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ABSTRACT

Despite the renewed interest in the Southern Ocean, there are yet many unknowns because of the scarcity
of measurements and the complexity of the thermohaline circulation. Hence the authors present here the
analysis of the thermohaline circulation of the Southern Ocean of a steady-state simulation of a coupled
ice—ocean model. The study aims to clarify the roles of surface fluxes and internal mixing, with focus on the
mechanisms of the upper branch of the overturning. A quantitative dynamical analysis of the water-mass
transformation has been performed using a new method. Surface fluxes, including the effect of the pen-
etrative solar radiation, produce almost 40 Sv (1 Sv = 10° m* s™!) of Subantarctic Mode Water while about
5 Sv of the densest water masses (y > 28.2) are formed by brine rejection on the shelves of Antarctica and
in the Weddell Sea. Mixing transforms one-half of the Subantarctic Mode Water into intermediate water
and Upper Circumpolar Deep Water while bottom water is produced by Lower Circumpolar Deep Water
and North Atlantic Deep Water mixing with shelf water. The upwelling of part of the North Atlantic Deep
Water inflow is due to internal processes, mainly downward propagation of the surface freshwater excess
via vertical mixing at the base of the mixed layer. A complementary Lagrangian analysis of the thermo-
haline circulation will be presented in a companion paper.

1. Introduction tion and transformation: the wind-driven upwelling of
Circumpolar Deep Water (CDW), which exposes the
. terred h , belt (Gord deep-water masses to surface buoyancy fluxes, pro-
tfg;; ]r?)e erri t(1)93857t ? ocean s (.:](;;w;:yor le t (Gor .on duces Subantarctic Mode Water (SAMW), Antarctic

» BIOSCREL _)’ 18 Tesponsibie for a farge portlpn Intermediate Water (AAIW), and Antarctic Bottom
of the global redistribution of heat, freshwater, and bio- ]

hemical tracers in the present climate. The South Water (AABW) (e.g., Sverdrup et al. 1942; Tomczak
geochemcal tracers i the present ciimate. Ahe South-——, 4 Godfrey 1994; Schmitz 1996a,b; Speer et al. 2000;

ern Ocean plays a major ro.Ie 1n.the THC as the main Sloyan and Rintoul 2001ab; Blanke et al. 2002; Talley et
crossroad for the thermohaline circulation (Macdonald . .
al. 2003). The definition of main pathways and water

Waunsch 1996; h Wunsch 2000; Rin-
and Wunsch 1996; Ganachaud and Wunsch 2000; Rin properties of the THC has been the focus of large ex-

toul et al. 2001; Sloyan and Rintoul 2001a,b; Talley et ! . .
al. 2003). It is also the site of large water-mass forma- perimental and numerical efforts (e.g., Schmitz 1996b;
Sloyan and Rintoul 2001a,b). Notwithstanding these ef-
forts we are still incapable of fully understanding the
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The global thermohaline circulation (THC), some-
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climate variability (e.g., Knutti et al. 2004). In particu-
lar, we need to understand better the dynamics of the
water-mass transformations associated with the global
thermohaline circulation—water-mass transformations
that are driven by air—sea forcing and diapycnal mixing
(e.g., Huang 1999; Sloyan and Rintoul 2000; Large and
Nurser 2001; Wunsch and Ferrari 2004).

The surface buoyancy fluxes in the Southern Ocean
are supposed to be very intense (especially the fresh-
water component; e.g., Large and Nurser 2001), but in
fact they are poorly known. Direct estimates of surface
buoyancy fluxes in the Southern Ocean are uncertain
because of the large extent of the area that is not cov-
ered by meteorological stations or by ship-based mea-
surements (e.g., Josey et al. 1999). As a consequence,
also the outputs of atmospheric numerical reanalyses
are poorly constrained south of 30°S. In addition, the
freshwater input is supposed to dominate the air—sea
buoyancy exchange in this region. The sea ice is a dom-
inant term in the freshwater budget, and it controls the
stratification of the upper ocean in the polar regions.
Nevertheless, surface flux estimates in standard clima-
tological descriptions do not include the ice—ocean ex-
changes and they have not been included in previous
analyses of water-mass transformations (e.g., Speer et
al. 2000; Karstensen and Quadfasel 2002).

Furthermore, the overturn of cold, dense waters into
warmer and lighter mode waters (MW) in the Southern
Ocean evidently requires a heat gain, but the mecha-
nism of the heat gain has not been identified and its
significance with respect to the freshwater gain remains
to be established. In particular, as mentioned by Speer
et al. (2000), the role of surface heat fluxes in the trans-
formation was not intensely investigated in the past,
partly because a high-latitude ocean is expected to lose
heat. Toole (1981) suggested that the northward Ek-
man transport crosses the sea surface isotherms and
then provides a heat gain south of the Polar Front.
Warren et al. (1996) found a very weak cooling at this
latitude plus a stronger gain from the freshwater flux.
Taylor et al. (1978) found a net heat gain caused by the
variability of atmospheric and oceanic fronts. The
Comprehensive Ocean—-Atmosphere Dataset (Speer et
al. 2000; Large and Nurser 2001; Karstensen and Quad-
fasel 2002) shows a large buoyancy gain—the strongest
heat gain occurring south of Africa. In terms of equiva-
lent water-mass formation (SAMW and AAIW) by sur-
face buoyancy fluxes, Sloyan and Rintoul (2001a) and
Speer et al. (2000) propose values in the range of 20-30
Sv (1 Sv = 10° m?® s™') whereas Karstensen and Quad-
fasel (2002) found a value of 75 Sv. Modeling studies
gave contrasting results. Numerical studies using simple
configurations propose that most of the heat gain oc-
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curs in the tropics (e.g., Scott and Marotzke 2002;
Goodman 1998). A net cooling south of 30°S was found
by Marsh et al. (2000) in a relatively short GCM simu-
lation (30 yr) in which there was no explicit role for the
ice dynamics. Hasumi and Suginohara (1999) used a
GCM to suggest that a net heat gain occurs in the
Southern Ocean.

Southern Ocean transformations are analyzed here
for the information they disclose about basic mecha-
nisms of the meridional circulation. As in Marshall et
al. (1999) the aim here is also pedagogic, as it consists of
showing how recently developed diagnostic tools allow
for a fully consistent and quantitative account of the
thermodynamics of the oceanic circulation. The impor-
tance of constraining the surface fluxes was underlined
by Speer et al. (2000) and Marshall and Radko (2003),
for example, who showed in a 2D model of the South-
ern Ocean how meridional circulation buoyancy fluxes
set the meridional overturning and the interior stratifi-
cation. The meridional circulation is in fact the residual
between the Ekman transport and the eddy-driven
buoyancy fluxes that are associated with the stratifica-
tion strength (see also Bryden and Cunningham 2003;
Marshall et al. 2006). Despite their success in describing
the dynamical balance of the cross-frontal residual cir-
culation and consequent water-mass export, these stud-
ies use simplified models of the ocean circulation and
thus are unable to account for the frontal dynamics in
the Antarctic Circumpolar Current (ACC) system or
the thermodynamic transformations occurring during
the seasonal cycle of the mixed layer. The latter issue is
especially fundamental because the lateral and vertical
mixing processes in the mixed layer rectify the meteo-
rological forcings, only communicating seasonally bi-
ased properties to the thermocline (Williams et al.
1995). We thus performed a detailed analysis of the
dynamics of water-mass transformations in the South-
ern Ocean in a global ice—ocean model. We will follow,
in a broad sense, the systematic approach to the ther-
modynamics of the North Atlantic circulation pre-
sented in Marshall et al. (1999). For the diagnosis of the
water-mass formation and transformation we used a
quantitative thermodynamic approach recently pro-
posed by Iudicone et al. (2008a, hereinafter IMMDOS)
that generalizes previous approaches (in particular,
Marshall et al. 1999; Large and Nurser 2001). Two dif-
ferent definitions of formation are commonly used: the
thermodynamic formation rate in which air-sea fluxes
force the fluid to pass laterally across outcropping
isopycnals (Walin 1982; Speer and Tziperman 1992;
Garrett et al. 1995) and the subduction rate—that is,
the rate at which fluid moves from the seasonal bound-
ary layer of the ocean to the interior (Stommel 1979;
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Marshall and Nurser 1992; Marshall et al. 1993; Huang
and Qiu 1994). Mixing processes are thus not accounted
for in the first approach, and the resulting large discrep-
ancy between the two methods leads to speculations on
undefined mixing processes (Tandon and Garrett 1997,
Garrett and Tandon 1997; D66s and Webb 1994;
Sloyan and Rintoul 2000). Marshall et al. (1999) first
defined a unique framework and a common nomencla-
ture by adding the explicit diagnosis of mixing in the
mixed layer. IMMDOS recently fully reconciled the two
approaches. They included internal buoyancy sources
(to account for the solar penetrative irradiance) in the
estimates of transformations and introduced a neutral
density framework that allows comparison of surface
buoyancy fluxes with interior diapycnal fluxes that are
far deeper than the range that use of o, would allow for
and fully accounting for the nonlinear nature of the
equation of state for seawater (McDougall 1987).
Therefore, by using the approach in IMMDO08 we are
able to quantify the role of each component of the dy-
namics of water-mass transformations in the Southern
Ocean in the global model. The study was comple-
mented by a quantitative Lagrangian analysis of the
pathways of the THC in the model solution (Iudicone
et al. 2008b).

