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Abstract While the Antarctic Slope Current (ASC) has been intensively studied for the East Antarctica slope area and the Weddell
Sea, its fate in the western Antarctic Peninsula (WAP) region remains much less known. Data from two cruises conducted near the
South Shetland Islands (SSIs) and the Elephant Island (EI), one in austral summer of 2004 and one in austral winter of 2006, were
analyzed to provide a broad picture of the circulation pattern over the continental slope of the surveyed area, and an insight into the
dynamical balance of the circulation. The results indicate that southwestward currents are present over the upper slope in the study
area, indicating the ASC in the WAP region. Near the Shackleton Gap (SG) north of the EI, the southwestward slope currents near the
shelf break are characterized by a water mass colder and fresher than the ambient water, which produces cross-slope density gradi-
ents and then vertical shear of the along-slope (or along-isobath) velocity. The vertical shear is associated with a reversal of the
along-slope current from northeastward at surface to southwestward in deeper layers, or a depth-intensification of the southwestward
slope currents. The water mass with temperature and salinity characteristics similar to the observed cold and fresh water is also re-
vealed on the southern slope of the Scotia Sea, suggesting that this cold and fresh water is originated from the Scotia Sea slope and
flows southwestward through the SG. Over the shelf north of the SSIs, the cold and fresh water mass is also observed and originates
mainly from the Bransfield Strait. In this area, vertical structure of the southwestward slope currents is associated with the onshore

intrusion of the upper Circumpolar Deep Water that creates cross-slope density gradients.
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1 Introduction

The Antarctic continental slope is a crucial area for the
formation of Antarctic Bottom Water, biogeochemical
cycling and ecosystem functioning (Heywood et al.,
2014). A major physical feature over the slope area is the
Antarctic Slope Current (ASC), which flows generally
westward and connects the three major oceanic basins —
the Pacific Ocean, the Atlantic Ocean and the Indian
Ocean around Antarctica (Mathiot ef al., 2011; Pefia-Mo-
lino et al., 2016). It has been suggested that ASC might
be circumpolar and not disrupted, so that it can affect the
advection of nutrients and krill along the entire Antarctica
(Heywood et al., 2004; Quetin and Ross, 1984). Near the
South Shetland Islands (SSIs), krill would lay eggs at
depths of approximately 50m, and the eggs can sink to
depths of 800-1000m before hatching (Quetin and Ross,
1984). Thus, eggs laid north of the SSIs may be trans-
ported westward towards the Bellingshausen Sea by
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these slope currents (Nowlin and Zenk, 1988).

Previous studies found that east of the Antarctic Pen-
insula, the Antarctic Slope Front, characterized by cur-
rents of about 20cms ', is split into three paths when it
encounters the South Scotia Ridge: 1) turning west and
flowing into the Bransfield Strait; 2) entrained in a large
standing eddy over the South Scotia Ridge; and 3) fol-
lowing the 1000-m isobath very close to the Clarence
Island on its eastern side, and leaving the Weddell Sea
Confluence entering the Scotia Sea (Flexas et al., 2015;
Thompson ef al., 2009; Youngs et al., 2015). A few stud-
ies have suggested a connection between the slope cur-
rents in the Scotia Sea and in the area north of the SSIs
via the Shackleton Gap (SG), which is a passage over
3000m deep and 30km wide lying between the Shackle-
ton Traverse Ridge (STR) and the Elephant Island (EI)
(Heywood ef al., 2004; Locarnini et al., 1993; Nowlin
and Zenk, 1988). Based on conductivity-temperature-
depth (CTD) measurements, Capella et al. (1992) found
that west of the EI and north of the SSIs, a tongue of cold
water extends southwestward along the shelf-edge from
the EI to the Livingston Island. Nowlin and Zenk (1988)
observed a persistent and narrow (with a width of 10km)
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bottom current flowing from the Weddell Sea westward
into the Scotia Sea and further through the Drake Passage
along the continental slope, with a mean velocity of 10
cms . They considered this westward deep slope com-
ponent to be kinematically distinct from the upper slope/
shelf current. With multiple years of shipboard Acoustic
Doppler Current Profiler (ADCP) measurements, Savidge
and Amft (2009) found southwestward currents near the
shelf break north of the SSIs; nevertheless, the lack of
hydrographic data in their study prevented them from
further investigating the dynamical balance of these slope
currents.

