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The flow field of the subtropical gyre 
of the South Indian Ocean 
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Abstract. The mean state of the transport field of the subtropical gyre of the 
South Indian Ocean has been derived for the upper 1000 m from selected historical 
hydrographic data. The subtropical gyre in the southwestern Indian Ocean is stronger 
than the flow in the other two oceans of the southern hemisphere. Most of the water 
in the South Indian gyre recirculates in the western and central parts of the basin. In 
the upper 1000 m the eastward transport of the South Indian Ocean Current starts 
with 60 Sv in the region southeast of South Africa. Between the longitudes of 40 ø and 
50øE about 20 Sv of the 60 Sv recirculates in a southwest Indian subgyre. Another 
major diversion northward occurs between 60 ø and 70øE. At 90øE the remaining 20 
Sv of the eastward flow splits up, 10 Sv going north to join the westward flow and 
only 10 Sv continuing in a northeastward direction to move northward near Australia. 
Near Australia, there is indication of the poleward flowing Leeuwin Current with 
a transport of 5 Sv. In the central tropical Indian Ocean between 10øS and 20øS, 
about 15 $v flows to the west. The western boundary current of this subtropical gyre 
consists of the Agulhas Current along the east coast of southern Africa. Its mean 
flow is composed of 25 $v from east of Madagascar and 35 $v from recirculation in 
the southwest Indian subgyre south of Madagascar, with only 5 $v being contributed 
from the Mozambique Channel. A net southward transport of 10 $v results for the 
upper 1000 m of the South Indian Ocean. In contrast to the triangular shape of 
the subtropical gym in the South Atlantic, probably caused by the cross-equatorial 
flow into the North Atlantic, the area influenced by the subtropical gym in the South 
Indian Ocean is more rectangular. 

1. Introduction 

Due to a paucity of hydrographic data the gyral circu- 
lation of the South Indian Ocean has always been con- 
siderably less well understood than that of comparable 
basins such as the South Atlantic. The International In- 

dian Ocean Expedition of the early 1960s to some extent 
alleviated the contemporary undersampling, but its ob- 
servational program was, notwithstanding pleas to the 
contrary [W•'st, 1960], concentrated in the north. In- 
creased research interest in the Somali Current [e.g., 
$chott and Fiend, 1985], the Agulhas Current [e.g., Gor- 
don et al., 1987; Lutjeharms, 1987], and the Leeuwin 
Current [e.g., Smith et al., 1991] over the past decade 
has further contributed to a geographic skewing of the 
hydrographic data base. Consequently, it is only the 
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boundary regions of the South Indian that are to some 
extent adequately sampled. 

This is particularly detrimental to an understanding 
of the dynamic processes of the region since it is be- 
coming increasingly apparent that the wind-driven, an- 
ticyclonic circulation of the South Indian Ocean is con- 
siderably different than, for instance, that of the South 
Atlantic [Peterson and •tramma, 1991; Reid, 1994]. 
Reason et al. [1996] have, for example, found evid- 
ence in model results that modulations of the Indonesian 

throughflow can impact significantly on interdecadal 
variability in the South Indian Ocean. 

The plates in the atlas by Wyrtki [1971] that portray 
the dynamic topography of the Indian Ocean show two 
persistent features for the South Indian: a large, basin- 
wide circulation and a well-developed subgyre west of 
the Madagascar Ridge (for bottom topography, see Fig- 
ure l a). He has constructed maps for 2-calendar-month 
periods, in this way reducing the number of data avail- 
able for each portrayal. A number of other circulation 
cells, of small dimensions, are also evident in Wyrtki's 
[1971] maps, but most are seen in only one 2-month 
period and are therefore probably artifacts of the data 
distribution. It is perhaps of passing interest to note 
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Figure 1. The South Indian Ocean with (a) the main features of the bottom topography repres- 
ented by the smoothed 4000-m isobath (AI indicates the Amsterdam Island) and (b) the sections 
(lines) as listed in Table 1 and positions (dots) of hydrographic data used for this investigation. 

that marine biologists [Heydom et al., 1978] have hypo- 
thesized three main circulations in the South Indian in 

order to accomodate the movement of e.g., turtle species 
in this ocean. One is the full width of the South Indian 

with a circulation rate of years, one is a southwest In- 
dian Ocean subgyre and the last is an intermediate one 
somewhere in between. 

From the atlas plates by Wyrtki [1971] it is clear that 
the circulation of the basin has a distinct pivot in the 
southwestern corner, i.e., in the Agulhas Basin. This 
has subsequently been confirmed by the work of Harris 
[1972] and Lutjeharms [1976] (Figure 2a). The depth 
of the 10øC isotherm in this southwest Indian Ocean 

subgyre is about 850 m, compared to 600 m for the ana- 
logous location in the South Atlantic gyre [Wiist, 1978], 
suggesting the comparatively increased intensity of the 
circulation about this point in the South Indian Ocean. 

The data used in the above studies of the large-scale 
gyral circulation [Wyrtki, 1971; Harris, 1972; Lutje- 
harms, 1976] have considerable overlap so that these 
results cannot be considered to be entirely independ- 
ent. Furthermore, the existence of intense anticyclonic 
eddies in the center of the southwest Indian subgyre 
[Gr•'ndlingh, 1989; Gr•'ndlingh et al., 1991] creates a bi- 
asing problem in the data. If such an eddy were sampled 
once in the widely spaced data of the historical database, 
but not spatially resolved, it might have lead to the por- 
trayal of a falsely intensified subgyre recirculation. 

The existence of well-developed subgyres within the 
general basin-wide gyre of the South Indian circulation 
has a number of wider implications. One of these con- 
cerns the sources of the Agulhas Current. Early por- 
trayals of the currents that feed the Agulhas Current 
are based for the greater part on measurements of ships' 
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Figure 2. (a) The anticyclonic subgyre of the South Indian circulation in the Agulhas Basin 
relative to the depth of the rre : 26.8 surface during the northeast monsoon season [after 
Lutjcharms, 1976]. (b) The circulation of the South Indian subtropical gyre extracted from a 
map of global ocean dynamic topography based on sea surface height measurements from the 
TOPEX/POSEIDON for October 1992 3 to 12, [after Fu aad Christsasea, 1993]. 

drift and in some cases sea surface temperatures [e.g., 
MSller, 1929; Paech, 1926; Michaelis, 1923]. They show 
a simple and direct inflow into the northern Agulhas 
Current from the South Equatorial Current, one via 
the Mozambique Channel, called the Mozambique Cur- 
rent, the other around the southern tip of Madagascar, 
called the East Madagascar Current. The concept of the 
Mozambique Current as an upstream extension of the 
Agulhas Current seems to be wrong [Saetre aad Jorge 
da Silva, 1984], the circulation in the channel in fact 
consisting of a series of recirculation cells instead. Fur- 
thermore, the surface connection between the East Mad- 
agascar Current and the Agulhas Current does not exist 
either, except perhaps in a sporadic way by filaments 
and eddies [Lutjeharms et al., 1981; Lutjeharms, 1988]. 

