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ABSTRACT

A three-dimensional ocean general circulation model is used to investigate the effects of an idealized, nonzonal
wind stress curl on the subduction process in the subtropical gyre. Idealized zonal winds are used to force the
model ocean. Analyses of potential vorticity, water particle trajectories, and tracer-injection experiments are
conducted. Two characteristic features appear in response to the nonzonal distribution of the wind stress curl:
an upwelling region occurs in the subtropical gyre, and a downwelling region extends northward in the north-
eastern corner of the subtropical gyre. In comparison to results obtained from a zonal wind stress curl, a pool
region, where there is no signal from the surface of the subarctic region, shrinks, a ventilated region becomes
deeper, and the subducted water has a wider range of potential density.

1. Introduction

The oceanic response to the wind forcing has been
studied analytically by many authors, for instance,
Stommel (1948) and Munk (1950). After these pio-
neering works, the general circulation has been studied
by many researchers. These studies have examined the
dependence of the general circulation on parameters
such as the Ekman number and the Rossby number.
However, the understanding of the horizontal structures
has advanced more than the thermocline structure.

Welander (1971) used a continuously stratified model
governed by a weakly dissipative nonlinear equation to
show that isopycnals rise toward the equator according
to the conservation of potential vorticity. His solutions,
however, strongly depended on the boundary conditions,
which were arbitrarily defined. Weakly dissipative non-
linear equations are mathematically difficult to under-
stand and arbitrarities about boundary conditions were
also make it difficult to obtain the exact solution of the
thermocline structure.

Luyten et al. (1983, hereafter LPS) proposed the
‘‘ventilated thermocline’’ theory, which reproduced the
vertical structure of the circulation clearly for the first
time. Their model has a finite number of active layers
with a prescribed surface density field in the steady
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nondissipative regime. South of the upper-layer outcrop
line, the lower layers are shielded from direct wind forc-
ing. Thus, the potential vorticity of the lower layer is
conserved in this region. An analytical solution is ob-
tained by LPS for cases where outcrop and wind stress
curl lines are oriented zonally. The solution has critical
trajectories that separate the ventilated region, generated
by Ekman pumping, from the eastern unventilated re-
gion, called the shadow zone, and the western unven-
tilated regions, called the pool region. In order to con-
sider various effects that a simple layer model does not
include, numerical models are required. Cox and Bryan
(1984, hereafter CB) studied the subduction process
with a zonally uniform wind stress curl using a general
circulation model. They examined the balance of each
term in the density equation to find that the overturning
term is the most important for the subduction process
and that the ventilated region is fed by water cooled in
the western boundary outflow region. They also showed
a map of the advective subduction age on an isopycnal:
This is the time taken for water particles to move from
the sea surface to the last point of the subduction. They
determined that it takes 10–15 years for water particles
to circulate through the ventilated region in their model.
There are many other studies of the subduction process
that use a modified version of the LPS model, all with
a zonally uniform wind stress curl. Various studies have
attempted to include thermal effects: Pedlosky et al.
(1984) added a mixed layer, and Pedlosky (1986) al-
lowed exchange between layers. There are also studies
using the continuously stratified model of Huang (1988),
which also intend to include the thermal effects by con-
sidering a mixed layer (e.g., Pedlosky and Robbin 1991;
Williams 1991).
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FIG. 1. Annual average wind stress curl (a) and annual average Sverdrup transport (b) in
the North Pacific and Atlantic after Harrison (1988). Contour interval is 2 3 1029 dyn cm23

for (a) and 106 m3 s21 for (b). Solid and dashed curves indicate positive and negative values,
respectively.

However, even with the studies mentioned above, it
is still difficult to explain the observed distributions of
tracers—the subduction process is highly complicated.
Subduction could be estimated if it were possible to
measure an Ekman pumping velocity directly. Since this
is not possible, we have to examine the distribution of
various tracers or water properties, for example, the
shallow salinity minimum (SSM) water (e.g., Reid 1973;
Tsuchiya 1982; Yuan and Talley 1992), in order to vi-
sualize the subduction process in the real ocean. In gen-
eral, the source region of a tracer is considered to be
an outcrop line within a downwelling region. This com-
bination, outcrop line in downwelling region, is deter-
mined by the distribution of the wind stress curl. Most
of the studies mentioned above, including LPS and CB,
however, used a zonally uniform wind stress curl in their
studies. Harrison (1988) (Fig. 1a) shows that the actual
distribution of the wind stress curl is nonzonal in the
climatological mean field. In fact, if we consider Fig.
1b, we see that the line defined by c 5 0 (c: Sverdrup
streamfunction) and the zero wind stress curl line ac-
tually lie at angles to each other. Next, we refer to some

other studies that consider winds with a nonzonal zero
wind stress curl line.

