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The United States - Russian Ice Station Weddell expedition of February to 
June 1992 provided a detailed view of the circulation and stratification of the 
western Weddell Sea. There a narrow band of the warmest Weddell Deep 
Water, which comprises the bulk of the water column, is advected along the 
western boundary current axis and underlain by a very cold, highly 
oxygenated benthic layer. Within that layer, at some locations, a low salinity 
variety of Weddell Sea Bottom Water is displaced upward by more saline 
bottom water. The low salinity type is primarily introduced into the deep 
ocean immediately west of General Belgrano Bank and incorporates Ice Shelf 
Water from the Ronne Ice Shelf. It snakes northward near the 3000 m isobath, 
descending to depths >4000 m near 65°S, 50°W to feed the eastward-flowing 
northern limb of the Weddell Gyre. The saline type comes from High Salinity 
Shelf Water that descends into the deep ocean at a number of sites along the 
western shelf. Thermohaline and oxygen properties within the benthic layer 
differ little from shelf waters, indicating minor mixing between slope plumes 
and Weddell Deep Water. The high salinity bottom water is dense enough to 
have reached the sea floor without thermobaric effects, but the low salinity 
variety must first attain a depth of -500-800 dbar. The average salinity of the 
benthic layer is too low to provide for the cold end-member mixing 
component within Weddell Gyre deep water. This suggests that recent bottom 
water formation is less saline, containing more glacial ice meltwater than in 
past decades. The total Weddell Sea Bottom Water (<-0.7°C) formation rate is 
estimated to be 4.0-4.8 Sv for the February - June 1992 period. A trough in 
the main pycnocline over the upper slope, associated with the Antarctic Slope 
Front, represents a convergence zone dividing the continental margin from 
open ocean contributions to deep reaching convection. On its seaward side 
sinking occurs into the deep water, and on its shoreward side the denser sur
face water penetrates to the sea floor. Within the axis and somewhat seaward 
of the pycnocline trough, a relatively cold, low salinity layer, containing 
glacial meltwater from the southeastern Weddell Sea, forms the upper part of 
the pycnocline. The resulting increased upper water column stability, the 
greater depth of the warm core in this sector and the absence of strong mixing 
inhibits vertical heat flux in the western Weddell Sea, contributing to its 
perennial sea cover. 

1 . INTRODUCTION 

T h e W e d d e l l Gyre is the largest of the cyclonic gyres 
occupying the region between the Antarctic Circum
polar Current (ACC) and Antarct ica, stretching from the 
Antarct ic Pen insu la to 30°E. Its unique environmental 

set t ing a l lows water of abyssal ocean density to have 
nearly i sopycnal communica t ion with the surface ocean, 
sea ice , glacial ice and cold polar a tmosphere . The 
ensuing sea-air-ice heat and freshwater fluxes lead to the 
format ion of the coldest , densest ocean water masses of 
global impor tance:Weddel l Sea Bot tom Water (WSBW), 
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Fig. 1. Conductivity-temperature-depth (CTD) stat ions 
occupied during the Ice Station Weddell [Huber et al., 1994] 
project. Casts from the Ice Station are shown as dots, from 
the helicopter as plusses, from the Federov as tr iangles, 
and from the Palmer as solid boxes. The lines connecting 
individual stations locate the sections displayed in Figures 
5 to 9, including Palmer cruises 92-2. Palmer cruise 92-1 
stations are unconnected. The bottom bathymetry (1 , 2, 3 , 
and 4 km isobaths) are taken from LaBrecque and Ghidella 
[1993]. GB stands for General Belgrano Bank. 

wh ich in a m o r e dilute form is called Antarctic Bot tom 
Water ( A A B W ) . 

Deacon [1937 , 1979] provides impor tan t historical 
pe r spec t ive on this region. T h e excel lent papers of Gill 
[1973] , Carmack and Foster [1975a,b] and Foster and 
Carmack [1976a,b] m a r k the beg inn ing of the modem 
era of Weddell Sea physica l oceanographic research, as 
does Weiss etal. [1979] for chemical and tracer oceano
graphy . In m o r e recent years m a n y useful studies have 
described the Weddel l Gyre stratification and circulation. 
Fahrbach et al. [1998] provide a comprehensive 
summary of Weddel l circulation and water masses . Orsi 
et al. [1993] discuss Weddell Gyre water masses based 
on i sopycna l analys is , whi le Mensch et al. [1996; this 
vo lume] and Weppernig et al. [1996] bring the added 
d imens ion of tracer chemist ry to water mass origin and 
residence t ime studies . Gouretski and Danilov [1993] 
detail features of the Gyre 's eastern boundary. Fahrbach 
et al. [1994a; 1995] and Muench and Gordon [1995] 
d iscuss the circulat ion and water masses of the western 

boundary current, south of a l ine connect ing Joinvi l le 
Is land (Figure 1) to Kapp Norveg ia (71°20 'S; 11°40W) , 
fo rming the western e m b a y m e n t of the Weddell Gyre. 
Gammelsrod et al. [1994] focus on the cont inental shelf 
water masse s . Gordon and Huber [1990; 1995] and 
McPhee et al. [1996] discuss the relatively large vertical 
hea t flux be tween the surface and deep water wi th in the 
interior Weddell Gyre . Martinson [1990] , Akitomo et 
al. [1995] and Alverson and Owens [1996] present 
mode l s of vertical fluxes and convect ion wi thin that 
region, whi le Robertson et al. [1995] and Lytle and 
Ackley [1996] consider vertical heat fluxes in the 
western Weddell Sea. Robertson et al. [this volume] 
mode l the Weddell Sea tidal currents. Foster and 
Middleton [1984] , Muench et al. [1990a,b; 1992], 
Locarnini et al. [1993] and Whitworth et al. [1994] 
discuss the oceanographic reg ime of the northwest 
Weddell Sea and its interaction wi th the Scot ia Sea at 
the Weddel l -Scot ia Confluence. 

T h e object ive of this study is to present a detailed 
overview of the thermohal ine stratification and inferred 
circulat ion of the western edge of the Weddell Sea. This 
w o r k was made poss ib le by the collect ion of an exten
s ive array of oceanographic observat ions during the 
United States - Russ ian Ice Stat ion Weddell project of 
1992 [ ISW G r o u p 1993; F igure 1]. Sect ions 2 and 3 
present the sea surface relief of the Weddel l Gyre relative 
to 1000 decibar (dbar) and the background to the Weddel l 
Ice Stat ion Expedi t ion . Sect ion 4 provides the basic Ice 
Sta t ion Weddell physical oceanographic data in profile, 
sect ion and potent ia l temperature versus salinity (9/S) 
format . Sect ion 5 discusses var ious aspects of the cir
cula t ion, convect ion and water mass structure, and the 
global impor tance of Weddell Sea Bo t tom Water . Sec
t ion 6 lists the major conclus ions of this study. 

2. WEDDELL GYRE CIRCULATION 

T h e dynamic height of the sea surface relative to 
1000 dbar pressure provides a v iew of the baroclinic 
surface circulat ion pattern of the Weddell Gyre (Figure 
2) . Baroclinic shear within the interior of the gyre is 
smal l , typical ly less than 2 c m s"1, reaching 4 c m s"1 

over Maud Rise . Muench and Gordon [1995] reported 
h igher shear of about 6 c m s"1 over the continental shelf 
break and upper s lope in the western sector. A charac
terist ic of the cont inental marg in is that geostrophic 
flow of the sea surface relative to an assumed zero flow 
at t he sea floor is opposi te in direction to the surface 
current observed by iceberg and buoy drift [Tchernia and 
Jeannin, 1983; Ackley and Holt, 1984; Barber and 
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Fig. 2. Height of the sea surface of the Weddell Gyre relative to the 1000 decibar (dbar) 
pressure surface, in dynamic meters, for an ocean of 0°C and 35 psu in salinity. For areas with 
depths <1000 dbar, the surface values relative to 250 dbar are added to the regional average 250 
relative to 1000 dbar value. Station control, including the data from Figure 1, is shown as dots 
along with the 2000 m and 3000 m isobaths. Maud Rise is the seamount centered at 65°S, 
30°E; Kapp Norvegia is the coastal feature near 12°W. 

Crane, 1995] and by direct current measurements 
[Muench and Gordon, 1995; Fahrbach et al., 1992, 
1994a] . Muench and Gordon [1995] found that the 
strongest nor thward geostrophic current (10 - 13 c m s"1) 
relative to near surface currents occurred at the sea floor 
wi th in the very cold benthic layer. Hollister and Elder 
[1969] inferred strong northward bo t tom currents in the 
western Weddell from a study of compass oriented sea 
floor pho tog raphs . Heywood et al. [1997] determined a 
barocl inic (referenced to the sea floor) westward trans
port of a 4 Sv (1 Sv s 10 6 mV1) for the eastern Wedde l l 
cont inenta l s lope current across 17°W, but this value 
rose to 14 Sv when hull mounted Acoust ic Doppler 
Cur ren t Profiler data were employed for geostrophic re
ference. Clear ly an assumed zero velocity layer at the 
sea floor is not a legi t imate reference for circulation 
a long the cont inental marg in . 

