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Deep Western Boundary Current along the eastern slope
of the Kerguelen Plateau in the Southern Ocean: observed by
the Lowered Acoustic Doppler Current Profiler (LADCP)

Yoshihiro NARUMI®, Yuji KAwAMURA™, Tomoko Kusaka*, Yujiro KiTADE®

and Hideki Nacasgima*

Abstract : The Deep Western Boundary Current (DWBC) is considered to flow northwestward
along the eastern slope of the Kerguelen Plateau in the Southern Ocean. SPEER and FORBES
(1994) estimated the volume transport of DWBC at 6 SV (1SV=10° m*/s) northwestward based
on the assumption of a level of no motion at 2500 dbar depth. However, there is no evidence of
an existence of such a level in the deep sea over the plateau. To clarify the transport of the cur-
rent, we tried to observe the current profile by using the Lowered Acoustic Doppler Current
Profiler (LADCP) and CTD at a section that crosses isobaths of the plateau. The cross sec-
tional transport is estimated at 10 SV northwestward from the LADCP data, and is about 1.7
times larger than that by SPEER and Forses (1994) . The geostrophic transport is estimated
from the CTD data by adjusting a reference level in order that the total transport coincides
with that calculated from the LADCP data. The baroclinic and barotropic transports are esti-
mated at 5 SV southeastward and 15 SV northwestward, respectively.

Keywords : LADCP, the Kerguelen Plateau, Deep Western Boundary Current (DWBO),

Geostrophic Transport

1. Introduction

The Antarclic Bottom Water (AABW) is
produced around the Antarctica. The main
three areas in which AABW is produced are
considered to be the Weddell-Enderby Basin,
the South Pacific Basin and the South Indian
Basin. The origin of AABW in the South In-
dian Basin is recognized as the continental
shelf and continental slope is located at the re-
gion off Adélie Land. The behavior of this wa-
ter is influenced by topographical effect of
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ocean floor, e.g. the Princess Elizabeth Trough
and the Kerguelen Plateau.

The AABW in the source region off the
Adélie Land (ADLBW: Adélie Land Bottom
Water) flows westward along the continental
slope (e.g. MANTYLA and REID, 1995; ORrsI ¢! al,
1999; BINDOFF et al., 2000), and is prevented by
the Princess Elizabeth Trough and some of this
turn northwestward along the Kerguelen Pla-
teau. SPEER and FORBES (1994) investigated the
Deep Western Boundary Current (DWBC)
along the eastern flank of the Kerguelen Pla-
teau {rom its geostrophic shear and water mass
properties. Then this water mass flows to the
north of the Antarctic Divergence, and turns
eastward due to the influence of the Antarctic
Circumpolar Current (ACC) and some of this
water forms recirculation (BINDOFF el al.,
2000). OrsI et al. (1999) also suggested these
flow fields based on the horizontal density dis-
tribution of the Southern Indian Ocean. SPEER
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Fig. 1. Locations of CTD and LADCP observation stations (circles) along A-line (Bold line). Contour obtained
from ETOPO2 bathymetric data are depicted every 1000 m. Numerals attached to contour stand for depth
in m. Shaded areas show depth less than 500 m.

and FORBES (1994) estimated the geostrophic Lowered Acoustic Doppler Current Profilers
transport of bottom water at 6.0 SV north- (LADCP) observations by Training and Re-
westward from the hydrographic observation. search Vessel Umitaka-Maru in February 2003.
The estimated geostrophic transport of DWBC In this paper we first describe water mass prop-
is about 48.9 SV northwestward on the bases of erty from hydrographic data, and then current

LADCP referenced velocity (DONOHUE et al., distribution by LADCP. Finally, we discuss the
1999). But they don't mention about the cur- velocity field and transport of results and con-
rent profiles in detail. Thus, it is important clude with a brief summary.

that we investigate oceanographic structure
and water properties at the region of the 2. DATA

Kerguelen Plateau as a part of circulation of Hydrographic observation points (Fig. 1)
AABW at the Southern Indian Ocean. were provided along the line (A-Line) crossing

