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ABSTRACT

The shallow meridional overturning circulation (upper 1000 m) in the northern Indian Ocean and its
interannual variability are studied, based on a global ocean circulation model (MOM2) with an integration
of 10 years (1987–1996). It is shown that the shallow meridional overturning circulation has a prominent
seasonal reversal characteristic. In winter, the flow is northward in the upper layer and returns southward
at great depth. In summer, the deep northward inflow upwells north of the equator and returns southward
in the Ekman layer. In the annual mean, the northward inflow returns through two branches: one is a
southward flow in the Ekman layer, the other is a flow that sinks near 10◦N and returns southward between
500 m and 1000 m. There is significant interannual variability in the shallow meridional overturning
circulation, with a stronger (weaker) one in 1989 (1991) and with a period of about four years. The
interannual variability of the shallow meridional overturning circulation is intimately related to that of the
surface wind stress. Several indices are proposed to describe the anomaly of this circulation associated
with the cross-equatorial part.
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1. Introduction

Many researchers have pointed out that SST in
the northern Indian Ocean affects not only the rain-
fall in India (Shukla and Mooley, 1987) and Aus-
tralia (Nichols, 1985), but also the East Asian mon-
soon (Xiao and Yan, 2001), the northwestern Pacific
subtropical high (Wu et al., 2000), and the summer
rainfall in China (Chen, 1991; Guo et al., 2002). So
more and more studies have focused on the Indian
Ocean. Recently, the finding of the Indian Ocean
dipole event (Saji et al., 1999), which shows that the
Indian Ocean can develop an independent ENSO-like
variability mechanism (Webster et al., 1999), gives
rise to new interests in this region (Murtugudde and
Busalacchi, 1999; Li and Mu, 2001).

The tropical Indian Ocean is unique in many as-
pects, compared with the tropical Pacific and/or the
tropical Atlantic (Hu, 2003). One of these unique-

nesses is that, as first pointed out by Levitus (1988),
the annual mean wind stress in the Indian Ocean ba-
sically changes its direction from westward to east-
ward across the equator from the south, resulting in
southward Ekman transport on both sides of the equa-
tor. The mass conservation constraint requires that
the southward Ekman transport must be replaced by
colder, deeper northward flow. This will cause south-
ward net heat transport across the equator. Such a
process is perhaps the most important way in setting
the long-term mean net surface heat flux north of the
equator in the Indian Ocean (Godfrey et al., 2001).
Besides this, the annual mean wind on the equator is
westerly (e.g., Schott and McCreary, 2001), which is
another unique characteristic that is contrary to the
easterly on the equator of the Pacific or of the At-
lantic, implying that downwelling, not upwelling, oc-
curs there. All these facts imply that the meridional
overturning cell must cross the equator, which is quite
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different from the subtropical-to-tropical meridional
overturning cell in the Pacific or the Atlantic (Schott
and McCreary, 2001; Schott et al., 2002).

The meridional circulation plays a very impor-
tant role in the heat budget, as well as the vari-
ations of SST, in the northern Indian Ocean. So
these related problems are always topics of research
for scientists. Many authors (e.g., Wacongne and
Pacanowski, 1996; Garternicht and Schott, 1997; Lee
and Marotzke, 1998) have studied the variability of
the meridional overturning circulation, revealing the
meridional heat transport and investigating the dy-
namics involved therein. But they confined their re-
search to the seasonal timescale. Some authors (e.g.,
Schott et al., 2002) showed further the 3D pathway
of the meridional circulation in summer, but the di-
rect evidence they gave was inadequate. Yet these re-
searchers paid little attention to the interannual vari-
ability of the meridional circulation. Furthermore, no
one proposed an index to describe the variability of
this circulation.

