing and to validate the pe-
riodicity and symmetry of otolith deposition zones. Eggs were
reared in 60-liter plastic tanks. After hatching, larvae were
removed and placed in smaller tanks for continued rearing
under controlled temperature and light regimes. Water tem-
perature varied between -1.0 and 1.8 °C, and the light cycle
was standardized to 16 hours light/8 hours dark. Larvae were
reared under different feeding regimes, including total star-
vation, food offered after initial starvation, and excess food
from hatching onward. Survival of starving larvae was up to
42 days, with 80 percent of larvae still having yolk at death.
This suggests that the yolk-sac stages of antarctic fishes use
the maternal energy reserves efficiently resulting in long yolk
absorption periods. Microincrement patterns of sagittae of these
reared larvae will be compared with those obtained from larvae
hatched from field-caught eggs (Kellermann 1989b; Radtke,
Kellermann, and Schafer 1989) and will provide information
on the effect of different feeding conditions on growth incre-
ment formation.

Thanks are due to the crew and staff of R/V Meteor and
RN Polar Duke and the staff of Palmer Station for help in
collections and rearing. B. Yeung and B. Shepherd helped with
rearing experiments, sample preparation and data analyses.
Patrick Hassett was of great assistance in photographing the
development of the N. neglecta eggs at Palmer Station. This
research was supported by National Science Foundation grant
DPP 88-16521.
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Figure 1. Scanning electron micrograph of a central portion of the
sagitta of a transforming larva of Pagetopsis macropterus of 38.2
millimeters (fresh) standard length. In the upper right corner of the
micrograph, the central nucleus is visible, followed by a sequence
of narrow, regular increments. Large radial aragonite crystals are
visible next to the nucleus. (urn denotes micrometer.)
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Figure 2. Eggs with embryos of Notothenia neglecta, caught in
Gerlache Strait, Antarctic Peninsula, 9 July 1989. Eggs were 4.3-
4.5 millimeters in diameter.
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The cold-adapted antarctic fishes diverged from a temperate
fish fauna approximately 40 million years ago as the southern
ocean began to cool (DeWitt 1971). Over time, the antarctic
fishes evolved cellular and biochemical adaptations that main-
tain appropriate reaction rates and equilibria at their cold body
temperatures (- 1.9 to + 2 °C). The goal of my project is to
determine the molecular adaptations that enable the micro-
tubules of antarctic fishes to assemble and function efficiently
in their extreme thermal environment.

Microtubules are a major component of the cytoskeleton of
most eukaryotic cells. They participate in many fundamental
processes, including mitosis, nerve growth and regeneration,
the intracellular transport of organelles, and the determination
of cell shape. The formation of microtubules from their subunit
proteins, tubulin alpha-beta dimers and microtubule-associ-
ated proteins (MAPs), is an entropically driven process that is
favored by high temperatures (Correia and Williams 1983).
Thus, the microtubule proteins of vertebrate homeotherms po-
lymerize at temperatures near 37 °C, but these microtubules
are cold-labile; they disassemble to their subunits at low tem-
peratures (0-4 °C). How, then, do the microtubules of cold-
living poikilotherms (e.g., the fishes of the antarctic marine
ecosystem) assemble and function at body temperatures as low
as —1.9°C?

During the past year, we completed studies of the poly-
merization energetics of pure antarctic fish tubulins at near-
physiological and supraphysiological temperatures (Detrich,
Johnson, and Marchese-Ragona 1989). The figure presents a
representative electron micrograph of the microtubules that
formed when a solution of brain tubulin from an antarctic cod,
Notothenia coriiceps neglecta, was warmed from 0 to 20 °C. We
found that the critical (i.e., minimal) concentrations of fish
tubulin necessary to support microtubule assembly, deter-
mined by a quantitative sedimentation assay, ranged from 0.87
milligrams/milliliter at 0 °C to 0.02 milligrams/milliliter at 18
°C. By contrast, critical concentrations for pure marimalian
tubulins at like temperatures are estimated to be two orders
of magnitude larger (Williams, Correia, and DeVries 1985).
Clearly, antarctic fish tubulins form microtubules efficiently at
low temperatures. A van't Hoff analysis of the data for the
antarctic fish tubulins gave a standard enthalpy change for
polymerization of + 26.9 kilocalories/mole and a standard en-
tropy change of + 123 entropy units. These values, which are
substantially larger than those for polymerization of tubulins
from temperate poikilotherms or from homeotherms, suggest
that an increase in the proportion of hydrophobic interactions
(relative to other bond types) at sites of tubulin-tubulin contact
is the major functional adaptation of the antarctic fish tubulins.
Many, if not most, of these alterations are likely to reside in
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Electron micrograph of microtubule polymer assembled in vitro
from the brain tubulin of N. corilceps neglecta. A solution of tubulin
(0.64 milligrams per milliliter in a polymerization buffer containing
1 milllmolar guanosine 5'-triphosphate) was warmed from 0 to 20
°C, and a negatively stained specimen was prepared 30 minutes
later. Microtubules of normal morphology were the predominant
product of assembly. The protofilaments of these microtubules are
readily apparent. The bar represents 100 nanometers. Reprinted
from Detrich, Johnson, and Marchese-Ragona (1989) with permis-
sion. Copyright 1989 American Chemical Society.

their structurally divergent alpha chains (Detrich and Overton
1986; Detrich, Prasad, and Ludueña 1987).

The results presented above indicate that much of the cold
stability of antarctic fish microtubules results from alterations
to their tubulins. Nevertheless, one may ask whether the MAPs
of these fishes make additional contributions to the energetics
of microtubule formation at low temperatures. To address this
question, we compared the capacities of MAPs from antarctic
fishes and from a mammal (the cow) to promote the poly-
merization of antarctic fish tubulins at temperatures near 0 °C
(Detrich et al. 1990). Compared on a weight basis, both bovine
and fish MAPs induced comparable extents of microtubule
formation. Thus, it appears unlikely that the MAPs of antarctic
fishes possess major functional adaptations that are absent in
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the MAPs of homeotherms. With respect to polymerization at
cold temperatures, the major locus of adaptation appears to
be the tubulin dimer.

At Palmer Station we also made substantial progress in other
project objectives. As part of our effort to specify the structural
adaptations of antarctic fish tubulins, we employed reverse-
phase high-performance liquid chromatography to isolate pep-
tides from chvmotryptic and cyanogen-bromide digests of the
alpha and beta tubulins of N. coriiceps neglecta. The amino acid
sequences of these peptides will be determined by automated
Edman degradation on a gas-liquid solid-phase protein se-
quencer. In addition, we examined the assembly properties of
tubulin purified from eggs of N. coriiceps neglecta. We also com-
pared the domain structures of native brain tubulins from ant-
arctic fishes and from the cow. The results of these studies are
currently being analyzed.

To support our research, we obtained specimens of two
nototheniids, N. coriiceps neglecta and N. gibberifrons, and one
ice fish, Chaenocephalus aceratus, by bottom trawling from RIV
Polar Duke near Low Island and in Dailman Bay near Brabant
Island. Additional specimens of N. coriiceps neglecta were caught
at Arthur Harbor by fishing with baited hook-and-line. The
fishes were transported to Palmer Station where they were
maintained in seawater aquaria at 0 to +2 °C.

Field studies were conducted at Palmer Station from mid
March to mid May 1990. I am deeply indebted to Sandra K.
Parker and Marianne A. Farrington of Northeastern Univer-
sity, to Silvio P. Marchese-Ragona of Pennsylvania State Uni-
versity, and to Laurie B. Connell of the Massachusetts Institute
of Technology for their participation in the field research pro-

gram. I gratefully acknowledge the assistance provided to the
project by the captains and crews of RIV Polar Duke, by the
personnel of ITT Antarctic Services, Inc., and of Antarctic Sup-
port Associates, and by the scientists of Palmer Station. This
research was supported by National Science Foundation grant
DPP 86-14788.
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The study at Cape Washington was a continuation of a pro-
gram begun in 1986 (Kooyman and Croll 1987). It will continue
through 1990 to obtain some measure of interannual variation
in the breeding population, reproductive success, predation
pressure, and ice conditions, to mention a few. In addition to

these major objectives, we also sought to determine foraging
behavior, fledging mass and time of fledging.

To conduct these studies, we established a remote camp at
Cape Washington which is 300 kilometers north of McMurdo
Station. We were put in by LC-130 at Priestly Glacier, then
men, machines, and science equipment were transferred to
Terra Nova Bay by UHIN helicopters. The camp was estab-
lished on 27 October. At this time and for the remainder of
the season, there were six large icebergs trapped near the cape
in such a conformation that they protected the sea ice which
was fast for 3 kilometers offshore from the cape.

Weather was monitored continuously with a Squirrel data
logger. Distribution of the birds was charted from the top of
the cape. Group sizes and total colony size was done by a
ground count on 9 December. Mass determinations of chicks
were obtained with a load-cell type of platform scale. Leopard
seal predation behavior was assessed by many hours of ice-
edge observations. Several aspects of foraging behavior were
monitored ranging from the general characteristics of cycle
duration to the specifics of dive depths and duration. Cycle
durations were determined from radio transmitters attached
to the birds. Dive behavior was recorded with attached mi-
croprocessor units.

Similar to 1986, the weather was mild during the time of
our stay. The ice conditions showed no evidence of severe
winter storms as they did in 1986. There were about the same
number of groups, but the total chick count was larger by about
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2,000 birds from 1986 (Kooyman and Mullins 1990). There also
seemed to be fewer dead chicks and fledging mass was greater
and the peak fledging date was earlier by about 1 week. About
the same amount of leopard seal predation seemed to be oc-
curring as in 1986.

Foraging cycle durations ranged from 3 days to about 14
days during the month of November. About 12,000 dives were
recorded from 11 birds. Detailed analyses are in progress, but
it appears that birds hunt through a considerable range of the
water column from near the surface to well below 400 meters.
We have not determined yet whether there is a diurnal pattern.

This project was supported by the National Science Foun-
dation grant DPP 87-15863. We thank Dave Bresnahan of Polar
Operations who coordinated planning and execution of de-

ployment of the field camp. We appreciate the air support of
VXE-6, air and ship support of the Polar Star, and the Italian
Antarctic Program and New Zealand Helicopters for their sup-
port while we were in the field.
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We arrived in Admiralty Bay on 6 October 1989 and departed
on 23 February 1990. Our field season encompassed two dis-
crete research projects: a continued investigation of the pop-
ulation demography of Adélie, gentoo, and chinstrap penguins
and a new study of the comparative foraging behaviors and
diving depths of these species.

Our demographic work included following the breeding cy-
cle of all known-aged penguins from their arrival in October
until they departed or creched chicks in January or February.
As predicted from our earlier work (Trivelpiece et al. 1990),
the mild, light pack-ice winter of 1989 yielded low over-winter
survival among the Adélie population. Furthermore, the num-
ber of young Adélies that attempted to breed, a measure of
their physiological fitness and the winter food resources avail-
able to this species, was very low. Less than 5 percent of 3-
year-old Adélies and 20 percent of 4-year-olds that returned
to the rookery in 1989 attempted to breed, compared to over
20 percent and 50 percent of returning 3- and 4-year-old Chin-
straps, respectively.

There were several indications that the summer food avail-
able to the penguins may have been low, when compared to
previous seasons. The overall reproductive success for Adélie
and chinstrap penguins was well below average, and the du-
ration of incubation shifts following egg-laying was longer than
all preceding years except the 1982 season. The low percentage
of pairs that successfully fledged two chicks also substantiated
that food availability within the penguins' foraging range was
below average. Data from our foraging study may elucidate
this aspect of summer food resources when we analyze the
foraging durations of transmitter-equipped penguins at a later
date.

The telemetry study, our second area of emphasis in 1989,
involved epoxying radio transmitters to the back feathers of
Adélie, gentoo, and chinstrap penguins feeding chicks be-
tween mid-December 1989 and late January 1990. The foraging
trip durations of individual penguins were continuously re-
corded for about 1 week using an automatic data logger. Fol-
lowing this time, approximately one-half of the transmitter-
equipped birds were recaptured, and time-depth recorders were
attached to their backs.

Penguins with a radio transmitter and a time-depth recorder
were then allowed to complete one more foraging trip. Upon
returning to the beach at the conclusion of this trip to sea, a
programmable alarm alerted us to the return of our radio trans-
mitter/time-depth recorder penguins, which were recaptured
prior to their reaching their nest sites. These birds were stom-
ach-pumped, the electronic equipment was removed, and they
were released unharmed. Concurrently, we recaptured and
stomach-pumped penguins that had radio transmitters only.
Additionally, we randomly captured other, unhandled pen-
guins during these sampling periods and stomach-pumped
them to serve as further controls.

Our foraging study results are largely unanalyzed at present;
however, even a cursory look at the depth profile printouts
has confirmed our earlier hypotheses that the gentoo penguin
is a much deeper diver than either congener. Furthermore, we
believe that the dive profiles may enable us to distinguish
among dives and assign functions to them such as commuting
dives, searching dives, and feeding dives. Should this prove
to be the case, we will be able to partition the foraging efforts
of penguins into discrete behaviors and calculate detailed en-
ergy budgets and prey capture rates for comparisons among
the members of this important krill consuming genus.

Many thanks to the crew of the RIV Polar Duke and to the
U.S. Antarctic Program for logistical support and to members
of the XIII and XIV Polish Expeditions for their hospitality and
assistance. This research was supported by National Science
Foundation grant DPP 88-15878.
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The underwater environment of the antarctic dry valley lakes
is an exception to the usual paradigm concerning the light
regime of planktonic microalgae. Phytoplankton are thought
to experience light variability on a range of time scales related
to the vertical mixing rate; the physiology of the photosynthetic
response has been interpreted to reflect this environmental
variability. It is presumed, however, that the phytoplankton
in the dry valley lakes, which have been shown to be highly
shade-adapted (Priscu et al. 1987), live in an environment of
extreme constancy of light intensity and spectral quality, at
least with respect to the time scales of phytoplankton growth.

We are currently conducting a 3-year project based on the
general hypothesis that the hydraulically stable water column
in antarctic dry valley lakes lets the phytoplankton optimize
photosynthetic performance by allowing them to adjust pre-
cisely the physiology of their photosynthetic apparatus to ir-
radiance of a specific intensity and spectral quality. Most field
studies of the influence of vertical mixing on phytoplankton
photoadaptation are based on organisms with unknown light
histories (i.e., vertical mixing rates are unknown and inher-
ently difficult to quantify). The vertically stable populations in
permanently ice-covered antarctic lakes will allow us to ex-
amine the photophysiology of natural phytoplankton popu-
lations with known light histories both in situ and when exposed
to simulated light fluctuations. Because these populations are
stable in space, they provide a model system for studying
photoadaptation as it occurs over the growing season.

Specific components of our project examine:
S the stability of the physical environment,

• habitat preferences for distinct vertically stratified popula-
tions,

• time kinetics of photoadaptation,
• diel oscillations of photosynthesis and photoadaptation un-

der the continuous but variable diel light regime,
• photoadaptive responses of populations exposed to a sim-

ulated turbulent environment, and
• physiological mechanisms responsible for observed photo-

synthesis vs. irradiance patterns.
The purpose of this article is to present background infor-
mation the vertical and temporal distribution of phytoplankton
photosynthesis and biomass for our primary study site. Other
articles presented in this issue by members of the research
team address the specific objectives listed above (Lizotte and
Priscu; Neale and Priscu; Spigel, Sheppard, and Priscu; Sharp
and Priscu; Antarctic Journal, this issue).

Our primary study site is the east lobe of Lake Bonney (77°43'S
162°23'E), located in the Taylor Valley of southern Victoria
Land. The lake has a surface area of 2.87 square kilometers, a
maximum piezometric depth of 35 meters, is anaerobic below
about 20 meters, and is permanently covered with about 4
meters of ice. It is fed by several glacial meltstreams entering
at various points. These streams flow only for about 4 weeks
during the austral summer; the lake lacks a surface outflow.

Diel vertical profiles of photosynthesis measured during De-
cember 1989 showed three distinct maxima (figure); the highest
rates occurred just beneath the 4.2-meter ice cap followed by
peaks at 10 and between 17 to 18 meters. The deep maximum
occurred in the region of the chemocline (Spigel et al., Antarctic
Journal, this issue) which formed the bottom of the trophogenic
zone at approximately the depth of 1 percent of surface-light
penetration (no photosynthesis could be measured below 20
meters). Integrated water-column photosynthesis was greatest
during the 0645-1456 hour incubation period (61 percent of
total) followed by the 1503-2317 hour (22 percent of total), and
the 2324-0703 hour (17 percent of total) incubations (table).
The integrated rates were closely correlated with solar irradi -
ance reaching the lake. This trend in diel photosynthesis was
similar during experiments conducted in November and Jan-
uary (table).

The photosynthetic maxima reflected the vertical distribu-
tion of chlorophyll a at all times of the 24-hour period (figure).
Photosynthesis/chlorophyll a ratios were greatest below 10 me-
ters indicating higher photosynthetic efficiency by the deep-
living phytoplankton in Lake Bonney. Experimental data to
support this contention are presented elsewhere in Antarctic
Journal, this issue (Lizotte and Priscu; Neale and Priscu).

One note of caution: the photosynthetic rates presented in
this article should be considered tentative for samples from 10
meters and deeper due to a discrepancy in determining dis-
solved inorganic carbon (an important scaling factor in deriving
photosynthetic rates from measurements of carbon-14-bicar-
bonate uptake). We estimated dissolved inorganic carbon con-
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Depth (meters) profiles of photosynthesis (micrograms carbon per
liter per hour) and chlorophyll a (micrograms chlorophyll a per liter)
showing diel patterns In Lake Bonney (east lobe). Data are from
12-13 December.

centrations from measurements of total alkalinity. Preliminary
studies indicate that this method may overestimate concen-
trations at high salinities; thus, we may be overestimating pho-
tosynthetic rates by as much as 50 percent in deeper populations.
We hope to study this problem in more detail next season.
Decreasing our estimates of photosynthetic rates by 50 percent
would not effect the overall conclusions we have stated re-
garding physiological differences between phytoplankton at
different depths.

This preliminary data set shows that the phytoplankton in
Lake Bonney form, and maintain, three distinct layers above
the chemocline. Photosynthesis in each of these layers appears
to be adapted to the ambient irradiance regime and may be
regulated to some degree by temperature (Lizotte and Priscu,
Antarctic Journal, this issue) and nutrients (Sharp and Priscu,
Antarctic Journal, this issue). Integral chlorophyll a concentra-
tion increased during our study indicating that phytoplankton
growth exceeded losses, at least during our period of inves-
tigation. Well-established phytoplankton populations ob-
served in November indicate that substantial growth had

Diel measurements of integrated photosynthesis (5 to 20 meters;
milligrams carbon per square meter per incubation), daily

integrated photosynthesis (milligrams carbon per square meter
per day), percent of daily integrated photosynthesis and

integrated chlorophyll a (5 to 20 meters, milligrams chlorophyll a
per square meter) at various times of the year. All data from the

1989-1990 austral summer. (NA denotes not applicable.)

Photosynthesis	Chlorophyll
Time	 Integrated	Percent	Integrated

21-22 November
1250-1934	 5.9	50.2	8.5
1934-0250	 0.7	 6.4	6.5
0255-1155	 5.1	43.4	6.9
Daily	 11.7	100	 NA

12-13 December
0647-1456	 11.8	60.9	10.3
1503-2317	 4.2	21.9	13.5
2324-0703	 3.3	17.2	12.5
Daily	 19.4	100	 NA

3-4 January
0620-1508	 11.6	72.5	10.9
1512-2258	 3.4	21.2	11.6
2304-0628	 1.0	 6.3	12.3
Daily	 16.0	100	 NA

occurred in the early austral spring before sampling was lo-
gistically possible.

This work was supported in part by National Science Foun-
dation rant DPP 88-20591 to J.C. Priscu.
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Lake Bonney is one of several perennially ice-covered lakes
located in the dry valleys near McMurdo Sound. These lakes
are among the least turbulent aquatic systems in the world,
primarily due to ice cover, low advective stream inflow, and
strong vertical gradients in salinity. Phytoplankton occur in
highly stratified layers, which in Lake Bonney are dominated
by flagellates, primarily the chiorophyte Chlamydomonas sub-
caudata and the cryptophyte Chrootnonas lacustrus. Thus, phy-
toplankton of these lakes probably experience little variation
in irradiance due to vertical displacement. Also, ice cover (4.2
meters) reduces downwelling irradiance to a few percent of
surface values, reducing light availability for these phytoplank-
ton communities. We initiated studies during the 1989-1990
field season to evaluate the photoadaptive status of phyto-
plankton in Lake Bonney relative to these unique environ-
mental conditions.

Our specific objective was to obtain the first precise pho-
tosynthesis-irradiance curves for phytoplankton from a dry
valley lake. Our studies included measurements of photosyn-
thesis-irradiance curves, particulate chlorophyll a concentra-
tions, and profiles of irradiance (photosynthetically available
radiation, 400 to 700 nanometers). See articles by Priscu et al.;
Neale and Priscu; Spigel, Sheppard, and Priscu; and Sharp
and Priscu, Antarctic Journal, this issue, for related studies.

We collected water from beneath the ice at piezometric depths
of 5 meters (0 °C), 6 meters (3 °C), 10 meters (5.5 °C), and 17
meters (6 °C) at the center of the east lobe of Lake Bonney.
Chlorophyll a concentration was quantified by fluorometry of
acetone extracts of particulate material. We measured rates of
carbon fixation (carbon-14 sodium bicarbonate) at in situ tem-
peratures in photosynthesis-irradiance experiments using a
modified version of the small volume, short incubation method
of Lewis and Smith (1983). These data were normalized to
chlorophyll a and fitted to a hyperbolic tangent function (Jassby
and Platt 1976). 1max is the maximum chlorophyll-specific pho-
tosynthetic rate, a is the initial slope, and 'k is the intercept of
the initial slope and the maximal rate.

Photosynthesis-irradiance characteristics are summarized in
the table, and representative plots are presented in the figure.
Rates varied more than sixfold for Pmax, and more than 18-fold
for a; both were greater at 10 and 17 meters than at 5 and 6
meters. These increases with depth may be related to higher
temperatures or possibly to other factors limiting photosyn-
thesis in shallow waters, such as insufficient nutrients; these
trends do not necessarily reflect photoadaptation to in situ
gradients in irradiance. Another compromising factor may be
an overestimation of dissolved inorganic carbon in deeper sam-
ples (see Priscu et al., Antarctic Journal, this issue), which would
lead to our overestimating photosynthetic rates by as much as
50 percent at 10 and 17 meters. Thus, the rates reported for

Photosynthesis-irradiance characteristics of Lake Bonney
phytoplankton. (Units: Pm,, denotes micrograms carbon per

microgram chlorophyll a per hour. a denotes micrograms carbon
per microgram chlorophyll a per hour per microeinstein per

meter squared per second. 'k microeinsteins per meter squared
per second.)

Depth
Date (1989)	(meters)	Pmax

13 November	5	0.054	0.0028	19
10	0.229	0.0101	23

28 November	5	0.048	0.0014	36
6	0.046	0.0010	45

10	0.300	0.0078	39
17	0.156	0.0054	29

5 December	5	0.074	0.0025	29
6	0.108	0.0025	43

10	0.285	0.0085	33

7 December	17	0.280	0.0187	15

10 and 17 meters should be regarded as tentative, but the
conclusion that Pmax and a are greater at those depths should
still be valid.

'k (which is independent of scaling factors like dissolved
inorganic carbon concentration) has traditionally been used as
an indicator of photoadaptation: the highest 'k was consistently
found at 6 meters, an intermediate depth for both light and
temperature. There may be evidence for photoadaptation at
depths where temperatures were similar, as 'k decreased with
depth from 6 to 17 meters. Photoplankton at all depths were
shade-adapted, with 1k values ranging from 15 to 45.

1max and a values were lower than those reported for ant-
arctic marine phytoplankton (e.g., Tilzer, von Bodungen, and
Smetacek 1985; SooHoo et al. 1987) but similar to those re-
ported for sea-ice algae from McMurdo Sound (e.g., SooHoo
et al. 1987). Similarities between Lake Bonney phytoplankton
and sea-ice algae suggest that these communities may be sim-
ilarly adapted to the vertically stable, low-irradiance environ-
ments they inhabit. The only photosynthesis-irradiance curves
previously reported for phytoplankton from the dry valleys

we	20 40 60 80 100 120 140
IRRADIANCE

Photosynthesis-irradiance curves for phytoplankton collected from
Lake Bonney on 13 November 1989. Photosynthesis is in units of
micrograms carbon per microgram chlorophyll a per hour and ir-
radiance is in units of microeinsteins per square meter per second.
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were from Lake Fryxell and Lake Vanda (Priscu et al. 1987).
Deep phytoplankton (57.5 meters) from Lake Vanda had max
and a values approximately 10 times higher than ours but with
a similar 'k value; higher rates may be a function of higher
temperature (19.2 °C). Pmax for Lake Fryxell phytoplankton are
similar to our results, but a appears to be greatly overestimated
(possibly due to insufficient data to define the curve), yielding
unusually low 'k values. Lake Fryxell is similar to Lake Bonney
with respect to ice cover and temperature profiles. Therefore,
it may be reasonable to assume that phytoplankton of Lake
Fryxell, and of similar water columns in other dry valley lakes,
would have photosynthesis-irradiance characteristics similar
to those we found in Lake Bonney.

We thank Tom Sharp, Patrick Neale, Robert Spigel, and Ian
Sheppard for their assistance in the field. This work was sup-
ported by National Science Foundation grant DPP 88-20591 to
J. C. Priscu.
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Lake Bonney, like other lakes in the dry valleys, has a per-
ennial ice cap that reduces total irradiance to a few percent of
incident, is a spectral filter with highest transmittance in the
blue-green region (Palmisano and Simmons 1987), and pre-
vents wind-induced vertical mixing. The stratified phytoplank-
ton populations experience an unusual degree of irradiance
constancy, at least in comparison with an ice-free surface mixed
layer. Our study addresses the physiological basis for pho-
toadaptation given the possible benefit to the phytoplankton
of fine-tuning the photochemical apparatus to the lake's light
intensity and spectral range. See Priscu et al.; Lizotte and Priscu;
Sharp and Priscu; and Spigel, Sheppard, and Priscu, Antarctic
Journal, this issue for related studies.

Phytoplankton were collected through a hole drilled in the
center of the east lobe of Lake Bonney at piezometric depths
between 5 meters (approximately 1 meter below ice cover) and
17 meters. Temperature varied from 0 °C below the ice to 6 °C
at 17 meters. Populations are dominated by phytoflagellate
species such as Chiamydomonas subcaudata and Chroomonas la-
custris. Detailed studies were made of the populations within
the shallow biomass peak at 5 meters and the deep peak at 17
meters.

The phytoplankton are adapted to low-light, "shade" con-
ditions. The irradiance at which photosynthesis begins to sat-
urate, or 'k' ranged from 15-45 microeinsteins per square meter
per second (Lizotte and Priscu, Antarctic Journal, this issue).
These phytoplankton would be expected to show maximal
efficiency in converting light to photosynthetic energy (quan-
tum yield) and have a large number of chlorophyll pigments
associated with each of the photosynthetic reaction centers.
Preliminary resultssuggest, however, that Lake Bonney phy-
toplankton do not entirely conform to this model of shade
adaptation, and point to the importance of other mechanisms.

The in vivo fluorescence yield was used to define the depth
profile of relative changes in quantum yield of photosynthesis.
The dark adapted in vivo fluorescence per unit chlorophyll was
higher and the fluorescence ratio Fv/Fm lower in the shallow
populations compared to the deep populations (figure). The
Fv/Fm data in particular suggests a low quantum yield in shal-
low populations, increasing quantum yield in the region of
10-15 meters and near maximal values in the deep populations
around 16-18 meters (cf., Demmig and Bjorkman 1987). This
is in agreement with the trend of increasingly higher initial
slopes of the photosynthesis-irradiance curve, (EQN "alpha"),
measured using samples from 5, 10, and 17 meters, respec-
tively (Lizotte and Priscu, Antarctic Journal, this issue). The
shallow populations exist in conditions of highest light level
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Profile of in vivo fluorescence parameters for Lake Bonney phy-
toplankton collected 12 December 1989. Samples were dark adapted
30 minutes, initial fluorescence was measured (F 0), DCMU was added
to 10 micromolar and fluorescence was remeasured ( Fm ). The dif-
ference F was calculated as Fm - F 0 and is plotted as the ratio FI
Fm (squares). The ratio of F 0 to the chlorophyll a concentration in
acetone extracts, F0*, is also plotted (triangles). See Priscu et al.,
(Antarctic Journal, this issue) for further details on the chlorophyll
measurement. (m denotes meter.)

chlorophyll accessory pigments. The chlorophyll alb ratio at all
depths typically exceeds 6. Acetone extracts also have high
relative absorbances at 480 nanometers typical of carotenoids.
A more detailed analysis of pigment composition will have to
await future high-performance liquid chromatography meas-
urements. Chlorophyte spp. phytoplankton sampled from Lake
Bonney at a depth of 17 meters were grown in an enrichment
culture at ambient temperature. The fluorescence kinetics (Neale
and Melis 1986) of these algae normalized to absorption were
the same in 480-nanometer (carotenoid absorbed) light as in
660-nanometer (chlorophyll-absorbed) light. This differs from
light utilization by a common chlorophyte, Chiamydomonas rein-
hardtii, which displayed a 40 percent lower efficiency in 480-
nanometer light compared to 660-nanometer light. Caroten-
oids in most chlorophyte algae are thought to play a photo-
protective role; however, the organization of the photosynthetic
apparatus may be radically different for phytoplankton in Lake
Bonney, where blue-green light dominates the scalar irradi-
ance spectrum (cf., spectrum of Lake Hoare, Palmisano and
Simmons 1987) and phytoplankton never require protection
from exposure to full solar irradiance.

