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Abstract

Subduction rates of the water into southern Indian Ocean permanent thermocline from 23.5 to 26.9 kg m™> are
calculated from a kinematic and a water-age approach and are compared with surface buoyancy flux calculations. The
different estimates compare well within error margins, indicating that the effect of transient eddies on the subduction
process is of second order. Considering only northward transport components, the overall transfer of water into the
Indian Ocean thermocline is about 34 Sv (1 Sv = 10° m?® s~!), with equal contributions from lateral and vertical
(essentially Ekman pumping) components. Ekman pumping dominates the upper density range (<25.2 kg m~?), while
for denser water the largest contribution stems from lateral input of Mode Waters. High silicate concentrations in the
Mode Waters indicate that Southern Ocean waters participate in the formation process. The source water properties in
salinity, oxygen, and nutrients along the surface of the deepest winter mixed layer are given. © 2002 Elsevier Science

Ltd. All rights reserved.

1. Introduction

In the Indian Ocean the thermocline in both
hemispheres is ventilated from the south, due to
the absence of powerful sources in the north. The
outflows from the arid Red Sea and the Arabian
Gulf both inject highly saline waters into inter-
mediate depth levels; however, their combined
contribution including the entrained water is less
then 2 Sv (Bower et al., 2000). The Pacific-Indian
through flow imports water mainly in the upper
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part of the water column (Gordon et al., 1997) and
the input in the permanent thermocline is margin-
al. In the northern Indian Ocean water-mass
formation is limited to the winter monsoon season
and to the northern Arabian Sea, ventilating only
the upper thermocline at densities of about
240 kg m > at rates of less than 1 Sv over the
whole year. It is rather the flow in the western
boundary current off the African coast that leads
to a renewal of the mid-depth waters in the
northern Indian Ocean (Swallow, 1984). In this
paper we estimate the flux rates into the thermo-
cline of the southern subtropical gyre that have to
supply also the northern hemisphere.

The permanent thermocline of the ocean is
ventilated through subduction, the transfer of
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water from the near surface layer through the base
of the mixed layer (Woods, 1985; Cushman-
Roisin, 1987). Since this interface in general is
not aligned horizontally, the flux across it is made
up of a vertical and a horizontal component.
Ekman pumping driven by the rotation of the
wind field gives the vertical component (Iselin,
1939), whereas the horizontal velocity field gives
the lateral component. The fluxes across the base
of the mixed layer due to this horizontal flow
depend of course strongly on the topography of
the interface, which varies both in space and time
(Woods, 1985; Marshall and Nurser, 1991;
Williams et al.,, 1995). In particular transient
eddies may contribute to this variability and thus
to the overall subduction rates (Marshall, 1997).
Two different methods have been used to
estimate subduction rates from observational data.
The first is the “kinematic approach”, based on
the work of Woods (1985) and Cushman-Roisin
(1987), that uses meteorological and hydrographic
data and assumes geostrophy of the flow field (e.g.
Marshall et al., 1993). The vertical component of

the flux is derived from the curl of the wind-stress
field, corrected for the forcing of the mixed layer
itself (Williams, 1991). The lateral component is
calculated using the topography of the deepest
(winter) mixed-layer base and the velocity field at
that depth (Fig. 1). The annual mean subduction
rate Sann can thus be written as

Sann = —WH + UH - VH(X,)/)- (1)

Here H(x,y) is the depth of the mixed layer base,
V the gradient operator, uy the horizontal velocity
vector, and wy the vertical velocity at the base of
the mixed layer. In practice all these contributions
to the subduction are calculated using mean
climatological data. The mixed-layer topography
is that of late winter, when the mixed-layer depth is
the largest, the horizontal velocities are calculated
as geostrophic currents using a deep reference level
and the Ekman pumping velocity is determined
from mean wind-stress fields. This approach does
not take the role of synoptic-scale and time
varying structures like eddies into account, which
in the analysis of model data have shown to also
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Fig. 1. Depth (shading) and density of the deepest Southern Hemisphere winter mixed-layer depth as calculated from the WOA 98
data using the 0.125 kg m™ criterion. The broken lines indicate the boundary of the ventilating region. In the south it is given by the
trough of the deepest mixed layer during winter, and in the north by line of the annual mean surface density 23.5 kg m™’ (see text for

details).
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contribute to the subduction. We will come back
to this issue later.

