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ABSTRACT

The major mechanisms of the oceanic poleward heat flux in the Southern Ocean are still in debate. The

long-standing belief stipulates that the poleward heat flux across theAntarctic Circumpolar Current (ACC) is

mainly due to mesoscale transient eddies and the cross-stream heat flux by time-mean flow is insignificant.

This belief has recently been challenged by several numericalmodeling studies, which stress the importance of

mean flow for themeridional heat flux in the SouthernOcean.Here, this study analyzesmoored currentmeter

data obtained recently in the Fawn Trough, Kerguelen Plateau, to estimate the cross-stream heat flux caused

by the time-mean flow and transient eddies. It is shown that the poleward eddy heat flux in this southern part

of the ACC is negligible, while that from the mean flow is overwhelming by two orders of magnitude. This is

due to the unusual anticlockwise turning of currents with decreasing depth, which is associatedwith significant

bottom upwelling engendered by strong bottom currents flowing over the sloping topography of the trough.

The circumpolar implications of these local observations are discussed in terms of the depth-integrated linear

vorticity budget, which suggests that the six topographic features along the southern flank of the ACC

equivalent to the Fawn Trough case would yield sufficient poleward heat flux to balance the oceanic heat loss

in the subpolar region. As eddy activity on the southern flank of the ACC is too weak to transport sufficient

heat poleward, the nonequivalent barotropic structure of themean flow in several topographically constricted

passages should accomplish the required task.

1. Introduction

The poleward oceanic heat flux in the SouthernOcean

constitutes an important component of climate, con-

nected with the meridional overturning circulation. The

mechanisms by which heat is transported poleward

across the strong eastward flow of the Antarctic Cir-

cumpolar Current (ACC) are still debated, and this

important question has attracted ever increasing in-

terest. In contrast to subtropical regions where the

poleward heat flux is largely controlled by the geo-

strophic mean flow of the western boundary current

system, the quasi-zonal flow of the ACC in the Southern

Ocean isolatesAntarctica fromdirect contact withwarmer

waters from lower latitudes (Rintoul et al. 2001). How-

ever, as the subpolar region south of the ACC loses a

substantial quantity of heat to the overlying atmosphere

ranging from 0.2 to 0.65 PW (1 PW5 1015 Watts) south

of 608S depending on authors (Large and Yeager 2009;

Mazloff et al. 2010; Cerove�cki et al. 2011; Gordon and

Owens 1987; Hastenrath 1982), there should be a com-

pensating poleward oceanic heat flux across the ACC.

[As an accurate estimate of heat flux is still in progress

(Cerove�cki et al. 2011), an intermediate flux value of

0.4 PW will be provisionally adopted here as our refer-

ence value.] There are two competing views about how

the poleward heat flux occurs, that is, by eddies or by

mean flow.

The zonal and time-mean average of meridional heat

(or temperature) flux across a latitude circle can be
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written as hyTi5 hyihTi1 hy*T*i1 hy 0T 0i, where y and

T are meridional velocity and temperature, the overbar

stands for the time mean, the prime is the deviation from

the timemean, the brackets denote the zonalmean, and the

star represents the deviation from the zonal mean of

time-mean parameters (e.g., Peixoto and Oort 1992;

Olbers et al. 2004; Meijers et al. 2007). It is composed of

the mean vertical (or overturning) flux hyihTi, the mean

horizontal (or standing eddy) flux hy*T*i, and the tran-

sient eddy flux hy 0T 0i. Because of the scarcity of direct

observations, the relative importance of these different

contributions to the heat flux can only be appreciated

from high-resolution numerical models (e.g., Meijers

et al. 2007; Volkov et al. 2010; Mazloff et al. 2010). The

overturning heat flux, which is mostly determined by

the surface Ekman transport, systematically carries heat

equatorward across the ACC, with a flux value varying

from near 0 PW at 608S to a maximum of 0.8 PWat about

428S (Meijers et al. 2007; Volkov et al. 2010). These

northward Ekman fluxes are more than compensated by

the combined mean horizontal and transient eddy com-

ponents to yield net southward heat transports. Al-

though there are someminor differences amongmodels,

most of them consistently show that the poleward heat

transport across theACC south of 458S is predominantly

carried by the time-mean horizontal circulation and that

the heat flux due to transient eddies amounts to ap-

proximately one-third of that due to the former (Meijers

et al. 2007; Volkov et al. 2010). A notable exception to

this is found north of the ACC at around 408S, the lati-

tude of several regions of energetic eddies such as the

Agulhas Retroflection and the Brazil–Malvinas Conflu-

ence, where the contribution of transient processes ex-

ceeds that of the mean horizontal flow. In the subpolar

region south 608S, on the contrary, these models show

that the quasi-totality of the poleward heat flux is due to

the mean flow with negligible heat flux due to transient

eddies. The important contribution of the mean hori-

zontal flow to the poleward heat transport can be ex-

plained by the fact that the ACC is not strictly zonal but

describes a large-scale north–south meandering with

differing mean temperatures. For example, warm waters

originating from the Agulhas Retroflection descend

gradually southward from the east of the Kerguelen

Plateau to Drake Passage where colder waters flow

northward along the Argentinian shelf as part of the

Malvinas Current, resulting in a net poleward heat

transport (Sun and Watts 2002; Volkov et al. 2010).

This Eulerian view is completely different from the

streamwise Lagrangian view in which a vertically in-

tegrated streamwise coordinate system completely elimi-

nates cross-stream mean heat transport if the flow is

perfectly equivalent barotropic (Killworth 1992; Killworth

and Hughes 2002). For example, the Lagrangian view

emphasizing the predominant role played by eddies

stems essentially from a seminal paper of de Szoeke and

Levine (1981) who showed no significant cross-stream

heat flux by mean geostrophic flow and concluded that

eddies must carry most of the heat across the ACC to

balance the net oceanic heat loss to the atmosphere at

high latitudes. However, deviations from equivalent

barotropic flow, as will be shown hereafter, mean that

net mean cross-stream heat fluxes can occur.

There have been only a few in situ measurements of

eddy heat fluxes, which are mostly concentrated on the

northern flank of the ACC (Fig. 1). These include the

measurements from moored current meters at the Sub-

Antarctic Front (SAF) south of Australia (Phillips and

Rintoul 2000), to the north of the SAF southeast of

New Zealand (Bryden and Heath 1985), in the northern

Drake Passage (Bryden 1979), across the entire Drake

Passage (Nowlin et al. 1985), and at the Polar Front (PF)

in Shag Rocks Passage lying between the Malvinas Is-

lands and South Georgia (Walkden et al. 2008). These

measurements showed a vertically averaged poleward

eddy flux ranging from 10 to 15 kW m22, equivalent to

0.8–1.2 PW when extrapolated over the entire circum-

polar extent of 20 000 km and a depth of 4 km. Al-

though this might permit one to claim that observed

eddy heat fluxes are more than large enough to balance

the heat loss to the atmosphere (Bryden 1979; Phillips

and Rintoul 2000; Walkden et al. 2008), these estimates

are from the energetic northern flank of the ACC where

heat from subtropical basins enters the current, and not

from its southern flank where heat should leave the

current to be transmitted further poleward to balance

the heat loss to the atmosphere south of 608S. The latter
latitude is close to the circumpolar-mean latitude of the