This work was supported in part by National Science Foun-
dation grant DPP 88-20591 to J.C. Priscu.
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but lowest temperature and nutrient concentrations in the Lake
Bonney water column. The physiological mechanism for
depression of photosystem II quantum yield by nutrient star-
vation or low temperature is not clear, but such metabolic
stress factors may limit the extent of photoadaptation.

A large number of light harvesting pigments in association
with each reaction center, resulting in a large absorbance cross-
section or "antenna size" for photosynthesis, is another char-
acteristic expected of shade-adapted populations. Study of the
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Lake Bonney is divided into two lobes by a narrow, shallow
channel, and in many respects, each lobe could be considered
a separate, distinct water body. Each lobe has different vertical
profiles for temperature and conductivity (Spigel, Sheppard,
and Priscu, Antarctic Journal, this issue). In this article, we
report the nutrient distributions of the east and west lobes and
results from preliminary experiments suggesting nutrient de-
ficiency in the surface phytoplankton populations in the east
lobe (see Priscu et al., Antarctic Journal, this issue) collected
during the austral spring and summer, 1989-1990.

Soluble inorganic nutrient concentrations were determined
in water samples collected at 2-meter intervals from below the

ice at the center of the east lobe on 24 November, 11 December,
and 16 January, and at the center of the west lobe on 28 No-
vember. Ammonia was measured by the phenolhypochlorite
method (Solorzano 1969), nitrate by the cadmium-reduction
method, and soluble reactive phosphorus by the ascorbic acid
molybdenum-blue method (APHA 1986). Samples from below
12 meters were diluted tenfold with deionized water before
analysis, owing to the high concentration of nutrients and
other salts in the monimolimnion.

Nutrient bioassays were conducted on 15 to 17 November,
29 November to 2 December, and 5 to 7 January for the 5 and
17 meter phytoplankton populations. Four treatments were
compared: a control; a 50-micromolar ammonia addition; a 10-
micromolar phosphate addition; and one amended with both
ammonia and phosphate. All treatments were returned to depth
for a 24-hour preincubation period. The treatments were then
split into three replicate light bottles and a single dark bottle
(150 milliliters), inoculated with 27 microcuries (5 meters) or
57 microcuries (17 meters) of carbon-14-bicarbonate, and in-
cubated at depth for 7 hours to measure photosynthetic rates.
A Student's t-test was used to determine significant differences
in photosynthetic rates between treatments.

Concentrations of soluble nutrients ranged over more than
an order of magnitude in Lake Bonney, with steep gradients
in their vertical profiles (figure). Nutrient concentrations in the
east lobe ranged from 0.9 to 163 micromolar ammonia, 9.5 to
259 micromolar nitrate, and 0.051 to 1.41 micromolar soluble
reactive phosphorus. Nutrient concentrations in the west lobe

jjM NH:
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Nutrient profiles from the east and west lobes of Lake Bonney on 24 and 28 November, 1989, respectively. (m denotes meter. JIM NH4
denotes micromolar ammonia. p.M NO3 denotes micromolar nitrate. I'M PO4 3 denotes micromolar soluble reactive phosphorus.)
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ranged from 0.9 to 321 micromolar ammonia, 1.5 to 30.8 mi-
cromolar nitrate, and 0.069 to 0.672 micromolar soluble reactive
phosphorus. The vertical gradients in nutrient concentrations
are related to vertical gradients in conductivity (Spigel et al.,
Antarctic Journal, this issue) and dissolved oxygen (Sharp and
Priscu, unpublished data). Ammonia concentrations increased
as the water approaches anoxia below 20 meters in both lobes.
Nitrate (oxidized nitrogen) concentrations in the west lobe de-
creased as the water becomes anoxic while, paradoxically, ni-
trate concentrations increased in the anoxic waters of the east
lobe. Soluble reactive phosphorus concentrations increased be-
low the chemocline of the east lobe (at approximately 20 me-
ters) but increased within the chemocline of the west lobe.

Our nutrient profiles differed from those previously pub-
lished for the east lobe of Lake Bonney (Weand, Hoehn, and
Parker 1977): they reported much higher nitrate and ammonia
concentrations in surface waters (above 15 meters) than we
found, while concentrations below 15 meters were similar.
Weand et al. (1977) noted that high nitrate concentrations could
be due to a nitrate-rich stream entering the lake at their site,
and enriching waters above the chemocline. Vertical profiles
of soluble reactive phosphorus concentrations were similar.

Preliminary experiments indicate that photosynthesis by
shallow phytoplankton populations in Lake Bonney may be
nitrogen deficient (table). Phytoplankton from 5 meters had a
significantly greater rate of photosynthesis in the treatment
enriched with ammonia (p<0.03) relative to the control, while
the phosphate and ammonia plus phosphate treatments showed
no significant difference from the control. Although the rate
of photosynthesis in the ammonia plus phosphate treatment
showed no significant difference from the control, the rate was
also not significantly different from the rate in the ammonia
treatment. Nutrient additions to the 17-meter population did
not significantly increase the rate of photosynthesis, indicating
that this population was not deficient in nitrogen or phos-
phorus. These experimental results suggest that the hypoth-
esis of Weand et al. (1977), that nutrient deficiency does not
control primary productivity in Lake Bonney, may be an ov-
ersimplification for surface populations not influenced by stream
water inputs.

These preliminary results show that large vertical gradients
in nutrients exist and these nutrient gradients appear to have

Photosynthetic rate (mean ± standard deviation) from 29
November to 2 December, 1989 nutrient bioassays in the east

lobe of Lake Bonney. All units are disintegrations per minute for
the amount of carbon-14 incorporated per hour.

Ammonia
Depth	 and
(meters)	Control	Ammonia	Phosphate	phosphate

5	147±27	238±31	187±15	174±53
17	75±9	74±4	72±7	77±30

a role in the regulation of primary productivity in Lake Bonney.
In future field work, we hope to expand these studies on
nutrient effects on primary production to include work on the
phytoplankton of the west lobe (where nutrient gradients dif-
fer from the east lobe) and to examine growth responses of
the phytoplankton to nutrient enrichment.

We thank Michael Lizotte, Robert Spigel, Patrick Neale, and
Ian Sheppard for their assistance in the field. This work was
supported by the National Science Foundation grant DPP 88-
20591 to J.C. Priscu.
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Profiles of temperature and conductivity finestructure were
measured at three stations in Lake Bonney during January
1990. The stations were at midlake positions in the east and
west lobes of the lake and in the center of the narrow channel
that separates the two basins.

Measurements were made with a SeaBird SBE25 Sealogger
designed for through-ice sampling and fitted with both fine-
structure and microstructure temperature and conductivity sen-
sors. Only preliminary work was carried out, and only sample
results of the raw temperature and conductivity finestructure
will be displayed here. The measurements were made to in-
vestigate the stability of the water column and to identify any
areas in which turbulence or thermohaline circulation might
occur. The work was carried out to support the biological study
described by Priscu et al., Antarctic Journal, this issue.

Results were consistent with those of previous investigators
(e.g., Angino, Armitage, and Tash 1964; Ragotzkie and Likens
1964; Hoare 1964; Shirtcliffe and Benseman 1964) who also
measured temperature and conductivity in Lake Bonney but
with much coarser resolution. In the east lobe (figure), tem-
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Raw temperature and conductivity data vs. depth measured at mid-
lake, East Lobe, Lake Bonney, 10 January 1990. Conductivities are
not adjusted to a standard reference temperature. Depths are rel-
ative to the free-water surface. (S/rn denotes conductivity in sie-
mens per meter.)

perature increased steadily with depth underneath the ice to
a maximum of 6.3 °C at a depth of 14.5 meters below the free-
water surface, and then decreased steadily to -2.4 °C at the
bottom (38 meters). Conductivity exhibited a very sharp gra-
dient between 15 and 20 meters, increasing from approxi-
mately I  siemens per meter, with a maximum of approximately
12 siemens per meter at 24 meters. These values have not been
adjusted to a single reference temperature, and the figure shows
unadjusted conductivity decreasing with depth below 24 me-
ters in the east lobe. Laboratory measurements of water sam-
ples indicate, however, that this is a temperature effect, and
that concentrations of salts increase steadily toward the bottom
(e.g., maximum chloride concentration 150 kilograms per cubic
meter). Temperatures in west lobe were colder (maximum 3.3
°C at 9 meters, minimum -4.9 °C at 39 meters) and less salty
(maximum chloride concentration 88 kilograms per cubic me-
ter). Conductivities in east and west lobes match for depths
0-12 meters, 12 meters coinciding with the approximate level
of the sill separating the two basins. Below 12 meters, the
profiles in the two basins diverge. Temperatures differ be-
tween the two basins from 0-12 meters, however. Temperature
profiles measured in the narrows separating the two basins
showed large (approximately 0.5 meter) temperature inver-
sions, indicating the possibility of exchange between the basins
above sill level. Examination of the microstructure at the center
station in the east lobe showed no evidence throughout the
entire water column of any turbulence nor of any thermohaline
convection cells. The conductivity profile from east lobe (fig-
ure) shows what appears to be a well-mixed layer at a depth
of 13 meters, coinciding roughly with the temperature maxi-
mum, but close inspection of microstructure provided no ev-
idence of active mixing. It is possible that this feature arises
from an intrusion of water originating elsewhere in the basin.
Similar intrusion-like features appear in the profile for the west
lobe but at different depths. Obvious candidates for sources
of intrusions are the submerged face of the Taylor Glacier in
the west lobe and water from the west lobe flowing through
the narrows into the east lobe. These conjectures, however,
remain to be confirmed.

In summary, limited and preliminary finestructure and mi-
crostructure profiling of temperature and conductivity yielded
no evidence of turbulence or mixing in the central part of the
east lobe, although evidence of possible mixing was found in
the narrows. Microstructure measurements from the west lobe
were not of satisfactory quality to enable judgments to be made
regarding mixing in that basin, although finestructure and salt
concentration measurements indicated stability throughout the
water column in the west lobe as well. No profiles were meas-
ured in either basin during the period of peak meltwater runoff
in late December, however, and it is possible that inflows may
generate regions of turbulence in the lake for limited periods
at that time.

This work was supported in part by National Science Foun-
dation grant DPP 88-20591 to John C. Priscu.
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The McMurdo Dry Valleys of Victoria Land located near
McMurdo Station are among the most extreme desert ecosys-
tems in the world (Vincent 1988). Nematodes (microscopic
round worms) are aquatic soil fauna, known to be important
in the functioning of warm deserts through their role in nu-
trient cycling (Freckman 1982). In warm deserts of the United
States, nematodes are closely associated with plants and with
soil organic matter (Freckman and Virginia 1989). Little is known
about the distribution and ecology of nematodes in systems
lacking higher plants, particularly the McMurdo Dry Valleys.

The microbial ecology of the dry valleys has been studied
in detail (Block 1984; Vincent 1988). Only taxonomic surveys
of soil fauna have been made, however (Maslen 1981; Timm
1971), and their functional significance to dry valley systems
is unknown. The objective of this study is to examine the
distribution and trophic structure of antarctic nematode com-
munities. Nematodes will be related to aspects of the soil phys-
ical and chemical environment and to soil microbial densities
to determine the biotic and abiotic factors that effect and/or
limit dry valley soil fauna.

Sites spanning the lengths of Taylor, Garwood, and Wright
valleys and a site at Cape Royds, Ross Island, were sampled
during January 1990. These sites represent a diversity of soil
types and variations in soil moisture. Soils were collected using
sterile techniques, returned to McMurdo, and subsampled within
24 hours for nematodes and soil moisture. A paired soil sub-
sample was returned to the United States for further chemical
and biotic analyses. Nematodes, tardigrades, and rotifers were
extracted by sugar centrifugation, identified to species and
placed in trophic groups (Freckman 1982). Sugar centrifugation
was selected for nematode extraction based on efficiency tests
of alternative methods (e.g., Baermann funnel and modifica-
tions) at McMurdo.

Nematode numbers were highly variable across sites (figure)
and no nematodes were extracted from 44 percent of the sam-
ples. For example, at Cape Royds only 3 of 11 samples con-

tamed nematodes, whereas two thirds of the samples at Taylor
Valley contained nematodes. The maximum nematode density
(8,340 per kilogram dry soil) was for an ornithogenic soil sam-
ple from Cape Royds. In the McMurdo Dry Valleys, the max -
imum density for an individual sample was 2,900 per kilogram
dry soil.

Mean nematode density was lower in the dry valleys than
at Cape Royds (figure). Across all sites, bacterial feeders were
the dominant trophic group comprising 66 to 100 percent of
the nematode community. Omnivores ranged from 0 percent
at Cape Royds to 34 percent at Wright Valley. Tardigrades and
rotifers were found in approximately 14 percent of the soil
samples. Nematodes species recovered from the McMurdo ex-
traction procedure were Scottnema lindsayae, Plectus spp., and
Eudorylaimus antarcticus. S. lindsayae dominated all samples.

To examine environmental and biotic factors limiting ne-
matode numbers, we established a replicated field experiment
where soil moisture, energy supply (addition of sugar to the
soil), and soil temperature (increased by placing 0.5 square
meter "mini-greenhouses" on the soil) were manipulated. This
experiment was set up near Lake Hoare, Taylor Valley. Sam-
ples collected at time zero indicated nematodes were present
in all 30 experimental plots. We hope to resample the plots for
nematode and bacterial numbers during January 1991. A par-
allel microcosm experiment is being conducted under con-
trolled conditions using soil transported back to the United
States.

Preliminary results show that McMurdo Dry Valley nema-
todes survive under a wide variety of soil conditions. Nema-
tode abundance in the dry valleys is comparable to other deserts,
but the frequency of samples lacking nematodes is much greater.
During the 1991 field season, we hope to extend our sampling

CAPE ROYDS GARWOOD	TAYLOR	WRIGHT
DRY VALLEYS	>

Sample Locations

The mean number of nematodes/trophic group at tour Antarctic
locations. Means include soil samples with no nematodes. The
number of samples per site were: Cape Royds (n=11), Garwood
Valley (n=37), Taylor Valley (n=58), and Wright Valley (n=41).
Error bars are one standard error of the mean.

3000

0
U,

2000

C)

U)

J 
1000

1990 REVIEW	 229



to additional dry valley sites and systems. Analysis of soils
returned to the United States for physical and chemical prop-
erties will allow us to identify the soil factors that best explain
nematode abundance, distribution, and community structure
in the McMurdo Dry Valleys.

This work was supported by National Science Foundation
grants DPP 88-18049 and DPP 89-14655.
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The ice-free valleys of southern Victoria Land contain a va-
riety of perennially ice-covered closed-basin lakes. We are
studying one of these dry-valley lakes, Lake Fryxell (77°37'S
163°07'E) in the lower Taylor Valley. The lake is approximately
5.5 kilometers long and 2 kilometers wide, with a surface area
of 7.06 square kilometers (Lawrence and Hendy 1985, 1989),
a maximum basin depth of 18.9 meters and a center ice thick-
ness of 5 meters. The lack of wind-driven mixing and the saline
bottom waters resulting from the upward diffusion of brines
or redissolved salts from evaporative concentration of lake water
(Lawrence and Hendy 1989), coupled with concentration of
glacial meltwater inflow (Green et al. 1989), has resulted in an
amictic water column. Upon this setting of amixis and a closed-
basin is a redox stratified water column. In the euphotic zone
(5.0-9.5 meters), oxygen concentrations in excess of air equi-
libration exist due to exclusion of gases in the formation of
new ice at the base of the ice sheet (Wharton et al. 1986) and
oxygen production resulting from carbon fixation (Vincent 1981).
In contrast, the hypolimnion is anoxic with concentrations of
hydrogen sulfide approaching 1.25 millimole (figure 1) as a
result of the settling of autochthonous organic matter into sa-
line bottom waters during decay.

Due to the apparent importance of sulfur transformations
to the geochemical cycles in Lake Fryxell (the anoxic basin
covers approximately 2.2 square kilometers or one-third of the

lake area), we are in the process of constructing a sulfur balance
for the lake. The goals of this effort are to determine:
• the long-term fate of sulfur entering the lake, particularly if

a sulfate sink exists within the lake as is suggested from
estimates of stream input into the closed basin (Green et al.
1989);

• the importance of organic-matter remineralization by micro-
bial sulfate reduction in the carbon and nitrogen cycles;

• the rate of internal recycling of sulfur; and
• to begin to address the long-term redox stability of Lake

Fryxell.
During 1988 and 1989, measurements of chloride concen-

tration in the water column supported the concept of amixis
and a diffusion dominated transport (Lawrence and Hendy
1985; Aiken et al. in press). While measured chloride profiles
were nearly identical to earlier measurements by Toni et al.
(1975) and Green et al. (1989), our measurements of sulfate
concentrations (by both turbidimetnic and ion chromatographic
methods) showed no significant year-to-year differences but
were lower at depth than reported by previous studies. The
dissolved sulfide and sulfate profiles indicated sulfate-reduc-
ing activity within the sediments. Using the slope of these
profiles and applying Ficks first law of diffusion (Li and Gre-
gory 1974) yields a rate of sulfate consumption below 18 meters
of 0.64 micromole per square centimeter per year and an up-
ward flux of sulfide of 0.48 and 0.65 micromole per square
centimeter per year from the bottom and near the oxycline,
respectively. These rates indicate a system in relative balance
and a turnover of the water-column sulfate pool (9.5-18.7 me-
ters) of approximately 1,750 years, emphasizing the long time
scales upon which the biogeochemical cycling with Lake Fryxell
must be gauged.

For comparison, we made direct measurements of sulfate
reduction over 36-72 hours in surficial sediment (0-20 centi-
meters) using a sulfur-35/sulfate injection technique (Jorgensen
1978) and recovery of reduced label following treatment with
hot chromous chloride under anaerobic acid conditions (Howes,
Dacey, and King 1984). There was significant sulfate-reducing
activity at the sediment water interface, which is expected at
the benthic boundary layer, especially under these strongly
stratified conditions. The maximal activity, however, was found
in the 0-2-centimeter section with a rapid decrease with depth
and undetectable activity below 8 centimeters. Almost 60 per-
cent of the activity was found in the 0-2-centimeter section
(figure 2). The absence of significant sulfate-reducing activity
below 4 centimeters is related to the depletion of sulfate and
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Figure 1. Water-column concentrations of dissolved oxygen and sulfide (December 1989) and dissolved sulfates and chloride (December
1988; open symbols) in the mid-lake basin. (mM denotes millimole.)

is consistent with the high concentrations of methane found
in these sediments (data not shown). The lower rate measured
from time-course incubations (0.38±0.05 micromole per square
centimeter per year) versus sulfate diffusion may be due to a
lower present day annual rate or to seasonal changes in sed-
iment sulfate reduction related to seasonal changes in the or-
ganic-matter supply from phytoplankton production.

Although the sediment efflux of sulfide was of the same
magnitude as our estimate of sulfide production, measurement
of sedimentary sulfur pools indicate a significant accumulation
of inorganic sulfur in AVS or acid volatile (hydrogen sulfide,
iron sulfide), CRS or chromium reducible (pyrite, elemental
sulfur) and "organic" (non-sulfate, non-CRS) sulfur with depth.
The sulfur pools in the surface 4 centimeters are still increasing
due to the continuing input from sulfate reduction at these
depths (figure 2). Inorganic reduced sulfur pools are signifi-
cantly higher than found in freshwater sediments and are sim-
ilar to marine sediments consistent with the saline nature of
the lake waters. Using the 10,410 date of the aragonite lens
from Lawrence and Hendy (1985) (found at 25 centimeters at
this site), we calculate an average accumulation of 0.43 mi-

cromoles per square centimeter per year of inorganic sulfur
over the past approximately 8,000 years. This burial of inor-
ganic reduced sulfur is close to the 0.63 micromole per square
centimeter per year of stream input into Lake Fryxell estimated
by Green et al. (1989) (figure 3). It appears then that the "lost"
sulfate in Lake Fryxell can be accounted for by microbial re-
duction and burial into sediments. The high rate of burial
relative to the amount reduced would require anoxic condi-
tions over this period which is supported by sediment organic
carbon to reduced sulfur ratios of 1.3 (below the depth of active
sulfate reduction) much smaller than the 2.8 (carbon/sulfur)
found in oxic marine basins and is similar to other anoxic basins
such as the Black Sea (Berner and Raiswell 1983).

The present sulfur balance of the anoxic basin of Lake
Fryxell suggests a system in near equilibrium with sulfate
inputs (figure 3). The rate of apparent sulfur oxidation near
the oxycline suggests, however, that we must also determine
the potential for the removal by oxidation of sulfide via an-
oxygenic photosynthesis and/or the precipitation of metal sul-
fides below the interface. In addition, the estimated rates of
sulfate reduction relative to sulfur burial and upward diffusion
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Figure 3. Present status of sulfur balance for the anoxic basin of
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lations) are from the present study; stream input of sulfate calculated
from Green et at. 1989; and sediment accretion rate calculated from
Lawrence and Hendy 1989. Question marks represent areas where
no data is yet available. All units are micromoles per cubic centi-
meter per year.

of sulfide indicate the need to quantify water-column sulfate
reduction and the areal extent of sediment sulfate-reducing
activity within the lake.

We thank M. Brooks, R. Harnish, and R. VanEtten for as-
sistance in the field; D. Goehringer, S. Brown-Leger, J . Weber,
and C. Stewart for laboratory analysis; and C. Taylor for help-
ful discussions of the data. This research was supported by
the U.S. Geological Survey and National Science Foundation
grant DPP 88-18782 and is Woods Hole Oceanographic Insti-
tution contribution number 7442.
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The lakes in the McMurdo Dry Valleys have several unique
physical characteristics that make them unusual environments
for aquatic microorganisms. The thick, permanent ice cover on
these lakes maintains a constant temperature within each lake
by insulating the water column. The ice also markedly reduces
light penetration and prevents exchange of gases and nutrients
between the water column and the atmosphere (Vincent 1981;
Wharton et al. 1986). Many of the dry valley lakes contain large
salinity gradients that extend vertically throughout the entire
water column, and these gradients effectively prevent mixing
from occurring (Toni et al. 1975). Lakes of this type are rare
examples of true amixis and, as such, are systems in which
solute movement is predominantly a diffusion-controlled pro-
cess. The lakes are situated in closed-basin drainages noted
for their barren moonscape appearance and the nearly com-
plete absence of any plants and animals. Hydrologic recharge
to the lakes occurs only during a 6-8-week period from glacial
meltwater and does not contain significant concentrations of
dissolved organic matter or nutrients (Howard-Williams, Priscu,
and Vincent 1989; Green, Angle, and Chave 1988). In essence,
these lakes may represent the natural environment that most
closely approximates a closed aquatic ecosystem; systems that
are controlled entirely by internal processes.

We are studying the biogeochemical processes affecting the
carbon, nitrogen, and sulfur cycles within one of these dry
valley lakes, Lake Fryxell (77°37'S 163°8'E). A part of the study

involves enumerating and characterizing the total microbial
populations within the lake. Little is known about microor-
ganisms in such systems, especially the planktonic bacteria,
even though it appears that much of the carbon, nitrogen, and
sulfur cycling may occur in the water column (Canfield and
Green 1985; Vincent, Downs, and Vincent 1981).

Lake Fryxell is one of the most productive lakes in the
McMurdo Dry Valleys (Vincent 1981). It contains a relatively
uniform salinity gradient and a corresponding increase in dis-
solved organic matter with depth. The dissolved organic mat-
ter reaches a maximum concentration of 25 milligrams of carbon
per liter at 18 meters (maximum depth, 18.5 meters) (McKnight
et al. 1988). The water column is composed of an upper aerobic
zone that contains oxygen concentrations well in excess of
atmospheric equilibrium and an anoxic zone that contains re-
duced compounds such as ammonium (figure 1), hydrogen
sulfide, and methane (data not shown). The oxycline, the re-
gion of transition between these two zones, has a very steep
oxygen gradient; dissolved oxygen values decrease from 0.9
to 0 millimoles per liter in only 1.5 meters (from 8.0 to 9.5
meters). Very high oxygen concentrations within the zone of
light penetration have been found in other antarctic lakes and
result because the ice cover restricts exchange of gases with
the atmosphere (Wharton et al. 1986). Immediately beneath
the oxic-anoxic interface in Lake Fryxell there is a turbidity
maximum (9.5 meters, figure 1). At least part of this high
turbidity was due to populations of bacteria. Bacterial abun-
dance increased dramatically from 9.0 to 10.5 meters, with a
peak value at 10.5 meters that was nearly eightfold greater
than that in the aerobic portions of the water column (figure
2). Morphologically, the bacteria were much larger within this
depth interval than elsewhere in the depth profile, which would
also help account for the turbidity maximum. Interestingly,
bacterial abundance was 2-3 times higher in the deeper, anoxic
zones (12-18 meters) than in the aerobic zone, a phenomenon
that has also been reported for a saline, meromictic, temperate
lake (Zehr et al. 1987) and may be the result of grazing by
protozoan populations in the aerobic zone.

In general, the microbial populations within Lake Fryxell
were physiologically stressed. The adenylate energy charge
values for planktonic microorganisms throughout most of the
depth profile were 0.5-0.6 (figure 2), indicative of a starving
or extremely stressed metabolism. The energy charge of a cell
estimates the energy potential of the cell in a manner analogous
to a battery potential; the theoretical range is 0-1, but the actual
limits for pure cultures are 0.4-0.5 for dying or senescing cells
and 0.75-0.8 for exponential growth (Atlas and Bartha 1981).
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Figure 1. Depth profiles in December 1987 in Lake Fryxell of dis-
solved oxygen, ammonium, and turbidity. Turbidity was measured
with a nephelometer. (NTU denotes national turbidimetric units. m
denotes meter. mM denotes millimole per liter.)

Figure 2. Depth profiles in December 1987 in Lake Fryxell of bac-
terial abundance and adenylate energy charge of the total microbial
population. Bacterial abundance was determined by epifluoresc-
ence microscopy (Harvey 1987). Adenylate energy charge (EC) was
calculated from: EC =(ATP + 1/2ADP)/(ATP + ADP + AMP). The ATP,
ADP, and AMP content in the bacterial biomass was determined
according to the method of Walker et al. (1986). (m denotes meter.
ml denotes milliliter.)

There were two depths in Lake Fryxell in early December 1987
that exhibited energy charge values characteristic of actively
growing populations of microorganisms (figure 2). A 7-meter
peak in energy charge correlated with the lowest bacterial
abundance in the entire water column. There was, however,
a peak in chlorophyll concentrations at this depth and a cor-
responding peak of phytoplankton, which was primarily com-
posed of Oscillatoria sp. (McKnight et al. 1988). The Oscillatoria
biomass would significantly "swamp out" the bacterial bio-
mass in the energy charge calculation at the 7-meter depth
because of the greater amount of total adenylates per cell for
phytoplankton versus bacteria. The Oscillatoria in Lake Fryxell
was probably in the midst of a bloom, and hence the higher
energy charge, which might be expected given the rapid in-
crease in photosynthetically active radiation in the Dry Valleys
during the month of November (Simmons, McKay, and Whar-
ton 1987).

The deeper of the two energy-charge peaks (9.5-10.0 meters)
suggests that the bacteria in the turbidity maximum were also
actively growing, which would account for their larger cell size.
In addition, these organisms demonstrated the greatest het-
erotrophic activity within the water column (figure 3). Rates
of 3H-glucose uptake (at 1 micromole per liter glucose) were
over 10 times greater within the 9.5-10.0-meter interval than
for samples collected from any other depth interval. As noted,
these organisms are situated at the oxic-anoxic interface and,
therefore, benefit from the flux of reduced constituents, such

as ammonium, from below, and degradable organic matter
from oxygenic photosynthesis occurring above, as well as che-
mosynthesis and anoxic photosynthesis within the interval
itself. Other heterotrophic activity measurements with 3H-ac-
etate (data not shown) resulted in a depth profile very similar
to that of the 3H-glucose uptake. In general, heterotrophic
activity was very low below 12 meters and above 8 meters,
which together constitute 75 percent of the water column,
while 75.3 percent of the integrated heterotrophy was found
in the 8.5-12.0-meter interval. Interestingly, there were no
significant increases in heterotrophy in the depth intervals in
which photosynthesis was actively occurring (figure 3).

On an areal basis, the total carbon turnover, due to microbial
metabolism as measured by 3H-glucose uptake, was 1.97 mil-
limoles of carbon per square meter per day. This compares
with a total amount of dissolved organic matter within the
water column of 14.9 moles of carbon per square meter. 3H-
glucose uptake does not reflect the turnover of the total dis-
solved organic matter pool, and the lability of the various com-
ponents of dissolved organic matter is undoubtedly substantially
different because glucose is only a very small component of
that pool. However, glucose does not represent that fraction
of the dissolved organic matter pool that is readily utilized by
microorganisms, and in that regard, glucose update can be
useful as a first approximation for estimating the flux or re-
moval rate of dissolved organic carbon by microorganisms when
constructing a carbon budget. The rate of this flux component
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Figure 3. Depth profile in December 1987 in Lake Fryxell of the rate
of 3H-glucose uptake for water samples amended with 1 micromole
per liter glucose and incubated for 20 hours in the dark as described
by Smith, Harvey, and LeBlanc (in press). (m denotes meter. nmol
L 1 hr' denotes nanomoles per liter per hour.)

in Lake Fryxell is such that it would take more than 20 years
to remove an amount of carbon equivalent to the current stand-
ing stock of dissolved organic matter from the water column
of the lake. It is important to keep in mind that dissolved
organic matter, however, is also being continually added to
the water column by primary and secondary productivity, by
diffusion from the sediments, and by degradation of particu-
late organic matter within the water column. These different
sources of dissolved organic matter will undoubtedly have
different residence times in the lake and different removal rates
by microoganisms. Because of the unique light-dark cycle in
antarctic lakes, the effect of some of these differences upon
heterotrophic activity should be most evident during the dark-
ness of the austral winter after primary productivity has stopped.
Thus, measurements of dissolved organic matter and hetero-
trophic activity during this period could add valuable insight
into carbon cycling within antarctic lakes.

