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ABSTRACT

An oceanic GCM is used to investigate the response of the tropical and subtropical thermocline circulation
and structure to different wind stress patterns. Although the subtropical winds do not affect the transport or the
speed of the Equatorial Undercurrent significantly, they do change the equatorial temperature field in the lower
part of the equatorial thermocline significantly. A weaker subtropical wind curl causes a cooling of the subsurface
equatorial region and, hence, an intensification of the equatorial thermocline. A weakening of the subtropical
wind curl by a factor of 2 cools the equatorial lower thermocline water by 2°C.

1. Introduction

Observations give clear evidence of an exchange of
mass between the subtropical and the equatorial oceans
(Tsuchiya 1981; Tsuchiya et al. 1989; Fine et al. 1981;
Fine 1987; Toggweiler et al. 1989). Recent numerical
and theoretical analyses confirm the close connection
between the subtropical and the equatorial thermocline
circulation (McCreary and Yu 1992; McCreary and
Lu 1994; Liu et al. 1994; Liu 1994). For example, in
a GCM study, Liu et al. (1994) found that about 2/3
of the water of the Equatorial Undercurrent (EUC) in
the western part of a basin comes from the eastern part
of the subtropical gyre. Liu (1994) uses a simple ven-
tilated thermocline model to examine the physical
mechanisms that determine the water exchange be-
tween the Tropics and subtropics. One purpose of this
paper is to test Liu’s (1994 ) results with GCM exper-
iments. In addition, we investigate the response of the
tropical circulation and temperature field to subtropical
winds.

First, we investigate to what extent changes in the
subtropical winds affect the EUC. Liu (1994) finds
that the equatorward mass flux is mainly determined
by the tropical easterly wind at the southern boundary
of the subtropical gyre rather than by the winds over
the subtropical gyre. A stronger subtropical wind curl
only produces an enhanced recirculation within the
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subtropical gyre. Hence, one may speculate that the
EUC transport will not be changed by the subtropical
wind significantly. This inference needs to be con-
firmed.

Next, we turn to the equatorial thermocline struc-
ture. The insensitivity of the EUC to subtropical winds
could lead one to conclude that the equatorial tem-
perature field is not affected by the subtropical wind
either. Our calculations indicate otherwise: the sub-
tropical wind does change the tropical temperature field
significantly.

This paper is arranged as follows. The model and
the experiments will be introduced in section 2. In sec-
tion 3, we discuss the connection between the tropical
and subtropical circulation from integrated transport
fields. Section 4 focuses on the response of the equa-
torial circulation, particularly the EUC, to various
subtropical and tropical wind forcing. Section 5 reports
the response of equatorial thermocline to various wind
forcing. A summary and further discussion are given
in section 6. Some details about the spinup process of
the subtropical-tropical temperature field will also be
given in the appendix.

2. The model and the experiments
a. The model

The finite differencing is the same as Bryan (1969)
as implemented in the GFDL MOM 1.0 code (Paca-
nowski et al. 1991). The domain is an idealized rec-
tangular basin from 40°S to 40°N in latitude and from
0° to 60° in longitude, with a flat bottom at 3000 m.
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FiG. 1. The initial zonally independent temperature field for runs
A-E. The surface and boundary temperatures are also used as restoring
temperatures on the surface and domain boundaries.

The longitude resolution is 1°; the latitudinal resolution
is 1/3° within 6° of the equator and increases linearly
to 1° at the domain boundaries on 40°. There are 30
levels in the vertical with a 10-m resolution in the top
100 m.

Horizontal mixing is the constant coefficient scheme
with the eddy viscosity and diffusivity of 2 X 107 and
107 cm?s ™!, respectively. Two sponge layers are added
poleward of 35°, in which temperature is restored to
prescribed values with a restoring time of 40 days at
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35° decreasing to 4 days at 40°, while the eddy viscosity
for momentum equations is increased linearly to 2
X 108 cm? s~ from 35° to 40°. In the vertical, a Rich-
ardson number-dependent scheme is used (Paca-
nowski and Philander 1981), with a background vis-
cosity and diffusivity of 1 and 0.1 cm? s™!, respectively.
Unstable temperature gradients are eliminated by
mixing heat vertically to a depth that ensures a stable
density gradient.

