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A steady quasi-geostrophic 2.5-layer model, forced by both Ekman pumping and a
mass source/sink situated at the western boundary has been constructed to investi-
gate the effect of diapycnal transport due to convection in the Okhotsk Sea and tidal
mixing at the Kuril Straits on the intermediate layer in the North Pacific. The model
illustrates a combined effect of the wind-driven and mass-driven circulations. First,
net mass input induces a “barotropic” mode inter-gyre flow along the western bound-
ary through the dynamical influence of Kelvin waves. This flow creates characteristic
curves (geostrophic contours) that facilitate inter-gyre communication through the
western boundary layer from the location of the mass source to the subtropical gyre.
Due to the effect of wind-driven circulation, the offshore part turns eastward into the
interior, encircles the outer rim of the region (which would otherwise be the pool
region in the absence of mass input), and then encounters the western boundary. Even-
tually, the water fed into the lower layer flows mostly along this path and later flows
away to the equatorial region. Conversely, in the upper layer, water is fed from the
equator to the subtropics, and to the subpolar interior region through the western
boundary current. The water then circulates along the outer rim and is absorbed into
the mass sink. The model is controlled mainly by three nondimensional parameters:
(1) the ratio of net mass input rate to the maximum Sverdrup transport (Q/TSv

max),
which affects the inter-gyre communication by altering the paths of geostrophic con-
tours, (2) the ratio of a mass input rate into the lower layer to that in total (Q2/Q),
which controls the vertical structure of the inter-gyre flow, and (3) the measure of the
wind forcing effect relative to the βββββ effect, which determines the horizontal extent of
the area influenced by the mass input. The other parameter regimes with respect to
Q/TSv

max and Q2/Q are also presented.

water located to the northwest of the Pacific and sepa-
rated from it by the Kuril Straits (Fig. 1). The ventilation
process involves the formation of the North Pacific In-
termediate Water (NPIW), which spreads over most of
the subtropical gyre and intrudes into the tropics (e.g.,
Talley, 1993). The NPIW stores large volumes of green-
house gases such as CO2 (e.g., Yamanaka and Tajika,
1996) and considerable quantities of heat and fresh wa-
ter. A dynamical understanding of how the water influ-

1.  Introduction
The intermediate layer of the North Pacific Ocean is

ventilated mainly from the Okhotsk Sea (e.g., Talley,
1993; Warner et al., 1996; Yasuda et al., 1996), a body of
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enced by ventilation circulates in the intermediate layer
is important in understanding, predicting, and monitor-
ing the potential response of the North Pacific to long-
term climate variability.

In the Okhotsk Sea, the deepest convection in the
North Pacific is associated with the strong, cold winter
monsoon and copious sea ice production (e.g., Kitani,
1973; Alfultis and Martin, 1987; Talley, 1991). Vigorous
vertical mixing is also induced in the Kuril Straits
(Yasuoka, 1968; Kitani, 1973; Kawasaki and Kono, 1994;
Gladyshev, 1995; Aramaki et al., 2001), mainly by tides
(Nakamura et al., 2000; Nakamura and Awaji, 2001,
2004). The convection ventilates the upper part of the
intermediate layer (�27.0σθ), whereas tidally induced
vertical mixing is thought to be a main cause of ventilat-
ing the lower part (27.0~27.6σθ). This is because observed
distributions of Chlorofluorocarbons (CFCs) indicate that
the ventilation in the North Pacific extends to much
deeper, denser layers (~27.6σθ) than the deepest convec-
tion (~27.0σθ), and that the most recently ventilated wa-
ter in such dense layers lies around the Kuril Straits
(Watanabe et al., 1994; Warner et al., 1996; Wong et al.,
1998).

The dynamical effects of these processes on the ven-
tilation of the North Pacific intermediate layer have been
investigated using numerical models. By implicitly tak-
ing the effects of the above processes into account, resto-
ration of model temperature and salinity in the Okhotsk
Sea to the observed values can drive the Oyashio south-
ward to cross over the wind-driven gyre boundary deter-
mined by the Sverdrup flow (Mitsudera et al., 2004), re-
sulting in the freshening of NPIW (Yamanaka et al., 1998).
Comparison of the results of numerical experiments with
and without tidally induced vertical mixing at the Kuril
Straits suggests that tidal mixing there can strengthen the
ventilation in the Okhotsk Sea and the North Pacific
(Nakamura et al., 2004, 2006a, 2006b, hereafter the lat-
ter reference is referred to as NTIA06). The enhanced
ventilation in the Okhotsk Sea takes place through down-

ward diffusion and an enhancement of the convection re-
sulting from a preconditioning of salinity values due to
an upward salt flux caused by tidal mixing from the saltier
lower layer. The preconditioned (i.e., saltier) water leads
to an increase in the density of the water involved in con-
vection and thus an increase in the volume of the water
reaching the intermediate layer. The ventilated water flows
into the North Pacific and spreads over the entire subarctic
and most of the subtropical gyres, enhancing ventilation
of the intermediate layer.

It is interesting that, in association with the inflow
of the ventilated water from the Kuril Straits, the flow
pathways in the intermediate layer were also modified to
further enhance the ventilation in their model results. The
key elements of the dynamics in the change of the flow
pathways were identified by NTIA06 and Nakamura et
al. (2004). The forcing is by diapycnal mass transport
from the shallower and deeper layers to the intermediate
layer due to tidally enhanced vertical diffusion and con-
vection. The downward diffusion induces a counterbal-
ancing upwelling from the deeper layers, and thus mainly
excites the first baroclinic mode response (more precisely,
since the vertical profile of density around the Kuril Straits
is concave upwards, vertical diffusion generally decreases
density and hence produces a net mass flux to the lighter,
shallower layers). On the other hand, convection brings
surface water into the intermediate layer, and hence ex-
cites the second and higher baroclinic mode responses.

The dynamical adjustment to the forcing proceeds
mainly through coastally trapped waves such as Kelvin
waves and eastward-moving (or advected) long-Rossby
waves, which develop as a result of the wind-driven cir-
culation for the second and higher modes. The Kelvin
waves induce a flow towards the equator in the interme-
diate layer along the western boundary that induces in-
ter-gyre transport of the ventilated water from the Kuril
Straits to the subtropical gyre (other kinds of coastally
trapped waves that are faster than the local currents also
have a similar effect). The transported water turns east-
ward and flows around the interior region, where the east-
ward long-Rossby waves carry dynamical information of
the inflow to modify circulation there. The water eventu-
ally leaks into the equatorial region and subsequently to
the other oceans. Tatebe and Yasuda (2004) constructed
an analytical model, which relates the Oyashio southward
intrusion (and associated cross gyre transport) to the
diapycnal upwelling.

However, in spite of the need for both Kelvin and
Rossby waves in the intermediate layer adjustment in the
North Pacific, previous theories have not considered the
two simultaneously. Earlier work on ventilation may be
categorized into the ventilated thermocline type repre-
sented by Luyten et al. (1983) and Rhines and Young
(1982), which emphasize the effect of wind driven circu-

Fig. 1.  Locations of the Okhotsk Sea and the Kuril Straits.



Effects of Mass Source/Sink on the Wind-Driven Gyres 43

lation, and abyssal circulation theories along the lines of
Stommel and Arons (1960) and Kawase (1987), which
focus on the effect of mass input/output due to
thermohaline forcing.

The ventilated thermocline theory does include the
effect of eastward long-Rossby waves on wind-driven
gyres, but the western boundary is absent in most of these
theories. Such works do not, therefore, consider the ef-
fect of Kelvin waves or the inter-gyre flow through the
western boundary region, even though inter-gyre flows
taking place in the interior have been extensively inves-
tigated (e.g., Pedlosky, 1984; Schopp and Arhan, 1986;
Luyten and Stommel, 1986; Schopp, 1988, 1993; Chen
and Dewar, 1993). Although some theories include a west-
ern boundary (e.g., Young and Rhines, 1982; Hogg and
Stommel, 1985; Huang, 1990; Jarvis and Veronis, 1994),
the effect of mass input is absent, thus the inter-gyre flow
is not considered. Huang and Flierl (1987) show that the
semigeostrophic effect allows the subpolar western
boundary current to intrude into the subtropical gyre in
the presence of outcropping. In the absence of mass in-
put, however, all of the water making up this intrusion
should return to the subpolar region, which is not the case
for the North Pacific intermediate layer.

Although the abyssal circulation theory does incor-
porate the effect of mass-driven Kelvin waves as a deep
western boundary current, the effect of wind-driven cir-
culation is omitted in most of the theories (e.g., Straub
and Rhines, 1990; Pedlosky, 1992; Speer and McCartney,
1992; Straub et al., 1993; Pedlosky and Chapman, 1993;
Ishizaki, 1994; Edwards and Pedlosky, 1995; Cember,
1998). Some of these works include the effect of east-
ward propagating long-Rossby waves due to bottom to-
pography and improve our understanding of the basic
dynamics. Hautala and Riser (1989) consider the effect
of wind, but their attention is limited to the shadow re-
gion, and hence the effect of eastward long-Rossby waves
is neglected.

