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ABSTRACT

A kinematic approach is used to diagnose the subduction rates of upper–Southern Ocean waters across

seasonally migrating density outcrops at the base of the mixed layer. From an Eulerian viewpoint, the term

representing the temporal change in the mixed layer depth (which is labeled as the temporal induction in this

study; i.e., Stemp5 ›h/›twhere h is themixed layer thickness, and t is time) vanishes over several annual cycles.

Following seasonally migrating density outcrops, however, the temporal induction is attributed partly to the

temporal change in themixed layer thickness averaged over a density outcrop following its seasonally varying

position and partly to the lateral movement of the outcrop position intersecting the sloping mixed layer base.

Neither the temporal induction following an outcrop nor its integral over the outcrop area vanishes over

several annual cycles. Instead, the seasonal eddy subduction, which arises primarily because of the subannual

correlations between the seasonal cycles of the mixed layer depth and the outcrop area, explains the key

mechanism by which mode waters are transferred from the mixed layer to the underlying pycnocline. The

time-mean exchange rate of waters across the base of the mixed layer is substantially different from the

exchange rate of waters across the fixed winter mixed layer base in mode water density classes. Nearly 40% of

the newly formed Southern Ocean mode waters appear to be diapycnally transformed within the seasonal

pycnocline before either being subducted into the main pycnocline or entrained back to the mixed layer

through lighter density classes.

1. Introduction

The upper ocean is ventilated by subduction of water

masses in mid- and high latitudes where pycnocline

water masses outcrop at the surface. Observations show

that water mass properties within the main pycnocline

are very similar to the properties in the winter mixed

layer of the outcrop regions (e.g., Iselin 1939). Based on
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this finding, Stommel (1979) suggested that mixed layer

waters are transferred to the main pycnocline at the end

of winter when the main pycnocline is directly in contact

with the mixed layer. Modeling studies (Woods 1985;

Williams et al. 1995) deploying Lagrangian particles in

the mixed layer indeed show that subduction occurs

preferentially from late winter to early spring when the

deep mixed layer shoals rapidly because of seasonal

buoyancy forcing. The subducted upper water masses

spread along isopycnals zonally and meridionally (Sloyan

and Rintoul 2001; Koch-Larrouy et al. 2010), transporting

heat, freshwater, nutrients, and dissolved gases from the

sea surface to the ocean’s interior (e.g., Toggweiler et al.

1989; Sarmiento et al. 2004; Sabine et al. 2004).

One of the most widely used approaches for di-

agnosing the subduction rate of upper water masses is

the kinematic approach of Cushman-Roisin (1987). The

instantaneous subduction/obduction rate S is defined

as the vertical velocity of a parcel of water relative to the

base of the instantaneousmixed layer, z52h, expressed as

S5
D[z2 (2h)]

Dt
5wh 1

Dh

Dt
5wh1

›h

›t
1Uh � $h , (1)

where h is the thickness of the mixed layer and is

a function of geographic location and time, and wh and

Uh [Uh 5 (uh, yh)] are the Eulerian vertical and hori-

zontal velocities of a water parcel at the base of the

mixed layer, respectively (Cushman-Roisin 1987; Nurser

and Marshall 1991); wh, uh, and yh are positive upward,

eastward, and northward, respectively. Here positive

S represents obduction (upward velocity), and negative

S represents subduction (downward velocity); Dh/Dt

is the material derivative of the mixed layer thickness

following a horizontal movement of a water parcel

moving with a velocity of Uh, and takes into account a

change in the mixed layer thickness with time in a La-

grangian framework (e.g., Nurser andMarshall 1991, see

also Fig. 1b). This approach based on the instantaneous

subduction rate allows us to estimate the volume of

water transferred across the base of the mixed layer per

unit area per unit time. A spatially integrated instan-

taneous subduction rate gives the volume of water that is

exchanged between the mixed layer and the underlying

pycnocline per unit time.

A similar approach, later proposed by Marshall et al.

(1993), defined the subduction rate to the main pycno-

cline as the vertical velocity of a parcel of water relative

to a time-invariant winter mixed layer base, z 5 2H,

expressed as

SH 5
D[z2 (2H)]

Dt
5wH 1

DH

Dt
5wH 1UH � $H , (2)

where H is the winter mixed layer thickness and is a

function of geographic location only; wH and UH [UH 5
(uH, yH)] are the Eulerian vertical and horizontal ve-

locities of a water parcel at the base of the winter mixed

layer. Because the spatial distribution of H is held con-

stant with time (Marshall et al. 1993), the annual mean

subduction rate into the main pycnocline can simply be

obtained by

Sann 5 SH 5wH 1UH � $H , (3)

where the overbar denotes an annual average takenwith

a geographic location fixed. An integral of Eq. (3) over

a time-invariant winter outcrop area gives the net vol-

ume exchange rate of waters across the base of the

wintermixed layer. Equation (3) is also equivalent to the

integral of instantaneous subduction rate over the ef-

fective subduction period that winter mixed layer waters

are irreversibly transferred into the main pycnocline

FIG. 1. Schematics illustrating the subduction rate in an Eulerian

frame of reference. (a) An ideal ocean at rest where the mixed

layer depth shoals from the solid line h(r, t0) to the dashed line

h(r, t0 1 Dt). The subduction rate evaluated at a fixed lateral lo-

cation of r0 becomes S 5 ›h/›t. (b) A more realistic case where

a water parcel moves with a velocity of (Uh, wh) while the mixed

layer base shoals from the solid line to the dashed line. The sub-

duction rate in this case becomes S 5 ›h/›t 1 Uh � $h 1 wh. The

schematic is adapted from Nurser and Marshall (1991).
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(Marshall et al. 1993; Williams et al. 1995). The effective

subduction period in mid- and high latitudes was found

to be about 1 month starting from the end of winter, in

support of the Stommel’s mixed layer demon hypothesis

(Stommel 1979; Marshall et al. 1993;Williams et al. 1995).

Modeling studies that employed both of the kinematic

approaches of Eqs. (1) and (2) found substantial dif-

ferences in the two estimates (Hazeleger and Drijfhout

2000; Da Costa et al. 2005; Nishikawa et al. 2010); within

a given density range, the time-mean volume transport

obtained from Eq. (1) gives a net volume flux of mode

waters entering the seasonal and main pycnocline that is

substantially greater than that estimated fromEq. (2) into

the main pycnocline. The fundamental difference be-

tween the Marshall et al.’s subduction rate and the origi-

nal Cushman–Roisin’s subduction rate is the different

definitions used in the two equations. When the main

pycnocline is capped by the seasonal pycnocline, Eq. (2)

gives the exchange rate of water between the seasonal

pycnocline and the underlying main pycnocline (Qiu

and Huang 1995), whereas Eq. (1) always tracks the

exchange rate of water between the mixed layer and

the seasonal or main pycnocline. Thus, the difference

in the time-mean subduction rates obtained based on

the twodefinitions can be attributed to diapycnal processes

that may occur within the seasonal pycnocline (Nishikawa

et al. 2010).