A second method to estimate subduction rates is
the “water age approach”, proposed by Jenkins
(1987), that uses vertical water age gradients
calculated for example from geochemical tracer
data. Geostrophy and conservation of potential
vorticity are assumed. Following isopycnal sur-
faces the age of the water increases along the
streamlines in the interior. If the baroclinic
velocity shear is negligible and vertical diffusion
1s weak, and if the effect of horizontal diffusion on
the tracer ages can be accounted for, a vertical age
gradient in the interior will be observed that
reflects the difference in time when the water
parcels left the mixed layer. This age gradient
(0t/0z) is proportional to the subduction rate,
while a correction for the layer shrinking through
conservation of potential vorticity is achieved
through the relation of outcrop latitude (fy) vs.
observational latitude (f) (Williams et al., 1995).
The “water-age approach” subduction rate can be
written as

Sann = fo/f (@1/02)"". 2)

An important difference between the kinematic
and the water-age approach is their consideration
of subduction forced by transient eddies. Using the
kinematic approach on a climatological field, the
eddy contribution is not considered, unless the
eddies are stationary. In contrast, the water-age
approach takes all contributing factors into
account that transfer water into the interior. A
comparison of the results from both approaches
allows an estimate of the eddy contribution to the
subduction.

The main water masses occupying the thermo-
cline of the southern Indian Ocean are the
Central Water and the subtropical and suban-
tarctic Mode Waters (Sverdrup et al.,, 1942;
McCartney, 1977, 1982). Minor contributions
stem from the Red Sea and Arabian Gulf out-
flows and from the Pacific-Indian through
flow. Central Water is characterised through a
quasi-linear relationship in temperature and
salinity (Sverdrup et al., 1942). Mode Waters have
the same 7—-S characteristics as the lower part
of the Central Water, but are limited to narrow

density ranges (McCartney, 1977, 1982; Fine,
1993). Karstensen and Tomczak (1997) found
a side-by-side existence of Mode and Central
Waters in the southern Indian Ocean along
32°S. The Mode Waters observed off Australia
were just 5 years old whereas the age of the Central
Water was about 20-30 years. These age differ-
ences were attributed to different formation
mechanisms: Central Water is transferred to the
thermocline through Ekman pumping, while the
Mode Water transfer has to be divided into two
stages: the formation stage, where the water is
homogenised to depths of several hundreds of
meters through convection (England et al., 1993;
Ribbe, 1999), and the injection stage, where the
essentially lateral input into the thermocline
occurs.

Until now only few attempts have been made to
quantify thermocline subduction for the southern
Indian Ocean hemisphere. Speer et al. (1995)
found thermocline water formation of 20 Sv for
densities > 25.0 kg m~> by analysing surface flux
data. Zhang and Talley (1998) found a formation
based on a transformation of higher densities
(09 >257kgm™), but of similar magnitude.
Sloyan and Rintoul (2001) used an inverse model
considering surface fluxes and diapycnal mixing.
They found a formation of about 24 Sv between
y = 26.0 and 26.8 (which may be treated in the
following as being similar to potential density)
from surface fluxes. Along 32°S they found a
northward transfer into the thermocline of about
34 Sv between 24.0 and 27.0 kg m>. Marsh et al.
(2000) investigated southern ocean water-mass
formation in a non-eddy resolving model with a
parameterised bolus velocity and a seasonally
varying surface forcing. In the Indian Sector south
of about 25°S they found Subantarctic Mode
Water formation of 20 Sv for the layer 26.52—
26.80 kg m >, increasing to an overall formation
of 25 Sv for the density range 25.28-27.03 kg m >.
The role of the northward drift of surface waters
from the Antarctic Circumpolar Current in the
formation of Mode Water (and Intermediate
Water) is controversial: Ribbe and Tomczak
(1997) and later Ribbe (1999) found cross-frontal
mixing to play a vital role in the formation using
model results, while England et al. (1993) found no
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evidence for an Antarctic contribution from there
simulations.

In this study we will quantify the contributions
from vertical Central Water and horizontal Mode
Water ventilation by employing the kinematic
approach. Error estimates for different choices of
mixed layer depth criteria, reference level for the
geostrophic calculation and the wind field will be
given. We will then compare the combined
ventilation rates with those obtained from the
water age approach to estimate the contribution of
transient eddies to the subduction. A comparison
with water-mass formation rates as deduced from
surface density fluxes is made. Finally comparisons
with tracer characteristics in the interior of the
subtropical gyre are made and the source water
characteristics are deduced.

2. Subduction rate: kinematic approach
2.1. Mixed layer depths and outcrop region

The mixed layer plays a key role for the
subduction. Its characteristics during late winter
set the initial tracer values of the water masses
ventilating the interior, its thickness has a direct
influence on the reduction of the vertical Ekman
pumping velocity, and the topography of its base
controls the contribution of the horizontal flow to
the subduction (Eq. (1)).

