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Image from Morrison et al., 2015: "Upwelling in the Southern Ocean." Phys. Today.

I “Wind-driven” Antarctic Circumpolar Current (ACC)
I Upper & lower overturning cells
I Buoyancy fluxes also drive circulation
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Southern connections to global overturning

Image thanks to R. Marsh, NOC.

I Upper (NADW) cell – partly wind-driven?
I Lower (AABW) cell – balance between interior mixing

and southern buoyancy fluxes

Today’s talk: Review how (and why) the upper & lower
cells are likely to change with variations in forcing – both
wind stress and surface buoyancy flux.
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(i) Theory: Residual MeanNOVEMBER 2003 2343M A R S H A L L A N D R A D K O

FIG. 2. Schematic diagram of the Eulerian mean ( ) and eddy-C
induced transport (C*) components of the Southern Ocean meridional
overturning circulation driven by wind (t) and buoyancy (B) fluxes.
The associated velocity is computed from the streamfunction as (u,
y) 5 (2]C/]z, ]C/]y), where y is a coordinate pointing northward
and z points upward. The sloping lines mark mean buoyancy surfaces
. The eddy buoyancy flux is resolved into a component in theb y9b9
surface and a horizontal (diapycnal) component.b

]b ]b ] ] ]B
y 1 w 1 (y9b9) 1 (w9b9) 5 , (1)

]y ]z ]y ]z ]z

where ( , ) is the Eulerian mean velocity in the me-y w
ridional plane, is the mean buoyancy, and variablesb
have been separated into mean (zonal and time) quan-
tities and perturbations from this mean caused by tran-
sient eddies. Here, for simplicity, we have adopted a
Cartesian coordinate system (see Fig. 2). Note that we
are in the Southern Hemisphere: x increases eastward,
y increases equatorward, z increases upward, and the
Coriolis parameter f , 0. In Eq. (1) the buoyancy forc-
ing from air–sea interaction and small-scale mixing pro-
cesses has been written as the divergence of a buoyancy
flux B.
Our goal now is to express Eq. (1) in terms of the

residual circulation Cres:

C 5 C 1 C*,res (2)

where is the overturning streamfunction for the Eu-C
lerian mean flow and C* is the streamfunction for the
overturning circulation associated with eddies (see Fig.
2 and caption). The key step is to note that if the eddy
flux lies in the surface, then= · can be writtenv9b9 b v9b9
entirely as an advective transport, v* · = , where, fol-b
lowing Held and Schneider (1999), v* is defined in
terms of a streamfunction C* given by

w9b9
C* 5 2 . (3)

by

Here is the vertical eddy buoyancy flux and y isw9b9 b
the mean meridional buoyancy gradient.
In more precise terms, to express Eq. (1) in terms of

Cres, we eliminate ( , ) using Eqs. (2) and (3) to ob-y w
tain1

]B ]
J (C , b) 5 2 [(1 2 m)y9b9], (4)y,z res ]z ]y

where Jy,z(Cres, ) 5 (Cres)y z 2 (Cres)z y 5 v* · =b b b b
and m is given by

w9b9 1
m 5 . (5)1 21 2y9b9 sr

Here

s 5 2b /br y z (6)

is the slope of mean buoyancy surfaces. The parameter
m controls the magnitude of the diapycnal eddy flux: if
m 5 1, then the eddy flux is solely along surfaces,b
the diapycnal horizontal component vanishes, and the
advective transport captures the entire eddy flux; if m
5 0, horizontal diapycnal eddy transport makes a con-
tribution to the buoyancy budget. Diagnosis of the eddy-
resolving ‘‘polar cap’’ calculations presented in Karsten
et al. (2002) shows that the interior eddy flux is indeed
closely adiabatic but that, as the surface is approached,

tends to zero, leaving a horizontal eddy flux di-w9b9
rected across surfaces. The implications of these dia-b
batic eddy fluxes are studied in section 3f. Elsewhere
in our study we assume that all diabatic eddy fluxes are
zero.
Note the following.

1) Streamfunction C*, Eq. (3), is defined so that, in the
limit of adiabatic eddies, vanishing small-scale mix-
ing, and air–sea buoyancy fluxes (m 5 B 5 0), Eq.
(4) reduces to J(Cres, ) 5 0. Then is advected byb b
Cres, suggesting that classic inferences of overturn-
ing in the Southern Ocean based on tracer distri-
butions (see Fig. 1b) are sketches of the residual,
rather than of the Eulerian mean flow.

2) Streamfunctions C*, , and hence Cres unequivo-C
cally vanish at the surface because 5 w9 5 0 there.w

2) MOMENTUM

We now wish to express the momentum balance in
terms of residual, rather than Eulerian-mean velocities.
This is desirable because the buoyancy equation [Eq.

