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Abstract Subantarctic Mode Water (SAMW) is the name
given to the relatively deep surface mixed layers found
directly north of the Subantarctic Front in the Southern
Ocean, and their extension into the thermocline as weakly
stratified or low potential vorticity water masses. The
objective of this study is to begin an investigation into the
mechanisms controlling SAMW formation, through a heat
budget calculation. ARGO profiling floats provide esti-
mates of temperature and salinity typically in the upper
2,000 m and the horizontal velocity at various parking
depths. These data are used to estimate terms in the mode
water heat budget; in addition, mode water circulation is
determined with ARGO data and earlier ALACE float data,
and climatological hydrography. We find a rapid transition
to thicker layers in the central South Indian Ocean, at about
70°S, associated with a reversal of the horizontal eddy heat
diffusion in the surface layer and the meridional expansion
of the ACC as it rounds the Kerguelen Plateau. These
effects are ultimately related to the bathymetry of the
region, leading to the seat of formation in the region
southwest of Australia. Upstream of this region, the domi-
nant terms in the heat budget are the air–sea flux, eddy
diffusion, and Ekman heat transport, all having approxi-
mately equal importance. Within the formation area, the
Ekman contribution dominates and leads to a downstream
evolution of mode water properties.

Introduction

Mode water is the name given to an ocean layer with
physical properties (temperature, salinity) that are nearly
homogeneous vertically and horizontally, covering an
extended area in a given basin (e.g., Hanawa and Talley
2001), and thus occupying a relatively large volume
compared to other water types. Mode waters can be iden-
tified by relatively deep surface mixed layers, or, within the
water column, by a pycnostad on a density–depth plot, or
by a minimum of large-scale potential vorticity (PV). They
are one of the primary results of air–sea interaction (Speer et
al. 1995) and serve to ventilate the interior of the upper
ocean as they spread within gyres and boundary currents
(McCartney 1982; Hanawa and Talley 2001).

In the Southern Ocean, Subantarctic Mode Water
(SAMW) is formed when winter cooling leads to convec-
tion and the formation of a deep mixed layer just north of
the Subantarctic Front (SAF) (McCartney 1977). In the
Indian Ocean, as in the Atlantic and Pacific Oceans,
SAMW then enters the thermocline by advection and dif-
fusion (“spreading”) where it becomes part of central
waters and contributes to ventilating the thermocline.
Oxygen-rich layers thus formed may persist to the tropics
(McCartney 1982). These waters progress in density (and
decreasing temperature) from west to east culminating in
the formation of Antarctic Intermediate Water in the south-
east South Pacific Ocean.

Recently, the role of the SAMW in the climate system
has been brought to light, both directly, via observed
changes in the temperature, salinity, and CO2 of mode
water thought to be related to climate change (e.g., Wong et
al. 1999; Sabine et al. 2004), and indirectly, by the physical
and biological controls on CO2 fluxes into and out of this
water mass (Sarmiento and Orr 1991; Caldeira and Duffy
2000; Sarmiento et al. 2004; Metzl et al. 1999). We need to
understand the formation mechanisms for SAMW, in par-
ticular which processes set their hydrological and biogeo-
chemical properties, to answer fundamental question about
the carbon and nutrient cycles and the evolution of these
cycles in the context of climate change.
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Talley’s (1999) map of mixed layer oxygen saturation
shows an onset of higher oxygen in the southern Indian
Ocean at about 70°E, which supports the idea that the
southeast Indian Ocean is a dominant source region of
mode water; McCarthy and Talley (1999) (see also Keffer
1985) show a low PV pool at 26.8 sigma–theta centered
near 90°E,40°S, which is generated by relatively deep
winter mixed layers that spreads into the subtropical Indian
Ocean. The low PV pool also extends in a narrow tongue
eastward south of Australia, a pattern which becomes more
pronounced at slightly greater density.

Karstensen and Quadfasel (2002) examined the sub-
duction of water into the south Indian Ocean thermocline
because of the horizontal circulation and to Ekman pump-
ing, showing a roughly equal partition between the two

components. Mode water formation by air–sea fluxes was
estimated and shown to be comparable to net subduction
rates. The rough agreement between geostrophic, Ekman,
and buoyancy-driven fluxes suggested to them that eddy
contributions are generally unimportant. Based on silica
concentrations at the base of the mixed layer, they sug-
gested that transport across the SAF was a significant
source of mode water.

The northward spreading of mode water into the sub-
tropical gyre is presumably due to northward advection,
itself a partial result of the fluxes that create mode water.
Stramma (1992) showed that southeast of Africa, the
Subtropical Front (STF) is associated with a geostrophic
transport of some 60 Sv (1 Sv=106 m3 s−1) and that this
transport is reduced to less than 10 Sv as Australia is
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Fig. 1 Climatological average
(in W m−2) of net heat flux
(upper), Ekman heat transport
(middle), and their sum (lower)
averaged over the entire NCEP
record (1948–2005). Contours
show the position of the STF,
SAF (gray), and Polar Front
from Orsi et al. (1995)
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approached. South of Australia, the strength of the STF
decreases further, reaching negligible magnitude near 130°
E (Schodlock et al. 1997). The cooling and densification of
the water between the STF and SAF across the southern
Indian Ocean is associated with the development of
northward thermal wind, thus, gradually carrying away
water from the northern side of the ACC and into the
subtropical gyre.

The question concerning the mechanism for cooling and
densification arises: Are air–sea fluxes consistent with this
evolution or are other processes acting? According to the
National Centers for Environmental Prediction (NCEP)
reanalysis, the annual average air–sea flux tends to heat the
surface of the ocean in the region between the Polar Front
and STF, but if the Ekman heat transport (defined below) is
taken into account, the net effect is broad cooling (Fig. 1).
Ribbe (1999) has shown, in idealized contexts, how the
Ekman transport can modify the temperature–salinity (T–S)
characteristics of water in the Southern Ocean. Rintoul and
England (2002) estimated a dominant contribution of
Ekman heat advection to observed variability in SAMW
characteristics the south of Australia, and suggested that
Ekman fluxes might partly explain a gradual cooling and
freshening across the Indian and Pacific Oceans. Speer et
al. (1995) also inferred a strong Ekman contribution to
SAMW formation. Our principal goal is to evaluate the
contribution of the different terms of the mode water heat
budget in the south Indian Ocean using a variety of data
sources, but principally ARGO and satellite data. Previous
studies did not have access to heat content on the space
and time scales of the seasonal development of mode
water and could not directly relate fluxes to changes in
mode water properties.