A density increase of 0.125 kgm™> over the
surface value is typically used as a criterion when
calculating the mixed-layer depth from observa-
tional data. We will follow this somewhat arbi-
trary choice, but in a later section will explore
the implications when using other criteria. The
World Ocean Atlas 1998 (WOA 98) southern
hemisphere winter temperature and the annual
mean salinity data (Levitus and Boyer, 1994;
Levitus et al.,, 1994) on a 1° latitude times
longitude grid are used to calculate the mixed-
layer depths. A comparison of the general patterns
of monthly (September) and winter (July—Septem-
ber) temperature field revealed only minor differ-
ences, and we therefore used the winter data to
overcome problems with sparse data distribution.
For salinity seasonal changes are generally low in

the depth range considered, which allows the use
of annual mean rather than seasonal or monthly
data.

On the large scale the winter mixed-layer base
in the southern Indian Ocean increases from
north to south, with the deepest depths found
along the southern rim of the subtropical gyre
around 40°S (Fig.1). In the southern half
of the gyre depths increase also towards the east,
reflecting the heat loss of the ocean to the
atmosphere which leads to a successive deepening
of the mixed layer along streamlines (England
et al., 1993). The deepest mixed-layer depths are
found in the south-east between 100°E and 130°E
and south of 40°S between the subantarctic and
subtropical fronts (Belkin and Gordon, 1996). In
this longitude range Karstensen and Tomczak
(1997) found the youngest Mode Water along the
32°S section.

To quantify the overall subduction rate, the
extent of the outcrop region from where the gyre is
ventilated has to be determined. This can be done
by looking at the seasonal cycle of the mixed-layer
depth. Water irretrievably entering the thermo-
cline originates from the deepest and thus densest
mixed layer in late winter/early spring. Water
parcels subducted during the rest of the year are
always re-entrained into the mixed layer when it
deepens during the cooling season (Stommel, 1979;
Woods, 1985). A natural southern boundary for
the ventilation region is therefore the trough in the
deepest (winter) mixed-layer depth (Fig. 1). All
water leaving the mixed layer further south has to
pass this mixed-layer trough before it can reach the
interior of the Indian Ocean subtropical gyre.
Thus all calculated contributions from south of the
trough could be ignored, as they are not relevant
for the gyre ventilation.

The northern limit of the ventilation region has
to be seen as the boundary between the outcrops
of the relatively stable and shallow tropical
thermocline at low latitudes and the permanent
thermocline. From the analysis of surface flux data
Speer et al. (1995) and Zhang and Talley (1998)
found that water-mass formation occurs only for
annual mean surface densities larger than
23.5 kg m . This surface density coincides with
the line of zero wind stress curl (Hellerman and



J. Karstensen, D. Quadfasel | Deep-Sea Research 11 49 (2002) 1441-1457 1445

Rosenstein, 1983), and we chose it as northern
ventilation limit.

2.2. The vertical component: Ekman pumping

The rotation of the wind field through Ekman
pumping drives the vertical component of the
transfer of water into the thermocline. The vertical
velocity wy at the base of the mixed layer is given
by the Ekman pumping velocity at the surface
corrected for the contribution to the Sverdrup
circulation within the mixed layer itself (Williams,
1991)

wy = 1/p curl T/f—ﬁ/f/vdz. 3)

Here p is the density of the water, T the wind
stress, f the meridional derivative of the Coriolis
parameter (f), and v the meridional geostrophic
velocity in the mixed layer.

For the calculation of the Ekman pumping
velocity we used the Hellerman and Rosenstein

(1983) wind-stress climatology, reduced by 20%,
as suggested by Qiu and Huang (1995), to correct
for shortcomings in parameterisations. Results
from the use of other climatologies are discussed
in a later section. The magnitude of the annual
mean Ekman pumping velocity lies between 25
and 50 myr~! in the central and southern
subtropical gyre (Fig. 2a). Within the ventilating
region there are no particular strong horizontal
structures. The line of maximum wind stress curl
lies around 25°S with the highest values found off
southwest Australia.

To determine the correction due to the Sverdrup
transport, the velocity field in the mixed layer was
calculated from the thermal wind equation using
annual mean temperature and salinity values from
the WOA 98 hydrographic data set base (Marshall
et al., 1993). A zero velocity reference level of
2000 m, or at the sea floor in shallower regions,
was used. This reference level roughly coincides
with the depth range deduced from tracer data by
Stramma and Lutjeharms (1997) to calculate the
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Fig. 2. (a) Ekman pumping velocity calculated from a 20% reduced version of Hellerman and Rosenstein (1983) wind stress data, (b)
geostrophic velocity field at the base of the mixed layer, calculated from the WOA 98 data, using 2000 m depth as a level of no motion,
(c) Meridional lateral component of the subduction rate, (d) annual mean subduction rate (lateral input based on meridional

component only). Units are m yr~!.
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mean flow field of the Indian Ocean subtropical
gyre. The overall reduction of Ekman pumping is
marginal and substantial local reductions only in
regions of strong northward currents, as north of
Madagascar.

