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Abstract

Hydrographic data from the Antarctic Drifter Experiment: Links to Isobaths and Ecosys-
tems (ADELIE) project are analyzed to determine the frontal structure and transport along
a section across the continental shelf and slope in the northwestern Weddell Sea. The flow is
dominated by three barotropic northward flowing currents: the Antarctic Coastal Current,
the Antarctic Slope Front and the Weddell Front. The strongest baroclinic flows are confined
to the region between the Slope Front and the Weddell Front over the steepest part of the
continental slope. The Antarctic Coastal Current flows over the continental shelf near a local
steepening in the bathymetry and has a transport of ~1.3 Sv. The Antarctic Slope Front is
found approximately 25 km offshore of the shelf break in 800 m of water. The Slope Front,
which is associated with a transport of ~4 Sv, exhibits peak velocities at the sea bed that
reach 35 cm s~ ! as detected by lowered acoustic Doppler profiler (LADCP) measurements.
A third, previously unreported northward current is found centered between the 2500 m and
3000 m isobath corresponding to a local break in the topography. There is evidence that this
is the same feature known as the Weddell Front traditionally associated with flow over the
3000 m isobath in the northern Weddell Sea. The absence of the Weddell Front in data from
pervious field programs is explained by too coarse or too shallow sampling. The Weddell
Front accounts for ~ 17 Sv of northward transport. A deep outflow is observed all along
the continental slope between the Slope Front and the Weddell Front. The deep outflow is
localized in two to three distinct cores that are tied to topographical features. The total
transport across the section is 46 + 6 Sv. This value exceeds previous estimates because the
full-depth and de-tided LADCP measurements allowed the narrow (~20 km) frontal currents
to be resolved, leading to more accurate estimates of the barotropic component of the flow.
We discuss the physical processes that may lead to the formation and maintenance of these

fronts.



1 Introduction

The flow behavior in the western Weddell Sea allows this region to play a disproportionately
large role in the global thermohaline circulation. Ventilation of the deep ocean depends crucially
on the production of dense water around Antarctica (Deacon 1937, Stommel and Arons 1960,
Mantyla and Reid 1983, Orsi et al. 2002), especially in the western Weddell Sea, which accounts
for 50-90% of Antarctic bottom water (Carmack 1977, Foldvik and Gammelsrgd 1988, Rintoul
1998). The formation of bottom water can either occur through the interaction of High Salinity
Shelf Water, resulting from brine rejection during sea ice formation, with Warm Deep Water
and Winter Water (Foster and Carmack 1976, Middleton et al. 1987, Foster et al. 1987), or
through the interaction of Ice Shelf Water, caused by glacial melt under ice shelves, with Warm
Deep Water (Weiss et al. 1979, Foldvik et al. 1985a). In both cases, dense water originating on
the continental shelf spills over the shelf break and proceeds to sink down the continental slope.
The path of this dense water is subsequently influenced by topographical features, turbulent
entrainment and the Coriolis effect (Baines and Condie 1998), which act together to form a
series of fronts along the rim of the Weddell Gyre.

In near-surface waters, shelf-slope exchanges in the western Weddell Sea help control krill
dynamics over large parts of the Southern Ocean. The western Weddell Sea is a region of
enhanced chlorophyll relative to adjacent high nutrient, low chlorophyll waters found throughout
most of the Southern Ocean (Falkowski et al. 1998). The high chlorophyll region extends from
the tip of the Antarctic Peninsula northeastward to the South Sandwich Islands incorporating
the Weddell-Scotia Confluence (Thorpe et al. 2004). Elevated chlorophyll levels result from high
nutrient content on the continental shelf caused by tidal mixing and runoff from the continent.
Modeling studies have suggested that the Antarctic Peninsula is a feasible source for the large
krill populations found near South Georgia in the Southern Ocean (Hofmann et al. 1998).

Ventilation of the deep ocean and nutrient supply into the Antarctic Circumpolar Current
both require exchanges between shelf waters and water masses associated with much greater
depths. However, the major currents around the margins of Antarctica are thought to be tied
to isobaths and are associated with weak cross-slope flows. In particular, the Antarctic Coastal
Current and the Antarctic Slope Front may act as barriers to shelf-slope exchange.

The Coastal Current and the Slope Front are the major topographically-driven westward



currents found along much of the margin of Antarctica. These currents are important for the
preconditioning of shelf waters for the formation of Antarctic Bottom Water (Fahrbach et al.
1992), for supplying waters beneath ice shelves and for melting the underside of the ice shelf
(Fahrbach et al. 1994a) and for the transport of Antarctic krill and nutrients (Pauly et al. 2000).
Furthermore, the interaction between these currents and sea ice, ice shelves and shelf water helps
control freshwater fluxes around Antarctica, knowledge of which is essential for accurate climate
modeling. Locations where transport across these fronts occurs and the physical processes that
enable this exchange are poorly understood.

The Antarctic Slope Front marks the subsurface boundary between cold, relatively fresh
water found on the Antarctic continental shelf and the warmer, more saline water further offshore
(Jacobs 1986, 1991). The transition across the Slope Front, which is typically found above or just
offshore of the shelf break, is characterized by strong horizontal gradients in temperature and
salinity. The physical properties of the Slope Front also have important biological implications,
since the region associated with the current has been noted for high plankton production and
increased sightings of krill predators such as sea birds and whales (Ainley and Jacobs 1981,
Pauly et al. 2000). The Antarctic Coastal Current is a fast, shallow flow over the continental
shelf, often associated with the front of the ice shelf. The Coastal Current is not tied to a
particular bathymetric feature and in regions where the shelf is narrow the Coastal Current and
the Slope Front may merge (Heywood et al. 1998). The Coastal Current and Slope Front then
separate and become distinct features where the shelf broadens again.

The Coastal Current and Slope Front are nearly circumpolar, however, they undergo im-
portant modifications near the tip of the Antarctic Peninsula due to the influence of complex
topographical features and the confluence of these currents with the more rapidly flowing Antarc-
tic Circumpolar Current. The latter is most apparent on the western side of the Peninsula, where
Circumpolar Deep Water, typically found offshore of the shelf break, flows up onto the conti-
nental shelf and prohibits the formation of the Slope Front (Whitworth et al. 1998). The role
of complex topography to the north and east of the tip of the Peninsula, especially on flows in
Bransfield Strait and along the South Scotia Ridge, muddies the traditional definitions of the
Slope Front. In particular, Whitworth et al. (1998) suggested that the shoreward extent of the

0°C isotherm, the marker of the Slope Front proposed by Jacobs (1991), does not consistently



correspond to the current’s position in this area.

Heywood et al. (2004) explored the fate of the Coastal Current and Slope Front to the
northeast of the Antarctic Peninsula and provided the first maps of these currents near the
Peninsula’s tip. A distinct Coastal Current was detected over the continental shelf to the east of
Joinville Island (Figure 1). Here the Coastal Current is not tied to a particular isobath and flows
westward into Bransfield Strait. The Slope Front, which appears as a single core of northward
flow east of Bransfield Strait, splits into two features north of Powell Basin. The shoreward
portion is tied to isobaths around 1000 m and crosses the South Scotia Ridge, while the portion
tied to deeper isobaths becomes the Weddell Front, which is tied to isobaths between 2500 and
3000 m south of the South Orkney Plateau.

A number of questions remain about the behavior of the Coastal Current and Slope Front
northeast of the Antarctic Peninsula. The fate of the Coastal Current after it enters Bransfield
Strait could not be assessed from the hydrographic data available to Heywood et al. (2004).
If the Coastal Current continues westward beyond Bransfield Strait and is truly circumpolar,
this feature may provide a mechanism for supporting a westward propagating wavelike anomaly
pattern observed in ice-ocean models (Beckmann and Timmermann 2001). Furthermore, a
number of the hydrographic stations used by Heywood et al. (2004) were aligned along the
continental slope rather than across it, making it difficult to assess the structure of the Slope
Front and the degree to which this current is tied to a particular isobath.

