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ABSTRACT

Subduction processes in the Southern Ocean transfer oxygen, heat, and anthropogenic carbon into the

ocean interior. The future response of upper-ocean subduction, in the Subantarctic Mode Water (SAMW)

and Antarctic Intermediate Water (AAIW) classes, is dependent on the evolution of the combined surface

buoyancy forcing and overlying westerly wind stress. Here, the recently observed pattern of a poleward

intensification of the westerly winds is divided into its shift and increase components. SAMW and AAIW

formation occurs in regional ‘‘hot spots’’ in deep mixed layer zones, primarily in the southeast Indian and

Pacific. It is found that the mixed layer depth responds differently to wind stress perturbations across these

regional formation zones. An increase only in the westerly winds in the Indian sector steepens isopycnals and

increases the local circulation, driving deepermixed layers and increased subduction. Conversely, in the same

region, a poleward shift and poleward intensification of the westerly winds reduces heat loss and increases

freshwater input, thus decreasing the mixed layer depth and consequently the associated SAMW and AAIW

subduction. In the Pacific sector, all wind stress perturbations lead to increases in heat loss and decreases in

freshwater input, resulting in a net increase in SAMWand AAIW subduction. Overall, the poleward shift in

the westerly wind stress dominates the SAMW subduction changes, rather than the increase in wind stress.

The net decrease in SAMW subduction across all basins would likely decrease anthropogenic carbon

sequestration; however, the net AAIW subduction changes across the Southern Ocean are overall minor.

1. Introduction

The Southern Ocean is a carbon distribution hub. Its

overturning circulation plays a critical role in sustaining

the uptake of anthropogenic carbon (Ito et al. 2010;

Sallée et al. 2012; Iudicone et al. 2016). Natural carbon-

rich, deep-water masses are transported southward and

upwelled in the Southern Ocean, while equatorward-

flowing ventilated water masses transport anthropo-

genic carbon toward the midlatitude region. The uptake

of anthropogenic carbon is efficient in the Southern

Ocean because the upwelled waters are constantly

transported away from the uptake zone through Ekman

transport (Ito et al. 2010) and are then transferred from

the mixed layer to the ocean interior farther north, a

process called subduction (Sallée et al. 2010; Langlais

et al. 2017, manuscript submitted to Sci. Rep., herein-

after L17). Subducted Subantarctic Mode Water

(SAMW) and Antarctic Intermediate Water (AAIW)

contain more than 50% of the anthropogenic carbon

storage in the Southern Ocean (Sabine et al. 2004;

Gruber et al. 2009; L17); however, they differ in their

natural carbon content (Gruber et al. 2009). Eddies also
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play a role in transporting heat and carbon poleward and

act to offset surface Ekman transport (Morrison and

Hogg 2013).

The major mode of atmospheric variability in the

Southern Ocean, the southern annular mode (SAM), has

been in a dominant positive phase in recent decades

(Thompson and Solomon 2002; Marshall 2003). This

positive phase is associated with the increase in the west-

erly wind speed (;30%) and approximately 38 shift

poleward in the position of its maximum since the 1950s

(Swart and Fyfe 2012). A positive shift in the SAM has

been projected to reduce CO2 uptake in this region caused

by both increased upwelling and outgassing of natural

carbon (Lenton and Matear 2007) and change the distri-

bution of natural carbon in the upwelled deep and

subducted mode and intermediate water masses

[see Fig. 13 schematic in Hauck et al. (2013)]. While the

Southern Ocean carbon sink may have been steadily

weakening by 0.1 Pg C yr21 in the last two decades

(Dufour et al. 2013; LeQuéré et al. 2007; Lovenduski et al.
2007), a recent trend reversal to a larger carbon sink may

have occurred (Landschützer et al. 2015). The mechanism

behind the trend and its variability is at present not well

understood. Thus, we are motivated to assess the role of

wind stress in changing the physical circulation of water

masses associated with carbon uptake.