If these two sources are not as important as previously 
thought, the water of the Agulhas Current must come 

from a large measure of recirculation, thus allowing the 
concept of a strongly developed recirculation cell in the 
gyral circulation of the South Indian Ocean to gain addi- 
tional importance. A rough estimate of the volume con- 
tributions to the Agulhas Current [Harris, 1972] from 
hydrographic data has suggested that about 35 Sv (1 
Sverdrup = 106 m a s -•) comes from east of Madagascar 
(not necessarily via the East Madagascar Current), 10 
Sv only comes through the Mozambique Channel, and 
27 Sv is recycled in a southwest Indian Ocean subgyre. 
Fu [1986], using an inverse method solution for six hy- 
drographic sections in the Indian Ocean, has indicated a 
southward transport of only 6 Sv through the Mozambi- 
que Channel. Gordon [1986] has suggested that the wa- 
ter mass composition of the Agulhas Current indicates 
that the water on the inshore edge of the current does 
originate in the Mozambique Channel. The large degree 



5516 STRAMMA AND LUTJEHARMS: SUBTROPICAL GYRE OF SOUTH INDIAN OCEAN 

of variability in the throughflow [Lutjeharms, 1972] sug- 
gests why these estimates may vary considerably. 

The recirculation of the subtropical gyre of the South 
Indian Ocean seems to take place in the western and 
central parts of the subtropical gyre. TOPEX/PO- 
SEIDON altimeter data for the period October 3 to 12, 
1992 [Fu and Christensen, 1993] (Figure 2b), show two 
recirculation paths, one at about 65øE flowing back to 
the Agulhas Current mainly south of Madagascar, while 
another band moved northward at about 95øE, while 
no major flow was indicated southwest of Australia. 
ERS 1 data for the period November 1992 to March 1993 
[Naeije et al., 1994] show almost complete recirculation 
west of about 90øE with only minor northward flow in- 
dicated just off the western Australian coast. In this 
case the return flow seemed to move westward mainly 
east of Madagascar. Although the geostrophic computa- 
tions [Stramma, 1992] as well as the altimeter data indic- 
ate a major recirculation of the South Indian Ocean Cur- 
rent (SIOC) in the western and central part of the South 
Indian Ocean, it is not yet clear where the westward 
flow takes place and how it contributes to the Agulhas 
Current. 

It therefore seems clear that despite the information 
on the SIOC [Stramma, 1992] neither the inflow to the 
Agulhas Current, the dimensions and transport of a 
South West Indian Ocean subgyre, the flow patterns 
of a western recirculation cell of intermediate size in 

the South Indian subtropical gyre, nor the total gyre 
circulation are well understood. Using historical hydro- 
graphic sections and water characteristics we attempt 
here to derive the mean flow field of the South Indian 

Ocean and compare it with results in the literature. 

2. Methods 

Several quasi-synoptic hydrographic sections in the 
subtropical gyre of the South Indian Ocean have been 
extracted from a digitized database supplied by the 
World Oceanographic Data Center (WDC-A) in Wash- 
ington, D.C. In the open ocean, all identifiable continous 
sections were used, while near the coast, some sections 
selected for closer station spacing were used. Some basic 
details concerning the sections are provided in Table 1 
and the geographic distribution is shown in Figure lb. 
Meridional sections were taken south of 10øS. As most of 

the sections in the southern part were used by $tramma 
[1992] for the investigation of the South Indian Ocean 
Current, the southernmost extent of the sections was se- 
lected to be just south of the SIOC location described 
by $tramma [1992]. 

As the data originate from a long period and were 
measured by different methods, the accuracies between 
sections might vary, especially for the oxygen distribu- 
tion. For example, the RRS Discovery chemistry data 
between 1930 and 1951 are known to contain systematic 
errors. For the RRS Discovery oxygen data, Gordon and 
Molinelli [1986, p. 8] introduced a correction factor of 

0.4 to 0.6 mL/L. We corrected the zonal RRS Discovery 
oxygen section at 32øS by an offset of 0.5 mL/L. This 
oxygen section is useful to show the minimum and max- 
imum that represent the water mass distribution, but 
a direct comparison to the other sections would suffer 
from the different accuracies of the measurements. This 

investigation combines some hydrographic sections cur- 
rently available (which have been used in the literature 
for local investigations) and combines the results to pro- 
duce one schematic flow field. It does not present any 
new sections. 

Most of the water from the Agulhas Current retro- 
fiects south of South Africa as the Agulhas Return Cur- 
rent and moves to the east near 40øS at the Subtropical 
Front (also referred to as Subtropical Convergence) to 
become the South Indian Ocean Current [Lutjeharms 
and Van Ballegooyen, 1984]. $tramma [1992] has in- 
vestigated the movement of the SIOC across the south- 
ern Indian Ocean using historical hydrographic data. 
Near Africa he estimated a typical volume transport of 
60 Sv in the upper 1000 m. Along the movement to the 
east the SIOC recirculated about 20 Sv at about 50øE 

which seemed eventually to flow back into the Agulhas 
Current. Another 20 Sv recirculated between 600 and 

700 E, while the remaining 20 Sv was split up into 10 Sv 
turning northward just east of 90øE and 10 Sv flowing 
northward several hundred kilometers west of Australia 

[$tramma, 1992]. No further information on recircula- 
tion paths was given. 

For geostrophic computations, a variable reference 
depth based on water mass properties is assumed. There- 
fore some information on the water masses is presented 
first. The surface layer of the southwest Indian Ocean is 
dominated by high-salinity Subtropical Surface Water. 
In the northern part, there is low-salinity Tropical Sur- 
face Water that propagates southward. Superposition of 
the two water masses causes a subsurface salinity max- 
imum at 150-200 m. 

For the subsurface water masses in the Indian Ocean 

we follow the nomenclature of Toole and Warren [1993]. 
The water below the surface layer was originally called 
Indian Ocean Central Water by $verdrup et al. [1942], 
and in recent observations [e.g., Fine, 1993; Toole and 
Warren, 1993] it is refered to as Subantarctic Mode 
Water (SAMW) following the investigation of McCart- 
hey [1977, 1982] and a review of the names by War- 
ren [1981b]. SAMW is formed during winter cooling 
by deep convective overturning in the zone between the 
Subtropical Front and the Subantarctic Front and ap- 
pears in summer sections as pycnostads beneath the 
seasonal thermocline. Associated with this pycnostad is 
a subsurface oxygen maximum centered at 300-500 m, 
which is used as indicator of Mode Water. For the South 

Indian Ocean, McCartney [1982] has centered the form- 
ation region for a lighter type of SAMW ( ao = 26.7) 
at about 70øE and for a heavier type ( ao = 26.85) in 
the eastern South Indian Ocean. Park et al. [1993] have 
described similar findings to that of Toole and Warren 
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Table 1. Meridional and Zonal Sections Appearing in Figure lb as Well as 0- to 1000-m 
Transports for the Major Current Bands 

Ship Longitude Time Currents Volume Transport, Sv 

(a) Natal 30 ø- 34øE Aug. 1962 AC 60.5 SIOC 32.6 + 
(b) Natal 30 ø- 36øE Oct. 1962 AC 33.2 SIOC 65.7 

(c) Discovery 32 ø- 37øE April 1935 SIOC 61.3 
(d) Discovery 310- 40øE May 1935 AC 68.1 SIOC 65.3 

(e) Robert D. Conrad 31 ø- 41øE April 1974 AC 60.4 SIOC 67.5 
(f) Discovery 22 ø- 42øE Nov. 1935 SIOC 56.8 

(g) Natal 31 ø- 44øE July 1962 SIOC 60.8 
(h) Fuji 44 ø- 54øE March 1977 SIOC 58.7 

