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From the Director—
Antarctic research and a new

44* \'
	paradigm for science policy

4	n a recent speech, NSF Director Neal Lane compared
the paradigm shift taking place in science policy to

one of science's most famous paradigm shifts—the
debate over whether light is a wave or a particle.

Albert Einstein ended that debate by postulating that light is both a wave
and a particle. Similarly, for decades science has been characterized as basic
or applied research, distinct points in a linear progression. Today, this
approach is shifting to one that recognizes basic research and its potential
uses as parallel processes to be pursued simultaneously.

The effects of this shift on Federal support for basic research are already
evident in the NSF budget request for 1995, with increased emphasis on
efforts that cross agency, national, and disciplinary boundaries and on
strategic initiatives in global change and environment, biotechnology, high-
performance computing, and communications research. How does this shift
affect those of us whose research focuses on Antarctica and processes
occurring there? How can we contribute to this investment?

In many ways, antarctic researchers have already started down this
path. For decades we have worked closely with our colleagues from other
nations, exchanging data and resources. To extend the capabilities of U.S.
scientists working in the U.S. Antarctic Program (USAP), NSF has encour-
aged and supported researchers working not only with other national
antarctic programs but also with other U.S. Federal agencies. More recently,
we have recognized that to understand fully the processes occurring in
Antarctica and the effects of these processes on global systems, we must
approach scientific inquiry from a multidisciplinary point of view.

We bring this experience to the changing science policy environment.
We also bring our understanding of Antarctica's role in such global systems
as the oceans and climate. To profit from this 40-year investment in
research and cooperation, we must show researchers who have not worked
in the polar regions the boundless potential antarctic science offers.

As we plan for the future, however, we should develop new methods of
conducting research in Antarctica as well as striving to broaden the scope of
research conducted there. We must incorporate the technological advances
that have come to USAP. This issue of the Antarctic Journal points to some
of these advances and raises questions that need to be considered in future
research plans. How can USAP best use the capabilities of our icebreaking
research ship Nathaniel B. Palmer? What are the possibilities for year-round
research now that electronic communication through the Internet is possi-
ble?

Electronic communication may be the most significant new resource for
USAP. While this capability provides the scientific community with greater
access to data and research, it also gives us the ability to "bring" antarctic
science to the rest of the world. More importantly, it can be a useful tool to
encourage a new generation of scientists by showing that science is, as Dr.
Lane has described it, an "obsession that drives the brightest, most capable,
and accomplished researchers in the nation to explore the remaining mys-
teries, the how's and why's of nature."

-Cornelius W. Sullivan
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Diyvalleys boulder and
nhicroorganisms on
display at the
Smithsonian
(	his sandstone rock is alive,"

explains a new display in the
Smithsonian Museum of Natural Histo-
ry. The chunk of calico-colored sand-
stone shelters cryptoendolithic microor-
ganisms—lichens and cyanobacteria-
growing in the tiny spaces between the
rock's crystals. The rock was found in
Antarctica's McMurdo Dry Valleys by
Florida State University microbiologist
E. Imre Friedmann. Extremely slow
growing, these organisms are estimated
to be as much as 10,000 years old on
average.

With the ambitious goal of "defining
the absolute limits of life," Friedmann
and NASA-Ames Research Center physi-
cist Christopher McKay are monitoring
five sites in a transect in the McMurdo
Dry Valleys. Small sensors inside the
rocks monitor temperature, humidity,
and light levels through the year, while
conditions outside are also recorded.

A possible terrestrial analog for
extraterrestrial life, the organisms are
interesting because they may resemble
the last survivors of primitive life on the
surface of Mars before Martian life com-
pletely disappeared. Scientists believe
that environmental conditions on early
Earth and Mars were similar about 3,500
to 3,800 million years ago when life
began on Earth. Although Earth provid-
ed an environment conducive to the
evolution of life, the Martian environ-
ment slowly became colder and drier,
and life probably never evolved beyond
microorganisms.

Consequently, the fossil traces of
antarctic cryptoendolithic microorgan-
isms are important for the study of life
beyond Earth. Friedmann and his asso-
ciates theorize that on Mars, fossil traces
of past life might also be found inside
rocks. By studying the antarctic micro-
organisms, they are learning what to
look for on the Martian surface when
searching for traces of past life and how
to design instruments that will detect
hidden microscopic life forms.



I
Lettuce and other vegetables flourish in the 45-square-meter growth chamber of the McMurdo
Station greenhouse.

Greenhouses at McMurdo and
South Pole Stations
AZ

ountries operating stations in
tarctica face a common problem—

managing logistical support. Food and
fuel, the two elements essential for main-
taining a station, are usually delivered on
a supply ship during the austral summer,
although some national programs have
limited aircraft support.

By necessity, meals at antarctic sta-
tions are based on foods that store well and
can be transported easily, so the daily fare
isn't always as nutritionally well-balanced
as it should be. Because fresh produce is
highly perishable and difficult to deliver to
this remote corner of the world, vegetables
and fruits that do reach Antarctica, brought
by supply ships and aircraft during the aus-
tral summer, are welcome luxuries at the
stations, and their stores are usually ex-
hausted well before the next supply run.
Produce, as well as other perishable fresh
food, is precious and rarely available during
the winter at most stations.

Food influences a person's sense of
well-being and morale, and in isolated
communities such as those in Antarctica,
food's influence is even stronger. Over the
years, antarctic research station personnel
have searched for ways to bring the luxu-
ry of home-grown crops to the South Pole
thus ending their total reliance on
shipped-in fruits and vegetables. The old-
est reference to cultivation I found in the
Antarctic Journal was from 1962 at Halley
Station of the British Antarctic Survey,
but chances are there were even earlier,
unrecorded attempts to grow food in
Antarctica.*

Garden on The Ice

I
n 1988, I proposed a greenhouse project
for the antarctic program. The project I

had in mind would consist of building
greenhouses at two of the three U.S.
antarctic program stations—one at
McMurdo Station (7751'S 16640'E) and
the other at Amundsen–Scott South Pole

*Editors note: Although the Antarctic Treaty
through the Agreed Measures for Conservation of
Antarctic Fauna and Flora (implemented by the
Antarctic Conservation Act for U.S. citizens) pro-
hibits importing nonnative plants into Antarctica,
it does allow plants to be grown for food.

Station (90S). Both would use artificial
lights and, to save space and water and to
eliminate the need for soil, both would
employ hydroponics. I initiated the con-
struction of the McMurdo Station green-
house in January 1989, organizing a volun-
teer workforce to build it out of refur-
bished modular structures. Since its begin-
nings in 1989, the growth chamber has
kept fresh produce on the table for the
McMurdo winter population, which usual-
ly numbers about 350. The South Pole Sta-
tion, which started production in 1992,
successfully feeds the 28 winter personnel
fresh produce daily.

At McMurdo Station, the interior floor
space of the growth chamber is 46 square
meters; 62 percent of that area is used for
actual growing. The lettuce-growing and
herb-growing trays are double layered to
save space. The Amundsen–Scott South
Pole Station greenhouse has 9.7 square
meters of floor space with 61 percent used
for growing.

Hydroponics at work

B
oth the McMurdo and South Pole
greenhouses use intensive, controlled-

environment agriculture (CEA). The plants
are grown in hydroponic plant culture sys-
tems. With this system, the plants' re-
quired nutrients are dissolved in water,
and the plants are arranged in trays that
allow the water with the nutrients to flow
over their roots. In this way, the growing
plant is provided with all the nutrients it
requires and at optimum concentrations.

With hydroponics, many different
techniques of applying dissolved nutrients
to the plant roots are possible. The partic-
ular method we employed at both stations
is known as vermiculite -perlite culture, a
modified nutrient film technique. A plastic
tube, 8.9 centimeters by 5 centimeters
with a plastic screen in the bottom, is
filled with vermiculite and perlite. The
seed is placed in the absorbent material,
and the tube is then placed into a starter
tray with nutrients running through the
bottom of it. The vermiculite and perlite
absorb the nutrients and water, and the
seed germinates, producing a seedling.
Next, the tube is moved to another tray
that allows nutrients to cycle from the
reservoir pump and drain down the tray,
past the plant roots and back to the reser-
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Author Phil Sadler works with plants in the
McMurdo greenhouse.

voir. The plants' roots grow out of the
plastic screen into the nutrient flow. The
plant will mature, and then be harvested.

Light and the resultant heat

T
he total darkness of the austral winter
requires the use of artificial lighting.

High-pressure sodium lights are used in
both greenhouses. During the period
when the data were collected, the McMur-
do greenhouse had a combination of high-
pressure sodium and metal halide lamps.
After the first season (March 1990 to Feb-
ruary 1991), more lighting was added.

From March 1990 to February 1991
the McMurdo greenhouse had 6 kilowatts
of lighting using an 18-hour photoperiod
per day. From March 1991 to February
1992 the McMurdo greenhouse had 10
kilowatts of lighting using the same pho-
toperiod. Presently, the lighting in the
McMurdo greenhouse has been changed
over to all high-pressure sodium lamps
using 14 kilowatts. The South Pole green-
house is illuminated by 2.75 kilowatts of
high-pressure sodium lamps; the pho-
toperiod is 24 hours a day for three-quar-
ters of the growing area and 16 hours a
day for plants that require a dark cycle.

Both greenhouses have cooling sys-
tems to remove the heat generated by the
lighting; both have fresh-air induction sys-
tems and water-supply systems. McMurdo

uses an ethylene glycol loop that cycles
coolant from the outside heat exchanger
to the inner heat exchangers. Also con-
nected to this system are two fans, one
bringing in fresh air with carbon dioxide
and the other exhausting humidity and
cooling the interior temperature. The
South Pole greenhouse uses outside air for
cooling. Without it, temperatures could
reach 54 C C. (Cool weather crops, such as
lettuce, do best at a temperature of about
18'C. Tomatoes, peppers, and cucumbers
need warmer temperatures; around 22CC
is optimum.) The McMurdo greenhouse
also has a carbon dioxide system for the
artificial enrichment of the interior atmos-
phere when the air vents are not in ser-
vice. This system uses bottled carbon
dioxide and is set to introduce gas four
times a day automatically.

Volunteer gardeners

T
he McMurdo greenhouse is operated
by a volunteer staff, coordinated by

the volunteer greenhouse manager. Each
of the 10 to 14 volunteers spends a couple
of hours a week monitoring the growing
systems and recording concentrations,
temperatures, yields, and data. The volun-
teers are also responsible for adding nutri-
ents and adjusting pH as well as for har-
vesting the produce. I manage the green-
house during the summer season and
train the volunteers in all aspects of opera-
tion. From the trained volunteers, I select
an individual to take over after I return to
the United States.

The timeline in the table shows when
new trays were added to the greenhouse
from the beginning of the second season
of operation (March 1990) until February
1992. Data were not collected for the first
season of operation. McMurdo green-
house productivity data only are described
in this paper; productivity data for the
South Pole Station facility were not yet
available when this paper was written.

Productivity and efficiency

O
ver the 2-year period, the McMurdo
greenhouse produced a total of 427.5

kilograms of fresh produce, of which 77
percent was lettuce; 20 percent, tomatoes;
and 3 percent, peppers. The varieties of
lettuce used were all loose-leaf and butter-
head types. The tomato variety used was a
beefsteak type named "buffalo." The pep-
per is a variety of named "ace."

The total fuel consumed for power
generation to light the greenhouse during
the 2-year period was 28,700 liters. At $0.20
(U.S. dollars) per liter, the fuel cost
$5,740.80 for the 2-year period. The overall
cost for the 2-year period was $13.42 per
kilogram of produce. For the last 4 months
of production while I managed the green-
house, the total fuel consumed for lighting
was 6,091 liters. During this period, 113.6
kilograms of produce were harvested. At
$0.20 per liter, the cost of McMurdo green -
house produce during this period was
$10.78 per kilogram.

