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ABSTRACT

This study uses a global ocean eddy-permitting climate model to explore the export of abyssal water from

the Southern Ocean and its sensitivity to projected twenty-first-century poleward-intensifying Southern

Oceanwind stress. The abyssal flow pathways and transport are investigated using a combination of Lagrangian

and Eulerian techniques. In an Eulerian format, the equator- and poleward flows within similar abyssal density

classes are increased by the wind stress changes, making it difficult to explicitly diagnose changes in the abyssal

export in a meridional overturning circulation framework. Lagrangian particle analyses are used to identify the

major export pathways of Southern Ocean abyssal waters and reveal an increase in the number of particles

exported to the subtropics from source regions around Antarctica in response to the wind forcing. Both the

Lagrangian particle and Eulerian analyses identify transients as playing a key role in the abyssal export of water

from the Southern Ocean. Wind-driven modifications to the potential energy component of the vorticity bal-

ance in the abyss are also found to impact the Southern Ocean barotropic circulation.

1. Introduction

The abyssal circulation of the SouthernOcean is often

considered, at least in a zonally integrated sense, to

consist of two compensating flows. One is associated

with the poleward flow of Lower Circumpolar Deep

Water (LCDW), and the other is associated with

the equatorward flow of Antarctic Bottom Water

(AABW) (e.g., Sloyan and Rintoul 2001). LCDW is

transformed into AABW by surface buoyancy fluxes

at several locations near the Antarctic continental

shelf and also through mixing and entrainment pro-

cesses (Orsi et al. 1999). Observational studies estimate

that the Southern Ocean transports distinct varieties

of AABW equatorward into the subtropical Atlantic,

Pacific, and Indian basins at a net rate of roughly

20 Sverdrups (Sv; 1 Sv [ 106m3 s21), primarily via a

network of deep western boundary currents (DWBCs)

(Lumpkin and Speer 2007; Purkey and Johnson 2012).

The inflow of LCDW is also thought to occur primarily

via DWBCs and is composed of a mixture of North

Atlantic Deep Water (NADW) from the Atlantic ba-

sin and recirculated deep waters from the Indian and

Pacific Oceans (Jacobs 2004; Santoso et al. 2006).

Together, these meridional flows into and out of the

Southern Ocean play an important role in the storage

and transport of carbon, heat, and other geochemical

tracers (e.g., Levitus et al. 2005) and consequently may

play a significant role in global climate change (e.g.,

Meehl et al. 2006). However, understanding the driving

mechanisms and predicting these flows is hindered by

a number of theoretical and numerical challenges, some

of which are addressed here.
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Because of the large domain and circumpolar geom-

etry of the Southern Ocean, its abyssal circulation is

commonly interpreted with a meridional overturning

circulation (MOC) streamfunction of the zonally in-

tegrated transport along isopycnals. However, in this

framework it is difficult to determine how the export of

AABW from the Southern Ocean is affected by the

changing winds. For example, on zonal average, an in-

creased equatorward transport of AABW could be off-

set by an increased poleward transport of LCDWwithin

similar density classes in the MOC. Furthermore, the

Southern Ocean is covered in complex bathymetric

features where the local dynamics can be quite different

from those described by a zonally integrated framework

(e.g., Thompson and Sall�ee 2012), and the zonal in-

tegration hides the network of DWBCs actually re-

sponsible for the abyssal transport. In this study, we use

a global ocean eddy-permitting climate model and La-

grangian particles to explore the complexities of the

volume transport, pathways, and dynamics of abyssal

water exported from the Southern Ocean.

Recent theoretical model studies have proposed that

the export of abyssal waters from the Southern Ocean is

coregulated by wind stress, mesoscale eddies, and dia-

pycnal mixing (e.g., Nikurashin and Vallis 2011; Ito and

Marshall 2008). Nikurashin and Vallis (2011) show that

the meridional transport in the Southern Ocean abyss

can be characterized by two limiting regimes, corre-

sponding to weak and strong diapycnal mixing. In the

limit of weak diapycnal mixing, the deep stratification is

maintained by the Southern Ocean winds and eddies.

In the limit of strong mixing, the abyssal meridional

transport is primarily set by eddies and diapycnal mix-

ing, with the winds playing a secondary role.

The real ocean is likely to exist somewhere between

these two extremes. In general, stronger mesoscale eddy

activity is expected to result in stronger Southern Ocean

abyssal export (Olbers and Ivchenko 2001; Ito and

Marshall 2008). Furthermore, assuming that the energy

maintaining the diapycnal mixing is supplied, at least in

part, by the winds (either directly or through the me-

soscale eddies), the effects of diapycnal mixing, meso-

scale eddies, and winds on the meridional transport of

the deep Southern Ocean becomes difficult to separate

(Saenko et al. 2012). In such a case, the whole system is

essentially controlled by the wind: wind steepens the

isopycnals and generates mesoscale eddies, and the

eddies generate small-scalemixing that drives the export

of abyssal water from the Southern Ocean.

Here, we focus on the effects of winds, and in partic-

ular, the impact of projected twenty-first-century changes

in Southern Hemisphere zonal winds on the export

of abyssal water from the Southern Ocean. We also

evaluate the role of temporal variability in the Southern

Ocean abyssal transport and explore its response to

projected anthropogenic changes in wind stress.