While these earlier studies have cast some light on the
fate of slope currents west of the tip of the Antarctic Pen-
insula, detailed patterns of these currents remain largely
unknown. The slope currents in the western Antarctic
Peninsula (WAP) area should be an indispensable part of
the circumpolar, anticyclonic ASC as researchers have
previously assumed (e.g., Heywood et al., 2004), and
should make significant contributions to water mass and
heat transports, transports of nutrients and biota, life his-
tory of Antarctic krill connecting their spawning, nursing
and mature sites, and ecosystem structure and dynamics
in the WAP region (Nowlin and Zenk, 1988; Savidge and
Amft, 2009; Siegel et al., 2013). This study analyzed hy-
drographic and velocity data on eighteen transects in the

slope regions north of the SSIs and the EI collected dur-
ing an austral summer cruise in 2004 and an austral win-
ter cruise in 2006, to obtain a better understanding of the
structure and dynamics of the slope currents within the
upper 1000 m of the water column in this area. Mean-
while, this study also employed historical shipboard
ADCP measurements covering the WAP region to explore
the persistence of all the slope currents on a long time
scale.

2 Data and Methods

Datasets in the southern Drake Passage employed in
this study were collected in an austral summer cruise
conducted from 12 February to 24 March 2004 onboard
the Antarctic Service and Research Vessel Laurence M.
Gould (Zhou et al., 2010; data are available at http://www.
bco-dmo.org/deployment/58666), and an austral winter
cruise conducted from 3 July to 15 August 2006 onboard
the Ice Breaker Research Vessel Nathanial B. Palmer
(Zhou et al., 2013; data are available at http://www.bco-
dmo.org/deployment/57976). The study area was bound-
ed between 59°S and 65°S in latitude and between 64°W
and 53°W in longitude, which covers the Ona Basin, the
shelf and slope areas of the SSIs and the El, the SG, and
the southern STR (Figs.1b and c).
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Fig.1 (a) Bathymetry in the southern Drake Passage with the study domain marked by the red box, (b) cruise tracks (red
lines) and transects (black lines, S1-S9) during the 2004 austral summer cruise, and (c) cruise tracks (red lines) and
transects (black lines, W1-W9) during the 2006 austral winter curises. The red dots in (b) and (c) represent stations covered
by the cruises. The blue lines in (c) respresent the cross-slope transects (JS1 and JS2) used to analyze the JASADCP data.
Depth contours shown (in m) are 0—7000 m by 1000-m increments in panel a, and 0—4000 m by 500-m increments in panel
b and c. The abbreviations are Boyd Strait (BY), South Shetland Islands (SSIs), Elephant Island (EI), Clarence Island (CI),

Shackleton Transverse Ridge (STR), and Shackleton Gap (SG).
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A regular rosette system was used for collecting hy-
drography data in both the 2004 and 2006 cruises, which
was equipped with a SeaBird 911 plus CTD system with
dual temperature and conductivity sensors (Sea-Bird
Electronics, Inc., Bellevue, WA, USA). All temperature
and conductivity sensors were calibrated prior to the
cruises. Throughout the entire cruises, the standard de-
viations between two pairs of temperature and salinity
sensors were within 0.01°C and 0.01, respectively, which
validated the stabilities of the sensors. Most of the CTD
casts were made to depths of 10m above the bottom or
1000 m when the water depth is greater than 1000 m,
except for some stations located on the slope of the Wed-
dell Sea and the Scotia Sea.