Circulation of the southern Indian Ocean

To consider the dynamics of SAMW in the southeast Indian
sector, we begin with a discussion of the general upper ocean
circulation of the southern Indian Ocean, as summarized in
the schematic of Fig. 2. SAMW forms in the deep winter
mixed layers in the Subantarctic Zone, north of the SAF, and
south of the STF. Downstream of the Kerguelen Plateau near
80°E, the main fronts diverge; the STF moves northward,
whereas the main branch of the SAF follows the northern
flank of the Southeast Indian Ridge (Sandwell and Zhang
1989) (Fig. 2). This is the region of deepest winter mixed
layers described by Talley (1999), McCarthy and Talley
(1999).

Fine (1993) divided Indian Ocean SAMW into three
density ranges: 26:65� 26:7σθ; which dominates in the
southwestern region, 26:7� 26:8σθ; which dominates in
the central region, and 26:8� 26:85σθ; which dominates
in the south eastern region. These divisions are presumably
related to circulation, influenced by the warm, salty Agul-
has Return waters upstream, which are continually cooled,
freshened and densified by the northward Ekman advection
of Antarctic Surface waters along its path (Rintoul and
England 2002) (see Fig. 2), and by other processus such as

air–sea fluxes and eddy mixing. The identification of dif-
ferent mode water density horizons seems to imply distinct
formation areas and possibly different forcing mechanisms.

Figure 3 shows a climatological average of velocities at
400-m depth deduced from an objective analysis of ARGO
and PALACE floats in the southern Indian Ocean (cf.
Appendix I). The meandering Agulhas Return Current is
centered around 40°S with velocities greater than 40 cm s−1

at 400-m depth. In this analysis, the Antarctic Circumpolar
Current (ACC) bifurcates upstream of the Crozet Plateau
(55°E) at 40°S, the northern branch merging with the
Agulhas Return Current, and the southern branch continu-
ing eastward. Further downstream, this eastward branch
bifurcates again between the Crozet Plateau and the Ker-
guelen Plateau (80°E) (Fig. 3). The main southerly branch
continues eastward across the plateau, merging with the
flow downstream of the plateau. This circulation pattern is
also indicated by the Surface Velocity Program drifters (not
shown). The merging of ACC and the Agulhas waters up-
stream of the two plateaus points to preferred regions of
water mass mixing.

The bathymetry clearly has a direct impact on the cir-
culation in this region, creating large permanent meanders
of the Agulhas Return Current and the ACC, and limiting
the latitudinal excursions of the hydrological fronts (see
Fig. 3). North of the ACC, distinct interior recirculation
regimes exist related to bathymetry that may set the pri-
mary mode water divisions. Within the ACC, the Crozet
Plateau and the Kerguelen plateau strongly control the
frontal positions in the south Indian Ocean, and the SAF
and the STF converge north of these plateaus (Figs. 2 and 3).
In the southeastern sector downstream of the Kerguelen
Plateau, these two fronts diverge, giving rise to a large area
of reduced flow (Fig. 3) where the SAMW forms.

Finally, strong eddy activity is associated with instabili-
ties of the main currents described above. The Agulhas
Current System to the west has the highest eddy kinetic
energy (EKE) of the global ocean, and EKE maximums are
located along the main axes of the meandering Agulhas
Return Current and the ACC (Le Traon and Morrow 2001).

Fig. 2 Schematic of SAMW formation showing the main forcing
mechanisms and the relation between the circulation and the region
of deep winter mixed layers

527



Eddy mixing can be important in the diffusion of tracers
(Davis 1991), and in the transport of properties across the
SAF (Karstensen and Quadfasel 2002).

In the following analysis, we will consider how these
different dynamics and forcing mechanisms influence the
surface heat budget in the region of SAMW formation
downstream of the Kerguelen Plateau. We start by the heat
budget because we have good surface temperature fields,
which allow us to accurately calculate the spatiotemporal
evolution of the temperature gradients. Unfortunately, ac-
curate surface salinity measurements are not available on
the same space and time scales to estimate a similar surface
salinity budget, but we will address the role of salinity in
the discussion.

Data

Profiling floats

The vertical structure of the ocean is obtained in this study
using the ARGO data set. The ARGO float program has
seeded all of the world’s ocean for several years par-
ticularly the Southern Ocean, which historically is poorly
sampled. Good data coverage in the southern Indian Ocean
started in late 2002, and this study focuses on the years
2003 and 2004. These data were collected and made freely
available by the International Argo Project and the national
programs that contribute to it.1 We only used profiles that
passed the ARGO real-time quality control, containing
information on their position, date, T and S profiles, with
their first measurement point shallower than 20 m. Accord-
ing to Wong et al. (2003), the accuracy of the Argo salinity
data in the southern Indian Ocean is better than 0.01–0.03
psu, which in our case is sufficient for defining the mixed

layer characteristics. PALACE data (Davis 2005) were
combined with ARGO floats to compute the mean flow in
the southern Indian Ocean (cf Appendix I).

Air–sea fluxes and winds

For the heat budget calculation, we will compare different
surface forcing fields. We use the monthly NCEP re-
analysis on a 2° grid to estimate the air–sea heat flux. These
data are made available by the NOAA-CIRES Climate
Diagnostic Center.2 Two different wind products will be
used: monthly averaged winds computed from the NCEP
reanalysis, and higher resolution monthly Quickscat
gridded winds on a 0.5° grid, available on the IFREMER
Cersat (French Satellite Processing and Archiving Facility)
website.3

Sea-surface temperature

We also use two different Sea Surface Temperature (SST)
fields. Monthly Reynolds SST on a 1° grid are used in the
climatological analyses, distributed by the NOAA-CIRES
Climate Diagnostic Center. For the higher resolution anal-
ysis, we use a global satellite SST product (0.25°×0.25°)
computed by a combination of the two satellites TMI and
AMSR, made available by Remote Sensing Systems.4

Surface drifter

Satellite-tracked surface drifter data are used to compute a
parameterization of the lateral eddy diffusion coefficient.
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Fig. 3 Averaged velocities at 400 m depth deduced from an objective analysis of ARGO and PALACE floats in the southern Indian Ocean
(cf. Appendix III). Bathymetry less than 3,500 m depth is shaded gray. Solid lines indicate the STF (north) and the SAF (south) from Orsi et
al. (1995)

1 http://www.ifremer.fr/coriolis/cdc/argo.htm and http://www.argo.
ucsd.edu

2 http://www.cdc.noaa.gov/.
3 http://www.ifremer.fr/cersat/.
4 http://www.ssmi.com/.
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This data set is part of the Global Drifter Program/Surface
Velocity Program and spans the period 1995–2005 in the
southern Indian Ocean. The drifters are equipped with a
holey sock drogue at 15-m depth to reduce their surface
wind drag. Their positions are determined by ARGOS. The
data are received, processed, and distributed by the Atlantic
Oceanographic and Meteorological Laboratory (AOML,
Miami).5

Surface mixed layer properties

The availability of ARGO profile data allows us for the first
time to map the evolution of the surface mixed layer
properties over large portions of the Indian Ocean and to
resolve the seasonal variations.

