
seen earlier, Drake Passage is the location of a subdu-
ction maximum on these layers. Interestingly, the circu-
lation enters the area south of the tip of South America
and then comes back westward in the eastern Pacific,
advecting the low PV northward along the coast of Chile
before recirculating in the gyre. This is consistent with
previous studies that identified this branch of circulation
in AAIW layers from observational data (Suga and Talley
1995; Iudicone et al. 2007). The water entering Drake
Passage on the surface 27.2 su (27.3 gn) is very stratified
compared to lighter layers. However, we still observe
a slight reduction of PV. Similar to what happens on 27.1
su, a branch of circulation enters the region of large
subduction in Drake Passage and goes back into the
Pacific basin carrying ventilated water. Directly south of
the tip of South America a small closed gyrelike circula-
tion is observed, trapping water of very low PV. However,
most of the downwelling occurs in a strong eastward
current carrying the recently subducted water into the
Atlantic Ocean. We indeed observe a slightly lower PV in
the Atlantic basin on this layer.

6. Conclusions and discussion

The water mass exchange from the surface layer into
the interior has been estimated. The eddy-induced
transport in the surface layer makes a large contribution
to the transport, carrying ;30 Sv southward across the
ACC fronts. It tends to counterbalance the similarly
strong northward Ekman transport within the ACC
frontal system. The ACC surface geostrophic flow does
not strictly follow isopycnals along its circumpolar path.
The subsequent residual meridional circulation consists
of ;10 Sv of upwelling in the layer denser than 27 su,
which is advected toward the north in lighter layers.
Approximately 7 Sv are subducted into dense SAMW
(26.8–27 su), and no consistent downwelling or upwell-
ing is found in the lighter SAMWs (26.6–26.8 su). The
STMWs (26.2–26.6 su) are fed by northward residual
flows as well as by a southward flow, and a total of 14 Sv
are subducted in this layer.

This general structure of the mixed layer–thermocline
exchange is not very sensitive to large-scale change of
the diffusion coefficient and is consistent with existing
air–sea flux products. However, we found strong regional
variability, with downwelling and upwelling constrained
by bottom bathymetry. The bathymetry steers the circu-
lation, which affects the mixed layer depth distribution,
the circulation, and the slope of isopycnals—therefore
the subduction. A schematic summary of the subduction
process in the Southern Ocean is shown in Fig. 13. Light
SAMW downwells mostly in the eastern Indian Ocean
and is exported in the southern Indian subtropical gyre.

The ventilation of denser SAMW is concentrated south
of the Campbell Plateau and in the central Pacific near
the Eltanin Fracture Zone. It is then exported in the
South Pacific subtropical gyre, creating two pools of
SAMW of 26.9 su in the western basin and 27 su in the
eastern basin. Most of the water in the AAIW density
class (27.1–27.2 su) subducts in Drake Passage. The light
AAIW (27.1 su) is carried back into the South Pacific
subtropical gyre by a regional circulation loop, although
the dense AAIW (27.2 su) is mostly carried away into
the Atlantic Basin (Fig. 13).

The rate of subduction implies a time scale for the
renewal of mode water of the Southern Ocean within
a few decades. This is similar to the renewal rate of mode
waters in other oceans. Often tracer distributions are
themselves used to infer ventilation rates; the more di-
rect approach here has produced estimates that appear
to be consistent with tracer-based values (e.g., Fine et al.
2001; Schlosser et al. 2001). In support of this, oxygen
distributions are comparable with the general structure
of the subduction hotspots and the interior circulation
on each isopycnal. However, we note that the agreement
is only limited in some places. Indeed, the spreading of
tracers, such as oxygen, is also affected by diffusive eddy
contributions that might not be negligible (Jenkins
1987). A detailed agreement with tracer budgets has not
been determined here but would be an important fur-
ther step.

FIG. 13. Schematic showing the intense subduction areas and
maximum export areas, along with the SAMW and AAIW in the
Southern Ocean.
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Southern Ocean buoyancy forcing

et al. 2008; Cerove!cki et al. 2013). Air–sea heat flux shows
large spatial inhomogeneity in the ACC; as a result, heat
fluxes are a major contribution to the impact of buoyancy
fluxes on the overturning circulation in the ACC. How-
ever, our knowledge about air–sea fluxes has been severely
limited due to a lack of direct observations (Bourassa et al.
2013), and air–sea heat fluxes have been identified as the
largest contributor to uncertainty in the upper ocean heat
budget (Dong et al. 2007; Faure et al. 2011).