Both of the 2004 and 2006 cruises were mounted with
a vessel-mounted 153 kHz Narrow Band ADCP (RD In-
struments, San Diego, CA, USA), which was used for
direct current measurements. Both of the ADCPs were
set with a bin length of 8 m, a pulse length of 8m and a
blank after transmission of 4m. These settings led to a
standard deviation of 13cms™' for single ping velocity
measurements (RDI, 1989). A 15-minute ensemble av-
erage for the velocity measurements was used to reduce
the standard error to approximately 0.6cms '. The ADCP
measurements are confined in the upper 400-m water
column. To obtain geostrophic currents, tidal currents
were removed from the ADCP measurements by using a
tidal current model for the Antarctic shelves, the details
of which are provided in Padman et al. (2002). The
geostrophic currents were computed from the thermal
wind relation based on the in-situ density profile. For
each CTD station, the measured current at the nearest
ADCEP station at 100 m was used as the reference velocity,
and then the velocity shear was integrated upward or
downward to obtain the geostrophic velocity at different
depths. The reason to choose 100 m as the reference layer
is that the wind-driven Ekman current can be neglected
at this depth (Selph et al., 2013), and thus the reference
velocity is mostly geostrophic; meanwhile most of the
ADCP measurements can reach the depth of 100 m. To
explore the persistence of the slope currents in the study
area over the long term, twenty-five years (1990-2014)
of shipboard ADCP data from the Joint Archive for Ship-
board ADCP Dataset (JASADCEP, ftp:// ftp.soest.hawaii.
edu/caldwell/adcp/INVNTORY/sou.html) covering the
WAP region were used. Two cross-slope transects north
of the SSIs (Fig.lc) were created to examine the
cross-sectional profiles of the slope currents. The current
value on each data point of the transects is the mean of
current values from all of the JASADCP observations in
1990-2014 that fall in a bin enclosing this data point.
The bin has the data point as the center, 40km as the bin
length (in the zonal direction) and 5-10km as the bin
width (in the meridional direction). There the current
value on each data point is both a temporally and spa-
tially averaged result.

In this study, labelling of the 2004 summer cruise
transects starts with a letter °S’, and labelling of the 2006
winter cruise transects starts with a letter ‘W’ (Fig.1).
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The cross-slope transects designed were approximately
perpendicular to the isobaths on the slope, and thus the
cross-transect velocity is used to denote the along-iso-
bath (or along-slope) velocity. A few transects, such as
Transect S5 in the 2004 summer cruise, are composed of
several sub-transects, and not all sub-transects are per-
pendicular to the isobaths. In this situation, only the sub-
transects that are perpendicular to the isobaths were used
to determine the cross-transect direction for the entire
transect.

3 Results

Vertical distributions of potential temperature (), sa-
linity (S), dissolved oxygen (DO), potential density (cg),
computed geostrophic currents, and the cross-transect
ADCP current component along Transect S2 in the 2004
summer cruise are shown in Fig.2. The temperature pro-
file displays a typical pattern of summertime water-mass
distribution of Antarctic waters: a warm surface layer as
the Antarctic Surface Water reaching approximately
2.5°C, the coldest layer at the depth of 100-200m as the
Antarctic Winter Water, and a warm layer below 200m
with the warm core centered about 400 m as the upper
Circumpolar Deep Water (UCDW). One interesting fea-
ture is the existence of a cold (—0.4°C < 6 < 0.4°C), fresh
(344gkg ' < § < 34.6gkg ") and oxygen-rich (2.2mL
L'< DO <2.5mLL™") water mass on the slope between
60.8°S and 60.85°S, which extends from the surface all
the way to 1000 m, with two cold, fresh and oxygen-rich
cores centered at 400 m and 550 m (Figs.2a—2c). The
presence of this cold and fresh water mass creates a
cross-slope density gradient with the isopycnals shoaling
toward the coast south of 60.83°S (Fig.2d). The ADCP
measurement shows that the area north of 60.83°S is
dominated by the strong northeastward Antarctic Cir-
cumpolar Current (ACC) from surface to 400 m, while in
the area south of 60.83°S, the northeastward current in
the upper layer turns to southwestward below 200 m
(Fig.2f). ADCP transects S1 and S3 are located in a simi-
lar area. The measured cross-transect currents on S1 and
S3 are shown in Fig.3. Southwestward currents are
prominent over the upper slope north of the EI on both of
the two transects, and the velocity reaches approximately
20cms ' and 30cms™' on S1 and S3, respectively.