We provided an observation line crossing the the Kerguelen Plateau followed the study of S
Kerguelen Plateau and carried out Conductiv- PEER and ForBES (1994). The T/R Vessel

ity-Temperature-Depth profilers (CTD) and Umitaka-Maru departed from Port Luis on 3
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Fig. 2. Potential temperature ("C) —salinity relation of sea water for (a) whole water and (b) that for deep
water. Each station is distinguished by a different symbol shown in the legend. The broken and solid lines
indicate contours of constant potential density (o). Isopycnal of ¢,=27.8 is the boundary of LCDW and
UCDW, and follows the saltiest NADW (S>34.73: vertical solid line in (b)). Isopycnal of 0s=27.6 indicates

the boundary of AASW and UCDW. Dash-dotted line indicates isopycnal of ¢.=46.04 as the boundary of
LCDW and ADLBW (AABW).
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January 2003, and arrived at the first observa-
tion point (Station A1) on 9 January. Observa-
tions from Station Al to Station A8 were
carried out for three days.

Temperature and salinity were measured by
using Sea-Bird Electronics CTD. Salinity of
bottle samples water were measured by using
the Guildline AUTOSAL. Then, the conductiv-
ity sensor of CTD was calibrated against these
bottle samples salinity data. Potential tem-
perature (0 ), density in situ (o)), potential
density (0s) and density at 4000 dbar (o.)
were calculated from the pressure, the tem-
perature and the calibrated salinity by using
the equation of state, UNESCO (1981).

Ocean current velocity was measured by us-
ing LADCP, produced by RD Instruments,
placed in the frame of CTD. The direction data
of LADCP were corrected with International
Geomagnetic Field Model 2000, because the cur-
rent direction data measured by magnetic com-
pass placed in LADCP have azimuth deviation
from that by gyrocompass. Next, in order to
minimize the effect of CTD motion, we got rid
of the data when pitching or rolling is greater
than 5 degree. Finally, zonal and meridional ve-
locitics are estimated by inverse solutions
(VISBECK, 2000) every 20 dbar vertically.

3. Results
3.1 Water properties

Fig. 2 shows potential temperature—salinity
relation for each station. The low salinity
water covered the surface layer, are known as
the Antarctic Surface Water (AASW) defined
for the water properties of salinity (S) less
than 34.0 with potential temperature ( 6 )
—1.84°C< 0 <2.00°C (BINDOFF et al., 2000) or po-
tential density (o,) less than 27.6 (ORslI et al.,
1999). The cold AASW (8 <0.5°C) is found be-
tween Station Al and Station A5, but not at
Station A7 and Station AS8; the difference be-
tween warmer and colder classes of AASW are
easily seen on Fig. 2 (a) in the potential density
(27.2<04<27.6).

Below AASW, the warm and saline water
mass that occupies most of the deep layers
above the Antarctic Bottom Water (AABW) is
the Circumpolar Deep Water (CDW). In the
layer of CDW, the saltiest water (S>34.73)

originated from the North Atlantic Deep Wa-
ter (NADW) is found at all stations except at
Station A5 as also shown in Fig. 3 (b). SPEER
and FOrRBES (1994) suggested that the salinity
field was dominated by the salinity maximum
of old NADW. The isopycnal of ¢,=27.79 (ORsI
et al., 1995; R, 1989) or ¢,=27.80-27.81
(HeEYywoobD et al., 1999) follows about the salin-
ity maxima of the NADW that enters the ACC
from the north in the southwestern Atlantic
Ocean (REID, 1989). Water column is classified
into the upper layer and the lower layer charac-
terized Upper CDW (UCDW) and Lower CDW
(LCDW), respectively (SPEER and FORBES,
1994) . Details are shown in section 3.2.