Talley (1985), using the LPS model with three active
layers, studied an idealized subtropical gyre in a rect-
angular basin driven by an Ekman pumping velocity
field. This field had a nonzonal boundary between
regions of positive and negative vertical velocities. She
showed that some streamlines that, originating at the
western boundary south of the outcrop, surfaced into
an outcrop region and then subducted. She also applied
observed annual-average fields of wind stress, surface
density, and surface salinity to an idealized basin and
predicted the distribution of the SSM in the North Pa-
cific. Huang (1989) used a continuously stratified model
to calculate the wind-driven circulation using realistic
North Atlantic surface boundary conditions, including
a nonzonal zero wind stress curl line. He also considered
a formulation that had a finite mixed layer whose depth
was allowed to vary horizontally and with a nonzero
density gradient. With this new formulation mentioned
above, he concluded that the formation of a low poten-
tial vorticity water mass was increased and the circu-
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FIG. 2. (a) A meridional profile of the specified temperature Ta. (b)
The arrangement of grid points in the vertical direction.

lation in the ventilated thermocline was intensified. Al-
though his study uses actual, and therefore nonzonal,
wind stress curl fields, which form an angle with the c
5 0 line, he did not intend to isolate the effects of
nonzonality. Rhines and Schopp (1991) used an eddy-
resolving, three-layer, quasigeostrophic model to study
general circulation forced by wind curl fields whose zero
wind stress curl line (ZWCL) was not zonal. Their study
implies that a region corresponding to the pool region
in LPS becomes smaller and a region corresponding to
the ventilated region in LPS becomes larger as the in-
clination of the ZWCL increases. They suggested that
the ventilated region becomes larger due to the exten-
sion of the Sverdrup interior.

Effects of the nonzonal ZWCL have also been in-
vestigated by analyzing observational data. Yuan and
Talley (1992) suggested that the tilt of the ZWCL has
effects on the formation and circulation of the middle
salinity minimum (MSM) water. By analyzing the dis-
tribution of potential density, they found that the MSM
originates from a narrow region in the northwestern part
of the subtropical gyre. They indicated that the for-
mation of the MSM occurs only when the outcrop and
downwelling regions overlap.

Talley (1985) and Rhines and Schopp (1991) have
studied the effects of the nonzonal ZWCL; however,
their studies are not meant to investigate the detailed
vertical structure of the circulation because of the lim-
ited vertical resolution in their models. In order to in-
clude the vertical structure, this study uses a general
circulation model similar to the one used in CB to eval-
uate effects of the nonzonal ZWCL on the subduction
process. Our model is forced by three different idealized
wind stress fields and the results are compared with
those of LPS. The remainder of this paper is organized
as follows. In section 2, the model ocean is described.
Results for the zonal ZWCL are presented in section 3.
In section 4, the results for the zonal ZWCL and for
the nonzonal ZWCL are compared in order to evaluate
effects of the nonzonal ZWCL. In both sections 3 and
4, trajectories of water particles and the distribution of
a passive tracer are analyzed. Finally, a summary and
discussion are given in section 5.

2. Description of the model

The model used in this study is the primitive equation
GFDL Modular Ocean Model (MOM ver. 1.1). Only the
governing equations will be given here; for a more de-
tailed description of the scheme see earlier works (e.g.,
Bryan 1969). The model basin is 408 wide, extends from
the equator to 608N, and is 3000 m deep. The horizontal
resolution is 18 3 18. The model ocean has 24 levels
in the vertical, which are distributed in the water column
as shown in Fig. 2b.