In this paper, we focus on the study of the inter-
annual variability of the meridional overturning circu-
lation of the northern Indian Ocean (north of 7◦S), as
well as the related dynamics, using the data of a 10-yr
integration from a global ocean circulation model. As
a basis, the climatology of this circulation will also be
used. Since two types of meridional overturning cells,
deep and shallow, exist in the Indian Ocean (Schott
and McCreary, 2001; Schott et al., 2002), to avoid
misunderstanding, we state that the meridional over-
turning circulation studied in this paper refers to the
shallower one (upper 1000 m).

The structure of this paper is as follows. Section 2
gives the outline of the details of the model and its as-
sessment. In section 3, the climatology of the shallow
meridional overturning cell and its interannual vari-
ability, as well as the related dynamics, are analyzed.
The paper ends with a summary.

2. The model and its assessment

2.1 Model details

The model is a global ocean circulation model
based on the Modular Ocean Model version 2 (MOM
2) (Pacanowski, 1995; Hu, 2003). The zonal resolu-
tion is 2◦, and the meridional resolution is 0.5◦ within
10◦N –10◦S, increasing poleward with 5.85◦ grid spac-
ing near the poles. The vertical is divided into 25 levels
with a maximum depth of 5000 m and 12 levels in the
upper 185 m. The integration time step is 900 s.

The wind stress is from Florida State University
(FSU) (Legler et al., 1989; Stricherz et al., 1992), with
Cd=0.0015 (Cd is the drag coefficient), blended with

Hellerman and Rosenstein (1983) wind stresses pole-
ward of 30◦N/S. The heat flux was parameterized us-
ing International Satellite Cloud Climatology Project
(ISCCP) net solar shortwave radiation plus a flux cor-
rection (Schiller et al., 1998). The fresh water flux is
restored to Levitus et al. (1994) data. The horizon-
tal viscosity and diffusivity are 4000 m2 s−1, and the
vertical viscosity and diffusivity are determined by the
Chen scheme (Chen et al., 1994; Godfrey and Schiller,
1997). In the Indonesian Archipelago region, the ver-
tical diffusivity and viscosity are increased to simulate
tidal mixing there (Ffield and Gordon, 1992). Salin-
ity is relaxed to observed values near the mouth of
the Red Sea. Water transparency varies with position
according to Simonot and Letreut (1986).

The model was first run for 10 years with mean sea-
sonal wind stresses and speeds, humidity fraction and
shortwave radiation, plus strong relaxation to observed
SSTs. Seasonal flux corrections were calculated, and
subsequent runs started from conditions at the end of
this spinup run using meteorological forcing for 1985–
1996 with flux corrections applied.

2.2 Model assessment

Before proceeding to any further, we check whether
the model gives a reasonable simulation of the real In-
dian Ocean. A comprehensive study for comparing the
results of this model with observations was made by
Hu (2003), so here only the comparison of the annual
mean cross equator flow of the Indian Ocean is given
(Fig. 1). As shown in the figure, the flow pattern from
the model is basically close to that from Simple Ocean
Data Assimilation (SODA) (Carton et al., 2000) data.
For example, the deep northward west boundary cur-
rent and southward flow at a depth of about 50–100
m in the interior with larger magnitude in the west-
ern part are all similar. This means the model re-
produces the structure of the cross equator flow well.
This model also gives good simulations of SST, mixed
layer depth, and horizontal ocean current, etc. (Hu,
2003), despite the relatively low resolution (figures not
shown). So the results from the model are credible. In
the next section, we will first analyze the climatology
and interannual variability of the shallow meridional
overturning cell in the northern Indian Ocean, then in-
vestigate the possible control mechanism and the links
to the meridional heat transport across the equator, all
based on the model’s outputs.

3. Analysis

3.1 Climatology

The meridional overturning streamfunction is a



222 SHALLOW MERIDIONAL OVERTURNING CIRCULATION IN THE NORTHERN INDIAN OCEAN VOL. 22
 

   

  Fig. 1: Annual mean meridional velocity (m/s) (north is positive) across equator of the Indian Ocean. (a) from 

model; (b) from SODA.  

 
 
 

 
 

   Fig. 2: Meridional overturning streamfunction (Sv) of (a) February, (b) August and (c) annual mean. 
 