A comprehensive study of the currents and fronts near the tip of the Antarctic Peninsula
is the aim of the Antarctic Drifter Experiment: Links to Isobaths and Ecosystems (ADELIE)
project. Data for this project were obtained during a research cruise off the tip of the Antarctic
Peninsula, crossing the continental shelf and slope into the Weddell Sea (Figure 1). Lagrangian
data obtained from surface drifters and Argo floats tracked the paths of the Slope Front and
Coastal Current, while a high resolution hydrographic section was used to identify the location
and transport of the fronts near the drifter deployment locations. Specific goals of the ADELIE
project are to determine the extent to which frontal currents are tied to isobaths in this region
and to map possible pathways for Antarctic krill and nutrients near the Antarctic Peninsula.
Here we consider the results of the hydrographic section in order to determine the magnitude of

the transport associated with the fronts, to assess the physical processes that contribute to the



structure of the fronts and to understand how these processes influence cross-slope exchange in
the western Weddell gyre.

Many physical processes occurring near the shelf break may contribute to shelf-slope ex-
changes, but it is still unclear how these different dynamics acting in concert hinder or facilitate
exchange. A basic characteristic of water around the margin of Antarctica, and especially in the
western Weddell sea, is its weak stratification. This aids topographic control of the flow such
that currents tend to follow contours of f/H. However, topographically-steered jets are often
associated with strong lateral shears that can develop into unstable frontal waves (Lozier et al.
2002). Other mechanisms that can generate eddies and meanders that enhance cross-slope flows
are baroclinic instability over the continental slope (Tanaka and Akitomo 2001) and flow inter-
action with rough topographical features such as submarine ridges (Darelius and Wahlin 2007)
and canyons (Baines and Condie 1998). Tidal currents are frequently largest along the shelf
break (Padman et al. 2002), and this may lead to periodic or episodic bursts of cross-slope flow.
Wind-forced near-inertial motion may provide a similar source of cross-slope velocity variance
at the shelf break.

We begin by reviewing previous observations of the Slope Front around the Weddell Gyre in
section 2. Section 3 summarizes the data collection methods used during the ADELIE research
cruise. The results of the hydrographic section are presented in section 4 and discussed in section

5. We conclude by summarizing our findings in section 6.

2 The Antarctic Slope Front around the Weddell Gyre

Sverdrup (1953) originally argued that the Slope Front arises from the predominantly westerly
winds around the margins of Antarctica, which drive an onshore Ekman flow that sets up a
westward geostrophic current. Gill (1973) first described how dense water on the shelf that
escapes and cascades down the continental slope could play an important role in the formation
and localization of the Slope Front. Recently, Baines (personal communication) has expanded
on Gill’s model and shown that entrainment into a dense, turbulent plume can destabilize the
water column on the shoreward side of the Slope Front. The resulting overturning is cited as an
important process in the formation of the V-structure associated with the Slope Front (Jacobs

1991).



While the Slope Front is nearly circumpolar, the degree of baroclinicity of the current, the
strength and number of cores and the presence of the V-structure in isotherms and isohalines
may all vary. The V-structure is an indication of mixing between dense Shelf Water and Modified
Warm Deep Water near the continental shelf break (Gill 1973, Foster and Carmack 1976). In
regions where mixing of this type does not occur, isopycnals dip downward toward the shore
across the Slope Front (Heywood et al. 1998). Changes in the structure of the Slope Front
around Antarctica, and even the Weddell Gyre, suggest that the physical processes driving the
current evolve as the flow propagates westward.

In the eastern Weddell Sea, the Slope Front splits into two cores above the continental slope,
centered along isobaths of 1000 m and 3000 m respectively (Heywood et al. 1998). The Slope
Front has a large barotropic component with surface currents in the southern (shoreward) core

on the order of 50 cm s~ 1.

However, the flow also has an important baroclinic character in
the southern core, which includes a region of weak undercurrent back to the east. The deeper
northern core, on the other hand, is predominantly barotropic. In the eastern Weddell Sea, the
continental shelf is narrow, and Heywood et al. (1998) do not observe the Coastal Current as
a separate flow, although there is evidence that this feature has merged with the Slope Front.
Also, because of the narrow shelf, the southeastern Weddell Sea is not a region of bottom water
production (Fahrbach et al. 1994a), and therefore the V-structure is absent in Heywood et al.’s
(1998) vertical section of potential temperature and salinity.

Further downstream in the gyre, Whitworth et al. (1998) display a section at 35°W, just
to the west of the Filchner Depression. Here, the temperature and salinity fields display a
V-shaped front above the shelf break between 200 m and 600 m depth. This section only
samples to a depth of 2000 m, so it is difficult to assess how many velocity cores occur here.
Potential temperature values are less than —1°C above the sea bed, but only small isolated
regions above the slope have salinity values characteristic of shelf waters. Along the western rim
of the Weddell Gyre, Ice Station Weddell (Muench and Gordon 1995) occupied four transects
across the continental slope between 65°S and 70°S (all centered at 55°W). Here, tongues of
relatively cold and fresh water occupy the entire slope suggesting that dense bottom water with
sources further south is actively flowing down or along the slope. The V-structure is easily

identified in these sections. The velocity profiles are best resolved in transects 2 (69°S) and



3 (68°S). Both sections have important baroclinic components, however, unlike in the eastern
Weddell Sea, the largest velocities are now found at the sea bed rather than at the surface.
Along transect 3, there are two distinct northward flowing cores, the first centered over the
shelf break and the second over the 2500 m isobath (corresponding with a deeper break in the
continental slope). Also, the strongest baroclinic flows are no longer located in the cores of
the front, but rather in the region between the fronts. Frontal structures are more difficult to
identify in transect 2, which only sampled to the 2500 m isobath.

In the northwestern Weddell Gyre along the South Scotia Ridge, the V-structure across the
Slope Front no longer appears (Heywood et al. 2004). This absence of a V-structure suggests
that the ADELIE section is one of the last locations around the Weddell Gyre where bottom
water plays an active role in the formation of the Slope Front. Where water is exported across
the South Scotia Ridge, it has been hypothesized that the Slope Front splits to form a new front
associated with deeper isobaths, the Weddell Front (Heywood et al. 2004).

Thus, around the Weddell Gyre the Slope Front transitions from a surface-intensified flow
to a bottom-intensified flow facilitated by the deep outflow of Weddell Sea Bottom Water.
Furthermore, the Slope Front is often described as having a two-core structure, approximately

centered over the 1000 m and 3000 m isobaths.

3 Data collection

We present hydrographic observations and current measurements obtained on the Antarctic
continental shelf and slope of the western Weddell Sea during ADELIE, Cruise 158 of RRS
James Clark Ross (JCR), in February 2007 (Figure 1). Beginning near Joinville Island at the
tip of the Antarctic Peninsula, the JCR steamed southeast along the WOCE repeat line SR04
deploying 40 surface drifters until reaching a depth of approximately 4100 m. The location of the
final drifter deployment—also the location of the first hydrographic station—was roughly 400
km from the tip of the Peninsula. The ship then returned along the same section occupying 19
full-depth hydrographic stations and releasing four Argo floats. The final hydrographic station
was taken in the same location as a test station at the start of the cruise. A third crossing
of the section was completed out to the 2000 m isobath to obtain a clean shipboard acoustic

Doppler current profiler (ADCP) section. In this paper we discuss the data collected along the



ADELIE hydrographic section. Discussion of data obtained from the Lagrangian surface drifters
will appear in a separate study.

