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ABSTRACT

The large-scale volume, heat, and freshwater ocean transports in the Southern Hemisphere are investi-
gated using time-averaged output from a seasonless, high-resolution general circulation model. The ocean
circulation is realistic, and property transports are comparable to observations. The Antarctic Circumpolar
Current (ACC) carries 144 Sv (Sv  10° m®s ) of water eastward across Drake Passage, increasing to 155
Sv south of Australia because of the Indonesian Throughflow (ITF). There is a clear Indo-Pacific gyre
around Australia exchanging 10 Sv, 0.9 PW of heat, and 0.2 Sv of freshwater through the ITF, and there
is a 9-Sv leakage from the Tasman Sea to the Indian Ocean. The transport of heat and freshwater by eddies
is localized to the upper 1000 m of the water column and specific regions, such as western boundary
currents, confluences, and the subantarctic front (SAF). Eddy transport of heat and freshwater is negligible
in gyre interiors and south of the SAF but is vital across the northern edge of the ACC, in particular at the
Agulhas Retroflection where eddies accomplish almost 100% of the net ocean heat and 60% of the
southward freshwater transport. The eddy transport is almost zero across the latitude of Drake Passage
while in a quasi-Lagrangian frame eddy transports are significant across the ACC but surprisingly are still
smaller than the mean transport of heat. Mean and eddy property transport divergences are found to be
strongly compensating in areas of high eddy activity. This is caused by increased baroclinic instability in
strong mean flows, which induces an opposing eddy transport. This relationship is observed to be stronger
in the case of horizontal heat transport than in corresponding horizontal freshwater transports.

1. Introduction rent confluences, such as western boundary currents
and the Antarctic Circumpolar Current (ACC) (Rhines
2001). The difficulties inherent in gathering and observ-
ing the transport by these small-scale (both spatial and
temporal) features means that eddy transports are one
of the most underobserved oceanographic properties.
Wunsch’s (1999) global compilation of observational
studies finds that zonally integrated eddy transports are
generally small, but can be significant on small spatial
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Mesoscale eddies play an important role in the oce-
anic transport of heat and freshwater, in addition to the
main thermohaline and upper-ocean circulations. Sea
surface height measurements indicate that eddies are
ubiquitous over the global ocean, although they are
more active in regions of strong, narrow flow and cur-
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Ocean Topography Experiment (TOPEX)/Poseidon al-
timetry data analysis.

Property transport by eddy activity appears to be
particularly important across the ACC where there can
be no mean geostrophic flow across mass transport
streamlines (De Szoeke and Levine 1981). The ocean
loses a substantial amount of heat to the atmosphere
south of the ACC, however, requiring a poleward heat
flux. A current meter study south of Australia by Phil-
lips and Rintoul (2000) found that the 0.9 PW of heat
transported poleward by eddy activity (extrapolating
along the full length of the ACC) is sufficient to accom-
plish the required meridional transport. The impor-
tance of this cross-ACC eddy transport is noted by De
Szoeke and Levine (1981), Sloyan and Rintoul (2001),
and Olbers and Visbeck (2005), but several aspects re-
main unresolved, including the spatial distribution,
depth range, and degree of significance outside the
ACC.

Recent use of quasi-Lagrangian coordinates has as-
sisted in understanding the dynamics of momentum and
heat transport across the zonally unconstrained Drake
Passage. When zonally averaged on isopycnal coordi-
nates the large cross-isopycnal flux implied by the Dea-
con cell vanishes (D66s and Webb 1994) as the mean
transport overturning is balanced by an opposing eddy
transport. This compensation leads to a residual-mean
transport in quasi-Lagrangian coordinates where south-
ward heat transport by mean eddy-driven cells in the
meridional plane largely balances the mean Eulerian
Deacon cell, with the small residual representing the
net heat transport. Studies utilizing such approxima-
tions to the Lagrangian mean find that eddies appear as
the primary means for the transport of heat southward
across the ACC (Marshall and Radko 2003; Olbers and
Visbeck 2005).

The paucity of observational data means that studies
have been largely limited to high-resolution eddy-
resolving numerical models. One interesting result
from these studies is that the net meridional heat trans-
port is insensitive to model resolution, ranging from
inverse models (Ganachaud and Wunsch 2000; Sloyan
and Rintoul 2001; Ganachaud 2003), through non-
eddy-resolving climatological models (Stammer et al.
2003), to high-resolution eddy-resolving models (Mc-
Cann et al. 1994, and the current study). Conversely,
Beckmann et al. (1994) found that increasing model
resolution results in greater eddy transports. This influ-
ence of resolution was also observed by Jayne and Ma-
rotzke (2002) who noted an increased eddy heat trans-
port in a ¥4° resolution run of the Parallel Ocean Cli-
mate Model (POCM) over a previous ¥2° experiment
by Semtner and Chervin (1992). Drijfhout (1994) pro-
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posed that the cause of this relationship is due to re-
gions of mean flow convergence or divergence inducing
eddy transport via increased horizontal thermal gradi-
ents that redistribute heat downgradient and thus op-
pose the mean flow. As this often occurs over small
scales, increased model resolution results in increased
mean transport/flux and, hence, induces a correspond-
ing increase in the compensating eddy heat transport/
flux. An increased understanding of the eddy dynamics
is therefore important for the effective parameteriza-
tion of these subgrid-scale effects in low-resolution
coupled climate models, which currently may misrep-
resent important ocean processes (Willebrand and
Haidvogel 2001).

There is a scarcity of literature on the transport of
freshwater by eddies, but results from McCann et al.
(1994) and Stammer (1998) indicate that significant
freshwater transports also occur in similar regions to
heat transports. The net eddy freshwater transport
across the ACC is northward, as the Southern Ocean is
a significant ( 0.5 Sv; Sv  10° m*® s 1) freshwater
source south of 30°S (Wijffels et al. 1992). There is
relatively more freshwater transport at depth, when
compared with heat transport, and this is likely to result
in a reduced eddy contribution to the total freshwater
transport, as significant eddy transport is largely re-
stricted to the upper-ocean layers.

An analysis of eddy heat and freshwater transport in
the Southern Hemisphere of a high-resolution global
ocean model is the focus of this study. A description of
the numerical model used is presented in section 2. The
modeled horizontal and meridional mean volume trans-
port streamfunctions are presented in section 3, along
with a summary of important heat and freshwater trans-
ports. These indicate that the model largely replicates
the known ocean circulation. Sections 4 and 5 consider
the mean and eddy transports of heat and freshwater,
respectively. The eddy and mean transports are exam-
ined by basin and depth interval, primarily highlighting
the importance of the upper ocean around the subant-
arctic front (SAF) and boundary currents. The diver-
gence of these fields and the pointwise mean and eddy
contributions to the total flux are also examined. Sec-
tion 6 discusses these results and draws conclusions.

