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ABSTRACT

The intertropical convergence zone (ITCZ) is displaced to the south edge of the eastern Pacific warm
pool in boreal winter, instead of being collocated. A high-resolution regional climate model is used to
investigate the mechanism for this displaced ITCZ. Under the observed sea surface temperature (SST) and
lateral boundary forcing, the model reproduces the salient features of eastern Pacific climate in winter,
including the southward displaced ITCZ and gap wind jets off the Central American coast. As the northeast
trades impinge on the mountains of Central America, subsidence prevails off the Pacific coast, pushing the
ITCZ southward. Cold SST patches induced by three gap wind jets have additional effects of keeping the
ITCZ away from the coast. In an experiment in which both the Central American mountains and their effect
on SST are removed, the ITCZ shifts considerably northward to cover much of the eastern Pacific warm
pool.

The Central American mountains are considered important to freshwater transport from the Atlantic to
the Pacific Ocean, which in turn plays a key role in global ocean thermohaline circulation. The results of this
study show that this transport across Central America is not very sensitive to the fine structure of the
orography because the increased flow in the mountain gaps in a detailed topography run tends to be
compensated for by broader flow in a smoothed topography run. Implications for global climate modeling
are discussed.

1. Introduction

The sea surface temperature (SST) exerts a strong
influence on tropical deep convection: there is an em-
pirical threshold of SST—a necessary but not sufficient

condition—for atmospheric convection at 26°–27°C
(e.g., Gadgil et al. 1984; Graham and Barnett 1987;
Waliser and Graham 1993; Lau et al. 1997). This tight
coupling between SST and convection allows strong in-
teractions of the ocean and the atmosphere, playing an
important role in shaping the tropical climate and its
seasonal and interannual variations. This coupling is an
important observational fact on which recent rapid
progress in understanding tropical climate variability
builds (see the review in C. Wang et al. 2004).

The SST–convection coupling is particularly strong
over the eastern Pacific Ocean where strong gradients
in SST and atmospheric sea level pressure (SLP) force
low-level moisture convergence toward the SST maxi-
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mum. (Over the Indo–western Pacific warm pool, by
contrast, the SST gradient is weak and active atmo-
spheric convection covers only a fraction of regions
where SST is above the convective threshold.) Figure 1
shows the time–latitude section of climatological SST,
surface wind vectors, and precipitation, all zonally av-
eraged between 115° and 120°W. Over the eastern Pa-
cific, warm water with SST�26°C is confined to the
north of the equator most of the time, and so is con-
vection. Briefly in March and April, as the equatorial
cold tongue relaxes (Mitchell and Wallace 1992), the
meridional SST gradient weakens substantially be-
tween 10°S and 15°N, and SST south of the equator
rises above the 26°C threshold, reaching as high as
27°C. Over this Southern Hemisphere warm water,
considerable precipitation takes place and a double
ITCZ symmetric about the equator is often observed
during these months (Zhang 2001; Halpern and Hung
2001). Surface wind convergence follows the same sea-
sonal cycle as precipitation and both are found near
maximum SST. See Xie (2004b) for a recent review of
coupled dynamics of eastern Pacific climate.

In the far eastern Pacific near the coast of the Ameri-
cas, this SST–convection coupling displays some pecu-
liar behavior in winter (seasons are referred to those for
the Northern Hemisphere). Figure 2a presents 15-yr
(1979–93) mean winter SST (Reynolds and Smith 1994)
and Climate Predication Center (CPC) Merged Analy-

sis of Precipitation (CMAP) precipitation. West of
110°W, maxima of SST and precipitation are roughly
collocated, but to the east, the rainband is displaced to
the southern edge of the eastern Pacific warm pool.
Over a large area south of southern Mexico around
100°W, convection is suppressed despite SST exceeding
27.5°C. This ITCZ displacement south of the SST maxi-
mum in the eastern Pacific has been noted from obser-
vations by Hastenrath (1991), a result indicating that
factors other than SST control the position of the ITCZ
over this region. This southward displacement of the
ITCZ is most pronounced in boreal winter while in
summer, precipitation is generally anchored over the
warmest SST (e.g., Xie et al. 2005). To our knowledge,
the mechanism for this displacement has not been dis-
cussed in the literature.

Many state-of-the-art global general circulation mod-
els (GCMs), when forced by observed SSTs, fail to
simulate this southward-displaced ITCZ in winter.
[Rainfall distributions simulated by those GCMs that
participate in the Atmospheric Model Intercompari-
son Project (AMIP) may be viewed online at http://
www.pcmdi.llnl.gov/amip/.] In these models, atmo-
spheric convection takes place over the eastern Pacific
warm pool rather than on its south edge as observed.
As a typical example, Fig. 2b shows the winter mean
precipitation simulated by the National Center for At-
mospheric Research (NCAR) Community Climate
Model (CCM3), forced by observed global SSTs from
1979 to 1993. The simulated ITCZ compares well with
observations west of 120°W, but this close coupling of
SST and rainfall maxima extends too far east, all the
way to the American coast.

The continents on the eastern boundary of the Pacific
are highly asymmetrical with respect to the equator.
The steep and high Andes separate the Pacific from
much of the South American continent and the Atlantic
while a mountain range runs through the narrow Cen-
tral American land bridge as an extension of the Sierra
Madre Occidental from North America. These Central
American mountains are above 1 km high on average
but only 100 km or less in width, and their orographic
effect is poorly represented in global GCMs with a typi-
cal resolution of 2.8°. Three major gaps interrupt this
mountain range: at the isthmus of the Gulf of Tehuan-
tepec, over Lake Nicaragua, and at Panama (Fig. 3).

