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ABSTRACT

Despite the equatorial symmetry of the annual-mean insolation, the intertropical convergence zone (ITCZ)
and the collocated band of high sea surface temperature (SST) assume perennial northern latitudes over the
eastern Pacific and Atlantic. An atmospheric general circulation model is coupled with an intermediate ocean
model to study continental forcing and oceanic—atmospheric interaction that act to break the equatorial symmetry.
The model reaches a statistically symmetric mean state under perfectly symmetric conditions with the continental
coasts running along meridians. When a bulge of landmass is added to the eastern continent north of the equator,
it initiates a coupled ocean—atmosphere wave front that propagates westward across the ocean basin, cooling
the ocean surface and suppressing deep convection on and south of the equator. As a result, the ITCZ shifts
into the Northern Hemisphere. In contrast to this basinwide response, little latitudinal asymmetry develops in
the coupled model when the same land bulge is moved to the western continent, with the ITCZ staying on the
equator. These model experiments demonstrate that the meridional structure of the oceanic ITCZ is largely
determined by the continental geometry in the east, lending support to a westward control hypothesis based on
simple linear wave dynamics.

Under steady solar forcing, the model ITCZ displays substantial interannual variability in both intensity and
latitude. A coherent interhemispheric SST pattern with opposing polarities is found to be associated with this
ITCZ variability. Various oceanic—atmospheric feedback mechanisms involved in the formation and variability
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Formation and Variability of a Northerly ITCZ in a Hybrid Coupled AGCM:

of the ITCZ are examined.

1. Introduction

The tropical climate displays peculiar perennial fea-
tures inexplicable from the solar radiation forcing func-
tion. Most notably, deep convective activity and the
associated rainfall over the eastern Pacific and the At-
lantic reach a loca minimum at the equator and are
displaced into the Northern Hemisphere (Mitchell and
Wallace 1992 among others), despite an annual-mean
insolation distribution at the top of the atmosphere that
has a local maximum at and is nearly symmetric with
respective to the equator. Ocean—atmosphereinteraction
is responsible for such inconsistency between the solar
forcing and climatic response because as the first ap-
proximation, tropical rainfall is determined by sea sur-
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face temperature (SST) while SST isin turn affected by
rainfall distribution via surface winds. Specifically,
equatorial convection is suppressed by cooling associ-
ated with equatorial upwelling, a direct consequence of
the development of the Walker circulation/cold tongue
complex involving the Bjerknes (1969) feedback (Dijk-
stra and Neelin 1995; Sun and Liu 1996). Other types
of interactions involving wind—evaporation-SST (WES;
Xie and Philander 1994), upwelling—SST (Chang and
Philander 1994), and stratus cloud—SST (Philander et
al. 1996) feedbacks are proposed as mechanisms that
break the equatorial symmetry set by solar radiation. Li
(1997) examined the relative importance of these feed-
back mechanisms in maintaining the equatorial asym-
metric SST field in a coupled model.

How the coupled system developsan equatorial asym-
metric climate that favors a Northern Hemisphere (NH)
intertropical convergence zone (ITCZ) under symmetric
solar forcing is a focus of this study. While pushing the
ITCZ away from the equator, the above mentioned
ocean—atmospheric feedbacks do not favor either hemi-
sphere. While the land—sea distribution appears respon-
sible for displacing the Pacific and Atlantic ITCZs into
the NH, it is still controversial which continental fea-
tures and how they do so. Without some ad hoc flux
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adjustment schemes, many coupled GCMs (CGCMs)
suffer the double-ITCZ syndrome, with the ITCZ mov-
ing back and forth across the equator following the sea-
sonal march of the Sun (Mechoso et al. 1995; Li and
Hogan 1999). Such cross-equatorial seasonal march
leaves an unreadlistic double ITCZ in the annual-mean
rainfall. In the real Pacific, a double ITCZ appears only
briefly in March and April, with the ITCZ confined to
the north of the equator for the rest of ayear. The con-
figuration of the ITCZ in coupled modelsis further sen-
sitive to the choice of physical parameterization
schemes (Terray 1998).

Severa recent CGCM studies of the Pacific ITCZ
focus on continental features on the Americas. Philander
et al. (1996) show that the tilt of the west coast of the
Americas can force the Pacific I TCZ to move northward,
particularly when the stratus-SST feedback is enhanced
in the model. Other CGCM experiments confirm this
result and show that an enhancement of stratus clouds
off the Peruvian coast can cause a basinwide northward
displacement of the ITCZ in the steady state (Ma et al.
1996; Kimoto and Shen 1997; lizuka et al. 1998).
Whereas the responsible mechanisms remain to be clar-
ified in the CGCMs, this sensitivity to forcing in the
east appears to be due to the fact that antisymmetric
waves in both the ocean and atmosphere can propagate
only westward under the longwave approximation. In
an intermediate models, Xie (1996) showsthat acoupled
WES wave front excited on the eastern boundary travels
westward across the basin, displacing the ITCZ north-
ward.