Southern ACC Front (SACCF), which in the South

Pacific sector mostly lies south of 608S, while that in the

South Atlantic and South Indian sectors runs north of

608S (see Fig. 1). In other words, it is the poleward heat

flux across the southern flank of the ACC that is most

relevant for the heat budget of subpolar regions. Un-

fortunately, there exists only one case of measurements

that meets such a requirement, that is, in the southern

part of Drake Passage where Nowlin et al. (1985) re-

ported a vertically averaged poleward eddy heat flux of

0.9 kW m22 or 0.07 PW if extrapolated over the cir-

cumpolar section. These values are more than one order

of magnitude smaller than those on the northern flank of

the ACC and represent only 18% of the heat loss to the

atmosphere south of 608S. This is qualitatively consis-

tent with the upper-mentioned model results as well as

with the estimation of eddy heat fluxes from floats by

Gille (2003) who showed that significant poleward eddy
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heat fluxes are confined along the ACC central stream,

while those in its southern half are not statistically dif-

ferent from zero. The latter estimates are also consistent

with the very limited poleward eddy flux of 0.04 PW at

608S derived from altimetry by Stammer (1998). These

poleward eddy heat flux estimates (0.04–0.07 PW) from

observations across the southern flank of the ACC

are in great contrast with much higher estimates from

high resolution models (Meijers et al. 2007; Treguier

et al. 2007). The latter two models both show around

0.1–0.2 PW of poleward eddy heat transport across

the ACC in stream-following coordinates at;608S with

approximately equal mean flow contributions.

In this paper we analyze the heat transport across the

SACCF from direct measurements of velocity and tem-

perature by three current meter moorings installed dur-

ing the 2009 Transport Across the Kerguelen Plateau

(TRACK) cruise (Park et al. 2009) in the Fawn Trough,

a deep passage developed across the Kerguelen Plateau

at approximately 568S (red circle in Fig. 1). These mea-

surements may provide us with precious information

supplementing the single point observations from the

southern part of Drake Passage. Based on a shear (or

thermal wind) reference frame, we estimate for the first

time the heat flux due to the time-mean flow, in addition

to that by transient mesoscale eddies. In previous studies

only transient eddy heat fluxes have been estimated from

point measurements, without estimating the cross-stream

heat flux due to time-mean flow. By contrast, we show

here that the eddy heat flux at our site is negligible, as

expected from the very weak local eddy activity in this

southern part of the ACC, while the contribution from

the mean flow is dominant, overwhelming the eddy con-

tribution by two orders of magnitude because of a signif-

icant turning of the flow direction with depth. We finally

discuss the implications of our point measurements in

terms of a zonally integrated heat budget.

2. Data

a. Observations

The Kerguelen Plateau constitutes a major topo-

graphic barrier for the eastward-flowing ACC, diverting

about two thirds of its total transport to the north of the

plateau, with the remaining transport having to pass

through the vast area between the Kerguelen Islands

and Antarctica (Park et al. 1993). The recent TRACK

cruise in the Fawn Trough region (Park et al. 2009) con-

firmed this and quantifiedmajor pathways and transports

of the ACC crossing the Kerguelen Plateau (Fig. 2a). It

was shown that most of the ACC south of the Kerguelen

Islands is tightly channeled into the Fawn Trough (with

a sill depth of ;2700 m centered at 558500S, 778200E),
with a transport of 43 Sv (1 Sv [ 106 m3 s21) being as-

sociated with the SACCF.

As part of the TRACK project, an array of three

moorings (M1, M2, and M3) with four current meters

on each was deployed across the Fawn Trough during

February 2009 and recovered during January 2010 (Fig. 2b).

FIG. 1. Positions of historic heat flux observations from current meter moorings (black circles)

superimposed on a map of satellite altimetry–derived eddy kinetic energy (cm2 s22) and three

major ACC fronts (thick black curves) adapted from Park et al. (2009). The Drake Passage

moorings are shownwith a line covering the whole passage and our Fawn Trough mooring site is

indicated by a red circle. The submarine topography shallower than 3000 m is shown gray shaded

and the 608S latitude circle is indicated by a dashed line.
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Each mooring consisted of one up-looking acoustic

Doppler current profiler (ADCP) placed at a few hun-

dred meters below the surface and three Aanderaa

current meters between the ADCP and the bottom. In

addition, four Microcat conductivity–temperature–depth

(CTD) recorders were installed a few meters below each

current meter at M2 only. During the deployment and

recovery cruises, the entire Fawn Trough region was

finely surveyed with top-to-bottom CTD casts together

with lowered-ADCP profiles. We used here the records

of velocity, temperature, and pressure from current me-

ters as well as more accurate Microcat CTD data at M2.

For the up-looking ADCP data, we used those from the

deepest bin on each mooring.

The data return rate was approximately 90%. All

instruments at M2 ran for the whole deployment

period (313 days starting from 25 February 2009),

while the other moorings returned records of varying

lengths. At M1, two current meters stopped recording

before the recovery date (3 January 2010): one at 281 db

on 18 December 2009 and the other at 1950 db on

14 November 2009. We have chosen for a later use a

common period for all four vertical instruments of

this mooring, yielding a net record length of 263 days

starting from 25 February 2009. At M3, the current

meter at 1226 db stopped functioning on 7 November

2010 and that at 2367 db did not work during the first

3 months. Therefore, a net record length of 177 days

starting from 15May 2010 was retained for this mooring

for the subsequent analyses. Finally, raw current, tem-

perature, and salinity data were low-pass filtered using a

Gaussian filter (Park and Gambéroni 1995) with a cutoff

frequency at 40 h to suppress inertial, tidal, and higher

frequencies and then resampled at hourly intervals.

b. Correction for mooring motion

Time series measurements of velocity and tempera-

ture in the Fawn Trough are contaminated by the ver-

tical excursion of instruments, which does not generally

exceed 100 db but can reach up to 450 db during ex-

ceptional events with strong current pulses, a feature

similar to that observed in the ACC south of Australia

(Phillips and Rintoul 2000). We have corrected tem-

perature and velocity data based on the method of Hogg

(1986, 1991), which has been used with slight modifi-

cations by Cronin and Watts (1996) and Phillips and

Rintoul (2000). Briefly, the correction consists of two

main steps: temperature correction and velocity cor-

rection. The correction method involves a canonical

profile of temperature F that can best fit, in a least

squares sense, all recorded temperature data with the

simple addition of a constant pressure offset pref to the

(T, p) curves, such as T(p)5F(p2 pref). An example of

this procedure at M2 is shown in Fig. 3. The corrected

temperature Tc at the nominal pressure pnom, which is

defined as the time-mean pressure at each current me-

ter, can be determined using the canonical profile F and

hourly pref as

FIG. 2. (a) Different branches of ACC transport crossing the Kerguelen Plateau. The numbers indicate the transport in Sv (106 m3 s21)

for the respective branches. (b) The 2009 TRACK cruise plan, with three moorings (unfilled circles: M1,M2,M3) in the Fawn Trough and

an array of CTD stations (black dots). Adapted from Park et al. (2009).
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Tc 5F(pnom 2pref) . (1)

Assuming a well-defined temperature–salinity (T–S)

relationship and based on the thermal wind equations,

the method suggests the velocity correction for the u

(similarly y) component as

uc 5
uu 2 ul
Tu 2Tl

(Tc2Tl)1 ul , (2)

where the subscripts c, u, and l refer to the corrected

parameter and the upper and lower instrument levels,

respectively. Equation (2) implies a linear relationship

between the velocity difference and the temperature

difference within the layer between the upper and lower

instrument levels.

We have successfully applied the correction method

to the temperature and velocity data from the moorings.