Recently developed air–sea flux products that con-
strain the heat fluxes with additional observations and
reduce the global long-term surface heat imbalance
(Large and Yeager 2009) as well as adjusted fluxes from
state estimates constrained to observations (Figs. 1a,b)
show agreement in large-scale patterns of air–sea heat
fluxes in the Southern Ocean (Cerove!cki et al. 2011).
These improved heat flux products reveal a robust, large-
scale zonally asymmetric pattern in the ACC of broad

ocean heat gain in the Indian and Atlantic basins and a
broad region of ocean cooling in the Pacific basin
(Fig. 1b). The impact of this zonal dipole on the over-
turning circulation has been explored in an idealized
model (Radko and Marshall 2006), showing a stronger
residual overturning circulation in the region of larger
buoyancy gain due to stronger ocean heat gain in the
Indian and Atlantic sectors. From in situ ocean obser-
vations, Sun and Watts (2002) show that the ACC warms
where it flows equatorward in the Atlantic and Indian
sectors, and cools where it flows poleward in the Pacific
sector. The zonal dipole air–sea heat flux pattern in Fig. 1
matches their inference of warming and cooling, although
the Southern Ocean State Estimate (SOSE) and Large
and Yeager’s (2009) heat flux pattern are zonally much
broader than in the proposal by Sun and Watts (2002).

Dong et al. (2007) used observations and a simple
model to estimate the mixed layer heat budget in the

FIG. 1. SOSE 2005–10 mean of (a) zonal anomaly of sea surface temperature (8C), (b) net air–sea heat flux (W m22; with positive defined
as heat flux into the ocean), (c) zonal anomaly of net air–sea heat flux, (d) zonal anomaly of net shortwave heat flux, (e) zonal anomaly of
net longwave radiation (incoming 2 outgoing), (f) zonal anomaly of net latent heat flux, and (g) zonal anomaly net sensible heat flux. We
have masked the temperature and fluxes in the region south of the 2005–10 annual mean sea ice boundary where the fluxes are significantly
influenced by sea ice as this region will not be considered in this analysis.
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Figure 1 | Surface freshwater exchange in the SOSE. a, Schematic depicting the various bulk contributions to the freshwater exchange at the ocean surface
south of 50� S (positive downward). Net fluxes are given in units of freshwater sverdrups11: 1 fwSv = 106 m�3 freshwater s�1 '3.15⇥ 104 Gt freshwater
per year. For reference, 1 fwSv ' 1.9 mm d�1 of rainfall distributed over the region. b, Annual mean freshwater fluxes for the period 2005–2011. The left
panel shows the flux leaving the atmosphere and land, and the right panel shows the flux entering the ocean. The centre panel shows the sea-ice
redistribution flux (the di�erence between the two), with arrows indicating the lateral sea-ice thickness transport.

the thermodynamics of overturning. (Transformation rates are in
sverdrups, 1 Sv= 106 m�3 seawater s�1.)

First we consider the overall transformation rate in the upper
ocean in Fig. 2a (black), decomposed into the surface heat flux
contribution (red), the surface freshwater flux contribution (blue),
and interior mixing (dashed black). In agreement with other
studies, surface freshwater fluxes dominate17,20. The freshwater-
driven transformation is characterized by a broad region of strongly
negative transformation (that is, buoyancy gain) in the density
range 26.6< �n < 27.6 kgm�3, peaking at more than 25 Sv, and a
region of positive transformation (buoyancy loss) at higher densities
(�n > 27.6 kgm�3). In Fig. 2b, the freshwater-flux transformation
is decomposed into contributions from direct exchange with the
atmosphere, land, and terrestrial ice (evaporation, precipitation and
runo�/glacial ice melt; green), brine rejection from freezing sea
ice (purple), and freshwater from melting ice (orange). Freezing
and melting both contribute strongly, and in opposite senses
(approximately ±20 Sv), to the transformation but do so over
di�erent density ranges. The positive peak in net freshwater-
induced transformation near �n = 27.7 kgm�3 is caused by brine

rejection, while the transformation due to melting sea ice is larger
than that due to precipitation. An alternative decomposition is to
calculate the di�erence between the transformation that would have
occurred if all of the precipitation passed directly to the ocean
(dashed green) and the actual transformation (Fig. 2a, solid blue);
this di�erence can be attributed to sea-ice freshwater redistribution
(dashed blue), which is largely driven by the winds. The di�erence
between the dashed and solid green lines reveals the e�ect of snow
interception and transport by sea ice, whichweakens transformation
by up to 10 Sv in the Upper CDW (UCDW) range.

Upper-ocean mixing and mixed-layer entrainment also
contribute significantly to water-mass transformation18,21. As
sea-ice growth, brine rejection and vertical mixing have a tightly
coupled relationship in the Southern Ocean22,23, mixing-induced
transformation must be considered together with the surface
fluxes. Figure 2c decomposes the mixing-induced transformation
into contributions from vertical (solid) and horizontal/isopycnal
(dashed) mixing of heat (red) and salinity (blue) in the upper
670m (a depth that mostly encompasses the seasonal mixed
layer; see Methods). Mixing is weaker overall than surface
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Changes to Southern Ocean 
buoyancy forcing

The response of the ACC to a change in 
surface forcing (e.g. wind stress) has a 
complicated, zonally-asymmetric signal.