In this paper, we revisit the instantaneous subduction

rate, Eq. (1), in a quasi-Lagrangian framework that

tracks the seasonally migrating water mass outcrops.

This new framework enables us to explore the role of

seasonal stratification of the upper ocean and associated

migration of density outcrops in determining the annual

mean subduction rates of upper–Southern Ocean waters.

In the Southern Ocean, mode and intermediate waters

are formed within and north of the Antarctic Circum-

polar Current (ACC) (e.g., McCartney 1977; Hanawa

and Talley 2001; Dong et al. 2008), where deep winter

convection drives the deepest mixed layer depths of

;500 m (Dong et al. 2008). As the seasonal buoyancy

forcing restratifies the upper ocean, the mixed layer

shoals to ;50 m in summer, and at the same time, the

density outcrop migrates toward the South Pole (Fig. 2).

This seasonal migration of isopycnals results in a change

of the area over which upper watermasses outcrop at the

base of the mixed layer. In general, the outcrop areas

expand toward the equator during cooling period and

contracts toward the South Pole during heating period.

As will be shown in this study, it is the subannual cor-

relations between the outcrop area and the rate of

shoaling/deepening of the mixed layer that give rise to

the time-mean net volume subduction of mode waters

out of the mixed layer. By comparing the estimates

obtained using Eqs. (1) and (2), we also show that

a portion of the subducted water undergoes diapycnal

transformation within the seasonal pycnocline before

either being subducted into the main pycnocline or en-

trained back to the mixed layer.

The most important term representing the seasonal

cycle of the upper ocean dynamics is ›h/›t in Eq. (1). For

a discussion purpose, we label the ›h/›t term as the

temporal induction Stemp, along the lines of the lateral

induction labeled for Uh � $h (Marshall et al. 1993). We

note that the temporal induction has a physical signifi-

cance when the lateral induction term is also taken into

consideration (i.e., Dh/Dt 5 ›h/›t 1 Uh � $h) and that

these two terms are not separable in the kinematic ap-

proach deploying Lagrangian particles (e.g., Williams

et al. 1995). Thus, Dh/Dt as a whole may be referred

to as the lateral induction of water beneath the tempo-

rally changing mixed layer base (e.g., Woods 1985),

analogous to the ‘‘lateral induction’’ beneath the time-

invariant winter mixed layer base in Marshall et al.

(1993) (i.e., DH/Dt [ UH � $H). Nonetheless, we find

the ›h/›t term useful in explaining the volume exchange

rate of mode waters across the base of the mixed layer

and hence discuss this term in great detail. It is

straightforward that the temporal average of ›h/›t van-

ishes when it is evaluated at a fixed geographic location

of an Eulerian frame of reference. Following a season-

ally migrating density outcrop, however, the annual mean

of ›h/›t does not vanish for the following two reasons.

(i) Applying the chain rule, the temporal induction in

the Eulerian coordinate can be rewritten as,

Stemp 5
›h

›t

����
r

5
›h

›t

����
s

2
›r

›t

����
s

� ›h
›r

����
t

5
›h

›t

����
s

2Us
h � $h ,

(4)

where ›h/›tjr is the Eulerian partial derivative of the

mixed layer thickness with respect to time holding

a geographic location r 5 (x, y) constant; this Eu-

lerian partial derivative is denoted as ›h/›t in Eq. (1)

(we omit ‘‘jr’’ in the Eulerian derivative for conve-

nience); ›h/›tjs is the partial derivative of the mixed

layer thickness with respect to time holding den-

sity s constant (i.e., following a density outcrop);

›r/›tjs is the lateral velocity of an outcrop posi-

tion, denoted as Us
h (see Fig. 3 for illustrations);

›h/›tjt is the lateral gradient of the mixed layer

thickness $h.
Nowwe consider an annual average of Eq. (4). To

make a distinction between an Eulerian averaging

and an averaging following a density outcrop, we use

a notation of ›h/›t
s
for the isopycnal averaging while
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the Eulerian averaging is denoted as ›h/›t[ ›h/›t
r

for convenience. The Eulerian average of the tempo-

ral induction (i.e., ›h/›t) vanishes over repeating

annual cycles such that ›h/›tjs balancesUs
h � $h. In

a quasi-Lagrangian framework following an out-

crop, on the other hand, ›h/›tjs
s
vanishes for the

same reason that ›h/›t vanishes. In this case, ›h/›t
s

balances 2Us
h � $hs. Because the latter term does

not vanish when the seasonal anomalies of Us
h and

$h are correlated, the temporal induction following

an outcrop (i.e., ›h/›t
s
) does not necessarily vanish

over several annual cycles.

(ii) Following Marshall (1997), an areal integral of the

temporal induction averaged over a year, Mtemp
s
,

can be written as

Mtemp

s
5 (Stemp �A)

s
5 Stemp

s �As
1 (S0temp �A0)

s
,

(5)

where the annual mean is obtained following a density

outcrop, the prime denotes the deviation from the

annual mean (i.e., the seasonal perturbation), andA is

an outcrop area. As will be shown in this paper, the

eddy term (S0temp �A0)
s

dominates the net volume

subduction, particularly in Subantarctic Mode Water

(SAMW) density classes. In other words, the outcrop

area of mode waters tends to be larger during the

subduction period than does during the obduction pe-

riod. This results in net annualmean volume transport

out of the mixed layer, a significant portion of which

will then be subducted into the main pycnocline.

The net transfer resulting from the subannual cor-

relations between subduction rates and outcrop areas

will be referred to as the seasonal eddy subduction in

this study, in an attempt to emphasize the role of the

seasonal cycle. We note that the ‘‘eddy subduction’’ has

already been formulated and interpreted in terms of roles

FIG. 2. The monthly climatology of the mixed layer thickness and potential density at the base of the mixed layer, as obtained from the

World Ocean Atlas 2009 (Locarnini et al. 2010; Antonov et al. 2010). The color shade represents the monthly mean mixed layer thickness

(m). Black solid lines are the isolines of potential density at the base of the mixed layer. The potential density s is evaluated at the sea

surface. The southernmost contour corresponds to s 5 27.0 (r 5 1027.0 kg m23) and the northernmost contour corresponds to s 5 24.5

(r5 1024.5 kg m23). The contour interval isDs5 0.5. The areal extent of sea ice aroundAntarctica is shown in white shading in themaps,

and is based on the monthly climatology data of sea ice concentrations (Reynolds et al. 2002). The ocean domain south of 108S is shown.
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of mesoscale eddies in Marshall (1997). Although an

important progress was made in the previous work, we

feel that the role of the seasonal cycle in the annual mean

formation and subduction rates of upper–SouthernOcean

waters deserves more attention. Our seasonal eddy sub-

duction does not necessarily involve mesoscale ‘‘eddy’’

activity. Rather, this arises because of seasonal perturba-

tions. We will show that the seasonal cycle and mesoscale

eddies conspire to enhance the net subduction of mode

waters in the Southern Ocean.