2. Model description and methods

The dataset used in this analysis was created using
the Tasmanian Partnership for Advanced Computing
(TPAC) ¥s° ocean model with constant wintertime
forcing. This is a primitive equation, ocean-only general
circulation model based on the Geophysical Fluid Dy-
namics Laboratory’s Modular Ocean Model (MOM),
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version 3.0. The model domain extends from 80°S to
80°N with a ¥&° resolution in both horizontal directions,
and has 24 depth levels with partial bottom cells to
produce realistic bottom topography.

The model was integrated for 20 yr, using asynchro-
nous time stepping (6 min for velocities and 30 min for
tracers). Velocities were initialized to zero, and initial
temperatures and salinities were taken from the World
Ocean Circulation Experiment (WOCE) Hydrographic
Programme-Special Analysis Centre (WHP-SAC) at-
las (Gouretski and Janke 1998) supplemented by Levi-
tus (1982) data in the Arctic Ocean. Restoring bound-
ary conditions loosely constrain the sea surface tem-
perature and salinity (SST and SSS) to fixed reference
values of hemispheric wintertime conditions (blended
across the equator) with a Newtonian restoring time
scale of 30 days. These seasonless boundary conditions
reduced the distorted physics associated with the asyn-
chronous time-stepping regime and should agree with a
synchronous integration when in a steady state. Mo-
mentum fluxes were calculated using the yearly wind
stress average taken from National Centers for Envi-
ronmental Prediction—National Center for Atmo-
spheric Research (NCEP-NCAR) reanalysis data (Kal-
nay et al. 1996).

This model is unusual, being both eddy resolving and
including isoneutral mixing in the form of Gent and
McWilliams (1990) subgrid-scale mixing, as was also
used in Roberts and Marshall (1998) and Smith and
Gent (2004). This subgrid-scale mixing along with the
seasonless nature of the model was chosen to empha-
size the role of mesoscale dynamics in larger-scale
ocean dynamics and to eliminate boundary condition
variability. The 20-yr integration period with high spa-
tial and temporal resolution provides sufficient data for
statistical relationships such as mean flow and eddy
properties to be calculated. Model flux drift, repre-
sented by the increased storage of heat and salt, is in-
significant when compared with the horizontal and
freshwater transports for this study.

All velocity, tracer transport values, and eddy statis-
tics for heat and freshwater used in this study were
accumulated for every time step and stored annually.
These annual accumulations were averaged to form the
annual mean statistics of model years 10-20 described
below. This period was chosen to avoid any model in-
stabilities and drift in the early years of the simulation,
and is long enough to provide stable estimates of the
transports. The salinity anomaly S used in this study is
calculated as S (S So)/Se, Where S is the actual
ocean salinity (psu) and S, is a reference salinity of 35
psu. The freshwater flux anomaly, referred to as fresh-
water transport in this paper, is therefore the negative
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of the salinity anomaly. The term heat transport is also
used when referring to the potential temperature trans-
port relative to 0°C.

The total property transports used in this study were
decomposed into the sum of a mean and an eddy com-
ponent, so for the heat transport

B . 1

Here, an overbar denotes the time mean and a prime
denotes the deviation from the time mean. Following
Jayne and Marotzke (2002), the potential temperature
transports in Eq. (1) were scaled by the specific heat
content and the average density of seawater to give the
heat transport, and the “eddy transport” term actually
includes all variability from the mean on all temporal
and spatial scales, not just mesoscale perturbations.

The mean heat transport is further decomposed in
Eqg. (2), such that the total heat transport is described as
the sum of a mean vertical (or overturning) component
(first component on right-hand side), mean horizontal
(or gyre) components (middle three on right-hand
side), and the eddy component (final component on
right-hand side):

vV Vv VARV Ve E Vo

2

Here, denotes the zonal mean, and an asterisk indi-
cates the deviation from this horizontal mean. This de-
composition was similarly performed for freshwater
transport.

This decomposition in an Eulerian coordinate system
is not always appropriate, particularly across Drake
Passage (D06s and Webb 1994). Bryan (1986) noted
that mean eddy-driven cells in the meridional plane act
to compensate for the eddy term in Eqg. (1), conse-
quently leading to an underestimation of the eddy
transport in some situations. More recent theoretical
advances have used techniques such as the transformed
Eulerian mean (Mclntosh and McDougall 1996; Mar-
shall and Radko 2003) or a quasi-Lagrangian isopycnal
framework (Marshall 1997) to more accurately describe
the eddy flux across fronts, particularly the ACC, and
such frameworks account for the tendency for eddies to
transport properties along isopycnals (Olbers and Vis-
beck 2005). This analysis, however, remains within the
natural z coordinates of the model in the Eularian
frame in order to simplify analysis and compare the
results with similar analyses. A quasi-Lagrangian
framework along mass transport streamlines in place of
lines of constant latitude is adopted for analysis of the
property transport across the ACC to determine the
importance of eddies in the region.
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FiG. 1. Depth-integrated mass transport streamfunction (Sv). Positive values indicate clock-
wise volume transport parallel to streamlines and negative (shaded) values indicate counter-

clockwise volume transport.

3. General ocean circulation

a. Horizontal circulation

The calculated volume transport streamfunction is
shown as a function of latitude and longitude in Fig. 1
and as a function of latitude and depth in Fig. 2. These
volume transports were calculated in the manner of
Do66s and Webb (1994) such that

X 0

h XY XY,z dzdx, 3

0 bottom
where (X, y) is the horizontal streamfunction as a
function of latitude (y) and longitude (x). Here, is the
northward velocity defined at x, y, and depth (z). The
meridional streamfunction (Y, z) is similar, but inte-
grated first zonally and then by depth.

The horizontal, depth-integrated volume transport
displays a well-defined ACC,; subtropical, tropical, and
polar gyres; and strong western boundary currents. The
ACC in particular displays clear mesoscale features,
despite time averaging, due to either standing eddies or
topographical influences and indicates their relative
temporal invariance. This supports Karoly et al. (1997)
in that standing eddies are the major contributors to
zonal spatial variability.