Figure 4 shows the summer and winter mixed layer
depths observed by ARGO profiles during 2003–2004 in
the south Indian Ocean. The location of the deep winter
convection downstream of the Kerguelen Plateau is clearly
illustrated. Figure 5 shows the mixed layer temperature,
salinity, and potential density vs longitude between the
STF and the Polar Front for all the ARGO profiles during
2003–2004. The properties show a distinct emergence of
two branches: a colder, fresher branch of water south of the
SAF, and a warmer, saltier branch of water north of the
SAF. These branches have relatively shallow winter depths
(≤200 m) upstream of 70°E; downstream the deep mixed
layers (large dots; Fig. 5) occur in the main mode water
formation area.

The existence of the branches reflects the frontal struc-
ture of the region with strong gradients at the surface across
the SAF, and it also indicates the evolution of these water
masses to a common mode water by lateral exchange.
Some of this exchange is accomplished by Ekman trans-
port, and some arises due to lateral eddy mixing. The
density of the mode water increases to the east, by a com-
bination of temperature and salinity effects.

AT–S diagram (Fig. 6) of the deeper mixed layers south
of 30°S (and greater than 200 m deep) shows the SAMW
(near 9°C, 34.6 ppt, sigma 26.8; see Fig. 5) in relation to
neighboring winter mixed layers across the entire ACC.
Some very dense mixed layers occur at the southern limits

of the ARGO data near 60°S, with temperature below 3°C
and salinity below 34 ppt. At the warm, salty limit are the
mode waters of the subtropical gyre in the western Indian
Ocean (sigma 26.5–26.7). The deepest mixed layers are
found between this wide range of T and S in a relatively
narrow density range, 26.7–26.9. Thus, near-density com-
pensation occurs in the mode water across an extraordinari-
ly large range of T and S, and again points to lateral
processes as sources of heat and salt.

In the following sections, we will consider certain char-
acteristics of the surface mixed layer in the formation
region of SAMW in the southeast Indian Ocean. Our study
region lies north of the SAF and south of the STF, down-
stream of the Kerguelen Plateau at 70°E and extending
eastward to 140°E. The front positions are defined from the
vertical ARGO profiles because precise horizontal subsur-
face gradients are not available. The SAF is defined using
the Nagata et al. (1988) definition, as the isotherm 7°C at
100 m. The STF also follows Nagata et al. (1988) and is
defined as the isotherm 11°C at 150 m.

Stability at the base of the mixed layer

The mixed layer in the formation region creates the dy-
namic link between the atmospheric forcing and subsurface
mode water layer. Before we start an analysis of the forcing
terms for the mixed layer, we will first consider the stability
at the base of the mixed layer. Is the base of the mixed layer
strongly or weakly stratified throughout the different sea-
sons, and is this stability dominated by a strong thermo-
cline or halocline?

The stability of a water column is characterized by the
Brunt–Vaïsala coefficient N defined by: N2 ¼ g

ρ
@ρ
@z : The

column is stable if and only if N is positive. The base of
the mixed layer is defined using a 0.03-density difference
criterion (see Appendix II). Figure 7 shows the evolution
of the stability, calculated over a 10-m deep interval at
the base of the mixed layer, using the available ARGO
floats in the formation region. The strong seasonal cycle
remains positive, i.e., the base of the mixed layer is al-
ways stable. However, the stability at the base of the
mixed layer is weak in winter, indicating that it is close
to the threshold allowing deeper convection. A more in-

Fig. 4 Mixed layer depth com-
puted from ARGO profiles dur-
ing 2003 and 2004. The base of
the mixed layer is found using a
density difference criterion of
0.03 kg m−3 (cf. Appendix I).
Solid lines mark the STF (north)
and the SAF (south) from Orsi
et al. (1995). Left panel Summer
profiles (January, February,
March). Right panel Winter
profiles (July, August,
September)

5 http://www.aoml.noaa.gov/.
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teresting view comes from splitting this stability calcula-
tion into its thermal and haline parts.

The vertical density gradient can be written as a first
approximation (Gill 1982):

1
ρ
@ρ
@z ¼ �α � @T

@z þ β @S
@z

where: α¼ 1
ρ � @ρ@T etβ¼ 1

ρ � @ρ@S
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The role of the thermal and haline stratification on the
stability at the base of the mixed layer is represented by the
two terms:NT ¼ �gα @T

@z (thermal stability) andNS ¼ gβ @S
@z

(haline stability).
The thermal stratification is dominant at the base of the

mixed layer for most of the seasonal cycle (Fig. 7). The
exception is during early winter, when the base of the mixed
layer is strongly destabilized by cooling (the thermal sta-
bility term becomes negative in June–July) and the stability
is maintained by the haline component (fresher). In late
winter (August to October), positive thermal stability at the
base of the mixed layer is reestablished and now it is the
haline component that tends to destabilize the water column
(saltier). We note that during winter, the two terms tend to
compensate; that is, the thermal destabilization is compen-
sated by a freshening, and vice versa.

An analysis of the heat budget equation in the mixed
layer of the formation region will give us a clearer idea of
the seasonal evolution of the forcing terms and their re-
lation to this observed mixed layer destabilization. It is also
clear that the salinity terms will play an important role in
late winter. To start, we consider the heat budget equation.

Heat budget equation in the mixed layer

For the vertically averaged surface layer, the heat budget
can be written:

h
@T

@t
þ v � rT þ v 0 � rT 0

� �
þΔTwe þr�

Z 0

�h
bvbTdz ¼ Qo

ρCp

(1)

(e.g., Stevenson and Niiler 1983; Qui 2000), where h is the
layer thickness, T the mean (low-passed in time/space)
temperature, and v the mean horizontal velocity vector.
Primes denote variability about the mean state, ΔT is the
temperature jump at the base of the layer, we the entrain-
ment velocity, bT and bv represent deviations from the
vertical average, and Qo is the net heat flux at the ocean
surface. The heat flux across the base of the layer due to
shortwave radiative penetration is assumed small for the
deep winter mixed layers considered here, and the diffusive
flux of heat at the base of the layer is neglected. The role of
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vertical temperature deviations within the surface layer
associated with small vertical density variation were con-
sidered, but found to be small in all instances in this region,
hence are also neglected.