We thank J . Duff and L. Miller for assistance in the field and
R. Harvey for bacterial enumeration and M. Brooks for ade-
nylate analysis. This research was supported by the U.S. Geo-
logical Survey and by National Science Foundation grant DPP
86-13607.

Woods Hole Oceanographic Institution contribution number
7441.
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Changes in thyroid hormone status
with antarctic residence
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Studies carried out in temperate, mid-latitude regions sug-
gest a winter elevation in blood pressure (Tanaka et al. 1989)
and increased incidence of heart attack (Vuori 1987), stroke
(Keatinge, Coleshaw, and Holmes 1989), and mood disorder
(Sack et al. 1985) compared with summer measurements. At
high global latitudes, circumpolar winters are associated with
extremes of low temperature, low relative humidity, increased
electromagnetic radiation, changing photoperiods, and social
isolation. Thyroid hormones help regulate metabolic rate, car-
diovascular function, lipid metabolism, and mood, and they
are rapidly adjusted to starvation, overfeeding, illness, and
cold exposure. Thyroxine (T4) is the prohormone, and triio-
dothyronine (T3) is considered the active thyroid hormone with
nuclear binding capability. Changes in human thyroid hor-
mone function with prolonged polar residence may extend our
understanding of circannual changes observed during mid-
latitude winters.

A paired design was used to study men in August while in
California (34°03'N 118°14'W), after 20-24 weeks of residence
at McMurdo Station (77°51'S 166°37'E), and again after 40-44
weeks of antarctic residence. Tests conducted included basal
and dynamic thyroid hormone measurement of the pituitary
thyrotropin reserve and the serum clearance of both unlabeled
(oral dose) and iodine-125 labeled (intravenous dose) T 3. In
vitro studies of hormone binding to serum carrier proteins have
also been conducted (Reed et al. in press; Quesada, Reed, and
Smith 1989). Climate chambers in Bethesda, Maryland, were
used to contrast antarctic findings with changes in human
thyroid hormone physiology during experimental cold adap-
tation (Reed et al. 1990a).

The results of our study can be summarized in five cate-
gories:
• Pituitary physiology (figure 1). We found that the pituitary

response of thyrotropin to intravenous thyrotropin-releas-
ing hormone increased 50 percent after 5 months of resi -
dence in Antarctica and remained elevated after 11 months
of residence in Antarctica (Reed et al. 1986; Reed et al. 1988).
Basal thyrotropin values do not change over the year (Reed
et al. 1986; Reed et al. 1988; Reed et al. 1990b). Inhibition of
thyrotropin release by T 3 administration is unchanged dur-
ing residence in Antarctica (Reed et al. 1988).

BASAL	25 MCG/DA	bb MCG/DAY 7b MOG/DAY

Figure 1. Integrated thyrotropin (TSH) response to thyrotropin-re-
leasing hormone (mean ± standard error) measured in nine sub-
jects before and after 25, 50, and 75 milligrams per day of T3 . This
response was measured in a warm control climate (R) and after 20
(m) and 42 weeks (vs) antarctic residence. There was no difference
between results obtained after 20 and 42 weeks residence in Ant-
arctica. *p<0.05 compared with warm control climate values. (MCG
denotes micrograms. lU.min/ml denotes micro international units
times minutes per milliliter.) (Reproduced with permission from
Reed et al. 1988.)

• Serum static values. Serum values of 13 and free T3 had a
variable fall with residence in Antarctica. Total and free 14
remained unchanged. The maximum binding capacity to
serum carrier proteins was reduced (Quesada et al. 1989).
The percentage of the free T 4 and T3 hormone at physiolog-
ical concentrations was also decreased (Reed et al. in press).

• Serum kinetic values (figure 2). Extravascular T 3 distribution
space increased by 178 percent, production rate by 137 per-
cent, and metabolic clearance rate by 121 percent when
measured using tracer iodine-125 T3 . Iodine-125 14 kinetic
changes were minor (Reed et al. 1990b).

• Experimental cold adaptation. After 20 to 80 repeated cold-
air exposures, humans increased serum T3 production rate
and metabolic clearance rate by approximately 20 percent.
There was no change in the T 3 extravascular 13 distribution
space during this same period (Reed et al. 1990a). The cold-
associated increase in 13 production was independent of
serum 14 and thyrotropin. This dissociation was determined
by administering supplemental T3 to one group of cold-ex-
posed individuals.

• Cellular T3 binding capacity. There was a twofold increase
in specific nuclear T3 binding capacity of human mononu-
clear cells in men receiving 20 to 80 repeated cold-air ex-
posures and supplemented with an oral daily dose of T3.
Without supplementing T3 during cold exposure, no changes
were observed in the number of available receptor sites.
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Figure 2. Mean (± standard error) T3 kinetic parameters of T3 dis-
tribution space (TVd) (liter per square meter), metabolic clearance
rate (MCR) (in liters per day per square meter), and production rate
(PR) (in nanomoles per day per square meter) are shown for meas-
urements made in the control period before leaving for Antarctica
(•) and after 20 () and 42 () weeks of antarctic residence. T3
distribution space, metabolic clearance rate, and production rate
are Increased after 42 weeks compared to control values. (LIM2
denotes liters per square meter.) (Reproduced with permission from
Reed et al. 1990b.)

We describe a major increase in the extravascular binding
and the production and clearance of T 3 with antarctic residence
measured using tracer iodine-125 T3 (Reed et al. 1990b). These
men also displayed an unchanged pituitary sensitivity to T3
(Reed et al. 1988), a variable decrease in serum total and free
T3 basally and after oral T 3 administration, and an increased
pituitary response of pituitary thyrotropin release to a standard
stimulus of thyrotropin releasing hormone (Reed et al. 1986;
Reed et al. 1988; Reed et al. in press). Our data implicate T3
more so than T4 as playing a regulatory role in adaptation to
polar life. These observations also suggest that the increased
T3 distribution space of T3 with residence in Antarctica is not
likely to be similar in all tissues. With an increased pituitary
thyrotropin response, the local pituitary T 3 concentration would
be expected to be low. Kinetic data, however, support that the
average T3 distribution space throughout the body is dramat-
ically increased (Reed et al. 1990b), thus establishing a tissue
discordance.

Common factors known to change thyroid hormone econ-
omy such as fasting, overfeeding, depression, photoperiod-
icity, and dietary iodine cannot completely explain our findings.
In separate cold-adaptation experiments where cold is isolated
as a single variable, human T3 production is increased although
not as dramatically as in Antarctica (Reed et al. 1990a).

Our findings are consistent with others who have described
changes in static serum T 3 values in humans working in cold
chambers (Solter et al. 1989), cold climates (Nagata et al. 1976),
and Antarctica (Vining et al. 1983).

Most of the body's T3 is normally distributed in muscle and
skin. These tissues, unlike the central nervous system, are
likely to exhibit an increase in T 3 content with residence in
Antarctica. This discordance of hormone distribution is not
uncommon in states of caloric deprivation but has not been
described for environmentally associated conditions such as
life in Antarctica. Further investigation of this constellation of
findings should be carried out with paired human studies.
Specific tissue responses, environmental interaction, and the
physiological significance of thyroid hormone changes in other
high-latitude areas need future exploration.

The opinions and assertions expressed in this article are
those of the authors and are not to be construed as official or

reflecting the views of the Department of the Navy, Depart-
ment of the Army, Department of Defense, or the National
Science Foundation. This work was supported in part by the
Naval Medical Research and Development Command work
unit number 63706N M0095.004.1008 and National Science
Foundation grants DPP 85-19514 and DPP 88-17037.
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Early studies on adaptation and performance in isolated ant-
arctic groups by Gunderson and his colleagues resulted in a
general concept of effective individual performance which in-
cluded three essential components: task motivation, emotional
stability, and social compatibility. Intercorrelations between
supervisor and peer evaluations of individual performance in
these studies ranged from .47 to .67 (p<OOl). Discriminant
validities for criterion components were .60 for emotional sta-
bility, .59 for task motivation, and .50 for social compatibility
(Gunderson and Nelson 1966; Gunderson 1974).

Predictions of adjustment rendered by clinicians at the time
of screening for the Operation Deep Freeze Program, however,
were found to have little or no correlation with later reports
of supervisors and peers (Gunderson and Kapfer 1966), and
biographical and personality variables failed to predict for the
same measure of adaptation for all occupational groups. For
instance, social background or personality characteristics that
predicted social compatibility for Navy seabees did not predict
emotional adjustment for that group or social adjustment for
another subgroup like civilian scientists and technicians (Doll,
Gunderson, and Ryman 1969; Gunderson 1974).

This difficulty in predicting adaptation in winter-over per-
sonnel has led us to reevaluate the criterion measures them-
selves and the role that social networks play in the assessment
of individual performance by supervisors and peers. This ar-
ticle, therefore, addresses two specific questions:
• What is the relationship between emotional adaptation and

social and occupational adaptation?
• What is the relationship between the structure of social re-

lations and individual performance in an isolated and ex-
treme environment?
Psychological debriefings of winter-over personnel at

McMurdo Station were conducted between "winfly" (the third
week of August), when the first elements of the summer sup-
port crew arrive to assist in preparing the station for the sum-
mer season, and the arrival of "mainbody" (the first week of
October), the majority of the summer support crew. The de-
briefings were conducted jointly by a Navy clinical psychol-
ogist and a civilian medical anthropologist/research psychologist.
Debriefings were mandatory for all military personnel and vol-
untary for civilians. Of the 131 men and women who wintered-
over at McMurdo Station during the study year, 103 partici-

pated in the psychological debriefing process. This included
all 53 military personnel available and 50 of the 69 civilian
personnel available during the winfly period. Informal inter-
views were conducted with all but 3 of the 19 civilians who
declined to participate in the psychological debriefings. Nine
of the winter-over crew were evacuated from McMurdo Station
during the week of winfly flights for medical, psychological,
work-related, or family-related reasons. The clinical psychol-
ogist and/or the principal investigator, however, did have an
opportunity to meet with four of these individuals prior to
their evacuation.

Subjects were also asked if they experienced any of the
symptoms commonly associated with what has been labelled
the "winter-over syndrome" (Strange and Youngman 1971).
These symptoms include: depression, insomnia, change in ap-
petite, anger or irritability, anxiety, and cognitive disorienta-
tion, usually represented as difficulty with memory or
concentration. The symptoms were then rated on a 5-point
scale (ranging from no reported symptoms to severe symptoms
requiring medical or psychological assistance) by the principal
investigator on the basis of the severity and duration of the
symptom as reported by the subject.

At the end of the debriefing, subjects were asked to make
this judgment: "If you were to winter-over again and were
given the task of selecting the winter-over crew, name five
people from this station you would choose first?" This general
adjustment criterion has been found to be highly correlated
(r = 0.89) with the three specific components of individual ad-
aptation, i.e., emotional stability, task motivation, and social
compatibility (Gunderson 1974).

Once the debriefing interviews were completed, evaluations
of all 131 winter-over crew members were conducted by the
winter-over officer-in-charge, medical officer, ANS resident
manager, the Navy clinical psychologist, and the principal in-
vestigator. Each member of the evaluation team was asked to
rate each winter-over crew member on a 5-point scale using
the following criteria:
• adapted well and made a valuable contribution;
• adjusted adequately and made a contribution;
• caused some problems for self and others;
• caused serious problems for self or others; and
• a psychological, emotional, or behavioral casualty.

A cluster (i.e., structural equivalence) analysis (Johnson 1986)
of peer nominations of ideal winter-over candidates revealed
the existence of 20 subgroups defined on the basis of similar
patterns of being chosen and 28 subgroups defined on the
basis of similar patterns of choosing others within the group.

A comparison of two measures of social network activity
based on the number of nominations—a Centrality Score dis-
cussed by Freeman, Roeder, and Mulholland (1979), and or-
dinal categories of low-high centrality—by supervisor and clinical
evaluations of individual performance found significant as-
sociations between centrality score and performance evalua-
tions given by the principal investigator, Navy clinical
psychologist, officer-in-charge, and medical officer for the en-
tire station (table 1). The evaluations given by these four in-
dividuals also displayed moderate correlations with ordinal
categories of low-high centrality. The performance evaluations
of the Navy clinical psychologist, officer-in-charge, and med-
ical officer were also significantly associated with citation scores
and exhibited moderate to strong correlations with ordinal
categories of low-high centrality of military personnel. The
evaluations of the clinical psychologist alone were significantly
associated with citation scores of civilian personnel.
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Table 1. Correlations between supervisor and clinical
evaluations and social centrality, McMurdo Station, 1989

Social centra
Centrality score	Ordinal centrality

Evaluator	 (r)	 (gamma)

Entire station (n=103)
Principal investigator	 -.220*	 -.324
Navy clinical psychologist	-.297***	 -.459
Navy ofticer-in-charge	 -.244**	 -.375
Navy medical officer	 -.210*	 -.211
Civilian resident manager	-.125	 -.122

Civilian personnel (n=49)
Principal investigator	 -.186	 -.283
Navy clinical psychologist	-.331	 -439
Navy officer-in-charge	 -.085	 -.171
Navy medical officer	 -.024	 .095
Civilian resident manager	-.031	 .038

Military personnel (n=53)
Principal investigator	 -.235	 -.361
Navy clinical psychologist	-.274*	 -.455
Navy officer-in-charge	 -.387***	 -.573
Navy medical officer	 -.332**	 -.480
Civilian resident manager	-.146	 -.293

* p<0.05.
** p<0.01.

p<0.005

A matrix of gamma coefficients comparing symptoms of the
winter-over syndrome and ordinal cat2gories of low-high cen-
trality is provided in table 2. High centrality appeared to be
most strongly associated with self-reported symptoms of anx-
iety and weakly associated with appetite, sleep, and depres-
sion. All associations, however, were negative and in the
expected direction.

This relationship between centrality and symptoms of the
winter-over syndrome was further examined by comparing the
centrality scores of personnel dichotomized on the basis of
whether or not the combined supervisor and clinical evaluation
scores indicated adjustment problems. Despite the wider range
of citations among the group who had difficulties adapting to
the austral winter, all members of the group with adjustment
problems were cited at least once as a preferred fellow winter-
over crew member (figure). On the other hand, some individ-
uals with no winter-over syndrome symptoms were not nom-
inated by any fellow crew members.

This analysis produced two noteworthy results. First, highly
central station members of McMurdo Station's winter-over crew
were emotionally well-adjusted. Contrary to expectations,
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Centrality scores of winter-over personnel by supervisor and clin-
ical performance evaluations, McMurdo Station, 1989.

however, station members who scored low on measures of
emotional stability and supervisor/clinical evaluations of in-
dividual performance were not socially isolated. The winter-
over syndrome does not seem to be dysfunctional at the level
of social compatibility, as determined by peer nominations.
This finding is in contrast to studies which have found an
association between depression and a decrease in size of social
networks and amount of received social support (Murphy 1983,
1985; Henderson, Byrne, and Duncan-Jones 1981). In Antarc-
tica, depression appears to be unrelated to social network
membership and compatibility. The lack of an association may
be interpreted as evidence of the tolerance of symptoms of the
winter-over syndrome within the cultural systems of antarctic
research stations and the use of these symptoms as a means
of coping with the prolonged isolation and extreme environ-
mental conditions when other mechanisms have failed (Pal-
inkas 1989).

This work was supported by National Science Foundation
grant DPP 87-16461 and by the Navy Medical Research and
Development Command.

References

Doll, R.E., E.K.E. Gunderson, and D.H. Ryman. 1969. Relative pre-
dictability of occupational groups and performance criteria in an
extreme environment. Journal of Clinical Psychology, 25, 399-402.

Freeman, L.C., D. Roeder, and R. Mulholland. 1979. Centrality in
social networks II: Experimental results. Social Networks, 2, 119-141.

1 • LOW EVALUATION SCORES
2 HIGH EVALUATION SCORES

Table 2. Matrix of coefficients comparing winter-over syndrome symptoms and social centrality, McMurdo Station, 1989

1	 2	 3	 4	 5	 6	 7

1.000

	

-0.122	1.000

	

-0.123	0.187	1.000

	

-0.152	0.043	0.130	1,000

	

-0.030	0.137	0.441	0.245	1.000

	

-0.291	0.050	0.207	0.475	0.333	1.000

	

-0.032	0.083	0.171	0.173	-0.018	0.057	1.000

239

1. Ordinal centrality
2. Appetite
3. Insomnia
4. Depression
5. Anger
6. Anxiety
7. Cognitive disorientation

1990 REVIEW



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

Gunderson, EKE., and E.L. Kapfer. 1966. The predictive validity of
clinical ratings for an extreme environment. British Journal of Psy-
chiatry, 112, 405-412.

Gunderson, E.K.E., and P.D. Nelson. 1966. Criterion measures for
extremely isolated groups. Personnel Psychology, 19, 67-80.

Henderson, S., D.G. Byrne, and P. Duncan-Jones. 1981. Neurosis and
the social environment. Sydney: Academic Press.

Johnson, J.C. 1986. Social networks and innovation adoption: A look
at Burt's use of structural equivalence. Social Networks, 8, 343-364.

Murphy, E. 1983. The prognosis of depression in old age. British Journal
of Psychiatry, 141, 111-119.

Murphy, E. 1985. The impact of depression in old age on close social
relationships. American Journal of Psychiatry, 142(3), 323-327.

Palinkas, L.A. 1989. Culture as coping in Antarctica. (Paper presented
at the 88 annual meetings of the American Anthropological Asso-
ciation, Washington, D.C., 18 November 1989.)

Strange, R.E., and S.A. Youngman. 1971. Emotional aspects of win-
tering over. Antarctic Journal of the U.S., 6, 255-257.

240
	

ANTARCTIC JOURNAL



Climate and lower atmosphere studies_______

Observations of ozone
and cloud properties from NSF

ultraviolet-monitor measurements
at Palmer Station, Antarctica
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The National Science Foundation (NSF) scanning spectro-
radiometer at Palmer Station provides hourly ground-based
measurements of solar ultraviolet irradiance. In addition to
defining the ultraviolet radiation environment of the region,
these measurements allow the derivation of the column den-
sity of atmospheric ozone above the station nearly every day-
light hour. This hourly time resolution, not generally available
from other methods of monitoring antarctic ozone abun-
dances, enables the detection of large and rapid changes in
total column ozone and ultraviolet surface irradiance associ-
ated with the dynamics of the polar vortex. Column ozone
abundance is derived from a ratio of measured irradiances at
300 and 313.5 nanometers by means of a theoretical calculation
of this ratio as a function of total ozone amount and solar zenith
angle (Lubin and Frederick 1990). Noontime ozone abun-
dances over Palmer Station obtained from this method agree
with those obtained by the Total Ozone Mapping Spectrometer
(TOMS) instrument aboard the Nimbus 7 satellite to within 10
percent throughout the austral spring of 1988. The breakup of
the 1988 polar vortex occurred within a 24-hour period begin-
fling in mid-afternoon on 15 November. Over the Antarctic
Peninsula, the 1989 ozone depletion was slightly greater than
that of 1988, the minimum noontime ozone abundances over
Palmer Station as measured by the ultraviolet monitor being
194 and 166 Dobson units for 14 October 1988 and 14 October
1989, respectively. The 1989 ozone depletion, however, ended
by 5 November over the Antarctic Peninsula, 10 days earlier
than the 1988 event.

A likely excursion of the polar vortex over Palmer Station
during the 1989 ozone depletion is shown in figure 1. The
horizontal coordinate on this figure gives the Greenwich hour,

Hourly Ozone Above Palmer Station - 1989
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Figure 1. Time history of hourly total column ozone during daylight
hours over Palmer Station for the period 30 September (day 273)
to 2 October 1989 (day 275), obtained from the NSF scanning spec-
troradiometer. Ozone abundance is given in Dobson units. (GMT
denotes Greenwich mean time.)

and at Palmer Station, solar noon (minimum solar zenith angle)
occurs at 16:00 Greenwich mean time. The ozone abundance
drops by nearly 100 Dobson units during this 3-day period
between 30 September and 2 October 1989 (days 273-275). The
most dramatic part of this ozone decrease, a 45-Dobson-unit
drop, occurs within 3 hours during the late morning of 2 Oc-
tober (day 275). The hourly surface irradiances at 300 nano-
meters for days 273-275 appear in figure 2. In response to the
decreasing ozone abundance over Palmer Station over this 3-
day period, the irradiances on day 274 are typically twice as
large as those on day 273, and the irradiances on day 275 are
typically three times as large as those on day 274.

In conjunction with a daily record of sky conditions and
radiative transfer modeling, the ultraviolet-monitor measure-
ments permit a quantitative understanding of the role of cloud
cover in regulating ultraviolet radiation levels at the antarctic
Earth surface. The transmission properties of cloud types over
the Antarctic Peninsula can be quantified by taking the ratios
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Figure 2. Time history of hourly surface irradiance at 300 nano-
meters measured at Palmer Station by the NSF scanning spectro-
radiometer for the time period 30 September (day 273) to 2 October
1989 (day 275). Irradiance is given in microwatts per square cen-
timeter per nanometer. (GMT denotes Greenwich mean time.)

R of ultraviolet-A (UV-A) irradiances measured under them to
UV-A irradiances calculated for clear skies and the same solar
zenith angle. For this procedure, we use irradiances in the
spectral interval 342.5-347.5 nanometers, where ozone ab-
sorption is negligible, to avoid a great deal of uncertainty due
to ozone. Cloud scattering is essentially wavelength-indepen-
dent over the entire ultraviolet, and these results can be ap-
plied to the UV-B (280-320 nanometers).

Basic optical properties of the various cloud types observed
over Palmer Station during spring, 1988, are shown in the
table. Shown is the mean cloud transmission <R>, the equiv-
alent plane-parallel cloud optical depth -y (from a two-stream
calculation), and the number N of observations of each cloud
type. The optical depth -y is not shown for partially cloudy
skies, because a plane parallel calculation is strictly not mean-
ingful in these cases. While the mean optical depth for overcast
skies was 15, overcast layers with optical depths as large as
70 were occasionally observed. Under the average overcast sky
in the region, ultraviolet irradiance at all wavelengths is slightly
greater than half of the value for clear skies. Under the thickest
overcast layers, ultraviolet irradiance at all wavelengths is
roughly 20 percent what it would be if the sky were clear. In
a seasonally averaged sense, cloudiness has no effect on the

Cloud climatology for Palmer Station during spring, based on
NSF scanning spectroradiometer measurements, two-stream

radiative transfer calculations, and a written record of 700
weather observations compiled between 16 September and 21
December 1988. The number of observations, the mean cloud

transmission, and the mean optical depth are listed for each sky
condition. The last five entries refer to partial cloudiness.

Sky condition	 N	 >

All overcast skies	 441	0.541	15
Storm clouds with high winds	27	0.492	19
Sky obscured due to

snowfall	 97	0.512	17
All overcast, bases lower

than 2,000 feet	 129	0.503	18
All overcast, bases

2,000-3,000 feet	 158	0.574	13
All overcast, bases

above 3,000 feet	 40	0.626	10
All overcast with solar disk

visible through	 29	0.772	4
Less than 1/10 sky coverage	14	0.987	-
1/10-3/10 sky coverage	 60	0.966	-
4/10-6/10 sky coverage	 74	0.905	-
7/10-8/10 sky coverage	 48	0.748	-
Broken all overcast

(9/10 or more coverage)	 63	0.713	-

percentage enhancement in UV-B surface irradiance which re-
sults from the springtime ozone depletion. However, when
considering timescales of hours to several days (comparable
to the lifetimes or doubling times of organisms at the base of
the antarctic marine food web), cloud cover can be discussed
in terms of its ability to attenuate the solar irradiance, in some
cases giving a surface UV-B level comparable to that found
under an unperturbed ozone column and clear skies (Lubin
and Frederick in press). Depending on the amount of ozone
depletion and the type of cloud cover, there will always be a
wavelength below which surface-radiation levels are excessive
during spring.

This work was supported by the National Science Founda-
tion under grant DPP 88-09294. The authors acknowledge the
engineering support of C. Rocky Booth, Timothy Lucas, and
David Neuschuler of Biospherical Instruments, Inc., San Diego,
California.
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Vertical profiles
of ozone and aerosol

at McMurdo Station, Antarctica,
in the spring of 1989
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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. These measurements have indicated that ozone
depletion is caused by a catalytic chemical reaction between
ozone and chlorine, and that polar stratospheric clouds play
a pivotal role in conditioning the stratosphere for these reac-
tions. As part of this effort, we have used balloons to make
vertical soundings of ozone, temperature, and aerosol in the
spring at McMurdo Station since 1986. These measurements
have been recently summarized by Deshler et al. (1990) and
Hofmann and Deshler (1991). The ozone soundings taken dur-
ing these years have defined the vertical structure of the ozone
cavity and the rate of ozone depletion. The following similar-
ities have been observed. Ozone profiles in late August, just
after the first midwinter flights to McMurdo, are normal; how-
ever, ozone depletion soon begins between 20 and 22 kilo-
meters and then proceeds to lower altitudes. Primary ozone
depletion occurs rapidly in September such that by October
most of the ozone between 12 and 20 kilometers has been
removed. By the middle of October, the total amount of ozone
has been reduced to about half of its initial value. Recovery of
ozone then begins in late October at altitudes near 20 kilo-
meters with the influx of ozone rich air from the mid latitudes
as the polar vortex breaks up.

Aerosol measurements during these years have indicated
that upward motion is not occurring in the polar vortex and
that a condensation nuclei layer forms near 24 kilometers, just
above the ozone depletion region, beginning in early Septem-
ber. In 1987, efforts began to develop an aerosol counter sen-
sitive to the low concentrations of large particles which occur
in polar stratospheric clouds. This effort culminated in the new
aerosol counter used in Antarctica in 1989 and which allowed
us, for the first time, to resolve particle concentrations in the
region between 0.5 and 1.0 micrometers.

Ozone and temperature profiles were measured in 39 bal-
loon flights at McMurdo Station from 23 August to 30 October
1989. Optical particle counters were included on four flights
to measure condensation nuclei (radii = 0.01 micrometers) and
five flights to measure polar stratospheric cloud particles with
the new high-flow-rate aerosol counter (radii = 0.15 microm-
eters to radii = 5.0 micrometers).

In 1989, as in previous years, ozone depletion occurred in
the 12-20-kilometer layer, was episodic, occurring rapidly in
two periods of less than 5 days, appeared to be tied to tem-
peratures below - 70 °C, and recovered initially above 20 kil-
ometers with an influx of ozone-rich air from mid latitudes
(Deshler et al. 1990). The rates and absolute magnitudes of
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Figure 1. Comparison of 1986-1989 total and 12-20-kilometer col-
umnar ozone, from integration of ozone soundings, and 18±1 kil-
ometer average ozone mixing ratio and temperature over McMurdo
Station. (km denotes kilometer. ppmv denotes parts per million by
volume.)
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ozone depletion in 1989 were similar to 1987, the most severe
ozone depletion on record. A time history of ozone and tem-
perature in the spring is shown in figure 1 for the years 1986-
1989. In both 1987 and 1989, almost complete destruction of
ozone was observed at times between 15 and 18 kilometers.
Vertical profiles of ozone partial pressure (in nanobars) in
1989 for the initial sounding and at maximum ozone depletion
are shown in figure 2. Warming and breakup of the polar vortex
limited the duration of ozone depletion in 1989. Comparison of
1987 and 1989 suggests that only certain minimum meteorological
conditions are required for chemical destruction of ozone to pro-
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 2. Comparison of profiles of ozone partial pressure (in na-
nobar) at the height of ozone depletion, 20 October 1989, with the
Initial sounding on 23 August 1989. (mb denotes millibar. km  de-
notes kilometer. nb denotes nanobar.)

ceed to completion and that prolonging those conditions would
probably not lead to significant further depletion.

Balloon flights with optical particle counters, covering the
size range from radii = 0.15 to 5 micrometers, and with con-
densation nuclei counters were used to characterize the polar
stratospheric cloud size distribution under varying tempera-
ture conditions. The new particle counter, with size resolution
in the 0.5-micrometer radius region, produced the most de-
tailed size distributions of polar stratospheric clouds obtained
to date. These data indicate that cloud size distributions are
always bimodal. The small particle mode represents the normal
stratospheric sulfate aerosol or condensational growth en-
hancements of it. The large particle mode was observed at
concentrations 3 to 4 orders of magnitude lower than the small
particle mode, and at temperatures consistent with the con-
densation of nitric acid trihydrate, according to the laboratory
measurements of Hanson and Mauersberger (1988). These po-
lar stratospheric cloud measurements will help define the sur-
face area available for the chemical conditioning of the
stratosphere which is necessary for ozone depletion to occur.

J. V. Hereford and C. B. Sutter were at McMurdo Station from
22 August to 30 October, D.J. Hofmann and T. Deshler from
22 August to 5 October, and K. Harper from 3 to 30 October.
This work was sponsored by the National Science Foundation
grant DPP 87-15913.
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Infrared atmospheric
absorption and emission

measurements
FRANK J. MURCRAY and RENATE HEUBERGER

Department of Physics
University of Denver

Denver, Colorado 80208

The atmospheric research group of the University of Denver
has measured atmospheric composition with infrared tech-

niques for several years. With the detection of the ozone hole,
interest increased in the amounts of nitric acid and hydrogen
chloride as well as other molecules that play an important role
in the ozone chemistry.

During the austral spring, a program was conducted in col-
laboration with the New Zealand Department of Scientific and
Industrial Research. The instrument was set up and operated
by Brian McNamara of the Department of Scientific and In-
dustrial Research and Renate Heuberger of University of Den-
ver. Solar spectra were obtained at Arrival Heights with the
same interferometer system used during the 2 previous years.
The use of two detectors enabled data collection in two dif-
ferent wave number regions, 750-1,250 per centimeter and
2,700-3,100 per centimeter.
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Besides nitric acid (HNO3) and hydrogen chloride (HC1) col-
umn densities were observed for fluorocarbon-11 (CF2C12),
fluorocarbon-12 (CFC13), methane (CH4), nitrogen dioxide (NO2),
nitrous oxide (N20), chlorine nitrate (C1ONO 2), and ozone
(03).