1 To arrive at Eq. (4) from Eq. (1), decompose the eddy fluxes
( , ) into an along- component ( /sr, ) and the re-y9b9 w9b9 b w9b9 w9b9
maining horizontal component ( 2 /sr, 0) (see Fig. 2). They9b9 w9b9
divergence of the along- component is then written as an advectiveb
transport

= · (w9b9/s , w9b9) 5 y *b 1 w*b 5 J(C*, b),r y z

where C* is given by Eq. (3). This is combined with mean flow
advection in Eq. (1) to yield the lhs of Eq. (4). The divergence of
the diapycnal (horizontal) eddy flux leads to the last term on the rhs
of Eq. (4).

Ψ = Ψ + Ψ∗

Marshall & Radko, JPO (2003)

I Can divide flow into a mean, eddy and residual
overturning.

I Eddy overturning “opposes” the mean

Insensitivity of upper MOC
cell to wind stress forcing:

I Eddy compensation

Insensitivity of ACC to wind
stress forcing:

I Eddy saturation
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A “simple” model to explore MOC dynamics

Zonally averaged,
layer averaged zonal
transport:

T =

∫ Ly

0
hu dy ≡ 〈hu〉

Tt ≈ f 〈hv〉−〈hMx〉+ 〈τ〉

<hv>

<hv>

<τ>

S1.5

S2.5

Tkt ≈ Ck + (Sk− 1
2
− Sk+ 1

2
) + τk

Eddies modify both the meridional transport and the form
stress terms.
If you want to follow the maths, read Killworth & Nanneh, JPO (1994). See also Howard et al., JPO (2014)
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(ii) Observations: Sensitivity of Eddies
Satellite observations now confirm that eddy KE has
increasing with the wind.
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Hogg et al., JGR (2015)
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(iii) Models: Sensitivity of MOC to Eddies

Farneti et al., JPO (2010)



Meridional
Overturning in the
Southern Ocean

Andy Hogg

The Southern
Ocean

Upper Cell
(i) Theory

(ii) Observations

(iii) Models

(iv) Complications

Lower Cell
(i) The Basics

(ii) Observations

(iii) Models

(iv) Complications

Conclusions

(iii) Models: Sensitivity of MOC to Eddies

Morrison & Hogg (2013)

Meredith et al. (2012)

CM2.4 (Farneti et al., 2010)
CM2.1 (Farneti et al., 2010)
Viebahn & Eden (2010)

No eddy compensation
Full eddy compensation

Coarse-resolution models have weak compensation,
unless GM coefficient is variable (e.g. Gent & Danabasoglu, J. Climate, 2011)
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(iv) Complications: Sensitivity to Buoyancy
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Figure 1.  Schematic of the Southern Ocean circulation, fronts and water masses, plus the 

atmospheric forcing.  Based on Figure 8 of Speer et al. (2000).  

e.g. Speer et al., JPO (2000)

We have known for sometime that buoyancy gain is an
important aspect of the Southern overturning . . . in fact,
overturning can be diagnosed from buoyancy fluxes
(Badin et al., JPO, 2013)
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[Equivalently, the overturning response to wind depends
upon surface BC (Abernathey et al., JPO, 2011)]
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(iv) Complications: What is an eddy?

onto the zonally averaged density. At latitudes of Drake
Passage, hCi essentially corresponds to a northward
Ekman transport on shallow layers and a southward
geostrophic transport on layers whose mean depth is
below the Drake Passage. The streamfunction CSE ac-
counts for the standing eddy overturning circulation.
The total circulation can be defined in terms of three
main contributions,

Ctot 5 hCi 1 CSE 1 C*, (6)

that is, from the zonal-average mean Eulerian flow,
standing eddies, and transient eddies.

Figure 7 shows hCi and CSE for SAM05111 and
SAM025111, averaged over 1995–2004. In both simu-
lations, hCi is partly compensated by CSE. At the higher
resolution, the standing eddy-driven circulation is re-
inforced. As in section 2, for an index of the MOC intensity
for each hCi and CSE, we compute the mean value be-
tween 408 and 558S. Increasing resolution (moving from
SAM05111 to SAM025111) doubles the compensation

of zonal-average mean Eulerian flow (hCi) achieved by
standing eddy flow (CSE; see also Fig. 8). Higher reso-
lution allows for meridional transport from standing
eddies to better compensate for enhanced Ekman
transport from intensified winds. Similar results are
found by comparing the WIND05111 and
WIND025111 simulations (not shown).