Previous studies suggest that Ekman advection and air–
sea fluxes are dominant terms in destabilizing the winter
water column to create the strong and deep convection
observed (Ribbe 1999; Rintoul and England 2002). These
studies were based on numerical model outputs or dimen-
sional analysis; in this study, we estimate these terms from
the available in situ data. The balance

h � @T
@t

¼ Qnet

ρCp
� VE � @T

@y
(2)

agrees with the simplified model of MacCready and Quay
(2001) for the heat balance in the ACC. We will consider
this simple balance first.

The temperature evolution and mixed layer depths are
calculated from the ARGO data. A critical term in the heat
budget equation is h, the depth of the mixed layer. We
carried out numerous tests to decide which criterion would
be the most appropriate in the present case (Appendix II).
The method retained was to use a 0.03-density difference
threshold for the determination of the mixed layer depth.

The temperature evolution is calculated for each
ARGO float within the formation region, as described in
Appendix III. For the calculation, we use pairs of float
profiles separated by 30 days (three float cycles) that re-
main in our zone, and the temperature is integrated down to
the deepest mixed layer depth occurring for the two
profiles. Thus, the mixed layer depth for our calculation is
not fixed but varies in space and time. The heat content
variation for each individual float is obtained using those
two profiles.

The forcing terms are interpolated onto each ARGO
float position and then averaged over the same 30-day
period. In other words, considering four consecutive float
profiles, Ekman advection, and air–sea flux are interpo-
lated (in time and space) onto the first, the second, and the
third profile and then averaged to form the monthly mean.
The monthly heat content variation is computed between
the first and the fourth profiles (three float cycles).

Comparing climatological and realistic
Ekman forcing

We used two different techniques to compute the Ekman
term. The first uses classical climatological data sets:
NCEP monthly winds and Reynolds monthly SST clima-
tology. We find that the magnitude of the Ekman term is
small compared to the analytical predictions (Rintoul and
England 2002). For the second Ekman calculation, we use
higher resolution Quickscat satellite scatterometry winds
and satellite SST fields from TMI/AMSR. The result is
surprising: During winter 2003, realistic forcing increases
the Ekman component by 30%, from −80 to −110 W m−2,

while in winter 2004 it increases by more than 50% from
−60 to −130Wm−2 (see Fig. 8). The annual mean increases
by 10% (from −49.35 to −54 W m−2).

The main reason for this difference is that the Reynolds
SST is much too smooth at these latitudes. There are little
ship SST data and considerable cloud cover, which blocks
the satellite Advanced Very High Resolution Radiometer
measurements, and so the Reynolds SST reverts to the cli-
matological mean. In contrast, the microwave TMI/AMSR
traverses the clouds, and provides mesoscale SST cover-
age, which is highly correlated with altimetric observations
(not shown). For instance, we frequently observe frontal
movements of the SAF associated with meanders or eddy
spawning, which are detected by TMI/AMSR but not
observed by Reynolds SST. Having strong SST gradients,
which are correctly positioned and not too smooth, impacts
directly on the Ekman advection calculation (Fig. 9). This
also impacts on the temporal evolution: the high-resolution
Ekman forcing has a strong seasonal cycle, while the
Reynolds–NCEP Ekman calculation is weaker, with a
smaller difference between the two calculations for the
annual mean. If we spatially average the two products over
a region that is large enough, we get comparable results
(not shown), suggesting that the large-scale forcing is well-
represented. In the following section, we chose to work
with the satellite Ekman heat flux based on Quickscat
winds and TMI AMSR SST, providing a better local esti-
mate of the Ekman forcing around the individual ARGO
floats.

Comparison of the forcing terms

The monthly averages of the different forcing terms are
shown in Fig. 8. The annual heating and cooling cycle from
the air–sea fluxQ is largely responsible for the variations in
mixed layer heat content. Very strong cooling is observed
in winter in the mixed layer, with mean values of over
200 W m−2 heat loss. Half of this heat loss is due to air–sea
fluxes (−100Wm−2 heat loss on average in winter), and the
increased Ekman fluxes in winter also contribute to cooling
the mixed layer (by −100 W m−2).

Figure 10 shows the two sides of Eq. 2, as the sum of the
air–sea fluxes and the Ekman forcing vs the heat content
variation and their associated error bars. The two curves
coincide almost throughout the 2-year period, validating
our technique and the use of the ARGO data set to calculate
the heat content variations. Within the error margin, the
sum of the two forcing terms is enough to close the heat
budget for this SAMW formation region. We note that this
closure is improved by using the high-resolution Ekman
term, which increases the forcing term by 30–50% in
winter.

The standard deviation of the ARGO heat content evo-
lution is large compared to the forcing terms. This raises
the question of whether these monthly averages are
representative of all of the floats in our formation region,
particularly when we consider that the winter standard
deviation of the heat content variation ranges from 0 to
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−500 W m−2. In the following section, we will investigate
whether the Ekman advection and the air–sea flux are
always sufficient to explain the heat content variation in the
mixed layer, or whether, for some float conditions, the
neglected terms in the simple balance (Eq. 2) become
important.

Wintertime heat content

In this section, we consider the detailed heat budget for all
of the ARGO float pairs available during the winter 2003
where we found a maximum of heat content variation root
mean square (rms). Figure 11 (top panel) shows the two

sides of the heat budget (Eq. 2) for all float pairs in our
zone, before making the monthly average. There is a good
agreement between the two curves; however certain float
pairs show large differences; for example, profiles 2, 3, 4,
and 5 diverge away from the range of the forcing terms. All
of these float pairs are moving in strong SST gradient
meanders and may be caught in the energetic eddy and
meander propagation north of the front (bottom pannel).