Atmospheric observations reveal a poleward inten-

sification of Southern Hemisphere westerly winds since

the 1950s, identified as a positive shift in the southern

annular mode (SAM), which has been attributed to in-

creasing atmospheric concentrations of ozone-depleting

and greenhouse gases (Thompson et al. 2011). Global

climate models are remarkably consistent in simulating

a continuation of the observed positive SAM trend

throughout the twenty-first century (Fyfe et al. 2007). A

positive SAM trend has been shown to increase the

outflow of NADW from the NorthAtlantic and enhance

the upwelling of LCDW in the Southern Ocean (Oke

and England 2004; Russell et al. 2006).

In a set of 16 coarse-resolution climate models eval-

uated by Saenko et al. (2012), all but one model predicts

a stronger time-mean poleward flowbetween 558 and 608S
averaged over the bottom 1000m (for depths.3000m) in

a warmer twenty-first-century climate accompanied by

a positive SAM trend. This may be expected because the

SAM trend increases the equatorward surface Ekman

transport, which is balanced in a zonally averaged sense

by a poleward-mean geostrophic flow below the sill

depths across Drake Passage (Munk and Palm�en 1951).

However, it has been argued that wind-driven changes in

the time-mean transport could be largely compensated by

changes in the transient-driven transport (Hallberg and

Gnanadesikan 2006).

Saenko et al. (2012) also briefly evaluated the

Southern Ocean abyssal MOC response to a projected

twenty-first-century SAM trend with a global ocean

eddy-permitting climate model. A zonally integrated,

latitude-density MOC framework provides useful in-

formation on the diapycnal transformation from dense

to lighter waters. Using this framework, Saenko et al.

(2012) found that the transient overturning points to an

increase in the Southern Ocean abyssal export under

projected twenty-first-century wind changes, while the

residual circulation points to a net decrease. However,

as discussed above, in this zonally integrated frame-

work it remains unclear how the export of AABW from

the Southern Ocean is affected by the changing winds.

It is also reasonable to ask how much of the exported

AABW recirculates back to the Southern Ocean

without getting converted to the lighter waters, which is

also discussed here.

In this study, we investigate the export of Southern

Ocean abyssal water in the global eddy-permitting cli-

mate model briefly discussed in Saenko et al. (2012)

using both Lagrangian and Eulerian frameworks. In the

Eulerian framework, the meridional components (i.e.,
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equatorward and poleward) of the zonally integrated

abyssal transport by the time-mean and transient cir-

culations are evaluated. We also integrate the abyssal

transport along Antarctic Circumpolar Current (ACC)

streamlines, separately evaluating the positive and neg-

ative across-streamline components (i.e., equatorward or

poleward) of both the time-mean and transient circula-

tions. Lagrangian particle analyses are used to reveal the

abyssal transport pathways of water exported from the

Southern Ocean in the model, clarify the role of transient

circulations in the export, and estimate changes in the

formation regions of Southern Ocean abyssal water in

response to projected twenty-first-century wind stress

changes. The Southern Ocean potential vorticity (PV)

balance (refer to the appendix for details on the PV

theory) is also used to explore the dynamical mechanisms

maintaining the abyssal transport pathways and the im-

pact of wind-driven changes in the density of the abyssal

waters on the Southern Ocean circulation.

2. Numerical models and experimental design

a. The Earth system climate model

This study uses the University of Victoria Earth Sys-

tem Climate Model (ESCM). It couples a vertically in-

tegrated energy–moisture balance atmospheric model,

a thermodynamic–dynamic sea ice model, and a land

surface model with the Geophysical Fluid Dynamics

LaboratoryModular OceanModel (Weaver et al. 2001).

Here, the oceanic component has an eddy-permitting

horizontal resolution of 0.28 3 0.48 (latitude 3 longitude).

This corresponds to a resolution of about 25 km at 608S,
which is larger than typical local values of the first

baroclinicRossby radius.We note, however, thatmedium-

sized mesoscale eddies identified from satellite altimetry,

including those in high latitudes, have characteristic

diameters on the order of 100 km (Chelton et al. 2007), so

that themodel can be considered ocean eddy permitting.

The model was equilibrated for 100 years, starting from

a 3000-year equilibrium state of a 1.88 3 3.68 model ver-

sion. This allows us to evaluate deep ocean flows in a

near-equilibrium state of a coupled global climate model

without idealized buoyancy fluxes or boundary condi-

tions. The model was equilibrated under fixed year

1900 radiative forcing conditions.

As discussed in Saenko et al. (2012), two ESCM simu-

lations are analyzed: a control (CNTRL) and a wind per-

turbation (WIND) simulation. In CNTRL, the wind stress

corresponds to the National Centers for Environmental

Prediction (NCEP)–National Center for Atmospheric

Research (hereafter referred to as NCEP; Kistler et al.

2001) reanalysis climatology. The WIND simulation is

identical to the CNTRL, except that poleward-

intensifying wind anomalies projected for the years

2061–2100 have been added to the CNTRL wind stress

in the Southern Ocean as a transient perturbation. At-

mospheric buoyancy fluxes, sea ice, and the ocean can

all be impacted by the applied wind forcing.

The wind anomalies were assembled from simulations

performed by 10 different global climate models from

phase 3 of the World Climate Research Programme

(WCRP) Coupled Model Intercomparison Project

(CMIP3) multimodel ensemble (forced by the same

CO2 trajectory; see Fyfe et al. 2007). In WIND, the

anomalies are added directly to the NCEP reanalysis

wind climatology used in CNTRL. The WIND forcing

[not shown; see Fig. 7 in Fyfe et al. (2007)] is such that

the CNTRL zonal wind stress increases south of 508S by

a maximum of about 20% accompanied by roughly a 38
poleward shift. While applying wind anomalies only in

the Southern Hemisphere disturbs the global momen-

tum balance, it allows the impacts of the projected

positive SAM trend to be investigated.