2.3. The horizontal component

The horizontal velocity field contributes to the
subduction in regions where the base of the mixed
layer is inclined to the horizontal plane (Eq. (1)).
This topography is steepest near the trough of high
mixed-layer depths, both in the meridional and in
the zonal directions (Fig.1). The individual
depressions cannot be linked to features in the
topography of the ocean floor, but instead seems
to be a combined result of poor data coverage and
the gridding procedure in the WOA 98 data set
(Lozier et al., 1994). The flow field in the
ventilating area is dominated by the Agulhas
retroflection in the southwest corner of the gyre
(Fig. 2b). Further to the east current velocities
decrease, but the eastward-flowing South Indian
Ocean current (Stramma, 1992) is visible along the
entire ocean at about 40°S. The subtropical gyre
circulation is centred at about 25°S, well north of
the ventilating region. Along the Australian coast
a southward flow, associated with the Leeuwin
Current (Cresswell and Golding, 1980) is visible.

We split the lateral component of the subduc-
tion into a meridional (north/southward) and a
zonal (east/westward) part and count the positive

Table 1

and the negative contributions separately. These
are summarised in Table 1. Which of these four
contributions now ventilates the thermocline? The
positive components by definition give the transfer
of water from the mixed layer into the thermo-
cline, whereas the negative parts are not directly
related to the transfer from the thermocline into
the mixed layer (see Qiu and Huang, 1995, for a
detailed discussion). We here discuss both num-
bers in terms of their general plausibility. The
magnitude of the meridional component (either
positive or negative) reflects the equatorward rise
of the mixed-layer base. Transports are about
17 Sv northward into the thermocline of the
subtropical gyre. The —4 Sv are most likely caused
by irregularities in the mixed-layer base of the
gridded data set. The zonal components reflect the
general eastward deepening of the mixed-layer
base with twice as large negative than positive
rates. Here, the positive numbers (effective sub-
duction), however, may not indicate an irretrie-
vable input into the thermocline, but rather simply
reflect the bumpy structure within the mixed-layer
trough. Shallow ridges in the topography in an
eastward flow are associated with strong subduc-
tion on the upstream side, but also with negative
fluxes on the downstream side. Fluxes associated
with errors in the mixed-layer topography thus
simply cancel out, and the overall integrated fluxes
should be correct. Part of this water should
participate in the transformation into Mode
Waters and can be recycled into the thermocline.

Subduction of water from the mixed layer into the permanent thermocline of the southern Indian Ocean, calculated with the kinematic
method. The second column (standard) gives the transport in Sv (I Sv = 10° m® s~!) for the different components in Eq. (1),
northward transfer only. The maximum deviation from these values for different mixed-layer criteria, wind fields and reference levels
are shown in the three right columns. H&R: Hellerman and Rosenstein (1983) windfield; SOC: Josey et al. (1999) climatology

Standard (0.125 kg m~, 80% Winds

Mixed layer Refernce level

H&R, 2000 m) (SOC, 100% H&R)  (0.075kgm~>, 0200 kgm™>) (1750 m, 2500 m)
tudH/dx 104 22 0 0.6
+v dH /dy 17.6 32 0 0.9
—u dH /dx —18.6 2.6 0 0.7
—v dH /dy -338 0.9 0 0.3
Wekm 20.8 0 5.2 0
Wy 16.7 0.1 5.1 0




J. Karstensen, D. Quadfasel | Deep-Sea Research 11 49 (2002) 1441-1457 1447

23

oo kg m™¥

= m Ekman pumping

=== mean subduction rate
vertical transfer

O local subduction rate

o [}
0 © - % L
o 9 O o
8 o880

0 50 100 150
Subduction rate [m y'l]

200 250 300 350 400

Fig. 3. Subduction rates of the individual 1° latitude times longitude boxes vs. density of the subducted water (dots), calculated with
the kinematic approach (standard case, see Table 1). Mean in 0.1 kg m™> density increments of local subduction rates (black line),
vertical transfer (grey line) and Ekman pumping (broken line). At low densities the Ekman pumping contributes almost all water to the
subduction while at higher densities the lateral input dominates. Only the northward lateral component are used.

However, to ensure that the water is irretrievable
transferred into the thermocline we consider in the
following only the positive northward component
of 17 Sv and the vertical contribution of 17 Sv, the
corrected Ekman pumping. This gives an overall
subduction of 34 Sv into the thermocline of the
Indian Ocean. The regional distribution of this
subduction is shown in Fig. 2d, which in the south
reflects largely the structure of the mixed-layer
depth (Fig. 1). Largest rates occur along the
deepest mixed-layer trough in the south, asso-
ciated with lateral input. In the northern part of
the subducting zone the vertical component
becomes dominant. This shows up more clearly
when looking at the rates with respect to the
density of the subducted water (Fig. 3). In the less
dense water range (<25.2 kg m ) Ekman pump-
ing drives the subduction, while towards higher
densities the lateral input increases and dominates.
The largest input can be found in the density range
between 25.2 and 26.85kg m . It should be
stressed that the scatter around the mean subduc-

tion rate in Fig. 3 is due to the spatial variability of
the rates and does not reflect uncertainties in the
calculations.

