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Mean positions of major ACC fronts (black) on mean 
dynamic topography (color) of the Southern Ocean. 
(Orsi et al., 1995; Maximenko and Niiler, 2005)

• Circumpolar (but not 
strictly zonal)

• Transport range: 
95 - 184 Sv

• Comprises multiple deep-
reaching fronts 

• Barrier to meridional flow

• Energetic mesoscale field 
acts as “blender”

Zonal Circulation - Antarctic Circumpolar Current 
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The ACC Meridional Overturning Circulation 

�residual = � + ��
Marshall and Radko, 2003

•MOC is a residual between 2 opposing circulations, Eulerian mean 
(wind+buoyancy driven)  & eddy-mean.



The ACC Meridional Overturning Circulation 

�residual = � + ��
Marshall and Radko, 2003

•MOC is a residual between 2 opposing circulations, Eulerian mean 
(wind+buoyancy driven)  & eddy-mean.

Maximenko & Niiler, 2005

• Forced by persistent westerly 
winds

• Important part of  meridional 
overturning circulation.

Speer et al., 2000
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FIG. 8. Schematic two-cell meridional overturning circulation in the Southern Ocean. An upper cell is primarily
formed by northward Ekman transport and southward eddy transport in the UCDW layer. A lower cell is primarily
driven by dense water formation near the Antarctic continent.

mass transports are shown to be consistent with an
UCDW cell (Fig. 8).
A strong southward transport of NADW occurs as

well, but the flow can be geostrophic because deep ridg-
es cross the circumpolar zone; this water mass is pri-
marily returned northward as dense bottom water. The
amplitude of the deep NADW and bottom water cell is
determined by buoyancy loss at high density (not re-
solved here) and by entrainment, and can be to some
extent independently large compared to the upper cell.
While southward eddy mass transport in the UCDW

layers solves the paradox of upwelling in layers open
across Drake Passage, the true strength and vertical dis-
tribution of the flow is not well determined. The spatial
distribution of Lagrangian displacement, for instance in
fronts or downstream of topography may give some
hints about the mechanism of southward transport in
each layer.
The contribution of each ocean to the meridional cir-

culation within the circumpolar current also remains un-
clear. The concept of a more uniformly circumpolar
tranverse circulation was proposed by Sverdrup (1933),
and Wyrtki’s (1960) model was a simple dynamical
framework for such a circulation. But the degree of
uniformity very likely differs from layer to layer. South-
ward deep flow at latitudes bounded by continents from
all three oceans has been described in regional studies
(Warren 1973; Toole and Warren 1993; Saunders and
King 1995) and global studies (Macdonald 1993; Sloyan
and Rintoul 2000). Such studies do not, however, nec-
essarily determine meridional transfers farther south,
across the Polar Front, for instance.
The total southward flow can be large. Sloyan and

Rintoul (2000) estimated a zonally integrated total
southward geostrophic transport of about 50 Sv. This

inflow has to compensate not only the 20–25 Sv of
buoyant transformation or Ekman transport found here,
but also the deep water that has been entrained and
exported in bottom water. If the bottom water exported
is roughly double the net formation of very dense water
on the continental shelf, say 5–10 Sv (Orsi et al. 1999),
then the total (30–45 Sv) is not far from the amount
required. The contraints on circulation provided by the
analysis presented here also suggest a rather circuitous
return route for the NADW. After leaving the Atlantic
Ocean, and filling deep layers in the Indian and Pacific
Oceans, it outcrops close to the Antarctic continent,
where cooling and brine rejection convert some of it to
bottom water—the lower branch of the meridional cell.
Only after being converted to UCDW by mixing in ba-
sins farther north is the water able to move south across
the ACC at lower densities, outcrop, and be blown north
and converted to still lower densities, finally reentering
the Atlantic as intermediate water, mode water, and other
shallow components. The buoyant transformation in the
Southern Ocean provides for the ultimate closure of the
thermohaline return flow in a diabatic Deacon cell.
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•Observed tracer distribution results from the residual circulation.

•Earliest evidence of MOC comes from tracer distributions, e.g. 
Merz (1925),  Sverdrup (1933) and Deacon (1937) 



Southern Ocean MOC from observed 
tracers, air-sea fluxes and currents 

picture—is not a simple closed loop. Surface, ther-
mocline, and intermediate-density water enters the
North Atlantic and is ultimately transformed into
North Atlantic Deep Water before reentering the
Southern Ocean. Above the crest of the Mid-Atlantic
Ridge (gray line in Fig. 3, middle) this water experi-

ences no significant diapycnal transformation. Beneath
the NADW, 5.6 ! 3.0 Sv of Antarctic Bottom Water
enters the Atlantic at 32°S and is ultimately trans-
formed to NADW by diapycnal mixing at tropical and
subtropical latitudes. The southward NADW export
across 32°S is 17.9 ! 3.1 Sv in the density range 27.29–

FIG. 3. Overturning circulation of the (top) Southern, (middle) Atlantic, and (bottom) Indo–Pacific Oceans in
model-layer (density) coordinates. Dashed line in the Southern Ocean divides the upper and lower global over-
turning cells. Note that this dividing line outcrops (crosses the white line) roughly in the latitude range of Drake
Passage. Gray lines indicate the crest of the Mid-Atlantic Ridge and major bathymetric features of the Pacific
(dark) and Indian (light) Ocean basins and the Scotia Ridge of the Southern Ocean.
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Southern Ocean MOC from observed 
tracers, air-sea fluxes and currents 

(Talley, 2013)
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and later discussion). 
Quantitative transports that are the 

basis of these schematics are described 
in Quantifying Transports and Fluxes 
below, and are consistent with other 
quantitative analyses of the GOC. !e 
separate roles of the IDW/PDW and 
NADW are described above, and are the 
basis for the hypothesis at the heart of 
these schematics, that the IDW/PDW 
outcrops north of the NADW in the 
Southern Ocean, and a portion of its 
transport is the dominant source of the 
northward "ow of surface waters into 
the Southern Hemisphere thermocline, 
rather than the NADW.

Like all schematics, this set has its 
particular oversimpli#cations. Perhaps 
most importantly, the shallow overturn-
ing cells in the tropics and subtropics 
are omitted; they transport much of the 
poleward heat out of the tropics and 
redistribute much of the freshwater 
(e.g., Talley, 2003, 2008). A second 
oversimpli#cation is that no schematic 
adequately represents the mixing that 
blurs the distinctions between juxta-
posed water masses as they move along 
together and in fact circulate in the same 

Figure 5. Schematic of the overturning circula-
tion in a two-dimensional view, with important 
physical processes listed, revised from Talley et al. 
(2011). Colors as in Figures 1 and 4. (a) Most 
complete version, including North Atlantic Deep 
Water (NADW) and Antarctic Bottom Water 
(AABW) cells, and upwelling in the Southern, 
Indian, and Pacific Oceans. (b) Incomplete single 
cell schematic, corresponding to the Gordon 
(1986a,b) and Broecker (1991) “conveyor belt,” 
which (intentionally) was associated with the 
global NADW circulation, excluding AABW, but 
thereby incorrectly excluded Southern Ocean 
upwelling of NADW. (c) Incomplete two-cell 
schematic, emphasizing the NADW and AABW 
cells, closely resembling the globally zonally 
averaged streamfunction. 

