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ABSTRACT

An ocean general circulation model is coupled with a simple atmosphere model to investigate the formation
mechanism of the intertropical convergence zone in the eastern Pacific, which is observed in the Northern
Hemisphere. The coupled model develops an asymmetric state under conditions symmetric about the equator.
The zonal variation in equatorial upwelling leads to pronounced differences between the western and other parts
of the ocean. In the western warm water pool region, where the cooling effect of the equatorial upwelling is
suppressed, both atmospheric and oceanic surface conditions are symmetric about the equator. On the other
hand, in the central region where the upwelling cools the equatorial ocean, a single ITCZ forms off the equator
in the Northern or Southern Hemisphere, depending on the initial condition. A strong contrast exists in the sea
surface temperature SST between the hemispheres; SST is much higher at the latitude of the ITCZ than that on
the other side of the equator. This high SST is crucial for the development of deep convection in the ITCZ. An
air—sea interaction mechanism, where the wind speed—dependent surface evaporation plays a crucial role, main-
tains the asymmetric state, confirming the results from a previous two-dimensional model study.

1. Introduction

Most of the absorption of solar radiation occurs at
the surface of the earth. In tropical deep convection,
water vapor condenses and latent heat is released. Since
evaporation is driven by the solar radiation absorbed at
the surface, it is not surprising to see tropical convec-
tive activity that is consistent with the solar radiation.
Over the land, Indian, and western Pacific Oceans, it is
indeed the case; deep convection in the intertropical
convergence zone (ITCZ) follows the seasonal migra-

tion of the sun. In the eastern Pacific and Atlantic, pe- .

culiar behavior is observed from the satellite measure-
ments; the ITCZ stays in the Northern Hemisphere
throughout the year, even though the sun moves back
and forth across the equator (Komnfield et al. 1967,
Hubert et al. 1969; Mitchell and Wallace 1992). The
location of the ITCZ has important consequences for
the tropical climate. Its persistent stay in the Northern
Hemisphere has been proposed as a cause of the annual
cycle in the sea surface temperature (SST) in the east-
ern equatorial Pacific' (Xie 1994; K. Miyakoda 1994,
personal communication). In addition, the interannual
variation in the location of the ITCZ may have an effect
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on the evolution of the El Nind—Southern Oscillation
(ENSO) (Philander et al. 1984).

Deep convection over the ocean is strongly influ-
enced by the sea surface temperature distribution. In
the eastern Pacific and Atlantic, a zonally oriented band
of high SST is collocated with the ITCZ. From an at-
mospheric point of view, the reason for the northern
ITCZ is the high SST, which leads to low moist static
stability and deep convection (Manabe et al. 1974).
The sensitivity of convection to the SST distribution is
underlined by the fact that two ITCZs sometimes ap-
pear, one in each hemisphere, in the boreal spring when
the equatorial ocean warms up and the equatorial asym-
metry in the SST distribution diminishes (Kornfield et
al. 1967; Hubert et al. 1969). From an oceanographic
point of view, on the other hand, the SST is high pre-
sumably because the atmospheric convergence zone is
there. Forced with observed winds, the ocean general
circulation model (GCM) can reproduce the observed
oceanic state with SST being high in the Northern and
low in the Southern Hemisphere (Philander and Seigel
1985). The interdependence between deep convection
and SST distribution indicates that the interaction be-
tween the ocean and atmosphere plays a key role in
setting and maintaining this hemispheric asymmetry,
although other factors such as landmass distribution
may help the ocean—atmospheric system to choose the
Northern Hemisphere to form its ITCZ.

A recent study by Xie and Philander (1994 ) provides
a clue to this air—sea coupling problem. In a two-di-
mensional coupled ocean—atmosphere model that ne-
glects zonal variations, they found equatorially asym-
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metric solutions with a single off-equatorial ITCZ and
warm SST forming only in one hemisphere, even when
the external conditions are perfectly symmetric. Air—
sea coupling that involves vertical mixing in the ocean
mixed layer and surface evaporation is crucial in their
model to maintain such an asymmetric state. These in-
teractions require a shallow thermocline and strong
oceanic upwelling near the equator, consistent with the
fact that the asymmetric ITCZ is observed in the At-
lantic and eastern Pacific but not in the Indian and west-
ern Pacific Oceans.