The method failed, however, for the uppermost current

meters at M1 and M2 for which the denominator in the

right hand side of (2),Tu 2Tl, often approaches zero. As

can be seen in Fig. 3, this feature is related to the exis-

tence of the temperature maximum (Tmax) layer found

between the upper two current meters, which is in turn

induced by the presence of the subsurface temperature

minimum layer or Winter Water (not shown) found

generally at around 200- to 100-m depth (from the north

to the south), a unique characteristic of the Antarctic

zone (e.g., Park et al. 1998). To overcome this difficulty,

we propose a new formula for the velocity correction

by replacing temperature T in (2) by in situ density r,

such as

uc 5
uu2 ul
ru2 rl

(rc2 rl)1 ul , (3)

where rc can be determined in a similar fashion to (2) for

the temperature, by first searching for the canonical

profile of density r(p)5G(p2pref) and then calculat-

ing the corrected density as rc 5G(pnom 2 pref). This

new Eq. (3) is theoretically superior to (2) because it

does not require the hypothesis of a well-defined T–S

relationship, which is difficult to justify in the subsurface

layer of the Antarctic zone. However, its application is

limited by the availability of salinity data, and thus here

restricted to M2. No correction is applied to the upper-

most current meter at M1. This, however, has limited

impact because of comparatively weak currents and

small vertical excursions of the instrument (mean 5 10

db; max 5 60 db). For M2, the new Eq. (3) has been

applied to all four current meters and the resulting

corrections are compared with those using (2), an ex-

ample of which for the current meter at 1026 db is shown

in Fig. 4. For weak vertical displacements (,100 db) of

the instrument, there appears no significant difference

in correction between the two formulae, which is the

general case, however, in a few cases of strong displace-

ments (.150 db) the difference can be important reach-

ing up to 5 cm s21. For the lower current meters, the

difference is much smaller (,2 cm s21). The resulting

corrected time series of temperature and velocity on all

three moorings are shown in Fig. 5. These form the basis

of the subsequent analyses.

3. Vertical structure of velocity and temperature

a. Vertical structure of time-mean velocity and
temperature

To locate the vertical and horizontal positions of each

current meter relative to the frontal structure of tem-

perature across the Fawn Trough, Fig. 6 shows the ob-

served time-mean currents and velocity variance ellipses,

which are superimposed on a temperature section drawn

from the top-to-bottom CTD data gathered during the

deployment and recovery TRACK cruises. According

to the circumpolar analysis of the ACC fronts from al-

timetry as well as the regional analysis of historical hy-

drographic, float, and animal-borne data (Park et al.

2009, 2008; Roquet et al. 2009), the SACCF can be best

located at the deepest (;2700 m) part of the trough

centered at 55.98S. Mooring M2, revealing the strongest

mean flow (36 cm s21 at 362 db), is located very close to

the SACCF axis, whileM1 andM3 are near the northern

and southern edges of the front. The vertical velocity

structure at M1 andM2, located on the northern flank of

FIG. 3. A canonical profile (black curve) of temperature at M2 as

a function of pressure difference (pref – p). Temperature measure-

ments fromdifferent currentmeters are shown in colors. The numbers

in the insertion indicate the time-mean depths of the current meters.
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the trough, reveals some similarity. The dominant flow

direction is to the northeast at both sites, roughly aligned

with the trough axis, and the flow speed gradually de-

creases toward the bottom, displaying a predominantly

self-similar vertical structure except for the near-bottom

layer. This suggests a concentration of the eastward flow

to the northern flank of the Fawn Trough. Note also that

for both moorings, upper instruments straddle the

Tmax layer.

By contrast, the southernmost mooring M3, located

on the southern flank of the trough, holds all its four

current meters below the Tmax layer. It reveals a flow

direction far different from the two northern ones: east-

ward at 530 db but gradually turning to the south with

increasing depth, thus showing the clearest evidence of

the nonequivalent barotropic structure. Moreover, the

mean flow speed does not monotonically decrease to-

ward the bottom but a minimum is found at a middepth

of 1226 db, below which it increases slightly toward the

bottom.

Also noticeable are the relatively strong near-bottom

currents, especially atM2 (14 cm s21) andM3 (12 cm s21),

which have important implications for generating sig-

nificant bottom upwelling over a sloping topography, as

will be discussed later. Mean and variance of the tem-

perature and velocity fields are provided in Table 1,

together with the kinetic energy. Compared to the rel-

atively strong mean currents, transient currents are very

weak, consistent with Fig. 1. For example, the ratio be-

tween the eddy kinetic energy (EKE) and the mean

kinetic energy (MKE), EKE/MKE, is mostly less than

0.1 for the current meters at M1 and M2 and around

a mean of 0.35 at M3. These values are far below those

observed in the energetic northern flank of the ACC

where the ratio is close to the unity (e.g., Bryden and

Heath 1985; Phillips and Rintoul 2000). This weak EKE

FIG. 4. Corrections in (top) temperature and velocity—(second row) u and (third row)

y—applied to the current meter data at 1026 db at M2. For the correction in velocity, results

from two formulae are compared: red curves from (3) and black curves from (2). (bottom) The

instrument pressure fluctuations and the horizontal line represents the record-length mean

pressure or pnom.
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from the moored current meters is further supported by

a local analysis of altimeter data for 2009 (not shown),

which reveals a steady current axis and the weakest

annual mean EKE at and immediately downstream of

the moorings.

b. Spatial coherency of time-variable velocity and
temperature

At bothM1 andM2, the temperature variations at the

uppermost current meter (281 db forM1; 362 db forM2)

are not significantly correlated (r ; 0.13) with those

at the lower current meters (981, 1453, and 1950 db at

M1; 1026, 1510, and 2311 db at M2), while the latter are

highly correlated among them (r ; 0.9). This suggests

that the temperature variability of the Antarctic Surface

Water found above the Tmax layer is disconnected from

that of the Circumpolar DeepWater that is found below

the Tmax layer. AtM3 where all four current meters are

located below the Tmax layer, the temperature varia-

tions are significantly correlated (r 5 0.6–0.93) through-

out the water column. These features are also evident

from a simple inspection of temperature time series (see

Fig. 5). Horizontally, the temperature variations below

the Tmax layer at M1 and M2 are significantly corre-

lated (r; 0.65), while those in the surface layer are not

(r 5 20.06). Between M2 and M3, no significant cor-

relation is observed throughout the water column.

The velocity variations on all three moorings are sig-

nificantly correlated vertically (r5 0.4–0.9), with higher

(lower) correlations between the adjacent (far-field) in-

struments. Somewhat similar to the case of temperature,

the velocity variations at M1 and M2 are significantly cor-

related horizontally (r ; 0.55) except for the uppermost

instruments (r520.29), while those atM2 andM3 show

no significant correlations (r ; 20.16), apart from a mar-

ginal correlation (r520.4) for the uppermost instruments.

FIG. 5. Time series ofmooringmotion–corrected velocity and temperature on (top to bottom) the threemoorings. (left) The east (north)

component of velocity is shown in black (blue), and (right) the temperature at the uppermost current meter on each mooring is shown in

red, for clarity.
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In summary, there appears no significant correlation

in temperature variability between the surface layer

above the Tmax layer and the deeper layer below. Also,

while the parameter variations are relatively well cor-

related horizontally betweenmooringsM1 andM2, they

are not so between M2 and M3, suggesting two inde-

pendent flow regimes. The dominant vertical modes of

variability in velocity on the northern flank of the Fawn

Trough can be examined by an empirical orthogonal

function (EOF) decomposition of velocity at M2 (Fig. 7).

(The EOF decomposition atM1 reveals a similar pattern.)