2D schematic of the 
globally averaged 
streamfunction

picture—is not a simple closed loop. Surface, ther-
mocline, and intermediate-density water enters the
North Atlantic and is ultimately transformed into
North Atlantic Deep Water before reentering the
Southern Ocean. Above the crest of the Mid-Atlantic
Ridge (gray line in Fig. 3, middle) this water experi-

ences no significant diapycnal transformation. Beneath
the NADW, 5.6 ! 3.0 Sv of Antarctic Bottom Water
enters the Atlantic at 32°S and is ultimately trans-
formed to NADW by diapycnal mixing at tropical and
subtropical latitudes. The southward NADW export
across 32°S is 17.9 ! 3.1 Sv in the density range 27.29–

FIG. 3. Overturning circulation of the (top) Southern, (middle) Atlantic, and (bottom) Indo–Pacific Oceans in
model-layer (density) coordinates. Dashed line in the Southern Ocean divides the upper and lower global over-
turning cells. Note that this dividing line outcrops (crosses the white line) roughly in the latitude range of Drake
Passage. Gray lines indicate the crest of the Mid-Atlantic Ridge and major bathymetric features of the Pacific
(dark) and Indian (light) Ocean basins and the Scotia Ridge of the Southern Ocean.
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reaches the sea surface only south of the 
ACC, based on salinity and oxygen sec-
tions (examples in Figures 2 and 3), and 
oxygen mapped on the NADW isoneu-
tral surface (Orsi and Whitworth, 2004). 
"at is, it reaches the surface in the 
Weddell Sea and western Ross Sea where 
new water is being produced at this 
density, and otherwise only very close to 
the Antarctic coast where it lies beneath 
weak or easterly winds. Within the ACC, 
the NADW lies beneath the IDW and 
PDW, described next.

Indian and Paci#c Deep Waters also 
upwell to the sea surface in the Southern 
Ocean. "eir core is identi#ed by low 
oxygen (Figure 3). "ey are less dense 
and lie above the NADW. "e core 
isoneutral surface marking this low 
oxygen IDW/PDW is γN = 27.8 kg m–3. 
Orsi and Whitworth (2004) chose 
γN = 27.84 kg m–3 to characterize this 
water mass. "e IDW/PDW isoneutral 
surface outcrops within the ACC, mostly 
south of the Polar Front. "erefore, 
the surface waters originating as out-
cropped IDW/PDW are accessible to 

Figure 2. Salinity for the (a) Atlantic (20°–25°W), (b) Indian 
(80°–95°E), and (c) Pacific (165°–170°W) Oceans. "e 
180 µmol kg–1 oxygen contour (heavy yellow) illustrates the 
oxygen minimum in the Southern Ocean, which originates in 
the Indian and Pacific Oceans (Indian Deep Water and Pacific 
Deep Water) and lies above the salinity maximum that origi-
nates in the North Atlantic (North Atlantic Deep Water). 
Isoneutral contours γN = 27.8 and 28.04 kg m–3 (heavy dark 
red) represent the cores of the low oxygen Indian Deep 
Water/Pacific Deep Water and high-salinity North Atlantic 
Deep Water components, respectively. Section locations 
are indicated on inset maps. "e heavy purple line segment 
on the latitude axes marks the Drake Passage latitude band 
(61°–57°S). For further information on these sections, includ-
ing other measured properties and data sets, see the World 
Ocean Circulation Experiment atlases (Orsi and Whitworth, 
2004; Talley, 2007, 2011; Koltermann et al., 2011).
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reaches the sea surface only south of the 
ACC, based on salinity and oxygen sec-
tions (examples in Figures 2 and 3), and 
oxygen mapped on the NADW isoneu-
tral surface (Orsi and Whitworth, 2004). 
"at is, it reaches the surface in the 
Weddell Sea and western Ross Sea where 
new water is being produced at this 
density, and otherwise only very close to 
the Antarctic coast where it lies beneath 
weak or easterly winds. Within the ACC, 
the NADW lies beneath the IDW and 
PDW, described next.

Indian and Paci#c Deep Waters also 
upwell to the sea surface in the Southern 
Ocean. "eir core is identi#ed by low 
oxygen (Figure 3). "ey are less dense 
and lie above the NADW. "e core 
isoneutral surface marking this low 
oxygen IDW/PDW is γN = 27.8 kg m–3. 
Orsi and Whitworth (2004) chose 
γN = 27.84 kg m–3 to characterize this 
water mass. "e IDW/PDW isoneutral 
surface outcrops within the ACC, mostly 
south of the Polar Front. "erefore, 
the surface waters originating as out-
cropped IDW/PDW are accessible to 

Figure 2. Salinity for the (a) Atlantic (20°–25°W), (b) Indian 
(80°–95°E), and (c) Pacific (165°–170°W) Oceans. "e 
180 µmol kg–1 oxygen contour (heavy yellow) illustrates the 
oxygen minimum in the Southern Ocean, which originates in 
the Indian and Pacific Oceans (Indian Deep Water and Pacific 
Deep Water) and lies above the salinity maximum that origi-
nates in the North Atlantic (North Atlantic Deep Water). 
Isoneutral contours γN = 27.8 and 28.04 kg m–3 (heavy dark 
red) represent the cores of the low oxygen Indian Deep 
Water/Pacific Deep Water and high-salinity North Atlantic 
Deep Water components, respectively. Section locations 
are indicated on inset maps. "e heavy purple line segment 
on the latitude axes marks the Drake Passage latitude band 
(61°–57°S). For further information on these sections, includ-
ing other measured properties and data sets, see the World 
Ocean Circulation Experiment atlases (Orsi and Whitworth, 
2004; Talley, 2007, 2011; Koltermann et al., 2011).

Oceanography |  Vol.  26, No. 184

!70 !60 !50 !40 !30 !20 !10 0 10 20 30 40 50 60

34. 3

34. 4

34. 5

34. 5

34. 6

34. 6

34.65

34.65

34. 7

34. 7

34.7

7

34. 34.7

34.74

34.75

34.75

34.78

34. 8

34. 8

34. 8

34.85

34.85

34.85

34. 9

34. 9

34. 9

34.95

34.95

34.95

34.95

36

35

35

35. 1

35. 2

35. 3

35. 4

35. 4
35. 5

35. 8

0

500

1000

1500

2000

2500

3000

3500

4000

4500

5000

5500

6000
!60 !50 !40 !30 !20 !10 0 10

34. 6

34.65
34. 7

34.71

34.72

34.72

34.72

34.73

34.73 34.74

34.74

34.74

34.75

34.75
34.76

34. 78
34.8 8

35.

34.72

0

500

1000

1500

2000

2500

3000

3500

4000

4500

5000

5500

6000
!70 !60 !50 !40 !30 !20 !10 0 10 20 30 40 50

34. 2
34. 3

34. 3
34. 4

34. 4
34. 4

34. 5

34. 5 34. 5

34. 6

34. 6

34.6

34.65
34.65

34. 7

34. 7

34. 7
34. 7

34. 7

34.71

34.72

34.71

34.71

34.71

34.72

34.72

34.73

34.73

34.74

35. 8

O2 < 180

O2 < 180

���� �������� � ���� !�� ��� ��� ��� � � 
  �� � �  �

���� �������� � ��������� ��� ��� ��� � �  � � 
  �

�� �� �������� � � ������� ��� ��� ��� � �  �� 
  �

O2 < 180

�


 � �

� � � �

� 
 � �

� � � �

� 
 � �

� � � �

� 
 � �

	 � � �

	 
 � �


 � � �


 
 � �

� � � �

reaches the sea surface only south of the 
ACC, based on salinity and oxygen sec-
tions (examples in Figures 2 and 3), and 
oxygen mapped on the NADW isoneu-
tral surface (Orsi and Whitworth, 2004). 
"at is, it reaches the surface in the 
Weddell Sea and western Ross Sea where 
new water is being produced at this 
density, and otherwise only very close to 
the Antarctic coast where it lies beneath 
weak or easterly winds. Within the ACC, 
the NADW lies beneath the IDW and 
PDW, described next.