The paper has been divided into sections as follows:
model configuration is presented in section 2; main
characteristics of the 1500-yr solution are presented in
section 3; the description of the role of surface buoy-
ancy fluxes and of mixing in creating/destroying water
masses forms section 4 and is followed by the discussion
(section 5) and conclusions (section 6). The appendix
summarizes the theory and the implementation of the
diagnosis in IMMDOS.

2. The model

The ice—ocean coupled model is the “ORCA2”-Lou-
vain-la-Neuve Sea Ice Model (LIM) global configura-
tion (Timmermann et al. 2005). LIM (Fichefet and
Morales Maqueda 1997) is a fully dynamical-thermody-
namical sea-ice model. The ocean model is the Océan
Parallélisé (OPA) model (Madec et al. 1998; Delecluse
and Madec 1999) in its global configuration known as
ORCAZ2. The horizontal mesh is based on a 2° by 2°
Mercator grid, and in the area of interest (i.e., poleward
of 30°S) the resolution varies from ~190 km at 30°S to
~40 km at 80°S. There are 31 levels in the vertical
direction, with the highest resolution (10 m) in the up-
per 150 m. The upper boundary uses a free-surface for-
mulation (Roullet and Madec 2000). Lateral mixing is
evaluated along isoneutral surfaces. The model is
supplemented with the Gent and McWilliams (1990)
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TABLE 1. Definition of water masses used in the text.

Water masses Y
™ 0-26.0
MW 26.0-27.2
w 27.2-27.8
UCDW 27.8-28.0
LCDW 28.0-28.2
AABW 28.2-bottom

parameterization. The lateral mixing coefficient de-
pends on the baroclinic instability growth rate
(Treguier et al. 1997). The vertical mixing scheme uses
a turbulent closure (Blanke and Delecluse 1993), and
there is a diffusive bottom boundary layer parameter-
ization (Beckmann and Doscher 1997). The model
background vertical diffusivity increases from the sur-
face to the bottom to mimic the effects of decreased
stratification and increased small-scale turbulence near
the bottom. (Values ranges from 0.12 X 10~ m? s~ ' in
the first 1000 m to 1.2 X 10~* m? s~ ' at 5000 m.) Ver-
tical mixing due to convection was parameterized by
locally enhancing the vertical diffusivity.

The air-sea fluxes of heat and freshwater (evapora-
tion) are evaluated by means of bulk formulas (Tim-
mermann et al. 2005). A clear-water penetrative short-
wave solar radiation formulation is used (Manizza et al.
2005). A restoring to climatological surface salinities
was also added. Climatological European Remote Sens-
ing Satellite-1 and -2 scatterometer monthly mean wind
stresses were used for the tropics, and the National
Centers for Environmental Prediction-National Center
for Atmospheric Research climatological dataset was
used poleward of 50°N and 50°S. At the bottom, geo-
thermal heating is parameterized as a spatially variable
heat source.

Eventually, to ease the analysis, we used neutral den-
sities for classifying water masses (McDougall 1987;
Jackett and McDougall 1997); for the sake of simplicity,
only six main classes will be discussed (Table 1), de-
fined by combining the analysis of the model water-
mass properties and the definitions in Sloyan and Rin-
toul (2001b). Note that the model AAIW is cooler than
the in situ data (see section 3), and thus its upper den-
sity boundary has been slightly enlarged here.

3. The thermohaline circulation in the Southern
Ocean

a. The model global solution

The model global solution has been validated
through an extensive comparison with observations (Tu-
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FiG. 1. Anomalies of the model tracer fields with respect to the in situ climatological data from Conkright et al. (1998). (a) Zonally
averaged global temperature anomaly (ORCAZ2-LIM; contour interval: 0.25°C). (b) Zonally averaged global salinity anomaly (ORCAZ2-

LIM; contour interval: 0.05).

dicone 2007); here we will summarize only the main
conclusions.

After a 1500-yr spinup, the drift of model tracers is
almost negligible. The model solution presents a net
negative bias for the temperature of intermediate and
deep water (~0.25°-0.5°C) (Fig. 1). The largest anoma-
lies are in the upper layers of the Antarctic Divergence,
in the pycnocline of the equatorial Pacific Ocean, and in
the Red Sea Water in the Indian Ocean. Model salinity
discrepancy with respect to observations is within 0.1 in
most cases (Fig. 1), with slightly larger deviations in the
northern high latitudes, at the southern extension of the
Mediterranean Water in the Atlantic Ocean and at the
subsurface South Pacific Fronts. Last, the middepth In-
dian Ocean is too fresh because of an insufficient ex-
port of Red Sea Water.

The model circulation corresponds well to other
OGCM simulations with similar resolutions (e.g., Stam-
mer et al. 2002), including the meridional overturning
circulation. The overturning of North Atlantic Deep
Water (NADW) in the Atlantic is ~18 Sv (~3 Sv in the
Greenland Sea) while the global AABW export is ~10
Sv with ~3 Sv in the Atlantic. Transports at main straits
and passages are also close to experimental estimates:
the Indonesian Throughflow is ~10 Sv (e.g., Godfrey
1996); the ACC through Drake Passage transports
~148 Sv, only 10 Sv larger than the most recent obser-
vational estimate (Cunningham et al. 2003).

The model global heat transport (not shown) is
broadly consistent with previous estimates (e.g., Tren-
berth and Caron 2001; Ganachaud and Wunsch 2003).
At 30°S the heat transport is —0.85 PW, that is, within
the estimation by Ganachaud and Wunsch (2003)
(—=0.6 = 0.3 PW). The extremes are instead —1.15 PW
at 10°S and 1.4 PW at ~20°N, respectively. The latter
estimate is lower than most previous estimates; for in-
stance, Ganachaud and Wunsch (2003) give a north-
ward heat transport at 24°N of 1.8 = 0.3 PW. The over-

all pattern of the meridional freshwater transport (not
shown) agrees with recent estimates, and at 30°S it
sums to ~0.7 X 10° kg s~, close to the estimation of
(0.8 = 0.9) x 10° kg s ' by Ganachaud and Wunsch
(2003).

b. The simulated Southern Ocean

The model capability in reproducing the observed
horizontal circulation is crucial for several reasons. One
issue of particular importance for this study is that both
atmospheric and oceanic climatological datasets con-
tain the fronts that characterize the real ocean. There-
fore, because the model surface salinity is explicitly re-
stored to observed values and the air-sea bulk formulas
include an implicit restoring term (Haney 1971), mis-
matches between the forcing climatological datasets
and the model surface fields (e.g., a misplacement of
the ACC fronts) can flaw the surface buoyancy fluxes.
The use of an atmospheric—oceanic coupled model
would reduce this problem.

A common definition of the main ACC fronts is
based on the temperature field at subsurface. Model
annual mean temperatures at 180 m (not shown) were
thus compared with the temperature climatological de-
scription of Conkright et al. (1998). Good agreement
between the model field and the in situ data was found,
but the model’s low horizontal resolution affects the
reliability of the model circulation downstream of im-
portant bottom topographic features, as is the case
downstream of the Drake Passage and south and south-
east of Australia. The same conclusions were derived
from analysis of the annual model sea surface height
(SSH) field (Fig. 2), which showed that the model
Southern Ocean horizontal circulation is in broad
agreement with data except downstream of topographic
features. For instance, the Weddell Gyre is observed in
both SSH fields, but in the model it is weaker and its
northward penetration is underestimated, with a con-
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F1G. 2. (a) Annual mean SSH in the model solution. Superim-
posed are the fronts’ mean positions (from Orsi et al. 1995), i.e.,
moving poleward from 30°S, the Subtropical Front, Subantarctic
Front, and Polar Front. (b) As in (a), but for the model annual
mean SSH from Rio and Hernandez (2004).

sequent southward misplacement of the Polar Front
(see also Timmermann et al. 2005).

The Southern Ocean annual mean temperature is in
good agreement with observations (Tudicone 2007). Al-
though the AABW is definitively cooler than it is in
observations, the temperature maximum at depth (up-
per NADW) is correctly bounded by the model Upper
Circumpolar Deep Water (UCDW) density range
(Table 1).