The above studies lead to a westward control hy-
pothesis, implying that the eastern continent is more
important than the western one in setting up the ITCZ's
latitudinal asymmetry. Here we will extend Xie's (1996)
work by coupling an atmospheric GCM (AGCM) with
an intermediate ocean model. Such a hybrid coupled
AGCM (HaGCM) fills a gap between intermediate mod-
els and highly complex coupled GCMs, two extreme
classes of models previous studies are based on. The
Matsuno (1966)—Gill (1980; MG hereinafter) model Xie
used differs from an AGCM/real atmosphere in a num-
ber of important ways that affect ocean—atmospheric
feedbacks. First, the MG model computesthetime-mean
surface wind velocity, but variable winds are important
for evaporation at the ITCZ (Esbensen and McPhaden
1996). A northerly ITCZ induces southerly cross-equa-
torial winds that reduce mean wind velocity under the
Coriolis force, a positive feedback acting to weaken
surface evaporation and maintain high SST. On the other
hand, convective activity as manifested by traveling
cloud clusters within the ITCZ causes large wind var-
iability, a negative feedback not included in the MG
model. Figure 1 shows such an example: the monthly
mean wind velocity (U) at the ITCZ is vanishingly
small, but the mean scalar wind speed (JU|) remains
high, exceeding the speed of mean vector wind by 4 m
s . Here the overbar denotes the time mean. Second,
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Fic. 1. Monthly mean wind velocity averaged for Sep 1999 (vec-
tors) and the difference between the speeds of mean scalar and vector
wind (JU] — |U] in contours; shade > 1 m s-). The daily, high-
resolution QuUikSCAT satellite wind data (Liu et al. 2000) are used.

enhanced deep clouds at the NH ITCZ is a negative
feedback to local SST whereas increased low clouds on
the other side of the equator is a positive one. Third,
cross-equatorial winds are weak in the MG model, un-
derestimating the upwelling—SST feedback. Four,
whereas the MG model simulates the equatorial zonal
wind quite well (e.g., Zebiak 1982), its skill in simu-
lating the off-equatorial wind, central to the WES feed-
back, is still under intense debate. The wind response
in an AGCM to equatorially antisymmetric SST can be
quite different from that in the MG model (Sutton et al.
2000). Finally, it remains to be seen how valid an ar-
gument based on linear equatorial wave dynamics like
the westward control hypothesis is in a moist atmo-
sphere where the interaction of the flow and heating
fields is highly nonlinear.

The present study tests the westward control mech-
anism in the HaGCM that contains not only the WES
but also other positive and negative feedbacks as men-
tioned above. We will examine how a continental asym-
metry sets up an asymmetric circulation over the ocean
and how ocean—atmosphere interaction then helps es-
tablish the basin-scale asymmetry in response. A key
question is whether the model ITCZ is more sensitive
to a perturbation on the eastern than on the western
continent. Three idealized experiments are conducted
that are designed to yield a straightforward answer to
the question. We will first run the HaGCM under a per-
fectly equatorial symmetric land—sea distribution. Then,
we add an asymmetric perturbation onto the continent
either to the east or to the west, and observe if thereis
any difference in the model response.

The Atlantic ITCZ varies its latitude on both inter-
annual and decadal timescales, in association with a
dipole SST pattern in the meridional direction [Nobre
and Shukla (1996) and references therein]. Whereas the
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Fic. 2. Land-sea distribution (left) and meridional profile of the prescribed SST (right). The
continents in the symmetric control run are shaded.

WES feedback is proposed to be a responsible mech-
anism (Carton et al. 1996; Chang et al. 1997; Xie 1999),
it is currently under much debate whether the tropical
Atlantic SST dipole is a dynamic mode of ocean—at-
mosphere interaction [Enfield et al. (1999) and refer-
ences therein]. Attempts with AGCM simulations to
evaluate the feedback of wind-induced evaporation on
SST are inconclusive, with its sign varying from neg-
ative in one GCM (Sutton et al. 2000) to regionally
positive within a near-equatorial zone in another (Chang
et al. 2000). The ITCZ variability, which is absent in
intermediate models that lack stochastic forcing, is the
another focus of this study. Questions we ask are: Is
there a characteristic SST pattern associated with the
ITCZ variability in this HaGCM? If so, what are the
ocean—atmosphere interaction mechanisms that produce
this structure?

The rest of the paper is organized as follows. The
next section introduces the hybrid model and its com-
ponents. Section 3 describes the response of the stand-
alone AGCM to an asymmetric continental feature. Sec-
tion 4 examines the coupled response to the same con-
tinental forcing and compares it with a case when the
forcing is moved to the west. Section 5 discusses tem-
poral variability in the model, with afocus on the north—
south seesaw. Section 6 concludes our study.

2. Model

This study is concerned with how a latitudinal asym-
metry in land surface distribution can force asymmetries
in the adjacent atmosphere and how it might trigger the
interaction with the ocean that |eads to basinwide asym-
metries in SST and rainfall distributions. For this pur-
pose, we couple an AGCM with an intermediate ocean
model, in contrast to previous hybrid coupled models
(Neelin et al. 1998) that employ ocean GCMs to better
represent ocean dynamics crucia for the ENSO. The
atmospheric GCM offers interactive treatment of ther-
mal and moisture conditions of land surface as the pur-
pose of this study requires. Built on our previous cou-
pled studies including those with the hybrid coupled
OGCMs, theintermediate complexity of our ocean com-
ponent makes the model results easy to interpret and
allows direct comparison with previous simple/inter-
mediate model studies.

a. Atmospheric GCM

The AGCM is developed jointly by the University of
Tokyo's Center for Climate System Research and the
National Institute for Environmental Studies in Japan.
It solves primitive equations of motion in spherical spec-
trum form. Here we use a version with a triangle trun-
cation at zonal wavenumber 21 (T21) and 20 sigma
levels in vertical. The model employs a modified Ar-
akawa—Schubert (1974) moist convection scheme.
Cloud water is predicted (Le Treut and Li 1991) and
radiation is calculated according to Nakgjima and Ta-
naka (1986). Readers are referred to Numaguti et al.
(1997) and Numaguti (1999) for details of model phys-
ics and its performance.