(i) Africana 33 ø- 58øE June 1961 AC 32.4 
(j) Anton Bruun 35 ø- 43øE Aug. 1964 AC 34.1 

(k) Unknown* 51 ø- 64øE Jan. 1956 EMC 14.3 SIOC 27.4 
(1) Anton Bruun 55øE March 1964 central part 

of gyre 
(m) Anton Bruun 60øE Sept. 1963 

(n) Ob 62 ø- 68øE May 1956 
(o) Akademik Korolev 65øE March 1973 

(p) Anton Bruun 65øE June 1964 
(q) Yu. M. Schokalsky 65øE Jan. 1970 
(r) Yu. M. $chokalsky 65øE June 1970 

(s) A. I. Voeikov 65øE Jan. 1969 

(t) Anton Bruun 70øE June 1963 
(u) Akademik Shirshov 70øE Nov. 1970 

(v) Anton Bruun 75øE April 1964 
(w) Anton Bruun 80øE July 1963 

(xl) Eltanin 80 ø- 87øE July 1971 
(x2) Ob 94 ø- 97øE April 1957 

(x3) Eltanin 93 ø- 98øE July 1971 
(x4) Gascoyne 110 øE Sept. 1962 

(xS) A. I. Voeikov 111 ø- 115øE Nov. 1970 

SIOC 11.4 + 
NSEC 12.4 

NSEC 9.8 SIOC 16.1 + 
NSEC 11.7 SIOC 12.8 + 
NSEC 11.2 

NSEC 8.0 SIOC 14.6 + 
central part 

of gyre 
NSEC 15.5 

NSEC 13.3 SIOC 11.4 
NSEC 29.2 SIOC 18.4 
NSEC 4.0 

SEC 13.6 

WAC 11.7 

WAC 4.7 

SIOC 21.6 

SIOC 4.7 + 
SIOC 6.6 + 

Ship Latitude Time Currents Volume Transport, Sv 

(zl) Atlantis 10 ø- 13øS Oct. 1963 different 
cells 

(z2) Atlantis 16 ø- 18øS July 1976 several 
bands 

(z3) Atlantis 26øS June 1965 several 
cells 

(z4) Atlantis 32øS July 1965 AC 4.5 + 
(z5) Discovery 32øS April 1936 AC 42.6 

WAC 9.9 

WAC 16.7 

AC, Agulhas Current; SIOC, South Indian Ocean Current; EMC, East Madagascar Current; 
NSEC, northern part of South Equatorial Current (typically north of 15øS on the western side); 
WAC, West Australian Current. 

*According to one reviewer the ship was called Laperouse. 
+ Only part of the currents measured by the section. 

[1993] for the Crozet Basin, namely that colder, fresher, 
oxygen-richer, and denser Mode Water varieties develop 
in the eastern South Indian Ocean and have suggested 
that the lighter Mode Water in the Crozet Basin is loc- 
ally produced. 

Below the Subantarctic Mode Water the Antarctic In- 

termediate Water (AAIW), indicated by a salinity rain- 

imum at about 1000-m depth, spreads northward to 
about 10 ø S. Clowes [1950] and Harris [1972] have found 
an intensified circulation of intermediate water in the 

western South Indian Ocean. More recently, this intens- 
ification has been estimated and discussed by ToMe and 
Warren [1993], Schmitz [1995], and Robbins and Tool½ 
[1996]. In the South Indian Ocean, anticyclonic flow of 
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AAIW has been deduced by Wyrtki [1973]. He has also 
pointed out that the flow is intensified in the western 
part of the basin. Observations by Park and Gamberoni 
[1996] indicate that the injection of AAIW into the sub- 
tropical gyre occurs in intermittent and pulsed events. 
Below the AAIW an oxygen minimum is found, which 
Wyrtki [1971] has shown to be at the density ere - 
27.6 between 30øand 50øS. Often this oxygen minimum 
is regarded an an isolated extremum caused by the local 
consumption in a region of weak flow [e.g., Toole and 
Warren, 1993] and is called here the oxygen minimum 
layer, while sometimes the oxygen minimum is attrib- 
uted to the upper Circumpolar Deep Water [e.g., Park 
et al., 1993]. Toole and Warren [1993] have stated that 
the meridional oxygen gradients suggest the influence 
from the north for the extreme core values at the west- 

ern side, while the more moderate oxygen minimum in 
the range 400 to 70øE at 32øS implies southward in- 
fluence. Hence the layer of the oxygen minimum still 
shows a weak signature of the subtropical gyre. 

The Circumpolar Deep Water is prominently charac- 
terized in the Indian Ocean by high silica located under- 
neath the deep oxygen minimum layer, sometimes called 
Atlantic-Indian Deep Water, Common Water, or Indian 
Deep Water [Tomczak and Godfrey, 1994]. In the sub- 
tropical South Indian Ocean the infiowing Circumpolar 
Deep Water from the south is characterized by the high 
salinity, high oxygen, and low nutrient concentrations 
typical of Circumpolar Deep Water [Toole and Warren, 
1993; Mantyla and Reid, 1995]. In the southwestern 
Indian Ocean the Circumpolar Deep Water shows a sa- 
linity maximum at about 2500 m, and this is clearly due 
to infusion of North Atlantic Deep Water being carried 
eastward [ Warren, 1981a]. The northward flow of Cir- 
cumpolar Deep Water in the subtropical South Indian 
Ocean occurs primarily in three systems of deep west- 
ern boundary currents guided by the topography and no 
longer reflects the influence of the subtropical gyre. 

For an investigation of the SIOC, Stramma [1992] has 
selected a reference layer for the geostrophic computa- 
tions that lies underneath the Circumpolar Deep Water 
and above the Antarctic Bottom Water. The chosen 

density was er4 = 45.87 and is located in the depth 
range of 2800-3500 m. For sections not reaching this 
depth a density surface er2 - 36.94 (depth range 1500- 
2500 m), located between the oxygen minimum layer 
above and the Circumpolar Deep Water underneath, was 
chosen. 

The depth of the density surface er2 - 36.94 can be 
seen in Figure 3 for the salinity and oxygen distribution 
of the section (i; Figure lb) of RV Africana running from 
the African coast at 25ø55'S, 33ø33'E first to the east to 
28ø11'S, 49ø11'E and then to the southeast to 37ø56'S, 
58ø03'E. Two other sections, one meridional section at 
110øE of RV Gascoyne between 12ø30'S and 40ø24'S 
(Figure 4) and one zonal section at 32øS of RRS Dis- 
covery between 29ø48'E and 114ø52'E (Figure 5), show 
the distribution of salinity and oxygen and include the 

density surface er2 - 36.94. The density surface er2 - 
36.94 is clearly located between the salinity minimum of 
the AAIW and the salinity maximum of the Circumpolar 
Deep Water (Figures 3a, 4a, and 5a) and well below the 
oxygen minimum layer (Figures 3b, 4b, and 5b) located 
above the Circumpolar Deep Water. As given by Toole 
and Warren [1993], the deep oxygen minimum at about 
1500 m is developed most prominently in the eastern 
third of the 32øS section (Figure 5b). 