The data were taken from 3 September to 6 November. In
the second half of October, the sky was often overcast and
storms made measurements impossible, while in September
conditions were exceptionally good and spectra could be taken
regularly during the time when the ozone hole occurred.

In December, a second project started at Amundsen-Scott
South Pole Station. Frank Murcray and Renate Heuberger of
the University of Denver installed an emission spectrometer
on the roof of Skylab to obtain data for water, carbon dioxide
(CO2), ozone, fluorocarbon-11 and -12 and nitric acid in the
wave number region from 600 to 1,500 per centimeter.

The instrument will run during the winter, monitoring the
change in concentration of the components during the long
absence of sunlight.

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

The two outside blackbodies as well as an inside reference
blackbody are used for calibration. This allows one to obtain
the absolute radiance emitted by the atmosphere and its spec-
tral distribution. An example spectrum taken during the in-
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Spectrum of the atmosphere collected at South Pole, 5 December 1989 by the University of Denver radiometer. The view angle is 15 0. The
large emission on the left is due to carbon dioxide (15-micrometer band). The double bump around 1,000 per centimeter is the ozone
emission. Lines on the right are primarily water vapor.
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stallation and checkout period in December is shown in the
figure.

If the operation is satisfactory for 1 year the measurements
will be continued, otherwise the instrument will be retrieved
and returned to Denver for improvement.

Both projects were supported by National Science Foun -
dation grant DPP 86-10804 and the National Aeronautic and
Space Administration. The first project was also supported by
the New Zealand Department of Scientific and Industrial Re-
search and the New Zealand Antarctic Program.

A study of
polar stratospheric clouds

at the South Pole
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This research is centered on balloonborne measurements of
polar stratospheric clouds and frost point in the nighttime
stratosphere over Amundsen-Scott South Pole Station. During
this time of year, satellite observations of polar stratospheric
clouds are not available. The water-vapor measurements will
help identify the processes important in the formation of polar
stratospheric clouds; in addition, they will detail the dehydra -
tion of the antarctic stratosphere. The polar stratospheric cloud
measurements are accompanied by simultaneous ozone meas-
urements using the same instrument package and digital-data
telemetry data system.

A project similar to the one described here is also being
conducted in the arctic from Alert, Northwest Territories, (82°N
61.5°W) (Rosen, Oltmans, and Evans 1989). The reader is re-
ferred to this other work for a more complete description of
the instrument and the nature of expected results. The bal-
loonborne polar stratospheric cloud observations are made with
a new instrument called a backscattersonde which has an end
data product very similar to that obtained by a 2-wavelength
lidar system. The frost-point measurements are made with a
cooled-mirror type device previously used in both the arctic
and antarctic.

As of this writing, the primary balloon-sounding phase of
the program is just beginning. Several test flights as well as
two data flights have been conducted and the resulting data
files have been successfully sent to Boulder, Colorado, by sat-
ellite for analysis. Instrumentation and supplies for approxi-
mately 17 more soundings are on hand for launching.

The initial results from the frost-point measurements sug-
gest that the entire troposphere inside the vortex becomes
saturated as the atmosphere gradually cools. In the strato-
sphere, the water-vapor mixing ratio is initially about 4 parts
per million by volume, but we expect to see this value decrease
during the course of the winter. Previous experience with the
frost-point sensor at McMurdo Station shows the stratospheric
water-vapor concentration to be in the 1-2 parts per million
by volume range at the end of winter suggesting a significant
dehydration of the stratosphere (Rosen et al. 1988).

It should be noted that the size of the instrument payloads
for this research project is three to four times larger than those
previously launched during the night at the South Pole Station
and requires a significant effort by the launch personnel work -
ing outside in very low temperatures. (In previous years, the
balloon and flight train could be prepared inside a small in-
flation shelter prior to launch.) As a side benefit, the experience
gained in this year's effort should provide critical new infor-
mation for designing an improved balloon-launch facility for
South Pole Station.

This work was supported by National Science Foundation
grant DPP 88-16563. Fred Schrom and Carl Groeneveld were
primarily responsible for instrument preparation and launch-
ing of the balloons at Amundsen-Scott Station. They were
assisted by David Ayers and Kitt Hughes. Their efforts are
greatly appreciated.
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The South Pole Station
temperature chronology and the

global warming problem

K.J. HANSON

Air Resources Laboratory
National Oceanic and Atmospheric Administration

Miami, Florida 33149

There is a continuous record of air temperature measure-
ment at the Amundsen-Scott South Pole Station beginning in
January, 1957, shortly after establishment of the station. The
record consists of hourly and/or 3-hourly temperatures ob-
tained at approximately 2 meters above the snow surface. From
these observations, daily, monthly, and annual statistics have
been derived. The data set is archived at the National Climatic
Data Center (NCDC 1990). Some of the recent monthly statis-
tics for South Pole Station temperature and other variables are
published in the quarterly issues of Antarctic Journal of the U.S.

South Pole Station temperature climate. The 33 years of tem-
perature observations at the South Pole Station (1957-1989)
have been used to determine monthly variability and "nor-
mals," as indicated in figure 1 and table 1. The normals show
that the warmest month is December (-27.9 °C) and the cold-
est month is July (-60.0 °C). Temperature for a given month

Table 1. Normal (33-year) monthly air temperature and standard
deviations for Amundsen-Scott South Pole Station based on the

period 1957-1989

Normal	 Standard deviation
Month	(in degrees Celsius)	(in degrees Celsius)

—28.09
	

1.95
2	 —40.48

	
1.80

3	 —53.92
	

1.82
4	 —57.35

	
2.56

5	 —57.54
	

2.31
6	 —58.22

	
3.09

7	 —59,97
	

2.51
8	 —59.54

	
2.91

9	 —59.34
	

2.40
10	 —51.14

	
2.40

11	 —38.76
	

1.95
12	 —27.92

	
1.65

is more variable from year to year for dark-period months than
for sunlit-period months.

The relatively flat minimum in winter temperature (figure
1), compared to the more peaked summer maximum, is a well-
known feature of the temperature climate of Antarctica. This
"kernlose" or coreless winter temperature minimum has been
noted by many investigators. It is explained by Wexler (1958)
as a baroclinic instability in the troposphere which initiates the

Long Term Mean Monthly Temperature
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Figure 1. Normal (33-year) monthly air temperature for Amundsen-Scott South Pole Station, based on 1957-1989.

—20

—30

—40
0

—50

—60

1990 REVIEW	 247



formation of intense cyclones. These large circulations move
onto the continent, effectively "ventilating" large portions of
the lower troposphere over Antarctica, preventing what would
otherwise be a continuous decline of surface temperature dur-
ing the dark period.

Detecting evidence of global climatic change. The chronology of
South Pole Station annual average temperatures for the period
1957-1989 is given in figure 2. There is no apparent warming
over the 33-year period.

The chronology shows unusually cold years in 1983 and
1987. Although, year-to-year temperature variability in the
present record is too large to allow detection of significant
trend, it is reasonable to assume that as the record becomes
longer, trend (either warming or cooling) eventually could be
detected if it were sufficiently large. Because the South Pole
Station is located on an extensive, high plateau of Antarctica,
such evidence of temperature trend would be important for
the larger question of detection (either confirmation or nega-
tion) of global warming.

Thus, for the purpose of obtaining temperature trend in-
formation for the South Pole, it would be useful to identify,
and to the extent possible to remove, interannual-scale tem-
perature anomalies. Removal of such anomalies would have
the effect of shortening the length of record that would oth-
erwise be needed to detect long-term trend in south polar
temperatures.

There are two meteorological variables that appear to ac-
count, in part, for the temperature anomalies of 1983 and 1987:
wind speed and wind direction.

• Wind speed. During most of the year, the temperature of the
snow surface at South Pole Station is colder than the over-
lying air, so that temperature increases with height above
the snow. Under these conditions, decreased wind speed
has the effect of decreasing the downward mixing of warmer
air to the snow surface. The wind speeds given in table 2
suggest that wind speed was, at least in part, the cause of
the 1983 temperature being 1.6 °C below normal. In 1983,
the average wind speed was only 3.9 meters per second
compared to a long-term average of 5.3 meters per second.

• Wind direction. Winter temperature at the South Pole Station
is strongly related to wind direction. Coldest winter tem-
peratures are associated with winds from the eastern quad-
rant (east is defined at 90°E).
This temperature dependence on wind direction is illus-

trated in table 3 which shows winter monthly average tem-
perature (July, August, September) for prevailing wind
directions. It shows the coldest temperatures are with winds
from the east-northeast (-65 °C).

During the winter of 1987, winds from the eastern sector
occurred more frequently than normal (GMCC 1988); many
occurred during August as the temperature for that month
was 7.6 °C below normal. Thus, anomalous wind direction
explains, in part, the below normal temperatures of 1987.

Estimates of trend. Some of the meteorological variables that
have been measured at the South Pole Station over the past
33 years may be used (with a more complete analysis) to reduce
the variance of the time series of annual average air temperature.
Such a reduction in variance would have the advantage of re-

Annual Average Temperature
Amundsen—Scott South Pole Station

(1957-1989)
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Figure 2. Time series of annual average air temperature for Amundsen-Scott South Pole Station for 1957-1989.
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Table 2. Average annual wind speeds for Amundsen-Scott South
Pole Station

Table 3. Monthly average winter air temperature at Amundsen-
Scott South Pole Station as a function of wind direction, based
on July, August and September temperature and wind for the

years: 1958, and 1982-1988Wind speed

Year	 (in meters per second)
Wind direction

1982	 4.5
1983	 3.9
1984	 5.0
1985	 5.9
1986	 6.0
1987	 5.3
1988	 5.4

Long-term average	 5.3

ducing the length of the record needed to estimate trend. Wind
speed and direction are two examples. Perhaps there are vari-
ables, such as cloudiness, or atmospheric temperature or wind
sounding information that would be useful for that purpose.

Finally, I would mention that subsurface snow temperature
measurements to a depth of 12 meters were obtained in 1958 at
South Pole Station by M. Giovinetto and me and were docu-
mented by Giovinetto (1960) and Hanson and Rubin (1962). Sub-
sequent snow temperature measurements were obtained with
the same equipment in 1959 and 1961 (Hanson and Rubin 1962).

In 1958, the 12-meter depth snow temperature at the South
Pole Station was -50.9 °C, the importance of which is that it
serves as a baseline for future snow temperature measure-
ments and assessment of trend. Clearly, it would be important,
for the global warming problem, to begin obtaining 12-meter
depth snow temperatures at the South Pole Station to provide
snow-based estimates of trend in support of those obtained
from atmospheric measurements.

N	NNE NE ENE	E ESE-NNW

Number of
observations	4	11	 none

Temperature in
degrees Celsius —57.6 —58.1 —62.5 —65.7 —61.8	_a

a Nonoccurrence.
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The relationship
between atmospheric methane

and global climate
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The natural cycle of atmospheric methane is driven by emis-
sions from the world's wetlands, lakes, tundra, wild rumi-
nants, and many smaller sources. Methane is removed from
the atmosphere mostly by reacting with tropospheric hydroxyl
(OH) radicals, although aerated soils also remove some meth-
ane. Over the past century or two, human activities have added
significantly to the global emissions from sources such as cattle
and other ruminants, rice fields, landfills, and the production
of oil and natural gas. Consequently, the atmospheric concen-

tration of methane has increased from about 600 parts per
billion by volume a few hundred years ago to nearly 1,700
parts per billion by volume at present (see Khalil and Ras-
mussen 1989, 1990). The effect of human activities on the global
methane cycle is a very recent phenomenon that has caused
the concentration of methane to be two to five times higher
than at any time during the last 160,000 years. Over the last
160,000 years, the concentrations of methane have varied sys-
tematically with global temperatures. The concentrations were
around 350 parts per billion by volume during glacial periods
and 600-650 parts per billion by volume during interglacial
times. Methane concentrations during ice ages were first re-
ported by Stauffer et al. (1988) based on analyses of polar ice
cores and by Raynaud et al. (1988) based on a few measure-
ments from the Vostok ice core (Antarctica). A decrease of
methane during the little ice age, just a few centuries ago, was
reported by Khalil and Rasmussen (1989) from ice cores of both
polar regions. More recently, Chappellaz et al. (1990) have
reported a detailed analysis of the Vostok core in which meth-
ane closely parallels the Earth's temperature. These studies
have clearly established that the concentration of atmospheric
methane is closely related to the global climate. In this article,
we report a synthesis of recent work on the relationship be-
tween global climate and the methane cycle.
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Figure 1. Temperature and the concentration of methane. Data were corrected for the interhemispheric gradient during interglacial periods
and during the little ice age but not during the major ice ages. The times represented by the three studies are very different. During the
most recent times (past 2,000 years) atmospheric concentrations were somewhat higher than at earlier times as explained in detail in Khalil
and Rasmussen (1989). (ppbv denotes parts per billion by volume. CH 4 denotes methane.)

The results from the earlier work are shown in figure 1 taken
from Khalil and Rasmussen (1989). The detailed results from
the Vostok core based on the work of Chappellaz et al. (1990)
are shown in figure 2. In figure 2, the change of methane is
fairly uniform over the entire range of temperatures from the
cold of an ice age to the warm interglacial periods such as the
present. Methane concentrations change by about 48±7 parts
per billion by volume per degree Celsius (or 8 percent per
degree Celsius) according to our analysis of the three studies
in figure 1 and at a rate of change of concentration per degree
change of temperature (dC/dT) of 23 ± 2 parts per billion by
volume per degree Celsius (or 1/C dC/dT = 4.8 ± 0.4 percent
per degree Celsius) according to the data in figure 2 (± values
are 90 percent confidence limits). All the studies agree on the
concentrations of methane during pre-industrial times, ice ages,
and modern times. The apparent discrepancy of the change
of methane with changing global temperature is due almost
entirely to the different temperature records used in the two
analyses. For figure 1, we used the temperature record from
Watts (1982). The temperature record for figure 2 is from the
analysis of the Vostok core itself. These estimates of dC/dT
characterize the net effect of global climatic change on the
natural methane cycle. If the Earth warms up in the future,

natural emissions will increase, perhaps at the rates calculated
above (4-8 percent per degree Celsius).

Two problems of current interest are to explain the dra-
matically low concentrations of methane during ice ages and
to determine the role of the methane cycle in climate change.
The concentration of methane can decline during the ice ages
either if the emissions decrease or if methane is removed more
rapidly (increase in OH) or if both these processes occur si-
multaneously.

It is easy to see that the emissions of methane are likely to
decline during ice ages or sustained cold periods. Emissions
of methane from most sources such as wetlands and lakes
decrease with decreasing temperatures. Moreover, popula-
tions of wild ruminants may also decline during ice ages, and
some wetlands may be frozen throughout the year, thus pro-
ducing no methane. It is highly improbable that any source
would emit more methane during ice ages than during warmer
times. The net result would be much lower global emission
rates. We believe that this is a major cause of the low methane
concentrations during ice ages.

The change of the removal rate of methane during ice ages
is more complex than the change of emissions. Since OH is
produced by the action of sunlight, tropospheric ozone, and
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Figure 2. A. The connection between climate and atmospheric
methane based on the Vostok core (from Chappellaz et al. 1990).
Concentration data were averaged over each degree of tempera-
ture. For example, the first point from the left is the average con-
centration of methane for all times when the temperature was between
-9 and -10 °C below average. The error bars are 90 percent con-
fidence limits of the mean concentrations. Both the methane con-
centrations and the estimated temperature are taken from the Vostok
core as reported by Chappellaz et al. (1990). The line is a polynomial
C (parts per billion by volume) = 579.2 + 25.7T + 0.843T2 - 0.08118T 3

-0.02345T4 -0.000857T5 where T is in °C as shown in the figure.
B. The rate of change of methane with temperature. This graph
represents a test of linearity of the response shown in A. The rate
of change of methane with temperature was computed over suc-
cessive 4-degree ranges using a linear regression model and plot-
ted In the middle of the appropriate temperature range (the error
bars are 90 percent confidence limits). For example, the first point
on the left is the rate of change of methane with temperature be-
tween -10 and -6 °C, the second point is the rate of change
between -9 and -5°C, and soon. The horizontal line is the average
response. (ppbv denotes parts per billion by volume.)

water vapor (03 + hv - 0('D)+ 02, followed by O( 1 D) + H20
OH + OH), the production rate must decline during ice ages.

Both ozone and water vapor would be much lower during an
ice age compared to warmer times. On the other hand, the
removal of OH would also be much slower than during warmer
periods since it is removed by reactions with carbon monoxide
and methane. Considering the known sources of carbon mon-
oxide, it is likely that the production of carbon monoxide would
be significantly lower during ice ages compared to warmer
times. On balance, OH may be either higher or lower during
ice ages compared to warmer times depending on whether the
production or removal of OH is most affected by the ice age
atmospheric chemistry. Calculations suggest that on balance
OH would be higher during an ice age (McElroy 1989; Pinto
and Khalil in press). The magnitude of the change may not be
large because the effect of an ice age on the production rate is
offset by the effect on the destruction rate, causing OH levels
to be stabilized over widely varying climatic conditions (Khalil
and Rasmussen 1989; Pinto and Khalil in press).

These explanations suggest that climatic changes drive the
natural methane cycle resulting in concentrations that oscillate
between 350 and 600 parts per billion by volume. Such fluc-
tuations may perhaps cause a minor positive climatic feedback;
however, the concentrations of methane are so low that the
effect may be of no consequence.

This work was supported in part National Science Foun-
dation grant DPP 88-20632. Additional support was provided
by the Biospherics Research Corporation and the Andarz Co.
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Improvements in nitrous oxide
and halocarbon measurements

at the South Pole

BRAD D. HALL, JAMES W. ELKINS, JAMES H. BUTLER,
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Climate Monitoring and Diagnostics Laboratory

Boulder, Colorado 80303

CHRISTINA M. BRUNSON*

Cooperative Institute for Research in Environmental Sciences
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Nitrous oxide (N20) and chlorofluorocarbons (CFCs) are re-
ceiving considerable attention because of their role in green-
house warming (Ramanathan 1988) and ozone depletion
(Farman, Gardiner, and Shanklin 1985). Atmospheric N20,
CFC-12 (CC1 2F2), and CFC-11 (CC13F) have been measured in
flask samples by the Climate Monitoring and Diagnostics Lab-
oratory (formerly Geophysical Monitoring for Climatic Change)
of the National Oceanic and Atmospheric Administration
(NOAA) since 1977. Although flask samples provide an ade-
quate record of the long-term growth rates (Elkins et al. 1988;
Thompson, Komhyr, and Dutton 1985), finer time resolution
and better precision can be achieved by in situ gas chroma-
tography to resolve issues involving ozone depletion and at-
mospheric circulation.

A manually operated gas chromatograph was installed at
the South Pole in 1983 to measure atmospheric N20, CFC-12,
and CFC-1 1 by electron-capture gas chromatography (Elkins
et al. 1988). This single gas chromatograph was replaced by
an automated gas chromatograph system in 1988. In the new
system, two Shimadzu Mini-2 gas chromatographs are confi-
gured for automated analysis of atmospheric N20, CFC-12,
CFC-1 1, CFC-113 (CC12FCC1F2), methyl chloroform (CH3CCI3),
and carbon tetrachloride (CC14), every 2 hours. N20, CFC-12,
and CFC-11 are separated on a Porasil A (Waters Associates)
packed column while CFC-12, CFC-13, Ch 3CC13, and CC14 are
separated on an SP2100 column (Supelco). The system is cal-
ibrated with ambient air stored in high pressure, Aculife-treated,
aluminum cylinders (Scott Specialty Gas). Calibration runs
bracket each air analysis. Data are stored on an IBM PC and
transmitted to Boulder each week via satellite.

In January 1989, we improved precision by eliminating the
elution of late peaks. In summer of 1990, we replaced the ultra-
pure nitrogen carrier gas on the Porasil A column with a 5 percent
methane-in-argon mixture to minimize carbon dioxide interf er-
ence with N20. At that time, the frequency of analysis was
increased to one atmospheric sample each hour, providing cleaner
calibration runs and reducing error due to instrumental drift.

Even though the measurements reported here encompass
only 3 years, our estimated growth rates are reliable (figure).
The growth rate of atmospheric N 20 calculated from both the

* Present address: Scripps Institution of Oceanography, La Jolla, California
92093-0220.
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Daily average concentrations for N 201 CFC-12, CFC-11 (Porasil A),
and CCI4, for flasks () and the in situ gas chromatograph (+).
Trends are calculated from the flask and the gas chromatograph
data (90 percent confidence level). In situ gas chromatograph meas-
urements from 1987 are not shown because the electron capture
detector became severely contaminated, resulting in poor preci-
sion. Absolute concentrations for N20 and CCI4 are based on Na-
tional Institute of Standards and Technology (formerly National
Bureau of Standards) gravimetric scales prepared by J. Elkins.
CFC-12 and CFC-11 concentrations are based on the NOAA 1990
halocarbon scale. (ppb yr' denotes parts per billion per year. ppt
yr 1 denotes parts per trillion per year.)

252	
ANTARCTIC JOURNAL



flask samples and the in situ gas chromatograph measurements
from 1986 to June 1990 is 0.7±0.1 parts per billion per year
(90 percent confidence level). This trend agrees with that of
0.66±0.07 parts per billion per year reported NOAA/GMCC
flask samples taken from 1977 to 1987 (Elkins et al. 1988).
Brunke, Sheel, and Seiler (1990) reported a 0.65 parts per billion
per year increase in N 20 at Cape Point, South Africa, from
1983 to 1987. Our trends for CFC-11 and Cd 4 are 9.6±0.2
parts per trillion per year and 2.6±0.3 parts per trillion per
year. Rasmussen and Khalil (1986) reported increases of 11.3 ± 1.0
for CFC-11 and 2.4 ± 0.5 parts per trillion per year for Cd4,
derived from flask samples collected from 1975 to 1985 at the
South Pole. Our recent results show that CFC-12 is increasing
at 18.5 ± 0.2 parts per trillion per year. This is somewhat higher
than the growth rate of 16.3±0.5 parts per trillion per year
previously reported by Elkins et al. (1988) but agrees with the
value of 18.8± 0.9 parts per trillion per year reported by Ras-
mussen and Khalil (1986). CH 3CC13 data are not reported be-
cause of contamination problem in 1988 and 1989; however,
we are currently measuring about 161 ±5 parts per thousand
CH3CC13 at South Pole.

Although maintaining a gas chromatograph at such a remote
site has not been without problems, our data have improved
considerably over the past 4 years (figure, table). Improved
precision in 1989 and 1990 revealed a steeper growth in CFC-
12 and CFC-11 during 1989, leveling off late in the year. The
growth rate of CFC-11 seems to be decreasing during the first
half of 1990. These features could be related to changes in
antarctic circulation. We are now detecting subtle variations
in halocarbons (less than 2 parts per trillion for CFC-11) which
may help resolve issues such as whether atmospheric circu-
lation affects the lifetimes of these trace gases (Tuck 1989).

In summary, the study of N20 and halocarbons at the South
Pole by the Climate Monitoring and Diagnostics Laboratory
has progressed from the periodic measurement of flask sam-
ples for three gases to continuous in situ measurement of six
gases. The system has been improved each year and now
delivers highly precise and accurate measurements that can
be monitored throughout the year. Because of the increased
sampling frequency, we cannot only monitor global trends but
can begin to evaluate smaller changes over shorter time scales.

We thank K. Egan, for his work with the automated gas
chromatograph system and J. Sczechowski and S. Cummings
for their work in the flask program. We also acknowledge the
dedication of numerous NOAA personnel at South Pole, in-

Analytical precision (in percent) for measuring N 201 CFC-12,
CFC-1 1, CH 3CCI31 and CCI4, by flask samples, the manually

operated gas chromatograph, and the automated gas
chromatograph system. Precision is reported as one relative

standard deviation based on daily mean concentration values.

N 20 CFC-12 CFC-11	CH 3CCI3 Cd4

Flasks	 0.7	0.5	0.8	N/A	N/A
(1986-1990)

Manual gas	1.6	2.0	2.0	N/A	N/A
chromatograph
(1986)

Automated gas	0.15	0.3	0.2	0.8	0.5
ch romatog raph
(1990)

cluding T. Mullen, M. Winey, F. Schrom, R. Poston, E. Crozer,
and C. Groenevald. NOAA/CMDL nitrous oxide and halocar-
bon data are available on diskette in IBM PC text format from
James W. Elkins.
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Antarctic automatic
weather stations:

Austral summer 1989-1990

CHARLES R. STEARNS and GEORGE A. WEIDNER

Department of Meteorology
University of Wisconsin

Madison, Wisconsin 53706

The National Science Foundation's Division of Polar Pro-
grams places automatic weather station units in remote areas
of Antarctica in support of meteorological research and op-
erations. The automatic weather station data are collected by
the ARGOS Data Collection System on board the National
Oceanographic and Atmospheric Administration (NOAA) se-
ries of polar orbiting satellites. Stearns (1988) gives the history

of the automatic weather station locations in Antarctica prior
to 1988, and Stearns and Weidner (1989) provide the locations
since 1989.

The basic units measure air temperature, wind speed, and
wind direction at a nominal height of 3 meters above the surface,
and air pressure at the electronics enclosure. Some units may
measure relative humidity at 3 meters and the temperature dif-
ference between 3 meters and 0.5 meters above the surface.

The table gives the ARGOS identification number, latitude,
longitude, elevation, and the latest start date for antarctic au-
tomatic weather station units operating during 1990. Figure 1
shows the locations for the units except for those that are too
close together to be clearly shown. Figure 2 shows the units
in the vicinity of the Reeves Glacier, and figure 3 shows the
units on the Ross Ice Shelf near Ross Island.

Some automatic weather station units are located in arrays
for meteorological experiments and others for operational pur-
poses. Any one unit may contribute to several experiments
and all contribute to operational purposes, especially the prep-
aration of weather forecasts for aircraft flights to and from New

Automatic weather station locations for 1990. The ID start date is the date on which the unit started with the listed ARGOS ID. The site
may have been In operation for a longer time with a different ID or the unit may have stopped and been repaired as is the case with

AWS 8903 at Byrd Station. Gill unit was not received during 1989. Elaine site is planned for reinstallation in 1990 and Gill site
should be repaired.

Site

Adélie Coast
D1O
D-47
D-80
Dome C
Port Martin
Cape Denison

Summer only stations
Byrd Station
Siple Station

Ross Island region
Marble Point
Ferrell
Jimmy
Mount Erebus
Pegasus North

Ocean Islands
Whitlock
Scott Island

Ross Ice Shelf
Marilyn
Schwerdtfeger
Gill
Elaine
Lettau
Martha II

Reeves Glacier
Manuela
Shristi
Sushila
Sandra
Lynn
Pat

Antarctic Peninsula
Larsen Ice
Butler Island
Uranus Glacier
Cape Adams
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ARGOS
ID

8912
8916
8919
8904
8914 U
8933 U

8903
8910

8906
8907
8925
8911 U,T
8927 U,T

8913
8928

8915
8924 U,T

8908 U,T
8900 U,T

8905 U,T
8909 U,T
8921 1
8923
8901 U,T
8931 U,T

8926
8902
8920
8917

Latitude

66.70'S
67.38°S
70.02°S
74.50'S
66.82'S
67.02'S

80.00'S
75.92°S

774305
78.02'S
77.87'S
77.50'S
77.970S

76.24'S
67.37°S

79.96'S
79.94'S
80.00'S
83.15'S
82.59'S
78.38'S

74.92'S
74.72'S
74.71'S
74.51'S
74.23°S
74.88'S

66.97'S
72.20'S
71.43'S
75.01'S

Longitude

139-800E
138.72°E
134.72'E
1 23.00'E
141.390E
142.68'E

1 20.00'W
83.92'W

163.750E
170.80'E
166.81'E
167.15'E
166.490E

168.700E
1 79.97'W

164.960E
169.830E
1 79.00'W
174.460E
1 74.27'W
1 73.42'W

163.60'E
161 .58'W
161.280E
160.420E
160.290E
163.10'E

60.55'W
60.34'W
68.93'W
62.53'W

Elevation
(in meters)

240
1,560
2,500
3,280

39
31

1,530
900

120
45

202
3,700

10

275
30

75
60
55
60
55
18

80
1,200
1,431
1,525
1,772

30

17
91

780
25

ID start
date

15 Jan 84
11 Jan 89
11 Dec 85
13 Jan 83
19 Jan 90
20 Jan 90

28 Jan 90
10 Dec 87

5 Feb 80
10 Dec 80
25 Jan 90
21 Nov 89
23 Jan 90

23 Jan 82
25 Dec 87

17 Jan 90
24 Jan 85

29 Jan 86
11 Feb 87

15 Feb 84
28 Dec 87
20 Jan 88
19 Jan 88
19 Jun 88
1 Jan 89

1 Jan 86
1 Mar 86
6 Mar 86

28 Jan 89
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Automatic weather station locations for 1990. The ID start date is the date on which the unit started with the listed ARGOS ID. The site
may have been in operation for a longer time with a different ID or the unit may have stopped and been repaired as is the case with

AWS 8903 at Byrd Station. Gill unit was not received during 1989. Elaine site is planned for reinstallation in 1990 and Gill site
should be repaired. (continued)

ARGOS
Site	 ID	 Latitude	 Longitude

"RACER Rock"	 8930 U	 64.160S	 61.54°W
Halley Bay	 8932	 75.500S	 26.65"W

South Pole Station
Clean Air	 8918	 90.00°S	 -

NOTES: U denotes relative humidity. T denotes vertical air-temperature difference.

Elevation
	 ID start

(in meters)
	

date

	

17
	 6 Nov 89

	

52
	

Mar 90

	

2,835
	

28 Jan 86

Figure 1. Map of Antarctica showing the locations of the automatic weather station units for 1990. The units in the rectangle about Manuela
Site are shown in figure 2 and the units in the rectangle at Ferrell Site are shown in figure 3.

1990 REVIEW	 255



Figure 2. Map of the locations of automatic weather station units in the Reeves Glacier area of Antarctica including Manuela Site.