Ground hydrology is represented by a 15-cm-deep
bucket model (Manabe et al. 1965). Predicted from pre-
cipitation, evaporation, and runoff, soil moisture content
in the bucket determines the ratio of actual to potential
evaporation, which in turn affects the surface temper-
ature and PBL height. Thus the soil moisture content is
an important property that distinguishesland from ocean
surface, and its prognostic treatment meets our purpose.
The land surface is flat at the sea level, with its abedo
set constant everywhere at 0.25, avalue typical of grass
land. Results from coupled experiments with a smaller
albedo (0.11, forest) are qualitatively similar to what to
be described. Albedo for ocean surface is set at 0.07.
A land—sea distribution perfectly symmetric about the
equator is used in the control runs: two continents are
each 40° wide in longitude (90°-30°E and 80°-40°W)
whereas two oceans, 140° wide in longitude, fill the
basins in between (Fig. 2). SSTs are initially specified
in an equatorially symmetric distribution.

To focus on the formation of the annual-mean cli-
matology, we fix the insolation throughout the experi-
ments at its equinox value that is symmetric about the
equator. The effects of the seasonal cycle will be left
for future studies. The diurnal cycle of insolation is
retained in the model calculation, which has an effect
on the vertical structure of the planetary boundary layer
over the land surface.

b. Ocean model

The ocean component is based on the Zebiak—Cane
(1987) model, where the total SST is determined by the
equation:
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Here (u, v) are surface current velocity, w isthe vertical
velocity at H = 50 m—the depth of the Ekman/mixed
layer—with P(w) the Heaviside function, Q is the sur-
face heat flux into the ocean with p and ¢, being the
density and specific heat at constant pressure of sea
water, respectively, and k = 2 X 10 m? s! is the
horizontal diffusivity. Temperature of water at depth H,
= 100 m that is entrained into the mixed layer is a
function of thermocline depth (h)

T.=T, — A?T{l — tanh } (2.2)

where T, = 30°C, AT = 16°C, h, = 30 m and H* =
50 m (Dijkstra and Neelin 1995; Xie 1998).

Near the equator where oceanic upwelling prevails,
the variation of thermocline depth strongly affects SST
field, being the dominant mechanism for the eastern cold
tongue and interannual variability like the ENSO [see
Neelin et al. (1998) for a latest review]. A few degrees
off the equator, by contrast, the general Ekman down-
welling shuts off this subsurface effect on SST. In fact,
the thermocline shoals underneath the warm SST band
collocated with the ITCZ, an h-T relationship opposite
to that associated with the ENSO on the equator. Instead
of upwelling and ocean wave dynamics, the adjustment
through surface heat flux becomes important in deter-
mining SST. Based on these considerations, we make a
further simplification of the ocean model by specifying
a time-invariant thermocline depth field, h(x, y). This
removes the thermocline depth feedback and stabilizes
the coupled ENSO mode that would otherwise giverise
to large interannual variability—undesirable noise for
our present purpose of studying the mean climate. The
elimination of ENSO-like variability shortens the time
necessary to obtain a statistically steady state and more
importantly, allows a clear view of processes involved
in establishing tropical climatology. The effects of in-
teractive ocean wave dynamics will be a subject of fu-
ture investigations. The thermocline depth field to be
prescribed in this study is the steady-state solution to a
linear reduced-gravity model forced with spatially uni-
form easterly wind stress of —0.03 N m~2, avalue rep-
resentative of the equatorial zonal averagein the Pacific.
The thermocline tilts along the equator, being shallow
in the east and along the eastern boundary. Sensitivity
studies indicate that slight changes in the tilt of the
thermocline do not change results qualitatively. To be
consistent with the fixed thermocline depth, only the
surface Ekman flow, which is generally stronger than
the vertical-mean flow in the steady state, is used to
advect SST and to compute upwelling velocity. Mech-
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anisms proposed so far for maintaining latitudinal asym-
metry in SST, including surface heat flux adjustment
(Xie and Philander 1994; Philander et al. 1996) and off-
equatorial upwelling (Chang and Philander 1994), are
thus retained in this simplified ocean model.

The ocean model spans between 30°S and 30°N. Both
current velocity and lateral heat flux are required to
vanish on the side boundaries. The model equations are
solved by time stepping at a 3° longitude X 1° latitude
spatial resolution.

c. Coupling

Only one ocean between 30°S-30°N and 130°E-80°W
is set active, whose SST varies according to the model
described above. The other ocean basin is used as a
reference, whose SST field is held constant in time and
zonally uniform. The ocean and atmosphere models ex-
change information once a day. The atmospheric GCM
updates its SST boundary condition daily from the
ocean model output and meanwhile passes daily average
surface wind stress and heat flux fields to the ocean.
The atmospheric wind stress drives ocean Ekman flow
and upwelling while surface heat flux directly forces
SST. The heat flux at the ocean surface is decomposed
into four components:

Q=Qs—Q — Qs — Qe (2.3)

Here the absorbed solar (Qs) and net upward longwave
(Q,) radiation is computed with the AGCM'’s radiation
code and varies with the interactive water vapor and
cloud fields. The sensible (Q,,) and latent (Qg) heat
fluxes are computed using the AGCM'’s aerodynamic
bulk formulas (Louis 1979; Miller et al. 1992). In par-
ticular,

Qe = pLCelU|[ay(T) — a.l, (24)

where p, isthe air density, L is the latent heat of water
vapor, C. is the bulk coefficient for evaporation that is
a function of wind speed and stability, U is the wind
velocity at 10 m above ground, g, and g, are specific
humidity of the surface air and that in saturation, re-
spectively. As an important deviation from the original
Zebiak—Cane model that treats surface heat flux as a
Newtonian damping, Eqg. (2.3) incorporates both the
WES and cloud-SST feedbacks.

