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Abstract
During January-March 1968, the USCGC GLACIER (WAGE

4) penetrated the pack ice of the Weddell Sea to over 75° S. lati-

tude in support of the first phase of the International Weddell

Sea Oceanographic Expedition (IWSOE). Fifty-eight oceano-

graphic stations were occupied in the southwestern and western

Weddell Sea, most of which were in areas never before surv'eyed.

The U.S. Coast Guard Oceanographic Unit performed analyses of

temperature, salinity, oxygen and dissolved nutrients. These data

are presented, accompanied by a preliminary interpretation of

the oceanography of the Weddell Sea. The water masses and

processes involved in the formation of Antarctic Bottom Water

are discussed.
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OCEANOGRAPHY OF THE WEDDELL SEA

January - March 1968

Introduction

The importance of the oceanographic pro-

cesses of the Weddell Sea and the need for

their study has long been recognized. This

area is generally believed to be the source of

most of the Antarctic Bottom Water that flows

northward into the ocean basins. There are

varying opinions on the northward extent of

Antarctic Bottom Water. Defant (1961) indi-

cated that it can be traced to 25 °N. in the

Pacific and 8° N. in the Atlantic while Dietrich

(1965) traced it to as far north as 50° N.

latitude in the Pacific and 45° N. latitude in

the Atlantic.

Just as the importance of the oceanographic

processes of the Weddell Sea has long been

recognized, the difficulty of such a study has

also been apparent. Prior to the International

Geophysical Year (IGY) the Weddell Sea was
only crossed five times; by James Weddell in

1823, by Sir James Clark Ross in 1843, by W.
S. Bruce in 1904, by Wilhelm Filchner in 1911,

and by Ernest Shackleton in 1915. (Klepikov

1963). The latter two accounts especially in-

dicate the treachery of the Weddell Sea since

both ships became ice-bound for prolonged

periods of time and, in the case of Shackle-

ton's voyage, resulted in the complete destruc-

tion of ENDURANCE. The sheer heroism of

the account of the survival of Shackleton and

his crew is unequalled outside of fiction.

Even with modern icebreakers, an exten-

sive area in the Western Weddell Sea remained

unstudied. In the early 1960's several methods

of observation were considered. One idea was
to initiate a program similar to the Arctic's

Operation Ski Jump. Upon further investiga-

tion, this proved to be impractical owing to

the remote location of the Weddell Sea. The
flight time from an existing air support site

or the practical problems in setting up a tem-

porary site were formidable. More important,

ice conditions in the Weddell Sea are not suit-

able for even the most daring aviator to at-

tempt landing; hence plans for an aircraft

supported oceanographic program were aban-

doned.

Despite obvious difficulties, the National

Science Foundation included the study of the

oceanography of the Weddell Sea in its long

range plans. The need for such a program was
also evident to the U.S. Coast Guard and fit

into its expanded oceanographic mission. Con-

sequently, owing to the combined needs of the

National Science Foundation and the U.S.

Coast Guard, it was decided to modify USCGC
GLACIER (WAGB 4), the largest of the na-

tion's icebreakers, to make it capable of carry-

ing out an extensive oceanographic program.

Modifications made prior to IWSOE '68 for

Antarctic oceanographic operations included

addition of five oceanographic laboratories,

two oceanographic winches, a level luffing

crane for over-the-side work, a salinity-

temperature-depth recording system, an 8K
memory computer, and standard oceanogra-

phic laboratory equipment. Prior to IWSOE
'69 an additional winch and luffing crane were

installed to give USCGC GLACIER piston

coring and heavier dredging capacity. These

modifications made meaningful, well-rounded

oceanographic programs possible. Figure 1

shows the alterations accomplished on USCGC
GLACIER.
Two items which contributed greatly to the

success of IWSOE '68 were satellite photo in-

formation and satellite navigational equip-

ment. Navigation in the Weddell Sea is

extremely difficult and inaccurate. No naviga-

tional aids are available and celestial naviga-

tion is hampered by skies that are generally

overca.st, coupled with an indistinct horizon

due to the presence of ice. These conditions

make the calculations of even the best of

navigators subject to considerable uncertainty.