During the 2006 winter cruise, Transect W1 also
crosses the STR, SG and extends to the slope of the EI
(Fig.1c), and this allows us to examine the seasonal
variation of the slope currents in this area. The vertical
profiles of potential temperature, salinity, dissolved oxy-
gen, potential density, computed geostrophic currents,
and cross-transect ADCP current component on Transect
W1 are shown in Fig.4. North of 60.75°S, the upper 200
m of the water column is occupied by the cold and fresh
Antarctic Surface Water (Figs.4a and b), while the water
column below 200 m is occupied by UCDW. South of
60.75°S, a cold (—0.5C < 0 < 0.3°C), fresh (34.3gkg ' <
S < 34.6gkg") and oxygen-rich (1.8mLL™'< DO <2.2
mL L', Fig.4c) water with similar characteristics to
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Fig.2 Vertical profiles of (a) potential temperature, (b) salinity, (c) dissolved oxygen, (d) potential density, (¢) calculated
geostrophic current, and (f) cross-transect current from the ADCP measurement along Transect S2 from the 2004 sum-
mer cruise. See Fig.1b for the transect locations. The dashed, black line indicates the bathymetry, and the depth value (m)
on this line is the bottom depth divided by 10. The black triangles mark the locations of the CTD stations. The grey
boxes in (a), (b) and (c) label the cold (=0.4°C <0< 0.4°C), fresh (34.4gkg ' < S <34.6gkg™") and oxygen-rich (2.2 mL
L'<DO<2.5mL Lfl) water mass found on this transect. Red (blue) color in (e) and (f) indicates eastward (westward)
current.
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Fig.4 Vertical profiles of (a) potential temperature, (b) salinity, (c) dissolved oxygen, (d) potential density, (e) calculated
geostrophic current, and (f) cross-transect current from the ADCP measurement along Transect W1 from the 2006 austral
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label the cold (=0.5°C < 0 < 0.3°C), fresh (34.3gkg '< § < 34.6gkg™") and oxygen-rich (1.8mLL™"'< DO <2.2mLL™))
water mass found on this transect. The thin dashed lines in (d), (e) and (f) show the center locations of the isopycnal-tilting
sections mentioned in the text. Red (blue) color in (e) and (f) indicates eastward (westward) current.
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the one found on Transect S1 in 2004 summer (Figs.2a—c)
extends from 200m to below 800m. Water in the upper
200m of this region is saltier and poorer in oxygen than
surrounding waters. In Fig.4f, a strong northeastward
current is observed over the lower slope, which reaches
approximately 50cms . Meanwhile, over the upper slope
(60.82°S—60.88°S), a southwestward current is observed
in the depth range of 0-200m, with a magnitude lower
than 20cms .

Along the continental slope west of the EI and north of
the SSIs, continual southwestward slope currents are ob-
served. Vertical profiles of cross-transect currents from
the ADCP measurements along Transect S4 and S5 in the
2004 summer cruise (Fig.5), which are located between
the EI and the King George Island (Fig.1b), both show
southwestward currents over the upper slope. On Transect
S4, which is closer to the EI, the westward slope currents
present between 61.1°S and 61.2°S are discontinuous in
the vertical direction. On Transect S5, the westward cur-
rents over the upper slope increase from 10cms ' at sur-
face to 30cms ' below 100 m.

During the 2006 winter cruise, four cross-slope tran-
sects—W2, W3, W4 and W5, are located north of the SSIs

@ Springer

(Fig.1c). Current patterns on these transects are shown in
Fig.6, Fig.7 and Fig.8. Vertical profiles of the hydro-
graphic variables and currents along Transect W2 are
shown in Fig.6. Similar to Transect W1, a cold (—0.5 ‘C<
6 < 0.57C), fresh (34.4gkg ' < § < 34.5gkg™") and oxy-
gen-rich (1.9mLL™" < DO < 2.1 mLL"™") water mass is
present on the outer shelf and the upper slope of the SSIs
(61.22°S-61.5°S), extending from surface to the depth of
about 400 m (Figs.6a—6c¢). Below 300 m, the water is a
mixture of the warm UCDW and the cold and fresh water
on the upper slope.