Next, in bottom water, the Antarctic Bottom
Water (AABW) whose salinity (8) is
34.65<S<34.72 at potential temperature (6) of
—0.4°C< 6 <0.0°C (BINDOFF et al., 2000) and o,
>46.04 (Oris et al., 1999) is distributed at all
stations except Station Al. A little warmer and
fresher water mass (—0.1°C< 8 <0.5°C) is lo-
cated between Station A2 and Station A4 (near
the Kerguelen Plateaw) is different from that is
located between Station A5 and Station A8
(near the South Indian Basin). This difference
is due to the fact that the water of the shore re-
gion is fresher and warmer than that of the ba-
sin region. In contrast, the property is same in
the deeper region from Station A2 to Station
A8 at the potential temperature colder than
—0.1°C.

Robpman and GorpoN (1982) indicated that
the property of AABW in the eastern side of
Kerguelen Plateau was different from that in
the western side, and the potential source of
Weddell Sea Bottom Water from the Weddell-
Enderby Basin across the Princess Elisabeth
Trough is negligible. The AABW whose salin-
ity is lower than 34.68 formed off Adélie Land
(ADLBW: Adélie Land Bottom Water) flows
cyclonically along the southern and western
rims of the South Indian Basin (MANTYLA and
REID, 1995). Orst ef al. (1999) defined the bot-
tom water the coldest and freshest (6 <—1.0
‘C and S<34.64) in the southwestern Weddell
Sea, the warmest and saltiest (—0.6°C< 8 <0.3
°C and S>34.72) in the northwestern Ross Sea,
and the intermediate properties (—0.8C< 6
<—0.4°C and 34.62<5<34.68) off the Adélie
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the plots.

Land (140°-150°E). The AABW in this obser-
vation indicates same properties of that off the
Adélie Land (ADLBW) by ORsI et al. (1999).
Moreover, BINDOFF et al. (2000) also defined
that property of ADLBW was 6 <0.5°C at salin-
ity 34.66<S<34.68, and the sea water is in the
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present study.

Comparing the properties of AABW in this
observation with that in the previous observa-
tions mentioned above, there are slight differ-
ences in the water properties. ORsI et al. (1999)
indicated that deep water properties in this
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region was 6 =—0.5°C and S>34.67 at the bot-
tom. SPEER and FORBES (1994) also described
that the deepest water properties converged on
6 =--0.5°C and S=34.675 to the bottom. But the
water property is a little warmer and saltier.
SPEER and FORBES (1994) indicated that ob-
served AABW was warmer and saltier than
that of previous observation by GORDON et al.
(1982) at the same density field below 0°C. Con-
sequently, we compare the water properties by
SPEER and FORBES (1994) (referred by their
Fig. 5) with those in our observation (Fig. 2).
In so far as what we compare these figures at
the same density field below 0.0°C, the AABW
in our observation is a little warmer and
fresher than that by SPEER and FORBES (1994),
and is almost similar to that by GORDON ef al.
(1982). SPEER and FORBES (1994) assumed the
difference suggesting that the AABW sources
varied along the southern boundary off the
Antarctic as far east as the Ross Sea with the
time scale of 20 years or less. Nevertheless their
assumption remains a matter for speculation;
the differences mentioned above are possible
due to the historical changes.

3.2 Distribution of water mass

Fig. 3 shows vertical distribution of potential
temperature, salinily, o, and g, or 0. The wa-
ter mass colder than 0.0°C is distributed near
70dbar between Station Al and Station A6 as
shown in Fig. 8 (a). This water is the coldest in
this region; the temperature is lower than
—0.4C between Station A2 and Station A3, es-
pecially lower than —0.8°C at Station A6. In
addition, a couple of lens-like temperature
structure exists about 70 dbar depth between
Station Al to Station A6. This coldest water is
not distributed between Station A7 and Station
A8. The contrast between two groups also can
be clearly seen in Fig. 2 (a). The warmest wa-
ter lies around 500 dbar depth. ORsI et al.
(1995) described that at the position of the
southern ACC front there is a distinct tempera-
ture gradient along the 6 -maximum of the
UCDW, as it shoals southward to near 500 dbar
(6>1.8C). As the water property distribution
is clearly different between Station A6 and Sta-
tion AT, the existence of the southern ACC
front is suggested.