This paper is organized as follows. In section 2,

we revisit the kinematic approach for diagnosing the

instantaneous subduction rate, such that each term in

Eq. (1) can be reinterpreted in a quasi-Lagrangian

framework that follows seasonally migrating density

outcrops. In section 3, we describe a numerical model

and methods employed in this study. In section 4, we

explore the role of the seasonal cycle in determining

the time-mean subduction rates of upper–Southern

Ocean waters. Finally, we summarize this paper in

section 5.

2. Revisiting the kinematic approach

We revisit the kinematic approach for diagnosing the

instantaneous subduction rate, formulated in Eq. (1).

Section 2a offers a review of Eq. (1) in an Eulerian

viewpoint. In section 2b, we reinterpret Eq. (1) in a

quasi-Lagrangian framework following a varying density

outcrop position. In section 2c, we review the expression

for the instantaneous volume subduction, which is an

area-integral of the subduction rate.

a. A diagnostic of subduction rate evaluated at a fixed
geographic location

For simplicity, we first consider a water parcel in an

idealized ocean at rest. We assume that the mixed layer

moves up and down while the lateral isopycnal position

remains fixedwith time (Fig. 1a). The vector r05 (x0, y0) is

the horizontal location of the intersection between the

mixed layer base and the isopycnal surface at time t5 t0.

The depth at which the mixed layer base intersects the

isopycnal surface changes from z52h(r0, t0) at time t5 t0
to z52h(r0, t01Dt) at time t5 t01Dt. FromanEulerian

perspective at the location r 5 r0, the temporal induction

Stemp is

Stemp 5 lim
Dt/0

h(r0, t01Dt)2h(r0, t0)

Dt
5
›h

›t
, (6)

which becomes negative (subduction) when the mixed

layer shoals and positive (obduction) when the mixed

layer deepens.

Now we consider a water parcel moving with a velocity

(Uh,wh) at the location r5 r0 and the depth z52h(r0, t0)

while the mixed layer shoals from h(r0, t0) to h(r0, t01 Dt)
(Fig. 1b). The subduction rate caused by the vertical

movement of the water parcel becomes wh, and the

subduction rate caused by the lateral movement of the

water parcel intersecting the sloping mixed layer base

becomes Uh � $h. Taken together, the full equation for

the subduction rate of a water parcel evaluated at a fixed

location becomes Eq. (1), that is

FIG. 3. Schematics illustrating the subduction rate in a quasi-

Lagrangican framework following a migrating density outcrop

position. (a) An ideal ocean at rest where the mixed layer depth

shoals from the solid line h(r, t0) to the dashed line h(r, t0 1 Dt)
while the lateral position of the outcrop moves from r0 to r0 1 Dr.
The subduction rate evaluated following the movement of the outcrop

position becomes S 5 ›h/›t. The temporal induction Stemp 5 ›h/›t

consists of the component caused by the temporal change in the

mixed layer thickness evaluated following the outcrop position

Sttemp 5 [h(r0 1Dr, t0 1Dt)2h(r0, t0)]/Dt 5 ›h/›t1Us
h$h[ ›h/›tjs

and the isopycnal lateral induction S
xy
temp 52Us

h$h caused by

the lateral movement of the outcrop position intersecting the

sloping mixed layer base. (b) A more realistic case where a water

parcel moves with a velocity of (Uh, wh) while the mixed layer base

shoals and the outcrop position moves. The subduction rate in this

case becomes S5 ›h/›tjs1 (Uhjs) � $h1wh [ (›h/›t1Us
h � $h)1

(Uh 2Us
h ) � $h 1 wh 5 ›h/›t 1 Uh � $h 1 wh. See section 2 for

details.
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S5
Dh

Dt
1wh 5

›h

›t
1Uh � $h1wh .

b. A diagnostic of subduction rate evaluated
following a migrating density outcrop

In this section, we are concerned with the subduction

rate relative to the base of the mixed layer, evaluated

following a varying outcrop position of density s. For

simplicity, we first consider a water parcel in an idealized

ocean at rest. The mixed layer base moves up and down

while the density isolinemigrates horizontally within the

seasonal pycnocline with time. Figure 3 depicts the case

where the mixed layer shallows while the isopycnal

surface shifts southward (poleward) with time. Over the

time interval of Dt, the horizontal location of the in-

tersection between the mixed layer base and the iso-

pycnal surface moves from r5 r0 to r5 r0 1 Dr, and the

mixed layer thickness shallows from h(r0, t0) to h(r0 1
Dr, t0 1 Dt), holding density s constant. In this case, the

temporal induction Stemp constitutes (i) the subducton

rate Sttemp caused by the temporal change in the mixed

layer thickness holding density s constant and (ii) the

subduction rate S
xy
temp caused by the lateral velocity of

a density outcrop position intersecting the slopingmixed

layer base, where the lateral velocity of a density out-

crop position is denoted as Us
h 5Dr/Dtjs (Fig. 3a).

(i) Sttemp can be expressed as

Sttemp 5 lim
Dt/0

h(r01Dr, t0 1Dt)2 h(r0, t0)

Dt
5

›h

›t

����
s

,

(7)

where (›h/›t)js represents a partial derivative of

mixed layer thickness with respect to time, holding

density s constant. Applying the chain rule [see

Eq. (4)], Eq. (7) can be rewritten as

Sttemp5
›h

›t

����
s

5
›h

›t
1Us

h � $h , (8)

where Us
h is positive when the isopycnal migrates

northward with time and negative when the iso-

pycnal migrates southward.

(ii) S
xy
temp is

S
xy
temp 52Us

h � $h , (9)

which represents the lateral induction caused by the

velocity of the reference point. The negative sign is

needed because r0 is moving with a velocity of 2Us
h

relative to r01Dr. Equation (9) is combined with Eq.

(8) to yield the temporal induction Stemp

Stemp5 Sttemp 1 S
xy
temp

5

�
›h

›t
1Us

h � $h
�
1 (2Us

h � $h)5 ›h

›t
, (10)

which is identical to the Eulerian derivative of the

mixed layer thickness with respect to time ›h/›t.