In this paper we develop, in a rather heuristic man-
ner, a simple analytical model to investigate the effects
of mass input/output from the western boundary on the
intermediate layer, by incorporating the effects of both
Kelvin and eastward long-Rossby waves using a 2.5 layer
model with a western boundary. The focus of the study is
the area of the North Pacific. Our simple model is a first
step toward unifying the two branches of the ventilation
theory and toward a better understanding of the mecha-
nism by which the stratification is maintained in the in-
termediate density layer between the outcropping com-
ponent in the subtropics and the portion ventilated by deep
convection. (The former is described in the ventilated
thermocline theory, and the latter in the abyssal circula-
tion theory.)

The paper is organized as follows. The design of the

2.5 layer model is described in Section 2. Solution of the
“barotropic” mode and its properties are presented in Sec-
tion 3. Characteristic curves (geostrophic contours) and
a solution for the upper and lower layers (and their prop-
erties) are shown in Section 4. The results are summa-
rized and discussed in Section 5. The implications of vari-
ous parameter regimes are presented in Appendices.

2.  Model Design

2.1  2.5-layer QG model
In order to illustrate the essential physics as simply

as possible, we consider a steady quasigeostrophic (QG)
model on a β plane.

In the vertical direction, a 2.5 layer model is chosen.
Crudely speaking, this approach resolves the first and
second baroclinic modes, and is the simplest model ca-
pable of describing the eastward-moving long-Rossby
waves due to wind driven circulation, which play a cru-
cial role in the adjustment of the interior region, as re-
vealed in NTIA06. Although forcing also comes from the
higher modes in the numerical model results of NTIA06,
the higher modes may be considered to represent a quan-
titative correction to the second mode. This is because
the dynamical role of the higher modes is similar to that
of mode 2, in the sense that all of these modes allow east-
ward moving long-Rossby waves in the region of a strong
eastward Sverdrup flow.

A schematic of the 2.5 layer model considered here
is shown in Fig. 2. The model domain includes both
subpolar and subtropical gyres and is open on the equa-
torial side. The domain is bounded on the east and west
at x = xe and x = 0, respectively, through which no
geostrophic flow is allowed. The upper moving layer
(hereafter the upper layer or layer 1) is supposed to sur-
mount the lower moving layer (hereafter the lower layer

Q1<0

Q2>0

Q=Q1+Q2

we>0
(subarctic gyre)

we<0
(subtropical gyre)

layer 1
layer 2
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in the Okhotsk Sea
and the Kuril Straits
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Fig. 2.  Schematic of the 2.5 layer model.
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or layer 2) everywhere, so that the lower layer does not
outcrop to the sea surface in the model domain, as is ac-
tually the case for the NPIW.

2.2  Forcings
We consider two kinds of external forcing. One is

Ekman pumping, we, imposed at the sea surface. The other
forcing is a mass source associated with the convergence/
divergence of diapycnal transport produced by both the
convection in the Okhotsk Sea and vertical mixing at the
Kuril Straits. The convection causes diapycnal transport
from the lighter, surface layer to the heavier, intermedi-
ate layer. Vertical mixing at the Kuril Straits can cause
both enhancement of the convection and upwelling from
the deeper layers, which balances downward diffusion.
The former works in a similar fashion to the convection
itself, while the latter produces a net mass flux into the
intermediate layer from the deeper layers. Associated
vertical mass convergence in the intermediate layer (or
divergence in other layers) induces a mass flux to (or
from) the North Pacific in the corresponding layer. This
is idealized as a mass source that feeds fluid of the corre-
sponding density into layer n at a rate Qn from the west-
ern boundary at latitude ys (it works as a sink when Qn is
negative).

Note that because the effect of third-layer motion on
the other layers is neglected in a 2.5 layer model, motion
of the mass sink from the third layer is also neglected.
Nevertheless, this ineffective mass sink balances the wa-
ter budget between the North Pacific and the Okhotsk Sea.
Also, any across-interface velocity component is ne-
glected in the domain under consideration. Diapycnal
transport, which includes the cause of the above mass
source/sink and is required to maintain the basic stratifi-
cation, is supposed to take place out of the domain.

Since the numerical model results of NTIA06 sug-
gest that the Kelvin waves and the associated change in
the flow along the western boundary can remove the mass
fed from the source, we include a western boundary re-
gion. This is done by adding a frictional western bound-
ary layer, following Liu et al. (1999). The frictional layer
used here is the Munk layer (Munk, 1950), since this is a
simplest possible theory of the western boundary current
that can represent the effect of both the Kelvin and damp-
ing short-Rossby waves. Friction is neglected in the inte-
rior.

The mass flux originating from the above source (or
sink) is supposed to leave (or enter) the model domain
through the equatorward boundary, so that the volume of
each layer is held constant (i.e., the mass is conserved).
This assumption is based on the results of the experiments
in NTIA06, which suggest that most of the southward
Kelvin waves and associated mass flux leave the North
Pacific for the Indian Ocean and the South Pacific. The

Kelvin waves that leave the North Pacific decay as they
circulate in other basins. Consistent with this picture, the
NPIW is actually observed to leak into the Indonesian
Through Flow where it is transformed (Lukas et al., 1991;
Ffield and Gordon, 1992). Thus, the water that left the
domain is supposed to be transformed in other basins and
to return through other layers. Although a small fraction
of the Kelvin-wave energy can propagate northward along
the east coast of the North Pacific, as seen in the numeri-
cal model result (NTIA06), the effect of this is assumed
to be included through the layer thickness at the eastern
boundary.

2.3  Equations
The vorticity equations, which govern the system,

are

  
J q

f

H
weψ1, ,1

0

1
1 1( ) = + ⋅∇ × ( )k F

  J qψ 2 , ,2 2 2( ) = ⋅∇ × ( )k F

where the subscripts 1 and 2 indicate the upper and lower
layers, respectively (e.g., Pedlosky, 1987, 1996). Here, ψ
is the streamfunction, and q is the potential vorticity (PV).
Since our focus is on gyre-scale motion, the effect of rela-
tive vorticity is negligible in comparison with that of plan-
etary vorticity, so that q can be approximated as

q y F1 1 3= + −( ) ( )β ψ ψ2 1 ,
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f0 + βy is the Coriolis parameter on the β plane, Hn is the
mean thickness of layer n, ρ0 is the reference density, and
g is the gravity acceleration. The vector k represents the
unit in the vertical direction, and Fn is a horizontal fric-
tional force in layer n which is given in the western bound-
ary region.
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3.  “Barotropic” Mode (or Mode 1)

3.1  Solution of “barotropic” mode
Firstly, the “barotropic” mode roughly correspond-

ing to mode 1 is examined. In the interior, the vertical
average of the vorticity equations yields the Sverdrup
balance:

β ψ∂
∂

= ( )b
ex

f

H
w0 8,

where H is the total thickness of the moving layers (H =
H1 + H2) and

ψ ψ ψ
b

H H

H
= + ( )1 1 2 2 9

is the barotropic streamfunction. Near the western bound-
ary, a boundary-layer correction in the form of a Munk
layer is added:

β ψ ψ∂
∂

= ∂
∂

( )b
h

b

x
A

x

4

4 10,

where Ah is a horizontal eddy viscosity coefficient. The
Ekman pumping term is neglected, assuming that it is
small in comparison with the friction term.

Since these equations are linear, ψb can be separated
into a wind driven component (ψb

w) and a component
driven by the mass source (ψb

m):

ψ ψ ψb b
w

b
m= + ( ). 11

The wind driven component is the same as that ob-
tained in the absence of the mass source. It is hence given
as

ψ ψ ψ φb
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b
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b
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where ψb
i is the streamfunction of the Sverdrup flow in

the interior,
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and φm represents the zonal structure of the Munk layer,
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Here, δm is the thickness scale of the Munk layer (δm =
(Ah/β)1/3), and a no-slip condition is imposed at the west-
ern boundary.

The mass-driven component of the barotropic mode
is contained in the western boundary layer, where the mass
source is located and friction is present. In fact, the mass-
driven barotropic flow is zero in the interior, similar to
the model of Kawase (1987). This is because it is gov-
erned by β∂ψb

m/∂x = 0 in the interior, which results in
ψb

m of an arbitrary constant when combined with the no-
normal flow condition at the eastern boundary
(∂ψb

m/∂y = 0). Accordingly, ψb
m can be set to be zero in

the interior.
The mass-driven component carries the mass flux

from the source, and thus the zonally integrated meridi-
onal volume transport of this component is Q, where Q =
Q1 + Q2. Such a mass flux takes place equatorward of the
mass source through the Kelvin wave dynamics (since
the effect of Kelvin waves propagating around the basin
is not explicitly considered). Since the mass flux leaves
the domain through the equatorward boundary, the mass
conservation constraint is assured by the combination of
the conditions for zonally integrated volume transport due
to ψb

w and ψb
m.

