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Abstract. The output of the global eddy-resolving 1/4 ø ocean model of Semtner/Chervin 
(run by the Naval Postgraduate School, Monterey, California) has been used to study the 
oceanic temperature and heat flux in the Indian Ocean. The meridional heat flux in the 
northern Indian Ocean is at the low end of the observed values. A vertical overturning 
cell in the upper 500 rn is the main contributor to the annual mean meridional heat flux 
across 5øS, whereas the horizontal gyre circulation, confined to the upper 500 m, dominates 
north of the equator. The change of monsoon winds is manifested in a reversal of the 
meridional circulation throughout the whole water column. The most notable result is 
a strong linear relationship of the meridional temperature flux and the zonal wind stress 
component north of 20øS. The model's Pacific-Indian Ocean throughflow across the section 
at 120øE accounts for-8.8 -+- 5.1 Sv (1 Sv=10 • m a s-•). A strong interannual variability 
during the model run of 3 years shows a maximum range of 12 Sv in January/February and 
a minimum during March through June. The inflow from the Pacific into the Indian Ocean 
results in a total annual mean temperature flux of-0.9 PW (1 PW--10 •s W). In the model 
the temperature flux from the Pacific through the Indian Ocean to the south dominates in 
comparison with the input of solar heat from the northern Indian Ocean. 

Introduction 

The different solar heating at the poles and the equator 
requires a meridional heat flux from low to high latitudes 
to maintain a steady state in which the local mean temper- 
ature remains constant. In that way the variability of the 
meridional heat flux and the radiation budget are fundamen- 
tal to the Earth's climate. Although earlier works attribute 
the major contribution to the meridional heat flux to the 
atmosphere [Bjerknes et al., 1933; Sverdrup et al., 1942], 
more recent papers [Carissimo et al., 1985; Trenberth and 
Solomon, 1994] indicate that in the global mean the trans- 
port occurs in about equal parts through the atmosphere and 
the oceans. 

The importance for the Earth's climate has served as one 
motivation for developing several different methods to cal- 
culate the oceanic heat flux. Bryden and Hall [1980] de- 
scribed a method for meridional heat flux estimation, which 
uses observational data of one transoceanic hydrographic 
section, direct measurements in the western boundary cur- 
rent, and a wind stress climatology for the Ekman trans- 
port to calculate the different components of the meridional 
heat flux. They made use of the fact that the vertically inte- 

current occurs. It thus eludes the classical problem of the 
unknown reference velocity. Another way to deal with that 
problem is the inverse method, which has been introduced to 
oceanographic transport calculations by Wunsch [1977]. 

Besides these "oceanographic" methods there is another 
group of "atmospheric" methods, which compute the mean 
oceanic heat flux divergence as the residual of the sea surface 
flux. For seasonal analysis the oceanic heat content change 
has to be taken into consideration too. Meridional integra- 
tion of the sea surface flux divergence and the oceanic heat 
content change between lateral boundaries yields the merid- 
ional heat flux for individual ocean basins. Hsiung et al. 
[1989] estimated sea surface fluxes from bulk formulas, us- 
ing climatological data for all three oceans; Hastenrath and 
Greischar [ 1993] did this calculation for the Indian Ocean. 
A second meteorological method is to calculate the oceanic 
heat transport as the residual from the atmospheric heat 
transport divergence and the radiation budget at the top of 
the atmosphere, as was first demonstrated by Carissimo et al. 
[ 1985]. In a recent application of that method, Trenberth and 
Solomon [ 1994] calculated the oceanic heat flux by combin- 
ing top-of-the-atmosphere radiation data from the Earth Ra- 

grated potential temperature is nearly constant along a zonal diation Budget Experiment (ERBE) of the year 1988 with 
transoceanic section, making the heat transport independent European Centre for Medium-Range Weather Forecasts 
of where the barotropic return flow of the western boundary (ECMWF) atmospheric data. 

Although all of these methods have gained further so- 
phistication since they were introduced, there still remain 

Copyright 1997 by the American Geophysical Union. significant uncertainties. Ocean general circulation models 
Paper number 97JC01585. (OGCMs) offer another independent opportunity to estimate 
0148-0227/97/97JC-01585509.00 the oceanic heat flux. Bryan and Lewis [1979] were the 
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first to calculate the meridional oceanic heat flux from an 

OGCM and to determine the role of the meridional overturn- 

ing process involved with it. Since then a number of increas- 
ingly realistic numerical models, both basin and global scale, 
have been applied to yield heat flux estimates. Most of the 
model analyses have focused on the North Atlantic Ocean 
[e.g., Sarmiento, 1986; BOning and Herrmann, 1994]; some 
have focused on the global scale [e.g., Semtner and Chervin, 
1992; Covey, 1995]. Only recently has the focus turned to 
the Indian Ocean. Wacongne and Pacanowski [1996] deter- 
mined the annual cycle and the mechanisms of the merid- 
ional heat flux from a tropical Indian Ocean primitive equa- 
tion model. The annual mean heat flux in the Indian Ocean 

was investigated by Lee and Marotzke [1997], using the ad- 
joint of an OGCM. 

The present study investigates the oceanic heat flux in the 
Indian Ocean from the output of a global eddy-resolving 
ocean circulation model with a mean grid spacing of 1/4 ø, 
which is an advanced version of the model of Semtner and 

Chervin [1988, 1992]. In the next section there is a brief de- 
scription of the model output and the methods used for this 
computation. The following three sections deal with the an- 
swer to these questions: Does the model's heat flux resemble 
the values obtained by other methods? How does the vari- 
ation of the monsoon winds alter the meridional heat flux, 
and what is the mechanism of heat flux in the model? How 

does the Pacific-Indian Ocean throughflow influence the In- 
dian Ocean? The last section gives a summary together with 
a discussion of some of these topics. 