Previous studies based on the CNTRL simulation

have shown that the large-scale ocean transports [e.g.,

Drake Passage transport (Spence et al. 2009) and At-

lantic meridional overturning transport (Spence et al.

2013)] in CNTRL are steady. The time series of the

annual-meanAABW transport in CNTRL is also steady

at 213.1 Sv with a standard deviation of 1.2 Sv. The

equilibration of ocean tracer fields over millennia will

lead to long-term drift in the velocity fields. All results

presented use output from the last 5 years of the simula-

tions, and model drift is accounted for in any anomalies

presented, at least in a linear sense, by differencing the

WIND simulation from the concomitantly extended

CNTRL simulation. We also conducted the CNTRL

simulation analysis (Lagrangian andEulerian) at years 100

and 140, finding no significant difference in the results.

b. Lagrangian particle model

Recently, van Sebille et al. (2013) used the Connec-

tivity Modeling System (Paris et al 2013) to track the

transport pathways of AABW from its formation re-

gions around Antarctica to the deep subtropical basins

with virtual Lagrangian floats driven by the velocity field

of the Southern Ocean State Estimate model (SOSE;

Mazloff et al. 2010). Here, we use a similar methodology

to identify the transport pathways of Southern Ocean

abyssal water into the subtropical basins in the high-

resolution ESCM, with a focus on identifying the role of

transients in the export and revealing how the pathways

respond to projected twenty-first-century wind stress

changes. Given that SOSE is highly constrained by

a large set of in situ and remotely sensed observations,
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van Sebille et al. (2013) were able to explicitly identify

AABW particles by following an observationally con-

sistent classification based on neutral density.

The fully coupled ESCM used in this study evolves

without ocean observation constraints. Consequently,

the Southern Ocean abyssal water masses do not strictly

meet the observationally based neutral density classifi-

cations of AABW. Consequently, we refrain from ex-

plicitly identifying particles as AABW in ESCM and

generalize the Lagrangian particle analysis to the export

of abyssal waters from the Southern Ocean. In this

study, the Lagrangian particles are released at 18.5-m

depth poleward of 608S, and only those particles that

reach depths greater than 3500m before reaching the

typical base of the mixed layer (;150m) north of 308S
are taken into account.

The Lagrangian particles are driven by the three-

dimensional ESCM velocity field for a maximum of

1000years. The Lagrangian particles are released on

a 28 3 28 grid poleward of 608S at 18.5-m depth every

5 days during 1 year. This means that a total of 78 597

particles are released. After being released, the particles

are advected using the full three-dimensional ESCM ve-

locity fields on 5-day resolution, employing a fourth-order

Runge–Kutta-type advection scheme as implemented in

the Connectivity Modeling System. The particles can thus

change depths as they follow the water mass pathways.

Only five years of velocity data are available, so in

order to extend the length of the particle integration, the

velocity fields are looped so that every five years the

time series is recycled, allowing us to track the particles

for centuries. Van Sebille et al. (2012) successfully used

this looping methodology to track North Atlantic par-

ticle pathways for several centuries. The particle loca-

tions are saved every two weeks. Note that the

interpretation of the particle trajectories in this case is

slightly different from the traditional idea of them

carrying water around the ocean. The Lagrangian

particle trajectories are best interpreted as tracing

a Lagrangian streamfunction [see for example the work

by D€o€os et al. (2008)]. The Lagrangian particles thus

provide a perspective of the flow pathways that com-

plements the Eulerian streamfunctions. The different

trajectories generated by the WIND and CNTRL sim-

ulations are used to indicate AABW pathway changes

induced by the wind anomalies.

3. Results

a. Eulerian transport analysis

The Ekman transport associated with the westerly

wind stress over the Southern Ocean results in a mean

northward transport C, which is partially compensated

by an opposing eddy-induced transport C* (Marshall

and Radko 2003). The residual (or total) overturning is

the sum of the mean and eddy-induced transports

(CRES 5C1C*). Figure 1 shows the zonally integrated

CRES for both the WIND and CNTRL simulations. The

streamfunctions are plotted as a function of potential

density referenced to 3000-m depth s3 to elucidate the

transport of abyssal waters by the lower-cell component

of the MOC [refer to Spence et al. (2009) for details on

the streamfunction calculations]. The CRES has a maxi-

mum equatorward transport of 27 Sv between 608 and
658S for s3. 41.7 kgm23 in CNTRL (the mean depth of

s3 5 41.7 kgm23 around 558S in CNTRL is about

2395m, reaching locally to more than 4000-m depth).

Between 558 and 608S, the transient circulation is re-

sponsible for roughly 10 Sv of the equatorward transport

for s3 . 41.4 kgm23 in CNTRL. Most of the transient

transport takes place within the densest water classes

(i.e., around s35 41.8 kgm23). In theWIND simulation

the maximum intensity of the lower-cellCRES transport

decreases by 8 Sv, while the transient overturning in-

tensifies by as much as 9 Sv relative to CNTRL. Most of

the intensification of the transient transport takes place

for s3 , 41.7 kgm23. However, for s3 . 41.7 kgm23

there is also an increase of 1–3 Sv in the equatorward

transport by the transient overturning at most latitudes

between 508 and 608S.
The intensification of the transient overturning thus

points to an increase in the Southern Ocean abyssal

export under projected twenty-first-century wind changes,

while the residual circulation points to a net decrease.