Under the above two conditions—(i) ψb
m approaches

to zero away from the western boundary and (ii) the zon-
ally integrated meridional volume transport is Q
equatorward of ys—together with no-normal flow and no-
slip conditions at the western boundary, ψb

m is obtained
from (10) in a similar way to the Munk solution as

ψ φ φb
m

ys m
Q

H
y x= ( ) ( ) ( ). 15

Here, the meridional structure function φys(y) is defined
as

φys s
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y y y

y y

( ) = ≤
= >

( )1

0
16

, ,

, ,

for 
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and the zonal structure is that of the Munk layer. Taking
these two structures together, (15) reflects the fact that
Kelvin wave activity redistributes the input mass along
the western boundary on the equator side of the mass
source, leading to the formation of a mass-driven west-
ern boundary current. The amplitude of the latter is de-
termined from the net mass influx divided by the total
mean layer thickness.

Combining the two components, we obtain the
streamfunction of the barotropic mode,

ψ ψ ψ φ φb b
i

b
i

ys mx y x y
Q

H
y x= ( ) − ( ) − ( )





( ) ( ), , . 17
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3.2  Properties of the “barotropic” mode solution
Prior to considering the “baroclinic” mode solution,

the properties of the barotropic mode solution are exam-
ined, since these determine the characteristic curves of
ψ2 in the QG dynamical framework under consideration.

The solution (17) consists of the Sverdrup interior,
its western boundary layer correction, and the mass driven
component. Since the last two components are confined
near the western boundary, the interior flow is not affected
by the mass input for the barotropic mode. We thus ex-
amine the western boundary currents in the presence of
the mass source, before presenting an overall pattern of
the barotropic mode flow. It should be noted that this
unchanged interior flow is different from the results usu-
ally obtained by abyssal circulation theories. The differ-
ence arises from the present model settings, in which both
temporal change in layer thickness and mass transport
across the layer interface are absent.
3.2.1  Confluence point of the western boundary currents

A schematic of how the western boundary current is
composed of the wind- and mass-driven components is
presented in Fig. 3(a). The wind-driven component
(–ψb

i(x, y)φm) compensates the convergence (or diver-
gence) of the Sverdrup transport through its variation in
transport. Although the mass driven component, (Q/H)φm,
merely adds a constant transport, its contribution is im-
portant since it enables a western boundary current to
cross the boundary of the subpolar and subtropical gyres.
The latter is defined by the isoline ψb

i = 0 (e.g., Schopp
and Arhan, 1986) and becomes a zonal line y = ygb near
the western boundary in the present case. When Q = 0,
the gyre boundary is collocated with the edge of the
boundary of the western boundary currents. In contrast,
when Q ≠ 0, the solution (17) indicates that the meridi-
onal velocity of the Munk layer is no longer zero at ygb as
it now disappears at meridional positions where

H x y Qb
iψ , .( ) = ( )18

Accordingly, the confluence point of the western bound-
ary currents of the subpolar and subtropical gyres, if it
exists, moves to the meridional position, ycwbc, which sat-
isfies (18) and is closest to ygb for the same x, or moves to
ys when Q << 0. From the dynamical point of view, the
confluence moves to the latitude where the given net-mass
flux is compensated by the Sverdrup flow. This result is
essentially equivalent to that obtained by Tatebe and
Yasuda (2004).

To consider the spatial shift of ycwbc in more detail,
the relationship between the mass influx Q, the Sverdrup
transport at the western boundary TSv, and ycwbc is shown
schematically in Fig. 3(b). When Q ≥ 0, the position of
ycwbc can be categorized into three cases:

(i) ycwbc = ygb, when Q = 0: The confluence ycwbc is
at the gyre boundary, when the net mass input is zero.

(ii) ycstg < ycwbc < ygb, when 0 < Q < TSv
max: The con-

fluence ycwbc is in the northern part of the subtropical gyre
for a moderate mass input. The quantity TSv

max denotes
the maximum Sverdrup transport in the subtropical gyre,
whereas ycstg, its latitude, represents the center of both
the subtropical gyre and the pool region there if it exists.
This case corresponds to that of the North Pacific.

(iii) ycwbc is absent in the domain, when Q ≥ TSv
max:

When the net mass influx is larger than the maximum
Sverdrup transport, the western boundary current flows
equatorward throughout the subtropical gyre, and reaches
the equatorial region. In other words, a confluence of the

Fig. 3.  (a) Schematic of the “barotropic” mode western bound-
ary current driven (left to right) by a mass source, by wind,
and in total for a moderate mass input (i.e., case (ii)).
(b) Schematic of the relation between Sverdrup transport at
the western boundary (TSv), the net mass influx (Q), and
the latitudinal position of the confluence of the subpolar
and subtropical western boundary currents (ycwbc). A sche-
matic distribution of TSv is shown as a function of y. ycwbc is
determined from Q and TSv, as indicated as an example by
dashed lines. ycwbc can thus be categorized according to Q
and TSv into five cases as shown in the left. In each case,
ycwbc is located as shown at the bottom.



Effects of Mass Source/Sink on the Wind-Driven Gyres 47

subpolar and subtropical western boundary currents does
not exist. Such strong diapycnal transport rarely occurs
in major basins.

When Q < 0, the net mass flux works as a sink, and
hence the position of ycwbc moves poleward toward the
mass sink. In this case the position also depends on the
location of the sink, because the mass-driven flow is in-
duced only on the equator side of ys through the Kelvin
wave dynamics. Accordingly, the northern limit of the
position of ycwbc is fixed at ys regardless of the magnitude
of the mass output. (The confluence could move further
north if we allowed a portion of the Kelvin wave to cir-
culate around the domain.) Associated with this, the

threshold value of Q, which dictates whether ycwbc is at ys
or further to the equator, becomes TSv

min when ys > ycspg
or TSv

ys when ys < ycspg. Here, TSv
min is the minimum

Sverdrup transport taking place at ycspg, the center of the
subpolar gyre, and TSv

ys is the Sverdrup transport at ys.
Thus, writing the condition for the latter case in paren-
theses, the position of ycwbc can be categorized into the
following two additional cases:

(iv) ygb < ycwbc < ycspg (or ys), when TSv
min (or TSv

ys) <
Q < 0: The confluence ycwbc is in the southern part of the
subpolar gyre, when the mass source works, on the whole,
as a moderate sink. This situation could be realized by
the occurrence of strong deep convection, which brings
the upper layer water to the deep layer.

(v) ycwbc = ys, when Q ≤ TSv
min (or TSv

ys): The conflu-
ence ycwbc is located at ys for such a large mass output.

In the following, we focus on case (ii) together with
case (i) for comparison. A discussion of the other cases is
given in Appendix 1.
3.2.2  Flow pattern of the “barotropic” mode

In order to show a typical flow pattern of the
barotropic mode, we consider here a simple case in which
we is a function only of y with a form,

w W
L

y L y L

y L L y

e
y

y y

y y

= − − ≤ ≤

= < − <
( )0

0
1

sin , ,

     , ,  .

π
for 

for 
9

The gyre boundary is set on y = ygb = 0, and the subpolar
and subtropical gyres range from 0 < y < Ly and –Ly < y <
0, respectively.

Further, ψb is nondimensionalized by TSv
max/H as,

˜ ˜ ˜, ˜ ˜ ˜, ˜ ˜ ˜ ,ψ ψ ψ φ φb b
i

b
i

Sv
ys mx y x y

Q

T
y x= ( ) − ( ) − ( )







 ( ) ( )max 17′

where

T

H

f L W

H
Sv x
max

= ( )0 0 20
β

.

Here,  indicates a nondimensional variable, x and y are
nondimensionalized by Lx and Ly, respectively, and xe is
set to Lx. According to (17′), the barotropic mode solu-
tion is controlled by only two nondimensional parameters,
Q/TSv

max and δm/Lx, once ys is specified. The former is
introduced in this study and measures the relative contri-
bution to the western boundary current due to mass input
and wind forcing. The latter is the ratio of the Munk layer
thickness and the basin width.