Model and Data Analysis 

The calculations are based on the data output of a global 
eddy-resolving ocean model (Parallel Ocean Climate Model) 
provided courtesy of A. J. Semtner (Naval Postgraduate 
School, Monterey, California). The model is a further de- 
velopment of the model described by Semtner and Chervin 
[ 1988, 1992]. It is sometimes called the Bryan-Cox-Semtner 
ocean model to describe the development from its origin 
published by Bryan [1969] and Cox [1975]. It is a three- 
dimensional primitive equation ocean model on a Mercator 
grid with a mean grid spacing of 1/4 ø. The integration over 
a period of 5 years uses the output of preceding model runs 
with 1/2 ø grid spacing covering 33 years. Monthly mean 
values of the horizontal velocity components, salinity and 
potential temperature from the last 3 years of the integra- 
tion, representing the period 1987-1989, were used in this 
analysis. For the Indian Ocean area selected (see Figure 1) 
there is an effective grid spacing of about 0.4 ø . The model is 
capable of resolving mesoscale eddies because of the dense 
grid point coverage and the application of a scale-dependent 
horizontal biharmonic friction term. The thickness of the 

20 vertical layers varies from 25 m near the surface up to 
550 m at depth, where the deepest layer reaches down to 
5200 m. The surface layer was driven by monthly mean val- 
ues of wind stress analyzed by the ECMWF covering the pe- 
riod 1987-1989. At the surface a relaxation with a timescale 

of 1 month forces temperature and salinity to climatological 

values [Levitus, 1982], simulating the sea surface fluxes of 
energy and fresh water. A further relaxation occurs at the 
borders of the model, south of 65øS and north of 55øN, as 
well as at the Straits of Gibraltar in the Atlantic. Below the 

main thermocline, temperature and salinity were prognos- 
tic. This situation differs from preceding model versions, in 
which relaxation to climatology has been applied at depth 
greater than 700 m. 

Figure 2 gives an example of the qualitatively good per- 
formance of the model, here depicted for the surface cir- 
culation. Monthly mean values of the surface velocity are 
shown for January 1989 (Figure 2a) and July 1989 (Fig- 
ure 2b) to illustrate the tremendous changes of the current 
structure from the NE to the SW monsoon. Large-scale 
features such as the year-round South Equatorial Current 
(SEC), the reversing Northeast/Southwest Monsoon Current 
(NMC/SMC) south of Sri Lanka [e.g., Schott et al., 1994], 
the reversal of the Somali Current (SC), and the South Equa- 
torial Countercurrent (SECC) are present in the model. The 
development of the two-gyre system off Somali during the 
SW monsoon [e.g., Schott, 1983] seems to be represented in 
the model; it consists of the Southern Gyre (SG) near the 
equator and the Great Whirl (GW) north of it. On the other 
hand, the gyre south of the equator at the western bound- 
ary during the NE monsoon is not supported by observations 
[e.g., Swallow et al. , 1991 ]. 

Temperature flux Qo as used in this paper is defined as the 
integral throughout the whole water column, 

Qo -- Cpp // Ocr dxdz 
where Cp is the specific heat of sea water at constant pres- 
sure, p is the density of sea water, 0c is the potential tem- 
perature in degrees Celsius, v is the across-section velocity 
component, x is the direction along the section, and z is the 
vertical direction. Here, Cpp was taken to be the constant 
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Figure 1. Map of the Indian Ocean in the model. The lines 
indicate the sections across which the fluxes have been cal- 
culated. Note that the Sunda Strait between Java and Suma- 

tra (at 105øE, 6øS) is open in the model. 
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Figure 2. Monthly mean surface currents of the model during (a) NE monsoon (January 1989) and (b) 
SW monsoon (July 1989). Currents less than 20 cm/s have been omitted. Additionally, only each second 
value is shown. The abbreviations are explained in the text. 

value 4x 106 J kg -1 K -1, since cp(S, T,p - 0) is about 
or even less than 4000 J kg -1 K -1 in most places of the 
ocean and p is slightly above 1000 kg m -3. To calculate the 
meridional temperature flux, a basin-wide integration was 

conducted along the sections shown in Figure 1. Positive 
values indicate northward or eastward fluxes depending on 
the orientation of the section. In the model, diffusive temper- 
ature fluxes are small in comparison with advective temper- 
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ature fluxes, as McCann et al. [ 1994] show for the preceding 
model version. 

It is important to bear in mind that the temperature flux 
defined this way is not equal to the heat flux, i.e., the effec- 
tive transported energy. Only in the case of zero net volume 
flux through the section of integration is this value equal to 
the total amount of energy transported through this section 
[Bryan, 1962]. Zonal sections across the closed basin north 
of 5øS have nearly zero mean volume flux on a monthly ba- 
sis. The zonal sections south of this latitude and the merid- 

ional section in the Indonesian passage at 120øE have a net 
volume flux due to the lateral inflow from the Pacific (Fig- 
ure 1). 

The Pacific-Indian Ocean throughflow would only allow 
presenting the stream function of the meridional volume 
transport for the sector north of the Indonesian passage. To 
offer an approximate stream function for the southern sector, 
the Pacific-Indian Ocean throughflow has been subtracted 
south of 10øS to obtain a nondivergent transport field. It 
is assumed that the lateral inflow spreads along the model 
layers with no net exchange between the layers. In the fol- 
lowing it has to be kept in mind that the stream function is 
not exact south of 10øS. 

A common, although formal, decomposition is to divide 
the circulation into a horizontal gyre component and a ver- 
tical overturning component [e.g., Bryan and Lewis, 1979]. 
The heat flux per unit depth of the horizontal cell Qh is given 
as 

(•h(2;) -- Cpp / (V -- {•))(0 -- (0}) dx 
C(z) 

where L(z) is the width of the section in a depth z and angle 
brackets denote mean values of properties along the section 
at depth z. With the use of this definition the volume flux 
of the horizontal cell is exactly zero at any depth; hence the 
integral describes the transported energy per unit depth of 
the horizontal cell. The heat flux of the overturning cell Qv 
is given as 

Ov -- Qo -Qh -- Cpp / (v)(O}L(z) dz 
The integration takes place over depth ranges with no net 
volume flux to obtain the effective transported energy. 