In this framework, it remains unclear how the export of

AABW from the Southern Ocean is affected by the

changing winds. For example, an increased equator-

ward transport of AABW could be offset by an in-

creased poleward transport of LCDW within similar

density classes in the residual MOC. Alternatively, an

increased equatorward transport of AABW by the

transient circulation could be offset by a decrease in

the equatorward transport of AABW by the time-mean

circulation.

We further explore these complexities by considering

the transport within the bottom half of the lower-cell

MOC and across the barotropic streamlines of the ACC

to exclude the transport due to permanent meridional

excursions of the ACC (or standing eddies). The time-

mean abyssal flows tend to be aligned with the time-

mean barotropic ACC streamlines (Fig. 2). However,

there are reasons to think (Krupitsky and Cane 1997)

that the flows in the upper Southern Ocean (below the

Ekman layer) should follow the net barotropic stream-

function more closely than the flows in the abyss, where
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they are more affected by the topography. Hence, there

can be cross-stream flows, as discussed below.

Figure 3 shows the time-mean and transient across-

streamline transport accumulated by following along

ACC streamlines for waters withs3$ 41.75 kgm23 (s35
41.75 kgm23 is the density within the core of the re-

sidual lower-cell MOC in Fig. 1b). For simplicity, we

discuss the across-streamline transport as meridional

relative to the time-mean latitudinal position of the

ACC streamline. In CNTRL, the time-mean transport

across ACC streamlines is equatorward for streamlines

with zonal-mean latitudes equatorward of 578S and

poleward for streamlines with a mean position south of

578S. In WIND, there is more poleward (or less equa-

torward) time-mean across-streamline transport and the

transition from a poleward to equatorward time-mean

transport is shifted equatorward to streamlines with

a zonal-mean latitude of 558S. The transient meridional

transport across ACC streamlines is predominately

equatorward in both WIND and CNTRL, and transient

transport is larger in magnitude than the time-mean

transport for streamlines with a mean position south

of 548S. In WIND there is a 5–9 Sv increase in the

along streamline transient transport south 558S (90-Sv

streamline) and a 0–3 Sv decrease between 528 and 558S
(90-Sv streamline), followed by a 4 Sv increase at 518S.
The cross-stream transport following any ACC stream-

line is composed of positive and negative components.

We define positive components as directed toward

the equatorward side of the ACC and negative com-

ponents as directed toward the poleward side of the

ACC. Table 1 shows the positive and negative compo-

nents of the time-mean and transient across-streamline

transports accumulated along the 100-Sv streamline.

The time-mean transport across the 100-Sv streamline in

CNTRL accumulates to 3.98-Sv transport that is com-

posed of a 38.61-Sv negative (poleward) flow and

a 42.59-Sv positive (equatorward) flow. Similarly, the

transient transport in CNTRL accumulates to 7.68-Sv

positive (equatorward) transport that is composed of

a 0.02-Sv negative (poleward) transport and a 7.70-Sv

positive (equatorward) transport. In response to the

FIG. 1. Overturning circulation (Sv) in the Southern Ocean as a function of potential density referenced to 3000-m

depth (i.e., s3) in the (a),(b) control and (c),(d) wind experiments: transient C (left) and residual CRES (right)

transport within the densest water classes. Negative values indicate counterclockwise circulation. Note that the

vertical scale in (b) and (d) is only half of that in (a) and (c). Reproduced from Saenko et al. (2012).
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WIND forcing, the positive and negative across-

streamline transport components are increased in both

the time-mean and transient circulations (Table 1). If one

ignores local recirculations and associates the poleward-

flowing abyssal water with LCDW and the equatorward-

flowingwater withAABW, then these results suggest that

the wind forcing generates large increases in the abyssal

transport by the time-mean and transient circulations of

both water masses.

b. Lagrangian particle analysis

The analysis of the meridional transport in the pre-

vious section showed that the decrease in the residual

abyssal MOC transport induced by the WIND forcing is

the net result of larger and compensating changes in the

pole- and equatorward flows within both the time-mean

and transient circulations. However, the abyssal trans-

port pathways cannot be identified in the MOC trans-

ports, and one may question to what extent these

changes are the result of local recirculations of abyssal

waters.

To address these issues, we identified the transport

pathways of Southern Ocean abyssal water from its

source regions around Antarctica to the subtropical

basins using Lagrangian particles. Such Lagrangian

particles have been successfully used before by, for ex-

ample, D€o€os et al. (2008) to study pathways of water and

the associated Lagrangian streamfunctions of the

Southern Ocean in a numerical ocean model. Here, the

particles are driven by 5-day snapshots of the ESCM

velocity fields. Recall from section 2b that the particles

are released at 18.5-m depth poleward of 608S, and only

those particles that reach depths greater than 3500m

before reaching the typical base of the mixed layer

(;150m) equatorward of 308S are taken into account.

Three major pathways equatorward from the Ant-

arctic coast can be observed from the trajectories of the

Lagrangian particles: from the Weddell Sea, from the

Ross Sea south of New Zealand, and from Prydz Bay

near 608E [Fig. 4 (left)]. These particles tend to veer

eastward under the Antarctic Circumpolar Current

north of 408S and becomemore diffusive downstream as

FIG. 2. The time-mean speed (m s21) of the flow depth averaged

below 2000-m depth. Contours of barotropic streamfunction are

plotted in blue from c 5 60 to 140 Sv with 20-Sv contour intervals

and the 100-Sv line in boldface. In general, the deep flow aligns well

with this barotropic streamfunction, which allows us to meaning-

fully calculate deep transports across these streamfunctions.

