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We use hydrographic data collected during two interdisciplinary cruises, CIEMAR and BREDDIES, to
describe the mesoscale variability observed in the Central Basin of the Bransﬁeld Strait (Antarctica). The
main mesoscale feature is the Bransﬁeld Front and the related Bransﬁeld Current, which ﬂows
northeastward along the South Shetland Island Slope. A laboratory model suggests that this current
behaves as a gravity current driven by the local rotation rate and the density differences between the
Transitional Zonal Water with Bellingshausen inﬂuence (TBW) and the Transitional Zonal Water with
Weddell Sea inﬂuence (TWW). Below the Bransﬁeld Front we observe a narrow (10 km wide) tongue of
Circumpolar Deep Water all along the South Shetland Islands Slope. At the surface, the convergence of
TBW and TWW leads to a shallow baroclinic front close to the Antarctic Peninsula (hereafter Peninsula
Front). Between the Bransﬁeld Front and the Peninsula Front we observe a system of TBW anticyclonic
eddies, with diameters about 20 km that can reach 300 m deep. This eddy system could be originated
by instabilities of the Bransﬁeld Current. The Bransﬁeld Current, the anticyclonic eddy system, the
Peninsula Front and the tongue of Circumpolar Deep Water, are the dynamically connected components
of the Bransﬁeld Current System.
& 2011 Elsevier Ltd. All rights reserved.
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1. Introduction
The Bransﬁeld Strait is a semi enclosed Antarctic Sea located
between the tip of the Antarctic Peninsula and the South Shetlands Islands (Fig. 1). It may be divided into three basins –
western, central and eastern – separated from each other by sills
shallower than 1000 m. Previous studies conducted in this region
at a regional scale have provided a basic understanding of the
water mass structure (Grelowski et al., 1986; Hoffmann et al., 1996;
Garcı́a et al., 2002) and overall circulation pattern (Grelowski et al.,
1986; Hoffmann et al., 1996; Zhou et al., 2006). The basic circulation pattern consists of a western inﬂow of relatively warm and
fresh water from the Bellingshausen Sea, the Gerlache Strait and the
Circumpolar Current, and an eastern inﬂow of relatively cold and
salty water from the Weddell Sea. The warm and fresher water
ﬂows northeastwards along the northern half of the Strait whereas
the cold and salty water circulates southwestwards along the
southern half of the Strait. Tokarczyk (1987), from a careful analysis
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of water masses, found that the study area comprises waters that
gradually change from those that are typical of the Bellingshausen
Sea to those of the Weddell Sea. He identiﬁed the relatively warm
and fresh water as transitional dominated with a feature typical
of the Bellingshausen Sea and the relatively cold and salty water
as transitional dominated with a feature typical of the Weddell
Sea. Following Tokarczyk (1987), Garcı́a et al. (1994) renamed
these water masses as Transitional Zonal Water with Bellingshausen inﬂuence (TBW), and Transitional Zonal Water with
Weddell Sea inﬂuence (TWW).
In this region two main frontal regions have been described: a
hydrographic shallow front separating TBW from TWW, here
named the Peninsula Front, and a deeper front along the South
Shetland Island Slope, called the Bransﬁeld Front. The Peninsula
Front had been observed mainly at the Central and Eastern Basins
(Garcı́a et al., 1994; López et al., 1999). The baroclinic jet
associated with the Bransﬁeld Front is known as the Bransﬁeld
Current (Niiler et al., 1991; Zhou et al., 2002, 2006), and circulates
northeastwards along the southern South Shetland Islands
Slope transporting TBW. In a recent study Savidge and Amft
(2009) observed from historical ADCP data that the Bransﬁeld jet
has a typical width of 10–20 km and is present in all seasons.
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Fig. 1. Location and bathymetry of the Bransﬁeld Strait and adjacent Seas.

Zhou et al. (2006) proposed that this current could be viewed as a
narrow western boundary current where a southwestward windinduced ﬂow recirculates northeastward as a consequence of the
topography blockage. In this study we propose alternatively that
the Bransﬁeld Current may be viewed as a coastal gravity current.
Previous surveys in this Central Bransﬁeld Strait were done at a
regional scale without properly resolving the mesoscale. To our
knowledge, only Zhou et al. (2006) have investigated the Bransﬁeld
Current using a high resolution Expendable Bathythermographs and
Acoustic Doppler Current Proﬁler (XBT–ADCP) transect. With the aim
to cover this lack and in order to reveal the nature of the mesoscale
variability in this region, two interdisciplinary cruises, CIEMAR and
BREDDIES, were conducted in December 1999 and January 2003,
respectively. Mesoscale variability observed from those cruises has
been already outlined in the studies by Corzo et al. (2005)
and Vázquez et al. (2007), in order to provide the physical support
for the distribution of bacterioplankton and meroplankton in this
region. The purpose of this work is to give a detailed description of
the mesoscale variability at the Central Bransﬁeld Strait and to discuss
its importance in setting up the Bransﬁeld Current System. We ﬁrst
introduce data collection and sampling (Section 2). Next we describe
in detail the hydrography of the mesoscale structures observed form
both cruises (Section 3). We continue describing a laboratory experiment on coastal gravity current in order to model the Bransﬁeld
Current (Section 4). We ﬁnally present our main conclusions and
discuss a new circulation scheme for the region establishing the
relationships between the observed structures and deﬁning the
Bransﬁeld Current System (Section 5).