 

 21

Fig. 1. Annual mean meridional velocity (m s−1) (northward is positive) across the equator in the
Indian Ocean. (a) from the model; (b) from SODA.

useful tool to study the meridional overturning cir-
culation in the northern Indian Ocean. It can be well
defined north of 7◦S (a southernmost latitude at which
the northern Indian Ocean can be regarded as a half-
closed basin; it is also a latitude just north of the
northern tip of the entry of the Indonesian Through-
flow to the Indian Ocean). To get a better understand-
ing of the interannual variability of the meridional
overturning streamfunction, its climatology needs to
be described first. Figure 2 gives the results for Febru-
ary, August, and annual mean north of this latitude
(7◦S). The value in each figure at any depth and lati-
tude represents the total mass transport to the north
above this depth across this latitude, so the zonal mean
flow direction can be identified.

The meridional overturning streamfunction for
February (Fig. 2a) shows that the flow is northward in
the upper 220 m across 7◦S. For flow between 120 m
and 220 m, it moves upward to about 5◦S, then down-
wells just south of the equator and flows southward
across 7◦S at the depth of 420 m–700 m. McCreary
et al. (1993) first identified this cell from their model
and called it the tropical cell; Schott et al. (2002) also
demonstrated that an upwelling zone around 5◦S ex-
ists in boreal winter. For flow above 100 m, it moves
northward, then downwells at about 3◦S to about
50 m–100 m, then upwells near the equator and contin-
ues to move northward again, it sinks to great depth
and flows southward out across 7◦S at depths greater
than 800 m. It is noteworthy that, in the upper 50 m
near the equator, there is an anticlockwise cell with an

upper branch flowing southward and a northward com-
pensation flow beneath it. Wacongne and Paconowski
(1996) first identified this cell in their model and it is
now called the equatorial roll (Schott and McCreary,
2001); Miyama et al. (2003) explored the dynamics of
this cell; Schott et al. (2002) verified the existence of
this cell and further proved that it has little effect on
the meridional heat transport due to its shallow depth.

The meridional overturning streamfunction for Au-
gust (Fig. 2b) shows that the southward Ekman flow
dives below the surface across the equator and con-
tinues to move across 7◦S. At 7◦S, there is a very
deep northward compensation flow below 70 m.This
flow downwells at about 7◦S with depth of 200 m to
400 m. After crossing the equator, it upwells and ul-
timately moves southward in the Ekman layer south
of 25◦N. The downwelling between 10◦N and 15◦N at
depths of 100 m to 600 m is related to the salty out-
flow from the Red Sea. The equatorial roll direction is
opposite to that in February, with northward surface
flow and southward flow beneath it. Besides these, it
is noteworthy that the flow between 75 m and 250 m
is always northward in both seasons, whereas the flow
shallower than 75 m or deeper than 250 m experiences
seasonal reversal. This is consistent with the results
of Schott et al. (1990), who observed the similar char-
acteristics in two observational surveys of the Somalia
current conducted in 1984 and 1986.

The annual mean meridional overturning stream-
function (Fig. 2c) shows that three cells are apparent
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Fig. 2. Meridional overturning streamfunction (Sv=106 m3 s−1) of (a) February, (b) August, and
(c) annual mean.

in this figure. In the first cell, flow enters the basin
across 7◦S between 220 m and 80 m, flows northward,
apparently only to the equator, and returns south-
ward in the Ekman layer. The second cell—referred
to the “Red Sea cell” (J. S. Godfrey, personal commu-
nication, 2003)—is associated with the entrainment of
dense, salty water flowing out of the Red Sea; it sinks
at the mouth of the Red Sea and flows out south-
ward across the equator between 600 m and 1000 m.
The third cell is the equatorial cell mentioned above,
which is quite similar with that occurring in August.
It should be pointed out that the “Red Sea cell” (J. S.
Godfrey, personal communication, 2003) that hardly
be successfully simulated by others is consistent with
observation (J. S. Godfrey, personal communication,
2003).