2.4. Uncertainties

The above calculations are based on a number
of assumptions that include the criterion for the
mixed-layer depth, the level of zero velocity for the
geostrophic calculations and the choice of the
wind field. For the standard case we have taken
values of 0.125kg m~>, 2000 m and used the
Hellerman and Rosenstein winds in the 20%
reduced version. We have repeated the calculations
using different values and using the original
(100%) Hellerman and Rosenstein winds and
“SOC global air-sea heat and momentum flux
climatology” (Josey et al., 1999). The results are
summarised in Table 1.

Using a different mixed-layer base density has
the largest impact on the northward lateral
subduction rate and leads to a change of about
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20%. The effect is due to the sensitivity of the
fluxes to the shape of the mixed-layer topography,
which is probably the most crucial uncertainty in
this exercise. Using the 100% Hellerman and
Rosenstein winds increases the vertical fluxes by
25%, which really does not come as a surprise, as
the fluxes and the curl of the wind stress are
linearly related. Using different reference velocities
for the geostrophic calculations causes the smallest
change in the fluxes.

3. Subduction rate: water-age approach

As a second, independent estimate we calculated
the subduction rates using the water age approach
(Eq. (2)). A comparison between the rates from
both approaches may allow to judge whether
transient eddies contribute strongly to the subduc-
tion or not.

The distribution of tracer data for a calculation
of water mass ages in the southern Indian Ocean is
even sparser than that of traditional hydrographic
data. In particular only data within the gyre can be
used (south of 17°S), preventing age changes due
to mixing with water from the Pacific-Indian
through flow and from the north. Here we
calculate the vertical age gradient (0¢/0z) in the
interior of the subtropical gyre from CFC appar-
ent ages along two zonal “World Ocean Circula-
tion Experiment” (WOCE) sections (I5 and I3,
see map in Fig. 8) and three meridional section
(I5 along 80°E, see McCarthy et al., 1997; I8
along 95°E and 19 along 115°E, see Hufford et al.,
1997). The zonal sections cut the subtropical gyre,
while the meridional ones cut the region where
Mode Water formation is known to occur. Age
determination was done in the usual manner by
transferring each measured CFC value into an
apparent atmospheric value, using the solubility
function of Warner and Weiss (1985), assuming
100% saturation, and comparing it with the
atmospheric time history of the CFC component
(Walker et al., 2000). The mean outcrop latitude
(fo) was determined through a polynomial fit on
winter outcrop densities calculated from the WOA
98 data (see Fig. 1, contours). The non-zonal
orientation of the isopycnals will be discussed

later as one potential error source for the
calculated rates. Furthermore, the influence of
lateral mixing on the apparent ages was corrected
using the age error map of Karstensen and
Tomeczak (1998, their Fig. 7). In general CFC-12
and CFC-11 ages are affected in the order of 10%
towards younger ages.

After having corrected the ages for lateral
mixing effects, upper and lower bounds for the
subduction rates were calculated for each data
point, using the r.m.s. scatter of the outcrop
density/latitude fit. The subduction rates from the
water age approach are linked to individual water
parcels in the interior of the thermocline rather
then to a subduction location, as in the case with
the kinematic approach. This means that the
volumes of subducted water can only be estimated
if the particle trajectories are known (O’Connor
et al., 1998). These, however, cannot be calculated
from in situ hydrological data only.

What we can do is to compare rates from both
approaches with respect to the outcrop densities
(Fig. 4). The scatter between the individual esti-
mates is as large as it is for the local rates of the
kinematic approach (Fig. 3), but its overall dis-
tribution is similar. In both cases the largest
subduction rates occur in the density range
between 25.2 and 26.85 kg m~>. A quantitative
comparison of the two estimates is more difficult
to achieve. It is not clear that the individual tracer
data from the sections in the interior cover the
thermocline waters from all subduction regions in
a representative manner. Some regions, like the
areas of Mode Water formation may be over-
sampled, while others, in the quieter interior, may
be not represented in a statistically satisfactory
way. Also, the number of observational points in
the low-density range is rather low.