Figure 4 shows the distribution of ψb for cases (i)

Q=0 Q=0.2TSv
max

barotropic streamfunction     b

geostrophic contours q2
^

Ekman pumping

ycwbc

ycwbc

communication beltsubtropical 
pool region

ψ

Fig. 4.  (Top) “Barotropic” mode streamfunction, ψb, and
(middle) geostrophic contours, q̂2 . (Left) The case (i) when
Q = 0 and (right) the case (ii) when 0 < Q < TSv

max. TSv
max is

the maximum Sverdrup transport. ψb, q̂2 , x, and y are
nondimensionalized by TSv

max/H, βLy, Lx, and Ly, respec-
tively. Shaded areas denote negative values. The Ekman
pumping used is shown at the bottom of the figure. The
thick lines in the case with mass input represent the isolines
of ψb = Q/H and q̂2  = βycwbc + F̂ Q/H. Details are written
in the text.
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and (ii). The values of Q/TSv
max and δm/Lx are set to be 0.2

and 2.5 × 10–3, respectively, and are shown in Table 1
with values of dimensional parameters. Although the value
of Q/TSv

max would be larger than a realistic value*, it is
chosen for the clarity of the figure and because the solu-
tion does not change qualitatively for 0 < Q/TSv

max < 1, as
is argued in the previous section.

Although the streamfunction in the interior remains
the same, the mass-driven flow affects the starts and ends
of the streamlines. Those paths emanating from the mass
source intrude from the subpolar region into the subtrop-
ics along the western boundary, enter the interior to cir-

culate through the outer rim of the subtropical gyre, and
finally leave the subtropics to move to the equatorial re-
gion along the western boundary. Note that the above path
is different from that of the Kelvin waves which cause
dynamical adjustment to the mass input, as expected from
Fig. 3.

4.  Lower Layer Circulation

4.1  Equations of ψ2
Given ψb in the previous section, ψ1 can be rewrit-

ten as,

ψ ψ ψ
1

2 2

1

21= − ( )H H

H
b .

This enables the lower layer equations to be written in
terms of ψ2, whose solution in turn yields ψ1.
4.1.1  In the interior

In the interior, approximated here as an inviscid re-
gion, the governing equation becomes

Notations Parameters Values

Nondimensional parameters

δm/Lx
nondimensional Munk layer width 0.0025

Q/TSv
max inter-gyre boundary and communication 0.2

α extent of pool regions 2

Q2/Q vertical structure of mass-driven flow 1.5
H2/H background stratification 0.6

F̂ /G2
background stratification 0.3

Dimensional parameters

δm
Munk layer width 20 km

Ah horizontal viscosity coefficient 2 × 102 m2s–1

Lx zonal extent of the basin 8,000 km
Ly meridional extent of a gyre 2,000 km
TSv

max maximum Sverdrup transport 30–50 Sv
in the subtropical gyre

Q net mass flux into layers 1 and 2 1–8 (or ~3) Sv
Q2 mass flux into the lower layer ~6 Sv

F̂ defined in (24) 3 × 10–9 m–2

β gradient of Coriolis parameter 2 × 10–11 m–1s–1

H total thickness of layers 1 and 2 1,000 m
H2 thickness of the lower layer 600 m

γ1
reduced gravity 0.015 m s–1

G2 defined in (6) 1 × 10–8 m–2

Table 1.  Parameters.

Values of nondimensional parameters used in case (ii) and rough estimates of dimensional parameters for the North Pacific
intermediate layer.

*The annual mean Sverdrup transport in the subtropical
gyre of the North Pacific is in the range of 30–50 Sv (1 Sv =
106 m3 s–1; e.g., Aoki and Kutsuwada, 2008). Changes in the
strength of the meridional overturning due to tidal mixing at
the Kuril Straits, which may give an estimate of Q, are 1–8 Sv
and ~3 Sv for all experiments and the main experiment in
NTIA06, resulting in Q/TSv

max of around 0.02–0.27 or 0.06–
0.1, respectively.
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J qψ 2 2 0 22, ˆ ,( ) = ( )

where

ˆ ˆ ,q y F b2 23= + ( )β ψ

ˆ ,F
f H

H H
= ( )0

2

1 1 2

24
γ

q q F G2 2 2 2 25= − +( ) ( )ˆ ˆ .ψ

As reviewed by Pedlosky (1996), isolines of q̂2  are
characteristic curves of (22) and are often called
geostrophic contours, along which both the geostrophic
streamfunction and PV in layer 2 (i.e., ψ2 and q2) are con-
served in the nondissipative limit. Since this dynamical
aspect of the geostrophic contours is usually understood
in terms of long-Rossby waves, we call this inviscid com-
ponent a “long-Rossby wave” in the following and write
the streamfunction and PV associated with this compo-
nent as ψ2

lr and q2
lr, respectively.

In order to allow the lower layer in the interior to be
in motion, there must be a so-called pool region, which is
shielded from the geostrophic contours emanating from
the eastern boundary (e.g., Rhines and Young, 1982).
Otherwise, the shadow zone, where the geostrophic con-
tours transmit the eastern boundary condition, covers the
whole interior, and hence motion in the lower layer, if
any, is confined near the western boundary regardless of
the presence of mass source under the present QG ap-
proximation. Our interest is thus in the case with a pool
region. The condition of the presence of a pool region is
that a point exists which satisfies

− ∂
∂

> ( )ψ βb

y F̂
26

somewhere in the gyres, thus an eastward Sverdrup flow
can arrest westward propagating Rossby waves (e.g.,
Pedlosky, 1996). The following discussion concentrates
on the case in which this condition is met.
4.1.2  Near the western boundary

Firstly, let us consider a situation without mass in-
put. Even in this case, the absence of adequate theories
of the western boundary current makes it very difficult to
give a completely convincing argument for closing the
circulation through the western boundary region. Never-
theless, in order to gain an insight which could be helpful
for future development of more rigorous arguments, we
make a simplifying assumption that friction can be ne-
glected in the lower layer even in the western boundary

region. This is associated with the assumption that fric-
tion in the upper layer is given by Ah(∂4ψ1/∂x4) + Ah (H2/
H1)(∂4ψ2/∂x4).

In other words, we consider the case in which fric-
tion in the lower layer is so small that the characteristic
curves are not greatly altered although the information
passing through the characteristics would be slightly
modified. This condition may be met when c·∇q2 >>
A2∇4ψ2 where c is the phase velocity of long Rossby
waves of the second or higher modes and A2 is the hori-
zontal eddy viscosity coefficient in layer 2. Scaling the
width of the western boundary region l as ~50 km, the
deformation radius Ld as ~50 km, the meridional scale Ly
as 2000 km, and the meridional component of c, cy as 2
cm s–1, A2 should satisfy A2 << cy(l

4/LyLd
2) ~ 2500 m2s–1,

which may not be a very unrealistic value. A similar value
may be obtained from a comparison of the viscous and β
terms. Note that a coarse resolution model of NTIA06,
whose results motivated this study, set Ah as 1000 m2s–1

and narrowly satisfied this condition, and more recent
models having higher resolutions usually meet the con-
dition.

If we assume that friction is negligible, the lower
layer circulation can be closed, since there is no PV input
in the lower layer if thermohaline forcing is absent. In
fact, since ψb takes the same value at the eastern and
western boundaries (due to the constraint that no net me-
ridional volume transport is induced by the wind), (23)
indicates that the isolines of q̂2  in a pool region must be
closed before reaching the western boundary, and hence
those of ψ2

lr are closed. The western boundary is outside
the pool region but in the shadow zone, and the fluid is
stagnant there. Hence, a frictional western-boundary cur-
rent is not required in the lower layer in this case.

When Q2 ≠ 0 (i.e., the mass source is present in the
lower layer), a western boundary current is required to
carry the additional mass flux along the western bound-
ary, as seen in the numerical model result (NTIA06). Thus,
we also introduce the Munk layer in the lower layer as in
the barotropic mode and assume that the lower layer cir-
culation consists of the long-Rossby wave component and
the Munk layer component (ψ2

wbc), with the latter includ-
ing the component influenced by friction or representing
the flow induced by the Kelvin-wave adjustment. That
is,

ψ ψ ψ2 2 2 27= + ( )lr wbc ,

where ψ2
lr and ψ2

wbc are governed, respectively, by

J qlrψ 2 2 0 28, ˆ ,( ) = ( )

and
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β ψ ψ∂
∂

= ∂
∂

( )2
4

2
4 29

wbc

h

wbc

x
A

x
.

Note that, similarly to the effect of viscosity, the pres-
ence of ψ2

wbc may also distort the characteristics of ψ2
lr.

When the current velocity associated with ψ2
wbc is weak,

the characteristics are not significantly affected. We shall
consider this case further below. On the other hand, when
the velocity component associated with ψ2

wbc is stronger
than that associated with ψ2

lr, ψ2
lr obtained from (28) is

no longer valid in the western boundary region. Instead,
the current is dominated by the ψ2

wbc component in this
case, and thus the dominant feature would be captured.

4.2  Geostrophic contours
The distribution of geostrophic contours is examined

to obtain an insight into the response of the lower layer
to the mass source.
4.2.1  Parameter settings

Examples of the distribution of q̂2  for cases (i) and
(ii) are shown in Fig. 4. The settings are common to those
of ψb (the other cases are shown in Appendix 1).