Now we consider a parcel of water moving with a ve-

locity of (Uh,wh) at the location r5 r0 and the depth z5
2h(r0, t0) while the mixed layer thickness shoals from

h(r0, t0) to h(r01Dr, t01Dt) (Fig. 3b). The resulting full
equation for the instantaneous subduction rate relative

to the base of the mixed layer, evaluated following

a migrating density outcrop, becomes

S5
Dh

Dt
1wh

5

�
›h

›t
1Us

h � $h
�
1 (Uh 2Us

h ) � $h1wh

5
›h

›t

����
s

1 (Uhjs) � $h1wh , (11)

whereUhjs 5Uh 2Us
h is the effective lateral velocity of

a water parcel relative to a migrating density outcrop.

Dh/Dt is the material derivative of the mixed layer

thickness following a lateral movement of a water parcel

and can be interpreted in terms of the change in the

mixed layer thickness in a Lagrangian frame of ref-

erence from the migrating density outcrop perspec-

tive. Note that Eq. (11) is identical to Eq. (1) except

that the term Dh/Dt is repartitioned.

c. A diagnostic of volume flux across a migrating
density outcrop

Now, we move onto an expression for diagnosing the

volume flux of water across the base of the mixed layer.

From Eq. (11), an instantaneous volume transport

across the base of the mixed layer becomes

M(s1#s,s2, t)

5

ð
A(s

1
#s,s

2
,t)

�
›h

›t

����
s

1 (Uhjs) � $h1wh

�
dA , (12)

where M(s1 # s # s2, t) (m
3 s21) is the volume flux of

water transferred across the base of the mixed layer,

integrated over a density interval s1 # s # s2 at time t;

A (s1 # s # s2, t) is the area over which waters of the

density range outcrop at the base of the mixed layer.

Operationally, Eq. (12) can be computed by binning the

area-integrated subduction rate of Eq. (1) into density
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intervals. The time-averaged volume of waters sub-

ducted below the mixed layer becomes

M(s1#s,s2)
s

5
1

T

ð
t

ð
A(s

1
#s,s

2
,t)

�
›h

›t

����
s

1 (Uhjs) � $h1wh

�
dAdt ,

(13)

where T is the time period considered for the average.

In what follows, we focus on the time-averaged vol-

ume transport across the base of the mixed layer, caused

by the temporal induction evaluated following a density

outcrop position. As is the case for the temporal in-

duction, the corresponding volume flux can be divided

into two: (i) the temporal change in the mixed layer

thickness integrated over a migrating density outcrop

and (ii) the volume transport driven by the outcrop

movement intersecting the sloping mixed layer base:

Mtemp(s1#s,s2)
s
5Mt

temp(s1#s,s2)
s

1M
xy
temp(s1#s,s2)

s
, (14)

where

Mt
temp(s1#s,s2)

s
5

1

T

ð
t

ð
A(s

1
#s,s

2
,t)

�
›h

›t

����
s

�
dAdt ,

and

M
xy
temp(s1#s,s2)

s
5

1

T

ð
t

ð
A(s

1
#s,s

2
,t)
(2Us

h �$h)dAdt .

As will be illustrated in the next section, both com-

ponents (Mt
temp

s
and M

xy
temp

s
) make significant contri-

butions to the net volume transport into the pycnocline.

In the Southern Ocean, the outcrop areas of mode and

intermediate waters increase as the outcrops move to-

ward the equator from summer to winter, and decrease

as the outcrops move toward the South Pole fromwinter

to summer (Figs. 2 and 4a). At the same time, the sub-

duction rate (Sttemp 5 ›h/›tjs) caused by the temporal

change in the mixed layer thickness following density s

also changes seasonally, that is, subduction during the

spring when the mixed layer shallows and obduction

during the autumn when the mixed layer deepens (Fig. 4).

The seasonal cycle of Sttemp is highly correlated with the

seasonal cycle of A. This subannual correlations result

in a nonzero annual mean volume flux (i.e.,Mt
temp

s 6¼ 0)

even though the annual mean subduction rate is zero

(i.e., Sttemp

s
5 ›h/›tjs

s
5 0). In a simple expression,

Mt
temp

s
5 (Sttemp �A)

s
5 Sttemp

s �As
1 [(Sttemp)

0 �A0]
s
,

(15)

which is similar to Eq. (5). Net volume transport from

the mixed layer into the pycnocline occurs because the

FIG. 4. (a) The World Ocean Atlas 2009 monthly variations of the temporal change in the mixed layer thickness

evaluated following the outcrop Sttemp and the outcrop area anomalyA0, averaged over a density bin of s5 26.7. The

anomaly is defined as a deviation from the annual mean. Positive rate represents obduction and negative represents

subduction. The subannual correlations between Sttemp and A0 lead to a nonzero value of (Sttemp �A0)
s
5 4 Sv, al-

though (Sttemp)
s
5 0 Sv and A0s 5 0m2. (b) A cartoon illustrating the seasonal eddy subduction resulting from the

subannual correlations between the subduction/obduction rate Sttemp(s, t) and outcrop areaA(s, t). Both Sttemp(s, t)

and A(s, t) are functions of density s and time t. Subduction occurs in early spring when the mixed layer shallows

and obduction occurs in autumn when the mixed layer deepens. The outcrop area is relatively larger during the

subduction period than during the obduction period, leading to net downward volume transport. This schematic is

adapted from Marshall (1997).
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average outcrop area is relatively larger during the

subduction period than during the obduction period.

The concept of the downward transport of Mt
temp

s
is

analogous to the eddy bolus transport or the eddy

thickness transport (e.g., Marshall and Radko 2003;

Marshall 1997; see also Fig. 4b), which refers to the

transport caused by the subgrid-scale correlations be-

tween the velocity of water and the thickness of isopycnal.

The eddy contribution of the temporal induction,

[(Sttemp)
0 �A0]

s
is the key component of the seasonal

eddy subduction rate represented by (S0 �A0)
s
.

3. Model and methods

a. The CM2.4 Model and the water mass definitions

We use the Climate Model, version 2.4 (CM2.4),

developed by the National Oceanic and Atmospheric

Administration (NOAA)’s Geophysical Fluid Dynamics

Laboratory (Farneti et al. 2010; Farneti and Delworth

2010). The ocean model is the depth-based vertical co-

ordinate Modular Ocean Model, version 4p1 (Griffies

2009), with a horizontal resolution of approximately

0.258 3 0.258 and a vertical resolution for the 50 depth

levels ranging from 10 m near the surface to 200 m

near the bottom. There is no parameterization of

eddy-induced transport and background diffusivity in

the model. The ocean model is coupled with a thermo-

dynamical–dynamical sea ice model and an atmospheric

model without flux adjustments. The atmospheric com-

ponent is the 18 horizontal resolutionmodel of Delworth

et al. (2006). The model is integrated for a few centuries

with a constant 1990-radiative forcing. We use the

model solutions for the year 171–180 in which model

solutions are saved with three different temporal

samplings (i.e., 10-year monthly climatology, monthly

mean and 5-day mean).