The climatological meridional overturning stream-
function patterns above can be explained qualitatively
by the wind stress distributions. To illustrate this, Fig.
3 shows the climatological wind stress north of 20◦S
for February, August, and annual mean. It is obvious
that, in February, the northeast monsoon is dominant
in the northern Indian Ocean; this wind converges with
the southeast trade wind near 10◦S. In August, the
trade wind across the equator turns into the southwest
wind that ultimately reaches the Asian continent. The
annual mean wind stress shows a similar pattern with
the summer monsoon, that is, being easterly (westerly)
south (north) of the equator. This implies that there

is southward (northward) Ekman transport on both
sides of the equator in August and the annual mean
(February). This scenario is consistent with the clima-
tological meridional overturning streamfunction (Fig.
2). As for the equatorial roll (Schott and McCreary,
2001), it is related to the meridional component of the
wind stress, which is northward (southward) in August
and the annual mean (February), since the Coriolis pa-
rameter is quite small near the equator.

3.2 Interannual variability

The northern Indian Ocean experiences large in-
terannual variability. For brevity, only the analysis of
the interannual variability of the meridional overturn-
ing streamfunction is given. Furthermore, a majority
of the analyses are focused on the intercomparison be-
tween 1989 and 1991—two years which are quite dif-
ferent in this variable.

Figure 4 shows the meridional overturning stream-
function anomaly, for February (left panel), August
(middle panel) and annual mean (right panel) in 1989.
Figure 5 is the same as Fig. 4 except it shows the year
1991. In February, the biggest difference between 1989
and 1991 is that, in 1989, anomalous upwelling occurs
between 3◦N and 13◦N from 1000 m to 300 m which
then moves downwards near the equator. Besides this,
in 1991, there is stronger northward (anomalous) flow
below 200 m but weaker flow in the upper 100 m.



224 SHALLOW MERIDIONAL OVERTURNING CIRCULATION IN THE NORTHERN INDIAN OCEAN VOL. 22 
 

 
Fig. 3. Wind stress (N m-2) of (a) February, (b) August, and (c) annual mean, based on FSU 

wind stress, for the tropical Indian Ocean. 
 
 

 

 
Fig. 8. Anomaly of annual mean wind stress (N m-2) for (a) 1989 and (b) 1991. 
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Fig. 4. Meridional overturning streamfunction anomaly (Sv) for (a) February, (b) August, and (c)
annual mean of 1989.

The meridional overturning streamfunction in Au-
gust shows a more obvious difference between 1989
and 1991. In August of 1989, the (anomalous) north-
ward flow crosses 7◦S below 100 m and downwells to
800 m at 5◦S, then upwells to about 80 m between 0◦N
and 7◦N, then moves southward in the Ekman layer to
cross 7◦S. Meanwhile, there is northward flow between
200 m and 800 m between 0◦N and 18◦N, which down-
wells at about 18◦N. In August of 1991, the Ekman
(anomalous) flows move northward becoming south-
ward and downward south of 5◦N. At the same time,
water upwells between 5◦N and 25◦N at great depth.
It moves southward between 100 m and 800 m, then
downwells south of 2◦N. The nearly opposite distri-
bution for 1989 and 1991 is representative of the sig-
nificant interannual variability in the northern Indian

Ocean.
The anomalies of the annual mean meridional over-

turning streamfunction for 1989 and 1991 are shown
in Figs. 4a and 5a, respectively. A roughly opposite
distribution can be seen. In 1989, there is anomalous
northward inflow below 100 m across 7◦S and anoma-
lous southward outflow above this depth. The water
upwells north of 5◦N and returns southward at a depth
of 100 m across 7◦S. In 1991, the anomalous northward
Ekman flow crosses 7◦S, sinks north of 5◦N and returns
southward across 7◦S below 100 m.

The anomalous flow patterns given above indicate
a stronger (weaker) shallow meridional overturning cir-
culation in 1989 (1991), for February, August and the
annual mean.
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 Fig. 5: Same as Fig. 4, but for year 1991. 