On Transect W3 (Fig.7a), westward currents are not
obvious, which is probably due to the fact that the ADCP
measurements are confined in the upper 200 m of the wa-
ter column and the current reversal has been weak until
this depth. Westward currents appear again on Transect
W4 on the upper slope with a nearly barotropic structure
(Fig.7b), and there is a slight intensification of the west-
ward currents below 150 m near the outer shelf and upper
slope (61.8°S—61.9°S). Transect W5 is located near the
Boyd Strait, i.e., the western end of the SSIs. Signature of
the cold, fresh and oxygen-rich water mass can still be
identified on the upper slope and the outer shelf (Fig.
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8a—c), though much weaker (-0.5C <0< 1.2C and 1.7
mLL "< DO < 22mLL") compared to those on tran-
sects in the east (such as Transect W1 and W2). South-
westward currents occur near the shelf break (62.45°S—
62.6°S) in the ADCP measurements (Fig.8f) and are
slightly intensified below 250 m.

4 Discussion

4.1 Horizontal Circulation Field

To better show the spatial variation of slope currents in
the WAP area, as well as the relation of the slope currents
to the atmospheric forcing, maps of surface wind and
currents at different depth levels for the 2004 and 2006
cruises are displayed in Fig.9 and Fig.10, respectively.
From Fig.9, surface (31 m) currents (Fig.9b) over the
slope of the SSIs and the SG are eastward, which are af-
fected by the eastward ACC over the lower slope and the
westerly wind over the upper slope. At 250 m (Fig.9c¢),
southwestward currents are observed over the upper slope
in the SG and north of the SSIs. In 2006 (Fig.10), west-
ward currents over the upper slope are observed at both
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Fig.10 Maps of observed (a) surface winds, (b) currents at
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Depth contours shown (in m) are 0-4000 m by 500-m
increments.

surface (36 m, Fig.10b) and 150 m (Fig.10c). The west-
ward currents at surface seem not driven by wind, since
wind over this region is eastward (Fig.10a), and the cur-
rents are probably associated with eddy processes near
the southern ACC front generated by baroclinic instability.
It is noted that in both 2004 and 2006, southwestward
currents are observed on the transects east of the SG, in-
cluding Transect S8-1 and S9 in 2004 and Transect W9 in
2006 and both in surface and deeper layers. These south-
westward currents could be strongly affected by the dy-
namics of ACC passing through the SG that interacts with
the northern slope of the EI (Zhou ef al., 2013). South-
westward currents on these transects are stronger at
150/250m (20—40cms ') than at surface (about 10cms ),
and could play a role in carrying water from the Scotia
Sea, which probably comes from the slope area of the
Weddell Sea, into the SG, as will be discussed in Section
4.3.

4.2 Dynamical Balance of the Slope Currents
4.2.1 Slope currents near the SG

In Fig.2, a cold (—0.4°C < 0 < 0.4°C), fresh (34.4gkg '
< §<34.6gkg ") and oxygen-rich (2.2mLL"'< DO <2.5
mL L") water mass is observed over the upper slope
north of the EI (Figs.2a—c). The existence of this special
water mass results in a minimum value of potential den-
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sity at around 60.83°S on Transect S2 (Fig.2d), as the
effect of lower salinity on density weighs out that of
lower temperature. South of 60.83°S, currents in the sur-
face layer are affected by the westerly wind (Fig.9a) and
flow northeastward. However, below 200m, shoaling of
the isopycnals toward the south, which is due to the pres-
ence of the cold and fresh water mass, results in a nega-
tive offshore density gradient (dp/dy <0), and then in a
positive vertical shear of the cross-transect velocity (du/dz
>0) according to the thermal wind balance. Such vertical
shear is associated with a reversal of the northeastward
current at surface to southwestward current below 200m
(Figs.2e and f). It can be seen that near the shelf break
(south of 60.87°S), within the depth range covered by
observations (0—400m), the southwestward slope currents
in Fig.2e (the computed geostrophic current) and 2f occur
at similar depths (below 200m) and have similar magni-
tudes of 10cms ™', indicating that the geostrophic current
can well explain the observed slope current. North of
60.83°S, the strong eastward current (Fig.2f) is consid-
ered to be the southern boundary of the ACC that is
steered to the south by the STR and crosses the narrow
SG between the EI and STR in the form of a jet (Zhou et
al., 2013). Since the horizontal density gradient (and thus
the vertical shear of the along-slope velocity) is small in
this region, the computed geostrophic current basically
resembles the measured current, which is characterized
by a strong, eastward current at nearly all depths (Fig.2e).