The data from the McMurdo green-
house suggest a relatively high cost for
fresh vegetables. Costs were high for sev-
eral reasons. First, the project was under
construction to some degree during the
majority of the data period. Second, the
changing from the winter to the summer
season and the training of new volunteers
have a marked effect on output. Third,
selection of proper plant varieties is also
important in controlling costs. We have
found that some varieties do better in the
McMurdo greenhouse. High temperatures
and high humidity cause some varieties to

A vermiculite-perlite culture, a modified nutri-
ent film technique, is used at both stations to
apply dissolved nutrients to the plant roots.
Plastic tubes (8.9 centimeters by 5 centime-
ters) that have a plastic screen in the bottom
are filled with the mixture. The seeds are
placed on the absorbent material, and the
pipes are placed in starter trays through
which the nutrients are piped. Once the seed
germinates, the tube is moved to another tray
that allows nutrient cycling.
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McMurdo greenhouse timeline

1989
January

February

February
through
October
October
November
December

1990
February

May
September
October
November
December

1992
February
February

March

do poorly. Selecting a plant that is physi-
cally too large for the application can also
cause problems. Some of the high cost of
the McMurdo greenhouse produce can be
attributed to our having selected inappro-
priate varieties, a problem we are correct-
ing as we gain experience in cold-climate,
hydroponic cultivation.

The lettuce-tray system is not effi-
cient. Plant spacing is appropriate for
mature plants, but until the plants mature,
spaces in between plants allow light to
pass through. In addition, lighting for the
lettuce trays was insufficient for good pro-
duction. Measurements I made during the
1991-1992 season showed that we had
roughly half the light that we needed for
good production. In February 1992, we
increased our lighting to 14 kilowatts, and
I expect that adjustment to increase yields.

The production of tomatoes was
greatly influenced by the lack of sufficient
lighting and the necessity of leaving the
plants in for 1 year. My goal with the toma-

toes is to plant them so that they begin
producing in April and are at peak for the
winter. The peppers produced continuous-
ly for the entire year with no noticeable
reduction in output as they matured.
Tomatoes and peppers require 2.5 months
before they begin to bear.

The majority of the energy used by
the McMurdo greenhouse is lost in the
form of heat. If we bring in outside air to
cool the interior, our humidity drops to a
point that is detrimental to the plants.
Also, when we use carbon dioxide enrich-
ment, we lose carbon dioxide to the out-
side. More efficient lighting would lower
the cost of produce.

Well worth the expense

E
ven with our inefficiencies, the
McMurdo greenhouse's hydroponic

systems are producing greater yields
than could be expected from lettuce
grown in an average field. Field-grown
lettuce provides up to 24.4 kilograms per

square meter per year, whereas hydro-
ponic production of lettuce can yield up
to 195.3 kilograms per square meter per
year. The calculated product yield of the
McMurdo greenhouse, however, using
50 percent of optimum environment and
the same energy input, should have
been 3,750 kilograms of produce, indi-
cating much room for improvement.

Because of the high cost of providing
light and a suitable environment for the
plants, efficiency in CEA is extremely
important. The three most important fac-
tors for a successful operation are well-
trained individuals operating the facility, a
well-engineered environment, and effi-
cient lighting. As in most situations, peo-
ple are the most valuable asset. Reduction
of the amount of training necessary to
operate the greenhouse successfully could
improve efficiency. This can be accom-
plished by automating nutrient-feed sys-
tems, data collection, and pH adjustments.
More efficient lighting is constantly being
developed and could reduce the costs of
production. The cost of a well-engineered
environment is not cheap, but over a long
period, the savings in fuel and the increase
in produce may justify the price.

The practical benefits of a green-
house to supply the station personnel
with fresh produce are substantial, but
there are less tangible benefits as well.
Station personnel report that visiting the
greenhouse and spending time in the
full-spectrum lighting during the winter
is therapeutic; being able to see, feel, and
smell green and growing plants in this
barren environment makes life more
bearable. What's more, each year that we
operate the greenhouses, we learn more
about antarctic horticulture and about
how to improve our efforts. That knowl-
edge serves other research communities
as well. Recently, for example, a National
Aeronautics and Space Administration
group has become interested in the tech-
niques we are developing in hopes that
our efforts can serve as a model for colo-
nization projects on the Moon or Mars.

The cost of the fresh vegetables we
grow here may be high, but, when you
stop to think about it, the funds expend-
ed purchase a great deal more than just
vegetables.

Phil Sadler, Antarctic Support Associates,
Fountain Hills, Arizona.

The McMurdo greenhouse was given go ahead. An all-volunteer crew installed
modules, modified precut trays, and supplied all lighting and pumps.

McMurdo closed for the winter. Wintering personnel took over responsibilities
for the greenhouse.

The greenhouse started producing, but no records were kept.

We built new lettuce and tomato trays.
A new cooling system was fabricated and installed.
The building was sheathed with foam insulation.

A water tank was installed in the vestibule before station closing. Cindy Kline
served as greenhouse manager for the winter.

A pepper tray was added.
McMurdo Station opened for the austral summer.
An herb tray was added.
We remade the pepper tray.
An upper lettuce tray was built.

1991
JanuaryWe insulated the floor.
February	New upper lighting was installed.
March	The station closed. Ross Smith served as greenhouse manager for the winter.
October	The summer season began.
November	We added on to pepper tray.
December	A prefab structure, which would house the South Pole greenhouse was set up.

The South Pole greenhouse was installed.
New lighting was installed at McMurdo, and the old lighting was shipped to

South Pole.
The stations closed for the winter.
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Map of the area in the Bellingshausen and Amundsen Seas where
sea-ice physics and biology were studied in August and September
1993. Each point on the map represents the location of an ice floe
that was investigated, and together they represent the Nathaniel B.
Palmer's course in the pack ice.

Nathaniel B. Palmer supports winter research in
the Bellingshausen and Amundsen Seas

Znr,
ually between March and Septem-
 the sea ice surrounding Antarcti-

ca grows from about 2.6 million square
kilometers to about 18.8 square kilome-
ters—increasing the area of the continent
more than 7 times. Although this dramatic
change in ice cover has important global
climate and oceanic implications, scientif-
ic understanding of the interactions be-
tween ocean water, ice cover, and the
atmosphere during the winter has been
limited.

Covering large open areas of the
ocean, sea ice is important to the global
climate system because it moderates the
exchange of heat, moisture, and gases
with the atmosphere. The formation of sea

ice, which contains one-tenth the amount
of salt as sea water, also affects ocean cir-
culation—as the sea ice forms, a salty
brine is returned to the ocean, and that
brine increases the salinity and density of
the water. The dense water sinks to the
ocean bottom, mixing with other water to
form the bottom water that circulates
worldwide.

Most observations have come from
summer investigations, coastal research
stations, and automated equipment or,
when possible, satellite instruments. Until
recently, ice-congested seas and haz-
ardous traveling conditions prohibited
most winter investigations, limiting the
ability for scientists to observe and mea-

sure unique winter processes and phe-
nomena. With the completion of the ice-
breaking research ship Nathaniel B. Pal-
mer, however, U.S. scientists are hoping to
overcome these obstacles.

In early August 1993, an international,
multidisciplinary science team boarded
the N.B. Palmer in Punta Arenas, Chile,
and began a 50-day expedition to the Bel-
lingshausen and Amundsen Seas. Their
research focused on diverse topics includ-
ing sea-ice physical properties, snow- and
ice-thickness distribution, snow-cover
characteristics, sea-ice biology, and
marine-mammal distributions. The initial
results and observations from the cruise
are reported in the following four papers.

R/V Nathaniel B. Palmer cruise NBP93-5: Sea-ice physics and
biology in the Bellingshausen and Amundsen Seas, August and
September 1993

(UV) radiation transmission in sea ice tion program was maintained from the
(Quakenbush), and	 bridge of the Palmer to document variationsT

he R/V Nathaniel B. Palmer departed
from Punta Arenas, Chile, on 10 August

and returned there on 30 September 1993.
The purpose of the cruise was to study the
winter physics and biology of the pack ice
in the Bellingshausen and Amundsen Seas
at the time of maximum ice extent and
growth development.

The members of the science team
were Martin Jeffries, Kim Morris, Willy
Weeks, and Tim Quakenbush, University
of Alaska; Tony Worby, Australian Antarc-
tic Division and Antarctic Co-operative
Research Centre; Chris Fritsen, University
of Southern California; and Chuah Teong
Sek, University of Kansas. In addition,
there were four foreign guest scientists:
Anelio Aguayo and Ricardo Jana, Instituto
Antartico Chileno, Santiago, Chile, and
Albert Romanov and Vladimir Bessanov,
Arctic and Antarctic Research Institute, St.
Petersburg, Russia.

The study included investigations of
the following:
• ice salinity, temperature, crystal struc-

ture and growth history, snow- and ice-
thickness distribution, snow-cover
characteristics, ice radar backscatter
intensity, and remote sensing (Jeffries,
Morris, Weeks, Worby, Jafia, Chuah),

• sea-ice biology (Fritsen), ultraviolet

• marine mammal distributions
(Aguayo).
Prior to entering the pack ice, brief

stops were made at Palmer Station and at
Base Bernardo O'Higgins. At Base Bernar-
do O'Higgins, three German technicians
disembarked. The three would operate the
receiving ground station for the collection
of synthetic aperture radar (SAR) signal
data from the European
S p ace Anencv. Euro-
pean Remote Sensing
Satellite–i (ERS-1). The
Palmer entered the
pack ice on 17 August
(day 229) at 69'S 77'W,
remained in the ice for
37 days, and made its
exit to the open ocean
on 23 September (day
266) at 66.5'S 109.5'W.
The cruise track in the
pack ice is shown in the
figure.

Using criteria devel-
oped by the Australian
Antarctic Division (Alli-
son and Worby in press),
an hourly ice-observa-

in ice type and thickness, floe size, ice
deformation/topography, snow depth, and
area of open water. These data will be used
to describe the spatial variations in ice char-
acteristics and thickness distribution in the
study area (Worby et al., Antarctic Journal, in
this issue), and they will be compared with
similar data obtained for sea ice off East
Antarctica (Allison and Worby in press).
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The Russians also maintained a round-
the-clock ice-observation program, record-
ing variables similar to those described
above (plus making notes on lead size and
orientation), and recording iceberg size and
number. A report in English being prepared
at the Arctic and Antarctic Research Insti-
tute will describe the sea-ice conditions
during the cruise in relation to historical
records and to the performance of the
Nathaniel B. Palmer. The observation pro-
gram on the bridge also included documen-
tation of the occurrence of marine mam-
mals. Minke whales, Adélie and emperor
penguins, crabeater and leopard seals, and
assorted seabirds were sighted frequently
while the ship was in the pack ice.

A total of 140 ice cores [total length,
109.23 meters (m)] was obtained from 50
different floes for investigation of ice-crystal
structure and stratigraphy to identify the
processes responsible for ice growth and for
investigation of ice-salinity and -tempera-
ture variations and their relationship to ice
thickness and structure (Jeffries et al.,
Antarctic Journal, in this issue-a). These
data will be compared with similar data in
the same region in austral summer 1992
(Jeffries, Shaw et al. 1994) and in the Wed-
deli Sea (see, for example, Gow et al. 1987)
to assess the spatial and temporal variability
of antarctic sea-ice properties and process-
es. Of particular interest was evidence for
the occurrence of sea-water flooding of the
ice surface and base of the snow cover and
the subsequent contribution of snow ice to
the thickening of floes. Analysis of the stable
isotopic composition of the ice in conjunc-
tion with ice-crystal structure analysis will
provide estimates of the amount of snow
contributing to sea-ice development (see,
for example, Jeffries, Shaw et al. 1994).

The snow-cover characteristics docu-
mented at each ice-core site included depth,
temperature, density, stratigraphy, grain
size and morphology, and the occurrence of
sea-water flooding (Jeffries et al., Antarctic
Journal, in this issue-a). Snow samples were
also retrieved for salinity measurements and
stable isotope analysis as part of the study of
snow-ice formation. In addition to the
hourly ice-thickness estimates made from
the bridge, ice thickness and snow depth
were measured by drilling holes at 2.5-
meter spacing along 100-meter-long pro-
files. A total of 1,113 holes was drilled on 23
ice floes. These data, which provide infor-
mation on the snow- and ice-thickness van-

ability of individual floes, will be compared
with the hourly estimates of ice thickness
made from the bridge (Worby et al., Antarc-
tic Journal, iii this issue) and with similar
floe profile measurements made in the
Weddell Sea (Wadhams, Lange, and Ackley
1987; Lange and Eicken 1991).