Profile pairs 4 and 5 show a large cooling of the surface
layer (down to 500-m depth), whereas profiles 2 and 3
shows warming at depth. Although these float pairs are
located north of the SAF following the Nagata et al. (1988)
definition, they are clearly influenced by the frontal dy-
namics, and part of the observed cooling may be due to

Fig. 9 Mean meridional Ekman
advection in August 2003 in the
southern Indian Ocean, com-
puted from NCEP reanalyzed
winds and Reynolds SST (left)
and from the combination of
Quickscat winds and TMI/
AMSR SST (right)
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Fig. 8 Upper panel Monthly
averaged simplified heat budget
terms (W m−2) for 2003–2004 in
the SAMW formation area. Red
line heat content variation com-
puted from the ARGO profiles
in the formation area. Blue line
NCEP air–sea heat fluxes.
Green line Ekman advection
calculated using the Reynolds
optimal interpolated SST in as-
sociation with the NCEP winds.
Black line Ekman advection
from the combination of satellite
TMI/AMSR SST, and satellite
Quickscat winds. Lower panel
Number of data points used in
the monthly heat content
calculation
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cross-frontal exchange with the cooler Polar Frontal Zone
water masses. For these cases, the difference in the two heat
budget curves is not simply due to increased Ekman
transport of cooler, fresher surface waters, but may be
influenced by geostrophic or eddy advection terms over
greater depth.

This focus on the 2003 winter case highlights two im-
portant features. For most of the float pairs, which remain
in a fairly homogeneous subantarctic water mass, the
simple balance of air–sea heating plus meridional Ekman
flux is sufficient to explain the heat content variation over a
1-month period, even during winter. However, certain float
pairs that are situated close to the SAF or its meanders can
exhibit large heat content variations that are not explained
by this simple balance, suggesting that the floats may also
move across eddies and meanders of the mean flow. These
cases can have a large impact on our monthly averages—
without the four extreme cases in winter 2003, the average
heat content evolution would be around −190 W m−2,
rather than the observed −260 W m−2. We know that the
float sampling is not completely random—Lagrangian
floats tend to converge toward the more energetic regions
(Davis 1991) and are especially influenced by the deep-
reaching meanders and eddies of the SAF. So these extreme
cases will be more numerous in our ARGO data than if we
had made a homogeneous Eulerian sample of the formation
region. On the other hand, these cross-frontal exchanges
are also a key mechanism in bringing deep cool, fresh
layers into the formation region.

Role of the eddy diffusion term

We suspect that eddy fluxes (due to mesoscale eddies or
meanders of the front) may be important close to the
energetic SAF for the heat balance equation. To investigate
this further, we replace the missing hv 0rT 0 term from
Eq. 1 by a simple Laplacian form to parameterize the eddy
heat diffusion, Khr2T : We have computed a climatolo-
gical average of the lateral eddy diffusion coefficient Kh in
5° by 5° bins following Davis (1991) (see also Oh et al.
2000),6 using the available surface drifter data from 1995 to
2005 over the Indian Ocean. Mean eddy heat diffusion in
W m−3 is then calculated using the relation: ρCpKh∇2 <T>;
<T> is the mean SST derived from 3 years of high-
resolution TMI-AMSR data.

This surface eddy heat flux estimate based on surface
drifter data (Fig. 12) is consistent with the results of Gille
(2003b) and indicates that the maximum eddy heat dif-
fusion occurs upstream of the Crozet Plateau and Kergue-
len Plateau, where the STF and the SAF converge between
60 and 70°E.
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Fig. 10 Upper panel Heat bal-
ance (Wm−2) for 2003–2004 in
the SAMW formation area. Red
line shows the monthly average
of the heat content variation
computed from the ARGO pro-
files in the formation area for the
years 2003 and 2004. Light blue
line is the sum of the high-
resolution Ekman advection and
air–sea heat fluxes computed
around each ARGO profile. Red
and blue shading represent the
standard deviation for the
monthly heat content variation
and the forcing contributions,
respectively. Lower panel
Number of data points used in
the monthly heat content
calculation

6 The eddy diffusion coefficient has been computed using the single
particle diffusivity tensor relation described by Davis (1991):
kjk x ¼ vj0 t0jx; t0ð Þdk 0 t0 � tjx; t0ð Þ� ��

, where v′ and d′ are the de-
partures from the Lagrangian mean velocity and displacement,
respectively; t0 is the initial time and the brackets indicate averaging
over the ensemble of the particles; the notation a (t|x0, t0) represents
the value of a at time t of a particle passing through x0 at time t0.
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In the region of SAMW formation downstream of
Kerguelen, the eddy heat diffusion is weaker. This confirms
our results from the previous section, where we saw only a
few cases in the monthly average, which were influenced
by mesoscale eddies and possible stronger eddy diffusion.
Karstensen and Quadfasel (2002) also proposed that eddy

fluxes were not important for the generation and subduction
of mode water because air–sea flux based estimates agreed
with kinematic models. However, their results were by
construction averaged over all of the density outcrop area,
that is, averaged over longitude too, which tends to average
out the eddy flux. Our results indicate that eddy heat

Fig. 11 Details of the individ-
ual winter heat budget terms
included in the August 2003
monthly average. Upper panels
The ARGO heat content varia-
tion (red line) and the associated
forcing contributions (Ekman
advection + air–sea fluxes)
(light blue line), which were
used in the monthly average
presented in Fig. 10. Error bars
are the 2003/2004 rms of heat
content variation (red) and
forcing contribution (light blue).
Middle panel Pairs of profiles
where we found a large differ-
ence between heat content vari-
ation and forcing contribution.
The dashed profile is 1 month
before the solid profile. The
difference between them is the
heat content in the mixed layer.
Lower panel Geographical po-
sition of previous profiles. The
circle denotes the profile corre-
sponding to the solid line.
Colorcontours of SST for 15
August 2003 are shown. Black
curves are the 7 and 11°C
coutours

Fig. 12 Lateral surface eddy
heat flux in the southern Indian
Ocean (in W m−3) from surface
drifter and averaged TMI/
AMSR SST. Solid lines indicate
the STF (north) and the SAF
(south) from Orsi et al. (1995)
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diffusion is also weak in the seat of SAMW formation.
However, there is substantial variation of eddy diffusion
along the fronts, and importantly, just upstream of Kerguelen
Plateau. We will now consider how the along path variations
in mixed layer properties and eddy diffusion may control the
location of mode water formation.

Longitudinal variation of mixed layer properties

In this section, we consider the circulation around the
Crozet and Kerguelen Plateaux in more detail. Figure 3
showed that branches of the ACC bifurcate to the north and
merge with the Agulhas Return Current near Crozet Island
at 50°E, and upstream and downstream of the Kerguelen

Plateau. Near 60°E and 75°E. These branches appear to be
topographically controlled and bring cold, fresh Antarctic
water from the south of the SAF in contact with the warm,
salty subtropical water asssociated with the Agulhas Return
current.