Indian and Paci#c Deep Waters also 
upwell to the sea surface in the Southern 
Ocean. "eir core is identi#ed by low 
oxygen (Figure 3). "ey are less dense 
and lie above the NADW. "e core 
isoneutral surface marking this low 
oxygen IDW/PDW is γN = 27.8 kg m–3. 
Orsi and Whitworth (2004) chose 
γN = 27.84 kg m–3 to characterize this 
water mass. "e IDW/PDW isoneutral 
surface outcrops within the ACC, mostly 
south of the Polar Front. "erefore, 
the surface waters originating as out-
cropped IDW/PDW are accessible to 

Figure 2. Salinity for the (a) Atlantic (20°–25°W), (b) Indian 
(80°–95°E), and (c) Pacific (165°–170°W) Oceans. "e 
180 µmol kg–1 oxygen contour (heavy yellow) illustrates the 
oxygen minimum in the Southern Ocean, which originates in 
the Indian and Pacific Oceans (Indian Deep Water and Pacific 
Deep Water) and lies above the salinity maximum that origi-
nates in the North Atlantic (North Atlantic Deep Water). 
Isoneutral contours γN = 27.8 and 28.04 kg m–3 (heavy dark 
red) represent the cores of the low oxygen Indian Deep 
Water/Pacific Deep Water and high-salinity North Atlantic 
Deep Water components, respectively. Section locations 
are indicated on inset maps. "e heavy purple line segment 
on the latitude axes marks the Drake Passage latitude band 
(61°–57°S). For further information on these sections, includ-
ing other measured properties and data sets, see the World 
Ocean Circulation Experiment atlases (Orsi and Whitworth, 
2004; Talley, 2007, 2011; Koltermann et al., 2011).
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and later discussion). 
Quantitative transports that are the 

basis of these schematics are described 
in Quantifying Transports and Fluxes 
below, and are consistent with other 
quantitative analyses of the GOC. !e 
separate roles of the IDW/PDW and 
NADW are described above, and are the 
basis for the hypothesis at the heart of 
these schematics, that the IDW/PDW 
outcrops north of the NADW in the 
Southern Ocean, and a portion of its 
transport is the dominant source of the 
northward "ow of surface waters into 
the Southern Hemisphere thermocline, 
rather than the NADW.

Like all schematics, this set has its 
particular oversimpli#cations. Perhaps 
most importantly, the shallow overturn-
ing cells in the tropics and subtropics 
are omitted; they transport much of the 
poleward heat out of the tropics and 
redistribute much of the freshwater 
(e.g., Talley, 2003, 2008). A second 
oversimpli#cation is that no schematic 
adequately represents the mixing that 
blurs the distinctions between juxta-
posed water masses as they move along 
together and in fact circulate in the same 

Figure 5. Schematic of the overturning circula-
tion in a two-dimensional view, with important 
physical processes listed, revised from Talley et al. 
(2011). Colors as in Figures 1 and 4. (a) Most 
complete version, including North Atlantic Deep 
Water (NADW) and Antarctic Bottom Water 
(AABW) cells, and upwelling in the Southern, 
Indian, and Pacific Oceans. (b) Incomplete single 
cell schematic, corresponding to the Gordon 
(1986a,b) and Broecker (1991) “conveyor belt,” 
which (intentionally) was associated with the 
global NADW circulation, excluding AABW, but 
thereby incorrectly excluded Southern Ocean 
upwelling of NADW. (c) Incomplete two-cell 
schematic, emphasizing the NADW and AABW 
cells, closely resembling the globally zonally 
averaged streamfunction. 

Oceanography  |  March 2013 87

NADW
formation
(convection)

AABW
formation
(cooling & 
brine rejection)

UCDW

LCDW

An
ta

rc
tic

a

NADW

AABW

PDW/IDW

SAMW, AAIW

NADW to Indian

(a) Southern Ocean and low latitude 
Indian/Paci!c upwelling

Subtropical/tropical upper ocean waters

NADW
formation
(convection)

An
ta

rc
tic

a

NADW

AABW

(c) Southern Ocean upwelling
(missing low latitude upwelling)

SAMW, AAIW
LCDW

adiabatic upwelling

Paci!c-Indian
diapycnal upwelling
& di"usion

PDW/IDW
formation
(diapycnal di"usion)

adiabatic upwelling

Paci!c-Indian
diapycnal upwelling
& di"usion

Southern Ocean 
wind-driven (adiabatic) 

upwelling & 
surface buoyancy #ux 

AABW
formation
(cooling & 
brine rejection)

Surface warming

Surface warming

adiabatic upwelling

NADW
formation
(convection)

ITF

(b) Low latitude Indian/Paci!c upwelling
(missing Southern Ocean)

ITF

PDW/IDW

Subtropical/tropical upper ocean waters

Subtropical/tropical upper ocean waters
Southern Ocean 

wind-driven (adiabatic) 
upwelling & 

surface buoyancy #ux 

and later discussion). 
Quantitative transports that are the 

basis of these schematics are described 
in Quantifying Transports and Fluxes 
below, and are consistent with other 
quantitative analyses of the GOC. !e 
separate roles of the IDW/PDW and 
NADW are described above, and are the 
basis for the hypothesis at the heart of 
these schematics, that the IDW/PDW 
outcrops north of the NADW in the 
Southern Ocean, and a portion of its 
transport is the dominant source of the 
northward "ow of surface waters into 
the Southern Hemisphere thermocline, 
rather than the NADW.

Like all schematics, this set has its 
particular oversimpli#cations. Perhaps 
most importantly, the shallow overturn-
ing cells in the tropics and subtropics 
are omitted; they transport much of the 
poleward heat out of the tropics and 
redistribute much of the freshwater 
(e.g., Talley, 2003, 2008). A second 
oversimpli#cation is that no schematic 
adequately represents the mixing that 
blurs the distinctions between juxta-
posed water masses as they move along 
together and in fact circulate in the same 

Figure 5. Schematic of the overturning circula-
tion in a two-dimensional view, with important 
physical processes listed, revised from Talley et al. 
(2011). Colors as in Figures 1 and 4. (a) Most 
complete version, including North Atlantic Deep 
Water (NADW) and Antarctic Bottom Water 
(AABW) cells, and upwelling in the Southern, 
Indian, and Pacific Oceans. (b) Incomplete single 
cell schematic, corresponding to the Gordon 
(1986a,b) and Broecker (1991) “conveyor belt,” 
which (intentionally) was associated with the 
global NADW circulation, excluding AABW, but 
thereby incorrectly excluded Southern Ocean 
upwelling of NADW. (c) Incomplete two-cell 
schematic, emphasizing the NADW and AABW 
cells, closely resembling the globally zonally 
averaged streamfunction. 

2D schematic accounting 
for differences in Deep 

Water formation/
pathways 

2D schematic of the 
globally averaged 
streamfunction



s =
�

�f�

7

Is the Southern Ocean MOC changing?ARTICLES

Mean latitude (°S)

De
pt

h 
(m

)

De
pt

h 
(m

)

26.827

27

27.2

27.2

27.4

27.4

27.4

27.6

27.6

27.6

27.75

27.75

27

27.8

26.8

27

27

27.2

27.2

27.4

27.4

27.4

27.6

27.6

27.6

27.75

27.75
27.8

PF SAF

60 55 50 45 40 35

T trend on isobaric sufaces (°C per decade)

–0.20

–0.15

–0.10

–0.05

0

0.05

0.10

0.15

0.20
27

27

27.2

27.2

27.4

27.4

27.4

27.6

27.6

27.6

27.75

27.8

26.8

S trend on isobaric sufaces (p.s.u. per decade)

Mean latitude (°S)

T 
tre

nd
 (°

C 
pe

r d
ec

ad
e)

60 55 50 45 40 35

300–500 m
800–1,000 m

Mean latitude (°S)

S 
tre

nd
 (p

.s
.u

. p
er

 d
ec

ad
e)

200

400

600

800

1,000

1,200

1,400

1,600

1,800

–0.04
–0.02

0
0.02
0.04
0.06
0.08
0.10
0.12
0.14
0.16
0.18
0.20

200

400

600

800

1,000

1,200

1,400

1,600

1,800

Mean latitude (°S)
60 55 50 45 40 35

–0.020

–0.015

–0.010

–0.005

0

0.005

0.010

0.015

0.020

–0.030

–0.025

–0.020

–0.015

–0.010

–0.005

0

0.005

0.010

60 55 50 45 40 35

a b

c d

Figure 4 Temperature and salinity changes across the ACC. a,b, Mean decadal trends as in Fig. 3, but averaged on isobaric surfaces, of potential temperature (a) and
salinity (b). Black contours in a illustrate the migration of isopycnal surfaces during the past four decades: continuous (dashed) curves represent potential densities obtained
by subtracting (adding) the linear trends over two decades from (to) the climatological values of CARS. Black contours in b denote the mean climatological isopycnal surfaces
given by CARS. c, The latitudinal distribution of the T trend (in �C per decade) for two depth ranges; d, the distribution of the S trend (per decade), alternatively calculated for
the period since 1960 (black), and since 1980 (red). Error bars represent 95%-confidence intervals.

past 40 years; this is equivalent to southward displacements
of about 50–80 km, consistent with previous inferences from
individual sections26,31. However, this shift was not accompanied
by a systematic increase in the tilt of isopycnals, or equivalently
in the meridional density gradient across the ACC: although
there was a slight steepening of isopycnals below 500 m reflecting
the mid-depth warming/freshening maxima near the SAF, a
reverse tendency occurred in near-surface layers owing to the
concentration of warming/freshening in the southern portion of
the ACC (Supplementary Information, Fig. S2).