2. CIEMAR and BREDDIES surveys
Hydrographic data were acquired during the CIEMAR and
BREDDIES interdisciplinary cruises. CIEMAR cruise was conducted
on December 1999, during the early austral summer. We sampled
two cross-strait transects and one along-strait transect with
conductivity–temperature-depth (CTD) stations (Fig. 2a). In order
to resolve the mesoscale, stations were separated by only 5 nautical miles (ca. 9.2 km), close to the internal Rossby radius of
deformation for this region (10 km, see Grelowski et al., 1986;

Chelton et al., 1998). Sampling can be viewed as quasi-synoptic as
we spend less than two days for each transect sampling.
BREDDIES data were collected between 30 December 2002 and
6 January 2003, during the middle of austral summer. In the ﬁrst
stage the Strait was sampled with four cross-Strait transects, where
XBT stations were combined with CTD stations in order to get the
desired mesoscale resolution for temperature while maintaining the
synopticity (Fig. 2b). These transects were processed onboard to
locate the Bransﬁeld Front and the Peninsula Front, and the interfrontal region was next surveyed with an undulating vehicle in order
to sample the mesoscale anticyclonic ﬁeld observed during CIEMAR
with as high a resolution as possible (Fig. 2c).
Calibrated Neil Brown Mark III CTD was used in both cruises.
During the BREDDIES cruise CTD temperature and salinity were
calibrated with readings from a digital reversible thermometer and
with water samples in which salinity was measured with a Portasal
salinometer. Temperature was accurate to 0.001 1C and salinity to
0.003. Prior to the launching of each XBT, temperature was calibrated
with the temperature reading from a digital thermometer held in a
bucket of water. Several joint proﬁles of CTD and XBT data were
constructed to verify the readings registered by the XBT. The CTD data
were used to calculate the geostrophic velocities relative to 500 dbar,
in accordance with other studies carried out in the region (Grelowski
et al., 1986; Gomis et al., 2002). Transports through this transect were
calculated by integrating the geostrophic velocities from 500 dbar to
the surface. The undulating vehicle used was a Nm-Shuttle with a CTD
onboard, the ﬂights ranged between 30 and 150 meters depth. The
Nm-Shuttle CTD was not calibrated and hence data should be viewed
only as qualitative. Mean vertical proﬁles were obtained every two
nautical miles by averaging two downward/upward ﬂights along
the track.

3. Observations
3.1. Water masses
Fig. 3 shows vertical sections of hydrographic properties along
BREDDIES Transect T3 (see Fig. 2b) across the Central Basin of the
Bransﬁeld Strait. From these sections we may clearly distinguish
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Fig. 2. (a) CTD sampling during CIEMAR cruise, (b) CTD/XBT sampling and (c) undulating vehicle (nm-Shuttle) tracks during BREDDIES cruise. The blue polygon in panel
(b) shows the Peninsula Front position. The black thin line locates the shelf edges (200 m isobath).

two different water masses: a homogeneous cold and salty water
mass, which almost occupies the entire body of the basin, and an
overlaying well-stratiﬁed relatively warm and fresh water, with a
! like shape. These water masses are Transitional Zonal Water
with Weddell Sea inﬂuence (TWW) and Transitional Zonal Water
with Bellingshausen inﬂuence (TBW), respectively (Tokarczyk,
1987; Garcı́a et al., 1994).
All sections crossing the Central Basin of the Strait, sampled
during both surveys, show similar water masses distributions
(Figs. 4–6). Note that for the BREDDIES survey we combine XBT
and CTD data, therefore we plot in situ temperature, while during
the CIEMAR survey we actually can calculate potential temperature; for these surface layers, however, the differences between
in situ and potential temperature are very small and may be safely
ignored. Maximum property gradients are in the cross-strait
direction whereas properties vary smoothly in the along-strait
direction. TBW enters the Strait form the Bellingshausen Sea and
Gerlache Strait, ﬂowing northeastward along the northern portion
of the Strait (Fig. 1). TWW enters the Strait from the Weddell Sea
occupying the main body of the Strait and the southern portion at
surface–subsurface levels (Grelowski et al., 1986; Hoffmann et al.,
1996; Garcı́a et al., 2002; Zhou et al., 2002).

During BREDDIES, TBW and TWW were separated by  0.7 1C
isotherm, 34.425 isohaline and 1027.7 kg/m3 isopycnal (e.g.
Figs. 3 and 4). The surface value of hydrographical properties of
TBW varies from CIEMAR and BREDDIES cruises. Surface TBW is
warmer and fresher during middle summer BREDDIES survey
(Fig. 3) than during earlier summer CIEMAR cruise (Figs. 5 and 6).
This warming and freshening of TBW as we progress toward the
austral fall can also be inferred from observations made
by Basterretxea and Arı́stegui (1999) from two surveys conducted
in this region, one performed in late spring and the other
conducted in middle summer. The seasonal thermocline/pycnocline like structure indicates that TBW is seasonally produced at
Bellighaussen Sea and Gerlache Strait due to summer heating and
ice melting.

3.2. The Bransﬁeld Front
Transect T3 during BREDDIES shows steeply tilted TBW isopycnals centered at station 36 and extending from 50 to 400 m
over the South Shetland slope (Fig. 3c). This subsurface front is the
so called Bransﬁeld Font (e.g. Niiler et al., 1991; Garcı́a et al., 1994).
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Fig. 3. (a) In situ temperature, (b) salinity and (c) potential density anomaly along transect T3 (see Fig. 2b) of BREDDIES cruise. The location of the Bransﬁeld Front (BF), the
Peninsula Front (PF) and the Circumpolar Deep Water tongue (CDW) are indicated on the ﬁgures axes.