Zealand and within Antarctica. The automatic weather station
units support the following research and operational areas:
• Barrier wind flow along the Antarctic Peninsula and the

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

Reeves Glacier, Byrd Glacier, and Beardmore Glacier,
• Mesoscale circulation and the sensible and latent heat fluxes

on the Ross Ice Shelf,
• Climatology of Byrd, Siple, and Dome C stations
• Oceanography in the Ross Sea,
• Meteorological support for air operations at McMurdo, Ant-

arctica,
• Monitoring for possible aircraft landing sites. Slotten and Steams

(1987) and Stearns and Wendler (1988) give examples of the
research carried out with the automatic weather station units
in Antarctica. Savage and Steams (1985) present climatological
information collected by the units in Antarctica.
The automatic weather station unit at "RACER Rock" was

installed by Tony Amos, University of Texas. This unit is in

support of the Research on Antarctic Coastal Ecosystem Rates
(RACER) project in the Gerlach Strait. The Polar Duke trans-
ported the personnel and equipment to the area. The unit was
installed on a rock named, as yet unofficially, "RACER Rock."

The unit installed at Pegasus Site in January 1989 was re-
moved in November and installed on the highest point of
Mount Erebus. The Mount Erebus unit should be useful to the
Naval Support Force, Antarctica, Meteorology Office for air
operations.

Three automatic weather station units were shipped to Hob-
art, Tasmania, and loaded on the M/S Astrolobe of Expeditions
Polaires Francaises (EPF) along with Gerd Wendler, R. Flint,
and Didier Simon of EPF. Automatic weather station units
were installed at Port Martin and Cape Denison. The locations
of the two sites are shown in figure 1 and other details are
given in the table. The third unit will be installed during austral
summer 1990-1991. The installation was not possible within
the allotted ship time due to stormy weather. The three units
are equipped with a Vaisala wind speed sensor. The output
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Figure 3. Map of the Ross Island area of Antarctica showing the locations of Ferrell, Jimmy, and Pegasus North sites.

is a 5-second average rather than the instantaneous value
measured with the Aerovane. The Vaisala anemometer is lo-
cated on the south end of the extended boom. The Aerovane
is downwind of the Vaisala anemometer for the prevailing
wind direction at the locations along the Adélie Coast.

C.R. Stearns and George Weidner arrived in McMurdo, Ant-
arctica, on 2 January 1990. The radioactive thermal generator
used to power the automatic weather station unit at Ferrell
Site was dug out of the snow and removed by helicopter to
McMurdo. The only remaining radioactive thermal generator
used for the automatic weather station units in Antarctica is
at Dome C. The tower at Ferrell Site was raised 5 feet and a
battery powered unit was installed retaining the ARGOS ID
of 8907.

The automatic weather station unit installed at Byrd Station
in January 1989 stopped shortly after the LC-130 carrying George
Weidner took off for the return flight to McMurdo. The unit
was returned to McMurdo in January 1990, repaired, and re-
turned to Byrd Station for installation by the Naval Support
Force, Antarctica, weather observer. Marilyn Site unit was re-
placed on a return flight from South Pole by an LC-130. The
automatic weather station transmitter frequency had changed
enough that the unit was no longer received by the ARGOS
system.

A unit was installed at the north end of the experimental
ice runway near the Mellor Chalet. The table gives the location
information for the site named Pegasus North and the location
is shown in figure 3.

The unit at Pat Site fell down in November 1989. The per-
sonnel from the Italian Base at Terra Nova Bay reinstalled the
tower their way. Marine science technicians from the Polar
Star replaced the Aerovane and removed AWS-8929 from near
the Snow Cave on Inexpressible Island and returned the unit
to Byrd Polar Research Center.

The data are available on paper as 3 hourly values of wind
speed, wind direction, air temperature, and pressure for each
month including a monthly summary (Keller et al. 1989). The
three hourly data are available on 5.25- and 3.5-inch magnetic
disks (high or low density) in IBM format and include any
additional data that may be available such as the vertical air
temperature difference and relative humidity. The complete
data set is available on magnetic tape.

The automatic weather station program is supported by Na-
tional Science Foundation grants DPP 86-06385 and DPP 88-
18171. The British Antarctic Survey installs and services the
automatic weather station units in the Antarctic Peninsula area.
Expeditions Polaires Francaises installs and services the units
from D-10 to D-80 and along the Adélie Coast. Members of
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the Italian National Antarctic Research Programme reinstalled
the unit at Pat Site.
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Wind speed events
and wind direction

at Pegasus site during 1989

CHARLES R. STEARNS and GEORGE A. WEIDNER

Department of Meteorology
University of Wisconsin

Madison, Wisconsin 53706

On 22 January 1989 an automatic weather station unit was
installed on the Ross Ice Shelf between the ice shelf edge and
White and Black islands at the blue ice region being considered
for an aircraft runway (figure 1). The purpose of the automatic
weather station unit was to monitor the meteorology of the
blue ice region to find out if the site is satisfactory for aircraft
operations. The automatic weather station location was 77.97°S
166.49°E near the site of the downed aircraft Pegasus. The unit
operated until 11 November 1989 when the it was removed
for installation on Mount Erebus.

The blue ice in the area of the Pegasus aircraft is unusual
when compared to nearby locations such as the present site
of Williams Field. The presence of blue ice indicates that at
sometime in the past the snow was extensively melted and
refrozen to form the blue ice. The depth of the blue ice also
indicates that the melting and refreezing may have occurred
almost annually. Sublimation and deposition of moisture may
occur in the blue ice area.

Previous experience has shown that the wind field around
obstacles when the vertical static stability of the atmosphere
is very high is strongly influenced by the obstacles. On the
Ross Ice Shelf near Ross Island, the variation in the horizontal
wind flow is largely determined by the obstacles. Examples of
the wind flow are shown in Slotten and Stearns (1987) and
Stearns and Wendler (1988).

The Pegasus automatic weather station unit was equipped
with a relative humidity sensor at 3 meters and with ther-
mocouples to measure the vertical temperature difference be-
tween the nominal heights of 0.5 and 3.0 meters. Combining
the air temperature, vertical air temperature difference, relative
humidity and wind speed with appropriate theory of profile
structure in the surface layer of the atmosphere estimates can
be made of the sensible and latent heat flux from the to the
atmosphere. The results show that melting of the snow did
not occur during the record period. The maximum air tem-
perature recorded was below zero. The maximum temperature

at Ferrell and Marble Point sites is above freezing in January
and December, 1989. Any melting of the snow or ice is most
likely to occur during the months of December and January.
The table shows that the winter temperatures at Pegasus site
are low enough to freeze liquid water on or near the ice surface.

The Pegasus Site wind data used for analysis was the 3
hourly observation selected from the complete data set ob-
tained from Service ARGOS on magnetic tape. The wind speed
and the wind direction are recorded on the 3 hourly data sets
as 0 if the wind speed is less than 0.5 meters per second.

The wind direction is sorted into categories 100 wide using
intervals of 0<DD< = 10.....350<DD< = 360 where DD is
the wind direction. The number of times the wind direction
is in each category is determined for the period and converted
to a wind direction frequency rose in percent using the total
number of wind direction observations. The results are shown
in figure 1 as the wind direction frequency rose around a point
in each wind direction category. The most frequent wind di-
rection as shown in figure 2 is from 450 and the second most
frequent wind direction is centered along 165'±45'. The di-
rection of the experimental runway constructed during austral
summer 1989-1990 is 165°.

After the wind directions are sorted into categories the wind
speeds in each direction are sorted into 1 meter per second
categories. At the same time, the average wind speed in each
wind direction category is determined. The results are shown
in figure 2 as mean wind speed versus wind direction category.
The graph clearly shows that the wind speed along the sector
centered at 165'± 45° has very high mean wind speeds. When
compared to other automatic weather station units in the Ross
Island area the wind speeds are the highest. The highest ob-
served wind speed at Pegasus Site is 33.8 meters per second
(table) corresponding to about 68 knots.

Figure 3 shows the wind speed versus time for September
1989. The highest observed wind speed was 33.5 meters per
second for the month. All of the wind speeds above 10 meters
per second are from 165'± 450• The high wind speeds can last
for several days. The problem now is how to predict the high
wind speeds with certainty.

The table gives the mean temperature, mean wind speed,
maximum temperature, and maximum wind speed for nearby
automatic weather station units. Ferrell site is shown in figure
1, and Marble Point site is on the west side of McMurdo Sound
and west of Mount Erebus. The mean temperature for February
through October 1989 is -26.3 ° C, Pegasus: -27.5 ° C, Ferrell;
-20.3 0 C, Marble Point. Pegasus site is 1.2 0 C warmer than
Ferrell site at the same latitude. The average wind speeds for
February through October 1989 are: 5.9 meters per second,
Ferrell; 5.0 meters per second, Pegasus; 3.5 meters per second,
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Figure 1. Map of the Ross Ice Shelf with wind direction frequency roses at Pagasus (8911) and Ferrell (8907) sites. The wind is coming
from the direction indicated by the arrow. The length of the line from the circle is proportional to the percentage frequency of the wind
direction.
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Monthly data for Pegasus, Ferrell, and Marble Point. The question mark after the data indicates that only a partial record was available
for the month. Blanks indicate "no data taken."

Mean air temperature	 Mean wind speed
(in degrees Celsius)	 (in meters per second)

Month	 Ferrell	 Pegasus	 Marble	 Ferrell	 Pegasus	 Marble
January	 -6.3	 -5.4?	 -3.0?	 5.3	 3.6?February	 -16.0	 -14.3	 -9.2	 3.9	 4.4	 5.8March	 -22.5	 -20.2	 -14.6	 5.2	 4.1	 3.7
April	 -23.7	 -22.4	 -18.1	 7.4	 6.8	 4.0May	 -31.2	 -30.3	 -23.4	 5.6	 4.0	 2.5June	 -35.4	 -35.8	 -28.4	 5.7	 3.6	 2.7
July	 -32.5	 -31.1	 -23.9	 5.9	 4.3	 3.4August	 -32.6	 -33.1	 -26.4	 6.1	 7.1	 3.0September	 -30.5	 -29.7	 -22.7	 6.6	 4.9	 3.4
October	 -22.8	 -20.1	 -16.1	 7.1	 5.5	 3.2November	 -13.3	 -13.0?	 -8.3	 7.2	 10.7?	 3.6December	 -6.4	 -1.9	 3.8	 3.0
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Monthly data for Pegasus, Ferrell, and Marble Point. The question mark after the data indicates that only a partial record was available
for the month. Blanks indicate "no data taken." (continued)

Mean air temperature	 Mean wind speed
(in degrees Celsius)	 (in meters per second)

Month	 Ferrell	 Pegasus	 Marble	 Ferrell	 Pegasus	 Marble

January
February
March

April
May
June

July
August
September

October
November
December

Maximum air temperature
(in degrees Celsius)

	

5.5	 -5.4?	 1.8?

	

-2.0	 -3.1	 -1.3

	

-10.9	 -8.4	 -2.3

	

-8.6	 -5.8	 -2.3

	

-18.5	 -13.1	 -9.5

	

-20.4	 -19.8	 -17.3

	

-16.3	 -13.1	 -13.4

	

-17.1	 -6.3	 -0.8

	

-13.5	 -7.8	 -4.0

	

-11.3	 -8.6	 -7.8

	

-6.0	 -3.4?	 1.0

	

4.9	 4.8

Maximum wind speed
(in meters per second)

	

14.4	 10.0?

	

13.4	 14.7	 20.6

	

17.3	 24.6	 12.3

	

22.6	 31.5	 22.5

	

19.2	 27.9	 10.5

	

22.1	 26.2	 17.1

	

20.4	 27.2	 14.2

	

23.3	 33.8	 19.1

	

22.6	 33.5	 16.9

	

19.7	 27.2	 15.4

	

21.4	 16.7

	

17.3	 11.3

Wind Speed vs. Time
September, 1989
Pegasus Site, 8911
3 hourly values

0 1 2 3 4 5 6 7 8 9101112131415161718192021222324252627282930313233

Day of Month
Figure 3. Wind speed as a function of time for Pegasus site during September 1989. The low mean wind speed In the table for the month
Is due to the many 0 wind speeds recorded during the month. One can only speculate on the reason for the low wind speeds. The high
wind speed periods last for several days. The dots are 3 hours apart.
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Marble Point. The average wind speed is 0.9 meters per second
less at Pegasus site than at Ferrell site. The big difference
between Farrell and Pegasus sites is in the maximum wind
speed for each month. The average maximum wind speed for
the period February through October, 1989 is 7.3 meters per
second higher at Pegasus site than at Ferrell site. Savage and
Stearns (1985) described the jet-effect wind occurring in the
area do to the constrictions on the airflow provided by White
and Black islands. Slotten and Stearns (1987) demonstrate the
relative pressure increase that occurs in Windless Bight that
forces the air past White and Black islands causing the high
wind speed at Pegasus site.
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Numerical simulation
of the katabatic
wind circulation

over the antarctic continent

THOMAS R. PARISH
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DAVID H. BROMWICH

Byrd Polar Research Center
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Columbus, Ohio 43210

Radiational cooling of the antarctic ice slopes is responsible
for the formation and maintenance of the gravity-driven slope
(katabatic) wind regime. The katabatic wind regime in the low-
est levels of the antarctic atmosphere appears to play a key
role in establishing large-scale circulations in the middle to
upper troposphere. From mass continuity considerations, the
export of cold surface air northward across the antarctic coast-
line must be compensated for by southward movement of
warmer air in the middle and upper troposphere and predom-
inant sinking over the continent. This meridional circulation
and attendant convergence in the upper troposphere over Ant-
arctica generates cyclonic vorticity. The circumpolar vortex thus
appears to be constrained by the katabatic wind regime; the
persistence and location of the vortex may be dependent on
the intensity of the drainage winds.

Numerical experiments have been made to address the de-
velopment of the katabatic wind circulation over the antarctic
continent and to assess the relationship between the katabatic
wind regime and the circumpolar vortex. A three-dimensional
version of the numerical model described in Parish and Waight
(1987) was used in this study of antarctic surface winds. To
isolate the katabatic wind influence, the model was initiated
about a state of rest with no synoptic-scale wind systems pres-
ent. A parameterized form of radiation was used to drive the
model; the model equations were integrated for a 48-hour pe-

riod. A more detailed account of the simulations can be seen
in Parish and Bromwich (in press).

Figure 1, blocks A and B, show the resulting streamlines and
wind speeds of the katabatic flows, respectively, in the lowest
layer of the model after the 48-hour integration period. The out-
standing feature of the streamline map is the highly irregular
drainage pattern in the lowest level of the antarctic atmosphere.
The main drainage occurs in a radially outward pattern origi-
nating atop the various interior ice lobes. Significant irregularity
in the streamline patterns can be seen over the interior and near-
coastal regions of the continent. In certain locations, such as
upslope from the Adélie Land coast (67S 140°E) and Terra Nova
Bay (75°S 165°E), a marked confluence of the drainage patterns
can be seen. As noted by Parish and Bromwich (1987) and Brom-
wich et al. (1990), such confluence zones act as anomalously large
sources of negatively buoyant air which enhance katabatic winds
downwind of such features. The model simulation illustrates a
number of such confluence zones.

The pattern of katabatic wind speed over the entire continent
after the 48-hour time integration is shown in figure 1, block
B. It should be noted that the simulated wind speeds have
been produced under idealized conditions of wintertime ra-
diative cooling in a cloud-free atmosphere over a 2-day period
without the disruptive influences of extratropical cyclones. Thus,
the wind speeds should be viewed as mature katabatic wind
episodes rather than as representative time-averaged winds.
The weakest katabatic winds follow the backbone of the east
antarctic continent. The highest elevations are associated with
the most gentle terrain slopes and hence weakest drainage
flows. The wind speeds increase away from the ice ridges in
a monotonic manner in response to increasingly steeper terrain
slopes. Effects of drainage confluence begin to modify the re-
lationship between wind speed and terrain slope near the coast.
Note that the simulated katabatic wind speeds along coastal
perimeter of Antarctica show a wide range, from the rather
tranquil winds over much of the west antarctic coastline ad-
jacent to the Ross Sea to localized regions of strong katabatic
flows near Adélie Land and the Amery Ice Shelf (70°S 70°E).
Clearly depicted are the well-documented intense katabatic
wind regimes of Cape Denison near 67S 143°E (Parish 1981)
and Terra Nova Bay (Bromwich and Kurtz 1982; Bromwich
1989; Parish and Bromwich 1989). The analysis also suggests
that other broad-scale areas may be prone to intense, persistent
katabatic winds.

To illustrate the development of the circumpolar vortex, the
500-and 250-hectopascal geopotential height field was com -
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Figure 1. Results of 48-hour model simulation. A. Streamlines of the katabatic windfield. B. Katabatic wind speed in meters per
second (m/s).
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Figure 2. Model results of 500- and 250-hectopascal geopotential height fields in meters (m) after 48-hour integration period. Thin solid
line is the antarctic coastline; dashed lines represent 2,000-, 3,000-, and 4,000-meter contours. (mb denotes millibar. km  denotes kilometer.)

puted regularly during the course of the model integration.
The geopotential height patterns at the 500- and 250-hecto-
pascal levels after the model integration period of 48-hour are
shown in figure 2. The circumpolar vortex develops rapidly in
response to the cooling of the ice slopes and development of
the katabatic wind regime. Height contours are centered over
the high east antarctic plateau, emphasizing the topographic
origins of the forcing of the upper level circulations. The center
of the vortex is positioned over the highest ice topography of
East Antarctica at both 500- and 250-hectopascal levels and the
tightest gradient of the geopotential heights occurs over the
coastal sections. Maximum geostrophic winds at 500-hecto-
pascal are in excess of 10 meters per second above sections of
the continental rim; the strongest 250-hectopascal geostrophic
winds are approximately 15 meters per second. Note that the
500- and 250-hectopascal height topography is a mirror image
of the underlying antarctic terrain with the lowest geopotential
heights situated over the highest portions of the continent.

This research has been supported by National Science Foun-
dation grants DPP 87-16127 and DPP 87-16076.
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Winds in the coastal area
of Adélie Land
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The winds in the coastal area of Adélie Land are the strongest
surface winds found anywhere at sea level on Earth. Mawson,
who was the first to set up camp on this coast, overwintered
at Cape Denison, Commonwealth Bay (figure 1) and gave a
vivid description of these winds in his popular book The Home
of the Blizzard (Mawson 1915). The winds are now known to
be katabatic, and orographic forcing makes them severe in this
area (Parish and Wendler 1990).

Wind velocities were recorded at Cape Denison for February
1912 to October 1913 using a Robinson cup anemometer (Ma-
digan 1929; Kidson 1946). The instrument was located on a
outcrop which had a height of about 18 meters above the
surrounding terrain. After returning from Antarctica, the high
wind speeds were doubted because they were unequalled any-
where on the surface of the Earth, including other parts of
Antarctica. A recalibration was carried out at the Aerodyn-
amics Laboratory of the University of Melbourne (Basset 1923).
The calibration constant for strong winds was reduced by up

to 20 percent, and although this correction might have been
overdone according to Loewe (1972), a mean wind speed of
19.1 meters per second was still calculated.

Some 40 years later the French established the station Port
Martin (figure 1), approximately 62 kilometers to the west of
Cape Denison. Here, the wind was recorded 2.4 meters above
the roof of a building, about 7.5 meters above the surrounding
ground. However, due to snow drifts, which buried the build-
ing, the actual height was less and varied throughout the year.
The 2 years of available data have been reported by Boujon
(1954), Prudhomme and LeQuinio (1954), and LeQuinio (1956).
The wind conditions there were also extreme, and a mean
annual wind velocity of 17.9 meters per second was found.
Because there was no comparison of the instruments, the ex-
posure of the instruments differed, and the time of observation
was dissimilar, however, one cannot conclude from the rela-
tively small difference between each station's mean wind speed,
which is windier.

A third station, Dumont d'Urville (figure 1), some 64 kilo-
meters west of Port Martin, was established during the mid-
1950s on an island, Ile des Petrels. This island is located about
2 kilometers from the mainland, and Dumont d'Urville is the
only station for which long-term climatological data are avail-
able. The mean annual wind speed has been 10.5 meters per
second, about half that measured at the other two stations.
The anemometer is located on top of the meteorological ob-
servatory, about 10 meters above the ground.

The first question to be answered is if the difference in wind
speed has been caused by the location. The first two stations
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Figure 2. Mawson's hut at Cape Denison, Commonwealth Bay (20
January 1990). The hut was In fairly good shape but full of ice and
snow. Note that a storm is coming up, quite suddenly, rather typical
for the area (see Mawson's description). We had just enough time
to make It back to the boat.

were located on the mainland while the latter was located on
an island. Hence, an automatic weather station was placed on
the mainland in 1980, some 5 kilometers inland from the edge
at an altitude of 240 meters. Eight years of data are available
for comparison. After making a correction for the recording
height—the automatic weather station's height was only 1.5
meters or so above the surface— agreement within 10 percent
was found for the mean values of the two stations, which were
about 10 kilometers from each other. Hence, it can be clearly
stated that the coastal area of Cape Denison-Port Martin is
substantially windier than the Dumont d'Urville area.

The controversy about which area is really the windiest sta-
tion, Cape Denison or Port Martin, has never been resolved,
and with the existing data set it is still impossible to decide.
As part of the U.S.-French program TACO (Interaction At-
mosphere Glace Ocean), in austral winter 1989-1990, we placed
automated weather stations at Port Martin and Cape Denison.
We wanted to place a third station either at Cape de la Motte,
west of the Mertz Glacier, or between the Mertz and Ninnis
Glaciers (figure 1) but failed due to bad weather and adverse
ice conditions. These locations should also have very strong
winds according to model simulations (Parish and Wendler
1990). The two stations that were established are located on
outcrops, the one at Cape Denison being higher by about 20
meters. At Cape Denison, we were able to find at that place
the original site of the anemometer, while the site at Port
Martin was moved about 25 meters from its original location.
Mawson's hut, which is illustrated in figure 2, is in reasonably
good condition for standing in such an environment for nearly
80 years.

At the time of writing, 1 full month of data is available. For
Port Martin (figure 3, block A), data from two wind sensors
have been analyzed, one a cup and the other a propeller-type
anemometer. Two wind sensors were placed at both stations,
so that chance of survival throughout the winter is increased.
It can be seen that the wind speeds follow each other very
nicely. For 69.1 percent of the observations, the propeller type
indicated higher values while for 29.7 percent, the cup type
had higher ones.

Looking at Cape Denison (figure 3, block B) it can be seen
that the general trend is quite similar to Port Martin. The Feb-
ruary 1990 wind speed at Cape Denison was higher than for
Port Martin for 71.6 percent of the time. The mean monthly
wind speed suggests Cape Denison is the windier station when
comparing only data points for which simultaneous measure-
ments were available at both stations. For both stations wind
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Figure 3. Wind speed for February 1990 for Port Martin (A) (broken line denotes propeller-type anemometer, solid line denotes cup
anemometer) and Cape Denison (B).
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February wind speeds at different coastal locations of Adélie
Land. Note that the historic observations were taken in

different years.

Many people helped in the installation of the station. We are
thankful to C. Daudon, captain of the L'Astrolabe and his
crew, the helicopter pilots, numerous personnel from EPF, and
especially Robert Flint and Didier Simon, experts for the au-
tomatic weather stations.Dumont	 Port	Cape

d'Urviie	D 10	Martin	Denison

February 1990 wind speed a	-	8.1	16.0	18.3

Historic wind speeda	11.5	8.9	18.5	14.4

Number of years	 21	8	2	2

a In meters per second.

speeds in excess of 30 meters per second were observed. In
general, an increase in wind speed for the month of February
is observed. This is typical because February is the month
when a transition is made from summer to winter conditions
with stronger winds during the winter months. In contrast to
the present findings, historic data (table) show Port Martin
having higher wind speeds in February. Hence, it is impossible
to obtain conclusive evidence which area has more severe wind
speeds. More data will be needed to decide for certain.

Otherwise, the climate is fairly warm for Antarctica: mean
temperatures of -6.3 °C at Cape Martin, and -7.7 °C at Cape
Denison are typical for the Adélie coast, and the wind hardly
ever changes direction. Monthly mean "constancy" values of
0.9 are being observed.

This study was supported by National Science Foundation
grant DPP 87-14828 and Expeditions Polaires Francaises (EPF).
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Parish and Bromwich (1987) have shown that the pattern of
surface drainage currents over the antarctic continent is highly
irregular. In certain portions of the continental hinterland, neg-
atively buoyant air becomes topographically channeled into
"confluence zones," enabling the katabatic winds downstream
to become enhanced. The Terra Nova Bay region is one such
area (Bromwich and Kurtz 1982; Bromwich 1989a; Parish and
Bromwich 1989a). A comprehensive observational study of the
katabatic wind regime in the vicinity of Terra Nova Bay is
currently underway. Observational strategies have included
surface weather data collection from automatic weather sta-
tions (Bromwich 1989a), high-resolution satellite imagery anal-
yses (Bromwich 1989b), airborne photography (Bromwich,
Parish, and Zorman 1990), and instrumental aircraft measure-
ments (Parish and Bromwich 1989a). An automatic weather
station has been operating on Inexpressible Island since 1984;
four additional units were deployed at strategic locations in
and around Terra Nova Bay during the 1987-1988 austral sum-
mer in support of this study. In addition, complementary au-
tomatic weather station observations have been collected by
the Italian National Antarctic Research Program during this
observing period. We are reporting on results from the auto-
matic weather station network for the calendar year from Feb-
ruary 1988 to January 1989; results for parts of this interval are
presented by Bromwich and Parish (1988, 1989), Parish and
Bromwich (1989b) and Bromwich et al. (1990).

The figure contains the annual results from the automatic
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Annual surface winds In the Terra Nova Bay area, February 1988
to January 1989. The dots with adjacent bold numbers denote au-
tomatic weather station sites. The following variables are listed
vertically near each unit: directional constancy, mean 3-meter wind
speed in meters per second, and average potential temperature In
degrees Celsius. The wind vectors plotted for each site give the
vector-average wind and follow conventional plotting notation. Sta-
tions 50, 52, and 53 belong to the Italian National Antarctic Research
Program and the remainder are U.S. deployments.

weather station array which are discussed below. Because there
are extensive gaps in the observations at most sites, it is first
necessary to describe how these gaps were taken into account.
Stations 05 and 09 operated continuously throughout the year
and their observations were used as reference time series for
the coastal (50, 52, and 53) and interior (21, 23, and 27) stations,
respectively, with significant measurement gaps (see table).
The correction strategy for missing wind speeds at a station
depended on the ratio of speed at that station to the value at
the reference station when both were operating for nearly corn-

Automatic weather stations with significant amounts of missing
data between February 1988 and January 1989

Months with more than 80 percent
Site	 of possible observations

	

21	 February, August—January

	

23	 July—January

	

27	 February—May

	

50	 February, March, October—January

	

52	 February, November—January

	

53	 March, November, December

plete months. Monthly ratios were composited for the summer
(October-January) and winter (February-September) periods,
and then combined by weighted averaging according to sea-
sonal duration. The reference station's annual mean speed was
multiplied by the combined ratio to yield an estimate of the
annual mean speed at the station with significant amounts of
missing data. When necessary speeds were adjusted to a height
of 3 meters above the surface by assuming a logarithmic wind
speed profile and a roughness length of 0.1 millimeter (Budd,
Dingle, and Radok 1966). The resultant wind direction and
directional constancy values for summer and winter were taken
directly from each station's available data and then combined
by weighted averaging to yield annual estimates. The vector-
average speed is equal to the product of the mean speed and
the directional constancy. For potential temperature, the cor-
rection procedure followed that for wind speed but was based
on the difference between simultaneous readings at the station
and the reference location.

The speed readings at site 09 after 1800 universal coordinated
time 14 October 1988 were multiplied by a factor of 2.12. The
average speed at this site dropped abruptly at this time in
relation to the surrounding locations, but the regional speed
variations were preserved. This change must have arisen be-
cause of a malfunction of the wind-speed sensor, but was
consistent enough over subsequent months to justify the pre-
liminary correction factor established from regional October
readings before and after the change.

The figure displays the wind and temperature fields resulting
from the above manipulations. A remarkable feature of the wind
regime associated with Reeves Glacier is the extreme persistence
(stations 05, 09, 21, 23, and 27). All these automatic weather
station records reveal a directional constancy (ratio of the vector
resultant speed to the mean speed), of at least 0.90, indicating
nearly unidirectional flow. Station 52 shows a similar situation
for Priestley Glacier. Topography is a predominant factor in shap-
ing these airflows. Note that convergence into the head of Reeves
Glacier is indicated, especially by the orientations of the annual
resultant wind directions at stations 23 and 21; this facet of the
wind regime closely matches the time-averaged streamlines in
Bromwich et al. (1990). The resultant direction at station 52 is
parallel to the orientation of the northern valley wall of Priestley
Glacier just upwind of the site.

The strongest winds in the area are found at Inexpressible
Island where the annual resultant wind speed at 3-meter height
is 12.7 meters per second (13.2 x 0.96); the corresponding 10-
meter value is 14.2 meters per second. The latter approaches
the values measured at the extraordinary katabatic wind sites
(Schwerdtfeger 1984) of Port Martin (16.9 meters per second)
and Cape Denison (19.0 meters per second) in Adélie Land
(Parish 1988), and is significantly stronger than resultant speeds
at coastal sites prone to ordinary katabatic winds (<10 meters
per second). Katabatic winds nearly as intense as at Inexpres-
sible Island are found in the narrow confines of the steeply
sided Priestley Glacier at station 52. No large spatial variation
in resultant speeds can be seen above Reeves Glacier, and the
values are comparable to those characterizing ordinary coastal
katabatic winds. There appears to be a rapid acceleration of
the flow as it enters Reeves Glacier (see also Parish and Brom -
wich 1989a). In part, this is due to the increasingly steep ice
slopes but also to the aforementioned convergence at the head
of the glacier. Station 50 on the Nansen Ice Sheet is located
just north of the typical northern edge of the katabatic stream
issuing from Reeves Glacier but at times experiences intense
blasts of katabatic air. This explains the comparatively low
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mean speeds and rather variable directions, but with a resul-
tant direction that points toward the glacier. Station 53 is sit-
uated on the eastern side of the mountainous Northern Foothills.
Katabatic winds from Priestley Glacier, and to a lesser extent
from Reeves Glacier, affect this location (compare Bromwich
and Parish 1989), and lead to moderate mean winds, somewhat
variable wind directions, and a resultant direction that gen-
erally points toward Priestley Glacier. The wind records from
stations 05, 50, and 53 reflect the sharp speed decrease at the
northern boundary of the katabatic jet from Reeves Glacier.