S t rong bo t tom currents associated with narrow boun
dary currents over steep topography are evident in other 
long- te rm measurements . Bersch et al. [1992] measured 
b o t t o m speeds of 1.5 to 5.2 c m s"1 over the flanks of 
Maud R i se . Fahrbach et al. [1992] reported average 

wes tward bo t tom speeds of 2 - 6 c m s"1 over the shelf 
and s lope near K a p p Norvegia , wi th higher values at 
- 6 7 0 m near the shelf break, and currents of 3 to nearly 
7 c m s"1 adjacent to Ves tkapp (near 20°W). Foldvik et 
al. [1985a] measured bo t tom flow of 6 to 7 c m s"1 100 
m above the 6 3 0 m sea floor, associated wi th a dense 
p l u m e emana t ing from the m o u t h of the Fi lchner 
Depress ion [Foldvik et al., 1985b] . Barber and Crane 
[1995] m e a s u r e d bo t tom flow of 7 to 11 c m s"1 in about 
4 0 0 0 m of water near 63.5°S and 42°W where the 
western boundary current of the Weddel l Gyre turns east
ward. Fahrbach et al. [1994a] found bo t tom currents of 
= 10 c m s"1 over the slope adjacent to Joinvi l le Island, 
but w e a k bo t tom veloci t ies over the deep, flat sea floor. 
Rather than a shear field forced by the wind stress at the 
sea surface, increasing westward speed wi th increasing 
depth m a y be the consequence of s t rong buoyancy 
( thermohal ine) forcing along the cont inental margin , the 
associated formation of dense water and its escape along 
the sea floor to the deep ocean. Whi l e a deep zero 
reference level leads to an accurate portrayal of the 
general pat tern of surface circulation over the deep 
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ocean, a near-zero surface flow may be m o r e appropriate 
a long the Wedde l l Sea continental margin. 

T h e southern l imit of the A C C is defined in its baro
clinic m o d e by closely-spaced isopleths, best represented 
by the 0.4 dyn m contour be tween 55° and 60°S, which 
coincides wi th the definition of Orsi et al. [1995] . 
Sou th of this A C C l imi t the Weddell Gyre bulges 
nor thward into the eastern Scotia Sea and around Sou th 
Sandwich Islands, re turning southward near 20°W. 
Klepikov [1964] and Bagriantsev et al. [1989] 
speculated that the Weddell Gyre m a y at t imes break 
into eastern and western cells a long this meridian. Eas t 
of the Greenwich Merid ian , the Weddell Gyre 's northern 
edge tracks along the mid-ocean ridge. The eastern boun
dary occurs between 10° and 30°E, where sea surface 
dynamic height contours are oriented north-south over a 
d is tance of near ly 2 0 0 0 k m from 55° to 70°S . Only part 
of the water f lowing poleward a long the eastern boun
dary turns into the Weddel l Gyre, as 0.36 - 0.50 dyn m 
height anomaly isopleths return to the eas tward flow. 

T h e broad central t rough of the Weddell Gyre , below 
0 .30 dyn m , extends westward from 10°E, is aligned 
nor theas t -southwest , and passes to the north of Maud 
Rise . A smal l isolated baroclinic cyclonic cell over 
M a u d Rise [Bersch et al., 1992] , not detected by direct 
current measuremen t s , m a y be overwhelmed by 
oppos ing topographic controlled barotropic circulation. 
T h e relatively rapid rise of sea level as Antarctica is 
approached marks the westward f lowing coastal current, 
the southern l imb of the Weddell Gyre . Over the con
tinental s lope (near 1500-m depths) a crest in the baro
clinic field extends from the eastern Weddell Sea near 
2 5 ° W along the western r im of the Weddel l Sea. A drop 
in sea level over the cont inental shelf denotes an east
ward barocl inic f low, bu t the strong outflow of dense 
bo t tom water drives overall flow to the west and north, 
as noted above and evidenced by Eulerian and 
Lagrangian current measurements . Because of this 
effect, the baroclinic field does not clearly reveal the 
western boundary current of the Weddell Gyre , though 
its does m a r k regions where bo t tom water and not wind 
stress controls the barocl inic shear. 

T h e 1989 - 1992 observat ions from Kapp Norvegia 
to Joinvi l le Island [Fahrbach et al. 1994a] , showed a 
Weddell Gyre t ransport of 29 .5 Sv, 9 0 % of which is 
contained in narrow je ts fol lowing the continental 
s lope . Us ing current measurements for geostrophic 
reference, Muench and Gordon [1995] found that western 
boundary current t ransport increased from 12 Sv in the 
southwes tern Weddell to about 28 Sv northward across 
the Ice Stat ion sect ions . This increase is compensated 

by wes tward flow from the interior of the gyre into the 
western boundary region. A b o u t 5-6 Sv of the north
ward transport , coupled to bo t tom speeds in excess of 
10 c m s"1, is contained within a 300-500 m- th ick cold 
b o t t o m layer of W S B W . 

3. ICE STATION WEDDELL 

Ice Sta t ion Weddell in 1992 was the first inten
t ional scientific Southern Ocean ice drift stat ion. Esta
bl ished in the western Weddell Sea by the jo in t efforts 
of the Uni ted States and Russ ia [ISW Group, 1993], the 
stat ion drift followed closely that of the Endurance in 
1915. Ice Stat ion Wedde l l was deployed in this largely 
unexplored corner of the Southern Ocean on 11 
February 1992 at 71°48 'S , 5 1 ° 4 3 W from the Akademik 
Fedorov. After a nor thward drift of nearly 700 k m in 3.5 
m o n t h s , the stat ion was recovered by the Fedorov and 
by the Nathaniel B. Palmer on 9 June 1992 at 65°38 'S , 
52°25 'W. Oceanographic data obtained during the project 
included 137 Conduct ivi ty-Temperature-Depth (CTD) 
profiles [Huber etal. 1994] from the Ice Stat ion and its 
hel icopters and from suppor t ing ships . Current meter 
observat ions were made from the ma in camp and from 
remote sites to define the mean and long period currents 
[Muench and Gordon, 1995] and the higher frequency 
componen t s [Levine et al. 1997] . Microstructure 
measurements were made to invest igate vertical fluxes 
[McPhee and Martinson, 1994; Robertson et al, 1995]. 
Sea ice thermodynamics and dynamics were studied from 
in situ and satell i te sensors [Lytle and Ackley, 1996] . 
Atmospher ic boundary layer measurements defined the 
wind stress act ing on the ice floe [Andreas and Claffey, 
1995] . 

4. WESTERN WEDDELL SEA 
THERMOHALINE STRATIFICATION 

4 .1 Profiles 

Deep Ocean. Thermohal ine stratification within 
the deep water co lumn (Figures 3a, 3b) has the basic 
character of the interior Weddell Gyre . A cold, low 
salinity surface mixed layer is separated by a rather weak 
pycnocl ine , only 0 .054 s igma-0 uni ts from 2 0 0 m to 
3 5 0 m on stat ion 35 , from a thick layer of warmer, 
saltier Weddell Deep Water ( W D W ) . The low salinity 
s u m m e r surface layer at station 16, with a sharp 
seasonal pycnoc l ine at 30 to 50 m, gradually gives way 
to a more h o m o g e n e o u s surface layer as winter condi
t ions b e c o m e m o r e fully established during the ice floe 
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Potential Temperature (*C) 
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27.4 27.5 27.6 27.7 27.8 27.9 28.0 28.1 28.2 
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Oxygen concentration (ml/l) and % saturation (x0.1) 

Potential Temperature (°C) 
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3 0 ° 3 4 . 0 34.1 34.2 34.3 34.4 34.5 34.6 34 .7 34.8 

Salinity 
27.4 27.5 27.6 27.7 27.8 27.9 28.0 28.1 28.2 

Density (a 0) 
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Oxygen concentration (ml/l) and % saturation (x0.1) 

Fig. 3a and 3b. Profiles of potential temperature (PT), salinity (SA), sigma-0 (SO), rosette 
bottle oxygen (RO) and oxygen saturation (OS) vs. pressure (in dbar, roughly equal to meters) 
for typical Ice Station CTD casts. The insert shows the lower 400 dbar of the water column, 
using sigma-2 (S2, the density referenced to 2000 dbar). 

drift. R e m n a n t s of the s u m m e r surface water were not 
fully removed unti l stat ion 4 5 (May 1, 1992), and by 
stat ion 35 the surface to 50 m salinity contrast is only a 
tenth of the difference measured at station 16, twenty-
five days earlier. 

B e l o w the W D W , a thin, cold, oxygenated benthic 
layer is the mos t dramatic stratification of the western 
Weddell Sea. This feature has cont inui ty wi th the 
benth ic layer over the adjacent continental s lope and is 
considered to be the seaward extension of p lumes that 
drain the shelf of dense water. The very low temperature 
(<-0.8°C) of the benthic layer identifies it as W S B W 
[Carmack, 1974, 1982] . T h e sharp drop in temperature 
as the sea floor is approached begins near the -0.6°C 
i so therm. For ice c a m p stations 5 to 60 the thickness of 
the layer colder than -0 .6°C is 127 m wi th a standard 
devia t ion of 33 .6 m. F r o m station 61 to 70, the ice floe 

drifted to shal lower water, near 2500 m, and the benthic 
layer th ickens rapidly, wi th a mean thickness of 289 m 
and a standard deviation of 172 m. Gordon et al. [1993] 
state that the temperature salinity relat ionship wi th in 
this th icker benth ic layer indicates vertical m ix ing , but 
wi th s o m e added inflow of cold shelf water, as also 
noted by Weppernig et al. [1996] us ing Ice Sta t ion 
stable i so tope data. The thin, stratified benthic layer 
persis ts in deeper water to the north and east of the 
northern l imi ts of the ice station data (e .g . Palmer 
cruises 92-1 and 92-2 stations 4 and 2, both in ju s t over 
3000 m of water ; and at Palmer 92-2 stations 7 and 8 in 
approximate ly 4 3 0 0 m ) , indicating that benthic layer 
m i x i n g is s t ronger over the inshore , steeper s lopes of 
the nor thwest Wedde l l Sea. 

Over the southern flank of the Scot ia Ridge at 
Palmer 92-2 s tat ions 10 and 11 (Figure 1) at 3700 m a 
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thick benth ic layer has identical T/S properties to the 
th ick layer at the northern ice camp stat ions. S imi lar 
mix ing processes have either extended to this region or, 
m o r e l ikely, the thick benthic layer p roduced to the west 
is advected and has descended to deeper water along the 
Sou th Scot ia R idge . Addi t ional ly , a significant descent 
of the thin, m o r e stratified W S B W benthic layer occurs 
further offshore in the northwestern Weddell Sea. The 
p romon to ry of shal lower topography east of Joinvi l le 
Is land nar rows access to Powel l Basin [Tectonic Map of 
the Scotia Arc, 1985] and m a y guide this flow into 
deeper water . W S B W that enters the Powel l Basin 
endures a longer pa thway and is exposed to greater 
amoun t s of vert ical mix ing . 

T h e benth ic layer at station 35 (Figure 3b) displays a 
salinity m i n i m u m (s-min) of 34 .608 and a potential 
t empera ture of about -1°C, 100 m off the sea floor, with 
a m u c h colder b o t t o m salinity m a x i m u m (s-max) of 
34 .616 . This salinity sequence within the cold benthic 
layer is observed at m a n y of the ice floe stations and 
reveals the presence of two types of W S B W , with dif
fering thermohal ine his tor ies , wi thin a single water 
c o l u m n [Gordon et al. 1993] . Stat ion 16 (Figure 3a) 
show s only the s-min variety, indicating that the saline 
W S B W is injected into the deep ocean at a site further 
to the nor th . T h e upper por t ion of the benthic layer 
from the -0 .5°C to the benthic s-min would be unstable 
in s igma-0 , the density calculated at one atmosphere 
pressure , e.g. 27 .850 at 2300 m and 27 .844 at 2600 m 
on stat ion 3 5 . However , density referenced to higher 
pressures indicates in situ static stabili ty, e.g., s igma-2 
of 37 .183 and 37 .198 for the same depths . This reveals 
the impor tan t role of the thermobaric effect, i.e., that 
cold water is m o r e compress ible than warm water 
[McDougall, 1987] in stabil izing the deep water co lumn 
and p resumably in driving deep convect ion. Since the 
upper par t of the benthic layer is stable only at 
pressures greater than 500-800 dbar, surface water 
cont r ibut ing to the s-min m u s t extend be low 800 dbar 
before the thermobaric effect can produce free convection 
to the sea floor. 

O x y g e n concentrat ion within the h igh salinity 
bo t t om water in contact wi th the sea floor nearly 
ma tches surface water levels. A t station 35 oxygen con
centra t ions are 7.48 m l l"1 at the sea surface and 7.33 m l 
l"1 at the sea floor. Both surface and benthic oxygen con
centrat ions are about 8 5 % of saturation. Wi th in the s-
min layer the oxygen concentrat ion is about 8 0 % of 
saturat ion, 6.67 ml l"1 at station 35 and 6.72 m l l"1 at 
stat ion 16. Fo r all Ice Stat ion measurements , the 
bo t tom oxygen averages 6.73 ml l ' 1 , 8 0 % of saturation 
wi th a standard deviation of 0.31 ml l ' 1 . Bot tom 

oxygen is h ighes t (over 7.0 m l l"1) at stations 26 , 35 , 
37 , 38 and 39 , which have a strong bo t tom salinity 
m a x i m u m (s-max) representation, a l though not all 
s tat ions wi th s t rong bo t tom s-max have oxygen con
centrat ion > 7 . 0 ml l"1. These stations fall a long the 
southern flank of a zonally oriented ridge near 68.4°S 
(Figure 1) which m a y guide seaward outflow of W S B W , 
perhaps wi th in the Endurance Canyon [Schenke et al, 
this vo lume] . T h e similarity be tween surface water and 
benth ic layer oxygen concentrat ions indicates that 
surface water reaches the sea floor wi thout m u c h dilu
t ion by the oxygen poor W D W . Oxygen saturation 
decreases wi th distance from the sea floor, but a thin 
"inner" sheet of the descending p lume is apparently pro
tected by the outer layers of the p lume from significant 
m i x i n g wi th W D W . 

Weppernig et al. [1996] find that the s-min water 
wi th in the benth ic layer is enriched in he l ium ( 4 H e ) , a 
clear s ign of glacial melt , wh ich they deduce is drawn 
from Ice Shelf Water formed beneath the Filchner-
R o n n e Ice Shelf. T h e bo t tom s-max layer is lower in 
4 H e but is depleted in oxygen isotopes ( 8 ^ 0 ) , also 
indicat ive of glacial melt . However , the s-max lacks the 
h igh 4 H e signal , and is inferred to be that derived from 
Western Shelf Water (or High Salinity Shelf Water, 
H S S W ) which conta ins glacial mel t from the leading 
edge of the ice barrier, bu t has lost its 4 H e to the 
a tmosphere . Weppernig et al. [1996] indicate that the 
contr ibut ion of F i lchner -Ronne Ice Shelf Water 
d iminishes toward the north, bu t that slightly elevated 
4 H e concentrat ions at stat ions 38 and 44 suggest a 
poss ib le mel twater contr ibut ion from the Larsen Ice 
Shelf (Figure 1), as also suggested by Fahrbach et al. 
[1995] and Muench and Gordon [1995]. Using C F C and 
t r i t ium data collected during the Ice Stat ion drift, 
Mensch et al. [this vo lume] find a nearly uniform influx 
of newly formed W S B W from the western edge of the 
Weddell Sea. 

Weppernig et al. [1996] calculated that about 7 0 % 
W D W , 2 5 % shelf water and 5 % surface water is required 
to produce the propert ies of the < 0 ° C water. The 
average oxygen concentrat ion at station 16 (Figure 3a) 
for water colder than 0°C is 5.5 m l l"1, and W D W has an 
oxygen concentrat ion of 4 .86 ml l"1. The shelf water 
wou ld thus need an oxygen concentrat ion of 7.3 m l l"1, 
about wha t is observed adjacent to the Ronne Ice Shelf 
[Gammelsrod et al. 1994]. However , as noted above, the 
h igh bo t tom oxygen in the benthic layer impl ies that 
purer forms of shelf water descend to the deep sea floor. 
Wi th in the benthic layer, bo t t om oxygen of approxi
mate ly 6.8 ml/1, only 0.5 ml/1 be low that of the shelf 
water, b lended with W D W oxygen of 4.8 ml/1 imply a 
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Potential Temperature (°C) 
-2.0 -1.5 -1.0 - 0 5 OX) (X5 U ) 1J5 

9> 300 

Q_ 350 

6 9 4 3 . 7 3 S 5 7 3 0 . 4 2 W 

9 2 / 0 3 / 2 1 17 :13 

6 ° 3 4 . 0 34.1 34.2 34.3 34.4 34.5 34.6 34.7 34 .8 

Salinity 
27.4 27.5 27.6 27.7 27.8 27.9 28.0 28.1 28 .2 

Density (c0) 
36.9 37.0 37.1 37.2 37.3 37.4 37.5 37.6 37.7 

Density (o2)) 

Potential Temperature (°C) 
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21 
6 7 4 0 . 1 7 S 5 6 5 9 . 4 3 W 

9 2 / 0 5 / 0 8 1 5 : 3 5 

34.0 34.1 34.2 34.3 34.4 34.5 34.6 

Salinity 
34.7 34.8 

27.5 27.6 27.7 27.8 27.9 28.0 28.1 28 .2 

Density (c 0) 
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Fig. 3c and 3d. As in Figure 3a, but for typical continental margin stations obtained by 
helicopter. No oxygen data were obtained at the helicopter stations. 

ratio of shelf to deep water of 80:20. The Weppernig et 
al. [1996] and Mensch et al. [this volume] studies 
c o m b i n e tracer budgets and the Foster and Carmack 
[1976a] m i x i n g recipe to infer that ~ 5 Sv of bo t t om 
water colder than 0°C is formed in the Weddell Sea, 
s imi lar to the value derived from geostrophic cal
culat ions by Muench and Gordon [1995] (Section 5) . 

4.1.2 Continental Shelf 

O v e r the cont inental shelf, the profiles in Figures 3c 
and 3d reveal near freezing point surface and bo t tom 
tempera tures (-1.88°C), wi th a weak m a x i m u m (t-max, 
-1 .4°C at station 2; -1 .71°C at station 21) at mid-depth, 
ma rk ing an intrusive r emnan t of W D W . Salinities range 
m o r e widely from 34.39 at the surface to 34 .72 at the 
b o t t o m (540 m ) of station 2. The continental shelf t-
m a x core layer sal ini ty of 34 .55 is not the water 
c o l u m n m a x i m u m , as is the si tuation within the deep 
wa te r co lumn . Stat ion 21 salinity ranges from 34 .43 at 

the surface to 34 .64 at the shelf floor (460 m ) . The 
b o t t o m potent ia l temperature and salinity at stat ion 2 
ma tches that of the H S S W next to the R o n n e Ice Shelf 
[Gammelsr0d et al, 1994] , and is presumably advected 
from that reg ion a long the western shelf of the Weddell 
Sea (sect ion 4 .3) . 

4.1.3 Potential temperature 
salinity for profile stations 

versus 

T h e 0/S range of water masses of the western edge of 
the Weddell Sea (Figure 4) shows that surface water 
covers the low salinity range near the freezing poin t of 
sea water . Toward h igher salinity values , warmer water 
indicates the presence of W D W , more evident within the 
deep water, where it is separated from the surface water 
by a rather weak pycnocl ine . Di lu te forms of W D W 
spread onto the cont inental shelf, forming the weak 
shelf t -max . W i t h increasing depths from the W D W t-
m a x core layer, sal inity gradually decreases to the 
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34.4 34.5 34.6 34.7 
Salinity 

Fig. 4. Potential temperature (°C)/salinity (psu) diagram 
for the stations in Figure 3, with sigma-0 isopycnals . 
WDW is the Weddell Deep Water; HSSW is High Salinity 
Shelf Water; ISW is Ice Shelf Water. Shelf t-max is the 
shelf water temperature maximum. Also labeled are the 
pycnocline, surface water and benthic salinity minimum 
and maximum. 

benth ic s-min, wh ich is often undercut by the more 
sal ine form of W S B W , forming a bo t tom s-max. 

T h e densest water observed over the shelf represents 
northward spreading of H S S W from the southwestern 
shelf [Gammelsrod et al, 1994] . The cold lower Ice 
Shelf Water is also widespread, wi th its low 8 1 8 0 and 
h igh 4 H e values indicating that it contains glacial 
mel twater . It results from H S S W that has spread below 
the ice shelves , where it mel ts glacial ice, assisted by 
the pressure induced lower ing of the sea water freezing 
poin t [Schlosser et al. 1990] . On the basis of the 0/S 
re la t ionship , the Ice Shelf Water can be viewed as a 
source for the low salinity W S B W , and H S S W as the 
source for the h igh salinity W S B W . 

4.2 Sections 

Meridional Section. A meridional section 
(Figure 5) depicts the thermohal ine stratification of the 
southern inflow and northern outflow of the western 
boundary current. T h e Fedorov s tat ions from 47° to 
5 2 ° W represent the sou thernmost crossing of the lower 
cont inental s lope. Both temperature and salinity fields 
show the characteristic deepening of the interface 
between the cold, low salinity surface layer and the 
relat ively warm, saline W D W as the continental margin 

is approached from the deep ocean. This marks the 
geost rophic adjustment of the stratification within the 
western boundary current. Here the core of the W D W t-
m a x lies between 5 0 0 and 700 m, substantial ly deeper 
than the 2 0 0 to 3 0 0 m depths wi th in the gyre interior 
[Gordon and Huber, 1990] . The t -max core exceeding 
0 .6°C at stat ion 6 is part of a f i lament of more con
centrated W D W carried within the axis of the western 
boundary current (Sect ion 5.2). Seaward of the >0 .6°C 
W D W axis, Ice Stat ion C T D casts 7 and 8 and Fedorov 
s ta t ions 1 and 2 (Figure 1; Huber et al. [1994] , reveal 
h o m o g e n e o u s temperature and salinity layers of up to 
100 m in th ickness from the lower pycnocl ine to the t-
m a x . These are s imilar to steps attributed to double 
diffusion by Muench etal. [1990a] and Muench [1991] . 
Hel icopter C T D stat ions (particularly station 4) , Palmer 
92-1 (station 2) and Palmer 92-2 (stations 6, 7 and 8), 
all east of the ice station trajectory, also display step 
stratification wi thin the pycnocl ine . Double diffusion is 
m o r e active east of the continental marg in and seaward 
of the axis of the warmes t t -max (section 5.2). 

B o t t o m tempera tures be low -1.0°C indicate injection 
of cold W S B W east of the Fedorov stat ions. The 
Fedorov section shows this cold benthic layer is fresher 
than 3 4 . 6 1 , clearly a product of the Ice Shelf Water 
variety of W S B W [Foldvik et al, 1985b] , though not 
necessari ly drawn from as far east as the Filchner 
Depress ion (section 5.3). Wi th in the central port ion of 
F igu re 5, the 5 0 0 - 7 0 0 m W D W t-max cools nor thward 
whi le the bo t tom temperature warms from -1.5°C to 
-1 .2°C. The benthic layer is generally low in sal ini ty, 
bu t a h igher bo t tom salinity produces an s-min sl ightly 
offset from the sea floor. This bo t tom s-max is first ob
served at stat ion 19 as a 0.01 salinity increase in the 
lower 20 m, and by station 26 this feature has mixed 50 
m u p w a r d into the benthic boundary layer. T h e b o t t o m 
s-max exceeds the over lying s-min by 0.01 on stat ions 
19, 25 to 2 8 , 3 5 , 38 , 47 to 49 , and 6 1 , showing no 
apparent correlation wi th bo t tom depth. A slight ten
dency at these s tat ions for a thicker benthic layer 
(distance be tween the sea floor and the -0.6°C isotherm), 
indicates that the more regionally c o m m o n s-min 
variety of W S B W is displaced upward by the salty 
variety. 

T h e northern end of Figure 5 (the Palmer 92-2 
sect ion) , extends to the southern flank of the Sou th 
Orkney Is land platform, crossing the cold outflows from 
the Weddell Sea. T h e shal lowest expression of the 
W D W t -max m a r k s the gyre axis at station 7 near 
64 .5 °S . T h e W D W t-max along the section generally 
ranges be tween 0.4° and 0.5°C, exceeding 0.5°C only in 
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a na r row feature at stat ion 6 (Section 5.2). The W D W t-
m a x core also at tenuates as the South Orkney Islands 
are approached, mark ing the deep water expression of 
the Weddell-Scotia Confluence [Foster and Middleton, 
1984; Patterson and Sievers, 1980; Muench et al, 
1990b; 1992] wh ich advects continental marg in water 
from the western Weddell Sea over the South Scotia 
R idge . It is unl ikely that active s lope p lume convection 
is p resen t at the South Orkney Islands, as very cold and 
sal ine shelf waters are not present there. T h e eastward 
f lowing cold b o t t o m water is captured mainly by 
s ta t ions 7 to 9, wi th a bo t t om (4342 dbar) temperature 
of -1 .17°C and salinity of 34.618 at station 8. This 
appears to m a r k advection into deeper water of low 
sal ini ty W S B W derived from the southwest (section 
5.3) . 

Shelf-Slope Sections. The four sect ions ob
tained from helicopter-deployed C T D casts, each supple
m e n t e d by an ice c a m p station, provide cross-sections of 
the cont inenta l marg in thermohal ine structure (Figures 
6, 7, 8, 9) . C o m m o n features include; (a) Near freezing 
poin t water on the floor of the continental shelf spans a 
wide range of salinity beneath a weak temperature maxi
m u m mark ing modified W D W . (b) A thermohaline 
front ( the Antarct ic S lope Front ) runs a long the shelf-
s lope t ransi t ion, and is comprised of a strong thermal 
front and a deep wedge of low salinity water referred to 
here as the pycnoc l ine t rough, (c) T h e pycnocl ine slopes 
to deeper depths eastward from the ice station trajectory 
and the shelf-slope front, a geostrophic expression of 
the western boundary current, (d) A sheet of very cold 
water , ~ 1 0 0 m thick, is draped over the continental s lope 
and adjacent deep water, a product of convective plumes. 

70°S Section. The southernmost helicopter sec
tion (Figure 6) crosses a deep outer shelf, with the shelf 
break occurr ing near 7 0 0 dbar. Water a long the shelf 
floor is near the freezing poin t with a salinity greater 
than 34 .7 , ma tch ing that of H S S W found over the broad 
shelf adjacent to the R o n n e Ice Shelf [Gammelsr0d et al. 
1994] . Given the lower horizontal resolut ion of this 
sect ion, a low salinity pycnocl ine t rough is suggested 
over the upper shelf s lope region, the inshore com
ponen t of wh ich m a y be considered the Antarctic Slope 
F ron t [Gill, 1973 ; Killworth, 1977; Jacobs, 1991] . The 
deepest po in t of the pycnocl ine t rough marks the con
vergence of s inking water from the shelf reg ime with 
offshore pycnocl ine water. 

68°40'S Section. T h e shal lowest outer shelf 
(about 3 0 0 m ) was crossed on this section (Figure 7) 

and m a y be l inked to a m o r e extensive east-west ridge 
near 68°20 'S that reaches into the deep ocean (Figure 1). 
T h e shelf floor salinity barely attains 34.6, as H S S W is 
b locked by the shal low outer shelf. T h e Antarctic Slope 
Front pycnocl ine t rough is broad, with the deepest pene
trat ion (500 m ) of the 34.6 isohal ine at station 7 over 
the upper s lope . The offshore pycnocl ine and parti
cularly the W D W t-max deepen markedly as the slope is 
approached from the ice station trajectory. Modified 
W D W near -1 .6°C is found over the shelf at 150 m , 
about 100 m sha l lower than that on Figure 6, but colder 
than the s lope and bo t tom water, which approach 
-1 .5°C. Stat ions 9, 8, 14 and 6 reveal a bo t tom salinity 
m a x i m u m at depths from 1400 to 2480 m, a feature 
lacking from ice station 24 . This suggests that more 
than a s ingle escape path is followed by salty shelf 
water enroute to the deep ocean. Unresolved local topo
graphy is l ikely to play a role governing exit si tes, and 
the shal low shelf at 68°40 'S is a s sumed to be a factor in 
dr iving H S S W to the deep ocean. 

67°40'S Section. In sharp contrast to the section 
immedia te ly to the south, the transect in F igure 8 
crosses a narrow (10 km) , well-defined slope front 
centered at station 28 . The 34.6 trough-shaped isohaline 
reaches to nearly 6 0 0 m, and is cont inuous with the s-
m i n core wi th in the cold benthic layer. The sharpness 
and the deeper expression of this feature suggests a more 
focused convergence of shelf and slope water and an 
active convect ive process at the t ime of the obser
vat ions . The low salinity t rough fol lows the large hori
zontal tempera ture gradient. Over the 470 m outer con
tinental shelf, salinity increases rapidly toward the shelf 
f loor and is stratified as in F igure 6, a l though the 
shal lower bo t t om depth prohibi ts the spreading of 
H S S W saltier than 34.7 from the R o n n e Depression. 
W a t e r colder than -1 .7°C is in contact with the sea floor 
from the shelf break to station 29 at 1095 m , and 
displays a weak bo t tom s-max. A warmer bot tom s-max 
is observed at 1280 m on station 18. Miss ing at station 
2 5 , the bo t tom s-max is re-establ ished at 2235 m depth 
at station 19 wi th temperatures of -1 .4°C. It forms the 
nor thward cont inuat ion of the bo t tom s-max seen at the 
1990 to 2 2 5 0 m depth range on stations 8 and 14 in 
F igure 7, 110 k m to the south. This suggests only a 
m i n o r ( -0 .1° ) downs lope componen t at 2000 m, i.e. the 
s lope p lumes are nearly bot tom isobath contour follow
ing currents . This descent angle is considerably less 
than the 5° repor ted by Foldvik et al. (1985a) at 700 m 
adjacent to the dense water outf low from the Filchner 
Depress ion . T h e Fi lchner outflow m a y be better guided 
by bo t tom topograph ic features, or m o r e likely a greater 



Fig. 6a-d. Potential temperature and salinity along helicopter section 1, 70°S (Figure 1), plus 
"14" from the Ice Station. The upper 1000 dbar is shown in 6a and 6b; the full water column in 
6c and 6d, along with the near-bottom values. 
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LONGITUDE LONGITUDE 

Fig. 9a and 9b. Potential temperature and salinity in the upper 1000 dbar along helicopter 
section 4, 65°50'S (Figure 1), plus "69" from the Ice Station. 

descent angle can be achieved within the upper 1000 m 
where negat ive buoyancy forcing and shear induced tur
bulence may be larger and s lope canyons m a y be better 
defined. 

65°50'S Section. F igure 9 crosses a shallow 
outer shelf at stat ion 36, wi th a bo t tom s loping down 
toward the coast and blanketed by low salinity water, re
veal ing an absence of H S S W . The pycnocl ine t rough 
hugs the cont inenta l s lope, displaced from the sea floor 
by h igher salinity water only at station 31 at a depth of 
1465 m . A sharp benthic layer penetrates only to 1500 
m, be low which warming and thickening are believed to 
be the consequence of more intense bo t tom m i x i n g 
[Gordon et al., 1993] . If the weak bot tom s-max at heli
copter stat ion 31 is a cont inuat ion of the bo t tom s-max 
at s tat ion 29 (Figure 8), the 220 k m descent from 1095 
m there to 1465 m at stat ion 31 again indicates a 

trajectory vs. i sobath angle of slightly less than 0.1 
degree. If the s t reamline s tems from station 28 , the 
angle increases to 0.2, but in either case a contour 
fo l lowing bo t tom current is indicated at depths of 
greater than 1000 m. 

4.3 Group Potential Temperature/Salinity 
Relationship 

T h e representative potent ial temperature/salinity 
(0/S) re la t ionships (Figure 4) provided an introduction 
to the 0 /S structure of the western Weddell Sea. The 
full 0/S data set is presented in Figure 10 and key parts 
(A to J ) of the 0/S scatter are discussed be low. 

Surface and Pycnocline Water. The near 
freezing, low salinity surface water (B) is confined to 
densi t ies less than = 2 7 . 7 in s igma-0 . Wi th in a salinity 
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Fig. 9c and 9d. As in Figure 9a and 9b, but for the full water column, along with the near-
bottom values. 

range from 34 .37 to 34.45 the surface layer gives way 
to warmer water mark ing the transi t ion into the upper 
pycnoc l ine . T h e salinity range wi thin the upper pycno
cline is large , amoun t ing to 0.1 at the -1 .5°C iso therm. 
Over the cont inental s lope region the surface to pycno
cline t ransi t ion is gradual, occurring at relatively low 
salinity (C); further offshore a m u c h m o r e abrupt inter
face occurs at h igher salinity (D) more characteristic of 
the inter ior Weddell Gyre . T h e low salinity upper pyc
nocl ine water m a y be related to greater stability and 
associated reduced vertical heat flux over the slope of the 
western Wedde l l Sea (section 5.1). 

Weddell Deep Water. T h e 0 /S relat ionship from 
the W D W t-max (at - 0 . 5 ° C and 34.68 (A) to «-0 .5°C 
and 34 .65 ( A f ) is nearly a straight l ine. T h e linear 9/S 

re la t ionship extrapolates to colder temperatures wi th in 
the deeper water of the gyre interior, inhabited by the 
salt iest water in the -0.5° to -1 .0°C interval , e.g. the 
Palmer 92-1 and 92-2 panels of Figure 10. Since 
straight l ines in 0/S space denote two end-member 
m i x i n g , this W D W lineage presumably represents a 
gyre scale blend of t -max water with the integrated 
(spatially and temporal ly mixed) A A B W . T h e linear (A 
to A ' ) t rend intersects the freezing point of sea water at 
34 .62 , wh ich can be provided by the h igh salinity 
W S B W , but not by the low salinity W S B W . The 
saline variety of W S B W may have been m o r e dominant 
in the past than in the present [Fahrbach et al., 1995; 
Comiso and Gordon, 1998] . A n increase in the ratio of 
low to h igh salinity W S B W in recent decades m a y also 
resul t f rom accelerated production and escape of Ice 
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Fig. 10. Potential temperature/salinity diagrams for CTD stations taken from the Fedorov 
(upper left), the Ice Station (upper right), the helicopter (lower left), and the two Palmer cruises 
(lower right). The gray-toned dots are common to all panels and display all data; the black dots 
show the data from each source. The letters denote specific components of the water 
stratification: A is the Weddell Deep Water (WDW); A ' the cold (« -0.5°C) end-member of the 
linear 0/S relationship below the WDW t-max; A " the continental slope 6/S segment from the 
t-max to -0.5°C, with lower salinity than within the Weddell Gyre interior; B the surface 
water; C the lower salinity upper pycnocline water; D the more saline upper pycnocline water 
over deeper water; E the High Salinity Shelf Water; E ' the Ice Shelf Water; F is the 
continental shelf t-max; G the low salinity water within the benthic layer; H the high salinity 
water in the benthic layer; I the saline slope plume at the helicopter section along 67°40'°S; J 
the thicker, mixed benthic layer in the bottom water outflow south of the South Orkney 
Islands. The curved lines are lines of equal sigma-0. 
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Shelf Water, which may indicate increased glacial ice 
melt. Alternatively, more saline bottom water may have 
entered the Weddell sector in the past from the 
Australian-Antarc tic Basin through Princess Elizabeth 
Trough near 82°E south of Kerguelen Plateau. Speer and 
Forbes [1994] and Rintoul [this volume] report bottom 
potential temperature of -0.45°C and salinity >34.673 
within the Princess Elizabeth Trough, i.e., near the A 
to A' 0/S line, and state that this water flows westward. 
Frew et al. [1995] report westward flow in Princess 
Elizabeth Trough, and oxygen isotope 'data that suggest 
this water is not a product of the Weddell or Ross Seas, 
but is formed somewhere in the Australian-Antarctic 
Basin. However, it seems unlikely that transport of 
this water would be sufficient in relation to the WSBW 
production to play a dominant role in shaping the 
Weddell Gyre deep and bottom stratification. 

At stations over the deeper southern portions of the 
continental slope, the 0/S relationship is bent toward 
lower salinities between the t-max and -0.5°C (A f ) . 
This low salinity WDW feature consistently falls to the 
shoreward side of the advective axis of the warmest 
WDW in the western Weddell Sea (Section 5.2), and to 
the seaward side of the slope front. The deviation from 
the linear 0/S trend occurs at warmer temperatures as the 
continental slope is approached. As access of shelf water 
to the t-max seaward of the slope front seems limited, it 
is proposed that the open ocean pycnocline of the 
western Weddell Gyre provides the source for this low 
salinity slope water. In effect, this would represent a 
direct open ocean modification of WDW adjacent to the 
continental slope. Such a process may account for 
attenuation of the deep water t-max as the continental 
slope is approached at nearly all longitudes around 
Antarctica. The cold end-member of the fan-shaped low 
salinity WDW feature (A" in Figure 10-Federov) occurs 
near -0.6°C and 34.62 at a sigma-0 of 27.840 (sigma-2 
of 32.570). These density horizons mark the density 
limits of open gyre pycnocline access to the deep water. 

Benthic Layer. Below -0.6°C the effects of the 
cold benthic layer are expressed in 0/S space as a gentle 
arc. Salinity decreases with temperature to an s-min (G) 
of = - l . l °C , below which the salinity either changes 
little or increases to a bottom s-max (H) around -1.5°C. 
The non-linear 0/S structure of the benthic layer in
dicates mixing between at least three end-members: 
warm WDW (A); the shelf floor s-max water (E) de
rived from HSSW at the freezing point and low salinity 
shelf water derived from Ice Shelf Water (E'), as corro
borated by isotope data [Weppernig et al. 1996]. Heli
copter stations 18, 23, 28 and 29 (Figure 8) provide 

strong evidence for a plume at < 1300 m over the upper 
slope (I) linking in 0/S space dense shelf water with the 
cold benthic layer of the adjacent deep ocean. The 0/S 
relationship indicates that the freezing point shelf water 
responsible for this plume has a salinity of 34.64. Such 
water is observed along the 67°40'S and 70°S sections, 
but not along 68°40'S (Figures 6-8). The upper slope 
plume observed along 67°40'S may be derived from the 
local shelf region, consistent with the conclusion above 
that much of the slope plume descent occurs in the 
upper kilometer, perhaps channeled to the deep ocean by 
topography. Below a kilometer the plumes turn to 
follow isobath contours. 

5. D I S C U S S I O N 

5.1 Upper Layer and Perennial Sea Ice 

The Southern Ocean's sea ice displays a clear 
seasonal rhythm, with a February minimum extent of 
3.4 to 4.3 million k m 2 expanding to a September maxi
mum of 18.0 to 20.2 million k m 2 [Gloersen et al. 
1992]. Winter and spring ocean and atmosphere studies 
within the seasonal sea ice cover indicate that oceanic 
heat and salt flux from the deep water to the winter 
mixed layer is a key factor in governing the ice thick
ness and rapid spring melting [Gordon, 1981; Gordon 
and Huber, 1990; Martinson, 1990; Fahrbach et al, 
1994a; McPhee et al. 1996]. The ice cover during the 
minimum period represents the perennial ice field, 
which is most extensive in the western Weddell Sea and 
in the Bellingshausen and Admundsen Seas. In the 
western Weddell Sea the perennial ice covers 1.2 
million km 2 . Within the perennial ice region, heat flux 
processes must be sufficiently different than in the 
seasonal ice zone to allow the ice to survive during the 
summer months. A key factor is the stability of the 
pycnocline, since a stronger pycnocline will act to 
attenuate vertical heat flux to the underside of the sea 
ice. The Bellingshausen and Admundsen Seas have low 
salinity surface water and a relatively warm t-max 
(Plates 10 and 46 of Olbers et al. [1992]), suggesting 
that deep water heat there is not vented to the surface 
layer. The Weddell Gyre has high surface salinity, a cold 
t-max and a weak pycnocline, all suggestive of strong 
deep to surface heat flux, as observed. 

Robertson et al [1995] found the average heat flux 
across the pycnocline beneath Ice Station Weddell to be 
only 3 W m"2, in agreement with the microstructure 
study of McPhee and Martinson [1994] and the internal 
wave energy study of Levine et al. [1997]. The net flux 
within the western boundary current is less than the 
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Fig. 11. Comparison between the potential temperature 
and salinity stratification in the western boundary current 
and that of the interior Weddell Gyre. The latter data are 
from 1986 measurements along the Greenwich Meridian 
[Gordon and Huber, 1990]. The western boundary current 
profiles are from Ice Station CTD 68 [Huber et al, 1994]. 

Weddell Sea annual average of 19 W m" 2 determined 
from a regional hea t budget [Fahrbach et al, 1994a]. 
This reduced heat flux and the colder a tmosphere fed by 
prevai l ing winds from the south a long the eastern flank 
of Antarct ic Pen insu la [Schwerdtfeger, 1975] conspire 
to produce the year round sea ice cover. Poss ib le 
reasons , not mutua l ly exclusive , for reduced vertical 
heat flux in the western and southern Weddell Sea in
clude the relatively deep , inaccessible W D W heat source 
and the absence of mix ing agents . The latter is sug
gested by the weak internal wave field [Levine et al, 
1997] , and m a y be a pos i t ive feedback as the perennial 
ice could be expected to inhibi t wind generated internal 
waves . In the western Weddel l Sea, the depth of the deep 
water t -max is m o r e than twice that within the interior 
of the Wedde l l Gyre , (600 m vs . 2 0 0 m in Figure 11), 
and is also sl ightly cooler , be ing further from the 
eastern W D W source (Section 5.2). Geostrophic balance 
wi th in the accelerated western boundary current of the 
Weddell Gyre requires the deepening of isopycnals and 
corresponding W D W core layers . Consequent ly , the 
deep water heat is m o r e remote from the sea surface pro
cesses and sea ice cover in the western sector, and 
mix ing energy in the upper ocean m a y be insufficient to 
access this heat source. 

A n addi t ional factor that m a y further inhibi t vertical 
exchange processes is the presence of a relatively low 
salinity upper pycnoc l ine over the continental s lope (C 
in F igure 10; F igures 12a, 12b). A narrow band of 
lower salinity water centered on the -1.7°C isotherm 

within the upper pycnoc l ine is located roughly over the 
2 0 0 0 m isobath . T h e low salinity band in Figure 12a 
occurs within a deeper segment of the -1 .7°C isothermal 
surface (Figure 12b), slightly offshore of the pycnocline 
t rough, wh ich is aligned over the 800 m isobath 
(Figures 6-9). The source of this cold, low salinity 
feature m a y be the narrow shelf of the southeastern 
Weddell Sea (east of 25°W) where glacial meltwater 
mixes directly into W D W , suppressing A A B W for
ma t ion [Fahrbach et al, 1994b] . Those authors 
es t imate that 5.4 kg m ' V 1 (an upper l imit) of glacial 
me l t enters the coastal current in the eastern Weddell 
Sea . Heywood et al [1997] , also discuss the abundance 
of glacial mel twater enter ing the pycnocl ine of the 
eastern Weddell Sea. A section over the continental 
s lope near 10°W in the eastern Weddell Sea [Jacobs, 
1991] revealed a layer of water -1.8° to -1 .5°C in tem
perature and 34 .4 in salinity from 200 to 300 m over 
the upper s lope . P resumably the Eks t rom Ice Shelf, 
about 2 0 k m south of the southernmost stat ion on that 
sect ion, provides mel twater into this layer. The 
characteristics ma tch those of the low salinity upper 
pycnoc l ine of the Weddell Sea 's western r im. As this 
feature falls wi th in the helicopter sect ions, where tech
nical difficulties prevented gathering of water samples 
for tracer determinat ions, w e do not have stable oxygen 
isotope data that would help verify the glacial meltwater 
source of the western Weddell Sea's low salinity pyc
nocl ine feature. 

5.2 Weddell Deep Water 

T h e W D W t-max in the central segment of the 
Weddell Gyre (Figure 13a) is about 300 m be low the 
sea surface, gradually deepening to 600-800 m over the 
cont inenta l s lope. Water warmer than the 0 .6°C t-max 
(Figure 13b) is found over a broad sweep of the central 
and southern segments of the Weddell Gyre . Warm 
W D W migra tes westward from its origin in the warm 
ci rcumpolar deep water a long the eastern edge of the 
Gyre near 30°E. Coo l ing enroute is accomplished by 
en t ra inment in to and mix ing wi th winter surface waters 
and by lateral mix ing wi th shelf water masses . The 
cooles t W D W occurs in the western segment of the 
Gyre , the region mos t r emote from the heat source. An 
impor tan t except ion a long the western boundary is a 
narrow band of >0.5°C t -max water, seaward of the pyc
nocl ine t rough over the cont inental s lope which marks 
the advective effects of the western boundary current. 
Th i s current rapidly m o v e s warm W D W water to the 
nor th and east , isolat ing a patch of older, cooler 
(<0 .4°C) t -max water roughly between 40°-50°W and 
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Fig. 12a. Salinity on the -1.7°C isotherm, based on the Ice 
Station Weddell data set. The "34" is omitted on some 
i soha l ines . 

66° -71°S . It is proposed that pycnocl ine water produced 
wi th in this isolated pool spreads along isopycnals into 
deeper water over the continental s lope, from where i t 
becomes incorporated into convective processes of the 
marg ins , forming the low salinity deep water feature A " 
in F igure 10. Shoreward of the w a r m advective core, the 
t -max cools rapidly, at first deepening within the pycno
cline t rough and then shoaling over the upper s lope and 
onto the shelf as the modified W D W . A band of >-1.2°C 
t-max water occurs near 45 ° W over the western flank of 
the less than 500 m ridge (Berkner Shelf, Gammelsr0d 
et al, [1994]) and a secondary t -max intrusion is ob
served near 30°W. 

5.3 Weddell Sea Bottom Water 

A s w e collect m o r e data, it becomes increasingly 
evident that the ocean varies in space and t ime far more 
energetically than previously thought . Foster and 
Middleton [1979] used 1975 and 1976 data across the 

outf low of bo t tom water from the Weddell Sea to show 
tempora l variabil i ty in b o t t o m stratification. Fahrbach 
et al. [1995] found that bo t t om water t ransport in the 
western Wedde l l Sea varied from 0.7 Sv to 3.9 Sv from 
late 1989 to late 1992, with a suggest ion of a seasonal 
cycle in which m i n i m u m bo t tom tempera ture and maxi 
m u m velocity occurred in early austral summer . 
Comiso and Gordon [1998] reported that the b o t t o m 
water of the western Weddell Sea in the early 1990 ' s 
was colder and fresher than observed in previous decades, 
wh ich sugges ts relat ive weakening of the sal ine variety 
of bo t t om water. Detailed m a p s of bo t tom potential 
temperature and salinity (Figures 14a and 14b) also 
reveal a m o r e complex pattern of mul t ip le s t reams of 
differing types of bo t tom water . 

T h e wa rmes t bo t tom water of the region, >-0 .4°C in 
F igure 14a, is advected into the Weddell Sea from the 
east over the cont inental s lope. T h e core of this water is 
near 1000 m, well be low the 600-650 m depth of the 
m o u t h of the Fi lchner Depress ion or Trough [Schenke 
et al., this v o l u m e ] . T h e w a r m bo t tom water is lifted 

Fig. 12b. Pressure (dbar) of the -1.7°C isotherm based on 
the Ice Station Weddell data set. 
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Fig. 13a and 13b. Pressure and potential temperature at the western Weddell Deep Water 
potential temperature maximum (0-max) core layer, constructed from archived Weddell Sea data. 
GB and FD show the locations of the General Belgrano Bank and Filchner Depression. The 500 
to 1000 m isobaths are also shown. 

Fig. 14a and 14b. Potential temperature and salinity of the Weddell Sea Bottom Water (WSBW) 
based on observations within 50 m of the sea floor. The circled numbers 1-3 represent the 
primary plumes of WSBW. Point A denotes the site of cold shelf water export into the deep 
ocean, leading to plume 2. Plumes 1 and 3 are drawn from the Filchner Depression and High 
Salinity Shelf Water, respectively. The 500 and 1000 m isobaths are shown. 
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off the sea floor by the dense, cold Fi lchner Depression 
outf low [Foldvik et al, 1985a,b] . W e s t of the mou th of 
the F i l chner Depress ion the warmer bo t tom water re
appears in contact wi th the continental s lope sea floor, 
as the cold water p l u m e drops to the deeper ocean. 
Within the deep central Weddel l Sea a broad spread of re
lat ively warm bo t tom water, -0 .8°C, suggests an ad
mix tu re of resident bo t tom water with Filchner 
Depress ion outflow. 

W h i l e there is a scarcity of near-bot tom data along 
the cont inenta l marg in from 40° to 50°W, clearly the 
warm bo t tom water at 40°W is no longer in contact 
with the sea floor by 50°W. Because the warm bo t tom 
water has again been lifted off the sea floor, it is 
p roposed that a major export of cold shelf water occurs 
near po in t A [Figure 14] jus t wes t of General Belgrano 
Bank (72 .5 t o 73 .5°S and 47° to 50°W; GB on Figure 
14), t hough with the avai lable data expor t at the eastern 
flank of the General Belgrano Bank is feasible. The 
water colder than -2 .0°C in the R o n n e Depress ion west 
of General Belgrano Bank suggests the expor t of Ice 
Shelf Water generated at the R o n n e Ice Shelf 
[Gammelsr0d et al 199'4]. The ice station data clearly 
reveal the widespread presence of bo t tom water at tem
pera tures well be low -1.0°C over the continental margin 
west of General Belgrano Bank. F r o m the bo t tom tem
perature pattern, and from the bo t tom salinity discussed 
be low, it is improbab le that the very cold bo t tom water 
of the western r im of the Weddell Sea is derived from 
the F i lchner Depress ion outflow due to the lack of con
t inuity of <-1 .0°C water across the well-resolved 35°-
4 0 ° W cont inenta l marg in section. 

N o r t h of po in t A the areal extent of the sea floor 
deeper than 1000 m and covered wi th bo t tom water 
colder than -1 .0°C grows progressively larger south of 
67°S . M o s t of the Ice Stat ion bo t tom temperatures are 
well b e l o w -1 .2°C in the western Weddell Sea at depths 
of 2 5 0 0 to 3000 m . Nor th of 67°S the width of the 
<-1 .4°C bo t tom layer abruptly narrows, which may be 
due to increased vertical mix ing with sl ightly warmer 
over ly ing water [Gordon et al, 1993] . In the north
western Weddel l Sea cold bo t tom water (<-1.0°C) turns 
eas tward and deepens near 64°S, continuing as a band of 
<-0 .9°C water between 64° and 66°S as part of the nor
thern l imb of the Wedde l l Gyre . 

T h e bo t tom salinity distr ibution (Figure 14b) pro
vides further ins ight into the bo t tom water source and 
spreading pat terns . A n elongated p l u m e of < 3 4 . 6 2 
bo t tom water (2 on F igure 14b) follows a 700 k m path 
from po in t A, i ts presumed source, to the vicinity of 
65°S , 50°W. This area marks a further descent of low 
salinity W S B W water from 3000 db to greater than 

4 0 0 0 db , and feeds the cold 64°-66° band of b o t t o m 
water a long the northern l imb of the Weddell Gyre. 
B o t t o m topography p lays a role in guiding the b o t t o m 
water to greater depths . Eas t of poin t A, a low salinity 
bo t tom water feature implies that p l u m e 2 could be de
r ived from s inking of water a long the northern boundary 
of General Belgrano Bank, rather than from the R o n n e 
Depress ion . However , the low salinity (34.60) b o t t o m 
data near 4 0 ° W and the 500 m isobath are above -0 .8°C, 
too w a r m to be the source of the < 3 4 . 6 2 low salinity 
p l u m e (p lume 2) . A s the -1 .0°C iso therm is first seen 
in b o t t o m water deeper than 1000 m at poin t A, the 
as sumpt ion of a R o n n e Ice Shelf source is reasonable, 
a l though not p roved . T h e Weppernig etal [1996] study 
did not have a data distr ibution adequate to dis t inguish 
between a F i lchner Depress ion or a R o n n e Depression 
Ice Shelf Water source. Gammelsr0d et al [1994] find 
that the Fi lchner and R o n n e Ice Shelves produce 
essential ly identical Ice Shelf Water . A high resolut ion 
barotropic tidal mode l of the Weddell Sea [Robertson et 
ol. this vo lume] reveals v igorous tidal currents over and 
slightly to the wes t of Genera l Belgrano Bank and along 
the R o n n e Ice Shelf front. Tidal induced mix ing may 
play a critical role in the blending of ingredients that 
form W S B W [Foster et al 1987] , and provide a 
m e c h a n i s m enabl ing cabbel ing and thermobaric effects 
to b e c o m e effective. 

T h e H S S W of the western Wedde l l Sea [Gammelsr0d 
et al 1994] , migra tes northward a long the continental 
shelf, escaping from the shelf as a sal ine p l u m e (3 on 
F igure 14b) ju s t shoreward of the <34 .62 p l u m e . A 
slope canyon near 70°S may direct the saline shelf water 
in to the deep ocean. The saltier (denser) bo t tom water 
lifts the lower salinity bo t tom water off the sea floor, 
induc ing the s-min and s-max stratification within s lope 
p l u m e , as discussed above . T h e 1992 Ice Stat ion data 
provide the first Weddell Sea observat ions of a saline 
b o t t o m water variety, usual ly associated only wi th the 
Ross Sea. Seaward of the elongated < 3 4 . 6 2 p l u m e 2, a 
w e a k p l u m e (1 in F igure 14b) of >34 .65 water has po
tential temperatures between -0.9° and -1 .0°C. It is pro
posed that this feature is a mix ture of the Fi lchner 
Depress ion outf low wi th the m o r e sal ine bo t tom water 
advected into the Weddel l Sea from the east. 

In s u m m a r y : three p lumes of newly formed b o t t o m 
water are injected into the deep Weddell Sea (1 , 2 and 
3 on F igure 14b). The warmer , sal ine p l u m e (1) re
presents a mix tu re of Fi lchner Depress ion outf low wi th 
warmer , m o r e sal ine b o t t o m water from the interior 
Weddell Gyre . T h e cold, low salinity p l u m e (2) is de
r ived from outf low of R o n n e Ice Shelf Wate r exi t ing the 
shelf j u s t wes t of General Belgrano Bank (point A on 
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F igure 14). Th i s p l u m e m a y be protected from m i x i n g 
wi th the warmer , m o r e sal ine interior bo t tom water by 
the F i lchner Depress ion outflow, a l lowing its nor thward 
extens ion in concentrated form. The third p l u m e is the 
cold, h igh salinity bo t t om water (3) formed from high 
salinity shelf water descending into the deep sea near 
70°S and probably at other sites a long the western r im 
of the Weddell Sea. Sustained variat ions in the relative 
s trengths of these three p lumes would induce changes in 
the bo t tom water of the Wedde l l Sea and beyond. 

5.4 Larger Scale Considerations of AABW 
Formation 

Using 1973 Weddell Sea geochemical data, the 
Foster and Carmack [1976a] W S B W mix ing recipe and 
an es t imate for basal mel t ing of the Fi lchner and Ronne 
Ice She lves of 2 x 1 0 1 1 m 3 yr" 1, (accounting for the low 
deuter ium and oxygen-18 isotope values) , Weiss et al 
[1979] determined a 5 Sv formation rate of W S B W . 
Us ing t r i t ium data they determined a W S B W formation 
ra te of 2.9 Sv. M o s t recent es t imates fall in this range. 
Muench and Gordon [1995] estimated the total north
ward t ransport of 5 to 6 Sv within the lower 300-500 m 
of water colder than -0 .4°C, (average -0.8°C) a long the 
western r im of the Weddel l Sea in 1992. For the period 
Sep tember 1989 to January 1993, Fahrbach et al 
[1994a] found 2.6 Sv of W S B W , defined as water colder 
than -0 .7°C, and 1.2 Sv of Weddell Sea Deep Water de
fined as having potential temperatures of 0°C to -0 .7°C. 
Fahrbach et al [1995] showed that W S B W transport 
ave raged 1.7 Sv in 1991 , the per iod with the m o s t com
plete mon i to r ing array, with a M a y m a x i m u m of 2.4 
Sv and a January m i n i m u m of 0.8 Sv. They reported a 
h igh of 3.9 Sv in July 1992 and an average of « 2 . 8 Sv 
dur ing the t ime of the Ice Stat ion Weddell drift. Gordon 
et al [1993] est imated 3 Sv of newly formed W S B W 
(-0.8°C) in the western Weddel l Sea. 

T h e Muench and Gordon [1995] transport included 
water as w a r m as -0 .4° , incorporat ing some of the deep 
water defined by Fahrbach et al [1994a] . If the water 
between potent ia l temperature -0.4°C and -0.7°C re
presents about half of the deep water t ransport (between 
the 0 .0°C and -0 .7°C iso therms) , the Muench and 
Gordon [1995] t ransport es t imate should be reduced to 
4.0-4.8 Sv for the W S B W componen t above. As many 
as sumpt ions are used in the various W S B W transport 
de terminat ions , the difference between 2.8 Sv and 4.8 
Sv m a y not be very significant. A working value for 
W S B W colder than -0 .7°C (average of -1.1°C) may be 

taken as 3-4 Sv. Th is water is derived from the con
tinental marg in ex tending from the Fi lchner Depression 
and, in more dilute form, nor thward at least to the wes
tern station on helo sect ion 3 at 6 7 ° 4 0 ' S . 

T h e global influence of this flux m a y b e estimated 
from a thermal ba lance of the abyssal ocean (>4°C), the 
average temperature of which is about 1.7°C [Gordon, 
1975, 1991] . T h e average temperature of W S B W with
in the benthic boundary layer is about -1 .1°C, nearly 
2 .8°C be low that of the abyssal ocean. As the W S B W 
is produced from converted abyssal water upwell ing 
wi th in the Weddell Gyre , the process of W S B W for
mat ion acts to r e m o v e heat from the abyssal ocean. The 
major provider of heat into the abyssal ocean is North 
Atlantic Deep Wate r ( N A D W , including a Mediterranean 
Sea source) which forms at a rate of about 15 Sv wi th 
an average temperature of about 2 .7°C [Gordon, 1975] 
about 1.0°C above the average abyssal ocean tem
perature. A W S B W flux of 3.5 Sv at -1 .1°C removes 
4 .1 x 1 0 1 3 Wat t s whi le N A D W adds about 6.3 x 1 0 1 3 

Wat t s to the abyssal ocean. Thus W S B W formation off
sets about 6 5 % of the N A D W heat ing. Using the 
Muench and Gordon [1995] values for water colder than 
-0 .7°C, W S B W removes 5.1 x 1 0 1 3 Wat t s , offsetting 
8 2 % of N A D W heat ing. 

Colder bo t tom waters form in the R o s s Sea [Jacobs 
et al, 1985; Locarnini, 1994], a long the Adelie Coas t 
[Gordon and Tchernia, 1972; Rintoul, this volume] in 
Prydz Bay [Nunes-Vas andLennon, 1996], and probably 
other regions a round Antarct ica. Sinking of cold surface 
water that does not reach the sea floor is l ikely to occur 
over the s lope and open ocean [e.g. Carmack and 
Killworth, 1978] . Convec t ive cool ing of the deep water 
to nearly 3000 m occurred during the Weddell Po lynya 
period [Gordon, 1982] . Addit ionally, the Ice Stat ion 
Wedde l l data suggest that pycnocline water from the in
terior of the Wedde l l Gyre may very well migrate toward 
the cont inental marg in , s inking into the deep water on 
the seaward side of the Antarct ic Slope Front. This may 
b e quite c o m m o n around Antarctica, as the water 
c o l u m n over the Antarct ic continental s lope is signi
ficantly colder, lower in salinity and enriched in oxygen 
than is the water further offshore. A s s u m i n g all non-
Wedde l l formation of waters colder than -1 .7°C (WSBW 
equivalent) equals the Weddel l production, then the total 
hea t r emova l from the deep ocean by such processes in 
the Southern Hemisphere would b e 8.2 x 1 0 1 3 Wat t s . 
T h e Southern Ocean cool ing may therefore not only 
compensa te N A D W heat ing, but help to balance an 
even larger source of heat to the abyssal ocean, i .e . , 
d o w n w a r d diffusion of heat through the thermocline. 
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6. CONCLUSIONS 

1) T w o variet ies of cold shelf water contr ibute to the 
formation of W S B W with a surprisingly small degree of 
di lut ion dur ing s inking into the thin benthic layer. The 
denser H S S W , a product of sea ice formation, is drawn 
from the western Wedde l l Sea. The lighter ISW, a mix
ture of H S S W and glacial mel twater from the Filchner 
and R o n n e Ice Shelves , is drawn from the Filchner 
Depression and western flank of General Belgrano (GB) 
Bank. M o s t of the Fi lchner Depress ion water mixes 
wi th warmer , saltier, resident A A B W from the east to 
flood the deep central Weddell Sea. The persistent GB 
water, often layered above the saltier variety of W S B W , 
descends to > 4 0 0 0 m depths near 65°S , 50°W, feeding 
the co ld bo t tom water band beneath the northern l imb of 
the Weddel l Gyre. 

2) Indicat ions from 0/S analyses that bo t tom water 
formed in recent decades is less saline than previously 
could imp ly an increase in the production and escape 
from the shelf of ISW, or a decrease in the inflow of 
bo t tom water from east of the Weddell Sea. T h e latter 
is considered unl ikely to exert a s t rong influence on 
W S B W characteristics. 

3) Cold , l ow salinity, h igh oxygen surface water 
sinks wi th l i t t le di lut ion by W D W , faster in the upper 
k i lometer and m o r e contour-fol lowing at greater depths. 
Geos t rophic adjustment of the pycnocl ine in the boun
dary current , cabbel l ing and E k m a n veering in the 
bo t tom boundary layer m a y trigger impor tant thermo
baric effects. 

4) T h e characteristic deep low-sal ini ty " V " or pyc
nocl ine t rough of the Antarct ic S lope Front (Figure 15) 
is defined on its north and east by Weddell Gyre pyc
nocl ine water, on its south and west by a variety of 
shelf waters , and in its upper core by mel twater from 
the southeas t Weddell Sea. T h e lower salinity in the 
pycnocl ine t rough accounts for its depth, as the static 
stabil i ty increases the pressure required to initiate 
thermobaric-induced convect ion. L o w salinity near the 
slope front m a y also inhibi t vertical heat flux, 
contr ibut ing to the perennial ice cover. 

5) It is remarkable that the global influence of 
A A B W s tems from small scale processes at the 
Antarct ic Cont inen ta l Marg in . In the southern and 
western Weddell Sea alone, the convergence of surface 
and pycnoc l ine water at the s lope front ventilates the 
entire water co lumn, is advected into the A C C , and 
eventual ly compensa tes for 65 to 8 2 % of the abyssal 
ocean hea t ing by N A D W formation. Deep venti lat ion 
will a lso occur when similar source waters and deep 

WEST SEA SURFACE E A S T 

(SOUTH) | ( N O R T H ) 

Fig. 15. Schematic illustration of the convective pattern 
of the western Weddell Sea, based on analyses of the Ice 
Station Weddell data set. Surface, shelf and pycnocl ine 
waters from a variety of deep ocean and continental shelf 
sources converge and sink within and adjacent to the main 
pycnocline trough associated with the Antarctic Slope 
Front . 

m i x i n g processes occur at the s lope front elsewhere 
around Antarct ica. Given the scales and variability 
involved, it m a y be difficult for global circulation 
mode l s to proper ly s imulate A A B W formation. 
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