We consider a model domain of the Southern Hemi-

sphere and the outcrop density range of s 5 25.0227.2

(i.e., r 5 1025.021027.2 kg m23) where the potential

density s is referenced to the sea surface. The density

range is subdivided into 22 density bins with an interval of

Ds5 0.1. As identified inDownes et al. (2011) andwill be

shown in section 4d, the simulated potential density

is biased toward lighter density by Ds 5 0.2–0.4 com-

pared to observations. Thus, the model density range

corresponds to approximately s 5 25.4227.6 for the real

ocean. By restricting the outcrops of interest to those

ventilating the open ocean pycnocline, we avoid the in-

fluence of sea ice on the water mass formation (see Fig. 2).

The mixed layer depth is determined by the depth cri-

terion of jsh 2 ssj 5 0.03 kg m23, where ss is the po-

tential density at the surface and sh is the potential

density at the base of the mixed layer (de Boyer

Mont�egut et al. 2004). The simulated seasonal cycle of

the mixed layer thickness agrees reasonably well with

that of the observed mixed layer thickness (cf. Fig. 5

with Fig. 2 in Sall�ee et al. 2010); the model captures the

phase and amplitude of the observed seasonal cycle of

the Southern Ocean mixed layer thickness reasonably

well. Following previous studies (McCartney 1977;

Hanawa and Talley 2001; Dong et al. 2008), we refer to

the water mass formed by deep winter convection (i.e.,

the density range with the pronounced seasonal cycle in

the mixed layer thickness) as Subantarctic Mode Water

(SAMW; the 26.0# s, 26.8 density range for the CM2.4

model). In this study, surrounding density ranges heavier

and lighter than SAMW are referred to as Antarctic

FIG. 5. The leading empirical orthogonal function (EOF) pattern of the monthly mean mixed layer thickness, and

the corresponding principle component (PC) time series. This mode accounts for 85% of the total variance of the

mixed layer thickness, and represents the seasonal cycle of the mixed layer thickness. A 20-yr simulation is used to

compute the EOF. The monthly mean of the PC time series is shown here.
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Intermediate Water (AAIW; 26.8 # s , 27.2) and Sub-

tropical Mode Water (STMW; 25.0 # s , 26.0), re-

spectively (see Table 1 for summary). We note that the

regional differences of mode and intermediate water

densities are not resolved in this study.

b. Decomposition of the subduction diagnostics

To elucidate the mechanisms by which upper–Southern

Ocean waters are transferred to the pycnocline, we

separate four components contributing to the net sub-

duction rate: (i) the temporal induction (Sttemp) caused

by the temporal change in the mixed layer thickness

evaluated following a density outcrop; (ii) the temporal

induction (S
xy
temp) caused by the lateral movement of an

outcrop position intersecting the sloping mixed layer

base; (iii) the lateral induction (Sxy) due to the lateral

velocity of water intersecting the sloping mixed layer

base; and (iv) the subduction (Sz) due to the vertical

velocity of water at the base of the mixed layer (See

Table 2 for summary). Thus Eq. (11) is decomposed

into the four components as

S5 Sttemp 1S
xy
temp1 Sxy 1Sz

5
›h

›t

����
s

1 (2Us
h ) � $h1Uh � $h1wh . (16)

Likewise, the net volume subduction, Eq. (12), is de-

composed as follows:

M5Mt
temp 1M

xy
temp1Mxy 1Mz

5

ð
A

�
›h

›t

����
s

�
dA1

ð
A
(2Us

h � $h) dA

1

ð
A
(Uh � $h) dA1

ð
A
(wh) dA . (17)

We note that this decomposition of the subduction

rate is an intermediate step toward clarifying subduction

mechanisms and that each component may not neces-

sarily be physically meaningful. For example, the sum

of the three terms Sttemp 1 S
xy
temp 1 Sxy corresponds to

Dh/Dt in Eq. (1), which represents a change in themixed

layer thickness following a lateral movement of a water

parcel in a Lagrangian frame of reference. In a La-

grangian framework following a water parcel, theDh/Dt

term would not be separable. Nevertheless, we find the

decomposition useful to show that the seasonal eddy

subduction arises primarily because of Sttemp that is

correlated with seasonal change in the outcrop area (see

section 4). In the following subsection, we describe how

we diagnose Sttemp and S
xy
temp from the model.

c. Decomposition of the temporal induction

Themonthlymean temporal induction across the base

of the mixed layer, averaged over an outcrop density

interval of s1 # s, s2, is diagnosed using Eq. (10), that

is,

Stemp(s1 #s,s2, t)5
1

A(s1 #s,s2, t)

ð
A(s

1
#s,s

2
,t)

�
h(r, t1Dt)2 h(r, t2Dt)

2Dt

�
dA , (18)

where a centered difference scheme is used to ap-

proximate ›h/›t. The corresponding volume trans-

port is

Mtemp(s1#s,s2, t)

5

ð
A(s

1
#s,s

2
,t)

�
h(r, t1Dt)2h(r, t2Dt)

2Dt

�
dA , (19)

which is simplyA(s1# s, s2, t)3 Stemp(s1# s, s2, t).

We then decompose the temporal induction Stemp into

Sttemp and S
xy
temp as formulated in Eq. (10). Applying

Eqs. (7) and (9) to individual grid points is impractical if

not impossible. Thus we first approximate Sttemp as

Sttemp(s1 #s,s2, t)

’
hh(s1#s,s2, t1Dt)i2 hh(s1#s,s2, t2Dt)i

2Dt
,

(20)

where hh(s1 # s , s2, t)i is an area-weighted mixed

layer thickness averaged over the density interval of

s1 # s , s2 at time t, that is,

TABLE 1. Water mass definitions in this study.

Acronyms Full name Density range in CM2.4 Density range in ECCO2

STMW Subtropical Mode Water 25.0 # s , 26.0 25.2 # s , 26.4

SAMW Subantarctic Mode Water 26.0 # s , 26.8 26.4 # s , 27.1

AAIW Antarctic Intermediate Water 26.8 # s , 27.2 27.1 # s , 27.6
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hh(s1#s,s2, t)i

[
1

A(s1#s,s2, t)

ð
A(s

1
#s,s

2
,t)
h(r, t) dA , (21)

in which an approximation is made such that

1

A

ð
A

›h

›t

����
s

dA’
›

›t

����
s

�
1

A

ð
A
hdA

�
. (22)

The difference between Stemp and Sttemp is regarded as

S
xy
temp, although this method is prone to errors because of

the approximation made in Eq. (20). The corresponding

volume transport Mt
temp and M

xy
temp are calculated in the

same manner as Eq. (19).