A scatterometer operating in the C-
band (?.=56 millimeters) and L band (X=200
millimeters) was used to obtain data on the
angular dependence of radar backscatter
intensity from ice at different stages of
growth and surface conditions, for example,
nilas, gray ice, gray-white ice, medium and
thick first-year ice floes, pancake ice, and
sea-water flooded ice. On 10 occasions, the
ship was positioned within the ground
swath of the SAR aboard the ERS-1 satellite
when it was known to be obtaining SAR sig-
nal data. The in situ backscatter data, the
spaceborne backscatter data, and the
ground observations and measurements
will be compared to improve our under-
standing of antarctic sea-ice SAR signatures
and their relationship to sea-ice processes.

The primary objective of the sea-ice
biology program was to determine the rates
of primary production and nitrogen utiliza-
tion within areas of the ice floes that were
flooded with sea water (ridges and snow-
loaded areas). This involved the following:
• a comprehensive characterization of

the habitat, including measurements of
temperature, salinity, nutrients, and
irradiance; and,

• measuring incorporation rates of car-
bon-13 ( 13 C) and nitrogen-15 (15N)
-labeled soluble substrates ( 13C bicar-
bonate, 15NO3, 15NH41 13C-15N Urea)
into particulate matter under in situ
and simulated in situ conditions. Simi-
lar measurements were made on ice
cores melted in sea water and on sea-
water samples from the ocean mixed
layer. The results, when coupled with
the ice-physics program, will provide
estimates of the contribution of the
sea-ice biota to the seasonal productiv-
ity.

The objective of the UV light trans-
mission experiment was to determine the
downward liv radiation flux in the sea ice.
This involved measurements of the follow-
ing:
• spectral attenuation of light at different

depths in the ice and the underlying
sea water using an Ebert-Fastie spec-
trometer attached to a lambertian light

collector placed in 50-millimeter diam-
eter holes drilled in the ice;

• spectral reflectivity of snow and bare
ice surfaces using the same equipment;
and,

• sky radiation using instruments mount-
ed on the ship.
The sea-ice properties, structure,

thickness, and remote-sensing program
was supported by National Science Foun-
dation grant OPP 91-17721. The UV light
transmission investigation was supported
by grant OPP 90-17969. The sea-ice biolo-
gy program was supported by grant OPP
90-23669. Captain Joe Borkowski and the
officers and crew of the Nathaniel B.
Palmer, and Antarctic Support Associates
personnel contributed significantly to the
success of the cruise.
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Late winter characteristics of the seasonal snow cover on sea-ice
floes in the Bellingshausen and Amundsen Seas

I
n August and September 1993, an investi-
gation of sea-ice physics and biology was

undertaken in the Bellingshausen and
Amundsen Seas aboard the R/V Nathaniel
B. Palmer (Jeffries, Antarctic Journal, in this
issue). One objective was to document the
physical and structural characteristics of the
snow and ice in this region to improve our
understanding of local sea-ice development
and our ability to study sea-ice processes
from space using synthetic aperture radar.
Ice properties, structure and development,
and the snow- and ice-thickness distribu-
tions are discussed in Jeifries et al. (Antarc-
tic Journal, in this issue) and Worby et al.
(Antarctic Journal, in this issue). Here, we
report on the characteristics of the seasonal
snow cover, including its depth, stratigra-
phy, density, temperature, and occurrence
of flooding and salinity.

A total of 118 snow pits was investigat-
ed on 50 different floes. The depth of the
snow pits varied between 0.03 meters (rn)
and 0.82 m with a mean of 0.22±0.14 m.
These values are consistent with the inde-
pendent snow-thickness values of Worby et
al. (Antarctic Journal, in this issue), indicat-
ing that the depth of the snow pits was rep-
resentative of the snow-cover thickness
within the study area. A wide range of snow
temperatures and temperature gradients
was observed. Temperatures at the base of
thin (less than 0.1-rn) snow cover were as
low as -15 C C. In most other cases, at the
base of snow more than 0.1 m deep, they
ranged from -2 C C to -8 C C. Temperatures in
the near-surface layers were often much
colder than the base, resulting in strong
negative temperature gradients (for exam-
ple, site 232-1, figure 1). Surface tempera-
tures were also as high as 0 C C, causing
weak, positive temperature gradients (for
example, site 246-2, figure 1). The snow
temperature and temperature-gradient
extremes generally correlated with the pre-
vailing weather conditions, which varied
between cold, dry continental air and
warm, moist marine air circulations.

On any given day, the temperatures
and temperature gradients in the snow
cover were quite uniform over distances of
10-20 kilometers (km) (figure 2). Significant
snow-temperature changes occurred, how-
ever, in response to changing atmospheric
conditions. On day 245 (2 September), the

snow cover had moderate negative temper-
ature gradients and surface temperatures of
-6 C C to -7 C C (figure 2). For the 24 hours pre-
ceding those measurements, the mean air
temperature was -7.1 C C. From day 245 to
day 247, air temperatures increased, and for
the 24-hour period prior to the measure-
ments on day 247, the mean air tempera-
ture was -0.9C, leading to surface tempera-
tures as high as 0C and a slightly positive
temperature gradient (figure 2).

The snow stratigraphy was often quite
complex, with large variations in snow-crys-
tal size and form. These data have been cat-
egorized into the four most commonly
observed types: skeletal depth hoar, solid
depth hoar, wet/saline snow, and icy layers
(figure 2). Depth hoar is the product of
recrystallization due to strong negative tem-
perature gradients (Male 1980). Skeletal
depth hoar represents a more advanced
stage of metamorphism than solid depth
hoar due to its greater age and the effects of
strong negative temperature gradients.
Skeletal depth hoar, comprising loose accu-
mulations of cupped and columnar crystals
with dimensions of as much as 3-5 millime-
ters (mm) and voids (1-2 mm) between
crystals, was observed in 70 snow pits. It
was always observed at the base of those
snow pits, but it also occurred quite close to
the surface between ice layers (figure 2).
Depth hoar has also been observed
frequently in the snow cover on	0.0

Weddell Sea ice floes (Lytle and

The base of the snow cover was commonly
wet and saline. The degree of wetness var-
ied from merely visibly damp to a slush of
sea-water-soaked snow. The presence of
slush, which was noted in 35 pits, can be
attributed primarily to flooding by sea water
after the weight of snow had depressed the
floe surface below sea level. This process is
common in the Weddell Sea and has been
observed previously in the study area
(Lange et al. 1990; Jeffries et al. in press).
Damp snow was also observed immediately
above the slush layers and also in the snow
cover on ice surfaces that were not flooded.
In both cases, upward migration of brine
from the slush or the ice surface, by a wick-
ing process, leads to increased wetness and
salinity. The salinity of wet/saline snow
ranged from 3.0 to 29.4 0/o (mean value
15±7%, 34 measurements). Since the sur-
face sea-water salinity values during the
cruise were generally about 34%, the high
average salinity of the wet/ saline snow indi-
cates that a considerable amount of brine is
entrained in the snow cover. In the dry
snow, salinity values ranged from 0.02 to
1.0%o (mean value 0.17±0.23%o, 34 mea-
surements).

Snow-density measurements were
made on 210 samples of skeletal and solid
depth hoar (it was not possible to measure
density of the saturated snow or ice layers).

-25-20	-15	-10	-5	0
TEMPERATURE (°C)

Ackley 1992) and in areas of the
0.1east antarctic pack ice (Massom

personal communication).

	

Ice layers were common in the	E

	

snow throughout the study area,	0.2
with two to three such layers often

	

being observed in a single snow pit	LU

	

(figure 2). These layers were gener-	0.3
ally 2-4 mm thick and extended
horizontally for distances of meters.

	

Since air and snow-surface temper-	0.4
atures exceeded 0C on a number
of occasions during the cruise, the
ice layers might be melt features.
Also, during periods of marine air

	

circulation when warm, moist air	Figure 1. Snow temperature as a function of depth on
	flows over the pack ice, there is like-	different ice floes sampled between 20 August (day 232)

and 18 September 1993 (day 261). The profile numbers	ly to be condensation onto the cold	identify the julian day and the pit number, for example,
	snow cover, resulting in the forma-	245-3 was the third pit to be examined on day 245 (2
	tion of surface crusts and ice layers.	September).
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Figure 2. Plots of stratigraphy and snow temperature as a function of depth in pits examined on julian
days 245 (2 September) and 247 (4 September). On each day, the snow pits were on different ice floes
spaced roughly 4 km apart. The floes that were investigated on day 247 were approximately 100 km
from those investigated on day 245. The profile numbers follow the convention described in figure 1.

The data, presented as probability distribu-
tions in figure 3, show that the skeletal depth
hoar has a more peaked distribution and
narrower range of density values than the
solid depth hoar. The mean densities of the
skeletal depth hoar and solid depth hoar
we-e 235±54 kilograms per cubic meter (kg
m) and 255±70 kg m-3, respectively. The
difference between these mean density val-
ues is consistent with their age difference
and the effects of strong negative tempera-
ture gradient metamorphism, which leads
to an increase in void sizes between the
snow grains and a lower density in skeletal
depth hoar (Male 1980). This process may
be responsible for the differences between
the probability distributions, that is, it nar-
rows the range of values and increases the
probability that skeletal depth hoar will have
a certain value (figure 3). Regardless of the
snow type, the density values observed in

100 200 300 400	100 200 300 400

this study are similar to those reported in
seasonal snow in the Weddell Sea (Lange et
al. 1990; Lytle and Ackley 1992) but lower
than those of perennial snow in austral sum-
mer 1992 in the Ross/Amundsen/Bellings-
hausen Seas area (Jeffries et al. in press).

The observations made in the Bellings-
hausen and Amundsen Seas in late winter
suggest that the seasonal snow cover on
pack ice floes is highly variable. A major fac-
tor in this variability is the sensitivity of
snow temperature to the rapidly changing
air temperatures and humidity, leading to
large temperature fluctuations within the
snow cover and resulting in strong meta-
morphism. An additional factor in snow
variability is sea-water flooding, which leads
to a strong salinity contrast between the dry
snow and wet snow.

The presence of ice layers, low-density
depth hoar, and wet, saline snow adds to

the complexity of active microwave
0. remote sensing of sea-ice processes

(Carsey 1992). The snow-cover ob-
servations made during this investi-
gation will contribute to the under-
standing of radar backscatter vari-
ability and sea-ice processes in syn-
thetic aperture radar scenes ob-
tained from ERS-1 (European Re-
mote Sensing Satellite-1) during the
course of the cruise (Jeffries,100 200 300 400	100 200 300 400

DENSITY (kg m3)	 Anta rctic Journal, in this issue).

0.

0.

Seas. Antarctic Journal of the U.S.,   29(1).
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Figure 3. Probability distributions of the density of solid
depth hoar and skeletal depth hoar samples in the snow
cover. Each bar has a range of 25 kg rn-3 and indicates
the probability that the density of a given snow sample
will fall in that range. The histogram bars sum to 1; n is
the number of measurements.
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Late winter sea-ice properties and growth processes in the
Bellingshausen and Amundsen Seas
T

he first detailed investigation of late
winter sea-ice conditions in the Bel-

lingshausen and Amundsen Seas occurred
in August and September 1993 aboard R/V
Nathaniel B. Palmer in the region 66-71'S
77-1 10W. The study area is shown in fig-
ure 1 in Jefferies, Antarctic Journal, in this
issue.) The research was dedicated to sea-
ice physics and biology and included
observations and measurements of snow-
cover characteristics (Jeffries et al., Antarc-
tic Journal, in this issue) and the snow-
and ice-thickness distribution (Worby et
al., Antarctic Journal, in this issue). In this
paper, preliminary results from the investi-
gation of sea-ice structure, temperature,
and salinity are presented.

During the cruise, 78 ice cores [total
length 56.88 meters (m)] were obtained

50

fl 0

Z

-100

R -150
cm

from 50 different floes for measurements
of temperature and salinity, and 62 cores
(total length 52.35 m) were obtained from
the same floes for analysis of ice structure
and identification of the processes by
which the ice developed during winter.
Those 140 cores had a mean length of
0.78±0.54 m (range 0.14 to 3.39 m). This
value is in good agreement with ice-thick-
ness values obtained by a variety of tech-
niques during the voyage (Worby et al.,
Antarctic Journal, in this issue) and sug-
gests that the ice cores provided a repre-
sentative sample of the pack-ice thickness
distribution.