Potential temperatures are also entered in the figure. This
variable corrects for the different elevations at which the air
temperature measurements are taken, and a constant value
arises when air descends and is compressively heated in a dry
adiabatic fashion. The spatial distribution of potential tem-
peratures reflects the atmospheric dynamics governing the air-
flows. Values at stations 27, 23, 09, and 05 suggest that the air
converging into and blowing down Reeves Glacier moves dry
adiabatically along the surface. There is little surface evidence
for the abrupt drop in potential temperature at 175 meters
above the surface encountered near the head of Reeves Glacier
during successive aircraft missions in November 1987 (Parish
and Bromwich 1989a). If this aircraft result is generally appli-
cable, then convergence at the head of the glacier is primarily
manifested above the surface via deepening and overall ac-
celeration of the katabatic layer. The origin and fate of the
potentially colder surface air moving southward past station
21 into the head of Reeves Glacier have yet to be identified.
The potential temperature at station 50 is close to that of the
katabatic stream down Reeves Glacier and arises because of
the combined influence of unidirectional katabatic wind events
and the generally light, variable winds at other times. The
potential temperature of the Priestley Glacier airstream (station
52) is significantly warmer than that of the Reeves Glacier
wind, indicating that the former is positively buoyant in re-
lation to the latter. This buoyancy contrast, together with the
differing topographic obstacles, probably explains why the ka-
tabatic airstream from Reeves Glacier airstream descends di-
rectly to Terra Nova Bay, while the Priestley Glacier exhibits
complex behavior beyond the elbow bend in the glacier (com-
pare Bromwich 1989b). The comparatively warm potential tem-
perature at station 53 arises because of the combined impact
of katabatic winds from Priestley Glacier and the maritime influ-

ence of Terra Nova Bay. The 4.7°C potential temperature contrast
between stations 05 and 53 illustrates the conclusion of Bromwich
(1989a) that the airstream from Reeves Glacier is a source of cold
boundary layer air for the southwestern Ross Sea.

This research was supported by National Science Foundation
grants DPP 87-16076 to D.H. Bromwich and DPP 87-16127 to
T.R. Parish. Collection and distribution of U.S. antarctic auto-
matic weather station observations were supported by National
Science Foundation grants DPP 86-06385 and DPP 88-18171 to
Charles R. Stearns.
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The Bartol-Leeds -y-ray, South Pole Air Shower Experiment
(SPASE) telescope, designed for astronomy above 50 teraelec-
tronvolts, was brought into operation during the 1987-1988
austral summer (Smith et al. 1989). Operation has been con-
tinuous at an efficiency of about 85 percent since that time. In
this article, we give an update on the telescope (which was
improved during the 1989-1990 austral summer) and present
preliminary results from the analysis on 6 months of data re-
corded during the period from March through September 1988.

The figure shows the current layout of the 1-square-meter
plastic scintillators which form the SPASE array. These detec-
tors are used to deduce the direction and energy of incident
charged cosmic rays and -y-rays from the extensive air showers
created in the atmosphere (Pomerantz et al. 1988). A guard-
ring of eight detectors was added during the 1989-1990 austral
summer with the aim of enhancing the confidence with which
shower cores can be located when they fall near to the perim-
eter of the original array. This is important for optimizing the
angular resolution and collecting area of the telescope and thus
enhancing its sensitivity. These detectors have not been setup
as fast-timing detectors. Arrival direction fitting is done only
with the original 16 detectors.

Experiments conducted at sea level (Bloomer, Linsley, and
Watson 1988) have established that the addition of a thin layer
(about 1 radiation length) of lead above the scintillator results
in a gain in angular resolution. This is because the high-energy
electrons and -y-rays present in the front of the shower disc
cascade in the lead so that the charge pulse recorded by the
photomultipliers is sharpened and enhanced: thus, the relative
timing accuracy at individual detectors is improved. A short
run of 3 days was made during December 1989 with 6 milli-
meters of lead above each of the detectors to investigate the
enhancement at the altitude of the South Pole. Analysis has
shown an improvement of about 30 percent in the angular
resolution at our median energy of 100 teraelectronvolts, with
the leaded array, and consequently the lead was permanently
placed on the detectors during the 1989-1990 austral summer.

The problem of the reconstruction of the shower direction
and the location of the shower core has received considerable
attention during the analysis of data from the 1988 winter. To
find an accurate direction, one must deduce from the data the
curvature of the shower disc and weight to be assigned to each
time measurement. This complex process appears to have been
completed successfully as shown by a comparison of the SPASE
direction in events which also produced atmospheric Cher-
enkov-light signals in an optical detector of known orientation
(Walker et al., Antarctic Journal, this issue; Walker et al. in
preparation). A significant advance in the techniques used for
core-location have been made (Perrett and van Stekelenborg
in press) by the application of neural network techniques to
the analysis procedures. This has increased the speed of core
location by a factor of 300, reducing very significantly the pro-
cessing time for each of the 40 million events so far recorded.

The shower direction derived for each event is used to search
for enhancements from candidate sources of 100 teraelectron-
volts-y-ray emission. A prime candidate is the supernova,
SN1987A, which is at 21° from the South Pole vertical direction.
An upper limit from 18 days of data has previously been re-
ported (Gaisser et al. 1989). From the 120 days presently being
analyzed an upper limit of 5 x 10- 13 per square centimeter per
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Layout of the detectors in the South Pole Air Shower Experiment
as of December 1989. The key indicates which detectors where
used as timing detectors for determining the arrival direction of
the cosmic-ray event and which detectors were used for the guard
ring. The position of an Air Cherenkov device is shown near the
center of the array. (m denotes meter.)
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second at 90 teraelectronvolts has been set and was reported
at the International Cosmic Ray Conference in Adelaide, Aus-
tralia, (January 1990). Simular upper limits of a 5 x10-13 per
square centimeter per second above 55 teraelectronvolts for
SMC X-1, LMC X-4 and Cen X-3 and 1.5 X10-13 per square
centimeter per second above 160 teraelectronvolts for Vela X-
1 which are X-ray binaries known also to be emitters at 1
teraelectronvolt.

A preliminary all-sky search for regions of enhanced emis-
sion has been made. The sky has been divided into bins of 9
square degrees (appropriate to the estimated angular resolu-
tion of the telescope) and searched for regions of excess. Three
search grids were used displaced diagonally with respect to
each other by 10 so as not to lose a signal that might straddle
a bin boundary. The pattern of excesses and deficits is entirely
consistent with expectation from a random background except
for 1 bin in which an excess of 4.9 standard deviations is ob-
served. This excess, after allowance for the 3,300 bins sought,
has a chance probability of only 1.7 X10-3. Moreover, the bin
lies in an interesting region of the sky crossed by the galactic
plane and containing the X-ray binaries 4U1145-619 and 1E1145-
614. Both of these objects are binary pulsars with periods of
about 300 seconds; a search for periodic emission is in progress.
In addition, this area of sky contains a region of enhanced 100
megaelectronvolts emission as reported by the Cos B satellite.
Subsequent to our all-sky analysis it has been discovered (Bra-
zier et al. 1990) that 4U1145-619 is also a teraelectronvolt -y-ray
source. Further analysis on data recorded since 1988 is now in
progress.

This research was supported in part by National Science
Foundation grant DPP 86-13231. We would like to take this
opportunity to thank the following: our present winter-over
scientist Michael Finnemore, who helped in the 1989-1990
summer campaign and who is currently responsible for run -
ning the experiment during the 1990 winter, and Steve Bloomer
for his efforts in the 1989-1990 campaign. Alistair Walker, who

was tragically killed in a car accident after returning from the
South Pole, was our 1989 winter-over scientist; we remain
grateful for his many contributions.
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The structure and dynamics of the solar interior can be probed
by measuring the frequencies of solar global acoustic oscilla-
tions. This technique is known as helioseismology and has
become a powerful tool for testing the theory of stellar struc-
ture and evolution, one of the principal foundations of our
current understanding of the Universe. The frequency spec-
trum of solar oscillations is rich and contains many millions of
different modes of oscillation with periods between roughly 3
and 15 minutes. Resolving these modes requires high-quality
observations with good spatial and frequency resolution. The
South Pole is an excellent site for obtaining solar oscillation
observations because the Sun may be observed for long periods
with interruptions caused only by weather (Harvey 1989) and
any instrumental problems. This provides spectra with good
frequency resolution and freedom from spurious features. An
absence of periodic interruptions allows one to eliminate the
weak spurious responses that do remain in raw spectra (Harvey
in press). The atmosphere at the South Pole is unusually trans-
parent and stable. This yields spectra with low noise and good
spatial characteristics. As a result of these unique character-
istics, the South Pole has been used as a site for helioseis-
mology on many occasions since 1980.
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Our group made observations in December 1981, November
1987, and November 1988. The first two intervals provided
similar observations at times of high and low solar activity,
respectively. The 1988 observations and additional observa-
tions now scheduled for the austral summer of 1990 take ad -
vantage of detector improvements and the stable observing
conditions to provide substantial improvements in spatial res-
olution and also to sample the Sun at intermediate and high
levels of activity, respectively (Jefferies et al. 1989). Our recent
work has centered on changes of the solar oscillations asso-
ciated with the high and low levels of activity in 1981 and 1987.

The first significant result is that the frequencies of solar
oscillations with spherical harmonic degrees between 6 and 98
are systematically about 0.01 percent greater when solar activ-
ity is high (Jefferies et al. in press). This implies an increase
in the internal sound speed at times of high activity. This might
be due to a temperature increase near the solar surface or a
change in a subsurface magnetic field or both. Our data suggest
that this variation is stronger at higher degrees, indicating that
the change is probably localized near the surface.

We found that the internal rotation of the Sun did not change
significantly (less than 1 percent) as a function of solar activity
(Jeffenes et al. 1988). A systematic frequency change associated
with latitude, however, showed a large change with solar ac-
tivity. This indicates that there is an asphericity in the internal
distribution of sound speed that changes with the solar cycle.
The cause might be temperature or magnetic field perturba-
tions associated with activity at particular latitudes.

We also found that the lifetime of oscillation modes varies
with the solar cycle (Jefferies et al. in press, in preparation).
This is illustrated in the figure as an increase in spectral line
width (decrease in lifetime) with increasing activity and with
increasing spherical harmonic degree. The latter increase dur-
ing quiet times is consistent with a model that assumes each
oscillation mode loses a given fraction of its energy every time
it is reflected from the solar surface. It is not clear why the
lifetime of modes is further reduced at times of high solar
activity. There is also weak evidence that low-degree mode
lifetimes may change with the level of activity more than do
modes of somewhat higher degree. Why this should be is
another mystery.

Space does not permit a report on other work using these
data. This includes exploration of the characteristics of high-
frequency modes (Kumar et al. in press; Duvall et al. in prep-
aration) and absorption of sound waves by solar active regions
(Braun, Duvall, and Jefferies in press).

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 grants DPP 87-15791 and DPP 89-17626.
The National Optical Astronomy Observatories are operated
by the Association of Universities for Research in Astronomy,
Inc., under cooperative agreement with the National Science
Foundation.

The width of spectral features associated with solar oscillation
modes is Inversely proportional to the lifetime of the oscillations.
The measured widths for oscillations having frequencies between
2.5 and 3.0 millihertz are shown here as a function of degree. The
filled triangles indicate results from 1981, a time of high solar ac-
tivity. The open squares Indicate results from 1987, a time of low
activity. We see that mode lifetimes decrease with increasing de-
gree and activity. The line is based on a model of the degree var-
iation of line width that assumes that a fraction of its energy is lost
every time a mode encounters the surface.
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Operation of an atmospheric
Cherenkov telescope

at the South Pole

A. WALKER* and M.A. POMERANTZ

In recent years, there has been much interest in very-high-
energy gamma-ray astronomy. The South Pole is a particularly
attractive site.

This article represents a preliminary report on the operation
of a simple gamma-ray telescope, P-SPACE (Pilot-Atmospheric
Cherenkov Experiment at the South Pole), during the austral
winter of 1989. The telescope is described in a previous pub-
lication (Harris et al. 1989). It consisted of two Fresnel lenses
(aperture, 45 centimeters) with photometers at their foci. Ap-
ertures stops give fulifields of 2.2°. The two detectors were
operated in coincidence with 10 nanoseconds resolving time.

The experiment had four objectives:
• to demonstrate the possibilities of operation at the South

Pole;
• to assess the effect of the aurora on telescope operation;
• to search for gamma rays from SN1987A; and
• to check the pointing of the SPASE gamma-ray telescope

(Smith et al. 1989).
Feasibility of atmospheric Cherenkov operation at South Pole. Dur-

ing the 1989 winter, the system was operated for 42 24-hour
days. We know from the weather records that only half of
these days had skies under which one would normally have
operated an atmospheric Cherenkov detector. There were sev-
eral stretches of 4-6 days with ideal conditions when the count-
ing rates were remarkably stable. To put this into perspective,
we should remember that no atmospheric Cherenkov detector
had previously operated for more than 12 hours at a time.

Initially, there were some problems operating the system,
because blowing snow frosted the front window. This problem
was solved by building a new front plastic window (backed
by a heated air space) which worked remarkably well for the
rest of the winter (figure 1). Therefore, it appears that one

* Alistair Walker was the winter-over researcher who set up and op-
erated this experiment during the austral winter of 1989. Tragically,
he was killed in an automobile accident shortly after his return from
the South Pole.

Figure 1. The P-SPACE experiment at the South Pole; the Fresnel
lenses and photometer are housed in the shipping container. Note
the heated front window which was made on site.

should be able to operate for about 80 moonless or very-low-
moon days with perhaps 50 percent loss due to poor sky con-
ditions.

We were disappointed, because it appears that the ambient
background light is significantly higher (perhaps by a factor
of 2-3) than that of a dark site in Arizona. Since our bandpass
was broad and did not exclude any of the aurora band, we
were not set up to measure this quantitatively.

We concluded that once the environmental problems have
been solved and the proper settings have been made, an at-
mospheric Cherenkov telescope can be operated as easily at
the South Pole as at any other site. One cannot minimize the
importance of having a winter-over researcher who could adapt
the experiment to the operating conditions after dark.

Aurora. The Fresnel lens had a cutoff in the ultraviolet which
restricted operation in the band that might have avoided the
main aurora bands. We were unable to find a filter that would
block out the aurora bands at 4,278 angstroms and 5,500 ang-
stroms. Hence, we decided to make a virtue out of necessity
and operate with no discrimination against the aurora; we
would, thus, experience the worst possible conditions.

Our system was designed to reduce the high voltage when
the background light got too high. The currents were moni-
tored by a two-channel chart recorder. We estimate that the
aurora was a problem for operation less than 5 percent of the
total operating time. Some examples of typical chart records
are shown in figure 2. Apart from increasing the ambient back-
ground light, there is no evidence that the aurora introduced
any extra noise into our pulse-counting systems (i.e., there is
no fast component in the light). Comparison with the contin-
uously running University of Maryland photometer that mon-
itors the lines at 4,278 angstroms shows good correlation; only
if the activity within the field of view exceeds about
log(kRayleigh) = 0.4 is the operation effected.
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TYPICAL CUPRENr RECORDS FROM ONE OF ThE PEDIOMEMRS IN P—SPACE

(1) GOOD CONDITIONS (CLEAR SKIES, NO AUI)Rk)

1 HOUR

(2) SOME AURORA
	 A

(3) STRONG AURORA

SYSTEM SHUr—OFF	RECOVERY

Figure 2. Samples of chart records of current from the phototubes.

We concluded that the aurora will not seriously restrict the
operation of atmospheric Cherenkov telescopes at the South
Pole; it is not nearly as restrictive as the cloud cover.

Source detection. SN1987A has not been detected in gamma
rays at any energy above 10 megaelectronvolts. Hence, we
concentrated our analysis on the Large Magellanic Cloud which
is better suited to study by a passive detector because of its
large extent. No signal was detected, but we report the result
here to illustrate that even a very simple experiment such as
this one can be useful at this location.

For this analysis, we picked 12 days when we had a complete
scan through the Large Megellanic Cloud and comparison re-
gions on either side and when we had identical settings. The
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upper limit derived is <2x10' 1 photons per square centi-
meter per second. There are no firm predictions of flux levels
from this source; neither have there been any previous limits
at these energies (approximately 10 teraelectronvolts).

We concluded that the Large Magellanic Cloud is not de-
tected at this level of sensitivity.

SPASE correction. For 4 days the two experiments, SPASE
and P-SPACE, were operated in coincidence; in practice, this
meant that events that triggered SPASE were tagged if they
also triggered P-SPACE. These data have been analyzed ex-
tensively by the SPASE group, and the results will be pub-
lished elsewhere (Walker et al. in preparation). There is a good
correlation showing that the analysis techniques for thee
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tensive air shower event direction finding are sound. This
correlation gives an independent method of assessing the
pointing accuracy of extensive air shower arrays.

We concluded that the arrival direction determination of air
showers by SPASE is better than previously estimated.

The assistance of K. Harris in construction of the experiment
is acknowledged as is that of J. Perrett in setting up the ex-
periment. We are grateful to T. Rosenberg for copies of records
of auroral activity. This research was supported by National
Science Foundation grant DPP 86-13231.
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Azimuthal variation
of stellar magnitudes
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Photoelectric observations of eight stars were made in 1988
for determining atmospheric extinction at the Amundsen-Scott
South Pole station (Chen et al. 1989). Starting at heliocentric
Julian Day 2447295.34, these stars were observed during a 30-
hour interval (13-15 May 1988). For the four stars, a Columbae
(137), -y Corvi (138), -y Trianguli Australis (Al), and Cr Sagittarii
(B2.5), the observed visual magnitude, V. with neglect of color
effect is given by

V=8.28+0.141 x air mass -2.5 log y

where y is the measured reading; while for the other four stars,
P Columbae (K1.5), € Corvi (K2.5), a Trianguli Australis (K2),
and X Sagittarii (Ki),

V=8.12+0.151 x air mass -2.5 log y.

The average value, V for each star was calculated, and then
the difference (V - V) for each measurement was obtained. The
plot of the values of (V - V) vs. the azimuths for the stars of
spectral B-and A-type is depicted (figure, block A); and that
for the stars of spectral K-type in the figure (block B).

It is seen that there is an azimuthal variation of the visual
magnitude. Stars appeared to be fainter around the azimuth
of 1200. The environmental situation of the observation is now
considered. The 1988 antarctic surface weather data were given
by Keller et al. (1989); during the 30-hour interval centered at
noon of 14 May, the average wind speed was 3.10 ± 0.57 meters
per second and the wind direction was 99.50± 11.38° (east by
southeast). The telescope was located 300 meters in the direc-
tion slightly east of grid north from the main station. Thus it
seems that the exhaust gas from the station power generator
was the likely cause of this variation.

This work was sponsored in part by National Science Foun-
dation grants DPP 84-14128 and DPP 86-14550.
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Unusual cosmic ray spike	 Distance Traveled (AU)
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During a 4-month period beginning 25 July 1989, the Sun
released an unprecedented barrage of seven relativistic solar-
particle events which could be detected with ground-based
instruments (Bieber, Evenson, and Pomerantz 1990). These
ground-level enhancements are the first to occur in the present
sunspot cycle, and they include the largest event observed
since 1956. The seven new events bring to 44 the number of
ground-level enhancements observed since systematic obser-
vations began 50 years ago. Several events are distinguished
by unusual fine structure in their time profiles, and one event
exhibits an extraordinary spike-like feature at event onset. It
is this unusual cosmic ray spike that we wish to discuss here.

Figure 1 presents neutron monitor observations of a ground-
level enhancement which began on 22 October 1989. For clar-
ity, we note that the detected neutrons are secondary particles
generated in an atmospheric cascade; the primary cosmic ray
initiating the cascade is typically a proton. The cosmic ray
particles in this event were accelerated in a 2B flare which
began at 1708 universal time and peaked at 1757 universal time.
The flare was located at heliolatitude 27S 31°W of the central
meridian, which is reasonably close to the nominal footprint
(60—W) of the spiral interplanetary magnetic field line con-
necting the Sun and Earth. A solar radio burst was observed
at 1733 universal time, which, we believe, is the time of cosmic
ray particle acceleration.

The time profile recorded in Thule, Greenland, is fairly rep-
resentative of a normal ground-level enhancement time pro-
file. Aside from high-frequency noise attributable to counting
statistics, there is a smooth rise to a peak, followed by a com-
paratively slow decay. This type of time profile is generally
understood to result from the scattering and diffusion of the
particles in the magnetic fields of the solar corona and inter-
planetary space. As a result, the average particle detected at
Thule has traveled more than 5 astronomical units (as shown
by the scale at the top of figure 1), which is much more than
the minimum flight distance of approximately 1.2 astronomical
units along the spiral field line.

In contrast, the time profiles recorded simultaneously at the
two antarctic stations, South Pole and McMurdo, do not look
at all normal because of the presence of a huge spike at event
onset. Particle fluxes associated with the spike were clearly
very anisotropic because Thule recorded only a 3 percent en-
hancement at the same time McMurdo was peaking at 167
percent. In the case of South Pole Station, data are available
at 10-second time resolution, which permits us to view the
structure of the cosmic ray spike. As shown in figure 2, sig-
nificant variations occur on time scales of a minute or less.
This is surprising, because it suggests that the particle fluxes
in space are structured on scales as small as 25,000 kilometers
(1 minute times the solar wind speed), which is much smaller
than the 1,000,000 kilometer gyroradius of a typical particle.
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Figure 1. Time profiles of solar cosmic rays with energy greater
than 0.4 x 1029 electron volts (2-minute data). The large initial
spike seen at the two antarctic stations, South Pole and McMurdo,
was absent at Thule, Greenland. Note different vertical scale in
McMurdo plot. The "Distance Traveled" scale at top assumes that
the cosmic rays were accelerated at the time of the solar radio
burst and traveled with a speed of 6.3 astronomical units (AU) per
hour, corresponding to an energy of 10 9 electron volts. The vertical
scale expresses the solar particle count rate as a percentage of
the pre-event galactic cosmic ray background. All stations cor-
rected to standard pressure using the appropriate two-coefficient
procedure (Duggal 1979).

Finally, it is interesting to observe that the spike peaks at a
distance traveled of about 5 astronomical units. If we are cor-
rect in assuming that the particles were accelerated impulsively
at the time of the radio burst, then this implies that the average
spike particle was delayed (relative to the minimum possible
travel time) approximately 40 minutes by some process oc-
curring in the solar corona and/or interplanetary space. At this
point, the physical cause of the cosmic ray spike remains un-
clear. We expect additional clues to emerge as our analysis of
this fascinating event proceeds.

We thank T.J. Rosenberg of the University of Maryland for
assistance in securing the South Pole 10-second data, and L.
Shulman and C.-H. Tsao of Bartol for their efforts in support
of the neutron monitor program. This work was supported by
the National Science Foundation under grants DPP 88-18586
and ATM 89-04739.
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Figure 2. Microstructure of the cosmic ray spike as revealed in 10-
second data recorded at South Pole.
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A joint project between the University of Washington and
the University of Alaska, Fairbanks, has resulted in the de-
ployment of a high-resolution optical spectrometer at Amund-
sen-Scott South Pole Station. This instrument is an automatic
Fabry-Perot scanning spectrometer operating under the control
of a personal computer. Observations are made of the naturally
occurring emissions from the dark sky to determine both the
doppler broadening and shift of spectral lines emitted from

the upper atmosphere. These measurements are processed to
give determinations of the atmosphere kinetic temperature and
line-of-sight component of the wind averaged over the height
range of emission and the instrumental field of view. Polar
maps of wind vectors are derived from these determinations
under the assumption that the wind field has negligible struc-
ture on a scale of 100 kilometers or smaller. During 1989, the
program at South Pole centered on investigations of the ther-
mosphere at heights near 250 kilometers. For the present year,
1990, the instrument has been configured to measure winds
and temperatures in the mesosphere and lower thermosphere
in the altitude range of 85 to 130 kilometers.

The atmosphere has weather and climate at great heights as
well as in the more familiar troposphere and stratosphere. The
mesopause, the boundary between the somewhat turbulent
and well-mixed mesosphere and the more stably layered and
diffusively differentiated thermosphere, is a region where winds
and temperatures have large fluctuations on a scale of minutes
to a few hours about a diurnal mean. These fluctuations are
related to forcings from below and above the region of interest,
such as wave and tidal activity propagating upward from the
troposphere and stratosphere and, possibly, to local auroral
heating which occurs above it. There is evidence of substantial
power dissipated in the mesosphere, at all latitudes, by wave
absorption due to processes in which the wave becomes un-
stable and degenerates into turbulence which is damped by
viscosity. mesosphere and lower thermosphere observations
by the high-resolution spectrometer at Amundsen-Scott station
are directed at learning more about the fluctuations in the
weather and climate of the mesosphere and lower thermos-
phere in the austral polar region.

The experiment is capable of measuring two different wave-
lengths simultaneously. For the present mesosphere and lower
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thermosphere investigation, the instrument is fitted with filters
at 11902 K (840 nanometer; k = Kayser = per centimeter) and
17924 K (558 nanometer) which isolate the P 1 (2) doublet in the
6-2 band of hydroxyl ion (OH) and the familiar "green line"
of oxygen, respectively. In the OH measurements, the obser-
vation is of emission generated by a photochemical mechanism
not affected by the aurora; the winds and temperatures are
related to the behavior of a thin emitting layer near 87 kilo-
meters, which is normally just below the mesosphere tem-
perature minimum. The green line may be excited by the aurora
as well as photochemically. The altitude range of emission of
this line under auroral excitation depends upon the spectrum
of precipitating electrons associated with the aurora. Typically,
the photochemically excited emission from this line, at a height
near 97 kilometers, is weak compared to the aurora. Aurorally
generated emission typically peaks below 130-kilometer alti-
tude, but the precise height is unknown in the absence of
information on the auroral precipitating particle spectrum. This
information is usually obtained by from either in situ rocket or
satellite overflight particle data. Nevertheless, under strong
auroral conditions, the green line temperatures and winds rep-
resent atmospheric dynamics above the mesopause and the
OH data relates to a region just below. In conditions when
aurora is absent or very weak, the height separation between
the observations reduces to about 10 kilometers.

SPO 11902K	900604 (Day 155)

12

The instrument at Amundsen-Scott Station began mesos-
phere and lower thermosphere observations during early April
1990 and has supplied data for several days when the sky was
clear. Samples of winds observed using the OH 11902 K emis-
sion, at a height of about 87 kilometers are shown in figure 1.
There is a long-term variation similar to a 12-hour tide under-
lying the expected fluctuations. A different wind pattern is
seen for the atomic oxygen 17924 K green line data on the same
day, shown in figure 2, indicating the change of regime above
the mesopause. A strong resemblance to the ionospheric con-
vection-driven wind pattern of the upper thermosphere is to
be noted here. This can be seen in the figure as strong anti-
Sunward wind near magnetic midnight.

Coupling between the aurorally related convection of ions
in the E-region of the ionosphere and the surrounding neutral
atmosphere excites winds which superimpose on the (ex-
pected) tidal behavior. Simulations by general circulation mod-
els indicate that two large scale Sun-synchronous vortices are
expected. The first is found in the evening sector and has a
high temperature in its center, while the second vortex occurs
in the morning sector with a lower center temperature. This
vortex pattern is centered near the south magnetic pole, some
15° in latitude away from the south geographic pole. As the
observatory rotates under the pattern, a diurnal pattern of
temperature is expected, with its corresponding variation in
the wind. This can be discerned in figure 2.

This work was supported by National Science Foundation
grant DPP 89-17320.

SPO 17924K	900604 (Day 155)

12

o
18

77 S

4100	 79 8

77 S

100 M/O	
7&S

Figure 1. Measurement of the dynamical state of the mesosphere
for 4 June 1990 universal time, using the hydroxyl ion (OH) 11902
K (840-nanometer) radiation as a tracer, taken from Amundsen-
Scott Station. 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 and
time. The break between days is made at 16 hours magnetic local
time. (m/s denotes meters per second.)

FOR

Figure 2. Measurement of the dynamical state of the lower ther-
mosphere for 4 June 1990 universal time, using the atomic oxygen
17924 K (558-nanometer) radiation as a tracer, taken from Amund-
sen-Scott Station. Same format as figure 1. (m/s denotes meters
per second.)
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Geometrical factors
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dependence of auroral absorption
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The riometer is an instrument used to measure changes in
the electron density in the D- and E-regions of the ionosphere,
from about 40 to 140 kilometers altitude. The technique uses
the cosmic noise background as a radiation source and meas-
ures the change in the signal received by a ground-based an-
tenna; current understanding of the physics involved suggests
that any change in the received signal is due to absorption of
the radio-frequency energy by the ionospheric plasma. In the
case of auroral absorption, associated with the precipitation of
energetic electrons (>10 kiloelectronvolts) from the magne-
tosphere, the measured absorption should vary as the inverse
square of the noise frequency; the index of the power-law
dependence is called the "spectral index," which according to
magnetoionic theory has the value 2.