4. The subduction rate of upper–Southern Ocean
waters

We use the eddy-permitting coupled climate model to

explore the subduction rate of upper–Southern Ocean

waters. Our focus is to 1) explore the seasonal cycle of

the subduction rate and its annual mean; 2) examine the

sensitivity of our subduction diagnostics to different

temporal samplings of model solutions—in other words,

we explore the relative role of the interannual variability

and mesoscale eddies in determining the time-mean

subduction rate; and 3) compare the metric M based on

varying mixed layer thickness with the metricMH based

on the time-invariant winter mixed layer thickness;

based on this comparison, we infer diapycnal processes

that may occur within the seasonal pycnocline. We shall

show that the temporal induction and its seasonal eddy

component explain a substantial portion of the annual

mean volume transport of mixed layer waters into the

pycnocline, particularly in SAMW density classes, and

that diapycnal transformation within the seasonal pyc-

nocline highly modulates the subduction rate below the

seasonal pycnocline.

We note that the temporal averaging discussed in this

section is taken following density outcrops. In fact, an

Eulerian average of the volume subduction rate across

a time-invariant winter mixed layer base (MH) is iden-

tical with an isopycnal average of the volume subduction

rate across a time-invariant winter mixed layer base

(MH
s
), because density fields do not change with time at

the winter mixed layer base. Therefore, we do not pre-

cisely distinguish between the two averaging methods in

this section unless it becomes important.

a. Monthly mean subduction rate and its annual mean

The seasonal cycle of the subduction/obduction rate

S is dominated by the change in temporal induction

Stemp 5 ›h/›t (Fig. 6), consistent with previous stud-

ies (e.g., Da Costa et al. 2005; Nishikawa et al. 2010).

Subduction occurs in a relatively short period from

September to December when the mixed layer shoals

rapidly, and obduction occurs from January to August

when the mixed layer deepens relatively slowly (Figs. 6b

and 6c). Although the seasonal variation in subduction/

obduction is dominated by the term Sttemp, its annual

mean Sttemp

s
vanishes when averaged over the annual

cycle (Fig. 7a). However, its corresponding volume

subductionMt
temp

s
does not vanish (Fig. 7b) because the

seasonal anomaly of Sttemp is correlated with the seasonal

anomaly of outcrop area A (Figs. 6a and 6c). These

subannual correlations contribute to significant amount

of annual mean volume transport in density ranges cen-

tered at s 5 ;25.5 and s 5 ;26.4 (Fig. 7b). In fact, this

seasonal eddy subduction provides the single most

important driver of the volume transport into the

pycnocline in the SAMW density class s5 26.0226.8,

and also plays a dominant role in the volume transport

of the SubtropicalModeWater (STMW) density class of

s 5 25.0226.0.

The seasonal amplitudes of the lateral induction Sxy

and the vertical velocity of water Sz are about an order

of magnitude smaller than the seasonal amplitude of the

temporal induction Stemp (Figs. 6e and 6f). Furthermore,

Sxy and Sz have less pronounced seasonal variations than

Stemp, and hence their correlations with the seasonal

cycle of the outcrop area are relatively small. Conse-

quently, the contributions of the two components to the

seasonal eddy subduction are minor, as evident in the

similar patterns between the time-mean velocity plot

and the time-mean volume transport plot (Fig. 7).

When annually averaged, the vertical velocity of wa-

ter plays an important role in the net obduction of

Antarctic Intermediate Water (AAIW) density classes

(s 5 26.8227.2) and in the net subduction of STMW

density classes (s 5 25.0226.0) (Fig. 7). The vertical

velocity of water at the base of the mixed layer is

TABLE 2. Symbols used in this study. See section 3b for full de-

scriptions. The corresponding volume subduction is denoted as

Mtemp, M
t
temp, M

xy
temp, M

xy, and Mz.

Symbol Description

Mathematical

expression

Stemp Temporal induction which is the sum

of Sttemp and S
xy
temp

›h/›t

Sttemp Change in the mixed layer thickness

following outcrops

›h/›tjs

S
xy
temp Lateral move of outcrop intersecting

sloping mixed layer base

(2Us
h ) � $h

Sxy Lateral advection intersecting the

sloping mixed layer base

Uh � $h

Sz The vertical velocity of water at the

base of the mixed layer

wh
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dominated by the Ekman upwelling south of the Polar

Front and downwelling north of the Subantarctic Front.

Because the wind-driven vertical transport has a nearly

zonal structure determined by the wind stress curl

(Sall�ee et al. 2010), the isopycnally averaged Sz and Mz

show a monotonic tendency with positive values (ob-

duction) in a density range where Ekman upwelling

brings pycnocline waters into the mixed layer and

negative values (subduction) in a density range where

Ekman downwelling pumps waters down into the

pycnocline.

b. Sensitivity to different temporal sampling

In this section, we explore the sensitivity of the sub-

duction diagnostics to three different temporal sam-

plings by comparing the estimate based on the monthly

FIG. 6. The 10-yr averages of the monthly mean subduction/obduction rate (m month21) and outcrop area as

functions of month and outcrop density, obtained from the CM2.4 model. (a) The monthly mean outcrop areas.

(b) The seasonal cycle of the net subduction/obduction rate S is decomposed into four components: (c) the temporal

induction caused by the change in the mixed layer thickness following outcrops Sttemp 5 ›h/›tjs 5 ›h/›t1Us
h � $h,

(d) the temporal induction caused by the lateral movement of the outcrop position intersecting the sloping mixed

layer base S
xy
temp 52Us

h � $h, (e) the vertical flow at the base of the mixed layer Sz 5 wh, and (f) the lateral induction

of water Sxy 5 Uh � $h. Positive values represent obduction, negative values represent subduction.
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mean model solutions (which is presented in the pre-

vious section) with cases where 1) we use the 10-yr

monthly climatology model solutions and 2) we use the

5-day mean model solutions.

Figure 8 compares the 10-yr-averaged volume sub-

duction, calculated using the three differently sampled

model solutions. We find that the net volume transport

tends to increase as we increase the temporal resolution

of the model output; the overall subduction rates be-

come greater when we use the monthly mean solutions

than when we use the monthly climatology means; the

subducton rates further increase when we use the 5-day

mean solutions than when we use the monthly mean

solutions. The most prominent change is found in the

outcrop lateral inductionM
xy
temp and the lateral induction

Mxy, which collectively involve the correlations between

the slope of mixed layer base and the lateral effective

velocity (Uh 2Us
h ) of water at the base of the mixed

layer. The submonthly time-scale correlations between

the lateral effective velocity of water and the horizontal

gradient of the mixed layer base causes greater volume

transport into the pycnocline in mode water density

classes. This is consistent with the previous finding that

the high-frequency variability of the upper ocean dy-

namics (e.g., mesoscale eddies) enhances the net sub-

duction volume fluxes into the pycnocline (Marshall

1997; Hazeleger and Drijfhout 2000; Nishikawa et al.