Toole and Warren [1993] have carried out geostrophic 
calculations for a zonal section at 32øS. To investigate 
also the flow of Circumpolar Deep Water, they made a 
careful choice of the reference depth for each ocean basin 
based on the water property distribution and spreading 
direction. Except for some special regions, the refer- 
ence depth was in most cases located near 2000 dbar. 
Robbins and Toole [1996] have recalcuiated the section 
used by Toole and Warren [1993] for density layers with 
the inclusion of the advective flux of dissolved silica. 

This has led to locally varying barotropic velocity ad- 
justments of a few centimeters; their density surface 
separating southward from northward flow was located 
slightly below 2000 m. At a zonal section at 18øS, War- 
ren [198 lb] has found that the upper ocean flow did not 
change much as long as a reference depth between 1000 
and 2000 m was chosen. Therefore a reference depth 
near 2000 m seems to have no larger impact on the 
transport field for the upper ocean of the subtropical 
gyre, while transport fields for the Circumpolar Deep 
Water, as investigated by Toole and Warren [1993], will 
be more strongly influenced by the choice of the refer- 
ence surface. For our investigation we use the density 
er4 - 45.87 as reference surface just within the SIOC 
at the southern boundary, while north of the SIOC the 
density er2 - 36.94 was used as reference layer for 
the geostrophic computations. As was noted in the wa- 
ter mass description, this surface is located between the 
deep oxygen minimum layer still influenced by the sub- 
tropical gyre and the Circumpolar Deep Water flowing 
along the bottom topography. For station pairs not 
reaching the required depth of the density surface the 
deepest common depth was used as the integration ref- 
erence. 

3. Observations 

The two sections of Figures 3 and 4 represent the 
distribution of hydrographic variables in the west and 
in the east of the South Indian Ocean, while Figure 5 
represents the zonal distribution along 32øS. Since the 
temperature distributions are not particularly informat- 
ive, only salinity and oxygen for the entire depth range 
and the geostrophic velocity for the upper 1000 m are 
presented. In addition, for the discussion of the SAMW 
and the derived flow field, the depth of the isopycnal 
•e - 26.7, the salinity distribution on this density sur- 
face, and the salinity distribution at 400-m depth from 
the sections used here are shown in Figure 6. 
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Figure 3. Vertical distribution of (a) salinity, (b) oxygen in milliliters per liter, and (c) southward 
or southwestward geostrophic speed in centimeters per second (northward or northeastward speed 
is shaded) relat. ive to the potential density surface cr2 = 36.94 along the line of stations occupied 
by RV Africana (section i in Figure lb) at 330 to 58øE. Velocities larger than 25 cm s -z in the 
upper 100 rn west of 350 E are only shown by the maximum velocity. Relative maxima are denoted 
by open circles, and minima are denoted by solid circles. Also shown is the isopycnal cr2 = 36.94 
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Figure 4. As in Figure 3, but for the line of stations occupied by RV Gascoyne (section x4 in 
Figure lb) at 110øE. Eastward speed in Figure 4c is shaded. 

3.1. Distribution of Hydrographic Variables 
The surface salinity at the southern end of the RV 

Africana section (Figure 3a), with a value of 35.4, in- 
dicates that the section is well north of the Subtropical 

Front (STF) with salinities of about 34.8. The STF 
west of 100øE often is connected to the SIOC [Stramma, 
1992]. The strong salinity minimum of the AAIW in 
the south reaches northwestward to a location south of 

Madagascar, while the minimum layer is weak between 
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Figure 5. As in Figure 3, but for the line of stations occupied by RRS Discovery (section z5 in 
Figure lb) at 32øS. The oxygen distribution in Figure 5b was corrected upward by 0.5 mL/L. 
Northward speed in Figure 5c is shaded. 

the African continent and south of Madagascar. The ac- 
companying oxygen minimum (Figure 3b) shows a weak 
mimimum in the south, while the oxygen minimum is 
strong in the region between Africa and Madagascar. 

The meridional section in the east, at 110øE, was 
actually made by RV Gascoyne between 12ø30 ' and 
30ø30'S and by RV Diamantina to the south, but as 
these cruises were only 10 days apart, we have combined 
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Figure 6. Distribution of (a) the depth of the isopycnal surface ere - 26.7, (b) the salinity 
on the isopycnal surface ere - 26.7, and (c) the salinity distribution at 400-m depth from the 
sections used here. 
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them to form one section and call section x4 (Figure lb) 
simply the RV Gascoyne section. The STF is reflected 
in the strong salinity gradient at the southernmost sta- 
tion pair. At 110 ø E the salinity minimum of the AAIW 
(Figure 4a) is about 200 m shallower than to the west 
in the RV Africana section. A strong subtropical salin- 
ity maximum appears at about 30øS at 110øE, which 
is carried north at 200- to 400-m depth to 15øS. Just 
underneath thi• salinity maximum an oxygen maximum 
is located (Figure 4b). 

The zonal salinity distribution along 32øS by RRS 
Discovery (Figure 5a) shows a deepening of the salinity- 
rich water in the upper 800 m west of 600 E. In the same 
region the water is oxygen-poorer than east of about 
60øE (Figure 5b). The highest near-surface oxygen val- 
ues are observed at 1040 E, at the location where a north- 
ward flow of more than 4 cm s -• is located (Figure 5c), 
while in the southward flow to the east, off the Aus- 
tralian coast, the oxygen values decrease. Similar to the 
recent 32øS section from RRS Charles Darwin in 1987, 
presented by Toole and Warren [1993], in the RRS Dis- 
covery section, high surface salinities in excess of 35.5 
are present, reflecting the excess of evaporation over pre- 
cipitation which is characteristic for the subtropics. As 
in the case of the 1987 section, highest salinities are 
found on the eastern side, while the lowest surface sa- 
linities are located in the extreme west, near the African 

continent,. West of about 450 E, the highest salinities are 
subsurface. 

The subsurface salinity maximum appears north of 
34øS in the western section (Figure 3a) and north of 
30øS in the eastern section (Figure 4a). The 32øS salin- 
ity distribution (Figure 5a) shows the subsurface salinity 
maximum only at the western side, in agreement with 
the observations of the two presented meridional sec- 
tions. As argued by Wctc•'•n [198 lb], the surface waters 
around 32øS, made salty by evaporation, are thought to 
be carried north by the interior circulation. Subsequent 
surface warming and precipitation excess in the tropics 
cap the high-salinity water with a warm, lower-salinity 
surface layer (the Tropical Surface XVater), forming the 
salinity extremum. Vertical mixing with t,he Tropical 
Surface Water is probably responsible for the erosion of 
the salinity ext,reme values when progressing north. 

The oxygen maximum at depths of 300-600 m corres- 
ponds to the SAMW. The lighter type of SAMW near 
fro : 26.7 is formed in the Crozet Basin and advec- 
ted within the subtropical gyre. Therefore the circula- 
tion plays an important role on the property distribu- 
tion. The depth distribution of the isopycnal •ro = 
26.7 (Figure 6a) shows a similar distribution as the 
one at fro : 26.6 presented by Wgrtki [1971] to in- 
vestigate the spreading of Persian Gulf Water and Bay 
of Bengal Water. A strong depth gradient is present 
between 300 and 40øS near 70øE. where the density 
surfaces rises by up [o 400 m. As presented by Mc- 
Catracy [1982], the lighter type of SAMW is found here 
t.o be formed west of 70øE. The salinity distribution on 
rre: 26.7 (Figure 6b) shows only weak gradients in the 

subtropical gyre region of the South Indian Ocean, but 
with salinities larger than 35.2 at and east of 60øE. 