The accuracy of satellite navigation was not

affected by either clouds or indistinct horizon,

hence, the quality of the navigation during

the expedition vi^as quite high. Use of satellite

photos to determine areas of light ice and to

aid in prediction of ice conditions in particular

areas also contributed towards more eifective

operation and lessened the chance of uninten-

tionally wintering over.

IWSOE '68 Programs

A number of institutions took part in the

expedition. A brief description of each of their

programs is given below.

University of Bergen

A program to investigate currents related

to the formation of Antarctic Bottom Water
was directed by Dr. Thor Kvinge of the Uni-

versity of Bergen. One of the theories of form-

ation of bottom water calls for a "release"

of bottom water on the shelf periodically dur-

ing the austral winter. To evaluate this theory,

Dr. Kvinge installed four buoy systems on the

shelf to measure currents and temperature

throughout the winter. A schematic of this

buoy system is presented in a report by Kvinge

(1968) and is reproduced as Figure 2.

University of Connecticut

The zonation of the benthic organisms in

the Weddell Sea was studied by Dr. John S.

Rankin of the University of Connecticut. Dr.

Rankin used epibenthic sleds, anchor dredges,

Blake trawls and Van Veen grab samplers.

Upon collection, all sediment samples were
washed through selves and the macroscopic

organisms were classified and preserved. Pre-

liminary analysis showed two zones : a shallow

zone (depths up to 1000 meters) that was
characterized by a great number and variety

of relatively large animals and a deeper zone

that was characterized by few numbers and
kinds of relatively small animals. The size of

some of the foraminifera was noteworthy,

some of them being as large as % inch long.

Texas A&M University

Primary productivity was studied in a pro-

gram under the direction of Dr. Sayed Z. El

Sayed of Texas A&M University. This program
consisted of the study of:

a. Light penetration.

b. Chlorophyll and phasophytin concen-

tration.

c. Photosynthesis (C" uptake method).

d. Phytoplankton and zooplankton (col-

lected with vertical tows).

e. Quantitative phytoplankton studies by

filtering large water samples.

Dr. El Sayed's data indicated conspicuous

variations in the productivity of the areas

visited. The southwest and western regions

of the Weddell Sea were found to be more
productive than the central and southern re-

gions.

University of Minnesota

A program to study the population dynamics

of Antarctic seals (and penguins) was con-

ducted by Dr. Donald B. Sinnifi" of the Uni-

versity of Minnesota, Museum of Natural

History. Census-taking was achieved by

counting the number of seals within Vi "^il^

of the ship for a two hour period at selected

times throughout the day. Blood samples were

also collected from representative animals and

processed for later study. Analysis of the sam-

ples by electrophoresis will show if racial dif-

ferences exist among the wide-spread

seal population of the Weddell Sea. Helicop-

ters were used to land on ice floes inhabited

by seals; the seals were anesthetized using a

dart gun and the blood samples were then

drawn.

University of Miami

A program to investigate the microalgae

and protozoa of Antarctic pack ice was con-

ducted by Dr. Chum Chi Lee of the University

of Miami. Observations and samples were ob-

tained within and under the pack ice by divers

and correlated with observations obtained by

other investigators.
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U.S. Coast Guard Oceanographic Unit

The program conducted by the U.S. Coast

Guard Oceanographic Unit included physical

oceanographic measurements, nutrient and pH
determinations, bottom photography and gra-

vity coring. This program will be discussed in

detail later in the paper. Personnel making
up the U.S. Coast Guard Oceanographic Unit

field part included

:

Robert B. Elder, Oceanographer.

LT. James M. SEABROOKE, USCG,
Oceanographer.

SOI-SI James A. WADE, USCG, Oceano-

graphic Technician.

SOI-SI John M. MURPHY, USCG, Ocean-

ographic Technician.

AGI Peter R. SAN JULE, USCG, Oceano-

graphic Technician.

S02-SI Robert C. MURRELL, USCG,
Oceanographic Technician.

YN2 Dwight E. OLSON, USCG, Oceano-

graphic Technician.

SN Scott B. ROBERTSON, USCG, Ocean-

ographic Technician.