a. Governing equations

The equations of motion are the Navier–Stokes equa-
tions simplified by the Boussinesq and hydrostatic ap-
proximations. A spherical coordinate system is used, l,
f, and z, representing longitude, latitude, and depth,
respectively. The radius of the earth is represented by
a. Salinity S is kept constant. The equations for hori-
zontal velocity, (u, y), and potential temperature T are

u tanf 1 P
uu 1 L(u) 2 1 f y 5 2 1 F , (1)t 1 2 1 2a a cosf r0 l

u tanf 1 P
vy 1 L(y) 1 1 f u 5 2 1 F , (2)t 1 2 1 2a a r0 l

TT 1 L(T) 5 F , (3)t

where the advection operator L is defined as

1
L(m) 5 [(um) 1 (ym cosf ) ] 1 (wm) , (4)l f za cosf
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where m represents either u, y, or T. The continuity
equation is

L(1) 5 0. (5)

The hydrostatic equation is

Pz 5 2rg. (6)

The equation of state r 5 r(T, S, z) is a third-order
polynominal approximation to the UNESCO (1981)
equation. In the above equations, f 5 2V sinf is the
Coriolis parameter, P is the pressure, r is the density,
and r0 is set to be unity in cgs units.

The F terms represent the effects of turbulent vis-
cosity and diffusion:

1
uF 5 A u 1 AMV zz MH 2a

2sin f 2 sinf
23 ¹ u 1 1 2 u 2 y , (7)l2 21 2[ ]cos f cos f

1
vF 5 A y 1 AMV zz MH 2a

2sin f 2 sinf
23 ¹ y 1 1 2 y 2 u , (8)l2 21 2[ ]cos f cos f

A ATV THT 2F 5 T 1 ¹ T, (9)z 21 2d a
z

where

1, if r # 0zd 5 50, if r . 0,z

and the Laplacian operator is given by

1 1
2¹ m 5 m 1 (m cosf ) . (10)ll f f2(cosf ) cosf

The constants AMV (vertical mixing coefficient for mo-
mentum), AMH (horizontal mixing coefficient for mo-
mentum), ATV (vertical mixing coefficient for tracer),
and ATH (horizontal mixing coefficient for tracer) are set
to be 10, 108, 0.3, and 2 3 107 cm2 s21, respectively.
These coefficients are valid for all depths.

b. Boundary conditions

The model is forced by the zonal wind stress t and
by the surface heat flux Q. These are imposed at the
ocean surface (z 5 0) by the boundary conditions,

r0AMV(uz, yz) 5 (t, 0), w 5 0, ATVTz 5 Q. (11)

The heat flux is assumed to have the Haney (1971) type
flux form,

Q 5 g(Ta 2 TSST), (12)

where Ta represents a specified atmospheric tempera-

ture, TSST is the model SST, and g is set to be a constant
90 cm day21. The atmospheric temperature is a linear
function of latitude only, 308C at the equator and 58C
at 608N (Fig. 2a).

The boundary conditions at the bottom (z 5 2H) are
the zero-flux conditions

uz 5 yz 5 0, w 5 0, Tz 5 0. (13)

At all lateral walls, no-slip conditions are imposed
and no flux of heat is allowed,

u 5 y 5 Tn 5 0, (14)

where the subscript n represents the local derivative
normal to the wall.

c. Wind stress fields

We used the following zonal wind stress fields. When
the ZWCL is zonal (RUN-1), t is defined as

y0.4 cos(2p ) 2 0.6, 08 , y , 208NLt 5 (15)
y5cos(2p ), 208N , y , 608N.L

Here L is 408 and y is latitudinal extent. When the ZWCL
is not zonal (RUN-2 and RUN-3), it is defined following
Rhines and Schopp (1991) as

y0.4 cos(2p ) 2 0.6, 08 , y , 208NLt 5 (16)
f52 cos(2p ), 208N , y , 608N,L

where

py
f 5 y 2 Ax sin1 2L

and x is longitudinal extent.
The value of A 5 0.1 is used in RUN-2 to give a

realistic distribution of the ZWCL, consistent with the
annual mean distribution of the ZWCL in the North
Pacific (Harrison 1988). The value of A 5 0.25 is used
in RUN-3 as an extreme case to emphasize the effects
of the nonzonal ZWCL. The wind stress fields used for
the three runs are illustrated in Fig. 3.

d. Initial conditions and integration

The model ocean is initially at rest and the temper-
ature field is set to the zonally averaged climatological
mean field (Levitus 1982). The salinity field is kept at
a constant value of 34.9 psu everywhere, throughout the
integration. After 40 years of integration at a one-hour
time step, the model ocean, except in the abyssal part,
reaches steady state for each of the three runs. We, there-
fore, used the results of the 40th year for our analyses
of each run.