It is noted that on Transect S1 (Fig.3a), westward slope
currents occur below the surface layer, similar to the
situation on Transect S2. There are no CTD measure-
ments on this transect, precluding the analysis of
geostrophic balance. We infer that the reversal of the
cross-transect current from eastward at surface to west-
ward in deep water is caused by the horizontal density
gradient associated with the water mass distribution, as on
Transect S2. On Transect S3 (Fig.3b), the westward cur-
rent extends all the way from surface to deep layers. The
surface current is in the opposite direction to the wind
shown in Fig.9a, so the westward current could be driven
by eddies near the boundary of the southern ACC. The
reason of the depth-intensified southwestward current
below 150m may be the same as that for Transect S2 and
S1.

Similar to the 2004 summer cruise, a cold (=0.5°C <6
< 0.3°C), fresh (34.3gkg '< S < 34.6gkg ') water mass
was found on Transect W1 of the 2006 winter cruise (Fig.
4), which is located in the slope area of the SG south of
60.75°S. The presence of this water mass results in a
positive offshore density gradient between 60.75°S and
60.8°S (Fig.4d), which then leads to an intensification of
the eastward current below 200 m (Fig.4e). However,
intrusion of the warm and salty UCDW into the cold and
fresh water mass, which occurs between 60.8°S and
60.86°S, causes a slight shoaling of the isopycnals to-
wards the south. This results in a positive vertical shear of
the cross-transect velocity in this region, and thus the
westward current at surface are slightly intensified below
200m. From Fig.4d, such intrusion mainly occurs below

a) Springer

200m, and therefore above 200 m the measured current
and the geostrophic current on Transect W1 both display
a barotropic structure with similar magnitudes.

4.2.2 Slope currents north of the SSIs

On Transect W2 of the 2006 winter cruise (Fig.6), an
upwelling of warm, salty and low-oxygen water mass
exists on the upper slope between 61.4°S and 61.6°S,
which should be associated with the intrusion of UCDW
towards the shelf due to eddy processes, topographic
steering or upwelling (Moffat et al., 2009; Stewart and
Thompson, 2015, 2016). Such intrusion causes shoaling
of the isopycnals toward the south between 61.4°S and
61.6°S, resulting in an intensification of the westward
currents below 200 m in the profile of geostrophic current
(Fig.6e). Such intensification is also observed in the
ADCP measurement (Fig.6f). In both Figs.6e and 6f,
westward currents are present between 60.9°S and 61.2°S.
Currents in this region are quite weak at surface due to
the weak cross-transect component of wind (Fig.10a).
Below 200m, the slight southward shoaling of isopynals
associated with the upwelling of UCDW results in a weak
vertical shear of the cross-transect velocity, inducing
weak westward currents. The computed geostrophic cur-
rent pattern is in good agreement with the observed cur-
rent pattern. On Transect W5, the isopycnal tilting is
much weaker compared to those on the other transects in
the 2006 cruise (Fig.8d), possibly because of the low
resolution of the hydrography observations on this tran-
sect and thus the missing details in the isopycnal structure.
As a result, the geostrophic current is almost barotropic
(Fig.8e). However, an intensification of southwestward
currents can be identified near the shelf break below 200
m between 62.45°S and 62.6°S (Fig.8f), and such feature
could be associated with the onshore intrusion of UCDW
as revealed in the low-resolution 8 (Fig.8a) and DO (Fig.
8c) patterns.

4.2.3 Long-term mean slope currents derived
from the JASADCP data

In both of the 2004 summer and 2006 winter cruises,
southwestward slope currents are found to be present on
the upper slope of the SSIs and EI (Figs.2—8). However, it
is known that the ASC would fluctuate at a range of time
scales. To investigate if the southwestward slope currents
are a persistent feature over the long term, current meas-
urements from the JASADCP dataset covering the WAP
region spanning the period 1990-2014 were analyzed.
Long-term mean currents on the created cross-slope tran-
sects north of the SSIs, which are derived by the method
described in Section 2, were examined separately for the
austral spring (September to November, SON), summer
(December to February, DJF), autumn (March to May,
MAM) and winter (June to August, JJA) seasons. It is
noted that on Transect JS1 (Fig.11), southwestward slope
currents occur on the upper slope in all seasons. The
southwestward currents in summer and winter are ap-
proximately 20cms ™', which are stronger than the spring
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and fall values that are about 10cms . Meanwhile, the