The Ekman contribution to the meridional temperature 
flux Qekrn is defined here by the basin-wide integral 

Qekm -- -- / T(x) - --•'-- Cp ( Osurf -- O) dx 
where r (x) is the zonal mean of the zonal wind stress com- 

ponent, f is the Coriolis parameter, 0surf is the potential tem- 
perature of the model's surface layer (0-25 m), 0 is the aver- 
age temperature of the section, and x is the eastward direc- 
tion. The wind stress was taken from the ECMWF analysis 
for the years 1987-1989. The integral has been computed 
for every single month of these years and was averaged af- 
terward. This definition assumes that the Ekman transport 
is compensated by a barotropic current at section mean tem- 
perature. 
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Figure 3. Annual mean meridional heat flux in the model 
(1987-1989) compared with values obtained from climato- 
logical data used in bulk formulas by Hastenrath and Grei- 
schar [1993] and Hsiung [1985]. Trenberth and Solomon 
[ 1994] used top-of-the-atmosphere radiation data of the year 
1988 together with atmospheric data from the ECMWF 
model. The curve of Wacongne and Pacanowski [1996] is 
from a primitive equation model of the Indian Ocean. Nega- 
tive values indicate heat flux to the south. 

Meridional Heat Flux in the Northern Indian 

Ocean 

The annual mean meridional heat flux of the Indian Ocean 

north of 5øS is shown in Figure 3. Model results are com- 
pared to those of Hastenrath and Greischar [ 1993] and Hsi- 
ung [1985], who used climatological data from marine ob- 
servations and bulk formulas in their analysis. Trenberth and 
Solomon [1994] used atmospheric data of the year 1988 for 
their calculations. Heat fluxes from a Geophysical Fluid Dy- 
namics Laboratory (GFDL) model implementation for the 
Indian Ocean are investigated by Wacongne and Pacanowski 
[ 1996]. The model's meridional heat flux is at the lower end 
of the published values, with the lowest cross-equatorial heat 
flux of- 0.18 PW. The results of Wacongne and Pacanowski 
[ 1996] and Trenberth and Solomon [ 1994] show good agree- 
ment with the model's heat flux near the equator, but Tren- 
berth and Solomon [ 1994] found an unusual northward heat 
flux at 10ø-20øN. The model's southward heat flux decreases 

slightly at 5øN, an occurrence that seems unrealistic in com- 
parison with the estimates of all other methods. 

During the year the heat flux changes its sign by transport- 
ing heat to the winter hemisphere. Figure 4 shows the latitu- 
dinal distribution of the annual cycle of the heat flux for the 
northern Indian Ocean in the model (Figure 4a) in compari- 
son with the results of Hastenrath and Greischar [ 1993] (b) 
and in comparison with the results of Hsiung et al. [1989] 
(c). All distributions show a prevailing annual harmonic. 
The agreement in magnitude and phase is very good in the 
north and decreases to the south. Between April/May and 
October/November the model transports heat to the south 
in the whole northern Indian Ocean nearly independently of 
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Figure 4. Mean annual cycle of meridional heat flux (a) in 
the model (1987-1989), (b) from climatological data after 
Hastenrath and Greischar [1993], and (c) after Hsiung et 
al. [1989]. Values are given in PW. Shaded areas indicate 
positive values, i.e., northward heat flux. 

latitudes the length of the period of southward heat flux is 
longer in the climatological results than in the model. Sec- 
ond, the northward heat flux in boreal winter is stronger in 
the model than in the climatological results. 

Mechanism of the Meridional Temperature 
Flux in the Northern Indian Ocean 

The ocean is driven by two mechanisms, thermohaline 
convection and wind stress acting on the sea surface. Here 
we investigate the role of the wind stress in causing model 
heat flux variability. Figure 5 shows the correlation of the 
meridional temperature flux and the zonal mean of the zonal 
wind stress component. Each data point represents 1 month 
of the years 1987-1989. A linear regression analysis has 
been performed separately at each zonal section. Examples 
are shown together with the standard deviation of the dis- 
tance of the data points in the •t direction from the fitted line 
for the latitudes 10øN, 10øS, and 30øS. The different sym- 
bols used for single years indicate no uniform trend of an 
anomalous zonal wind stress component in a single year. 
One exception is the South Indian Ocean at 30øS, where 

-0.1 

latitude. In contrast, climatological values show an increas- =, 
ing length of the period of southward heat flux toward lower • 0 
latitudes, which at 5øS covers almost three fourths of the • 
year and lasts from March through November/December. In • 
a general agreement the maximum of southward heat flux -2 
takes place in June/July in the north. In the model the max- 

-o.i 

imum at the equator appears in August, 3 months later than 
it does in the results of Hsiung et al. [1989]. As a unique 

feature, Hastenrath and Greischar [1993] found two local • • 
maxima of southward heat flux near the equator in May/June • 
and August/September. The difference between the two cli- •. o 
matologies of Hastenrath and Greischar [ 1993] and Hsiung E 
et al. [1989] arises from the partly differing data sets of ma- 6 -4 
rine surface observations (subsurface data are the same in = 
both studies) and the different data processing. While Has- -2 
tenrath and Greischar [1993] take the transfer coefficient in -o. 
the bulk formulas to be constant, it is a function of wind 
speed and atmospheric stability in the work of Hsiung et al. 
[1989]. 

Overall the annual mean model heat flux to the south is 

less intense at low latitudes in comparison with climatolog- 
ical values for at least two reasons. First, the magnitude of 
southward heat flux is similar in all three pictures, but at low 
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Figure 5. Correlation of the zonal mean zonal wind stress 
component with the meridional temperature flux at 10øN, 
10øS, and 30øS. Each data point is the average value of 1 
month, where crosses denote data of 1987, pluses denote 
data of 1988 and open circles denote data of 1989. The lin- 
ear fit is drawn together with the standard deviation (dotted 
line). 
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Table 1. Data Related to the Linear Regression Analysis 

Latitude Qo, PW a, PW b, PW/N m -2 r rr, PW 

20 ø N - 0.03 0.03 -4.48 - 0.89 0.04 
15øN -0.09 0.03 - 7.54 -0.91 0.14 
10øN -0.13 0.12 - 13.32 -0.96 0.19 
5 ø N - 0.12 0.25 - 27.91 - 0.90 0.41 