Meridional sections at “chokepoints” of the ACC
(Table 1) indicate that 144 Sv of water is transported
eastward across Drake Passage, increasing to 145 Sv
between Africa and Antarctica. The addition of south
Indian Ocean water increases this to 155 Sv between
Australia and Antarctica. The additional volume rep-
resents the Indonesian Throughflow (ITF). These val-
ues agree with other observations of the ACC strength
(Rintoul and Sokolov 2001; Sloyan and Rintoul 2001;
Whitworth and Peterson 1985; Yaremchuck et al.
2001), although they may be biased toward larger val-
ues because of the perpetual wintertime forcing used in
this model. Table 1 also gives the heat and freshwater
transports through these chokepoints. Across Drake

Passage, 1.4 PW of heat are transported eastward, de-
creasing to 1.2 PW between Antarctica and Africa at
20°E. These transports are slightly higher than Ga-
nachaud and Wunsch’s (2000) WOCE-based inverse
model predictions of 1.3 and 0.9 PW, and Stammer et
al.’s. (2003) 1.14 0.06 and 1.01  0.15 PW from a 2°
OGCM. The ACC'’s zonal heat transport increases to
around 2 PW south of Australia because of the addition
of heat from the Indian Ocean. This value is consistent
with Yaremchuck et al.’s (2001) observed transport of
1.82 0.53 PW between Antarctica and Tasmania.
Eastward freshwater transport in the Southern Ocean
reduces from 2.3 Sv at 67°W to 2.2 Sv south of Africa
and further to 2.1 Sv at 118°E. South of Australia, how-
ever, there is a net equivalent precipitation of 0.1 Sv,
increasing the eastward transport to 2.2 Sv at 146°E.
There is a westward-flowing boundary current
against the Antarctic continent south of the Antarctic
slope front (ASF), particularly in the presence of the
Ross and Weddell Sea gyres, where flow approaches 60
Sv. These gyres are possibly overestimated in this study,
in comparison with Semtner and Chervin’s (1992) rec-
ord of around 30 Sv, because of the lack of sea ice in the
model and winter wind bias. The 29.4  14.7 Sv Ant-
arctic coastal recirculation gyre noted by Bindoff et al.
(2000) at around 100°E carries around 10-15 Sv in this
model, and is in the range of the uncertainties associ-
ated with these observations. The anticyclonic recircu-
lation gyre immediately south of Tasmania (Rintoul
and Sokolov 2001; Yaremchuck et al. 2001) is also
present, although at 16 Sv it is not as strong as the
observed 22 Sv. Approximately 9 Sv of this flow is
transported from the Tasman Sea through the weak
anticyclonic gyre in the Great Australian Bight into the
Indian Ocean and possibly represents the Tasman leak-
age described by Gordon (2001) and Speich et al.
(2002). This leakage carries 0.5 PW westward at 118°E.
The Brazil Current transports approximately 35 Sv of
water southward to 40°-50°S where it meets the Malvi-
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FiG. 2. Zonally integrated meridional mass transport streamfunction (Sv). Positive values
indicate counterclockwise volume transport parallel to streamlines and negative (shaded)

values indicate clockwise volume transport.

nas Current, which transports 110 Sv at 50°S. The 50 Sv
carried north at the confluence correlates well with the
45 7 Sv observed by Maamaatuaiahutapu et al.
(1998). The equatorward-flowing Benguela Current is
fed by 10 Sv of Agulhas leakage, and transfers 0.4 PW
westward into the Atlantic Ocean. This in turn feeds
the North Brazil Current system and hence represents
the “warm” return pathway for the North Atlantic
Deep Water (NADW). This supports the 0.3 PW re-
ported by Gordon et al. (1992). The net southward At-
lantic transport is slightly less than 1 Sv (Table 2), con-
sistent with the small Bering Straight throughflow.
The Agulhas Current transports more than 70 Sv of
water southward at 37°S, in agreement with the obser-
vations by Stramma and Lutjeharms (1997). The Mo-
zambique Channel carries 17 Sv of this flow, 10 Sv of
which stems from the Indonesian Throughflow, while

TasLE 1. Zonal “chokepoint” mass heat and freshwater
transports; positive is eastward.

Volume Heat Freshwater
Lon (Sv) (PW) (Sv)
Southern Ocean 67°W 144 14 2.3
20°E 145 1.2 2.2
115°E 155 2.1 2.1
146°E 155 1.9 2.3
ITF 115°E 10 0.9 0.2

the remainder comes from the recirculation of the In-
dian Ocean gyre. This compares extremely well to the
values presented in Biastoch and Krauss (1999) and
Stammer et al.’s. (2003) WOCE-constrained model re-
sults. The net 10-Sv southward transport due to the ITF
is consistent with Sloyan and Rintoul’s (2001) estimate
of 104 3.1 Sv. The ITF also carries 0.9 PW into the
Indian Ocean basin. This value is slightly smaller than
estimates reported in Stammer et al. (2003) (1.12 0.59
PW), Ganachaud and Wunsch (2000) (1.4 PW), and
Ganachaud and Wunsch (2003) ( 1 PW). The ITF
freshwater transport is 0.2 Sv into the Indian Ocean and
is supported by Ganachaud and Wunsch (2003) and
Wijffels (2001), who suggest a value of 0.2 Sv but warn
that this is a poorly understood quantity.

TaBLE 2. Meridional mass heat and freshwater transports by
basin; positive is northward.

Lat Volume Heat Freshwater
(°S) (Sv) (PW) (Sv)
Pacific 18 11 0.9 0.2
32 11 0.9 0.3
Indian 20 10 1.2 0.2
32 10 1 0.2
Atlantic 30 1 0.3 0.2
19 1 0.3 0.1
11 1 0.3 0.1
5 1 0.4 0.2
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divergence. Note the compressed color scale indicating the insignificance of eddy transport

across much of the ocean.

The Pacific Ocean exhibits two depth-integrated gyre
systems; the large subtropical gyre transporting almost
40 Sv around the basin from 45° to 15°S, and the
smaller (30 Sv) equatorial gyre. The subtropical gyre
exhibits a northward internal flow over the majority of
the basin and has a fairly modest return flow in the East
Australian Current (EAC), which increases in strength
from 10 Sv at 20°S to 20-30 Sv at 30°S; the variation
being due to the retroflection of the current noted by
Mata et al. (2000), who measured the mean southward
flow as 22.1 4.6 Sv. Around 20 Sv travels zonally
across the north of the Tasman Sea to feed the east
Auckland boundary current while 9 Sv moves south
past Tasmania as a leakage current from the Pacific to
Indian Oceans. The net northward transport of 11 Sv
over the Pacific basin closes the global volume trans-
port and is in close agreement with McCann et al.
(1994), Ganachaud and Wunsch (2000), and Sloyan and
Rintoul (2001).

b. Meridional circulation

Four distinct meridional cells are apparent in the Eu-
lerian zonally integrated meridional mass transport
streamfunction (Fig. 2). We label them the Deacon,
subpolar, deep, and subtropical cells (D66s and Webb
1994). The Deacon cell extends from 35° to 60°S and
from the surface to a depth of 3500 m. Here, the pre-
vailing westerly winds drive an equatorward Ekman
layer, extending from south of the polar front to about
32°S and transporting more than 30 Sv (at 50°S) of
low-salinity, cold water northward. This agrees well
with other studies (Semtner and Chervin 1992; D66s
and Webb 1994; Jayne and Marotzke 2001; Sloyan and
Rintoul 2001). Between 50°S and the convergence with
the southward subtropical gyre transport at 30°S, more
than 20 Sv of the Ekman layer is subducted, returning
southward at a depth of between 1000 and 3500 m and
closing this circulation north of Drake Passage ( 60°S).
At 35°S the remainder of the Ekman layer (10 Sv) is
subducted beneath the warmer, more saline subtropical

cell, forming low-salinity Subantarctic Mode Water
(SAMW) and traveling toward the equator at a depth
of between 700 and 1200 m.