In the western section (Figure 3b), no oxygen max- 
imum is found south of 30øS, indicating that no SAMW 
is flowing to the west against the direction of the gen- 
eral subtropical gyre. In the eastern section (Figure 4b) 
the oxygen maximum is observed only north of 34øS; 
this is only in the region influenced by the subtropical 
gyre. Near the western boundary of the 32øS section 
(Figure 5b) the SAMW intensity is greatly diminished 
from the interior oxygen maximum values. Here relat- 
ively old SAMW, with the signal reduced by mixing, 
is apparently advected south by the Agulhas Current at 
the westernmost station, while the reduced oxygen max- 
imum west of 45øE is from the southwest Indian Ocean 

subgyre, as this water recirculated from the SIOC west 
of the Crozet Basin, which is regarded as the formation 
region of the lighter type of SAMW. 

3.2. The Transpor• Field 

The geostrophic transports for all sections shown in 
Figure lb were calculated. and the mean flow field was 
constructed best to represent the results of all the sec- 
tions. Some transport values for the major current 
bands are included in Table 1, but it is not possible 
to list all values along each section which contributed 
to the construction of t,he mean flow field of Figure 7. 
As these sections were made in different years and dur- 
ing different seasons, the result,s do not fit exactly, and 
the presented transport field of the South Indian Ocean 
is only an idealized realisation. The mean schematic 
transport field for the upper 1000 m of the subtropical 
gyre of the South Indian Ocean is presented in Figure 7, 
including also the names of the major currents. Many 
sections show additional features of flow in opposing dir- 
ections t,hat were interpreted as eddies or features not 
representing the mean transport field and are therefore 
not. included in Figure 7. The salinity distribution at 
400-m depth (Figure 6c) reflects well the structure of 
the derived flow field (Figure 7). 

In t,he upper 1000 m the transport of the South Indian 
Ocean Current, as continuation of the Agulhas Return 
Current south of Africa starts with 60 Sv southeast of 

Sout,h Africa flowing to the east. About 20 Sv recir- 
culates between 40øE and 50øE and another 20 Sv at 

600 to 70øE. At 90 øE the remaining 20 Sv of the SIOC 
splits up into 10 Sv flowing north and then returning 
to the west, and only 10 Sv continues to the northeast 
to move northward near Australia toward the tropical 
Indian Ocean. Belki• a•d Gordon [1996] have defined 
a North Subtropical Front in the Indian Ocean between 
310 and 38øS, found only between 600 and 110øE. This 
front seems to be connected to the water from the SIOC 

turning northward west, of 70øE with part of it recircu- 
lating and part of it continuing further to the east a few 
degrees north of the SIOC. As was shown by •qtramma 
[1992] for the SIOC, similar to the South Atlantic and 
the South Pacific, the current separates from the STF 
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Figure 7. Schematic illustration of the flow field in the South Indian Ocean. The transports for 
the upper 1000 m in sverdrups are given by the numbers in 5-Sv steps. Thin lines indicate the 
sections used (see Figure lb). The broken line near South Africa indicates a possible Agulhas 
recirculation cell not resolved by the sections used here. Crosses indicate the region of possible 
exchange between the Antarctic Circumpolar Current and the subtropical gyre. Current bands 
for Agulhas Return Current (ARC), South Indian Ocean Current (SIOC), West Australian Cur- 
rent (WAC), Leeuwin Current (LC), South Equatorial Current (SEC), East Madagascar Current 
(EMC), Mozambique Current (MOC), Agulh (AC) makcd. 

on the eastern side of the basin, and the current turns 
northward while the front continues to the east; there- 
fore on the eastern side the STF cannot be used as an 

indicator for the subtropical gyre flow. 
Although the easternmost band of the gyre crosses 

the RV Gascoyne section at 110øE and the RV Voeikov 
section at about 1120 E, the RV Vo½ikov as well as the 
zonal sections at 32øS by RV Atlantis and RRS Discov- 
ery also show the signature of the Leeuwin Current off 
the western Australian coast by southward flow (Figure 
5c) with transports of up to 5 Sv. 

In the tropical region between 20øS and 10øS, about 
10 Sv flows to the west in the eastern part. Fifteen 
sverdrups flows to the west in the central region, but 
between different sections, large transport differences 
exist which might have a seasonal component and the 
given transport numbers (Figure 7) are therefore the 
lower bounds of the transport. Including also the return 
flow of 10 Sv originating near 90 øE increases the South 
Equatorial Current (SEC) flow to 25 Sv in the west- 
ern half of the South Indian Ocean. The flow incorpor- 
ates mainly the part of the SEC returning to the south 
but not the transport contributed to the East African 
Coastal Current. Our transport of 25 Sv is in good 
agreement to model results by Woodberry et al. [1989], 
who have derived an annual mean westward transport 
for the SEC at 63øE between 8 o and 23øS of 24.3 Sv. 

In the model results the seasonal cycle at 63øE turned 
out to be weak, the SEC transport varying only between 
23.0 and 25.5 Sv. About two thirds of the subtropical 
gyre recirculates within the westward flow south of 25øS 
and south of Madagascar. Only 20 Sv of the subtrop- 

ical gyre moves further north with the 10 Sv leaving the 
SIOC at about 90øE and flowing west at 200 to 30øS, 
and finally, the 10 Sv flows to the west through the entire 
Indian Ocean between 100 and 20øS. 

According to the schematic flow field, about 5 Sv flow- 
ing through the Mozambique Channel contributes to the 
Agulhas Current, while 25 Sv comes from the east of 
Madagascar and 35 Sv recirculates south of Madagas- 
car. From the sections used it is not entirely clear where 
the different flow paths merge to forill Agulhas Current 
proper. 

The continuation of the Agulhas Current seems more 
clear than its origin. Near 36øS the Agulhas Current 
leaves the continental shelf, develops oscillations of in- 
creasing amplitude, and usually in the region of 160 to 
20øE retrofiects back toward the Indian Ocean [Lutje- 
harms and Van Ballegooycn, 1988] as the Agulhas Re- 
turn Current (ARC) with some leakage into the South 
Atlantic. This water transfer from the Indian Ocean to 

the Atlantic varies quite considerably. From single ship 
sections estimates vary from 2.8 Sv [Bennett, 1988] and 
8 Sv [Stramma and Peterson, 1990] to 15 Sv [Gordon, 
1985]. A summary on the different rates found has been 
given by Peterson and Strataran [1991]. Recent res- 
ults indicate fluxes by Agulhas rings [Van Ballegooyen 
et al., 1994] of 6.3 Sv for water warmer than 10øC and 
7.3 Sv for water warmer than 8øC. From a 16-month 

observation of the Benguela Current, Garzoli and Gor- 
don [1996] have estimated for the upper 1000 m a 13-Sv 
northward transport in the Benguela Current of which 
50% is from the central Atlantic, 25% comes from the 
Indian Ocean, and 25% may be a blend of Agulhas and 
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tropical Atlantic water. According to the schematic flow 
field of Figure ?, about 5 Sv is contributed to water 
flow into the Atlantic, while 60 Sv returns east in the 
ARC and SIOC. Our leakage of 5 Sv from the Indian 
Ocean to the Atlantic Ocean is near the 4 Sv presented 
in the review of the schematic thermohaline flow field by 
Schmitz [1995] and the long-term observation of Garzoli 
and Gordon [1996]. 