This study extends Xie and Philander’s work by us-
ing a three-dimensional model to include the zonal di-
mension. A three-dimensional ocean general circula-
tion model (GCM) will be coupled with a simple at-
mospheric model to form a so-called hybrid coupled
model (Neelin 1991). Following Xie and Philander,
we will set our model to be symmetric about the equa-
tor to isolate air—sea interaction processes. The equa-
torially symmetric air—sea coupling modes, which are
important for the development of ENSO, have been
extensively investigated in previous studies (see Phi-
lander 1990; McCreary and Anderson 1991; Neelin et
al. 1994 for reviews). The purpose of this study is to
explore the possibility that an equatorially asymmetric
mode might exist and be related to the observed north-
ern ITCZ. We will examine the effect of zonal variation
in the thermocline depth on the formation of the ITCZ.
The effects of an asymmetric ITCZ on the oceanic cur-
rents and thermocline structures will also be studied.

The rest of the paper is organized as follows. Sec-
tions 2 and 3 describe the hybrid coupled model and
coupling procedures. Sections 3 and 4 present results
from the hybrid model experiments. Section 5 gives a
summary.

2. Model

A linear reduced gravity model (phase speed 45
m s ') is used for the atmosphere (Matsuno 1966; Gill
1980). The model atmosphere is forced by cumulus
heating that occurs only when SST exceeds a criterion
Tc = 27.5°C (Graham and Barnett 1987). We para-
meterize cumulus heating as a function of SST

o(T) {O, T<215

(2.1)
Ko T-215 T>275.

Good correlation between high SST and high convec-
tive activity is found in the observations and in GCM
experiments (Manabe et al. 1974). Sidestepping the
complicated problem of how this correlation is estab-
lished, the parameterization of (2.1) enables us to ex-
plore the air—sea interaction in a relatively simple sys-
tem. Equation (2.1) has been previously used by An-
derson and McCreary (1985) and Xie et al. (1989) in
their ENSO studies. The atmospheric model is solved
in a global domain by using the spectral method and is
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truncated rhomboidally at zonal wavenumber 63. The
zonal and meridional resolutions are 2° and 1°, respec-
tively. Second-order viscosity and diffusion terms are
included in the momentum and temperature equations,
respectively, with coefficients of 10° m* s™'. The Ray-
leigh and Newtonian damping rates are (2 days) ™'
and the coupling coefficient is K, = 2.4 X 1073
m’s K™,

We use the Geophysical Fluid Dynamics Laboratory
(GFDL ) Modular Ocean Model (MOM ), described by
Bryan (1969) and Pacanowski et al. (1990). It has
been applied to the Tropics to study ENSO (Philander
and Siegel 1985) and the seasonal cycle (Philander et
al. 1987; Koeberle and Philander 1994 ). The GCM has
also previously been coupled to a simple atmospheric
model to study ENSO cycles (Neelin 1990). The sa-
linity is not calculated and is fixed at 35 psu (practical
salinity unit) in the present study. The model has a
rectangular configuration that extends from 40°S to
40°N and 130°E to 80°W; it resembles the Pacific
Ocean. The model is 3000 m deep and has 15 vertical
levels with 9 of them in the upper 300 m. The Rich-
ardson number—dependent, implicit vertical mixing
scheme is used as in Pacanowski and Philander (1981).
Lateral viscosity and diffusivity coefficients are 4
X 10% and 2 X 10° m* s™', respectively. The longitu-
dinal and meridional resolutions are 3° and 1° through-
out the domain. A time step of 1 hour is used. In the
so-called buffer zones poleward of 30°, a Newtonian
cooling is applied to relax the temperature toward hem-
ispherically and zonally averaged climatology con-
structed from the Levitus dataset (Levitus 1982). The
coefficient of the Newtonian cooling increases from
zero at 31° to (5 days) ' at the poleward boundaries.
Rayleigh friction with the same coefficient is applied
to momentum equations, which relaxes the current ve-
locity toward zero. To assure that the winds in the buf-
fer zone are compatible with the ocean thermal struc-
ture, we apply annual, zonal, and hemispheric-mean
COADS winds in the buffer zone. Between 20° and 30°,
winds obtained from the atmospheric model are grad-
ually changed to the COADS winds at 30°. Equator-
ward of 20° winds obtained from Gill’s model are ap-
plied. To resolve the western boundary current with the
coarse zonal resolution, the viscosity coefficient is lin-
early increased from 148°E toward the western bound-
ary, where itis 4 X 10*m?s™".