Coarse-resolution model studies have indicated that

under future climate scenarios (Downes et al. 2009,

2010), SAMW and AAIW subduction decreases by

12%–23% by the end of the twenty-first century; how-

ever, the poleward intensification of the westerly winds

alone at least doubles SAMW and AAIW subduction

rates (Downes et al. 2011). This study separates the in-

fluence of the shift and the intensification of the west-

erlies on SAMW and AAIW subduction hot spots

using a high-resolution model (section 2).We determine

changes in regional mixed layer depth and SAMW and

AAIW subduction rates under wind stress perturbations

(section 3) and then conclude in section 4.

2. Methods

a. The MOM025 configuration

The model and wind perturbations used in this study

are those described in detail in Spence et al. (2014) and

Hogg et al. (2017). The ocean component is the National

Oceanic and Atmospheric Association Geophysical

Fluid Dynamics Laboratory Modular Ocean Model,

version 5 (MOM5; Griffies 2012). The eddy-permitting

ocean has a 1/48 horizontal grid resolution, with 50 un-

evenly spaced vertical levels in a geopotential depth

coordinate. The model excludes any additional eddy

mixing scheme. The ocean component is coupled to a

sea ice model (Winton 2000), and sea surface salinity is

restored to monthly climatology on a 60-day time scale.

The ocean–ice model is forced by atmospheric re-

analysis fluxes of sea surface temperature, wind speed,

and humidity (CORE2 NYF; Large and Yeager 2009).

The atmospheric state is representative of a single year

in the late-twentieth century; thus, the same seasonally

varying year of forcing is applied to all simulations.

Fourmodel runs are assessed. The control (CTL) case is

spun up for 500 years before three wind sensitivity ex-

periments are initiated for 50-yr duration. After the 500-yr

model spinup period, the mixed layer depth (a major

driver of the net subduction rate) in the control simulation

varies by no more than 10% annually. The control west-

erly wind stress peaks at 518S (0.13Nm22). The wind

anomalies are applied only in the 708–258S latitude range

and are held fixed throughout the 50-yr simulations. The

wind stress anomalies emulate the recently observed and

modeledwind stress intensification and poleward shift and

are shown in Fig. 1a. These three perturbations are 1) a

48 poleward shift of the westerly winds (SH), 2) a 30%

increase in westerly wind stress (UP), and 3) a combined

48 poleward shift and 30% intensity increase (PI). The

ocean’s response to wind stress changes is dramatic in the

first two decades (Hogg et al. 2017), thus we only compare

the anomalies using the mean of the final 30 years of the

control and the three perturbation runs. The westerly

wind perturbations, despite being applied uniformly

around the circumpolar belt, have different regional im-

pacts on water mass properties, dependent on the latitude

of the formation regions. For example, the wind stress in

theUP case increases north of;588S. However, in the SH

and PI cases, thewesterlies decrease north of 458 and 358S,
respectively, with increases south of this.

b. Subduction methods

Over an annual cycle, the mixed layer deepens in

autumn andwinter and shoals in spring and summer. It is

during the early shoaling phase, after the mixed layer

depth has reached its annual maximum (Figs. 1b,c), that

water masses are irreversibly transported from the

mixed layer into the ocean interior (e.g., Marshall et al.

1993; Sallée et al. 2010). Thus, we describe the annual-

mean subduction rate Sann in terms of the annual max-

imum mixed layer depth H and vertical and horizontal

velocities (w and U, respectively) following methods of

Marshall et al. (1993):

S
ann

5w
H
1U � =H . (1)

The subduction rate is given in units of meters per

year. The annual maximum mixed layer is estimated

2522 JOURNAL OF PHYS ICAL OCEANOGRAPHY VOLUME 47

Unauthenticated | Downloaded 04/05/21 11:22 PM UTC



using a 0.03 kgm23 density criterion (de Boyer

Montégut et al. 2004; Fig. 1b). However, the model

density for high temporal resolution (required for esti-

mating the maximum annual mixed layer depth) was

only archived in the wind perturbation simulations ref-

erenced to 2000dbar, s2.We have chosen a 0.005 kgm23

s2 criterion for our study (Fig. 1c) that provides a

maximum annual mixed layer comparable with

0.03 kgm23 s0 criterion in the control run (not shown).

