JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 105, NO. C11, PAGES 26,117-26,134, NOVEMBER 15, 2000

Meridional overturning and large-scale circulation of
the Indian Ocean

Alexandre Ganachaud®

Massachusetts Institute of Technology/Woods Hole Oceanographic Institution Joint Program in
Physical Oceanography, Cambridge

Carl Wunsch and Jochem Marotzke?

Department of Earth, Atmospheric and Planetary Sciences, Massachusetts Institute of
Technology, Cambridge

John Toole
Woods Hole Oceanographic Institution, Woods Hole, Massachusetts

Abstract. The large scale Indian Ocean circulation is estimated from a global
hydrographic inverse geostrophic box model with a focus on the meridional
overturning circulation (MOC). The global model is based on selected recent World
Ocean Circulation Experiment (WOCE) sections which in the Indian Basin consist
of zonal sections at 32°S, 20°S and 8°S, and a section between Bali and Australia
from the Java-Australia Dynamic Experiment (JADE). The circulation is required
to conserve mass, salinity, heat, silica and “PO” (170PO4+0O3). Near-conservation
is imposed within layers bounded by neutral surfaces, while permitting advective
and diffusive exchanges between the layers. Conceptually, the derived circulation
is an estimate of the average circulation for the period 1987-1995. A deep inflow
into the Indian Basin of 11 4 Sv is found, which is in the lower range of previous
estimates, but consistent with conservation requirements and the global data set.
The Indonesian Throughflow (ITF) is estimated at 15 & 5Sv. The flow in the
Mozambique Channel is of the same magnitude, implying a weak net flow between
Madagascar and Australia. A net evaporation of —0.6 £ 0.4 Sv is found between
32°S and 8°S, consistent with independent estimates. No net heat gain is found over
the Indian Basin (0.1 £ 0.2PW north of 32°S) as a consequence of the large warm
water influx from the ITF. Through the use of anomaly equations, the average
dianeutral upwelling and diffusion between the sections are required and resolved,
with values in the range 1-3x107° cms™! for the upwelling and 2-10 cm? s~* for the
diffusivity.

1. Introduction

The meridional overturning circulation of the Indian
Ocean has been the subject of a number of recent pa-
pers [Fu, 1986; Toole and Warren, 1993; Robbins and
Toole, 1997; Macdonald, 1998; Lee and Marotzke, 1997,
1998; Zhang and Marotzke, 1999]. Although the merid-
ional overturning rate and structure are a basic descrip-
tive feature of the general circulation as well as a de-
terminant of the heat and other property fluxes, there
remains significant disagreement about both its qual-
itative and quantitative features in the Indian Ocean.
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(Here the expression “meridional overturning circula-
tion” is used to denote the net zonally integrated stream
function of the depth/meridional plane. There is no im-
plication that it is restricted to a single top-to-bottom
cell; the vertical structure is to be determined. Its
strength will, however, sometimes be measured by the
net inflow of deep waters.)

Here we wish to discuss the extent to which this el-
ement of the circulation is in fact determinable with
existing data, and to place some bounds on the In-
dian Ocean heat and freshwater flux divergences. The
context of the discussion is the estimated global cir-
culation from a recent inversion by Ganachaud [1999];
Ganachaud and Wunsch[2000]. This work follows the
earlier global calculations of Macdonald and Wunsch
[1996] and Macdonald [1998], but with the data al-
most entirely replaced by the recent hydrographic sec-
tions from the World Ocean Circulation Experiment
(WOCE); see inset of Figure 1.

From a hydrographic section at 18°S, Warren [1981]
estimated a northward flow of 19Sv in the deep western
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Figure 1. Indian Ocean sections and topography (adapted from Robbins and Toole, [1997]).
The 4000-m isobath is contoured, and areas shallower than 3000m are shaded. Box names are
indicated in the shaded rectangles. The hydrographic lines of the global model are indicated in
the inset. Most were occupied within the WOCE program.

boundary currents. Fu[1986], using the same section,
but combining it with four other sections in the Indian
Ocean and doing a formal inverse calculation, found a
weak deep water inflow of 3.6 Sv, with the bulk of the
northward flow occurring at intermediate levels (1000-
2000dbar). In contrast, Macdonald [1998], again with
the same 18°S section but combined with a global data
set containing more recent sections than were available
to Fu (notably at 32°S), obtained 10Sv of deep water
northward flow with a 5 Sv southward flow at interme-
diate levels.

Using the pre-WOCE 1987 section at 32°S and tracer
properties to suggest a zero-velocity surface, Toole and
Warren [1993] estimated the surprisingly large bottom
water flux below 2000 dbar of 27+10Sv geostrophi-
cally. Robbins and Toole [1997] recognized that this
large flux would cause problems with the silica budget,
and added silica conservation as a constraint. They ob-
tained, through an inverse calculation, a weaker deep
influx of 1243 Sv. At the two standard deviation level,
this value is inconsistent with the non-silica-conserving
Toole and Warren [1993] type circulation, 2945 Sv, ac-
cording to the Robbins and Toole [1997] error analysis.
Assuming the error estimates are appropriately com-
puted, the inconsistency implies systematic (non ran-

dom) errors present in the models. In both circula-
tions the intermediate waters (1000-2000 dbar) moved
southward. H. Bryden and L. Beal (Role of the Ag-
ulhas Current in Indian Ocean circulation and associ-
ated heat and freshwater fluxes, submitted to Deep-Sea
Research, 2000; hereafter Bryden and Beal, submitted
manuscript, 2000) showed that the inferred overturn-
ing and heat budget were both sensitive to the as-
sumed strength of the Agulhas Current, and notably
to the presence of a northward flowing undercurrent as
detected by acoustic Doppler current profiler (ADCP)
measurements.

Lee and Marotzke [1997, 1998], using a general circu-
lation model (GCM), climatological hydrography, and
surface fluxes, inferred a mean northward overturning
flow of 14 Sv in the upper 1000 m with a weak south-to-
north deep water flow. Their solution is consistent with
several other GCM calculations that exhibit weak deep
inflow, but a vigorous shallow overturning (see Zhang
and Marotzke [1999], for a review). Such a shallow over-
turning conflicts with the direction of the flow as would
be suggested by a classical water mass analysis [e.g.,
Toole and Warren, 1993].

Here, we seek to address the question of whether a
consistent zonally integrated circulation can be found
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in the face of the apparent contradictions in the various
existing estimates. We attempt to distinguish quanti-
tatively between properties of the circulation which are
the direct consequence of the hydrographic field or other
direct measurcments, and those which have emerged as
“known” through the process of assumption and tradi-
tion.

2. Method

The basic procedure is that of the steady geostrophic
box inversions described by Wunsch {1996], and as em-
ployed previously in this ocean by Fu [1986], Macdon-
ald {1998, Macdonald and Wunsch [1996], etc.. with a
number of significant improvements. A full discussion of
the changes was presented by Ganachaud [1999] (here-
after G99), but the major modifications from previously
published inversions include the following:

1. Neutral surfaces [McDougall, 1987; Jackett and
MecDougall, 1997] arc used instead of isopycnals, with
calculation, as part of the inversion, of the dianeu-
tral transfers, dianeutral mixing of tracers, and fresh-
water fluxes, along with the reference velocities and
ageostrophic transport adjustment in the uppermost
layer (ascribed to the Ekman transport uncertainty).

2. We use a more quantitative constraint error budget
derived from a study of the 1/4° nominal lateral resolu-
tion GCM run at the U.S. Naval Post Graduate School
[see Semtner and Chervin, 1992; Stammer et al., 1996;
G99]. In this study the variability of fluxes computed
from near-synoptic sections could be compared to that
of the true mean. This variability dominates the error
budget of inversions done using the section data. An
important example is the very large estimated poten-
tial deviation of silica flux from its long-term average
value when computed from any particular section.

3. We use conservation equations in terms of property
anomalies [e.g., McDougall, 1991; McIntosh and Rin-
toul, 1997] rather than full property values themselves
(see section A.3 in Appendix A), but based upon mak-
ing explicit the necessary assumptions concerning the
crror covariance between mass constraints and property
constraints [ Wunsch, 1996, p.273; G99].

4. Mean wind fields derived from the National Cen-
ter for Environmental Prediction (NCEP) reanalysis
[Kalnay et al., 1996] are used.