The initial condition is a state of rest. Salinity is
taken as a constant of 35 psu. The initial temperature
is prescribed to be zonally independent and symmetric
about the equator, as shown in Fig. 1. This initial lat-
itudinal temperature profile at the surface is also used
to restore the surface temperature during all the ex-
periments with a 40-day relaxation time. Poleward of
35° this temperature profile is also used to restore tem-
peratures in the sponge layers.

b. The experiments

Results from six experiments will be discussed. In
all the experiments, the forcing and initial conditions
are symmetric about the equator. The experiments are
summarized in Table 1. They differ from each other
in the wind stress, as plotted in Fig. 2. In the control
run, run A, the wind stress (Fig. 2a) consists of two
parts: a uniform easterly wind within 12° of the equator
and a subtropical wind between 12° and 35° with a
negative wind curl.

In runs B, C, and D, the wind stress of the control
run is perturbed. In run B, the wind curl in the sub-
tropics is reduced by a half (Fig. 2b). In contrast, in
run C, the tropical easterly wind is reduced by a half
(Fig. 2¢). Run D is a reduction of the wind by a half
everywhere (in both magnitude and vorticity), corre-
sponding to a combination of runs B and C (Fig. 2d).

In two additional cases, the wind profiles are changed
drastically and unrealistically. In run E, a “uniform”
(or no curl) easterly wind occupies the entire domain
(Fig. 2e). (Notice the spherical factor: the wind is ac-
tually not exactly constant.) In run F, the easterly wind
is suppressed within 5° of the equator and the rest of

TABLE 1. Experiments and transports (in Sv) of barotropic gyres, meridional cells, and the EUC whose maximum EUC speed is in
centimeters per second. The letter “N” stands for “does not exist.” The transport of equatorial cell and subtropical cell is observed from
the meridional transport streamfunction (Fig. 3), with the former as the streamlines within 5° and the latter outside 5°.

Gyre Cell
Experiment Wind feature Subtropical Equatorial EUC (maxU) Equatorial Subtropical
A Control 32 6.3 16.5 (68) 25 8
B Halif-subtropical wind 16 5.8 14.5 (74) 23 7.5
C Half-easterly wind 32 2.2 8.9 (50) 6 6.5
D Half-wind 16 2.1 7.8 (52) 5 6
E All-easterly N 5.3 12.8 (78) 22 7
F No-casterly 34 N 2.0(7) N N
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FIG. 2. The zonal wind stress and vorticity (arbitrary unit but the same for all the runs) for the six runs: (a) control run, (b) haif-subtropical
run, (c) half-easterly run, (d) half-wind run, (e) all-easterly run, and (f) no-easterly run.

the ocean surface is forced by westerly winds with a
curl comparable to that of control run (Fig. 2f).

Except for run F, the model is integrated for 17 years.
At that time the temperature still exhibits a slow trend,
which is presumably due to the deep thermohaline
spinup process. However, long before that time, in both
the equatorial and subtropical regions, the thermocline
temperature field has reached quasi-equilibrium evo-
lution; that is, the temperature equation the local vari-
ability is negligible (see the appendix ). The integration
is long enough to capture the dynamical features of
the steady thermocline and the circulation of the sub-
tropical-tropical ocean system. Run F starts from the
control run at year 13 and continues for another 7
years. All of the analyses in the paper use the time
mean of the last year in each experiment.

3. The subtropical-tropical mass exchange

Liu et al. (1994) discuss in detail the subtropical—
tropical mass exchange in the control run. Liu (1994)

describes the physical mechanism that controls the ex-
change. Here, we discuss only the integrated mass ex-
change field in different GCM experiments.

a. Streamfunction field

The pattern of the vertically integrated streamfunc-
tions (not shown) consists of subtropical gyres and
equatorial gyres. The subtropical pattern resembles that
of Munk’s circulation, which has a viscous western
boundary layer. As predicted by Sverdrup theory, the
gyre transport increases linearly with wind curl (Table
1). In the all-easterly run (run E), however, there is
no barotropic circulation in the extratropics due to the
lack of wind curl.