FIG. 3. Eulerian analysis of the transport (Sv) across ACC streamlines and below the s3 5 41.75 kgm23 isopycnal,

which is the core of the lower-cell MOC. The (left) time-mean transport and (right) transient-induced transport. The

top x axis provides the mean lat of the ACC streamlines shown on the bottom x axis.
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mixing spreads the abyssal particles horizontally. The

particles cross into the Atlantic by following the Scotia

Ridge downstream of the Drake Passage. The dominant

pathways into the Pacific basin are found off the east

coast of Tasmania and the west coast of South America.

The Indian Basin pathways are found near the Ker-

guelen Plateau and the Southwest Indian Ridge. The

time for particles to reach 458S at depths below 3500m in

both CNTRL and the SOSE estimate (van Sebille et al.

2013) is less than 200 yr.

The dominant particle pathways across 558S are in gen-

eral agreement with observations (Orsi 2010; Purkey and

Johnson 2012) and the trajectory analysis of van Sebille

et al. (2013) in the SOSE. While the abyssal pathways in

SOSE andESCMare similar, there are notable differences

in the percentage of particles exported to each subtropical

basin. In SOSE, ;70% of the particles identified as

AABWend up in the PacificOcean,;25%of the particles

end up in the Indian Ocean, and ;7.5% of the particles

end up in the Atlantic Ocean. In ESCM, we find that 31%

of abyssal particles exported end up in the Pacific Ocean,

29% end up in the Indian Ocean, and 31% end up in the

Atlantic Ocean. These differences can be at least partly

attributed to the different methods used to identify abyssal

particles and the unconstrained climatology of ESCM.

To illustrate the role of transient processes in exporting

abyssal particles out of the Southern Ocean in the La-

grangian framework, we use monthly-mean velocity

fields from the CNTRL simulation to drive the particles

rather than 5-day snapshots [Fig. 4 (right)]. When driven

by monthly-mean velocity fields, the particle trajectories

are to a large extent limited to large cyclonic gyres in the

Ross and Weddell Sea regions with very few particles

leaving the Southern Ocean. Consistent with the strength

of the transient equatorward volume flux shown in

Fig. 1a, this implies a crucial role for transients in the

abyssal transport of water out of the Southern Ocean.

In an effort to quantify the local recirculation of abyssal

particles, we calculated the fraction of particles that

recirculate back across anACC streamline before leaving

TABLE 1. Abyssal volume transport across the 100-Sv ACC

streamline. The time-mean and transient components of the vol-

ume transport across the 100-Sv ACC streamline for water with

s3 $ 41.75 kgm23 (s3 5 41.75 kgm23 is the density within the core

of the residual lower-cell MOC in Fig. 1b). The time-mean and

transient transports are separated into positive and negative com-

ponents for both theWIND and CNTRL simulations. The positive

components are directed toward decreasing ACC transport (gen-

erally equatorward) and negative components are directed toward

increasing ACC transport (generally poleward).

WIND CNTRL Anomaly

Time-mean (Sv) 22.37 3.98 26.34

Positive (equatorward) time-mean

component (Sv)

50.58 42.59 7.99

Negative (poleward) time-mean

component (Sv)

252.95 238.61 214.34

Transient (Sv) 14.84 7.68 7.16

Positive (equatorward) transient

component (Sv)

16.58 7.70 8.88

Negative (poleward) transient

component (Sv)

21.74 20.02 21.72

FIG. 4. The abyssal pathway of water formed near the Antarctic coast as reconstructed from the trajectories of all

Lagrangian particles released south of 608S that reach depths below 3500m south of 308S. (left) Trajectories driven by
5-day snapshots of the CNTRL simulation velocity field. (right) Trajectories driven by monthly-mean CNTRL

simulation velocity fields. The pathways are determined from the trajectories of the 2023AABWparticles, where for

each 0.58 3 0.58 grid cell the probability (%) is given that it is crossed by a particle. The white lines (left) are three

barotropic streamlines of the ACC.
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the Southern Ocean (Fig. 5). A particle with an average

abyssal velocity of 0.2m s21 travels 8.6 km in 30 days. A

30-day time scale is often considered as an upper limit for

diagnosing the Eulerian eddy-induced streamfunction.

In CNTRL, within 30 (180) days after crossing an ACC

streamline;40% (;65%) of the exported abyssal particles

recirculate back across the same streamline. In response to

the WIND forcing, the recirculated particle fraction gen-

erally increases (by as much as ;10%), irrespective of the

time scale. In theWIND simulation, the number of abyssal

particles identified also increases by 11%. This is in agree-

ment with the increased equatorward volume flux in the

abyssal portion of the residual circulation that is accom-

plished by the transient circulation component (see Fig. 1

and also Table 1). We also note that instead of an 11%

increase in number of abyssal particles meeting our

classification, the Lagrangian model produces a 7%

decrease when the monthly-mean velocity fields are

used in the WIND experiment, again demonstrating the

crucial role of the transient circulation in setting the

AABW transport strength and pathways in the model.