5. The nutrient and oxygen divergences are deter-

mined (A. Ganachaud and C. Wunsch, Oceanic nutri-
ent and oxygen fluxes during WOCE and boundaries on
export production, submitted to Global Biogeochemical
Cycles, 2000).

We start the discussion with a list of the difficulties
and unknowns of the circulation in the Indian Ocean
(section 3). The model setup (section4) and resulting
circulation are then described (section 5) with sensitiv-
ity experiments (section6). The heat and freshwater
budgets are discussed in section 7, followed by conclu-
sions.

3. Indian Ocean Problems

The Indian Ocean is complex, and a full discussion
of the details of the circulation as previously described
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would be very lengthy. Here we will only summarize
some of the major uncertainties most directly affecting
the inversion.

3.1. Monsoonal Effects

Because of the intense monsoonal shifts, discussion of
the Indian Ocean as a steady state system is problem-
atic; our main excuse for nonetheless doing so is that
below the top few hundred meters, where our uncertain-
tics are large, and away from the Somali Current, there
is no evidence of a significant annual shift in hydrogra-
phy or baroclinic flow field [e.g., Warren and Johnson,
1992; Fieux et al., 1986]. (Fieux et ol [1986] found
a variation of 30% in the deep western boundary cur-
rent transport at 10°N, which may be due to internal
wave noise (G99)). There is also the weight of history:
All previous non-GCM discussions have assumed that
treating the ocean as though approximately steady is
sensible, but one must be wary of this assumption in
reading the literature. In the present analysis, variabil-
ity is accounted for in the uncertainties, based on the
Semtner and Chervin [1992] model output (Appendix A
and G99].

The most spectacular time-dependent feature is the
establishment and shutdown of the Somali Current,
whose net transport at the equator ranges from 0 to
21Sv (including undercurrents) [Schott et al., 1990].
However, the GCM of Lee and Marotzke [1998] sug-
gested that the upper ocean variability decreases to-
ward the south (away from the Mozambique Chan-
nel). They estimated a monsoonal variability in the
depth-latitude stream function of +20Sv with associ-
ated changes in the meridional heat flux of £1.8PW.
But most of the stream function variations were ex-
plained by a barotropic response to Ekman transport
variations, with a relatively small contribution from the
vertical shear (+£2Sv or less away from their southern
sponge layer). (The Somali Current region was excep-
tional; there the vertical shear contribution was large, of
order 10Sv.) Barotropic fluctuations are not aliased in
the hydrography so that a model using the mean Ekman
flux can be combined consistently with sections taken
at different seasons. The variability in the baroclinic
field is accounted for as part of the noise.

Nonlinear interactions of the time-dependent, depth-
independent transports could conceivably generate sig-
nificant rectified mean flows. Lee and Marotzke [1998]
could, however, find no such effect in the heat flux.

3.2. Agulhas Current and Mozambique
Channel

The gyral subtropical circulation is closed by the Ag-
ulhas Current, believed to transport between 66 and
70Sv [Beal and Bryden, 1997]. Stramma and Lutje-
harms [1997] suggested that most of the Agulhas wa-
ters are fed by the subtropical gyre (e.g., their Fig-
ure7), but with a fraction (20-25Sv) from either the
Mozambique Channel or the East Madagascar Current.
Of these, Stramma and Lutjeharms [1997] and Setre
and da Silva [1984] suggested the latter was the more
important, while Lutjeharms [1976] concluded that the
Mozambique Current is the major source of Agulhas wa-
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ters. Seetre and da Silva[1984] found no continuous up-
per ocean current in the Mozambique Channel and lit-
tle contribution to the Agulhas Current. This inference
was in agreement with the study of Ménaché [1963], who
believed that the Mozambique Current curved eastward
and flowed back to the north along the west coast of
Madagascar. Recent conductivity-temperature-depth
(CTD) data and satellite imagery showed that the Ag-
uthas Current is partly fed by the Mozambique Cur-
rent, and partly by a westward flow south of Madagas-
car [Grindlingh, 1993 ].

Fu’s [1986] inverse box model produced a net south-
ward flux of 6 Sv in the Mozambique channel, similar
to that of Stramma and Lutjeharms[1997]. (The ver-
tical structure of the derived flow north and south of
the Channel implied large imbalances in individual lay-
ers, possibly due to the seasonal variability.) The global
inversion of Macdonald [1998] did not produce any sig-
nificant flux there.

The flow through the Mozambique Channel appears
to be highly variable on seasonal timescales. Measure-
ments from tide gauges combined with hydrography
[Donguy and Piton, 1991] show an annual cycle with
+10Sv amplitude in the channel. Altimetric data (not
shown) examined by us show fluctuations of +25cm in
the sea surface height difference between south Mada-
gascar and Africa (25°S). Assuming a linear decrease
of the velocity down to 1000 dbar, the implied varia-
tions in the net geostrophic transport are 20 Sv. (This
calculation gives only an order of magnitude estimate,
but the 1000 dbar vertical scale and the linear decrease
are consistent with the solution described below. Baro-
clinic Kelvin waves may account for these rapid fluctu-
ations. Seasonal variability is probably also present in
the density field, as observed in the GCM of Lee and
Marotzke [1998] in the Somali region.)

3.3. Indonesian Throughflow (ITF)

The Pacific-to-Indian Ocean property flux (Indone-
sian Throughflow, hereafter ITF) is highly variable and
poorly sampled. If its average mass transport were 10
Sv at 20°C and assuming that it ultimately leaves the
Indian Ocean at 10°C, it would produce a convergence
of 0.4PW in the Indian Ocean heat transport budget.
This flux convergence is of the same size as the total cli-
matological heat input to the Indian Ocean by air-sea
exchanges [Oberhuber, 1988] .

The published estimates of the net ITF mass trans-
port range from 18+7Sv westward to 2.6 Sv eastward
[Fieuz et al., 1996], with a host of estimates between
these two extremes, depending upon the measurement
time and method [Godfrey, 1996]. Macdonald [1998]
constrained her inverse model to a net ITF of 104+10Sv
and obtained, after inversion, a flux of 9+7Sv. If not
specifically constrained, her model produced a net ITF
of 11+14Sv. Her sensitivity experiments (ITF = 0 Sv;
ITF = 20Sv) also showed that large variations in the
ITF strength had no effect on her estimated Agulhas
Current and Drake Passage fluxes. Nevertheless, such
changes affect dramatically regional property budgets
and the derived air-sea exchanges in the Indian and Pa-
cific Oceans. Zhang and Marotzke [1999] estimated the
ITF from climatological Indian Ocean hydrography and
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a GCM, and found that a small mean inflow (2.7Sv)
was sufficient to close the Indian Ocean heat and salt
balance.

The strength of the ITF is plausibly dependent upon
the phase of El Nifio Southern Oscillation (ENSO, e.g.,
Wajsowicz [1994, 1996], who used a numerical model;
and Gordon et al.[1999], who used current meter data).
From expandable batythermograph (XBT) time series
and historical data, Meyers et al.[1995] found a total
mean transport in the upper 400m of 5Sv to the west
with a 42.5Sv variation in the annual cycle They esti-
mated a top-to-bottom mean transport of 7Sv. Moor-
ings in the Makassar Strait, which is believed to be the
main path of the throughflow, showed an annual aver-
age transport of 9Sv in 1997 with variations from 5 Sv
during El Nifio to 12 Sv during La Nifia [Gordon et al.,
1999]. For present purposes, we use a throughflow of
747Sv as the initial best estimate. (To account for vari-
ability and measurement noise, the actual constraint on
the ITF between Indonesia and Australia is 7£15Sv, as
explained in section 4.2.)

4. The Model
4.1. Data and Treatment

Figure 1 shows the Indian Ocean sector of the model
which is made of the WOCE sections 12 (December
1995 to January 1996 [e.g., Johnson et al., 1998]), I3
(April-June 1995), I4 (June 1995) and 110 (November-
December 1995 [Bray et al.,1997]), the pre-WOCE sec-
tion 15 (November 1987 [Toole and Warren,1993; Rob-
bins and Toole, 1997]), and the Java Australia Dynamic
Experiment (JADE) section (August 1989 [Fieuz et al.,
1994: Coatanoan., 1997]). G99 discussed various prob-
lems with the data, particularly from noise in sections
close to the equator and some sampling problems in the
JADE data. (The 1989 JADE data were used instead
of the 1992 data because they included nutrient mea-
surements. However, the 1989 data were combined with
a station of the 1992 data to complete the section, as
suggested by the sensitivity experiments discussed be-
low (section 5.3.))