The high resolution BREDDIES temperature section T3 (Fig. 3a)
and both east and west CIEMAR high resolution potential density
anomaly sections (Figs. 5c and 6c) show that this front is between
10 and 20 km wide. The potential density anomaly distributions
show the front at the western CIEMAR section to be wider and
shallower than at the eastern one; in the western section it
reaches station b3 while in the eastern section it is located
between stations t4 and t6. In both sections the front reaches
the surface.
The baroclinic jet related with the Bransﬁeld Front is the so
called Bransﬁeld Current (e.g. Zhou et al., 2002, 2006). In Fig. 7 we
have plotted the volume transport across CIEMAR and BREDDIES
sections. There is a clear signal of the Bransﬁeld Current related
with a narrow jet-stream that circulates northeastward along
South Shetland Islands Slope. In the western end the current is
wider and less intense than in the eastern end. Maximum
geotrophic velocities at the jet axis are ca. 0.3 m/s, of the same
order as reported by Zhou et al. (2002, 2006) from drifter
trajectories (0.3 m/s) and ADCP data (0.5 m/s). Outside the Bransﬁeld Current the transport is very weak and highly variable. In the
CIEMAR eastern transect (Fig. 7a) there is a signiﬁcant southwestward transport close to the tip of the Antarctic Peninsula,
indicating the inﬂow of TWW from the Weddell Sea. However,
this signal is not seen in the T3 BREDDIES transect, suggesting
substantial variability in this ﬂow.

3.3. A tongue of Circumpolar Deep Water
Previous studies in this region have detected patches of
relatively warm (in situ and potential temperature 40 1C) and
salty (S 434.5) Circumpolar Deep Water (CDW) inside our survey
domain (Garcı́a et al., 1994; Capella et al., 1992). Our observations
indicate that below the Bransﬁeld Front there is a narrow tongue
of CDW all along the slope of South Shetland Islands. As
illustrated on Fig. 5a and b, corresponding to CIEMAR western
transect, below the Bransﬁeld Front there is a clear indication of
warm and salty water with CDW characteristics extending from
200 to 450 m, between stations b10 and b2. The CDW tongue is

very narrow, no more than 10 km wide. Notice also that the signal
of CDW is not seen in the potential density anomaly section as
temperature and salinity have compensating effects. It is hard to
distinguish the warm CDW signal in the temperature section of
CIEMAR eastern transect (Fig. 6a), but its presence is clear in the
salinity section between 375 m and 525 m, located below the
Bransﬁeld Front near station t4 over the South Shetland Islands
Slope (Fig. 6b). In the BREDDIES central transect T3 the signal of
CDW is also clearly recognizable as a tongue of relatively warm
and salty water between 375 and 550 m, just below the Bransﬁeld
Front, only 10 km wide between stations 24 and 36 (Fig. 3).
Therefore our observations show that CDW does not have a
patchy distribution, as previously reported (Garcı́a et al., 1994;
Capella et al., 1992), but rather it constitutes a narrow tongue
all along the South Shetland Islands Slope just below the
Bransﬁeld Front.

3.4. The Peninsula Front
The potential density anomaly distribution in the central
transect section of BREDDIES (Fig. 3c) shows that TBW does not
spread all along the width of the Strait over the TWW but only
reaches up to station 34, leading to what we name the Peninsula
Front. This front is a shallow structure extending from the surface
only to ca. 100 m, where isopycnals are signiﬁcantly tilted and
packed. It separates the well stratiﬁed and relatively warm and
fresh TBW from the homogeneous relatively cold and salty TWW.
The temperature distribution in the three easternmost BREDDIES
transects (Fig. 4) indicates that this front is located close to the
Antarctica Peninsula (Fig. 2b). As a result near the sea surface the
TBW occupies two thirds of the Strait width whereas TWW
occupies only one third. At the western end of the Central Basin
of the Bransﬁeld Strait, coinciding with the westernmost transects
of BREDDIES and CIEMAR, TWW occupies all the Strait width at
the surface, the Peninsula Front being no longer visible
(Figs. 2b, 4a and 5). Submesoscale BREDDIES temperature sections
(Fig. 4) show that the Peninsula Front is only 10 km wide, a
mesoscale shallow structure. Previous surveys on this region
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Fig. 4. In situ temperature sections along the four BREDDIES transects (see Fig. 2b) as obtained combining CTD and XBT proﬁles. (c) The location of the Bransﬁeld Front (BF)
and the Peninsula Front (PF) are indicated on the top axes. Contour interval is 0.25 1C.

(Garcı́a et al., 1994; Basterretxea and Arı́stegui, 1999) have also
observed this front but they reported it to be much wider, as their
coarse resolution was unable to properly resolve the mesoscale.
3.5. The inter-frontal anticylonic eddy system
Our mesoscale observations indicate that between the Bransﬁeld Front and the Peninsula Front there is a system of mesoscale
anticyclonic eddies with TBW characteristics. In the CIEMAR
western transect there is an anticyclone centered at station b4

and extending from the surface to 400 m (Fig. 5). The radius of
this eddy is about 10 km, very close to the internal Rossby
deformation radius for this region (Grelowski et al., 1986;
Chelton et al. 1998). On the CIEMAR eastern transect (Fig. 6), at
station t8 there is a noticeable deepening of the isopycnals, which
we attribute to an anticyclone located between the Bransﬁeld Front
(stations t4–t6) and the Peninsula Front (stations t12–t14). Its
radius is about 10 km and the deepening of the isopycnals is
noticeable from the surface to 150 m in the range of TBW. Notice
from this transect that density appears well correlated with salinity
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but less with temperature, pointing to a dominance of ice-melting
over surface warming on the density ﬁeld (Fig. 6b and c). The
temperature section (Fig. 6a) actually shows a deep eddy signal,
which may be indicative of downwelling related to horizontal ﬂow
convergence.
The hydrographic properties along the central CIEMAR transect show a system of three anticyclones centered at stations x15,
x7 and x1 (Fig. 8). The eastern and western eddies, respectively,
correspond to those detected on the eastern and western transects, as described above. As for the case of the western eddy, the
central eddy (stations x10–x5) has a radius ca. 10 km and extends