The intermediate-depth northward flow is partially
balanced by the return flow of Circumpolar Deep Wa-
ter (CDW) moving southward between 1600 and 2200
m, below a largely quiescent zone at 1500 m, roughly
corresponding to the low-salinity tongue and also the
ocean oxygen minimum. This water mass (10 Sv) forms
the subpolar cell that moves beneath the Deacon cell
and eventually upwells at around 65°S. The outcrop-
ping leads to around 10 Sv of deep water being con-
verted into intermediate and upper water through at-
mospheric interaction (D66s and Coward 1997).

The large deep cell that extends from around 3000 m
to the ocean floor and from 55°S to north of the equator
circulates approximately 18 Sv. It is worth noting that
the zero contour separates the deep cell from the global
ocean south of 55°S. The model therefore does not ac-
curately represent the northward spreading of Antarc-
tic Bottom Water (AABW) and probably results from
the lack of explicit sea ice formation in bottom water
formation areas. The net deep southward transport is
consistent with the subsequent upwelling south of the
polar front (10 Sv) required to balance the sinking of
NADW and close the global overturning cell (Rintoul
et al. 2001).

4. Eddy heat transport

a. Horizontal eddy heat transport

The depth-integrated eddy heat divergence (Fig. 3)
identifies regions of significant eddy heat transport ac-
tivity. The boundary currents and confluences, particu-
larly the Agulhas Retroflection, are areas of high eddy
activity, while the subtropical gyre interiors are rela-
tively devoid of perturbations from the mean flow. The
ACC in general, and the southwest Indian Ocean SAF
sector in particular, are important regions of eddy heat
transport.

Unauthenticated | Downloaded 05/18/21 08:49 AM UTC



FEBRUARY 2007

a) 10°S

A

2
= \§% M\Qttiii::
T _ "
g "
[/2]
& -2
& 0 100 200
I
L c) 40°S
T 2
©
2
L
T
o e
=2
(O]
=
©
>
€
>
(@)
0 100 200

MEIJERS ET AL.

Longitude (E)°

283

-1

100 200

Fi1G. 4. Cumulatively summed (east-west) total (thick line), mean (thin), and eddy (dashed)
meridional heat transports at (a) 10°, (b) 30°, (c) 40°, and (d) 55°S (PW). Positive slopes

indicate northward heat transport.

The strong correlation between the mean and total
heat transports, particularly in the subtropics and south
of the SAF (Figs. 4b and 4d), indicates that the meridi-
onal transport of heat is primarily accomplished by the
mean ocean flow on a point-by-point basis and that
mesoscale eddy activity is restricted to energetic re-
gions of volume transport (Spall and Chapman 1998).
For example, the Agulhas Retroflection eddy compo-
nent achieves almost 0.3 PW of southward heat trans-
port at 40°S, and to a lesser extent the Brazil Current
and EAC also have significant eddy components.

The vertical and horizontal mean and the eddy com-
ponents of northward heat transport [Eq. (2)] can be
considered on an individual ocean basin basis (Fig. 5).
The South Atlantic Ocean generally exhibits a small
(' 0.05 PW) northward eddy heat transport while in the
Indian and Pacific basins south of the Tropics the eddy
transport is southward and small, reflecting the domi-
nance of the narrow southward eddy flux in the Agul-
has Current and EAC. This subtropical eddy heat flow
is greater than observed in lower-resolution studies
(Jayne and Marotzke 2002; McCann et al. 1994; Stam-
mer 1998).

Over 20°-30°S globally (Fig. 5d), there is a southward
boundary current-driven eddy transport, peaking at 0.2
PW at 25°S. Between 30° and 35°S, the EAC and Agul-

has eddy transports are largely balanced by opposing
offshore transports (Fig. 3), resulting in almost zero net
transport. This is probably due to strong anticyclonic
eddies being shed from the eastern edge of the central
current jet. From 35° to 50°S, eddies play a vital role in
global ocean heat transport. In this region eddies make
up over 25%-100% of the total southward heat trans-
port. Near 40°S, the sum of the mean transports is neg-
ligible and eddies accomplish the entire southward heat
transport (0.4 PW). This transport is almost 2 times
what is described by either McCann et al. (1994) or
Stammer (1998), and is similar in magnitude to Jayne
and Marotzke’s (2001) analysis. This heat transport is
achieved largely by the Agulhas Retroflection and In-
dian Ocean sector of the SAF, as observed by Gille
(2003), although a significant amount (0.1 PW) is
achieved by the Brazil-Malvinas confluence. It is worth
noting that much of the eddy activity in the Southern
Ocean, particularly the Indian sector, is centered on the
zero mass transport contour line (Fig. 1), but most of
the property transport is north of this point. South of
55°S there is almost no eddy heat transport, even
around Drake Passage, and the meridional heat trans-
port is achieved by the horizontal, or gyre, mean flow.
This may be caused by an Eulerian approach due to the
generally cold (warm) northward (southward) mean
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FiG. 5. Meridional total (thick), mean horizontal (dashed), mean vertical (dashed-dotted), and eddy (thin) heat transports for the
(a) Atlantic, (b) Indian, (c) Pacific, and (d) global ocean basins (PW). Negative values indicate southward heat transport.