Owing to the nature of geostrophic flow, the density contrast
across the current is closely linked to the overall transport15. A
direct measure of the baroclinic ACC transport is provided by the
gradient of the potential-energy anomaly (PEA (refs 16,41,42)).
The north–south diVerence in mean PEA (Fig. 5a) corresponds to a
baroclinic transport above 1,900 m of 81 Sv (about two-thirds of the
total ACC transport), with a concentration between the dynamic-
height contours of 1.2 and 1.8 m, equivalent to mean latitudes of
53� and 45� S, respectively; the two transport maxima are indicative
of the ACC branches associated with the PF and SAF. The change in
PEA (Fig. 5b) is characterized by a rather uniform increase over the
bulk of the ACC, north of ⇠57� S. The increase in the PEA gradient
south of 57� S corresponds to an increase of ⇠2 Sv of eastward
transport; however, because a relatively large fraction of the density

trends near 60� S is due to the changes in salinity, estimates of
meridional density gradients in this southern portion become less
robust than further north.

IMPLICATIONS FOR ACC DYNAMICS

Studies on the basis of coarse-resolution ocean models suggest
that the enhanced equatorward Ekman transport associated with
a poleward shift and intensification of the Southern Hemisphere
westerlies (a positive trend in the Southern Annular Mode index)
results in an increased circulation in the subpolar meridional
overturning cell16,17, implying an increased upwelling of deep
water rich in dissolved inorganic carbon south of the circumpolar
flow10–12,43,44. A reduction in the Southern Ocean CO2 uptake
relative to expectations from atmospheric CO2 levels was inferred
from an inversion of atmospheric observations45–48 and attributed
to an increase in outgassing of natural carbon dioxide as a result of
this mechanism.

However, none of the ocean models used to study the response
of the ACC and Southern Ocean carbon sink to changes in wind
forcing resolve eddies. Observations suggest that stronger westerly
winds induce, with a lag of 2–3 years, an increase in eddy activity25.
High-resolution models that do resolve eddies capture this eVect
and suggest that the associated eddy fluxes could compensate the
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Figure 4 Temperature and salinity changes across the ACC. a,b, Mean decadal trends as in Fig. 3, but averaged on isobaric surfaces, of potential temperature (a) and
salinity (b). Black contours in a illustrate the migration of isopycnal surfaces during the past four decades: continuous (dashed) curves represent potential densities obtained
by subtracting (adding) the linear trends over two decades from (to) the climatological values of CARS. Black contours in b denote the mean climatological isopycnal surfaces
given by CARS. c, The latitudinal distribution of the T trend (in �C per decade) for two depth ranges; d, the distribution of the S trend (per decade), alternatively calculated for
the period since 1960 (black), and since 1980 (red). Error bars represent 95%-confidence intervals.

past 40 years; this is equivalent to southward displacements
of about 50–80 km, consistent with previous inferences from
individual sections26,31. However, this shift was not accompanied
by a systematic increase in the tilt of isopycnals, or equivalently
in the meridional density gradient across the ACC: although
there was a slight steepening of isopycnals below 500 m reflecting
the mid-depth warming/freshening maxima near the SAF, a
reverse tendency occurred in near-surface layers owing to the
concentration of warming/freshening in the southern portion of
the ACC (Supplementary Information, Fig. S2).

Owing to the nature of geostrophic flow, the density contrast
across the current is closely linked to the overall transport15. A
direct measure of the baroclinic ACC transport is provided by the
gradient of the potential-energy anomaly (PEA (refs 16,41,42)).
The north–south diVerence in mean PEA (Fig. 5a) corresponds to a
baroclinic transport above 1,900 m of 81 Sv (about two-thirds of the
total ACC transport), with a concentration between the dynamic-
height contours of 1.2 and 1.8 m, equivalent to mean latitudes of
53� and 45� S, respectively; the two transport maxima are indicative
of the ACC branches associated with the PF and SAF. The change in
PEA (Fig. 5b) is characterized by a rather uniform increase over the
bulk of the ACC, north of ⇠57� S. The increase in the PEA gradient
south of 57� S corresponds to an increase of ⇠2 Sv of eastward
transport; however, because a relatively large fraction of the density

trends near 60� S is due to the changes in salinity, estimates of
meridional density gradients in this southern portion become less
robust than further north.

IMPLICATIONS FOR ACC DYNAMICS

Studies on the basis of coarse-resolution ocean models suggest
that the enhanced equatorward Ekman transport associated with
a poleward shift and intensification of the Southern Hemisphere
westerlies (a positive trend in the Southern Annular Mode index)
results in an increased circulation in the subpolar meridional
overturning cell16,17, implying an increased upwelling of deep
water rich in dissolved inorganic carbon south of the circumpolar
flow10–12,43,44. A reduction in the Southern Ocean CO2 uptake
relative to expectations from atmospheric CO2 levels was inferred
from an inversion of atmospheric observations45–48 and attributed
to an increase in outgassing of natural carbon dioxide as a result of
this mechanism.

However, none of the ocean models used to study the response
of the ACC and Southern Ocean carbon sink to changes in wind
forcing resolve eddies. Observations suggest that stronger westerly
winds induce, with a lag of 2–3 years, an increase in eddy activity25.
High-resolution models that do resolve eddies capture this eVect
and suggest that the associated eddy fluxes could compensate the
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as: SAM = P40!S
! " P65!S

! . Here P40!S
! and P65!S

! are the nor-
malized monthly zonal MSLP at 40!S and 65!S, respectively.
We use 1979 to 2010 as the averaging period in the normal-
ization of the reanalyses SAM index. In the updatedMarshall
[2003] data we renormalize to the same period by subtracting
the 1979 to 2010 mean.

2.2. Climate Model Data
[8] We use the surface zonal wind-stress fields for the

20th century simulation of 23 CMIP3 models and for the
historical simulations of 21 CMIP5 models (see Table S1 in
Text S1). Where multiple realizations exist for an individual
model, we use only the first. To enable comparison with
reanalysis data up until present day, the CMIP3 20th century
simulations were extended from 2001 to 2010 using the
SRES A1B simulations. The CMIP5 historical simulations
were extended from 2005 to 2010 using the RCP4.5 simu-
lations. The SRES and RCP scenarios are similar over this
short extension period, and therefore the choice of scenario
will not affect our results.
[9] In considering simulated changes in the winds over

the 1979–2100 period, the available subset of the above
CMIP5 models wind-stress fields was used: 15 models for
RCP2.6, 19 models for RCP4.5, 12 models for RCP6.0, 17
models for RCP8.5. The available subset of CMIP3 models
over the 1979–2100 period: 18 models for SRES A2 and 23
models for SRES A1B. For the comparison of the response
of the jet to CO2 forcing, the available subset for the 1% per
year increase in CO2 experiments to doubling, including 21
CMIP3 models and 17 CMIP5 models was used. The cli-
mate model data were made available through the World
Climate Research Programme’s (WCRP’s) CMIP3 and
CMIP5 multi-model datasets.

2.3. Definitions and Trend Calculations
[10] For all calculations, the climate model and reanalysis

wind-stress data was first interpolated onto a common 0.5-
by-0.5 degree horizontal grid and to a common monthly no-
leap-year calendar in time. For all time-series analyses the
latitudinal position of the SH westerly wind-jet was defined
as a search for the latitude of the maximum in the zonal-
mean zonal surface wind-stress between 70! and 20!S. The
strength of the jet was defined as the stress at this position.
Where indicated we present results for the ensemble mean of
the reanalyses, CMIP3 and CMIP5 models. In these cases,
we have determined the latitudinal position and maximum
strength of the SH surface westerly wind-stress in each
reanalysis product and individual model, and then computed
the ensemble mean as the average over the appropriate
number of reanalyses or models. Temporal trends in position
and strength were computed using a linear least squares fit to
the ensemble mean data, which has been monthly, season-
ally or annually averaged. The confidence interval of the
trends are based on the variance of the ensemble mean, and
account for auto-correlation following Santer et al. [2000].