 

 

 

 
 

 Fig. 6: Anomaly of annual mean meridional overturning streamfunction (Sv), averaged of 5oN and 5oS. 
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Fig. 5. Same as Fig. 4, but for the year 1991.
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Fig. 6. Anomaly of annual mean meridional overturning

streamfunction (Sv), averaged between 5◦N and 5◦S.
 

      
 
Fig. 7: Anomaly of annual mean meridional overturning streamfunction (Sv) at depth of 400m on the equator. 

 

 

 

 

 

 

Fig. 8: Anomaly of annual mean wind stress (N m-2) for (a) year 1989 and (b) year 1991. 
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Fig. 7. Anomaly of annual mean meridional overturning

streamfunction (Sv) at depth of 400 m on the equator.

To illustrate further the interannual variability of
the shallow meridional circulation, the anomaly of the
meridional overturning streamfunction averaged over
5◦N and 5◦S is calculated. For brevity, only the an-
nual mean anomaly is shown here (Fig. 6). An interan-
nual variability with a period of about four years can
be clearly seen. Besides this, from the climatological
annual mean streamfunction (Fig. 2a), we also know
that the meridional circulation is stronger in 1989 than
in 1991. In 1989, the meridional overturning stream-
function shows a negative anomaly in the upper
100 m and a positive anomaly below this depth, im-
plying stronger southward flow in the upper layer and
stronger northward flow in the deeper layer. The op-
posite phenomenon occurs in 1991, showing a weaker
overturning circulation. It should be pointed out that
such conclusions also hold for February and August
(figures omitted).

Figure 7 shows the anomaly of the annual mean
meridional overturning streamfunction at a depth of
400 m on the equator. Interannual variability with
a period of about four years can also be seen. Of
course, more (and longer) data is needed to confirm
this period. The years 1989 and 1991 show the largest
difference with negative anomaly in 1989 and positive
anomaly in 1991. This can explain why we chose these
two years for comparison (which can be seen from
Fig. 6). The conclusions are similar for February and
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August (figures omitted) and both are consistent with
that of Fig. 6. Such a quantity can be regarded as an
index of the variability of the shallow meridional over-
turning circulation in the northern Indian Ocean. It
should be mentioned that the results are quite similar
if the depth is taken as another value (e.g., 100 m or
200 m, figures not shown).

In the next section, we will investigate the dynam-
ics that determines the interannual variability of the
meridional overturning streamfunction.

3.3 Control dynamics

The region north of 7◦S in the Indian Ocean can
be regarded as a half-closed basin, so the total merid-
ional mass transport across any latitude section north
of this latitude (7◦S) must be zero to conserve mass.
The upper ocean is strongly related to Ekman trans-
port with equal compensating flow in the opposite di-
rection, so the meridional overturning streamfunction
should be intimately related to that of the surface wind
stress. This postulate was supported in the climato-
logical case, as discussed in Section 3.1.

The relationship between the anomalous wind
stress and anomalous meridional overturning stream-
function is also very clear. For brevity, only the wind
anomalies for the annual means of 1989 and 1991 are
given here (Fig. 8). It is evident that the wind stress
anomaly is opposite in most regions north of 20◦S (e.g.,
the band between 10◦N and 10◦S), implying an oppo-
site Ekman transport (anomaly) between these two
years. In 1989, a southward Ekman transport dom-
inates, whereas in 1991 a northward one dominates.
Mass conservation requires (deeper) northward inflow
in 1989 and (deeper) southward outflow in 1991, lead-
ing to the opposite direction of the shallow merid-
ional overturning circulation (anomaly) as shown in
the right panels of Fig. 4 and Fig. 5. Opposite Ekman
transports (anomalies) also appear in February and
August when we compare 1989 with 1991 (figures not
shown), which is again consistent with the patterns of
the shallow meridional overturning circulation anoma-
lies of these two months (left and middle panels in Fig.
4 and Fig. 5).