The model NADW deep salinity maximum is good in
the Lower Circumpolar Deep Water (LCDW) layer
(Table 1), but vertical salinity gradients are in general
underestimated. Moreover, the salinity mimima associ-
ated with the intermediate water (IW) are deeper and
denser than in observations. This latter examination

IUDICONE ET AL.
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TABLE 2. Model transports (Sv) at 30°S.

Y Southward Northward Net
™ 352 20.2 -15.0
MW 54.5 73.9 194
W 35.0 38.5 3.5
UCDW 21.8 11.6 —10.2
LCDW 26.4 18.5 -7.9
AABW 1.5 11.6 10.1

justified the change in the AAIW water-mass definition
(Table 1) with respect to Sloyan and Rintoul (2001a,b).

The modeled ice cover (Timmermann et al. 2005;
Tudicone 2007) is in broad agreement with data. Note
that, although the Antarctic summer sea ice extent is
found to be in good agreement with observations, a
winter maximum is anticipated and the maximum ice
extent is about 20% larger than in observations. Also,
sea ice growth and decay are excessively rapid. Last, the
surface salinity restoring term can be locally significant
(20%-80%) north of 55°S (not shown) because of the
misplacement of the fronts, whereas it is more uniform
(and thus less significant) poleward of 55°S (see also
section 4).

c. The overturning in the Southern Ocean

The model upper-ocean ventilation is similar to ob-
servational estimates and is discussed in Iudicone et al.
(2008b). Net model budgets at 30°S are characterized
by a shallow overturning of subtropical waters into MW
and a deep overturning of deep waters into bottom
waters (Tables 2 and 3). This pattern compares reason-
ably well to inverse models (e.g., Macdonald and Wun-
sch 1996; Ganachaud and Wunsch 2000; Sloyan and
Rintoul 2001a,b; Wijffels 2001); it compares better to
the data analyses of Talley et al. (2003) and Talley
(2003), which present a more detailed analysis of the
upper cell [thermocline water (TW) and MW]. This
shallow overturning in the model is associated with a
large horizontal transport (~90 Sv; 80 Sv in Sloyan and
Rintoul 2001b); MW net formation is 2 times that found
in Talley (2003). AAIW transports are large (~35 Sv),
but AAIW net production is only 3—4 Sv, as in all of the
experimental estimates. Deep and bottom transports
vary greatly in experimental estimates; nevertheless,
model deep and bottom net transports (~10 Sv) are
much weaker than most of the experimental estimates.

To be more specific, the model Pacific Ocean basin
gains MW/IW and AABW (Table 3) while feeding the
Southern Ocean CDW layers, where CDW is the en-
semble of UCDW and LCDW. Net transports compare
well to Talley et al. (2003), but model MW/IW north-
ward transports are 2 times as large, CDW southward
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TABLE 3. Model transports (Sv) at 30°S for each main subbasin.
Pacific Indian Atlantic

Y Southward Northward Net Southward Northward Net Southward Northward Net
™ 14.4 12.6 -1.8 18.1 5.0 -13.1 2.6 2.6 —
MW 14.1 21.3 7.2 314 34.1 2.7 9.0 18.5 9.5
W 10.9 13.2 2.3 17.2 14.0 -3.2 6.9 11.3 44
UCbw 6.7 41 -2.6 53 4.5 -0.8 9.7 3.0 -6.7
LCDW 7.0 7.4 0.4 53 7.4 2.1 14.1 3.7 -10.4
AABW 0.1 6.4 6.3 0.9 1.9 1.0 0.5 33 2.8

flow is only one-half, and AABW northward flow is
30% weaker. In comparison with Sloyan and Rintoul
(2001b), the IW net transport is similarly small; it is
similar in its northward flow of ~10 Sv. Sloyan and
Rintoul (2001b) propose the existence of an intense
UCDW/LCDW cell (~20-25 Sv) that is absent in the
model and is much weaker in Talley et al. (2003).

The model Southern Ocean in the Indian Ocean sec-
tor (Table 3) is characterized by a large net loss of TW,
a small IW deficit, and small gains for the other water
masses. Summing up TW and MW imports, we ob-
tained the value in Talley et al. (2003) (~11 Sv) but the
MW export is closer to estimates in Robbins and Toole
(1997), and in Toole and Warren (1993). Sloyan and Rin-
toul (2001b) propose a slightly negative MW budget. A
net northward transport of IW is consistent with the most
recent studies (Sloyan and Rintoul 2001b; Talley et al.
2003). The deep cell is largely underestimated here (e.g.,
Talley et al. 2003). Bottom-water transport is 1 Sv in the
model and in Talley et al. (2003), Robbins and Toole
(1997), and Warren (1993); it sums up to 10 Sv in Sloyan
and Rintoul (2001b; see their paper for a discussion).

The Atlantic Ocean sector in the model (see Table 3)
loses MW/IW and AABW and gains UCDW/LCDW
(i.e., NADW). The agreement with Talley et al. (2003)
is noticeable: the MW/IW is 14 Sv in the model and 12.6
Svin Talley et al. (2003), the NADW/CDW is 17.1 Sv in
the model and 17.8 Sv in Talley et al. (2003), and
AABW is 2.8 Sv in the model and 3.8 Sv in Talley et al.
(2003). Good agreement is found also with Sloyan and
Rintoul (2001b), the main difference being in their
larger (6 Sv) AABW export.

Last, the model circulation has been validated by
comparing offline simulations of transient tracers and
World Ocean Circulation Experiment (WOCE) results
(Tudicone 2007). In particular, the simulated chloro-
fluorocarbon inventories reveal a marked improvement
over similar models (Ocean Carbon-Cycle Model Inter-
comparison Project; Dutay et al. 2002). Model invento-
ries are in excellent agreement with Atlantic and Pacific
Ocean WOCE inventories, but the Indian Ocean sector
ventilation is overestimated by a factor of 2.

In summary, although the model is in good agree-
ment with observations, some discrepancies could
greatly affect the results: in particular, the (dramatic)
underestimation of the deep overturning could affect
the analysis of the water-mass pathways, the misplace-
ment of ACC fronts in some regions could affect the
air—sea flux estimates, and the overestimation of the
MW ventilation in the Indian Ocean sector could affect
the estimates of the transformations associated with the
shallow overturning.

4. The thermodynamics of the model Southern
Ocean thermohaline circulation

a. Surface buoyancy fluxes

Model zonal mean density fluxes (Fig. 3) are essen-
tially positive between 20° and 43°S, mainly because of
large heat losses. The fluxes become negative south of
43°S, as in most of the recent climatological datasets
(e.g., Large and Nurser 2001). In particular, in the 43°-
53°S latitudinal band, heat and freshwater terms are of
the same order. Poleward of 55°S a slight cooling is
observed, overwhelmed by the large freshwater input.
Brine rejection causes a large buoyancy loss along the
coasts of Antarctica. Last, the role of the restoration of
surface salinity is significant, but it is evenly distributed
and in no case is critical.

The geographical distribution of the surface density
fluxes is shown in Fig. 4. The patterns compare well to
previous estimates from climatological data (da Silva et
al. 1994a,b; Zhang and Talley 1998; Karstensen and
Quadfasel 2002; see also Marsh et al. 2000). They
present a predominance of large positive density fluxes
along the southern extensions of the western boundary
currents that are due to intense heat losses. A large
band of excess precipitation is observed around 40°S in
the Pacific, and at ~50°S precipitation excesses are ob-
served in the central South Atlantic and south of Aus-
tralia. The coastal polynyas in the Ross Sea, in the
Weddell Sea, and along the Indian Ocean sector of
Antarctica produce local maxima in the total and fresh-
water fluxes. Note that south of 50°S the heat flux is
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FiG. 3. Surface density fluxes (107° kg m~2 s~ '): total density
flux (thick solid line); heat-driven density flux (dashed line); fresh-
water-driven density flux (dotted—dashed line); and density flux
due to the surface salinity restoring (thin solid line).

uniformly close to zero or is slightly positive and the
buoyancy flux is dominated by the freshwater compo-
nent. As in most studies, here polar regions are thus
characterized by a buoyancy gain from the atmosphere,
because the freshwater input largely dominates the net
buoyancy flux (see also Speer et al. 2000). The absence
in the model of a net heat gain in polar regions is nev-
ertheless a major discrepancy with some previous esti-
mates (e.g., Karstensen and Quadfasel 2002), but the
sign of the net heat flux in these regions actually de-
pends on the climatological data used for estimating the
meteorological forcing, as discussed by Karstensen and
Quadfasel (2002). In the case of the model, the south-
ward displacement of the ACC fronts east of the Drake
Passage and the northward displacement east of New
Zealand imply anomalous heat fluxes of opposite signs;
that is, the first implies an overcooling of surface waters
while the contrary occurs in the second case.
Dianeutral fluxes due to air-sea and ice-sea interac-
tions in the Southern Ocean, computed using Eq. (A4),
are shown in Fig. 5a. (The corresponding formation
rates M are the convergence/divergence of the dianeu-
tral transports, i.e., the slope of the curves in Fig. 5.) In
our simulation ~12 Sv of TW become denser MW
through a heat loss. A negative-buoyancy input, due to
freshwater excess, largely dominates the dianeutral flux
at higher densities (27.0 < y < 28.0) in which ~15 Sv of
IW and ~15 Sv of UCDW are transformed into MW.
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The slope of the net transformations is positive for IW
(cooling) and UCDW (freshwater gain), which are thus
destroyed. The convergence of TW and IW/UCDW fi-
nally produces more than 40 Sv of MW. The LCDW
layer is not significantly involved in the surface trans-
formations. The computation of the surface fluxes oc-
curring south of 42°S (Fig. 5b; see Large and Nurser
2001) shows that a net heat gain characterizes the
SAMW production, masked in Fig. 5a by the intense
cooling experienced by TW in the subtropics.