For these figures, a third nondimensional parameter
related to a pool region (α) appears through the
nondimensionalization of (23) by βLy as,

ˆ̃ ˜ ˜ ,q y b2 30= + ( )αψ

where

α
β β γ

= = ( )
ˆ

.
F

L

T

H

f L W

L H Hy

Sv x

y

max
0
3

0
2

1 1 2

31

This parameter measures the relative contribution to po-
tential vorticity of the thickness variation due to the wind
forcing and the planetary vorticity gradient, and thus de-
termines the area of a pool region (e.g., Pedlosky, 1996).
This is set to 2, which is relevant to the situation of the
NPIW.
4.2.2  Properties of q̂2

To illustrate the effect of mass input, the wind-only
case is shown first. When Q = 0, the pool regions in the
subpolar and subtropical gyres are symmetric due to the
QG approximation. The geostrophic contours emanating
from the eastern boundary meet the western boundary at
the same latitude and make the boundary the shadow zone,
as argued in the previous section.

In contrast, when Q ≠ 0, geostrophic contours are
deflected further due to the mass-driven barotropic flow.
Firstly, due to the “barotropic” mass influx, geostrophic
contours near the western boundary turn to the interior at
y = ys, and then towards the south. Although the deflected

contours in the nearshore region soon hit the western
boundary, some of those in the offshore region cross the
gyre boundary at y = ygb = 0, and subsequently penetrate
into and circulate around the outer rim of the region (cor-
responding to the subtropical pool region when Q = 0)
and finally encounter the western boundary, thereby form-
ing a belt-like shape. These contours therefore connect
the subpolar to subtropical gyres in a region we define as
the “communication belt”. Associated with this, the sub-
tropical pool region, in which geostrophic contours are
closed, undergoes a contraction, while the subpolar pool
remains almost the same.

More precisely, the communication belt represents
the zone covered by the family of geostrophic contours
that pass through the line y = ys between the western
boundary and the subpolar pool region and includes the
nearshore part, where geostrophic contours do not reach
the interior. This definition of the communication belt is
rather convenient for obtaining a solution. Also, the lower
layer current in the nearshore part is able to flow into the
subtropics when the component ψ2

wbc is added, as shown
in Subsection 4.4.2.

The communication belt is thus adjacent to the
subpolar pool region and to the subtropical shadow zone.
The boundary on this side is given by the isolines,

ˆ ,q ygb2 32= ( )β

as in the Q = 0 case, since ψb and hence the geostrophic
contours in the interior remain the same in the present
QG dynamics. On the other side, the communication belt
is bounded by the subtropical pool region and by the west-
ern boundary. The former boundary is given by the
geostrophic contours connected to the point (x = 0, y =
ycwbc) where ψb = Q/H, that is,

ˆ ˆ ,q y F
Q

Hcwbc2 33= + ( )β

for the following reason. On the line y = ycwbc, the
barotropic western boundary current has no meridional
component (because of the neglect of Ekman pumping in
the western boundary region), and thus the geostrophic
contour extending along y = ycwbc from the western bound-
ary reaches the interior. This contour then connects with
the geostrophic contour in the northern part of the region
that would define the subtropical pool region in the case
Q = 0, since we are considering case (ii) in which ycwbc is
located between ygb and ycstg (Fig. 3). The contour thus
encircles the subtropical pool region and forms its bound-
ary with the communication belt, as shown in Fig. 4 us-
ing the thick line.

Note also that as the barotropic flow leaks out to the
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equatorial region due to the mass-driven component, the
shadow zone also extends into the equatorial region near
the western boundary. Thus, the effects of the eastern
boundary condition are communicated to the equatorial
region.

4.3  Determination of ψ2
Similar to the case of ψb, ψ2 can be obtained as

ψ ψ ψ

ψ ψ φ φ

2 2 2

2
2

2
2 0 34

= +

= + − =( )







 ( ) ( ) ( )

lr wbc

lr lr
ys m

Q

H
x y x ,

where ψ2
lr (x = 0) is the value at the western boundary

and we use the condition that the zonally-integrated me-
ridional transport in layer 2 is Q2 equatorward of ys. Note
that the above condition ensures the mass conservation
relation in layer 2 (and thus in layer 1 when combined
with the corresponding condition for the barotropic mode).

The component ψ2
lr is written from (25) as

ψ 2
2 2

2

35lr
lrq q

F G
= −

+
( )ˆ

ˆ ,

where q2
lr is the PV associated with ψ2

lr, and we used the
assumptions that both ψ2

lr and q2
lr are constant along the

geostrophic contours except at the entry of the mass in-
flow, and that these are identical to ψ2 and q2 in the inte-
rior, respectively. The component ψ2

lr is then determined
using the approximation of PV homogeneity in the pool
regions and an inflow condition at y = ys.

It should be noted that, theoretically, the PV homo-
geneity requires both closed characteristics and a uniform
PV distribution on the outermost closed characteristics
(e.g., Pedlosky, 1996). These conditions may be disturbed
in the western boundary region by either friction or the
ψ2

wbc component. Nevertheless, if a PV flux into the pool
region taking place in the interior region is significantly
greater than that in the western boundary region, PV val-
ues in a large part of the pool region will be close to the
value on the pool boundary on the interior side. In this
sense, PV homogeneity would be useful as a rough ap-
proximation, at least outside the western boundary region.
We assume that this condition is met in the following ar-
gument in order to obtain an idealized picture of the lower
layer circulation as a first step.

The component ψ2
lr can be determined, with an in-

flow condition of the form

ψ 2
2

2

36lr C
q

F G
=

+
( )ˆ

ˆ ,

on the line segment y = ys, 0 ≤ x ≤ x ( q̂2  = 0), where C is
an arbitrary constant, and x ( q̂2  = 0) is the most westerly
longitudinal position at which q̂2  is zero. Here, we set

C
Q

H

F G

y F
Q

Hs

= +

+
( )2

2

2 37
ˆ

ˆβ

so that the mass input firstly forces the component of ψ2
lr

at y = ys, that is ψ2 = ψ2
lr at x = 0, y = ys.

The above condition yields ψ2
lr in the communica-

tion belt as

ψ
β

2
2

2

2 38lr

s

Q

H

q

y F
Q

H

=
+

( )ˆ

ˆ
,

because the functional relationship between q̂2  and ψ2
lr

holds in the communication belt, and q2
lr becomes

q q
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y F
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β

From the approximation of PV homogeneity, q2
lr in

a pool region is equal to its boundary value. For the sub-
tropical pool region, q2

lr on the boundary is equal to q2
lr

at x = 0, y = ycwbc given as

q y F
Q

H

Q

H

F G

y F
Q

H
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from (33). Thus, ψ2
lr in the subtropical pool region be-

comes, from (35),

ψ
β ψ β

β
2

2

2

2

41
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Similarly, ψ2
lr in the subpolar pool region is given as

ψ β ψ
2

2

42lr by F

F G
= +

+
( )

ˆ

ˆ ,
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because q2
lr on the boundary is zero.

Beyond these three regions (i.e., the communication
belt and the two pool regions), lies the shadow zone, and
thus,

ψ 2 0 43lr = ( ),

which is the value at the eastern boundary.
For comparison, ψ2 in the pool regions when Q = 0

is readily obtained from the PV homogeneity approxima-
tion, namely,

ψ ψ β ψ
2 2

2

2 2

44= =
+

= +
+

( )lr bq

F G

y F

F G

ˆ
ˆ

ˆ

ˆ .

This is derived from the facts that q̂2  = q2 = 0 on the
boundaries of the both pool regions, and that ψ2

wbc is zero
from the condition of a zonally-integrated meridional
transport. In other regions, ψ2 = 0.

4.4  Properties of ψ2 and ψ1
4.4.1  Nondimensional form

Before giving examples of ψ2
lr,  we

nondimensionalize ψ2
lr and ψ2

wbc by TSv
max/H2, to high-

light the influence of external parameters in controlling
lower layer transport. This yields
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in the subpolar pool region, and gives

˜ ˜ ˜ ˜ ˜ .ψ ψ φ φ2
2

2 0 34wbc

Sv

lr
ys m

Q

Q

Q

T
x y x= 









− =( )













( ) ( ) ( )max ′

In the communication belt, a new nondimensional
parameter,

Q

Q
2 45, ( )

is introduced to represent the ratio of the mass influx to
the lower layer to the total mass influx to the moving lay-
ers. The lower layer transport through the communica-
tion belt is proportional to this ratio (or, more precisely,
to Q2/TSv

max).
The ψ2

lr component in the pool regions further in-
troduce two more nondimensional parameters, H2/H and
F̂ /G2 = γ2H/γ1H1. These two parameters represent the
effect of the background stratification and also appear in
the case without mass input, which has a nondimensional
form as in (42′). In particular, the parameter F̂ /G2 arises
through the PV homogeneity approximation used in the
pool regions.