Within 5° of the equator, the “uniform™ easterly
wind (except for run F) forces two counterrotating
barotropic equatorial gyres, with the eastward flow
within 2° of the equator. This equatorial gyre is caused
by the nonlinearity associated with the EUC (Philander
and Pacanowski 1980). The transport of an equatorial
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FI1G. 3. Meridional streamfunctions for (a) the control run, (b) the half-subtropical run, (c) the half-easterly run, (d) the half-wind run, (e)
the all-easterly run, and (c) the no-easterly run. The contour interval is 1 Sv. Contour values beyond +20 Sv are not drawn.

gyre in each run is presented in Table 1. In the control vanishes (no-easterly run), the equatorial gyre disap-
run, the transport is about 6.3 Sv. When the subtropical pears.

wind curl is reduced by a half (half-subtropical run) Between the subtropical gyre and the equatorial gyre,
or even vanishes (the all-easterly run), the transport there is no barotropic flow at all, because of the absence
of the equatorial gyre reduces only slightly. Thus, the of wind curl. As discussed by Liu et al. (1994), the
equatorial gyre is not affected by the subtropical wind.  water exchange occurs mainly in the meridional plane.
If, however, the local easterly wind is reduced by a half Thus, we turn to the meridional streamfunction field.
(half-easterly run and half-wind run), the transport is Figure 3a shows the zonally integrated streamfunc-
reduced by about 60%. When the equatorial easterly tion for the control run. In one subtropical-tropical



APRIL 1995

system, there are two meridional circulation cells in
the upper ocean. ( Hereafter, we will use “cell” to refer
to zonally integrated meridional circulation, and “gyre”
for vertically integrated horizontal circulation.) In the
upper 120 m and within 5° of the equator is the intense
equatorial cell with a transport of 33 — 8 = 25 Sv (Sv
= 10° m3 s™'). Outside the equatorial cell is a much
broader and slower subtropical cell (McCreary and Lu
1994), which contributes significantly to the mass ex-
change between the subtropical and equatorial regions
(Liu et al. 1994).!

In the three perturbation runs (runs B, C, and D in
Figs. 3b,c,d), the meridional cells are qualitatively
similar to that in Fig. 3a. Quantitative changes are
summarized in Table 1. With half the subtropical wind
curl (run B, Fig. 3b), both the equatorial cell and the
subtropical cell decrease only slightly (less than 1 Sv).
If the tropical easterly is reduced by a half (run C, Fig.
3c), surprisingly, the equatorial cell reduces dramati-
cally by more than three-fourths, while the reduction
of the subtropical cell is less than 3 Sv (less than half
of the transport of this cell). If the wind 1s reduced by
a half everywhere (Fig. 3d), the result is like the com-
bination of runs B and C.

When a uniform easterly prevails everywhere (run
E, Fig. 3e), the subtropical cell extends deeper into the
extratropics and the equatorward return flow tends to
shoal. When the easterly wind is absent (run F, Fig.
3f), the subtropical cell disappears.

These experiments confirm that the existence of the
equatorial cell and subtropical cell is mainly deter-
mined by the tropical easterlies. The subtropical wind
changes both cells only slightly (less than 1 Sv). The
strength of both the equatorial and easterly subtropical
cells depends nonlinearly on the tropical easterly. The
former decreases faster than the wind while the latter
decreases more slowly than the wind. The strength of
these cells is therefore not determined only by the
strength of the surface Ekman transport, which varies
linearly with the wind. In addition, as discussed before,
the transport of the equatorial gyre also seems to de-
crease faster than the wind, although not as fast as the
equatorial cell. The nonlinearity of the equatorial dy-
namics [see the momentum balance in (A.1)] seems
to be consistent with the nonlinear dependence of the
equatorial gyre and equatorial cell on the wind.

b. Subtropical-equatorial mass exchange

Figure 4 shows the total poleward and equatorward
transports within the upper 320 m for the various ex-
periments. Positive curves represent northward trans-
port and negative curves southward transport. The total

! Farther poleward adjacent to the subtropical cell is the westerly
subtropical cell, with sinking on the equatorial side and upwelling
on the polar side. This cell contributes little to the subtropical-tropical
mass exchange. Thus, this cell will not be studied here.
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northward (or southward) transport, the transport
within the western boundary current, and the Ekman
transport are represented by solid lines, dash-dotted
lines, and heavily dotted lines, respectively. The control
run (Fig. 4a) and the three perturbation runs (runs B,
C, Din Fig. 4b,c,d) are qualitatively similar. First, the
transport through the western boundary is dominant
only in the subtropical gyre. Second, the total north-
ward and southward transport tend to compensate in
the upper 320 m (solid lines). They are characterized
by two maxima: one corresponds to the subtropical
gyre and the other to the equatorial cell and equatorial
gyre. Between the two maxima is the minimum, rep-
resenting the subtropical-equatorial mass exchange. Its
transport is less than the Ekman transport by 1-3 Sv
because of the surface southward geostrophic flow (for
details, see Liu et al. 1994).