About 5 Sv of extremely dense Antarctica shelf water
converge into the AABW class. The effect of the brine
rejection dominates this transformation (Fig. 5a; ~5 Sv
in the highest densities). The flux at the ice—ocean sur-
face (Fig. 5c) shows how the brine rejection forms the
densest water masses and the seasonal ice melting,
which freshens the lighter UCDW and does not com-
pensate it. Last, the geothermal flux at the bottom re-
transforms 1 Sv of AABW into LCDW (not shown).

The estimates of the water-mass transformations due
to surface forcings in Fig. 5a cannot be directly com-
pared with previous results because the sea—ice buoy-
ancy fluxes and the air-sea interactions in the coastal
polynyas were included in neither the data analysis,
because of a lack of in situ measurements, nor in pre-
vious model results. In fact, previous estimates of sur-
face water-mass formation present no data for large
densities because in situ data are biased toward summer
values [e.g., the maximum density in Karstensen and
Quadfasel (2002) is merely 27.3, the AAIW density].
Furthermore, all but Sloyan and Rintoul (2001a,b) used
a surface-referenced potential-density framework that
does not allow for a proper assessment of the densest
water-mass transformations (IMMDO0S8). More impor-
tant, they are strongly dependent on the atmospheric
climatological datasets: the net MW and IW formation
estimate varies from 20 to 70 Sv depending on the
dataset, the diapycnal flux between TW and MW varies
from —10 to 30 Sv, and the conversion of dense water
into MW/IW varies from 0 to 75 Sv (K. Speer, 2006,
personal communication). Nevertheless, the overall
pattern of the water-mass transformations due to sur-
face forcings, the densification (cooling) for mode wa-
ters, and the lightening (freshening) for AAIW and wa-
ter is coherent with previous analyses of existing
datasets (e.g., Large and Nurser 2001; Speer et al. 2000;
Karstensen and Quadfasel 2002). In particular, the net
production of mode and intermediate waters compares
well to estimates in Sloyan and Rintoul (2001a), and the
mode water production is several Sverdrups lower than
the mode water production in Karstensen and Quadfa-
sel (2002; see also section 5). For the largest densities,
using geochemical tracer budgets, Orsi et al. (2001) esti-
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mated the ventilation of AABW on shelves of Antarc-
tica to be ~5 Sv, that is, close to the estimate here
presented. The net buoyancy gain for AAIW and
UCDW in our model is definitively larger than in pre-
vious ocean-only model results (e.g., Marsh et al. 2000).

b. The role of mixing and advection in the
water-mass transformations

The role of mixing in the water-mass transformations
has rarely been discussed quantitatively in the past be-
cause mixing is difficult to measure in situ and is heavily
parameterized in ocean models, especially in the case of
global models. We will address this issue here because
it is indeed necessary to allow full exploitation of ocean
modeling. Nevertheless, the results depend heavily also
on mixing parameterizations (not only on parameter-
izations, however, because mixing, e.g., is also the result
of the model dynamical adjustment to forcings). One
particular issue that is rarely discussed is that recent
low-resolution z-coordinate models split the mixing
into “lateral” (or isopycnal) and “vertical” components.

This distinction becomes obviously ill defined in the
upper-water column because isopycnals are displaced
vertically in the mixed layer. In practice, to avoid nu-
merical instabilities and to mimic the diapycnal trans-
port due to surface eddy activity, the model lateral mix-
ing becomes progressively horizontal close to the sur-
face (reference surfaces are flattened) and thus the
isopycnal mixing is in fact diapycnal there. As a conse-
quence, one main concern about the following results is
that the flattening occurs at fixed z levels while the
model mixed layer can have a large vertical excursion;
that is, the diapycnal mixing due to the model lateral
mixing could be overestimated.

The role of mixing in the water-mass transformations
is frequently evaluated as the residual between hori-
zontal transports across the domain boundary and the
surface diapycnal fluxes. Following the approach of
Marshall et al. (1999) and IMMDO08, we use a more
quantitative and physically informative approach. First,
the net contribution of the Southern Ocean to the glob-
al thermohaline circulation is evaluated by summing up
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FI1G. 5. (a) Surface dianeutral fluxes poleward of 30°S (Sv): total
transport (solid line), the heat component (dashed line), and the
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forming surface water into higher (lower) density classes. (b) Val-
ues for the region between 42°S and Antarctica. (c) Surface di-
aneutral fluxes at the ice—ocean interface.
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the terms in Eq. (A2) (Fig. 6). As discussed in section 3,
a shallow and a deep overturning are found, with a net
formation of MW and AABW at the expense of TW
and LCDW. Note that in the validation exercise
(IMMDO08), because of a noisy estimate of the b factor
and of the binning process, the peak at 28.05 in Fig. 6
was found to be an overestimation of the actual value,
computed from the direct transport evaluation, by 5-6
Sv. The error derives from the estimate of the impact of
lateral diffusion. Computing the same balance at 42°S,
and thus excluding the subtropical regions, the conver-
sion of ~11 Sv of mostly UCDW into MW is found to
dominate the MW formation, but TW does not partici-
pate in the formation (not shown).

The dianeutral transport due to mixing, evaluated
with Eq. (A2), is shown in Fig. 6. Mixing is found to
make denser the water masses except for the densest
waters in the coastal polynyas. In particular, mixing in-
creases the transformation of TW into MW, but MW
does not experience a significant transformation while
flowing toward the tropics after the formation from air-
sea fluxes. Large positive-dianeutral fluxes (net produc-
tion is ~24 Sv) are observed for the mixing of the TW/
UCDW waters. As a result, the large surface fluxes in
the same density range are almost completely compen-
sated by mixing (Fig. 6), in agreement with the scenario
proposed by Sloyan and Rintoul (2001a). The peak at
~28.1 corresponds to a net conversion of ~12 Sv of
UCDW and LCDW into formation of denser LCDW
and AABW (~7-8 Sy, if considering the error in the
estimate discussed above). The mixing of a large
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amount of UCDW/LCDW with extremely dense shelf
water finally produces AABW (the deepest cell). The
fate of CDW is thus mainly in the AABW, as pointed
out also by Sloyan and Rintoul (2001b) and Talley et al.
(2003).

Mixing in the model is due to profoundly different
physical processes (vertical diffusion, lateral diffusion,
and bottom boundary layer mixing) whose contribu-
tions to the dianeutral transports in the Southern
Ocean vary with the water masses (Fig. 7). Vertical
mixing dominates the consumption of TW. It also com-
pensates the IW/UCDW destruction at the surface be-
cause it presents a distinct positive peak at 27.2 (13 Sv
of MW converges into IW) and a negative peak at 27.9
(11 Sv of CDW move into IW; note that it implies an
upwelling of LCDW). Lateral diffusion, which sums up
the lateral diffusion in the mixed layer (Marshall et al.
1999) and the mixing due to the nonlinearity of the
equation of state (cabbeling and thermobaricity; Mc-
Dougall 1987), makes denser the water masses and is
significant only for the waters denser than the densest
MW (about 10-15 Sv of MW, which are destroyed at
26.9). The model bottom boundary layer parameteriza-
tion that mimics the dense gravity currents descending
the slopes of Antarctica here produces ~5 Sv of
AABW through the conversion of denser shelf waters.

To gain insight into the dynamical balance of the
THC in the Southern Ocean, two more questions need
to be addressed: Where does the mixing occur? What
are the roles of heat and freshwater in the transforma-
tions?