The Kerguelen Plateau (70°-80°E) clearly
obstructs the path of the southern ACC front
and forces it farther to the south (ORSI ef al.,
1999). East of the plateau, the southern ACC
front turns sharply to the north forming a
boundary current along its eastern flank
(RopMAN and GoRDON, 1982; SPEER and
FORBES, 1994). Sparrow et al. (1996) suggested
by Fine Resolution Antarctic Model (FRAM)
that the southern ACC front moved northward
along the eastern side of the Kerguelen Plateau
to about 55°S. Orsl et al. (1995) described that
property indicators of the southern ACC front
were 6 >1.8C along 0-maximum at the depth
deeper than 500 dbar farther north of the front,
or 0 <0.0°C along 0 minimum at the depth
shallower than 150 dbar farther south of the
front. Such water properties are found between
Station A6 and Station AT.

Next, as shown in Fig. 3 (b), strong halocline
with 0 <0.0°C is found at 70 dbar depth between
Station Al and Station A6. The saltiest water
1s distributed around 500 dbar depth at Station
Al. On the other hand, it is found around 1200
dbar depth at Station AS8. Accordingly, a
strong salinity gradient exists between 500
dbar and 1200 dbar. This gradient also indi-
cates the existence of the southern ACC front.

Finally we describe the density distribution.
As shown in Figs. 3 (¢) and (d), the strong
pycnocline exists in the layer around 50 dbar
between Station Al and Station A6. In addi-
tion, a lens-like structure is conspicuous
around this depth between Station A3 and Sta-
tion Ab, and suggests an existence of cyclonic
eddy in this region. The strong horizontal gra-
dient is also found in the density field below 100
dbar off shore of Station A6. This suggests
that the southward flow exists off the southern
ACC front. In contrast, a weak but opposite
density gradient in the near-shore region is re-
markable. This means an existence of north-
ward flow.

We reconsider the previously described water
distribution from the perspective of water
property.

The coldest water in this region has the prop-
erty of the Antarctic Surface Water (AASW)
(—1.84°C< 6 <2.00°C, S<34.00) (BINDOFF et al.,
2000). Below the AASW, UCDW (27.35< 0,
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<27.75) (SIEVERS and NowLIN, 1984) lies be-
tween 100 and 1000 dbar. According to the pre-
vious studies, the isopycnal of ¢,=27.79 (ORsI
et al., 1995 Rem, 1989) or o,=27.80-27.81
(HEywooD et al., 1999) follows the saltiest
NADW. In this observation, the saltiest water
mass is found around the isopycnal 0,=27.80.
This isopycnal lies around 700 dbar between
Station A2 and Station A6, and lies around
1000 dbar between Station A7 and Station AS8.
Below UCDW, the LCDW lies above AABW
about 2500dbar. OrsI ef al. (1999) adopted the
0:=46.04-46.06 (Fig. 3 (d)) as a boundary be-
tween LCDW and AABW (ADLBW). ADLBW
(0 <05°C and 34.66<S<34.68) defined by
BINDOFF et al. (2000) is found between Station
A2 and Station A8 below LCDW.

3.3 Structure of the boundary current

In the vertical distribution of current shown
in Fig. 4, the northwestward boundary current
exists between Station Al and Station A4 over
the continental slope. Below 500 dbar, the west-
ward current speed higher than 10 em/s is ob-
served around 1500 dbar depth at Station A2,
and around 3500 dbar depth at Station A3.

Current flows almost along isobaths between
Station Al and Station A4, although the direc-
tion is northeastward above about 1500 dbar
between Station A3 and Station A4. Moreover
northward flow is observed at Station A5 from
bottom to surface, and northeastward extends
from Station A5 to Station A6. Such a compli-
cate current structure suggests the existence of
a cyclonic eddy, which is already found as a
lens-like structure in temperature and density
field between Station Al to Station Ab.