4.2. Layers and Constraints

Constrained boxes are defined (Figure1) for the In-
dian Ocean as the “subtropical box” (I5, 14, 13), the
“Mozambique Channel box” (I4, I2W), the “tropical
box” (13, 12, 110), and the “north Indian box” (I2W, 12,
110, J89). Note that the north Indian box includes the
area between 110 and J89 because the I10 section could
not be completed up to the Indonesian coast. The lay-
ers, defined by neutral surfaces (Table 1), were chosen
to facilitate the comparison with the existing literature,
to match the Southern Ocean layers of the global model,
and to have a relatively homogeneous thickness over the
basin. Mass conservation was required consistent with
the error budget of G99 (Table2). Those uncertainties
take into account the error due to oceanic variability
(through a GCM-based simulation) and internal waves
(from the Garrett and Munk [1972] spectrum). The re-
sulting a priori uncertainties that characterize the net
transports range from +7Sv at 32°S to £15 Sv on the
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Table 1. Indian Ocean Neutral Surface Layers (v™)?
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Layer Upper RT97 15 Interface Property Water Mass
Interface Layer From RT97 Name
1 Surface 1P Surface Water
2 vt =25
3 " =26.2 2P Subantarctic Mode Water
4 " =26.9 3 op = 26.80; § = 9.85 Upper Antarctic Mode Water
5 " =27.36 4 og = 27.20; 6 = 4.65 Lower Antarctic Mode Water
6 Nt =277 5 oy = 36.65; 6 = 3.26 Upper Deep Water
7 ~™ =27.96 6° o2 = 36.92; 6 = 2.20 Lower Deep Water
8 ~" =28.07
9 " =28.11 7¢ 04 = 45.89; 0 = 1.28 Upper Bottom Water
10 ~™ =28.15
11 ™ =28.23 8 o4 = 46.01; 6 = 0.43 Lower Bottom Water

#Values are in kilograms per cubic meter. For comparison, the Robbins and Toole [1997] layers are indicated along with
the potential density and temperatures at each interface (from their Table 1).
bThese layers have a slightly different interface from that of RT97 (7" = 26.20 instead of 26.50).

¢This RT97 layer corresponds to two layers in this study.

JADE 89 ITF section. The Ekman transports from the
NCEP reanalysis [Kalnay et al., 1996] with their a pri-
ori uncertainties are listed in Table3. Because of the
large baroclinic variability in the East African Coastal
Current (EACC) on section 12W, a large adjustment
(£20Sv) was allowed to the flow in the first layer.

A horizontal average representation of advective (w*)
and diffusive (k*) dianeutral transfers is allowed be-
tween the layers and for each property. The same w*
and k* is used for all properties, and no diffusion is al-
lowed in the mass equations. The horizontal average
property and property gradients on a neutral surface
are calculated from the bounding sections.

Top-to-bottom silica is conserved as suggested by pre-
vious authors [e.g., Robbins and Toole, 1997 (hereafter
RT97)] (see G99 for a quantitative justification). The
permitted error for the basin silica balance is about
+700kmols™!, which is 7 times larger than that used
by RT97, but according to G99, is a more accurate rep-
resentation of the actual variability in the advective sil-
ica flux (Appendix A.2). This estimated variability was
calculated by defining a pseudosilica field in the GCM
from known covariances of silica with temperature and
salinity (G99 and Appendix A). For the standard exper-

iment presented below, salt is conserved top-to-bottom
and within individual layers. Heat and the tracer com-
bination “PO”= 170P04+0, [Redfield et al., 1963; An-
derson and Sarmiento, 1994], are conserved only in lay-
ers below the surface. (The surface layer is nonconser-
vative because of heat and oxygen exchanges with the
atmosphere.) The value 170 for the PO Redfield ra-
tio is controversial [e.g., Broecker et al., 1985; Minster
and Boulahdid, 1987]. However, an experiment with
a lower ratio of 140 produced a similar solution. The
freshwater flux was not constrained, but was solved for
through the inversion. Again the a priori uncertain-
ties are consistent with the error budget of G99, taking
into account the oceanic circulation variability. Follow-
ing McDougall [1991] and Wigffels [1993], conservation
equations for heat, salt, and PO are written as anomaly
equations, that is, the mass divergence time the average
property concentration is subtracted from the original
conservation equation (see section A.3).

The Indian Ocean topography is complex (Figure 1),
and the deep layer fluxes were broken down and con-
strained according to the bathymetric features. These
“bathymetric constraints” are listed in Table4. Unlike
the RT97 inversion, the net bottom water flow into the

Table 2. A Priori Uncertainties in the Mass Conservation Equations?

Subtropical Box Mozambique Box Tropical Box North Indian Box Indian Box
Sections 15-14-13 4-12W 13-12-110 12W-12-110-J89 J89-15
Total 14 16 16 25 15
Layers 1-4 8 10 8 10 N/AP
Layers 5-6 4 4 4 8 N/A
Layers 7-11 2 3 2 4 N/A

*Values represent one standard deviation and are given in sverdrups. A constraint on the basin-wide top-to-bottom
mass conservation was added to the constraints over individual boxes. The uncertainty is mainly due to oceanic circulation

variability and internal waves (from the error budget of G99).

bN/A denotes not applicable.
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Table 3. Initial Ekman Transport and That Derived
From the Model (Final)®

Section Initial Final percent Correction

15 0.3%1 0.5%1 -
14 -0.5+1 -0.5+1 -
13 -11.545 ~10x4 -8%

12W -4.54+20 919 -300%
12 -11.6%5 -11+5 -6%

110 -2.9%1 -2.9=+1 0%

J&9 -0.65=x1 -0.6+1 -

aThe adjustments apply to the total transport in the first
layers, including in principle any deviation from the time
mean geostrophic transport (c.g., monsoonal variability).
The relative amplitude of the adjustment is indicated for
transports larger than 1 Sv.

Crozet and Perth basins is not, constrained to be north-
ward. This change is discussed further below. The flux
into the Mozambique basin was weakly constrained to
be northward (1+£2Sv). The flux below 1300dbar in
the ITF was constrained to be small as this level cor-
responds to the limit of the waters of Indonesian origin
[Ficuz et al., 1994].

4.3. Reference Surfaces and Dianeutral Terms

The initial zero-velocity surfaces, called “reference
surfaces”, are indicated in Table 5. The I5 reference sur-
face was taken from the RT97/ Toole and Warren [1993]
(hereafter TW93) initial guess with a modification close
to the coast in the Agulhas Current region to account
for the presence of an Agulhas Undercurrent [Beal and
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Bryden, 1997, Figure3]. In general, a deep reference
surface was preferred to a shallow one to decrcase the
potentially large velocity errors at depth, which can
result in an eddy-induced vertical shear region. The
northward moving bottom waters in the abyssal Indian
Ocean lie in the potential temperature range -0.8° to
1.4°C in the western basin and 0° to 1°C in the eastern
basin [Schrmitz, 1996, p. 122]. Therefore the interface
between the Circumpolar Deep Water and the “Indian
Ocecan Deep Water” defined by v = 28.11 (§ = 1.2°
at. 20°S) was chosen as a “first guess” for the 12, 13,
and 110 reference surface (a similar surface was chosen
by other authors, [e.g., Johnson et al., 1998, Table 1]).
The model is not crucially dependent upon this choice:
An experiment which started with a bottom reference
surface for those sections produced a very similar flow
after inversion. Strong shear down to 3000 dbar in the
composite JADE section led to the choice of a bottom
reference surface. with the bathymetric constraint en-
suring no net flow in individual layers below the sill
depth (" = 27.7, 1300 dbar) by adjusting the reference
velocities accordingly.

In common with previous inverse solutions, the small
scales of the reference velocity (b;) are not resolved, and
the posterior uncertainties on the individual b; are al-
most unchanged from the prior values. The a priori
uncertainties were given a minimum value of £Tems™!
and increased according to the local shear and when
current meter data suggested it [Dickson. 1989, pp. E-
9, E 11 ; Schott et al., 1988|.