Although higher resolution in our model enhances
meridional fluxes from standing eddies, it reduces
meridional fluxes from transient eddies (Fig. 6). The
majority of the overturning circulation thus tends to be
a balance of Ekman transport and the time-mean
geostrophic flow as resolution increases. Although the
dominance of standing eddies in the eddy compensa-
tion of the enhanced wind-driven overturning has not
been pointed out in the literature (to our knowledge), this
result does find some support in previous studies. Farneti
et al. (2010), for instance, subjected two fine-resolution
models to present day and SAM-like forcing anomalies
(CTL and SHW3X simulations). They found a transient
eddy driven overturning response of only 2–3 Sv (their

FIG. 7. The mean Eulerian circulation (Sv) in s2 potential density coordinates separated into (left) zonal-average
mean Eulerian circulation hCi and (right) the standing eddy-driven circulation CSE for (top) SAM05111 and
(bottom) SAM025111. Red indicates clockwise flow and blue indicates counterclockwise flow.

6970 J O U R N A L O F C L I M A T E VOLUME 25

Dufour et al., J. Climate (2012)

I Standing eddies can actually explain a significant
component of the overturning circulation.

I Standing eddies may also control the location of heat
fluxes (Abernathey & Cessi, JPO, 2014)

I Standing meander response to forcing is also
important (Thompson & Naveira Garabato, JPO,
2014)
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(iv) Complications: Three-dimensionality

Ez[ (k ! E) ! nT? . (8)

3. Results: The intermittent ACC

a. Meanders and stratification

We first examine the evolution of the ACC’s stratifi-
cation between energetic standing meanders and re-
gions of predominantly zonal flow. This approach is
motivated by observations (Smith et al. 2010) of sig-
nificant modifications in the vertical structure of the
ACC across major topographic features, with a tendency
toward the barotropization of the mean flow as it navi-
gates topography.
Altimetry (Fu et al. 2010) and models (Hallberg and

Gnanadesikan 2006) identify ACC meanders as sites
of enhanced EKE. Figure 2 confirms that this rela-
tionship holds in OFES (only Eastern Hemisphere
shown for clarity). Figure 2a shows mean kinetic en-
ergy (MKE) and Fig. 2c shows mean EKE at 100m.
EKE here is a deviation from an 8-yr time mean
such that it contains temporal variability from both the
standing meanders and transient eddies. Regions of
elevated EKE are isolated downstream of significant
topographic features (Fu 2009). Figures 2b and 2d show
the subsurface distribution of these properties at
a depth of 2500m. The subsurface distribution of EKE
is not well constrained by observations. A black con-
tour is drawn in Fig. 2d to indicate regions where both
surface and subsurface values of EKEare elevated. These
sites are all coincident with standing meanders. One
interpretation of this distribution, which we explore

next, is that mesoscale eddies make a localized con-
tribution to the wind–eddy balance in (1).
Figure 3 (top) shows the bathymetry of the Southern

Ocean from OFES; vertical lines delineate subregions
considered in Figs. 3a–d. Figures 3a and 3b consider two
distinct areas: the former (288–388E) is a narrow sector
of the ACC characterized by high EKE and dominated
by a standingmeander centered at 308E; the latter (1008–
1458E) is a broader sector of nearly zonal flow with low
EKE. The contours in Figs. 3a and 3b indicate the
changeD in potential densitys0 between downstreamf2

and upstream f1 longitudes:

D[s0(f5f2, j, z)2s0(f5f1, j, z) , (9)

where f is longitude, j is dynamic height, and z is depth.
The s0 surfaces are mapped into depth–dynamic height
coordinates, referenced to 2000m, to account for the
meridional displacement of the ACC core. Arrows in-
dicate the sense of isopycnal displacement at 1500m
for ease of interpretation. Figure 3a shows a shoaling
of isopycnals on the equatorward flank of the ACC con-
sistent with a relaxation in isopycnal tilt across the me-
ander. In contrast, D values of similar magnitude but
with a sense indicative of a steepening of the isopycnals
appear in Fig. 3b.
Figures 3c and 3d show similar behavior in other re-

gions of the ACC. In particular, there is the steepening
of isopycnals between 1208 and 708W across the eastern
Pacific sector of the ACC. The change in density across
Drake Passage is more extreme, with the isolated region
now spanning 208 of latitude (608–408W). Drake Passage

FIG. 2. Summary of OFES output. (a) MKE of the ACC’s Eastern Hemisphere at 100-m depth. The 0.05m2 s22 contour is shown
in white. (b) MKE of the ACC at 2500-m depth. (c) Mean EKE at 100-m depth. The 0.05m2 s22 contour is included. (d) Mean EKE at
2500-m depth. An additional black contour indicates where the EKE at 2500m is at least a tenth of the EKE at 2500m. Regions in gray
indicate bathymetry.