The northward current speed is the highest
at Station Ab, and averaged current speed from
surface to bottom is about 19 em/s. DONOHUE et
al. (1998) already pointed out that the core of
northward boundary current existed around
there. Current direction changes {from north-
ward to southward from bottom to surface be-
tween Station A6 and Station A7 where the
southern ACC front exists. The Southward
current velocity is more than 30 cm/s at 700
dbar of Station AT.

3.4 Geostrophic volume transport
Evaluating geostrophic current, it is impor-
tant that the current velocity at the reference
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Fig. 5. Vertical section of the geostrophic current in
emy/s for the reference level of 2500 dbar between
Station A2 and Station A8. The deepest common
depth of 2157 dbar is used between Station Al
and Station A2. Shaded areas indicate the north-
westward current. Contour interval is 5 cm/s.
Locations of observation stations are the same as
these in Fig.3.

level is negligible (SPEER and FORBES, 1994).
They estimated northwestward geostrophic
transports taking a reference at 2500 dbar
depth, and obtained the transport of —12 SV (1
SV=10" m’/s) between the reference level and
the surface, 6 SV between the refercnce level
and the bottom, and —6 SV in total. We first
follow their analysis and choose 2500 dbar
depth taking a reference level, and then, com-
pare the current fields and transports by
geostrophic calculation taking a reference of
level of no motion with those by the direct cur-
rent observations of LADCP.

As shown in Fig. 5, above the reference level,
the northwestward currents are estimated be-
tween Station Al and Station A2, and between
Station A4 and Station A5. In contrast to this,
southeastward current is estimated between
Station A2 and Station A3. Above the reference
level, the strong southeastward current is esti-
mated between Station Ab and Station A8, and
is larger than 30 cm/s at between Station A6
and Station A7 above 70 dbar. Below the
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Fig. 6. Cumulative geostrophic transports inte-

grated from Station Al to Station AS8. Positive
value indicates the northwestward transport.
Solid, dash-dotted and broken lines indicate the
transport between surface and bottom (total),
above 2500 dbar and below 2500 dbar, respectively.

reference level, northwestward current is esti-
mated at between Station A6 and Station AT.
The integrated transport (Fig.6) from Station
Al to Station A6 is about 0 sv above and below
the reference level (2500 dbar), and much
smaller than that between Station A6 and Sta-
tion A8 (Table. 1). The transport on the pla-
teau between Station Al and Station A6 is
smaller than that obtained by SprkR and F
ORBES (1994), because the northward transport
associated with the cyclonic eddy prevails be-
tween Station A2 and Station A3. Northwest-
ward transport exists between Station A6 and
Station A8 below the reference level. Compar-
ing this transport with their resolution; our es-
timate between Station A6 and Station A8 is
about 6 SV, and coincided with their estimate
(referred to their Fig. 4; the integrated trans-
port of northeastern part about 100 km from
reversals of transport below reference level,
SPEER and FORBES, 1994).

We compare geostrophic transport taking a
reference of level of no motion at 2500 dbar
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Table. 1. Northwestward geostrophic transports in
Sv (1 SV=10° m’/s) below 2500 dbar, above 2500
dbar and between surface and bottom, respec-
tively, as function of station (row) and
geostrophic reference technique (column).

Al-A6 A6-A8  Al-A8(total)
Jrom surface to bottom
LNM* 0.2 —9.5 9.3
LADCP** 38.0 —39.5 —1.5
above 2500 dbar
LNM* 0.3 —15.5 —15.2
LADCP** 28.0 31.5 —3.5
below 2500 dbar
LNM* -=0.1 6.0 5.9
LADCP™ = 100 T80 20

* Taking a reference of a Level of no motion
at 2500 dbar.
** Matching geostrophic transport with that
measured by LADCP between adjacent stations.
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Fig. 7. Vertical section along the section (A-line) of
current in ecm/s observed by LADCP. Contour
interval is 5 cm/s. Shaded areas indicate the
northwestward current. Locations of observa-
tion stations are the same as these in Fig. 3.

