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ABSTRACT

The ventilation of the permanent thermocline of the Southern Hemisphere gyres is quantified using clima-
tological and synoptic observational data. Ventilation is estimated with three independent methods: the kinematic
method provides subduction rates from the vertical and horizontal fluxes through the base of the mixed layer,
the water age uses in situ age distribution of thermocline waters, and the annual-mean water mass formation
through air–sea interaction is calculated. All three independent estimates agree within their error bars, which
are admittedly large. The subduction rates are mainly controlled through their vertical and lateral components
with only minor transient eddy contributions. The vertical transfer, derived from Ekman pumping, ventilates
over most of the areas of the subtropical gyres, while lateral transfer occurs mainly along the Subtropical and
Subantarctic Fronts, where it injects mode and intermediate waters. For the permanent thermocline the overall
ventilation of the South Atlantic is about 21 Sv (Sv [ 106 m3 s21). Of this, lateral transfer contributes 10 Sv,
mainly in the Brazil–Malvinas confluence zone and to the northeast of Drake Passage. The effective vertical
transfer at the bottom of the mixed layer is only two-thirds of the Ekman pumping due to strong northward
forcing of the mixed layer itself. The Indian Ocean is ventilated at a rate of 35 Sv with equal lateral and vertical
contributions. The South Pacific’s overall ventilation is 44 Sv of which the lateral input contributes little more
than half. West of 1308W, the South Pacific is ventilated through Ekman pumping and with only minor lateral
transfer. In the east lateral transfer dominates between 108 and 208S and along the Subantarctic Front in a narrow
density range. Combining overall transports with earlier estimates for the Northern Hemisphere gives a ventilation
of the World Ocean’s permanent thermocline of about 160 Sv. Analysis of atmospheric reanalysis air–sea flux
data reveals an overall increase in the formation of thermocline waters for all three Southern Hemisphere oceans.

1. Introduction

Buoyancy forcing at high latitudes leads to convec-
tion, which feeds and renews the deep waters of the
oceans at a rate of approximately 30 Sv (Sv [ 106

m3 s21). This drives the global thermohaline circulation,
which is associated with timescales of centuries or lon-
ger (Broecker and Peng 1982). The intermediate layers
of the ocean, composing of permanent thermocline, are,
in contrast, wind-driven and their renewal timescales
are much shorter, of order decades. Their ventilation
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rates, however, appear to be much larger than those of
the deep waters and have been estimated to lie around
20–30 Sv for each of the two subtropical gyres of the
Northern Hemisphere (Marshall et al. 1993; Qiu and
Huang 1995) and for the South Pacific (Huang and Qiu
1998) and South Indian Ocean (Karstensen and Quad-
fasel 2002). The deep and the intermediate depth cir-
culation regimes interact in the Southern Ocean
(Schmitz 1996; Marshall 1997; Marsh et al. 2000; Speer
et al. 2000; Sloyan and Rintoul, 2001a,b). Here, up-
welling of deep waters and intense air–sea interaction
(heat, freshwater, and momentum fluxes) convert deep
water into thermocline and intermediate waters that sub-
sequently participate in the wind-driven circulation and
eventually return to the sites of deep convection (Talley
1999).

Montgomery (1938) and Iselin (1939) described the
first conceptual models of thermocline ventilation. They
explained the similarity between vertical interior and
meridional surface stratification through sinking and
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spreading from the surface into the interior along iso-
pycnal surfaces. A consequence of the poleward tem-
perature and salinity decrease is an almost linear tem-
perature and salinity relationship of the water. Sverdrup
et al. (1942) defined a first comprehensive set of ther-
mocline water masses for the world oceans, which they
named ‘‘central waters.’’ McCartney (1977, 1982) in-
spected the Southern Hemisphere thermocline waters in
more detail and found vertically homogenous layers
(thermostads) within the central waters, which he called
Subantarctic Mode Water following Masuzawa’s (1969)
introduction of the term ‘‘mode water’’ to describe the
thick layer of temperature 168–188C in the northwestern
North Pacific, on the southern side of the Kuroshio Ex-
tension. The thermostads form through convective over-
turn and contribute considerably to the ventilation of all
subtropical gyres.

Ekman pumping in regions of negative wind stress
curl and horizontal advection through the tilted mixed
layer base are mechanisms driving water from the sur-
face mixed layer into the stratified interior (Stommel
1979; Luyten et al. 1983; Woods 1985; Cushman-Roisin
1987; Nurser and Marshall 1991). More recently the
transfer of water through mesoscale eddies has entered
the discussion (Tandon and Garrett 1996; Marshall
1997). Garabato et al. (2001) found eddy-driven sub-
duction rates of order of 20 m yr21 along the Antarctic
Polar Front, which they consider to be representative
for all Southern Ocean fronts. These rates are of the
same order as the mean subduction. Over the Southern
Ocean the westerly wind field drives a northward Ekman
transport that forces upwelling of water in the south
supplied by southward geostrophic flow at depth. This
overturning is called the Deacon cell. As a result iso-
pycnals slope steeply and partly outcrop in the south.
The high potential energy of the system is partly re-
leased through baroclinic instabilities into mesoscale ed-
dies. This can be interpreted as a bolus velocity-driven
meridional circulation counteracting the Deacon cell
(e.g., Speer et al. 2000) driving upper-layer water pole-
ward across the fronts. The subsurface return flow to-
ward the equator may contribute to the ventilation of
the thermocline; however, little is known about the me-
ridional and vertical structure of the circulation cells,
their strength, and how they interact.

The pumping of mixed layer waters into the ther-
mocline through the curl of the wind stress creates cen-
tral waters. These are the water masses covered by the
classical Luyten et al. (1983) theory of the ventilated
thermocline. Mode water transfer is different and can
also be seen in regions with annual Ekman suction rather
than pumping. The formation is out of a homogenized
layer, produced through intense air–sea interaction,
which subsequently is laterally driven through the tilted
mixed layer. The densest mode waters feed the inter-
mediate waters in the North Atlantic and the Southern
Ocean. A recent review by Hanawa and Talley (2001)

summarizes present knowledge about mode water for-
mation and distribution.

Two methods are commonly used to calculate sub-
duction rates from observational data. One is based on
analyzing the vertical velocity field derived from Ekman
layer dynamics, the horizontal geostrophic velocity
field, and the mixed layer topography using climato-
logical hydrographic data (Marshall et al. 1993; Qiu and
Huang 1995). From climatological data the eddy com-
ponent cannot be resolved as long as the eddies are not
stationary. The second method to calculate the subduc-
tion rates is based on ‘‘water ages’’ obtained from tran-
sient tracer data such as chlorofluorocarbons (CFCs) or
helium/tritium (Jenkins 1987; Williams et al. 1995).
This method includes the contribution of eddies to the
subduction rates as it analyzes the subduction rates of
individual water parcels (Karstensen and Quadfasel
2002).