Four basic ice types were identified in
the ice cores: frazil ice, snow ice, congela-
tion ice, and fragmented ice. The average
amount of each type in the 62 cores ana-

lyzed for ice structure was 55 percent, 3
percent, 39 percent, and 0.6 percent,
respectively. Voids between ridged and
rafted ice blocks comprised the remaining
2.4 percent of the total thickness. Frazil ice
composed of small crystals less than 0.5
centimeters (cm) across, which initially
form under turbulent conditions in open
water before subsequently freezing solid,
constituted the majority of the ice. In aus-
tral summer 1992 in the same region, the
main ice-core constituents were frazil ice
(48.4 percent) and congelation ice (37.7
percent) (Jeffries et al. 1994). The large
amount of frazil ice in both years is typical
of other regions of the southern oceans
(Gow et al. 1987; Jeffries and Weeks 1993;
Allison and Worby in press).

Congelation ice, which grows by the
conduction of heat from the base of the ice
to the surface, has a columnar structure of
crystals with their long axes oriented paral-
lel to the direction of heat flow and ice
growth. Frazil crystals that were observed
occasionally within columnar ice layers
may have grown in the convecting water
column below the growing congelation ice
where they were subsequently entrained.

The surface of a floe and the base of
the snow cover can be flooded, either dur-
ing deformation when the surface of a floe
is temporarily pushed below sea level by
another floe or when the weight of snow is
sufficient to depress the ice surface below
sea level. If the snow/sea-water slush
freezes, snow ice forms and the floe thick-
ness increases by the addition of an ice
layer at the top rather than the bottom sur-
face (Lange et al. 1990; Jeffries et al. 1994).
The amount of snow ice in the 1993 cores
is a preliminary value, because it is based
on crystal structure criteria alone. A better
estimate will be possible once stable oxy-
gen isotope analysis has been completed.

Dynamic conditions in the pack ice
lead to frequent deformation by rafting
and ridging. This can deform or fragment
ice crystals, resulting in the loss of their
original crystal structure, that is, frag-
mented ice. Deformation may also create
voids (some with vertical dimensions of
decimeters) which may contain a mixture
of sea water or saturated snow and ice
crystals between consolidated ice slabs
and blocks.

DISTANCE (m)
0	20	40	60	80	100	120

	

ioo .I	I.	 •	 •I	•	 • 100

Figure 1. Variations in ice-floe structure in relation to ice thickness and snow depth along a 100
m transect on 10 September 1993 (julian day 253). The horizontal line at 0 cm in the thickness
transect represents sea level. Any point where the ice surface is below that line indicates a neg-
ative freeboard and a flooded ice surface. The lines in the structure diagrams denote bound-
aries between frazil layers with different grain sizes.
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Variations in ice-core length and
structure within a single floe are illustrated
in figure 1. Frazil ice is the dominant ice
type in the floe, constituting an average of
70.2 percent of the total length of the five
ice cores. Individual layers of frazil ice,
each distinguished from the other by varia-
tions in crystal size, appear to have been
rafted to form thicker ice. Deformation,
either by rafting or ridging, has also tipped
congelation ice layers at an angle and cre-
ated fragmented ice and a large void in the
thickest part of the floe. The wide range of
ice-thickness values indicates that the
degree of deformation is highly variable
over short distances. The snow ice present
at the top of three cores indicates that the
surface of the floe had been depressed
below sea level prior to sampling. Some
parts of the ice surface remained flooded
at the time it was sampled (figure 1).

Ice-structure variations in five typical
floes are illustrated in figure 2. These floes,
composed of multiple thin layers of frazil
and congelation ice, also show the effects
of deformation. Columnar ice layers less
than or equal to 0.2 rn thick suggest that
congelation ice growth was interrupted by
rafting. It is also possible that boundaries
between congelation layers are the result
of an hiatus in the growth of these crystals.
The thick snow ice layer at the surface of
core 255-1 shows that the floe had been
flooded prior to sampling.

The ice structure of the 1993 cores is
similar to that observed in the 1992 cores,
adding to the evidence that sea ice in this
region grows by multiple mechanisms in a
turbulent environment (Jeffries et al. 1994).
The high percentage of frazil ice compared
to congelation ice, the thin congelation ice
layers, and the frequent occurrence of raft-
ing suggest that dynamic conditions pre-
vail and that the relatively calm conditions
needed for congelation ice growth by a
thermodynamic process are neither as
common nor as prolonged as those which
promote frazil ice growth and deforma-
tion.

Salinity measurements at 0.1-rn inter-
vals along each core show that salinity
changes with depth are not correlated with
ice structure (figure 2). This may be a result
of the sampling technique, because salinity
measurements were made on melted sam-
ples that were cut with no regard to the
crystal structure. A lack of correlation,
however, between salinity variations and
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ice structure also has been observed in the
Weddell Sea, where salinity measurements
were made on samples cut along bound-
aries in the crystal structure (Eicken 1992).
A salinity profile with the highest values in
the near-surface layers and the lowest val-
ues near the base of the ice (figure 2) sug-
gests that there has been greater desalina-
tion of the lower ice layers and that brine
drainage processes are unaffected by the
multilayered structure of different ice
types. Eicken (1992) made a similar obser-
vation and developed a model in which
ice-salinity profiles evolve independently
of the initial ice salinity and structure. This
structure independent brine drainage may
be enhanced by the relatively high ice tem-
peratures of the majority of the 1993 cores,
which have an average temperature greater
than -4 C C (figure 3B).

Both the temperature and salinity of
cores less than 0.5 m long were dependent
on thickness, with thinner ice having a
higher mean salinity and lower mean tem-
perature than thicker ice (figure 3). The
salinity and temperature of cores greater
than 0.5 m long were poorly correlated
with ice thickness (figure 3). The ice less
than 0.5 m thick is younger and will have
undergone less desalination than.the
thicker ice; hence the salinity of ice less
than 0.5 m thick is 7.3±2.7%o compared
with 5.6±1.7%o for ice greater than 0.5 m
thick. Thin ice also has a thinner snow
cover (Worby et al., Antarctic Journal, in
this issue) than the older, thicker ice and is,

void

void	0.4

L }• 06g

therefore, less insulated from the atmos-
phere. Ice temperatures reflect this, with
the mean temperature of ice less than 0.5
m thick being -3.9±2.0 C C compared with
-2.8±1.2 C C for cores greater than 0.5 m
thick.

There is also a significant difference in
the structure of these two categories of
sea-ice cores, with those less than 0.5 m
long constituting an average of 70 percent
congelation ice, whereas cores greater
than 0.5 m long constitute an average of
only 22 percent congelation ice. This dif-
ference suggests that the growth of the
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Figure 3. Mean ice salinity (A) and mean ice
temperature (B) as a function of ice-core length
for cores obtained in the Bellingshausen and
Amundsen Seas in 1993.
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Figure 2. Structure diagrams and salinity and temperature profiles in five different floes. The lines in
the frazil ice in the structure diagrams denote boundaries between layers with different grain sizes.
Similar lines in congelation ice layers indicate that there is one congelation ice layer rafted upon
another. The skeletal layer at the base of core 246-3 is evidence that there was active congelation
ice growth at the time the floe was sampled. Although the congelation and frazil ice had been rafted,
the columnar structure of the congelation ice remained vertically oriented, as it would have been
prior to rafting. The four-figure numbers identify the julian day and the core number; for example,
246-3 was the third core to be examined on day 246 (3 September).
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thicker ice is due primarily to the prevail-
ing dynamic conditions, which lead to
frazil ice growth and rafting, whereas the
thinner floes form by thermodynamic
growth and, thus, have a higher percentage
of congelation ice. It also suggests that
congelation ice may be fragmented during
rafting or ridging to the extent that it takes
on the appearance of frazil ice.

This work was supported by National
Science Foundation grant OPP 91-17721.
Captain Joe Borkowski, the officers and
crew of the R/V Nathaniel B. Palmer,
Antarctic Support Associates personnel,
and Ricardo Jana (Instituto Antartico
Chileno) contributed to the success of the
research program. We also thank the
National Science Foundation, the Aus-
tralian Antarctic Division, and the Antarc-
tic Co-operative Research Centre for mak-
ing it possible for A.P. Worby to participate
in this study. Stephanie Cushing, support-
ed by a Research Experience for Under-
graduates (REU) supplement, assisted with
data analysis and preparation of figures.
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Late winter sea-ice-thickness and snow-thickness distributions in
the Bellingshausen and Amundsen Seas
I

n this paper, we present data on the
thickness and distribution of antarctic

sea ice and snow cover from a voyage of
R/V Nathaniel B. Palmer in August and
September 1993. The Palmer's 37 days in
the pack ice of the Bellingshausen and
Amundsen Seas were dedicated to studies
of sea-ice physics and biology. A full de-
scription of the scientific activities during
the voyage can be found in Jeffries (Antarc-
tic Journal, in this issue).

The extent to which sea ice modifies
ocean-atmosphere interaction in polar
regions and, hence, the global climate sys-
tem is primarily dependent on the sea-ice
thickness and distribution. This is deter-
mined by a combination of thermodynam-
ic processes (that is, the freeze/thaw cycle)
and dynamic processes (winds and ocean
currents). Drift rates of 20-30 kilometers
per day (km d 1 ) have frequently been
recorded within the antarctic ice pack (Alli-
son 1989), and this dynamic characteristic
is a significant process in thickening ice
floes and opening leads for new ice forma-
tion. Allison and Worby (in press) reported
that within the east antarctic pack, dynam-
ic processes commonly interrupt thermo-
dynamic growth before a floe exceeds 0.4

meter (m) in thickness. Cores from the Bel-
lingshausen Sea (Jeffries et al. 1994; Jeffries
et al., Antarctic Journal, in this issue) have
shown similar characteristics with multiple
frazil and/or congelation layers making up
the majority of floes.

The data presented here represent
only first-year ice because the ship was
unable to penetrate the multiyear ice pack
near the coast. Three sets of ice- and snow-
thickness data were collected:
• Set A: 1,113 direct measurements made

at equidistant intervals (usually 2.5 m)
along 100-rn transects across 30 differ-
ent floes;

• Set B: 4,071 ship-based estimates of the
ice thickness and snow cover of individ-
ual floes tipped sideways by the passing
of the ship; and

• Set C: 169 ship-based estimates of the
areal concentration, thickness, and sur-
face ridging of different ice types made
every 6 nautical miles along the ship's
track.

These data were collected using the method
of Allison, Brandt, and Warren (1993) and
Allison and Worby (in press).

As a result of differences in observa-
tional techniques between the data sets,

some components of the pack are better
represented in some data sets than in oth-
ers. The thin-ice component of the pack is
underrepresented in data set A because of
the danger of drilling thickness transects
across nilas and very thin first-year ice.
Large pressure ridges are not well repre-
sented in data set B because it is impossible
to estimate their thickness after they have
been broken up by the ship. Overall, how-
ever, the thin ice is better represented in
data set B, and ridges are represented in set
A, making a combination of these data sets
a useful descriptor of ice conditions within
the pack. Set C is the least accurate mea-
surement, but it gives the best areal esti-
mates of ice-thickness distribution because
it combines information from data sets A
and B with additional information on ice
concentration and surface ridging to calcu-
late area-averaged ice- and snow-thickness
values for each zone of the pack.

The 30 thickness profiles that make up
data set A are all from first-year ice. The ice-
and snow-thickness distributions for these
data are shown in figure 1. As a result of the
sampling bias discussed above, only 3 per-
cent of the ice sampled was less than 0.3 in
thick and occurred mostly in refrozen
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cracks or leads between thicker floes. The
dominant ice-thickness categories are
between 0.3 and 1.0 m, and they contain 70
percent of the ice that was sampled (figure
1A). The thickness transects highlight the
large variability in ice thickness which is
typical across most floes and, in particular,
the nonuniform nature of the keel com-
pared with the relatively even surface of the
ice (see figure 1 in Jeffries et al., Antarctic
Journal, in this issue). Cores from the same
floes usually showed multiple rafting
events with clearly defined boundaries
between layers of different sized frazil crys-
tals and congelation ice indicating that
dynamic rather than thermodynamic
processes are chiefly responsible for the
thickness of the ice (see figures 1 and 2 in
Jeffries et al., Antarctic Journal, in this
issue). The thickness distribution of set A
data shows 22 percent of ice was 1-2 m
thick and only 5 percent was more than 2.0
m thick. Although the latter percentage is
quite low, the ridged areas of the pack con-
tain the bulk of sea-ice mass and are im-
portant for determining the total mass bud-
get. This is highlighted by the mean ice
thickness for set A (0.90±0.64 m) when
more than 66 percent of measurements are
less than 0.90 m. The large standard devia-
tion with respect to the mean is an indica-
tion of the pronounced variability in sea-
ice thickness.