JOURNAL OF PHYSICAL OCEANOGRAPHY

VOLUME 38

c. The role of the mixed layer processes in the
transformations

To separate the transformations that are due to sur-
face and subsurface processes from processes that are
occurring at depth, we divided the domain into a
“bowl,” the maximum volume occupied by the mixed
layer during the seasonal cycle, and an “interior,” de-
fined as the complementary domain (Marshall et al.
1999). The net export from the bowl to the interior is
thus representative of the net subduction rate (Marshall
et al. 1999). The transformations occurring in the bowl
and in the interior are illustrated in Figs. 8a and 8c,
respectively. As conjectured by Sloyan and Rintoul
(2001b), the consumption of TW and the MW transfor-
mation into IW occur entirely in the bowl while the
transformation of CDW into IW and AABW occurs in
the interior, because of both vertical and lateral diffu-
sive fluxes. Further, vertical mixing plays a different
role in the bowl from that in the interior because the
convergence in the surface fluxes at 27.2 is partially
compensated by entrainment of dense waters into the
bowl while the CDW buoyancy gain due to vertical
mixing occurs essentially in the interior. In particular,
the upwelling LCDW is transformed into IW before the
outcrop into the bowl; that is, a small amount of LCDW
is irreversibly transformed into lighter water even
though it is not exposed to surface fluxes. This result is
significant for the dynamics of the global thermohaline
circulation, as we will discuss in more detail in section 5.
Here we note that apparently deep mixing can play a
role in the upwelling of CDW as proposed by Tsujino
and Suginohara (1999), for example.

To determine whether the mixing processes in the
interior occur in the deep interior or at the interface
between the bowl and the interior (Marshall et al.
1999), the same computations were repeated but with
addition of an envelope of two grid points to the bowl
volume. It is clear (Figs. 8b,d) that most of the mixing
occurs within and in the proximity of the mixed layer
(and therefore in the following we will use the latter as
the definition of the bowl). Therefore, most of the mix-
ing associated with the thermohaline circulation in the
Southern Ocean is related to the air-sea and sea-ice
interactions and to the nonlinearity of the equation of
state (cabbeling and thermobaricity), whereas deep in-
ternal processes forced by external sources such as deep
tidal mixing play a secondary role (~4 Sv of LCDW
into UCDW).

When focusing on subpolar and polar regions (42°S—
Antarctica; Fig. 9a) a net conversion of about 15 Sv of
CDW into AAIW (6 Sv), MW (6 Sv), and TW (3 Sv) is
found. Last, the net upwelling of UCDW almost coin-
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cides with the surface water-mass formation, and thus
mixing apparently does not play any role. In fact it
occurs because the net conversion due to vertical dif-
fusion is partially compensated by northward export of
buoyancy through lateral diffusive fluxes (Fig. 9a).
The transformations occurring in the first 50 m of the
polar and subpolar regions are also quantified, with the
aim of separating the effect of the large northward Ek-
man transport [Fig. 9b; we use this definition of Ekman
layer, a fixed-depth layer, for the sake of consistency
with Sloyan and Rintoul (2001a)]. It is remarkable that
the impact of surface buoyancy fluxes is here reduced
because part of the shortwave radiation (not accounted
for in previous studies, e.g., Marshall et al. 1999; Sloyan
and Rintoul 2001b) heats the ocean below this layer.
The net conversion of CDW into MW is nevertheless 2
times the net production rate (cf. with Fig. 9a). The
Ekman dynamics, as expected, are thus promoting a
large meridional transport of buoyancy—a buoyancy
gain that in fact exceeds the net production in the bowl
because most of the counteracting lateral and vertical
mixing occurs between its bottom boundary and the
bowl surface, especially in the thick mixed layer along

the Subantarctic Front. In addition, the role of vertical
mixing in promoting a net upwelling of CDW emerges
clearly as the imbalance between vertical and lateral
diffusion produces a net conversion of LCDW into
lighter waters. The net conversion of CDW into
AABW that characterizes the bowl (Fig. 9a) is thus the
residual of a weak diffusive overturn into light waters,
exported by the Ekman transport, and of a densifica-
tion of CDW due to surface and lateral fluxes.

Last, the eddy or bolus overturning cell is thought to
be superimposed on (and to compensate in part for) the
Ekman circulation (or Deacon cell), which implies, in
the upper layers, a partial compensation of the north-
ward Ekman export, and the related buoyancy gain,
and its opposite in the interior (e.g., Marshall and
Radko 2003). In our simulation, the net eddy transport
feeds the surface dianeutral transformation for more
than 7 Sv (Fig. 10). In particular, in the bowl it opposes
the Ekman transport (~10 Sv of MW/IW into CDW).
In the interior the opposite occurs for the intermediate
waters. Of interest is that the eddy transport feeds, for
6 Sv, the transformation of UCDW into LCDW. The
latter observation agrees well with the UCDW south-
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ward transport due to eddies that, as proposed by Speer
et al. (2000), feeds the deep overturning.

d. The role of heat and freshwater in the
transformations

Watermass transformations due to heat and freshwa-
ter exchanges are presented in Figs. 11a,b (transforma-
tions occurring in the bowl poleward of 42°S). Mixing
of heat and mixing of freshwater contribute to the wa-
ter-mass transformations in very different ways (Figs.
11a,b). To be more specific, the total heat component of
transformations creates MW and AABW through the
destruction of AAIW (Fig. 11a). Surface fluxes cool the
IW and CDW while MW is made warmer (and lighter).
Lateral heat diffusion is by far the most important mix-
ing process affecting the heat redistribution, and it al-
ways corresponds to a net warming through a south-
ward transport of heat. In particular, it contributes to
the net warming of MW (Fig. 11a) and opposes the
surface cooling at ~27.6. Vertical mixing plays a sec-
ondary role; of interest is that in the CDW class it has
the opposite sign with respect to the total vertical mix-
ing (Fig. 7); that is, the overturning of CDW into IW is
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Fi1G. 10. Eddy bolus transport of buoyancy (Sv). The solid line
is the total transport, the dotted—dashed line corresponds to the
bowl, and the dashed line corresponds to the interior.

in fact associated with a net cooling. The same com-
putation for the Ekman layer (Fig. 11c) shows that a
large net transformation (more than 45 Sv centered at
27.1), fed mostly by the mean northward advection,
implies the transformation of Antarctic Surface Water
(AASW)/AAIW into SAMW. This large overturning is
allowed mainly by the overwhelming of surface heat
losses in the AAIW/UCDW range by lateral and ver-
tical diffusion of heat and secondarily by surface heat
fluxes in the MW class. Note that the Ekman meridio-
nal transport is small in the CDW range and that it is
the vertical transport (Ekman pumping) that feeds the
transformation of CDW into AABW.

In the bowl in the subpolar and polar regions the
dynamics of the freshwater contribution to the buoy-
ancy budget creates AAIW from CDW (Fig. 11b) and
has a smaller net impact on MW formation. The con-
vergence is mainly due to the combination of surface
fluxes, which generate SAMW and AAIW from CDW,
and vertical mixing, which adds 15 Sv of CDW into
AAIW but counterbalances the freshwater input into
SAMW. Note that the total vertical mixing that pro-
motes the upwelling of CDW (Fig. 11a) is in fact domi-
nated by the freshwater redistribution (Fig. 11b). Last,
an intense lateral diffusion of freshwater (at fronts)
promotes a net transfer of about 20 Sv from SAMW to
AAIW and from dense AAIW to CDW; it thus further
reduces the impact of surface fluxes on SAMW fresh-
ening. Restricting the analysis to the Ekman layer
makes it easier to understand (Fig. 11d) how the trans-
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formation of CDWs into AAIW by mixing and surface
fluxes is fed by the vertical advection (Ekman pump-
ing) while the conversion of SAMW into AAIW is fed
by the meridional Ekman transport.

The conversion of dense waters into MW described
in the previous sections becomes more understandable
when considering together the mechanisms of the heat
and freshwater exchanges described above. To under-
stand better the interplay between Ekman dynamics
and mixing mechanisms, let us follow an ideal CDW
water parcel that at the Antarctic Divergence is en-
trained in the bowl by the vertical mixing fed by the
Ekman pumping. The parcel experiences four main

transformations: 1) The parcel cools and, above all,
freshens during the entrainment, thus entering into the
AASW/IW class. Then, while part of it flows southward
and is made denser by the combination of surface heat
fluxes and mixing, most of the water will flow north-
ward in the Ekman layer. 2) The latter water parcel
experiences a transformation into lighter IW through
further freshening due to surface fluxes that overcome
the mixing with saltier waters and through warming
because of the fact that the net surface cooling is more
than compensated by mixing with warmer waters at the
Polar Front and north of it. 3) At the Subantarctic
Front further warming due to eddy diffusion overcomes
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of the seasonal cycle. The solid line is the total flux, the dotted line is the heat component, and
the dotted—dashed line is the freshwater component.

the salt gain in the mixing with the much saltier and
warmer TW and will then transform the parcel into
dense MW. 4) Part of this dense MW will finally expe-
rience a net warming by surface fluxes that promotes
the creation of the wide range of SAMW properties
observed at 42°S (see also Rintoul and England 2002).
Mixing with a large amount of subtropical water be-
tween 42° and 30°S will further add heat and salt to the
lightest MWs.