IWSOE '68 Cruise Procedure

The International Weddell Sea Oceano-

graphic Expedition, 1968, was scheduled to

begin upon termination of USCGC GLAC-
IER'S support work at McMurdo Station. The
scientific party met CGC GLACIER in Punta
Arenas, Chile on 20 January 1968. Departure

was delayed until 26 January owing to late

arrival of last-minute shipments. While in the

Drake Passage, contact with the Argentine

Icebreaker GEN. SAN MARTIN was made and
it was determined that a rendezvous at Hope
Bay would be possible by diverting slightly.

Rendezvous was made and various facets of

the expedition were discussed. CGC GLACIER
departed Hope Bay on 31 January 1968

enroute to 74° S., 40° W., the desired site of the

current meter—water sampler buoy installa-

tion. It was decided to steam directly to the

buoy site without delay to increase the chances

that the SRN-9 Satellite Navigation system

would be operative and because ice reconnais-

sance photos indicated that the desired area

was free of ice. The time was also used for

the various investigators to set up their equip-

ment. An initial bathymetric survey of the

buoy site was conducted to determine the gen-

eral bottom characteristics and to make sure

that the buoys would not be set in a depression.

Upon completion of the bottom survey four

buoys were set. Details of the buoy installation

procedure are given by Kvinge (1968).

Upon completion of the buoy installation,

occupation of oceanographic stations was be-

gun to obtain data in the areas of the Weddell

Sea ordinarily inaccessible. It was believed that

ice conditions during the austral summer of

1967-1968 were lighter than usual. Therefore,

areas which would be inpenetrable or very

difficult to pentrate under normal ice condi-

tions were given the highest priority of study.

When the ice became so heavy that the ship's

progress was slowed greatly (to about 3 knots),

lighter ice was sought. With the exception of

a run to Halley Bay because of a medical em-

ergency, this procedure was carried out

throughout the cruise.

Station Procedure

The initial procedure followed by the ship

upon arriving on station depended largely on

ice conditions. The difficulty in setting the ship

properly for station was generally inversely

proportional to the ice concentration. In heavy

concentrated ice it was usually possible to ease

into an opening in the ice and allow the wind
to hold the ship against the downwind side.

Most of the time, there would not be enough
ice dislodged to cause any problems after the

first few minutes. In less concentrated ice the

same procedures were attempted, but difficul-

ties arose when the ice was not firm enough

to keep the ship from drifting through the

ice. Frequently under these circumstances,

blocks of dislodged ice converged in the wake
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or windward side of the ship and caused pro-

blems with any gear over the side. Possibly the

ice conditions which were most hazardous to

oceanographic equipment were in open pack
ice where the ice and the ship were free to

drift independently. Under these conditions it

was impossible to predict when floes would
drift in and tangle or break the oceanographic
cable. The best solution was to try to find open
areas where the ship could drift free of ice

long enough to complete a cast, then reposi-

tion the ship before starting another cast. Late

in the survey, a 10' by 10' coffer dam was built

of ten inch square timbers. It was floated un-

derneath the platform and the casts were low-

ered through it. It was initially designed to

keep brash ice (up to the size that might trip

a Nansen bottle) away from the cable. On
occasion, however, it kept out rather large

floes under considerable pressure.

In the cases where the ship's movement in-

to an area might have disturbed the surface

water measurements, observations of other

than surface phenomena were made first so

that surface conditions could return to more
nearly normal before measurement.

Although station plans were constantly

changing owing to a number of circumstances,

there were generally two station types: a

somewhat abbreviated station taken near local

apparent noon, and a more complete or major
station taken at night. The local apparent noon
station usually consisted of a secchi disc ob-

servation, submarine photometer observations,

a combined vertical zoo-phytoplankton tow,

water sampling from six levels (using "Van
Dorn" sampling bottles), and a Nansen bottle

cast to 1000 meters. The major station, oc-

cupied at night to make optimum use of the

dark hours when the ship's progress would be

slowed or stopped, usually consisted of two
overlapping Nansen cast (one from surface to

about 1000 meters, and the other from about

1000 meters to the bottom), a cast to obtain

samples for chlorophyll analysis, a vertical

plankton tow, an STD cast, and either bottom

cores or photography. In addition to the two
main types of stations, a trawl or dredge sta-

tion was occupied when ice conditions allowed.