The upper layer streamfunction is
nondimensionalized by TSv

max/H1 to yield

˜ ˜ ˜ .ψ ψ ψ1 2 21= − ( )b ′

4.4.2  Flow patterns within the lower and upper layers
Examples of ψ̃ 2  and ψ̃1  distributions are shown in

Fig. 5 for cases (i) and (ii). The values of parameters are
summarized in Table 1. The parameter Q2 is set greater
than Q (Q2/Q = 1.5)*, to reflect the fact that downward
diapycnal volume transport to the intermediate layer is
induced by the convection in the Okhotsk Sea (NTIA06).
The parameters H2/H and F̂ /G2 are set to 0.6 and 0.3,
respectively, since these values lie within the parameter
range of the NPIW.

When Q = Q2 = 0, no inter-gyre flow occurs. This is
due to the absence of both the communication belt and a

*The Oyashio water transport that contributes to the NPIW
formation may give a rough estimate of Q2, and is about 5–6
Sv (e.g., Shimizu et al., 2003). Although the Oyashio transport
includes the influence of the Bering Sea, this may be regarded
as mass input from the northwest corner, the effects of which
are similar to that of the input from the western boundary. When
Q ~ 3 Sv, Q2/Q thus becomes about 2, whereas it is about 1
when Q/Tsv

max = 0.2 and Tsv
max = 30. We take the average of the

two estimates for the value of Q2/Q.
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mass-driven western boundary current. Accordingly, the
lower layer circulation is confined to the pool regions,
and both ψ̃ 2  and ψ̃1  are symmetric about the gyre bound-
ary.

In contrast, when Q ≠ 0 and Q2 ≠ 0, the water sup-
plied from the subpolar western boundary to the lower
layer crosses the gyre boundary and moves toward the
subtropics. This water separates from the western bound-
ary and circulates in the interior. It then returns to the
western boundary and eventually leaves the domain to
enter the equatorial region. Overall, the flow path is simi-
lar to that of the NPIW and to the spreading route of the
response to tidal mixing at the Kuril Straits, as implied
by the impact on salinity distribution (NTIA06).

Distinct features are the inter-gyre transport near the
western boundary and the entrainment into the interior.
The former transport is considered to be important for
NPIW formation (e.g., Talley, 1993; Yasuda et al., 1996),
and is due to both the communication belt and the mass
driven western boundary current in the lower layer,
whereas the latter entrainment spreads water to an area
that would be called the pool region in the absence of a
net mass source (i.e., the communication belt and the pool
region in the subtropics). Associated with the entrainment,
the PV supplied from the mass source is carried through
the communication belt and affects the PV value in the

subtropical pool region.
In the subpolar region, the circulation in the pool

region is scarcely changed in this solution since here the
functional form of the solution becomes the same as that
in the case without mass input. Although the model re-
sults in NTIA06 suggest that the streamfunction and PV
values in the subpolar region are also modified, the QG
approximation should be relaxed to express such an ef-
fect.

In contrast to the lower layer, the upper layer water
flows from the equatorial to the subtropical regions
through the western boundary current, and to the subpolar
interior. The water then circulates along the outer rim of
the subpolar gyre and leaves the domain by entering the
mass sink, where the water is assumed to subduct into
the lower layer.
4.4.3  Vertical structure of the inter-gyre flow

In the above case, the direction of the inter-gyre flow
in the upper layer is opposite to that in the lower one.
This kind of vertical structure in the inter-gyre transport
through the western boundary region is determined by
the ratio Q2/Q in the present solution.

In the lower layer, the inter-gyre flow is equatorward
when Q2 > 0, absent when Q2 = 0, and poleward when
Q2 < 0. This is because ψ2 = Q2/H2 at x = 0 and for y ≤ ys
from (34). (Note that the equatorward flow corresponds
to that away from the source and the poleward flow to
that toward the sink.) In the upper layer, the direction of
the inter-gyre flow is determined by Q1 in the same man-
ner, because ψb = Q/H at x = 0 for y ≤ ys from (17), and
hence ψ1 = (Q – Q2)/H1 = Q1/H1. Writing this condition
in terms of Q2 and Q, it follows that the upper layer inter-
gyre flow is equatorward when Q2 < Q, absent when Q2 =
Q, and poleward when Q2 > Q.

Accordingly, the ratio Q2/Q can be used to describe
various combinations of upper and lower inter-gyre flow
directions which determine the vertical structure of the
western boundary current at the gyre boundary. When
Q > 0, the following five cases can be considered (with
flow paths shown in Appendix 2).

Case (1) when Q2/Q > 1 (Q1 < 0, Q2 > 0):  The inter-
gyre flow is equatorward in the lower layer but poleward
in the upper one. This is the case shown in the preceding
sections.

Case (2) when Q2/Q = 1 (Q1 = 0, Q2 > 0):  The inter-
gyre flow is equatorward in the lower layer but absent in
the upper one. This situation could be realized when the
convection from the upper to lower layer is either absent
or compensated by upwelling from the lower to the upper
layer.

Case (3) when 0 < Q2/Q < 1 (Q1 > 0, Q2 > 0):  The
inter-gyre flow is equatorward in both lower and upper
layers. This situation occurs when the upwelling to the
upper layer is larger than the convection to the lower layer

Q=Q2=0 Q/TSv
max=0.2, Q2 /Q=1.5

lower layer streamfunction     2

upper layer streamfunction     1

ψ

ψ

Fig. 5.  (Top) Layer 2 streamfunction, ψ2, and (bottom) layer 1
streamfunction, ψ1. (Left) When Q = Q2 = 0, (right) when
Q /TSv

max = 0.2 and Q2/Q  = 1.5.  ψ2 and ψ1 are
nondimensionalized by TSv

max/H2 and TSv
max/H1, respec-

tively. The contour interval is 0.05 for ψ2 and 0.1 for ψ1.
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(i.e., the net mass flux is upward) and when this net mass
flux to the upper layer is smaller than the upwelling from
the abyssal layer.

Case (4) when Q2/Q = 0 (Q1 > 0, Q2 = 0):  The inter-
gyre flow does not occur in the lower layer but is
equatorward in the upper one. This situation occurs only
when the upwelling to the upper layer exactly balances
the sum of the upwelling and convection to the lower
layer.

Case (5) when Q2/Q < 0 (Q1 > 0, Q2 < 0):  The inter-
gyre flow is poleward in the lower layer but equatorward
in the upper one. This situation occurs when the net mass
flux between the upper and lower layers is upward and is
larger than the upwelling from the abyssal layer.

The above cases are summarized in Table 2. The con-
dition Q < 0 yields five similar cases, but the direction of
the inter-gyre flow is opposite to those when Q > 0.

When Q = 0, both the lower and upper layer inter-
gyre flows change their directions at Q2 = 0, and hence
the above five cases degenerate into three cases: Q2 = 0
and Q2 � 0. (Note that we should use Q2 or a parameter
proportional to Q2 instead of Q2/Q.) The case Q2 = 0 cor-
responds to the wind-only scenario discussed in the pre-
vious section, into which the cases (2), (3) and (4) above
degenerate. Here inter-gyre communication is minimal,
either in terms of water circulation or geostrophic con-
tours. The other two possibilities, Q2 > 0 and Q2 < 0, cor-
respond to the cases (1) and (5) above, respectively. In-
terestingly, even if Q = 0, an inter-gyre flow does occur
when Q2 ≠ 0, although geostrophic contours do not cross
the gyre boundary. The flow paths for Q = 0 are also pre-
sented in Appendix 2.

5.  Summary and Discussion
Although the key dynamical elements in the inter-

mediate layer adjustment were identified as coastal
Kelvin waves driven by mass input and eastward-advected
long-Rossby waves in NTIA06, the effect of the adjust-
ment through such Kelvin waves was not considered in
ventilated thermocline theory, while that of the eastward
moving long-Rossby waves within the wind-driven cir-
culation has not been included in the abyssal circulation
theory. As a first step to combine these two effects, we

developed, in a rather heuristic manner, an idealized
model of intermediate layer circulation and investigated
the effects of mass input/output from the western bound-
ary on the wind-driven circulation.

The model is a steady quasi-geostrophic (QG) 2.5-
layer model. It is forced both by Ekman pumping, which
produces subpolar and subtropical gyres, and by a mass
source/sink, which feeds fluid from the subpolar western
boundary at a rate Qn into layer n with net mass input of
Q = Q1 + Q2. A frictional western boundary layer is in-
corporated to represent the effect of Kelvin waves, which
carry the mass away from the source, while the interior is
approximated as inviscid and adiabatic.