Hydrographic stations were undertaken using a Sea-Bird conductivity-temperature-depth
(CTD) sensor along with a SBE-35 Deep Ocean Standards Thermometer and a SBE-43 Oxy-
gen Sensor. A downward looking 300 kHz RDI Workhorse lowered ADCP was used to obtain
current measurements at each of the CTD stations. The CTD sensor and LADCP were hosted
on a 12-way rosette. Only eight bottles were fitted on the rosette to accompany an upward-
looking LADCP, which requires four bottle positions. Unfortunately, the second LADCP was
not replaced in time for the cruise following an earlier malfunction. The remaining LADCP was
chosen to be deployed in a downward-looking configuration to enable bottom tracking.

Station spacing was close over the shelf break and steep topography (less than 10 km) and
widened out towards the central Weddell Sea (Figure 1). The mean station spacing for the section
was 20 km. Accuracies were 0.001°C for temperature and 0.002 for salinity. The salinities were
calibrated using IAPSO standard seawater (batch 144). Further details of the precision and
accuracy of measurements during the cruise are discussed in the cruise report (Thompson 2007).

The LADCP data were processed using Lamont Doherty Earth Observatory (LDEO) soft-
ware, v. 10.0 (Visbeck, 2002). Stations 9 through 20 were completed with a three beam solution
due to a failure in beam four of the LADCP. At each station the up and down casts of the
LADCP were averaged and then rotated to yield the component of current perpendicular to
the line between each station pair. A 75 kHz RD Instruments Ocean Surveyor (OS75) ADCP
installed on the JCR was used to acquire current measurements up to a depth of 700 m through-
out the cruise. The agreement between LDEO velocities and those recorded by the shipboard
ADCP is excellent.

The section was completely free from sea ice throughout the ADELIE cruise, although sea
ice formation was well underway approximately 100 km further south in the Weddell Sea. Ob-
servations from the AMSR-E Sea Ice maps from the University of Bremen (Spreen et al. 2005)
indicate that active sea ice formation over the continental shelf and shelf break along the ADELIE

section began to occur approximately 25 days after occupation of the hydrographic section.



4 Results

4.1 Water masses

Figures 2 through 5 show vertical sections of potential temperature, salinity, dissolved oxygen
and neutral density 4v". In each of these figures the most striking feature is the V-shaped
dip in the contours between stations 12 and 14. This is the well-documented signature of
the Antarctic Slope Front. The Slope Front has been defined as a cold, fresh river of water
flowing around Antarctica (Gill 1973) and is usually identified by strong subsurface horizontal
property gradients (Ainley and Jacobs 1981). The subsurface gradients are indeed strong across
the section, e.g. potential temperature changes nearly 1° C in 10 km. A more quantitative
definition of the Slope Front is the shoreward extent of the 0°C isotherm (Jacobs 1991), which
corresponds to the base of the V in Figure 2. The dashed line labeled ASF marks the core of
the Slope Front as determined from the geostrophic velocity measurements (see section 4.2.2).
In the property sections, the position of the core generally corresponds to the region of strong
horizontal gradients on the shoreward side of the V.

The clear V-structure confirms that bottom water cascading over the shelf break was active
during the ADELIE cruise. The core of the Slope Front is found approximately 25 km offshore
of the shelf break (near station 15). This distance is larger than the Rossby deformation radius,
fr ~ 10 — 15 km, which would allow dense water cascading off the shelf to turn northward
under the Coriolis effect. Thus the deep outflow likely plays an important role in determining
the location and strength of the Slope Front.

Over the broad continental shelf temperature is well-mixed with values less than —1°C.
There is no signature of the Coastal Current in the temperature section. A V-shaped dip in
the isohalines coinciding with station 18 (Figure 3) indicates that the Coastal Current is largely
driven by salinity anomalies in this region of the Weddell Gyre. Although not traditionally tied
to topography, the Coastal Current is located at a sharp change in bathymetry in this section.
This bathymetric feature also corresponds with the shoreward edge of a region near the sea bed
with a strong horizontal gradient in dissolved oxygen (Figure 4, lower panel). The core of the
Coastal Current, as indicated by the dashed line labeled CC, corresponds to regions of strong
horizontal gradients in both dissolved oxygen and neutral density (Figure 5).

Over the continental slope, slightly warmer surface layers overlie the cold Winter Water layer
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that has a temperature minimum of —1.7°C (Figure 2). Moving down through the water column,
temperature has a maximum of 0.6°C between 500 and 1000 m, while salinity peaks at 34.69
between these same depths. The temperature and salinity maxima mark Warm Deep Water
(WDW) (Carmack and Foster 1975a)—a type of Circumpolar Deep Water found exclusively in
the Weddell Sea. Using definitions from Whitworth et al. (1998), WDW has +" values between
28.03 and 28.27 (shaded light gray in Figure 5—the units kg m~3 are dropped for brevity).
WDW is also characterized by a minimum in dissolved oxygen (200 umol kg=1). At the level
of WDW, the slope of the isohalines reverses sign (Figure 3) indicating the potential for a third
deeper front between station 5 and 9. The core of this front, referred to here as the Weddell
Front, is marked by the dashed line labeled WF.

Below the WDW the water column is characterized by weak stratification with water be-
coming cooler and fresher through the level of Weddell Sea Deep Water (WSDW). Near the sea
bed, the gradient of the vertical profiles of temperature and salinity increases indicating Weddell
Sea Bottom Water (WSBW). This is a cold, fresh and oxygen-rich water mass that extends over
the entire continental slope with " values greater than 28.4 (shaded dark gray in Figure 5).
While isopycnals slope strongly throughout the water column in the Slope Front, the isopycnals
passing through the Weddell Front are most steeply sloped near the sea bed, suggesting that
the Weddell Front is strongly influenced by the deep outflow.

The distribution of WSBW can be seen more clearly in the lower panels of Figures 2 through
5, where properties are contoured with height in meters above bottom as the ordinate. These
plots indicate that WSBW is not a broad homogeneous water mass found along the continental
slope. Instead, there are regions where the bottom water pools and then thins. In the bot-
tom distribution panels, the Slope Front tends to mark a transition between regions of weaker
(shoreward) and stronger (seaward) vertical gradients. Weakened stratification likely arises from
vertical mixing generated by entrainment into a turbulent downslope flow. Furthermore, strong
horizontal gradients in the few hundred meters above the bottom suggest that the deep outflow
occurs in isolated jets rather than in a broad northward flow (see section 4.2). A dip in the
contours above the bottom at station 4 may separate two different cores of the deep outflow,
possibly from different source regions (Gordon 1998). A similar feature is seen in the bottom

distribution of potential temperature shown by Fahrbach et al. (2001).
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Figure 6 shows potential temperature-salinity diagrams for the ADELIE section and indicates
the different water masses encountered. Figure 6(a) shows data from all the measurements
divided into stations above the continental shelf (light gray), over the shelf break (gray) and
over the continental slope (black) as indicated by the inserted map. The solid lines are best
fit contours of neutral density!. Figure 6(a) shows the distinction between Shelf Water and
Antarctic Surface Water (AASW). Both are primarily stratified in salinity, although Shelf Water
tends to be warmer without the remnants of Winter Water.

Figure 6(b) shows an expanded view of stations 15 through 12, which are found over the
shelf break and pass through the Slope Front. The signature of the Slope Front can be observed
as potential temperature falls from —0.2°C ((’s) to —0.5°C (A’s) and then rises again to 0.3°C
(o’s) along 4™ = 28.15. This confirms that we have adequately sampled the Slope Front and
the sharp temperature gradient across it, while also illustrating the thinness of the feature.
Station spacing across the shelf break is less than 10 km, indicating that the Slope Front is no
more than 20 km across in this region of the Weddell Sea. A significant quantity of water with
characteristics of WSBW (1™ > 28.4) is found for the first time at station 14, near the core
of the Slope Front, which may indicate a link between bottom water transport on the upper
continental shelf and the location of the Slope Front.