Surface evaporation contains both positive and neg-
ative feedbacks on SST. Its temperature dependence is
anegative one and can be approximated as a Newtonian
cooling with an e-folding time of 1 yr for a 50-m-deep
mixed layer (e.g., Xie 1996). Wind-induced evaporation
is a positive feedback for equatorially antisymmetric
disturbances and may be defined as

E, = Qe(CelUD)'/(CelU]), (25)

where the overbar and prime denote the mean and per-
turbation, respectively.
Care has been taken in interpolating data between the
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FiG. 3. Precipitation (mm day—*; upper panel) and wind velocity at 985 mb (m s-*; lower) in
the stand-alone AGCM run with prescribed SST.

grid points of the ocean and atmosphere models. Given
the exchange coefficients in the bulk formulas differ by
an order of magnitude between the ocean and land sur-
face, only AGCM outputs on grid points marked as
ocean are used in computing momentum and heat flux
for the ocean model.

In the control run with all the coastal lines running
in a purely meridional direction, the hybrid coupled
model settlesinto a statistically steady state that is sym-
metric with respect to the equator as expected (more
will be said about this control run in section 5). We then
add onto the eastern boundary of the active ocean an
extra landmass north of the equator to perturb the sym-
metric climatology. The bulge of landmass is 25° wide
in longitude with its southernmost grid point at 8.3°N
(Fig. 2). Despite its apparent resemblance to western
Africa, we set the active ocean basin to be of the Pacific
size. Aswill be seen, such alarge basin size allows the
continent-forced asymmetry to fully develop in the zon-
al direction and thereby helps expose the ocean—at-
mospheric interaction processes involved far away off
the coast. Thus the purpose of this study is not to mimic
every detail of the Pacific or the Atlantic climate, but
is rather to gain a general understanding of how the
coupled ocean—atmosphere system respondsto an asym-
metric feature on the continent. The ““African” type
continental geometry is chosen because it is perhapsthe
simplest way to break the equatorial symmetry.

3. Continental forcing

The AGCM is spun up for severa years with pre-
scribed SST forcing and the latitudinally symmetric

land—sea distribution. Then it is run for another year
with the northern bulge of landmass added. After the
first three months, the AGCM reaches anew statistically
steady state that is displayed in Fig. 3 obtained by av-
eraging the model output for the last nine months. Be-
cause the ocean is not yet activated and SST is pre-
scribed symmetric, the model ITCZ is located at the
equator onto which surface winds converge.* The sur-
face wind field is symmetric about the equator over most
of the ocean except near the east end of the basin, where
the southerly winds blow across the equator. Despite
many differencesin model formulation, the Geophysical
Fluid Dynamics Laboratory atmospheric GCM simu-
lates a similar response of surface winds to the bulge
of northwestern Africa under fixed SST (Philander et
al. 1996; Li 1997).

Figure 4a shows a latitude—vertical section of tem-
perature and velocity differences from the control sym-
metric run averaged between 100° and 90°W, right
across the added northern landmass. Replacing the
ocean with land surface raises surface temperature as
the reduced water supply suppresses evaporation and
increases sensible heat flux from the land surface to
offset the incident radiative heating. The heated land
surface induces intense dry convection that spreads the
warming signal to as high as 700 mb. The surfacewarm-

1 The wavy featurein the precipitation field is an artifact of spectral
truncation that is less pronounced in simulations with realistic SST
and masked by large zonal variations in precipitation (A. Numaguti
1999, personal communication).
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ing induces a local sea-breeze-type circulation in the
lower atmosphere, with intense rising motion over the
northern continent and weak descent south of the equa-
tor. The shallow circulation seems to produce a weak
equatorial asymmetry in precipitation toward the east
end of the basin.

In addition to this meridional cell, the sea breeze has
an east-west component (Fig. 4b). Strong anomalous
westerly winds flow from the west and converge onto
theland bulge. Thiszonal cell reducesthe easterly trades
at the surface and hence induces a warming tendency
in SST when the ocean is activated. Note that the direct
atmospheric response to changes in continental geom-
etry israther limited in its spatial scale, strongly trapped
within a short distance from the coasts (Fig. 5a). In the
next section, we allow the ocean to change and examine
the effects of these land-induced anomalous winds in
the coupled system.

4. Coupled response
a. Transient wave

Upon activating the ocean model, SST anomaliesstart
to develop in the eastern basin (Fig. 5b). On the south-
eastern boundary the alongshore winds in Fig. 3 induce
upwelling and surface cooling. There is a NH counter-
part of coastal upwelling cooling barely visible in Fig.
5b. The zonal band of negative SST anomalies imme-
diately south of the equator is a direct effect of off-
equatorial upwelling, an oceanic response to southerly
cross-equatorial winds (Philander and Pacanowski
1981; Chang and Philander 1994). The warming north
of the equator is due to weakened easterly trades that
suppress surface evaporative cooling. Although small,
there are significant cross-equatorial southerly wind
anomalies over the western part of this pair of SST
dipole across the equator, which can be readily ex-
plained as direct atmospheric response to SST changes.

At t = 8 month, the cooling on and south of the

equator becomes stronger and extends westward to cov-
er the eastern half of the basin. Both the Bjerknes and
the WES feedbacks are responsible. Along the equator,
the cooling in the east induces anomal ous easterly winds
not only locally over cold ocean surface but also re-
motely over the western basin. Viaequatorial upwelling,
the enhanced trade winds intensify the cooling and
spread it toward the west. Off the equator in the me-
ridional direction, the slight warming to the north and
strong cooling to the south of the equator induce anom-
alous southerly winds. The Coriolis force upon the
southerly winds enhances (weakens) the background
easterly trade winds (Fig. 3b) south (north) of the equa-
tor, acting to increase the north—south SST difference.
The anomaly pattern in Fig. 5 may be viewed as a su-
perposition of a symmetric cooling centered on the
equator and an antisymmetric seesaw off the equator.
This explains why the SST and zonal wind anomalies
tend to be small to the north in comparison with those
to the south of the equator.