3. Results

3.1. Climatological Position and Strength
[11] Over the historical period from 1979 to 2010 the rea-

nalyses show agreement on the latitudinal position of the
zonal wind-stress maximum, with a zonal-mean position near
52!S (Figure 2a). Both the CMIP3 and CMIP5 models have a
climatological zonal mean position which is statistically
significantly equatorward biased relative to the reanalyses.
The CMIP5 models do however represent an improvement
over the CMIP3 models, with a more accurate position, and a
smaller inter-model spread. When the latitudinal position of
the maximum wind-stress is considered by longitude, it can
be seen that the equatorward position bias in the climate
models occurs at all longitudes. The bias is predominant over
the Pacific Ocean, because the climate model winds fail to
make the sharp southward-turn near 150!E evident in the
reanalyses (Figure 2c).
[12] The climatological zonal-mean strength of the wind-

stress is similar between the reanalyses and climate models,
near 0.19 Pa (Figure 2b). Again, the CMIP5 models show a
far tighter spread with no outliers, in contrast to the CMIP3
models which had a large spread in strength with two out-
liers having low wind-stresses of around 0.13 Pa. Nonethe-
less, the climate models in general exhibit a slightly lower
wind-stress than the reanalyses over the Indian and Pacific
ocean basins (Figure 2d).

3.2. Historical Trends in Position and Strength
[13] Trends are considered for the ensemble mean posi-

tion and strength of the zonal-mean zonal wind-stress for
the four reanalyses, 23 CMIP3 and 21 CMIP5 models over
the period 1979–2010. The reanalyses and CMIP5 models
show no significant trend in annual mean position, while the
CMIP3 models show a trend that is marginally significant
(Figure 3a). The reanalyses, CMIP3 and CMIP5 models all
exhibit their largest trends in the Austral summer (DJF), all
of which indicate a poleward shift in the wind-stress, and
are statistically significant. However, the significant pole-
ward trend in DJF is counteracted in all cases by an

Figure 1. Historical changes (a) in the annual mean South-
ern Annular Mode index, (b) in the SH surface westerlies lat-
itudinal position, and (c) strength, of the zonal-mean zonal
wind-stress. Changes are shown for four reanalysis products,
and in Figure 1a for updated observations from Marshall
[2003].
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• Southern Ocean winds are increasing

• Southern Ocean is warming and freshening

• Isopycnal slope, s, is relatively constant

• For zero overturning, zonal mean theory 
predicts:

isopycnal slope is directly proportional to 
wind stress
inversely proportional to eddy stirring



Wind stress averaged over oceanic regions between 45!S and 65!S calculated from the ERA interim reanaly-
sis [Dee et al., 2011] (Figure 1b, black line) correlates well with the annually averaged SAM (correlation 0.88).
Wind stress increases from 1990 onward at a rate consistent with the long-term trend (not shown) albeit
masked by strong levels of interannual variability. We also show how the ERA-interim wind stress has varied
within each ocean basin (Figure 1c). For this, we divide the Southern Ocean up into the three sectors similar
to those used by MH06 (Indian Ocean: 40!E–150!E, 57!S–44!S; Pacific Ocean: 150!E–288!E, 62!S–48!S; and
Atlantic Ocean: 325!E–10!E, 56!S–46!S). The regional analysis indicates that the long-term trend in South-
ern Ocean wind stress is dominated by changes in the Pacific sector.

2.2. Southern Ocean Eddy Kinetic Energy
Transient eddy kinetic energy is computed as

EKE50:5 "u21v2# (1)

where u is the zonal geostrophic current anomaly and v is the meridional geostrophic current anomaly
from the temporal mean. The geostrophic current components can be estimated directly from high-
resolution multimission altimetry products [e.g., Ducet et al., 2000] and this has become the common data
source to use for computing EKE [e.g., MH06]. Although this is convenient data to use, there is a possibility
of signal attenuation due to the mapping functions used. For this reason, we have also computed the geo-
strophic velocity using the older crossover method [Parke et al., 1987].

The computation of the geostrophic current anomalies directly from crossover data uses less smoothing of
the sea surface height anomaly (SSHA) data. In the Southern Ocean, the crossover density of the TOPEX/

Poseidon, Jason-1, and Jason-2
should sample the eddy field
sufficiently. To compute SSHA
gradients at the crossover
points in order to calculate the
geostrophic current anomalies,
some smoothing is required;
here we use the method of
Bretherton et al. [1976] to opti-
mally interpolate and smooth
the along-track SSHA data to a
regular 7 km spacing. The
covariance function is modeled
as a Gaussian with a roll-off of
98 km and random noise of
2 cm, which was determined
from the autocovariance of all
SSHA data from 1993 to 2012
between 40!S and 65!S. Gra-
dients were computed at each
crossover point for the ascend-
ing and descending directions
using center differences, and
the zonal and meridional geo-
strophic components were
computed following Parke
et al. [1987]. EKE was com-
puted at each crossover point,
and then averaged over the
three sectors used for averag-
ing wind stress in Figure 1c.

We tested whether the sam-
pling of the crossovers could

Figure 1. (a) Southern Annular Mode time series as per Marshall [2003] and Fu et al. [2010].
Annual running mean (black) and linear trend (dashed) from 1972 to present; 4 year running
mean (red). (b) Wind stress averaged over the region 45!S–65!S, showing ERA interim
(black) and long-term trend (thick dashed). (c) Wind stress integrated over three sectors of
the Southern Ocean, with the long-term trend (dashed).
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artifacts due to the incomplete
sampling in regions of seasonal
sea ice cover. Figure 3 shows
the robustness of the resulting
sea level record to different
choices of geographical
regions. The time series we use
averages over all depths and
longitudes.

To calculate the ACC transport
from the sea level record using
the method developed by
Hughes et al. [2014], we assume
that sea level reflects transport
at periods of approximately 5
years and shorter, with a con-
version factor of 23.69 Sv/cm.
At 10 years period, the factor is
about 2.5 times smaller and
may be smaller still at longer

periods again; we have therefore adopted a ‘‘long period’’ factor of 21.11 Sv/cm (see Hughes et al. [2014],
for full details). Thus, from the raw sea level record, h, we extract a long period curve, hf, by fitting sine and
cosine curves of periods 10, 20, and 40 years. We then estimate transport as

T523:69 h2hf! "2 1:11hf :

This transport estimate is plotted as the magenta curve in Figure 4. While the amplitudes of the scaling fac-
tors and their frequency dependence should be considered preliminary, their signs and the sense of their
scaling with frequency are robust (see Hughes et al. [2014], for full details). An assumption is made that the
changes are dominated by ocean dynamics, rather than gravitational changes which may dominate on
even longer time scales.

The ACC transport since 1993 computed using this method does not support the notion of a wind-induced
increase in the ACC over the last two decades; instead there are some indications of a weak decline. Super-
posed on this are significant interannual fluctuations correlated with the annual running mean SAM index
(correlation of 0.65, p< 0.05, at zero lag after subtracting periods 10 years and longer). The clear relationship
between wind and transport at zero lag indicates that, on periods of <10 years, the variability of the ACC is
strongly dependent on wind stress forcing, as per Meredith et al. [2004], but at decadal time scales there is
no evidence that wind stress influences ACC transport.

The long period transport
decline is associated with a rise
in circumpolar sea level which
is attributable to the increased
addition of meltwater from the
Antarctic continent [Rye et al.,
2014]. The decrease in salinity,
and an accompanying
circulation-induced tempera-
ture increase, leads to accumu-
lation of a band of more
buoyant water on the conti-
nental slope and shelf, and
hence a sea level rise. Because
this rise is density related, as
opposed to the barotropic sea

Figure 3. Antarctic sea level time series. The blue band represents the envelope of 12 time
series from different longitude bands (0#E–30#E, 30#E–60#E, etc.), while pink shows the
envelope of 5 time series averaged over all longitudes but binned by depth (0–1 km,
1–2 km, etc.). Annual and semiannual cycles have been removed.