Some attempts have been made to quantify thermo-
cline ventilation through subduction for the Southern
Hemisphere oceans, but none of them covered all three
oceans simultaneously and used the different methods
in parallel. Huang and Qiu (1998) analyzed climatolog-
ical data and estimated the subduction into the South
Pacific Ocean gyre using a kinematic approach. In con-
trast to this study they employed a pseudo-Lagrangian
reference frame. They found the thermocline to be main-
ly ventilated through vertical input (18 Sv) with only a
minor contribution from lateral input (4 Sv). Weak mode
water formation was found related to the separation of
the western boundary current, the East Australian Cur-
rent. However, their analysis did not cover the whole
density range of the ventilated region. Karstensen and
Quadfasel (2002) calculated subduction rates for the
south Indian Ocean. They found a transport of 34 Sv
with about equal contributions from lateral and vertical
components. The lateral input dominated for densities
larger than 25.2 kg m23 and covered several mode wa-
ters (McCartney 1977, 1982; Fine 1993). Our estimates
of the subduction in the southern Indian Ocean given
here are essentially the same (35 vs 34 Sv) as in Kar-
stensen and Quadfasel (2002). The small difference can
be attributed to the different wind stress climatology
used, which has an effect on the Ekman pumping con-
tribution.

Using an inverse model, Sloyan and Rintoul (2001a)
found a conversion of Antarctic surface water from air–
sea interaction over the Southern Ocean of 35 Sv and
estimated the overall northward transport in the mode/
intermediate water range to 80 Sv. They found 22, 31,
and 25 Sv of northward transport in the layer 26.0–27.4
kg m23 for the South Atlantic, Indian, and Pacific
Oceans, respectively. Marsh et al. (2000) analyzed water
mass formation in the Southern Ocean using a non-
eddy-resolving model with an active mixed layer, a pa-
rameterized bolus velocity, and seasonally varying sur-
face forcing. For the mode water density range 25.28–
27.38 kg m23 water mass formation of about 15, 25,
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and 24 Sv were found for the South Atlantic, south
Indian, and South Pacific Oceans, respectively. Ribbe
and Tomczak (1997) investigated the influence of the
northward drift of surface waters from the Antarctic
Circumpolar Current (ACC) in the formation regions of
mode and intermediate waters using model simulations.
They found cross-frontal mixing to play a vital role in
the formation, whereas England et al. (1993) in their
model results saw no evidence for an Antarctic contri-
bution to the formation of mode waters. Speer et al.
(1997) deduced the formation of water masses from
climatological surface flux data. For the South Atlantic
the thermocline water formation was about 17 Sv; in
the south Indian Ocean, they found a rate of about 25
Sv. In the South Pacific Ocean about 15 Sv of central
water and 8 Sv of intermediate water are formed. Earlier
investigations (e.g., Speer et al. 1995) excluded the
Southern Ocean because of the uncertainties in the sur-
face flux fields caused by sparse observational data.

Recently, decadal-scale variability of the water mass
characteristics and their formation in the Southern
Hemisphere oceans were investigated using synoptic ob-
servational data (Bindoff and Church 1992; Bindoff and
McDougall 2000; Johnson and Orsi 1997; Wong et al.
1999) as well as climate models (Banks et al. 2000).
The studies show that the mode waters have warmed
and intermediate water has freshened over the past 10–
20 years and that their overall production has increased.
Using a coupled atmosphere–ocean model without flux
adjustments, Banks et al. (2000) simulated changes in
thermocline water formation in the southern Indian
Ocean in response to anthropogenic changes in atmo-
spheric greenhouse gas concentrations. They claim that
the increase of the freshwater content in Southern Ocean
waters is responsible for a decline of the subduction
rates of intermediate water and thereby confirm the
study of Wong et al. (1999). In contrast, Levitus et al.
(2000) found a warming of the upper 1000-m water
column in all three oceans although they did not con-
clude on the freshwater signal as no long-term salinity
measurements are available.

In this paper we give a comprehensive and uniform
circumpolar analysis of water mass formation and sub-
duction for the Southern Hemisphere permanent ther-
mocline based on climatological and synoptic obser-
vational data. Exchange windows between the Southern
Ocean and the subtropical gyres are investigated. We
employ the kinematic approach on climatological data
and quantify the formation of Southern Hemisphere wa-
ters in terms of vertical central water and lateral mode/
intermediate water ventilation. Error estimates for dif-
ferent choices of mixed layer depth criteria, reference
level for the geostrophic calculation, and the wind field
are given. We compare the combined ventilation rates
with those obtained from the water age approach using
tracer data from WOCE (World Ocean Circulation Ex-
periment) to assess the contribution of transient eddies
to the subduction. Also a comparison with water mass

formation rates as deduced from surface density fluxes
is made. Here we examine the overall change in water
mass formation rates using reanalysis data from an at-
mospheric model.

2. Subduction rate

a. Kinematic approach

The instantaneous subduction rate S is defined as the
downward velocity of a fluid parcel relative to the base
of the mixed layer (Woods 1985; Cushman-Roisin
1987):

S 5 2]h/]t 2 w 2 u · =h.h h (1)

Here h is the depth of the mixed layer base, uh is the
horizontal (lateral) velocity of a parcel at the base of
the mixed layer, wh is the vertical velocity at the base
of the mixed layer, and t is the time. Subduction can
occur year round and is dominated by the vertical move-
ments of the base of the mixed layer (order of 1000 m
yr21 in spring and 500 m yr21 in autumn and winter).
However, over the course of the year the first term,
describing the time rate of change, vanishes if no long-
term change in mixed layer properties is present (Mar-
shall et al. 1993). Hence the latter two terms compose
the annual mean subduction rate.

The vertical component wh in (1) is calculated from the
curl of the wind stress field (T) and subsequently corrected
for its contribution to the meridional Sverdrup transport
contained in the mixed layer (Williams 1991):

01 T b
w 5 curl 2 y dz. (2)h E1 2r f f

2h

Here r is the density of seawater, y is the meridonal
velocity, f is the planetary vorticity, and b is its me-
ridional gradient. The lateral component (uh · =h) in (1)
is calculated from the horizontal geostrophic velocity at
the deepest mixed layer (uh) considering the inclined
base of the deepest mixed layer (=h). An important idea
in this approach is that the winter climatology is rep-
resentative for the short time window of irretrievable
subduction (Stommel 1979). Qiu and Huang (1995) cal-
culated annual three-dimensional flow trajectories out
of a pseudo-Lagrangian flow field derived from cli-
matological data. They traced individual parcels in
greater detail analyzing subduction (transfer into the
interior) and obduction (return transfer into the mixed
layer) and compared their results with the kinematic
approach applied here. Over most of the regions, annual-
mean subduction rates coincide, while in the narrow
frontal regions they found up to about 30% lower values.
They attributed these to the different structure of the
control surface between mixed layer and thermocline
used in the two approaches.
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FIG. 1. (a) Depth and (b) density anomaly of the deepest mixed layer depth as calculated from the
WOA data using the 0.125 kg m23 criterion. The ventilated region (bounded by black dotted line) lies
between the trough of the deepest mixed layer in the south and by the line of zero vertical velocity at
the base of the deepest mixed layer in the north (see text for details). Density anomaly contours are in
0.1 kg m23, labels in 1 kg m23 steps.

1) MIXED LAYER DEPTHS AND OUTCROP REGION

The mixed layer seasonality and the topography of
its base during late winter play a key role in the sub-
duction process and in setting the characteristics of the
waters ventilating the thermocline (Stommel 1979;
Woods 1985). Water irretrievably entering the thermo-
cline originates from the deepest mixed layer, usually
in late winter/early spring. Subduction occurs also dur-
ing the rest of the year, but the subducted parcels are
always overtaken by the deepening mixed layer during
the cooling season and do not directly contribute to the
ventilation.