The first mode explaining 53% of the total variance

shows a vertical structure that is approximately equiv-

alent barotropic (or vertically self-similar), while the

second (27%) and third (14%) modes are clearly non-

equivalent barotropic, with an abrupt change in flow

direction across the Tmax layer. For comparison, the

first three EOFs atM3 explain 59%, 28%, and 6% of the

total variance, respectively, with the clearest evidence

for an equivalent (nonequivalent) barotropic structure

being observed in the first (third) mode. These modes

appear qualitatively as a combination of a barotropic

mode and a first baroclinicmode. The percentage (53%–

59%) of the equivalent barotropic structure in the Fawn

Trough is similar to that observed in the Malvinas Cur-

rent flowing over a sloping shelf (Vivier and Provost

1999) but is much less than that (;90%) observed in the

nearly flat-bottomed Yaghan Basin of northern Drake

Passage (Ferrari et al. 2012). This is not surprising, how-

ever, because a strong current–topography interaction

can generate significant baroclinic modes.

4. Heat fluxes across the SACCF in the Fawn
Trough

a. Eddy time scales and reference frames

For evaluating cross-stream eddy heat fluxes, it is of

utmost importance to determine the most adequate

coordinate system and time scales (see in particular the

careful discussion by Nowlin et al. 1985). To isolate the

mesoscale variations from short tidal and inertial pe-

riods on the one hand, and longer periods associated

with lateral shifts of the frontal structure of currents and

a seasonal effect on the other hand, Nowlin et al. (1985)

proposed a bandpass width of 40 h to 90 days as the

correct eddy time scales. This bandpass width has now

been commonly accepted (e.g., Phillips and Rintoul

FIG. 6. Time-mean velocity vectors and velocity variance ellipses

on the three moorings superimposed on the temperature section

across the Fawn Trough. The Tmax layer and the approximate

position of the SACCF are indicated. Also shown in the bottom-

left (right) corner of the figure is the trough axis (velocity scale).

TABLE 1. Temperature and velocity statistics on the three moorings in the Fawn Trough. Eddy kinetic energy (EKE) and mean kinetic

energy (MKE) are given as EKE5 (u02 1 y 02)/2; MKE5 (u2 1 y2)/2.

Pressure

(dbar)

Record length

(days) T (8C) u (cm s21) y (cm s21) T 02 (8C2) u02 (cm2 s22) y02 (cm2 s22) EKE (cm2 s22) MKE (cm2 s22)

EKE

MKE

M1 281 263 2.14 18.98 7.17 0.011 20.00 9.62 14.81 205.78 0.07

981 263 2.31 9.50 3.16 0.001 4.61 1.66 3.14 50.09 0.06

1453 263 1.91 7.67 0.80 0.002 5.39 0.79 3.09 29.77 0.10

1950 263 1.42 5.96 1.14 0.003 5.63 0.89 3.26 18.41 0.18

M2 362 313 2.14 32.04 17.19 0.004 53.51 30.32 41.91 660.96 0.06

1026 313 2.07 18.40 8.54 0.005 33.21 2.25 17.73 205.75 0.09

1510 313 1.66 16.13 7.16 0.009 14.67 2.94 8.81 155.71 0.06

2311 313 0.96 14.05 2.85 0.009 10.77 1.35 6.06 102.78 0.06

M3 530 177 1.78 12.94 21.12 0.004 40.37 28.33 34.35 84.30 0.41

1226 177 1.38 7.94 23.44 0.008 10.73 13.88 12.31 37.43 0.33

1731 177 0.84 8.99 25.71 0.004 26.14 15.18 20.66 56.69 0.36

2367 177 0.53 4.35 211.06 0.001 10.17 29.63 19.90 70.59 0.28
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2000; Walkden et al. 2008) and is adopted as well in the

present study.

Concerning the reference frame by which the di-

rection of along-stream or cross-stream is determined,

there are two kinds of coordinate systems: time-invariant

and time-varying systems. The time-invariant coordi-

nate system is sometimes called geographic coordinate

system in which we define along-stream as being di-

rected along the time-mean flow (Bryden 1979) and

cross-stream is 908 to the left of along-stream. There are

two varieties of time-varying coordinate systems. The

first one, proposed by Nowlin et al. (1985), is based on

a mean flow with slowly varying direction, derived from

the 90-day low-passed velocity. The cross-stream ve-

locity is defined to be positive to the left of the 90-day

low-passed direction. This frame will be referred to as

the 90d-LP coordinate system hereinafter.

The second time-varying coordinate system, used for

instance by Phillips and Rintoul (2000), is referred to as

shear coordinate system, which defines along-stream as

the daily-averaged direction of the vertical current shear

between two chosen levels, and cross-stream is 908 to the
left of along-stream. This coordinate system, which was

first employed by Hall (1986, 1989) in her analyses of

the Gulf Stream and Kuroshio, bears both strengths

and weaknesses. As emphasized by Phillips and Rintoul

(2000), the strong point resides in the fact that the along-

stream coordinate corresponds to the direction of the

thermal wind, which we will usefully exploit below in

terms of thermal advection in the water column. The

weakness lies in the arbitrary choice of two levels from

which the thermal wind is determined. In the upper-

mentioned works these levels were chosen in the upper

layer for one and in the deeper layer for the other. By

contrast, we define a vertical shear between each pair of

adjacent levels, rather than between arbitrarily chosen

levels, because the magnitude and direction of the

thermal wind are not constant in the water column but

change significantly with depth, at least in our case.

b. Thermal wind and temperature advection in the
shear coordinate system

As we will use the shear method as our principal

means of determination of poleward heat fluxes by time-

mean flow at our site, it may be instructive to briefly

review the relationship between the thermal wind and

associated temperature advection. Using the geostrophic

and hydrostatic balance equations, the thermal wind

equations can be written as (Bryden 1976):

�
›u

›z
,
›y

›z

�
5

�
b
›r

›y
, 2b

›r

›x

�
, with b5

g

r0 f
, (4)

where r is density with its representative value of r0,

g is gravity, and f is the Coriolis parameter. Assuming

a well-defined relationship between temperature and

salinity, which holds for our CTD data except for the

surface layer above the Tmax layer, density can be ex-

pressed as a function of temperature alone, such as

(Bryden 1976):

dr5
›r

›T
dT1

›r

›S
dS52

�
a2b

dS

dT

�
dT52ae dT , (5)

where a52›r/›T is a thermal expansion coefficient,

b5 ›r/›S is a haline contraction coefficient, and ae 5
a2bdS/dT is an effective thermal expansion coeffi-

cient. This allows the thermal wind Eq. (4) to be written

in terms of horizontal temperature gradient:
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aeg
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The thermal wind VT , which is the difference of

velocity vectors between the upper and lower levels

VT(uu 2 ul, yu 2 yl), can then be expressed in vector

notation as

VT 5 cDzk3$T , (7)

where k is the unit vector in vertical direction, and Dz is
the layer thickness between the two levels, and $T is the

mean horizontal gradient of temperature of the layer.

Equation (7) shows that the thermal wind is parallel to

mean isotherms, with cold (warm) water being located

to the right (left) of the thermal wind direction in the

Southern Hemisphere. As individual velocity vectors

at each level are generally not parallel to the mean iso-

therms of the layer, there arises advection of warm or

FIG. 7. The first three empirical orthogonal functions (EOFs) of

current variations at M2.
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cold water depending on the sense of turning of velocity

vectors with decreasing depth (Fig. 8). Anticlockwise

(clockwise) turning is associated with warm (cold) ad-

vection (Figs. 8a,b), and no thermal advection occurs

when the currents at both levels are parallel (Fig. 8c). It

can also be shown that warm (cold) advection in turn is

associated with upwelling (downwelling) (Bryden 1976;

Phillips and Rintoul 2000; see also the section 4e below).