southwestward slope currents are slightly depth-intensi-
fied below 100m in summer and winter (Figs.11b and d).
Similar to Transect JS1, southwestward slope currents are
present on the upper slope of the SSIs on JS2 (Fig.12),
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with magnitudes lower than 20 cms . Currents on the
lower slope are mainly affected by ACC and flow north-
eastward. These results demonstrate that the southwest-
ward slope currents in our study area are a persistent fea-
ture over time.
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4.3 Origin of the Cold and Fresh Water Masses

Cold, fresh and oxygen-rich water masses have been
found on the transects with CTD observations in the SG
and north of the SSIs both in the 2004 summer and the
2006 winter cruises, which are quite distinct from the
surrounding warm, salty and low-oxygen UCDW below
200 m. From the analyses in Section 4.2, the westward
slope currents are directly or indirectly influenced by the

presence of these cold and fresh water masses, so it is
interesting to know where this water comes from. Water
masses near the SG have four sources: shelf water north
of the SSIs and the EI, the Bransfield Strait water (BSW),
the ACC water, and the Weddell Sea Deep water (WSDW)
(Zhou et al., 2010; Frants et al., 2013). These water
masses are labeled in the potential-temperature-salinity
(6-S) diagram in Fig.14a. WSDW originates from the
Circumpolar Deep Water (CDW), and contributions from
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sea ice formation processes have made it significantly
cooler and saltier than the shelf waters from the SSIs and
EI (Zhou et al., 2013). BSW originates from the Weddell
Sea, and their 6-S characteristics are significantly modi-
fied by local processes (Gordon et al., 2000; Nowlin and
Klinck, 1986; Orsi et al., 1995; Ross et al., 2013). Six
transects with CTD measurements from the 2006 cruise —
CB, CS, CN, W1, W2 and W5 were analyzed to investi-
gate the source of the cold (-0.5°C < 6 < 0.5C), fresh
(34.4gkg '< S < 34.6gkg ") and oxygen-rich (1.8mLL"™
< DO < 2.2mLL™") water mass on the upper slope of the

SG. Locations of these transects and the specific stations
used for the water-mass analysis are shown in Fig.13. The
0-S and potential-temperature-dissolved-oxygen (6-DO)
diagrams for waters on these transects are displayed in
Fig.14. From the 6-S diagram (Fig.14b), below 1000 m
(06 > 27.8 kgm ), the water characteristics at Sta. 59,
which is on the transect on the southern slope of the Sco-
tia Sea, shows similarity to that at Sta. 94 located on the
slope of the Weddell Sea. This suggests a connection be-
tween the deep waters on the slope of the Weddell Sea
and the southern slope of the Scotia Sea. As mentioned
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Fig.13 CTD stations (dots) and transects (lines) from the 2006 winter cruise. The yellow, cyan, black, blue, red and ma-
genta lines mark Transect CB, CS, CN, W1, W2 and W5, respectively. Station 1, 94, 59, 47, 16, 18 and 83 are used in the
water mass analysis in Fig.14. Depth contours shown (m) are 0-4000 m by 500-m increments.
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and the Weddell Sea Deep Water (WSDW).
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before, Nowlin and Zenk (1988) found that WSDW
would enter the Scotia Sea through deep gaps in the Sco-
tia Island Arc and may flow southwestward into the
Drake Passage through the SG (Naveira Garabato et al.,
2002; Youngs et al., 2015). Since observations at Sta. 47
are confined in the upper 1000 m, it is hard to tell if the
deep waters from Sta. 94 can be further carried westward
through the SG and reach Sta. 47. In the section where the
cold, fresh and oxygen-rich water mass lies in Fig. 14b
(marked by the black box), Sta. 47 and 59 show similar
water characteristics in both the 6—S and 6-DO diagrams,
suggesting that the cold and fresh water mass in the SG
originates from the southern shelf and slope area of the
Scotia Sea. In this section, the water characteristics at Sta.
47 and 59 demonstrate some similarity to those at Sta. 94,
while overall water at the former two stations are warmer
and saltier. This feature was also found in Shi et al.
(2016). The water masses at Sta. 59 and 47 could be a
result of mixing between WSDW and CDW.