A reduction in the subtropical wind curl by a half
(Fig. 4b) reduces the maximum subtropical transport
linearly by a half, as expected from Sverdrup theory.
However, the maximum transport decreases only
slightly (3 Sv) in the equatorial region. The minimum
transport at 12° remains almost the same as in the
control run. In contrast, if the easterly is reduced by a
half (Fig. 4¢), the transport remains unchanged in the
subtropics but is reduced dramatically, by more than
a half, in the equatonal region. As seen before, this
reduction comes mainly from the reduction of the
equatorial cell (by about 3/4) (see Table 1). The min-
imum transport at 12° decreases by about 4 Sv, about
the reduction of the local Ekman transport. When the
wind is reduced by a half everywhere (Fig. 4d), the
reduction is about the combination of the those in Fig.
4b and Fig. 4c. Figures 4a—d confirm that it is the trop-
ical easterly wind that determines the exchange trans-
port. This impression is reinforced by the two extreme
runs. Figure 4e shows that even in the absence of the
subtropical wind curl, the exchange transport remains
similar to that in the control run. In contrast, Fig. 4f
shows only a tiny exchange transport, of less than 2
Sv, in the absence of easterly winds.

The GCM results support the theoretical results of
Liu (1994): the exchange transport is determined
mainly by the tropical winds rather than by the sub-
tropical winds. Furthermore, the reduction of the ex-
change transport with respect to Ekman transport stays
within the range of about 15%-30% in the various ex-
periments. Physically, the wind forcing in these exper-
iments is strong enough for the ventilated zone to ex-
tend into the equatorial region. In this regime of wind
forcing, the reduction of the Ekman transport in the
surface layer is not sensitive to the wind forcing (Liu
1994).

Finally, a closer look at Fig. 4 shows that the sub-
tropical wind curl has a small effect on the exchange
transport. A stronger subtropical wind tends to increase
the exchange transport by about 1 Sv in all the cases.
The subtropical wind also influences the equatorward
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FI1G. 4. The total northward (positive) and southward (negative) meridional transport (solid lines) for each run in
the upper 320 m. The total western boundary northward and southward transports (within 5° longitude of the western
boundary) are drawn as dash-dotted lines. The heavy dots in (a)-(e) represent the Ekman transport.

low latitude western boundary current (the negative
maximum at 2°N in the dash—dot lines). A comparison
of the all-easterly run with the control run in the Trop-
ics shows a reduction of the low-latitude western
boundary transport by about 2 Sv. Moreover, in the
case with no winds near the equator, the small equa-
torward exchange transport (2 Sv) is accomplished by
the low latitude western boundary current.

Since the transport of the low-latitude western
boundary is crucial to the initial EUC transport (near
the western boundary) (Liu et al. 1994), one may ex-
pect the subtropical wind to affect the initial EUC
transport, although not strongly. However, the maxi-
mum EUC transport will hardly be changed.

4. Equatorial circulation under various winds

The above GCM results confirm that the exchange
transport is mainly determined by the tropical easterly

wind, as speculated by Liu (1994 ). Since the exchange
transport contributes to more than half of the EUC
transport (Liu et al. 1994), one may expect that the
EUC transport is determined mainly by the tropical
easterly.

The magnitude of zonal velocity in the equatorial
plane is depicted in Fig. 5 for the six runs. The
control run (Fig. 5a) shows a westward surface flow
in the top 20 m and a subsurface EUC with a max-
imum of 68 cm s~!. The core of the EUC is deepest
near the western boundary at 250 m and is at 150 m
near the eastern boundary. Along a meridional sec-
tion (not shown), the EUC is confined within 2° of -
the equator and is surrounded by westward wind-
driven flow on the top and on both sides. Below the
EUC is a weak westward flow. All these structures
agree well with previous GCM experiments and ob-
servations.
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The maximum transports and speeds of the EUC in
the various runs are listed in Table 1. Figure 6 shows
longitudinal variations in the EUC transports. They
are calculated as the eastward transport of the upper
300 m within 5° of the equator. For the control run
(curve a), the maximum transport of 17 Sv is reached
in the midbasin. The transport increases rapidly near
the western boundary but decreases slowly in the in-
terior (and then decreases rapidly again within 10° of
the eastern boundary).