The velocity distribution for the section (i; Figure lb) 
by RV Africana (Figure 3c) shows two southward flow 
cores near the African shelf at about 33øS. In this realiz- 

ation the highest velocity of up to 60 cm s- • was found 
near the shelf. As this current band does not reach to 

great depth, the total transport is 8.1 Sv to the south, 
still a little larger than the 5 Sv indicated in the schem- 
atic flow field of Figure 7 for the Mozambique Current. 
Although the second southward current band reaches 
only surface velocities of 28 cm s- • , the transport from 
the surface to 1000 m is 24.3 Sv and much larger than 
the near-shelf current band. The southern end of this 

section does not reach into the SIOC. Near 35øS, one 
of the recirculation cell bands is found with velocities of 

more than 12 cm s -• . 

As the mean transport in Figure 7 is composed of all 
sections, no seasonal signal can be resolved. Six sections 
from different months between January and July were 
used at 65øE, and they can possibly be used to look for 
a seasonal signal. The sections at 65øE indicate a shift 
in the subtropical gyre. Between January and March 
the southern path is located south of 30øS, while during 
June/July it was located just north of 30øS. Part of 
this signal was obscured by transport variability along 
the section, and we therefore did not try to resolve a 
seasonal signal. 

4. Discussion 

In this paper we have composed the transport field 
of the subtropical gyre of the South Indian Ocean from 
several hydrographic sections. A mean transport field 
for the upper 1000 m has been derived which we com- 
pare to former findings by progressing downstream in 
the subtropical gyre, starting in the southwest in the 
sIoc. 

Many investigations have dealt with the Agulhas Cur- 
rent Retroflection south of South Africa. As this is a 

region of high variability, we do not attempt to repro- 
duce the Agulhas Retroflection from only a few sections. 
An overview of the different findings has been given by 
Pctcrso• and $tramma [1991] and by Lutjeharms [1996]. 
In short, south of South Africa the transport of the Agul- 
has Current was estimated by Gordon ct al. [1987] at 95 
Sv, which is much larger than the mass flux of the Agul- 
has Current at about 32øS, and Gordo•, ct al. [1987] 
have therefore concluded that the Agulhas Current ex- 
periences significant enhancement within a recirculation 
cell indicated by a broken line in Figure 7. Usually in 
the region 160 to 20øE the Agulhas Current retrofleets 

back toward the Indian Ocean as the Agulhas Return 
Current. But not all of the Indian Ocean water carried 

into the retroflection turns back with the Agulhas Re- 
turn Current, since a small portion of it leaks into the 
Atlantic both directly [Lutjeharms a•d Cooper, 1996] 
and through the intermittent shedding of Agulhas rings. 
Both exhibit high temporal variability. 

The southern limit of the subtropical gyre was loc- 
ated here just south of the SIOC. As most of the sec- 
tions used by $tramma [1992] were also used in this 
investigation, the transport field for the SIOC is sim- 
ilar to that of $tramma [1992], the SIOC starting with 
60 Sv east of 30 øE. In the western South Indian Ocean 

a distinct and separate Agulhas Front [e.g., Read and 
Pollard, 1993] is often found north of the STF, which 
weakens to the east and merges with the STF in the 
central South Indian Ocean. Lutjeharms and Valentine 
[1984] have found that the retrofiection of the Agulhas 
Current south of Africa forms this front. The Agul- 
has Front has a steeper density gradient than the other 
fronts of the Southern Ocean with a latitudinal width 

averaging only 100 km. From a section at 40øE, Read 
and Pollard [1993] have described an eastward, top to 
bottom flow of 84.2 Sv north of the Agulhas Front and 
an additional flow of 19.3 Sv north of the STF, much 
larger than our 60 Sv in the upper 1000 m, but a direct 
comparison to our transport is probably questionable 
because of the different integration depths. 

While the few sections available for Stramma [1992] in 
the Crozet Basin show a clear distinction between the 

SIOC and the Antarctic Circumpolar Current (ACC) 
to the south, data from April and May 1991 [Park ct 
al., 1993] result in a merging between the SIOC (which 
they have called Agulhas Return Current) and the ACC. 
Such a merging of both currents would allow an ex- 
change of water masses, and Park et al. [1993] have 
in fact observed strong injection of North Indian Deep 
Water into the ACC south of Amsterdam Island. The 

different findings indicate that extreme variability in the 
location of the SIOC and the ACC exists in the Crozet 

Basin and the sea level variability from Geosat altimeter 
[Park ct al., 1991, Figure 7] shows the largest values in 
this region. 

Park ct al. [1993] have estimated the transport of 
the SIOC (ARC) at the entrance to the Crozet Basin 
at 53øE as 35 Sv, most of which recirculated north- 
ward into the northern part of the basin before reaching 
the Kerguelen-Amsterdam Passage at about 75øE. The 
large recirculation in the western half of the South In- 
dian Ocean might therefore be connected to the local 
bottom topography (Figure l a), as about 20 Sv recir- 
culates when crossing the southwest Indian Ridge just 
northwest of (•rozet Islands, located at about 46øS, 
500 E, and another 20 Sv recirculates in the (•rozet Basin 
west of the Kerguelen-Amsterdam Passage (Kerguelen 
Island is located at about 49øS, 70øE). The recircula- 
tion west of 70øE is well reflected in the eastward rise 

to smaller depths for the isopycnal ere = 26.7 (Figure 
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6a), which leads to density gradients accompanied by 
geostrophic flow. 

A test with and without bottom topography in a 
global ocean general circulation model [Moore and Rea- 
son, 1993] has indicated that there is increased recircu- 
lation for this region (Crozet Basin) in the case when 
bottom topography was included (C.J.C. Reason, per- 
sonal communication, 1995) in the model. However, 
other physics may also contribute to the increased re- 
circulation, and the model resolution does not allow it 
to capture all potentially significant topographic fea- 
tures. Equatorward spreading of modified thermocline 
water masses, i.e., Mode Water and AAIW, occurs 
at part of the anticyclonic circulation within the gyre 
and fits Fine's [1993] observation that the most re- 
cently ventilated AAIW is observed at 32øS west of 
72øE. The validation of the dynamic topography from 
TOPEX/POSEIDON even results in a complete closure 
of the sybtropical gyre west of 90øE [Park and Gamber- 
oni, 1995], while in the geostrophic calculations (Figure 
7), 10 Sv continues northeastward east of 100øE. 

The Leeuwin Current off western Australia has been 

described from the mean flow field as transporting 5 
Sv southward. According to Smith et al. [1991] the 
Leeuwin Current is present as a poleward current most 
of the year between the northwest cape of Australia 
at 22øS and Cape Leeuwin at the southwestern corner 
of Australia, at about 35øS. The Leeuwin Current was 
found between the surface and 250 m within 100 km 

of the shelf edge with a poleward transport of about 
5 Sv by Smith et al. [1991], while Toole and Warren 
[1993] have estimated a flow of only 0.7 Sv. Our few 
sections crossing the Australian shelf region contain the 
signature of the Leeuwin Current, and the attributed 
transport of 5 Sv is the upper bound for this current. 
The Leeuwin Current is an atypical eastern boundary 
current flowing against the prevailing wind stress, while 
the so-called West Australian Current as the northward 

flow of the subtropical gyre is not located near the shelf 
but should be the northward flow of about 10 Sv to 

the west of the Leeuwin Current. Tool½ and Warren 

[1993] have observed the major northward transport at 
34øS near 110øE. From our few sections it is not pos- 
sible to investigate how the West Australian Current 
and the Leeuwin Current interact. Church et al. [1989] 
have stated that the Leeuwin Current occurs chiefly in 
southern autumn and winter, while in contrast a north- 
eastward inflow of high-salinity water, which turns to 
flow poleward on approaching the coast, dominates the 
summer situation and indicates a seasonal signal. From 
a water mass analysis, Tomczak and Large [1989] have 
shown that Australasian Mediterranean Water (origin- 
ating in the basins of the Indonesian Archipelago) is 
carried in the Leeuwin Current as far south as 25øS; 
hence the Leeuwin Current is not simply a southward 
return flow of the South Indian subtropical gyre. 