Figure 6(c) shows an expanded view of the stations found over the continental slope with
the darker symbols indicating positions further offshore. Whitworth et al. (1998) defined the
transition between WSDW and WSBW to be the 4" = 28.4 contour. A more accurate definition
for a particular profile, perhaps, is the change in slope towards colder and less saline waters that
occurs between the 28.27 and 28.4 4™ contours. For the deepest stations, the v = 28.4 contour
accurately marks the transition from WSDW to WSBW. However, moving onshore the transition
to WSBW occurs at warmer and more saline values. This evolution could occur with a single
end member mixing with progressively warmer and more saline WSDW, but the slight curvature
of the data in Figure 6(c), where the curves cross the v = 28.4 contour indicates that multiple

sources of dense water are implicated in the creation of bottom water found in the northwestern

!Neutral density is a nonlinear function of potential temperature, salinity, depth, latitude and longitude (Jack-
ett and McDougall 1997). On 6-S diagrams, all samples with a specific value of 4™ are not captured with a single
curve. The curves in Figure 6 are third order polynomial fits to data collected within the Weddell Sea and the

Atlantic sector of the Southern Ocean.
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Weddell Sea (Gordon et al. 2001).

Heywood et al. (2004) show that a clearer distinction of water masses across the Slope Front
is achieved by considering dissolved oxygen variations with changes in neutral density (Figure
7). On the seaward side of the Slope Front, there is a distinct minimum in dissolved oxygen at
~™ = 28.2, which corresponds to the core of WDW. The shoreward side of the front has greater
dissolved oxygen indicating more recently ventilated water. In the Heywood et al. (2004) study,
the Slope Front is always marked by a sharp transition between high and low dissolved oxygen
levels, whereas across the ADELIE section there is a steady evolution through the Slope Front
from the high shelf levels to the depleted slope levels. This difference is most likely a result
of finer station spacing across the Slope Front that better resolves the transition between the
water masses. Although, further north dissolved oxygen levels may be modified in water that

has circulated through Bransfield Strait ( Heywood et al. 2004, Zhou et al. 2006).

4.2 Transport
4.2.1 Direct measurements

Figure 8 shows the velocity perpendicular to the ADELIE section (approximately along the
slope) from the LADCP measurements. Since the LADCP section provides a snapshot of the
velocity field, it is important to remove the tidal contribution to the flow. The LADCP profiles
were de-tided using the ESR/OSU suite of high latitude barotropic tidal models (Padman et
al. 2002). We tested both CATS02.01 (medium resolution, 1/4° x 1/12°, Antarctic regional
model) and AntPen (~ 2 km high resolution Antarctic Peninsula model). We found that the
latter model provides a good representation of the tidal flows as low frequency oscillations in
the shipboard ADCP velocity time series are well-correlated with the predicted tide.

Where the depth is greater than 3000 m, the predicted mean tidal speed is less than 2 cm
s~! during a four month period between February and May 2007 and thus has little effect on
frontal structure at these locations. Tidal velocities increase up the continental slope and peak
at the shelf break. Here tidal velocities can exceed 20 cm s~!, and the predicted mean tidal
speed is 8 cm s~! for the same February to May time period. During the ADELIE cruise, the
tide model shows that most of the tidal velocity is directed across the slope, which is confirmed

by the shipboard ADCP data. Thus we believe that the magnitude of the current associated
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with the Slope Front observed during ADELIE was not strongly affected by tides. To check
the influence of tides on the position of the Slope Front, we identified the Slope Front in both
the CTD leg and ADCP leg? of the cruise (Figure 1). The location of the core of the Slope
Front varies by only 2 km in these two crossings, suggesting that tidal effects did not strongly
influence the position of the Slope Front. Tidal velocities on the shelf are more likely to influence
the position of the weaker Coastal Current. However, in our two clean crossings, the Coastal
Current is easily discernible and found in the same location (the two crossings of the Coastal
Current were separated by 10 hours).

The LADCP section (Figure 8) shows three strong bands of northward flow that we identify
from the shelf across the slope as the Coastal Current, the Slope Front and the Weddell Front.
In section 5 we discuss the connection between the deepest front and the Weddell Front observed
south of the South Orkney Islands by Heywood et al. (2004). Peak velocities across the section
that exceed 30 cm s™! are found within the Slope Front. Velocities in the Coastal Current reach
20 cm s~! at the core, while the Weddell Front is somewhat weaker with velocities between
10-15 cm s~! throughout the water column. Over the continental shelf, southward velocities
peak at 8 cm s™!, but over the remainder of the section, little flow moves southward. The
strongest horizontal gradients in the flow field are associated with the seaward sides of the Slope
Front and the Weddell Front, where regions of strong northward flow rapidly transition to weak
southward flows.

The lower panel of Figure 8 shows the bottom distribution of the velocity field as determined
from bottom-tracked LADCP measurements. All three of the frontal currents extend to the
bottom and in each case, the largest velocities occur at or very close to the bottom. As suggested
by the hydrographic data, the deep outflow occurs in a series of narrow, localized cores. The
Slope Front has two northward-flowing cores, the first centered at a distance of 150 km along
the section, while the second is found about 20 km further offshore. The Slope Front is largely
barotropic above its shoreward bottom core, while the seaward bottom core is found below the
region of weak southward flow, such that the flow here has a large baroclinic component. The
deep outflow centered at the Weddell Front also has a baroclinic component with velocities

decaying by a factor of two in the 200 m above the bottom.

2Unfortunately the Slope Front could not be accurately identified during the drifter leg because of high tur-

bulence in the surface layers due to a storm.

14



4.2.2 Geostrophy

Contemporaneous LADCP and shipboard ADCP measurements of the total velocity were used
to adjust the geostrophic shear determined from hydrography and thus calculate the total
geostrophic current. For each station pair, a depth range was selected where the shears in the
geostrophic and LADCP profiles agreed. The offset between the vertically-averaged LADCP ve-
locity and the vertically-averaged geostrophic velocity (averaged over the selected depth range in
both cases) determined the barotropic current. For most station pairs, the two LADCP profiles
were averaged to obtain a single velocity profile used in determining the offset. In cases where
the geostrophic shear and the shipboard ADCP shear (between the station pair) agreed closely
with only one of the two LADCP profiles, that single LADCP profile was used in determining
the offset. This situation occurred in regions with strong horizontal velocity gradients, for ex-
ample, on the seaward side of the Slope Front. The LADCP profiles were particularly useful in
determining the barotropic contribution to the narrow frontal currents.

The derived barotropic currents were added to the geostrophic shears to produce full-depth
profiles of the total geostrophic current. Because the largest northward velocities are found
near the sea bed, baroclinic velocity profiles referenced to the deepest common level indicate
southward transport over most of the section. The total geostrophic flow, however, is almost
completely northward (Figure 9). The positions of the three major currents and the magnitudes
of their cross-section velocities are largely the same as in the LADCP section (Figure 8). The
peak velocity of the Slope Front is 23 cm s™!, compared to 35 cm s~! in the LADCP section.
Weak regions of southward flow are still found on the seaward side of the Slope Front and
the Weddell Front, although the horizontal gradients of the velocity field are smaller in the
geostrophic velocity section.