When the subtropical wind curl is reduced by a half
(Fig. 5b), the equatorial circulation hardly changes.
The maximum EUC speed is even slightly larger than
in the control run. But the undercurrent is slightly
shallower in the western basin. As a result, the total
transport is less than that of the control run by about
1 Sv, as shown in Fig. 6 (curve b). When the easterly
wind is reduced by a half, the magnitude of the EUC
is obviously reduced, although the equatorial circula-
tion remains qualitatively similar to the control run
(Fig. 5c). The maximum speed is reduced to 50
cm s™!, about a 25% reduction from the control run,
although the wind is reduced by a half, This reflects
the nonlinear nature of the EUC, as discussed in the
appendix (Al). The reduced EUC intensity is also
consistent with the weakened equatorial cell and the
equatorial gyre as discussed before. The other obvious
change is the thickness of the EUC; it reaches much
less deep than in the control run; As a result, the trans-
port of the EUC decreases by about a half as shown in
Fig. 6 (curve c). Figure 5d shows that if the wind is
reduced everywhere by a half, then the EUC is similar
to that in Fig. Sc. It is interesting to notice that the
small difference between Fig. 5d and Fig. 5c is similar
to the small difference between Fig. 5b and Fig. 5a. In
both pairs, a reduced subtropical wind curl even in-
creases the maximum EUC speed slightly while it re-
duces the transport by about 1 Sv (Fig. 6), mainly
because of a smaller width and thickness of the EUC.

According to Pedlosky’s (1987, 1988) scaling ar-
gument, the dependence of EUC speed and transport
on 7 should be 7'/* and 77/%, respectively. The EUC
speed should thus be less sensitive to the wind than the
EUC transport, an implication qualitatively supported
by our simulations. (Compare the standard run and
the half-easterly run, or the half-tropical and the half-
wind run.) Quantitatively, the dependence on 7 of the
GCM EUC transport is nearly linear, that is, close to
778, while the dependence of the GCM EUC speed
seems more linear than 7'/#, When the equatorial wind
is reduced by'a half, the maximum EUC speed is re-
duced about 25%, larger than the prediction of 12%
from the 1/4 power. This is perhaps because Pedlosky’s
scaling argument assumes a pure inertial flow fed from
the interior ocean. In the GCM, the EUC gains a sub-
stantial amount of water from the low-latitude western
boundary current (Liu et al. 1994), where viscosity
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FI1G. 6. The transport of the EUC (eastward transport within 5°
latitude of the equator and in the upper 250 m) for each run: control
run (curve a), half-subtropical run (curve b), half-easterly run (curve
c), half-wind run (curve d), all-easterly run (curve e), and no-easterly
run (curve f).

is strong. Thus, the velocity dependence on local wind
becomes more linear in the GCM.

These four experiments confirm that the strength of
the EUC is mainly determined by the tropical easterlies.
The subtropical wind curl increases the EUC transport
but only slightly. This notion is further supported by
the two extreme runs. In the absence of a subtropical
wind curl (Fig. 5e), a uniform easterly produces a well-
developed EUC with a maximum speed (78 cm s7!)
larger than all the other runs. The thickness of the EUC
is smaller than those in the runs with the same tropical
easterly (control run and half-subtropical run), so that
the transport is reduced by about 3 Sv (Fig. 6, curve
¢). When the local easterly is shut off, Figs. 5 and 6
(curve f) show that the EUC practically disappears, as
does the subsurface eastward pressure gradient force
along the equator (see later Fig. 7f).