In Fig. 5c¢, the southeasterly wind anomalies extend
much farther westward than the SST anomalies, appar-
ently as a result of atmospheric Rossby waves forced
in the east. Wind anomalies in the western basin start
to change local SSTs, causing the cooling region to
spread farther westward (Fig. 5d). This coupled wind—
SST wave substantially reduces precipitation south of
the equator while slightly increasing it to the north (Fig.
5€). Whereas SST anomaly decreases in size toward the
west, latitudinal asymmetry in precipitation remains
strong in the western half of the basin. This nonlinear
response of precipitation to SST changes appears to be
related to a tendency for equatorial precipitation to in-
crease westward in the AGCM run under zonally uni-
form SST (Fig. 3a).

In intermediate coupled models or hybrid coupled
OGCMs, land surface conditions are usually not treated
and assumed to be time invariant. With SST decreasing
in the Far East on and south of the equator, precipitation
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increases glightly over the northern continent, resulting
in land surface cooling in the HaGCM with an inter-
active hydrological cycle. This land surface cooling
largely offsets the effect of decreased SST to the south
on the sea level pressure, and as a result, the net SST-
induced wind anomalies are small south of the land
bulge. In this sense, the ground hydrology is a negative
feedback in generating the cross-equatorial wind.
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The coupled westward propagation is most clearly
seen in time-longitude sections. Here we divide near-
equatorial anomalies into latitudinally antisymmetric
(Figs. 6a,b) and symmetric (Fig. 6¢) parts. The cross-
equatorial southerlies in the east are a direct response
to added landmass to the north. It takes one month for
the ocean to establish a northward SST gradient in re-
sponse to these land-induced southerlies. After about
four months, we see a steady westward devel opment of
ocean—atmospheric asymmetries characterized by south-
erly winds and northward SST gradients on the equator.
Such coupled development is similar to that in an in-
termediate model [cf. Fig. 5 with Xie's (1996) Fig. 10]
despite more complicated feedbacks in the HaGCM as
outlined in section 1. As a major difference, the south-
erly winds on the eastern boundary, imposed in Xie, are
physically induced here by the northern continent bulge.

b. Seady state

The time integration of the hybrid model is continued
for nine years. In this section, we discuss the mean state
of the hybrid coupled model (Fig. 7), obtained by av-
eraging its outputs for the last five years. Large equa-
torial asymmetries develop in the SST field, with higher
values north of the equator. Accordingly, the model
ITCZ shifts to the north of the equator, onto which the
surface winds converge. Beneath the northerly ITCZ,
winds are weak in contrast to strong southeasterly winds
on the other side of the equator. Because of the coarse
resolution of the AGCM, the northward departure of the
model ITCZ isless pronounced than in observed annual -
mean climatology.

We now consider what maintains the climatic asym-
metry over the ocean away from the continents, by ex-
amining profiles of model quantities averaged between
140° and 120°W (Fig. 8). We will focus on the differ-
ences on the two sides of the equator (Table 1). The
WES feedback is at work. Although latent heat flux is
about the same in the two latitude bands, evaporation
efficiency (C¢|U|) is 20% smaller in the northern than
the southern band. This evaporation efficiency ismainly
controlled by the mean wind velocity while transient
winds also play a role, particularly beneath the ITCZ
where winds are highly variable. The weak mean wind
velocity at 2.8°N is a direct consequence of local wind
convergence (Fig. 8, the second from the top), which
isin turn controlled by SST distribution. In addition to
the WES contribution, low-level clouds tend to form
over the cold ocean surface south of the equator in the
model. As aresult, solar radiation at 8.3°S falls slightly
below that at 8.3°N despite abundant deep cloudsin the
NH ITCZ.

The bottom panel of Fig. 8 shows the meridional and
vertical advection terms, whose sum balances the net
surface heat flux. In response to southerly winds, strong
asymmetry develops in upwelling, displacing the SST
minimum slightly south of the equator. Since the up-
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Fic. 6. Latitude-time sections of (a) cross-equatorial wind velocity (m s71), (b) SST difference (°C) between 2.8°N
and 2.8°S, and (c) equatorial SST averaged between 2.8°N-S in the coupled run. The asymmetric AGCM run with fixed

SST is used to initialize the coupled run.

welling is confined within anarrow zone, itsdirect effect
is small off the equator; SST is 28.8°C (27.3°C) while
upwelling cooling is 11 (13) W m~2 at the northern
(southern) SST maximum. The difference in wind-in-
duced latent heat flux [Eq. (2.5)] between the two lat-
itudes, by contrast, is about 25 W m~=2. The upwelling
has an indirect influence on off-equatorial SST maxima
by changing their latitudes. On the eastern boundary at
15°S, upwelling cooling is quite intense at 50 W m~—2
while insolation is 60 W m~2 lower than in the interior
ocean to the west. This coastal upwelling, along with
dense low-level clouds off the coast, helps to initiate

the westward development of coupled asymmetries.
Thus, the WES, stratus—-SST, and upwelling—SST feed-
backs act cooperatively in moving the ITCZ to the north
of the equator. In a different hybrid coupled GCM, Li
(1997) reaches a similar conclusion with regard to rel-
ative importance of these feedbacks.

Figure 9 shows zonal profiles of meridional wind ve-
locity, which may be taken as a measure of equatorial
asymmetry. Since meridional wind fluctuations have a
standard deviation of about 0.5 m s* (see section 5),
the cross-equatorial wind velocity is significantly pos-
itive for the coupled run. In the stand-alone AGCM run

120E 140E 160E 180 160W 140W 120W 100W 80w
10N
£0
1051
120E 140E 160E 180 160W 140W 120W 100W 80W
—
10

Fic. 7. Mean state of the coupled run: 5-yr average precipitation (mm day—*; upper panel), SST
(°C), and surface wind velocity (m s*; lower).
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radiation and latent heat flux at the sea surface; and vertical and
meridional advection by ocean currents in the coupled run.

with prescribed symmetric SST, the cross-equatorial
winds are confined to longitudes immediately south of
the continent bulge and indistinguishable from vanish-
ing west of 130°W. Only with the help of SST asym-
metries, does asymmetric atmospheric circulation de-
velop into a basinwide structure. In a simple model, the
zonal profile of cross-equatorial wind is determined by
the growth character of the coupled wave (Xie 1996).
A positive (negative) temporal growth rate leads to a
westward increase (decrease) of latitudinal asymmetry
in the steady state.
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TaBLE 1. Cross-equatorial comparison of SST, net downward ra-
diation (R), evaporation (E), evaporation efficiency (C¢|U]), and zonal
(U) and meridional (V) wind velocities, averaged in 140°-120°W and
2.8°-8.7°N-S.