The ocean is driven by wind stress and surface heat
flux. The surface heat flux consists of four components:
shortwave and longwave radiation, and sensible and
latent heat. Shortwave radiation is calculated using
Reed’s (1977) formula and longwave calculation fol-
lows Budyko (1974) (see Rosati and Miyakota 1988
for details). A constant albedo of 0.15 is used, which
is somewhat too large but necessary in order for the
SST to have reasonable values in the western Pacific.
Cloudiness C is assumed to be a simple function of
latitude ¢
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C = 0.5+ 0.25(p/40°)>.

Sensible and latent heat fluxes are calculated by using
bulk formulas. Over the tropical oceans, the latent heat
flux is an order of magnitude larger than the sensible
heat and hence roughly balances the net radiative heat
flux in the absence of the ocean dynamic effects. The
formula for latent heat flux is

Qc = p.CelUllq(T,) — RHq(T.)],

where T, is the air temperature, q is the saturated mois-
ture content, and RH the relative humidity. When the
wind speed is less than 4.8 m s ™', the value of |U] in
(2.3) is set to 4.8 m s~', mimicking the effect of high-
frequency atmospheric disturbances (Philander and
Siegel 1985). Exchange coefficients for latent and sen-
sible heats have the same values, Cx = Cy = 1.4
X 1073. A smaller value for momentum (Cp, = 1.0
X 107?) is used. A larger value of Cp, leads to an equa-
torial cold tongue too strong in a simulation forced with
COADS surface winds (not shown). The relative hu-
midity is specified as a simple function of latitude

RH = 0.75 + 0.05 cos(mp/30°),

(2.2)

which has a minimum in the subtropics. Deep convec-
tion affects distributions of both the cloud cover and
the relative humidity. These two effects of deep con-
vection counteract each other on SST. The high cloud-
iness at the [TCZ acts to dampen the equatorial asym-
metry in SST, while the collocated high relative hu-
midity hampers surface evaporation and acts to
enhance the SST asymmetry. For simplicity, both the
cloudiness and relative humidity are fixed in time and
are symmetric about the equator in this study. Their net
effect on SST needs to be assessed in future studies.

3. Couplings

Our strategy is to first construct an equatorially sym-
metric basic state and to see if the coupled model de-
velops an asymmetric state by itself.

The basic-state winds of the atmosphere are based
on the COADS (Comprehensive Ocean— Atmospheric
Data Set), and the land grids are filled in the following
way. At latitudes where the North American continent
falls inside the model domain, we shift the COADS
data east of the central longitude (A = 205° or 155°W)
eastward so that the first COADS land grid is on the
eastern boundary of the rectangular model ocean. This
fills the land grids but leaves a blank area east of \
= 205°. Since the winds in the center of the Pacific
change very little in the zonal direction, this blank area
is filled with the data at A = 205°. In other words, for
AN > 0,

{mx—Am,
U\) =
U(205),

if A>205- Ax
if 205 s\ <205 A\
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where \ is longitude in degrees, A, is the longitude of
the first COADS land point, and A\ = 280 — \.. The
same procedure is applied to fill the data in other land
grids. This procedure preserves the zonal scale of the
atmospheric response to the land—sea contrast such as
the high center off the west coast of North America.
The wind data are then averaged between the hemi-
spheres. The resultant field is shown in Fig. 1a. Easterly
trades prevail in the Tropics. In the western Pacific,
there is a surface wind convergence zone correspond-
ing to the convection center there. In addition, two off-
equatorial ITCZs are located around 7° in the central
and eastern parts of the ocean, a result of hemispheric
averaging. The winds are divergent in the equatorial
region sandwiched by the ITCZs. Over the eastern
equatorial region the observed strong southerlies are
averaged out, and the winds are very weak in Fig. la.

Using the winds in Fig. 1a and imposing hemispher-
ically averaged surface air temperatures, we drive the
ocean model for five years. The model SST field at the
end of the fifth year is shown in Fig. 1b. It resembles
the hemispherically averaged COADS SST field, ex-
cept in the coastal region off the eastern boundary
where we used an idealized coastal line. The warm wa-
ter pool in the western and the equatorial cold tongue
in the central and eastern oceans are well reproduced.
The SST maximum occurs off the equator in most of
the domain. The SST along the line of maximum SST
(T, = 0) is high in the west and low in the east, pri-
marily due to the variation in the imposed surface air
temperature.