Data Acquisition And Initial Analysis Methods

Nansen Casts

Teflon-lined Nansen bottles were used

throughout the cruise. All bottles were equip-

ped with two protected reversing thermome-
ters and at approximately alternate depths be-

low 200 meters with unprotected thermome-
ters. Nominal sampling depths were 0, 10, 25,

50, 75, 100, 150, 200, 300, 400, 500, 600, 700,

800, 1000, 1250 and 1500 meters and at 300
meter intervals below that. Several bottles were
placed at 25 meter intervals near the bottom
to determine whether any changes in the water
structure might occur at that level. These
depths were frequently modified to provide
more optimum sampling. Two overlapping
Nansen casts were generally required to obtain

samples from the surface to the bottom. The
shallower cast was generally from to 1000

meters and the deeper cast from 1000 meters

to the bottom. A pinger was used to aid in

sampling near the bottom. In the cases where
the ship was firmly held by the ice, a zero

wire angle was generally obtained which made
it possible to obtain samples within a few
meters of the bottom.

Temperature Data

Standard analysis procedures for correcting

thermometers and determining thermometric

and accepted depths were used. Use of the

shipboard computer made quick, accurate data

analysis possible and thus allowed prompt
response to any conditions that might indicate

that a change in sampling procedure was de-

sirable.

Salinity Determination

Salinity was determined using an inductive

type salinometer. Final calculations of salinity

were made by computer. Shipboard quality

control of salinity and temperature data in-

cluded examination of T-S plots for distribu-

tion of stability and agreement with historical

norms.



Nutrient Analysis

At the beginning of the cruise, phosphates,

nitrates, and silicates were determined aboard

ship using the methods described by Strickland

and Parsons (1965). Unfortunately, the spec-

trophotometer purchased for the ship became

inoperative. The spare instrument from the

U.S. Coast Guard Oceanographic Unit was also

inoperative owing to damage in shipment.

Consequently, the samples were frozen for the

remainder of the cruise. Frozen samples were

returned to the U.S. Coast Guard Oceano-

graphic Unit to determine nitrates, nitrites,

silicates, phosphates and ammonia. Some of

these samples were ruined by freezer malfunc-

tion. Consequently, nitrite determinations from
stations 030 to 060 and all nutrient data from

stations 043 to 060 were invalid.

Oxygen

The amount of dissolved oxygen was deter-

mined on all samples using a modified (Strick-

land and Parsons, 1965) Winkler method.

Salinity-Temperuture-Depth System (STD)

The STD was used at the major stations to

obtain a continuous profile of temperature and

salinity with depth. When deep STD and Nan-

sen casts were taken at the same station, the

STD cast was usually terminated at about 2000

meters depth. This saved time, yet allowed

all the important inflection points (except any

that occurred very near the bottom) to be

observed. A single Nansen bottle was attached

to the STD cable just above the underwater

unit so that quality control and calibration of

the STD data could be accomplished.

Bottom Cores

Bottom cores were obtained by using two
gravity corers attached to a bridle to permit

simultaneous lowering. The arrangement
worked quite well. Core lengths averaged about

three feet. The cores were retained in the plas-

tic core liners and were then coated with wax
and stored upright in cold storage.

Bottom Photography

A Thorndike (1959) type bottom contact

camera was used for bottom photographs.

Both Plus-X black and white film and high

speed color film were used. The camera system

was set so that a photograph was taken with

the camera lens about three feet above the bot-

tom and at an angle of approximately sixty

degrees from the vertical. The strobe light was
attached beneath the camera and oriented at

about the same angle as the camera. This re-

sulted in a close-up of the bottom at an oblique

angle which gave somewhat of a three-dimen-

sional effect because of shadows. The ship's

photographer was able to develop both types

of film. The results of the bottom photography

are presented in a paper by Hollister and Elder

(1969).

Vertical Plankton Tow

Two 1/4 meter nets were used simultaneously

to obtain plankton samples. One of the nets

had a mesh size suitable for zooplankton and

the other a mesh size suitable for phytoplank-

ton. These were lowered to 200 meters. Lower-

ing and retrieving rates were approximately

20 meters per minute.