The chosen criteria best reflect the observed magnitude

of the SAMW and AAIW deep mixed layer regions in

the southeast Indian and Pacific sectors, with consider-

ably shallower mixed layers in the Atlantic (Karstensen

and Tomczak 1998; Dong et al. 2008; Hartin et al. 2011).

We exclude the unrealistically high mixed layers pro-

duced south of the Polar Front using the 0.005kgm23 s2

criterion using a20.9-m sea surface height criterion (see

contours in Fig. 1).

In the following, positive subduction is water exiting

the mixed layer, and negative subduction is water

entering the mixed layer (termed obduction). The

SAMW and AAIW subduction rates are dominated by

the lateral component (Downes et al. 2009, 2010; Sallée
et al. 2010; L17). Key regions (hot spots) where sub-

duction into the ocean interior is evident include the

southeast Pacific and flowing east of Drake Passage and

the southeast Indian sector (708E–1708W; Fig. 1d).

These hot spots are in agreement with those found in

SAMW and AAIW density ranges in L17 (see their

Fig. 3).

Several model and observational studies have sepa-

rated the mean and eddy velocities in their subduction

estimates (e.g., Kwon et al. 2013; L17); however, recent

studies using observations and model solutions have

concluded that it is the mean flow that dominates the

total subduction rate in the Southern Ocean (L17). Us-

ing a 1/108 resolution MOM-based configuration with

a stronger eddy energy (cf. Stewart et al. 2017), L17

found that transient eddies contribute only ;5% of the

physical subduction, and ;13% to the subduction of

FIG. 1. (a) The zonally average zonal-meanwind stress (Nm22) for theCTL (black) and three wind perturbations

(increase UP, red; poleward shift SH, blue; and poleward intensification PI, yellow). The maximummonthly mixed

layer depth (m) for (b) observations [World Ocean Atlas (WOA09) using a 0.03 kgm23 criterion using potential

density referenced to the ocean surface; Locarnini et al. 2013] and (c) the control experiment CTL (using

a 0.005 kgm23 criterion in potential density referenced to 2000m). (d) The total, annual-mean subduction rate

[m yr21; Eq. (1)] in the CTL experiment. Red indicates subduction into the ocean interior; blue indicates obduction

(i.e., transfer from the ocean interior into the mixed layer). The analysis is limited to north of the20.9-mmean sea

surface height contour [white in (b) and (c); black in (d)].
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anthropogenic carbon, in the SAMW and AAIW den-

sity range (26.8 to 27.3 kgm23). Thus, in this study we

exclude the role of eddies and solely focus on the re-

gional changes in the mean subduction component.

3. Results

a. Water mass properties

We characterize SAMW using a low potential vor-

ticity (PV) signature (McCartney 1977). The SAMW

potential vorticity minimum lies within 1026.7 and

1026.95 kgm23 (Fig. 2a), approximately 0.05 kgm23

denser than observations (Table 1). The density classes

vary slightly in each basin, steered by the latitudinal

position of fronts and the temperature–salinity

properties in each basins (Dong et al. 2008; Herraiz-

Borreguero and Rintoul 2011; Hartin et al. 2011). We

found that the position and density classes of SAMW in

the Indian Basin change minimally under all three wind

stress perturbations (Figs. 2b–d). The increase and

poleward intensification wind stress perturbations both

enhance local mixing and turbulence and deepen the

SAMW low potential vorticity signature in the Pacific

basin (Figs. 2c, d). Interestingly, the poleward shift in the

Atlantic sector (SH and PI cases) dramatically shifts the

upper bound of SAMW from 1026.6 to 1029.90 kgm23

(Table 1). In the SH and PI cases, we find the potential

vorticity minimum is not only present at 408S as in the

control (figure not shown) but also farther south at 458S
(Figs. 2b,d).