Figure 4. ACC transport estimated from circum-Antarctic sea level is shown by the magenta
line. The thin black lines show the rescaled 1 year running mean SAM index.
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(Hogg et al., 2015)

• Southern Ocean winds are increasing

• EKE is increasing, less in Atlantic

• ACC transport relatively unchanged

distort the calculation using
the AVISO gridded products.
The difference in 1 year EKE
computed from the full grids
and the same data set subsam-
ples only at crossover points,
averaged over each sector
ranged from 2.3 to 3.6 cm2 s22

(one standard deviation),
which amounts to 2% of the
variance of the EKE computed
using the crossover method,
and so is considered
insignificant.

Although the EKE anomalies
computed from the crossovers
and gridded data are highly
correlated in each sector (with
values ranging from 0.7 to 0.8
for 1 year averages), crossover
EKE has significantly higher
variability and mean values.
There is very nearly a linear
scaling between the two, sug-
gesting the grids are attenuat-

ing approximately constant proportions of the signal. The values of the parameter needed to scale the
gridded EKE to match crossover EKE are 1.6 (Atlantic sector), 1.7 (Indian sector), and 1.9 (Pacific sector).

We show the time series of EKE from the crossover analysis averaged over each of the three sectors since
1993 (Figure 2), since there is no evidence of bias due to sampling and there is apparent attenuation using
grids. The results are consistent with MH06: peaks in the 1 year running mean SAM index (black lines) are
lag-correlated with peaks in EKE in the Pacific and Indian Ocean sectors. With a 3 year lag (SAM leading
EKE), the peak correlation for the Pacific is 0.50 (p< 0.05) while for the Indian it is 0.32 (p< 0.1), but the lat-
ter part of the record suggests that shorter lags (!1 year) are more plausible for individual events. There is
no significant correlation between the SAM and Atlantic Ocean EKE, nor is the EKE in the Atlantic correlated
with the Indian or Pacific sectors. There are differences in EKE between the three sectors, which is attributed
by Morrow et al. [2010] to other climate modes of variability, such as the El Ni~no Southern Oscillation.

Figure 2 also shows a new and interesting result: a robust increase in EKE over the last two decades in the
Pacific and Indian sectors at a rate of 14.9 6 4.1 cm2 s22 per decade and 18.3 6 5.1 cm2 s22 per decade,
respectively, for the crossover EKE (uncertainty 90% confidence level). The trend in the Atlantic sector is
smaller and only barely significant at the 90% confidence level: 4.0 6 3.7 cm2 s22 per decade. When con-
verted to percent relative to the mean EKE from 1993 to 2001, the trends are consistent using either cross-
overs or gridded data: 6.0 6 1.6% per decade for the Indian Ocean and 6.4 6 1.8% for the Pacific Ocean.

MH06 did not find a significant trend for EKE from 1993 to 2004, due mainly to the large natural variability
toward the end of the record in 2000–2002, and because they used the attenuated EKE from the gridded
data. Using the crossover EKE would have resulted in a significant trend in the Pacific sector over that time
period. However, it is now a robust feature of the 20 year record, explaining >70% of the variance in the
EKE computed from crossovers.

2.3. ACC Transport
It is now also possible to estimate ACC transport variability since 1993 using a method proposed by Hughes
et al. [2014]. We calculate circumpolar sea level using AVISO gridded sea level data over the Antarctic conti-
nental shelf and slope, as defined in Hughes et al. [2014]. A bias (relative to other time series) and a seasonal
cycle were removed from the time series at each point as part of the averaging process, in order to reduce

Figure 2. Eddy kinetic energy anomaly from crossover analysis for three Southern Ocean
sectors: Indian Ocean (red), Pacific Ocean (blue), and Atlantic Ocean (green). Thin colored
lines show raw data, solid lines show running annual means, while the dashed line shows
the satellite altimetry era trend. The thin black lines show the rescaled 1 year running mean
SAM index.
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Eddy saturation: increased eddy intensity 
and a saturation of ACC transport
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FIG. 1. Schematic of the response of the two components of
the upper cell of the Southern Ocean overturning circulation to
changing wind forcing (here shown for a positive increase in
eastward wind stress). Directly wind-driven changes in over-
turning occur in the surface Ekman layer and below the layer
of shallowest topography (the region of circumpolar flow un-
blocked by topography is bounded by the dashed line). An in-
crease in the eddy-induced overturning circulation has the op-
posite sign, but with a different vertical structure, including a
component in the region of flow unblocked by topography. Note
that elements of the upper cell of the overturning circulation un-
related to changes in wind forcing are omitted for clarity.

The overall response of the overturning circulation in the
Southern Ocean to changes in wind stress forcing will depend on
the differing responses of the Eulerian mean and eddy-induced
components (Figure 1). The magnitude of the Eulerian mean
overturning is reasonably expected to be linear with wind stress,
particularly on short (intra-annual) timescales (Ito et al. 2010),
and is generally well represented in climate-scale ocean models
(e.g. Fyfe and Saenko 2006; Sen Gupta and England 2006). The
extent to which the eddy-induced overturning can compensate
changes in the Eulerian mean circulation on decadal timescales
is much less clear, and advances using eddy-resolving models
has long been hampered by computational constraints. Nonethe-
less, some progress has been made, for example Hallberg and
Gnanadesikan (2006) conducted model experiments at a range
of resolutions from coarse to eddy permitting, and showed that
in the latter (and in contrast to the former) a significant frac-
tion of the Ekman transport changes are compensated by eddy-
induced transport drawing from lighter waters than does the
mean overturning. More recently, Farneti et al. (2010) analysed
the Southern Ocean response to anomalous surface forcings in
coarse and eddy-permitting versions of the NOAA/Geophysical

Fluid Dynamics Laboratory (GFDL) Climate Model, and found
that in the eddying-permitting integrations the eddies act as a
buffer to atmospheric changes, with a reduced Southern Ocean
response leading to weaker modifications in residual overturn-
ing circulation and ACC transport. Treguier et al. (2010) used
a global eddy-permitting model integrated over three decades,
and highlighted that the zonal circulation and eddy kinetic en-
ergy in the Southern Ocean of their model were governed by
different mechanisms on interannual versus decadal timescales,
though they stressed that their model was not run to thermody-
namic equilibrium and that this may be significant, with longer
runs being necessary.

Focussing on the upper cell of the overturning circulation
(where dense water is converted into lighter water), we here de-
velop and test a new scaling for the sensitivity of eddy-induced
mixing to changes in winds, and demonstrate that the observed
invariance in the slopes of density surfaces implies that the over-
turning circulation in the Southern Ocean will vary as winds
change, even in the presence of a decadally-varying eddy field.
Our results show that eddy saturation and eddy compensation
are dynamically distinct phenomena; thus, occurrence of one
does not necessarily imply the other. We demonstrate that the
Southern Ocean overturning is very likely to increase in response
to recent and future climate change, with significant implica-
tions for the ocean’s role in the carbon cycle, and hence global
climate.

2. The models and experiments

To investigate the response of eddy activity to changes in
winds, we conduct simulations using a quasigeostrophic cou-
pled ocean-atmosphere model with a three-layer ocean (Q-GCM;
Hogg et al. 2003), here run in uncoupled mode. Wind stress is
zonal and constant, with a simple maximum in the centre of the
domain (a zonally reentrant channel, 23040 x 2880 km, with
walls on the meridional boundaries). The model uses topogra-
phy from Smith and Sandwell (1997), truncated at ±900m for
consistency with the quasigeostrophic assumptions. Numerical
parameters are such that the horizontal resolution (10 km) is
significantly smaller than the first Rossby radius (43 km) to en-
sure resolution of baroclinic eddies. A vigorous eddy field is
ensured by using low viscosity (biharmonic with a coefficient
of 3⇥ 1010 m4/s). Under such conditions, this model has been
shown to generate an eddy-saturated state (Meredith and Hogg
2006).