transport of the ACC when viewed across lines of con-
stant latitude. To reduce the contribution of the hori-
zontal gyre component, we examine the total heat
transport across lines of constant mass transport (Fig.
6). This frame of reference produces a significant south-
ward eddy heat transport of between 0.1 and 0.2 PW
across the entire ACC. This is most important in the
southern ACC (south of the 100-Sv line or approxi-
mately 55°S) where the eddy component transports be-
tween 30% and 100% of the total southward heat trans-
port. The mean transport remains significant over much
of the ACC however, particularly north of the 90-Sv
streamline. The net northward heat transport in sec-
tions of the ACC is counterintuitive and can be ex-
plained by the greater heat gain experienced by water
following the northern meanders of the ACC (Fig. 7).
These streamlines travel significantly farther north than

the more southerly ones and experience a large heat
gain north of the polar front, as may be expected in a
model with restoring boundary conditions (Karsten and
Marshall 2002). This heat flux is also apparent in the
Eulerian framework in the change of slope of the total
heat transport across this latitude range (Fig. 5d). The
convergence of the streamlines to the east results in a
similar southward heat transport across northern and
southern streamlines. This means that when the heat
transport is summed along the streamlines bounded by
Drake Passage, the net meridional heat transport of the
ACC can be equatorward.

b. Eddy heat transport by depth

The zonally integrated eddy transport is plotted by
depth in Fig. 8. Below 2900 m the eddy transport is very
small (less than 0.03 PW) and there is little eddy heat
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FiG. 6. Meridional heat transport integrated along Drake Pas-
sage mass transport streamlines for the total (thick), mean
(dashed), and eddy (thin) components (PW). Negative values in-
dicate southward transport.

exchange with the upper part of the ocean. This is simi-
lar to Jayne and Marotzke’s (2002) value of 0.02 PW
and is a small fraction ( 10%) of the mean heat trans-
port in this depth range.

Between 2900 and 900 m the eddy heat transport
carries a substantially greater amount of heat than in
the deep ocean. About 0.03 PW is transported pole-
ward south of 37°S, with almost 0.08 PW equatorward
north of this region of divergence. These values are
similar to Jayne and Marotzke’s (2002) figures south of
40°S (0.05 PW), but are larger by a factor of 5 north of
this point. These results indicate that eddy heat trans-
port is significant (over 50% of the magnitude) relative
to the mean heat transport over the middepths north of
37°S, although the total heat transport itself is still very
small (around 0.1 PW southward).

Heat transport over the 400-900-m depth range re-
mains in the same direction as the deeper layers, and
the region of divergence at 38°S forms the northern
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edge of the strong SAF-associated downwelling.
Around 0.2 PW of this downwelling is circulated pole-
ward and outcrops south of 38°S, resulting in a 0.1-PW
southward heat transport in the 400-900-m layer over
36°-45°S.

Eddy heat transport is most significant in the upper
ocean ( 1000 m), and surface intensification of heat
transport results in 50%-75% of the total eddy heat
transport being achieved in the upper 400 m. Between
0° and 15°S and south of the SAF-related divergence,
the zonally integrated eddy heat transport is coherent
over the whole ocean depth; to the south in the sub-
Antarctic latitudes, and to the north near the equator.
In the subtropics, however, the eddy heat transport is
not in the same direction over all depths, and carries
over 0.15 PW to the north below 400 m, and over 0.2
PW to the south above this. This upper-layer eddy
transport moves south in a narrow surface band, sub-
ducting to around 1000 m at the SAF with a weaker
return flow between at 1500 m, circulating around 0.1
PW. Possible reasons for this difference in flow direc-
tion in the subtropics are given in section 6.

c. Ocean to atmosphere heat flux

The zonal integral of the ocean to atmosphere heat
flux, the divergence of the depth-integrated meridional
heat transport, is attributed to individual basins in Fig.
9. This forms a three-term balance where the total
depth-integrated divergence can be described as the
sum of the (generally compensating) divergence of the
mean flux and the divergence of the eddy flux. The total
divergence of this depth-integrated heat flux can be
interpreted as the ocean to atmosphere heat flux. The
direction of the divergence agrees remarkably well with
those presented by McCann et al. (1994) and Stammer
et al. (2003), although the magnitude here is generally
smaller. A strong anticorrelation exists between the
mean and eddy divergence heat fluxes, particularly in
the Tropics and around the Indian Ocean SAF, and

32°s
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60°W 0° 60°E 120°E  180°W  120°W
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FiG. 7. Schematic diagram demonstrating heat transport V' (arrows) across Drake Passage
mass transport streamlines. The shaded areas indicate approximate regions of heat flux into
the ocean. The northernmost streamlines experience a greater heat gain and consequently
have a greater northward heat transport than more southerly streamlines. To the east, the
southward transports are similar for all streamlines because of their convergence; hence, the
northern lines may have a net northward heat transport across them.
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Fic. 8. Meridional northward eddy heat transport from the ocean floor to 2900 m (thin), 900 m (dashed—-dotted), 400 m (dashed),
and the surface (thick) (PW). Positive slopes indicate a net heat flux downward into the ocean below.

they have similar magnitudes over much of the global
ocean, although the mean flux is generally slightly
greater. This near equipartitioning of the total heat flux
divergence contrasts with the meridional heat transport
where the eddy component is generally small relative to
the mean component (Fig. 5). In regions where the
eddy and mean divergences have the same sign, they
are out of phase with each other such that one increases
while the other decreases; this is evident in the sub-
tropical Indian basin (Fig. 9b).

The eddy heat flux divergence is greatest in the In-
dian Ocean, especially around the Agulhas Retroflec-
tion and SAF, where it has a high spatial frequency and
large magnitudes ( 200 W m 2). The large Atlantic
heat fluxes (0.2 PW) in Fig. 7a near 37°S originate al-
most entirely in the western Agulhas Retroflection,
with a relatively small ( 0.04 PW) contribution made
by the Brazil-Malvinas confluence. The remainder of

the Atlantic is relatively quiescent, although there is a
small oceanic net heat gain over the basin, in contrast to
the Indian and Pacific. The Southern Ocean poleward
of 55°S and the Pacific subtropical gyre also have eddy
heat fluxes close to zero, with the small-scale variability
in the Pacific south of 25°S being largely due to the
EAC and activity around Campbell Plateau (Fig. 9c).

In all basins south of 15°S there is a strong positive
mean flux, notably in the Indian Ocean, balanced by a
slightly smaller eddy flux divergence. The greater
strength of this system in the Indian Ocean probably
reflects heat imported from the ITF.