3. Solution for the zonal zero wind stress curl line

In this section, we will describe the results for the
zonal ZWCL (RUN-1). Figure 4a shows the model SST
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FIG. 3. Zonal wind stress fields used for (a) RUN-1, (b) RUN-2, and (c) RUN-3. Solid and dashed curves denote eastward and westward
winds, respectively. The contour interval is 0.1 dyn cm22.

field, at the first level (z 5 22 m). Isotherms are aligned
mostly zonal, except in the midlatitude western bound-
ary region where the warm water is advected into high
latitude by the western boundary current. In the equa-
torial region, T has slightly lower values than those in
the surrounding region. Figure 4b shows T at the 7th
level (z 5 277.6 m). This figure indicates that the ther-
mocline tilts along the equator, which coincides with
the core depth of the model undercurrent.

The simplified potential vorticity, q 5 2frz, is a use-
ful tool to examine the subsurface circulation field. Fig-
ure 5a shows a meridional section of q in the middle
of the basin. Low q water from the subarctic region is
injected into the subtropical region, reaching a depth of
approximately 200 m in the subtropical gyre. Maximum
q water exists as the thermocline water below this low
q water. Figure 5b shows the horizontal distribution of
q on an isopycnal surface of potential density su 5 26.1.
The depth of this isopycnal surface corresponds to that
of the main thermocline in the subtropical gyre. This
figure clearly indicates that low q water originating from
the eastern outcrop region is subducted southwestward.
Figure 5c shows q on the 8th level (z 5 2108.5 m).
This depth corresponds roughly to the bottom of the
mixed layer in the subtropical gyre. At this level, low
q water penetrates southwestward from the subarctic
region into the subtropical region. High q water extends
northeastward from the separation point of the western
boundary current. As this warm, high q water flows into
higher latitudes, q decreases due to the negative heat
flux. The overall tendency of the results is fairly similar
to that of CB.

We analyzed the trajectories of water parcels to eval-

uate the timescale of the subduction process, as well as
the origin and destination of the subducted water. We
also performed a tracer injection experiment to visualize
the subduction process. With this tracer it was possible
to see water originating at the subarctic gyre move into
the subtropical gyre due to diffusion and advection. The
equation for tracer concentrations is given in the ap-
pendix. This calculation is started at the 40th year, and
the variables u, y, and T are kept at the values found
for the solution at year 40. Only the subarctic tracer is
allowed to evolve over time. In this way, the tracer
experiment determines the distribution of the tracer
formed by a steady-state flow. Initially, the tracer has a
value of zero everywhere. At year 40, the tracer con-
centration at the surface of the subarctic gyre is set and
restored to a value of 100. This restoring is carried on
throughout the 15 years of integration. As the integra-
tion proceeds, tracer concentrations increase in all
regions.

According to the trajectory analysis (not shown here),
the timescale of the subduction process is estimated to
be 10 to 15 years. Figure 6 uses the distribution of
subarctic tracer on an isopycnal surface of su 5 26.1
to indicate the temporal evolution of the subduction
process. It shows clearly the three regions in the sub-
tropical gyre discussed by LPS: 1) a pool region, located
in the northwest of the subtropical region, where there
is no signal of the subarctic tracer; 2) a ventilated region,
located to the east of the pool region, effectively and
smoothly fed by the subarctic tracer; and 3) a shadow
zone, located to the south of the ventilated region, where
there is no signal of the subarctic tracer. Based on the
distribution of the tracer, the timescale of the subduction
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FIG. 4. Horizontal distributions of potential temperature after 40 years at (a) the first level (z 5 22 m)
and (b) the 7th level (z 5 277.6 m) for RUN-1. The contour interval is 0.58C.

process in the model ocean is estimated to be about 15
years, consistent with the estimate based on the trajec-
tory analysis. This result also agrees with the ventilation
age of 10 to 16 years calculated by CB.