The mean snow thickness of data set A
equals 0.23±0.16 m. The snow-thickness
distribution is quite uniform over the range
0.0-0.3 m, which accounts for 70 percent of
the observations. As snow thickness in-
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creases, the amount of snow in each 10-
centimeter (cm) thickness category de-
creases approximately exponentially (figure
1B). Approximately 23 percent of the snow
cover is between 0.3 and 0.5 m thick, and
only 7 percent is between 0.5 and 1.0 m. An
insignificant percentage of the snow cover
is thicker than 1.0 m.

Data set B includes visual ice- and
snow-thickness estimates of floes turned
on their sides while the ship was underway.
Every hour, thickness estimates were
recorded for 25 floes and binned into three
zones: 50-150 km, 150-350 km, and
350-550 km from the ice edge. Figure 2
shows the distribution of ice- and snow-
thicknesses for the three zones. In the
50-150-km zone, the ice is concentrated in
a narrow thickness band with 89 percent of
observations between 0.3 and 0.7 m. This,
coupled with the very low percentage of
open water in this zone, is indicative of
rapid new ice growth in the vicinity of the
ice edge and in leads. The snow cover sup-
ports this interpretation because 62 per-
cent of snow-thickness estimates are be-
tween 0.1 and 0.2 m, indicating that much
of the ice is of similar age.

The changing thickness distribution in
the 150-350-km zone is apparent from the
broader range of sea-ice thicknesses and
the higher percentages of ice in the thicker
categories. Compared with the 50-150-km
zone, which had 9 percent of ice more than
0.7 m thick, the 150-350-km zone has 29
percent of ice in this range, and the average
ice thickness increases from 0.45 to 0.54 m.
As indicated above, structural analysis of

ice cores from these two regions indicates
that dynamic processes rather than ther-
modynamic growth is primarily responsi-
ble for this increase in thickness (Jeffries et
al., Antarctic Journal, in this issue). As a
result of deformation, open water is created
within the pack, enabling new ice to form.
Consequently, we still see a high percent-
age of thin ice types and some open water
in this zone. Snow thickness in the
150-350-km zone shows a similar trend to
the ice, with a broader range of thicknesses
indicating a mixture of old and new ice.
Here, 47 percent of the snow cover is deep-
er than 0.2 m compared with 21 percent in
the 50-150-km zone, with the mean snow
thickness increasing from 0.12 m to 0.17 m.
This finding suggests that the ice in this
area is older and has had longer to accu-
mulate a thicker snow cover. In the
150-350-km zone, there is a comparable
amount of snow in the thinnest category
(0.0-0.1 m), a finding that supports the
argument that new ice is forming in leads
and has only had time to accumulate a thin
snow cover.

Similar changes are noticeable be-
tween the 150-350-km and 350-550-km
zone with the range of ice and snow thick-
nesses becoming broader still (figure 2). In
the 350-550-km zone, 41 percent of the ice
is greater than 0.7 m thick, with a mean
value of 0.65 m, and 70 percent of the snow
cover is deeper than 0.2 m with a mean of
0.23 m. Between the 150-350-km zone and
the 350-550-km zone there is an increase in
the amount of ice in all thickness categories
greater than 0.6 m and in all snow-thick-
ness categories greater than 0.3 m. Despite
the lack of direct thickness measurements
on a high percentage of ridged floes in this
data set, the thickness distribution patterns
clearly show the importance of dynamic
processes in altering the distribution of ice
and snow thickness within the pack.

Data set C is more synoptic than sets A
and B and is used to calculate area-aver-
aged ice and snow thicknesses for each of
the three zones discussed above. The thick-
ness observations are weighted using the
areal estimates of ice concentration for
each ice-thickness category (and open
water) and, using a simple model (Allison
and Worby in press), further corrected to
include the observations of ridged ice. The
results (table) show an increase in ice thick-
ness with distance from the ice edge, in
broad agreement with data set B. Set C

ICE THICKNESS (cm)	 SNOW
THICKNESS (cm)

Figure 1. Ice- and snow-thickness distributions from ice-thickness transects drilled across 30 differ-
entice floes (data set A) for the entire pack-ice zone. Each vertical bar represents a thickness range
of 10 cm, and the height of a bar represents the probability that the snow or ice thickness will fall
within that particular range of values.
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Ice and snow thicknesses calculated from ship-based, areal estimates of ice concentration, thick-
ness, and surface ridging (data set C). The extent of surface ridging and concentration of open water
for each of the three zones within the pack are shown.
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aDistance from pack-ice edge, in kilometers.
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Figure 2. Ice- and snow-thickness distributions from visual estimates from the
ship's bridge (data set B) for the three zones, 50-150 km, 150-350 km, and
350-550 km from the ice edge. Each vertical bar represents a thickness range of
10 cm, and the height of a bar represents the probability that the snow or ice
thickness will fall within that particular range of values.
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results show a significant increase in ice
thickness between the ice edge and the
central pack, based on the parameteriza-
tion of the ridge observations. The mean
ice thickness for the total pack from set C
data is 1.28 in an average snow thick-
ness of 0.19 m.

The ice-thickness estimates from set C
data are in good agreement with set B data
in the 50-150-km zone where there is limit-
ed ridging. Further south, where there is in
excess of 20 percent ridging, the two data
sets are in poor agreement. The lack of
observations of ridged floes in set B sug-
gests that the mean thicknesses calculated
from these data will underestimate the real
ice thickness within the pack. Set A data
highlight the effects of ridging on keel
depth and, hence, ice thickness. Although
the technique used to parameterize ridges
in set C is crude, it offers the best estimate
of the overall distribution of ice thickness
and the total mass of ice within the pack-
ice zone of the Bellingshausen and eastern
Amundsen Seas.

This research was supported by
National Science Foundation grant OPP 91-
1772 1. We thank the National Science
Foundation for allowing A.P. Worby and R.
Jana to participate in the voyage. Worby
was supported by the Australian Antarctic
Division and Antarctic Cooperative Re-
search Centre, and lana was supported by
Instituto Antartico Chileno. Sincere thanks
to Captain J. Borkowski and the officers
and crew of R/V Nathaniel B. Palmer, and
to Antarctic Support Associates personnel
for their support throughout the voyage.
Chris Fritsen, Tim Quakenbush, and Chuah
Teong Sek assisted with the snow and ice
observations and measurements.
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Sea[ice, which is a critical element in the global climate system,
stretches out before the Nathaniel B. Palmer in the Weddell
Sea. Until 1992, U.S. scientists were not able to study sea-ice
conditions first hand during the austral winter, but the comple-
tion of the Nathaniel B. Palmer has made possible cruises such
as the recent investigation of the Bellingshausen and Amund-
sen Seas.

ANZFLUX: Winter flux experiment in the eastern Weddell Sea

T
he Weddell Gyre, a large clockwise-
flowing oceanic feature in the central

Weddell Sea, transports relatively warm,
saline Circumpolar Deep Water (CDW)
from near the Antarctic Circumpolar Cur-
rent to the south and west and into the
Weddell Basin. This water mass, which
cools and freshens as it flows away from the
Weddell Gyre, is made up primarily of cool,
lower CDW with a maximum temperature
of about 0.4 C C; the warmer upper CDW
loses its identity as the mass cools and
freshens. At a depth of more than 150
meters, water that is warmer (maximum
temperature of about 1.0 C C) flows south-
west between Antarctica and the 3,000-
meter-high ocean-floor feature called
Maud Rise.

Observations and the results of theo-
retical models suggest that the ocean in this
region is only marginally stable. Although
surface waters appear to mix rapidly with
deep waters, the flux of salt from the sur-
face to deeper waters increases only slight-
ly, either because salt is lost as ice forms or
because surface waters receive only a limit-
ed amount of fresh water. Water from the
southern oceans surrounding Antarctica,
particularly water from the Weddell Sea
region, plays a critical role in maintaining
the character of Deep Water worldwide. In
the mid 1970s, a large polynya (a lakelike
area of open water that forms within pack
ice) developed in the central Weddell Sea,
causing surface waters to mix with deeper
waters and releasing vast amounts of heat
to the atmosphere. This action, in turn,
enhanced cooling and ventilation process-
es necessary to produce Antarctic Bottom
Water. Identifying the mechanisms that
control such turbulent fluxes in the Wed-
deli mixed layer is key to understanding
what conditions might again cause a phe-
nomenon like the mid-1970s polynya and
widespread convection. Learning more
about the dynamics in this region may also
be important to predicting the effects of cli-
matic trends on ventilation of the deep
ocean.

To obtain necessary data, 22 investiga-
tors participating in eight projects will work
onboard the research ship Nathaniel B.
Palmer during the 1994 austral winter. The
primary objective of their projects, which
make up the Antarctic Zone Flux

(ANZFLUX) program, is to acquire mea-
surements that will extend scientific under-
standing of the dynamics and thermody-
namics of momentum, heat, and salt flux
through the upper ocean and its ice cover
and into the atmosphere.

Two opposing theories based on in
situ observations and models based on
data from arctic regions with similar condi-
tions attempt to predict the magnitude of
the heat flux in this region. Observations
made by investigators during the 1986
Polarstern cruise indicate that north and
west of Maud Rise (the "cold regime") heat
flux is about 20 watts per square meter.
This flux increases to about 40 watts per
square meter to the south and east. They
also found that there is a seasonal cycle
with greater heat flux activity during the
winter. Using experience gained in the
Antarctic and Arctic, the group will record
these data at a drift station
and the immediate sur-
roundings. With these data
they hope to be able to pro-
vide a more complete picture
of upper ocean mixing.

ANZFLUX is one com-
ponent of a larger multina-
tional program called
ANZONE (an abbreviation
for Antarctic Zone, the
region between the Antarctic
Polar Front and the conti-
nental margins). The first
phase of ANZONE was Ice
Station Weddell-1, the joint
U.S./Russian Weddell Sea
investigation during the 1992
austral winter. During this
investigation, science teams
established a camp on a 2-
meter-thick, 4.4-square-kilo-
meter ice flow that drifted
northward from its position
in the Weddell Sea. During
the 117-day expedition, sci-
ence teams gathered data on
the seasonal extent of ice
cover in the western Weddell
Sea, climate stability, the for-
mation or modification of
Antarctic Bottom Water, and
the position of the continen-
tal slope. ANZFLUX science

teams, focusing on the eastern Weddell Sea
where the winter ice cover is thinner, plan
to set up at least two 15-day drift stations
while living on the Nathaniel B. Palmer.
Enroute to the Weddell Sea, they will take
conductivity-temperature-depth measure-
ments, sample the atmosphere, and study
sea-ice conditions.

The following summaries describe the
specific projects that make up ANZFLUX.

Sea-ice measurements during
ANZFLUX—The ANZONE winter flux
experiment. Stephen F. Ackley, U.S. Army
Cold Regions Research and Engineering
Laboratory. The proposed work is part of an
integrated research program (ANZFLUX)
into the oceanographic structure of upper
mixed layer of the eastern Weddell Sea. It is
to be carried out from the R/V Nathaniel B.
Palmer in austral winter 1994. We will con-
duct a spatially small-scale and mesoscale
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lscience team prepares to lower a conductivity-depth-
temperature instrument from the Nathaniel B. Palmer.
Using this type of instrument and others, science teams
acquire data about ocean and ice conditions at selected
sites and enroute to these sites.

study of the growth of sea ice in open water
and the physical, chemical, biological, and
thermal properties of the existing ice cover.
The rates of sea-ice growth determine salt
and latent heat fluxes that affect the density
of the oceanic surface layer. In addition,
longer term heat and mass-balance mea-
surements on various ice types near the
ship will be carried out. To take these mea-
surements, we will install ice-thickness
gauges, thermistor (temperature) strings,
and stress sensors, all of which will be sam-
pled periodically over the duration of the
drift. Measurements of radar backscatter
and passive microwave emission will be
made at several frequencies to establish the
dielectric properties of the sea ice and to
provide ground-truth information for
future satellite-based radar experiments.
These measurements, along with other
concurrent experiments to quantify the
energy brought to the underside of the ice,
will form the basis of a regional study of the
processes responsible for the relatively

thick upper mixed layer and thin ice cover.
Researchers believe that these conditions
are only marginally stable and are main-
tained by a relatively high upward heat flux,
which, if interrupted, could lead to deep
vertical convection and a significant
change in the oceanic climate.