The compensating nature of the mean and eddy heat
divergences is most apparent in regions previously
identified as areas of important eddy activity. This an-
ticorrelation between mean and eddy divergences is il-
lustrated by the pointwise scatterplots of regional eddy
and mean heat flux divergences (Fig. 10). Although the
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FiG. 9. Zonally integrated total (thick), mean (thin), and eddy (dashed) heat convergence
(PW) for the (a) Atlantic, (b) Indian, (c) Pacific, and (d) global oceans. Positive values

indicate a heat convergence.

mean and eddy fluxes are extremely large, they almost
entirely offset each other, and only deviations from the
1:1 line reflect the actual local ocean to atmosphere
heat flux. The tropical and boundary current regions
have relatively narrower distributions around the di-
agonal axis and greater magnitudes than in regions of
low eddy activity such as the Southern Ocean and sub-
tropical gyres. The longer tails of the boundary current
examples are much less dense than in the tropical re-
gions, reflecting the energetic small spatial scale meso-
scale eddies characteristics of the fast-flowing boundary
currents. Another interesting feature of the boundary
currents is the existence of large eddy divergence when
there is little or no mean convergence. In these south-
ward-flowing warm currents (the Agulhas and EAC)
this may represent the stable core of the current with no
net mean convergence, where eddies act to diverge heat
away from the central jet. The implications and ratio-
nalization of the mean—eddy flux relationship are dis-
cussed further in section 6.

5. Eddy freshwater transport

a. Horizontal eddy freshwater transport

The regions of vertically integrated meridional eddy
freshwater divergence are shown in Fig. 11. The prin-

cipal regions of importance are similar to those of the
heat transport: the boundary currents, Agulhas Retro-
flection, and the SAF in the south Indian Ocean. It is
interesting to note that these eddies largely act in the
opposite direction to the heat transport and extend far-
ther south of the SAF. Again eddy transports in the
boundary currents ( 3 10 7 Sv m ') are much
greater than the ocean gyres ( 05 10 “Svm ).
Stammer’s (1998) TOPEX/Poseidon eddy analysis
notes the same regions of importance, with similar
transport of the order of 1 10 ®Svm *in the Agul-
has Retroflection.

The meridional freshwater transport is attributed to
individual basins in Fig. 12. South of 50°S the eddy
transports are relatively small and spatially variable,
resulting in almost no net eddy freshwater transport. At
lower latitudes the gyre eddy transports are more spa-
tially uniform, particularly in the Indian Ocean north of
30°S and the Pacific north of 20°S.

Eddy transport in the subtropical Atlantic makes up
only 15% of the net basin northward transport and is
close to zero, as was noted by McCann et al. (1994) and
Stammer (1998), and in this study, for the heat trans-
port case. The Indian and Pacific Oceans (Figs. 12b and
12c) also have significant large-scale eddy transports.
Poleward of 10°S there is significant (0.2 Sv) southward
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FiG. 10. Regional pointwise eddy and mean depth-integrated heat convergence correlation
densities in W m 2 for the (a) Agulhas, (b) EAC, (c) Southern Ocean, (d) southeast Pacific,
(e) tropical Pacific, and (f) tropical Indian Ocean. Contours indicate the normalized number

of points ina 5
a 10° lat

eddy transport, peaking at 20°S, and making up 50%-—
100% of the total freshwater transport over these lati-
tudes, mainly occurring in the west of the basin. Similar
magnitudes of transport exist in the eastern Pacific
but the peak southward transport is at 10°S. South of
these peaks the eddy transports are convergent in both
basins, leading to a significant net (0.2 Sv, 50% of the
basins totals) freshwater convergence. This is achieved
by a uniform large-scale eddy transport extending past

5W m 2 region. Each plot contains 32000 mean and eddy flux pairs inside
50° lon area. The straight line in each plot indicates a 1:1 anticorrelation.

30°S in the Indian Ocean. In contrast, the small-
magnitude finescale eddy structure seen in the South-
ern Ocean extends into the Pacific to 20°S, resulting
in almost zero net eddy freshwater transport south of
this point. The Agulhas eddies between 30° and 37°S
transport about 0.025 Sv of freshwater south, but this
is largely compensated for over the remainder of
the basin, resulting in little overall eddy transport. A
similar case exists for northward freshwater transport

Fic. 11. Depth-integrated eddy freshwater convergence (mm yr *). Negative values represent freshwater di
vergence. Note the compressed color scale indicating the insignificance of eddy transport across much of the ocean.
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Fic. 12. Meridional total (thick), mean horizontal (dashed), mean vertical (dashed—dotted), and eddy (thin) freshwater transports for the
(a) Atlantic, (b) Indian, (c) Pacific, and (d) global ocean basins (Sv). Negative values indicate southward freshwater transport.

in the EAC, although here the canceling southward
transport is localized immediately to the east, rather
than basin wide, as was also seen for the eddy heat
transport.

The global freshwater eddy transport shows similar
regions of eddy importance to the heat transport: near
40°S and north of 20°S. The eddy freshwater transport
is practically zero over the Southern Ocean from Ant-
arctica to 50°S and the cross-ACC freshwater transport
is achieved almost entirely by the vertical, or overturn-
ing, component of the mean flow. The freshwater trans-
port can be examined in quasi-Lagrangian space by
looking at the transport across mass transport stream-
lines passing through Drake Passage (Fig. 13). The total
transport is similar in magnitude and direction to the
Eulerian view, indicating a more uniform freshwater
flux south of the streamlines than in the heat transport

case. The eddy transport in this streamline frame is
small south of the 80-Sv streamline, but rapidly in-
creases to the north, and at the northern edge of the
ACC represents over 70% of the total cross-frontal
transport. This strengthening in the eddy flux occurs
slightly farther north in the Eulerian frame (Fig. 12d),
where it increases to over 0.4 Sv (60% of the total
transport) between 38° and 45°S, primarily in the Agul-
has and southeast Indian Ocean SAF. The absence of a
Pacific contribution was also noted by Stammer (1998).
The Agulhas illustrates the pivotal role of eddies in
these western boundary current extensions on the glob-
al freshwater transport (Wijffels 2001). The results pre-
sented by Stammer (1998) and McCann et al. (1994)
both exhibit significant northward eddy transports
around 40°S, although the flux of McCann’s ¥2°-resolu-
tion model is small when compared with the mean flow.
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FiG. 13. Meridional freshwater transport integrated along Drake Passage mass transport
streamlines for the total (thick), mean (dashed), and eddy (thin) components (Sv). Positive

values indicate northward transport.

Over 20°-35°S, the eddy component is only a small
fraction of the mean horizontal transport.

b. Eddy freshwater transport by depth

The zonally integrated eddy freshwater transport is
shown at selected depths in Fig. 14. The eddy compo-
nent of the freshwater transport in the ocean below
2900 m or south of 50°S is very small ( 0.03 Sv) and
contributes little to the total transport. The strong SAF
eddy transport is apparent, however, extending from
35° to 45°S and to below 900 m, and is surface intensi-
fied in the upper 400 m. On the southern side of this
feature, 0.4 Sv of freshwater is subducted and trans-
ported northward. The subduction decreases with
depth and at 2900 m it is effectively zero. This eddy-
driven freshwater transport at the SAF sinking is cen-
tral to the formation of intermediate waters between
40° and 43°S, as across these latitudes the northward
eddy transport is as strong as the mean flow in the near
surface (0.3 Sv northward), while the eddy-driven sub-
duction is substantially greater (over 0.2 Sv as com-
pared with about 0.03 Sv of mean flow; not shown
here).