The very weak EUC in Fig. 5f has an interesting yet
subtle difference from the other cases: the EUC reaches
its maximum speed at the western boundary in Fig. 5f
but in the midbasin for other cases. This suggests that
the EUC in Fig. 5f is forced by the mass from the sub-
tropical gyre through the low-latitude western boundary
current.? In other words, the subtropical curl influences

2 As pointed out by one reviewer, this low-latitude western bound-
ary current may also be related to the adjustment of the thermal field
of the thermocline. This will be similar to the case of the deep western
boundary current studied by Kawase (1987). Kelvin waves are excited
by the adjustment caused by a source water in the polar region to
form the deep western boundary current. This process is also possible
in the thermocline if there is a source water in the poleward region.
In this extreme case, the westward flow in the southern part of the
subtropical gyre provides the source water. However, for more realistic
wind forcings (as in other cases), it seems unlikely that the wind effect
will be dominated by the buoyance effect at the depth of the ther-
mocline.
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the EUC mainly through the low-latitude western
boundary current. This feature can indeed be identified
in other cases. In Fig. 5a and Fig. 5¢, in which the
subtropical wind curl is strong, the EUC speed has a
second maximum near the western boundary, which
is close to the maximum in the midbasin (the difference
isless than 10 cm s~!). But, when the subtropical wind
is reduced by a half (Fig. 5b and Fig. 5d), the second
maximum of EUC speed near the western boundary
is more than 10 cm s™! less than the maximum EUC
in the midbasin. In the extreme case without the sub-
tropical wind curl, Fig. Se shows that the second max-
imum almost disappears near the western boundary.
This is shown even clearly in the transport of Fig. 6
(curve e). The all-easterly run has an EUC transport
that increases more slowly from the western boundary
toward the midbasin than in other runs. Hence, al-
though the maximum transport and speed of the EUC
is affected slightly by the subtropical wind curl, the
zonal structure of EUC is determined to some extent
by the subtropical wind. The subtropical wind curl
tends to increase the EUC transport near the western
boundary modestly.

Further observation of the EUC transport in Fig. 6
shows that, in the perturbation runs, the small reduc-
tion (about 1 Sv) of the EUC transport due to the half
reduction of the subtropical wind is caused by the re-
duction of the initial EUC transport (compare curve
b with curve a, and curve d with curve c¢). This is con-
sistent with the above conclusion on the effect of the
subtropical wind.

In short, the maximum EUC transport is mainly
determined by the tropical easterly wind, because the
easterly wind determines the subtropical-equatorial
mass exchange. The subtropical wind influences the
EUC slightly, mainly by changing the transport in the
low-latitude western boundary current.

5. Equatorial thermocline under various winds

In contrast to the extensively studied subtropical
thermocline, the dynamics of the equatorial thermo-
cline has rarely been discussed. Figure 7 shows the
temperature fields in the equatorial plane for the six
runs. It is clear that the local easterly wind is crucial
for the thermal field from the surface to below the ther-
mocline. Compare Figs. 7a and 7c. When the tropical
easterly is reduced by a half, the whole equatorial water
column is warmed about 2°C almost uniformly down
to 300 m. The higher temperature is clearly due to
weaker upwelling. This feature is also true if one com-
pares Fig. 7b with Fig. 7d. In the latter case, the tem-
perature is about 2°C warmer than in the former. In
the extreme case without local easterly winds, the ther-
mocline becomes flat and is much warmer (Fig. 7f).

Figure 7 also shows that the subtropical wind is able
to influence the lower part of the thermocline signifi-
cantly. Compare the control run (Fig. 7a) with the
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half-subtropical run (Fig. 7b); the upper layer tem-
peratures are almost identical. However, the temper-
ature for the lower thermocline is higher by about 2°C
for the stronger subtropical wind curl case in Fig. 7a.
This suggests that a stronger subtropical wind will pro-
duce a warmer lower part of equatorial thermocline.
This is also true if one compares the half-easterly run
(Fig. 7c) with the half-wind run (Fig. 7d). The former
has a stronger subtropical wind and a warmer lower
equatorial thermocline, although the upper thermo-
cline remains almost the same. This feature is also clear
when the subtropical wind curl vanishes. The temper-
atures below the thermocline in the all-easterly run
(Fig. 7e) are about 2°C and 4°C higher than the half-
subtropical run (Fig. 7b) and the control run (Fig. 7a),
respectively, although the temperature fields above the
thermocline are almost identical in the three cases.