In the following experiments, only wind and SST
anomalies from the basic states shown in Fig. 1 are
coupled. When an SST deviation from the basic-state
SST field occurs, the anomalous heating to the atmo-
sphere is calculated by Q' = Q(Ts) — O(T,), where
Q(T)is givenin (2.1); T, and T, are model and basic-
state SSTs. The heating anomaly is then used to drive
Gill’s model and obtain an anomalous wind field. The
wind anomalies are added to the external winds shown
in Fig. 1a to form the surface boundary condition for
the ocean. This anomaly coupling method has been pre-
viously used in various coupled models (Schopf and
Suarez 1988; Xie et al. 1989; Neelin 1990). Note that
in this model, surface winds not only drive ocean cur-
rents but also affect the SST by modifying surface heat
fluxes. Since the change in the surface air temperature
Ta is mainly caused by that in SST, the air—sea tem-
perature difference is assumed to be constant in time;
that is, Ts — T, = (T, — T,o) where T, is the hemi-
spheric average of the COADS air temperature. The
atmosphere and ocean are coupled once a day. In the
following experiments, the solar radiation is fixed at its
annual mean value and is symmetric about the equator.

4. Standard run

The steady state of the ocean model driven by the
basic state wind is a possible solution for the coupled
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FiG. 1. Horizontal distributions of (a) surface winds (scale shown in the upper-right corner) and (b) SST
(contour interval: 1°C) in the basic state. Area with SST higher than 28°C is shaded.

system. We perturb this solution by imposing southerly cause an equatorial asymmetry (Philander and Paca-
winds of a constant speed 3 m s ' temporally for one nowski 1981). The additional southerlies are then
month everywhere in the model domain; these winds turned off and the coupled model is let free to run for
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FiG. 2. Time—longitude sections of SST at (a) 7.5°S and (b) 7.5°N (contour interval: 1°C).
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15 years. Figure 2 depicts the longitude —time evolution
of the model SST at 7.5°N and 7.5°S for the first five
years. In both western and eastern parts of the ocean,
there is little SST change. In the central part, on the
other hand, an equatorial asymmetry is built up. The
SST decreases rapidly at 7.5°S but increases slightly at
7.5°N for the first two years. After this, the SST field
approaches a steady state.

Model surface fields averaged over the last two
model years are shown in Fig. 3. An equatorial anti-
symmetric pattern dominates the field of cumulus heat-
ing anomaly (Fig. 3a). Positive and negative heating
anomalies are found north and south of the equator,
respectively. In response, southwesterly anomalies are
generated between the northerly positive heating center
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and the equator (Fig. 3b). As a result, trade winds
weaken (Fig. 3c). South of the equator, on the other
hand, southeasterly anomalies are present, strengthen-
ing the easterly trades.

Figure 3d depicts the horizontal distribution of SST.
In the western Pacific where the cooling effect of equa-
torial upwelling is weak, the SST is higher at the equa-
tor than that off the equator, since the solar radiation is
maximum at the equator. The ITCZ then sits on the
equator if it follows the SST maximum as in the present
model. As a result, the SST is nearly symmetric about
the equator. In the central ocean, on the other hand, the
thermocline is shallow and the cooling by the equato-
rial upwelling is so strong that the SST at the equator
is too low to support the deep convection. The ITCZ
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dashed line and zero contour omitted), (b) anomalous and (c¢) total wind velocity, (d) SST (contour interval: 1°C; shaded if

SST = 28°C), and (e) surface current velocity.
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then has to form in an off-equatorial region. Under this
circumstance, the air—sea interaction selects one of the
hemispheres to form the ITCZ, while suppressing the
deep convection in the other by decreasing the SST
there. In the central part of the domain, the SST field
exhibits a strong asymmetry and the off-equatorial
maximum to the north of the equator is a few degrees
higher than that to the south. East of A = 200° (or
160°W), areas of SST higher than 27.5°C, which cor-
responds to the model ITCZ, are found only in the
Northern Hemisphere. This is consistent with the find-
ing of Xie and Philander (1994 ) in a two-dimensional
coupled model that strong equatorial upwelling is nec-
essary for the asymmetric state to develop.