AAIW is identified by a salinity minimum (;34.4–34.6)

and once subducted flows at ;700 to 1400m (Hartin

et al. 2011). Here, we use the lower SAMWdensity limit

as the upper bound for AAIW and chose a density limit

that includes the salinity minimum. The model salinity

minimum tongue is thinner and does not extend as far

north compared to observations, and thus the density

class ranges for AAIW are smaller (cf. the observations

FIG. 2. Potential vorticity (310211 m21 s21) shown in meridional mean sections at 458S for

each experiment. Potential vorticity is defined as PV 5 2(f/r)(›r/›z), where f is the Coriolis

parameter, z is depth (positive downward), and r is the potential density. For comparison, the

43 10211 m21 s21 contour line for theWOA09 (Locarnini et al. 2013) observations is shown in

the first panel (black); to be compared to the same contour level is shown from the control

experiment onto each of the three wind perturbation experiments (white). The density classes

bounding the PVminimum tracer for mode water in each experiment are shown in red and are

tabulated for each basin in Table 1.
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and CTL rows for AAIW in Table 1). In all three per-

turbation experiments, theAAIWdensity class densifies

by 0.05–0.15 kgm23. An increase in the westerlies

deepens the zonal-mean AAIW salinity minimum

tongue (508–358S), while the poleward shift in the wind

stress results in a southward shift of the salinity tongue

(figure not shown). Despite the deepening and densifi-

cation of the AAIW salinity minimum tongue, little

change in the salinity of the tongue is found. Small

changes in salinity may be due to the surface salinity

restoring in the model or may imply that increasing and/

or shifting of the westerly winds drives cooler waters

from farther south into the AAIW formation regions,

thus increasing the density of AAIW.

b. Spatial patterns of variability

The westerly wind stress is able to change the deep

mixed layer regions by varying turbulence and change

the temperature and salinity properties via re-

distribution of surface heat and freshwater forcing.

We find that both the increase and poleward shift in

the westerly winds steepen isopycnals south of the

wind stress maximum and densify the subducted water

masses, in particular AAIW (Table 1). The steepening

and equatorward shift in isopycnals implies eddies are

unable to fully counteract the momentum changes

imparted by the wind stress perturbations.

Frankcombe et al. (2013) showed that all three wind

perturbations increased the zonal transport south of

the wind stress maximum, which would increase the

lateral subduction of SAMW and AAIW. However, we

do not find a net increase in SAMW and AAIW sub-

duction across the Southern Ocean. Rather, regionally

different changes in the mixed layer depth, and conse-

quently subduction of SAMW and AAIW (Figs. 4a–c),

are a reflection of regional changes in the surface heat

and freshwater fluxes (Fig. 3). Changes in the mixed

layer depth areO(6150) m in the regions of deep winter

mixed layers (Fig. 1c), which can affect the subduction

rate into the ocean interior by a factor of 2 in some

regions.

The control net surface heat flux differs in sign across

the Southern Ocean (Fig. 3a), whereas the mid- to high

latitudes are dominated by a freshwater input (posi-

tive) that is larger to the south (Fig. 3d). In all three

wind stress perturbations, increases in surface heat loss

and decreases in freshwater input in the Pacific

SAMW/AAIW formation regions (Fig. 3) lead to an

increase in mixed layer depth and subduction in the

Pacific (Fig. 4). However, a poleward migration of the

westerlies shifts the SAMW and AAIW water mass

formation regions toward the high-latitude upwelling

zones, and we find decreases in subduction in the cen-

tral Pacific (i.e., more obduction).

SAMW and AAIW formation regions are located

farther north in the Indian sector compared to the

Pacific, and we find different outcomes in subduction

in these two regions. In the Indian sector, the pole-

ward shift and poleward intensification cases (SH and

PI) lead to a large decrease in heat loss and increase in

freshwater input in the SAMW and AAIW formation

regions (Figs. 3c,f). These buoyancy changes are as-

sociated with a decrease in the deep winter mixed

layers just north of the wind stress maximum and a

decrease in the SAMW and AAIW subduction

(Fig. 4). However, despite an increase in heat gain and

freshwater input in the SAMW/AAIW Indian forma-

tion regions in the increased wind stress perturbation

(UP; Figs. 3b,e), we find an increase in the mixed layer

depth. Thus, enhanced convection, rather than surface

TABLE 1. The 30-yr mean density classes of SAMW and AAIW

estimated from the annual-mean potential vorticity and salinity in

each oceanic basin in the SouthernOcean.Observations are sourced

from the World Ocean Atlas climatology (Locarnini et al. 2013).

Basins shown are the Indian (308–1508E), Pacific (1508E–508W), and

Atlantic (508W–308E).