CY|
T R E (10-3 U \%
) Wm?) Wm3? ms?t) (msh) (ms?)
N 28.4 170 119 6.6 —-4.7 -1.7
S 27.1 168 112 8.3 -6.3 3.3

c. Westward control by the continent

Up to this point, we have focused on a case with the
continent bulge located on the eastern boundary of the
active ocean basin. Now we turn our attention to a con-
trasting case where the bulge of landmass is moved to
the western boundary (Fig. 10b). Any asymmetric re-
sponse of the atmosphere to this continental forcing has
to take the form of the Rossby wave and therefore is
confined to the west of the continental forcing. As a
result, the ocean—atmosphere system to the east does not
know a symmetry-breaking landmass has been added
to the western boundary and staysin a statistically sym-

(a) V Wind

\—‘-v/v/\/’—/\/

160W 140W 120W 100W
(b) SST

140E 160 180

Teq (C)

160W 140W 120W 100W

140E 160E 180

Fic. 9. Zonal distributions of (a) cross-equatorial wind velocity in
the stand-alone AGCM (dashed) and coupled (solid) runsand (b) SST
at the equator in the symmetric (dashed) and at 1°Sin the asymmetric
(solid) coupled runs. In the asymmetric run, the center of the equa-
torial cold tongue shifts slightly south of the equator because of the
upwelling induced by cross-equatorial southerly winds.
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FiG. 10. Time-mean SST (>28°C shaded) distributions in coupled
runs with a northern bulge on (a) the eastern and (b) western continent
and (c) with continents perfectly symmetric about the equator.

metric state. Weak asymmetries in SST develop at lon-
gitudes immediately south of the continent bulge. East
of 155°E, the steady-state solution under the western
continental forcing is not significantly different from
that under perfectly symmetric boundary conditions
(Fig. 10c). This thus demonstrates that the continental
forcing exerts a one-way control over the climatology
of the coupled system to the west. The experiment fur-
ther suggests that the hemispheric difference in area of
landmass—a favorite forcing candidate for global con-
trol hypotheses—is less important than the continental
geometry on the eastern boundary.

West of 50°W, the north coast of South America is
located south of the equator, a land—sea distribution re-
sembling Fig. 10b albeit with the north and south re-
versed. This contrast between a landmass to the south
and ocean to the north induces northerly winds across
the equator, a latitudinal asymmetry that would favor a
southern ITCZ. Thus, the Atlantic ITCZ appears to in-
volve a competition between Africa to the east and
South America to the west. The African continent ob-
viously wins the competition, moving the Atlantic I TCZ
to the north of the equator. Because of the small zonal
size of the ocean, the effects of South America on the
Atlantic cannot be ruled out and need further investi-
gation.

0.51

oSN A

0 60E 120E 180 120W 60W O

Fic. 11. Time average (lower curve) and variance (upper curve)
of cross-equatorial wind velocity (m s*) in the symmetric coupled
run. The variance is computed using the 3-month running means.

d. Effects on the equatorial cold tongue

The development of latitudinal asymmetry has afur-
ther consequence to the zonal structure of the equatorial
cold tongue, as revealed by a comparison of Fig. 10's
three panels. In the far eastern ocean, zonal winds are
westerly converging onto the continent in all three cases
much as in Fig. 7b. This prevents the equatorial up-
welling from occurring. The eastern cooling in the
asymmetric run with an eastern continental forcing is
caused by cross-equatorial winds through upwelling
both on the coast and south of the equator. This southerly
wind-induced cooling mechanism is important for the
real Pacific Ocean where the zonal winds near the sur-
face are blocked by the Andes and vanish on the Amer-
ican coasts (Xie 1998). Figure 9b contrasts the equa-
torial cold tongues between the symmetric and asym-
metric runs. SSTs decrease by as much as 3°C in the
east in the asymmetric run. The cooling extends farther
westward of the continent bulge due to the Bjerknes
feedback: the eastern cooling enhances easterly trades
to the west that induce further cooling via equatorial
upwelling, much as in Fig. 6c¢.

5. Temporal variability

The atmosphere contains internal variability indepen-
dent of SST, which may interact with the ocean and
excite particular coupled modes (Chang et a. 1997; Xie
1999). Even under latitudinal symmetric continental ge-
ometry, the hybrid coupled model displays substantial
asymmetries at a given time. As ameasure of latitudinal
asymmetry, we display in Fig. 11 root-mean-square var-
iance of low-frequency (timescale > 3 months) vari-
ability for near-surface meridional wind velocity on the
equator. The variance reaches minimum over continent
presumably because of large surface drag. The ocean—
atmosphere coupling apparently enhances the amplitude
of latitudinal asymmetric disturbances over the active
ocean by a factor of 2 as compared with that over the
inactive ocean where the SST is kept time invariant.
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SST variahility is key to the enhanced variance in
cross-equatorial wind over the active ocean basin. Fig-
ure 12 shows the latitude—time section of SST anomaly
inthe midbasin. SST displaysinterannual variationsthat
may be characterized as a north—south seesaw across
the equator with a typical amplitude of 0.5°C. We ex-
amine the meridional structure of the coupled mode by
correlating model fields with interhemispheric SST dif-
ference between 7°-14°N-S (Fig. 13). The SST pattern
is dipolar with two opposing poles located around 10°—
15° latitude and i s associated with north—southward shift
in the equatorial ITCZ. The SST dipole forces signifi-
cant cross-equatorial winds that induce zonal wind
anomaliesthat are positively correlated with SST anom-
alies. All this indicates that the coupled WES feedback
isinvolved in causing the meridional dipole oscillation
in the hybrid model.