The model describes the following ventilation proc-
ess. Firstly, a net mass input induces a “barotropic” mode
inter-gyre flow along the western boundary through the
“Kelvin wave” dynamics. The “barotropic” inter-gyre
flow then enables the geostrophic contours to make in-
ter-gyre communication from the location of the mass
source to the subtropical gyre. Some of these geostrophic
contours turn eastward and extend into the interior ow-
ing to the effect of the wind-driven flow. These contours
go around the outer rim of a zone that would represent
the pool region in the absence of the mass input, and then
return to the western boundary. Potential vorticity trav-
els along the above path into the subtropical interior and
affects the circulation. Eventually, the water supplied to
the lower layer flows into the subtropics near the western
boundary, circulates in the interior region along the above
path, and then flows away toward the equatorial region.
This is similar to the fate of the water ventilated in the
Okhotsk Sea or the Kuril Straits. Conversely, in the up-
per layer, water is fed from the equator to subtropics, and
to the subpolar interior through the western boundary
current. The water then moves along the outer rim of the
subpolar gyre and is absorbed into the mass sink (to be
transformed around the Okhotsk Sea). In this way, the
model illustrates a basic mechanism through which tidal
mixing at the Kuril Straits and convection in the Okhotsk
Sea ventilate the North Pacific intermediate layer.

The properties of the model are controlled by six
nondimensional parameters, namely, Q/TSv

max, Q2/Q, α,
δm/Lx, H2/H, and G2/ F̂ . The first two are introduced here,
while the other four have been introduced in previous
theories. Parameter Q/TSv

max is the ratio of net mass input
rate to the maximum Sverdrup transport. This parameter
determines the confluence point of “barotropic” western
boundary currents (together with TSv

min or TSv
ys when Q <

0), and thus affects the inter-gyre communication through
the western boundary layer by altering the paths of the
geostrophic contours. Parameter Q2/Q is the ratio of rate
of mass input into the lower layer to that in all moving
layers. This parameter determines the vertical structure
of the western boundary current and controls the direc-

Table 2.  Vertical structure for various Q2/Q when Q > 0.

Case Range Lower layer flow Upper layer flow

Case (1) Q2/Q > 1 equatorward poleward
Case (2) Q2/Q = 1 equatorward vanishes
Case (3) 0 < Q2/Q < 1 equatorward equatorward
Case (4) Q2/Q = 0 vanishes equatorward
Case (5) Q2/Q < 0 poleward equatorward
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tion and volume transport of the inter-gyre flow in the
upper and lower layers. Parameter α is a measure of the
effect of wind forcing and determines the size of the pool
region when Q = 0 (e.g., Pedlosky, 1996), and hence it
determines the horizontal extent of the interior flow paths
originating from the lower layer mass source in the present
solution. The other parameter regimes with respect to
Q/TSv

max and Q2/Q are presented in Appendices 1 and 2.
It should be noted that although the confluence point

of the subtropical western boundary current is determined
only by Q/TSv

max, Q2/Q, and Q/TSv
min (or Q/TSv

ys) in this
model, a variety of other causative factors has been sug-
gested in previous studies. Any slight shift of the separa-
tion point induced by these mechanisms would not sig-
nificantly change the basic scenario, however. In addi-
tion, the result is not sensitive to the choice of a Munk or
Stommel (1948) layer or to the use of a non-slip or slip
condition, since these only modify the zonal structure
function φm(x).

Although the present model assumes the input/out-
put of mass leaks out of the model region, it is a matter
for discussion whether the model agrees with the limit-
ing case, in which the model region is closed and there
are compensating mass source and sink at the western
boundary in the model region. When the source is situ-
ated poleward of the sink, Kelvin waves carry the mass
equatorward within the western boundary region from the
source to the sink. The difference from the present model
is the change in the meridional structure function, φys,
which now becomes

φys s

s

y y y y

y y y y

( ) = ≤ ≤
= > <

( )1

0
46

, ,

         ,   ,

for 

for and
sink

sink

where ysink is the latitude of the sink.
On the other hand, when the sink is situated poleward

of the source, Kelvin waves carry the mass around the
basin counterclockwise in the northern hemisphere until
the waves reach the sink. Rossby waves will then ema-
nate from the eastern boundary to conduct an adjustment
in the interior. As is shown in Subsection 3.1, the
barotropic mass-driven flow should vanish in the interior
in the present model configuration. However, input mass
must be carried away from the western boundary region,
otherwise the layer thickness there continues to increase.
The present model resolves this problem by allowing the
mass to leak out of the domain through the equatorward
boundary. But for the closed basin, some processes ne-
glected in the present model would be required. One pos-
sible solution may be the introduction of both a frictional
boundary layer on the all closed boundaries and diapycnal
mass transport from layer 2 to layer 3 in the model re-
gion. The former allows a flow along the boundaries, the

southern boundary in particular, and the latter allows the
damping Rossby waves propagating from the eastern
boundary (in other words, non-zero ψb

m is possible in the
interior owing to the diapycnal transport). The situation
then becomes similar to the lower layer of Kawase’s
(1987) model. Note that, different from the present model,
the interior dynamics is not Sverdrupian in such a case.
The extension to such a model is left for future work.

Within a certain parameter range, the model shows
some similarities to the results of the numerical experi-
ments of Spall (1996) and Katsman et al. (2001) (Fig. 6).
For example, the lower layer flow originating from the
mass source is split into two mean paths, one moving to
the equator along the western boundary and the other into
the interior. The interior path merges with the other path
along the boundary after circulating within the interior.
This feature is also similar to the observed deep western
boundary current (DWBC) in the density range of the
upper Labrador Sea Water (e.g., Talley and McCartney,
1982; Pickart and Smethie, 1993; Bower and Hunt, 2000).
Spall (1996) also showed that the presence of the DWBC
does not preclude the formation of a large region of ho-
mogenized PV, but that it does affect the interior value of
PV. In addition, the horizontal extent of the interior path
increases as the Gulf Stream or wind forcing is enhanced.
These three features are consistent with the following
three features of the present model, respectively: the ap-
proximation of PV homogeneity, the transport of PV from
the mass source to the subtropical interior along the
geostrophic contours, and the fact that the interior flow
path lies along the communication belt and hence its hori-
zontal extent is controlled by the parameter α. These simi-
larities exist between our steady and rather simple model
and the numerical results, despite the fact that Spall (1996)
used an eddy-permitting primitive model. The present
model is therefore expected to incorporate the essential

Fig. 6.  Streamfunction in layer 2 in a parameter range corre-
sponding to the deep western boundary current in the North
Atlantic in the density range of the upper Labrador Sea
Water. The parameter values are set, following Spall (1996),
as Q/TSv

max = 10/41, Q2/Q = 1, α = 0.6, H2/H = 900/1750,
and G2/ F̂  = 0.06. The other settings are the same as those
in Fig. 5.
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physics required to understand intermediate layer venti-
lation and thus we hope that the model may provide an
insight useful for the construction of a theory of ventila-
tion from the ventilated thermocline to the abyss.
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Appendix 1: Barotropic Flow and Geostrophic Con-
tours for Various Q/TSv

max

Changes in the paths of the “barotropic” flow and
geostrophic contours from the case Q/TSv

max = 0 to
Q/TSv

max = 0.2 are discussed in Subsection 3.2. Here, path
changes resulting from variation in the Q/TSv

max param-
eter are discussed. Figure A1 shows maps of ψb and q̂2

for various values of Q/TSv
max. The other settings are the

same as those in Fig. 4.
Noticeable path changes for ψb and q̂2  take place at

Q/TSv
max = 0, 1, and TSv

min/TSv
max (or TSv

ys/TSv
max) associ-

ated with the shift of ycwbc, the confluence point of the
western boundary currents in the subpolar and subtropi-
cal gyres discussed in Subsection 3.2.1. The paths are thus
characterized into seven types when the three cases of
Q/TSv

max = 0, 1, and TSv
min/TSv

max are considered separately.
For simplicity, the case TSv

min = TSv
ys (i.e., ycspg = ys) is

presented here. Note also that TSv
min/TSv

max = –1 in all the
cases presented here, since TSv

min = –TSv
max from (19).

Type (i) when Q/TSv
max = 0 (i.e., no net mass input/

output).  The circulation is driven only by wind, and there
is no inter-gyre transport for the barotropic mode, as dis-
cussed in Section 3 (Fig. 4).

Type (ii) when 0 < Q/TSv
max < 1 (i.e., a moderate mass

input).  The confluence ycwbc is in the subtropical gyre, so
that “barotropic” inter-gyre transport occurs and that the
communication belt appears, as described in Subsection
4.2. Variations in this range are given from (18), (17),
and (33), which indicate that an increase in Q/TSv

max

causes an equatorward shift of ycwbc from the gyre bound-
ary toward the center of the subtropical gyre, an increase
in volume transport of the barotropic inter-gyre flow,
broadening of the communication belt, and shrinking of
the subtropical pool region.