Productivity and Chlorophyll

Although chlorophyll content was not mea-

sured continuously, as was originally planned,

it was measured frequently by obtaining sam-

ples With a bucket. Samples at depths gov-

erned by various levels of incident radiation

were obtained using Van Dorn bottles. Because

of loss of bottles through damage, two casts

were required to obtain six near-surface sam-

ples. These were obtained at local apparent

noon at depths of 100, 60, 23, 11 and 2 percent

of incident light penetration plus two other

depths selected for other reasons. A secchi disc

was used to determine light extinction. A sub-

marine photometer was also used from time

to time as a further measurement of light pene-

tration.

Results of Analysis

Sixty-one oceanographic stations were taken

by USCGC GLACIER during IWSOE '68. Four

sections through these stations were selected

for analysis (fig. 3). Vertical distribution of

sigma-t, temperature, salinity and oxygen con-

tent were determined for these sections and

are reproduced in Figures 4-19.

Analysis of the data indicate that two main



water masses mixed to form Antarctic Bottom

Water. These were the cold (<-1.9° C.) saline

(>34.60o/oo) water which was found on the con-

tinental shelf below about 200 meters and the

Warm Deep Layer (>0.2° C. and >34.67o/oo,

based on IWSOE data) which was found from

about 500 to 1000 meters depth off the shelf

(Sections B and C). These two water masses

met at the upper part of the continental slope.

Seaward of the continental shelf, mixing and

sinking of dense shelf water and Warm Deep

Layer water are clearly indicated. Sections A,

B and C (fig. 4-15) show this, particularly in

the vicinity of stations 18 and 25. Further

mixing at depth is also made apparent by

the sigma-t distributions. The 27.85 and 27.86

isopycnals plotted on the temperature cross

sections illustrate this (figs. 4, 8, 12 and 16) as

do the isentropic analyses of the temperature

distribution on the 27.85 and 27.86 sigma-t

surfaces.

The primary conclusion reached as a result

of the data analyses is that water of sufficient

density to mix with the Warm Deep Layer

and form Antarctic Bottom Water was being

formed during the austral summer in the

Southwestern Weddell Sea. The data indicate

that this dense shelf water was not formed at

the air-sea interface nor was it formed else-

where and transported into the Southwestern

Weddell Sea area. Its presence during the sum-

mer can not be explained as winter-formed

water entrapped by bottom topography since

the area is quite flat and can not prevent water

from flowing off the shelf (fig. 24). Conse-

quently, it is concluded that the most logical

method of formation is the mechanism de-

scribed by Lusquinos (1963). This method of

formation requires that the dense shelf water

attain its temperature-salinity characteristics

by interaction with the extensive ice shelf in

the Southwestern Weddell Sea. The tempera-

ture of the water is reduced, the salinity is

increased due to freezing and the density of

the water is therefore increased. Thus the cold

dense shelf water is formed on a continuous

basis and subsequently mixes with warm deep

water to form Antarctic Bottom Water.

These data as well as additional data col-

lected during IWSOE '69 are presently being

analysed in detail and the results will be pub-

lished in the near future.
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OCEANOGRAPHIC SPACES

SECOND DECK AFT

Figure 1. USCGC GLACIER (WAGE 4) oceanographic alterations.
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STATION LOCATION CHART - IWSOE 1968

Figure 3. Locations of stations and sections for the 1968 International Weddell Sea Oceanographic Ex-

pedition.
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Figures. Vertical distribution of temperature (°C) with selected isopycnals (<rt in g/1) along Section

B. Contour intervals are 0.1°C in the -0.4 to -0.5°C and 0.0 to 0.4°C ranges, 0.2°C in the -1.5 to

-1.7°C and -0.4 to 0.0 °C ranges and 0.5 °C in the -1.5 to -0.5°C range.
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Figure 9. Vertical distribution of salinity (Voo) along Section B. Values less than 34.50 7oo not con-

toured. Shading indicates area of sharp salinity gradient (33.832 °/oo to 34.500 °/m).
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Figure 10. Vertical distribution of density (<rt, in g/1) along Section B. Values less than 27.750 g/1

not contoured.
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Figure 11. Vertical distribution of dissolved oxygen (ml/1) along Section B.
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Figure 16. Vertical distribution of temperature (°C) with selected isopycnals (at, in g/1) along Sec-

tion D.
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Figure 17. Vertical distribution of salinity (Voo) along Section D. Values less than 34.50 7™ not con-

toured. Shading indicates area of sharp salinity gradient (33.809 7.<i to 34.500 Vo.).
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Figure 18. Vertical distribution of density (trt, in g/1) along Section D. Values less than 27.820 g/1

not contoured.
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Figure 20. Distribution of temperature on the 27.85 g/1 constant density (ut) surface, with point values

of depth of the surface.
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Figure 21. Distribution of temperature on the 27.86 k/1 constant density (at) surface, with point values

of depth of the surface.
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WEDDELL SEA BOHOM TOPOGRAPHY
(pr«par«d by Dr. Thor Kvinga)