Quasigeostrophic models are unable to generate diapycnal
flow and so are not suitable for direct investigations of Southern
Ocean overturning; instead, this is done here using the GFDL
Climate Model version 2.4 (GFDL/CM2.4), of which the ocean
component is MOM4 (Griffies et al. 2005). CM2.4 uses a square
isotropic grid with oceanic resolution of 1/4 degree (equivalent
to 13.8 km at 60�S and 9 km at 70�S). Further, the ocean model
does not use a parameterization of mesoscale eddy mixing, al-
lowing the resolved flow to operate in the absence of parame-
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The wind-driven MOC - eddy saturation vs. eddy 
compensation

(Meredith et al., 2011)

•  Southern Ocean westerlies are increasing

•  Northward Ekman transport is increasing

•  Eddy energy is increasing - does eddy 
transport compensate for Ekman transport?

• Topic of current debate, but scaling arguments (Meredith 
et al. 2012) suggest that eddies do NOT fully compensate 

• Depth range of eddy transport likely deeper than the 
Ekman layer

• Zonal variations in eddy characteristics suggest local 
dynamics modify the MOC along the ACC



Zonal variation in meridional transport by ACC 
eddies

High eddy variability along ACC:
• downstream of meanders
• associated with topography

Hotspots of exchange: 
•  Southwest Indian Ridge (SWI) 
•  Kerguelen Plateau (KP)
•  Campbell Plateau (CP)
•  East Pacific Rise (EPR)
•  Drake Passage (DP)

Fig. 10. (a) Eddy di�usivity within the Antarctic Circumpolar Current, as calculated from
integrating along Lagrangian particle trajectories (Sallée et al. 2011). (b) Number of particle
crossings across (from north to south) the northern Subantarctic Front, the Subantarctic
Front and the Polar Front, as a function of longitude based on the same particle trajectories.

42

SWI KP CP EPR DP

Thompson & Sallée, 2012
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TABLE 1. Selected estimates of cross-ACC eddy heat flux. Negative values reported here reflect poleward eddy heat flux across the
identified location.

Reference Location Local flux (kW m2)
Integrated transport
(1015W 5 PW)

Current meters
Bryden (1979)a Drake Passage (2700 m) 26.7 20.5
Sciremammano et al. (1980) Drake Passage (1000–2500 m) 217
Nowlin et al. (1985) Drake Passage (500–2700 m) 23.7b
Johnson and Bryden (1989) Drake Passage (580–3560 m) 212
Phillips and Rintoul (2000) 518S, 1438E (400–3300 m) 211.3b, 240.6c

Hydrography
deSzoeke and Levine (1981)
Macdonald and Wunsch (1996)
Sloyan and Rintoul (2000)
Ganachaud and Wunsch (2000)

ACC
308S
30–408S
20–308S

20.45
20.9 6 0.3

20.36 6 0.08
20.7 6 0.3

Altimetry
Keffer and Holloway (1988)
Stammer (1998)

ACC (;538S)
408S
538S

20.70
20.3
20.05

Global energy balance
Gordon and Owens (1987) ACC 20.31

a See Nowlin et al. (1985) for results reported in mks units.
b Bandpass filtered in time.
c All frequencies.

2000) provide estimates of the net meridional heat trans-
port, but hydrographic coverage of the Southern Ocean
is limited. Since measurements have not been repeated
along zonal lines in the Southern Ocean, inverse models
cannot distinguish meridional eddy fluxes from mean
heat fluxes. Studies based on hydrographic data have
indicated that heat enters the Southern Ocean within the
Indian Ocean sector and exits in the Pacific and Atlantic
sectors (Georgi and Toole 1982; Macdonald andWunsch
1996; Sloyan and Rintoul 2000; Ganachaud andWunsch
2000); much of the heat that enters in the Indian Ocean,
however, appears to recirculate through the Indonesian
Throughflow (J. M. Toole 2000, personal communica-
tion).
Heat fluxes are expected to show substantial geo-

graphic variability that will not be well sampled by iso-
lated current meters or basin-scale inverse models. Sat-
ellite altimeter data indicate that eddy activity varies
significantly along the path of the ACC. In eddy heat
flux estimates based on altimeter measurements, regions
of high eddy kinetic energy and high meridional tem-
perature gradients are conjectured to be regions of high
eddy heat fluxes (Keffer and Holloway 1988; Stammer
1998). However, these estimates rely on an assumption
that eddy heat fluxes are proportional to large-scale tem-
perature gradients, and they therefore do not allow for
the possibility of equatorward heat transport nor do they
probe below the ocean’s surface.
Although heat transport is expected to occur predom-

inantly along isopycnals, fluxes computed from current
meters, surface observations, or isobaric floats represent
mixing at constant depth. These isobaric fluxes can be
projected into along-isopycnal and diapycnal compo-

nents. Where isopycnals are flat, the isobaric fluxes will
be equivalent to along-isopycnal fluxes. If isopycnals
rose vertically, then isobaric fluxes would represent dia-
pycnal processes. Since along-isopycnal mixing is ex-
pected to be large compared with diapycnal mixing, one
might imagine that isobaric fluxes should be slightly
smaller in the core of the ACC, where isopycnals are
strongly tilted.
In this study, ALACE displacement data are used in

combination with the mean fields that are discussed in
a companion paper (Gille 2003, henceforth Part I), to
estimate isobaric Southern Ocean heat and momentum
fluxes at middepth. The methodology used here allows
heat fluxes to be estimated throughout the Southern
Ocean, in contrast with heat flux estimates from isolated
current meters or single hydrographic sections which
can represent only a limited geographic region. Section
2 discusses the method used to compute eddy heat and
momentum fluxes. Section 3 evaluates the degree to
which ALACE floats are likely to undersample true flux-
es by examining existing current meter observations
from the Southern Ocean. Corrected results are dis-
cussed in section 4. Spatial variations of heat fluxes can
be assessed, and these variations are used to evaluate
whether the sloping isopycnals of the ACC actually do
inhibit meridional heat flux. The findings are summa-
rized in section 5.

2. Method: Eddy fluxes from ALACE
a. Method: Defining fluxes
ALACE floats provide quasi-Lagrangian measure-

ments of temperature and velocity, averaged over 9–25-

Poleward eddy heat flux estimates

Gille (2000)                                                  ACC (900m)              ALACE Floats          −[5-10]                                  −[0.3-0.6] ± 0.3

�cpv�T � = ���cp�T�y

Gille, 2000

/



-6000 -5000 -4000 -3000 -2000 -1000 0
Depth (m)

 

-70˚ -68˚ -66˚ -64˚ -62˚ -60˚ -58˚ -56˚ -54˚ -52˚ -50˚
-64˚

-63˚

-62˚

-61˚

-60˚

-59˚

-58˚

-57˚

-56˚

-55˚

-54˚

SAF

PF

SACCF

Drake 1979 (ISOS)

DRAKE 2006-2008, 
French-Korean IPY

cDrake 2007-2011, 
US IPY

Eddy heat fluxes across the ACC in Drake Passage



Drake 
1979

DRAKE 
2006-2008

Drake 1979 and DRAKE 2006-2008:
1-Year Mean Eddy Heat Fluxes from Moorings

Ferrari et al., 2014

•11 of 24 EHF estimates 
are significant

•All are poleward

• Amplitude decreases to 
the south
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Figure 8. (a) Depth-averaged eddy heat flux values (in kW m22) estimated from current meter data using 90d-LP method. Poleward, equa-
torward, and nonsignificant heat fluxes are shown in blue, red, and green, respectively. All significant eddy fluxes are poleward with ampli-
tudes smaller than 14 kW m22. Blue, red, and green dots at the mooring sites indicate, respectively, poleward, equatorward, and
nonsignificant heat fluxes. Model eddy heat fluxes over the same depths as the mooring data are shown in parentheses. Isobaths (1000,
2000, and 3000 m) are plotted. Bottom topography shallower than 3000 m is shaded in gray. (b) Model eddy heat fluxes integrated from
the bottom to surface. The model streamlines (see Figure 6) limiting the mass-balanced regions (SAF, PF, and SACCF regions) over which
eddy heat fluxes are summed are shown in black solid lines. Blue, red, and green dots at the mooring sites indicate, respectively, poleward,
equatorward, and nonsignificant heat fluxes as in Figure 8a).
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cDrake: Vertical structure of 4-Year Mean 
Cross-Stream DEHF  
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400m

•median of sites [2,4,5] 
yields peak of 0.008 C m/s 
= 32 kWm-2

•50%of flux below 800 m

•values still large at 
1500-3500m, about 20% 
of peak  
compare to Bryden (1979) mean 
EHF of 6.5 kWm-2 at 2700 m

•vertical integral is ~50 
MWm-1 
compare to Phillips & Rintoul 
(2000) vertically integrated EHF of 
40 MWm-1, using shear coordinates 

downgrad =
poleward



v’refT’   (°C cm/s)

Mean <v’refT’>  
stable in 2 years 

Intense poleward 
fluxes in SAF/PF 
interfrontal zone;
  (BC instability)
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we recommend extreme caution in using with-COARE
estimates in net buoyancy flux calculations that use un-
modified radiation and freshwater flux fields from
NCEP1/ERA. The COARE estimates might however
be valid and useful when only the turbulent heat fluxes
are of interest.