2010; Follows and Marshall 1994). Nishikawa et al.

(2010) found that anticyclonic eddies in the frontal re-

gions tend to deepen the mixed layer and at the same

time, induce eddy subduction. It is also possible that the

5-day mean model solutions capture a more precise

seasonal cycle than the monthly mean solutions, espe-

cially for the rapid shoaling of themixed layer depth that

occurs in spring.

The role of mesoscale and submesoscale processes in

determining the net subduction rate of upper–Southern

Ocean waters will require further investigations. Nev-

ertheless, our limited sensitivity analysis shows that the

seasonal eddy subduction, along with the effect of high-

frequency variability, is the primary mechanism by

which Southern Ocean mode waters are formed and

transferred to the pycnocline.

c. Comparison between the two subduction
definitions

We use the monthly climatology model solutions

averaged for 10 years to compare between the volume

subductionM relative to a varying mixed layer base h

and the volume subduction MH relative to a time-

invariant winter mixed layer baseH (Figs. 9a and 9c).

In other words, we compare the time-mean volume sub-

duction rates obtained from Eqs. (1) and (2). As noted

in the introduction, the two estimates are based on two

FIG. 7. The 10-yr averages of the annual mean subduction rate (m yr21) and the volume transport (Sv) across the

base of the mixed layer, obtained from the CM2.4 model. (a) The blue bars represent the net subduction/obduction

rate S, which is decomposed into contributions from the temporal induction Sttemp 5 ›h/›tjs 5 ›h/›t1Us
h � $h and

S
xy
temp 52Us

h � $h (the green and orange bars), the vertical velocity of water at the base of the mixed layer Sz 5 wh

(the yellow bars), and the lateral induction across the sloping mixed layer base Sxy5Uh � $h (the red bars). (b) As in

(a), but the net volume subductionM is decomposed into four componentsMt
temp,M

xy
temp,M

z, andMxy. Positive values

for obduction, negative values for subduction.
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FIG. 8. The 10-yr averages of the annual mean volume fluxes (Sv) across the base of the mixed layer, obtained

from the CM2.4 model. The blue bars represent the volume transport calculated using the monthly mean model

solutions, which are the same as the blue bars in Fig. 7b. The yellow bars represent the volume transport calculated

using the monthly climatology model solutions. The red bars represent the volume transport calculated using the

5-day mean model solutions. (top) The net volume subduction M is decomposed into the contributions from

(middle left) Mt
temp 5

Ð
A(›h/›tjs)dA5

Ð
A(›h/›t1Us

h � $h) dA, (middle right) M
xy
temp 5

Ð
A(2Us

h � $h)dA, (bottom

left) Mz 5
Ð
Awh dA, and (bottom right) Mxy 5

Ð
A(Uh � $h)dA. Positive for obduction, negative for subduction.
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different definitions, and hence indicate the water mass

exchange rates across two different control surfaces.

While MH gives us the exchange rate across the time-

invariant control surface, which is fixed at the winter

mixed layer base,M gives the exchange rate across the

base of the mixed layer whose lateral and vertical po-

sitions are highly variable in time. The two estimates

are subject to differ if diapycnal processes within the

seasonal pycnocline modulate the time-mean subduc-

tion rate.

We find that the two estimates differ significantly, not

only in the mode and intermediate water density range

considered thus far, but also in the upper thermocline

water masses of s 5 24.0225.0 (Figs. 9a and 9c). In the

method based on a time-invariant H, the density-

integrated volume flux of the STMW density range

(s 5 25.0226.0) is about 30% smaller. For the SAMW

density class with s5 26.0226.8, the samemethod yields

a density-integrated volume flux that is smaller by 55%.

This departure is most pronounced in the SAMW den-

sity class where signs of the subduction/obduction are

reversed in some density bins between the two esti-

mates. The newly formed water (i.e., the annual mean of

the subduction rate across h in a given density) that does

not subduct across the winter mixed layer base H in the

same density range appears to be diffused into sur-

rounding water masses most of which seems to occur

toward the upper-thermocline water density classes of

s 5 24.0225.0. In this density range (lighter than

STMW), the seasonal eddy obduction causes pycnocline

FIG. 9. A comparison between the volume subduction rates estimated based on two different definitions. (a),(b)

The subduction rate is defined as the vertical velocity of water relative to the time-varying mixed layer base

(Cushman- Roisin 1987), Eq. (1). (c),(d) The subduction rate is defined as the vertical velocity of water relative to the

time-invariant wintermixed layer base (Marshall et al. 1993), Eq. (2). Here, (a) and (c) are computed from the CM2.4

model, and (b) and (d) are computed from the data-constrainedECCO2product.Monthly climatology fields are used

to compute the volume transport in all of the panels. Positive for obduction, negative for subduction. Note the

different ranges for the X and Y axes between the CM2.4- and ECCO2-based estimates.
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waters to be entrained into the mixed layer; the outcrop

area is greater in summer than in winter (Fig. 10c)—out

of phase with the seasonal cycle of the mode water

outcrop areas (Fig. 10c). Because an average outcrop

area is greater during the obduction period than during

the subduction period, the repeating seasonal cycles

result in a net obduction volume flux to the mixed layer

(Fig. 9a). In contrast to the net obduction across the

base of the mixed layer h, the estimate based on a time-

invariant H indicates net volume subduction in the

density range ofs5 24.0225.0 (Fig. 9c).When integrated

over the extended density range of s 5 24.0227.2, the

two subduction rates (i.e., M and MH) nearly match,

with a total subduction of 53 Sv (1 Sv [ 106 m3 s21)

below H and a total subduction of 56 Sv below h.

d. Comparison with data-constrained ECCO2
product

The monthly variation and annual mean of the sub-

duction rate obtained from the CM2.4 model are com-

pared with those estimated from the data-constrained

Estimating the Circulation and Climate of the Ocean,

Phase II (ECCO2) simulation (Menemenlis et al. 2008).

To highlight the effect of the seasonal cycle on the time-

mean subduction rate, we first compute the monthly

climatology fields for density and circulations from the

FIG. 10. The seasonal cycles of the subduction/obduction rate and the outcrop area. The monthly variations obtained from the CM2.4

model are compared with those obtained from the ECCO2 product. Monthly climatology fields are used to produce the maps. Positive for

obduction, negative for subduction. Note that the density range is extended to include lighter waters in (a) and (c), compared to Figs. 6b

and 6a.
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1993–2009ECCO2 product and use them to estimate the

monthly climatology subduction rate. In this way, we

suppress the effects of the interannual variability and

meso and submesoscale processes on the estimates of

the subduction rates.