Atmospheric forcing during the
ANZONE winter flux experiment
(ANZFLUX). Peter S. Guest and Kenneth L.
Davidson, Naval Postgraduate School. Our
research concerns the dynamics of the forc-
ing of the sea-ice cover and the upper ocean
by the atmosphere. Measurements and
analyses will include wind stress, atmospher-
ic heat fluxes, and the upward and down-
ward components of short- and long-wave
radiation. An onboard rawinsonde system
will obtain daily profiles of wind, tempera-
ture, humidity, and pressure through the tro-
posphere, and an acoustic sounder will con-
tinuously monitor the structure of the lower
atmosphere. We will use satellite data and
imagery to determine the regional and

mesoscale context of the point
measurements from the ship. For
this component of ANZFLUX,
our objective is to provide conti-
nuity for heat-exchange mea-
surements through the ocean/ice
interface into the atmosphere.

Upper ocean turbulent
fluxes and mixing in the Wed-
deli Sea. Miles G. McPhee,
McPhee Research, Naches,
Washington. Our work repre-
sents an effort to define the ver-
tical and horizontal thermoha-
line fluxes within the eastern
part of the Weddell Gyre.
Specifically, instrument clusters
capable of measuring the
Reynolds stress and the turbu-
lent heat flux directly will be
suspended from the sea ice near
the ship for two separate 15-day
drift periods. In addition, using
micro conductivity sensors at
three levels in the water, we will
directly measure salinity flux
and by freezing a number of
thermistor strings in the ice will
measure the heat conduction
within the ice and the ice mass
balance.

ANZFLUX (Antarctic Zone
Flux Experiment) CTD/tracer
program. Douglas G. Martinson,

Peter Schlosser, and Bruce A. Huber, Lam-
ont-Doherty Earth Observatory of Columbia
University. We will collect hydrographic
and geochemical tracer data to determine
the three-dimensional oceanic structure on
various spatial scales and to provide data to
validate oceanic models. The eastern Wed-
dell Sea is a region where a warm regime,
defined by the intrusion of warm Circum-
polar Deep Water with temperatures near
+1 C C, and a cold regime exist side by side.
The cold regime occurs to the west, where
Deep Water is overlain by a thick near-
freezing mixed layer. In both regions, how-
ever, enough heat is seasonally carried to
the sea ice to melt it completely. The objec-
tives of this project are to allow the recon-
struction of the overall configuration of the
Weddell Gyre, both the warm and cold
regimes, and to determine the large-scale
baroclinicity, upwelling, and ventilation of
intermediate water masses. On a smaller
scale, this work will characterize the specif-
ic differences between the two drift stations
and provide initial conditions for modeling
the oceanic processes. The tracer measure-
ments will complement the direct observa-
tions and will constrain estimates of the net
transfer of warm Deep Water into the sur-
face layer.

Horizontal profiles of upper ocean
temperature and salinity during
ANZFLUX. James H. Morison, University of
Washington. We will make high-resolution
measurements of the horizontal variability
of temperature and salinity to help deter-
mine the three-dimensional structure of
coherent convection features. The mea-
surements will be made with instruments
on a remotely operated free-ranging under-
water vehicle (the autonomous conductivi-
ty temperature vehicle, ACTV). The postu-
lated high oceanic heat-flux values in the
eastern Weddell Sea require the existence of
a mechanism that enhances the vertical
heat flux. Possible mechanisms of this type
are coherent roll instabilities in the mixed
layer, convection under leads and other
openings in the ice, or internal waves. Sin-
gle-point measurements can only suggest
the existence of these mechanisms; the
identification of the particular mechanism
requires information on their horizontal
variability. The ACTV, which is 160 cen-
timeters long and 9 centimeters in diame-
ter, is capable of 1 hour of operation at a
speed of 2 meters per second. It can be pro-
grammed to dead reckoned course as far as

ANTARCTIC JOURNAL - MARCH 1994
17



1.5 kilometers from a homing beacon and
can cover about 5 kilometers per run. It car-
ries commercially available thermometers
and conductivity sensors with precision
better than 0.001 0 and one part in 30,000
salinity units. The vehicle will be operated
from a small, lightweight hut set up on the
sea ice and will be deployed and recovered
through a 1-meter diameter hole.

Acoustic doppler current proffler and
mesoscale current observations in the
eastern Weddell Sea: A component of
ANZFLIJX. Robin D. Muench, ScienceAppli-
cations International Corporation. We will
examine how regional-scale circulation
features affect the smaller scale turbulence
features. This project consists of two spa-
tially nested experiments. A small-scale
experiment will use the ship's acoustic
doppler current profiler to measure the
fluctuating current structure at 1-meter
depth intervals in the upper layers of the

ocean. A mesoscale experiment will make
use of current, temperature, and salinity
observations to define regional-scale fea-
tures and to observe their feedback effects.

Heat, salt, and momentum fluxes
through the pycnocline in the eastern
Weddell Sea. Laurence Padman and Mur-
ray D. Levine, Oregon State University. We
will measure high-frequency vertical pro-
files of velocity and temperature using a
rapid sampling vertical profiler, a tethered
sensor system developed by the principal
investigator that free-falls through the
upper 250 meters of the ocean. The objec-
tive is to study the dynamics of momentum
and energy fluxes in the upper mixed layer
and to investigate the processes that deter-
mine the stability of the pycnocline. Partic-
ular emphasis will be placed on the re-
sponse of the pycnodine to the mesoscale
velocity field, internal waves, and other
coherent turbulence features.

Mixed-layer turbulence measure-
ments during the ANZONE winter flux
experiment: ANZFLUX investigator. Timo-
thy P. Stanton, Naval Postgraduate School.
We will deploy three instrument systems to
measure momentum, heat, and salt fluxes
from the pycnocline (a surface separating
higher density Deep Water from lower den-
sity surface water) upward to the ocean-ice
interface. In the surface layer, these instru-
ment systems will provide a hierarchy of
direct flux and dissipation measurements
that will identify several dynamically dis-
tinct layers: the surface constant-stress
layer, the turbulent boundary layer, and the
active mixed layer. Continuous time series
of these measurements will be made at
each of the two 15-day drift stations to
observe both quiescent background condi-
tions and the response of the upper ocean
to the short, severe, storm systems that are
characteristic of the area.

Science News from The Ice
Cutting-edge telescope seeks neutri-
nos at South Pole

T
he world's largest neutrino detector is
now operating at the South Pole, col-

lecting observations at the cutting edge of
a new field of astronomy. Four strings of
detectors for the antarctic muon and neu-
trino detector array (AMANDA) have been
embedded a kilometer deep in the polar
ice sheet; six more will be installed during
the 1994-1995 research season to finish
the array.

"Neutrinos are messenger particles of
high-energy physics, which can tell us
what's happening inside the astronomical
objects where they formed, such as in pul-
sars or active galactic nuclei," explained
University of Wisconsin physicist Robert
Morse. The most numerous particles in
the Universe, neutrinos travel where light
cannot. Every so often, a neutrino passes
completely through the Earth and up
through Antarctica's ice sheet. As it moves
through the ice sheet, the neutrino col-
lides with an atom and produces a particle
called a muon. The resulting blue flashes
of Cherenkov light, visible through the
transparent ice, should hit AMANDA's
detectors just as the wave from a passing
boat rocks a raft of buoys. "No one can yet
claim to have detected a neutrino-induced
muon," Morse said, and before results can

be expected from the new antarctic array,
the detectors must undergo intense test-
ing.

To build AMANDA's 60-meter-diame-
ter circular array, drillers used jets of hot
water to bore holes in the ice, then they
lowered detector strings into the 60-cen-
timeter-diameter holes. The strings, each
studded with 20 photomultiplier tubes,
became encased when the ice in the drill
holes refroze.

'	

gel

Scientists from the University of Cali-
fornia at Irvine and Berkeley and from the
Universities of Uppsala and Stockholm are
also participating in AMANDA, which is
supported by NSF and several Swedish
funding agencies.

World's end: New stop on the infor-
mation superhighway

A
N round trip to the bottom of the world

d back—via the new, direct Internet
link—now takes about three-quarters of a
second. Scientists at Amundsen-Scott
South Pole Station can log into computer
accounts back home; send back large elec-
tronic files, such as astronomical images
composed of huge amounts of data; or
have a "live" written conversation with

Near Amundsen-Scott South Pole Station,
drillers from the University of Alaska's Polar Ice
Coring Office use a hot-water drill to prepare
holes 60 centimeters in diameter by 1,100
meters deep for AMANDA—the antarctic muon
and neutrino detector array. Into each hole,
researchers will lower detector strings studded
with photomultiplier tubes to depths between
900 and 1,100 meters. The tubes, which detect
the Cherenkov radiation produced when neutri-
nos collide with atoms, are attached to cables
that carry signals from the detectors up the
hole to the AMANDA-experiment building on
the surface. During the 1993-1994 austral sum-
mer, four strings of detectors were installed;
during the 1994-1995 season, science teams
plan to install six more.
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The Black Island satellite communications facility is a key component of the much-improved satellite
communications now enjoyed by scientists at Amundsen-Scott South Pole and McMurdo Stations.

Washington because of its progressive
recycling approach, which includes the
development of composting technology
for food, paper, and sewage sludge gener-
ated in Antarctica. The waste manage-
ment will be handled by a subcontractor,
Burlington Environmental, Inc., whose
philosophy is to recycle rather than to
incinerate or use landfills.

Automatic weather stations track ici-
est winds

distant colleagues. "This can revolutionize
the way we do science at the South Pole,"
said Patrick Smith, NSF electronics engi-
neer for USAP. "The station scientists can
now be fully interactive on the Internet, as
opposed to the past, when they had to
share a slow, single-user link to a mini-
computer in Florida."

Ultimately, the Internet will allow
astronomers in other parts of the world to
manipulate telescopes at the South Pole,
while celestial events are under way—
increasing the number of scientific
options without requiring more people to
visit the station. The new link operates
about 11 hours a day, using the U.S. Air
Force's LES-9 satellite and the National
Oceanic and Atmospheric Administra-
tion's GOES-2 satellite.

More waste recycled from Antarctica

A
s the 1993-1994 research season drew
to a close, the accumulated waste

from the U.S. scientific stations in Antarc-
tica was loaded aboard the cargo vessel
Greenwave at McMurdo Station, the main
U.S. research base. In keeping with the
backpacking philosophy of "pack it in,
pack it out," the U.S. Antarctic Program
removes from Antarctica each season
nearly all the waste that it generates,
except for sewage. Approximately 24 per-
cent—by weight—of this year's nonhaz-
ardous solid waste will be recycled, and 75
percent of the hazardous waste will be

recycled. This compares to the U.S.
national average of 17 percent for recy-
cling of municipal solid waste, according
to the Environmental Protection Agency.

When the Greenwave arrived 28
March at Port Hadlock, Washington, its
cargo of antarctic waste was transported
to appropriate facilities for recycling or
disposal. The NSF chose the State of

H
igh, dry, and frigid Antarctica appears
to play an important role in regulat-

ing the climate system of the entire
Earth—and can possibly even predict El
Niño events. Yet, the remote continent's
weather patterns are poorly known. Most
of the 30 or so year-round research sta-
tions that gather weather data are located
in sheltered coastal areas, making the
inland section of the continent near the
South Pole the largest void of meteorologi-
cal data on Earth.

Fifty automatic weather stations dis-
tributed around Antarctica are beginning
to fill the gaps. Since 1980, University of
Wisconsin meteorologists Charles Stearns
and George Weidner have been placing
the stations, powered by solar storage bat-
teries, in some of the continent's windiest
places. Stations on the Adélie coast; on the
Reeves, Byrd, and Beardmore Glaciers;
and in West Antarctica record the notori-
ous katabatic, or gravity-driven, winds that
descend from the ice sheet at 65-90 meters
per second. The weather data, available
over the Internet to scientists anywhere,
support a wide range of research. Stations
on the Ross Ice Shelf also help to forecast
weather for aircraft operations between
Antarctica and New Zealand.