Early observations of ionospheric absorption showed that
the spectral index deviated from the expected value of 2 in
some absorption events, which could not be explained by cur-
rent magnetoionic theory. It was suggested that the deviation
could be due to extremely energetic electrons, but unrealistic
fluxes are required to reduce the spectral index even to a value
of 1.9, which was not the lowest observed. It was also rec-
ognized early that precipitation which does not cover the field
of view of the antenna will not be measured accurately with
a broadbeam antenna, because the absorption is averaged over
the antenna's field of view. Hargreaves, Chivers, and Nielsen
(1979) extended the narrow-beam study of Nielsen and Axford
(1977) to a broadbeam riometer system, and demonstrated that
the geometry of the precipitation region could account for the
observed departures of the spectral index from the theoretical
value.

Using results from the imaging riometer for ionospheric
studies (IRIS, Detrick and Rosenberg 1990) at South Pole Sta-
tion to examine further the effects of geometry on broadbeam
riometer absorption, we produced absorption time series which
simulate those which should be expected from the broadbeam
riometers operating at the station. The technique convolved
the absorption pattern as seen by the IRIS with the broadbeam
antenna pattern, to produce the simulated absorption time
series, which were compared with the actual broadbeam data
(Van Bavel et al. 1989). The IRIS examines a field of view
approximately 200 kilometers square at 90 kilometers altitude,
with 49 narrow beams (approximately 13-degree width) scanned
every second; the field of view of the broadbeam antenna
(approximately 57-degree width) is a circle about 100 kilome-
ters in diameter at the same altitude, and a measurement is
made once a second at each frequency. The IRIS operates at
38.2 megahertz, so the simulated broadbeam data at 20.5, 30,
and 51.4 megahertz were produced by scaling the IRIS ab-
sorption to those frequencies before integration, using a spec-
tral index of 2. A comparison between the time series was
made by calculating the ratio of the absorption at 30 megahertz

to that at 51.4 megahertz. The accuracy of the broadbeam riom-
eter data was estimated to be on the order of 0.05 decibels,
due to uncertainties in the quiet-day curve. For the IRIS data,
the error was on the order to 0.1 decibels; inaccuracies in the
simulated data are correspondingly larger at 30 and 20.5 mega-
hertz. The broadbeam antenna pattern was modelled mathe-
matically from the physical antenna characteristics, including
the effects of image currents in the ice.

We present the results from an intense dusk-side absorption
event, which exhibited arc-like structure, and is typical of the
absorption events observed at South Pole Station during that
local time. The event occurred on 15 June 1988 near 2205 uni-
versal time, and reached a magnitude in excess of 6.5 decibels
in the IRIS data; this was a large absorption event but not the
largest observed with the IRIS instrument. Magnetic midnight
at South Pole is about 0330 universal time, so this event oc-
curred about 5 hours pre-midnight.

As is evident from figure 1, the precipitation geometry ap-
peared to consist of an arc which swept overhead of the station
from the equatorward direction to poleward in about 5 min-
utes; this corresponds to a speed of about 1 kilometer-per-
second. The spectral index derived from the broadbeam ab-
sorption measurements at 30 and 51.4 megahertz reached as
low as 1, shown in figure 2; using an uncertainty of 0.05 for

South Pole IRIS, 15 June, 1988
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Figure 1. The precipitation of energetic electrons was observed as
an arc in the IRIS image data from South Pole Station; the arc
appeared in the field of view beginning at the equatorward edge
and moved poleward in the interval of a few minutes, as can be
seen in these 10-second images. (UT denotes universal time. dB
denotes decibels.)
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Figure 2. As is evident in both the time series and the ratio of the 30 megahertz absorption to that at 51.4 megahertz, the broadbeam
absorption observed at South Pole Station does not exhibit the frequency dependence expected for a constant spectral index; the theoretical
value of the spectral index is indicated with the horizontal dashed line. (UT denotes universal time. dB denotes decibels. MHz denotes
megahertz.)

the broadbeam measurements produces an error of about 0.2
in the index. The simulated absorption time series, shown in
figure 3, match the broadbeam measurements quite well, and
the simulated index minimum of about 1.5 (± 0.2) is also in
reasonably good agreement. Differences evident between the

1990 REVIEW

simulated and measured data can be due to non-ideal char-
acteristics of the riometer broadbeam antennas.

The two peaks in the time series result from different fea-
tures in the data. The first peak is the result of large coverage
of the field of view of the broadbeam antenna, as the arc moved
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Figure 3. The broadbeam absorption results simulated from the IRIS data show that the detailed structure in the time series, as well as the
departure of the spectral index from the theoretical value, are due to the geometrical structure of the precipitation regions. (UT denotes
universal time. dB denotes decibels. MHz denotes megahertz.)

overhead of the antenna; consequently, the departure of the
ratio from the theoretical value is only on the order of 1.6 (1.8)
in the measured (simulated) data. The second peak is the result
of an intensification of the energetic electron precipitation,
after it had moved poleward of the station. The different char-

acteristics of the second peak in the three riometer frequencies
are evident in both the measured and simulated time series,
and in the magnitude of the departure of the spectral index
from 2. We attribute the differences in the size of the second
peak in the 51.4 megahertz data to non-ideal characteristics of

282
ANTARCTIC JOURNAL



the broadbeam antenna. The characteristics of this event show
that the geometry of the precipitation region can explain de-
partures of the spectral index from the theoretical value.

The results we have shown are representative of those ob-
tained from the events we have examined. Those events which
are associated with small-spatial-scale precipitation regions show
departure of the spectral index from the theoretical value of 2;
those events which cover the entire field of view of the broad-
beam antenna show no deviation. We have found no event in
the broadbeam data which was not consistent with the sim-
ulation using the IRIS data; this includes events on the edge
of the IRIS field of view, which are seen as much smaller events
in the broadbeam riometer record, if they are observed at all.
The small departures of broadbeam measurements from the
simulated results can be attributed to differences in the actual
broadbeam antenna pattern from that modelled using con-
ventional antenna theory, when the discrepancies in the ab-
sorption are larger than allowed for in the simulation procedure;
these discrepancies are on the order of a few tenths of decibels,
in any case, and do not call for re-examination of either the
simulation technique or magnetoionic theory.

This study has been supported by National Science Foun-
dation grants DPP 86-10061 and DPP 88-18229.
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The polar caps may be defined as the regions surrounded
by the northern and the southern auroral ovals. The southern
oval, in moderate magnetic activity, lies near - 80° magnetic
latitude at local magnetic noon and near - 65° at midnight.
South Pole Station, at the geographic pole, may be considered
to travel daily in a circle of latitude - 74° around a fixed south
magnetic pole. Therefore, the station is somewhat equator-
ward of the auroral oval at noon and poleward of the oval at
midnight. At times of moderate magnetic activity, the station
should spend several hours each day in the polar cap. In the
study of magnetic pulsations propagating in the magnetos-
phere, the polar caps are, in one sense, unique (Fraser-Smith
1982). The Earth's magnetic field lines that intercept the polar

caps (the north and south lobes of the magnetotail) do not
close in the opposite hemisphere, in dipole fashion, but extend
indefinitely in space, downstream in the solar wind. Many
magnetic pulsations on the closed field lines have been inter-
preted as due to resonant oscillations of the Earth's magnetic
field lines (Cummings, O'Sullivan, and Coleman 1969). Since
the polar cap field lines are open, the occurrence of resonant
oscillations seems unlikely. Yet, there are pulsations observed
on the ground, in the polar cap, and in space, on tail-lobe field
lines. This article covers South Pole observations of magnetic
pulsations in the interval from January through June of 1983.

The search coil magnetometers at South Pole Station are
similar to those installed at Siple Station, Antarctica, in 1972
(Taylor et al. 1975). The east-west sensor record from a typical
day, 3 March 1983 is first analyzed. The amplitude spectrum
of figure 1 gives the frequency structure of the first 21.3 min-
utes of data of the 3 March record. The frequency range is
divided into Pc 3, 4, and 5 frequency segments (22 to 100
millihertz, 6.7 to 22 millihertz, and 1.7 to 6.7 millihertz, re-
spectively) and the average amplitude of each segment is shown.
The average band 3, 4 and 5 amplitudes in nanotesla per sec-
ond are used as measures of the signal amplitude in these
frequency bands in the subsequent figures.

Figure 2 gives a 24-hour record (3 March) of the band 3
amplitude measures, one each 21.3 minutes. The broad peak
before noon magnetic local time is typical of the higher am-
plitude signals seen each day when the station passes under
the auroral oval and cusp. The amplitude is much lower, mostly
below .01 nanotesla per second, from 1430 through midnight
to 0430 magnetic local time (we expect—on the average—that
the station will be in the polar cap from 1800 to 0600 magnetic
local time).

All 35 days of our 1983 data sample have been used in figure
3 which shows the average, for all days, of the band 3 measures
in each 21.3 minute segment of the 24-hour day. Similar plots
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Figure 1. Frequency spectrum. A spectrum of pulsations in the first
21.3 minutes of 3 March is shown with the amplitude in nanotesla
per second (nT/s) as a function of frequency, 0 to 50 millihertz
(mHz). The spectrum is divided into Pc 3, Pc 4, and Pc 5 frequency
bands. The average amplitude of each band is shown as a solid
horizontal line. (UT denotes universal time.)

were made, but not shown here, for bands 4 and 5. These
figures may be used to observationally specify, for ultra-low-
frequency waves, the time interval during which South Pole
Station is in the polar cap. Taking the rise and fall of the dayside
amplitude maximum as indicating the exit from and entrance
to the polar cap, 0430 magnetic local time seems to be the
dawn limit and 1430 magnetic local time the dusk limit. The
limits appear to be skewed toward the dawn, compared to the
symmetrical 0600 and 1800 limits expected. In addition, there
is another maximum in the night-time hours. The lowest level
is near 0300 magnetic local time for all bands.

nT
S

M

Figure 2. Band 3 amplitude measure for 3 March. The average band
3 amplitude is taken for each 21.3-minute segment of 3 March and
plotted as a 24-hour record. (mHz denotes millihertz. MLT denotes
magnetic local time. nT/s denotes nanotesla per second.)

ni
S

MLI

Figure 3. All data average—band 3-24-hour record. The band 3
measure, as shown in figures 1 and 2, is taken for a specific 21.3-
minute interval, say 0000 to 0021.3 universal time, in each day of
the data sample. These 35 numbers are averaged to give one point
of this plot. (MLT denotes magnetic local time. nT/s denotes nan-
otesla per second.)

In conclusion, pulsations in the polar cap are strongly af-
fected by auroral oval activity, not only when the South Pole
Station is under the dayside auroral oval and cusp, 0430 to
1430 magnetic local time. There is also an evening maximum
of activity seen in the averaged data, 2030 to midnight magnetic
local time, presumably related to evening auroral oval activity.
This pulsation activity is seen as bursts of pulsations on in-
dividual days occurring at random times in the evening. Al-
though the bursts on individual days occur at random times,
when the data is averaged a broad evening maximum is pro-
duced.

The amplitudes above are in nanotesla per second, appro-
priate for the response of the magnetometer. We can translate
the amplitudes into the magnetic field pulsation amplitudes
in nanotesla by choosing a representative frequency for each
band. For band 3, taking .04 hertz as a representative fre-
quency, the amplitude .01 nanotesla per second in figure 3
gives .04 nanotesla.

This research was supported by National Science Founda-
tion grant DPP 86-13272.
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Ultraviolet radiation
in the stratosphere:

Implications for
photoelectric contamination

of measurements from
antarctic balloon campaigns
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Several balloon campaigns have been conducted in the past

to measure the electrical environment of the antarctic strato-
sphere. Three more antarctic balloon campaigns are planned
for the austral summer of 1991-1992. In the balloon campaigns
conducted by the University of Houston at Siple Station in
1980-1981 (Byrne et al. 1988) and at Amundsen-Scott South
Pole Station in 1985-1986 (Bering et al. 1986), we observed
variations in electric field and conductivity measurements that
were shown by Byrne et al. (1990) to be a result of photoelectric
emissions from the balloon payloads. In future balloon meas-
urements, variations that are due to photoelectric contami-
nation need to be recognized as such and not misinterpreted
as stemming from geophysical processes.

The flux of solar ultraviolet radiation that penetrates to a
given altitude in the stratosphere is a function of the solar flux
incident on the top of the atmosphere; the solar zenith angle;
the molecular oxygen and ozone absorption cross sections; the
Rayleigh scattering cross section; and the integrated amounts
of molecular oxygen, ozone, and total atmospheric molecules
above that altitude (Byrne et al. 1990). We calculate the ultra-
violet flux that penetrates into the antarctic stratosphere by
using the solar flux incident on the top of the atmosphere given
by Brasseur and Simon (1981); the cross-sections given by Buc-
chia, Megie, and Nicolet (1985); the U.S. Standard Atmosphere
(1976) number densities for molecular oxygen and total mol-
ecules; and the ozone number densities measured above the
South Pole by Komhyr, Oltmans, and Grass (1988) extrapo-
lated to 75 kilometers assuming the Standard Atmosphere scale
height for ozone.

The result of the calculation for a solar zenith angle of 67°,
which approximately corresponds to the solar angle at the
South Pole near the austral-summer solstice, is shown in the
figure for altitudes of 25, 30, and 35 kilometers. The ultraviolet
intensity in the range of 200-300 nanometers is attenuated by
the Hartley band absorption of ozone, which has a maximum
absorption cross-section near 255 nanometers and a minimum
near 200 nanometers. It is primarily the Hartley band absorp-
tion which drastically reduces the ultraviolet intensity from
300 to 255 nanometers. The ultraviolet intensity in the range
of 180-200 nanometers is attenuated primarily by absorption
in the Schumann-Runge bands of molecular oxygen, with a
minimum absorption cross section in the bands at 200 nano-
meters. As a result of the minima near 200 nanometers in the
absorption cross sections of oxygen and ozone, the atmosphere
is partially transparent to a narrow range of solar wavelengths
from approximately 190 to 230 nanometers. This atmospheric
"window" region allows these wavelengths to penetrate deeper

Wavelength (nrn)

Solar flux in the ultraviolet wavelength range of 180-300 nano-
meters incident on the top of the atmosphere (curve labeled "Top")
and the solar flux that penetrates to the 25-, 30-, and 35-kilometer
altitude levels at the South Pole for a solar zenith angle of =67°.
(km denotes kilometer. nm denotes nanometer. CM -2 Si nm1
denotes per square centimeter per second per nanometer.)

into the stratosphere than the surrounding wavelengths. Byrne
et al. (1990) have shown that the window region wavelengths
are primarily responsible for the photoemissions from balloon
instrumentation.

The antarctic balloon campaigns planned for the austral sum-
mer of 1991-1992 will be conducted at different latitudes, and
the balloons will possibly traverse many latitudes during their
flight durations of several days or weeks. In addition, the
balloons from each campaign will float at different altitudes,
and balloons typically fluctuate in altitude about their respec-
tive equilibrium float altitudes by as much as a few kilometers.
Hence, the balloon instruments will be exposed to highly vari-
able amounts of photoemitting ultraviolet as a function of solar
angle (diurnally and latitudinally) and altitude. The balloon
campaigns planned are as follows.
• The South Pole Campaign conducted by the University of

Houston and University of Maryland, in which a series of
10 zero-pressure balloons will be launched from Amundsen-
Scott Station and will float at a 32-kilometer altitude for
durations of up to 4 days.

• The Polar Patrol Balloon project conducted by the National
Institute of Polar Research of Japan and collaborating sci-
entists, in which two zero-pressure balloons will be launched
from Syowa Station and will float at about 30 kilometers for
long durations of up to 3 months.

• The Extended Life Balloon Borne Observatories conducted
by the University of Washington and collaborating institu-
tions, in which eight superpressure balloons will be launched
from McMurdo Station and will float at 26 kilometers for
durations of up to 3 months.

Each of the balloon campaigns will employ similar payload
instruments, double-probe electric field detectors, which are
commonly used for stratospheric electrical measurements. Byrne
et al. (1990) have shown that double-probe measurements are
prone to be contaminated by photoelectric emissions.

In summary, we have observed the contamination of elec-
trical measurements in the stratosphere using balloonborne,
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double-probe systems by photoelectric emissions. The solar
ultraviolet radiation responsible for the photoemissions are
primarily those in the range of 190-230 nanometers. At these
wavelengths the atmosphere is partially transparent, allowing
a large flux of energetic photons to penetrate deep into the
stratosphere. In future antarctic balloon campaigns which will
employ double-probe instruments, photoemissions may intro-
duce variations in the electrical measurements as functions of
solar angle and altitude that may be misinterpreted as diurnal,
latitudinal, or altitudinal variations of a geophysical nature.

This research was supported by National Science Founda-
tion grants DPP 84-15203 and DPP 86-14091.
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The 1989-1990 project year (1 June 1989 to 31 May 1990) was
one of continued success in support of national and interna-
tional programs of research requiring access to the resources
of the National Science Foundation's Antarctic Marine Geology
Research Facility and Core Library, a national repository for
southern ocean and antarctic continental sediments recovered
by coring, dredging, trawling, and grab-sampling. Project ac-
tivities considered for review in this report are the distribution
of samples from the collections, the receipt of new specimens,
core transfers, and sediment description work.

From 163 different cores and one grab specimen recovered
aboard 25 cruises of three vessels (USNS Eltanin, ARA Islas
Orcadas, U.S. Coast Guard icebreaker Glacier), and from two
drill holes of the Dry Valley Drilling Project, a total of 3,071
samples were distributed during this period to 14 scientists at
10 institutions in Australia, Brazil, Canada, Switzerland, and
the United States. This total—more than double the number
distributed last year and nearly 83 percent of the combined
total number of samples distributed during the past 3 years
(Cassidy 1987, 1989)—represents a significant increase in sam-
pling activity. A compendium of sampling for the year follows.

USNS Eltanin. 1,990 samples from 31 piston cores, 42 trigger
cores, six Phleger cores, and four camera-Phleger cores re-
covered from the South Atlantic and South Pacific Oceans, the
Indian Ocean, and the Ross and Tasman Seas aboard 15 of
Eltanin's 45 southern-ocean cruises recovering sediments that
were shipped to the Facility.

ARA Islas Orcadas. 123 samples from four piston cores and
a trigger core recovered aboard three of the five coring cruises
of Islas Orcadas to the South Atlantic Ocean and Weddell Sea.
(Since the receipt at the Facility in 1962 of the first shipment
of cores recovered aboard USNS Eltanin, samples removed
from Eltanin/Islas Orcadas cores, dredge hauls, trawls, and grabs
account for 93 percent of all samples distributed from project
collections.)

U.S. Coast Guard icebreaker Glacier. 933 samples from 23 piston
cores, 30 trigger cores, 20 box cores, and a single grab sample
recovered from antarctic continental shelf and slope sediments
in many areas of the Ross Sea, the Bransfield and Gerlache
Straits, the South Orkney Plateau, and Andvord, Flandres,

and Lapeyrere Bays off the Danco Coast during seven project
cruises of Glacier (austral summer campaigns of 1975-1976,
1977-1978, 1981-1982, 1982-1983, 1984-1985, 1985-1986, and
1986-1987).

Dry Valley Drilling Project (DVDP). 25 samples from the New
Harbor and Commonwealth Glacier DVDP drill holes (holes
10 and 11, respectively).

Augmenting the more than 17,000 meters of cores and other
specimens being curated at the NSF core storage facility was
the receipt on 7 August 1989 of nine piston cores (32.44 meters),
nine trigger cores (5.02 meters), and 14 miscellaneous bag sam-
ples recovered from the King George and Central Bransfield
Basins (Bransfield Strait, northern Antarctic Peninsula) by a
University of Texas field team (Lawrence A. Law yer, chief
scientist) during April/May 1989 operations aboard R/V Polar
Duke cruise 89-IV (Lawyer 1989). Currently en route to the
Facility is a small shipment of piston cores (meterage un-
known) recovered by John B. Anderson and staff (Rice Uni-
versity) during U.S. Antarctic Program cruise 90-I1 of Polar Duke
to the southwestern Ross Sea (Anderson 1990).

Several core transfers involving project scientists at Hamil-
ton College (E.W. Domack) and Rice University (J.B. Ander-
son) were effected during the year. Transferred on loan to
Domack on 30 April 1990 for purposes of core study, X-ra-
diography, and sampling were 26.90 meters of piston cores,
trigger cores, and subcores of Smith-McIntyre grabs (29 cores
in 34 sections) recovered aboard Cruise 88-I11 of RIV Polar Duke
from shelf areas and fjords off the western coast of the Ant-
arctic Peninsula. Cores returned to the Facility during the past
year include the receipt on 8 February 1990 (from Anderson)
of 122 piston, gravity, and trigger cores (139 sections; 145.17
meters) that were recovered aboard seven project cruises of
Glacier between 1980 and 1987, and the receipt (from Domack)
on 30 March 1990 of 23 Polar Duke cruise 88-I11 piston and
gravity cores (30 sections; 52.37 meters). At the two institu-
tions, where project scientists during 1989-1990 removed ap-
proximately 3,000 samples for their research from the on-loan
components of the National Science Foundation collections,
more than 114 meters of cores remain on loan. (On-loan sam-
pling is not included in the reported total of 3,071 samples
distributed for the year.)

Work begun a prior year on the describing of sediments
recovered aboard U.S. Coast Guard icebreaker Glacier during
austral summer 1986-1987 operations in the western Ross Sea
(44 piston cores and 11 trigger cores totaling 52.81 meters) was
continued (now, about 80 percent complete), and core-describ-
ing began (about 60 percent complete) of the R/V Polar Duke
cruise 89-IV sediments. When completed, the results of this
work will be compiled into two volumes of descriptions similar
in style and content to past issues of sediment description
volumes emanating from the Facility (see, for example, Ka-
haroeddin et al. 1988). Awaiting description are approximately
370 meters of cores and other specimens (grabs, etc.) recovered
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since 1986 aboard five project cruises of Polar Duke and Glacier.
(All undescribed cores, however, have been opened and are
available to the public for sampling. Many, in fact, have been
sampled extensively.)

Dominating the array of miscellaneous activities this year
has been work by the curator with the bibliographic database
(Cassidy, Antarctic Journal, this issue). Since 1 year ago, the
number of publication entries into the database has increased
by 114, or 9 percent (from 1,366 to 1,480 publications).

Funding in support of project activities has been in accor-
dance with the terms of National Science Foundation contract
C-1059 (DPP 75-19723).
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A bibliographic database
for project collections
of the Antarctic Marine

Geology Research Facility
and Core Library

DENNIS S. CASSIDY

Department of Geology
Florida State University

Tallahassee, Florida 32306

Under the auspices of the U.S. National Science Founda-
tion's Division of Polar Programs, the Antarctic Marine Ge-
ology Research Facility and Core Library at Florida State
University has received, since 1960, more than 17,000 meters
of marine sediment cores recovered from beneath the southern
ocean and on the continent of Antarctica. From these and
associated components of the marine collections (dredged,
trawled, and grabbed specimens), more than 200,000 samples
have been distributed to 286 investigators representing 120
institutions of 16 countries (Argentina, Australia, Brazil, Can-
ada, England, France, Germany, India, Japan, New Zealand,
Scotland, Soviet Union, Sweden, Switzerland, United States
of America, and Yugoslavia).

Data derived from the results of analyses of these samples
appear in many publications, including undergraduate honor's
theses, master's theses, doctoral dissertations, journal and
magazine articles, papers in conference and symposium pro-
ceedings, scientific and technical reports, textbooks, bulletins,
atlases, maps, encyclopedias, bibliographies, and informal
documents such as cruise reports and sediment description
volumes.

A computer-maintained bibliographic database has been es-
tablished for this (and related) literature using a text-based
information storage and retrieval system designed for use with
both textural and numeric information. Currently (31 May 1990),
the bibliography comprises a total of 1,480 references. The
figure (A) shows the distribution of this total over the past 35
years according to the number of titles published each year.
Shown also (B) are the approximate ranges of activity of pro-
ject/vessel operations involving the recovery of materials shipped
to the Facility. (For example, project cruises of USNS Eltanin
occurred between 27 February 1962 and 29 December 1972).

Although criteria for the selection of titles to be included in
the bibliography are several, the bulk of the entries are of
publications that resulted directly from research on samples
provided by the Facility. Publications in this category usually
refer to specific samples according to project origin (USNS
Eltanin, ARA Islas Orcadas, Dry Valley Drilling Project, etc.)
and mode of retrieval (piston core, drill core, grab sample,
etc.). Research may not necessarily have been performed by
persons to whom the requested samples first were provided.
A sample set can involve the collaboration of many co-inves-
tigators, including faculty, staff, and graduate and undergrad-
uate students, each of whom may publish their findings
separately or with other authors. (A common occurrence is the
redistribution by the original recipient, often years later, of
portions of the samples to other investigators. Pertinent ex-
amples are provided by Pettis and de Forest 1979; Papanas-
tassiou, Wasserburg, and Brownlee 1983; Raiswell and Tan
1985; Sackett 1986.)

Other bibliographic entries fall into a variety of categories.
These include:
• Review articles and other publications of a more general

nature (such as topic reports, textbooks, annotated bibli -
ographies, and magazine articles) that include the presen-
tation, discussion, and interpretation of data obtained by
other authors (representative examples are: Andrews and
Matsch 1983; Boggs 1987, page 575; Schwarzschild 1987;
Hailwood 1989, page 68; Webb 1990);
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(drill cores); ETV = Eastern Taylor Valley (drill cores); RISP = Ross Ice Shelf Project (gravity cores); DVDP = Dry Valley Drilling Project

(drill cores); USN & USCG = U.S. Navy and U.S. Coast Guard icebreakers operating on a more-or-less continuous basis off the coast of
Antarctica (piston, trigger, Phleger, gravity, and box cores; grab samples). Arctic operations in the Kara Sea were aboard U.S. Coast Guard
icebreakers (Kullenberg and Phleger cores); USNS Eltanin, ARA Islas Orcadas and R/V Polar Duke (piston, trigger, and Phleger cores; grab,
dredge, and trawl specimens) are National Science Foundation research vessels.

• Publications concerned with (or mentioning prominently)
the historical and operational aspects of southern ocean and
antarctic continental field collection programs in which staff
of the Facility have played an active role (see, for example:
Anonymous 1962; Brodie 1965; Wright 1966; U.S. National
Science Foundation 1979);

• Publications dealing with research on certain components
of project collections that were not shipped to the Facility,
but which nevertheless are considered integral to these col-
lections (Sackett, Eadie, and Exner 1974, and Cortelezzi,
Esposito, and Iasi 1984 provide examples); and

• Publications that pertain to an assortment of cores recovered
in arctic seas from aboard three U.S. Coast Guard icebreak-
ers. Ten are known, of which Stoll (1967), Turner (1971) and
Clark et al. (1980) are examples.
The bibliography does not include abstracts, although ex-

ceptions have been made for a few (nine) extended abstracts
(see Powell 1979), nor does it include publications that are
either in press or in preparation (more than 100 of these are

known), or publications eligible for inclusion that are not on
file in the Facility's reference library, even though full biblio-
graphic information on them is available to the curator. (Most
publications in this latter category are student theses and dis-
sertations, copies of which the curator has not yet been able
to obtain.)

The majority (70 percent) of the publications in the curator's
database appear also in the Library of Congress' Antarctic Bib-
liography, a reference work consisting of several volumes that
present abstracts and indexes of current antarctic literature. Of
those that do not appear, some were omitted intentionally
because they do not meet the criteria for inclusion in Antarctic
Bibliography. (For example, Boltovskoy and Watanabe (1986) is
a study of USNS Eltanin piston cores recovered from low lat-
itudes off the coast of Peru, only 16 degrees south of the equa-
tor.) Thus, the project collections bibliography is complementary
to Antarctic Bibliography.

The first phase in the construction of the bibliographic da-
tabase is now complete. As new titles are received, they will
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be catalogued according to attendant criteria. The next phase
of the project will involve the addition of "key word" fields
to the database so that the bibliography may be searched for
references according to any combination of terms of specific
interest. These terms will include, for example, project iden-
tifiers (Eltanin, Islas Orcadas, DVDP, RISP, etc.), geographic
areas (South Atlantic, Indian Ocean, Bransfield Strait, Ross
Sea, etc.), specific components of the sediment collections of
special interest (manganese nodules, diatoms, etc.), cruise
numbers of research vessels, and perhaps, in certain cases,
individual core and other sample numbers.

A very brief review of the record of published results (as
represented by the current edition of the bibliography) with
respect to the productivity and involvement of past and pres-
ent members of the Florida State University's antarctic marine
geology research and curatorial program reveals that:
• The 1,480 publications constituting the bibliography bear the

names of 907 different persons serving as authors.
• Of these 907 authors, 112 (or approximately 12 percent) are

either present or former associates of the Florida State Uni-
versity program.

• The names of these 112 authors, however, appear on a total
of 521 (or approximately 35 percent) of the 1,480 publications
in the database. (Note: Author counts do not include anon -
ymously or institutionally authored publications, nor do they
include the names of editors or compilers.)
Additional information about project collections and the ant-

arctic curatorial program at Florida State University will be
found in Cassidy (1980, 1981, 1983, 1988).

Special thanks are due to the many persons who have been
diligent throughout the years in furnishing the curator with
copies of their publications, particularly John Anderson, Peter
Barrett, Esteban and Demetrio Boltovskoy, Bruce Corliss,
Geoffrey Glasby, James Hays, Tom and Davida Kellogg, James
Kennett, Tetsuya Toni, the late Norman Watkins, Peter Noel-
Webb, Douglas Williams, John Wrenn, and Sherwood Wise.
Wuchang Wei is thanked for his computer-graphics presen -
tation of the figure. Project funding in support of curatorial
activities has been provided according to the terms of a succes-
sion of amendments to National Science Foundation contract
C-1059 (DPP 75-19723).
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Be-net samples
at the Smithsonian

Oceanographic Sorting Center

FRANK D. FERRARI

Smithsonian Oceanographic Sorting Center
Museum of Natural History

Smithsonian Institution
Washington, D.C. 20560

Among the more than 3,000 pelagic samples in the polar
collections available for study from the Plankton Laboratory
of the Smithsonian Oceanographic Sorting Center, 1,300
plankton samples were taken using simple, opening-closing
samplers designed by Allen Be. These samples, which were
collected by the Lamont-Doherty Geological Observatory, con-
tinue to offer excellent opportunities to study basic questions
about the ecology of common planktonic animals.