North of 35°S the majority of the eddy-subducted
freshwater is returned to the surface although about
0.04 Sv of eddy freshwater is transported northward

from 40°S to the equator in the intermediate layers
below 900 m. In the upper 900 m there is a substantial
southward flow increasing from zero at 30°S to almost
0.4 Sv at 15°S. This flow is in the same sense as the total
freshwater transport and is of comparable size to the
mean flow. The strong northward eddy freshwater

Fic. 14. Meridional northward eddy freshwater transport from
the ocean floor to 2900 m (thin), 900 m (dashed—-dotted), 400 m
(dashed), and the surface (thick) (Sv). Positive slopes indicate a
net freshwater flux into the ocean below the depth level.
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FiG. 15. Zonally integrated total (thick), mean (thin), and eddy (dashed) freshwater con-
vergence (Sv) for the (a) Atlantic, (b) Indian, (c) Pacific, and (d) global ocean. Positive values

indicate a freshwater convergence.

transport on the northern side of the 40°S SAF maxi-
mum converges with a similar southward flow from the
north at around 30°S, resulting in a 0.7-Sv eddy fresh-
water convergence between 37° and 15°S, around 50%
of the total implied surface freshwater flux.

c. Ocean/atmosphere eddy freshwater fluxes

The regions of significant vertically integrated eddy
freshwater divergence, zonally integrated and split by
basins (Fig. 15), correspond to those areas identified as
important in eddy heat transports: the Tropics, Agulhas
Retroflection, and the Indian SAF. The compensatory
and out-of-phase nature observed between the eddy
and mean heat divergence fluxes is also seen in the
freshwater divergence fluxes, although in some regions
the relationship is weaker. In the Indian Ocean basin
for example, the eddy flux divergence between 0° and
10°S has several narrow peaks while the mean flow
exhibits only a single broad peak, and in the Pacific
between 10° and 20°S where the eddy flux dominates a
near-zero mean flux. This observation is supported by
the mean and eddy freshwater flux pointwise correla-
tion plots (Fig. 16) where the broader distributions in
all regions indicate a weaker anticorrelation than that
for the heat transport.

The Atlantic Ocean again displays a very strong

(0.05-0.16 Sv) eddy divergence flux associated with the
Agulhas Retroflection between 37° and 45°S (Fig. 15a).
As in the heat transport case, these exchanges are bal-
anced by larger opposing mean fluxes, and the largest
peak occurs immediately south of Africa. The Indian
Ocean basin (Fig. 15b) has significant eddy flux diver-
gence from the equator to the SAF. South of this there
is almost no eddy flux, although there is a significant
mean freshwater flux divergence from 50°S. A strong
eddy freshwater flux of over 0.05 Sv at 37°-40°S in the
eastern regions of the Agulhas Retroflection acts to
partially compensate the large spike discussed above,
while the SAF-related divergence from 40° to 45°S acts
in the same sense as in the Atlantic, resulting in a con-
siderable ( 0.06 Sv) globally integrated eddy freshwa-
ter divergence over these latitudes. In the subtropics
the eddy and mean fluxes are both convergent and exist
over basin-wide length scales unlike the high spatial
variability in the Agulhas Retroflection or SAF. This
produces a considerable total freshwater flux out of the
ocean of over 0.5 Sv between 15° and 35°S.

Poleward of 20°S the Pacific basin (Fig. 15c) displays
little eddy-driven freshwater flux divergence. As for
heat transport, this is due to the weak, highly spatially
variable fluxes seen in the Southern Ocean extending to
the north, resulting in little net eddy flux when inte-

Unauthenticated | Downloaded 05/18/21 08:49 AM UTC



292

JOURNAL OF PHYSICAL OCEANOGRAPHY

VoLumE 37

FiG. 16. Regional pointwise eddy and mean depth-integrated freshwater convergence cor-
relation densities (mm yr ) for the (a) Agulhas, (b) EAC, (c) Southern Ocean, (d) southeast
Pacific, (e) tropical Pacific, and (f) tropical Indian Ocean. Contours indicate the normalized

number of points in a 100
flux pairs inside a 10° lat
anticorrelation.

grated zonally. The small peaks present are again due
to strong localized eddy divergences in the EAC and
SAF around New Zealand. In contrast the mean fresh-
water flux divergence, particularly south of 40°S, is
much less variable.

The total global freshwater flux (Fig. 15d) agrees
very well with McCann et al.’s (1994) analysis, al-
though the relative importance of the eddy flux is much
greater in the 20°-50°S latitude band of this study. The
eddy contribution is close to zero in the Southern
Ocean from 50°S, where there is a net freshwater flux
into the ocean, peaking at 65°S. Indian Ocean basin
eddy flux divergences dominate the mean-eddy bal-
ance north of the Agulhas-related spike to 30°. North of
this the mean flux divergence is dominant and the total
flux increases to a maximum of over 0.06 Sv at 17°S.

As for heat, the freshwater regional mean eddy flux
relationships (Fig. 16) show that the active eddy regions
have greater magnitudes and local compensation than
the Southern Ocean and gyre centers. The Southern
Ocean in particular is almost symmetric around zero
eddy convergence, indicating the dominance of the
mean flux divergence in this region. Again the tropical
areas have a more even distribution of points than the
boundary currents, which have tighter central clusters

100 mm yr ! region. Each plot contains 32 000 mean and eddy
50° lon area. The straight line in each plot indicates the 1:1

of points with sparse outliers, indicating the difference
in eddy horizontal scales between these regions.

6. Discussion and conclusions

The objective of this study was to analyze the role of
mesoscale eddies in the large-scale circulation of the
Southern Ocean, as modeled by the TPAC high-
resolution OGCM. This analysis focused on the time-
averaged ocean transport of heat and salinity over the
last 11 years of the model run.

The mean volume, heat, and freshwater transports
are well represented by the model, and the strengths of
the western boundary currents, the ACC, and the tropi-
cal, subtropical, and polar gyres are comparable to the
observations. The meridional transport exhibits strong
Deacon, deep, and subtropical cells, and volume trans-
ports of water are very similar to other high-resolution
model results. The ITF is present and transports around
10 Sv, 0.9 PW, and 0.2 Sv of volume, heat, and fresh-
water, respectively, from the Pacific to the Indian
Ocean, subsequently feeding into the ACC. South of
Australia there is evidence of a 9-Sv flow from the Tas-
man Sea into the Indian Ocean. This interbasin ex-
change around Australia is very significant, indicating
that the Indian and Pacific Oceans should not be con-
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sidered in isolation and that it may be more appropriate
to examine the Indo-Pacific gyre as a whole.