Despite the net increase in number of abyssal particles

exported from the Southern Ocean in response to the

WIND forcing, changes in their source regions are not

spatially uniform (Fig. 6). Of all the particles identified

in the CNTRL run, 39% are formed in the Ross Sea,

26% in the Weddell Sea, 16% in the region between

those two seas to the west of the peninsula, and the re-

maining 18% is formed on the eastern side of Antarc-

tica. In the WIND simulation, the number of particles

identified increases by up to 25% in the Weddell Sea,

and there are also large increases in theRoss Sea and the

Cape Darnley polynya. On the other hand, there is

a general decrease in abyssal particle formation on the

western side of the Antarctic Peninsula. Although the

absolute numbers of particles that form AABW are

relatively low (in the order of 2000 particles), these

numbers are quite robust. When taking a random subset

of half of all particles released, the relative number of

particles that form AABW, as well as their spatial dis-

tribution, is very similar to that in Fig. 6 (not shown).

The AABW source regions indicated by the Lagrangian

trajectories (Fig. 6) are in agreement with the Eulerian

convective source regions. Changes in the abyssal par-

ticle pathways induced by the wind forcing are shown in

Fig. 7. It reveals a general intensification of the export

pathways in response to the wind forcing, except off the

coast of the Ross Sea where a decrease is found.

c. Dynamical considerations

The previous section revealed the principal Southern

Ocean pathways of the abyssal transport in ESCM and

FIG. 5. The fraction of abyssal particles that after crossing

an ACC streamline recirculate back across the same streamline

within a certain time frame dt before being exported from the

Southern Ocean.

FIG. 6. The location where abyssal water is formed near Antarctica, defined as the number of particles per grid box that reach depths

below 3500m south of 308S in the (left) CNTRL run, (middle)WIND run, and (right)WIND2CNTRL anomaly. The amount of abyssal

particles increases by 11% in theWIND run, as compared to CNTRL.Most of that increase happens in theRoss andWeddell Seas, as well

as at 608E. However, there is considerable decrease of abyssal water formation in the WIND run on the western side of the peninsula.
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their response to the WIND forcing. We now consider

the potential vorticity dynamics maintaining the South-

ern Ocean abyssal transport (refer to the appendix for

theoretical considerations).

On zonal mean cx 5 0, where c is the barotropic cir-

culation, and as follows fromEq. (A7) (see the appendix),

the zonal-mean wind stress curl must be balanced by

bottom pressure torque (BPT). Figure 8 (top) shows the

CNTRL simulation Southern Ocean BPT, estimated

as 2r0fwB, where wB is the vertical velocity through

the top of grid cells located directly above the seafloor,

r0 is a reference density, and f is the Coriolis parameter.

The simulated BPT is noisy with absolute values on the

order of 1026Nm23 and with jwBj ’ 1025m s21 not un-

common. The noisiness can be attributed to large spatial

gradients in bottom stress that can be exacerbated by

artificially large nonlinear and viscous forces generated

by a coarse vertical resolution of bottom topography,

especially near large seafloor terraces. Regardless, the

spatial pattern of BPT resembles the abyssal particle

pathways. There is a pointwise correlation of 0.32 be-

tween Figs. 4 (left) and 8 (top), in agreement with the

suggestion of Hughes and Cuevas (2001) and Spence

et al. (2012) that BPT plays an important role in main-

taining the abyssal transport in high-resolution simula-

tions. Indeed, Spence et al. (2012) identified BPT as a key

component in maintaining meridional abyssal flows in

the interior North Atlantic in the CNTRL simulation. A

smoothed version of the BPT field [Fig. 8 (bottom)]

clarifies a tendency for large negative BPT values to be

positively (negatively) correlated with the equatorward

(poleward) flows.

Hughes and Cuevas (2001) present a convincing theo-

retical argument, confirmed by an eddy-permitting GCM

simulation, that for zonal strips of a few degrees latitude,

the dominant balance in the area-integrated barotropic

FIG. 7. Changes in the Lagrangian pathways of abyssal waters

formed near Antarctica induced by the wind forcing, defined as the

difference betweenWIND and CNTRL in the number of particles

per 0.58 3 0.58 grid cell released south of 608S that reach depths

below 3500m south of 308S. Units are the number of particles.

FIG. 8. (top) CNTRL annual-mean bottom pressure torque es-

timated as 2r0fwB (1026Nm23). (bottom) As in (top) but for

values smoothed via an area-mean filter.
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vorticity equation is the wind stress curl and bottom

pressure torque in the Southern Ocean (and elsewhere).

Assuming that a representative value for the large-scale

horizontal velocity near the bottom juBj is 1022m s21

and using j$Dj 5 1023 as a representative value for the

magnitude of large-scale bottom topographic slopes, the

associated near-bottom vertical velocity jwBj5 juBjj$Dj
can be as large as 1025m s21. This is an order of magni-

tude larger than typical values of surfaceEkmanpumping.

It is also much larger than typical values of mixing-driven

upwelling (assuming for the latter a vertical diffusivity of

1024m2 s21 acting over a corresponding vertical scale of

103m).While the above estimate for jwBj is biased toward
its upper limit (because the cross-slope component of uB
is likely to be generally smaller than juBj), it does sug-

gest that the effect of bottom pressure torques can be

very important. We further note that the BPT signature

and the number of abyssal Lagrangian particles exported

into the subtropics are greatly reduced in a coarse (.18)-
resolution simulation (not shown) that requires a higher

horizontal viscosity for numerical stability.