In the shear coordinate system along-stream coincides

with the direction of the thermal wind while the cross-

streamflow (shown as Vp in Fig. 8) is perpendicular to

isotherms such that the poleward (equatorward) heat

flux is associated with warm (cold) advection. If we ap-

ply this theoretical consideration to the progressive

vector diagrams from the three current meter moorings

in the Fawn Trough (Fig. 9), it is not difficult to recog-

nize the prevailing warm advection (and upwelling) over

the entire water column at the southernmost site M3

where the vertical structure of the mean flow is highly

nonequivalent barotropic, with the anticlockwise turn-

ing of velocity vectors with decreasing depth. At M1

and M2, noticeable warm advection is also evident at

a deep layer (981–1453 db at M1, 1510–2311 db at M2),

while there is indication of minor cold advection (or

downwelling) in the near-bottom layer (1453–1950 db)

at M1. On the other hand, no significant turning of

currents (thus no significant thermal advection) is seen

in the 1026–1510 db layer at M2 where velocity vectors

at both levels are nearly parallel, which corresponds to

the equivalent barotropic mode. A more quantitative

evaluation of the poleward heat flux is given below.

c. Estimation of poleward heat flux by transient
eddies

The calculation procedures of eddy heat flux at M2

relative to each reference frame are shown graphically

in Fig. 10. The daily time series of temperature and ve-

locity used here have previously been low-pass filtered

at 40 h using a Gaussian filter (Park and Gambéroni

1995), as mentioned previously. For the time-invariant

geographical coordinate system, the cross-stream ve-

locity time series V(t) is obtained as

V(t)5 y(t) cosu2 u(t) sinu , (8)

where u5 tan21(y/u) is the angle of the time-mean

current direction relative to the positive x-coordinate

(east). Low-frequency variations of periods greater than

FIG. 8. Schematics showing the relation between the thermal wind VT, defined as a velocity shear between the upper (Vu) and lower

layer (Vl), and (a)–(c) temperature advection in the Southern Hemisphere. The Vp is the velocity component perpendicular to the

thermal wind.

FIG. 9. Progressive vector diagrams at different pressures on (left to right) the three moorings.
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90 days (dashed lines in Fig. 10a) are filtered out from

the daily time series using the upper-mentionedGaussian

filter to retain mesoscale anomaly time series, T 0(t) and
V 0(t), having periods between 40 h and 90 days. This

yields the correlation time series of the two parameters

V 0T 0. The mean eddy heat flux Q0 is then obtained by

using (e.g., Nowlin et al. 1985; Phillips and Rintoul 2000):

Q05 r0CpV
0T 05 41:4V0T 0(kWm22) , (9)

where the overbar denotes the record-lengthmean, r0 5
1035 kg m23,Cp ’ 4000 J kg21 8C21 is the specific heat

at constant pressure, and V 0T 0 has been calculated in

units of 8C cm s21. The resulting eddy heat fluxes at

different levels at the three moorings are shown in the

third column of Table 2. Similar procedures are applied

to the 90d-LP coordinate system (Fig. 10b), except for u
in (8), which is instead defined as the time-varying daily

angles of the 90d-LP velocity vectors relative to the

positive x-coordinate. The corresponding eddy heat

fluxes are shown in the fourth column of Table 2. For the

shear coordinate system, the cross-stream velocity time

series Vp(t) is calculated as the velocity component

perpendicular to the daily direction of the vertical cur-

rent shear between adjacent levels (see Fig. 8). This

yields a common time series for adjacent levels, which

is thus assigned to the midway of these levels. The cor-

responding layer-mean temperature time series is ob-

tained by averaging those from the upper and lower

levels, such as T(t)5 [Tu(t)1Tl(t)]/2. The other pro-

cedures for calculating T 0(t) and V 0p(t) are same as those

for the geographical coordinate system (Fig. 10c). The

resulting eddy heat fluxes are given at the midway of

adjacent levels in the fifth column of Table 2.

The statistical significance of time-mean eddy heat

fluxes is tested following the method employed by

Nowlin et al. (1985). Briefly, for testing zero correlation

at a 95% confidence level, the method compares the

zero lag cross correlation between V 0(t) and T 0(t) with
its standard error SE multiplied by 2. The latter is de-

termined by the number of degrees of freedom N*,

such as SE5 1/
ffiffiffiffiffiffiffi
N*
p

, which is in turn determined by the

 
FIG. 10. A typical example at M2, illustrating (top to bottom in

each series) how to get mesoscale eddy time series of temperature

T 0 and cross-stream velocity V 0 to obtain their product T 0V 0 in
three different coordinates: (a) geographic, (b) 90d-LP, (c) shear.

Initial temperature (T) and velocity (V) time series have previously

been low-pass filtered at 40 h, from which the 90-day low-pass-

filtered series (dashed lines superimposed on the T and V curves)

are subtracted to get the bandpass (40 h–90 days) filtered T 0 and
V 0. See the text for details.
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integral time scale t, such as N*5 ttot/t, where ttot is the

total record length. Finally, the integral time scale t is

defined as

t5 �
M

j52M

CVV( jDt)CTT( jDt)Dt , (10)

where CVV and CTT are the autocorrelation functions of

V 0 and T 0, respectively. Nowlin et al. (1985) suggest that

M equals 20% of the number of observations. However,

we have slightly modified the criterion by choosing a

maximum time scale between the former using M 5
20% and that calculated withM coinciding with the first

zero crossing. Although these time scales do not differ

much one from the other in general, this modification is

intended to prevent any too short time scale which can

be accidentally associated with large-amplitude oscilla-

tions of the autocorrelation functions about zero, if any.

Table 2 shows that the geographic and 90d-LPmethods

yield very similar results, while the shear method gives

results quite different from the formers, both for the sign

and magnitude of eddy fluxes. Nevertheless, most eddy

flux estimates are not significantly different from zero at

a 95% confidence level, whatever the method used, and

only 25% of the time series are significant, on average.

Longer time series of total length of about 3 years would

be needed to establish the observed general weak cor-

relations between V 0 and T 0 as being significant. Fur-

thermore, there appear no systematic poleward eddy

fluxes but the positive and negative fluxes are almost

equally distributed, although the negative (or poleward)

fluxes are slightly stronger, in general. We calculated the

depth-averaged eddy fluxes separately for each method,

using a layer thickness-weighted trapezoidal rule, which

yielded negative but very small values ranging from

20.1 to 20.5 kW m22, with the greatest absolute value

from the shear method. Of course, these values are not

significant because we have simply averaged mostly in-

significant individual estimates from different levels.

The main message of this calculation is to show that the

depth-mean eddy fluxes at the SACCF of our Kerguelen

site are not only statistically not significant but also neg-

ligibly small. Our method-averaged, depth-mean pole-

ward eddy flux of 0.3 kW m22 is smaller by a factor of

three than that in the southern Drake Passage and rep-

resents only 0.024 PW if extrapolated over the circum-

polar section (by multiplying 0.08 to take a circumpolar

section of 4 3 20 000 km at 608S into account). The

latter value (0.024 PW) is the smallest eddy flux in the

ACC reported in the literature and accounts for about

6% of the oceanic heat loss to the atmosphere south of

608S, thus is too insignificant for further consideration.

d. Estimates of poleward heat flux by the time-mean
flow

In shear coordinates, the cross-stream velocity com-

ponent Vp is predominantly negative (or poleward),

except for the 1453–1950-db layer at M1 and in several

time ranges in the layers above 1510 db at M2 (Fig. 11).