To illustrate how the water column is modified in these
merging areas, we will examine the alongstream properties
of a composite of two ARGO floats (WM0 No. 1900042
and 1900164), which remained north of the SAF and
sampled from upstream of the Crozet Plateau to down-
stream of Kerguelen (Fig. 13). The first float (WM0 No.
1900164) drifted from 40 to 83°E during September 2004
to September 2005, while the second float (WM0 No.
1900042) drifted downstream from December 2004 to
September 2005. Hence, this composite permits an analysis

Fig. 13 Vertical structure anal-
yses upstream and downstream
of the Kerguelen Plateau from a
composite of 2 ARGO float
(WM0 No. 1900042 and No.
1900164). a Position map of the
profiles analyzed. Colors are
linked with the T–S plot (lower
panel). The black star corre-
sponds to the region were
we picked the profiles from
the South of the SAF in the
T–S analysis. b Temporal evo-
lution of the Potential vorticity
(m−1 s−1) profiles along the float
trajectory. The horizontal axis is
time in “month”; vertical axis
represents depth in meters. c
Four regions have been chosen
to illustrate the evolution of the
water column’s hydrological
characteristics (T/S) from west
to east. Temperature in °C,
Salinity in psu, and density in
kg m−3. Colors are linked to
the position map; black profiles
correspond to the black star
region in the position map
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of the longitudinal evolution of the water column during
three seasonal cycles.

To identify the intense mixing region, we have divided
the composite track into three parts: profiles from upstream
of Crozet are in red, from 55 to 80°E are in blue, and profiles
from the mode water formation area downstream are in light
blue. In addition to this composite, we also show profiles
from south of the SAF (black star; Fig. 13). We will also
consider the longitudinal evolution of the forcing terms in
the simplified heat Eq. 2, including an extra climatological
eddy diffusion term. The annual mean forcing terms are
averaged between the SAF and the STF (as defined by Orsi
et al. 1995) in 10° longitude bins (Fig. 14).

1. Upstream of Crozet (red profiles), there is a strong
vertical stratification below the surface mixed layer,
with PV≥50.10−9(m−1 s−1) (Fig. 14b). During winter,
the mixed layer deepens to 200 m deep with a density
of 26.8 kg m−3, which is within the mode water density
class. However, it appears that the strong vertical
density gradient beneath the mixed layer prevents
deeper convection in winter. Furthermore, although the
lateral eddy heat fluxes are strong in this region
(Fig. 12), the climatological eddy heat diffusion is

positive between the fronts (Fig. 14), inducing an
annual mean diffusive warming, which opposes the net
Ekman cooling.

2. Between the Crozet and Kerguelen Plateaux (blue
profiles), we observe a sharp reversal of the eddy heat
diffusion term (see Fig. 14), which becomes strongly
negative. In this region, the annual mean Ekman and
eddy diffusion terms both contribute to cool the mixed
layer. Although the eddy heat diffusion term is a cli-
matological parameterization, we can see the impact of
the eddy mixing in the individual profiles, which show
strong interleaving from the surface down to the deep
water density class (≥27.4 kg m−3) (Fig. 13c). The blue
profiles show a tendency toward density-compensating
interleaving between water masses from south of the
SAF (black profiles) and from the northern branch (red
profiles). We note that the stratification at 27.2 kg m−3

is associated with the salinity minimum linked to in-
termediate water, which appears to be modified and
freshened by the increased mixing in this region (see
temperature–salinity plot; Fig. 13c).

3. Downstream of Kerguelen, the fronts separate and the
circulation slows. We know from Figs. 5 and 13 that
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Fig. 14 Longitudinal evolution of the annual mean heat budget
forcing contributions averaged between the STF and SAF (fronts
defined by Orsi et al. 1995). Ekman advection and air–sea fluxes are
computed from long-term NCEP averages; eddy heat diffusion is

computed as described in Section 6.4 from surface drifter and
satellite SST data. Grayshading indicates the Kerguelen Plateau
region
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the surface mixed layer properties converge toward a
more homogeneous density, which is fresher and
cooler than upstream. Figure 13c also suggests that
the mode and intermediate water masses (light blue
profiles) have tighter T–S curves and tend to be cooler
and fresher than the upstream profiles (red). Strong
Ekman advection also extends to 58°S, potentially
bringing much fresher and colder water into the for-
mation area and contributing to the large winter Ekman
fluxes observed here. As we have seen, eddy heat dif-
fusion is weak (Fig. 14). However, the combination of
strong lateral mixing upstream, and the slower circu-
lation leaves more time for water masses to undergo the
cooling, as shown for the our composite (Fig. 13).

Consider a schematic of the temporal evolution of a
classical profile in the SAMW formation region during
autumn/early winter (see Fig. 15), which is similar to our
observed ARGO profiles. During autumn, the water col-
umn is weakly stratified, due to the upstream eddy mixing,
with the remnants of the summer heating at the surface. In
early winter (June), increased Ekman advection brings
more cool, fresh surface water, which deepens and mixes
due to the increased atmospheric cooling, but leaves a lens
of saltier warm water just below the mixed layer. This
spreading of cool fresh water across the SAF with a warmer
and saltier subsurface is also observed at other sections
farther east (Gordon and Molinelli 1982; Rintoul and Trull
2001).

As winter progresses, Ekman advection and the atmo-
sphere cooling both increase to the point where a strong
vertical circulation is induced just north of the front. The
strong convection is sufficient to erode the weakened warm
and salty lens, deepening the thermocline, leading to the
deep winter mixed layers observed (see Fig. 15).

Summary and discussion

This study has used ARGO float data to estimate the heat
balance in the surface mixed layer in the region of SAMW
formation in the southeast Indian Ocean. We were able to
observe the full seasonal cycle over a 2-year period, and
our in situ data confirmed previous modeling and cli-
matological studies that found out that air–sea fluxes plus
Ekman fluxes dominate the surface heat budget (Ribbe
1999; Rintoul and England 2002; Speer et al. 1995). In the
southeast Indian Ocean, we have quantified that the sea-
sonal cycle of air–sea fluxes dominates the seasonal heat
content variations in the mixed layer. Ekman fluxes con-
tinually cool the mixed layer, with an increased amplitude
in winter of roughly −100 W m−2.