However, locally the direct influence of the wind

stress curl in the Southern Ocean PV budget is small,

and the dominant terms in Eq. (A8) (see the appendix),

by roughly an order of magnitude, are the topographic

planetary Jacobian J(c, f/H) and joint effect of baro-

clinicity and bottom relief (JEBAR) terms (e.g., Hughes

and de Cuevas (2001); Borowski et al. 2002; Sarkisyan

(2006); Olbers et al. 2007). As pointed out by Borowski

et al. (2002), if one neglects the local wind stress curl,

then the local PV balance of Eq. (A8) can be reduced to

c’ ~E/f , where ~E5 g/r0
Ð 0
2H (r2 r)z dz, with r(x, y, z)

and r(z) being the potential density and its globally

averaged profile, respectively. Figure 9 provides a com-

parison of ~E/f in ESCM with the Locarnini et al. (2010)

and Antonov et al. (2010) observational estimate. The

magnitude of ~E/f tends to be weaker in ESCM than

observed, but the spatial patterns are consistent. The

differences can be attributed to the models’ density field

diverging from the observational estimate used for ini-

tial conditions. Note that the ~E/f transport resembles the

barotropic streamfunction c shown in Fig. 2.

By following Borowski et al. (2002) and neglecting the

wind stress curl term inEq. (A8), changes in the Southern

Ocean PV balance can be reduced to Dc’D ~E/f . The

WIND forcing may indirectly influence the barotropic

circulation by altering the (r2 r) term of ~E. Density

changes in the abyss may be particularly important be-

cause of the dependence of ~E on depth. Figure 10 shows

D ~E/f integrated over the full water depth and below

1500m, along with Dc induced by the WIND forcing.

While the magnitude of Dc is generally larger, the spatial

pattern is consistent with D ~E/f . Both decrease between

roughly 408 and 558S and increase at higher and lower

latitudes, a pattern that resembles the changes in Ekman

pumping. The pointwise correlation coefficient between

Dc and D ~E/f in Fig. 10 is 0.52 when E is integrated over

the full depth, and 0.32 when E is integrated over the

bottom 1500m.

This is not the first study to illustrate the connection

between the spatial pattern of D ~E/f and the barotropic

FIG. 9. (top) The ~E/f in the Locarnini et al. (2010) and Antonov

et al. (2010) datasets, and (bottom) averaged over the last 5 years of

the CNTRL simulation. ~E5 g/r0
Ð 0
2H (r2 r)z dz. Units are Sv.
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streamfunction in the Southern Ocean (e.g., Borowski

et al. 2002). Here, we confirm the result of Borowski et al.

(2002) and argue that in our simulations much of the

change in D ~E/f , in response to the changes in winds, re-

sults from density changes in the deep Southern Ocean.

4. Summary and conclusions

This study uses a global ocean eddy-permitting cli-

mate model to explore the abyssal export of water from

the Southern Ocean and its response to the projected

twenty-first-century poleward intensification of South-

ern Ocean wind stress. In the zonally integrated Euler-

ian framework of the lower-cell MOC, the transient

circulation is responsible for roughly one-third of the

abyssal transport in the CNTRL simulation. In response

to projected twenty-first-century wind stress changes,

the maximum intensity of the lower-cell MOC residual

transport decreases by roughly 8 Sv, while the transient

overturning intensifies by as much as 9 Sv. However, the

compensation between opposing meridional flows within

similar density classes makes it difficult to decipher how

the export of abyssal water from the Southern Ocean is

affected by the changing winds in aMOC framework.We

find that the equator- and poleward transport compo-

nents of both the time-mean and transient circulations

are enhanced by the changing winds. If one associates the

poleward-flowing abyssal water with LCDW and the

FIG. 10. (top) The ~E/f anomaly integrated over the (left)

whole water column and (right) bottom 1500m, and (bot-

tom) the barotropic streamfunction (c) anomaly. All are

time-mean averages from the last 5 years of the WIND

forcing. ~E5 g/r0
Ð 0
2H (r2 r)z dz. Units are in Sv. Note the

different scales on the color bars.
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equatorward-flowing water as AABW, then these results

suggest that twenty-first-century changes in the westerly

winds’ wind forcing generates large increases in the

abyssal transport by the time-mean and transient circu-

lations of both water masses. We note that Stewart and

Thompson (2012) find the lower-cell MOC to also be

highly sensitive to the strength of the polar easterlies in

an idealized channel model.

Purkey and Johnson (2012) argue that the observed

warming of AABW between the 1980s and 2000s, re-

vealed as a deepening of abyssal isotherms, implies

a global-scale contraction of AABW because volume

transports in the ocean interior tend to be aligned with

the instantaneous isothermal surfaces. However, whilec

is an effective quantifier of the net meridional flux at a

given temperature (Marshall and Radko 2003), changes

in the net meridional volume flux do not necessarily imply

a change in the export of AABW from the Southern

Ocean. Figure 11 shows the zonally averaged Southern

Ocean isotherms in the CNTRL and WIND simulations.

Note that the isotherms south of 608S are shallow in re-

sponse to the WIND forcing, while the lower-cell residual

MOC decreases in strength (refer to Fig. 1).