Type (iii) when Q/TSv
max = 1 (i.e., the mass input rate

equals the maximum Sverdrup transport in the subtropi-
cal gyre).  The poleward western boundary current van-
ishes, and the Sverdrup flow into the subtropical interior
is compensated solely by mass input from the western
boundary. This results in the absence of both a closed
barotropic streamline and a pool region in the subtropi-
cal gyre.

Type (iv) when Q/TSv
max > 1 (i.e., a large mass in-

put).  An equatorward western boundary current flows
through the subtropics. The streamlines from the mass
source diverge to form both this boundary current and a
flow circulating in the interior. They later converge to
flow into the equatorial region.

Type (v) when TSv
min/TSv

max < Q/TSv
max < 0 (i.e., a

moderate mass output).  The confluence ycwbc is in the
subpolar gyre. Interestingly, the “barotropic” cross-gyre
transport flows from the equatorial region through the
subtropical western boundary current to the subpolar in-
terior, circulates around the outer rim of the subpolar gyre,
and eventually flows into the mass sink. Associated with
this, geostrophic contours originating from the subtropi-
cal eastern boundary and/or the equatorial region extend
through the subtropical western boundary current to the
subpolar interior. These contours correspond to a subpolar
counterpart of the communication belt discussed in Sub-
section 4.2. Associated with this subpolar communica-
tion belt, shrinkage takes place in the subpolar pool re-
gion rather than the subtropical pool.

Variations in this range are similar to those in the
case Q > 0. An increase in |Q/TSv

max| causes a poleward
shift of ycwbc from the gyre boundary toward the mass
sink, an increase in volume transport of the barotropic
inter-gyre flow, broadening of the subpolar communica-
tion belt and shrinkage of the subpolar pool region.

Type (vi) when Q/TSv
max = TSv

min/TSv
max (i.e., the mass

output rate equals to the minimum Sverdrup transport at
the western boundary).  In contrast to the case Q/TSv

max =
1, the subpolar western boundary current vanishes only
on the equator side of ys because of the Kelvin wave dy-
namics. In addition, both closed streamlines and the pool
region remain in the subpolar gyre on the poleward side
of ys. This is due to the oscillatory structure of the Munk
layer. It should be noted that when ys < ycspg and Q =
TSv

ys, such closed paths are present even for the Stommel
layer. Accordingly, when Q < 0, both the latitudinal posi-
tion of the mass sink and the longitudinal structure of the
western boundary current affect the subpolar gyre circu-
lation.

Type (vii) when Q/TSv
max < TSv

min/TSv
max (i.e., a large

mass output).  The streamlines extending from the equa-
torial region diverge to form the poleward, subpolar west-
ern boundary current and a flow circulating within the
subpolar interior. They later converge to flow into the
mass sink.
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Appendix 2: Upper and Lower Layer
Streamfunctions for Various Q2/Q

Flow paths of the “baroclinic” mode for various Q2/
Q are shown in Fig. A2. The baroclinic-flow paths change
as the vertical structure of the western boundary current
changes, which is categorized into the five cases (Table
2). The values of Q2 are selected to represent these cases.

The values of Q are set as 0.2TSv
max and 0, which

represent the two barotropic flow types considered in
Sections 3 and 4 (i.e., those when 0 < Q/TSv

max < 1 and
Q = 0). The other regimes are omitted for the following
reasons. When Q ≥ 1, streamlines exhibit interesting fea-
tures associated with the absence of the subtropical pool
region (the corresponding region is occupied by the com-
munication belt) and with the presence of a flow from
the mass source to the equatorial region along the west-
ern boundary (or from the equatorial region to the sink).
This regime is omitted, however, because it rarely occurs
in major basins. When Q < 0, geostrophic contours ema-

nating from the western equatorial region are present
(Appendix 1), so that an additional boundary condition
on the equator side of the subtropical gyre is required to
obtain a solution. Since such a condition depends on the
situations in the western equatorial regions, which differ
considerably between basins, we do not include this re-
gime in the figure.

A2.1  0 < Q/TSv
max < 1

When Q > 0, the lower layer circulation changes at
Q2/Q = 0 as the lower layer inter-gyre flow changes its
direction, while that in the upper layer changes at Q2/Q =
1. We thus describe the circulation in these two layers
separately.

The lower layer inter-gyre flow is equatorward, when
Q2/Q > 0. This includes the case shown in Subsection
4.4.2. The water fed from the mass source flows away
through the subpolar western boundary region to the sub-
tropical interior, and to the equatorial western boundary

barotropic streamfunction     b geostrophic contours q2
^

Q/TSv
max

=-0.2

Q/TSv
max

=-1.5

Q/TSv
max

=1

Q/TSv
max

=1.5

Q/TSv
max

=-1

ψ

Fig. A1.  (Left) Barotropic mode streamfunction and (right) geostrophic contours for various values of Q/TSv
max, which are se-

lected so that the seven types discussed in Appendix 1 are represented (the cases 0 < Q/TSv
max < 1 and Q/TSv

max = 0 are shown
in Fig. 4). The other settings are the same as those in Fig. 4.
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(b) Q/TSv
max=0

lower layer streamfunction     2 upper layer streamfunction     1

Q2/‘Q’
=1.5

Q2/‘Q’
=-1.5

ψ ψ

(a) Q/TSv
max=0.2

lower layer streamfunction     2 upper layer streamfunction     1

Q2/Q
=1

Q2/Q
=0.5

Q2/Q
=0

Q2/Q
= -1.5

ψ ψ

Fig. A2.  Streamfunctions of (left) the lower and (right) upper layers for various values of Q2/Q, when (a) Q/TSv
max = 0.2 and

(b) Q/TSv
max = 0. In the case (b), Q2 is normalized by “Q”, which is the value of Q in the case (a), in order to facilitate the

comparison. The other settings are the same as those in Fig. 5.

is different from that in the wind only case. When
Q/TSv

max ≥ 1, the whole subtropical gyre becomes stag-
nant in the lower layer as the subtropical pool region dis-
appears.

When Q2/Q < 0, the lower layer inter-gyre flow is
directed poleward to the mass sink: Water flows from the
equatorial region to the subtropics, splits into two paths
(one along the western boundary and one encircling the
subtropical interior), enters the subpolar western bound-
ary region, and finally flows into the mass sink.

region. Although such qualitative features remain the same
in this range, the inter-gyre transport increases with in-
creasing Q2/Q.

When Q2/Q = 0, the lower layer inter-gyre flow van-
ishes. This is because the absence of a mass input in the
lower layer works to restrict the flow in the communica-
tion belt. Thus, in terms of water circulation, inter-gyre
communication vanishes in the lower layer, although the
information travels through the communication belt. The
subtropical pool region is still in motion, but the PV value



Effects of Mass Source/Sink on the Wind-Driven Gyres 59

The upper layer inter-gyre flow is poleward, when
Q2/Q > 1, which is the case shown in Fig. 5. The water
crossing gyre boundaries flows from the equatorial re-
gion to the subtropics through the western boundary re-
gion, and to the subpolar interior (the outer rim of the
subpolar gyre). This flow path is similar to that of the
barotropic mode in the case Q/TSv

max < 0, rather than that
of the lower layer in the case Q2/Q < 0.

When Q2/Q = 1, the upper layer inter-gyre flow van-
ishes. Thus, all of the mass input from the western bound-
ary is transported through the lower layer.

When Q2/Q < 1, the upper layer inter-gyre flow is
directed equatorward. As a result, the input water flows
from the subpolar western boundary region into the outer
rim of the subtropical gyre, and to the equatorial region.

A2.2  Q = 0
When Q = 0, both the lower and upper layer circula-

tion paths change at Q2 = 0, as the inter-gyre flows in
both layers change their directions. When Q2 > 0, the in-
ter-gyre flow is equatorward in the lower layer but
poleward in the upper one. Thus, the water fed into the
lower layer flows from the subpolar region to the sub-
tropics, and to the equator, similar to the cases when Q >
0 and 0 < Q2/Q < 1. Conversely, in the upper layer, the
water coming from the equatorial region flows through
the subtropics to the subpolar gyre, similar to when Q > 0
and Q2/Q > 1.

When Q2 < 0, the inter-gyre flow in both layers re-
verses its direction (i.e., it becomes poleward in the lower
layer and equatorward in the upper layer). Associated with
this, the lower layer circulation becomes similar to the
case when Q > 0 and Q2/Q < 0, while the upper layer
flow is similar to when Q > 0 and Q2/Q < 1.

It should be noted that because geostrophic contours
in the interior are not affected by mass input/output, the
flow paths in the interior region remain the same in the
present model, even though an inter-gyre flow is induced
by the mass input/output.
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