4. Effects of the nonzonal zero wind stress curl
line

In this section, we will compare the results for the
nonzonal ZWCL (RUN-2 and RUN-3) and the results
for the zonal ZWCL (RUN-1). Since it is difficult to
describe differences between these experiments by com-
paring velocity and temperature fields, we use a trajec-
tory analysis and a tracer-injection experiment instead.

Figure 7 is a schematic diagram illustrating the dif-
ferent situations for the zonal and nonzonal ZWCL
cases. In RUN-1, the ZWCL coincides with the bound-
ary between the subarctic and subtropical gyres, which
is defined by the Sverdrup streamfunction, c, equal to
zero. Therefore, downwelling occurs everywhere in the
subtropical region and upwelling occurs everywhere in
the subarctic region (Fig. 7a). In RUN-2 and RUN-3,
however, the ZWCL does not coincide with the gyre
boundary. This results in two characteristic regions (Fig.
7b): There is an upwelling region in the northwestern
corner of the subtropical gyre and a downwelling region
that extends northward in the northeastern corner of the
subtropical gyre. The existence of these two regions in

RUN-2 and RUN-3 causes several significant differ-
ences to RUN-1.

Figure 8 shows tracer concentrations of all three runs
on meridional sections at 108, 208, and 308. A compar-
ison between RUN-1 and RUN-2 reveals that the local
maximum of tracer concentrations in the ventilated layer
is located deeper in the case with nonzonal ZWCL.
Moreover, the local maximum has a larger tracer con-
centrations in RUN-2. These two tendencies are more
apparent in RUN-3, where the tilt of the ZWCL is ex-
aggerated. These experiments do not necessarily suggest
a linear increase in these results with increased tilt of
the ZWCL, but they do show that the results become
significantly more exaggerated with the larger tilt. In
RUN-2 and RUN-3, where the downwelling region ex-
tends northward, the subarctic surface water starts to
subduct in higher (therefore colder) latitudes, where
tracer concentrations are high. The subducted water pen-
etrates deeper since it downwells from higher latitudes
(see, e.g., Fig. 8c). Compared to RUN-1, tracer con-
centrations have higher values at the same depth and
their local maximum exists deeper in the water column
on the meridional section at 308 in RUN-2 and RUN-3.
Consequently, tracer moves from the subarctic surface
to the western boundary region by deeper path in the
nonzonal runs (Figs. 8a and 8b). Thus, the ventilated
region becomes deeper in RUN-2 and RUN-3.

Figure 9 shows trajectories of water particles released
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FIG. 5. (a) Meridional sections of the potential vorticity (solid curves) and potential density (dashed curves)
in the middle of basin after 40 years. Contours are drawn for potential density from 25.5 to 27.0 with an
interval of 0.3 sigma unit. (b) Potential vorticity on the isopycnal surface su 5 26.1. (c) Potential vorticity
on the 8th level (z 5 2108.5 m). The contour interval for potential vorticity is 0.5 3 1029 cm21 s21 in all
three panels.

in the western boundary region in the 5th level (z 5
235.6 m) in (a) RUN-1 and (b) RUN-2. The trajectories
are followed for 15 years. After being released in the
western boundary region, most of the water particles
circulate as follows. First, they upwell into the subarctic
surface and are advected southeastward by the Ekman
flow. Second, they subduct into the subtropical gyre
following the Sverdrup regime and are carried back to
the western boundary region. Finally, some particles are
advected into the equatorial region, while others are

advected back to the subtropical gyre. The pathways of
water particles lie farther to the west in the region be-
tween 208 and 358N in RUN-2 than in RUN-1. In
RUN-2, where the subtropical upwelling region exists,
water particles in the western boundary region move
upward with larger velocities due to the upwelling and
reach the surface faster than particles in RUN-1. There-
fore, the position of the outcrop area shifts westward,
resulting in a smaller pool region (Fig. 9b) and the tra-
jectories of the water particles shift westward. This al-
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FIG. 6. Temporal evolution of tracer distribution on the isopycnal surface su 5 26.1 (a) 3, (b) 5, (c) 7, and (d) 15 years after the tracer
was introduced. The contour interval is 10 and regions with concentrations from 10 to 40 are shaded.