A large range of adjustment was allowed to dianeutral
transfers w* (£1073cms™!) and mixing cocfficients &~
(£100cm? s~ ). These a priori values are near the up-
per limit of, or larger than, published estimates [e.g..
TW93: RT97: Polzin ct al., 1997, Munk and Wun-
sch, 1998], leaving the model free to determine the coef-

Table 4. “Bathymetric” Constraints on the Flux in Layers®

Name Section  Layer (Depth) Net Flux Longitude
Natal valley 15 9-10 (3400dbar) 040.5 30°Eto34°E
Mozambique basin 5 9-11 (3500dbar)  1=%2 35°Et046°E
Madagascar basin I5 9-11 (3600dbar) 045 46°E t056°E
Central basin 15 9-11 (4000dbar) 0=+1 78°E to89°E
Mozambique sill depth 14 8-11 (2800dbar)  040.5 full section
ITF sill, mass J89 6-10 (1300dbar) 046 full section

cach layer 0+3

sill, silica total 04140°

cach layer 070"
Name Sections  Layer (Depth) Net Divergence Longitude
Mozambique basin 15/14 8-11 (2800dbar) 042 35°E to 46°E/Full 14
Perth basin 15/13 9-11 (3500dbar) 044 96°E to end/87°E to end
Mascarene basin I3/12 8-11 (3000dbar) 0+4 49°E to 58°E/49°E to 59°E
West Australian basin  [3/12110  8-11 (3000dbar) 044 96°E toend/89°E to end

aThe constraints are imposed on either the total flux through a single section (upper part, positive

northward) or on the djvergence between two sections (lower part). The layer and approximative depth
below which the flux is constrained are indicated along with the uncertainty on the net flux (single

section) or divergence (between sections) (in Sv).
bUnits are in kilomoles Si per second.
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Table 5. Initial Zero-Velocity Surface, or Reference
surfaces

Section  Reference Surface Remark

I5 statlon-specific TW93/ BealédBryden [1997]
14 2500 dbar Mozambique sill depth
12W bottom see text

12,013,110 ~" =28.11 RT97/TW93

J89 bottom see text

ficients from the constraints. However, both upwelling
and mixing turn out to be well determined by the heat
and salt anomaly conservation requirements, and the
final values have smaller amplitudes than the a priori
ranges. No positivity requirement was set for x*.

5. Indian Ocean Circulation

The full inversion is a global one (inset of Figure
1; Ganachaud and Wunsch [2000]). A number of so-
lutions were explored by changing the model config-
uration, and focusing on the overturning circulation.
The “standard” solution employs property anomalies
and the constraints listed in Table6. Alternative solu-
tions will be described briefly in the discussion. The
solution for the reference velocities, the dianeutral ad-
vective and diffusive transfers, the adjustment to Ek-
man transport, and the freshwater fluxes is obtained
using the Gauss-Markov estimator [e.g., Wunsch, 1996,
p. 184], which produces a minimum error variance so-
lution. The posterior error covariance includes the part
that is not resolved by the equations, in contrast with
the conventional least squares and usual singular value
decomposition estimators.

Although water mass distributions guided our choice
of the “first guess” circulation, the flow was not ex-
plicitly constrained to force the net layer fluxes to be
advected away from their supposed sources. In several
places the large-scale estimated flow, although indistin-
guishable from zero within error bars, does not follow
the large-scale property distributions in the Wiistian
sense; that is, away from the core of boundary cur-
rents, the mean mass flux direction does not always co-
incide with the direction implied by the mean property
tongues. Given the existence of an eddy field and its
potential effects on property distributions, the only rea-
sonable constraints appear to be enforcement of near-
conservation of properties on the large scale.

5.1. The Standard Solution

The resolution matrix of the Gauss-Markov estimate
[e.g., Wunsch, 1996, p. 170] shows that heat and salt
anomaly conservation in the layers are well resolved,
that is, provide independent information. The anomaly
equations for the conservative tracer “NO” (9.1NO3+0>
[Broecker, 1974]) are, in general, indistinguishable from
the “PO” equations, and we choose to conserve “PO”
because the nitrogen cycle is the more complex one.
Mass conservation equations are only weakly resolved.
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The solution elements (reference velocities, Ekman trans-
port, freshwater flux, dianeutral mass transfers, and dif-
fusivities) were all within the a priori range.

The “Ekman” transport adjustment is shown in Ta-
ble3. The adjustment is not attributable solely to the
Ekman transport, as it includes everything accommo-
dated in the first layer(s) to meet the conservation con-
straints. While a major change is required at I2W in the
Mozambique Channel where the baroclinic variability is
large (see section 5.2 below), the Ekman transport is al-
most unmodified in the other sections from the NCEP
initial guess.

Except for silica, all constraints were met within un-
certainties, and the solution appears to be both dynami-
cally and statistically acceptable. Dissolved silica in the
Indian basin is conserved only at two standard devia-
tions. with a net convergence of —6204360kmol Si s™*,
possibly associated with the high ITF flux (there is
an equivalent divergence in the central Pacific region
of the global model). (Bryden and Beal, submitted
manuscript, 2000), found silica flux at 32°S similar to
ours.) Mass residuals in individual layers are smaller
than 1 Sv, and all are indistinguishable from zero within
two standard deviations (Figure2). The net residual
in the Mozambique box (not shown) is also small at
0+ 7Sv.

The I3 and 110 intersection near Australia (Figure 1)
generates a small closed box. Experience shows such
boxes should not be constrained, owing to the poten-
tially large hydrographic aliases at open-ocean inter-
sections. Nevertheless, the residuals in this small area
were confirmed, a posteriori, to be small. The reference
velocities and absolute velocities from the standard so-
lution are given in G99, and our discussion will focus
on the net integrated fluxes and divergences.

5.1.1. Net fluxes. The net “overturning stream
function” and the net flux across each section are shown
in Figure3. The overturning stream function corre-
sponds to the zonally integrated mass flux integrated
from the bottom, with each step giving the direction
and magnitude of the flow in the layer above (positive
to the north for zonal sections, and eastward for JADE).
The overturning stream function has the advantage of
making the useful quantities readily accessible to the
eye: the sum of the fluxes over several layers being just
the difference between the stream function values at the
top of the top layer and at the bottom of the bottom

Table 6. Conservation Constraints for the Standard
Solution®

Top-to-Bottom  Individual layers

Mass yes yes
Heat no below surface
Salinity yes yes
Silica ves no
“NO” (9.1NO3+02) no no

“PO” (170 PO4+02) no below surface

*Heat, salinity, and “PO” use the anomaly formulation.
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Figure 2. Standard solution mass residuals in the Indian Ocean in (a) the subtropical box; (b)
the tropical box, and (c) the north Indian box, which also includes the area between 110 and
JADE 89. The line gives the residual in individual layers (in 10%gs™!), and the shaded area
gives the one standard deviation uncertainty. The top-to-bottom residual is indicated below the
graph. Depth is given in dbar.
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Figure 3. Overturning stream function for the standard solution across (a)32°S, (b)20°S,
(c) 8°S, (d) the southern Mozanbique Channel, (e)northern Mozambique Channel, and (f) the
Indonesian Throughflow. The shaded area gives the uncertainty (plus or minus one standard
deviation). The overturning stream function corresponds to the mass flux integrated from the
bottom, with each step of the stream function giving the direction and magnitude of the flow in
the layer above (positive to the north/east). The net transport is indicated below each graph.
The layer interfaces are indicated to the right of each graph. The Robbins and Toole [1997]
(RT97) solution is indicated by the dashed line in Figure 3a. Depth is given in dbar.
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layer. The uncertainties, calculated from the error co-
variance of the solution vector, are given by the shaded
area. The net meridional mass fluxes, which include
the Ekman transports, are interpreted as equal to the
ITF flux and are given below each graph of Figure 3 and
sketched in Figure4 (upper map).