To quantitatively illustrate the relationship be-
tween the meridional circulation and wind stress, total
meridional Ekman transport is calculated. Since the
Ekman transport degenerates near the equator, only
regions poleward of 4◦N/S are involved. The result for
the anomaly of the annual mean total meridional Ek-
man transport averaged over 5◦N and 5◦S displays a
very obvious difference between 1989 and 1991 (figure
not shown). In 1989, there is large negative Ekman
transport anomaly whereas a large positive one ap-
pears in 1991, indicating a larger southward Ekman

transport in the former year and a smaller one in the
latter. This scenario is consistent with previous results
(Figs. 6 and 7). The purpose in computing such an av-
erage (5◦N and 5◦S) is to get the total meridional Ek-
man transport across the equator indirectly. This can
also explain why we calculate a two-band mean (5◦N
and 5◦S) of the meridional overturning streamfunction
anomaly as shown in Fig. 6. The largest discrepancy
between the Ekman transport anomaly and the merid-
ional overturning streamfunction anomaly (Fig. 7) oc-
curs in 1994, a year of an identified dipole event in the
tropical Indian Ocean (Saji et al., 1999). The cause
needs to be further explored. A possible reason is that
the streamfunction at a depth of 400 m on the equator
(Fig. 7) actually indicates the strength of the cross-
equatorial part of the shallow meridional overturning
circulation, whereas the total meridional Ekman trans-
port in 1994 mentioned above reflects the non-cross-
equatorial meridional overturning circulation in that
year. It is well known that a strong easterly appears
on the equator of the eastern Indian Ocean in 1994,
which means strong upwelling exists on the equator as
in the Pacific or Atlantic. This equatorial upwelling
forms the non-cross-equatorial cell—referred to as the
eastern branch of the Subtropical Cell (Miyama et al.,
2003) of the Indian Ocean. If we take the streamfunc-
tion at a depth of 70 m at 5◦S (or 7◦S) and the to-
tal meridional Ekman transport across this latitude as
two indices to represent the strength of this subtropi-
cal cell, then we can see that such indices show exactly
the same variability pattern (figures not shown). So
in all, the tight relationship between the meridional
overturning streamfunction and wind stress is with-
out doubt, that is, the interannual variability of the
shallow meridional circulation is mainly determined
by that of the surface wind stress. This is also true
for the climatological case.

3.4 Significance in climate

One of the uniquenesses of the northern Indian
Ocean is the existence of a strong meridional heat
transport variation associated with the seasonal rever-
sal of the monsoon. Loschnigg and Webster (2000)
pointed out that the amplitude of the SST variabil-
ity is much smaller than the one determined by net
surface heat flux alone, implying the important role of
meridional heat transport on the heat budget and SST
in the northern Indian Ocean, which was also demon-
strated by Godfrey et al. (1995, 2001).

The meridional heat transport Q across the equa-
tor is calculated by

Q = ρcp

∫ Xe

Xw

∫ 0

−H

(V T )0oNdxdz
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Fig. 9. Anomaly of annual mean meridional heat trans-

port (PW) across the equator (dashed) and time rate of

annual mean temperature averaged over north of the equa-

tor in the Indian Ocean (units: ◦C yr−1) (solid).

where ρ and cp are the density and heat capacity of sea
water, V and T the meridional velocity and potential
temperature, Xw and Xe are related to the western
and eastern boundary on the equator of the Indian
Ocean, and H is the depth of the ocean.

The dashed line in Fig. 9 shows the anomaly of an-
nual mean meridional heat transport across the equa-
tor (Q). A period of roughly four years can also be
seen. In 1989, there is a negative anomaly of heat
transport with a value of about –0.15 PW (1 PW=
1015 W), whereas in 1991, the anomaly is opposite with
a value of about 0.12 PW. This means more (less) heat
is transported southward across the equator in 1989
(1991) since the annual mean meridional heat trans-
port across the equator is about –0.125 PW (south-
ward). Interestingly, the anomaly of heat transport
in 1994, a dipole year in the tropical Indian Ocean

(Saji et al., 1999), is quite small which is contrary to
the quite large anomaly of Ekman transport (figure
not shown). It should be pointed out that the value
does not show marked change if the depth of integra-
tion is chosen at an intermediate level (about 1000 m)
instead of H (figures not shown), implying the impor-
tance of the upper ocean in the variation of the total
heat transport.