The CM2.4-based estimates agree reasonably well

with those computed from the ECCO2 product (Figs. 9

and 10). For example, the temporal induction and its

seasonal eddy component explain the main mechanism

by which mode waters are formed and subducted into

the pycnocline (not shown). As is the case for the CM2.4

model, the newly formed mode waters (i.e., waters

transferred from the mixed layer to the pycnocline in

mode water density classes) exceed the volume of the

same density waters subducted into the main pycnocline

(Figs. 9b and 9d). The net volume transport relative to

varying h is 52 Sv over the mode water density classes of

s 5 25.2227.1 (Hanawa and Talley 2001), while the net

volume transport relative to a winter mixed layer baseH

is 34 Sv for the same density range. The difference,

which accounts for 34% of the newly formed mode

waters, appears to be diffused into surrounding water

masses within the seasonal pycnocline, particularly to-

ward waters with s , 25.2 (Fig. 9b).

The ECCO2-based estimate of the subduction rate

into the main pycnocline, 34 Sv over s 5 25.2227.1, in

turn, agrees reasonably well with previous observationally

based estimates of the subduction rate. For example,

Sall�ee et al. (2010) reported about 20 Sv of mode waters

subducted into the main pycnocline in a density range of

s 5 26.2227.0. Our subduction rate is also in accord with

the observation-based estimate of meridional transport

in the Southern Ocean of 17–18 Sv for s 5 26.5227.1

(Cerove�cki et al. 2013). On the other hand, our estimate of

the mode water formation of 52 Sv is lower than

Karstensen and Quadfasel (2002) who reported about

100 Sv of subduction rate using the kinematic approach,

77 Sv of renewal rate using an age tracer, and 87 Sv of

formation rate using a thermodynamic approach. Part of

the large difference is due to the fact that Karstensen and

Quadfasel (2002) considered a wider range of density s 5
23.3227.3 for their calculations. A more important reason

would be different definitions of the subduction rate in-

herent in the employed diagnostics.

Notable deficiencies of the CM2.4 model compared to

the ECCO2 product include the following: 1) the max-

imum amplitude of the seasonal cycle in S appears at

lighter outcrop densities in the CM2.4 model (s 5
;26.6) than in the ECCO2 product (s 5 ;27.0) (Figs.

10a and 10b) and 2) the CM2.4-simulated subduction

rates of upper–Southern Ocean waters, in general, ex-

ceed the ECCO2-based estimates. This overestimation

is most pronounced in the STMW density class in

association with the exaggerated outcrop areas of STMW

in the CM2.4 model (Figs. 10c and 10d). In a study em-

ploying the thermodynamic approach of Walin (1982),

Speer and Tziperman (1982), and Nurser et al. (1999),

Kwon (2013, manuscript submitted to J. Geophys. Res.)

shows that the CM2.4 model overestimates the trans-

formation and formation rates of the STMW density wa-

ters because of the model’s misrepresentation of air–sea

buoyancy exchange. In the SAMW and AAIW density

classes, however, the CM2.4model captures the observed

peaks in the formation and destruction rates of water

masses, respectively, consistent with Badin and Williams

(2005) and Cerove�cki et al. (2013). Overall, the qualita-

tive agreements between the CM2.4 model, the ECCO2

product and previous studies underscore the importance

of the seasonal cycle of the upper-ocean dynamics as an

essential contributor to the mode water subduction in

the Southern Ocean.

5. Conclusions

The role of the seasonal cycle in the subduction rates

of upper water masses has previously been discussed

in modeling studies based on Lagrangian diagnostics

(e.g., Woods 1985; Williams et al. 1995) and in theoret-

ical studies based on thermodynamic approaches (e.g.,

Marshall et al. 1993; Marshall and Marshall 1995). This

study, based on the kinematic approach, agrees with

previous studies in suggesting that the main mechanism

driving the subduction of mode waters is rapid shoaling

of the deep winter mixed layer and the subsequent

detrainment of mixed layer waters into the stratified

pycnocline in early spring. We further elucidate this

mechanism for mode water subduction by showing that

the subannual correlations between the temporal change

in the mixed layer thickness and the seasonal expansion/

contraction of outcrop areas lead to the net annual

transport of mixed layer waters into the underlying

pycnocline: that is, newly formed mixed layer waters are

injected into the pynocline while the winter mixed layer

shoals over an expanded outcrop area. This seasonal

eddy subduction, along with subduction driven by me-

soscale eddies (Marshall 1997), constitutes the dominant

mechanism by which Southern Ocean mode waters are

formed and transferred to the pycnocline. The seasonal

eddy subduction process is most pronounced in SAMW

density classes whose winter outcrop positions coincide

with the northern flank of the ACC where the mixed

layer depths undergo the largest seasonal cycle. The

seasonal eddy subduction also plays an important role in

determining the net subduction rates of STMW density

classes with another important contribution made by

Ekman downwelling.
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Wehave shown that the diagnosed subduction rates of

upper–Southern Ocean waters differ depending on our

choice of the definitions (i.e., across the temporally

varying mixed layer base versus across the winter mixed

layer base), our choice of models or data products (e.g.,

the CM2.4 model versus the ECCO2 product), and our

choice of temporal resolutions of model solutions (i.e.,

whether we include the effect of mesoscale eddies or

not). They all contribute to the large spread in the sub-

duction rate estimates of upper–Southern Ocean waters,

ranging from 6 to 100 Sv (e.g., Sloyan and Rintoul 2001;

Karstensen and Quadfasel 2002; Sall�ee et al. 2010;

Cerove�cki et al. 2013). In particular, we find that the

estimates of the subduction rate based on two different

definitions [i.e., the Cushman-Roisin (1987)’s definition

based on the varying mixed layer base versus theMarshall

et al. (1993)’s definition based on the time-invariant winter

mixed layer base] divert significantly over mode water

density classes: 40% less transport across the winter mixed

layer base in the CM2.4 model and 34% less transport

across the winter mixed layer base in the ECCO2 product.

This difference can be attributed to diapycnal eddymixing

within the seasonal pycnocline, mainly driven by vertical

and lateral diffusive fluxes (Marshall et al. 1999; Nishikawa

et al. 2010). Although diapycnal transformation within

the seasonal pycnocline highly modulates the volume

transport below the seasonal pycnocline, a significant

portion of the newly formed mixed layer waters be-

comes permanently subducted into the main pycno-

cline. The seasonal eddy subduction is consistent with

the Stommel’s mixed layer demon that selectively passes

the late winter mixed layer waters of low potential vor-

ticity into the underlying pycnocline and subsequently

to the main pycnocline.
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