These net mass flux estimates are the same across
each latitude, within error bars. At 32°S, the ITF flux
is estimated as 16 = 5 Sv (Figure 3a). Through J89, the
net flux is 15 & 3 Sv westward (Figure 3f), in the upper
range of the a priori constraint on the ITF. (The final
uncertainty of the ITF is surprisingly small, given the
prior uncertainty. Its size results from the strong bathy-
metric constraints below the sill depth (Table4) which
were chosen to suppress the small-scale structures that
otherwise appear there. These constraints may well be
artificially tight. An uncertainty of 45 Sv is believed to
be more realistic, as discussed later.) In the Mozam-
bique Channel the flux is southward and of the same
magnitude as the ITF, 14£6 Sv (14 and I2W, Figures 3d
and 3e), implying a weak and uncertain net transport
between Madagascar and Australia of —448Sv (I3, not
shown). The net transport through 110 is westward,
but is very uncertain, 2 4 14 Sv, so that the transport
between Java and the 12-110 intersection is not deter-
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mined. Nevertheless, a 15-Sv westward transport is ob-
served on I10 north of 11.5°S (not shown, see G99).
This flux coincides with the ITF path estimated by Gor-
don et al. [1997].

5.1.2. The meridional overturning circulation.
The estimated Indian Ocean overturning, or deep in-
flow, below 2000dbar at 32°S is 10.6 £ 4Sv (I5, Fig-
ure 3a). Similar values are obtained at 20°S (i.c., [4+13)
and 8°S (12W+I12+110), although the vertical structure
changes due to diancutral exchanges (described below).
The net fluxes below 7" = 27.96 (~ 2000 dbar) in each
deep basin are sketched in Figure4 (lower map). Most
numbers are uncertain (dashed arrows), reflecting the
null space uncertainty, that is, the lack of resolution
below the basin scale.

Although the net inflow that we find below 2000 dbar
is about the same magnitude as the one obtained by
RT97, the flow has a different horizontal and vertical
structure. A detailed comparison of the northward deep
water flux below 2000 dbar (layers 7 to 11) and cumu-
lated from the west to east is given in Figure 5 (full line,
upper curve). In our solution the Agulhas Undercurrent
carries 13 &= 5Sv to the north in layers 6 to 7 west of
31°E with an immediate southward recirculation to its
ecast, producing an insignificant transport of 3 + 6Sv

74 +7
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16 45 (ny\—
]

y

0§ 0
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Voir, a-2:8 Mo b
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Figure 4. (top) Integrated net mass fluxes across each section are shown by thin solid arrows for
the standard solution (in Sv). The Agulhas Current and the strong recirculation in the Mozam-
bique Channel are indicated by the thick shaded arrows. (bottom) Transports in individual basins
below 4™ = 27.96 (about 2000 dbar). Dotted arrows indicate transports with large uncertainties.
Topography that is shallower than 2000 dbar is shaded.
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Figure 5. Meridional mass transport cumulated west to east at 32°S, above and below v" =

27.96 (about 2000dbar). The solid lines give

the standard solution circulation (one standard

deviation for layers below 2000 dbar is shaded). For comparison, the dashed line is the RT97

silica-conserving circulation (partially adapted

to the north between the coast of Africa and 35°E in
those layers. This feature was not present in the pre-
vious inversions. In the Madagascar-Crozet basin and
below 2000 dbar, the strength of the cyclonic circulation
centered on 60°E found by RT97 is decreased, so that
there is no southward flow east of 60°E in the Crozet-
Kerguelen basin (Figure5, upper curves). About half
of the net flow below 2000 dbar occurs in these basins,
in qualitative agreement with recent current meter mea-
surements [Haine et al., 1998]. In the Perth basin, there
is a weak and uncertain cyclonic circulation, and the
net flux below 2000 dbar is indistinguishable from zero
(1 £88Sv to the north).

The vertical structure of the deep flow differs from
that of RT97 as well (dashed line, Figure3a). Below
7™ = 28.11, our northward flux is 8 & 3.5Sv, whereas
the deep inflow in the RT97 solution below this surface
was 1243 Sv. However, in our solution there is an addi-
tional 2.6 Sv of northward flow just above v = 28.11, so
that the total deep inflow below 2000 dbar is similar to
that of RT97. RT97 constrained the deep flow to move
away from its sources in individual basins, resulting in
an equivalent constraint on the Circumpolar Deep Wa-
ter (CDW) flux of 18+5 Sv northward below 4™ = 28.11
(their Table3, with the errors computed by assuming
the constraints in the different basins are independent,).
The magnitudes and weights of these constraints were
imposed subjectively (P. Robbins, personal communica-
tion, 1998) and account for their larger resultant inflow
at depth.

from RTI7}.

At 32°S, but in the bottom layers alone (below v =
28.11, 3200 dbar to bottom, not shown), the flux indi-
cates northward directed boundary currents along the
ridges. Half of the 8 & 3.5 Sv net northward flow occurs
in the Madagascar-Crozet basins while the other half
occurs in the Perth basin. However, the character of
the horizontal structure of the deep flow is again uncer-
tain and depends upon the depth range considered.

At 20°S between Madagascar and Australia, the flux
in layers below 2000dbar, 11 £ 4Sv, occurs mainly in
the Mascarene basin (Figure4, 7 + 6 Sv northward, of
which 4+5 Sv occurs west of Mauritius (57°E)). In both
the central Indian and west Australian basins, the flows
are noisy and uncertain, reflecting again the lack of hori-
zontal resolution. Farther north, the fluxes in individual
basins become more and more uncertain.

The total deep water inflow into the Indian Ocean,
10.6 + 4Sv, is thus consistent with the RT97 result
(12 + 3Sv), and despite the structural differences men-
tioned above remains larger than the GCM results. This
overturning is the residual sum of strong local horizon-
tal fluxes that partially cancel, for example, those in the
Agulhas Undercurrent, a 15-Sv eddy near 39°E, and the
Madagascar-Crozet basin circulation (Figure5).

5.1.3. Intermediate and surface flows. The
cumulative flow from the west across 32°S and above
2000 dbar (layers 1-6) is shown in Figure 5(lower curves).
In the surface layers, at 32°S (I5), the Agulhas Current
carries 74 + 7Sv to the south in layers1 to 5 west of
32°E, which is thus consistent with the Beal and Bry-
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den [1997] estimate of 69 & 2Sv. Differences with the
RT97 solution are found in a few other places, but nei-
ther solution indicates any obvious horizontal recircula-
tion; the northward wind-driven flow in the gyre occurs
over the whole interior.

At 25°S in the Mozambique Channel, a strong an-
ticyclonic circulation results in a powerful southward
current of 23 = 3Sv at the western boundary in layers
1 to 5 between 36°E and 37°E (indicated in Figure4,
upper map).

5.1.4. Summary of the standard circulation.
The standard circulation is thus associated with an Ag-
ulhas Current of 74 = 7 Sv and with a relatively strong
ITF of 15+ 5Sv. The overturning rate that we obtain,
10.6 + 4 Sv, is similar to the Robbins and Toole [1997]
and Bryden and Beal (submitted manuscript, 2000) es-
timates. It is significantly larger than the Fu[1986] es-
timate (3.6 Sv) and smaller than, but consistent with,
the estimate of Macdonald [1998] (17 + 5Sv).

A much weaker inflow is found consistently in GCM
simulations [Zhang and Marotzke, 1999]. However, gen-
eral circulation models have their limitations (weak ver-
tical mixing, dependence upon climatological forcing,
and low resolution of the deep boundary currents), and
so their systematic error could easily explain their less
vigorous overturning. Nevertheless, to test the hypoth-
esis of small deep inflow, an experiment was tried con-
staining the flow below 2000 dbar as 042 Sv. The model
produced a 2 £ 2Sv northward flow below 2000 dbar by
returning part of its 4 & 3 Sv northward bottom inflow
between 2500 and 3500 dbar, but the shallow merid-
ional overturning of Lee and Marotzke[1997, 1998] was
not found. There was no major violation in the con-
servation equations in the Indian Ocean. Dianeutral
transfers were, however, found to be significantly differ-
ent from zero and oriented downward in the subtropical
and tropical regions. Downward fluxes are associated
with negative diffusivities, and consequently this solu-
tion was rejected as unlikely to be physically acceptable.