JULY 2014 THOMP SON AND NAVE IRA GARABATO 1815

Thompson & Naveira Garabato, JPO (2014)

I ACC is non-zonal
I No guarantee that a 2D representation of overturning

is relevant to transport of tracers!
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Lower Cell

From Talley (adapted from NRC, 2011)
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What sets the strength of the lower cell?
I Available Potential Energy input from surface

buoyancy fluxes (Hughes et al., JPO, 2006)
I Entrainment of the descending plume (Hughes &

Griffiths, Ocean Mod., 2006)
I Interior mixing . . . (Nikurashin & Ferrari, GRL, 2013)
I . . . as well as lateral eddy fluxes (Ito & Marshall, JPO,

2008)
I All of the above?

From Talley (adapted from NRC, 2011)
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(ii) Observations: Warming & Freshening
time and number of occupations varies among sections, but
the mean time difference between the first and last occu-
pation for all sections considered here is 14.5 years with the
mean first occupation occurring in 1991 and the mean last
in 2006. For the three southernmost basins (Fig. 1), the
mean time difference is 13.9 years with the mean first oc-
cupation in 1993 and the mean last in 2006. Prior to anal-
ysis, the data are screened so only data with good quality
flags are used. In addition, only occupations deemed suf-
ficiently close (in space) to prior occupations along a given
section are used (see Purkey and Johnson 2010 for details).

A full description of the temporal and spatial distri-
bution of the bulk of data used here can be found in
Purkey and Johnson (2010). Four new sections and
seven new occupations of previously used sections have
become available since the publication of Purkey and
Johnson (2010) and are added to the dataset they used
for this analysis. The new sections, identified by their
WOCE designators, include the following: P09 running
along 1378E between 108 and 308N with occupations in
1994 and 2010; S4P running along 678S between 1708E
and 708W occupied in 1992 and 2011; SR01 running
along 658W between 578 and 638S occupied in 1993,
1994, 1996, and 1997; and I02/IR06 running roughly
along 88S between 948 and 1068E and then diagonally
between 98S, 1068E and 248S, 1118E occupied in 1995
and 2000 (Fig. 1). Additional occupations of existing
sections previously used include the following: the 1983
occupations of A20 and A22, the 2005 occupation of
A12, the 1992 and 2005 occupations of SR04, the 2008
occupation of SR03, and the 2011 partial occupation of
A16. All new sections are screened and gridded for use
following Purkey and Johnson (2010).

3. Volumetric rate of change analysis

Along many sections, a visible rising or sinking of
potential isotherms can be observed between occupa-
tions, especially in the Southern Ocean (e.g., Fig. 2).
Except within temperature inversions, areas of sinking
isotherms are correlated with areas of warming on iso-
bars (and areas of rising with cooling). Similarly, the
sinking of an isotherm within a basin implies a loss of
water below that u (Fig. 2), and the rising implies a gain.
For example, both occupations of a meridional section
across the Australian–Antarctic basin reveal cold AABW
cascading down the continental shelf into the deep
ocean on the southern side of the basin (Fig. 2a).
However, the coldest deep isotherms (u # 20.28C)
across this basin systematically fall with time between
occupations, implying a volumetric loss of these deep
and bottom waters. By u 5 0.28C the isotherms are
centered around similar depths for both occupations,

FIG. 2. Vertical–lateral profiles of select potential isotherms for
each occupation of (a) I09 across the Australian–Antarctic basin,
(b) A12 across the Weddell–Enderby basin, and (c) S4P across the
Amundsen–Bellingshausen basin (Figs. 1 and 6). Contours of the
earliest occupations are labeled and bottom topography (Smith
and Sandwell 1997) is shaded gray. The black box in (b) is discussed
in Fig. 3.

1 SEPTEMBER 2012 P U R K E Y A N D J O H N S O N 5833

Purkey & Johnson,

J. Climate, 2012

dense bottom water between 1992 and 1996 compared to
the period between 1967 and 1971. The freshening ob-
served since 1995 in the western basin (Figure 2) and in a
series of repeat sections between 1994 and 2003 at 140!E
[Aoki et al., 2005] suggests the freshening trend is continu-
ing to the present time.