Sta. 18 is close to Sta. 16 geographically, and they are
on the same cross-slope transect, but the water character-
istics at Sta. 18 are obviously different from that at Sta. 16
in deep water. Deep water at Sta. 18 is from the UCDW
(Fig.14a). It has been known that cold BSW, either origi-
nating from the Weddell Sea or from local production,
could turn around at the northern end of the SSIs and then
move southward by currents occupying the inner SSIs
shelf (Ardelan et al., 2010; Jiang et al., 2013; Thompson
et al., 2009), so BSW could have a considerable effect on

water properties over the shelf and slope north of the SSIs.

In the section where the cold and fresh water lies in the
6—S and 6-DO diagrams in Fig.14, water characteristics
at Sta. 16 (6y>27.8kgm™) are quite similar to those at
Sta. 1, which is located on the northern slope of the
Bransfield Strait. This indicates that BSW could be the
source of the cold and fresh water on the shelf and upper
slope north of the SSIs.

Comparing the water properties on Transect W1 (Fig.
4), W2 (Fig.6) and W5 (Fig.8) from the 2006 cruise, or at
Sta. 47, Sta. 16 and Sta. 83 on these transects, we can see
that below 200 m, the cold and fresh water mass becomes
warmer and saltier as it goes westward, which is a result
of mixing with the warm UCDW. In the upper 200 m, Sta.
83, Sta.16, Sta. 18, Sta. 47 and Sta. 1 display the same
water characteristics of the Antarctic Surface Water in
austral winter (Fig.14b).

5 Conclusions

Hydrography and velocity data were analyzed for
eighteen transects in the area north of the EI and the SSIs
during an austral summer cruise in 2004 and a winter
cruise in 2006, to reveal the patterns and dynamical bal-
ance of the slope currents in this region. Southwestward
currents are found to be present over the upper slope near
the shelf break in the SG, westward all the way to the
slope area north of the SSIs, with magnitudes of 10-30
cm s . Cross-transect (along-slope) current analysis
based on 25 years of shipboard ADCP measurements in

the WAP region demonstrates the persistence of the
southwestward slope currents over the long term. Near
the SG, vertical shear of the deep slope currents is in
thermal wind balance with the cross-slope density gradi-
ent, which is created by the presence of a water mass
colder, fresher and oxygen-richer than ambient waters.
Results from water mass analysis suggest that this cold
and fresh water originates from the southern shelf and
slope area of the Scotia Sea, which could have its ultimate
source on the Weddell Sea slope. The cold and fresh wa-
ter on the outer shelf and upper slope north of the SSIs
originates majorly from the Bransfield Strait. North of the
SSIs, vertical structure of the southwest, deep slope cur-
rents near the shelf break is associated with the horizontal
density gradient created by the intrusion of UCDW onto
the shelf.

This study has identified the southwestward slope cur-
rents in the WAP, which indicates that the ASC is contin-
ued after it turns around the Antarctic Peninsula (Heywood
et al., 2004), though with lower magnitudes. In this study,
the hydrographic measurements used are confined in the
upper 1000-m water column, while the shipboard ADCP
measurements are only confined in the upper 400-m wa-
ter column. The slope current features revealed can be
useful for studies of biomass transport in the WAP region
in the upper ocean, such as the transport of krill larvae,
which mainly stay in the upper 1000-m water column.
However, with the limited depth of observations, struc-
tures of the slope currents over the full water column
cannot be revealed, and the total volume transports by
these currents cannot be evaluated, which are the limita-
tions of this study. Also, more work should be done to
explore the ultimate forcing mechanisms of the slope
currents and the processes controlling their dynamical
balances, such as the transport of the cold and fresh water
from its source region into the WAP, and characteristics
of the onshore CDW intrusion. These processes can be
examined using a high-resolution ocean circulation model,
which will be the future work of this study.
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