From the analysis above, surface IW (in fact AASW
and not AAIW, which is in the same density class but is
not necessarily the same water) is the effective collector
of the surface freshwater excess and acts as an inter-

mediary in the transformation of CDW into MW. Only
a relatively small amount of AASW/IW contributes to
the formation of the salinity minimum in the interior
(through lateral diffusion). This result has been con-
firmed more quantitatively by a careful Lagrangian ac-
count of the salt gains and losses (D. Iudicone et al.
2007, unpublished manuscript) that showed that MW is
the main conveyor of the surface freshwater excess.
To gain further insight into the dynamics of the trans-
formation, the seasonal cycle is briefly analyzed. Deep
mixed layers expose the densest water masses to the
air-sea fluxes (i.e., ventilate the water masses) mainly
during autumn and winter (Fig. 12) when the model
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F1G. 13. As in Fig. 12, but for mixing. The solid line is the total flux, the dashed line is the lateral diffusive flux, and the dotted line
is the vertical component.

heat loss is large almost everywhere. Note that at the
highest densities the winter season is characterized by
buoyancy losses that are less intense than in autumn
because of the ice cover. Most of these losses are com-
pensated by a buoyancy gain occurring in summer and
spring, and, for instance, even if model LCDW partially
upwells, LCDW does not present significant net trans-
formations from air—sea interactions. Last, the freshwa-
ter input freshens CDW during autumn and winter, and
AAIW is diluted during spring and summer.

The seasonal cycle of the diffusive fluxes (Fig. 13)
presents two interesting features. The first is that lateral
fluxes are stronger in winter and spring, that is, when
the deepest mixed layers are usually observed. This re-
sult is consistent with Marshall et al. (1999), who found
the same result for the North Atlantic. More important,
the vertical mixing responsible for part of the CDW
overturn and dominated by the freshwater component
always makes MW and CDW converge into IW. Note
that most of this conversion occurs in summer.

To explain this latter feature we present, first, the

geographical distribution of the upwelling associated
with the vertical mixing at the base of the bowl [Fig. 14;
from Eq. (A6)]. It shows that most of the overturning
occurs close to the Antarctic continent in the Indian
and Pacific Ocean sectors of the Southern Ocean. The
correspondence with the regions of maximum upward
Ekman pumping is clear and expected (Fig. 15). Note
that during summer the distribution of surface neutral
densities (Fig. 16) shows that waters denser than 27.0
are found only south of 50°S, that is, in the region of the
upward Ekman pumping. Therefore most of the verti-
cal mixing implied by the thermohaline circulation in
the Southern Ocean is due to local conversion of salty
and warm CDW into subsurface fresh and cold AASW/
IW during the Ekman upward motion. Because of the
intense stratification, the vertical mixing due to wind
forcing propagates downward the surface freshwater in-
put that, in addition, is larger in spring and summer.
The former CDW, now surface IW, is then conveyed
northward by the Ekman transport. The upwelling
mechanism thus is such that it does not require an out-
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FIG. 14. Dianeutral velocity due to freshwater diffusion across the 27.8 isoneutral surface at
the base of the bowl. The equivalent dianeutral velocity was obtained by dividing the dianeu-
tral transport by the area of the grid box. Positive values are for fluxes toward larger densities.

crop of the deep waters and on the contrary is even
more efficient in summer than in winter, that is, when
the densest isoneutrals outcrop. In addition, the out-
crop of the densest waters is partly below the ice cover
and in regions of southward Ekman transport, that is,
toward the regions of AABW formation. The upwelling
mechanism also implies an efficient removal of the up-
welled water before the subsequent cold season, a re-
moval provided by the northward Ekman transport.
The Lagrangian analysis of the NADW entrainment
into the mixed layer in the same model nicely confirms
the mechanism (Iudicone et al. 2008b).

5. Discussion

One of the main aims of this paper was to demon-
strate that it is possible to have a fully consistent and

quantitative account of the thermodynamics of the
thermohaline circulation, and Fig. 17 depicts the ac-
count for the Southern Ocean. The consistency here is
permitted by the use of a numerical model instead of
experimental measurements. This makes the exercise
interesting, though the figures proposed here should be
considered to be only rough estimates of real values. In
particular, we remind readers that, because of the low
model resolution, eddies are parameterized (see discus-
sion in section 4) and baroclinic currents are too broad,
a drawback that in a forced ocean model can have a
significant impact on the air-sea exchange estimates.
Drawbacks are also the weak deep flows and the over-
estimation of the MW formation.

In summary, as shown in Fig. 17, the model CDW
experiences intense transformations, involving several
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Fi1G. 15. Surface forcing fields: (a) Ekman pumping and (b) meridional Ekman transport.
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FI1G. 16. Summer surface neutral density.

physical processes, and has basically two different fates.
Part of the CDW gains buoyancy in the Antarctic Di-
vergence from the downward diffusive propagation of
the large freshwater excess at the surface. The resulting
cold and fresh surface water (AASW), mostly in the IW
class, is subsequently exposed to the surface fluxes (that
freshen the water mass) and lateral diffusive fluxes
(that warm the water mass) while moving northward
within the Ekman layer. After a further warming due to
surface fluxes it finally leaves the Southern Ocean as
MW, whose formation comprises also the transforma-
tion of 12 Sv of warm and salty TW into MW through
surface fluxes and mixing (the shallow overturning).
Vertical and lateral diffusive processes in the bowl and
in the interior reconvert part of the MW (14 Sv) into
IW and IW into UCDW, and thus the large MW and
IW formations by surface fluxes are in fact partially
compensated. Part of the CDW is instead involved in
the formation of AABW. Very dense shelf water,
formed mostly by brine rejection (5 Sv) at the surface,
mixes with LCDW, which is not exposed to surface
fluxes, forming dense LCDW and AABW through lat-
eral and (gravity currents) bottom boundary mixing.
The predominance of mixed layer processes in
Southern Ocean transformations is consistent with the
contemporary view of the ocean dynamics (e.g., Mar-
shall et al. 1999). Nonetheless, what do we learn from
this analysis about the relationship among water-mass
formation through surface buoyancy fluxes, mixing pro-
cesses, and subduction rates in the Southern Ocean?
The subduction rate is a purely kinematic concept, de-
fined as the velocity of a fluid parcel relative to the base
of the mixed layer (e.g., Woods 1985), in general re-
lated to Sverdup and Ekman dynamics. The opposite
movement of water into the mixed layer is defined as
obduction. The subduction rate per water mass is thus
a measure of the total transport from the mixed layer
into the interior, which at annual scale is partially com-
pensated by a transport into the mixed layer (obduc-
tion). Thus the net annual formation rates in the bowl,
estimated with the thermodynamic budget, must be

compared with the annual subduction rate minus the
annual obduction rate per water mass (Marshall et al.
1999); that is, surface dianeutral fluxes + diffusive di-
aneutral fluxes = subduction — obduction. It is thus
perfectly admissible to have huge subduction rates even
if net water-mass formations (left-hand side above) sum
to zero, for instance.

Our analysis allows us to make two interesting re-
marks on this issue. First, especially at high latitudes,
water-mass formation due to surface buoyancy fluxes
possibly overestimates the net formation rate, because
of compensation by mixing processes (section 4; see
also Marshall et al. 1999). In the simulated Southern
Ocean, the formation of water masses due to surface
fluxes largely exceeds the net basin production, which is
a scenario already proposed by some authors (e.g.,
Speer et al. 2000; Sloyan and Rintoul 2001a,b). In par-
ticular, the large internal transformations of IW into
CDW that partly compensate the surface fluxes are co-
herent with estimates from inverse modeling given by
Sloyan and Rintoul (2001a,b). Note that, unlike in
Speer et al. (2000), we found also a significant net con-
version of TW into MW (the shallow overturning; see
also Talley et al. 2003) that has important implications
on, for example, the MW and IW freshwater export
efficiencies.