Different criteria may be used to calculate the mixed
layer depth, such as surface referenced temperature or
density changes. Here we use the depth of a certain
density increase of 0.075, 0.125, and 0.200 kg m23,
respectively. The World Ocean Atlas 1998 (WOA: Lev-
itus and Boyer 1994; Levitus et al. 1994) Southern
Hemisphere winter temperature and annual-mean salin-
ity data were used to calculate densities and mixed layer
depths (Fig. 1). For salinity seasonal changes are gen-
erally small in the depth range considered, allowing one
to use the annual mean rather than seasonal or monthly
resolved data.

The general structure of the deepest mixed layer at
the southern rim of the subtropical gyre is zonal (Mc-

Cartney 1977, 1982; England et al. 1993). The trough
follows the northern flank of the Circumpolar Current
and is located south of the Subtropical Front (Orsi et
al. 1995). The mixed layer deepens between the western
Atlantic and the eastern Pacific from 200 m to more
than 700 m, but this depth increase is not gradual. Su-
perimposed on the trend are oscillations with wave-
lengths of 1000–2000 km. Topographic ridges causing
the currents to deviate from their zonal path may be
responsible for these irregularities, but some may also
be due to poor data coverage leading to a bumpy cli-
matology. We will come back to this problem later when
discussing the lateral component of the subduction.

Because we are interested in the ventilation of the
permanent thermocline, its outcrop region has to be de-
termined. Often the wind stress curl is used as an ap-
proximation of the vertical component of the subduction
rate. However, the lateral component may allow water
to be subducted even if the wind stress curl does not
support subduction. We use the very deep winter mixed
layer trough in the south as a guide. It acts as a natural
boundary between the subtropical gyres and the South-
ern Ocean. Water subducted farther south has to pass
this region to reach the interior of the Southern Hemi-
sphere gyres and it will become again part of the mixed
layer during its way north. Contributions from south of
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the trough may thus be ignored for the direct gyre ven-
tilation (Fig. 1). At the equatorward side of the sub-
tropical gyres the ventilation of the interior is mainly
controlled through the vertical component of subduc-
tion. Ekman pumping is greatly reduced in the near-
equatorial region, due to the wind forcing of the mixed
layer. Therefore we use the northernmost influence of
the vertical component as northernmost boundary of the
subduction domain (Fig. 2b). Since the line of zero ver-
tical flux is rather noisy, we used a smoothed version
for our calculations. The spatial structure of the deepest
mixed layer and its boundaries is not sensitive to the
choice of mixed layer definition, but the mean depths
change by about 625% using either the 0.075 kg m23

or 0.200 kg m23 criterion as compared with the 0.125
kg m23 criterion.

The South Atlantic has a broad outcrop area between
158S and 358–458S, covering the whole of the subtrop-
ical gyre (Fig. 1). Outcrop densities here reach 27.1 kg
m23 in the southeast. A second smaller region of outcrop
lies northeast of Drake Passage and is associated with
the northward turn of the ACC. Outcrop densities here
are between 27.0 and 27.3 kg m23 and are thus in the
range of Antarctic Intermediate Water. These dense wa-
ters originate in the Pacific Ocean and should be con-
sidered as part of the Pacific Ocean water masses. In
the south Indian Ocean the outcrop of the subtropical
gyre is confined between 208 and 408S, but reaches 458S
south of Australia. Maximum outcrop density is 26.9
kg m23. The southerly location of the tropical outcrop
boundary in this sector is due to the extent of the mon-
soon wind field that reaches across the equator and forc-
es the doldrums to lie around 88S rather than north of
the equator as in the Pacific and Atlantic Oceans. South
of Africa the mixed layer trough bifurcates and a second
shallow trough appears farther south between the Sub-
antarctic and Polar Fronts (Orsi et al. 1995). It is as-
sociated with densities of up to 27.3 kg m23 and thus
in the intermediate water range. In the South Pacific the
subduction region widens again and reaches northward
to about 158S in the east. Here, between 208 and 308S
a broad region of deep mixed layers can be seen centered
near 1108W. A strong southward bend of the poleward
boundary is seen near New Zealand, but the highest
latitude of 608S is reached in Drake Passage. Here the
outcrop region continues into the Atlantic Ocean. The
South Pacific has the highest outcrop densities of up to
27.3 kg m23 and the deepest mixed layer in a region
between 1408 and 1208W where all southern oceans
fronts merge due to the topographic steering of the ACC
(Orsi et al. 1995).

2) THE VERTICAL COMPONENT

The vertical transfer of water from the mixed layer
into the thermocline is controlled by the wind-induced
Ekman pumping velocity (Luyten et al. 1983). This ve-
locity can be calculated directly from the curl of the

wind stress, but has to be corrected for the contribution
of the Ekman pumping to the meridional Sverdrup trans-
port within the mixed layer. We tried three different
wind climatologies for the calculation of the Ekman
pumping: the original Hellerman and Rosenstein wind
stress climatology (Hellerman and Rosenstein 1983), the
20% reduced version of this dataset that compensates
for a bias in the drag coefficient calculations (Josey et
al. 2002), and the Southampton Oceanography Centre
(SOC) global air–sea heat and momentum flux clima-
tology (SOC: Josey et al. 1999). The reduced Hellerman
and Rosenstein (1983) and the SOC climatology give
similar results in the south Indian and South Atlantic
Ocean, but in the South Pacific Ekman pumping veloc-
ities in the northern part of the outcrop region are higher
by about 50% when using SOC. Because SOC is based
on more recent data (1980 to 1993) than Hellerman and
Rosenstein (1983) (1870 to 1976) and uses corrections
for observational biases and parametrizations (Josey et
al. 2002) such as a revised drag coefficient, we decided
to use it as our reference.

The annual mean Ekman pumping velocities over the
ventilated regions lie between 25 and 100 m yr21 in all
three oceans (Fig. 2a). In all oceans bands of stronger
downwelling stretch from northwest to southeast. Ek-
man pumping is much reduced in the southern outcrop
regions, at least in the Atlantic and the Pacific.

To derive wh [Eq. (2)] the annual-mean average geo-
strophic velocity within the mixed layer based on WOA
data is used (discussed below; Fig. 2c). In the South
Atlantic and Pacific Oceans strong meridional transports
in the mixed layer reduce the Ekman induced subduction
by about 30% compared to the vertical Ekman pumping
at the surface, while in the Indian Ocean the reduction
is only 20% (Table 1). Using either of the two Hellerman
and Rosenstein (1983) climatologies changes the effec-
tive vertical component of the subduction by about 20%,
as expected.