5.2. The Mozambique Channel

Obtaining a time average circulation in the Mozam-
bique Channel is a challenge because the 14 and I2W
scctions were taken at different seasons and the I2W
section is close to the equator (4°S), enhancing the noise
in the geostrophic balance. Initial inversions produced
a large and significant convergence in the intermedi-
ate and surface layers of the Mozambique Channel box.
This convergence was found to be insensitive to the ref-
erence surface: The model adjusted the reference veloc-
ities to produce the same integrated flow for an initial
sill depth reference (2500dbar) and an initial bottom
reference. Because the convergence was significant, the
original model was rejected. The error budget that we
adapted from the Atlantic (G99) is too optimistic for
this seasonally variable region. One could increase the
a priori noise to account for the large variability in this
region. The alternative that we adopted was to allow a
large ageostrophic adjustment in the first layer of 12W
to accommodate the variability. This adjustment for-
mally appears as the “Ekman” transport adjustment,
Table 3.
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After adjustment, mass is balanced within 1 Sv in in-
dividual lavers (not shown). Because of the high vari-
ability, the vertical structure of the flow in the first lay-
ers is probably unrealistic. Nevertheless, the 14 4+ 6 Sv
net flux through the channel {Figures 3d and 3c¢) is rel-
atively robust and consistent within error bars with the
different experiments that have been done in this region.
DiMarco et al.{1998] obtained a bit larger southward
transport (18 to 21 Sv) assuming a zero velocity at the
sill depth and below. However, the relative transport
below 2500 dbar was not included in their calculation
(S. F. DiMarco, personal communication, 1998). To
satisfy the no flow condition below sill depth on 12W,
important reference velocity adjustments were required,
causing the smaller transport that we report.

5.3. The Pacific Indian Throughflow (ITF)

The mass flux through the ITF (15 £ 3Sv) is on the
high side of the commonly accepted values [e.g., Mey-
ers et al., 1995; Godfrey, 1996}, but consistent with the
preferred Fieur et al. [1994] value from the same JADE
data and with recent direct measurements in the Makas-
sar Strait (Gordon et al. [1999, Figure 2b] suggested a
value of 12.5 Sv for a null ENSO index).

The silica flux through the JADE section is larger
by a factor of 2 (400 + 200kmol Sis~!) than what was
estimated by RT97 from climatology. The section was
constructed by adding a station from the 1992 JADE
section to the 1989 JADE data to close the box at the
northern end. Such an addition is artificial and may in-
troduce a bias because of the large seasonal variability
in the Java Current. Indeed, Fieux et al.[1994] found
very different ITF transports in 1989 and 1992, subject
to the large uncertainty in their calculation from inter-
nal wave noise [Freux et al., 1994; G99]. However, with-
out this additional station the model produced large
silica fluxes below the ITFE sill depth, resulting in a
net castward silica flux through the section. Adding
this station did not change the net mass flux after ad-
justment, but permitted it to formally include property
fluxes between the last 1989 station and the coast. A
large a priori uncertainty and reference velocity adjust-
ment were allowed at the added pair so that it has little
influence on the results. Rather, it is used by the model
as a buffer to satisfy the conservation equations on a
large scale.

The ITF (Figure 3f) shows a weak net mass flux of
intermediate waters flowing eastward (3 Sv, layers 3-4,
300 to 800 dbar), marginally distinguishable from zero
in those layers. Tracer properties in the Indian Ocean
exhibit a tongue of silica emanating westward from In-
donesian waters at these depths [ Wyrtki, 1970]. Fieuz et
al. [1994] discussed this eastward intermediate flux from
those same 1989 data and found no inconsistency with
the local water properties, the net flux being the sum of
large and opposite fluxes of different water types. As al-
ready noted above, large-scale property tongues do not
necessarily imply net mass flux. Any zero-mean time-
dependent mass flux between the Pacific and the Indian
Oceans which leaves behind fluid particles on the return

flow would generate such a tongue [see Wunsch, 1996,
p.79].
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This intermediate water flux is enhanced when one
removes the 1992 JADE station near Bali, and forcing
the net intermediate silica flux to be westward causes
large eastward silica and mass fluxes below sill depth
on the JADE section, an unrealistic circulation. It was
thus decided to leave this intermediate silica flux un-
constrained.

The local formal uncertainty of £3 Sv on the ITF dis-
cussed above may be optimistic, its small value arising
from the tight topographic constraints. A more realis-
tic ITF uncertainty is probably the net mass flux un-
certainty at 32°S of £5Sv.

5.4. Dianeutral Transfers and Mixing

Dianeutral mass transfers (Figures 6a-6¢) indicate
downwelling at the base of the surface layers of the
subtropical and north Indian boxes. Most of the deep
upwelling appears to take place in the north Indian
box, with about 10 £5Sv (3+ 1.5 x 107 °cms™1). The
deep dianeutral transfers in the subtropical and tropi-
cal boxes are not significantly different from zero. Up-
welling in the north is associated with net dianeutral
mixing equivalent to diffusivity values of 4 to 10 cm?s™!
with larger values in the deepest layer approaching
30cm? st (Owing to possible large errors in the hor-
izontal area of neutral surfaces at depths, this latter

a) Subtropical 325-20S
0

Ba.» 0

b) Tropical 20S-8S
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value is uncertain.) In this box, down-gradient mixing is
found consistently over all the deep interfaces, although
there was no requirement that the mixing coefficient
be positive. The average diffusivity at interfaces below
layer5 and above the last interface is 8.6 + 4 cm2s™?
in the north Indian box. This value is much larger
than the 1 cm?s™! global mixing required by a global
one-dimensional balance [ Munk and Wunsch, 1998], but
it derives from a more accurate tracer budget and in-
cludes all processes, such as boundary effects. Indeed,
the north Indian Ocean topography is relatively rough,
which can lead to enhanced mixing, as supported by
microstructure measurements [e.g., Polzin et al., 1997].
(In the Mozambique Channel, dianeutral exchanges are
not significant, owing to the large seasonal baroclinic
variability there.)

6. Selected Sensitivity Experiments

A number of experiments were performed with the
full property equations (that is, with salt, heat, and PO
not written as anomalies). Use of full property equa-
tions has several drawbacks: The system is of lower
rank, and it is difficult to weight the heat conservation
equation properly. An uncertainty of £0.1 PW in the
heat equation is plausible in the thermocline; it is an
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Figure 6. Standard solution dianeutral mass transfers (upper graphs) and diffusivities (lower
graphs) for the (a) subtropical, (b) tropical, and (c) north regions in the Indian Ocean. The
line indicates the transfer or diffusivity at the bottom of the layer. The shaded area denotes the
uncertainty (plus or minus one standard deviation). Depth is given in dbar.
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a) Subtropical 325-20S8

b) Tropical 20S5-8S
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Figure 7. Standard solution heat anomaly residuals in (a) the subtropical box, (b) the tropical
box, and (c) the north Indian box. Positive numbers indicate oceanic heat gain. The shaded area

denotes the one standard deviation uncertainty.

overestimate in the deep layers characterized by smaller
temperature gradients. In the anomaly equation for-
mulation, the uncertainty can be attributed more con-
sistently (Section A.3), but the solution is, as always,
directly dependent upon the reliability of the estimated
error structure of the equations.

The solution with the full property equations (not
shown) indicates a similar deep water inflow at 32°S
but with increased transport 15-18 Sv as one goes north.
For the practical reason mentioned above, heat conser-
vation was not required. To balance mass, the model
creates downward dianeutral fluxes in the subtropical
and tropical boxes, with a larger upwelling occurring in
the north Indian box. Several experiments showed that
with the full property equations, the model could not
produce a consistent circulation without those down-
ward dianeutral fluxes. Although the circulations were
not statistically different from the standard solution,
those solutions were discarded.

An experiment with anomaly equations (including
heat) but no PO constraints indicated a similar cir-
culation with downward fluxes in the subtropical and
tropical boxes.

7. Heat and Freshwater Budget

In the standard solution the southward energy flux
across the three zonal sections are 1.5 £ 0.2PW (32°S),
1.8 £ 0.4PW (20°S), and 1.6 £ 0.8 PW (8°S). Energy
transports across each section are expressed in units of
petawatts referred to the Celsius scale for unit consis-
tency with most of the litérature. Warren [1999] ar-
gued, convincingly, that the terminology “heat flux” is
inappropriate in this context (see also Bohren and Al-
brecht [1998, pp. 24-28]) and one should refer to the “en-
ergy flux”. This flux is, however, not that of the total
energy: It does not include the kinetic energy (a small
contribution here), and the usage “heat flux” is now so
deeply embedded in the literature that we continue to
use the terms interchangeably until some consensus has
emerged as to the best label.