We hypothesize that the southward-displaced ITCZ
might be closely related to the effects of the Central
American mountain range. In winter, the northeast
trade winds prevail on both sides of Central America.
Blocked by the mountains, northeast winds rush
through narrow mountain gaps, forming three intense

FIG. 1. Time–latitude section of climatological SST (black con-
tours at 1°C intervals), surface wind vectors (m s�1), based on
COADS (Woodruff et al. 1987), averaged for 1854–1993; CPC
CMAP (Xie and Arkin 1996) precipitation, averaged for 1979–
2002 (white contours at 5 mm day�1 intervals; shade � 2.5
mm day�1). All zonally averaged between 120° and 115°W (from
Xie 2004b).
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jets1 offshore over the Pacific (Clarke 1988; Steenburgh
et al. 1998; Chelton et al. 2000). These wind jets cause
the ocean surface to cool through strong surface evapo-
ration and entrainment of cold water from the ther-
mocline, as reflected in three cold patches off the Gulfs
of Tehuantepec, Papagayo, and Panama (Xie et al.
2005, their Figs. 4 and 6). These cold patches may keep
the ITCZ from getting close to Central America. Fur-

thermore, the trade winds probably flow over the
mountain range, generating subsidence in the lee over
the Pacific. The trade winds are strongest in winter, and
probably so is orographic subsidence over the Pacific, a
seasonality consistent with the observations that the
ITCZ’s displacement from the warm pool is most pro-
nounced in winter (Xie et al. 2005).

The present study investigates the cause of the
ITCZ’s southward displacement from the eastern Pa-
cific warm pool off Central America, and tests the
above hypothesis of orographic subsidence and SST
cooling using a full-physics regional climate model.
Compared to global GCMs, the regional model can af-
ford higher resolution to better resolve the narrow

1 The term “jet” in this study is defined subjectively to be a
localized region of strong offshore winds in the lee of the three
low-elevation gaps through the Central American mountain
range.

FIG. 2. Seasonal mean (DJF) precipitation (shaded, 2 mm day�1 intervals) for (a) CMAP
observations, and (b) CCM3 simulations with global observed SSTs as surface boundary
conditions, averaged for 1979–93. Seasonal mean (DJF) Reynolds SSTs are also plotted in
contours at 0.5°C intervals. (The CCM3 simulated precipitation is available online at http://
www.cdc.noaa.gov and based on 12 ensemble simulations.)
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mountains—the 0.25° grid size we use is equivalent to a
T480 resolution for a global spectral model. Our results
show that indeed, the Central American mountains ex-
ert a significant influence on eastern Pacific warm pool
convection, through both the direct orographic subsi-
dence and indirect effect on SST.

Central America is one of the main regions where
moisture is fluxed from the Atlantic to the Pacific
Oceans, due to the favorable northeasterly wind direc-
tion and the relatively low mountains compared to the
Andes and Rockies. This moisture transport is bal-
anced only partly by the eastward transport in the ex-
tratropics, causing a net loss of freshwater in the At-
lantic and rendering its salinity much greater than that
in the Pacific. Broecker (1997) argues that this is the
major reason why the North Atlantic is favored for
deep-water formation that drives the global thermoha-
line circulation. Hence it is important for climate mod-
els to make good estimates of this Atlantic-to-Pacific
flux. In this study we use the results from the regional
model to investigate the sensitivity of the flux to model
orography.

The rest of the paper is organized as follows. Section
2 describes the model, experimental design, and obser-
vational data sets used for verification. Section 3 pre-
sents the simulation results and investigates the effects
of the Central American mountains on precipitation.
Section 4 investigates the sensitivity of moisture flux

estimates to model resolution and the representation of
orography. Section 5 is a summary and discusses broad
implications.

2. Model and experimental design

a. Model

The regional climate model (RCM) developed at the
International Pacific Research Center (IPRC), Univer-
sity of Hawaii, is used in this study. It is a primitive
equation model with sigma as the vertical coordinate,
solved on a longitude–latitude grid system. The model
domain is 10°S–27.5°N, 125°–65°W, including the east-
ern Pacific, Mexico, Central America, the Gulf of
Mexico and Caribbean Sea, and part of South America
(Fig. 4). The model uses a grid spacing of 0.25° in both
longitude and latitude, and has 28 levels in the vertical.
A detailed description of the model and its perfor-
mance in simulating regional climate of East Asia can
be found in Wang et al. (2003). The model has also
been used to simulate the regional climate over the
eastern Pacific, including the atmospheric response to
tropical instability ocean waves (Small et al. 2003),
boundary layer clouds over the southeast Pacific (Y.
Wang et al. 2004), and the effect of the Andean moun-
tains (Xu et al. 2004).

The model includes a detailed cloud microphysics
scheme for grid-scale moist processes (Wang 2001).

FIG. 3. Map of topography (shaded, interval levels 300, 500, 1000, 1500, 2000, 2500, 3000 m)
based on the 5 min. � 5 min. U.S. Navy ETOP5 data and geographical locations referred to
in this paper.
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