This means that the time-mean cross-stream velocity is

significant and mostly directed poleward because of the

dominant anticlockwise turning of velocity vectors with

decreasing depth, as already mentioned. As the tem-

perature is always positive in our case, the cross-stream

total temperature flux VpT (not shown) largely mirrors

the fluctuations of Vp itself. The time-mean total heat

flux (41:4VpT (kWm22)), which is practically determined

by the product of mean velocity Vp and mean temper-

ature T, as VpT;Vp T since V 0pT 0 has been shown to

be small in the previous section, is shown in the last

column of Table 2. The statistical significance of the

mean at a 95% confidence level is tested by comparing

with its standard error SE multiplied by 2. The latter is

estimated as SE5 SD/
ffiffiffiffiffiffiffi
N*
p

, where SD is the standard

deviation of VpT about its mean and N* is the effective

degrees of freedom calculated using the autocorrelation

function of VpT, in place of CVV and CTT in (10).

As expected, all but for the near-bottom layer at M1

systematically present poleward mean heat fluxes, with

their magnitude significantly greater than eddy heat

fluxes by as much as two orders of magnitude. These are

also statistically significant in most cases, except for two

layers above 1510 db at M2. A layer thickness–weighted

vertical average is calculated by setting the statisti-

cally not significant flux values as zero, which gives

TABLE 2. Estimates of heat flux (kW m22) on the three moor-

ings. Eddy heat fluxes are estimated in three different coordinates

(geographic, 90d-LP, shear), while heat fluxes due to mean flow are

in shear coordinates. Significant fluxes at a 95% confidence level

are shown boldfaced. For mean heat flux estimates, error bars are

given as 6 the standard error.

Pressure Eddy Heat Flux MeanHeat Flux

(db) Geographic

90d-

LP Shear Shear

M1 281 0.10 0.21
0.24

1.61

20.71

284.8 624.7
2489.0 618.5

164.9 631.4

981 20.23 20.25

1454 20.35 20.39

1950 20.22 20.20

M2 362 22.35 22.38
1.42

23.50

0.32

2248.4 6138.5

2211.4 6178.9

2611.7 612.2

1026 1.03 0.82

1510 0.41 0.38

2311 20.68 20.69

M3 532 20.58 20.65
22.40

2.28

23.72

2368.7 627.1

2141.6 656.9

2260.1 615.9

1228 21.80 21.81

1732 1.52 1.55

2372 1.33 1.31
Depth mean 20.09 20.12 20.52 2218.6 622.8
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a depth-mean poleward heat flux of 219 kW m22, with

a 95% confidence range (62SE) of 173 to 264 kW m22,

a value exceeding by more than one order of magnitude

the highest poleward eddy flux ever observed in the

ACC (Phillips and Rintoul 2000). Of course, we do not

claim that such is a common feature in the ACC. We

believe that our observations are rather atypical, taking

part of some geographically limited situations in which

a strong flow branch of the ACC is topographically

steered through a sill to pass over a prominent sub-

marine ridge, such as the Fawn Trough over the Ker-

guelen Plateau, inducing significant bottom upwelling

and anticlockwise turning of currents with decreasing

depth. Several sites similar to ours within the southern

part of the ACC would contribute significantly to the

required poleward heat flux in the subpolar region south

of 608S. We will come back to this point later in the

discussion section.

e. Vertical velocity

Based on the heat equation combined with the ther-

mal wind Eq. (6), and assuming small mixing, one can

derive a useful equation for calculating the vertical ve-

locity w from the current meter data (e.g., Bryden 1976;

Lindstrom and Watts 1994; Phillips and Rintoul 2000),

such as

w5
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(11)

where u is potential temperature, and ae is the effective

thermal expansion coefficient defined in (5). The time

series of w is calculated at the pressure midway between

FIG. 11. Time series of the cross-stream velocity perpendicular to the thermal wind in shear

coordinates on (top to bottom) the three moorings. Indicated on the right side of each velocity

curve are the pressure range of two current meters from which the thermal wind is calculated

and the record-length mean velocity 6 its standard error.
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adjacent current meters by using averages of data (T, u,

and y) at adjacent current meters and taking constant ae

and ›u/›z values estimated from CTD data at each

corresponding pressure; the vertical derivatives (›u/›z,

›y/›z) are approximated as centered finite differences

using data at adjacent levels; temperature tendencies

(›T/›t) are computed using a second-order-centered fi-

nite difference scheme. The resulting time series at nine

midpoint levels on the three moorings are shown in

Fig. 12. Vertical velocities are highly variable owing to

fluctuations on different time scales; however, there

appears clear evidence of mean upwelling (positive w)

at a number of levels, especially at M3. The strongest

and most systematic upwelling is observed in the

near-bottom layer at M3 (2049 db) and M2 (1910 db),

with a significant time-mean vertical velocity of 2.8 and

1.1 mm s21, respectively. This is followed by another

important mean upwelling of 0.7 mm s21 in the upper

layer at M3 (878 db). Mooring M1 reveals the weakest

vertical motions, with minor upwelling (0.2 mm s21) at

1217 db and downwelling (20.1 mm s21) in the near-

bottom layer (1701 db), although they are significant at

a 95% confidence level. In other layers of the moorings

time-mean vertical velocities are all positive except for

1268 db at M2, although they are not significant.

The vertical velocity is proportional to the two

terms in the numerator of (11): the temperature ten-

dency and the horizontal temperature advection. For

FIG. 12. As in Fig. 11, but for vertical velocity as calculated from (11). Indicated on the right side

of each velocity curve is the mean pressure where the calculation is made.
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the time-mean values, the former term is negligible com-

pared to the latter term, which can be also written in

polar coordinates as (Bryden 1976):

2
r0 f

gae

�
u
›v

›z
2 y

›u
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�
52

r0 f

gae

R2›f

›z
, (12)

where R is the magnitude of the current, and f is the

angle of the current with respect to the east, defined

positive for an anticlockwise turning. As the constant

term, 2r0 f /gae is positive in the Southern Hemisphere

(f , 0), the sign of the mean vertical velocity depends

on that of the turning of the current with depth ›f/›z;

upwelling is associated with anticlockwise turning and

downwelling with clockwise turning with decreasing

depth, as mentioned previously. This theoretical re-

lationship is largely verified by our current meter data.

For example, the strongest upwelling in the near-bottom

layers at M3 andM2 can be compared with the strongest

anticlockwise turning observed there (see Fig. 9), which

is also associated with a significant poleward heat flux by

the time-mean flow (see Table 2).