Instead of using a simple average of the
subduction rates in the different density classes,
as done for the results of the kinematic computa-
tions (Fig. 3), we have therefore in the case of the
tracer results plotted the median value of the
subduction rates (Fig. 4). If the data distribution is
Gaussian, mean and median show the same value,
but for a skewed distribution as for the tracer
derived subduction rates, the median is more
appropriate.
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Fig. 4. Subduction rates vs. density as calculated with the water age approach. Data are from the zonal WOCE sections 13 (18°S) and
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are excluded. The bar graph is the median rate in 0.3 kg m™> density bins, the numbers on the right give the number of

points in a bin. The black line indicates the mean subduction rate as calculated from the kinematic approach (see Fig. 3).

Comparing now the mean and median rates of
both approaches (line and bars in Fig. 4) gives an
excellent agreement in the dense water range,
whereas for densities between 25.0 and
26.0 kg m ™ the water age rates are only about
half. In the very low density range below
24.0 kg m~* water age rates are much higher. This
means that in regions or layers with good
data coverage the agreement between the two
methods is good, in our case this agreement
covers the range of Mode Water masses. These
regions are characterised by a high lateral
input and, because they are frontal regions, the
existence of meso-scale eddies is likely. However,
the close agreement between the two indepen-
dently estimated subduction rates now show that
the eddy contribution must be small if not
negligible.

We further tested the potential importance of
eddies by increasing the (northward) Ilateral
component with random noise of 15m yr~!
(median of the lateral component). The result is

an increase of 25% on the lateral input and an
overall increase of about 10%.

4. Water-mass transformations and spreading

The water-mass transfer in the interior of the
ocean has to be balanced through buoyancy fluxes
at the air—sea interface. Using the SOC climatol-
ogy we calculated density fluxes for the Indian
Ocean (Fig. 5). Annual mean water-mass forma-
tion sites are seen in the subtropics west of
Australia and in the southwest along the Agulhas
Retroflection.

Following the method of Tziperman (1986) and
Speer and Tziperman (1992), the monthly air—sea
surface density fluxes are integrated over surface
density bins (Acy = 0.2 kg m ) and time to derive
annual mean water-mass transformation rates
(Fig. 6). Essentially, each number gives the annual
mean flux of water through a density surface
driven by air—sea fluxes of heat and freshwater. A
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Fig. 5. Annual mean surface density flux (10~ kg m™2 s~!) estimated from the SOC climatology. Markers indicate positions of CTD
stations used in Fig. 7.
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Fig. 6. Water-mass transformation rates (Sv) calculated from the SOC (Josey et al., 1999) and from da Silva et al. (1994) climatologies
of sea surface density fluxes analysed in 0.2 kg m™ density bins south of 5°S between 20°E and 120°E.

positive number stands for the transfer of water to brium and the ocean gains heat in the order of
larger densities (see Tziperman, 1986 for details). 30 W m~2 (Josey et al., 1999). Thus, the magni-
The SOC climatology is not in a global equili- tude as well as the pattern of the fluxes is different
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from earlier investigations (Zhang and Talley,
1998: compare with there Fig.4a) based on
globally “constrained” fluxes (da Silva et al.,
1994). However, on local scales the SOC climatol-
ogy was found to be in agreement with indepen-
dent observations (Josey et al., 1999; Joesy, 2001).

In the following we use both the SOC and the
“constrained” density flux as given by da Silva
et al. (1994) for our estimates. In both climatol-
ogies water-mass formation occurs in the density
range from about 23.5 to 26.6 kg m—* (Fig. 6).
Ignoring mixing and inflow from boundaries, the
overall water-mass formation for a density range is
the total difference between the transformation
rates over that range (Tziperman, 1986). Thus the
SOC climatology gives about 25 Sv, composed of a
transformation of about 5Sv of water
<26.0kg m™> to denser water and 20 Sv by
transferring dense water into less dense water.
The corrected da Silva et al. climatology gives, in
the density range resolved, about 28 Sv composed
from 16 Sv less dense to denser water and 12 Sv
vice versa. (Note that earlier water mass studies for
the Indian Ocean, e.g. Zhang and Talley, 1998, did
not have a transformation towards less dense
water.) Sloyan and Rintoul (2001) used an ocean
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inverse model initialised with climatological air—
sea fluxes and found an overall transformation of
water between 26.0 and 26.8 kg m> of about
24 Sv with equal less dense to dense and vice versa
conversion which compares well with our estimate
of 23 Sv for this density range.

The formation in both climatologies supports in
general our estimate from interior data of about
34 Sv. However, if Mode Water formation is seen
as a transformation of surface water south of the
subantarctic front (Ribbe and Tomczak, 1997), the
SOC climatology with the larger transformation of
denser water to less dense is doing a better job. As
we will see later, the signature of water from
Antarctic origin is evident in the outcrop tracer
distribution as well.