Figure 14a shows the horizontal distribution of the
correlation with an index of the north—south seesaw var-
iability. The wind pattern, with enhanced (weakened)
easterly trades south (north) of the equator, and the as-
sociated evaporation anomaly pattern acts to reinforce
the existing SST anomaly against the Newtonian ther-
mal damping. The coupled anomalies are nearly zonally
uniform, consistent with the linear theory that the WES
waves attain the maximum growth rate at zero zonal
wavenumber (Xie 1996).

Weak but significant changes in cloud cover are as-
sociated with the dipole SST oscillation. Figure 14b

shows the correlation map of downward solar radiation
at the sea surface. Changes in deep convective clouds
are responsible for the near-equatorial cloud dipole
within 5°N-S with more clouds on the warmer side of
the equator—a negative feedback. The seesaw poleward
of 5°N-S, on the other hand, involves shallow clouds
in the model PBL, with less clouds over a warm SST
anomaly—a positive feedback. In this symmetric run,
precipitation is heavily concentrated on the equator.
Stratiform clouds form in the PBL immediately pole-
ward of the equatorial 1TCZ, and the mean low-level
cloud cover reaches a maximum at 15°N-S (not shown).
The maximum cloud variability associated with the SST
dipole coincides with these boundary layer stratiform
cloud bands off the equator. Such an association be-
tween the SST dipole and a cloudiness quadripole is
observed in the rea tropical Atlantic (Fig. 14, right
panels). As in the model, high and low clouds respond
to local SST changes in opposing ways.

Figure 13c shows the regressions of wind-induced
evaporation [E,, in Eg. (2.5)], upwelling, and solar ra-
diation anomalies based on the SST dipole index. A
positive contributor to the SST dipole, anomalous up-
welling is strongly equatorially trapped and nearly off-
sets the negative effect of deep-cloud variability asso-
ciated with the ITCZ. In the dipol€'s centers of action,
both the WES and shallow cloud-SST feedbacks are
important, with the former being twice as large in am-
plitude. Anomalous shallow clouds are nearly in phase
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Fic. 13. Correlation coefficients with interhemispheric SST dif-
ference between 8.3°-13.8°N-S: (&) SST, precipitation (dashed) and
(b) zonal and meridional (dashed) wind velocities. (¢) Regressions
for upwelling (W), solar radiation (S) and wind-induced evaporation
(E) fluxes (W m—2 K-*) onto the interhemispheric SST difference.
All are for 180°-140°W averages.

with local SST anomalies and their effects may be
viewed as reducing the Newtonian damping rate. Based
on an analysis of tropical Atlantic dipole, Tanimoto and
Xie (2000) estimate that the reduction is about 20%—
30% of the rate arising from the SST dependence of
surface evaporation.

It is worth noting that the phase of zonal wind/wind-
induced evaporation shifts slightly equatorward of the
SST’s, which would cause the coupled anomalies to
move equatorward. The simple model results (Xie 1999)
suggests that the poleward oceanic Ekman flow induced
by the mean easterly winds is critical to stopping this
potential equatorward phase propagation and giving rise
to the quasi-stationarity of the WES mode in the me-
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ridional direction. Indeed, the dipolar oscillation dis-
plays such a tendency for equatorward phase propa-
gation in an AGCM coupled with a one-dimensional
mixed layer (D. Battisti and E. Sarachik 1999, personal
communication).

Similar dipole oscillation is seen in the asymmetric
run where the bulge on the eastern continent pushes the
climatological ITCZ into the Northern Hemisphere (Fig.
12b). As compared with the symmetric run, the nodal
point of the SST dipole appears to shift slightly north-
ward. With a northward displaced ITCZ in the mean
state, anomalous southerly winds associated with the
dipole mode cool equatorial SST by enhancing surface
evaporation and upwelling. In contrast to the formation
of the mean climate where continental asymmetry isthe
key forcing, the SST dipole does not seem significantly
correlated with either precipitation or surface temper-
ature on the northern land bulge (not shown).

6. Discussion

A hybrid coupled GCM is developed to study the
processes driving the tropical climate away from the
equatorial symmetry that the annual-mean solar radia-
tion would otherwise force. It consists of an interme-
diate ocean model and an atmospheric GCM with in-
teractive ground hydrology and interactive cloud-radi-
ation packages. The model is designed to include all the
major mechanisms proposed for causing latitudinal
asymmetry in SST. Specifically, the model SST isforced
by surface heat flux and advected three-dimensionally
by a flow field based on Ekman dynamics. The sim-
plicity of the ocean has facilitated our comparison and
interpretation with previous theoretical studies.

The continents in the control run are perfectly sym-
metric relative to the equator with straight meridional
coastal lines. Our continental forcing to perturb the sym-
metric climate is a northern bulge of landmass 25° wide
in longitude with the south coast at 5°N. A westward
control mechanism implied by linear wave dynamicsis
explicitly demonstrated by comparing the model re-
sponse to an eastern and western continental forcing.
Basinwide climatic asymmetry develops only when the
land bulge is added onto the eastern continent, whereas
equatorial symmetry remains over most of the oceanic
basin when the same continental forcing is applied to
the west. This supports the linear wave dynamics ar-
gument that the westward control arises because both
the atmospheric Rossby waves directly forced by the
land bulge and the coupled WES waves allow only one-
way information propagation toward the west. The di-
rect atmospheric response to the addition of the conti-
nent bulge is rather coastally trapped, with a limited
range of influence in both the zonal and meridional di-
rections. Upon activating the ocean model, a coupled
ocean—atmospheric wave front emits from the east and
propagates westward, lowering SSTs on and south of
the equator and displacing the ITCZ into the Northern
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data are used.