FIG. 7. A schematic diagram illustrating (a) the zonal ZWCL and (b) nonzonal ZWCL cases. In
each panel, the dashed line denotes the boundary between the subarctic and subtropical gyres, and
the bold line indicates the We (Ekman pumping velocity) 5 0. The downwelling region is shaded.
The two lines are overlapped in (a). In (b), the two characteristic features are indicated by arrows.

lows more water particles to return to the subtropical
circulation in RUN-2 than in RUN-1. Water particles
that reach the equatorial region upwell there and move
back toward the subtropical gyre due to the Ekman flow.

Figure 10 shows the first five years of the time series
of su of the trajectories shown in Fig. 9. We will discuss
the su of water particles penetrating just into the ther-
mocline, the first stage of subduction. For clarity only
the first five years are shown. Originally, water particles
have various values of su in the western boundary re-
gion. When these particles are advected into the sub-
arctic surface region, the values of su are renewed by
the surface heat flux. Once they are subducted into the

ventilated region, the values of su become fairly con-
stant. In RUN-1, subducted particles have su values
ranging from 25.9 to 26.1. In contrast, particles have
su values ranging from 25.8 to 26.2 in RUN-2. This
indicates that the tilting of the ZWCL can cause the
subducted water particles to have a wider range of su.
This result can be explained as follows. The subtropical
upwelling region causes water particles to upwell faster
and to surface in warmer latitudes, which allows them
to have lower su in the western part of the basin. In
addition, the northward extension of the downwelling
region causes the particles to subduct in colder latitudes,
which allows higher su in the east. These two effects
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FIG. 8. Meridional sections of tracer concentrations at (a) 108, (b) 208, and 308 in RUN-1 (left), RUN-2 (middle), and RUN-3 (right) 15
years after the tracer was introduced.

result in the wider range of su. A closer examination
of Figs. 9 and 10 reveals that water particles of lower
(higher) su subduct in the relatively western (eastern)
part of the subtropical gyre. If subducted water has a
wider range of su, tracers will be distributed on more
isopycnal surfaces. This suggests that tracers can be
found on a wide range of isopycnal surfaces in the real
ocean, where the actual ZWCL is nonzonal.

The results shown in Figs. 8–10 indicate that solutions
are quite different in RUN-1 and RUN-2 despite the fact
that the tilt of the ZWCL is not large in the latter case.
This suggests that the subduction process is very sen-
sitive to the positional relation between the ZWCL and
the line defined by c 5 0.

5. Summary and discussion

We have studied the subduction process using a gen-
eral circulation model (Fig. 2). Three different wind
stress fields (Fig. 3) are applied to a model ocean and
the different responses are compared. One of the wind
fields has a zonal ZWCL, the other two have a nonzonal
ZWCL, more realistic of the climatological mean field
(Fig. 1a). In these latter two experiments, the line de-

fined by c 5 0 and the zero wind stress curl line (Fig.
1) lie at angles to each other.

The results for the zonal ZWCL experiment are dis-
cussed in section 3. A reasonable potential temperature
field and western boundary current is produced in this
highly idealized numerical model (Fig. 4). Low q water,
due to the negative heat flux in the western boundary
outflow region, advects into the boundary between the
subarctic and subtropical gyres. This water then flows
southwestward into the subtropical gyre, penetrating
deep into the water column. Finally, it reaches the
boundary between the subtropical and tropical gyres
(Fig. 5). The distribution of the subarctic tracer reveals
the presence of the three characteristic regions as de-
scribed in LPS; a pool region, a ventilated region, and
a shadow zone. The timescale of the subduction process
is estimated to be about 15 years in this model ocean
(Fig. 6).

In this study, our main purpose is to gain a general
understanding of the subduction process and not to sim-
ulate a detailed structure of general circulation in any
specific ocean. For computational efficiency, the model
basin width is only 408, narrower than both the Atlantic
and Pacific. It is possible that the timescale of the sub-



906 VOLUME 27J O U R N A L O F P H Y S I C A L O C E A N O G R A P H Y

FIG. 9. Trajectories of water particles for 15 years since their release in the region of the western boundary current at z 5 235.6 m in (a)
RUN-1 and (b) RUN-2. Asterisks on each trajectory denote locations of particles at the beginning of each year.

duction process is longer in a wider basin. In order to
examine this problem, we conducted the same tracer-
injection experiment as described in the appendix using
a model whose basin width was 748. Although this mod-
el was designed for other purposes, and the wind stress
and the atmospheric temperature are not identical to the
model used in the present study, it was still useful to
obtain some insight on the effect of the basin width. In
this additional study, tracer circulated through the sub-
tropical gyre in 20 years, but took only about 15 years
to reach the equatorial gyre. This similar timescale in
this new experiment and that of the narrower basin ex-
periment is probably caused by the use of the same
Sverdrup velocity in both experiments and suggests that
basin width does not significantly affect the subduction
timescale.