The solid line in Fig. 9 shows the time rate of an-
nual mean SST averaged over the area north of the
equator in the Indian Ocean. It is obvious that the
distribution of the extremum in this figure is quite
close to that in Fig. 7 or the dashed line in Fig. 9, in-
dicating that the variability of the shallow meridional
overturning circulation is closely related to the varia-
tion of SST in the northern Indian Ocean. This can
explain again why we chose years 1989 and 1991 for
comparison. The larger discrepancy in 1987/1988 may
be due to the short integration time from the start.

Again for brevity, the analysis of February or Au-
gust is omitted here.

The purpose in calculating meridional heat trans-
port across the equator is not to investigate its dynam-
ics (e.g., Fanning and Weaver, 1997) but to emphasize
its importance in the climate of the northern Indian
Ocean (e.g., Hu, 2003). It is more important that
the similarity between the two lines in Fig. 9 and Fig.
7 implies that the anomaly of meridional heat trans-
port across the equator and the time rate of SST av-
eraged over north of the equator can be regarded as
two other indices that describe the interannual vari-
ability of the shallow meridional circulation (its cross-
equatorial part) in the northern Indian Ocean, besides
the one defined in section 3.2. Another candidate for
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the index would be related to the wind stress, but we
would need to elaborate on the choice. Obviously, the
advantage of the indices associated with SST (wind)
is that they are convenient for practical use.

A detailed analysis of the dynamics of the merid-
ional heat transport and its role in the heat budget
will appear in another paper.

4. Summary

The shallow meridional overturning circulation in
the northern Indian Ocean and its interannual variabil-
ity are studied using the output from an ocean global
circulation model that gives good simulations of the
real Indian Ocean. The main results are as follows:

(1) The shallow meridional overturning circulation
shows a prominent seasonal reversal characteristic. In
winter (February), the flow is northward in the upper
layer, it sinks in the Indian Ocean north of the equa-
tor and returns southward at great depth. In summer
(August), the northward inflow at great depth upwells
north of the equator and returns southward in the Ek-
man layer. In the annual mean, the northward in-
flow (across 7◦S) returns by two branches, one upwells
and returns southward in the Ekman layer, the other
sinks near 10◦N and returns southward at great depth
(and is called the “Red Sea cell”). An equatorial roll,
confined near the equator and within the mixed layer
depth, with a direction opposite to the Ekman trans-
port, can be seen in all cases.

(2) There is significant interannual variability in
the shallow meridional overturning circulation. The
anomalous flow patterns indicate a stronger (weaker)
shallow meridional overturning circulation in 1989
(1991), in February, August and the annual mean. Be-
sides this, a variability with a period of about four
years seems to exist.

(3) The interannual variability in the shallow
meridional overturning circulation is intimately re-
lated to the interannual variability in surface wind
stress.

(4) Several indices that can be used to describe the
interannual variability of the shallow meridional cir-
culation associated with the cross-equatorial part are
proposed. One is the meridional overturning stream-
function at a depth of 400 m on the equator; the second
is the meridional heat transport across the equator; the
third is the time rate of SST averaged over north of
the equator. Considering both the accuracy and the
convenience of use, we recommend the first one, i.e.,
the meridional overturning streamfunction at a depth
of 400 m on the equator, as the best index.

It should be pointed out that there are many unre-
solved questions regarding the shallow meridional cir-

culation in the Indian Ocean. For example, the three
dimensional pathways of this circulation and its vari-
ability, as well as the dynamics involved, need to be
investigated in detail.
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