from the surface to at least 400 m in the whole range of TBW
limited by the 0.7 1C isotherm. The eastern eddy appears to
have two cores (stations x15 and x12), which suggest that it may
result from the merging of two anticyclones. This is most clearly
noticeable in the temperature section, as it shows two maxima at
the surface (stations x15 and x12) with the isotherms deepening
some 200 m below these two maxima.
During BREDDIES we swept the inter-frontal region with a CTD
undulating vehicle in order to conﬁrm the presence of the system
of anticyclonic eddies previously observed between both fronts
during the CIEMAR survey. Fig. 9 shows the horizontal density
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Fig. 7. Along-strait geostrophic transport integrated from the surface down to 500 db for (a) CIEMAR and (b) BREDDIES cruises. The black thin line locates the shelf edges
(200 m isobath).
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Fig. 8. (a) Potential temperature, (b) salinity and (c) potential density anomaly along the central Strait transect (see Fig. 2a) of CIEMAR survey. AE on the top axes indicates
the location of the observed anticyclonic eddies.

ﬁeld at 80 m as obtained from the tracks of the undulating
vehicle, separated by 8 km. The signal of the Peninsula Front,
clearly visible through the closely spaced isopycnals, has a width

of 10 km. The Peninsula Front extends over two-thirds of the
domain in the southwest-northeast direction, starting east of
59.51W and meandering all along the way. This agrees with the
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Fig. 9. Density anomaly at 80 m as obtained from the tracks of the undulating vehicle (see Fig. 2c) during BREDDIES survey. Red dots denote the location of the averaged
proﬁles used for contouring. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

lack of any clear signal of the Peninsula Front in the western end
of the central Bransﬁeld Strait. In the northwest corner of the
surveyed area, the signal of the Bransﬁeld Current/Front is
apparent from the closely spaced isopycnals. North of the Peninsula
Front we observed a system of three anticyclonic (lees dense
water) eddies, each one with radius about 10 km, visible from the
sea surface down to at least 80 m.

4. Gravity current laboratory experiments
4.1. The Bransﬁeld gravity current
Any ﬂow originating from density anomalies, and whose
motion is in the same direction as the resulting pressure gradient,
may be considered as a gravity current. Gravity or density driven
currents are a common feature in the ocean at many scales
(Simpson, 1997). They are most dominant at small scales, such
as in estuaries and fjords, where the Coriolis force is less
important and the ﬂow does not reach a geostrophic balance.
In an estuary, for example, we commonly see fresh water overlaying salty water, but what we are really seeing are two layers
ﬂowing into each other with water exchange and interfacial
stresses that allow for continuous motion within each layer.
The problem may be imagined as two reservoirs separated by a
lock gate that is suddenly opened. In the absence of rotation,
when the buoyancy-induced pressure gradient driving the
current is balanced by inertia, a unidirectional ﬂow is established
over the whole width of the basin. However, in a clockwise
rotating system, the Coriolis force will alter the propagation in
the cross-reservoir direction (east–west direction). The geostrophic balance between pressure gradient and the Coriolis force
leads to a narrow coastal gravity current propagating along the
northern tank boundary (Fig. 10). Both wedges of light and
heavy ﬂuid may be due to gravity currents propagating in
opposite directions.
At large oceanic scales the gravity-current behavior is less
evident, especially if there are no localized sources of buoyant
water. We usually see a water mass in geostrophic balance, with
properties somewhat different from those of the background
ﬂuid, its propagation driven by local pressure gradients. In these
circumstances it is difﬁcult to appreciate if this motion started
driven by a density anomaly of the progressing water mass. An
example of gravity current in the northern hemisphere is the

Fig. 10. Side (a) and top (b) view of the rotating tank experiment. Once the lockgate is released (c) we measure the typical extension L(t) and the width W(t) of the
buoyant coastal current ﬂowing along the wall. The typical width was measured at
a ﬁx location in the center of the downstream end (eastern basin). The dotted lines
in panel (c) correspond to the visualization area of the CCD camera (shown
in Fig. 11).

Algerian Current where relative light Atlantic Central Water
enters the Strait of Gibraltar along a narrow band adhered to
the North African Coast (e.g. Obaton et al., 2000 and references
therein). In this case the water source is somewhat localized and
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Table 1
Physical scales and dimensionless parameters for the initial state.
Physical scales

H

ho

Rd

W0

L0

Bransﬁeld Current
Laboratory

1500 m
7.5–14 cm

200–300 m km
2–3 cm

12 km
5 cm

100 km
38–85 cm

200 km
60–70 cm

Dimensionless parameters

d

a

g

l

Bransﬁeld Current
Laboratory

0.1–0.2
0.15–0.4

8
7–17

2
0.7–1.8

0.025
0.4–0.6

it is relatively easy to identify this motion as initially induced by
the original density difference.
The Bransﬁeld Current is probably another good example of a
coastal gravity current where the relatively light TBW ﬂuid,
formed in the nearby Bellighaussen Sea during summer heating
and ice melting, ﬂows along the slope of south Shetland Island
Slope over the denser TWW background water (Fig. 7). In our
proposed circulation scheme for the Bransﬁeld Current System
(see Section 5) we have represented the surface spread of TBW in
red color (Fig. 15). The lighter TBW ﬂuid propagates eastwards as
a jet-like coastal gravity current along the slope of South Shetland
Island, in the central and eastern part of the Strait. Previous
studies in the western part of the Strait had suggested that TBW
spreads over TWW all along the Strait width (Garcı́a et al., 1994;
Basterretxea and Arı́stegui, 1999), whereas our sections show that
in the central part of the Strait the TBW ﬂows eastward at
subsurface levels along a narrow band close to the South Shetland
Islands Slope, in what we have named the Bransﬁeld Gravity
Current. At the surface the TBW extends further south, until the
Peninsula Front, a spread apparently related with the inter-frontal
anticyclonic eddy ﬁeld.