5. Discussion

We have shown that across the SACCF passing

through the Fawn Trough over the Kerguelen Plateau,

the poleward heat flux due to transient eddies is negli-

gible (0.3 kW m22) while that due to time-mean flow is

abnormally large (219 kW m22) and associated with

strong upwelling and anticlockwise turning with decreas-

ing depth. An important question is what implications

these point observations have for the climate-relevant

circumpolar heat flux, which is discussed below.

a. Circumpolar implications of the observed
poleward heat fluxes due to eddies

It is well established that in the Southern Ocean the

poleward eddy heat flux is closely related to the intensity

of mesoscale eddy activity (e.g., Stammer 1998). As can

be easily recognized from Fig. 1, the mesoscale eddy

activity within the ACC, which is represented by the

satellite altimetry–derived eddy kinetic energy (EKE),

is not spatially homogeneous but shows great regional

contrasts, with its maxima being found north of and

along the northern flank of theACC; EKEdrops sharply

poleward of the PF. The EKE maxima are also found

immediately downstream of major submarine topo-

graphic features, in contrast to the very limited eddy

activity over the features themselves. To place the Fawn

Trough site within the context of the circumpolar EKE

distribution, Fig. 13 shows the mean EKE along the

three major ACC fronts. Here, we used the 9-yr (2002–

10) mean EKE (u02 1 y02)/2, calculated at each altimetric

grid point using the 90d high-pass-filtered velocity

anomalies (u0, y0), before taking the nearest grid point

values to the ACC fronts shown in Fig. 1. [Archiving,

Validation, and Interpretation of Satellite Oceano-

graphic data (AVISO) altimetric velocity data used are

available online at http://www.aviso.oceanobs.com/en/

data/data-access services/ftp.html]. We see that EKE

along the SACCF represents about one-fourth of that

along the SAF in terms of the circumpolar average but

only one tenth when comparing peak values. The Fawn

FIG. 13. Longitudinal distribution of satellite altimetry–derived eddy kinetic energy (EKE)

(see Fig. 1) along the three major ACC fronts. The longitudinal positions of the Fawn Trough

(FT) and Drake Passage (DP) at the SACCF are indicated.
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Trough is among the lowest EKE regions along the

SACCF.

The EKE distribution along the SACCF (Fig. 14a) is

far from symmetric about the circumpolar mean but is

highly skewed toward lower values (Fig. 14b). Accord-

ing to the cumulative frequency distribution of EKE

(Fig. 14c), the southernDrake Passage studied by Nowlin

et al. (1985) can be placed between the median and the

arithmetic mean, while the Fawn Trough site is found

well below the median. This may suggest that our Fawn

Trough observations, when extrapolated around the en-

tire circumpolar circle, will strongly underestimate the

circumpolar poleward eddy heat flux, while the southern

Drake Passage observations are much better represen-

tative of the latter flux. If so, the poleward eddy heat flux

across the entire SACCF might not be much different

from that extrapolated from the southern Drake Pas-

sage observations, which is found to yield only a minor

contribution (18%) to the oceanic heat loss to the at-

mosphere south of 608S as already mentioned in the

introduction. Such a minor eddy contribution as esti-

mated from a few observations is in conflict with much

larger estimates (by a factor of 2 to 3) in stream-following

coordinates from high resolution models (Meijers et al.

2007; Treguier et al. 2007). It is difficult to judge whether

the models overestimate the eddy heat transport, or

whether the circumpolar extrapolation from a few local

eddy estimates lacks realism. Further observations at

different sites along the southern flank of the ACC are

certainly needed for resolving the apparent conflict be-

tween observations and model studies.

b. Circumpolar implications of the observed
poleward heat fluxes due to the time-mean flow

Consistent with Lindstrom et al. (1997) for the North-

ern Hemisphere case, we have shown that there is, in

our Southern Ocean study area, a triple dynamical con-

nection of the poleward heat flux, anticlockwise turning

of currents with decreasing depth (clockwise in the

Northern Hemisphere), and bottom upwelling. Our re-

sults are also consistent with the Southern Hemisphere

ACC study of Phillips and Rintoul (2000) who used,

like Lindstrom et al. (1997), the term veering (backing)

for designating the anticyclonic (cyclonic) rotation with

decreasing depth to illustrate the above triple relation-

ship: upwelling-veering-warm advection or downwelling-

backing-cold advection. Hence, to infer the circumpolar

distribution of the poleward heat flux, we will first ex-

amine that of bottom velocity from the vertically in-

tegrated linearized vorticity balance, which is (Olbers

et al. 2004; Hughes 2005)

bVm 5 J(pb,H)1$3 t , (13)

where b5 ›f /›y is the northward derivative of the

Coriolis parameter, Vm(5
Ð
ry dz) is the depth-integrated

northward mass transport, J represents the Jacobian op-

erator, pb is bottom pressure, H is bottom depth, and t is

surface wind stress. The Jacobian term represents the so-

called bottom pressure torque (BPT), which is equivalent

to the bottom vertical velocity wb (Wells and de Cuevas

1995; Olbers et al. 2004; Hughes 2005), since

J(pb,H)5k � ($pb3$H)5 rfub � $H52rfwb , (14)

where geostrophy (rfub 5k3$pb) and the kinematic

boundary condition (ub � $H52wb) are used. In the

Southern Hemisphere (f , 0), positive (negative) BPT

means bottom upwelling (downwelling) and should be

associated with anticlockwise (clockwise) turning with

decreasing depth, thus poleward (equatorward) heat

flux, as mentioned previously.

Based on the outputs of the Fine ResolutionAntarctic

Model (FRAM), Wells and de Cuevas (1995) ana-

lyzed the depth-integrated vorticity budget in the ACC,

FIG. 14. (a) Longitudinal distribution of satellite altimetry–

derived EKE along the SACCF. (b) Frequency distribution and

(c) the cumulative relative frequency (CRF) distribution of EKE

at the SACCF. The EKE values corresponding to the circumpolar

mean (mean), the median (50%), Drake Passage (DP), and the

Fawn Trough (FT) are indicated.
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separately for its three branches subdivided by different

ranges of the transport streamfunction: northern (10–

70 Sv), central (70–120 Sv), and southern (120–180 Sv)

branches. We are interested here in the budget in the

southern branch that covers the southern flank of the

ACC including the SACCF. Figure 15, which is bor-

rowed from Fig. 7 of Wells and de Cuevas (1995), shows

the area-average vorticity budget in the southern branch

as a function of longitude. Locally, the dominant bal-

ance is between BPT and the b term (Fig. 15a), which

tend to compensate each other, while the wind stress

curl (not shown) is an order of magnitude smaller than

the formers. Globally, or when integrated over the

whole circumpolar longitudes (Fig. 15b), however, the b

term accumulates to zero and the dominant balance is

between the BPT and the wind stress curl that is nega-

tive throughout the ACC. Although there is a tendency

for cancellation of the BPT, hence yielding a reduced

net contribution to the budget, the sense of this net BPT

contribution is positive, counterbalancing the negative

vorticity from the circumpolar wind stress curl. Signifi-

cant positive BPT is confined to several very localized

longitudes such as the Drake Passage–Scotia Sea region

(2808–3208E), the Fawn Trough (808E), the Udintsev

Fracture Zone (2008E), the African-Antarctic Ridge

(108E), and the Southwest Indian Ridge (308E). Among

FIG. 15. (a) Longitudinal distribution of FRAM-derived two locally near-compensating

vorticity terms [bottom pressure torque (BPT) and the b-term] on the southern flank of the

ACC. Localized sites with significant positive BPT are indicated, such as Drake Passage (DP),

the Scotia Sea (SS), the Fawn Trough (FT), the Udintsev Fracture Zone (UFZ), the African-

Antarctic Ridge (AAR), and the Southwest Indian Ridge (SWIR). (b) Accumulation of three

vorticity terms (BPT, b term, wind stress curl) eastward from the Greenwich meridian.

Adapted from Wells and de Cuevas (1995).
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these, the Drake Passage–Scotia Sea region alone ac-

counts for about half of the total positive BPT, while the

Fawn Trough contributes to one sixth of the total. The

total positive BPT is partially compensated by negative

BPT from the rest of circumpolar regions to yield a re-

duced net positive BPT that amounts to about 60% of

the total positive BPT.