Hemisphere. A number of CGCMs appear to show sim-
ilar remote response to an asymmetric stratus-cloud
forcing off the Peruvian coast (Philander et al. 1996;
Ma et al. 1996; Kimoto and Shen 1997; lizuka et al.
1998; Yu and Mechoso 1999), suggesting that the west-
ward control may indeed be a robust mechanism of the
coupled system.

The AGCM alows us to isolate and study the con-
tinental forcing in details, including what is the direct
atmospheric response to an asymmetric continental fea-
ture and how it triggers ocean—atmospheric feedback.
Besides the cross-equatorial southerlies noted in pre-
vious studies, the zonal sea-breeze circulation induced
by the northern bulge of land is identified as an addi-
tional symmetry-breaking force that weakens the sur-
face easterly winds and thereby raises the SST off the
coast of the northern land bulge. A number of feedback
mechanisms not included in the intermediate model of
Xie (1996) are found to operate in the HaGCM. Among
them is the cloud-SST feedback. This HaGCM isfound
to be able to simulate both the negative deep-cloud and
positive shallow-cloud feedbacks on SST. This differ-

ence in response between these different types of clouds
is best illustrated in the model dipole oscillation (Fig.
14). In addition, variable winds associated with ITCZ
convection and ground hydrology over the land bulge
are found to be negative feedbacks in the development
of latitudinal asymmetry. In support of Li (1997), the
WES, shallow cloud-SST and upwelling-SST feed-
backs are the three major mechanisms that positively
contribute to the northward displacement of the ITCZ.
While it may not directly affect heat budget at off-equa-
torial SST maxima, upwelling helps initiate climatic
asymmetry by cooling the coastal ocean to the south of
the equator.

The prevailing easterly trade winds establish a zonal
tilt of the thermocline and set the larger stage for ocean—
atmosphere interaction in the equatorial Pacific. With
the shallow thermocline, the eastern Pacific is favored
for developing various coupled instabilities, both sym-
metric and antisymmetric. This explains why the largest
departures from both the zonal and latitudinal symmetry
are found in the east. The large anomalies in the east
do not necessarily imply that their forcing must come
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from the east. In fact, symmetric perturbations—such
as equatorial zona wind—in the west will generate the
Kelvin wave and lead to marked changes in equatorial
SSTs in the east. The equatorial symmetric ENSO is
such an example (Neelin et al. 1998). An equatorially
antisymmetric perturbation—such as cross-equatorial
wind—in the west, by contrast, has little effect on the
east as is demonstrated by our HaGCM experiments.

Under steady solar forcing, the model ITCZ displays
temporal variability around a stastically steady state.
The interaction with the ocean is found to increase the
variability in cross-equatorial wind by a factor of 2. A
coupled dipole mode is found to be responsible for the
ITCZ variability in the model, with SST varying in
opposite polarities across the equator. Both the WES
and cloud-SST feedbacks are shown to be involved in
this interhemispheric mode of variability. Particularly,
the coupled SST dipole and cloud quadripole patterns
in the model resemble those observed in the tropical
Atlantic (Fig. 14). The existence of a coupled dipole
mode in the HaGCM is encouraging, given the contro-
versy over whether the atmospheric response to adipole
SST pattern provides a positive feedback (Chang et al.
2000; Sutton et al. 2000). Our results indicate that the
cloud effects need to be taken into account in evaluating
atmospheric feedback.

The dominance of the dipole mode in the model, how-
ever, may be an artifact of prescribing thermocline
depth. The inclusion of the thermocline feedback will
enhance the equatorially symmetric variability and even
lead to self-sustaining ENSO in alarge ocean basin. The
linear interference and nonlinear interaction of the sym-
metric and the dipole modes will complicate the vari-
ability that emerges asin the tropical Atlantic. In form-
ing the mean state, an interactive thermocline will cer-
tainly affect the equatorial cold tongue, which may mod-
ify the strength of ocean—atmospheric feedbacks and
hence the configuration of the ITCZ. Asthe ITCZ shifts
into the Northern Hemisphere, the thermocline depth
will develop its own equatorial asymmetry, an effect
that acts to enhance the upwelling feedback on SST and
may be important particularly off the eastern boundary.
The effects of this thermocline feedback on the ITCZ
and its variability need to be studied in the future.

The African-type land bulge is used in this study to
perturb an otherwise symmetric system. The simplicity
of this continental forcing allows us to focus on the
initiation and westward development of coupled asym-
metries in the ocean and atmosphere. When applied to
the Pacific ocean—atmospheric system, the westward
control mechanism implies that the forcing for the pe-
rennial NH ITCZ is likely on the American continents
in the east rather than on Eurasia in the west. There are
many asymmetric features on the American continents
that can affect latitudinal asymmetry of the Pacific cli-
mate. Like Africa, Central America is located west of
South America but has much smaller landmass. The
northwestward slanted coastline can favor a NH ITCZ
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via the initiation of coastal upwelling (Philander et al.
1996; Li 1997). It is unclear what roles the narrow and
steep Andes play, which are poorly represented in
GCMs. Despite the recent progress in our understanding
of coupled nature of the Pacific ITCZ, it remains achal-
lenge to keep it north of the equator in fully coupled
GCMs. How each of these asymmetric features on the
Americas affects the Pacific to the west and how they
collectively initiate climatic asymmetry await further
investigations.
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