From observations in the Tasman Sea and in the South 

Pacific, $tramma et al. [1995] have found that about 3 

Sv of subtropical water flows southeast of Tasmania and 
that therefore only such a small amount of subtropical 
water is expected to flow from the Indian Ocean to the 
Pacific. In the schematic flow field of Figure 7 the 5 
Sv of the Leeuwin Current does not return north into 
the South Indian subtropical gyre, and this flow might 
therefore contribute to a small subtropical water transfer 
from the Indian Ocean to the Pacific south of Australia. 

Water is contributed from the Pacific to the tropical 
Indian Ocean within the South Equatorial Current re- 
gion by the Indonesian throughflow. Warren [1981b] has 
described the intermediate salinity minima to be com- 
plicated by the influx of relatively fresh water from the 
Pacific through the Indonesian Archipelago, which pro- 
duces a salinity minimum layer centered near 1000 m. 
According to Warren [1981b] this water is carried west- 
ward at depths of 500 to 1200 m in a band approximately 
10 ø to 15øS by the South Equatorial Current. The west- 
ward flow below 100-m depth in the 110•E section by 
RV Gascoyne (Figure 4) shows the southern reaches of 
the SEC. A possible transport of water from the Pacific 
is not detectable from the salinity and oxygen distribu- 
tion. Toole and Warren [1993, p. 2014] have listed the 
large range of estimates of the Indonesian throughflow, 
ranging from 1 to 2 Sv up to 20 Sv, which in part might 
be attributed to time variability, while their own ana- 
lysis deduced an Indonesian throughflow transport of 
about 7 Sv. A recent summary of the different existing 
results has been presented by Godfrey [1996]. Measure- 
ments in August 1989 [Fieux et al., 1994] have resulted 
in an estimate of the total transport of 18.6 +/- 7 Sv 
toward the Indian Ocean, but the large transport might 
be attributed to the time variability. Recent results 
from a nonlinear analytical model [Nof, 1995] suggest 
a throughflow of 7 Sv. From our transport computa- 
tions in the Indian Ocean a residual throughflow of 5 
Sv is suggested, similar to the 6-year mean throughflow 
transport of 5 Sv by Meyers et al. [1995]. 

For the northern part of the subtropical gyre, Warren 
[1981b] has demonstrated a general northward compon- 
ent of flow in the interior of the South Indian Ocean, 
penetrating to the depth of the intermediate oxygen min- 
imum at about 1000 m. The northward volume trans- 

port was estimated geostrophically as about 20 Sv. He 
has described a strong salinity maximum, a weak shal- 
low oxygen minimum, and a somewhat stronger oxygen 
maximum in the longitudes 750 to 100øE, suggesting 
relative strong northward flow in this range. Also, our 
mean circulation shows the northward flow in this region 
but also northward flow west of 75 oF. Between 600 and 
100øE the northward flow across 18øS amounts to 20 Sv. 

Quadfasel and Swallow [1986, p. 1307] have shown the 
tracks of two satellite-tracked drifters and state "origin- 
ally deployed in the East Australian Current the buoys 
escaped from that region and travelled in the South 
Equatorial Current across the Indian Ocean," similar 
to the the mean flow field presented in Figure 7. The 
buoys traveled for 6 months from 100 ø E to locations east 
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and just north of Madagascar. In moored current meter 
data just north of Madagascar, Quadfasel and Swallow 
[1986] have found 50-day period oscillations with evid- 
ence of such oscillations also in the drifters. From such 

oscillations, as well as from seasonal signals, transport 
variations from geostrophic computations could be ex- 
pected for the SEC, although a seasonal signal was not 
present in the model results by Woodberry et al. [1989]. 
For the SEC, the Ekman transport is negligibly small 
compared to the geostrophic transport [Hastenrath and 
Greischar, 1991]. 

Our flow scheme shows the major southward flow from 
the Tropics east of Madagascar. The southward flow of 
20 Sv east of Madagascar is in agreement with the es- 
timate of 20.6 Sv from geostrophy at 23øS by Swallow et 
al. [1988]. From current meter moorings east of Mada- 
gascar at 23øS, Schott et al. [1988] computed transports 
of 20.3 Sv +/- 6.6 Sv, similar to the geostrophic com- 
putations. From the moorings, no significant annual 
cycle could be detected despite significant variations of 
wind forcing over the subtropical Indian Ocean. From 
our few sections it cannot be established where the flow 

crosses the Mascarene Ridge and approaches Madagas- 
car to form the East Madagascar Current. 

The Mozambique Current is estimated here with a 
southward transport of only 5 Sv from sections at the 
northern and southern end of the Mozambique Chan- 
nel. No newer sections in the channel were used. The 

result agrees with the findings of Sactre and Jowe da 
Silva [1984] that the circulation in the channel con- 
sists of a series of recirculation cells and with the 6 

Sv from inverse calculations by Fit [1986]. The simil- 
arity is, however, not surprising as we used the same 
sections. Harris [1972] has estimated a Mozambique 
Current transport of 10 Sv, while Haste•zrath and Gre- 
ischar [1991] found weak geostrophic surface currents 
in the annual mean directed southeastward, which were 
too weak to compute a reliable transport. 

An open question is the transfer from the narrow and 
intense East Madagascar Current to tl•e Agulhas Cur- 
rent, which was expected to exist only in a sporadic way 
by filaments and eddies [Lutjeharms et al., 1981; LuOe- 
harms, 1988]. In our schematic flow field (Figure 7) we 
show a wide band of 25 Sv moving to the west with a 
large meander. The inflow of water from east of Mada- 
gascar to the greater Agulhas system may therefore be 
accomplished by this more general, wide flow instead 
of the narrow, intense miniature western boundary cur- 
rent, the East Madagascar Current. 

GrSndlingh et al. [1991] have found evidence of a 
significant equatorward flux at the Madagascar Ridge 
(near 45 oF) from a section at 30øS, which provided in- 
put of water from higher latitudes. They computed a 
net northward transport of about 14 Sv relative to 1000 
dbar, while our schematic flow field shows a northward 

flow in the westernmost recirculation part of 10 to 20 
8v. 

