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ABSTRACT

The cold tongue in the tropical Pacific extends too far west in most current ocean–atmosphere coupled
GCMs (CGCMs). This bias also exists in the relatively high-resolution SINTEX-F CGCM despite its
remarkable performance of simulating ENSO variations. In terms of the importance of air–sea interactions
to the climatology formation in the tropical Pacific, several sensitivity experiments with improved coupling
physics have been performed in order to reduce the cold-tongue bias in CGCMs.

By allowing for momentum transfer of the ocean surface current to the atmosphere [full coupled simu-
lation (FCPL)] or merely reducing the wind stress by taking the surface current into account in the bulk
formula [semicoupled simulation (semi-CPL)], the warm-pool/cold-tongue structure in the equatorial Pa-
cific is simulated better than that of the control simulation (CTL) in which the movement of the ocean
surface is ignored for wind stress calculation. The reduced surface zonal current and vertical entrainment
owing to the reduced easterly wind stress tend to produce a warmer sea surface temperature (SST) in the
western equatorial Pacific. Consequently, the dry bias there is much reduced. The warming tendency of the
SST in the eastern Pacific, however, is largely suppressed by isopycnal diffusion and meridional advection
of colder SST from south of the equator due to enhanced coastal upwelling near Peru. The ENSO signal in
the western Pacific and its global teleconnection in the North Pacific are simulated more realistically.

The approach as adopted in the FCPL run is able to generate a correct zonal SST slope and efficiently
reduce the cold-tongue bias in the equatorial Pacific. The surface easterly wind itself in the FCPL run is
weakened, reducing the easterly wind stress further. This is related with a weakened zonal Walker cell in
the atmospheric boundary layer over the eastern Pacific and a new global angular momentum balance of the
atmosphere associated with reduced westerly wind stress over the southern oceans.
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1. Introduction

It has been reported in the last decade that state-of-
the-art ocean–atmosphere coupled general circulation
models (CGCMs) have difficulties in correctly simulat-
ing the climatology and El Niño–Southern Oscillation
(ENSO) variability in the tropical Pacific (e.g., Neelin
et al. 1992; Mechoso et al. 1995; Latif et al. 1993; De-
lecluse et al. 1998; Latif et al. 2001; Davey et al. 2002;
AchutaRao and Sperber 2002). Simply because both
the climatology and interannual ENSO variability are
substantially determined by air–sea interactions in the
tropical Pacific (e.g., Bjerknes 1969; Dijkstra and Nee-
lin 1995), any minor error in an uncoupled model could
be amplified through unstable interactions and lead to
erroneous behaviors in CGCMs. Concerning the tropi-
cal Pacific climatology biases, most current coupled
models fail to produce the large annual cycle of sea
surface temperature (SST) in the eastern Pacific, the
interhemispheric asymmetry of the intertropical con-
vergence zone (ITCZ), and the sharp warm-pool/cold-
tongue structure. Although model biases of ENSO
simulation vary with different CGCMs, it has been
stated that most of them produce more frequent ENSO
events with poor phase locking to the seasonal cycle
(AchutaRao and Sperber 2002). The ENSO telecon-
nection in the extratropics is weak and not simulated
properly (Davey et al. 2002). Currently, there is no di-
rect evidence that the model climatology biases could
lead to the biases of simulated ENSO variations (Latif
et al. 1993; AchutaRao and Sperber 2002).

As part of a European Union (EU)–Japan collabo-
ration, we have developed a relatively high-resolution
coupled GCM at the Frontier Research Center for
Global Change (FRCGC), named the Scale Interaction
Experiment-FRCGC (SINTEX-F) model (Luo et al.
2003). This model produces realistic ENSO magni-
tudes, the meridional broadness of SST anomalies, and
the ENSO period of 3–5 yr (Gualdi et al. 2003; Luo et
al. 2003). The phase locking of ENSO with the seasonal
cycle is also captured reasonably well (Tozuka et al.
2005). Such a remarkable performance of the ENSO
simulation is found to be related to the high resolution
(T106) of the atmosphere GCM (Guilyardi et al. 2004).
However, the three common climatology biases in the
tropical Pacific that are described above still exist in the
SINTEX-F CGCM. The model produces a very weak
annual cycle of the Niño-3 SST, (5°N–5°S, 90°–150°W)
but with a pronounced semiannual signal (see Fig. 4c in
section 3). The warm-pool SST in the western South
Pacific stretches zonally to the east to �120°W, and the
equatorial cold tongue of SST extends too far west (Fig.
1a). The SST errors tend to cause a double-ITCZ bias,