The pattern of the annual mean surface buoy-
ancy flux from both climatology leads to a second
consequence in terms of the interior salt fluxes.
Schmitt et al. (1989) suggested that a haline
density flux into the ocean drives interior salt
finger fluxes. Under the condition that the fluxes at
the upper and lower boundaries are zero, Schmitt
(1981) predicted a rotation of the T/S curve with
time (Fig. 7, left) using a vertical mixing model
with different diffusivities for temperature and

24
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-145
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(a) Salinity (PPT)

340 344 348 352 356 360 364 3é8 372 34
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Fig. 7. Rotation of the T'/S curve due to salt finger type double diffusion. Left: No flux model (reproduced from Schmitt, 1981). Right:
CTD data from recent WOCE cruises (see Fig. 5 for station positions).
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salinity. In order to be effective, the haline
component of the density flux into the ocean must
be accompanied by a total (haline and thermal)
flux. In the Indian Ocean subtropical gyre
such conditions are present west of about 80°E
(Fig. 5). Average CTD profiles from WOCE
surveys at different points in the interior
of the gyre do indeed show a similar rotation of
the T/S curve (Fig.7, right, for positions see
Fig. 5) as predicted by Schmitt (1981). This
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underlines the importance of double diffusive
processes in the transformation of thermo-
cline waters. It should be noted that the rotation
point is on the 26.7 kg m~* isopycnal, identified
by You and Tomczak (1993) as the lateral
spreading surface of the Indian thermocline. Our
observations indicate that this is questionable,
because salt—finger salt fluxes are diapycnal
fluxes, even if the 7/S relation looks like it is
not altered.

+ outcrop
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Fig. 8. Comparison of tracer characteristics for data from the base of the winter mixed layer from WOA 98 data (temperature <20°C)
in comparison with observational data along WOCE section 15 (32°S) and 13 (18°S). See map for winter outcrop surface and station
positions. (upper) Temperature/salinity diagram (middle), oxygen/temperature and nitrate/temperature, and (lower) phosphate/

temperature and silicate/temperature.
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5. Water-mass characteristics

In the context of tracer and biogeochemical
cycling studies end-members of unmixed water
masses are widely used for water mass ana-
lysis. These end-members are often obtained
in a heuristic way by plotting observational
data and identifying vertexes composing the
interior field subjectively. Other tools using
statistical methods include cluster analysis (e.g.,
You and Tomczak, 1993). The deduced values
always depend on the distribution and quality
of the underlying data and may not reflect
the initial or pre-formed end-members. In parti-
cular for water masses covering a 7/S range
rather then a point the upper and lower
boundaries (say in temperature) are difficult to
determine.

Such limitations of heuristic methods can be
overcome when the underlying physical processes
of the water-mass formation are considered
explicitly. Here we will use the characteristics of
tracers at the base of the winter mixed layer in the
outcrop region and define the water masses present
in the ventilated thermocline in terms of upper and
lower source waters. Although ventilation occurs
up to temperatures of about 26°C, we used 20°C,
the temperature of the salinity maximum, as the
upper source water, thereby following the ‘“‘classi-
cal” Central Water definition of Sverdrup et al.

Table 2

Source water characteristics for the Indian Ocean Central
Water as analysed from the property distribution along the
winter outcropping using WOA 98 data

Parameter Upper Middle Lower
Temperature (°C) 20 13 9
Salinity 36.00 35.25 34.65
Oxygen (umol kg™ ') 227 244 268
Phosphate (umol kg™) 0.10 0.35 0.85
Nitrate (umol kg™ ) 0 1 7
Silicate (umol kg™!) 2.5 2.5 2.5

(1942). The water above > 20°C is usually referred
to as Subtropical Underwater. The Underwater
characteristics reflect the equatorward decrease in
surface salinity. The associated interior salinity
stratification does not support double diffusive
salt-finger fluxes, which would smooth out salinity
anomalies (Schmitt, 1981); the scatter here is much
larger than for the Central Water itself.

A comparison between outcrop characteristics
and observational data along the two zonal
WOCE section (I5 at 32°S and I3 at 18°S) shows
good agreement in their temperature and salinity
characteristics (Fig. 8). Scatter towards lower
salinity values is due to Pacific-Indian through
flow water transferred along the western flank of
the subtropical gyre. Thus, for defining the source
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Fig. 9. Silicate/density relation at the base of the winter mixed layer in the subduction area.
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into the Ekman pumping (with overlaid effective vertical transport) and the transport as calculated from the annual mean subduction
rate (northward lateral component only). Mode Water densities as given by Fine (1993) are indicated by light grey broken lines.

water values we used only data east of 55°E to
minimise this effect. WOCE 15 section along 32°S
crosses the formation region.