Our transport values for the Agulhas Current near 
30øS vary considerably, in part caused by the fact that 
the Agulhas Current adheres to the coast and the shal- 
low bottom depth below the core of the current [Pearce, 
1977] considerably decreases the utility of geostrophic 
computations. Griindlingh et al. [1991, p. 307] have 
summarized the results from the literature, where geo- 
strophie calculations indicate a transport (relative to 
1000 dbar) of around 20 to 40 Sv near 30øS, while direct 
measurements of the flow yield much higher values of 40 
to 80 Sv. Gordon et al. [1987] have geostrophically cal- 
culated a high value of 50 Sv relative to 1500 dbar off 
Durban (30øS), possibly because the Agulhas Current 
executed a large offshore meander at the time and thus 
the bottom depth were greater below the current core. 
Our transport of 45 Sv at 30øS is close to the trans- 
port derived by Gordon et al. [1987]. Hellerman and 
Rosenstein [1983] have applied the Sverdrup relation to 
the curl of wind stress along 32øS in the Indian Ocean 
and obtained values of 40 to 60 Sv. Schmitz [1996] has 
found the Agulhas Current system to be stable in time, 
even in density classes, and to be similar to the Gulf 
Stream system transports in similar density classes. 

A strange feature presented in the transport is the 
meander of the westernmost recirculation cell, centered 
at about 38 øE of 20 Sv (Figure 7), before merging with 
the Agulhas Current at about 32øS. The diagonal sec- 
tions off Africa show a second eastern core of the flow, 
while the northern extent is based only on one section 
and might not be a permanent feature. The root-mean- 
square variability of the sea surface topography from 
Geosat altilneter [GrSndli•gh et al., 1991] shows a large 
amplitude east of the Agulhas Current at 32øS, indicat- 
ing large temporal variability in this area. Nevertheless, 
the western recirculation cell exists and its transport 
of 20 Sv is quite strong, probably caused by the topo- 
graphic influence of the Madagascar Ridge. 

The Indian Ocean has a vigorous overturning circu- 
lation consisting of net northward transport of deep 
and bottom water, with southward return of middepth 
thermocline, and near-surface waters. Toolc and War- 
ten [1993] have computed a northward transport across 
32øS of about 27 Sv for the Circumpolar Deep Water 
below 2000 dbar and a southward transport of about 36 
Sv above 2000 dbar, the difference of 9 Sv attributed 
to the throughflow from the Pacific to the Indian Ocean 
and to transport uncertainties, which they have estim- 
ated to account for up to 10 Sv. Our schematic flow field 
shows only a net southward flow of 10 Sv in the upper 
1000 in across the Indian Ocean. In a recent reexamin- 

ation of the section used by Toolc and Warren [1993] in 
density layers with the inclusion of the advective flux of 
dissolved silica by Robbins a•d Toole [1996], the south- 
ward flow in the upper layers is reduced to 22.6 Sv. The 
southward flow in the upper two layers is 12.1 and 3.5 Sv 
in the third layer in which the 1000-m depth is located, 
thus resulting in less than 15 Sv southward transport in 
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the upper 1000 m. Beside the general uncertainty (10 
Sv estimated by ToMe and Warren [1993]), one reason 
for the difference to our estimate of 10 Sv is the fact 

that the southward flow within the Agulhas Current is 
difficult to estimate and that it might be possible that 
the Agulhas Current flow is a few sverdrups larger than 
computed here. Toole and Warren [1993] have applied 
ADCP velocity data as reference for three near-coastal 
station pairs, and the 0- to 2000-m Agulhas Current 
transport reduced from 85 to 70 Sv, showing the uncer- 
tainties in estimating the Agulhas Current transport. 

Our mean upper ocean, southward flow of 10 Sv above 
1000 m is low compared to the 36 Sv by Toole and War- 
ren [1993] above 2000 m which was reduced in the re- 
calculation by Robbins and ToMe [1996] to 22.6 Sv and 
less than 15 Sv above 1000 m and slightly lower than 
the 14 Sv net southward flow (of which only 4 Sv are 
in the layer above 12øC) within the South Indian Ocean 
presented in a worldwide review of the thermohaline ex- 
change by Schmitz [1995]. The varying transport num- 
bers for the overturning cell possibly reflect both the 
uncertainties in the transport computations as well as 
existing variability. 

Warren [198 lb] has used a section at 18 ø S to describe 
a most prominent flow feature, namely an intense north- 
ward flow in the longitudes 750 to 100øE with strong 
salinity maximum, weak shallow oxygen minimum, and 
somewhat strong oxygen maximum. For the AAIW in 
the South Indian Ocean, Fine [1993] has shown that the 
best ventilated AAIW (with respect to CFCs and oxy- 
gen) is observed in a compact anticyclonic gyre west of 
72øE. Toole and Raymet [1985] in turn have observed a 
net southward heat flux of 0.6 PW in the Indian Ocean 

from a section at about 32øS, indicating a net south- 
ward transport for the warm near-surface layers. All 
these findings fit the mean flow field derived here. 

5. Summary 

The aim of this investigation was to derive a mean 
transport field of the upper ocean of the South Indian 
subtropical gyre and to compare it with earlier observa- 
tions. The presented flow field is of course an idealized 
version, not representing seasonal changes or the pos- 
sible mesoscale water transfer by, for instance, filaments 
and eddies between the East Madagascar Current and 
the Agulhas Current. Although our 0- to 1000-m trans- 
port scheme (Figure 7) cannot directly be compared to 
the 0- to 2000-m flow field of Toole and Warren [1993] 
for the zonal RRS Charles Darwin section in Novem- 

ber/December 1987 at 320 to 35øS, their transport 
stream function shows a weaker northward transport 
than ours west of 60øE and a stronger northward trans- 
port between 600 and 730 E. In the recalculation by Rob- 
bins and Toole [1996] of the northward transport west 
of 60øE, it is almost 20 Sv larger than that of Toole and 
Warren [1993] and more comparable to our results. As 

our data are strongly affected by the two zonal sections 
at 32øS from July 1965 and April 1936 (Table 1), the 
differences described might be a seasonal signal, but the 
data are to sparse to investigate such a signal. Wyrtki's 
[1971] maps for 2-calendar-month periods do not resolve 
the central part of the South Indian Ocean in a manner 
to prove a seasonal signal. As seen in the comparison 
with the literature, different results exist for many geo- 
graphical regions and the strength of the overturning 
cell, indicating variability of the gyre circulation. Nev- 
ertheless, the mean transport field presented here gives 
transport values for a mean state of the gyre with which 
single section results can be compared to investigate the 
seasonal changes and the general variability of the gyre 
transport field. 

From our investigation it seems to be clear that in 
contrast to an earlier description of a long high-pressure 
ridge from the Agulhas Current reaching across the en- 
tire ocean into the Timor Sea with westward flow to the 

north of the ridge and eastward flow south of it [Wyrtki, 
1973], a large part of the gyre circulation is concentrated 
in the southwestern and western part of the South In- 
dian Ocean and south of Madagascar, probably caused 
in part by the topography. The total area influenced by 
the subtropical gyre in the South Indian Ocean shows 
a rectangular shape (Figure 7), different from the more 
triangular shape in the South Atlantic [Peterson and 
Stramma, 1991] probably caused by the cross-equatorial 
flow into the North Atlantic. The different gyre shapes 
from observations in the South Indian Ocean and South 

Atlantic are in agreement with recently derived results 
from a general circulation model [Cai and Greatbatch, 
1995]. Possible reasons for the rectangular shape might 
be the Pacific-Indian throughflow, and model results 
[Hirst and Godfrey, 1994] indicate such a mechanism 
and also the different shape of the wind stress [Heller- 
man and Rosenstein, 1983] could have an influence on 
the gyre shape. 
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