One of the interesting results from this ARGO float
analysis is how the subantarctic water masses evolve from
west to east along the ACC axis, and the role of “upstream
conditioning” on the formation of the deep winter mixed
layers. Figure 5 clearly shows how the wide range of water
mass properties upstream converges after the Kerguelen
Plateau, leading to deeper mixed layers, which are cooler,
fresher, and denser toward the east. Ekman forcing may be
the dominant forcing downstream of Kerguelen, yet this
term is as strong upstream of Kerguelen Plateau and the
mixed layer remains at 100-m depth. It is the reversal of the
eddy diffusion term upstream of Kerguelen that appears to
be a key factor in de-stratifying the base of the mixed layer,
and allowing the deeper winter mixed layers to develop
downstream. This sudden strong cooling observed in the
eddy heat diffusion parametrization is linked to the ener-
getic eddy field, and the strong cross-frontal interleaving
observed in the ARGO profiles occurs at the convergence
of the fronts upstream of Kerguelen.

Although SAMW forms at many locations along the SAF
(Hanawa and Talley 2001), the southeast Indian Ocean has

Fig. 15 Schematic of the tem-
poral evolution of a temperature
profile during autumn/early
winter in the region of SAMW
formation. In autumn (left
panel) the temperature profile is
well-stratified. As winter begins
(middle panel), stronger Ekman
advection of cold and fresh
water reduces the temperature of
the surface layer. A lens of
warm and salty water remains
just below the Ekman layer. As
winter progresses (right panel),
the Ekman advection and air sea
cooling increase, destabilizing
the surface layer and eroding the
subsurface lens to create a deep
mixed layer
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the largest region with the deepest winter mixed layers and
is a dominant source of SAMW. The particular combination
of conditions upstream, illustrated in the schematic of
Fig. 2, may make the formation process in the Indian Ocean
more effective than elsewhere: a convergence of two strong
dynamical fronts with an energetic eddy field around a large
bathymetric barrier, the strong sudden cooling due to the
eddy diffusion term, and the circumpolar maximum in mean
wind forcing and Ekman heat transport. Downstream, the
air–sea fluxes and Ekman transport are sufficient to explain
the observed heat budget, but the deep mixed layers are
evidently present because of the upstream conditions.

We have not explicitly included eddy diffusion or geo-
strophic advection in our downstream heat budget calcula-
tion, although we noted in Section 6.3 that these terms may
be locally important for float pairs that are entrained in
meanders of the SAF. We did estimate the diffusion and
advection terms based on the available data sets. Eddy heat
diffusion was calculated from surface drifter data and tem-
perature fields; horizontal advection was calculated from
altimetric data and temperature fields. However, when
attempting to resolve fields dominated by strong mesoscale
eddies, large errors were introduced whenever any of the
components (e.g., currents and temperature) were slightly
offset from one another in space and time. Close to the
energetic SAF with strong currents and strong temperature
gradients, we often have random values of order 1,000 W
m−2, but the net balance of terms is not calculated co-
herently. The large errors involved in the calculation led us
to abandon the technique. The Ekman advection term,
based on a larger scale forcing, is less affected by any
spatiotemporal offsets in the two forcing components.

We have also seen from the stability analysis and the
ARGO profiles that the haline component is important for
the process of SAMW formation. The thermal destabiliza-
tion at the base of the mixed layer is compensated by the
fresh haline stratification (see Fig. 15). At present, we
cannot calculate an accurate salt budget in the mixed layer
due to the lack of high-resolution sea surface salinity data
(equivalent to the satellite SST fields). However, the loss of
salt and heat observed at the surface on the ARGO profiles
is consistent with an Ekman advection from the South of
cold and fresh water. Precipitation is thought to be of sec-
ondary importance compared to the Ekman contribution.

The sea surface salinity data are sparse, and spatial
gradients are poorly resolved in the Southern Ocean by the
climatological averages of SSS (Chaigneau and Morrow
2002), although this situation will be improved as more
ARGO floats are deployed. Satellite salinity measurements
will be available in the future from missions such as SMOS
or Aquarius, but are not expected to be accurate at high
latitudes (low temperatures) or available at mesoscale
resolution.
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Appendix

Appendix I: objective analysis of the float
displacements

We obtained 8,849 velocity components from the ARGO
database and 11,667 from the ALACE/PALACE database.
We deduced from them the velocities at 400 m by adding
the climatological shear between their drifting depth and
400 m. The velocities were averaged into 2° longitude by
1° latitude bins. Values formed by at least five data points
are retained.

We mapped the velocity field and a stream function from
the ARGO data in the southern Indian Ocean using an
objective analysis following Gille (2003a).We seek an
estimate bψ of the true streamfunction ψ using the key
relation:

bψ ¼ P Aþ 2Ið Þ�1φ (3)

with:

P ¼ φ;ψh i (4)

A ¼ φ;φT
� �

(5)

where 〈.〉 is a scalar product, and Φ is a column vector
containing all of the u and vmeasurements: Φ=[u1, u2,...un,
v1, v2,...vn]. A is the covariance matrix of the measurement.
We add an error ε to its diagonal, which represents the
effective increase in autocovariance due to measurement
noise. This simplification assumes that the measurement
noise is independent between two different positions and
between u and v at the same position.

As shown by Gille and Kelly (1996), in the Southern
Ocean we can apply a Gaussian correlation function in
space. Gille (2003a) shows that an isotropic decorrelation
scale of 495 km gives the best results for an objective
analysis in the Southern Ocean. In this study, we chose an
isotropic decorrelation scale of 400 km.

The mean 10-day current velocities estimated from
ARGO data at the parking depth contain errors, mainly due

2
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to the float drift at the surface. Furthermore, the float drift
during the descent and ascent phase is also unknown. A
study on the error in the drifting velocity at the float
parking depth by Ichikawa et al. (2002) estimates this error
to be between 10 to 25%. To be sure to overestimate this
error, we chose 50% error level for the float velocities.

Appendix II: definition of the mixed layer depth

Accurate estimation of the mixed layer depth is a crucial
part of the heat budget calculation. According to Thomson
and Fine (2003), the threshold method with a finite dif-
ference criterion better approximates the “true”mixed layer
depth, compared to the integral and regression methods.
Experimental studies (see Brainerd and Gregg 1995) also
find that the mixed layer depth based on a difference cri-
terion is more stable because the gradient criterion method
requires high-resolution profiles, which resolve the sharp
vertical gradients. High-resolution in situ profiles are not
always available, and ARGO profiles with a 10–20 m
vertical resolution in the mixed layer cannot resolve sharp
vertical gradients.