The salinity distribution along I5 within the
upper temperature range shows larger scatter
when compared to WOCE 13 (Fig.8). This
indicates that the salt-finger fluxes have not yet
effectively stabilised the 7/S curve within the
newly formed waters. In the upper water
(T > 15°C) (over) saturation in oxygen, nearly no
nitrate, and a pre-formed phosphate concentration
can be found (Fig. 8). Nutrient data along I3 are
already affected by re-mineralisation of organic
matter and the accompanied oxygen consumption.
In the temperature range <10°C the increase in
scatter in the outcrop characteristic may be
associated with the change in the underlying data
from winter to annual mean (for phosphate,
nitrate, and silicate only). Comparing oxygen
along outcrop and I3, a change in the rate of
oxygen consumption (re-mineralisation) with
depth is evident. In the lower temperature range
(< 14°C) the outcrop oxygen is under-saturated by
about 10 pmol kg~!, indicating a time delay

between the convective formation of Mode Water
and the transfer into the thermocline via the lateral
component of subduction.

Exchange of water over the Subantarctic front is
in particular clear in the outcrop silicate data
(Fig. 9) where at the Mode Water densities
silicate concentrations show large scatter. Concen-
trations of nitrate and oxygen in the waters of
southern origin are locally being “‘reset” through
air—sea interaction processes, while silicate is
not affected in the same matter. This is consistent
with the findings of a northward drift of water
cross the Antarctic Circumpolar Current and
subsequent sinking in the convection region as
suggested by Ribbe and Tomczak (1997). Source
water definition values for the subducted water
deduced from the property plots are summarised
in Table 2.

6. Conclusions

We used the WOA 98 hydrographic data
climatology to calculate subduction rates and
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volumes for the permanent thermocline of the
Indian Ocean. Using the kinematic approach
provides a detailed inventory of the subducted
water masses, both in terms of the density
distribution (Fig. 10) and in terms of the regional
distribution (Fig. 2d). It turned out that in the
southern Indian Ocean subduction of 34 Sv is
composed from equal amounts of northward
lateral and vertical, essentially Ekman pumping,
subduction. In the density range > 25.2 kg m the
lateral component dominates by 50% over the
vertical corresponding to the range of Mode
Waters (McCartney, 1977, 1982; Fine, 1993).

The overall transfer supports findings of Sloyan
and Rintoul (2001), who found about 34 Sv of
northward transfer for their layers 812 (density of
about 25.0-27.0 kg m~?). The similarity confirms
our approach to consider only the northward
component as contributing to the ventilation of
the gyre. Moreover, the estimated transport
between 25.7 and 26.8 kg m~ is in good agree-
ment with those derived from surface fluxes (20
and 26 Sv) and further supported by the recent
calculation of 25Sv  between 2528 and
27.03 kg m™ by Marsh et al. (2000) using a
southern ocean intermediate resolution OGCM.

Comparisons with rates derived from an age
tracer approach compared well on a local scale.
For high densities, i.e. in the Mode water range,
the rates are in good agreement. For lower
densities the tracer data are much sparser and
the associated poorer statistics lead to a larger
deviation from the results of the kinematic
approach. One also has to keep in mind that the
horizontal coverage of the subtropical gyre with
tracer data is far from satisfactory. However, the
agreement between these estimates based on
different methods over most of the density range
allow us to conclude that the overall effect of
transient eddies on setting the transfer is not
dominant.

The subduction into the Indian Ocean is some-
what different to that in the Northern Hemisphere
Atlantic and Pacific Oceans, where the Ekman
pumping dominates the subduction by a factor of
two over the lateral intrusions (Qiu and Huang,
1995). Why is this so? The reason may be found
both in the geometry of the ocean basins as well as

in the pattern of the large scale circulation and the
associated distribution of water masses and fronts.
In the Southern Ocean there is a zonal current
system associated with strong fronts that separate
the subtropical gyre from the circumpolar current
system. These fronts are associated with deep
Mode Water formation mixed-layer depths reach
more than 600 m, and the topography of the
mixed-layer base is very steep. In contrast, the
Mode waters in the North Pacific stem from
depths of less than 200 m and are distributed in a
wide pool rather than along a narrow trough
(Huang and Qiu, 1994). Consequently the topo-
graphy of the mixed-layer base is much less steep,
leading to much weaker lateral subduction.

Tracer distributions along the deepest mixed-
layer base allowed us to define the source water
properties for the ventilating water masses. We
identified Subtropical Underwater and Central
Water to be injected from the vertical component
(essentially Ekman pumping) while Mode Waters
are associated with the lateral input. This can be
seen clearly in the silicate distribution (Fig.9).
Central Water is transferred over the whole
density range and as seen from an preformed
value of about 3 pmol kg~' while Mode Water
densities have much larger values, suggesting an
admixture of water of southern origin.
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