The Be-net plankton samples were collected from 1963 to
1967 on Eltanin cruises 9-19, 21-27, and 38 during a general
survey of Atlantic and Pacific sectors of the southern ocean.
At each station, plankton samples were taken from up to five
depth increments: at 0-125 meters, 125-250 meters, 250-500
meters with a multiple plankton sampler and at 500-1,000
meters, 1,000-2,000 meters with a bathypelagic plankton sam-
pler (Be 1962). Both samplers had a square-mouth opening (70
centimeters on a side) with 202 mesh netting. Protocol during
the surveys precluded the collection of hydrographic data at
the same station at which plankton samples were taken, but
information about temperature, salinity, dissolved oxygen,
phosphates, nitrates, and silicates for plankton stations can be
extrapolated from nearest adjacent hydrographic stations.

After being fixed, each Be-net plankton sample was split.
Half was retained by Allen Be at Lamont-Doherty Geological
Observatory, and a fourth or eighth aliquot was sent to the
Smithsonian Oceanographic Sorting Center. These smaller ali-
quots were sorted, and their specimens were made available
to interested marine scientists for research. Sorted specimens
from these aliquots initially contributed to studies about the

systematics or zoogeography of plankton animals of the south-
ern ocean. More recently their value for ecological analyses
has become apparent (Longhurst 1985; Mann 1988a, 1988b),
and descriptions of seasonal changes in populations parame-
ters of several other common copepods is underway (Luis
Loureiro Fernandes).

In 1987, the half aliquots of these samples, which were kept
at Lamont-Doherty Geological Observatory, were also sent to
the Smithsonian Oceanographic Sorting Center. With funding
from the Division of Polar Programs at the National Science
Foundation, these half aliquots now are being sorted to provide
larger sample sizes of populations represented in these sam-
ples. Although specimens from these samples are over 20 years
old, they continue to represent an excellent resource for studies
of the stratification of plankton populations in the southern
ocean. Motivation for the initial collecting was to provide for
a general survey, but plankton samples from all months of the
year are represented in the 5-year coverage so that seasonal
changes in population parameters can be examined. In addi-
tion, with a judicious selection of study areas, enough different
years can be represented so that investigations of interannual
changes of some population parameters can be initiated.

The southern ocean remains a well-sampled ocean for stud-
ies of the vertical distribution of common plankton popula-
tions. As sorting of the half aliquots of Be-net samples are
completed over the next several years, the number of animals
available from each population should provide an excellent
resource for ecological studies of these animals.

This research was supported by National Science Founda-
tion grant DPP 74-13988.
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The antarctic mapping program

ALAN R. STEVENS AND JERRY L. MULLINS

U.S. Geological Survey
Reston, Virginia 22092

The U.S. Geological Survey's (USGS) antarctic mapping pro-
gram focused on several activities during the 1989-1990 season:
• Establishing geodetic control for mapping,
• A global positioning system campaign,
• Topographic mapping,

• South Pole satellite doppler tracking and seismology, and
• Managing the U.S. Scientific Committee on Antarctic Re-

search Library for Geodetic and Geographic Information.
During the 1989-1990 austral season, the team of James E.

Stoner and Phillip D. Ibarra conducted a geodetic acquisition
program in the northern Victoria Land and McMurdo Sound
areas. The team operated from the U.S. Coast Guard icebreaker
Polar Star on its trip into McMurdo station from Sydney, Aus-
tralia. Helicopter support provided by the Coast Guard al-
lowed the team to reoccupy several stations that otherwise
would have been inaccessible along the northern Victoria Land
coast from Cape Adare to McMurdo Station. Occupation of
these stations enabled the USGS to adjust previously estab-
lished control to the World Geodetic System (WGS-84) datum.
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The team also established new control stations using MX-
1502 doppler satellite receivers. The new stations were on the
north and south ends of Coulman Island, the north end of
Franklin Island, the north and south ends of Beaufort Island,
and at Cape McCormick, Helm Point, Cape Hallett, Cape Adare,
Ross Island, Minna Bluff, and White Island. The team also
established two doppler satellite stations on the proposed Pe-
gasus runway near McMurdo Station, which will be reoccupied
in following field seasons to monitor the direction and move-
ment of this lobe of the Ross Ice Shelf.

Global positioning system data were also collected at McMurdo
Station to evaluate the system's capabilities for establishing
geodetic mapping control in Antarctica and to investigate its
potential for use in determining ice movement on the continent
and crustal movement between Antarctica and Australia, New
Zealand, Africa, and other global stations. Station CAMP AREA
at McMurdo Station was used as a primary site to collect data
continuously from 13 January to 23 January 1990. During this
same period, global positioning system stations were occupied
in New Zealand and at two locations in Australia. The coop-
erative effort was coordinated by the Australian Surveying and
Information Group (AUSLIG). A similar test is planned for the
1990-1991 season in preparation for a major campaign during
the 1991-1992 season involving many nations.

The USGS continued work on a series of 1:50,000-scale top-
ographic maps in the McMurdo Dry Valleys area. The maps
are being compiled in cooperation with the New Zealand De-
partment of Surveys and Land Information (NZDOSLI). Joint
U.S./New Zealand geodetic field teams obtain the geodetic
control, and the USGS acquires the aerial photography and
completes the aerotriangulation. The NZDOSLI then compiles
the maps and the USGS prints and distributes the maps. Five

maps are in the final edit stage and are scheduled for printing
in early 1991. Seven additional maps have the aerial photog-
raphy and aerotriangulation completed and are in the map
compilation stage. Additional maps in this series, including
Ross Island, are in the planning stage contingent on acquisition
of additional aerial photography.

For the eighteenth consecutive year, a USGS winter-over
team continued the USGS work in support of satellite tracking
and seismology at the South Pole Station. This year's team
consisted of Michelle R. Rogan and Ray W. Sliter. In addition
to satellite tracking, the team operated a USGS seismometer.
Because of its remote location, the South Pole Station provides
essential azimuth control for many epicenter solutions that
occur in the southern latitudes and is a vital link in the World-
wide Standardized Seismological Network.

The USGS also maintains the U.S. Scientific Committee on
Antarctic Research Library for Geodetic and Geographic In -
formation. The library's collection contains U.S. holdings of
cartographic materials including aerial photographs, satellite
images, geodetic control, and antarctic maps prepared by the
U.S. Geological Survey and other countries. The aerial pho-
tography film negatives are stored at the U.S. Geological Sur-
vey's EROS Data Center at Sioux Falls, South Dakota. The
library's collection is available for use by scientists, cartogra-
phers, antarctic researchers, and others in the scientific com-
munity and is open during normal working hours. Library
information and assistance are available by calling (703) 648-
6010 or visiting the U.S. Geological Survey at 12201 Sunrise
Valley Drive, Reston, Virginia 22092.

These programs were funded by National Science Founda-
tion grant DPP 85-12516.

U.S. Naval Support Force,
Antarctica: McMurdo Station

operations, 1989-1990

MARGARET REED, LCDR, USN,
MICHAEL MORGAN ACC, SCOTT BERRY RM2,

and KEITH FORMAN, LIEUTENANT

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

Operating the United States Antarctic Program each season
is a complex task, demanding a constant supply of material
and human resources. The parent U.S. military contingent,
U.S. Naval Support Force, Antarctica (NSFA), is organized into
nine departments (administration, communications, opera-
tions, supply, public works, medical, terminal operations, mo-
rale/welfare/recreation, and safety/training) to ensure that the
objectives of the program are met. This article outlines the
responsibilities of each NSFA department and highlights some
of the events from the 1989-1990 field season.

Administration. Daily functions of the administration de-
partment can range from the publishing of official instructions
(see figure 1) and directives to the movement of large amounts
of equipment and personnel.

An attorney was added to the NSFA Legal Office during the
1989-1990 season to provide guidance in areas of foreign crim-
inal jurisdiction and environmental law.

Communications. Consisting of three divisions (radio, elec-
tronic communications, and data processing), the communi-
cations department serves McMurdo Station's technical needs
by handling incoming and outgoing messages, as well as sat-
ellite and radio systems communications, and as available,
personal communications, a feature which contributes much
to morale at the station.

The satellite communications system provides McMurdo
Station with voice communications between McMurdo Station
and 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 designed as a
back-up military communications system. As a way of keeping
operator skills sharp in peacetime, this network provides "tele-
phone" service for military and civilian participants of the U.S.
Antarctic Program. Phone calls originating in Antarctica are
"patched" into the shortwave radio transmitter, broadcast to
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Figure 1. McMurdo Station's television studio serves as an official military information outlet and a morale-enhancing vehicle for the
residents of the station. (Official U.S. Navy photograph by PH3 Craig Peterson.)
161

a receiving MARS operator in the United States and then patched
back into the phone system as a collect call. The number of
completed phone patches during the 1989-1990 austral sum-
mer season was 797.

Another MARS service is the "MARS Gram"—short letters
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 way
to communicate back home. During the 1989-1990 austral sum-
mer, 467 MARS Grams were sent, and 523 were received.

More than 79,000 messages were broadcast over three radio
circuits (US-14, US-18, and USed19) that are used to pass
teletype, facsimile, weather, and administrative messages to
and from McMurdo Station, Christchurch, ships, and outlying
stations.

Operations. One of the most essential links in the NSFA in-
terdepartmental system is the operations department and its
air traffic control division. The air traffic control division main-
tains McMurdo Center and provides personnel for Williams
Field, the sea-ice runway, and the South Pole. McMurdo Cen-
ter, assisted by other antarctic stations, is responsible for pro-
viding 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
60°S. For flights between antarctic stations and New Zealand,
McMurdo Center coordinates with Auckland Radio. The point
for transfer of control and responsibility between McMurdo
Center and Auckland Radio is 60°S.

During Operation DEEP FREEZE 1990, McMurdo Center
handled 3,187 LC-130 flight hours and 1,558 UH-1N helicopter
flight hours. The LC-130s carried a total of 2,985 passengers
to and around Antarctica and delivered 2,951,676 pounds of

cargo, 92,001 pounds of mail, 36,344 gallons of jet petroleum
fuel, and 208,559 gallons of diesel fuel arctic. A total of 5,444,364
pounds was moved.

Supply. The supply department provides logistics support
for the following areas: repair part/consumable item receipt
and issue, food service, ship's store retail outlet, bulk aviation
and ground fuel issue and storage, and military barracks man-
agement. During this season, the supply department issued
4,802 line items of stock, served 150,234 meals, sold $414,369.71
of ship's store retail stock, issued approximately 4.5 million
gallons of fuel, and provided berthing to 669 NSFA and VXE-
6 military personnel.

Public works. NSFA's public works department resupplied
the Marble Point camp with food, equipment, and fuel at the
beginning of the season via motorized traverses across the Ross
Ice Shelf. Located approximately 60 miles from McMurdo Sta-
tion, Marble Point is manned by three Navy personnel: an
aerographer, a construction mechanic, and a utilitiesman. They
live and work at this isolated site and in addition to their
regular tasks of weather-observation, maintenance, and
plumbing, they share responsibilities for cooking, cleaning,
and laundry.

Public works was responsible for building the 10,000-foot
runway near McMurdo during September 1989. This runway
was used in October to land a C-513 Galaxy airplane.

Medical. NSFA provided medical care for personnel at De-
tachment Christchurch, McMurdo Station, Williams Field, and
field camps. (See figure 2.) 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.

From a total of 3,248 sick calls processed by the clinic from
McMurdo and field camps during the 1989-1990 season, there
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Figure 2. Routine medical services are provided at McMurdo Sta-
tion, Byrd Surface Camp, Palmer Station, and Amundsen-Scott South
Pole Station. Specialty care is referred to New Zealand and/or the
United States. (Official U.S. Navy photograph by Stephen Barret.)

were 34 minor surgeries and 13 medical evacuations from
McMurdo Station.

Terminal operations. The landing of the C-513 Galaxy cargo
airplane on 4 October was an historic event and began the
year dramatically for the terminal operations department. The
C-513 was the first airplane of its class ever to land in Antarctica
and the largest ever to land on the sea-ice runway. (See figure
3.) This event was the result of an entire summer of planning
and coordination. The U.S. Air Force provided the plane as a
training flight at no expense to the U.S. Antarctic Program.

The average allowable cargo load for each C-5 flight was
167,891 pounds. By the end of the 1989-1990 season, terminal
operations had overseen the movement of more than 23,000
tons of shipborne cargo and 1,374,527 pounds of airborne cargo.

Morale/welfare/recreation. "Scott's Hut Race," the largest rec-
reational event of the season, had approximately 300 partici-
pants this year. The first "Ice Hole Pines" golf tournament
received such a positive response that another tournament is
planned for next season.

The Force Chaplain conducts the protestant service and co-
ordinates the use of the "Chapel of the Snows" for Roman
Catholic, Eastern Orthodox, and Church of the Latter Day
Saints. Koinca and discipleship studies were added to the weekly
Bible studies in McMurdo this year. At Williams Field and the
South Pole, services were held under guidance from the Force
Chaplain.

The Master-At-Arms coordinates and conducts security
watches and investigations, enforcing the legal policies unique
to Antarctica.

Safety/training. At the request of Gary Staffo, National Sci-
ence Foundation Safety, Environmental, and Health Officer,
an industrial hygiene team from the public works department,
Pearl Harbor, Hawaii, assisted by the safety and training de-
partment, conducted an asbestos inspection at the South Pole
Station. The inspection included sampling, monitoring, and
removal of asbestos material.

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 be
shaped by the ever-changing needs of a bustling science com-
munity on the world's last continent.

%tt

Figure 3. A U.S. Air Force C-513 Galaxy cargo plane comes In for a landing at the Ice runway at McMurdo Station. The October 1989 landing
of this airplane was the first landing of an airplane of Its class or size In Antarctica. (Offical U.S. Navy photograph by JOl Dan Simon.)
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U.S. Naval Support Force,
Antarctica: Detachment operations,

1989-1990

MARGARET R. REED, LCDR, USN
and CHRISTOPHER V.0. FLORO, LIEUTENANT, USNR

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

Naval Support Force, Antarctica, (NSFA) carries out its mis-
sion from four locations. During the austral summer, the main
body of NSFA personnel deploys to McMurdo Station (see
"U.S. Naval Support Force, Antarctica: McMurdo Station op-
erations, 1989-1990," this issue). Two other detachments pro-
vide technical and logistical support for the U.S. Antarctic
Program: the unit's homeport headquarters at Port Hueneme,
California, and a logistic staging area at Christchurch, New
Zealand. During the winter season, command of the support
force in McMurdo Station is turned over to a detachment of-
ficer-in-charge. This action formally establishes the fourth lo-
cation, Detachment McMurdo.

Homeport headquarters. Prior to the beginning of each austral
summer, NSFA's Port Hueneme detachment selects one or
more representatives from various departments to provide li-
aison and research for the command, when communications
and time schedules make it difficult for deployed personnel to
accomplish those objectives. Additionally, NSFA homeport
representatives are responsible for coordinating cargo and pas-

senger operations for the continental United States portion of
the transit to and from Antarctica and material control oper-
ations within the continental United States. They also coor-
dinate the loading of McMurdo Station-bound cargo onto the
Military Sealift Command ship M/V Green Wave. This cargo
consists of supplies used for the upcoming austral winter and
through the next summer at McMurdo and South Pole stations.

Christchurch, New Zealand. The Christchurch detachment is
a staging area, coordinating requests from both Port Hueneme
and McMurdo Station. The detachment maintains jurisdiction
over personnel traveling to and from Christchurch and acts 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.
(See figure 1.)

The International Antarctic Center, which is being con-
structed in Christchurch one block from the existing structures,
will serve as the coordination point for staging scientific re-
search at McMurdo and South Pole stations and in remote
areas of Antarctica.

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.

Purchasing and contracting services for McMurdo Station
and Christchurch military units is 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

Figure 1. U.S. Naval Support Force, Antarctica, operates a detachment at Christchurch, New Zealand. Detachment Christchurch functions
as a cargo and personnel staging area for flights to and from Antarctica. (Official U.S. Navy photograph by PH2 Dirk Meenen.)
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by the detachment's Public Works Department, which also
coordinates and provides construction services for the U.S.
Naval Observatory in Black Birch, New Zealand.

Other Christchurch Detachment operations include: man -
agement of the Navy Exchange retail store, military post office,
and the Terminal Operations Department, which is one of the
busiest components of the detachment. (See figure 2.) Along
with exercising control over contractor, science, and military
passenger and cargo movements through New Zealand, Ter-
minal Operations responds to hazardous material retrograde
requirements at the end of each summer season. Quality as-
surance of all containers and packages is maintained, and au-
thorization for shipping animal and plant specimens obtained
by this department from the New Zealand Department of Ag-
riculture.

Detachment McMurdo. Last, but possibly the most essential,
is the McMurdo Station winter-over detachment. Detachment
McMurdo serves as a maintenance force for the interim be-
tween austral summers. The McMurdo Station military pop-
ulation during the winter numbers approximately 60 personnel.
Male and female volunteers for this assignment are required
to pass stringent medical and psychological evaluations.

During the winter of Operation DEEP FREEZE 1990, De-
tachment McMurdo upgraded several buildings, including al-
terations to the Officer's Club, CNSFA Headquarters, and the
MARS Building. New flooring was placed in the fuels barn
and the gymnasium floor was resurfaced. Outside projects
included: packing the snow road at Williams Field for the mid-
winterairdrop, installing new approach and perimeter markers
for the sea-ice runway to provide better visibility for pilots

Figure 2. The Terminal Operations department of Naval Support
Force, Antarctica, is responsible for the on- and offloading of all
cargo used by the science and military personnel in Antarctica.
(Royal New Zealand Air Force photograph by CPL Karyn Simons.)

(especially during the twilight WINFLY season), and finishing
temporary lighting and core sampling for the newly con-
structed ice pier.

Collectively, NSFA and its detachments incorporate the ser-
vices of a variety of international government and private agen-
cies to maintain a continuous modern civilization in an otherwise
untamed domain.

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

1989-1990

MARGARET REED, LCDR, USN and
MICHAEL STEWART, LIEUTENANT COMMANDER

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

Antarctica is the land of science, where research and explo-
ration become the focus of U.S. national policy. The mechanics
by which this policy is enacted relies 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 particulary so in so harsh an environment as
Antarctica. The hazards associated with whiteout conditions,
fog, hurricane-force winds, severe wind chill, and shifting ice
floes make weather support synonymous with safety support.

Obtaining accurate weather data from manned camps, au-
tomatic weather stations, and remote-sensing satellites, eval -
uating the present synoptic situation, and formulating an
accurate forecast are the tasks of the weather office. The fore-

cast is crucial to the success of the logistics missions and to
the safety of all concerned, and its quality depends upon the
accuracy and timeliness of the available data. (See figure 1.)

Antarctica is largely devoid of data-gathering facilities. There
are presently 34 manned antarctic stations and 31 automatic
weather stations that routinely report weather in an area ap-
proximately 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 rather than
well dispersed.

Reports from manned stations and camps are transmitted
from the continent via the host country's communication net-
work. A few stations that routinely experience good high-
frequency communications with one another will exchange
data directly. Once the data reach the host country, they are
directed into the World Meteorological Organization com-
munication 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.

The U.S. Antarctic Program's all-Navy weather staff (figures
2 and 3) uses a unique polar orbiting satellite system developed
specifically for Operation DEEP FREEZE by the Scripps Insti-
tution of Oceanography in La Jolla, California. Four times daily,
the system (called GODDESS) relays satellite images from
McMurdo to the Antarctic Research Center at Scripps for re-
cording in the archives there.

As the satellite passes over different areas of the continent,
it locates one area commonly seen on all views of each pass.
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Figure 1. Upper air research is a large component of the daily
operations 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 by PH3 Craig Peterson.)

The satellite then extracts that geographical piece and displays
it on a monitor. By using a series of photos taken at different
points in the satellite's course, a film look, or flicker, of that
area can be developed. From this information, cloud-motion
patterns over that area can be animated on a computer.

All weather observations from U.S. 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 inserted into the New
Zealand Meteorological data circuit. From Christchurch the
data is sent to Wellington, New Zealand, put into the World
Meteorological Organization's data stream and made available
to all potential users.

Figure 3. U.S. Navy aerographer's mate analyzes monthly storm-
track charts. (Official Navy photograph by PH3 Craig Peterson.)

At present, very little is known about the dynamics of the
weather phenomena that influence our logistics operations.
The high-latitude forecaster is constantly searching for more
data, new pieces of information that will help explain the de-
velopment and movement of weather systems. Effective, re-
sponsive 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 is limited in
his contribution to the understanding of high-latitude mete-
orology.

Figure 2. A weather observer analyzes a satellite image for a surface
chart. (Official U.S. Navy photograph by PH2 Dirk Meenen.)



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

1989-1990

MARGARET REED, LCDR, USN

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

One U.S. Coast Guard and two civilian contract ships trav-
eled to McMurdo Station during the 1989-1990 austral sum-
mer. The USCGC Polar Star (WGAB-10) (see figures 1 and 2)
provided icebreaking support; the M/V Gus W. Darnell trans-
ported fuel to the station and took on used fuel for return to
the United States; and the MIV Green Wave brought supplies
to the station to meet the needs of the upcoming winter and
the next austral summer. Additionally, the National Science
Foundation's research ship Polar Duke visited McMurdo Station
twice during January and February 1990 to take on passengers,
fuel, and cargo. The USCGC Polar Sea (WGAB-11) remained
in Seattle on standby from 1 January to 15 February.

Leaving Seattle on 7 November, the Polar Star made port
calls in San Diego, Sydney, and Hobart, Australia. Upon reach-
ing Cape Adare, the crew began supporting one U.S. and two
New Zealand science projects. Polar Star reached the fast-ice
edge on 3 January, finding it 32 miles north of McMurdo Sta-
tion. After embarking visitors such as Rear Admiral Bruce Beran,
Chief of Staff, U.S. Coast Guard, and Rear Admiral Robert
Johansen, Chief, Office of Engineering and Development, U.S.

Coast Guard, Polar Star began loading cargo and passengers
for a rendezvous with Polar Duke at the ice edge.

While en route to Marble Point Air Facility for fuel transfer,
Congressman Dennis Eckart (D-Ohio), Congressman Dan
Schafer (R-Colorado), Dr. Jack Clough, Staff Director, House
Energy and Commerce Committee, and Dick Frandsen, Coun-
sel to Committee boarded the Polar Star. The group stayed on
board for the day to observe icebreaking operations. The fol-
lowing day, Walter F. Sempler, U.S. Ambassador to Australia,
boarded for a 1-day familiarization tour.

At Marble Point, Polar Star refueled the station and loaded
85,000 pounds of material for return to the United States. Com-
pleting their refueling and retrograde mission at Marble Point,
Polar Star returned to McMurdo Station to load 10,000 gallons
of jet petroleum fuel. The ship then turned again to sea in
support of four U.S. and two New Zealand science projects.

Following the transfer of 100,000 gallons of diesel fuel marine
(DFM) to the Polar Duke, 104 passengers boarded the Polar Star
and sailed to to Adelaide, Australia. On this leg of the journey,
Polar Star successfully towed the McMurdo ice pier out to sea.
After 6 years of service, the pier was beginning to erode. The
decreased surface area made it increasingly difficult to load
and unload the supply ship and tanker efficiently, and it cre-
ated an unsafe working area for ice-pier personnel.

Polar Star crossed 60°S and left CNSFA jurisdiction 14 Feb-
ruary carrying an additional 100 personnel. By transporting
these additional people, three fewer flights to Christchurch by
the LC-130 Hercules were required. After its port call in Ade-
laide, the ship visited Perth, Australia, and Singapore before
reaching Seattle 12 April.

The M/V Green Wave began loading cargo at Port Hueneme,
California, on 1 January with eventual arrival at McMurdo

[1
-

Figure 1. The USCGC Polar Star (WGAB-1 0), a high-endurance polar-class icebreaker, clears a channel in the frozen McMurdo Sound before
mooring at Winter Quarters Bay. (Official U.S. Navy photograph by PH2 Dirk Meenen.)
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Figure 2. Chunks of annual, or pack, ice drift behind the stern of USCGC Polar Star (WGAB-10). (Official U.S. Navy photograph by PH3
Craig Peterson.)

Station on 2 February. The ship delivered approximately 5,500
long tons of cargo and removed 2,200 long tons of material
from Antarctica.

The RIV Polar Duke arrived at McMurdo Station on 9 Feb-
ruary and began cargo operations with the M/V Green Wave.
Polar Duke was originally scheduled to take on passengers and
cargo for science cruise 89-90 Leg II at the ice pier; however,
a 32-nautical-mile-long channel clogged with ice posed the
possibility of a potentially significant delay as well as a haz-
ardous transit to the pier. To avoid these possible problems,
passengers and equipment were delivered to Polar Star via
helicopter with subsequent transfer to Polar Duke at the ice
edge.

The successful close of ship operations in Antarctica during
the austral summer season saw McMurdo Station refueled (see
figure 3) and supplied in preparation for the upcoming dark-
ness of the winter season on the frozen continent.

a
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Figure 3. The tanker Gus Dame!l 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 photo-
graph by PH3 Craig Peterson.)
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U.S. Navy Antarctic Development
Squadron Six (VXE-6) activities,

1989-1990

LISA A. TREMBLY, LTJG, USN

U.S. Navy Antarctic Development Squadron
Naval Air Station

Point Mugu, California 93042

The Antarctic Development Squadron Six (VXE-6) provides
the regular intracontinental air support for the U.S. Antarctic
Program (USAP). The squadron also supplements other forms
of air and sea support for cargo and passenger movements
between Christchurch, New Zealand, and McMurdo Station,
Antarctica. The squadron is comprised of 445 active duty Navy
personnel, including approximately 67 officers (44 pilots, 14
navigators, and 10 staff support officers) and 382 enlisted per-
sonnel (81 aircrewmen, 48 staff support, and 253 maintenance
personnel).

VXE-6 personnel deploy each year to Antarctica between the
months of October and March, the time when Antarctica ex-
periences continuous sunlight (its austral summer). Under the
terms of a Memorandum of Agreement between the Depart-
ment of Defense and the National Science Foundation, VXE-
6 operate and maintain seven 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, VXE-6 pre-
pares for the upcoming austral summer and trains flight crews
and maintenance personnel at the Naval Air Station in Point
Mugu, California, the squadron's home base.

Winter fly-in (winfly) provides McMurdo Station with per-
sonnel and materials necessary for the opening of the austral
summer season in October. Extreme cold, high winds, and
limited daylight hours make winfly operations the most haz-
ardous LC-130 flights that the squadron faces.

Deep Freeze 1989-1990 commenced with a very successful
winfly. Three LC-130 airplanes departed the United States on
15 August; by 18 August, all three had arrived in Christchurch.
One LC-130 and one complete crew from the 109th Tactical
Airlift Group of the New York Air National Guard arrived to
support winfly on 21 August. Eight turnaround missions and
two local training flights were completed. All of the airplanes
returned to the continental United States by 2 September. The
excellent condition of the airplanes combined with outstanding
support for supplies in Christchurch resulted a 100 percent
successful mission. With exception of 5 days when poor weather
at McMurdo Station caused flights to be cancelled, all flights
were completed as scheduled.

VXE-6 began leaving the Naval Air Station at Point Mugu
on 29 September with full deployment to McMurdo Station of
five LC-130 airplanes by 1 November.

The 1989-1990 austral summer was one of the most suc-
cessful seasons for helicopter support to date. VXE-6 got a
head start on the season's support with the transport of fully
assembled helicopters by an Air Force C-5B transport, the first
C-5B to be used in Antarctica. This enabled delivery of four
assembled UH-1N helicopters in two flights. The scheduled
number of hours for helicopter support was 1,500; however,
the squadron actually flew 1,623 hours. VXE-6 support was

r

Figure 1. Located in the McMurdo Dry Valleys region about 60 miles
from McMurdo Station, Marble Point Air Facility serves as a re-
fueling site for helicopters supporting science in southern Victoria
Land, along the ice edge, and at other continental sites. (U.S. Navy
photo.)

supplemented in part by Royal New Zealand Air Force UH-1
helicopters and by U.S. Coast Guard AVDET-23 helicopters.
LC-130 and UH-1N science support activity involved multiple
science party put-ins and pull-outs at remote sites, air sam-
pling, and site reconnaissance flights (figure 1).

The first wheeled landing on a permanent, unprepared "blue
ice" runway was at Mill Icefield near the Beardmore Glacier
on 28 January 1990 by a VXE-6 LC-130 airplane piloted by
Commander Keith S. Armstrong, commanding officer of VXE-
6. A station located on the Mill Icefield, which might allow
wheeled landings by various cargo-transporting aircraft, po-
tentially could broaden USAP support capabilities.

A long-range medical evacuation from Halley Station, a Brit-
ish research station near the Weddell Sea, occurred on 2 De-
cember. VXE-6 coordinated with British station personnel to
transport a critically ill patient more than 3,500 miles to a hos-
pital in New Zealand.

During the 1989-1990 austral summer, VXE-6 LC-130 and

Figure 2. Air traffic control services are essential to supporting the
U.S. Antarctic Program. When the sea ice runway closes in De-
cember, equipment is moved to Williams, the skiway on Ross Ice
Shelf about 10 miles away. (U.S. Navy photo by PH2 Dirk Meenen.)
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UH-1N pilots and crews flew 4,917.6 hours, transported
6,316,624 pounds of mail, cargo and fuel, carried 3,838 pas-
sengers. However, high-frequency communication black-outs
caused by solar flares, weather that prohibited flying, and the
reduced availability of the LC-130s made the austral summer
a difficult season for everyone. Increased operational demands
for helicopters and airplanes throughout the season competed

with a demanding science agenda—only two of the 19 LC-130-
supported science projects were cancelled. People pushed
themselves to their limits, exercising resourcefulness and flex-
ibility to reach a successful completion of the season. Despite
this grueling pace, the last flight from McMurdo Station was
on 26 February, only 2 days later than originally scheduled
(figure 2).
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