The main difference between the LADCP and geostrophic velocity sections is in the distribu-
tion of the deep outflow. The LADCP section has three distinct cores along the slope, while the
geostrophic flow is large above the sea bed throughout the region connecting the Slope Front
and the Weddell Front. The deep outflow still peaks at the Slope Front and Weddell Front
cores—23 and 18 cm s~! respectively—but it also exceeds 10 cm s~! to a height of nearly 200 m
above bottom throughout the area between the these two fronts. The geostrophic section also

provides evidence of a fourth deep outflow core between 49°W and 48°W at a depth of nearly
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4000 m.

The barotropic component of the flow associated with the fronts has a marked influence on
the transport (Figure 10). The thin curve in Figure 10 shows the cumulative volume transport of
the baroclinic current referenced to the deepest common level. Negative, or southward, transport
is indicated by the dashed line. Nearly all of the baroclinic flow is found offshore of the Slope
Front and is directed southward. The largest contribution to the baroclinic transport comes
from stations between the cores of the Slope Front and Weddell Front and incorporates the
region of steepest topography. The total baroclinic transport across the section is -21 Sv, which
differs greatly from Heywood et al.’s (1998) estimate of 4 Sv of baroclinic transport along the
continental slope in the eastern Weddell Sea and the 17 Sv of baroclinic transport in the Weddell
Gyre calculated by Whitworth and Nowlin (1987). This result emphasizes the importance of
accurately measuring the deep outflow in the western Weddell Sea.

The bold line in Figure 10 shows the total cumulative transport across the ADELIE section
referenced to the LADCP data. The total transport to the deepest common level is 41.12 Sv. In
the western Weddell Sea, transport in bottom triangles not included in geostrophic calculations
can be significant because of the deep outflow. Including the contribution to transport from
bottom triangles, as determined by the method described in Appendix A, the total transport
becomes 45.87 Sv. All subsequent transport estimates reported here include the contribution
from bottom triangles. The contributions to the total transport by the Coastal Current, Slope
Front and Weddell Front (indicated in Figure 10) are 1.33, 3.89 and 16.79 Sv respectively. Be-
tween stations 2 and 4 the greater depth means that a relatively weak northward flow contributes
significantly to the total transport across the section.

The main source of uncertainty in the transport estimate is in determining the reference
barotropic velocity from the LADCP data. To estimate error bars we apply random barotropic
perturbations following a normal distribution with a standard deviation of 2 cm s~! (the charac-
teristic accuracy of the barotropic component of the LADCP flow) to individual velocity profiles.
The error is then determined by calculating the rms deviation of 10,000 realizations of the re-
sulting transport. This method gives an uncertainty estimate of 5.55 Sv. Following Gordon et
al. (2001) a different, ‘worst-case’ scenario is obtained by assuming that all the LADCP profiles

are systematically biased by 1 cm s™! (the instrumental accuracy). In this case the uncertainty
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is 8.22 Sv. We conclude that the total transport across the ADELIE section is 46 +6 Sv. Al-
though the cumulative transport is still increasing between the two deepest stations, Fahrbach
et al. (1991) estimate that 90% of the total transport of the Weddell Gyre occurs in the western
boundary current, thus we believe our transport estimate is close to the total transport in the

Weddell Gyre at the time of the observations.

5 Discussion

5.1 Frontal structures

It is well known that in regions of weak stratification, ocean currents are strongly controlled by
bottom topography. Fahrbach et al. (1994b) showed that vertically-averaged current speeds are
linearly correlated with the bottom slope, while Fahrbach et al. (2001) found that minimum
current speeds in the deep outflow layer were generally correlated with a plateau in the conti-
nental slope. The frontal currents observed during ADELIE are also influenced by topographical
features, but the high resolution of our hydrographic section has indicated a more interesting
and complex relationship between bottom topography and the frontal positions.

Figure 11 considers the relationship between slope steepness and different measures of the
overlying flow. The steepness of the continental slope is determined from the change in depth
between station pairs divided by the distance between the pair. Panel (a) shows the depth-
averaged velocity from the total geostrophic velocity field plotted against the bottom slope.
There appears to be a weak trend towards increasing velocity with increasing bottom slope up
to a value about 0.025, but as the slope increases further, the steepest slopes correspond to
some of the weakest velocities along the section. In panel (b) the ratio of the depth-averaged
baroclinic transport (referenced to the deepest common level) to the barotropic transport is
again plotted against bottom slope on log-log axes. In this case the trend is much clearer with
the flow becoming increasing “baroclinic” with increasing bottom slope.

The continental slope may act as a stabilizing mechanism through a topographical G-effect,
such that flow paths are constrained to move along isobaths to minimize changes in potential
vorticity. On the other hand, the continental slope may destabilize the flow by tilting isopycnals
and increasing available potential energy that is released through baroclinic instability. Foldvik

et al. (1985b) and Foster et al. (1987) both suggested that baroclinic instability was active in the
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western Weddell Sea based on observations along the shelf break. Tanaka and Akitomo (2001)
considered numerical experiments using a three-dimensional hydrostatic model to explore the
role of slope steepness on baroclinic instability and downslope transport of dense water. Their
experiments showed that in steep slope cases (comparable to slopes encountered in the western
Weddell Sea), the stabilizing effect of the slope is dominant in the finite amplitude state, and
vigorous, baroclinic eddies are confined to the shelf break.

Across the ADELIE section, the flow is predominantly barotropic between the shelf break
and the Slope Front, suggesting that potential energy has been converted to barotropic kinetic
energy to drive the frontal current. Seaward of the Slope Front and the Weddell Front, the
flow in the upper part of the water column experiences a rapid reduction in speed or even
a reversal, while the deep outflow remains strong. This generates a baroclinic flow over the
steepest topography, which may act to stabilize the flow and maintain its baroclinic character.
The slope becomes locally less steep around 2700 m, which may allow baroclinic instability
to become active again and extract energy stored in the tilted isopycnals to drive the deeper
Weddell Front.

The structure of the fronts is tied to the deep outflow as indicated by the V across the Slope
Front (Gill 1973). As dense water flows over the shelf, turbulent entrainment into the dense
plume causes isopycnals to bend down towards the sea bed. As described above, this isopycnal
tilt may drive baroclinic instability or may be stabilized by the continental slope. Thus the
lateral shear on the seaward side of the fronts is enhanced at the transition between these two
regimes.

The lateral shears generated by the fronts have important implications for mixing and trans-
port in the western Weddell Sea. In particular, strong lateral shears can lead to the growth of
unstable frontal waves that may allow cross-slope exchange (Lozier et al. 2002). Bower et al.
(1985) measured the ability of the Gulf Stream to act as a “barrier” or “blender” to transport by
contouring water properties against potential density as the ordinate rather than pressure. Pro-
ducing similar plots of potential temperature, salinity and dissolved oxygen, but using neutral
density rather than potential density (Figure 12), strong horizontal gradients along isopycnals
greater than y" = 28.2 indicate that the Slope Front acts as a barrier to transport above this

level and a blender below. The deeper Weddell Front is associated with much weaker gradients.
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Csanady and Hamilton (1988) pointed out that this vertical shift in dynamics is related to the
efficiency of vertical mixing along the continental slope. The results of Figure 12 suggest that
the role of the Slope Front in cross-slope exchange processes involving the deep outflow and ven-
tilation of the deep ocean may be very different from those involving krill and nutrient transport

in near-surface waters.

5.2 The Weddell Front in the western Weddell Sea

Two of the three fronts observed across the ADELIE section, the Coastal Current and the Slope
Front, have previously been documented in the western Weddell Sea. The Weddell Front, on
the other hand, has not traditionally been recognized as a distinct feature in this location.
Two distinct velocity cores were observed over the continental slope in transect 3 of Ice Station
Weddell (Muench and Gordon 1995) south of the ADELIE study section. Fahrbach et al.
(2001) at times observed two separate cores in the deep outflow along SR04 separated by 50 km,
although the two deep fronts along the ADELIE section are separated by approximately 100
km. Heywood et al. (2004), using DOVETAIL data, detected only the Coastal Current and the
Slope Front just to the north of the ADELIE section, but this section, occupied along Joinville
Ridge (Figure 1), did not extend as far east as the 3000 m isobath.