70" 60" 50" 40" 30" 20" 10'

Figure 22. Weddell Sea bottom topography (prepared by Thor Kvinge).
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APPENDIX A
OCEANOGRAPHIC DATA

A complete description of the codes utilized in the tabulation of oceanographic station data

can be found in National Oceanographic Data Center publication M-2, Processing Physical and

Chemical Data from Oceanographic Stations. (Rev. August 1964, supplement issued May 1966.)

To facilitate use of the oceanographic station data listing, entry headings which are not

self-explanatory are described below.

Depth to Bottom Corrected or uncorrected sounding in meters.

Max. Depth of Samples Depth of deepest sample to nearest multiple of one hundred meters.

Wave observations

DIR Rounded to nearest multiple of ten degrees.

HGT In increments of V2 m. Sum of 5 meters plus increments of V2 m if 50 is added to di-

rection.

PER . If numerals 2 through 9 are entered, period in seconds is twice the numeric entry or 2X

(numeric entry) + 1. For other entries see WMO Code 3155.

SEA Sea state according to WMO Code 3700

Weather Code - - If preceded by X, weather according to WMO Code 4501. If a two-digit entry, weather

according to WMO Code 4677.

Cloud Code

Type Cloud type according to WMO Code 0500.

Amount Cloud amount in eights. Entry of the numeral 9 indicates cloud amount could not be

estimated.

Water
Color Code Color according to Forel-Ule scale.

Trans • Transparency in whole meters as determined by Secchi disc.

Wind
Dir Rounded to nearest multiple of ten degrees.

Speed or Force If preceded by letter S, wind speed in knots; if preceded by letter F, wind force accord-

ing to Beaufort scale.

Barometer Barometric pressure given in tens, units and tenths of millibars.

Air Temp. ° C. Air temperature to tenths of a degree centigrade.

Vis. Code Visibility according to WMO Code 4300.

No obs. depths Number of observed levels associated with the station.

Messenger time Entered in hours and tenths of an hour GMT. For Nansen casts, indicates time of re^

lease of messenger applicable to the observational level. For STD casts, indicates the

starting time of lowering the sensor.

Card type OBS designates observed levels. STD indicates the values at this standard level were

interpolated by a modified 3-point LaGrange formula.

Depth (m) -Depth to nearest meter. A postscript T indicates depth was obtained thermometncally;

5 indicates uncorrected "wire out" depth. Postscript Q indicates value was marked

doubtful by originator; P indicates value was considered doubtful by NODC. Post-

scripts P and Q retain this meaning throughout the following entries.

T °C. Temperature to hundredths of a degree Centigrade.

S Voo Salinity in parts-per-thousand.

SIGMA-T Entered to hundredths.

Specific-volume Multiply entry by 10-' to obtain specific-volume anomaly in cubic centimeters per gram.

Anomaly—x 10'
:, ^ f

2AD Dyn. M. x 10' _
. Multiply entry by 10' to obtain anomaly of dynamic height in dynamic meters reter-

enced to the sea surface.

Sound Velocity Sound velocity according to Wilson's formula entered to tenths of a meter per second.

0- ml/1 - Dissolved oxygen in milliliters per liter entered to hundredths.

PO._p /xg-at/1 Inorganic phosphate in microgram-atoms per liter entered to hundredths.

Total P Mg-at/1 Total phosphous in microgram-atoms per liter entered to hundredths.

NO,-N M&-at/l Nitrite-nitrogen in microgram-atoms per liter entered to hundredths.

NOJ-N Mg-at/1 Nitrate-nitrogen in microgram-atoms per liter entered to tenths.

SiO.-Si Mg-at/1 Silicate-silicon in microgram-atoms per liter entered to whole units.

pH Entered to hundredths.
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