Experiment Region Water mass Density class (kgm23)

Observations Indian SAMW 1026.65–1026.80

AAIW 1026.80–1027.45

Pacific SAMW 1026.75–1026.90

AAIW 1026.90–1027.45

Atlantic SAMW 1026.60–1026.80

AAIW 1026.80–1027.45

CTL Indian SAMW 1026.70–1026.95

AAIW 1026.95–1027.35

Pacific SAMW 1026.80–1026.95

AAIW 1026.95–1027.40

Atlantic SAMW 1026.60–1026.90

AAIW 1026.90–1027.35

SH Indian SAMW 1026.75–1026.95

AAIW 1026.95–1027.40

Pacific SAMW 1026.80–1026.95

AAIW 1026.95–1027.45

Atlantic SAMW 1026.90–1027.05

AAIW 1027.05–1027.45

UP Indian SAMW 1026.70–1026.95

AAIW 1026.95–1027.40

Pacific SAMW 1026.85–1026.95

AAIW 1026.95–1027.45

Atlantic SAMW 1026.70–1026.95

AAIW 1026.95–1027.40

PI Indian SAMW 1026.80–1026.95

AAIW 1026.95–1027.45

Pacific SAMW 1026.85–1027.00

AAIW 1027.00–1027.50

Atlantic SAMW 1026.90–1027.05

AAIW 1027.05–1027.40
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buoyancy fluxes, more likely influences Indian SAMW

and AAIW subduction in the UP experiment.

In the Atlantic basin, increased wind stress enhances

surface heat loss and reduces the freshwater input

(Figs. 3b,e), thus deepening the mixed layer (Fig. 4b)

and increasing subduction (Fig. 4e). The region along

the southern tip of South America shows distinct heat

loss and freshwater input in the control case (Figs. 3a,d).

Here, in both the poleward shift and poleward in-

tensification wind stress perturbations, heat loss is re-

duced and the freshwater input is enhanced (Figs. 3c,f),

thus shoaling the local mixed layer depth (Figs. 4a,c) and

decreasing subduction (Figs. 4d,f). Directly to the west

and south, the mixed layers increase because of in-

creases in surface heat loss (Figs. 3c, 4c).

c. Variability of net subduction rates

While Figs. 4d and 4f illustrate the spatial pattern of

the positive subduction from the mixed layer to the

ocean interior, the net regional subduction rates dis-

cussed herein are a combination of the subduction and

obduction processes. The net regional rates are in-

tegrated over each grid cell area and separated into

0.1 kgm23 density bins, resulting in a transport in units

of Sverdrups (Sv; 1 Sv [ 106m3 s21; Fig. 5). In the con-

trol case, 9 Sv of SAMW is subducted in the ocean

FIG. 3. (top) The net surface heat flux (positive into the ocean; Wm22) for the (a) CTL, (b) UP 2 CTL, and (c) PI 2 CTL. The net

surface heat flux is composed of the latent, sensible, shortwave, and longwave radiative fluxes. (bottom) As in (top), but for the net

freshwater flux (positive into the ocean; mm yr21). The freshwater flux is composed of precipitation, evaporation and river runoff. The

SH2CTL case is excluded as it is very similar to the PI2CTLpanels. In all panels the20.9-m sea surface height contour for theCTL case

is shown in black. The analysis is limited to north of this contour.
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interior, agreeing well with the 7 Sv diagnosed using

climatology and autonomous float data (Sallée et al.

2010). In the denser AAIW layer, we find negligible

transports in all regions except the central (obduction)

and eastern (subduction) Pacific, which amount to 7.6 Sv

subduction. Our Pacific subduction agrees favorably

with the 5.8 Sv diagnosed using hydrographic chloro-

fluorocarbon (CFC) data by Hartin et al. (2011).