Heywood et al. (2004) hypothesize that the Weddell Front originates south of the South
Orkney Islands from a splitting of the Slope Front. The properties that distinguish the Weddell
Front in Heywood et al. (2004), a shift in the WDW potential temperature and salinity maxima,
also occur between stations 7 and 8 in the ADELIE section (Figure 13). Between these two
stations the potential temperature rises nearly 0.1°C and salinity increases by 0.005; these
changes are similar to observations made across the South Scotia Ridge during the DOVETAIL
study (section K in Heywood et al.’s 2004, Figure 1).

Thus we propose that the Weddell Front is an independent feature that may originate in
the Southern Weddell Sea, but at least exists along the western rim of the Weddell Gyre. The
Weddell Front is tied to isobaths between 2500 and 3000 m and is often found over local changes
in the steepness of the continental slope. We hypothesize that north of the ADELIE section
the Weddell Front is found to the east of Joinville Ridge and follows the border of Powell Basin

cyclonically until connecting with the Orkney Plateau. The narrowness of the front means that
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prior surveys with coarser resolution away from the shelf break may not have appreciated the

importance of this feature.

5.3 Transport estimate

Firm values for the transport in the Weddell Gyre have proved difficult to obtain because of
the importance of having an accurate method for estimating the barotropic contribution to the
geostrophic flow. Early estimates of the transport gave disparate results: 96.9 Sv (Carmack
and Foster 1975b) from a hydrographic section referenced to short-term current meters; 76 Sv
(Gordon et al. 1981) for purely wind-driven transport; and 17 Sv (Whitworth and Nowlin 1987)
from a hydrographic section along the Greenwich Meridian referenced to a level of no motion.
Fahrbach et al. (1991) first reported the importance of the barotropic contribution and showed
that 50% - 100% of the transport in the Weddell Gyre could be missed by assuming zero velocity
at the bottom.

Fahrbach et al. (1994b) then used over three years of current meter measurements to refer-
ence hydrographic data along the SR04 WOCE section from Joinville Island to Kapp Norvegia
(the northwestern part of which is coincident with the ADELIE measurements), and deduced a
gyre-wide transport of 29.5 + 9.5 Sv. Of this 90% of the transport was contained in a boundary
current that extended 500 km from the shelf break. From data collected during Ice Station
Weddell in the western Weddell Sea, Muench and Gordon (1995) deduced a transport of 28 Sv
across a section covering the shelf and slope at 67.5°S. However, this section covered less than
200 km of the continental slope—considerably less than the 500 km boundary current cited by
Fahrbach et al. (1994b) and the nearly 300 km section of continental slope surveyed during
ADELIE.

The ADELIE transport, 46 + 6 Sv (Figure 10), is larger than both Fahrbach et al.’s (1994b)
and Muench and Gordon’s (1995) transport estimates. The difference between the ADELIE
estimate and the transport calculated by Muench and Gordon (1995) may be due to the ex-
tended length and greater depths sampled by the ADELIE section, but Fahrbach et al.’s (1994b)
estimate from a larger section remains considerably smaller. Fahrbach et al. (1994b) noted that
a potential source of error for their transport estimate was the insufficient density of the current

meter data. The distance between current meters was on the order of 100 km—much greater
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than the 20 km width of the Slope Front and Weddell Front during the ADELIE cruise. Coarse
resolution of the current meter array may make the velocity extrema associated with the fronts
difficult to detect, which could lead to a significant underestimate of the barotropic component
of the flow.

Full ocean depth velocity measurements in the Weddell Gyre have been rare. The DOVE-
TAIL study provided one of the few LADCP surveys in the western Weddell Sea (Gordon et
al. 2001). LADCP profiles are ideal both for detecting the barotropic component across narrow
frontal features and for obtaining accurate bottom-tracked measurements of the velocity within
the deep outflow. Figure 14 shows a geostrophic velocity section where the data are sub-sampled
by removing all the odd-numbered stations. The referencing is achieved from the even-numbered
LADCP profiles using the same technique described in section 4.2.2; estimates of transport in
bottom triangles are included. While the general features are similar to the full section in Figure
9 (e.g. increased lateral gradients across the Slope Front, a strong deep outflow, increased baro-
clinicity over the steepest topography), the structure and magnitude of the currents associated
with the fronts are lost. The total transport across the section is also reduced to 39 &= 8 Sv.

Of course, a single transect with LADCP referencing only provides a snapshot of the flow field
and it is important to assess how representative the LADCP section is of the climatological field.
The ADELIE cruise occurred at the end of austral summer when the southern Weddell Sea was
in an active stage of sea ice formation, but the northwestern Weddell Sea had experienced a long
ice-free period. Muench and Gordon (1995) suggest that the wind-driven Sverdrup transport in
the Weddell Gyre peaks at 46 Sv for an open water air-sea drag coefficient and has a minimum
transport of 30 Sv in a year-round ice-covered scenario. Thus our transport estimate likely
includes a larger wind-driven component than the studies of either Fahrbach et al. (1994b) or
Muench and Gordon (1995), which sampled both ice-covered and open-air periods in the former
case and only an ice-covered period in the latter. Furthermore, we encountered a strong storm
two days before collecting the hydrographic and LADCP data. This storm could have reduced
the already weak stratification over the shelf break and enhanced the flow associated with the
Slope Front. Evidence of sea ice formation in the southern Weddell Sea and the property sections
presented here indicate that bottom water formation and dense water cascading over the shelf

acted to enhance the strength of the Slope Front and possibly the Weddell Front. Fahrbach
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et al. (2001) considered the temporal variability of the deep outflow and found a minimum
in transport in December and the maximum in May, thus our sampling of the data does not
coincide with a seasonal extremum in transport.

The ability to resolve the strong and narrow frontal currents along with the accurate deter-
mination of barotropic currents and deep outflow cores from the LADCP data have offered a
new and more complete view of the structure and transport properties of the western Weddell
Gyre. These features are the principal reason for arriving at larger transport estimates than

previous studies.

6 Summary

We have presented results from a high resolution hydrographic survey to the east of the tip of
the Antarctic Peninsula over the continental shelf and slope and into the deep Weddell Sea. We
identified three northward-flowing currents that dominate the along-slope flow, the Antarctic
Coastal Current, the Antarctic Slope Front and the Weddell Front. These fronts account for
less than 20% of the area along the section, but roughly half of the total transport. The total
volume transport across the section, 46 Sv, is larger than previous estimates because full-depth
LADCP data resolved the narrow frontal currents and accurately determined their associated
barotropic velocities. Detection of the previously unreported Weddell Front, found above the
2700 m isobath, partially accounts for the increased transport estimate. We argue that the
Weddell Front is the same feature as the strong current found over the 3000 m isobath south
of the South Orkney Islands, originally thought to result from a splitting of the Slope Front
(Heywood et al. 2004).

Results from Lagrangian instruments deployed during the ADELIE cruise should shed further
light on the role of physical processes, such as such as extreme wind events and the susceptibility
of the flow to baroclinic instability, in determining the frontal structure and in controlling shelf-

slope and cross-slope exchanges.
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A Appendix: Bottom triangle method

Bottom triangles refer to the region below the deepest common level of two adjacent CTD sta-
tions where it is not possible to calculate geostrophic velocities directly (Figure 15(a)); the area
of this region increases with the distance between stations and the steepness of the continental
slope. An accurate method of estimating transport in bottom triangles is particularly important
along the slope in the western Weddell Sea where maximum velocities in the water column are
typically found at or just above the sea bed.

If we consider station A adjacent to a deeper station B, we begin by calculating the geopo-
tential anomaly ¢ of each station from the hydrographic data® (Pond and Pickard 1986). The
gradient of ¢4 at the sea bed is used to linearly extrapolate ¢4 to the depth of station B (dashed
line in Figure 15(a)), such that

dga
dz |z=d,

$a (2) = Pajo=a, + (z=da), 2 <dg, (1)

where z increases upwards and z = 0 at the surface. For depths dp < z < d4, a new geopotential
anomaly qg is created at each level through the bottom triangle from a weighted average of ¢/,
and ¢pg:
N , z—dp dg — 2
— =2 — . 2
6 =0 0) (222 ) +om o) (221 ®)
The geostrophic velocity is given by

_ ¢p—0¢ (da—dp
Vg(z)_2QLsincp z—dp

), dp < z < dy, (3)

where 2 is the Earth’s rotation rate, ¢ is the mean latitude of the station pair and L is the

distance between stations. The transport through the bottom triangle is then
da z—d
V= 5 V,(2) L (ﬁ) dz. (4)
The error associated with the linear extrapolation of ¢4 in (1) increases with depth, but this has
a limited effect on the transport since the width of the bottom triangle decreases with depth.
The total transport in the bottom triangles, as calculated by the method described here,
is approximately 4.8 Sv. Transport in the bottom triangles is reduced to 3.9 Sv by simply

extending the velocity at the deepest common level to the bottom, which is a commonly used

method.

3The geopotential is typically represented by ¢ and the geopotential anomaly by d¢. We drop the ¢ here to

ease notation.
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Figure Captions

Fig. 1. Bathymetry around the tip of the Antarctic Peninsula (Smith and Sandwell 1997).
Contours are every 1000 m as well as the 500 m contour. The shade changes every 2000 m, and
land is shaded black. The positions of CTD stations occupied during the ADELIE cruise are
given by the black dots; stations 1 and 20 were repeat stations carried out at the same location
at the beginning and end of the cruise. Important geographical landmarks are labeled in the
upper panel; in the lower panel the positions of the fronts are indicated. CC, ASF and WF are

the Antarctic Coastal Current, the Antarctic Slope Front and the Weddell Front respectively.

Fig. 2. Potential temperature section. Contours are -1.5, -1, -0.5, 0 and 0.5°C in the upper
and middle panels and every 0.25°C from -1.25 to 0°C in the lower panel. Values between -1
and -0.5°C are shaded. Station locations are given by the white numbers in the middle panel
and positions of the bottle samples are indicated by the black dots. The lower panel shows
potential temperature contoured against distance along the section and height in meters above
the bottom. The dashed lines represent the cores of the Coastal Current (CC), the Antarctic

Slope Front (ASF) and the Weddell Front (WF) as discussed in section 4.1.
Fig. 3. Salinity section. Values between 34.5 and 34.65 are shaded. Otherwise as Figure 2.

Fig. 4. Dissolved oxygen section (umol kg=!). Values between 260 pymol kg=! and 300

1 are shaded. Contour intervals in the upper and middle panels are every 20 pmol

pmol kg™
kg~! between 200 and 340. In the lower panel contours 250, 270 and 290 pgmol kg~! have been

added. Otherwise as Figure 2.

Fig. 5. Neutral density 7" section. The region with 28.03 < 4™ < 28.27 is shaded light
gray indicating Warm Deep Water (WDW) and Modified Warm Deep Water (MWDW) and the
region with 4" > 28.4 is shaded dark gray indicating Weddell Sea Bottom Water (WSBW). The

water mass boundaries are as defined by Whitworth et al. (1998). Otherwise as Figure 2.

Fig. 6. Water mass characteristics shown in potential temperature-salinity diagrams. Panel
(a) shows all measurements divided into stations over the continental shelf (light gray dots,
stations 16-20), stations over the shelf break (gray dots, stations 12-15) and stations over the

continental slope (black dots, stations 2-11). The position of these stations is shown in the insert
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of panel (a). The solid lines are curves of neutral density. Antarctic Surface Water (AASW)
and Shelf Water are labeled. Panel (b) shows an expanded view of the stations found over the
shelf break. Symbols become darker moving offshore. Modified Warm Deep Water (MWDW) is
marked. Panel (¢) shows an expanded view of the stations found over the continental shelf with
symbols becoming darker moving offshore. The neutral density contours 28.1, 28.27 and 28.4
mark the transition between Warm Deep Water (WDW), Weddell Sea Deep Water (WSDW)

and Weddell Sea Bottom Water (WSBW).

Fig. 7. Neutral density y"-dissolved oxygen (umol kg=!) diagram. Stations in light gray,
gray and black are found over the shelf, over the shelf break and over the continental slope

respectively (see inset in Figure 6a).

Fig. 8. Lowered acoustic Doppler current profiler (LADCP) section of velocities perpendic-

ular to the section. The contour intervals are every 5 cm s~ between -10 and 20 cm s~!. The

1 1

30 cm s™ contour is also included. Positive (northward) velocities greater than 10 cm s~ are
shaded dark gray while negative (southward) velocities are shaded light gray. The lower panel
shows the velocity distribution as a function of height above bottom—the contours and shading

are the same. Station labeling is as in Figure 2.

Fig. 9. Total geostrophic velocities (cm s™1) across the ADELIE section. The geostrophic
shear is referenced to the absolute velocity as determined from the LADCP measurements. The

contours are every 5 cm s~! between -5 and 20 cm s~!. Otherwise as Figure 8.

Fig. 10. Cumulative volume transport across the ADELIE section. Open circles denote
geostrophic transport relative to zero velocity at the deepest common level of each station
pair. Solid circles denote total geostrophic transport, where LADCP measurements were used
to determine the barotropic component. Positive (northward) transport is indicated by a solid
line, while negative (southward) transport is indicated by a dashed line. The bathymetry of
the Antarctic shelf and slope is shown in black and the station numbers are indicated in white.
Transport contributions from the Antarctic Coastal Current (CC), Antarctic Slope Front (ASF)
and the Weddell Front (WF) are given. The horizontal bar indicates the stations over which
these transports were calculated. The gray shaded region marks the cores of the frontal currents

where the depth-averaged total geostrophic velocity exceeds 10 cm s~ 1.
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Fig. 11. (a) Depth-averaged total geostrophic velocity plotted against steepness of the
bottom topography. Open symbols indicate station pairs over the continental shelf, while solid
symbols indicate stations pairs over the shelf break and continental slope. Positive slope indicates
increasing depth with distance from shore. (b) Absolute value of the ratio of the depth-averaged
geostrophic velocity, referenced to zero velocity at the deepest common level of each station
pair, to the depth-averaged total geostrophic velocity, referenced to the LADCP data, plotted

against steepness of the bottom topography.

Fig. 12. (a) Potential temperature (°C), (b) salinity and (c¢) dissolved oxygen (pmol
kg~!) along the ADELIE section contoured against neutral density 4" as the ordinate. The

1in panels (a) and (c) respectively; in panel (b)

contour intervals are 0.25°C and 10 pmol kg~
contour intervals are 0.2 between 33.4 and 34.4 and 0.025 between 34.5 and 34.7. The dotted
lines indicate the locations of the CTD profiles, and the dashed lines indicate the cores of the
Antarctic Coastal Current (CC), the Antarctic Slope Front (ASF) and the Weddell Front (WF)

as discussed in section 4.1. Note the change in scale along the ordinate for 27 < y" < 28.

Fig. 13. Potential temperature-salinity diagram near the WDW maxima. Properties in

gray (black) are found shoreward (seaward) of the Weddell Front.