Second, Iudicone et al. (2008b) showed with a quan-
titative Lagrangian tool that ~76 Sv of the northward
flow in the thermocline at 30°S subducted from the
Southern Ocean mixed layer (the ventilation of bottom
layers is ~4-5 Sv)—a value that is almost 2 times the
net formation rate due to surface buoyancy fluxes
(~30-40 Sv; MW + IW) and thus is even larger than
the net formation rate (~20 Sv; MW + IW). This im-
plies, from the equality above, that obduction is sig-
nificant in the region (~30-50 Sv), which is a per-
fectly plausible result given the huge recirculation in
the subtropical gyres plus the upward Ekman pumping
into the mixed layer in the Antarctic Divergence. Of
interest is that, using the usual kinematic method ap-
plied to in situ data and surface-forcing climatological
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Fi1G. 17. Sketch of the principal water-mass transformations (Sv). Numbers on the right refer
to the net dianeutral transport (positive values correspond to transport toward larger densi-
ties). Numbers are rounded off, and thus the net budgets are within 1 Sv of the sum of the
components. The dark-shaded region is the bowl, and the light-shaded region is the stratified
region impacted by the solar heating. Note that although globally the net transformation is in
agreement with Table 2 the partitioning of the net consumption CDW into UCDW and
LCDW is different here. This is due to the binning in density associated with Eq. (A2) that
produces an overestimate of the lateral mixing between UCDW and LCDW in the interior
(i.e., the 14-Sv value is about double that of the real figure; see discussion in section 4 and in
the appendix).

Lateral mixing e Surface flux

datasets, Karstensen and Quadfasel (2002) found an
annual kinematic subduction poleward of 30°S of ~65
Sv, which is in agreement with our estimate above.
They found also a very similar value for the air-sea
formation rates and used this latter estimate as further
evidence of intense ventilation of water masses in the
Southern Ocean. From the discussion above it is obvi-
ous that a direct comparison is not really meaningful

because 1) ventilation (subduction) and formation rates
are not directly related and 2), in the case of the South-
ern Ocean, obduction and mixing processes are not
negligible.

The surface fluxes are here in part compensated by
lateral fluxes in the interior. Two possible main mecha-
nisms can explain it: the effects of the nonlinear equa-
tion of state (cabbeling and thermobaricity) and the
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dianeutral diffusion due to the slope limitation in the
isoneutral diffusion. For the latter issue, the maps of
dianeutral transports due to lateral mixing projected on
isoneutral surfaces are indeed noisy, especially for den-
sities larger than 27.8, indicating the presence of nu-
merical diffusive effects. Nevertheless, cabbeling is
definitely a possible cause for the lateral diffusion di-
aneutral transport for intermediate densities (here ~5-
10 Sv); that is, it can be a main source for feeding the
AAIW and UCDW layers. In the Lagrangian analysis
of the origins of the Pacific AAIW, Iudicone et al.
(2007) found that most of the modeled recently formed
AAIW was in fact SAMW that becomes denser while
flowing along the Subantarctic Front in the interior.
Maxima for this dianeutral transport are observed at
the Subantarctic Front, especially in the Indian Ocean
sector, and in the western boundary currents (not
shown). Note that, summing up the estimates from in
situ data in You (1998, 2002) and You et al. (1995),
about 10-15 Sv of IW are transformed into denser wa-
ter by cabbeling and thermobaricity along the Subant-
arctic Front. Marsh (2000) estimated the sole effect of
cabbeling in a global isopycnal model and interestingly
found a net transport of ~7 Sv across 27.2 Sv that is in
agreement with our estimate. At larger densities (and
lower temperatures), for which thermobaricity should
be more important, we note only that, even if the fields
are very noisy, regions of coherent intense transforma-
tions exist around Antarctica and at depth in the At-
lantic sector of the Southern Ocean. A more detailed
analysis using an eddy-resolving GCM is needed to de-
finitively address the issue.

We have found also that lateral diffusion in the bowl,
related to eddy dynamics, plays an important role, es-
pecially during winter. In fact, in the bowl, isoneutral
surfaces are close to the vertical and the eddy diffusivity
should be regarded as a net physical buoyancy source.
Marshall’s group (e.g., Marshall and Radko 2003; Mar-
shall et al. 2006) has proposed a 2D conceptual model
of the Southern Ocean in which the meridional circu-
lation is in fact the residual between the Ekman trans-
port, surface buoyancy fluxes, and the eddy-driven
buoyancy fluxes (or lateral diffusion), the latter being
associated with the stratification strength (see also Bry-
den and Cunningham 2003). Here we have found that
eddy dynamics contribute through 1) a bolus transport
(~10 Sv) that in fact compensates in part the Ekman
circulation (Deacon cell) and 2) the fact that lateral
diffusion in the mixed layer is significant (~10 Sv).
These important eddy-driven effects are indeed in
broad agreement with the Marshall and Radko (2003)
scenario. Their scenario and ours differ in some impor-
tant details, however. Marshall and Radko (2003) pre-
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dict from their analysis that the convergence in the re-
sidual meridional circulation at the surface produces
the injection into the interior of about 10 Sv of AAIW.
We noted that lateral mixing (especially cabbeling, not
included in their analysis) is so important that it par-
tially compensates the AAIW formation. [Here we
found 6 Sv of AAIW formed at 42°S and 3—4 Sv formed
at 30°S; a large formation of AAIW is not observed in
either the data (e.g., Sloyan and Rintoul 2000; Talley et
al. 2003) or the OGCMs (e.g., Hirst and McDougall
1998)]. From the discussion above (see also Fig. 13) we
thus propose that Marshall and Radko’s (2003) AAIW
formation mechanism is possibly more suitable to de-
scribe the SAMW formation. [Of interest is that a
closer look at salinity and oxygen distributions pro-
jected on residual streamfunctions in Karsten and Mar-
shall (2002, their Figs. 7 and 8) suggests that at 43.3°S
high-oxygen waters are much shallower than the
AAIW salinity-minimum waters; that is, SAMW is
more closely connected to the mixed layer dynamics.]

The need to constrain the dynamics of the overturn-
ing in the Southern Ocean has recently become more
critical because of its possible impact on climate vari-
ability through the modulation of the overturning of
NADW into lighter waters, a key element of the ther-
mohaline circulation. The Southern Ocean and the
NADW circulations are in fact coupled on millennial
scales (e.g., Knutti et al. 2004). Further, Southern
Ocean wind variability could have a direct influence on
the NADW production rate on shorter time scales
through Ekman dynamics (e.g., Toggweiler and Sam-
uels 1993). The latter issue is very controversial because
the role in the dynamics of the global thermohaline
circulation of the overturning of NADW into lighter
waters in the Southern Ocean is not clear (Rahmstorf
and England 1997; Goodman 1998; Toggweiler and
Samuels 1998; Wunsch and Ferrari 2004; Klinger et al.
2003; 2004) and the existence of this overturning is not
unanimously acknowledged (e.g., Sloyan and Rintoul
2001a; Wunsch and Ferrari 2004). Klinger et al. (2004)
conclude that to date there is no theory that can even
approximately predict the large-scale overturning due
to the winds in a simple closed basin and that analysis of
the role of surface Ekman transports and subsurface
diffusivity in the transformations of NADW into lighter
water in more realistic cases is necessary.

For the existence of a net NADW overturning (up-
welling), the observed outcrop of NADW in remote
polar regions is used as evidence against the Toggweiler
and Samuels (1993) scenario (Sloyan and Rintoul
2001a; Wunsch and Ferrari 2004). The occurrence in
our model of a net transformation in the interior of
CDW into IW/AASW relaxes the inconsistency be-
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tween the occurrence of a net NADW overturning (up-
welling) and the secondary role of surface fluxes at the
outcrop. Further, we can speculate that, given a fixed
freshwater surface flux, stronger southern winds can
amplify the upwelling and thus the conversion of
NADW into subsurface waters in the Southern Ocean
in the model. However, it is difficult to establish how
the process is significant, remembering that the over-
turn into lighter water explains only less than 40% of
NADW transformations; a similar amount of LCDW
becomes AABW, and the model misses the observed
NADW deep flows into the Indian Ocean basin.

To be more specific about the NADW overturning
mechanism, we recall that the inviscid upwelling
mechanism of Toggweiler and Samuels (1993) needs a
thermodynamic foundation to be fully consistent with
the water-mass transformations implied by definition by
an overturning. The idealized model studies by Tsujino
and Suginohara (1999) and Klinger et al. (2004) re-
cently outlined a “wind-enhanced thermohaline circu-
lation” scenario, in which an unspecified diffusive ver-
tical propagation of heat in the Southern Ocean is the
overturning source mechanism. In this regard, we have
shown that the first conversion of LCDW/NADW into
lighter water is not related to a heat gain (not obvious
in polar regions) but to the downward propagation of
the surface freshwater excess through vertical mixing
that compensates the upward Ekman pumping through
the base of the mixed layer. In the process the vertical
mixing actually cools these waters. The heat gain occurs
later in the Ekman layer and is due to vertical and
(eddy driven) lateral diffusion, whereas a direct surface
heat gain occurs only after the overturning into mode
waters is accomplished.