Antarctic ice drill extracts new core
for climate studies

D
rilling through the edge of the east
antarctic ice sheet, an NSF-sponsored

team extracted a 554-meter-long ice core
that promises to help illuminate the recent
history of climate in the Southern Hemi-
sphere. The coring project through Taylor
Dome struck bedrock on 20 January.

Huge shipping containers (or milvans) filled with
hazardous and nonhazardous waste are loaded
onto the supply ship Greenwave at McMurdo
Station in February 1994. Waste materials from all
U.S. stations were returned to the United States
for recycling by facilities in Washington state.
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Since the early 1980s, researchers from the University of
Wisconsin, with support from the National Science
Foundation, have designed, installed, and maintained
automatic weather stations (AWSs) around Antarctica.
Logistics support and assistance for installation and
maintenance of the AWS network have also been pro-
vided by other Antarctic Treaty nations, such as the
United Kingdom and France. Because data from the

Studies of the ice composition should
help trace the history of Antarctica's cli-
mate for more than 20,000 years, from the
time of the last glacial period and should
help glaciologists understand how the ice
sheets responded to warming after the last
glaciation.

Annual snowfalls in the area have
trapped the constituents of the atmos-
phere in the ice, hardening over time into
a record spanning tens, or even hundreds,
of thousands of years. At Taylor Dome
(sometimes called McMurdo Dome), the
annual layers lie atop one another in
chronological order, undeformed by inter-
nal glacial flow. At a depth of 360 meters,
the ice crystals in the core change in size
and orientation, indicating a switch from a
glacial to an interglacial period.

Taylor Dome, a gentle 80-by-20-kilo-
meter-wide ice rise that crests a buried
mountain, is at a key geographic juncture
to provide climate information, according
to Pieter Grootes, a University of Washing-
ton glaciologist who is studying the core.
Research on the core should help to
reconstruct the much-debated history of
climate in the nearby McMurdo Dry Val-
leys, an enigmatic ice-free area not far
from McMurdo Station. The core should
also reveal how the ice cover of the adja-
cent Ross Sea fluctuated in the past and
should shed light on the mechanics of ice
streams flowing into the Ross Ice Shelf,
features critical to the stability of the west
antarctic ice sheet.

The wealth of detail on the Northern
Hemisphere's climate recently supplied by
two Greenland ice cores gives researchers
reason to hope for similar information
from the Southern Hemisphere. Taylor
Dome may furnish data to help explain the
swift shifts between cold and warm condi-

tions (known as stadials and inter-
stadials) recorded in the Green-
land cores—rapid changes that
have not shown up in ice previ-
ously cored from Antarctica. Ice
accumulates about 10 times faster
in snowy Greenland, however, so
the fluctuations may simply be
harder to detect in the thinner
antarctic ice layers.

The Taylor Dome core will
supplement older ice records
from other parts of Antarctica—
those from Byrd Station (1968),
Dome C (1975), and the Russian
station Vostok (1985, with drilling
continuing)—some of which are
no longer in good condition. The
new core will be archived in Lake-
wood, Colorado, at the National
Ice Core Laboratory, which is par-
tially supported by NSF. Re-
searchers hope eventually to
extract longer cores of antarctic
ice that will truly match the
Greenland cores in age.

The Taylor Dome project has
employed the same Polar Ice Cor-
ing Office drill that was used in
the NSF-sponsored Greenland Ice
Sheet Project to extract a 250,000-
year-old core in July 1993. Scien-	syst
tists from 10 different institutions	resea

Iare studying the chemical and	aircra

physical properties and other
attributes of the Taylor Dome core. Insti-
tutions involved are the University of
Washington, the University of Rhode
Island at Narragansett, the University of
Nevada's Desert Research Institute, the
University of Miami, the'Ohio State Uni-
versity, the University of New Hampshire,
the Lawrence Livermore National Labora-

m are used for weather reporting as well as
rch, the AWS units help to make antarctic ship and
tft operations safer.

tory, Scripps Institution of Oceanography,
the University of Maine, and the U.S. Geo-
logical Survey.

All news items by Lynn Simarski, Public
Affairs Specialist, Office of Legislative and
Public Affairs, National Science Foundation

End of an era for the Seabees
I

n October 1993, the U.S. Navy Seabees
ended 46 years of involvement in Opera-

tion Deep Freeze, the Department of
Defense segment of logistics support to the
National Science Foundation's (NSF) U.S.
Antarctic Program (USAP). Since their
inception in 1942, the U.S. Naval Construc-
tion Battalions (Seabees) have deployed
around the world to support U.S. troops on
the front lines, their missions taking them
to the South Pacific during World War II, to
Korea and Vietnam, and more recently to

Panama, Saudi Arabia, and Somalia.
Although a last frontier rather than a bat-
tlefield frontline, Antarctica, too, has been
a regular Seabee assignment since 1947.

Early days inAntarctlca

T
he Navy's involvement in antarctic
expeditions began in the 19th century,

but the Seabees didn't see "The Ice" until
1947 when they served as part of Operation
Highjump, at the time the largest antarctic
expedition ever attempted. The 168-per-

son Seabee Detachment of Task Force 68
(Highjump) was organized 1 November
1946 at the Advance Base Depot Construc-
tion Center in Port Hueneme, California.
The initial mission for Highjump was to
build an operating base at Little America
IV on the Ross Ice Shelf, approximately
1,423 kilometers from the South Pole.
From that mission on, the Seabees demon-
strated that thorough training, high
morale, and a "can-do," creative spirit cou-
pled with a willingness to challenge the
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unknown could overcome the many obsta-
cles to building facilities in the world's
harshest environment.

Antarctica was not explored again on a
large scale until the International Geo-
physical Year (IGY) in 1957, but the
Seabees were major players then, too,
when Task Force 43—or Operation Deep
Freeze—was formed to support the U.S.
Antarctic Research Program (USARP).

Construction of the first antarctic sta-
tions

M
obile Construction Battalion (Spe-
cial) was established 15 February

1955 in Davisville, Rhode Island. The bat-
talion was "special" because it incorporat-
ed occupations not normally found in con-
struction battalions, including aviation
and aerology. The 17 officers and 186
enlisted men who formed the battalion
went to Antarctica with orders to con-
struct, maintain, and operate the stations
associated with the USARP. More specifi-
cally, the battalion's mission was to con-
struct two stations between January and
March 1956 and to prepare two more sites
for station construction between October
1956 and September 1957. The battalion
also scouted out and surveyed locations
for future bases in the McMurdo Sound
area and other coastal locations in the Ross
Sea. The Seabee Detachment evolved from
this small construction battalion into what
is known today as the Public Works
Department of U.S. Naval Support Force,
Antarctica.

Naval Air Operating Facility, McMur-
do Sound was established during the IGY
as a logistics base for deeper exploration
into the antarctic continent. Over the next
38 years, McMurdo would be renamed
Naval Air Facility McMurdo and finally
McMurdo Station. Today, McMurdo Sta-
tion, situated 1,349 kilometers from the
geographic South Pole, still serves as the
main staging platform for almost all U.S.
scientific efforts on the continent.
Although McMurdo Station's appearance
has changed drastically, that mission has
remained essentially unchanged.

In the early 1960s, the Seabees con-
structed, operated, and maintained the
PM-3A nuclear power plant at McMurdo
Station. The reactor arrived at the station
in December 1961 and was on line by 10
July 1962. By 1966, the plant had broken
the record for the longest continuous oper-

ation of a military nuclear reactor. Using
new operating techniques, Navy personnel
were able to increase the plant's output
over the next few years, and in 1971, it set a
new record—it produced 1,600 kilowatts
for 172 days without a break. Despite its
successes, the plant became increasingly
expensive to operate, and when a 1972
routine inspection revealed minor crack-
ing, NSF and the Navy agreed to decom-
mission the plant. Between 1973 and 1976,
all reactor components, the buildings sur-
rounding the reactor, and the soil on
which it stood were removed. The site was
released for unrestricted use by the
Department of Energy in 1979.

Once the basic facilities had been con-
structed, civilian construction contractors
were used more and more for facilities
development and maintenance, allowing
the Seabees to focus their efforts on the
expeditionary aspects of Deep Freeze.
Each year, for example, the Seabees built
and maintained the annual ice runway and
the roads to the ice runway and the ice
pier.

Leaders in cold regions engineering

S
ince 1957, between wintering detach-
ments and annual deployments, there

has been a continuous Seabee presence
"on The Ice." These Seabees pioneered
and made useable many of the cold-
weather construction techniques that are
still practiced around the world. According
to LCDR Jim Ray, U.S. Naval Support
Force, Antarctica's (NSFA) Public Works
Officer, "Seabees have been involved in
antarctic construction since 1947. When
construction first started, the learning
curve was quite steep; as a practical matter
of necessity, Seabees were on the forefront
of that curve. From the first, it was a matter
of solving local problems by adapting tech-
niques from other parts of the world to the
local conditions.... By 1974 sufficient
knowledge had been gained to publish the
McMurdo Station, Antarctica Engineering
Manual which was last revised in 1979 and
is still in use today."

The Seabees have made huge contri-
butions to the success of the U.S. Antarctic
Program. According to Ray, the examples
are to be found everywhere, from McMur-
do Station and to almost anywhere on the
continent. "Most of the existing structures
were built by the Seabees," Ray states.
"Some facilities are near the end of their

useful life span (South Pole Station, fuel
storage tanks, Williams Field facilities, for
example) and are scheduled for replace-
ment. However, these facilities are still
doing the job for which they were designed
and built. Other facilities constructed and
maintained by Seabees are unique and
absolutely critical to current operational
and logistic support operations of the U.S.
Antarctic Program (USAP). These facilities
include the annual sea-ice runway, the
floating ice pier, Byrd surface camp, and
Marble Point air facility."

To The Ice again, but this time with-
out the Seabees

H
eadquartered at the U.S. Naval Con-
struction Battalion Center, Port

Hueneme, California, the U.S. Naval Sup-
port Force, Antarctica (NSFA) deploys to
Antarctica during the austral summer
(October through February), providing
logistical support and air operations for
the USAP. Under the command of Navy
Captain Jack Rector, NSFA is the parent
component of Operation Deep Freeze. It is
augmented by a multiservice force com-
prised of units from the U.S. Army,
Marines, Air Force, and Coast Guard, as
well as the Royal New Zealand Air Force
and New Zealand Army.

Primary aviation operations for Deep
Freeze are provided by Antarctic Develop-
ment Squadron Six (VXE-6), which is based
at Naval Air Warfare Station, Point Mugu,
California. VXE-6 flies ski-equipped LC-
130 "Hercules" airplanes to deliver cargo
and personnel to various snow-covered
locations around Antarctica. VXE-6 also
operates twin-engined UH-1N "Huey"
helicopters to support and resupply
remote field camps near McMurdo.

U.S. Navy Seabees deployed during
the annual winter fly-in in August 1993 to
survey and construct a runway built on the
annual sea ice of McMurdo Sound. This
deployment was the last for the 'Bees
whose involvement with Deep Freeze has
spanned the entire history of the U.S.
Antarctic Program. Their duties were
assumed by a civilian contractor with the
arrival of the main body in October 1993.

"All things have a beginning and an
end," said LCDR Ray. "The Seabees and
the USAP have had a mutually beneficial
relationship for many years. However, as
the Navy downsizes, and the size and com-
plexity of the support infrastructure in
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Antarctica grows, it is entirely proper for
the tasks formerly accomplished by
Seabees to be contracted to the private
sector. We (the Seabees) need to focus on
our core business of Fleet and Marine
Corps support."

The Officer-in-Charge of the Navy
wintering detachment will remain as a
Civil Engineer Corps Officer, and a few

Seabee personnel will continue to be part
of the wintering group. So the 'Bees will
keep an eye on their history, but the era of
major Seabee construction and mainte-
nance has ended.

Except for the wintering detachment,
the men and women of the Naval Support
Force ended their activities on the antarc-
tic continent in February and redeploy to

begin a new training, planning, and resup-
ply schedule in preparation for the next
season—for the first time ever without the
Seabees.