This study supports the general understanding that
significant eddy transports are largely restricted to
small, finescale, regions of intense transport or conflu-
ence in the upper ocean. In contrast, eddy transports
are negligible in comparison with the mean flow over
most of the model domain, particularly in the centers of
the subtropical gyres (Wunsch 1999). The poleward
eddy-driven heat, and to a slightly lesser extent, fresh-
water, transports are extremely variable zonally and
therefore circumpolar extrapolations from current
meter data such as those by Phillips and Rintoul (2000)
are likely to be inaccurate. Although eddies play a key
role in heat transport across the northernmost edge of
the ACC (De Szoeke and Levine 1981; Hall and Bry-
den 1982; Thompson 1993; Wunsch 1999; Rintoul et al.
2001), most of the strong eddy components occur at
latitudes north of Drake Passage, and north of the 0-Sv
volume transport streamline that passes through Drake
Passage (cf. Fig. 1 and Figs. 3 and 11). In an Eulerian
framework, the horizontal (gyre) mean circulation
achieves most of the southward heat transport across
the latitudes of the ACC, while the vertical (overturn-
ing) mean circulation carries freshwater north from the
Southern Ocean across these latitudes. In a quasi-
Lagrangian (mass transport streamline) framework, the
eddy transport is very significant across the ACC, par-
ticularly for heat in its southern half, and freshwater to
the north, although the mean transport remains impor-
tant in both cases. The disparity between transports in
these two frames of reference indicates the sensitivity
of the cross-frontal transport to the coordinate system.

The regions of major Eulerian ACC eddy transport
identified here occur on the northern edge of the SAF
near the Agulhas Retroflection and Malvinas conflu-
ence, the southwestern Indian Ocean, and to a lesser
extent south of Australia and New Zealand. The ma-
jority of the Southern Ocean, southeast Pacific, and
Drake Passage all exhibit very little eddy activity. The
western boundary currents and the Tropics of the In-
dian and Pacific basins are also regions of significant
eddy contributions to the total transport of both heat
and freshwater.

The relatively high resolution used here results in
significantly greater eddy to mean transport ratios at
high latitudes, and larger boundary current eddy trans-
ports than in lower-resolution studies, such as those by
McCann et al. (1994) (¥2°) and Jayne and Marotzke
(2002) (¥4°). These relatively small scale features are
more readily resolved at the ¥s° resolution used here
and make greater contributions to the total transport.
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This higher-latitude resolution dependency may ac-
count for the similar eddy freshwater transports in
model studies in the subtropical Indian Ocean, where
large-scale processes rather than the narrow boundary
currents appear to be responsible for eddy transport.
This result conforms to the trend noted by Drijfhout
(1994) for models of increasing resolution to record
greater eddy transports, but with generally unchanged
total transports. McClean and Semtner (1997) and Jia
(2003) similarly observe that an increased resolution
leads to greater eddy variability and contribution to the
total transport at higher latitudes.

This result is supported by the strong compensation
observed between the mean and eddy heat flux diver-
gences. The almost one-to-one compensation appears
strongest in the regions of greatest eddy transports: at
the equator, around the SAF, and in the western
boundary currents. This relationship shows that the in-
creased eddy flux divergences resulting from increased
model resolution do not result in a change in the total
property flux to the atmosphere, but rather a compen-
sating increase in mean flux divergence. Hence, there is
only a small change in the overall global property bud-
gets and transports with increasing model resolution
and so the total transports observed here correlate well
with observational and numerical studies, even at lower
resolutions. A possible mechanism for this compensa-
tion may be that in regions with a strong baroclinic
shear in the mean flow the increased baroclinic insta-
bility induces an opposing and compensating eddy
transport, thus acting as a negative feedback mecha-
nism. This finding may have implications for the pa-
rameterization of coarse-resolution climate models.
The reduced compensation in freshwater divergences is
possibly due to the more complex vertical structure of
salinity, which changes the relative influence of the
eddy transport in the upper layers when compared with
at depth to a greater extent than in the case of heat.

Eddy transports are most significant in the upper
ocean, and the upper 1000 m accounts for 75%-100%
of the eddy heat and freshwater transport at most lati-
tudes, while the upper 400 m frequently carries 75% of
the total. North of the SAF, the intermediate depths
from 900 to 2900 m also exhibit substantial heat and
freshwater transports, although small in comparison
with the surface-intensified layers. The disparity be-
tween the Eulerian heat and freshwater eddy trans-
ports, 100% and 60% of the total, respectively, across
the SAF probably reflect the relatively shallow influ-
ence of eddies and the greater importance of the deep
layers in freshwater transport.

The curious reversal of the transport at depth in the
subtropics in both eddy heat and freshwater can be
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explained by three possible scenarios. It may indicate
that eddies in this region are not simple columns rotat-
ing around a vertical axis, but rather have a more com-
plex structure over the water column. Another possi-
bility is that the change in transport direction could be
an artifact of the zonal integration across all basins.
Alternatively, it could result from bathymetric consid-
erations near the western boundary currents. The
strong southward eddy heat transport in the narrow
boundary currents is over the relatively shallow conti-
nental shelf and slope, while the broader northward
transport associated with eddies shed from the central
jet is in deep water and consequently has a greater
influence at depth, resulting in northward transport be-
low 400 m.

An interesting feature of the zonally integrated fresh-
water transport is that the change in transport direction
in the subtropics is deeper (1500 m) than in the case of
heat transport. The depth-integrated freshwater eddy
transport appears to be more greatly associated with
large length-scale variability away from the shallow
continental shelves in the subtropics, and this possibly
accounts for the deeper change in eddy transport direc-
tion. It is difficult to confidently explain these observa-
tions, however, as the zonal integration does not allow
latitudinal effects to be clearly observed.

There is considerable scope for future work with the
TPAC OGCM. Greater use of quasi-Lagrangian or
transformed Eulerian mean (TEM) methods to de-
scribe eddy fluxes may give more insight into the cross-
frontal transports. In addition, the results of this
analysis lend themselves to continuing research on the
influence of model resolution on eddy transports. It
would be especially interesting to examine the extent to
which the increased resolution—eddy transport relation-
ship holds as models become progressively more pow-
erful and resolve eddies on smaller and smaller scales.
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