Last, we have shown that this mixing activity is
clearly related to the mixed layer dynamics (back-
ground vertical diffusivity at 200 m is about 107> m?
s~1) and thus its energetic source is to be sought in the
surface forcings (Webb and Suginohara 2001) more
than in externally forced deep mixing.

6. Conclusions

We have presented a quantitative analysis of the
thermodynamic processes involved in the functioning
of the thermohaline circulation in the Southern Ocean in
a steady-state simulation of a coupled ice—ocean model.
This occurred because during the study a specific new
diagnostic approach was developed (IMMDOS) that al-
lowed us to include the effect of the penetrative solar
radiation, to compare deep and surface dianeutral
transports, and to investigate the dynamics of transfor-
mation in a unique framework.
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First, the model simulation was validated against
known volume transports at 30°S where computed and
partitioned into neutral density classes. When com-
pared with the results of inversion of in situ data, the
overall pattern is found to be in relatively good agree-
ment, with some important drawbacks such as the weak
deep overturning of LCDW/NADW into AABW.

Surface fluxes in the model Southern Ocean have
been found to produce almost 40 Sv of Subantarctic
Mode Water. Note that in the model the heat fluxes are
slightly negative (cooling) in polar regions; nevertheless
they do not compensate the large amount of freshwater
input. The ice—ocean interactions (brine rejection) form
5 Sv on the shelves of Antarctica and in the Weddell
Sea. Mixing transforms one-half of the SAMW into in-
termediate water and Upper Circumpolar Water; how-
ever, although it compensates the transformation of
AAIW/AASVW into SAMW at the surface, this is not
the case for UCDW. Lower Circumpolar Water mixes
in the interior with the shelf water. The present study
therefore is in agreement with the shallow and deep
overturning recently proposed. Above all, this study
quantifies the role of surface fluxes and mixing as well
as confirms the large transformations occurring in the
AAIW class—transformations that essentially compen-
sate each other and finally produce only a small net
export toward the tropics.

We have found evidence of LCDW (NADW) up-
welling in the Southern Ocean in the model—upwelling
that is associated with subsurface dynamics. For the
buoyancy gain in the NADW upwelling suggested by
Tsujino and Suginohara (1999), the “wind-enhanced
thermohaline circulation,” here we demonstrate that
the buoyancy gain is mainly at the base of the mixed
layer, where upward Ekman transport pushes the water
against the large salinity gradients, and that a major
role is played by the downward propagation of the sur-
face freshwater excess rather than by a heat gain. The
role of solar radiation in warming the subsurface layers
is also significant. The analysis presented here refers to
integral quantities for the whole Southern Ocean.
These results are complemented in a companion paper
(Tudicone et al. 2008b) in which the use of a quantita-
tive Lagrangian diagnostic tool (Blanke and Raynaud
1997) allows identification of water-mass pathways as-
sociated with the transformations here quantified, clari-
fying the connections between the subduction processes
and the three-dimensional ocean circulation.

Last we note that although we use a K, that is at the
highest end of the range of observed deep values
(Wunsch and Ferrari 2004), our deep dianeutral trans-
ports are still definitely smaller than in data inversions.
We attribute this deficiency to the insufficient dense
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shelf water formation (surface AABW formation is
most likely underestimated) and to the failure of
present approaches in parameterizing the mechanisms
of vertical mixing in the interior (e.g., Wunsch and Fer-
rari 2004; Simmons et al. 2004). Model improvements
as well as more observations are needed to fix the issue.
Last, the relatively low spatial resolution of the GCM
used here allows for a tentative description of the phys-
ics of the thermohaline circulation that in perspective
needs corroboration with the analysis of models with
higher spatial resolution.
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APPENDIX

A Generalized Approach to the Diagnosis of
Watermass Transformations

We report here a summary of the theoretical results
presented in IMMDOS8, who generalized the classical
approach to the quantification of water-mass transfor-

d d d
:glJ’jfpb(dp-i-fp)dv:a/jffpbdpdv+£fffpbfpdv,
“ N A

or, to be more concise,
oD oF

Y = a.y a,y ’ (AS)

where D and F are the volume-integrated effects of
mixing and forcing over V.. Here, (), is usually referred
to as the water-mass transformation from water masses
lighter than vy into water masses denser than v, and M,
= —0dQ./dy, the convergence of ()., refers to the water-
mass formation at a given density y (Walin 1982; Speer
and Tziperman 1992). Therefore, dD/dy and dF/dy are
the transformations driven by ocean physics and exter-
nal forcing, respectively. Equation (A2) expresses the
fact that a cross-dianeutral volume flux (transforma-
tion) directed from light to dense, {2, > 0, requires a
density supply either by ocean physics or by the forcing.
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mations due to mixing processes and surface buoyancy
fluxes. Two main aspects make this approach novel and
appealing with respect to previous methods [reviewed
in Large and Nurser (2001)]: 1), because it uses neutral
densities, the formulation is valid for the entire water
column, and 2) the whole ensemble of oceanic pro-
cesses that are responsible for the water-mass transfor-
mations is considered—in particular, the penetrative
character of solar irradiance.

The evolution equation for neutral density in terms
of nonadvective processes d and external forcing f is

Dy

Jy
E:EJFU Vy—'yb(d +f)

Yd, +f,). (Al

The factor b is a nontrivial function of space because
it depends on the thermodynamic properties of seawa-
ter and the geographical water-mass distribution, and it
can be different from unity.

Consider a limited area of the ocean with an open
boundary. We denote S, as the surface with neutral
density y over the limited domain, V, is the volume
sandwiched between two surfaces S., (the ocean bottom
H and the ocean surface OS,), the open boundary is i,
E, is the volume flux of fluid entering/exiting the do-
main V, across the open boundary and surface, respec-
tively, and €1 is the total volume flux across the S, (i.e.,
the dianeutral volume flux). The sign convention is that
all the fluxes are positive if entering V..

The total volume flux ), across S, is

(A2)

D F

Up to now we have assumed neither incompressibil-
ity nor stationarity. Assuming incompressibility, and
considering the volume budget of V., we have the equa-
tion for the water-mass evolution in a neutral density

framework:
v,
? — ‘I’y — Ev = Qy.

The forcing term 9F/dy in Eq. (A2) can be derived
from

=] J
f f Lt j R

(A4)

ds+ Jjbpe[ oT, — SST) + BSlds
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where Q is the net heat flux across the sea surface, I,
is the total surface solar radiation (i.e., the portion of
the surface heat flux that penetrates inside the ocean),
I = I(x) is the solar irradiance flux that reaches the
interior, SST is the sea surface temperature, e is the net
surface freshwater flux (evaporation minus precipita-
tion and river runoffs), 7, is the temperature of the
surface freshwater budget (i.e., the temperature of the
different freshwater sources), G is the geothermal heat

flux across the ocean sea floor (z = —H), and & is the
Dirac operator (homogeneous to the inverse of a
length).

The key point here is that the forcing term does not
reduce to a surface integral as in the classical theory
(e.g., Speer and Tzipermann 1992); the last term in Eq.
(A5), being associated with the penetrative solar irra-
diance I, was previously omitted where all the heat ex-
changed with the atmosphere is supposed to be cap-
tured at the surface.

The term dD/dvy includes all the effects of ocean phys-
ics on the transformations. In fact, d,, can be written as

d,=V-(kVy) + FS, =V - (k,Vy) + V(k,V,y) + FS.;
(A6)

that is, the tendency due to mixing processes can be
expressed here in terms of the divergence of isoneutral
and dianeutral fluxes (subscript I and L, respectively)
plus mixing due to the bottom boundary parameteriza-
tion (i.e., dense overflows) and sources and sinks due to
double diffusive processes such as salt fingering and
diffusive convection (last term on the right-hand side).
The first term on the right-hand side, in particular, in-
cludes the thermobaricity and cabbeling transport
through S, (McDougall 1987).

In practice we evaluate the irreversible production of
“density” in the above equations by examining the cor-
responding production terms of potential temperature
and salinity through the locally referenced expansion/
contraction coefficients. The implementation of Eq.
(A2) is thus straightforward, with the exception of the
b factor that has no state equation and has to be esti-
mated empirically. After several tests, an annual mean
b field was derived by taking the local average of the
horizontal ratio Ay/Ap in every grid point. This avoided
problems in the mixed layer. To validate the applica-
tion of the new formulation to the ocean model,
IMMDOS8 computed the budget of transformations for
the Southern Ocean. The main discrepancies occur at
about 27.3-27.6 and at 28.0 and are due to the binning
on finite-size bins and to noise in the estimate of the b
factor.
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