Results for the zonal and nonzonal ZWCL cases are
compared in section 4. When the ZWCL is not zonal,
two characteristic regions exist (Fig. 7). These two
regions become larger as the tilt of the ZWCL increases
and are considered to be important for understanding
the source area for a water mass. For example, the pres-

ence of the subtropical upwelling region is thought to
be important in the formation of the MSM (Yuan and
Talley 1992) since the source region corresponds to the
region of the upwelling. The distribution of the subarctic
tracer shows that the local maximum concentration in
the ventilated layer has higher values and exists deeper
in the water column for the nonzonal ZWCL. This im-
plies that the ventilated region becomes deeper (Fig. 8)
with increased tilt of the ZWCL. The trajectory analysis
shows that the nonzonal ZWCL results in a smaller pool
region (Fig. 9) and subducted water particles having a
wider range of su (Fig. 10).

Without salinity effects in these experiments, it is
difficult to distinguish MSM from SSM; we can only
analyze the tendency of the subarctic tracer distribution.
In the real ocean, MSM is distributed mainly on the su

5 26.2 surface, which is deeper than the SSM layer,
and lies to the west of SSM. In addition, the SSM region
is thought to surface in the northwestern corner of the
subtropical gyre, which might be affected by the exis-
tence of the subtropical upwelling region. In our ex-
periments, we speculate that MSM may occur when the
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FIG. 10. Temporal changes of su along the trajectories of the water
particles shown in Fig. 9 in (a) RUN-1 and (b) RUN-2. Only the first
5 years are shown.

tilt of the ZWCL causes the tracer distribution to shift
westward and deeper. Our results suggest that MSM is
more likely to form in the nonzonal case than in the
zonal case.

For the nonzonal ZWCL, the subarctic surface tracer
starts to subduct along the outcrop line of colder su

values since the northward extension of the downwell-
ing region—the reason that the ventilated region be-
comes deeper. In the real ocean, the distribution of the
subarctic tracer is affected by surface conditions in both
the subtropical and subarctic gyres. However, the deeper
the water particles subduct, the less the surface condi-
tions can alter their properties. Therefore, the existence
of the realistic, nonzonal ZWCL suggests that the sub-
arctic tracer can reach the western boundary region or
the equatorial region with properties relatively un-
changed. The shrinkage of the pool region, caused by
the nonzonal ZWCL, is also seen by Talley (1985) and
Rhines and Schopp (1991). As the inclination of the
ZWCL becomes larger, the subducted water in the ven-
tilated region has a wider range of su. This suggests
that subarctic tracers can be found on a wide range of
isopycnal surfaces in the real ocean.

In conclusion, we have identified three characteristic
effects of the nonzonal ZWCL on the subduction pro-
cess: 1) shrinkage of the pool region, 2) deeper venti-

lated region, and 3) wider range of water properties.
These effects are apparent for both the exaggerated tilt
of the ZWCL and the realistic tilt. In this study, we have
only considered a steady wind stress fields, it is likely
that both seasonal and decadal variations of winds have
significant effects on the subduction process. Further-
more, we need to include a salinity equation in order
to understand the source of water masses in the real
ocean. We are currently planning to investigate these
and other related issues.
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APPENDIX

The Equation for Tracer Concentrations

In the tracer-injection experiment, an additional equa-
tion for tracer concentrations Tr is used:

Trt 1 G(Tr) 5 FTr 1 sources,

where

A ATV THTr 2F 5 Tr 1 ¹ Tr.z 21 2d a
z

Here Tr ranges from 0 to 100. The ‘‘source’’ term can
be nonzero only at the surface of the subarctic region,
which is located north of the line defined by c 5 0. It
is given by

k(100 2 Tr ), if z 5 0z50source 5 50, if z ± 0,

where k is a constant, 0.5 day21. The source term is
identically zero in other regions.
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