As a consequence of the large inflow of warm water
from the ITF (1.36 = 0.15PW heat transport across

JADE), the net estimated heat gain over the Indian
Ocean is indistinguishable from zero (0.1+0.2PW). The
heat residual anomalies in individual boxes (Figure 7)
are also not significantly different from zero. Only in
the subtropical box (Figure7a) is there a marginal in-
dication of oceanic heat loss in the surface layer (0.5 &
0.4 PW) and heat gain in the second layer (0.4+£0.6 PW),
which outcrops almost completely by 32°S.

Neither of the European Centre for Medium-Range
Weather Forecasts (ECMWF) heat flux estimates of
Siefridt et al. [1999] and E. Garnier et al. (Air-sea fluxes
from 15 years of ECMWF reanalysis: A surface bound-
ary condition for OGCMs?, submitted to International
Journal of Climatology, 2000; hereafter Garnier et al.,
submitted manuscript, 2000) shows significant heating
over the northern part of the Indian basin; nor does
the NCEP /National Center for Atmospheric Research
(NCAR) reanalysis of Kalnay et al.[1996], (displayed
by Garnier et al., submitted manuscript, 2000). How-
ever, all indicate a cooling of 0.4 PW between 20°S and
32°8.

On the other hand, the Comprehensive Ocean Atmo-
sphere Data Set (COADS) data of da Silva et al. [1996]
and the climatologies of Oberhuber [1988] and Hsiung
[1985] indicate a warming of about 1.2PW in the In-
dian Ocean north of 20°S. The GCM assimilation com-
putations of Lee and Marotzke [1997, 1998] (hereafter
LM97,98) which are forced with the Oberhuber[1988]
climatology, indicate a consistent heating between 20°N
and 14°S (0.8 PW) and a cooling in the subtropical re-
gion (14°S-32°S, 0.3PW). Several other GCM studies
based on different surface forcings show heating magni-
tudes north of 14°S that are similar to those of LM97,98
(i.e., Figure 19 of the latter). All GCM-based inversions
have a relatively weak or nonexistent ITF, so that local
atmospheric heating accounts for most of the tempera-
ture flux leaving the basin at 32°S.

The estimate of heat flux divergence over the Indian
Ocean is thus largely determined by the size of the
ITF [e.g., Godfrey,1996]. Based on an ITF varying
randomly from 1 to 11Sv, RT97 estimated the heat
flux divergence for the Indian Ocean north of 32°S
as 0.4 £ 0.2PW, similar to the result of Hastenrath
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and Greischar {1993] that was based on a climatologi-
cal combination of ship observation, radiation measure-
ments, and subsurface temperature. Bryden and Beal
(submitted manuscript, 2000} suggested a heat flux di-
vergence of order 0.66 PW over the Indian Basin, also
subject to the ITF uncertainty.

Our comparatively lower heat gain over the Indian
basin results from the relatively large ITF heat flux
combined with a relatively weak overturning circula-
tion. Similarly, the heat transport in the South Pacific
part of the global model is oriented northward because
of the large ITF (G99).

Freshwater divergences are calculated as part of the
solution through the anomaly formulation. Inferred
precipitation plus runoff minus evaporation (P-E) fresh-
water divergences are indistinguishable from zero in
the north Indian Ocean sector, north of &°S (12-110,
0.1 4 0.3Sv net precipitation). South of 8°S, the solu-
tion shows net evaporation in the tropical (20°S-8°S)
and subtropical boxes (32°S-20°S) (Table?7, a minus
sign denotes net evaporation).

These two latter estimates are consistent with the es-
timates from satellite radiometric data of Jourdan et
al. [1997], (Table7, their error bars are not given for
these latitude bands, but they probably do not ex-
ceed 100%). Wigffels et al. [1992], Macdonald [1995],
and Oberhuber [1988] reported estimates in the same
range. (Note that the Wigffels et al. [1992] estimate is
essentially an integration of the Baumgariner and Re-
ichel [1975] estimate.) Oberhuber’s [1988] values have a
greater contrast north and south of 10°S, but are within
our error bars. Overall, the Indian Ocean is evapora-
tive, with —0.6 £ 0.4 Sv net air-sea exchange. As for all
property fluxes, the model’s large Indonesian Through-
flow may affect substantially the estimated freshwater
divergences over the Indian Ocean, but we find no in-
consistency with previous independent estimates.

8. Summary and Conclusions

A global hydrographic inverse model is used to de-
termine the large-scale circulation in the Indian Ocean.
The circulation estimate is based on zonal sections in
the Indian Ocean at 32°S, 20°S, and 8°S and two (in-
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complete) meridional sections between Australia and
Indonesia at 110°E and 116°E. Mass, salt, heat., “PO”,
and silica are conserved. Diancutral advective and dif-
fusive property fluxes are rvesolved through the use of
anomaly equations.

Figure 3 shows our best estimate of the net meridional
(a function of depth and latitude) overturning stream
function of the Indian Ocean as determined from the
WOCE hydrographic sections both locally and glob-
ally. This estimate is consistent with both dynamics
and simple biogeochemical principles (silica and “P0O”
conservation). Deep upwelling is returned in the 800-
1500 dbar depth range, rather than near-surface. Resid-
uals of nitrate, phosphate, and oxygen were also exam-
ined {G99), but the uncertainties are large.

1. A meridional overturning strength (measured by
the rate of deep inflow) of 11 £ 4 Sv at all three lat-
itudes (32°S, 20°S, and 8°S) is consistently obtained,
compatible with the RT97 estimate at 32°S. Neverthe-
less, the global circulation requires modifications in the
zonal and vertical partition of the deep flow found by
RT97. Results from general circulation models have
consistently found a weaker deep inflow [Zhang and
Marotzke, 1999] which is barely compatible, within an
uncertainty of two standard deviations, with our results.
The deep inflow was found to be insensitive to most of
our model parameters (c.g., an inversion starting with
a bottom reference for all sections in the Indian Ocean
produced no significant change in the overturning).

2. Our estimate of the average Indonesian Through-
flow during the WOCE period (early 1990s) is 1545 Sv
westward. The result is consistent with the global cir-
culation and recent direct measurements in the Makas-
sar Strait [Gordon et al., 1999], but we believe it is
largely dictated by the use of the 1989 JADE cruise.
The southward flux in the Mozambique Channel is of
the same magnitude, implying a weak or null net flow
between Madagascar and Australia.

3. Consistent upwelling and down-gradient dianeu-
tral mixing are found in the northern part of the In-
dian Ocean below the surface layers, with insignifi-
cant dianeutral transfers south of about 8°S. The de-
duced “cquivalent horizontal average” diffusivity ranges
between 2 and 10 em? s™! while the upwelling velocity

Table 7. Precipitation (Positive) Minus Evaporation (Negative) Estimates for the
Different Oceanic Regions Bounded by the Model Sections in the Indian Occan®

Subtropical® Tropical® North Indian®
Present study —0.35£0.25 —-0.3+0.2 +0.1£0.3
Jourdan et al.[1997] -0.3 —0.5
Wigffels et al. [1992) —0.2 —0.45
Maocdonald [1995] —-0.4
Oberhuber [1988] —0.4¢ +0.25

#Units are sverdrups.

bLatitudes between 32°S and 20°S.
¢Latitudes between 20°S and 8°S.
dLatitudes between 8°S and the coast.

¢Average for subtropical and tropical regions.
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ranges between 1 and 3 x 107°cms™!, that is, in the
higher end of the published range.

4. Because of the large temperature transport through
the ITF, we find no significant heat gain over the north-
ern Indian Ocean north of 8°S, and an insignificant heat
gain of 0.1£0.2PW over the whole basin north of 32°S.
This heat budget is consistent with some of the exist-
ing climatologies, but inconsistent with others. The net
evaporation from the Indian Ocean between 32°S and
8°S is estimated to be 0.6 = 0.4 Sv and is compatible
with radiometric data [Jourdan et al., 1998].