An SST-wind feedback is responsible for this equa-
torially asymmetric state. Figure 4a gives meridional
profiles of surface wind speed and SST, which are
nearly out of phase. The low winds near the SST max-
imum in the Northern Hemisphere are due to the weak-
ening of easterly trades. The latter is associated with
the southerly cross-equatorial winds that converge onto
the ITCZ. Through surface latent heat flux, winds can
affect SST. Latent heat flux is the major component of
surface heat flux that balances the solar radiation. Due
to equatorially symmetric solar radiation, both net sur-
face heat flux and its latent heat component are to a
large degree symmetric in the model (Fig. 4b) and in
the observations (Weare et al. 1981; Esbensen and
Kushnir 1981; Oberhuber 1988). With an equatorially
symmetric distribution of latent heat flux, an asym-

20
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metric wind speed distribution can lead to an asym-
metry in SST. Because of the low wind speeds, the SST
to the north of the equator has to be high to supply
latent heat that offsets the downward radiation flux. On
the other hand, since the winds are high to the south of
the equator, a low SST is enough to give out the same
amount of latent heat. To be more quantitative, we
compare the surface conditions at 7.5°N, where the SST
reaches maximum, and 7.5°S. Since the latent heat
fluxes are nearly equal at the two latitudes, we have
Unq(Tn) = Usq(Ts) with subscripts N and S denoting
7.5°N and 7.5°S. From Fig. 4a, Ty = 30.5°C and Us/
Ux = 1.3. By using the Clausius—Clapeyron equation
and Ts = q ' (Us/Ungq(Ty)), we obtain Ty = 26.0°C,
in a good agreement with our GCM calculation. We
will demonstrate the importance of this SST (evapo-
ration )—wind mechanism in a more explicit way in the
next section.

The model SST field west of 240° resembles the ob-
served field in the Pacific, having such observed fea-
tures as the equatorial cold tongue and the high SST
band in the Northern Hemisphere. In the eastern part
of the model domain, however, the SST is quite equa-
torially symmetric for the following reasons. First,
when the eastern boundary is approached, the surface
wind field is more and more dominated by the equa-
torially symmetric Kelvin wave response to an oceanic
heating, whether the heating is symmetric or asym-
metric. Second, the basic-state winds in the eastern
equatorial region are much weaker than 4.8 m s ™', the

Latitude (deg.)
Q

!
N
o
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Longitude (deg.)

280

FiG. 3. (Continued)
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FIG. 4. (a) Surface wind speed and SST and (b) net surface heat
flux and its latent heat component as functions of latitude at 140°W.

minimum wind speed for evaporation calculation.
Therefore, an anomalous wind does not feed back onto
the SST anomaly through evaporation. These deficien-
cies of the atmospheric model should be improved in
future studies. Including the SST gradient forcing in
the atmospheric boundary layer (Lindzen and Nigam
1987) may improve the model performance in the east
by enhancing the coupling between the ocean and at-
mosphere.

The major tropical surface currents are reproduced
in the model (Fig. 3e). South of the northerly SST
maximum or the ITCZ, there is the westward South
Equatorial Current with a speed as high as 0.5 m s™'.
North of the ITCZ is the North Equatorial Current. Be-
tween these two westward currents, a countercurrent
flows eastward roughly along the line of T, = 0. This
North Equatorial Countercurrent does not penetrate
eastward enough to hit the eastern boundary, in contrast
to the observations. One might attribute the cause of
the warm water SST band in the Northern Hemisphere
to the eastward countercurrent, which could bring
warm water from the west. However, this seems not to
be the case, since the countercurrent is not purely zonal
but has a northward component due to the Ekman drift.
Therefore, a water particle, starting from the western
ocean with high temperature and riding on the coun-
tercurrent, may not move far enough to the east to es-
tablish the warm band across the basin. The water in
the high SST band in the central part of the ocean may
actually come from somewhere in the equatorial cold
tongue.

Figure 5 shows the meridional sections of ocean tem-
perature and zonal velocity along 140°W (\ = 220°).
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The equatorial upwelling is manifested by the shallow
thermocline and cold mixed layer water. Near the equa-
tor, there is an equatorial undercurrent below the west-
ward flow at the surface. Coinciding with the warm
SST region, a ridge in the thermocline depth is found
north of the equator, maintained by the curl of the zonal
wind that is associated with the ITCZ. A North Equa-
torial Countercurrent with a speed of 0.1 m s™" exists
south of the ridge. There is another much weaker ridge
in thermocline depth south of the equator, an artifact
caused by the hemispheric averaging of COADS
winds. Although also seen in the thermocline, the equa-
torial asymmetry in ocean temperature is most evident
in the mixed layer. There is a sharp front north of the
equator, and the mixed layer temperature increases
northward rapidly from the equator. To the south of the
equator, on the other hand, the mixed layer tempera-
tures are much colder than those in the Northern Hemi-
sphere.