(Fig. 5) with LADCP data (Fig. 7). The
geostrophic transport taking a reference of
level of no motion indicates that the the north-
westward current is located between Station
A6 and Station A8. On the other hand, direct
current  observations of LADCP the
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Fig. 8. Vertical section of the geostrophic current
velocity in ecm/s. The current is estimated by
matching its total transport with that measured
by LADCP between adjacent stations. Contour
interval is 5 cm/s. Shaded areas indicate the
northwestward current. Locations of observa-
tion stations are the same as these in Fig. 3.

northwestward current indicated that DWBC
1s located between Station Al and Station A6.

The estimates based on a level of no motion
are only based on the baroclinic flows referring
to structure of density fields. DONOHUE ef al.
(1998) also suggested that the geostrophic
transports based on a level of no motion would
consequently underestimate the transport in
the DWBC. Geostrophic calculations only yield
velocity shear, and knowledge of the absolute
velocity at any depth is required to estimate
the barotropic component (HEYWoOOD ef al.,
1999).

Thus, 1in the present analysis, the
geostrophic transport is estimated by match-
ing its total transport with that by LADCP
data between adjacent stations (Fig. 8). The
current distribution shown in Fig. 9 is almost
similar to these by the direct current observa-
tions of the LADCP as shown in Fig. 8. The in-
tegrated transport from Station Al to Station
A6 measured by the LADCP is about 10.0=1.3
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SV (Table. 1). As mentioned ahove, SPEER and
FOrRBES (1994) and we estimate the DWBC
transport at 6.0 SV based on the level of no mo-
tion at 2500 dbar. Thus, our own estimate is
about 1.7 times larger than that by theirs. In
addition, the DWBC is located between Station
A6 and Station A8 by the geostrophic trans-
port estimate taking a reference of no motion
at 2500 dbar (Fig. 5), but that exist between
Station Al and Station A6 by the direct cur-
rent observations of LADCP (Fig. 7).

4. Discussion

In consequence of matching the geostrophic
fields to direct current observations by using
LADCP, we can estimate the barotropic and
baroclinic transports of DWBC. Barotropic
transports are evaluated by the surface flow of
the geostrophic current between adjacent sta-
tions by the method mentioned above. The
barotropic and baroclinic transports between
Station A6 and Station AT are about 19.3 SV

northwestward and 40.3 SV southeastward, re-
spectively, and show that the southeastward
transport of the ACC at the northern region of
the southern ACC front. The northwestward
barotropic and baroclinic transports are negli-
gible and 4.3 SV between Station A2 and Sta-
tion A3, and 4.4 SV and 1.0 SV between Station
A3 and Station A4, respectively. This indicates
the evidence of eastward flow due to the clock-
wige vortex around these stations. This vortex
also appears in the distribution of temperature,
salinity and density fields. A couple of lens-like
structure of temperature exists about 70 dbar
between Station Al and Station A6. In this re-
gion around 70 dbar, the constricted part of
temperature is located between Station A3 and
Station A4 and distributes saline and high-
density water; fresher and low-density water is
distributed in the other region. The barotropic
and baroclinic transports estimated are at 15.2
SV northwestward and 5.2 SV southwestward,
respectively, between Station Al and Station
A6 below 2500 dbar where the DWBC exists.
Accordingly, the geostrophic calculation based
on the level of no motion at the 2500 dbar gives
transports smaller than that based on direct
current measurement by LADCP, because the
barotropic transport at the level is not taken
into account.

DONOHUE et al. (1998) used the method simi-
lar to that in present study and estimated
transport below 500 dbar where potential tem-
perature is lower than 1.0°C. They estimated
the northwestward transport of 48.9+94 SV.
Our calculation for the same temperature
range and obtained the northwestward trans-
port of 22.3£4.1 SV, which is less than a half of
their estimation. Unfortunately, we cannot
compare the current distribution directly with
theirs, because they do not show the distribu-
tion in detail. But one of the reasons of the dif-
ference is probably due to difference of the
observation line and period.
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