In Fig. 5, the SAMW and AAIW subduction around

the circumpolar belt is divided into and summed in six

uneven zonal regions for the control and three wind

stress perturbations. The largest change in the SAMW

formation region is the significant shoaling of the mixed

layer in the southeast Indian Basin (Fig. 4), where the

subduction decreases dramatically by 75% in the pole-

ward shift and poleward intensification (SH and PI)

perturbations (Fig. 5a). Conversely, the increasedmixed

layer depth in the northern half of the deep southeast

Indian mixed layer zone (Fig. 4b) drives a small increase

in the SAMW subduction in the perturbation where

winds are solely increased (Fig. 5a). Obduction in the

central Pacific region also increases (;50%) in the

poleward shift wind stress perturbation.

The difference between the SAMW and AAIW re-

sponses to the wind perturbations is that the poleward

shift in the wind stress (SH) dominates the SAMW

FIG. 4. The change in maximum mixed layer depth (m) from the control for each wind perturbation experiments: (a) SH 2 CTL,

(b) UP 2 CTL, and (c) PI 2 CTL. (d)–(f) As in (a)–(c), but for the change in the positive subduction into the ocean interior (m yr21).

Positive values indicate an increase in subduction; negative values a decrease in subduction. In all panels the 20.9-m sea surface height

contour for the CTL case is shown in black as a reference.
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response, whereas the increase and poleward shift wind

stress perturbations change similarly in theAAIW layer.

The central Pacific changes in all three cases are simi-

larly large in theAAIW layer (Fig. 5b), where obduction

increases by 5 times the control rate of 0.5 Sv. Sub-

duction in the far southeast Pacific around Drake Passage

increases by up to 25%; however, the total subduction

transport in this region is a combination of both signifi-

cant subduction and obduction.

This study differs from that of Downes et al. (2011),

where the ocean was coupled to an evolving atmosphere

during a single poleward intensification experiment.

While Downes et al. (2011) found an increase in SAMW

and AAIW subduction under a larger poleward in-

tensification of the westerlies, our study finds an overall

decrease. This is possibly due to their larger increase in

the wind stress magnitude compared with this study or

the lack of coupling between the ocean and atmosphere

here. Our subduction transports can also be influenced

by the chosen density class for each water mass and the

mixed layer density criterion; both of which can vary

the subduction transports by ;62Sv. However, here

the dominance of the shift contribution to the impacts

in the PI case persists regardless of mixed layer criterion

or water mass definition.

4. Summary and conclusions

Subduction processes ventilate the ocean, allowing it

to ‘‘breathe’’ and exchange heat, freshwater, carbon,

and other gases at the air–sea interface. Here, we

uniquely separate the impacts of the shift and the in-

crease in the westerly winds on the subduction of

SAMW and AAIW. We hold the atmospheric forcing

quasi constant (climatology normal-year forcing) and

perturb solely the winds. Water mass properties are

strongly influenced by wind stress perturbations, par-

ticularly in the Atlantic sector, where a shift in the

westerlies significantly expands the low potential vor-

ticity signature of SAMW poleward. A coherent result

across the Southern Ocean is that the influence of the

poleward intensification of the westerly winds is domi-

nated by its poleward shift rather than the increase in

wind stress. Surface buoyancy fluxes are a major driver

in regional mixed layer depth anomalies.

The strength of the overturning circulation is the

critical parameter explaining the variability of carbon

uptake variability in the Southern Ocean (Lenton and

Matear 2007; Landschützer et al. 2015; DeVries et al.

2017). However, it is uncertain whether increased

overturning circulation will cause less carbon seques-

tration because of upwelling of carbon-rich deep water

(Le Quéré et al. 2007; Lovenduski et al. 2007; Lenton

and Matear 2007) or if more carbon sequestration will

occur because of enhanced subduction north of the

ACC (Hauck et al. 2013). Our study adds a caveat to

this view, as the poleward intensification of the winds

does not result in increased SAMW and AAIW sub-

duction. In our case, reduced subduction of anthropo-

genic carbon in SAMWandAAIWwould reinforce the

effect of upwelling of carbon-rich deep water and fur-

ther limit carbon uptake. Mechanisms and feedbacks

that should be considered in future work include at-

mospheric teleconnections as possible drivers of re-

duced carbon uptake (e.g., Landschützer et al. 2015)

and the possibility that circulation changes could

trigger a cascade of physical (e.g., Boning et al. 2008;

Haumann et al. 2014) and biological feedbacks (Hauck

et al. 2013).
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