In the two-dimensional model the equatorially sym-
metric solution with a double ITCZ is stable to infini-
tesimal disturbances (Xie and Philander 1994 ). In con-

-100

—-200

-100
Depth(m)

—-200

/\—r”’\

-20 o]

-300

N

(@)

Latitude (deg.)

FIG. 5. Latitude—depth sections of (a) zonal current velocity (con-
tour interval: 0.1 m s~'; negative in dashed line) and (b) ocean tem-
perature (contour interval: 1°C; shaded if T = 28°C) along 140°W.

Unauthenticated | Downloaded 09/20/21 06:49 PM UTC



15 SEPTEMBER 1994

trast, the symmetric state seems unstable to machine
round-off errors in this three-dimensional hybrid GCM.
In an experiment with the symmetric basic state in Fig.
1b as the initial condition, the model develops an equa-
torial asymmetry due to the small round-off errors and
finally settles into the asymmetric solution with the
ITCZ in the Southern Hemisphere in about 10 years.
This difference may be due to the three-dimensionality
and/or to the difference in ocean dynamics between
the two models.

5. Symmetric dynamics run

In the present model there are two ways for the at-
mosphere to affect the ocean: through the wind stress
and evaporation. The phase relation between the SST
and surface wind speed in the standard run suggests
that evaporation maintains the equatorial asymmetry in
the SST distribution. To demonstrate this explicitly, we
eliminate the asymmetry in ocean dynamics by artifi-
cially averaging the wind stress between the hemi-
spheres before applying it to the ocean. At the same
time, we use the wind speed for evaporation calculation
as it is from the atmospheric model. Although the dif-
ference in evaporation may cause a little equatorial
asymmetry in vertical mixing and thus in the ocean
dynamic fields, we will call this experiment the sym-
metric dynamics run.

An asymmetric solution is obtained from this sym-
metric dynamics run, whose horizontal structures are
shown in Fig. 6. An antisymmetric heating anomaly
pattern similar to that in the standard run appears. As
a result, the trades weaken to the south and intensify to
the north of the equator. The SST field is very similar
to that in Fig. 3d except that it becomes more sym-
metric about the equator in the western part of the
ocean. This suggests that the weak asymmetry in the
western ocean in the standard run is caused by the
ocean dynamic effects.

Figure 7 depicts the meridional sections along
140°W. The effect of surface evaporation is only con-
fined to the mixed layer where large temperature dif-
ferences are seen between the Northern and Southern
Hemispheres. The evaporation distribution itself, how-
ever, is nearly symmetric about the equator as in the
standard run (not shown). The thermal structure of the
ocean is almost symmetric below 50-m depth due to
the symmetric wind stress forcing. As a result, the
ocean current field is nearly symmetric at all depths.

This experiment illustrates that the interaction be-
tween the wind speed and SST through evaporation is
essential in maintaining the asymmetric state. We have
also performed an experiment opposite to the above, in
which the wind speed for the evaporation calculation
is hemispherically averaged but the wind stress to drive
the ocean current is kept as it is from the atmospheric
model. Eliminating the evaporation—wind feedback,
this experiment tests the role of the ocean dynamics in
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maintaining an equatorially asymmetric state. Starting
from the asymmetric solution of the standard model,
the modified model falls into a symmetric steady state
after about 10 years. This indicates that the ocean dy-
namic processes alone are not sufficient to maintain the
equatorial asymmetry, reinforcing the importance of
the evaporation—wind feedback.

6. Discussion

An ocean GCM has been coupled with Gill’s at-
mosphere model to study the maintenance of the
northerly ITCZ that is observed in the eastern Pacific.
Under external conditions that are symmetric about
the equator, the coupled model develops an asym-
metric solution, confirming the results from the pre-
vious two-dimensional model. Over the western warm
water pool region, both SST and atmospheric heating
are symmetric about the equator, in response to the
symmetric solar radiation forcing. In the central part
of the ocean where the equatorial cold tongue devel-
ops due to upwelling, both SST and surface wind
fields are asymmetric about the equator. A high SST
band develops north of the equator, causing deep con-
vection that forms the ITCZ. The weak winds at the
location of the ITCZ, on the other hand, are respon-
sible for the high SST there through latent heat flux.
The cooling by equatorial upwelling, suppressing the
deep convection and making the equator an impossi-
ble location for the ITCZ, is essential for the devel-
opment of such an asymmetric state as in the two-
dimensional model.