Large and Yeager (2009) surface layer scheme. The land
and sea ice models are on the same grids as the atmo-
sphere and ocean models, respectively. POP2 has been
shown to produce eddy covariances consistent with ob-
servations in the Pacific (Bishop and Bryan 2013) and
Southern Ocean (Lenn et al. 2011), and this high-
resolution version of CESM through spectral analysis
produces mesoscale eddy covariances of SST and geo-
strophic meridional velocity that are consistent with sat-
ellite observations (Abernathey and Wortham 2015).

Following a 15-yr spinup, the model was run for 86
years. We will refer to the last 86 years with model year 1
being equivalent to aggregate simulation year 16. For
the current work we will focus on model years 45–66,
which are the years when the WP experiment was per-
formed and is described below. This time period was
chosen because surface fluxes and ACC transport
through Drake Passage had reached equilibrium by
model year 45 (Small et al. 2014).

b. Wind perturbation experiment

The WP experiment is conducted with the same
methodology as the PERT1 experiment in GD11 where
the Southern Hemisphere zonal wind stress is increased
by 50%, but here using CESM rather than CCSM4. The
WP experiment is just short of a 21-yr simulation,
starting from March of model year 45 of the control
simulation to the end of model year 65. The WP ex-
periment was conducted by multiplying the zonal wind
stress, forcing the ocean component by 1.5 south of 358S,
with this factor linearly reducing to 1 to the north be-
tween 358 and 258S and to the south between 658 and
708S. The maximum time- and zonal-mean Southern
Hemisphere wind stress is 41% larger compared with
the control for model years 56–66, with an increase of
0.083 N m22 from 0.197 N m22 in the control to
0.280 N m22 in WP (Fig. 2a), which is very close to the
maximum wind stress values cited in GD11. The in-
creased zonal wind stress was not used in the bulk

formulae to calculate the atmosphere-to-ocean heat and
freshwater fluxes, and the increased zonal stress is not
felt directly by the atmosphere component.

One of the complications of interpreting a perturbation
experiment is model drift. As mentioned before, model
drift complicated results in lower-resolution studies
(Treguier et al. 2010). The shortness of our WP experi-
ment was dictated by very high computational costs. As
demonstrated in Small et al. (2014) and in Fig. 2b, ACC
transport through Drake Passage is in equilibrium in the
control, exhibiting mainly interannual variability. After a
decade of the WP simulation, surface variables reached a
new equilibrium, which is demonstrated in surface EKE
in Fig. 4 and described in the next section. However, deep
variables have not reached a new equilibrium. Figure 3
shows the monthly averaged and area-averaged deep
ocean temperature for the Southern Ocean in the control
and WP. The control deep ocean temperature is in equi-
librium, albeit with some decadal variability, but the WP
is not. The integration needs to be longer for the deep
ocean to come to equilibrium.

4. Results

a. ACC transport response

The ACC transport through Drake Passage is shown
in Fig. 2b. The mean and standard deviation for the

FIG. 2. (a) Time- and zonal-mean zonal wind stress for the control (CNTL) and WP experiments for model years
56–66. (b) One-year low-pass filtered times series of Drake Passage transport using a fourth-order Butterworth
filter centered around model years 45–66. The first and last year of each time series was removed because of Gibbs
ringing at the end points.

FIG. 3. Southern Ocean monthly time-averaged and area-
averaged (south of 308S) ocean temperature at 2889 m depth for
the CNTL and WP simulations.
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Figure 3. Sample diagnostics from a single deployment
(centered around 50�S, 60�E, at a starting depth of 250m
and a starting date of July 1. Panel (a), a “spaghetti”
plot in which each line represents the trajectory of a sin-
gle drifter over the deployment period of 4 years. The
magenta circles represent the starting locations of the
drifters, while the orange circles signify the ending sites
of each drifter. The green circles depict the locations of
the drifters at the time at which the drifters began to
diverge, denoted by the vertical black line in Panel (b),
a depth-time plot. The solid black line denotes the 50th
percentile of drifters. The drifters are then split into the
subsets above and below the mean and partitioned into
quartiles. The yellow area shows the 25th percentile of
each subset, the red, the 50th, the green, the 75th, and
the blue gives the entire range of drifter depths.

Lagrangian transport pathways
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Figure 4. Heat map showing all outcropping locations
across the 138 deployments (138,000 trajectories). (a)
All outcropping for the January 1 deployments; (b) all
outcropping for the July 1 deployments. Outcropping
instances were parsed into 1�-by-1�boxes and summed
over the entire duration of the simulations. Note that
increased upwelling occurs in regions with shallower
bathymetry - by Campbell Plateau, in the lee of the
East Pacific Rise, and throughout and just past Drake
Passage. The spatial patterns of outcropping are quali-
tatively highly similar between the two deployment peri-
ods.

Lagrangian transport pathways
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