4.2. The experimental setup and dimensionless parameters
In order to reproduce the interaction between the warm and fresh
water from the Bellingshausen Sea (TBW) with the cold and salty
water from the Weddell Sea (TWW), which occurs in the Bransﬁeld
Strait, we used a simpliﬁed two layer conﬁguration in a rectangular
rotating tank. Instead of forcing the ﬂux of buoyant water along the
coast (Obaton et al., 2000; Avicola and Huq, 2002; Thomas and
Linden, 2007) the circulation is controlled here by a large reservoir of
fresh water in the left side of the tank. This light and surface water r1
is initially separated from the dense water r2 by a lock gate (Fig. 10a)
as in classical lock-release experiments (Stern et al., 1982; Grifﬁths
and Hopﬁnger, 1983; Helfrich and Mullraney, 2005). However, unlike
these standard conﬁgurations, the light water r1 is initially conﬁned
in a surface layer (Fig. 10a) of thickness h0. The vertical aspect ratio of
the light upper layer h0 above the deep dense H layer was kept small
d  h0 =H 51. A salt stratiﬁcation was used to control the small
density difference between r1 and r2: Dr=r ¼ ðr2 r1 Þ=r1  0:01.
To avoid mixing between the two layers, we ﬁrst ﬁll the tank with
salty water to a depth H¼14 cm and, once solid-body rotation is
reached, we slowly inject the light upper-layer ﬂuid in one side of the
tank (hereafter we will refer to upstream side of the tank to indicate
that part of the tank where the light water originally was, and
downstream side to the portion of the tank it heads). We adjust the
density difference and the rotation speed O0 ¼f/2 to control the twolayer baroclinic deformation radius Rud ¼ ðguh0 ðHh0 Þ=HÞ1=2 =f where
gu ¼ g Dr=r is the reduced gravity. When the two-layer vertical
aspect ratio is small enough,
pﬃﬃﬃﬃﬃﬃﬃﬃﬃ d 51, the deformation radius may be
approximated by Rd ¼ guh0 =f . This value is ﬁxed at Rd E3–5 cm
while the channel width W0 and the channel length L0 (Fig. 10b)
varies within the range W0 E40–85 cm and L0 E60–70 cm.

Fig. 11. Top view visualization, using laser induced ﬂuorescence, of the buoyant
coastal current at (a) t ¼ 0.2T0, (b) t ¼ 0.6T0, (c) t ¼T0, (d) t ¼2T0 and (e) t¼ 4T0,
where T0 is the rotation period.

If we neglect salt diffusion and viscous dissipation, the initial
condition is ﬁxed by ﬁve physical scales, namely h0, H, Rd, W0 and
L0 (Fig. 10b). Therefore, according to dimensional analysis, the
dynamical evolution of the light surface water in the tank will be
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mainly governed by four dimensionless parameters: the vertical
aspect ratio d, the vertical to horizontal ratio l h0/Rd, the relative
channel width a  W0/Rd and the tank aspect ration g L0/W0. In
order to get laboratory results relevant for the Bransﬁeld Strait
dynamics we ﬁx three of these dimensionless parameters close to
the estimated oceanic values (see Table 1). The vertical to
horizontal ratio is asymptotically small in the ocean l  10  2,
such small values can hardly be achieved in rotating tank
experiments due to scale constraints and the similarity condition
cannot be satisﬁed with this parameter.
4.3. Visualization techniques
In order to visualize a horizontal cross-section of the coastal
density current the light buoyant water was uniformly dyed with
Rhodamine 6G and illuminated with a horizontal laser sheet
(Fig. 10a). To optimize the ﬂuorescent emission of the Rhodamine
6G we used a 532 nm green laser, close to wavelength of maximal
absorption of the ﬂuorescent dye (530 nm). The ﬂuorescent light
water appeared bright while the dense lower layer, transparent to
the laser sheet, remained dark. A high resolution 4000  2670
pixels CCD camera (Lumenera LW11057) ﬁxed on top of the tank
recorded the dynamical evolution of the coastal gravity current
(Fig. 10c). This laser induced ﬂuorescence (LIF) technique allows a
precise measurement of the front edge and is able to detect smallscale structures (Fig. 11a and b). A speciﬁc image processing
was used to measure the temporal evolution of the coastal
gravity current width W(t) and length L(t) with an accuracy of
0.2 mm. The width W(t) was measured at a ﬁxed position
located at a central position in the downstream side of the tank
(eastern basin).
In several experiments we used a standard particle image
velocimetry (PIV) to measure the horizontal velocity ﬁeld. Small
buoyant particles were put in the light layer and lightened with
the horizontal laser sheet. For these speciﬁc experiments we did
not inject any ﬂuorescent dye. The particle displacements and the
corresponding velocity ﬁeld were analyzed using LAVISION PIV
software with successive cross-correlation boxes yielding a ﬁnal
249  112 vector ﬁeld. This corresponds to a horizontal resolution
of 13 vectors per deformation radius.
4.4. Propagation of the buoyant gravity current
When buoyant ﬂuid is released in a rotating system near a
vertical wall, the Coriolis force constrains the density-driven ﬂow
to move along the wall. For clockwise rotation, i.e. in the southern
hemisphere, the solid boundary is located to the left of the ﬂow
(looking downstream) (Stern et al., 1982; Grifﬁth and Hopﬁnger,
1983). For narrow channels (a o0.5) the gravity current remains
attached to both walls but if the relative channel width is large
enough (a 40.5) the gravity current becomes detached from the
right-hand wall (Hacker and Linden, 2002; Helfrich and Mullraney,
2005) and a coastal gravity current is formed. Over a time scale of the
order of T0/2, the Coriolis force brings the initial density gradient into
geostrophic balance (Stegner et al., 2004) establishing a crosschannel ﬂow. In order to accommodate this geostrophic ﬂow
directed into the wall, a tongue of light water propagates along the
boundary (Fig. 11a and b). The width W(t) and the length L(t) of this
coastal gravity current increase with time (Fig. 11c) until a quasisteady state is reached (Figs. 11d, e and 12a). At this later stage the
nose of the buoyant coastal current generally reaches the initial lock
gate position and the coastal ﬂow induces a cyclonic loop in the
downstream end of the tank. This study mainly focuses on this quasisteady coastal circulation (equivalent Bransﬁeld Gravity Current),
which is controlled in the eastern basin (central Bransﬁeld Strait) by

Fig. 12. Evolution of the dimensionless (a) width W(t)/Rd and (b) length L(t)/L0 of
the light water according to LIF measurements for various vertical aspect ratios:
d ¼ 0.125 (plain circle), d ¼ 0.21 (crosses), d ¼0.3 (open circle) and d ¼0.4 (plain
square).

the large amount of light surface water (Transitional Bellingshausen
Water, TBW) found in the western basin (western Bransﬁeld Strait).
4.5. Typical width and velocity proﬁle of the coastal gravity current
The temporal evolution of the gravity current width W(t) was
measured at a ﬁxed location x¼L0/2 in a central position of the
downstream side of the tank (Fig. 10c). This location is distant enough
from the source region (i.e. the lock gate position), x 6–7 Wf to avoid
the perturbations induced by the unstable meanders of the crosschannel front. According to Fig. 12 the lateral extension of the gravity
current W(t) reached a constant value Wf after a few rotation periods
T0. For the present conﬁguration (a E8–16b1) the ﬁnal width is
about two deformation radii, Wf ¼1.7–1.8Wf, and is weakly dependent on the vertical aspect ratio d.
The nose speed of a rotating gravity current has been previously studied by several authors (Stern et al., 1982; Grifﬁths and
Hopﬁnger, 1983; Helfrich and Mullraney, 2005), scaling with the
velocity C0 ¼ ðg’h0 Þ1=2 (Fig. 12b). This propagation speed is for a
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Table 2
Dimensionless parameters associated to the current width and intensity along the
north strait/channel boundary.

Fig. 13. Dimensionless velocity proﬁle across the transect located at x¼ L0/2 in the
eastern basin at t ¼1.6T0 (plain circle), t ¼ 3.2T0 (crosses), t¼ 4.1T0 (open circle),
t ¼4.9T0 (plain triangle) and t¼ 5.T09 (open square).

sudden release of buoyant water in a rotating channel but may
differ from the velocity of the coastal gravity current at a ﬁxed
position once a quasi-steady circulation is achieved in the basin.
Therefore, we performed quantitative PIV measurements of the
light-ﬂuid surface ﬂow along the wall. The evolution of the
velocity proﬁles along a transect located at x ¼L0/2 is shown in
Fig. 13. This case corresponds to the experimental conﬁguration
a ¼7.6, d ¼0.21, g ¼1.8 and l ¼0.6, which is the most similar, as
far as dimensional analysis is concerned, to the Bransﬁeld Current
parameters (Table 1). We ﬁrst noticed that if the current velocity
decays with time, due to lateral friction, the maximal velocity
remains located at a constant distance y ﬃ 0:8Rd from the wall.
Hence, the maximum current velocity appears to be centered at
yEWf/2, within the buoyant water tongue. A careful comparison
between Fig. 12a (d ¼0.21) and Fig. 13 shows that the front edge
of the coastal gravity current corresponds roughly to the lateral
extent where the along-shore velocity almost vanishes.
The velocity proﬁles in Fig. 13 are scaled by Cg ¼ ½g’h0 ðH
h0 Þ=H1=2 , the maximum phase speed of internal waves. After
several rotation periods, once the coastal circulation is well
established with a maximum velocity Vmax, the typical Froude
Fd ¼Vmax/Cg and Rossby R0 ¼ Vmax =ðfWf Þ numbers of the buoyant
gravity current reach small values Fd ﬃ 0:2-0:3, R0 ﬃ 0:15-0:3.
These values are signiﬁcantly smaller than values reported at
the nose of coastal gravity currents (Hacker and Linden, 2002;
Helfrich and Mullraney, 2005).

4.6. Laboratory and ﬁeld observation comparisons
In our surveys we effectively see the beginning of the Bransﬁeld Gravity Current in the western sections, with TBW all over
the Strait’s width at both surface and subsurface levels (Figs. 4a
and 5) without any signal of the Peninsula Front. However,
further east the TBW ﬂows east as a narrow band close to South
Shetland Island Slope. This is mirrored by the laboratory experiments. We identify the initial lock gate region with the western
part of the Central Basin of the Bransﬁeld Strait where our

Dimensionless parameters

Wf/Rd

Fd

Ro

Bransﬁeld Current
Laboratory

1–2
1.7–1.8

0.1–0.25
0.2–0.3

0.1–0.4
0.15–0.3

westernmost transects were sampled. When a geostrophically
balanced state is reached (Figs. 10c and 11), the buoyant ﬂuid ﬁrst
extends all over the channel’s width only over a short distance
equivalent to the deformation radius. Further downstream, however, the relatively light ﬂuid propagates as a coastal gravity
current in a narrow band adjacent to the tank wall. A similar
circulation pattern is seen in the surface velocity ﬁeld as derived
from drifter trajectories (Figs. 2 and 3 of Zhou et al., 2002). In the
western basin of the Strait the drifters recirculate all along the
width of the Strait, while in the Central Basin the buoys trace a
narrow jet-like current.
According to Table 1, the dimensionless parameters for the
laboratory model of the westward and Central Basins of the Bransﬁeld Strait have the same order of magnitude. We assume here that
the Bransﬁeld Gravity Current is driven by the large amount of light
water from the Bellingshausen Sea (TBW). The adjustment of this
system to the large reservoir of fresh water in the westward basin
leads to the formation of a narrow coastal current in the eastward
basin that scales with the local deformation radius. According to
Table 2, both the dimensionless width Wf/Rd and the Rossby number
Ro of the laboratory coastal gravity current are in good agreement
with the in situ measurements of the Bransﬁeld Gravity Current. This
idealized laboratory model strengthens the hypothesis that the
Bransﬁeld Gravity Current along the South Shetland Islands behaves
as a coastal gravity current.
In our idealized laboratory model, however, we do not detect a
clear destabilization of the coastal current leading to the formation of large-scale anticyclones in the eastward basin. Additionally, the formation of a secondary front, similar to the Peninsula
Front, is neither observed. These differences may related to our
speciﬁc lock-release setup. The potential vorticity of the dense
water in the downstream side of the tank, Q¼f/H is uniform
before the opening of the lock gate. Hence, at the initial stage
when the fresh water propagates at the surface the PV of the
dense lower layer remains unchanged and uniform. Therefore, the
necessary Charney–Stern criterion for baroclinic instability (opposite PV gradient in the surface and bottom layers) is not satisﬁed.
The baroclinic instability could only occur at much longer times
when the bottom and the boundary dissipation would modify the
PV distribution in the bottom layer. Our setup was designed to
study the initial adjustment of the coastal gravity current to a
geostrophically balanced state and not its long term evolution.
In other experimental setups (Avicola and Huq, 2002; Thomas
and Linden, 2007) the buoyant coastal current is forced by a
source point of fresh water with constant ﬂow rate F to mimic a
river discharge. In such case, the depth h0 ¼ ð2f F=guÞ1=2 and the
width Wf  ðg’h0 Þ1=2 =f of the forced coastal current are ﬁxed by
the reduced gravity g0 and the ﬂow rate F. Here again, close to the
source point, the current remains stable and does not exhibit
large (mesoscale) meanders along the boundary. According to the
CIEMAR and the BREDDIES surveys, we may estimate a reduced
gravity g0  0.3 cm s  2 and ﬂow rate F  0.5–1 Sv. These values
should induce a buoyant coastal current with characteristic depth
h0  200–300 m and width Wf  10–13 km, in correct agreement
with the observations.
The experimental setup used by Obaton et al. (2000) to model
the Algerian current ﬁxes both the ﬂow rate F and the initial
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width L of the current. The main differential characteristic of this
setup is that the initial current width L is larger than the
deformation radius. In this speciﬁc conﬁguration, large scale
meanders are formed downstream along the sidewall. According
to these laboratory investigations, the forcing condition and the
current width Wf may have a strong impact on the PV distribution
and the stability of the buoyant coastal current.
Finally, a more realistic laboratory model that takes into
account the shelf slope, the sills and the bottom bathymetry of
the Strait, would likely lead to a better description of the
Bransﬁeld Current System and its stability.

Transitional Zonal Water with
TBW=Bellingshausen Sea influence
TWW=Transitional Zonal Water with
Weddell Sea influence

BF=Bransfield Front/Current
AE=Anticyclonic Eddy
PF=Peninsula Front
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5. Discussion and conclusions: the Bransﬁeld Current System
Our observations are synthesized in a circulation scheme
proposed for the Central Basin of the Bransﬁeld Strait (Figs. 14
and 15). The Bransﬁeld Current System is formed by four main
components: the Bransﬁeld Current, the Circumpolar Deep Water
(CDW) tongue, the shallow Peninsula Front and an inter-frontal
anticyclonic eddy ﬁeld.
Our laboratory model and ﬁeld observations suggest that the
Bransﬁeld Current behaves as a density-driven gravity current
transporting TBW northeastward in a narrow band over the South
Shetland Island Slope (red shaded area in Fig. 15). This gravity
current behavior is supported by the similarity between the ﬁeld
salinity and vertical structures and those laboratory measurements obtained when setting the adimensional parameters to
values corresponding to the Central Basin of the Bransﬁeld Strait.
This represents an alternative view to the western boundary
current behavior proposed by Zhou et al. (2006).
The laboratory model assumes a large amount of buoyant
water in the western part of the Bransﬁeld Strait as a source of the
Bransﬁeld Gravity Current. As pointed out in Section 3.1, this
reservoir of light water is provided by TBW seasonally produced
at the adjacent Bellingshausen Sea and Gerlache Strait. The
previous regional circulation studies clearly point at a western
inﬂow of warm and fresher water entering the Western Basin of
the Bransﬁeld Strait from the Bellingshausen Sea and Gerlache
Strait (Grelowski et al., 1986; Hoffmann et al., 1996; Zhou et al.,
2006). This inﬂow feeds the Bransﬁeld Current as sketched in our
proposed circulation scheme (Fig. 15). López et al. (1999),
observed that the Bransﬁeld Current continues its Northeastward
ﬂow along the Eastern Basin of the Bransﬁeld Strait at least until
Clearance Island, located at the end of this basin. This continuity
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Fig. 14. Schematics of the main components of the Bransﬁeld Current System
along a vertical section crossing the Strait.
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Fig. 15. Schematics of the main components of the Bransﬁeld Current System on a
plain view. (For interpretation of the references to color in this ﬁgure, the reader is
referred to the web version of this article.)

of the Bransﬁeld Curent in the Eastern Basin was also observed
by Thompson et al. (2009) from drifter trajectories.
A relative strong Northeastward ﬂow along South Shetlands
Islands was early observed by Grelowski et al. (1986) and in
successive surveys carried out in this region (e.g. Garcı́a et al., 1994;
Zhou et al., 2002; Savidge and Amft, 2009), therefore likely being a
permanent characteristic of the circulation in this region (Hoffmann
et al., 1996). However, most of these studies were done at regional
scale, not adequately resolving the mesoscale. Only Zhou et al. (2006)
carried out a submesoscale sampling along one single short transect
crossing the Bransﬁeld Current, but were unable to properly scale the
Current/Front all along the South Shetland Islands slope. Our mesoscale resolution observations reveal that the Bransﬁeld Front, and the
related Bransﬁeld Current, is much narrower than previously
reported. Its cross-frontal length scale is only about 15 km, close to
the internal Rossby radius of deformation for this region (Chelton
et al., 1998).
In this study we also propose that the spreading of TBW from
the Bransﬁeld Current towards the Antarctic Peninsula is related
to a system of mesoscale warm core anticyclonic eddies
(see brown area of Fig. 15). These eddies contain TBW and extend
from the surface to 300 m, with radius about 10 km. Our mesoscale resolution sampling has allowed us to detect this eddy
system, which has not been previously reported for this region.
A similar system of surface anticyclonic eddies has been associated to the Algerian Gravity Current (Obaton et al., 2000 and
references therein). Although from our observations it is hard to
say whether the inter-frontal eddy anticyclonic ﬁeld is generated
locally or by the Bransﬁeld Current, the behavior of this current as
a gravity current and the fact that the eddies contain TBW do
suggest that these eddies have detached from the Bransﬁeld
Current. The spreading of TBW at surface layers by this eddy
system may lead to the anomalous observed G shape of cross
Strait TBW distribution (Section 3.1). The Algerian Gravity Current
generates two different types of anticylonic eddies: small-shallow
frequent anticyclones and large-deep rare anticyclones (Obaton
et al., 2000). In our two surveys we have only detected the ﬁrst
type of eddies. These relatively shallow and small eddies could be
much more effective at spreading TBW in surface layers than the
large-deep anticyclones.
Close to the Antarctica Peninsula a shallow Peninsula Front
separates TBW from TWW (Fig. 15). Our study has provided a
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mesoscale range description of this front, indicating that this structure it much narrower (ca. 10 km) and steeper than previously
reported from coarser resolution observations (Garcı́a et al., 1994).
The mean resolution of our observations is about 5 nm (9.3 km) and,
as the internal Rossby radius of deformation is ca. 10 km, we barely
resolve the mesoscale. With an even ﬁner resolution survey we
could probably expect somewhat different results for the mesoscale
structures here described, particularly the Peninsula Front could be
even narrower and steeper than here reported. Observation
from López et al. (1999), suggest that, as for the Bransﬁeld Front/
Current, the Peninsula Front also continues in the Eastern Basin.
From geostrophic ﬂow calculations we obtained an average
speed about 0.06 m/s in the upper 100 m for the Northeasward
ﬂow along the Peninsula Front. Between the Peninsula Front and
the Antarctic Peninsula we did not recognized any organized
gesotrophic ﬂow pattern. As sketched in Fig. 15, Hoffmann et al.
(1996) proposed in their regional circulation scheme an inﬂow
from the Weddell Sea, which circulates southwestward along the
Antarctic Peninsula, south of the Peninsula Front. Recent ADCP
and drifter observations (Savidge and Amft, 2009; Thompson
et al., 2009) conﬁrm this westward inﬂow from the Weddell
Sea. Except for the western CIEMAR transect, our baroclinic ﬂow
transport calculations did not show this inﬂow, suggesting that it
is mainly barotropic, as pointed out by Savidge and Amft (2009).
These authors indicated that the intensity of this westward
transport, along the southern end of a transect located at
approximately the same position as our CIEMAR western transect,
may exceed the Bransﬁeld Current transport by 30–50%. In
particular, a velocity section along this transect suggests a jet
like structure of this inﬂow, which could be topographically
controlled as it coincides with a steeply sloped bathymetry.
Farther west Savidge and Amft (2009) observed the transport to
weaken, although this must be taken with caution as their
sampling in the southwest part of the Central Basin of the
Bransﬁeld Strait was poor. These authors also connected this
westward inﬂow with the Antarctic Coastal Current originated at
the Weddell Sea and described in Heywood et al. (2004). This
connection is conﬁrmed by drifter trajectories obtained
by Thompson et al. (2009), showing several drifters that enter
the southwestern part of the Central Basin (from the Antarctic
Coastal Current originated at the Weddell Sea) and then circulate
southwestward (south of the location of the Peninsula Front).
Finally, regarding the subsurface ﬂow, previous studies indicate
that CDW ﬂows into the Bransﬁeld Strait through Boyd Strait and
other passages replacing TWW and producing a characteristic deep
temperature maximum (Capella et al., 1992; Garcı́a et al., 1994,
2002; Hoffmann et al., 1996). Due to their coarse resolution and
limited spatial coverage, these studies were not able to identify any
coherent structure related with the path of CDW inside the Central
Basin of the Bransﬁeld Strait. However, our mesoscale observations
show that CDW is not patchy, it rather builds up as a narrow tonguelike structure all along the South Shetland Islands Slope just below
the Bransﬁeld Current/Front (Fig. 14).
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