Since the subtropical wind only changes the lower
part of equatorial thermocline, it can change the strat-
ification of the equatorial thermocline significantly. A
stronger subtropical wind warms the lower thermo-
cline, creating a less stable stratification in the equa-
torial thermocline. With a strong subtropical wind curl,
both the control run (Fig. 7a) and the half-easterly run
(Fig. 7c) have a broad thermocline. In comparison,
both the half-subtropical run (Fig. 7b) and the half-
wind run (Fig. 7d) develop a narrow thermocline. If
the subtropical wind curl vanishes, the thermocline is
even sharper (Fig. 7¢). If one calculates the maximum
stratification 87, in the western part of the equatorial
ocean as the gradient between the 20° and 18°C iso-
therms, 37, is about 1.3 to 1.5 times larger in Fig. 7b
than in the control run (Fig. 7a). The maximum strat-
ification of the all-easterly run (Fig. 7¢) is more than
twice that of the control run. The maximum stratifi-
cation in the eastern ocean also has a similar tendency.
Although the subtropical wind curl has little impact
on the EUC transport, it has a significant impact on
the equatorial thermocline. A reduction of the sub-
tropical wind curl by a factor of 2 can increase the
maximum stratification by 30% or so.

The change in temperature field affects the equatorial
currents. The stronger stratification, due to a weaker
subtropical wind, results in a smaller EUC depth and
thickness, and shallower equatorial cell as seen in Figs.
3 and 5. This is because of a stronger thermal wind
component. This is why, under a weaker subtropical
wind, the maximum speeds of EUC become even
slightly stronger, while the EUC transports decrease
slightly.

The reason for the change in the equatorial ther-
mocline when the subtropical winds change is evident
in Fig. 8, which shows the meridional sections (in mid-
basin) of temperature. Under strong wind curl, the
strong Ekman pumping produces a deeper subtropical
thermocline and produces more mode water. This is
seen by comparing Fig. 8a with Fig. 8b (or Fig. 8c with
Fig. 8d); the former has a stronger wind curl and a
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deeper subtropical thermocline. Although the subtrop-
ical-equatorial mass exchange remains almost the same
as can be seen in Figs. 4a,b (or Figs. 4¢,d), the sub-
surface geostrophic flow advects warmer subtropical
water equatorward, warming the deeper equatorial
thermocline water. Thus, the temperature below 150
m is about 2°C warmer in the stronger subtropical wind
curl case in Fig. 7a than in the weaker subtropical wind
case in Fig. 7b (or warmer in Fig. 7c than in Fig. 7d).

One might expect that a stronger subtropical wind
drives a stronger equatorward Sverdrup current and
therefore transports more cold water to the equator.
However, a stronger wind curl also increases the Ekman
pumping-induced downwelling that causes warming.
Thus, a stronger subtropical wind curl actually pro-
duces a stronger southward and downward detrainment
mass flux, warming the subtropical and in turn the
equatorial thermocline water. Hence, the equatorward
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mass transport from the subtropics, although insignif-
icant for the equatorial momentum balance, plays an
important rule in the upper equatorial oceanic heat
balance. This dominant advective balance nature of
the thermocline field can be seen clearly in the
term balance of the temperature equations in (A2)
and (A3).

6. Concluding remarks

A set of GCM experiments demonstrates that the
transport of the EUC is mainly determined by the east-
erly winds in the Tropics, although most of the EUC
water comes from the subtropical gyre (Liu et al. 1994).
With an increased subtropical wind (but fixed tropical
easterly wind), the increased subtropical water simply
recirculates within the subtropical gyre. The effect of
the subtropical wind on the EUC transport is very lim-
ited (~1 Sv in the low-latitude western boundary cur-
rent and therefore the initial EUC transport). However,
the lower equatorial thermocline field is influenced
strongly by the subtropical wind curl. A reduction of
the subtropical wind curl causes colder waters to be
transported to the subsurface equatorial region and
cools the deeper part of equatorial thermocline. As a
result, the stratification in the equatorial thermocline
is intensified, and there is a tendency for the mean
depth of the equatorial thermocline to become shal-
lower.

The tropical winds affect the equatorial temperature
field uniformly from the surface to below the ther-
mocline. A stronger tropical wind intensifies the equa-
torial upwelling and lowers the temperature. However,
the stratification in the thermocline is not affected.
Since the thermal field will take a much longer time
to reach the true equilibrium, we may expect some
quantitative changes from our experiments. However,
it seems unlikely that the conclusion about the equa-
torial thermocline will be changed qualitatively.