EQU -0.18 ............ 
5øS -0.31 0.30 62.98 0.88 0.52 

10 ø S - 0.43 0.75 35.86 0.98 0.20 
15 ø S - 1.14 0.90 40.56 0.96 0.31 
20 ø S - 1.07 0.85 38.65 0.91 0.29 
25øS -0.93 -0.03 19.19 0.66 0.31 
30øS -0.91 -0.79 7.01 0.50 0.30 
35øS -0.96 - 1.13 5.28 0.69 0.22 

Annual mean oceanic meridional temperature flux of the years 1987-1989, Qo' the coefficients of the linear fit 
a + br (x) - •o; the correlation coefficient of the meridional temperature flux and the zonal mean of the zonal wind 
stress component, r; the standard deviation of the monthly mean meridional temperature fluxes from the fitted line, 
rr. EQU, equator. 

there was an anomalous zonal wind stress to the east in the 

boreal summer of 1988. This can be seen in the bottom panel 
of Figure 5, where a few plus symbols representing months 
of boreal summer 1988 indicate positive zonal wind stress, 
while the majority of symbols from other years is clustered 
at negative zonal wind stress values, indicating that zonal 
wind stresses are typically directed to the west at 30øS. 

The results of this linear regression analysis are summa- 
rized in Table 1. North of 20øS the linear relationship of the 
model's meridional temperature flux and the zonal mean of 
the zonal wind stress component is striking. This relation- 
ship can be seen from the correlation coefficients, which ex- 
ceed 0.87 for these latitudes. In agreement with the Ekman 
theory for a wind-driven surface layer the absolute value of 
the gradient of the fitted line increases toward the equator. 
This increase results from the decrease of the Coriolis pa- 
rameter to low latitudes, leading to an increased sensitivity 
of the meridional Ekman transport -r (x)/f and the associ- 
ated temperature flux to the zonal wind stress near the equa- 
tor. The changing sign of the gradient of the linear fit is 
related to the changing sign of the Coriolis parameter at the 
equator. The standard deviation increases significantly for 
sections in the vicinity of the equator. This increase indicates 
the different dynamics of the equatorial plane, which is pre- 
dominated by the existence of equatorially trapped waves. 
Thus the temperature flux variations of the northern Indian 
Ocean are steered to a great extent by the Ekman transport 
in the surface layer. As a practical consequence the monthly 
mean meridional temperature flux, and north of 5øS the heat 
flux, can be determined from the zonal mean of the zonal 

wind stress component together with the coefficients of the 
linear fit, assuming that the circulation of the real ocean is 
represented in a reasonable way by the model. North of 
20øS and away from the equator this method might lead to 
monthly mean temperature flux estimates with a standard er- 
ror of less than 0.3 PW. 

To determine how much of the meridional temperature 
flux is due to the wind stress, it is necessary to think about 
how the deep ocean is influenced by the wind. The answer 
to this question is far from trivial and has been discussed 
in context with meridional heat fluxes by BOning and Herr- 
mann [1994], for instance. A widely used method is to as- 
sume an Ekman transport in the surface layer that is con- 
nected to a compensating barotropic current with the section 
mean temperature. Although there is no evidence that the 
wind-driven circulation behaves in that way in the Indian 
Ocean, the calculation has been carried out in this way in 
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Figure 6. Annual mean meridional temperature transport of 
the model and its Ekman contribution. The latter is based on 

the Ekman transport at the temperature of the surface layer 
and a compensating barotropic current at section mean tem- 
perature. For comparison the values of Levitus [1987] are 
shown, which are based upon the same principle, using the 
wind stress climatology of Hellerman and Rosenstein [ 1983] 
and hydrographic data of Levitus [1982]. 
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order to compare the estimates with those of Levitus [ 1987] 
(Figure 6). Levitus [1987] has used the wind stress clima- 
tology of Hellerman and Rosenstein [ 1983] and the temper- 
ature data of Levitus [ 1982] for the same kind of calculation. 
These two calculations show a similar meridional structure. 

The maximum of southward heat flux due to the Ekman con- 

tribution appears between 10 ø and 15øS, where, rarely influ- 
enced by the changing monsoon winds of the northern Indian 
Ocean, steady, rather strong trade winds from the southeast 
prevail. The maximum of the total meridional heat flux at 
15øS is slightly shifted to the south against the maximum of 
the Ekman contribution at about 12øS. South of the equa- 
tor the model's Ekman contribution amounts to two thirds of 

the values derived from the climatology; north of the equa- 
tor it is only about one half. This is a consequence of the 
less intense winds in the 3-year mean of the ECMWF anal- 
ysis compared with climatological values of Hellerman and 
Rosenstein [1983], while the ocean temperatures are almost 
the same in both studies. 

Figure 7 shows the annual mean stream function of the 
meridional volume flux for the years 1987-1989. North of 
10øS the stream function is exact; south of this latitude it 

is an approximation. There is only little lateral inflow from 
the Sunda Straits with a mean value of- 0.72 Sv at 6øS. The 

model shows a structure of three vertical cells in its south- 

ern hemisphere. One cell is located within the thermocline 
and transports -13 Sv. Another cell circulates in the deep 
ocean at-3 Sv. The negative sign denotes counterclockwise 
rotation; i.e., the inflow of these cells is below the outflow to 

the south, and hence both cells serve to transport heat to the 
south. A third cell appears at intermediate depths with cir- 
culation in the opposite sense. It is supplied by subduction 
from the subtropics during austral winter (see below). 

Beside these three cells reaching farther into the south- 
ern Indian Ocean there is another shallow cell at the equa- 
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Figure 8. Same as in Figure 7 but for the monthly mean 
stream function (a) during the NE monsoon (January) and 
(b) during the SW monsoon (July). The contour interval is 
2.5 Sv. 
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Figure 7. Annual mean stream function of meridional vol- 
ume transport (1987-1989) for the Indian Ocean. The lateral 
inflow from the Pacific has been subtracted south of 10øS 

(see text). The dashed lines represent the annual mean of the 
zonal mean salinity distribution. Only the 35 and 35.2 psu 
contour lines have been drawn. 

tor of + 4 Sv. This equatorial roll is symmetrically con- 
fined to the equator within less than 5 ø of latitude and ex- 
tends over the upper 50 m of the water column. A simi- 
lar equatorial roll of +7 Sv and 75 m depth has been found 
by Wacongne and Pacanowski[1996] in their evaluation of 
the GFDL Indian Ocean model. Figures of the stream func- 
tion for single months (not shown) exhibit the beginning of 
this roll in April; the roll is fully developed in August with 
+10 Sv when the southwest monsoon blows from the south 

over the western equatorial Indian Ocean; in October it van- 
ishes. It is worth noting that Kindle and Thompson [1989] 
in a one-active-layer reduced-gravity model of the Indian 
Ocean found maximum meridional surface velocities on the 

equator in the western Indian Ocean in the second half of the 
year, which they attributed to Yanai waves. 

Single months of the stream function differ substantially 
from the annual mean scheme as a result of changing mon- 
soon winds. As an example the stream functions for January 
and July are shown in Figures 8a and 8b. These two fig- 
ures represent the oceanic circulation of a fully developed 
NE and SW monsoon, respectively. The changing monsoon 
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winds lead to a change of the circulation in the whole water 
column. 

In January a vertical cell of +17.5 Sv centered at about 
800 m depth transports warm water into the northern Indian 
Ocean compensated by a cold southward flow in layers be- 
low up to the bottom. A total of 5 Sv of deep and bottom 
water enters the Indian Ocean at 35øS below 2000 m depth. 

The circulation in July is almost reversed in comparison 
with that in January. Centered at 10øS a total of-25 Sv is 
transported by two cells, leading to a heat export to the south. 
The exchange is enhanced in comparison with January, be- 
cause wind speeds of the SW monsoon exceed those of the 
NE monsoon on average. Besides a small southward flow of 
-5 Sv in 1000-2000 m the major transport to the south of 
-20 Sv occurs in the upper 50 m. The latter is originated by 
the strong southward Ekman transport, which is rather uni- 
formly distributed over the entire interior ocean away from 
the African coast at these latitudes. The northward transport 
into the northern Indian Ocean occurs at 10øS in equal par- 
titions of + 12.5 Sv between 50-1000 m and 2000-4500 m. 

During the SW monsoon the southward transport of the sur- 
face layer dives down the equatorial roll at the equator. Such 
a large-scale cell structure can be obtained only for individ- 
ual months of a fully developed monsoon current circulation. 
At other times (not shown) there were additional smaller- 
scale cell structures with a different sense of rotation. South 

of 25øS a substantial amount of subtropical water is sub- 
ducted into intermediate layers. This results in a tongue of 
saline water spreading from the surface around 30øS down to 
200-500 m depth at 10øS (Figure 7). However, streamlines 
must not be interpreted as pathways of single water parcels, 
because they only describe the sum of basin-wide integrated 
motion. 

Comparing the meridional stream functions north of 10øS 
with those from Wacongne and Pacanowski [1996], we find 
no significant difference. The annual mean stream function, 
and hence the associated heat flux, are almost identical to 

this study (Figure 3). For individual months the stream func- 
tions differ in the strength of their cells up to 10 Sv, but the 
structure of the cells itself is very similar (not shown). In 
another regional Indian Ocean model by Lee and Marotzke 
[1997], in which the model was fitted to observations by 
the adjoint method, the shallow overturning cell north of 
the equator is much stronger in all of their different model 
runs than the one found in this study. They were also able 
to force a deep inflow at their southern boundary at 32øS 
that is much enhanced against the low inflow seen in Fig- 
ure 7. But it required deep eastward flow into the buffer 
zone located at the entrance of the Indonesian passage with 
an associated westward outflow in the upper ocean. In the 
annual mean stream function (Figure 7) an overturning cell 
of approximately 15 Sv with a center of rotation in 50 m 
depth is present in all three models [this study; Wacongne 
and Pacanowski, 1996; Lee and Marotzke, 1997] in the up- 
per 500 m at 15øS. This and the aforementioned equatorial 
roll seem to be robust features of these models, which are all 

based upon the model principles described by Bryan [1969] 
and Cox [ 1975]. 
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Figure 9. Annual mean contribution of the vertical overturn- 
ing cell and of the horizontal cell to the total annual mean 
meridional heat flux. The shaded area covers the range of 
single-month values of the contribution of the vertical over- 
turning cell for the period 1987-1989. Maximum negative 
values are reached during SW monsoon, and maximum pos- 
itive values are reached during NE monsoon. 

To get an idea of how much of the meridional heat flux 
is due to vertical overturning, the total heat flux has been 
divided into two components: a horizontal component with 
no net zonal mean volume flux at any depth and a vertical 
overturning cell, which is the residual of total minus hori- 
zontal cell motion. The resulting heat flux for each compo- 
nent together with the total heat flux are shown in Figure 9. 
North of the equator the horizontal cell is the main contrib- 
utor to the meridional heat flux. The vertical overturning 
cell has a weak transport to the north, which can be seen 
in the annual mean stream function (Figure 7) as a verti- 
cal cell at intermediate depth with clockwise rotation, i.e., a 
warm flow to the north above a colder outflow to the south. 

South of the equator this scheme changes, and the vertical 
overturning cell becomes the major contributor to the annual 
mean meridional heat flux, as is also apparent from the an- 
nual mean meridional stream function. At 5øS the vertical 

cell transports-0.44 PW to the south, 4 times as much as 
the horizontal cell transports to the north. It is an interest- 
ing feature that the annual mean contribution of the vertical 
cell dominates only south of the equator, although its sea- 
sonal range of variation (shaded area in Figure 9) is an order 
of magnitude higher than its annual mean value. During the 
SW monsoon the vertical cell's southward heat transport is 
increased in comparison with the annual mean value, while 
the opposite is true during the NE monsoon. The seasonal 
variability of the horizontal cell is very small; hence the an- 
nual variability is an effect of the reversing vertical overturn- 
ing cell alone. But the transports of both monsoon seasons 
counteract each other north of the equator, yielding a neg- 
ligible annual mean transport of the overturning cell there. 
A dominant contribution of the vertical cell to the seasonal 

variance resembles the results of Wacongne and Pacanowski 
[1996]. 
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Figure 10. Annual mean heat flux per unit depth contributed 
by the horizontal cell at (left) 5øN and (right) 5øS. 

Dividing up the meridional heat flux in that way yields a 
function of heat flux per unit depth related to the horizontal 
cell (Figure 10). The vertical structure of this function ex- 
hibits a heat flux confined to the upper 500 m. North of the 
equator it is southward at all depths. South of the equator 
there is a shallow southward heat flux in the surface layer 
(0-25 m) with an underlying northward heat flux, which is 
maximal at about 160 m. The contribution of the overturn- 

ing cell can be integrated over ranges of zero volume flux to 
obtain the energy transported within single overturning cells. 
At 5øS the shallow cell (0-500 m) transports -0.46 PW, and 
another deep cell (1500-4800 m) transports-0.01 PW to 
the south. The overturning cell transports 0.03 PW to the 
north. In summary, the upper vertical cell (0-500 m) is the 
major contributor to the annual mean meridional heat flux 
across 5øS, whereas the horizontal cell confined to the upper 
500 m dominates north of the equator. 

mean values range from + 4 Sv (eastward) to-19 Sv (west- 
ward) during the period 1987-1989. The mean value is 
-8.8 4- 5.1 Sv, which is half the-17.7 Sv in the preceding 
model version with 1/2 ø grid spacing [McCann et al., 1994]. 
Darkly shaded areas indicate months with negative anoma- 
lies of the Pacific-Indian Ocean throughflow, i.e., a strong 
inflow from the Pacific in comparison with the mean annual 
cycle of the period 1987-1989. Lightly shaded areas indi- 
cate an anomalously weak inflow from the Pacific. In 1987 
the inflow is anomalously weak, while a comparably strong 
inflow appears in the second half of the following year 1988 
and in the beginning of 1989. The same feature is shown 
by the calculation of the running mean of 12 months, which 
yields -6 Sv in the middle of 1987. The running mean takes 
an almost constant value of-10 Sv from the middle of 1988 

on. 

Figure 12 shows the mean annual cycle of the Pacific- 
Indian Ocean throughflow together with the minima and 
maxima of individual months. The annual cycle is domi- 
nated by the annual harmonic. The inflow from the Pacific 
has its maximum in August with-15 Sv and is minimal in 
boreal winter with about-4 Sv in the mean. 

The monthly transport values exhibit a strong interan- 
nual variability, especially in boreal summer and in Jan- 
uary/February (Figure 12), when minimum and maximum 
values of a single month differ up to 12 Sv. The interan- 
nual variability is less pronounced in March-June and in 
November. That might be the most opportune time to com- 
pare observations with results from seasonally varying mod- 
els. Meyers [1996] found minimum interannual variability 

Influence of the Pacific-Indian Ocean 

Throughflow 

Numerous attempts with different methods have been 
made to determine the transport from the Pacific into the In- 
dian Ocean through the Indonesian passage. Results range 
from negligible transport to -20 Sv [e.g., Godfrey, 1996]. 
Some authors [e.g., Hsiung, 1985; Hastenrath and Greis- 
char, 1993; Trenberth and Solomon, 1994] based their heat 
flux integrations on a zero throughflow, which makes them 
difficult to compare with these model results south of 5øS. 
In some analyses of oceanic observations the Pacific-Indian 
Ocean throughflow appears to be an important part of the 
global conveyor belt, especially as part of the warm water 
route [Gordon, 1986; Schmitz, 1995]. On the other hand, 
Macdonald [1993] showed in an inverse calculation involv- 
ing zonal sections of all three southern oceans that the Pa- 
cific and the Indian Ocean heat transports were only weakly 
affected by modifying the throughflow between 0 and 20 Sv. 

The time series of the volume flux related to the model's 

Pacific-Indian Ocean throughflow across the section at 
120øE for the period 1987-1989 can be seen in Figure 11. 
If we assume that it qualitatively represents the real condi- 
tions, it becomes evident that estimates of the amount of the 

throughflow from single observations must suffer from large 
annual and interannual variability. In the model, monthly 

mean = -8.8 Sv std dev 5.1 Sv 

o 

-15 

-20 
1987 1988 1989 

Figure 11. The heavy line represents the time series of the 
volume transport of the Pacific-Indian Ocean throughflow 
across the section at 120øE between Australia and the In- 

donesian Archipelago for the years 1987-1989. The thin line 
describes the mean annual cycle for this period of 3 years. 
A running mean over 12 months is shown as dashed line. 
Negative values indicate an inflow from the Pacific into the 
Indian Ocean. Darkly shaded areas show negative anomalies 
of the throughflow, i.e., a strong inflow from the Pacific com- 
pared with the mean value for this month. Lightly shaded 
areas indicate an anomalous weak inflow from the Pacific. 
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Figure 12. Mean annual cycle (heavy line) and range of 
the Pacific-Indian Ocean throughflow across the section at 
120øE between Australia and the Indonesian Archipelago 
for the years 1987-1989. Negative values are related to in- 
flow from the Pacific into the Indian Ocean. 

of the geostrophic throughflow in the upper 400 m in May in 
a study analyzing 11 years of expendable bathythermograph 
(XBT) observations between Australia and Java at roughly 
110øE. 

The influence of the Pacific-Indian Ocean throughflow on 
the heat budget of the Indian Ocean can be seen inFigure 13, 
which presents the mean temperature flux across the marked 
sections. There is southward meridional temperature flux in 
the whole Indian Ocean. At 10øN, 80% of the mean merid- 

ional heat flux occurs in the Arabian Sea, whereas the Bay 
of Bengal remains of minor importance while contributing 
the rest (not shown). The inflow from the Pacific accounts 
for-0.82 PW across the section at 120øE and, in addition, 

-0.08 PW through the Sunda Strait between Java and Suma- 
tra. The preceding model version with 1/2 ø grid spacing 
and monthly mean climatological wind stress had a temper- 
ature flux of-1.08 PW [McCann et al., 1994]. The model 
of the Indian Ocean by Hirst and Godfrey [ 1993] transports 
-0.63 PW from the Pacific into the Indian Ocean while up- 

plying constant mean winds. About two thirds of the intensi- 
fication of the meridional temperature flux between 10 ø and 
20øS is associated with the lateral inflow from the Pacific. 

Only one third of the model's temperature flux south of the 
Pacific-Indian Ocean throughflow has its origin in the ac- 
cumulation of solar heat in the northern Indian Ocean (Fig- 
ure 13). 

The Pacific-Indian Ocean throughflow and its associated 
temperature flux are highly correlated to the local zonal wind 
stress. Figure 14 shows the correlation coefficients calcu- 
lated from the time series of the volume transport across the 
section along 120øE and the zonal component of the local 
wind stress in the Indian Ocean and the throughflow region. 
The highest correlation coefficients of more than 0.75 are 
found south of Java near the transport section along 120øE. 
The 95% significance level, i.e., the correlation coefficient 
at which the probability that the correlation is different from 
zero has a chance of 95%, is 0.5 with the assumption of 10 
degrees of freedom for the time series, which covers a period 
of 3 years. In the latitude range 5ø-20øS correlation coeffi- 
cients of more than 0.5 are present across almost the whole 
basin east of 50øE. The high correlation between the zonal 
mean of the zonal wind stress component and the meridional 
temperature flux found in the latitude range 10ø-20øS (Ta- 
ble 1) together with the high correlation between the zonal 
wind stress and the Pacific-Indian Ocean throughflow in a 
large area of that latitude range (Figure 14) explains why a 
large part of the meridional temperature flux is controlled 
by the zonal wind stress at those latitudes. The correlation 
arises from the near-synchronous annual cycle of the local 
wind and the throughflow. Comparing the anomalies from 
the annual cycle of both quantifies does not yield any signif- 
icant correlation except south of Java at 120øE (not shown). 

Thus the principal role of the Indian Ocean in this model 
implementation is the transport of heat from the Pacific 
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Figure 13. Mean temperature flux (1987-1989)in the In- 
dian Ocean in PW. The arrows at the right-hand side describe 
the transports from the Pacific across the section at 120øE 
and through the Sunda Strait between Java and Sumatra (at 
105øE, 6 ø S). 
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Figure 14. Correlation coefficients calculated between the 
time series of the volume flux through the section along 
120øE and the zonal component of the local wind stress. 
Contour lines for correlation coefficients less than the 95% 

significance level of 0.5 have been omitted. The contour in- 
terval is 0.05. 
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through the Indian Ocean basin to the south, rather than the 
distribution of heat accumulated in the northern part from 
mainly solar radiation. 

Summary and Discussion 

A global eddy-resolving ocean model has been used to 
study advective temperature and heat fluxes in the Indian 
Ocean on the basis of monthly mean properties. The mean 
meridional heat flux in the northern Indian Ocean of the 

model is weak in comparison with the air-sea flux estimates 
of Hsiung [ 1985]. However, more recent publications [Has- 
tenrath and Greischar, 1993; Trenberth and Solomon, 1994] 
show southward heat fluxes that are less intense than the 

earlier estimates of Hsiung [1985]. The weak heat flux 
in this model resembles a well-known phenomenon of to- 
day's high-resolution ocean models (for example, the At- 
lantic Ocean models described by Holland and Bryan [ 1994]; 
BOning et al. [ 1991 ]; Sarmiento [ 1986]) and is present in the 
preceding model version with 1/2 ø grid spacing as well [Mc- 
Cann et al., 1994]. In the former, too low a fraction of cold 
overflow North Atlantic Deep Water (NADW) was respon- 
sible; in the latter an unsatisfactory production of Antarctic 
Bottom Water (AABW) and Antarctic Intermediate Water 
(AAIW) was found to be the reason. 

The annual cycle of the meridional heat flux in the north- 
ern Indian Ocean is in reasonable agreement with meridional 
heat transports derived from climatological air-sea fluxes 
and heat storage changes [Hsiung et al., 1989]. Increasing 
differences arise at southern latitudes. 

North of 20øS a surprisingly strong correlation was found 
between the zonal mean of the zonal wind stress component 
and the meridional heat/temperature flux variability across 
individual latitudes. From the point of view of this work 
one might suggest that the strong correlation between the 
zonal wind stress and the meridional temperature flux, in 
conjunction with ECMWF wind stresses used in the model 
that are weak in comparison with those of Hellerman and 
Rosenstein [1983], lead to a weak meridional temperature 
flux in the model. Given the strong correlation, it is very 
likely that driving the model with a stronger wind product, 
for instance, the wind climatology of Hellerman and Rosen- 
stein [1983], would produce a stronger southward heat flux. 
Lee and Marotzke [ 1997] investigated an Indian Ocean GCM 
fitted to hydrographic data, using its adjoint. It was driven 
by the annual mean wind fields of Hellerman and Rosen- 
stein [1983] and exhibits cross-equatorial heat fluxes twice 
as high as those in this study due to a much stronger shallow 
overturning cell in the northern Indian Ocean. On the other 
hand, several numerical models exhibit a weak meridional 

temperature flux despite their different wind forcing [e.g., 
Wacongne and Pacanowski, 1996]. In the end it remains un- 
resolved which of the different wind products is more real- 
istic. 

Another reason for a weak meridional heat flux might be 
given by an insufficient deep circulation. The relaxation to 
climatology that took place at depths below 700 m in the 
preceding 33 years of the simulation has been omitted in this 
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Figure 15. Transport per unit depth for November- 
December 1987 in the model along 35øS and from a 
transoceanic hydrographic section roughly along 32øS after 
Toole and Warren [ 1993]. 

model run. However, 5 years of integration without this deep 
forcing is a very short period for establishing a new equilib- 
rium in the deep ocean. Therefore how the deep circulation 
evolves further remains an open and interesting question to 
more sophisticated model versions under way. 

Toole and Warren [1993] report on a transoceanic hydro- 
graphic section roughly along 32øS in November-December 
1987. In Figure 15 the transport per unit depth of this 
cruise is compared with the section along 35øS of the Semt- 
ner and Chervin 1/4 ø model for the same period. The total 
transport of-7 Sv inferred from the hydrographic survey in 
November-December does not resemble the model's negli- 
gible transport at that time of the year. The resulting zero 
level of the overturning cell of Toole and Warren [1993] is 
in agreement with the model's meridional current structure 
that shows a transport close to zero at 2000 m depth. North- 
ward transports below 2000 m are much enhanced in the ob- 
servations compared with the model. In the upper ocean the 
southward flow is confined to the upper 250 m, while the ob- 
servations exhibit strong southward flow even to depths up 
to 1500 m. The northward Ekman transport across 35øS is 
1.7 Sv in the model and equals approximately the estimate of 
1.6 Sv given by Toole and Warren [1993] for the 32øS sec- 
tion. As a consequence of the stronger vertical overturning 
the observations show a much enhanced temperature flux of 
-1.67 PW in November-December 1987 in comparison with 
the mean temperature flux of-0.68 PW in the model for 
the same 2 months. However, a recent reevaluation of the 
32øS data by Robbins and Toole [1997] concludes that the 
strong meridional overturning of-27 Sv deduced by Toole 
and Warren [1993] is not in agreement with the silica bud- 
get. Closing this budget for the Indian Ocean north of 32øS 
would reduce the overturning rate to about half this amount. 

As we already mentioned above, the vertical overturning 
in this model is comparably weak north of the equator; the 
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horizontal gyre circulation confined to the upper 500 m is 
the main contributor to the small meridional heat flux to the 

south. By contrast, a vertical overturning cell confined to 
the upper 500 m dominates the meridional heat transport at 
5øS. The change of monsoon winds is manifested in a re- 
versal of the direction of the vertical overturning circulation 
throughout the whole water column. 

The model's mean Pacific-Indian Ocean throughflow a- 
cross the section at 120øE amounts to -8.8 4- 5.1 Sv with a 

strong interannual variability in January/February and boreal 
summer of up to 12 Sv. The throughflow is highly correlated 
to the local zonal wind stress south of Java. The total inflow 

from the Pacific to the Indian Ocean results in a mean tem- 

perature flux of-0.9 PW. There is indication that the weak 
Pacific-Indian Ocean throughflow in 1987 is a consequence 
of the observed E1 Nifio-Southern Oscillation (ENSO) event 
in 1986-1987. This leads to the suggestion that in the year 
after a moderate E1 Nifio the annual mean throughflow is 
anomalously weak with -6 Sv, whereas the usual mean vol- 
ume transport is -10 Sv during the La Nifia phase. Anderson 
and Carrington [1993] found anomalous equatorial currents 
in 1987 in their OGCM driven by United Kingdom Meteo- 
rological Office winds as well. But the short time series of 
only 3 years restricts the ability to analyze the influence of 
this phenomenon, which repeats about every 3-5 years. An- 
other explanation for the interannual change of the through- 
flow might be oscillations of the numerical model itself that 
appear at the beginning of the integration. Their occurrence 
follows from the adaption to a new statistical equilibrium, 
which has been necessary because of the changing dynamics 
of the model, namely, the change of wind forcing, resolution, 
and relaxation to climatology in the deep ocean. 

This study has found that about two thirds of the tem- 
perature flux leaving the Indian Ocean to the south is fed 
by the inflow from the Pacific via the Indonesian passage. 
The values of the throughflow are within the range of ob- 
servations. The dominance of the throughflow in setting the 
southern Indian Ocean heat export of this model is at vari- 
ance with the inverse model analysis of Macdonald[1993], 
who found negligible influence of the throughflow on the Pa- 
cific and Indian Ocean meridional temperature flux. In the 
model the dominance of the temperature transport from the 
Pacific is due not to unrealistically high throughflow rates, 
but to the consequence of weak meridional heat fluxes out 
of the northern Indian Ocean. The latter reside at the low 

end of the published values. Climatologies show a wide 
range of values; therefore it remains uncertain whether the 
relatively weak sea surface fluxes of the model's northern 
Indian Ocean are reasonable or whether the simple parame- 
terization scheme of relaxing to the sea surface temperatures 
of Levitus [1982] leads to an underestimation of the net heat 
input at the surface. The model does not exhibit a notice- 
able trend of systematic warming or cooling at the timescale 
investigated here. 

The model's meridional temperature flux variability has 
a strong linear correlation with the variability of the zonal 
mean of the zonal wind stress component north of 20øS. 
In the high-resolution Atlantic Community Modeling Effort 

model the findings of BOning and Herrmann [1994] for the 
annual cycle were similar. In this model the annual cycle of 
heat flux was dominantly due to the Ekman transport varia- 
tion, while the horizontal gyre component of the heat flux did 
not contribute much. If this relationship can be verified in the 
real Indian Ocean, the opportunity arises to determine the 
meridional temperature flux variability from the zonal wind 
stress alone, a product of operational weather analysis. As 
long as there are no reliable observations on the meridional 
temperature flux in the Indian Ocean, one can only specu- 
late about the validity of this correlation in the real ocean. 
Therefore it might be an objective to obtain reliable temper- 
ature flux estimates from observations in different months at 

various latitudes to prove the existence of such correlations 
and then, if these are successful, to gain credible coefficients 
that describe the linear relationship of the wind stress and 
the temperature flux. One step toward this goal is the basin- 
wide hydrographic zonal sections, together with associated 
mooring and drifter deployments conducted by the World 
Ocean Circulation Experiment near 8øN, 8øS, and 20øS in 
the year 1995 [U.S. World Ocean Circulation Experiment, 
1992]. Unfortunately, these measurements do not cover the 
annual cycle along whole basin-wide sections. 

Although the model's results resemble much of the ob- 
served phenomena qualitatively, as is shown by the proper 
behavior of the surface circulation (Figure 2) and by the an- 
nual cycle of the meridional heat flux in the northern Indian 
Ocean (Figure 4), uncertainties still remain. The latter state- 
ment is underlined by the fact that, for instance, the Pacific- 
Indian Ocean throughflow has been reduced by a factor of 2 
as the model's grid spacing changed [McCann et al., 1994]. 
Recent efforts to apply more realistic surface fluxes than 
simple relaxation to climatology and use of high-frequency 
wind stresses instead of monthly mean values, however, may 
have the potential to yield more realistic quantities. 
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