J02 Paul S. Wallace Hand J03 Evelyn T.
Bowie, U.S. Naval Support Force, Antarcti-
ca, PublicAffairs Office

Foundation awards of funds for antarctic projects, 1 September
to 30 November 1993
F

ollowing is a list of National Science
Foundation antarctic awards made

from 1 September to 30 November 1993.
Each item contains the name of the prin-
cipal investigator or project manager, his
or her institution, a shortened title of the
project, the award number, and the
amount awarded. If an investigator
received funds from more than one pro-
gram in the Office of Polar Programs
(OPP), the award is listed under the head-
ing for each program with the funds pro-
vided by that program listed first and the
total award amount given in parentheses.
If an investigator received a joint award
from more than one Foundation program,
the antarctic programs are listed first, and
the total amount of the award is listed in
parentheses. Numbers for awards initiated
by the Office of Polar Programs contain
the prefix OPP.

Biology and medicine

Boster, James S. University of California, Irvine,
California. Collaborative research: Social struc-
ture, agreement, and conflict in groups in
extreme and isolated environments. OPP 90-
11930. $14,107. ($28,214)

Franklin, Jerry F. University of Washington,
Seattle, Washington. Stimulating and facilitat-
ing collaborative long-term ecological research:
A proposal for continuing support of the LTER
Network office. OPP 93-48876. $25,000.
($193,778)

Hall, Michael J. National Oceanic and Atmos-
pheric Administration, Washington, DC. Sup-
port for Argos data collection and location sys-
tem. OPP 93-48787. $20,000. ($481,800)

Kooyman, Gerald L. University of California at
San Diego, Scripps Institution of Oceanogra-
phy, La Jolla, California. Physiology and ener-
getics of king and emperor penguins. OPP 92-
19872. $122,664.

Manahan, Donal T. University of Southern Cali-
fornia, Los Angeles, California. Biological adap-
tations of antarctic marine organisms. OPP 93-
17696. $106,392.

Neale, Patrick J. Chesapeake Research Consor-
tium, Inc., Solomons, Maryland. Effects of
ultraviolet radiation on the photosynthesis of
phytoplankton in the antarctic marginal ice
zone. OPP 92-20373. $155,456.

Trivelpiece, Wayne Z. Montana State Universi-
ty, Bozeman, Montana. Influence of pack ice on
the distribution and demography of pygoscelis
penguins. OPP 91-21952.$124,807.

Marine and terrestrial geology and
geophysics

Anderson, John B. Rice University, Houston,
Texas. Workshop on Weddell Sea glacial histo-
ry. 0PP93-19332. $12,472.

Behrendt, John C. U.S. Geological Survey, Den-
ver, Colorado. Airborne lithosphere and ice-
cover experiment: Corridor Aerogeophysics
Southeastern Ross Transect Zone (CASERTZ) II.
OPP 93-70442. $63,212.

Bell, Robin E. Columbia University, New York,
New York. Airborne lithosphere and ice-cover
experiment (ALICE): The antarctic rift system
examined with corridor aerogeophysics. OPP
93-70476. $27,500.

Blankenship, Donald D. University of Texas,
Austin, Texas. Airborne lithosphere and ice-
cover experiment (ALICE): Corridor Aerogeo-
physics Southeastern Ross Transect Zone
(CASERTZ). OPP 93-70477. $27,500.

Boyce, Joseph. National Aeronautic and Space
Administration. Washington, DC. Antarctic
meteorite working group. OPP 93-70353.
$42,711.

Cooper, Alan K. U.S. Geological Survey, Menlo
Park, California. Cenozoic tectonism of the Ross
Sea, Antarctica. OPP 92-21362. $79,974.

Cooper, Alan K. U.S. Geological Survey, Menlo
Park, California. Symposium on antarctic conti-
nental margin. OPP 93-19220. $25,000.

Hodge, Steven M. U.S. Geological Survey, Taco-
ma, Washington. Airborne lithosphere and ice-
cover experiment (ALICE): Corridor Aerogeo-
physics Southeastern Ross Transect Zone
(CASERTZ). OPP 93-70443. $9,631. ($109,631)

Main, Michael C. Malin Space Science Systems,
San Diego, California. Physical weathering and
abrasion in the Dry Valleys, Antarctica: Recov-
ery and analysis of targets exposed for 10 years.
OPP 92-19087. $24,376.

Mullen, Roy R. U.S. Geological Survey, Reston,
Virginia. Antarctic surveying and mapping pro-
gram. OPP 93-70464. $312,386.

Nishiizumi, Kunihiko. University of California,
Berkeley, California. Evidence for recent cli-
mate change and a Cretaceous thermal event in
southern Victoria Land. OPP 91-18560. $13,303.
($23,303)

Walker, Nicholas W. Brown University, Provi-
dence, Rhode Island. Comparative petrologic
structural and geochronometric investigation of
high-grade metamorphic rocks in the Trans-
antarctic Mountains: Nimrod Group and
Lanterman Range. OPP 92-19555. $59,746.

Wannamaker, Philip E. University of Utah, Salt
Lake City, Utah. Collaborative research: Seis-
mic/magnetotelluric traverse of the Byrd Sub-
glacial Basin—Field test. OPP 92-19503.
$29,406.

Ocean and climate studies

Bromwich, David H. Ohio State University,
Columbus, Ohio. U.S. FROST workshop. OPP
93-17710.$10,168.

Hall, Michael J. National Oceanic and Atmos-
pheric Administration, Washington, DC. Sup-
port for Argos data collection and location sys-
tem. OPP 93-48787. $30,430. ($481,800)

ANTARCTIC JOURNAL - MARCH 1994

22



Neff, William D. National Oceanic and Atmos-
pheric Administration, Environmental Research
Laboratory, Boulder, Colorado. South polar
atmospheric boundary layer. OPP 93-70326.
$118,881.

Stearns, Charles R. University of Wisconsin,
Madison, Wisconsin. Antarctic Meteorological
Research Center. OPP 92-08864. $1. ($210,001)

Stearns, Charles R. University of Wisconsin,
Madison, Wisconsin. Continuation for the
antarctic automatic weather station climate
program 1993-1996. OPP 93-03569. $225,602.
($445,604)

Aeron oinyand astronomy

Dragovan, Mark. Princeton University, Prince-
ton, New Jersey. Presidential Young Investiga-
tor (PYI) award: Development of submillimeter
detectors for cosmic background measure-
ments at the South Pole. OPP 90-57089.
$31,000. ($62,500)

Gaisser, Thomas K. Bartol Research Institute,
Newark, Delaware. South Pole air shower
experiment for gamma ray astronomy at ultra-
high energy. OPP 92-21665. $152,393.

Hall, Michael J. National Oceanic and Atmos-
pheric Administration, Washington, DC. Sup-
port for Argos data collection and location sys-
tem. OPP 93-48787. $12,570. ($481,800)

Pliocene history of the east antarctic ice sheet: A
workshop. OPP 93-19799. $33,138.

Nishiizumi, Kunihiko. University of California,
Berkeley, California. Evidence for recent cli-
mate change and a Cretaceous thermal event in
southern Victoria Land. OPP 91-18560. $10,000.
($23,303)

Support and services

Cooksy, Ron. National Park Service, Washing-
ton, DC. Park Service interpretation-Palmer
Station. OPP 93-02316. $9,254. ($9,255)

Fraser, William R. Montana State University,
Bozeman, Montana. The impacts of tourism on
wildlife populations at Palmer Station, Antarctic
Peninsula. OPP 93-20115. $49,909.

Hall, Michael J. National Oceanic and Atmos-
pheric Administration, Washington, DC. Sup-
port for Argos data collection and location sys-
tem. OPP 93-48787. $24,000. ($481,800)

Hibben, Stuart G. Library of Congress, Wash-
ington, DC. Abstracting and indexing service for
current antarctic literature. OPP 93-70882.
$67,507.

Koger, Ronald G. Antarctic Support Associates,
Orange, California. Logistics support of opera-
tions/research activities related to the U.S. pro-
gram in Antarctica. OPP 93-48290. $18,757,997.

Editors note: Delayed publication
of weather data

The November 1993 through January
1994 data for McMurdo, Palmer, and
Amundsen-Scott South Pole Stations will
be published in the June 1994 issue of
the Antarctic Journal, along with data for
February through April 1994 for all three
stations.

Koger, Ronald G. Antarctic Support Associates.
Orange, California. Logistics support of opera-
tions/research activities related to the U.S. pro-
gram in Antarctica. OPP 93-70563. $16,024,437.

Papuchis, John C. Department of the Navy, Air
Systems Command, Washington, DC. LC-130
procurement for the National Science Founda-
tion. OPP 93-12316. $49,360,000.

Proteau, Paul R. Capital Systems Group, Inc.,
Rockville, Maryland. A proposal to provide ser-
vices to store, publicize, and fulfill requests for
NSF-owned visual materials regarding polar
subjects. OPP 93-70907. $12,735.

Rummel, John D. National Aeronautics and
Space Administration, Washington, DC.
National Science Foundation/ National Aero-
nautics and Space Administration technology
demonstration. OPP 93-70541. $578,000.

Morse, Robert M. University of Wisconsin,
Madison, Wisconsin. The
antarctic muon and neutrino
detector array (AMANDA) pro-
ject: The antarctic ice sheet as a
high-energy particle detector.
OPP 93-70275. $102,290.

Schommer, John. Department of Interior,
Washington, DC. Aviation manage-
ment services. OPP 93-70407.
$14,000.Two nations accede to the

Antarctic Treaty
I

n October 1993, the United States, the depository government
for the Antarctic Treaty, notified the Antarctic Treaty Consulta-

tive Parties that the new Czech and Slovak Republics had acceded
to the Antarctic Treaty, effective 1 January 1993. Previously
Czechoslovakia had acceded to the Treaty in 1962.

Accession to the Treaty is open to "any State which is a member
of the United Nations, or any other state which may be invited to
accede to the Treaty with the consent of all Contracting Parties"
(Antarctic Treaty, Article XII, paragraph 1). To achieve consultative
status, however, a country must demonstrate "its interest in Antarcti-
ca by conducting substantial scientific research there, such as the
establishment of a scientific station, or dispatch a scientific expedi-
tion" (Antarctic Treaty, Article XI, paragraph 2). Although acceding
nations have agreed to abide by the terms of the Treaty, they do not
participate in its operation. Consultative parties share equally in all
decisions and discussions related to the Treaty and Antarctica and in
making recommendations.

The accession of the Czech and Slovak Republics brings the
number of contracting parties to the Antarctic Treaty to 42.

Shah, Raj N. Capital Systems Group,
Inc., Rockville, Maryland. Proposal
processing and travel support to the
Office of Polar Programs, National
Science Foundation. OPP 93-70919.
$13,592.

Stearns, Charles R. University of
Wisconsin, Madison, Wisconsin.
Antarctic Meteorological Research
Center. OPP 92-08864. $210,000.
($210,001)

Stearns, Charles R. University of
Wisconsin, Madison, Wisconsin.
Continuation for the antarctic auto-
matic weather station climate pro-
gram 1993-1996. OPP 93-03569.
$220,002. ($445,604)

Walker, Alan. Department of Trans-
portation, U.S. Coast Guard, Wash-
ington, DC. Icebreaker support in
the U.S. Antarctic Program fiscal
year 1994. OPP 93-70371. $2,274,395.

Glaciology

Grootes, Pieter M. University of
Washington, Seattle, Washing-
ton. Oxygen isotope record
from McMurdo Dome and its
relation to the geological cli-
mate record of the Dry Valleys.
OPP 89-15924. $213,919.

Hodge, Steven M. U.S. Geologi-
cal Survey, Tacoma, Washing-
ton. Airborne lithosphere and
ice-cover experiment (ALICE):
Corridor Aerogeophysics South-
eastern Ross Transect Zone
(CASERTZ). OPP 93-70443.
$100,000. ($109,631)

Kurz, Mark D. Woods Hole
Oceanographic Institution,
Woods Hole, Massachusetts.
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"How can USAP best use the capabilities of
our icebreaking research ship Nathaniel B.
Palmer?" asks Office of Polar Programs Direc-
tor Cornelius W. Sullivan as he examines a new
paradigm for science policy (p. 3). The Palmer's
support of winter research in the Bellingshau-
sen and Amundsen's Seas and the ANZFLUX
experiment in the Weddell Sea is highlighted in
this issue.
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