Further studies are needed to determine the factor
that controls the mean depth and stratification of the
equatorial thermocline. These factors control the pre-
diction of the ENSO phenomena (since the prediction
of the ENSO in some simple models depends crucially
on the specified mean depth of the equatorial ther-
mocline). A particularly unresolved feature of our
model is the absence of a North Equatorial Counter-
current, which is bound to influence the links between
the subtropics and equatorial zone. A further improve-
ment to the model will be a change from the surface
restoring temperature condition to a fixed heat flux
condition. These experiments will be carried in the fu-
ture.
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APPENDIX

Spinup of Tropical and Subtropical
Temperature Field

The spinup of the equatorial currents has been stud-
ied in detail (e.g., by Philander and Pacanowski 1980),
while the spinup of the subtropical thermocline has
been investigated by Liu (1993) in a simple analytical
model. The spinup of the temperature field near the
equator, however, has rarely been discussed previously.
We will briefly describe the evolution of the tempera-
ture equations in both the equatorial and subtropical
regions.

The spinup of the equatorial current mainly involves
the initial downward and eastward propagation Kelvin
wave and the upward and westward Rossby wave. The
EUC is established in about a month after the Kelvin
wave passes the basin. The final balance in a central
basin equatorial subsurface box (25°-35°, 2°S-2°N,
100-232 m) 1s dominated by

uny + vy, + wu, — fo = —p, > 0. (A1)

This balance is the inertial balance proposed by Ped-
losky (1987).

The evolution for the equatorial subsurface temper-
ature equation is presented in Fig. Ala. Initially, the
upwelling (curve D) cools the temperature. After about
2 months, by building up the EUC, the arrival of the
Kelvin wave produces a strong warm advection from
the west (curve B). The cooling of temperature is then
stopped, although upwelling still exhibits a high-fre-
quency oscillation. After about two years, the local
variability (curve A) vanishes and a quasi-equilibrium
is achieved such that the upwelling is balanced by the
warm zonal advection, and to a lesser extent by the
meridional convergence of warm subsurface water; that
is,

ul, + o7, + wT, = 0. (A2)

It is important to note that in the subsurface both
momentum and temperature equations [(Al) and
(A2)] are dominated by advection. The dominance of
advection in the temperature equation implies a weak
entrainment. Calculations show that the entrainment
velocity along the equator is one order smaller than
the upwelling velocity (not shown), consistent with
observations (Bryden and Brady 1985). Near the sur-
face, the momentum transfer and heat transfer become
important in the zonal momentum and temperature
equations, while nonlinear advection becomes weaker.
The analysis of the momentum equation (A1) is con-
sistent with Wacongne’s (1989, 1990) analysis of the
GCM results of the Atlantic.
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The evolution of momentum equations in the sub-
tropics is simply geostrophic balance in the subsurface
and Ekman drift on the surface. Now, the velocity
components adjust to the pressure gradient, which var-
ies slowly with the temperature field.

The evolution of the subsurface temperature field
is shown in Fig. Alb. Now the vertical velocity is
downward due to Ekman pumping, which yields a
downwelling warming. The evolution is much slower
than the equatorial region because of both the slow
Rossby wave and currents in the extratropics. Ini-
tially, a strong warming (curve D) is produced by
the local Ekman downwelling. After one year, the
downwelling warming is reduced dramatically while
the southward cold advection (curve C) increases
significantly. This is caused by the arrival of sub-
ducted water. Indeed, as can be seen from the mo-
mentum equations (not shown), the ventilation wa-

ter suppresses the downwelling but increases the
southward current significantly. After 6 years the lo-
cal variability becomes negligible. A quasi-equilib-
rium is established between the warm downwelling
and southward cold advection. The meridional dif-
fusion also seems to play a secondary role, which is
probably exaggerated by the coarse resolution in the
midlatitudes. The final balance is, thus,

T, + wT, = (K, T)),, (A3)
where K}, is the horizontal diffusivity. This spinup pro-
cess of a ventilated thermocline is similar to that dis-
cussed in a simple thermocline model (Liu 1993). The
dominant advection effect is similar to the equatorial
thermocline in (A2). To the east of the shadow zone,
the meridional advection is likely to be weak. Down-
welling warming tends to be balanced by diffusion.
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Near the surface, the heat flux becomes impor-
tant too.
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