7. Discussion and conclusions

Air–sea flux estimates are especially poor in the South-
ern Ocean, largely because of the sparseness of both oce-
anic and meteorological ocean surface observations
(e.g., Josey et al. 1999; Taylor 2000; Kubota et al. 2003;

FIG. 13. Zonal and time (over years 2005–07) average of (a) net air–sea heat flux, (b) the difference between various
net air–sea heat flux estimates and NCEP1 estimate, (c) freshwater heat-equivalent flux given by Eq. (3), (d) difference
between freshwater heat-equivalent flux estimates and the NCEP1 freshwater heat-equivalent flux, (e) buoyancy heat-
equivalent flux [sum of (a) and (c)], given by Eq. (2), and (f) difference between buoyancy heat-equivalent flux and
NCEP1 buoyancy heat-equivalent flux, all for the six flux estimates considered in the text; the inset identifies source of
flux estimate by line type. Positive (negative) values denote ocean buoyancy loss (gain) in all panels.

TABLE 4. The RMS difference of monthly means and its standard deviation (years 2005–07) for net air–sea heat and freshwater heat-
equivalent (boldface) flux estimates over the ocean south of 24.78S. For the comparison all datasets are interpolated on a 18 3 18 grid. ‘‘No
FW’’ means that there is no independent freshwater flux estimate.

NCEP1 ERA NCEP11C ERA1C SOSE LY09

NCEP1 — 16.9 6 2.6 35.3 6 6.2 18.6 6 3.0 30.9 6 4.3 22.3 6 6.4 RMS heat flux difference (W m22)
ERA 13.8 6 2.4 — 38.7 6 6.1 4.8 6 0.6 30.5 6 5.1 24.4 6 5.4
NCEP11C No FW No FW — 37.5 6 5.5 40.4 6 5.5 37.6 6 6.2
ERA1C No FW No FW No FW — 30.3 6 5.5 25.5 6 5.4
SOSE 12.8 6 1.6 13.8 6 2.6 No FW No FW — 33.8 6 6.0
LY09 13.4 6 0.9 12.3 6 2.6 No FW No FW 11.9 6 1.2 —

RMS freshwater (heat-equivalent) flux difference (W m22)

15 DECEMBER 2011 C E R O V E Č K I E T A L . 6301

LaCtude	  °S
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Southern Ocean Air-Sea Flux Comparison 2005-7

Differences between zonal/time averages for 6 different heat 
flux estimates indicate large uncertainties. 

Differences are largest in ACC and WBC (not shown).

Cerovečki et al., 2012
LaCtude	  °S
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Figure 1 Ice velocity of Antarctica colour coded on a logarithmic scale and overlaid on a MODIS mosaic13. Circles denote mass loss (red) or gain (blue) of large basins
in gigatonnes per year. Drainage basins are black lines extending from the grounding-line flux gates. Letters A–K0 indicate large basins20. Ice velocities for Siple Coast ice
streams and Ronne Ice Shelf are from refs 22,23. See Supplementary Information for acronyms and the Methods section for velocity precision.

Solid-ice fluxes are then calculated combining vector ice velocity
and ice thickness, with a precision that is glacier dependent and
ranges from 2 to 15% (see the Supplementary Information). The
end points of the selected flux gates define the extent of the glacier
drainage basins determined from the DEM. Individual drainage
basins are grouped into large units labelled A to K0.

Snowfall accumulation is from the RACMO2/ANT regional
atmospheric climate model, at 55 km resolution, averaged for
1980–2004 (refs 17–19). Lateral forcings are taken from European
Center for Medium-Range Weather Forecasting reanalyses
(ERA-40) for the period 1980–2002, supplemented with European
Center for Medium-Range Weather Forecasting operational
analyses after August 2002. Comparisons with 1,900 independent
field data show excellent agreement (R = 0.82) with the model18.
The model predicts higher coastal precipitation and wetter
conditions in West Antarctica and the western Peninsula17 than
older maps obtained by interpolating limited field data using
meteorological variables20 or satellite passive microwave data21.
Few reliable in situ coastal accumulation data exist for comparison,
but in the high-accumulation sector of the Getz Ice Shelf (basin
F0G), the model predicts precipitation levels consistent with a
2,030 mm yr�1 record at Russkaya station (74�460 S, 136�520 W)

for 1981–1989. Older maps yield accumulation levels 3 times lower,
which imply a local mass balance 20 times more negative and high
rates of glacier thinning that are not observed2. The RACMO2/ANT
accumulation values yield comparable losses for Pine Island and
Thwaites glaciers, which is consistent with the similarity of their
thinning rates2; other maps yield twice more thinning for Thwaites.
Finally, the model does not mix data from diVerent time periods
and fully incorporates temporal changes in snowfall between 1980
and 2004. A statistical analysis of absolute errors (see the Methods
section) yields an uncertainty in accumulation varying from 10%
in dry, large basins to 30% in wet, small coastal basins.

Ice flux and snowfall are compared for each glacier, for large
basins A–K0, and for the Peninsula, East and West Antarctica. To
include non-surveyed areas, we apply a scaling factor on the mass
fluxes of each large basin A–K0 based on the percentage surveyed
area versus total area to cover 100% of Antarctica (Table 1). In East
Antarctica, we obtain a near-zero mass balance of �4±61 Gt yr�1.
The J00K Filchner22 and E0E Ross sectors are gaining mass, but this
is compensated by the mass loss in Wilkes Land (basin CE) from
the Philippi, Denman, Totten, Moscow University Ice Shelf, Cook
Ice Shelf and David glaciers. Interestingly, all of these glaciers are
marine based, that is, grounded well below sea level2, and therefore
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Changing sea-ice and glacial melt patterns
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Warmer ocean appears to be increasing basal melt along Antarctic coastal 
ice-sheet margins, esp. in the Amundsen and Bellingshausen Seas.

Glacial ice mass loss is strongly associated with locales of increased influx 
of warm waters.



Summary 

• Inversion of tracer fields yields a robust measure of the zonal mean 
Southern Ocean MOC strength O(20 Sv) but not its variability.

• Southern Ocean eddies are increasing and are significantly correlated 
with increasing winds.

• Eddies provide a mechanism for  ACC transport to saturate and as 
well as partial compensation for the increase in overturning due to 
increased Ekman transport.

• Zonal variations in mass and tracer fluxes extend vertically 
throughout the water column and localize cross-ACC transport.  
These variations are associated with topography and vary with depth 
and distance across the ACC.

• Observations are critical for determining mechanisms of exchange, 
calibrating models and testing parameterizations. 



Future Outlook

• Observations to improve air-sea flux estimates

• Deep observations and observations south of the ACC - on the 
shelves and under sea-ice

• Time series in key locations in order to determine whether/how the 
MOC is changing

• Satellite and float observations for global estimates

• Observations to improve models, and models for global estimates

•  Southern Ocean State Estimate provides a useful way to combine 
ocean physics and observations

Southern ocean is undersampled. Of particular interest to 
the SO MOC are the following:


