
SPECIAL SECTION: REVIEW New developments in mode-water research: Dynamic
and climatic effects

Review on North Pacific Subtropical Countercurrents
and Subtropical Fronts: role of mode waters in ocean
circulation and climate

Fumiaki Kobashi • Atsushi Kubokawa

Received: 13 March 2011 / Revised: 8 September 2011 / Accepted: 9 September 2011 / Published online: 25 November 2011

� The Oceanographic Society of Japan and Springer 2011

Abstract A Subtropical Countercurrent (STCC) is a

narrow eastward jet on the equator side of a subtropical

gyre, flowing against the broad westward Sverdrup flow.

Together with theories, recent enhanced observations and

model simulations have revealed the importance of mode

waters in the formation and variability of North Pacific

STCCs. There are three distinct STCCs in the North

Pacific, maintained by low potential vorticity (PV) that

mode waters carry from the north. Model simulations show

that changes in mode water ventilation result in interannual

to interdecadal variations and long-term changes of

STCCs. STCCs affect the atmosphere through their surface

thermal effects, inducing anomalous cyclonic wind curl

and precipitation along them. Thus, mode waters are not

merely passive water masses but have dynamical and cli-

matic effects. For temporal variability, atmospheric forc-

ings are also suggested to be important in addition to the

variability of mode waters. STCCs exist in other oceans

and they are also flanked by mode waters on their poleward

sides, suggesting that they are maintained by similar

dynamics.

Keywords Subtropical Countercurrent � Subtropical

Front � Mode water � Ocean circulation � Climate

1 Introduction

A Subtropical Countercurrent (STCC) is a narrow eastward

jet on the equator side of a subtropical gyre, where the

barotropic flow is westward as predicted by the Sverdrup

theory. Figure 1a shows long-term mean sea surface

dynamic height referenced to 1000 dbar and surface zonal

geostrophic velocity relative to 400 dbar, based on a high-

resolution temperature climatology (adapted from Kobashi

et al. 2006). The surface flow has an eastward component

broadly even in the southern half of the Sverdrup sub-

tropical gyre (Fig. 1b). Such a broad surface eastward flow

is predicted by the modern wind-driven ocean circulation

theory based on the ventilated thermocline theory (Luyten

et al. 1983) and potential vorticity (PV) homogenization

theory (Rhines and Young 1982; Young and Rhines 1982).

Embedded in but distinct from the broad weak eastward

flow are narrow eastward jets. They are the STCCs that the

present study focuses on.

There are three distinct STCCs in the North Pacific

(Kobashi et al. 2006). They each accompany a temperature

and density front at subsurface depths of about 100–200 m

(Uda and Hasunuma 1969). Figure 1a, c show subsurface

fronts with surface eastward vertical shears in the sub-

tropical gyre. One is in the latitudinal range of 21–25�N

from 130�E to 175�E, tilting slightly to the north as it

extends to the east. To the south, another front is identified

in the latitudinal range of 19–21�N from 130�E to 180�,

slightly veering to the north east of 160�E. The other front

is found in the central basin, along about 26�N between

175�E and 160�W. These three fronts with large eastward
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current shears exist against the broad southwestward

Sverdrup flow (Fig. 1b). In this study, these narrow fronts

at subsurface depths and associated currents are called

STFs and STCCs, respectively. Following Kobashi et al.

(2006), the northern and southern fronts (currents) in the

western basin are referred to as the northern and southern

STFs (STCCs), respectively, and that in the central basin

the eastern STF (STCC).

Another eastward current is found at almost the same

latitudes as the southern STCC west of the Hawaiian

Islands (Fig. 1a, c), which is called the Hawaiian Lee

countercurrent (HLCC). Different from the STCCs, the

HLCC is consistent with the Sverdrup flow (Fig. 1b) and

driven by Hawaiian Islands-induced wind curls (Xie et al.

2001). In climatology, the HLCC is rather confined in

its westward extension up to the dateline (Qiu et al. 1997;

Fig. 1 a Long-term mean

surface dynamic height

referenced to 1000 dbar

(contour at 5 cm intervals) and

surface zonal geostrophic

velocity relative to 400 dbar

(color). b Sverdrup transport

streamfunction calculated from

long-term mean surface wind

stress data of the Japanese

25-year reanalysis (Onogi et al.

2007). c Meridional gradients of

temperature (contours at

1.0 9 10-5 �C m-1 intervals)

and density (color) at 125 m

depth. a and c are adapted from

Kobashi et al. (2006), which are

constructed mainly using

temperature profiles in the

World Ocean Database 2001

(Conkright et al. 2002). Open
circles in all panels denote the

position of STFs defined by

Kobashi et al.
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Yu et al. 2003; Kobashi et al. 2006), and it is separated from

the southern STCC. Although the HLCC is sometimes

referred to as ‘‘STCC’’ (e.g., Liu et al. 2003), this study

focuses on only STCCs against the Sverdrup circulation.

Figure 2 shows mean meridional sections of potential

density and zonal geostrophic velocity (referenced to

1000 dbar) along 137�E. They are calculated from 20

sections of conductivity temperature depth (CTD) obser-

vations in every winter and summer during 2000 to 2009,

conducted by the R/Vs Ryofu Maru and Keifu Maru of the

Japan Meteorological Agency (JMA). The data were

obtained from the JMA website. The northern and southern

STCCs appear as shallow eastward currents around 22�N

and 18�N (Fig. 2b), each with an STF of large meridional

temperature gradients at subsurface depths (see color

contours in Fig. 2a). The main pycnocline is separated in

the subtropical gyre into the upper one sloping up to the

north and the lower one sloping down to the north. The

STFs are associated with a steep northward shoaling

embedded in the gradual shoaling of the upper pycnocline.

The slope of the upper pycnocline gives rise to an eastward

current shear of the STCCs near the surface by the thermal

wind relation.

Since the discovery of STCCs by Uda and Hasunuma

(1969), the mechanism of STCC formation has been dis-

cussed in a number of studies. Recent studies have revealed

the importance of mode waters in the formation of STFs

and STCCs, in particular, the subtropical mode water

(STMW; Masuzawa 1969) and the central mode water

(CMW; Nakamura 1996; Suga et al. 1997). These mode

waters originate in the Kuroshio Extension region, where a

deep surface mixed layer forms in winter due to intense

surface cooling caused by warm water of the Kuroshio

Extension being in contact with cold and dry winds of

the East Asian monsoon. The deep mixed layer water is

subducted into the thermocline and is advected by the

wind-driven gyre circulation, producing a thick layer of

vertically uniform properties in a wide region of the sub-

tropical gyre. Thus, the mode waters are pycnostads char-

acterized by a vertical minimum in PV. Observational

studies have shown that STFs appear along the southern

flank of mode waters (Uda and Hasunuma 1969; Suga et al.

1989; Chu et al. 2002; Aoki et al. 2002; Kobashi et al.

2006). For example, in Fig. 2a, the northern and southern

STFs are located on the southern flank of the STMW that is

identified with a pycnostad around 25.0–25.6 rh between

the upper and lower pycnoclines in the subtropical gyre.

Similarly, the eastern STF is located along the CMW (Aoki

et al. 2002; Kobashi et al. 2006).

In this paper, we review the progress in STCC research.

Our understanding has been greatly advanced for the past

decades with new developments of satellite and Argo

profiling float arrays, accumulation of in situ hydrographic

observations, improved numerical modeling, and their use

to validate and improve theories. Now we recognize that

STCCs are anchored by mode waters, and affect the

overlying atmosphere and climate through their surface

thermal effects. These findings shed light on the important

role of mode waters in ocean current formation and cli-

mate. Mode waters are traditionally treated as a topic of

water mass analysis, in which the main objective is to

understand characteristics of mode waters themselves such

Fig. 2 Mean sections of a potential density and b zonal geostrophic

velocity (referenced to 1000 dbar) along 137�E, calculated from CTD

observations in every winter and summer season during 2000–2009,

conducted by R/Vs Ryofu Maru and Keifu Maru of the JMA. Orange
(red) contours in a denote the meridional gradient of potential density

at 2.0 (2.5) 9 10-6 kg m-4, and shade indicates PV computed from

f=qð Þ orh=ozð Þ, where f is the Coriolis parameter, q is in situ water

density, rh is potential density, and z is the vertical coordinate.

Stations along the sections are located approximately 1� apart in

latitude. The locations of the northern and southern STCCs (STFs) are

denoted by arrows
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as formation, circulation, and variability, with not much

attention being paid to their dynamical and climatic sig-

nificance. In this paper, we address the following questions

that highlight dynamical effects of mode waters: What

causes the formation of STCCs? How are STCCs related to

mode waters? How do STCCs affect the atmosphere and

climate? What causes variability of STCCs? Does vari-

ability in mode waters cause that of STCCs?

The remainder of the paper is organized as follows. In

Sect. 2, we explain the mechanisms of STCC formation

proposed so far. In Sect. 3, following a review of obser-

vations of the three STCCs, we estimate their mean surface

current velocities. Then, we show how the three STCCs are

related to mode waters, followed by a discussion on the

mechanisms of their formation. We also describe STCCs

simulated by models, and show that they are rather strong

compared with those in observations. Section 4 presents

atmospheric and climatic effects of STCCs from observa-

tions and models. Seasonal to interdecadal variability and

long-term change of STCCs and their mechanisms are

discussed in Sect. 5, followed by a summary and impli-

cations for future studies in Sect. 6.

2 Generation mechanism

In this section, we review four theories: (1) wind-driven

mechanism, (2) Ekman convergence mechanism, (3) shock

formation of stationary Rossby wave, and (4) vertical

accumulation of low PV fluids. Each theory predicts the

formation of one STF with STCC. As will be shown in

Sect. 3, the observed three STFs are consistent with the

mechanisms (3) and (4), both related to mode waters. The

mechanisms (1) and (2) turn out not to be essential for the

mean STCCs, but seem important for temporal variability

(Sect. 4).

2.1 Wind-driven mechanism

Yoshida and Kidokoro (1967a, b) suggested that STCCs

are wind-driven currents. They showed that the Sverdrup

streamfunction based on the spring wind-stress curl con-

tains an eastward flow between 20�N and 25�N, roughly

along the northern and eastern STCCs. This eastward

Sverdrup flow is caused by a small-scale trough of anti-

cyclonic wind stress curl in the subtropical gyre. The

trough forms only seasonally, and there is no trough in the

annual mean wind-stress curl, whereas the northern and

eastern STCCs exist in all seasons in observations (Uda

and Hasunuma 1969; Kobashi and Kawamura 2002). On

the basis of the ocean general circulation model (GCM)

driven by wind stress and surface differential heating,

Takeuchi (1984) succeeded in reproducing STCC. The

wind stress curl used in the experiment has no trough,

indicating that the wind-driven mechanism is not essential

for STCCs. As will be shown in Sect. 4, Yoshida and

Kidokoro’s wind curl trough turns out to be due to the

STCCs, not the other way round.

2.2 Ekman convergence mechanism

Roden (1975) proposed the hypothesis that STFs are gen-

erated by the Ekman convergence between the westerlies

and trades. Whether the Ekman convergence produces a

front depends on the relative importance of the temperature

advection by the Ekman drift to the air–sea heat exchange

terms in the temperature equation as discussed by We-

lander (1981). If we assume that surface heat exchange is

proportional to the temperature difference between atmo-

sphere and ocean with constant coefficient k and the oce-

anic temperature advection is caused by the zonally

uniform meridional Ekman transport Ve = sx/q0f, where sx

is the zonal component of wind stress, q0 is density, and f is

the Coriolis parameter, the equation for the mixed layer

temperature T in a steady state is

VeðyÞ
oT

oy
¼ �k T � TaðyÞ½ �; ð2:1Þ

where y is the northward coordinate and Ta is the

atmospheric temperature which is assumed to depend

only on y. The derivation of this equation can be found in

Welander (1981). If the Ekman transport Ve(y) and

atmospheric temperature Ta(y) are linear functions of y,

i.e., Ve = - ay and Ta ¼ T0 þ DT
L y, and the domain is

-L/2 \ y \ L/2 with the boundary conditions T = T0 ±

DT/2 at y = ±L/2, Eq. 2.1 yields

T ¼ T0 þ
k

k � a
DT

L
y� sign(yÞ aDT

2 k � að Þ
2 yj j
L

� �k=a

: ð2:2Þ

The meridional gradient of the temperature becomes

dT

dy
¼ k

k � a
DT

L
� kDT

L k � að Þ
2 yj j
L

� �k=a�1

: ð2:3Þ

For 0 \ k/a B 1, dT/dy is infinite at y = 0, and the front

becomes weaker as k/a becomes larger. The solution is

shown in Fig. 3 for k/a = 0.5, 2, 10. Assuming

dsx=dy ¼ 6� 10�9 (dyn cm-3) based on mean wind-stress

distribution, we obtain a & 10-4 (cm s-1) at the 25�N. On

the other hand, the coefficient Q2 of Haney (1971) is

70–100 (ly day-1 K-1), which yields k & 10-3 (cm s-1).

From these values, we can estimate k/a & 10. In this case,

there is no front in Fig. 3. Therefore, the Ekman conver-

gence is likely too weak to generate a significant front.

Takeuchi (1984), introduced in Sect. 2.1, also carried

out an ocean GCM experiment with meridional wind stress,
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and obtained STCC very similar to that in the model driven

by zonal wind stress. This indicates that the Ekman con-

vergence produced by the westerlies and trades is not

essential. In addition, the Ekman convergence occurs

between 25�N and 35�N (Roden 1975; Kazmin and

Rienecker 1996), slightly to the north of the STCCs, sug-

gesting the same conclusion.

2.3 Shock formation of stationary Rossby wave

The numerical experiments of Takeuchi (1984) strongly

suggested that the STCC is wind-driven circulation modified

by surface differential heating. Cushman-Roisin (1984)

obtained an STF-like structure in a similarity solution to an

equation for continuously stratified thermocline (Welander

1959), forced by wind stress and surface differential heating.

Although its direct applicability to reality is not clear because

it does not satisfy all boundary conditions, the nonlinearity

coming from mass conservation produces the STF-like

structure. Since the vertical structure is assumed to have a

similarity form, the theory may be regarded as that for a

single baroclinic mode. Therefore, similar solutions can be

obtained in a two-layer system.

Here, we give an explanation of the mechanism of

frontogenesis in a two-layer system with some details. The

model equation used here is the so-called planetary geo-

strophic thermocline equation (Dewer 1992) which is based

on the hydrostatic balance, geostrophic balance, and mass

conservation. The model is driven by the Ekman pumping,

in which the total depth H is assumed to be constant, the

density difference between two layers is Dq, and mean

density is q0. Substituting the geostrophic velocity into the

lower layer mass equation, we obtain the equation for the

upper layer depth h as

oh

ot
� 1

H
J /; H � hð Þ=fð Þ � bg0 H � hð Þh

f 2H

oh

ox
¼ 0; ð2:4Þ

where t is time, x and y are the eastward and northward

coordinate, respectively, JðA;BÞ ¼ AxBy � AyBx is the

Jacobian operator, f is the Coriolis parameter, b is df/dy,

g0 is the reduced gravity (=Dqg/q0), and

/ ¼ f 2

b

Zx

xe

wedx ð2:5Þ

is the Sverdrup function. Here, we is the Ekman pumping

velocity and xe is the coordinate of the eastern boundary.

The coefficient in front of qh/qx in Eq. 2.4 is the Rossby

wave speed. We assume that the model represents the

upper ocean whose bottom corresponds to the main

thermocline.

The Rossby wave speed in a two-layer system is the

highest when h/H = 1/2. If h/H \ 1/2 and qh/qx [ 0 or

h/H [ 1/2 and qh/qx \ 0 in the initial condition, the

Rossby wave front steepens and eventually forms a shock

as it propagates westward (Dewar 1987). In a wind-driven

circulation, a similar b-induced steepening mechanism can

also cause a steady shock (a ‘‘spontaneous shock’’; Dewer

1992) as explained below.

Assuming a steady state and using the relation

JðA;BÞ ¼ oA

o/

� �
y

oB

oy

� �
/

� oA

oy

� �
/

oB

o/

� �
y

" #
o/
ox

� �
y

;

ð2:6Þ

where subscripts denote the variables which are kept

constant for differentiation, Eq. 2.4 can be transformed

from (x, y) to (/, y) coordinates which is called the

Sverdrup coordinate system (Kubokawa 1995):

oq

oy
� bg0 H � fqð Þq oq

o/
¼ 0: ð2:7Þ

Here q = (H - h)/f is the potential thickness (reciprocal of

potential vorticity) of the lower layer. The relation between

x - y coordinates and Sverdrup coordinates is shown in

Fig. 4. Equation 2.7 is very similar to that for the long

Rossby waves; if we set / = 0 and rewrite Eq. 2.4 using q,

the equation for the Rossby wave becomes

oq

ot
� bg0 H � fqð Þq

fH

oq

ox
¼ 0: ð2:8Þ

Similarity between Eqs. 2.7 and 2.8 allows for an inter-

pretation that the propagation of q on the / - y plane is

like that on an x - t plane. Since disturbances are advected

southward by the Sverdrup flow, -y corresponds to t, and

disturbances propagate in the direction of increasing /
(westward) on the / - y plane as y decreases. Because of

the similarity between Eqs. 2.7 and 2.8, we refer to dis-

turbances in 2.7 as stationary Rossby waves. The propa-

gation speed on the / - y plane (characteristic speed)

is the highest when fq/H = 1/2 which is equivalent to

h/H = 1/2. When fq/H [ 1/2 (h/H \ 1/2), the smaller q is,

Fig. 3 Meridional distribution of mixed layer temperature given by

Eq. 2.2 for k/a = 0.5 (dotted line), 2.0 (dashed line), and 10 (solid
line)
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the higher the speed, and vice versa. Therefore, if q is given

along a latitude circle somewhere in the subtropical gyre

as satisfying fq/H [ 1/2 and qq/q/[ 0 or fq/H \ 1/2 and

qq/q/\ 0, stationary Rossby waves governed by Eq. 2.7

steepen as y decreases; this behavior is almost the same as

that of Rossby waves governed by Eq. 2.8 as time goes.

Curves of constant q in Fig. 4 correspond to trajectories

(characteristics) of linear stationary Rossby waves. This

example is for a case in which the lower layer is at rest.

Since the constant q curve slants southwestward on the

x - y plane in the southern half of the subtropical gyre, the

eastward vertical shear given by qh/qy \ 0 corresponds to

qh/qx [ 0 (qq/q/[ 0). Since the sign of qq/q/ is

unchanged along the characteristics, q in the source region

must satisfy the condition that fq/H [ 1/2 (h/H \ 1/2) and

qq/q/[ 0 (qq/qx \ 0, qh/qx [ 0) for the stationary

Rossby wave to form a shock with eastward upper-layer

current. When the shock forms, it is assumed that a very

weak diffusion term which is not explicitly included in the

above equations prevents the solution from being multi-

valued.

There are four possible sources of stationary Rossby

waves and shocks. The first one is the outcrop of the lower

layer (Dewer 1992). When the outcrop slants northeast-

ward from the west, q of the subducted water becomes

smaller toward east because f is large where the subduction

occurs. This structure (qq/qx \ 0) steepens as it is advected

southward, and a front associated with the eastward current

appears in the southern part of the subtropical gyre. The

second possible source is the subpolar–subtropical gyre

boundary (Dewar 1991, 1992). Although there is a sta-

tionary Rossby wave solution on the gyre boundary whose

westward propagation velocity locally balances with east-

ward current weakening toward the eastern boundary, it

cannot satisfies the condition, h/H \ 1/2 and qq/qx \ 0, for

forming an STCC-like current. Only a shock on the gyre

boundary can satisfy this condition. This shock extends

into the subtropical gyre, forming an eastward jet in the

southern half of the gyre, which is called an ‘‘arrested

front’’ (Dewar 1991). This arrested front solution looks like

the countercurrent in Cushman-Roisin (1984) which ema-

nates from the gyre boundary, and we can classify these

two solutions into the same category, although the model

configurations are different from each other and diabatic

forcing is imposed in Cushman-Roisin (1984).

The third possible source is the northern part of the

western boundary1 where / changes from 0 to /max (see

Fig. 4b). Since qq/q/[ 0 is equivalent to qq/qy \ 0 along

the western boundary, when q decreases northward, the

stationary Rossby wave emanating from the western

boundary can form a shock. The condition qq/qy \ 0

implies that the vertical shear is weak or westward there.

Furthermore, according to Kubokawa (1995), for the shock

to form in the rectangular basin, the vertical shear there

must be westward, which seems unrealistic. The last one is

the eastern boundary, which has not been discussed as a

source of the stationary Rossby wave. In a usual two-layer

system, ventilation does not occur at the eastern boundary

because the eastern boundary is treated as impermeable and

no interlayer flux is allowed. However, in a continuously

stratified ocean model with a meridional gradient in the

mixed layer, eastern boundary ventilation is inevitable,

because density-driven near-surface eastward flows must

turn westward below the surface (Sumata and Kubokawa

2001). The eastern boundary ventilation can be incorpo-

rated by permitting nonzero baroclinic component of zonal

flow at the eastern boundary (Pedlosky 1984). Figure 5

shows a solution with a shock caused by an eastern

Fig. 4 Relation between the x–y coordinates (left panel) and the

Sverdrup coordinates (right panel). Solid contours denote the

Sverdrup function, and dashed contours the lower layer potential

thickness, along which the stationary Rossby wave signals propa-

gate southwestward (arrows). The parameters are bLy

�
f0 ¼ 0:5;

he/H = 0.2 and /max

�
g0H2 ¼ 0:2, where f0 is the Coriolis parameter

at the subpolar–subtropical boundary (y = 0) and Ly is the meridional

extension of the subtropical gyre, and he is the upper layer depth at the

eastern boundary. In the present case, the lower layer is at rest.

Locations denoted by letters A and B in x–y coordinates correspond to

those denoted by the same letters in the Sverdrup coordinates. The

positive / direction is westward

1 The term ‘‘western boundary’’ in this section means the western

boundary of the Sverdrup interior region, but not the real western

boundary.
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boundary ventilation, in which the thermocline depth at the

eastern boundary, he(y), is decreasing northward. Since

positive qq/qy along the eastern boundary yields negative

qq/qx, the condition for spontaneous shock is satisfied.

In the two-layer model discussed so far, density is

constant in each layer. To explore the effects of horizontal

density gradient, Kubokawa (1997) presented a theory of a

two-level planetary geostrophic model, consisting of

equations for vertically integrated density and stratification

under the assumptions of geostrophic balance. He dis-

cussed the formation of an STCC caused by stationary

Rossby waves emanating from the western boundary, and

showed that if the density is vertically homogeneous and

vertical shear is small at the northwestern subtropical gyre,

the stationary Rossby wave can produce a strong counter-

current. Although the mechanism presented by Kubokawa

(1997) is essentially the same as that in the two-layer

model with western boundary source described above, in

the two-level model a stronger countercurrent occurs along

the boundary between the regions of weak stratification in

the north and strong stratification in the south. Kubokawa

(1997) suggested that the northern STF in the real ocean

has a similar density structure as in the model, and the

homogeneous fluid in the northwestern subtropical gyre

may correspond to STMW. The vertical resolution of this

model is, however, too coarse; it is therefore desirable to

revisit this problem using a multi-layer or a continuously

stratified model for a further discussion.

2.4 Vertical accumulation of low PV fluids

Kubokawa and Inui (1999) carried out a numerical exper-

iment similar to that reported by Takeuchi (1984), and

pointed out the importance of distribution of low PV

fluid subducted from the intersections of outcrops and a

mixed-layer-depth front, which is a narrow transition

zone separating shallow and deep mixed layers. The mixed-

layer-depth front slants slightly northeastward from the

western region of the subtropical gyre, whereas outcrops

are almost zonal and slant slightly southeastward. As a

result, the density of outcrops intersecting the mixed-layer

front increases eastward, meaning that the minimum PV

fluids on denser isopycnals are formed in the east, whereas

those on lighter isopycnals are formed in the west (Fig. 6).

Trajectories of these minimum PV fluids on each isopycnal

converge on the horizontal plane as they are advected

southward, and the low PV fluids are stacked up vertically

and form a thick layer of low PV fluid (Fig. 6). This thick

low PV layer causes the upper pycnocline to rise, forming a

density front and eastward countercurrent on its southern

edge (Fig. 2). Since two-layer models cannot reproduce

such a situation, Kubokawa (1999) presented a theory

using a multi-layer ideal fluid thermocline model. Kubok-

awa’s theory demonstrates that low PV fluids such as mode

waters have an important dynamical effect on surface

circulation.

Here, we outline this theory. We write the z-coordinate

of the bottom of the j-th layer as zj(\0), numbering the

layers upward from the deepest, with layer 1 being the

deepest moving layer and z0 being constant in space and

time, to layer N being the uppermost layer. The sea surface

is at z = 0 and the density of the j-th layer is qj. Under the

planetary geostrophic assumption, conservation of the PV

in the n-th layer (n \ N) can be written as

Fig. 6 Trajectories of low PV fluids on four isopycnal surfaces,

simulated in an idealized ocean GCM. Plus symbols, open circles,

multiplication symbols, and squares denote the positions of local

minima for given latitudes on the isopycnal surface of 25.4 rh,

25.6 rh, 25.8 rh, and 26.1 rh, respectively. The region with PV lower

than 10-10 m-1 s-1 is shaded. PV is defined as the same as in Fig. 2.

The low PV fluids are vertically stacked up downstream, forming a

thick low PV pool, along which STCC appears in the model. From

Kubokawa and Inui (1999)

Fig. 5 An example of spontaneous shock solution caused by an

eastern boundary ventilation. The panel shows the upper layer depth

distribution. The parameters are same as those in Fig. 4, but

heðyÞ=H ¼ 0:1þ 0:3 tanh �2y
�

Ly

� �
:
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J
Xn

j¼1

cjzj; znþ1 � znð Þ=f

 !
¼ 0; ð2:9Þ

where cj ¼ g qj�1 � qj

� ��
q0: For the uppermost layer

(j = N),

�J
XN

j¼1

cjzj; zN=f

 !
¼ we ¼

b
f 2

o/
ox
; ð2:10Þ

where / is the Sverdrup function defined by Eq. 2.5. The

sum of these equations from n = 1 to N yields

o

ox

XN

j¼1

cj

2
z2

j

 !
¼ o/

ox
; ð2:11Þ

which is the Sverdrup relation. Integrating with respect to x

from the eastern boundary xe to x, we obtain

XN

j¼1

cj z2
j � z2

0j

� �
¼ 2/; ð2:12Þ

where z0j is the zj at the eastern boundary.

If the flow in layer 1 is southward, z1is an increasing

function of x, and it can be used as a zonal coordinate in

place of x. This transformation can be done by the same as

that from (x, y) to (/, y) coordinates (see Eq. 2.6), and the

equation for the first layer, Eq. 2.9 with n = 1, becomes

o

oy

z2 � z1

f

	 
� �
z1

¼ 0; ð2:13Þ

where subscript denotes the variable which is kept constant

for differentiation. This equation indicates that potential

thickness, (z2 - z1)/f, is constant along lines of constant z1.

The equation for the second layer becomes

c1 þ c2

oz2

oz1

� �
y

" #
o

oy

z3 � z2

f

	 
� �
z1

� c2

oz2

oy

� �
z1

o

oz1

z3 � z2

f

	 
� �
y

¼ 0; ð2:14Þ

where c2
oz2

oy

� �
z1

in the second term represents the zonal

velocity relative to the first layer. If the velocity in the first

layer has a southward component, z2 - z1 decreases as the

fluid column flows southward because of the PV conserva-

tion. This implies that interface z2 tends to deepen southward

along the z1 contour (streamline of the first layer), and this

northward inclination of the interface z2 strengthens the

eastward shear. In this way, the current vector tends to rotate

counterclockwise with decreasing depth in the subtropical

gyre. This tendency is called b-spiral (Stommel and Schott

1977), and implies that the relative location of low PV waters

in different layers changes as the water masses flow south-

ward. If low PV fluids in different layers stack vertically, a

thick (low PV) layer forms.

Fig. 7 Two examples of solutions in a 3.5-layer model. Column a is

for a case in which PV in the deepest moving layer decreases

eastward whereas that in the second layer decreases eastward, and

column b is for a case in which PV in the deepest moving layer

decreases westward. The upper panels show given zonal distributions

of interface depths, z1, z2, and z3 at f = f0, and the lower panels show

z1, z2, and z3 at f = 0.8f0, calculated by Eqs. 2.12–2.14. The

horizontal axis -/ is proportional to x - xe if we is independent of

x, i.e., �/ ¼ f 2
�
b

� �
wej j x� xeð Þ: zj values are normalized by z01, and

/ is normalized by c1z01
2 . cj values are assumed to be

c2=c1 ¼ c3=c1 ¼ 0:5. Arrows are guides for the position of STCC
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Figure 7a shows the change of layer thickness distri-

butions in two zonal sections in a 3.5-layer model, in a case

that PV in layer 1 decreases eastward whereas that in layer

2 decreases westward in the northern section (upper panel).

This PV distribution in the zonal section mimics that in the

numerical experiment shown in Fig. 6 (Kubokawa and Inui

1999), in which the PV distribution is caused by the

northeastward slanting mixed-layer-depth front. Since the

thick low PV fluid in the deep layer moves westward faster

than that in the shallower layer, low PV fluid in layer 2

goes on top of that in layer 1 as it is advected southward. In

this way, z3 - z1 increases locally and pushes up the upper

interface z3 (lower panel). This ridge in z3 extends from

northeast to southwest. On the southeastern slope of the

ridge in z3, the eastward current in thermal wind balance

occurs (see arrow in Fig. 7a). This is the STCC in Ku-

bokawa (1999). When PV in layer 1 decreases westward

whereas PV in layer 2 decreases eastward in the northern

zonal section (Fig. 7b), the horizontal positions of high PV

regions in layers 1 and 2 get closer as they are advected

southward, making a trough in the interface z3. In this case,

an eastward flow occurs along the northwestern slope of

the trough (see arrow in Fig. 7b). This case can also occur

if the mixed-layer-depth front slants southeastward from

the west as shown in Kubokawa (1999).

3 Three STFs

In this section, we first review observations of the three

STCCs, and estimate their mean surface current velocities.

Then, we show how the three STFs are related to mode

waters, followed by a discussion on the mechanisms of

their formation. We also show STCCs simulated in models,

and discuss their correspondence to the observed STCCs.

3.1 Distribution and mean surface current velocity

Until recently STFs were not fully surveyed. This is partly

because of high eddy variability in the STCC regions (e.g.,

Kawamura et al. 1995; Aoki and Imawaki 1996; Qiu 1999;

Kobashi and Kawamura 2001; Hwang et al. 2004). STCCs

form a vertically sheared current system with an underlying

wind-driven westward flow (Fig. 2b), causing enhanced

eddy production through baroclinic instability (Qiu 1999;

Kobashi and Kawamura 2002; Noh et al. 2007). The high

eddy variability often makes it difficult to describe the

details of STCCs from one-time synoptic observations. In

addition, because of sparse hydrographic observations,

early climatology maps were not able to resolve narrow

STCCs, but, instead, they depicted a single broad eastward

flow (e.g., Wyrtki 1975; White et al. 1978; Reid and

Mantyla 1978), due to strong spatial smoothing of sparse

observations.

The three STFs shown by Kobashi et al. (2006) agree in

location with previous findings from high resolution

observations and climatologies. The northern and southern

STFs have been depicted by hydrographic observations

(Nitani 1972; Hasunuma and Yoshida 1978; White and

Hasunuma 1982; White and Walker 1985; Kaneko et al.

1998; Aoki et al. 2002; Kobashi and Kawamura 2002), and

by other observations from surface drifters (Michida 1997),

acoustic Doppler current profilers (Ichikawa et al. 2004),

and satellite altimetry (Kobashi and Xie 2012). The eastern

STF has also been shown from hydrographic observations

(Reed 1970; Roden 1980b; White et al. 1978; White and

Walker 1985; Aoki et al. 2002; Kobashi and Kawamura

2002).

The three STCCs are identified in absolute mean sea

level maps based on satellite altimeter observations (e.g.,

Niller et al. 2003; Rio and Hernandez 2004; Vianna and

Menezes 2010). Figure 8 shows mean ocean dynamic

height during 1993–2008, calculated from an altimeter

product from Archiving, Validation and Interpretation of

Satellite Oceanographic data (AVISO), France. Mean

dynamic height used by AVISO is produced by combing

satellite altimetry, in situ measurements, and a geoid model

(Rio et al. 2011). The northern and eastern STCCs appear

clearly along their positions shown by Kobashi et al.

(2006), and they are separated around 170–175�E. The

Fig. 8 Absolute mean dynamic

height during 1993–2008,

computed from an AVISO

altimetry product. Color
indicates eastward geostrophic

velocity and open circles denote

the position of STFs defined by

Kobashi et al. (2006)
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southern STCC, on the other hand, is not obvious but

identifiable with small patches of eastward velocity in the

general background of westward flow.

We estimated the mean surface velocity of the STCCs

based on Fig. 8. By averaging zonal geostrophic velocity

zonally between 135�E and 165�E and 180� and 160�W,

we obtained the mean velocities as about 3 cm s-1 at the

northern STCC at 23�N, 1 cm s-1 at the southern STCC at

19�N, and 5 cm s-1 at the eastern STCC at 26.5�N. These

mean velocities agree approximately with those estimated

from climatology of sea surface dynamic height based

on hydrographic observations (Fig. 2a in Kobashi and

Kawamura 2002). In contrast, they are remarkably smaller

than those from synoptic hydrographic observations, in

which surface velocity of greater than 20 cm s-1 is

reported at the northern and southern STCCs (Uda and

Hasunuma 1969; Kaneko et al. 1998; Aoki et al. 2002). The

discrepancy is probably due to eddy contamination in

synoptic observations, because mesoscale eddies in the

STCC regions have large advective speed of about

20 cm s-1 at the surface (Kobashi and Kawamura 2001),

several times greater than the mean velocity of the STCCs.

This indicates that the mean STCCs tend to be masked by

eddies at an instantaneous field.

Judging from the sea surface dynamic height contours in

Figs. 1a and 8, we note an interesting feature that the

surface geostrophic velocity vector points eastward or

southeastward, whereas the band of the STCCs extends to

the east or slightly to the northeast, which suggests that the

current velocity vector does not follow the direction of the

STCCs. STCCs in the theories mentioned in Sect. 2 also

show a similar feature. On this point, STCCs are not

‘‘currents’’ in the usual sense of the word, but they are

narrow bands of eastward-velocity anomaly.

3.2 Relation to mode waters

The mechanisms in Sects. 2.3 and 2.4 relate STFs to mode

waters. Together with Aoki et al. (2002), Kobashi et al.

(2006) revealed a close relationship between the STFs and

two mode waters, STMW and CMW, from hydrographic

observations. Figure 9 shows climatological mean PV on

isopycnal surfaces of 25.4 rh, 26.0 rh, and 26.4 rh with

acceleration potential relative to 1000 dbar superimposed.

These isopycnal surfaces correspond to those of STMW

and the upper and lower portions of CMW. A schematic

summary is shown in Fig. 10. Both figures are adapted

from Kobashi et al.

The three STFs are all located along the southern flank

of low PV waters in the thermocline (Fig. 9). Dynamically,

meridional slopes of isopycnal surfaces of the STFs are

related to large negative meridional PV gradients along

isopycnals in the thermocline below the fronts (Fig. 2a;

Kobashi et al. 2006). The northern STF is located on the

southern edge of the Kuroshio recirculation, where the

negative meridional PV gradient occurs within a narrow

density range and is maintained by the low PV core of

STMW (Figs. 9a, 10a). On the other hand, the negative PV

gradient at the eastern and southern STFs spans over a wide

density range. For the eastern STF, the upper and lower

portions of CMW, which are advected along the inner and

outer parts of the subtropical gyre, respectively (Oka and

Suga 2005), converge to the north of the front, forming a

thick low PV layer and maintaining the PV gradient at the

Fig. 9 Map of long-term mean PV on the isopycnal surfaces of

a 25.4 rh, b 26.0 rh, and c 26.4 rh. PV is defined as the same as in

Fig. 2. Acceleration potential relative to 1000 dbar is shown by white
contours with an interval of 0.5 m2 s-2. Light shade indicates the area

with the winter sea surface density heavier than each isopycnal, and

open circles denote the STFs. Modified from Kobashi et al. (2006)
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front (Figs. 9b, c, 10b). Similarly, at the southern STF, the

negative PV gradient is due to a low PV layer to the north,

with the southernmost portion of STMW stacked above the

upper CMW advected from the central subtropical gyre.

The thick low PV waters forces the upper thermocline to

shoal, causing surface-intensified STCCs by the thermal

wind relation.

The upper CMW extends across the eastern STF to the

southwest, almost following streamlines (Fig. 9b), indi-

cating advective spreading by geostrophic flow. On the

other hand, the southward spread of low PV across the

northern STF in the STMW layer is due to more than just

mean flow advection. In Fig. 9a, there are indications that

low PV of the STMW south of the northern STF is diffused

from a low PV core from the north across the streamlines,

possibly by intensive mesoscale eddies in the STCC region.

The eddy activity is strongest along the northern STF, and

remarkably decreases to the south of the southern STF (Qiu

1999; Kobashi and Kawamura 2002). Eddy transport of

STMW across the mean flow is indicated from an analysis

of eddy-resolving ocean GCM simulations by Nishikawa

et al. (2010). The similar diffusive feature is identified also

on maps of PV and streamfunction relative to 2000 dbar

produced by Suga et al. (2004) using an isopycnally

averaged climatology (their Fig. 5). Thus, the vertical

stacking of the mode waters along the southern STF is

caused by not just geostrophic advection of the upper

CMW but also eddy diffusion of low PV from the STMW

core north of the northern STF.

The vertical stacking of low PV waters over a wide

density range at the eastern and southern STFs supports the

mechanism due to vertical accumulation of low PV fluids

in Sect. 2.4 (Kubokawa 1999; Kubokawa and Inui 1999).

For the northern STF, the PV gradient is provided mainly

by the STMW core to the north advected by the Kuroshio

recirculation gyre. As suggested by Aoki et al. (2002),

because the STMW resembles a homogeneous water mass

in the northwestern subtropical gyre in the theoretical

model of Kubokawa (1997), the northern STF could be

generated by the stationary Rossby wave mechanism in

Sect. 2.3. In addition, the STMW forms progressively

eastward on denser isopycnals (Suga and Hanawa 1990),

and in the Kuroshio recirculation, lighter STMW stacks

above denser STMW (e.g., Bingham 1992; Suga et al.

2004; Oka et al. 2011). The PV gradient at the northern

STF occurs in the density range of the STWM (Kobashi

et al. 2006). This vertical stacking of the STMW is con-

sistent with Kubokawa’s (1999) mechanism. Further

examination will be needed to clarify which mechanism is

important in the formation of the northern STF.

STCC anchored by mode waters is also simulated by

idealized ocean GCMs (Kubokawa and Inui 1999; Endoh

et al. 2006) and realistic ocean and coupled GCMs

(Yamanaka et al. 2008; Tokinaga et al. 2009a; Xie et al. 2011;

Fig. 10 Schematic of the

relationship between STFs and

a STMW and b CMW. The

mode waters are represented by

shading, whereas the northern,

southern, and eastern STFs by

thick lines with labels ‘‘NSTF’’,

‘‘SSTF’’ and ‘‘ESTF’’,

respectively. Arrows in the

upper panel indicate the

advection of the STMW by the

Kuroshio recirculation, whereas

solid and dashed arrows in the

lower panel represent the

advection of the upper and

lower CMWs by the geostrophic

gyre flow. The area where the

upper and lower CMWs

converge is hatched in the lower
panel. From Kobashi et al.

(2006)

Review on North Pacific Subtropical Countercurrents and Subtropical Fronts 31

123



Xu et al. 2012; Nonaka et al. 2012). Figure 11 displays the

result from a 300-year control simulation from the Geophys-

ical Fluid Dynamics Laboratory (GFDL) coupled climate

model (CM2.1), shown by Xie et al. (2011). The model

reproduces a narrow eastward jet extending from the western

Pacific to the northeast of Hawaii, against the Sverdrup flow

(Fig. 11a, c). This STCC agrees in location roughly with the

observed southern and eastern STCCs (Fig. 1a), with a nota-

ble difference. The observed eastern STCC extends nearly

zonally, but in the model the band of the eastern STCC tilts

northeastward and apparently is continued from the southern

STCC. Low PV waters subducted from the intersections of

outcrops and a mixed-layer-depth front are advected by the

subtropical gyre, forming the tongues of PV minimums on iso-

pycnal surfaces to the southwest (Fig. 11b). They are vertically

stacked up, resulting in a thick low PV layer, along which the

STCC forms (Fig. 11b), consistent with observations.

Compared with observations, in the coupled climate

models of the CM2.1, analyzed by Xie et al. (2011) and Xu

et al. (2012), and the Community Climate System Model

(CCSM3.0), analyzed by Tokinaga et al. (2009a), the

STCC is too strong (compare Figs. 8 with 11c) as a result

of too strong mode waters (Xie et al. 2011). Non-eddy-

resolving models tend to produce enhanced mode waters

(e.g., Ladd and Thompson 2001; Thompson and Cheng

2008).

In contrast, eddy-resolving ocean GCMs, the Meteoro-

logical Research Institute Community Ocean Model

(MRI.COM) analyzed by Yamanaka et al. (2008), and the

Ocean GCM for the Earth Simulator (OFES) by Nonaka

et al. (2012) simulate the eastern STCC with a strength

comparable to or slightly weaker than that in observations.

In these models, the STCC is more confined to the central

subtropical gyre as the eastern STCC, and the southern

STCC does not appear in those models, probably due to

mixing effect of eddies. Low PV tongues subducted from

the central subtropical gyre (Fig. 11b) are much more

diffused by eddies as they begin their excursion down-

stream, resulting in the weaker STF and STCC to the west.

The eastern STCC in the MRI.COM and OFES extends

zonally with no notable northeastward tilt, consistent with

observations. The difference from the climate models could

be attributable to reproducibility of subduction and circu-

lation of CMW that is responsible for the formation of the

eastern STCC.

4 Atmospheric and climatic effects

This section addresses the question: How do STCCs affect

atmosphere and climate? We first look at observations in

which an SST front plays an important role. We discuss

Fig. 11 March climatology from the GFDL coupled model (CM2.1).

a Annual-mean Sverdrup streamfunction (black contours at 20 Sv

intervals), SSH (red contours at 10 cm intervals), and plus symbols
denote where a PV minimum is reached in the layer of 25.6–26.6 rh.

b PV on 26.2 rh (blue contours) and 26.4 rh (blue contours)

isopycnals, along with the mixed layer depth (light and dark shades
[100 and 400 m; white contours at 100 m intervals), surface density

(green), and ‘‘[’’ symbols denote the axis of STCC. c 50 m current

velocity, SST (black contours at 2�C intervals), and net surface heat

flux (gray shade; white contours at 60 W m-2 intervals). d Surface

wind stress (N m-2), Ekman pumping velocity (color shade at

1.0 9 10-6 m s-1 intervals), and precipitation (black contours at

0.5 kg m-2 s-1). From Xie et al. (2011)
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how an SST front is related to subsurface STFs forced by

mode waters, and how the SST front affects the atmo-

sphere. Then, we move to results from coupled climate

models.

Figure 12 shows seasonal mean SST and its meridional

gradient in winter and summer, calculated from an opti-

mally interpolated SST dataset produced from the blend of

infrared and microwave satellite observations and in situ

measurements (Reynolds et al. 2007). In winter, a pro-

nounced SST front appears in the latitudinal range of

23–35�N, slightly tilting to the northeast, from the western

to central subtropical gyre, but it disappears in summer.

This SST front is obvious from late fall to early spring

(e.g., Roden 1980a). Different from subsurface STFs, the

SST front is governed by mixed layer dynamics: its

frontogenesis and frontolysis are primarily in response to

surface Ekman convergence and surface heat flux (Kazmin

and Rienecker 1996; Dinniman and Rienecker 1999). As

mentioned in Sect. 2.2, Ekman convergence is too weak to

generate a mean STF, but on the seasonal timescale, it

could generate an SST front, because k/a changes with

season.

To examine the relationship between the SST front and

the STFs, we plot the position of the STFs (Kobashi et al.

2006) on Fig. 12. The winter SST front is located along the

north of the northern and eastern STFs, and its magnitude

rapidly decreases to the south of the STFs. The feature is

similar in early spring. This relationship strongly suggests

that the SST front is affected not only by Ekman conver-

gence but also by the subsurface STFs. Probably the STFs

anchor the SST front above, through an entrainment pro-

cess in which subsurface temperature anomalies are

released to the surface when deep mixed layer develops.

Further investigations are needed to reveal the effects of

the STFs on the SST front.

A recent finding is that the SST front exerts significant

influence on the atmosphere and climate in the western

subtropical gyre. From an analysis of QuikSCAT and

Tropical Rainfall Measuring Mission (TRMM) satellite

observations and reanalysis data from JRA-25, Kobashi

et al. (2008) found that, in April to May along the SST

front, surface wind stress curls turn weakly cyclonic on the

general background of anticyclonic curls that drive the

subtropical gyre (Fig. 13). The cyclonic wind curl corre-

sponds to a trough of wind curl shown by Yoshida and

Kidokoro (1967a, b), though rather confined to the western

subtropical gyre compared with the Yoshida and Kidok-

oro’s trough (see Sect. 2.1). The cyclonic curl anomaly is

accompanied by a band of high column water vapor

slightly to the south (Fig. 13c), indicating a deep structure

of the moist layer. On the weather timescale, the cyclonic

curl anomaly is associated with low pressure systems of a

subsynoptic scale in space. In the lows, convective rain

takes place, with deep upward motion moistening the entire

Fig. 12 Seasonal mean SST

and its meridional gradient in

a winter and b summer,

calculated from an optimally

interpolated SST dataset during

1993–2008 (Reynolds et al.

2007). Open circles denote the

position of STFs defined by

Kobashi et al. (2006)
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troposphere (Fig. 14). The lows are enhanced by conden-

sational heating and grow on the baroclinicity anchored by

the SST front, resulting in the formation of cyclonic wind

curls on intraseasonal timescales.

Deep atmospheric responses have been recognized in

other regions of strong mid-latitude western boundary

currents; the Kuroshio Extension (Tokinaga et al. 2009b),

the Gulf Stream (Minobe et al. 2008), and the Agulhas

Return Current (Liu et al. 2007). Distinct from these

western boundary currents, the SST front in the STCC

regions is not so strong, but features SST greater than 27�C

on its southern flank in April to May (Fig. 13c). This high

SST is conducive to deep convection, favoring the for-

mation of cyclonic wind curl anomaly (Kobashi et al.

2008).

The cyclonic wind curl anomaly in May is accompanied

by enhanced precipitation. Kobashi et al. (2008) suggested

that this increase in precipitation appears to correspond to

the so-called pre-Baiu/Meiyu front, which has been inde-

pendently identified from previous meteorological studies

(Kato and Kodama 1992; Tanaka 1992; Wang and LinHo

2002). The pre-Baiu/Meiyu front is manifested as a cloud

and rain band prior to the onset of the Baiu/Meiyu that is

one of the most remarkable events in the East Asia summer

monsoon. The SST front seems to anchor this pre-Baiu/

Meiyu band, a hypothesis that needs further investigation.

Atmospheric effects of STCCs are demonstrated in

coupled model simulations based on the CCSM3.0 and

CM2.1, by Tokinaga et al. (2009a) and Xie et al. (2011),

respectively. In these models, the eastern STCC creates an

SST ridge via thermal advection (Fig. 11c), forming

cyclonic surface wind curls and local maximum of pre-

cipitation along the STCC (Fig. 11d). Xie et al. (2011)

Fig. 13 May climatology from QuikSCAT and TRMM satellite

observations: a vector wind stress, b wind stress curl, and c columnar

water vapor, along with SST in contours. Open circles in b denote the

position of the northern STF defined by Kobashi et al. (2006). The

thick contour in c marks a 27�C isotherm. Along the SST front near

25�N, a local trough of easterly trade winds (a) forms cyclonic wind

curl anomaly (b). Modified from Kobashi et al. (2008)

Fig. 14 Composite differences of a upward vertical wind (cm/s) and

b specific humidity (g/kg) at 142.875�E, between the case when

cyclonic wind curl appears at the surface and the others. Open circles
in a and b show grid points of significant difference with confidence

greater than 95%. The vertical wind speed is computed from pressure

vertical velocity by the approximate relationship for synoptic scales

under hydrostatic approximation. c Meridional profiles of convective

rain rate (mm/day) in the cyclonic curl (solid line) and the other

(dashed line) composites, along with 95% confidence intervals. These

are calculated from JRA-25 data. Along the SST front around 25�N,

convective rain takes place with strong upward motion moistening the

entire troposphere. Modified from Kobashi et al. (2008)
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suggest that the wind curl response provides a positive

feedback on SST via the Sverdrup flow advection mecha-

nism (Liu 1993). The cyclonic wind curl forces a north-

ward Sverdrup flow that acts to strength the SST warming,

and the SST warming intensifies the cyclonic wind

curl anomalies. This positive feedback is suggested to

enhance the coupling between the eastern STCC and the

atmosphere.

The atmospheric effect shown by the models differs

from that by the observations. In the observations, it results

from enhanced atmospheric baroclinicity by the SST front,

whereas in the models it is caused by SST anomaly due to

thermal advection by the STCC. Recent careful analyses of

in situ surface meteorology data and satellite observations

find a local peak of net surface heat flux from ocean to

atmosphere along the eastern STCC (F. Kobashi and S.-P.

Xie, personal communication), suggesting a similar atmo-

spheric response to that of the models. The effect of SST

front observed in the western subtropical gyre has not been

reported so far from models. Further investigations are

needed to clarify the whole picture of atmospheric effects

of STCCs and their feedback into the ocean.

The results from the models reveal that mode waters

affect atmosphere and climate through surface current

formation. This mechanism is different from a previously

recognized re-emergence mechanism (e.g., Alexander et al.

1999; Hanawa and Sugimoto 2004; Sugimoto and Hanawa

2005), in which mode waters serve as an isolated heat

reservoir memorizing wintertime ocean–atmosphere inter-

action, modulating local or remote SST by releasing their

heat anomalies when deep surface mixed layer develops

and entrains mode waters. Mode waters that re-emerge are

usually located at subsurface depths in the seasonal ther-

mocline. In contrast, the new mechanism indicates that

mode waters that are subducted into the permanent ther-

mocline change surface thermal structure via the surface

current formation, affecting atmosphere and climate.

5 Variability and its mechanism

This section addresses the questions: What causes vari-

ability of STCCs? Does variability in mode waters cause

that of STCCs? Several mechanisms have been suggested,

which emphasize the importance of mode waters, atmo-

spheric forcings, and ocean internal dynamics. We review

variability of STCCs and its mechanism on seasonal to

decadal and longer timescales.

5.1 Seasonal variations

The three STCCs exhibit different seasonal variations.

Climatologies of SSH based on hydrographic observations

and altimeter observations show that the northern STCC is

strong in late winter to spring and weak in fall, whereas the

eastern STCC is strong in summer to fall and weak in

spring (White et al. 1978; Kobashi and Kawamura 2002;

Kobashi and Xie 2012). The southern STCC appears with

eastward velocity only in spring to summer (Kobashi and

Kawamura 2002), and in winter and fall it is identified as a

meridional minimum of westward flow (Kobashi and Xie

2012). Similar seasonal variations of the eastern STCC are

also simulated by the OFES (Nonaka et al. 2012).

Mechanisms have not been clarified yet, though there

are some implications from observations and numerical

simulations. Observations indicate that the strong northern

STCC in late winter is caused by a strong SST front

(Fig. 12a) with a deep vertical extent within mixed layer

depth, whereas that in spring is due to a strengthened

subsurface front (Kobashi and Kawamura 2002; Kobashi

and Xie 2012). Kobashi and Xie suggest the importance of

cyclonic wind stress curl in May along the northern flank of

the northern STCC (Fig. 13b). They conducted composite

analyses using altimeter-derived surface velocity data,

showing that in years with strong cyclonic curl anomaly,

the seasonal cycle of the northern STCC is clear with a

peak in June, whereas in other years, it is not. In contrast,

performing numerical experiments using an idealized

ocean GCM, Takeuchi (1986) reproduced seasonal varia-

tions similar to those of the northern STCC, suggesting that

seasonal change in basin-scale wind stress is important for

the seasonal variations of the model STCC.

In climatology, the three STCCs are anchored by mode

waters (Sect. 3.2). The STMW, which maintains the

northern and southern STCCs, has clear seasonal change in

distribution and PV, because of the production of thick

STMW in winter and subsequent advection by the Kuro-

shio recirculation and considerable dissipation within a

year or so (Suga and Hanawa 1995). It has not been

examined yet whether such seasonal changes of the STMW

affect STCC variations. Another possible mechanism is

annual Rossby waves (e.g., Mysak 1983; Cummins et al.

1986) that could modulate mode waters and thus induce

STCC variations. Seasonal variations could be a superpo-

sition of currents forced by atmospheric forcings and mode

waters.

5.2 Interannual variations

Interannual variations of the northern STCC are investi-

gated by Qiu and Chen (2010) and Kobashi and Xie (2012).

From analysis of satellite observations and JMA repeat

hydrographic surveys along 137�E, Qiu and Chen (2010)

found interannual changes in mesoscale eddy variability in

the northern STCC region, and showed that the vertical

shear of the northern STCC tends to be larger in eddy-rich
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years than in eddy-weak years. They suggested that the

intensity of baroclinic instability controls the interannual

changes in the eddy activity. Furthermore, they showed a

correlation between the eddy activity and the meridional

Ekman convergence associated with basin-scale surface

winds, suggesting that the Ekman convergence affects SST

frontogenesis along the STCC, causing change in the ver-

tical shear and thus the eddy activity. Their results indicate

that Ekman convergence is a cause of interannual varia-

tions in the STCC.

On the other hand, Kobashi and Xie (2012) emphasized

the importance of a zonal band of cyclonic wind curl in

May along the northern flank of the northern STCC

(Fig. 13b). From analyses of satellite altimeter data and

Argo profiling floats, Kobashi and Xie (2012) found a

positive correlation of interannual variations between the

cyclonic wind stress curl and the SST front in May, sug-

gesting a positive feedback between them. Furthermore,

the cyclonic wind curl is negatively correlated with the

SSH and SST below. The strong (weak) cyclonic wind

anomaly elevates (depresses) the thermocline and causes

the fall (rise) in the SSH and SST, accelerating (deceler-

ating) the northern STCC to the south. The cyclonic wind

curl takes a peak in May, followed by the peak of the

STCC in June with about 1 month lag. The response of the

thermocline to the wind forcing occurs probably locally

along the band of the cyclonic wind rather than via Rossby

wave propagation. Their results suggest that the wind

forcing in May causes the subsequent variations in the

northern STCC.

Qiu and Chen (2010) and Kobashi and Xie (2012) both

indicate a central role of atmospheric forcings that are not

important in the formation of mean STCCs (Sects. 2.1 and

2.2). Their atmospheric forcings are different, but their

results are not mutually exclusive. Because eddy produc-

tion in the northern STCC is seasonally dependent, caused

by baroclinic instability in late winter (Qiu 1999; Kobashi

and Kawamura 2002), the interannual change in the eddy

activity is considered to represent the STCC strength in late

winter. Therefore, the result of Qiu and Chen suggests that

the Ekman convergence is important for variations in the

late winter STCC. Indeed, Kobashi and Xie (2012) sug-

gested that interannual variations of the SST front in late

winter are correlated with meridional Ekman convergence

forcing. In addition, they found a significant positive cor-

relation between the SST front in late winter and the

cyclonic wind curl in May, suggesting that the strong SST

front in late winter provides favorable conditions for the

development of a strong SST front in spring, affecting the

formation of the cyclonic wind curl in May.

Other mechanisms of interannual variations are pro-

posed from an analysis of a long hindcast simulation of the

OFES. Nonaka et al. (2012) found that interannual

variations of the eastern STCC in the model occur almost

simultaneously along a zonal band of the STCC, with a

vertically coherent change in current velocity down to at

least 1000 m depth. These properties resemble those for

zonal jets or striations examined by Richards et al. (2006),

suggesting one possibility that they are oceanic internally

induced variability, likely caused by geostrophic turbu-

lence. In addition, they found that interannual variations in

the near-surface vertical shear of the STCC, which are

deviations from the vertically uniform change, are nega-

tively correlated with those in PV of CMW carried to the

north of the STCC, indicating that lower PV mode water

induces intensified vertical shear of the STCC. They

showed that variations in PV of the mode water explain

about 20% of interannual variance in zonal velocity of the

STCC.

STCC variability due to mode waters has not yet been

confirmed from observations. Kobashi and Xie (2012) did a

preliminary comparison between changes in STMW

thickness and those in strength of the northern STCC using

8-year Argo profiling data in the western subtropical gyre.

Apparently, there seems to be no correspondence between

them. Although not at STCCs, mode water-induced varia-

tions are demonstrated at HLCC by Sasaki et al. (2012). As

mentioned in Sect. 1, HLCC is a wind-driven current west

of the Hawaiian Islands. Analyzing satellite and Argo float

observations, they found that enhanced eastward HLCC in

2003 and 2005 coincided with anomalous southward

intrusion of CMW and eastern subtropical mode water

(Hautala and Roemmich 1998) to the north of the HLCC.

They showed that the intrusion of the mode waters

increases the slope of the upper pycnocline, causing the

strong HLCC at the surface. An elaborate analysis as done

by Nonaka et al. (2012) will be needed to evaluate how

interannual variations of STMW and CMW (Suga and

Hanawa 1995; Yasuda and Hanawa 1997, 1999; Taneda

et al. 2000; Hanawa and Kamada 2001; Hanawa and

Yoritaka 2001; Oka 2009) affect STCCs.

5.3 Decadal to longer timescale variations

Mode water-induced variations are dominant on timescales

longer than interannual (Nonaka et al. 2012). Model studies

showed that changes in ventilation path and core PV of

mode water in response to slow variations in wind bring

about large subsurface temperature anomalies in the central

subtropical gyre (Xie et al. 2000; Kubokawa and Xie 2002;

Hosoda et al. 2004). Such changes in mode waters induce

variations of STCCs on longer timescales.

Long hindcast simulations by eddy-resolving ocean

GCMs indicate that the eastern STCC is intensified in the

late 1970s with a strong southward intrusion of CMW to

the north of the STCC, and is weakened in the early 1990s
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when the ventilation of CMW is weak (Yamanaka et al.

2008; Nonaka et al. 2012). Yamanaka et al. related this

interdecadal variability to changes in mode water forma-

tion and basin-scale wind fields, suggesting that the strong

intrusion of the mode water is caused by much more pro-

duction of CMW due to intensification of the westerly in

the mid-1970s (Yasuda and Hanawa 1997), whereas the

weak ventilation is associated with the increased warm

water advection by the Kuroshio Extension (Hanawa and

Kamada 2001) and the eastward shift of mode water for-

mation area, both due to the spin up of the subtropical gyre

in a delayed response to the wind intensification.

Changes in mode water ventilation leave characteristic

signatures in spatial patterns of surface circulation and SST

(Xie et al. 2011; Xu et al. 2012). The interdecadal vari-

ability of the eastern STCC is characterized by a northeast-

slanted dipole of SSH changes in the central basin

(Fig. 15), whose pattern indicates northeastward and

southwestward current anomalies by geostrophic balance.

The change in the advection of mean SST field produces

northeast-slanted bands in SST anomaly fields. Such a

pattern with slanted bands is characteristic of SST warming

in the North Pacific and North Atlantic subtropical gyres in

future projections (Fig. 16; Xie et al. 2010). The global

warming reduces the subduction of mode waters in the

Kuroshio Oyashio Extension region (Luo et al. 2009; Xu

et al. 2012), decelerating the eastern STCC (Xu et al. 2012)

and thus causing the slanted bands of changes in surface

circulation and SST (Fig. 16). Mode water ventilation is an

important mechanism for interdecadal variations as well as

changes under global warming.

There is no observational study so far on the decadal

variation of STCC. Argo observations have started in 2000,

and a large amount of hydrographic data that resolving

STCCs and mode waters has been accumulated for the past

several years. In the near future, Argo observations will

enable us to examine how STCCs are affected by decadal

fluctuations in STMW and CMW (e.g., Yasuda and

Hanawa 1997; Ladd and Thompson 2002; Suga et al. 2003;

Qiu and Chen 2006; Qu and Chen 2009; Sugimoto and

Hanawa 2010; Oka and Qiu 2012).

6 Summary and other implications

We have reviewed the progress in studies of the North

Pacific STCCs and STFs. Theoretical, observational, and

model simulation studies for the past decade have revealed

the importance of mode waters in the formation and vari-

ability of STCCs. There are three distinct STCCs accom-

panying subsurface STFs in the North Pacific. They are

each anchored by low PV that STMW or CMW carries

from the north. The three STCCs support the formation

mechanism proposed by Kubokawa (1999) and Kubokawa

and Inui (1999), in which the vertical stacking of low PV

fluids causes STCCs. Shock formation of stationary Rossby

waves (Kubokawa 1997) is also suggested to be important

in the formation of the northern STCC. Eddy-resolving

ocean models and coupled climate models show that mode

waters not only cause the STCCs but also induce variations

on interannual to interdecadal timescales and long-term

changes in response to global warming. These results

Fig. 15 a First empirical orthogonal function (EOF) mode of SSH

(color shade in cm) in the central-gyre region (box), and b its

principal component, calculated from a 300-year control simulation

by the GFDL coupled model (CM2.1). Mean SSH (black contours at

10 cm intervals) and regression of 50 m current velocity upon the

principal component are superimposed in a. From Xie et al. (2011)

Fig. 16 50-year (2050–2000) changes in March in the A1B global

warming simulation by the GFDL climate model (CM2.1): a SST

(�C), 50 m current velocity (cm s-1), and net surface heat flux (white
contours at 5 W m-2); SSH change (contours in cm) superimposed

on b the climatology (black contours). From Xie et al. (2011)
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demonstrate that mode water is a dynamical tracer with

important consequences for ocean current formation and

variability. For temporal variability, atmospheric forcings

are also important in addition to the variability of mode

waters.

STCC affects the atmosphere and climate. Observations

find that the strong SST front in spring along the northern

flank of the northern STCC in the western subtropical gyre

affects surface wind curl, precipitation, and water vapor

content with a deep vertical extent, through generations of

low pressure systems of a subsynoptic scale. This observed

effect of the SST front has not been confirmed by models.

On the other hand, coupled climate models tend to produce

another type of ocean–atmosphere interaction, in which the

eastern STCC causes the advection of warm water to form

an SST anomaly in the central subtropical gyre and affect

the atmosphere.

These results represent dynamical and climatic effects of

mode waters, which are quite different from the traditional

view that these water masses act as a heat reservoir with

memory of the wintertime ocean–atmosphere interaction.

For a fuller understanding of ocean circulation and climate,

mode water ventilation and its variability and coupling

with the atmosphere are important elements to be

considered.

Finally, we discuss some implications for future study.

Early observational studies noticed that the northern STF is

located not only along STMW to the north but also along

the tropical water to the south (Uda and Hasunuma 1969).

The North Pacific tropical water is a water mass charac-

terized as a subsurface salinity maximum in the subtropical

gyre, which results from the subduction of surface saline

water formed by intensive surface evaporation. Previous

studies have not paid much attention to salinity effects on

STFs, because they have described STFs only from tem-

perature data, using a constant salinity value (White et al.

1978) and salinity estimated from climatological mean

temperature and salinity relation (White and Walker 1985;

Kobashi and Kawamura 2002; Kobashi et al. 2006).

We plot the position of the STFs (Kobashi et al. 2006)

over an annual-mean subsurface salinity map using World

Ocean Atlas 2009 data (WOA09; Antonov et al. 2010).

Figure 17 is the result, showing that the northern and

eastern STFs are located along the northern flank of the

tropical water. Indeed, analyses of climatology data (Yuan

and Talley 1996) and synoptic observations (Roden 1980b)

indicate that STFs are almost collocated with the salinity

front. Because temperature and salinity have opposing

effects on density, the salinity front weakens the density

Fig. 17 Annual-mean salinity distribution at depth of 125 m, derived

from WOA09. Black dots denote the position of STFs defined by

Kobashi et al. (2006), the same as those in Fig. 1

Fig. 18 Magnitude of

horizontal gradients of density

at depth of 125 m, calculated

from annual mean climatology

of WOA09
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STFs. It is still unclear how large interannual variability of

the tropical water (Suga et al. 2000) affects STCC varia-

tions. Accumulation of Argo observations will make it

possible to quantitatively estimate salinity effects on STCC

variations.

STCC is commonly observed in other oceans, though

our knowledge is very limited with regard to the formation,

variability, and atmospheric effect. Figure 18 shows the

global map of the magnitude of horizontal density gradient

at subsurface depth. The magnitude was calculated usingffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
oq=oxð Þ2þ oq=oyð Þ2

q
, where q is annual mean density

computed from WOA09 (Antonov et al. 2010; Locarnini

et al. 2010). Strong spatial smoothing of WOA09 data is

not ideal for the analysis on narrow bands of STF, but it

yields the overall distribution of a broad feature of STF.

Indeed, the two bands of STF in the western North Pacific

are smoothed out and appear as one broad front in Fig. 18.

In the North Atlantic subtropical gyre, a relatively

strong front appears near 25�N east off the Bahamas,

extending to the east in the western Sargasso Sea. This

front is a subsurface STF associated with eastward current

at the surface (e.g., Reid 1978; Olson et al. 1984; Halliwell

et al. 1994). In the South Pacific, a prominent zonal band

with large density gradients is seen in the latitudes of

20–30�S to the west of 120�W. This front corresponds to an

STF, and accompanies a shallow eastward current called

the south tropical countercurrent (Merle et al. 1969; Qiu

and Chen 2004). A similar broad front is evident in the

South Indian Ocean, where the front between 20�S and

30�S extends from the east of Madagascar to the west of

Australia. An eastward current associated with this front

Fig. 19 Isopycnal PV lower

than a 0.6,

0.8 9 10-10 m-1 s-1 on

26.5 rh, b 2.2,

2.4 9 10-10 m-1 s-1 on

26.0 rh, c 0.8,

1.2 9 10-10 m-1 s-1 on

26.5 rh, and d 0.3,

0.4 9 10-10 m-1 s-1 on

26.8 rh is highlighted with light
and dark shades, calculated

from annual mean climatology

of WOA09. PV is defined as the

same as in Fig. 2. Color
contours are the same as in

Fig. 18. Low PV water

corresponds to a North Atlantic

STMW, b South Pacific STMW,

c Indian Ocean STMW, and

d Southeast Indian subantarctic

mode water
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was recently identified as the South Indian Ocean coun-

tercurrent (Siedler et al. 2006; Palastanga et al. 2007). In

the South Atlantic, although STF and its associated coun-

tercurrent were reported around 28�S in the western sub-

tropical gyre (Tsuchiya 1985; Me’mery et al. 2000), its

signature is not clear in Fig. 16, probably due to the paucity

of data and strong smoothing in WOA09.

These STFs seem to be associated with low PV mode

water on the poleward side, similar to the North Pacific. With

reference to the horizontal distribution of mode waters

illustrated by Hanawa and Talley (2001), we examine the

possible connection between the STFs and mode waters.

Figure 19 displays the isopycnal PV of mode waters, toge-

ther with the density gradient in Fig. 18. The PV is calculated

using WOA09. The STF in the North Atlantic is located

along the southern flank of North Atlantic STMW

(Worthington 1959), very similar to the northern STF in the

North Pacific (Fig. 19a). In the South Pacific, the STF

associated with south tropical countercurrent is almost col-

located with the South Pacific STMW (Roemmich and

Cornuelle 1992; Tsubouchi et al. 2007), and the meridional

peak of the front is located slightly to the north of the STMW

(Fig. 19b). In the Indian Ocean, the STF seems to be related

to two different mode waters (Fig. 19c, d). To the west of the

front, the STF is located along the northern flank of the Indian

Ocean STMW (Gordon et al. 1987; Tsubouchi et al. 2010),

whereas, to the east, it is found along the northern flank of the

Southeast Indian subantarctic mode water (Thompson and

Edwards 1981). The close relationship in spatial distribution

between STFs and mode waters is suggestive of a role of

mode waters in eastward current formation. More compre-

hensive analysis is necessary to reveal the impact of mode

waters on global surface circulation and climate.
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