3. Discussion

[9] Comparison of repeat sections shows a rapid and
basin-wide shift in bottom water properties has occurred
in the Australian Antarctic Basin. Bottom water was fresher
and less dense in 2005 than in the mid-1990s; changes of
similar magnitude and sign were observed between the early
1970s and mid-1990s. The largest changes were observed
near the two bottom water formation regions, but changes
were detected throughout the basin. The decrease in bottom
salinity of 0.018 in ten years observed in the densest
AABW at 115!E is comparable to the freshening found in
the deep North Atlantic at similar distances downstream of
the dense outflows [Dickson et al., 2002; Jacobs, 2006].
Freshening of both the Ross Sea and Adélie Land sources of
dense water have contributed to the observed basin-wide
shift in the q ! S curve. While the AABW is fresher and
lighter in the most recent observations, there is no evidence
of a change in rate of bottom water production. Oxygen
concentrations in the bottom water at 115!E were margin-
ally ("5 mmol kg!1) higher in 2005 than in 1995, suggest-

ing perhaps a slight increase in the supply of oxygen-rich
bottom water to the deep ocean or a small change in the
proportion of the high oxygen end member in the mixture
forming AABW.
[10] Studies of southern hemisphere climate variability

and change are severely hampered by the lack of sustained
observations. The three hydrographic snapshots used here
are clearly insufficient to distinguish between a trend and
poorly-sampled high frequency variability. However, the
monotonic freshening observed in the time series of sections
at 140!E [Aoki et al., 2005] (eight sections, sampling five
out of ten summers between 1994 and 2003), and the fact
that a consistent signal is observed around one quarter of the
circumpolar belt, supports the argument that the changes
described here reflect a sustained freshening of bottom
water, rather than aliased interannual variability.
[11] The most likely cause of the observed freshening is

an increase in the influence of meltwater from continental
ice [Jacobs, 2006]. For example, Jacobs et al. [2002]
showed that the magnitude and oxygen isotopic signature
of the freshening of Ross Sea shelf water requires an inflow
of glacial melt from the Amundsen Sea, where rapid basal
melt rates have been inferred [Rignot and Jacobs, 2002;
Shepherd et al., 2004; Zwally et al., 2005]. While the small
number of repeated stations in the Australian Antarctic
Basin makes it difficult to determine how much freshwater
input is required to explain the freshening, a rough estimate
can be made to check whether it is plausible that glacial

Figure 2. Evidence for freshening of bottom water. Potential temperature, salinity diagrams are shown for sections
crossing the spreading path of AABW: (a) 115!E (WOCE section I9S), over the continental rise (61–63.3!S); (b) 115!E,
north of the continental rise (56.5–61!S); (c) near 80!E, in the Princess Elizabeth Trough (PET; WOCE I8S); (d) crossing
the deep western boundary current (DWBC) east of the Kerguelen Plateau (WOCE I8S). Labeled black lines are neutral
density contours (in kg m!3) derived by fitting curves to 1990s data in the Australian Antarctic Basin. AABW is defined to
be water denser than gn = 28.27 kg m!3 [Orsi et al., 1999]. The 2005 data are from RSV Aurora Australis cruise
09AR0403_1 (January 2005); 1995 data is from WOCE I9S and I8S (RV Knorr, 316N145_5, January 1995); 1994 data in
Figure 2c is from RSV Aurora Australis voyage 09AR9407_1 (January 1994). The 1970s stations in Figure 2b are from RV
Eltanin 45 (stations 1252–1254, 1256, 1257); Eltanin 47 (1283, 1294) in Figure 2c; Eltanin 47 (1305, 1308) and Eltanin 54
(1559, 1560) in Figure 2d.
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(iv) Complications

I It is very likely that surface freshening/warming will
reduce AABW formation, but is it also sensitive to
changes in wind stress?

I Can or should changes in lower cell be offset by
changes in the upper cell?

I Can we estimate current buoyancy fluxes close to
the Antarctic coast? (see Tamura et al., GRL 2008)

I The lower cell is potentially more important to the
carbon cycle than the upper cell, but can we even
estimate the carbon uptake in these regions?

I How can we model all the processes involved in
bottom water formation?



Meridional
Overturning in the
Southern Ocean

Andy Hogg

The Southern
Ocean

Upper Cell
(i) Theory

(ii) Observations

(iii) Models

(iv) Complications

Lower Cell
(i) The Basics

(ii) Observations

(iii) Models

(iv) Complications

Conclusions

Conclusions

Upper Cell
I Upwelling in the Southern Ocean is predominantly

driven by wind;
I Changes in wind stress may be partially

compensated by eddies;
I Net overturning may be more sensitive to buoyancy

changes than wind.
Lower Cell

I Driven by surface buoyancy fluxes, but many
processes are involved.

I Poorly modelled, poorly observed.
I Contribution to carbon cycle remains uncertain.
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