We chose to use a difference criterion method. The usual
parameters used with this method are temperature and
density; temperature is normally used when there is no
equivalent salinity profiles. Most ARGO floats offer tem-
perature and salinity profiles. We examined three different
methods to find the mixed layer depth:

– a temperature difference criterion with a threshold
0.1°C; ΔT≤0.1°C

– a density difference criterion with a threshold
0.01 kg m−3; Δσ≤0.01 kg m−3

– a density difference criterion with a threshold
0.03 kg m−3; Δσ≤0.03 kg m−3

The first measurement closest to the surface was chosen
as the reference for each profile if this measurement is in
the range from 0 to 10 m. If not the profile is rejected.

Consider first the difference between the two density
criteria: Δσ ≤ 0.01 and Δσ ≤ 0.03. The results obtained by
these two criteria are similar over most of the southern
Indian Ocean (not shown). Nevertheless, some 3% of the
profiles reveal mixed layer depths, which vary by more
than 50%. When these exceptional profiles are examined,
the 0.03 threshold is consistently associated with the mixed
layer that we seek (i.e., the mixed layer depth for monthly
averaged applications).

In the southern Indian Ocean, there are big differences in
the mixed layer depth depending on whether we use the
temperature or the density criteria. To visually highlight
these differences, we calculated the average of the mixed
depth layer in bins (2° latitude by 4° longitude) for each
criterion and then mapped the differences. Figure 16 shows
the difference between the methodΔT ≤ 0.1 andΔσ ≤ 0.03.

South of the SAF, the ΔT≤0.1 criterion shows a mixed
layer depth far deeper than the density criteria; here there
are small vertical temperature gradients but a strong
halocline near the surface separating the fresh Antarctic
Surface Waters from the saltier deep waters. In the region
of mode water formation east of the Kerguelen Plateau
between 80 and 120°E, the temperature criterion is shal-
lower than the density criterion where the surface T–S
compensates. Figure 16 also shows selected profiles in
these two areas where there is a maximum depth difference
between the two methods (ΔDepth>100 m). Clearly in
both areas the density difference method is much better in
identifying the mixed layer depth. For the following work,
we will apply the 0.03-density criterion to find the mixed
layer depth.

Fig. 16 Left pannel Normalized depth differences of the mixed
layer depth identified by the Δσ≤0.03 and the ΔT≤0.1 criteria. A
negative difference occurs when the ΔT≤0.1 criterion is shallower
than the Δσ≤0.03 criteria. Right panel Selected density profiles in
the region of mode water formation (upper) and south of the SAF

(lower), which show large mixed layer depth differences using the
density or temperature criteria. The red points correspond to the
Δσ≤0.03 criterion and the black points correspond to the ΔT≤0.1
criterion

540



Appendix III: detailed heat budget calculations

Ekman heat transport

For the advective term of the heat budget Eq. 1, v the hori-
zontal mean velocity can be decomposed into the Ekman
and geostrophic components as v=vE+vg.The Ekman heat
transport correspond to:

Z
vE � ρCprTdz

integrated over the mixed layer. Here

vE � rT

can be written:

vE � rT ¼ uE
@T

@x
þ vE

@T

@y
þ wE

@T

@z

Assuming that the Ekman layer is included in the mixed
layer, ρCp has no dependency with the vertical and within
the mixed layer @T

@z ¼ 0: Thus:

Z
EL

vE � ρCprTdz ¼ ρCp UE
@T

@x
þ VE

@T

@y

� �

In the southern Indian Ocean, the Ekman transport is
mainly northward (positive) with regard to the strong
westerly winds, and ∇T is dominated by the strong (positive)
meridional temperature gradient. So we expect VE

@T
@y to be

much greater thanUE
@T
@x : Consequently, the Ekman induced

heat flux can be approximated by ρCpVE
@T
@y . We note from

this equation that a positive Ekman heat transport (as in our
case) will induce a negative temperature tendency, or
cooling. In other words, a positive Ekman heat transport
can induce a negative effective Ekman heat flux at the base
of the Ekman layer.

Heat content variations from ARGO floats

The heat content variation is calculated for each ARGO
float within the formation region, using pairs of float
profiles separated by 30 days (three float cycles) that re-
main in our zone. The temperature is integrated down to the
deepest mixed layer depth, which occurs for the two
profiles.

Because the floats do not identically sample the water
column, every profile has been vertically interpolated onto
a regular 10-db grid. The shallowest value of each profile
has also been extended to the surface.

Several techniques were applied to evaluate the heat
content variation. A first possibility was to calculate a mean
temperature profile for every month, which was used to

calculate a mean mixed layer depth and thus a mean heat
content. This method shows a poor ability to represent the
cycle of the wintertime enhanced convection and was not
retained. Instead, we adopted a second method where all of
the 30-day heat content variations available for the
different floats were binned to form the monthly average.

For each 30-day heat content calculation, the forcing
terms (Ekman and air sea fluxes) are interpolated onto the
10-day float positions and then averaged over the 30 days.
In other words, considering four profiles from the same
float, Ekman advection and air sea fluxes are interpolated
onto the first, the second, and the third profile and then
averaged, and the heat content variation is computed
between the first and the fourth profile. The average of the
forcing terms and the variation of the heat content are
stored with the date of the fourth profile. The monthly
averages shown in Figs. 8 and 10 are the average of all float
pairs within the formation region whose fourth profile
occurs during the given month.

One problem encountered with this calculation concerns
the Lagrangian behavior of our floats. The heat budget
calculation assumes a local change of the mixed layer in the
same location, but for our calculation, the floats move
between two samples. The movement of the float from one
water mass to another introduces a change of heat content
due to the float’s advection. To assure that the floats remain
in the same local area and water masses and to reduce this
“relative advection,” we developed a series of tests.

1. First, we elimated pairs of profiles when their differ-
ence in SST (considering time and position) was 1°C
greater than the local change of SST (at the last profile
position) during the same period. This reduces the
effects of floats close to the SAF crossing large SST
gradients due to meanders or eddies.

2. We also added a deep density criteria. If the differ-
ence between the density at 1,000 m is greater than
0.1 kg m−3, we consider that the float doesn’t sam-
ple the same water mass.

3. We also calculated the monthly rms of the forcing
terms and of the ARGO heat content variation. We then
removed the individual ARGO profiles whose value
plus one rms lay outside the range of the forcing terms
plus one rms. We visually checked that this criterion
removed most profiles crossing the SAF.

The net effect of these tests was to eliminate 36% of data
pairs.
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