The circulation estimate is at best an average over
the period 1987-1995. The uncertainties presented here
account for the errors from both the model limitations
and the measurements. In particular, the alias errors re-
sulting from non-synopticity of the sections and oceanic
variability are taken into account from experiments with
a GCM simulation, although it is still possible that we
underestimate the monsoonal variability in the density
field (section 3). Because our a priori errors are larger
than in previous calculations, the present model would
produce, for instance, an uncertainty of 8 Sv with to-
tal mass and silica conservation alone [cf. Robbins and
Toole, 1997]. Addition of the other sections and con-
straints (heat, layers, etc.) accounts for the reduced
uncertainty.

The parameterization of dianeutral exchanges as sin-
gle diffusion and advection coefficients over large oceanic
areas may be unrealistic too. In particular, the possi-
bility of double diffusion [e.g., You, 1999 ] was not ad-
dressed, and use of a different coefficient of heat and
tracer transfers may be used in future versions of the
model.

The present circulation estimate will be refined with
time as it benefits from suggestions for improvement
on the different parameter choices such as the initial
reference surface based on new current meter measure-
ments, floats, and altimetric data, as well as water mass
analysis where the signals are important, such as in the
boundary current regions. Nevertheless, our sensitivity
experiment suggested that large-scale mass transports
are relatively insensitive to such changes, and substan-
tial improvement will occur only with a data set per-
mitting one to estimate the true time average property
fluxes. In particular, the property fluxes from the Pa-
cific (ITF) are a major source of uncertainty owing to
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the sparsity of measurements and the large seasonality
and interannual variability there.

Appendix A: A Priori Uncertainties

Uncertainties in the mass balance for layers were de-
rived through an extensive error budget study (G99)
taking into account errors from both the nature of
the inverse model (estimation of time average versus
oceanic variability) and the measurement noise (inter-
nal waves, bottom triangle, ageostrophy, and instru-

ment noise).

A.1. Baroclinic variability

The a priori uncertainties on the flux through a sin-
gle zonal section are summarized in TableAl. Er-
rors, including the component due to the variability in
the density field, were estimated for the Atlantic using
a GCM [Semtner and Chervin,1992; Stammer et al.,
1996; Jayne, 1999] and extended to the Indian Ocean.

A.2. Silica Conservation Weights

The top-to-bottom silica conservation weight was bas-
ed on a GCM simulation at 36°N in the Atlantic. (An
empirical silica-temperature-salinity relation was ap-
plied to the Semtner and Chervin[1992] model output
to reconstruct a time-dependent silica field (G99).) The
uncertainty from variability in the baroclinic field alone
was estimated as n%) N = £70 kmol Sis~*at 36°N in
the Atlantic. This value was then extrapolated to other
oceans. Because the average concentration of silica
varies substantially with location, this uncertainty was
scaled by the local average silica concentration and by
the local mass variability from Table Al (the anomaly
formulation was not used for silica for technical reasons

(G99, p.24)):
local 36° N <Silacal> nlﬁ[cal
ngi® =ng O X — ass (A1)
’ b(SY) T nfi

where n is the a priori uncertainty and (Si) is the av-
erage concentration. Equation (Al) gives an a priori
noise estimate n/2f = +700 kmol Sis™! for the net sil-
ica conservation in the Indian Ocean between JADE

Table A1l. A Priori Uncertainty in the Mass Conservation Equation for a Single Section®

Total Flux Variability of Individual Layers
Latitudes Measurement
°S Noise® Variability 0-1000 dbar 1000-2000 dbar 2000 dbar to Bottom
30 3 6 2 1 0.5
20 5 7 3 2 1
10 10 10 7 3 2
5 20 20 13 7 3

*The results from the North Atlantic part of the GCM are extrapolated at latitudes lower than 20°S and to the Indian
Ocean regions. Values are in sverdrups and represent root-mean-square quantities.

>Measurement noise comes from internal wave activity.
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and 32°S. Net sources and sinks from burial and river
runoff are much smaller [e.g., DeMaster, 1981]. Because
siliceous particles are believed to have a relatively high
sinking rate, the biological cycle is expected to occur
primarily in the vertical, and top-to-bottom conserva-
tion equations are expected to be independent of the
biology.

A.3. Anomaly Equations

The noise in the mass conservation equations tends
to dominate most tracer conservation equations. As a
result, models expressed in terms of full property equa-
tions do not resolve the different equations, resulting
in a lower rank matrix [e.g., McDougall, 1991; Wijffels,
1993]. To better condition the system, one can sub-
tract the mass divergence times the average property
concentration for each layer from each tracer conserva-
tion equation. As discussed by Wunsch [1996, p.272],
the main issue, when using anomaly equations, is the
determination of the degree of cancellation in the resid-
ual noise after subtraction.

We now estimate this degree of cancellation, or equiv-
alently the size of the noise term in anomaly equations.
The salt equation is taken for illustration. For a sin-
gle zonal hydrographic section, and within a layer, the
net transports of mass and salt are written (density is
assumed constant to first order and omitted)

Ty = / ‘d:c dz (v(z,z) +ny (x,2)), (A2)

Tg = //d:cdz (v(z,2) S (x,2) + nys (3, 2)),(A3)

where v(z, z) is the meridional velocity, the noise n, (z, z)
and n.s(z, z) refer to noise in the velocity and salt ad-
vection at individual station pairs, z is longitude, and
z is the vertical coordinate. Let S be the mean salinity
of the layer and S’ = S — S the salinity anomaly; then
by subtracting S times (A2) from (A3), one obtains the
anomaly transport for salinity:

Ty

//v (z,2) s’ (z,z)dzdz + 0y, (A4)
// (205 (2, 2) = Sny (=, z)) dzdz.(A5)

with nfy =
A mass transport (or mass divergence if summed over a
box) nyy is anticipated to produce a salt transport ng of
roughly Snjs such that n's should be much smaller than
ng. We now formalize this statement. Assuming that
the noise in the salt flux n,, (2, 2) is mainly due to noise
in the mass flux n, (z,z) (as opposed to being mainly
caused by variations in the salinity itself), n.s (z, z) may
be written as

Tiys (£,2) = Ny (2,2) x S(z,2), (A6)
or Nys (,2) = Ny (2,2) X (S+ 5" (z,2)), (A7)
so that n // Ny (2,2)S" (z,2)drdz. (AS)

Now, ng may be divided into a component owing to
the zonal average mass transport over the layer and a
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deviation that we call the horizontal eddy component:

I

ng' nM/ S (z,2) dzdz

+ // (ny (z,2) —npr) S'dedz, (A9

// ny (x, 2) dedz.

Here, nys is the noise in the zonally integrated mass
flux over a layer from Table Al. S is taken over a whole
layer, including several sections, so that the first term
of (A9) (the zonal average) is in general nonzero. As an
approximate estimate for the variance of the zonal av-
erage component, we chose o use (n3,) (AS?), where
AS is the a priori size of salinity variations within a
layer.The size of the horizontal eddy component is un-
known a priori and is assumed to be of the same mag-
nitude or smaller than the zonal average component,
with possible correlation between the two. This spec-
ulative assumption is supported by studies of the heat
flux variability (salt was used as an example, but simi-
lar anomaly equations are written for other tracers, in-
cluding heat). Jayne [1999] found that at all latitudes,
variations in the baroclinic heat transport (which ap-
pears as a noise, ng, in the heat equations) are about
twice as large as variations in the horizontal eddy contri-
bution to the heat transport. Instantaneously, salinity
anomaly transports display a similar behavior as heat
anomaly transport [e.g., Wunsch, 1996, Figure 4-15] so
that the noise in the salinity anomaly may be reason-
ably assumed similar.

The ad hoc, a priori, noise in the tracer anomaly
equations for any tracer C' is thus

e

with nuy (A10

(m2) =4 x ()  (AC?). (A1)
where AC is the standard deviation of tracer variations
within the layer and the factor of 4 accounts for possi-
ble correlations between the zonal average and horizon-
tal eddy component. The average tracer concentration
(C) in each layer was used for defining the anomaly
equations. Expression (A11) relies on the assumptions
listed above. It is no more than a best guess, which
turns out to produce consistent results (in terms of un-
certainties) when used in the inversion. The main test
of consistency comes from the fact that the residuals
of all conservation equations are indistinguishable from
zero within a posteriori error bars.
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