If we apply this information from FRAM to our point

observations in the Fawn Trough, we may estimate the

order of magnitude of the circumpolar poleward heat

flux due to the anticlockwise turning of time-mean flow.

With a longitudinal extent of 58 (;300 km at 568S) for
the upslope side upstream of the Fawn Trough sill and

a mean depth of 2500 m, the local poleward heat

transport from the Fawn Trough region using the ob-

served mean flux range of 219 646 kW m22 is 219 000

(646 000) 3 300 000 3 2500 5 0.16 (60.03) PW. As-

suming the proportionality between the positive BPT

and the poleward heat flux, as suggested by both the

theory and observations, and considering the contribu-

tion of the Fawn Trough as much as one-sixth to the

circumpolar total positive BPT, as well as 60% of the

latter assigned to the circumpolar net positive BPT,

the net circumpolar poleward heat transport is esti-

mated as 0.16 (60.03)3 63 0.65 0.58 (60.11) PW. This

range estimate of poleward heat flux (0.47–0.69 PW)

is consistent, albeit somewhat biased toward higher

values, with the oceanic heat loss estimates south of 608S
of 0.2–0.65 PW (Large and Yeager 2009; Mazloff et al.

2010; Cerove�cki et al. 2011; Gordon and Owens 1987;

Hastenrath 1982). Note that air–sea heat fluxes espe-

cially in the Southern Ocean are subject to large un-

certainty, varying greatly among different flux products

(Cerove�cki et al. 2011). For example, the recent flux

product by Large and Yeager (2009) gives an oceanic

heat loss south of 608S of about 0.2 PW, which is sig-

nificantly smaller than the heat loss diagnosed from

the Southern Ocean State Estimate (SOSE) (Cerove�cki

et al. 2011). In fact, we have obtained a heat loss of 0.35 PW

south 608S from the SOSE flux data communicated

by M. Mazloff (2012, personal communication) (avail-

able at http://sose.ucsd.edu/sose_stateestimation_data_

08.html). Nevertheless, our new method for estimating

the poleward heat flux due to mean flow makes sense

and appears to be useful, yielding a reasonable magni-

tude of the circumpolar poleward heat flux. Albeit en-

couraging, these results need further observations to

be confirmed, especially at some anticipated ‘‘choke

points’’ such as the Udintsev Fracture Zone and the

Shackleton Fracture Zone upstream of Drake Passage.

For this purpose, a French–Korean collaboration on

board the recently-built Korean icebreaker Araon is

under discussion to carry out in a near future similar

measurements across these fracture zones as thosemade

in the Fawn Trough.

Another concern may be whether the results from

the FRAM model are robust compared to more recent

models. Although it is difficult to compare directly with

the FRAM results because of the unavailability of a

streamwise integration of circumpolar vorticity balance,

the Ocean Circulation and Climate AdvancedModeling

(OCCAM) model, a more recent global model with

higher resolutions and more realistic bathymetry than

FRAM, shows a spatial distribution of BPT in the

Southern Ocean similar to that of FRAM, with signifi-

cant positive BPT being systematically observed over

major topographic features (Hughes and de Cuevas

2001). This suggests that the relative contribution of

positive BPT in the Fawn Trough region to the cir-

cumpolar net positive BPT, a key dynamical argument

supporting the circumpolar extrapolation of our point

observations of poleward heat flux by mean flow, would

not bemuch different between the FRAMandOCCAM

models, although a more quantitative comparison re-

mains to be carried out.

Finally, it is worth emphasizing that our results do not

support the paradigm of the dominant eddy heat flux

across the ACC as suggested by de Szoeke and Levine

(1981) who argued that there is no significant cross-

stream poleward heat flux by mean geostrophic flow.

The main difficulty with the argument of these authors

resides in the fact that their geostrophic velocities are

calculated relative to a deep reference level where bot-

tom currents are assumed to be zero, while it is the in-

teraction of nonzero bottom current with sloping

topography that generates upwelling and anticlockwise

turning with decreasing depth. This is equivalent to as-

suming the equivalent barotropic structure of horizontal

velocity even over a topographically constricted deep

passage, which is not verified by the present study.
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Park, Y.-H., and L. Gambéroni, 1995: Large-scale circulation and

its variability in the south Indian Ocean from TOPEX/

Poseidon altimetry. J. Geophys. Res., 100, 24 911–24 929.

——,——, and E. Charriaud, 1993: Frontal structure, water masses

and circulation in the Crozet Basin. J. Geophys. Res., 98,
12 361–12 385.

——, E. Charriaud, and M. Fieux, 1998: Thermohaline structure

of the Antarctic Surface Water/Winter Water in the Indian

sector of the Southern Ocean. J. Mar. Syst., 17, 5–23.

——, F. Roquet, I. Durand, and J. L. Fuda, 2008: Large scale

circulation over and around the Northern Kerguelen Pla-

teau. Deep-Sea Res. II, 55, 566–581, doi:10.1016/j.dsr2.2007.
12.030.

——, F. Vivier, F. Roquet, and E. Kestenare, 2009: Direct obser-

vation of the ACC transport across the Kerguelen Plateau.

Geophys. Res. Lett., 36, L18603, doi:10.1029/2009GL039617.

Peixoto, J. P., and A. H. Oort, 1992: Physics of Climate. American

Institute of Physics, 520 pp.

Phillips, H. E., and S. R. Rintoul, 2000: Eddy variability and en-

ergetics from direct current measurements in the Antarctic

Circumpolar Current south of Australia. J. Phys. Oceanogr.,

30, 3050–3076.

Rintoul, S. R., C. W. Hughes, and D. Olbers, 2001: The Antarctic

Circumpolar Current system. Ocean Circulation and Climate,

G. Siedler, J. Church, and J.Gould, Eds., Academic Press, 271–

302.

Roquet, F., Y.-H. Park, C. Guinet, F. Bailleul, and J. B. Charrassin,

2009: Observations of the Fawn Trough Current over the

Kerguelen Plateau using the data from instrumented elephant

seals. J. Mar. Syst., 78, 377–393.
Stammer, D., 1998: On eddy characteristics, eddy transport, and

mean flow properties. J. Phys. Oceanogr., 28, 727–739.

Sun, C., and D. R. Watts, 2002: Heat flux carried by the Antarctic

Circumpolar Current mean flow. J. Geophys. Res., 107, 3119,
doi:10.1029/2001JC001187.

Treguier, A.M.,M. England, S. R. Rintoul, G.Madec, J. Le Sommer,

and J.-M. Molines, 2007: Southern Ocean overturning across

streamlines in an edding simulation of theAntarctic Circumpolar

Current. Ocean Sci. Discuss, 4, 653–698.

Vivier, F., and C. Provost, 1999: Direct velocity measurements

in the Malvinas Current. J. Geophys. Res., 104, 21 083–

21 103.

Volkov, D. L., L.-L. Fu, and T. Lee, 2010: Mechanisms of the

meridional heat transport in the SouthernOcean.OceanDyn.,

60, 791–801.
Walkden, G. J., K. J. Heywood, and D. P. Stevens, 2008: Eddy heat

fluxes from direct current measurements of the Antarctic

Polar Front in Shag Rocks Passage. Geophys. Res. Lett., 35,

L06602, doi:10.1029/2007GL032767.

Wells, N. C., and B. A. de Cuevas, 1995: Depth-integrated vorticity

budget of the Southern Ocean from a general circulation

model. J. Phys. Oceanogr., 25, 2569–2582.

MARCH 2013 S EKMA ET AL . 601