The present study demonstrates that the interaction
between the surface wind and SST through evaporation
is capable of maintaining an asymmetric ITCZ complex
that consists of an atmospheric convergence zone and
a collocated, zonally oriented high SST band. A dif-
ferent kind of evaporation—wind feedback operates in
the tropical intraseasonal oscillations with a timescale
from 30 to 60 days (Neelin et al. 1987; Xie et al. 1993).
On this timescale, the SST does not change very much
because of the large heat content of the upper ocean.
As a result, high winds induce large surface evapora-
tion that fuels deep convection. In contrast to the evap-
oration—-wind feedback in the transient intraseasonal
oscillations, it operates differently in the present
steady-state problem of the ITCZ; high wind speeds do
not lead to high evaporation but to low SST. This is
because in a steady state, the rate of evaporation is not
determined by the wind speed; instead, the latent heat
flux is controlled by solar radiation and oceanic up-
welling, features that are symmetric about the equator.
For a given evaporation rate, high wind speeds decrease
SST and vice versa.

The seasonal movement of the sun acts to destabilize
the equatorially asymmetric solutions. For the solution
with the ITCZ in the Northern Hemisphere, the solar
radiation in the boreal fall, which is stronger in the
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FIG. 6. Horizontal distributions of (a) anomalous heating to the atmosphere (Q/ Ky ; contour interval: 0.5 K ; negative in dashed
line and zero contour omitted), (b) anomalous wind velocity, and (¢) SST (contour interval: 1°C; shaded if SST = 28°C) in the

symmetric dynamics run.

Southern Hemisphere, acts to warm the SST to the
south of the equator and hence to pull the ITCZ into
the Southern Hemisphere. Since an equatorially asym-
metric solution is stable to infinitesimal disturbances,
one could expect the ITCZ to persist in the Northern
Hemisphere at least under small annual variations in
solar forcing.

This evaporation—wind feedback mechanism may
best work in the interior ocean as in this hybrid
model. It is highly possible that the maintenance of
the asymmetric ITCZ differs from the coastal to in-
terior regions. In the eastern region close to the coast,
coastal upwelling seems to be the dominant process

responsible for the cold SST south of the equator.
Near the American continent strong southerly winds
are observed, which flow along the coast of the con-
tinent and cause coastal upwelling. Lacking both
land and topographic effects, Gill’s model failed to
produce such southerlies in the eastern coastal re-
gion. To improve the results in this region, a more
realistic atmospheric model is needed. Because the
external conditions are equatorially symmetric, a so-
lution with a Southern Hemisphere ITCZ is also pos-
sible. In nature, the asymmetric land and topography
distributions may play a key role in selecting the
Northern Hemisphere mode.
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FiG. 7. Same as Fig. 5 but for the symmetric dynamics run.

In addition to the evaporation mechanism verified in
this study, vertical mixing in the ocean mixed layer is
another possible mechanism as discussed in Xie and
Philander (1994), since its strength is also dependent
on the wind speed. This mechanism is technically dif-
ficult to test in the present model where the mixing is
related to the vertical shear of large-scale current and
is thus affected by the wind stress. Future ocean tur-
bulence measurements in off-equatorial regions could
provide the meridional distribution of vertical mixing
intensity and reveal its dependence on the wind speed.

The solution symmetric about the equator is unstable
in this hybrid GCM. The transition from the symmetric
to the asymmetric solutions involves an antisymmetric
mode. This model, however, did not generate ENSO-
like variability, possibly due to the change in the basic
state to which the ENSO-related coupled instabilities
are sensitive. Previous simple and intermediate air—sea
coupling models have helped us to gain much insight
into the coupled instabilities and ENSO. However, they
treat the latent heat flux as a passive Newtonian cooling
term and do not include the evaporation—wind feed-
back that is responsible for the asymmetric climatolog-
ical mean state. It would be interesting to include this
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feedback mechanism in these models and examine the
impact of a self-developed asymmetric mean state on
the symmetric coupled instabilities. In the warm phase
of the ENSO, the equator warms up so that the ITCZ
moves southward. Whether this southward movement
of the ITCZ has an effect on the El Nifio, and the prob-
lem of the interaction between the ENSO and ITCZ in
general, are interesting subjects of future study.
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