3) THE HORIZONTAL COMPONENT

The velocity field at the base of the deepest mixed
layer was calculated from the thermal wind relation us-
ing annual mean temperature and salinity data from
WOA. A reference level at 2000 dbar or at the seafloor
in shallower regions was used. To estimate uncertainties
associated with this choice of the reference depth we
repeated the calculations with levels of 1750 and 2500
m. These are arbitrary, but reflect the depth interval used
in more detailed calculations of the subtropical gyres
circulation (e.g., Stramma and Peterson 1990; Stramma
1992; Stramma et al. 1995; Stramma and England
1999). They are too shallow to capture the magnitude
of the ACC velocity field correctly, which has in ad-
dition a significant barotropic component. However, this
does not upset our subduction calculations as these are
largely limited to regions north of the ACC. This is
confirmed through the low sensitivity of only 10% of
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FIG. 2. (a) Ekman pumping velocity (2wEkm) calculated from SOC wind stress data (Josey et
al. 1999). (b) Vertical velocity at the base of the deepest mixed layer (2wh). (c) Mean geostrophic
velocity field in mixed layer calculated from the WOA data using 2000 m as a level of no motion.
Only every second data point is shown. (d) Northward lateral component of subduction rate (2y
]h/]y). (e) Annual mean subduction rate (vertical flux and northward lateral input). Note the
nonlinear grayscale. Thick black lines give boundaries of the subduction regions used for the
integral calculations.
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TABLE 1. Subduction of water from mixed layer into the permanent
thermocline of the Southern Hemisphere oceans in Sverdrups, cal-
culated with the kinematic method. We define a standard case using
SOC climatology wind, 0.125 kg m23 mixed layer depth criteria, and
a 2000-m reference level for the geostrophic velocity field. The sec-
ond column gives for the standard case the resulting transport for
east, north, west, and south components of the lateral induction (uh ·
=h): the Ekman pumping transport component (2wEkm); and the ef-
fective vertical transport component (2wh). The maximum deviation
from these values using different criteria is shown in the three right
columns. We changed successively mixed layer criteria (0.075 kg
m23; 0.2 kg m23), wind fields (Hellerman and Rosenstein 1983; orig-
inal and 20% reduced), and reference levels (1750 and 2500 m). The
values used for further discussion of the transport are emphasized in
boldface.

Standard

Atlantic Indian Pacific

Maximum deviation from
standard (%)

Mixed
layer

Wind
field

Refer-
ence
level

2u ]h/]x
1u ]h/]x
2y ]h/]y
1y ]h/]y
2wEkm

2wh

17.3
29.4
10.1

217.3
16.4
11.2

10.7
22.6
17.8

217.9
21.4
17.5

30.5
210.1

23.3
227.8

28.7
20.8

25
29
19
15
—
1

—
—
—
—
19
26

9
11

9
5

—
—

the results on variations in the reference level (Table
1).

In the subduction regions the dominant features in
the mean flow field in the mixed layer (Fig. 2c) are the
South Atlantic, south Indian and South Pacific Ocean
Currents that are related to the Subtropical Front (Stram-
ma and Peterson 1990; Stramma 1992; Stramma et al.
1995). In the South Atlantic and in the south Indian
Ocean they merge with the ACC into a broad band of
eastward flow. The largest velocities exist in Drake Pas-
sage and south of Africa in the Agulhas Retroflection.
The central outcrop regions are dominated by the weak
anticyclonic recirculation of the subtropical gyres. The
South Atlantic shows a band of northwestward currents,
emanating from the Agulhas Current off South Africa.
In the south Indian Ocean the flow field in the southern
part of the ventilated zone is weak, but picks up north-
ward speeds in the northern half. The strong South
Equatorial Current fed by the Pacific inflow through the
Indonesian Archipelago lies north of the subduction re-
gion. In the South Pacific the Subtropical and Subant-
arctic Fronts are well separated and the South Pacific
Ocean Current is a distinct zonal current band that ap-
proaches the American coast at around 358S.

The contribution of the lateral flux through the in-
clined base of the winter mixed layer was calculated
separately for the zonal and meridional current com-
ponents. Positive (mean flux into the thermocline, that
is subduction) and negative contributions (flux out of
the thermocline) were summed separately (Table 1).
Karstensen and Quadfasel (2002) argued that only the
northward meridional flux irretrievably transfers water
into the thermocline of the south Indian Ocean, and we

will here follow their approach. We will address this
issue again when comparing kinematic and water age
subduction rates. The distribution of the estimated lat-
eral subduction is shown in Fig. 2d. Its spatial pattern
is noisy. This is not surprising as the lateral subduction
term is a combination of two noisy components—the
horizontal gradient of the topography of the mixed layer
base (see Fig. 1) and the horizontal gradient in density
used to calculate the geostrophic velocities (Fig. 2c).
Since our later discussion of subduction rates is based
on regionally integrated quantities we refrain from
showing heavily smoothed maps here. We believe that
the reader is capable of picking out the main features.

Local rates are largest in the southern part of the
outcrop regions where both horizontal currents and the
slopes of the mixed layer base are largest. High rates
are also found between 158 and 208S in the Atlantic and
eastern South Pacific Oceans, associated with the bowl
shape of the subtropical gyres and a northward com-
ponent in the South Equatorial Currents (SEC) in both
oceans. In the Indian Ocean the outcrop region does not
cover the SEC, so there is no second northern maximum
in the subduction. However, the overall lateral subduc-
tion rates here are higher than in the two other oceans.
The small meridional extent of the Indian Ocean sub-
tropical gyre results in a relatively steep topography of
the mixed layer base, giving rise to the strong lateral
fluxes.

4) TOTAL SUBDUCTION

The sum of the vertical and horizontal components
of the subduction is shown in Fig. 2e. The high wave-
number variability of the lateral input also obscures the
total subduction, but at lower latitudes the effect of ver-
tical pumping clearly dominates. Exceptions are the
aforementioned high lateral inputs associated with the
SECs in the Atlantic and the northeastern South Pacific
at about 158S. Frontal regions in the Brazil–Malvinas
confluence zone and northeast of Drake Passage in the
Atlantic, and the Subtropical and Subantarctic Fronts in
the Indian and the Pacific are associated with large lat-
eral input. The lateral input between 1408 and 1208W
may be associated with the merging of the Subantarctic
and Polar Fronts here (Orsi et al. 1995).

An integrated view on the distribution of the sub-
duction in the three oceans is given in Fig. 3, showing
individual subduction rates at grid points versus the win-
ter outcrop density, together with their averages over
0.2 kg m23 increments. The scatter of the individual
data points reflects the spatial variability of the rates
rather than errors in the determination of the rates.

In the South Atlantic (Fig. 3, upper panel) lateral
subduction dominates the lowest-density water (about
24.9 kg m23), where ‘‘Subtropical Underwater’’ is
formed (Tomczak and Godfrey 1994; Stramma and Eng-
land 1999; Mémery et al. 1996), water at 26.1–26.7 kg
m23 where mode waters are formed in the Brazil–Mal-
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FIG. 3. Local subduction rates determined from the kinematic ap-
proach as sum of the vertical and northward lateral component (dots)
vs the outcrop density anomaly. The average vertical velocity over
the outcrop regions (light gray line), and averaged total subduction
rate (black line) over 0.1 kg m23 density increments.

vinas confluence zone (McCartney 1977, 1982; Gordon
1981; Mémery et al. 1996), and densities larger than
27.1 kg m23 where intermediate water is subducted. For
the south Indian Ocean the lateral input is large for
densities .25.4 kg m23, which is in agreement with a
wide range of mode waters (McCartney 1977, 1982;

Fine 1993; Karstensen and Quadfasel 2002) and asso-
ciated with the band of very deep winter mixed layers.
In the South Pacific a good part of the outcrop regions
are ventilated through vertical pumping. Densities be-
tween 24.1 and 25.1 kg m23 (Subtropical Underwater)
and densities .26.7 kg m23 show enhanced lateral input
down to the mode/intermediate water density near 27.3
kg m23 (Tsuchiya and Talley 1996). One might note
here that Huang and Qiu (1998) did not identify in there
analysis the subduction of the densest water and they
suspected the smoothing in the climatology to be re-
sponsible for this.

b. Water age approach

The second method to estimate subduction rates is
the water age approach, proposed by Jenkins (1987). It
uses vertical water age gradients in the thermocline cal-
culated for example from transient tracer data such as
CFCs or the helium/tritium pair. Geostrophy and con-
servation of potential vorticity are assumed. The water
age in the mixed layer is taken as zero. The age (t) of
a parcel in the interior, with a vertical distance ]z from
the overlying mixed layer, is controlled through the in-
stantaneous subduction rate. If vertical velocity shear
and mixing are weak, the vertical age gradient between
two neighboring isopycnals (]t/]z) reflects the age that
the water at the lower isopycnal had when the upper
was about to leave the mixed layer, but still had an age
of zero. Relating outcrop ( f 0) and observation ( f ) plan-
etary vorticity accounts for layer shrinking through con-
servation of potential vorticity [see Williams et al.
(1995) for the formal derivation]. The water age ap-
proach subduction rate can be written as (Jenkins 1987;
Williams et al. 1995)

21S 5 f / f (]t/]z) .t 0 (3)

An important difference between the kinematic ap-
proach and the water age approach is their consideration
of subduction forced by eddies. Using the kinematic
approach on a climatological field, the contribution of
eddies cannot be considered unless they are stationary.
In contrast, the water age approach takes all contributing
factors into account that transfer the water into the in-
terior as it analyses the subduction out of an individual
parcel. A comparison of the results from both approach-
es may allow an estimate of the transient eddy contri-
bution to the subduction (Karstensen and Quadfasel
2002).

We calculated the vertical age gradient using CFC-
11 and CFC-12 data from WOCE cruises (see map Fig.
4). An apparent concentration age was obtained by
transferring CFC data to their atmospheric equivalent
using the solubility function (Warner and Weiss 1985)
and comparing it with the atmospheric time history
(Walker et al. 2000), assuming 100% saturation in the
formation region. As the atmospheric CFC content in-
creases over time up to the end of the 1980s, lateral
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FIG. 4. Subduction rates estimated from the water age approach in
relation to winter outcrop density anomaly. White line is the median
of the water age rate, and black line is the averaged annual-mean
subduction rate as calculated from the kinematic approach (see Fig.
3). Since the data distribution is sparse, in particular in the lower
density classes, we found the median to be more appropriate than a
Gaussian average to represent mean conditions. On the right-hand
side the number of observations in each density bin is given. See
map on top for location of samples (WOCE data: Atlantic A7, A8,
A9, A10, A15, A17; Indian I3, I8, I9, I5; Pacific P6, P18, P19, P21).

mixing causes the CFC apparent ages to be biased to-
wards younger ages. As we use here the vertical age
gradient rather than the absolute age, the effect of mix-
ing is reduced because ages on neighboring isopycnals
are biased in the same direction. However, to account
for the mixing effect on the age, which is about 10%
(relative error), we used the error map of Karstensen
and Tomczak (1998). Another potential source of error
is the vertical increment of data sampling (typically 50
m in the upper 500 m and 100 m down to 1000 m) as
subsurface maximum/minimum values in ages are not
fully resolved. This influences mode water samples in
particular as they are characterized through a subsurface
age minimum and results in overestimating the rate.
However, as mode waters usually occur in thick layers,
the age minimum is rather broad and should be well
sampled. Another source of error is the saturation as-
sumption: if the waters were not saturated, the rate
would be underestimated.

The outcrop latitude for each interior data point need-
ed to calculate f 0 was determined with a polynomial fit
on the WOA outcrop density. The standard deviation of
each ocean individual fit was used to evaluate one source
of error in the calculation (S. Atlantic 63.78, S. Indian
62.68, and S. Pacific 62.28). We derived two subduc-
tion rates for each observation, one for the maximum
outcrop and one for the minimum outcrop density.

The subduction rates based on tracer age are com-
pared with those from the kinematic approach using the
outcrop density as reference (Fig. 4). Of course, the
WOCE sections cover only part of the subtropical gyres
and the distribution of observational data is nonuniform
compared to the gridded climatologies. As the water-
age-based rates are ‘‘parcel dependent,’’ they may not
cover some subduction regions while others might be
oversampled. In particular the low density waters are
sparsely sampled. They occupy a relatively small vol-
ume in the gyre and the age tracer method needs water
with even lower density as a reference to calculate the
age gradient. The water age rates may thus not be rep-
resentative for the whole outcrop region and the aver-
ages in density classes have to be seen in relation to
the amount of data available (as indicated in Fig. 4). As
in case of the kinematic rates the scatter cannot be solely
interpreted as uncertainties, but also reflects the vari-
ability of the input into a specific density bin. For denser
waters, data coverage is good and the results in general
support our findings from the kinematic approach.

In the South Atlantic sampling starts to be sufficient
(using about 100 data points as threshold) for densities
larger than 25.9 kg m23. Centered at about 26.5 kg m23

the input of mode water from the Brazil–Malvinas con-
fluence zone is evident. Largest input is seen for mode/
intermediate water with densities between 27.1 and 27.3
kg m23 with lower median age tracer than averaged
kinematic approach rates. However, the average kine-
matic approach here is based on only a few grid points.
In the Indian Ocean sampling starts to be sufficient at



NOVEMBER 2002 3029K A R S T E N S E N A N D Q U A D F A S E L

FIG. 5. Volume transfer derived from area of the winter outcrop
density bins using the vertical velocity component (black) and total
annual mean subduction rate (gray). Mode water density anomalies
as found in the literature are indicated as broken lines (see text for
references).

25.3 kg m23 where tracer age rates are again lower than
those from the kinematic approach. Largest input occurs
from about 26.3 to 26.9 kg m23 (Karstensen and Quad-
fasel 2002). A second maximum in the input can be
seen for densities around 27.3 km m23 that may be
associated with lateral input through the second, slightly
shallower mixed layer trough at about 558S, which is
not resolved in the kinematic approach. In the South
Pacific the ventilated outcrop densities are well sampled
for densities .24.9 kg m23 and the averaged subduction
rates from both approaches agree well. For densities of
about 26.9–27.3 kg m23 high rates indicate lateral in-
duction of mode/intermediate water. The scatter of local
rates for the density range from 26.1 to 26.5 kg m23

indicates lateral induction and hence mode water for-
mation here too. Subtropical Underwater formation can-
not be resolved due to the sparse data in the warmer
and less dense waters.

The comparability of the subduction rates obtained
by the two methods is of course limited, but some def-
inite conclusions can be drawn. Over most of the density
range the kinematic method leads to similar or even
higher subduction rates than the water age approach.
This supports our assumption that only the northward
lateral component in the kinematic method contributes
to the subduction into the thermocline is justified. Tak-
ing also the other components (south, east, west) in
account would lead to an even larger discrepancy be-
tween the two methods. Secondly, transient eddies,
which are only included in the tracer age estimate, can-
not play a major role in overall the Southern Hemisphere
thermocline water subduction process. Support of this
idea comes from other observational studies: Garabato
et al. (2001) found eddy-driven subduction rates in the
order 20 m yr21 for the Southern Ocean fronts, which
is an order of magnitude smaller than local lateral sub-
duction rates.

c. Volume fluxes

Integrating the local subduction rates at the grid
points from the kinematic approach (Fig. 3) over the
outcrop areas and in density classes gives the volume
transfer of waters into each of the Southern Hemisphere
gyres (Fig. 5; Table 1). In the Atlantic the lateral transfer
dominates the subduction at low densities (25.1–25.3
kg m23), driving water into the upper thermocline and
creating the shallow Subtropical Underwater associated
with a salinity maximum (Mémery et al. 1996). Lateral
input increases for densities of 25.9–26.3 kg m23 as-
sociated with the Subtropical Mode Water originating
in the Brazil–Malvinas confluence zone (Gordon 1981;
Provost et al. 1999; Mémery et al. 1996). For the den-
sities centered at 27.1 kg m23 the lateral input is the
sole contributor that subducts intermediate water. Over-
all the South Atlantic is ventilated with a transport of
about 21 Sv with equal lateral and vertical contribution.
Sloyan and Rintoul (2001a) found a ventilation of 16

Sv south of 128S for the layer between 26 and 27.4
kg m23, which corresponds well to our estimate of 14
Sv for the same density range.

The south Indian Ocean is discussed in detail in Kar-
stensen and Quadfasel (2002). The transports (Fig. 5)
presented here are slightly higher due to the use of the
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FIG. 6. Meridional integrated transport into the Southern Hemi-
sphere permanent thermocline: vertical component (dark gray) and
total annual mean subduction (light gray).

SOC wind data. Lateral fluxes (17 Sv) are similar to the
vertical ones (18 Sv). Again the lateral rates dominate
at mode water densities (McCartney 1977, 1982; Fine
1993; Karstensen and Tomczak 1998). In the South Pa-
cific the subduction has a bimodal distribution in density
space. Transports peak at 25.5 kg m23 for the north-
eastern area of the outcrop with dominating vertical
transfer. A second peak from 26.7 to 27.1 kg m23 is
mainly laterally driven and covers Subantarctic Mode
and Intermediate Water densities (McCartney 1977,
1982; Tsuchiya and Talley 1996). The overall transport
in the South Pacific is 44 Sv of which the vertical trans-
port contributes a little less than half. For water ,25.1
kg m23 lateral and vertical input is about equal and
forms the shallow salinity maximum (S . 36.6 psu) of
Subtropical Underwater (Tsuchiya and Talley 1996).
Our vertical Pacific transports agree with the results of
Huang and Qiu (1998) while our lateral transport esti-
mates (excluding the dense mode/intermediate waters)
are about 4 times higher.

Meridionally integrating the fluxes over zonally av-
eraged bands of 58 latitude, the vertical transfer of water
between the mixed layer and thermocline is about 50
Sv (Fig. 6) and thus equal to the lateral induction. Lat-
eral transfer for densities associated with Subantarctic
Mode/Intermediate Waters (26.5–27.2 kg m23) is of the
order of 30 Sv and thus compatible with the transfor-
mation of Antarctic Surface Water to mode and inter-
mediate water, which Sloyan and Rintoul (2001a) es-
timated to be 34 Sv. Taking the transport into the North-
ern Hemisphere thermocline into account (Huang and
Qiu 1994) the global thermocline ventilation is about
160 Sv.

The uncertainties of the calculations with respect to
the choices of the mixed layer criteria, the reference
level for the geostrophic calculations, and wind stress
climatologies are summarized in Table 1. Maximum

changes in the fluxes are of order 20% for the different
mixed layer criteria and choice of wind fields, and some-
what less for the two different reference levels. These
uncertainties are large, but do not change our main con-
clusions. In addition, we simulated the effect of me-
soscale eddies on the lateral transfer with a simple ap-
proach: on the lateral induction field we superimposed
random noise with an amplitude of 20 m yr21 (Garabato
et al. 2001) and recalculated the transports. The largest
changes are found in the Indian Ocean, which has the
widest range of mode waters, with an increase of about
25% for the lateral induction and of about 10% for the
total flux. Again, this does not change our main con-
clusions.

3. Water mass transformation and variability

The transfer of water into the thermocline must be
supported by the formation of surface water through
air–sea fluxes. Air–sea fluxes change temperature and
salinity characteristics of the surface water and trans-
form water from one density to another. The divergence
of the transformation is the formation of water that
should be compensated through interior fluxes and may
allow a further estimate of the subduction rates (Speer
1997; Marshall et al. 1999). As Marshall et al. pointed
out, both quantities, the flux divergence and the sub-
duction, are different in a sense that the air–sea flux is
an integral flux of creation while the subduction is a
local transfer between mixed layer and thermocline. Dif-
fusive processes will lead to deviations between both,
thus limiting the possibility of comparison. We will try
to account for this by comparing the overall formation
of thermocline waters in the Southern Hemisphere sec-
tors of the oceans, as calculated above, with the for-
mation calculated from air–sea interaction.

Surface water mass transformation combines density
fluxes derived from heat and freshwater fluxes at the
air–sea interface with a mass budget on individual out-
cropping density layers (Walin 1982; Tziperman 1986;
Speer and Tziperman 1992). The density flux at the sea
surface is (e.g., Gill 1982; Schmitt et al. 1989)

2aH (E 2 P)S
F 5 1 br(T, S) . (4)r c 1 2 SW

Here cW is the heat capacity of water, H is the surface
net heat flux, E 2 P is the net freshwater flux, a is the
coefficient of thermal expansion of seawater, b is the
haline contraction coefficient, S is the salinity, and
r(T, S) is the surface density. In general all variables
are functions of location and time. Using monthly data
the mass budget in discrete density bins of [P(r 2 r9)],
over a 18 3 18 area element DAi,j can be diagnosed from

121
nF 5 Dt DA F (r 2 r9). (5)O O Pm i, j r i, jDr n51 i, j

The convergence (divergence) of the so-calculated
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FIG. 7. Averaged (a) thermal and (b) haline density flux component from NCEP–NCAR reanalysis data, Reynolds sea surface temperature,
and WOA salinity. Negative (out of the ocean) fluxes are stippled. Note that contouring is different for thermal (1 3 1026 kg m22 s21) and
haline (0.5 3 1026 kg m22 s21) fluxes.

transformation corresponds to the formation (destruc-
tion) of water masses.

A crucial point for the calculation of water mass for-
mation rates is the quality of the surface flux data and
their compatibility with the oceanic surface density
field. Older climatologies, such as the Comprehensive
Ocean–Atmosphere Data Set (COADS), are usually
based on a number of individual observations, such as
from ships or drifting buoys, distributed irregularly in
space and time. Gridding of such data makes sense when
enough samples are available for the averaging, but be-
comes problematic where only few observations have
been made, such as south of 458S. Consequently this
region has often been excluded from analysis of water
mass transformation in the past. Gridded datasets often
do not close the global heat and freshwater cycle and
as a zero order approximation a global bias is assumed
(da Silva et al. 1994a,b).

Since the beginning of the 1980s, however, air–sea
flux estimates improved significantly with the introduc-
tion of satellite-based remote sensing technologies. Now
atmospheric datasets are produced routinely by assim-
ilating all available observations into atmospheric gen-
eral circulation models. The National Centers for En-
vironmental Prediction (NCEP)–National Center for At-
mospheric Research (NCAR) reanalysis data (Kistler et
al. 2001) provides a dynamically consistent global da-

taset with closed heat and freshwater budgets. In the
analysis we use heat and freshwater fluxes derived from
the NCEP–NCAR reanalysis. Particular attention was
given to the time span 1982–99 when sea surface tem-
peratures (based on Reynolds and Smith 1995) are avail-
able south of 458S to account for the ocean’s response
on changes in the heat flux field. As no high-resolution
salinity dataset is available, we simply use the WOA
monthly salinity climatology to calculate the surface
density field. Water mass transformations were esti-
mated over relatively large density bins of 0.2 kg m23.
The annual mean water mass transformation is calcu-
lated from monthly data from January to December of
each year.

a. Climatological water mass transformation

The spatial distributions of the mean NCEP–NCAR
reanalysis based density flux components are shown in
Fig. 7. The patterns compare well with published values
based on climatologies (da Silva et al. 1994a,b; Speer
1997; Zhang and Talley 1998) but in the subtropics the
fluxes are much higher. This discrepancy may arise from
the mix of observational data of different atmospheric
variability states in the climatology as well as from dif-
ferent flux parametrizations used in the climatology and
the reanalysis (e.g., Moyer and Weller 1997; Josey
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FIG. 8. Comparison of water mass transformation rates for indi-
vidual Southern Hemisphere oceans calculated using daSilva et al.
climatology and average (line) and annual mean (dots) NCEP–NCAR
reanalysis data. WOA surface salinity and Reynolds surface temper-
atures are used to calculate the surface density. Integration is done
in bins of 0.2 kg m23. The respective density anomaly range to cal-
culate the formation of thermocline waters is indicated by gray shaded
areas.

2001). Closing the heat and freshwater budget in the da
Silva et al. climatology is certainly another source of
error leading to a bias.

In the South Atlantic there are two regions where the
ocean gains density in the annual mean: the Brazil–
Malvinas confluence zone at about 408S and a Sub-
tropical Region between 108 and 208S, west of the
Greenwich meridian. Both areas show enhanced sub-
duction through lateral flux (Fig. 2d), which is associ-
ated with Subtropical Underwater and Subantarctic
Mode Water formation (Mémery et al. 1996). Haline
fluxes are strongest in the subtropics. For the Indian
Ocean we refer to Zhang and Talley (1998) for a detailed
discussion of the density fluxes. Large thermal fluxes
occur along the Australian coast and extend far into the
gyre. South of Africa large thermal fluxes occur within
the Agulhas Retroflection extending eastward along the
southern rim of the subtropical gyre due to the advection
of the warm recirculating surface water (England et al.
1993). The Pacific shows a bimodal distribution of flux-
es: Large thermal-driven density fluxes can be found
west of about 1308W along the Australian coast and are
associated with the southward flowing East Australian
Current. In contrast, the broad area in the east (east of
1308W) is dominated by haline fluxes and only along
the Peruvian and Chilean coast intense negative thermal
fluxes (ocean heat gain) occur due to upwelling of deep-
er waters. Maximum haline fluxes are between 108 and
208S in the eastern South Pacific and Atlantic and about
108 farther in the south Indian Ocean. In the Atlantic
and Pacific these regions are associated with the lateral
induction of Subtropical Underwater into the upper ther-
mocline (see Fig. 2d).

Comparing the da Silva et al. water mass transfor-
mation rates with those derived from the NCEP–NCAR
reanalysis shows similar overall patterns, but also large
differences in certain density anomaly ranges (Fig. 8).
Ship- and buoy-based observational data are sparse in
the Southern Ocean and the da Silva et al. climatology
excludes most of the dense waters, limiting the com-
parison to the lower density range. The annual mean
values of the transformation rates from NCEP–NCAR
reanalysis show a large scatter, and thus the differences
between climatology and mean reanalysis are probably
not surprising. Largest differences occur in the Indian
Ocean at densities ,24 kg m23 and in the Pacific at
densities ,23 kg m23, but in general the da Silva et al.
estimates are within the scatter of annual NCEP–NCAR
reanalysis values. Looking into the thermal and haline
components we find the thermal component to be re-
sponsible for these differences, but we do not know why
this occurs. In the following we will only discuss the
NCEP–NCAR reanalysis derived transformation rates.

There are large similarities among the three oceans:
A maximum in transformation occurs at around 25 kg
m23 (left bound of gray area in Fig. 8). The formation
is the derivative of the transformation and this maximum
separates formation of denser water from its destruction,
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TABLE 2. Southern Hemisphere water mass formation (Sv) calculated using the kinematic method, the water age approach, and from the
NCEP–NCAR reanalysis-based air–sea fluxes. The numbers in italics are transport as obtained by normalizing the overall Southern Hemisphere
transport to that obtained from the kinematic approach.

Atlantic Indian Pacific Sum

Kinematic
Water age
Air–sea interaction

21
14 (18)
29 (34)

35
30 (39)
43 (50)

44
33 (43)
15 (17)

101
77 (101)
87 (101)

Interbasin exchange (13) (28)

or the formation of less dense waters. It may thus be
interpreted as the boundary between the permanent ther-
mocline and the seasonal or tropical thermocline outcrop
(Speer and Tziperman 1992). At higher densities the
minimum in the transformation around 27 kg m23 in-
dicates the upper limit of the density anomaly interval
where water mass formation through buoyancy gain oc-
curs. In the South Atlantic and south Indian Oceans it
is a rather sharp peak, while in the South Pacific it is
much broader. The transformation rates can be translated
into water mass formation rates by taking the difference
between minima and maxima (Fig. 8). In the South At-
lantic (708W–208E) we find about twice as large for-
mation from dense water into less dense water (gray
area in Fig. 8) than vice versa, with an overall of 29
Sv. For the south Indian Ocean (208–1208E) we find a
formation of about 43 Sv with again higher transfor-
mation from dense into less dense water. For the South
Pacific only about 15 Sv are formed. This is surprising
since the Pacific is the widest of the three oceans.

The overall formation in the Southern Hemisphere is
thus on the order of 90 Sv. This number agrees with
the overall subduction rate of 101 Sv estimated from
the kinematic approach and 77 Sv using the averaged
water age approach (Table 2). However, the distribution
of the input is different. Subduction increases from west
to east, being 21 Sv in the South Atlantic, 35 Sv in the
south Indian, and 44 Sv in the South Pacific Ocean.
Hence, some of the water formed in the South Atlantic
must flow into the south Indian Ocean and even more
water from the Indian Ocean must be exported into the
South Pacific where it finally subducts. Sloyan and Rin-
toul (2001a), from an inverse model study, also detected
such an interocean exchange of newly formed water
masses via the circumpolar water ring. They found some
18 Sv to be exported from the Indian to the Pacific
Ocean, in line with our findings (Table 2).

b. Variability in water mass transformation

As a next step we looked at the time series of monthly
fluxes in the NCEP–NCAR reanalysis data to possibly
detect trends or longer-term variability in the water mass
formation. Variability in thermocline water formation,
in particular the mode and intermediate waters forma-
tion, is affected by and may also be relevant for decadal-
scale climate variability. Warming and cooling signals
at midlatitudes are communicated to the thermocline,

are advected equatorward, and reappear due to upwell-
ing in the Tropics at the surface ocean with decadal
delay. These shallow thermohaline cells have been rec-
ognized as a communication path between Tropics and
extratropics (Gu and Philander 1997; Johnson and
McPhaden 1999).

The time series of annual-mean water mass formation
between 1982 and 1999 for the three oceans is given
in Fig. 9. Also shown is the 5-yr running mean and the
linear trend. We find a consistent increase in the overall
water mass formation rates in all three oceans, which
in the South Pacific is obscured by decadal variability.
The trend originates from variability in the formation
of less dense waters (not shown). For the whole South-
ern Hemisphere the curve is shown in Fig. 10. An ex-
tended time series from 1950 to 1999 was calculated
considering only SST variability north of 458S (gray
curve). However, as the variability originates in the less
dense waters there is good agreement with the results
based on the shorter satellite-derived SST, which allows
one to consider variability over the whole region (black
line).

How does an increase in thermocline water formation
compare with oceanic in situ observations? Levitus et
al. (2000) showed a significant increase in the upper-
1000-m heat content in all three oceans (using hydro-
graphic data from 1948 to 1998). This agrees with our
findings for the last 20 years, as an increase in the for-
mation of thermocline waters will increase the depth of
the thermocline and thus deepen the separation horizon
with the ‘‘cold’’ deep waters. Most other observational
based studies compare synoptic high-quality sections of
particular years giving specific attention to mode and
intermediate waters (e.g., Bindoff and Church 1992;
Bindoff and McDougall 2000; Johnson and Orsi 1997;
Wong et al. 1999; Shaffer et al. 2000). A warming and
layer increase by about 70 m (or 25%) of Subantarctic
Mode Water as well as a freshening of the intermediate
water was detected Bindoff and McDougall (2000) for
the southern Indian Ocean. Not taking any change in
the gyre circulation in response to a change in water
mass volume into account, our transformation increase
over this period (Fig. 9) agrees with such an increase
in layer thickness. Banks et al. (2000) used a coupled
climate model forced by anthropogenic changes and
successfully simulated the thickness increase of the
model’s mode water, along with a freshening and cool-
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FIG. 9. Variability of Southern Hemisphere water mass formation (south of 58S) between 1982
and 1999 from NCEP–NCAR reanalysis data for the South Atlantic, the south Indian, and the
South Pacific. Formation is calculated using the difference between maximum and minimum
transformation densities given in upper-left corner.

ing on density surfaces. Although the connections be-
tween air–sea fluxes and subduction rates discussed
above and between the flux variability and its response
in the hydrographic field are encouraging, further com-
parison studies between locally measured heat fluxes
and the reanalysis products are necessary.

4. Summary and concluding remarks

The permanent thermoclines in the subtropical gyres
constitute about 15%–20% of the World Ocean volume.
This volume is ventilated through subduction, which is
the flux across the base of the mixed layer at mid- and
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FIG. 10. Overall formation of Southern Hemisphere waters from surface density fluxes. The
1950–99 curve is based on calculations using Reynolds and Smith (1995) SST data but variable
only north of 458S (gray line); the 1982–99 curve is based, as in Fig. 9, on a global variable SST
derived from satellite data (black line).

low latitudes (Luyten et al. 1983). In the Southern Hemi-
sphere the associated circulation provides a route of
communication between the deep and intermediate
depth ocean (e.g., Schmitz 1996; Speer et al. 2000; Sloy-
an and Rintoul 2001b) and between the midlatitudes
and the Tropics (Gu and Philander 1997; Johnson and
McPhaden 1999). The waters in the thermocline store
and release heat, freshwater, and greenhouse and other
gases and therefore have the potential to act as a buffer
for changes in the earth’s climate system.

In this paper we investigated the outcrop of the South-
ern Hemisphere permanent thermocline and quantified
the subduction of water ventilating the subtropical
gyres. To do this, we employed three different and com-
pletely independent methods: 1) the kinematic approach
in which the fluxes across the base of the mixed layer
are determined directly (Woods 1985), 2) the water age
approach where the ventilation is estimated indirectly
from the distribution of tracer ages in the ocean’s interior
(Jenkins 1987), and 3) an indirect method using air–sea
fluxes and determining the divergence of water mass
transformation rates (Walin 1982). These methods were
applied to historical hydrographic and atmospheric data,
to synoptic tracer data from WOCE, and to air–sea flux
data from the NCEP–NCAR reanalysis project.

Integrated over the whole of the Southern Hemisphere
these three methods give subduction rates of 101, 77,
and 87 Sv, respectively (Table 2). The differences be-
tween the methods of up to 25% reflect some inherent
deficiencies of the methods but mainly deficiencies of
the datasets used. The Southern Hemisphere oceans, in
particular the South Pacific, are poorly sampled and
aliasing by synoptic features severely degrades the qual-
ity of the climatologies. Nevertheless, the overall agree-
ment (within 25%) of the ventilation derived from the
three methods is encouraging. In order to make the es-
timates in the individual ocean basins compatible, we
scale the numbers from the latter two methods (77 and

87 Sv) to that derived from the kinematic approach (101
Sv). All estimates from the water age approach are thus
multiplied by 1.31 and those derived from the air–sea
fluxes by 1.16 (brackets in Table 2). This choice of the
reference value of 101 Sv is of course arbitrary and one
has to keep in mind that the overall uncertainties are at
least in the order of 25%. The main results of our study
may be summarized as follows.

• The subduction of water into the South Atlantic, In-
dian and Pacific Ocean is 21, 35, and 44 Sv, respec-
tively. Vertical fluxes (reduced Ekman pumping)
cause about half of the ventilation, lateral injection of
mode waters supplies the other half (Tables 1 and 2;
Fig. 11). Vertical fluxes ventilate mainly the upper
part of the thermocline, lateral fluxes the lower part
(Figs. 5 and 6).

• Seen globally, the strongest local subduction spirals
southwestward from about 258S, 1008W in the South
Pacific through the South Atlantic and the south Indian
Ocean to 558S, 508W near Drake Passage (Fig. 11).
Most of this spiral is associated with the trough of
deepest winter mixed layer depth (Fig. 1).

• Water mass formation rates based on the air–sea fluxes
suggest a surplus of about 13 Sv for the South Atlantic
and of 15 Sv for the Indian Ocean, and a deficit of
28 Sv for the South Pacific (Table 2; Fig. 11). If real,
this requires an interbasin exchange of mixed layer
water of 13 and 28 Sv from the South Atlantic to the
south Indian, and from the south Indian to the South
Pacific Ocean, respectively. Sloyan and Rintoul
(2001a) found an exchange of 9 Sv from the South
Atlantic to the Indian and of 18 Sv from the Indian
to the South Pacific.

• The time series of surface density flux divergence sug-
gests an increase of thermocline water formation by
about 50%, from about 70 to 110 Sv over the past 20
years. The associated warming and thickness increase
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FIG. 11. Summary of transports into the permanent thermocline of the Southern Hemisphere ocean and production of
the water through air–sea interaction.

of the thermocline have recently been confirmed (Lev-
itus et al. 2000).

How can the quality of these estimates be improved?
A largely open question concerning the methods is the
role played by mesoscale eddies in the transfer of mixed
layer waters into the thermocline. Our estimate of sub-
duction from the water age approach, that considers this
contribution, is lower than that of the kinematic ap-
proach, suggesting that eddies play a minor role. How-
ever, the estimates all have large uncertainties. In situ
experiments resolving the contributing processes and
supported by modeling work seem necessary to solve
the issue.

A second issue concerns the improvement of air–sea
estimates. The different climatologies used in this study
yield different results and, although the trends seen in
the reanalysis appear to be real, the absolute numbers
derived from the water mass conversion may be sub-
stantially biased. Moyer and Weller (1997) and Josey
(2001) compared observed fluxes in the subtropics with
both climatological and reanalyzed data (NCEP–NCAR)
and found substantial discrepancies in certain flux com-
ponents. Therefore, direct air–sea flux measurements in
the Southern Ocean seem desirable, but severe envi-
ronmental conditions may prohibit such experimental
work at present.
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