A Lagrangian particle analysis is used to identify the

transport pathways of Southern Ocean abyssal water

exported into the subtropical basins. Three major

pathways equatorward from the Antarctic coast are

clearly simulated by the Lagrangian particles: from the

Weddell Sea, from the Ross Sea south of New Zealand,

and from Prydz Bay near 608E. The Lagrangian particle

analysis of the WIND simulation reveals that the num-

ber of abyssal particles exported to the subtropics in-

creases by 11%. In the WIND simulation the number of

the abyssal particles sourced in the Weddell Sea in-

creases by up to 25%, and there are also large increases

in the Ross Sea and the Cape Darnley polynya along

with a general decrease in abyssal particle formation

on the western side of the Antarctic Peninsula. When

driven by monthly-mean velocity fields, rather than

5-day snapshots, very few the particles in the CNTRL

simulation leave the Southern Ocean, which is consis-

tent with the strength of the transient MOC and implies

a crucial role for transients in the abyssal transport of

water out of the Southern Ocean.

Arguments based on PV budgets identified BPT as

a key component maintaining abyssal flow pathways in

the Southern Ocean, implying that the input of vorticity

into the Southern Ocean by the wind stress curl is

balanced by BPT rather than viscous stresses. Coarse-

resolution (i.e., .18) models that require a high hori-

zontal viscosity for numerical stability are likely to have

difficulty in accurately simulating the PV balance of

the abyssal Southern Ocean vorticity balance. Projected

wind stress changes are also found to indirectly influence

the Southern Ocean barotropic circulation bymodifying

the potential energy component of the potential vor-

ticity balance in the abyss.
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APPENDIX

Integrated Budgets of Potential Vorticity

In this section, we briefly review two useful forms of

the depth-integrated PV balances, as well as the con-

straints they impose on the mean large-scale circulation.

These balances will be employed for interpreting some

of our findings in the next sections. Because we will also

analyze the SouthernOcean circulation integrated along

time-mean barotropic streamlines of the ACC, the cor-

responding form of the depth-integrated PV budget is

also presented.

Following Hughes and Killworth (1995), it is useful to

consider the steady horizontal momentum equation,

neglecting nonlinear terms and horizontal friction:

r0 fk3 u52$p1Tz , (A1)

where r0 is the reference density, f is the Coriolis pa-

rameter, u(u, y) is the horizontal velocity, p is the

FIG. 11. Zonally averaged Southern Ocean isotherms (8C) averaged
over the last 5 years of the CNTRL and WIND simulations.
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pressure, T 5 (Tx, Ty) is the vertical stress, and

Tz 5 ›T/›z. Integrating Eq. (A1) vertically and using the

continuity equation

$ � u1wz5 0, (A2)

with the vertical velocityw5 0 at z5 0 andw52u �$H
at the bottom z 5 2H(x, y), gives

2r0 f$c52

ð0
2H

$p dz1 t , (A3)

where c is the vertically integrated streamfunction and

t 5 (tx, ty) is the difference between the surface and the

bottom stress (we assume that bottom stress is weak, so

that t is dominated by the wind stress). Using the hy-

drostatic equation

pz 1 gr5 0, (A4)

the vertically integrated pressure gradient can bewritten

as follows:

ð0
2H

$p dz5H$pb 1$E , (A5)

so that Eq. (A3) takes the form

2r0 f$c52H$pb2$E1 t , (A6)

where pb is the bottom pressure and E5 g
Ð 0
2H rz dz is

the potential energy.

Two useful forms of the vorticity equation for the

depth-integrated flow can then be obtained. Taking the

curl of Eq. (A6) gives

r0bcx5 J(pb,H)1k � $3 t , (A7)

whereas dividing Eq. (A6) byH and taking the curl gives

r0J(c, f /H)5 J(E, 1/H)1 k � $3
t

H
, (A8)

where b 5 fy; J(pb, H) and J(E, 1/H) are the BPT and

JEBAR terms, respectively (Sarkisyan and Ivanov

1971). The BPT is closely related to the near-bottom

vertical velocity wb. Taking the curl of Eq. (A1) and

integrating it vertically, and using Eq. (A2) and the no

normal flow conditions at the surface and through the

bottom, gives r0fwb 5 2J(pb, H) (this also implies that

the near-bottom circulation is, under the assumptions

made, geostrophic). In the Southern Hemisphere (f, 0),

an upward wb implies a northward flow. It may dominate

the net meridional transport in regions (e.g., boundary

currents) where wind stress curl can be neglected.

The PV balance given by Eq. (A8) is also very useful.

First of all, it states that one only needs information

about the density field andwind stress, which is available

from observations, to estimate the large-scale depth-

integrated circulation. Second, it implies that, in the

absence of wind stress, in order to force the depth-

integrated flow across the contours of f/H 5 constant,

there must be a nonzero JEBAR.

The models used in this study are used to examine

both the BPT and JEBAR components, jointly with the

pathways of the abyssal circulation in the Southern

Ocean. In addition, we will consider the transports in the

abyss across the contours of c5 constant. In this regard,

it is useful to note that integrating Eq. (A6) around

contours of c gives (Hughes and Killworth 1995)

þ
c5constant

H$pb � ds5
þ
c5constant

t � ds , (A9)

which implies that as long as there is an input of mo-

mentum from the wind stress, there must be a nonzero

bottom form stress to balance it (Munk and Palm�en

1951). Hence, a change in the wind stress along a con-

tour of c 5 constant should result in a change in the

near-bottom geostrophic flows. However, the PV bal-

ance given by Eq. (A9) does not tell us what the in-

tegrated transient circulation in the near-bottom ocean

may look like, including in response to changes in the

wind stress. This study addresses this question by iden-

tifying the transport pathways of the near-bottom cir-

culation in the Southern Ocean in simulations of an

ocean eddy-permitting model.
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