Fig. 14. Sub-sampled total geostrophic velocities (cm s~!) across the ADELIE section using
only data from even-numbered stations. The geostrophic shear is referenced to the absolute
velocity as determined from the LADCP measurements. The contours are every 2.5 cm s~ !

between 2.5 and 10 cm s~!. Otherwise as Figure 8.

Fig. 15. (a) Diagram depicting the method of bottom triangles as described in Appendix
A. The sea bed is shaded black and the bottom triangle region is shaded light gray. The dotted
lines indicate the positions of adjacent hydrographic stations A and B. The curves show profiles
of geopotential anomaly ¢ (centered on their longitude position). The white dashed line ¢/,
is a linear extrapolation of the ¢4 curve to the depth of station B. The velocity across the
horizontal level marked by the dashed-dotted line is calculated from the geopotential anomalies
¢ and ¢p (see Appendix A). Panels (b) through (e) show examples from four station pairs
of total geostrophic velocities above the deepest common level (black curves) along with the

velocity estimates through the bottom triangles (gray curves).
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Figure 1: Bathymetry around the tip of the Antarctic Peninsula (Smith and Sandwell 1997).
Contours are every 1000 m as well as the 500 m contour. The shade changes every 2000 m, and
land is shaded black. The positions of CTD stations occupied during the ADELIE cruise are
given by the black dots; stations 1 and 20 were repeat stations carried out at the same location
at the beginning and end of the cruise. Important geographical landmarks are labeled in the
upper panel; in the lower panel the positions of the fronts are indicated. CC, ASF and WF are
the Antarctic Coastal Current, the Antarctic Slope Front and the Weddell Front respectively.
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Figure 2: Potential temperature section. Contours are -1.5, -1, -0.5, 0 and 0.5°C in the upper
and middle panels and every 0.25°C from -1.25 to 0°C in the lower panel. Values between -1
and -0.5°C are shaded. Station locations are given by the white numbers in the middle panel
and positions of the bottle samples are indicated by the black dots. The lower panel shows
potential temperature contoured against distance along the section and height in meters above
the bottom. The dashed lines represent the cores of the Coastal Current (CC), the Antarctic
Slope Front (ASF) and the Weddell Front (WF) as discussed in section 4.1.
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Figure 3: Salinity section. Values between 34.5 and 34.65 are shaded. Otherwise as Figure 2.
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Figure 4: Dissolved oxygen section (umol kg™!). Values between 260 pmol kg=! and 300 pmol
kg~! are shaded. Contour intervals in the upper and middle panels are every 20 pmol kg~!
between 200 and 340. In the lower panel contours 250, 270 and 290 ymol kg~! have been added.
Otherwise as Figure 2.
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Figure 5: Neutral density ™ section. The region with 28.03 < 4" < 28.27 is shaded light
gray indicating Warm Deep Water (WDW) and Modified Warm Deep Water (MWDW) and the
region with 4" > 28.4 is shaded dark gray indicating Weddell Sea Bottom Water (WSBW). The
water mass boundaries are as defined by Whitworth et al. (1998). Otherwise as Figure 2.
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Figure 6: Water mass characteristics shown in potential temperature-salinity diagrams. Panel
(a) shows all measurements divided into stations over the continental shelf (light gray dots,
stations 16-20), stations over the shelf break (gray dots, stations 12-15) and stations over the
continental slope (black dots, stations 2-11). The position of these stations is shown in the insert
of panel (a). The solid lines are curves of neutral density. Antarctic Surface Water (AASW)
and Shelf Water are labeled. Panel (b) shows an expanded view of the stations found over the
shelf break. Symbols become darker moving offshore. Modified Warm Deep Water (MWDW) is
marked. Panel (¢) shows an expanded view of the stations found over the continental shelf with
symbols becoming darker moving offshore. The neutral density contours 28.1, 28.27 and 28.4
mark the transition between Warm Deep Water (WDW), Weddell Sea Deep Water (WSDW)
and Weddell Sea Bottom Water (WSBW).
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Figure 8: Lowered acoustic Doppler current profiler (LADCP) section of velocities perpendicular
to the section. The contour intervals are every 5 cm s~ between -10 and 20 cm s~*. The 30 ¢cm
s~1 contour is also included. Positive (northward) velocities greater than 10 cm s~! are shaded
dark gray while negative (southward) velocities are shaded light gray. The lower panel shows
the velocity distribution as a function of height above bottom—the contours and shading are
the same. Station labeling is as in Figure 2.
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shear is referenced to the absolute velocity as determined from the LADCP measurements. The
contours are every 5 cm s~! between -5 and 20 cm s~!. Otherwise as Figure 8.
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Figure 10: Cumulative volume transport across the ADELIE section. Open circles denote
geostrophic transport relative to zero velocity at the deepest common level of each station
pair. Solid circles denote total geostrophic transport, where LADCP measurements were used
to determine the barotropic component. Positive (northward) transport is indicated by a solid
line, while negative (southward) transport is indicated by a dashed line. The bathymetry of
the Antarctic shelf and slope is shown in black and the station numbers are indicated in white.
Transport contributions from the Antarctic Coastal Current (CC), Antarctic Slope Front (ASF)
and the Weddell Front (WF) are given. The horizontal bar indicates the stations over which
these transports were calculated. The gray shaded region marks the cores of the frontal currents
where the depth-averaged total geostrophic velocity exceeds 10 cm s1.
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Figure 11: (a) Depth-averaged total geostrophic velocity plotted against steepness of the bottom
topography. Open symbols indicate station pairs over the continental shelf, while solid symbols
indicate stations pairs over the shelf break and continental slope. Positive slope indicates in-
creasing depth with distance from shore. (b) Absolute value of the ratio of the depth-averaged
geostrophic velocity, referenced to zero velocity at the deepest common level of each station
pair, to the depth-averaged total geostrophic velocity, referenced to the LADCP data, plotted
against steepness of the bottom topography.
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Figure 12: (a) Potential temperature (°C), (b) salinity and (c) dissolved oxygen (umol kg™!)
along the ADELIE section contoured against neutral density 4™ as the ordinate. The contour

intervals are 0.25°C and 10 pmol kg™

L'in panels (a) and (c) respectively; in panel (b) contour

intervals are 0.2 between 33.4 and 34.4 and 0.025 between 34.5 and 34.7. The dotted lines indicate
the locations of the CTD profiles, and the dashed lines indicate the cores of the Antarctic Coastal
Current (CC), the Antarctic Slope Front (ASF) and the Weddell Front (WF) as discussed in
section 4.1. Note the change in scale along the ordinate for 27 < y" < 28.
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Figure 13: Potential temperature-salinity diagram near the WDW maxima. Properties in gray
(black) are found shoreward (seaward) of the Weddell Front.
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Figure 14: Sub-sampled total geostrophic velocities (cm s™1) across the ADELIE section using
only data from even-numbered stations. The geostrophic shear is referenced to the absolute
velocity as determined from the LADCP measurements. The contours are every 2.5 cm s~ !
between 2.5 and 10 cm s~!. Otherwise as Figure 8.
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Figure 15: (a) Diagram depicting the method of bottom triangles as described in Appendix A.
The sea bed is shaded black and the bottom triangle region is shaded light gray. The dotted
lines indicate the positions of adjacent hydrographic stations A and B. The curves show profiles
of geopotential anomaly ¢ (centered on their longitude position). The white dashed line ¢/,
is a linear extrapolation of the ¢4 curve to the depth of station B. The velocity across the
horizontal level marked by the dashed-dotted line is calculated from the geopotential anomalies
¢ and ¢p (see Appendix A). Panels (b) through (e) show examples from four station pairs
of total geostrophic velocities above the deepest common level (black curves) along with the
velocity estimates through the bottom triangles (gray curves).
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