with a maximum value of about 5 mm day�1 in the
South Pacific and a dry bias of �5 mm day�1 in the
western equatorial region, compared to the Xie and
Arkin (1996) analysis (Figs. 1b and 1c). The double-
ITCZ bias is primarily a result of excessive precipita-
tion south of the equator during the boreal winter and
spring seasons. The dry bias in the western Pacific, how-
ever, persists for all four seasons. Near the coast of
Peru, the model SST is too high, with a maximum value
that is �3°C warmer than that of the observed 1950–99
Hadley Centre Global Sea Ice Coverage and Sea Sur-
face Temperature Data (HadISST1.1) climatology
(Rayner et al. 2003). This may be related to the AGCM
deficiency in low-level stratus cloud simulation (not
shown) and weaker southeast (SE) trade winds in the
coastal region (see Fig. 2b). Such AGCM biases are
thought to be origins of the double-ITCZ bias, which
might lead to a weak annual SST cycle in the eastern
Pacific (Mechoso et al. 1995; Ma et al. 1996; Latif et al.
2001).

Several theoretical studies have suggested that the

FIG. 1. Annual mean climatologies of (a) SST and (b) precipi-
tation (contour: 2 mm day�1) based on the CTL run from model
years 21 to 120. Regions with values larger than 5 mm day�1 are
shaded. (c) Differences between the model climatological precipi-
tation and Xie and Arkin’s (1996) observations averaged for the
period of 1979–2002 (contour: 1 mm day�1).
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tropical Pacific warm-pool/cold-tongue configuration,
as much as the interannual ENSO variability, could also
be the result of air–sea interactions in which surface
wind stress acts as a key measure of the coupling
strength associated with the Walker and Hadley circu-
lations (Dijkstra and Neelin 1995; Liu and Huang 1997;
Jin 1998). Some coupled model experiments have
shown that strong easterly wind stress in the equatorial
Pacific tends to push the cold tongue too far to the west
(Meehl et al. 2001; Schneider 2002). As shown in Fig.
2a, this is also true in the SINTEX-F model. Compared
to the European Space Agency (ESA) Remote Sensing
Satellite (ERS) observations, the model easterly wind
stress is too strong in the entire equatorial Pacific ex-
cept the central region. It forces a strong westward sur-
face current that intrudes far into the western boundary
(Fig. 2c). The westward current reaches above 0.6 m s�1

in the central equatorial Pacific. As found by Davey et
al. (2002), most CGCMs produce an easterly wind

stress in the western Pacific, which is too strong; this is
probably related to the dry bias there. The strong east-
erly wind stress in the equatorial Pacific can be traced
back to the bias of the atmosphere GCM forced by
observed SST (Fig. 2b). The AGCM produces SE trade
winds that are too strong in most parts of the equatorial
Pacific. Following a classical approach, one may tune
the AGCM to get better wind fields. However, one
needs to consider the oceanic feedback even when tun-
ing uncoupled AGCMs because the ocean surface is
moving rather than resting (the current assumption of
AGCMs). An early study of Pacanowski (1987), using
an OGCM for the tropical Atlantic, showed that the
equatorial easterly wind stress could be reduced by
�30% if the ocean surface current is taken into ac-
count. This leads to �1°C warming in SST. Recent sat-
ellite observations also suggested the importance of
ocean surface velocities in computing the wind stress
over regions with strong currents (Kelly et al. 2001;
Chelton et al. 2004). Furthermore, the excessive west-
ward extension of the equatorial Pacific cold tongue is
a common bias appearing in most current CGCMs in
which the atmosphere components have various differ-
ent wind biases. This requires a common approach to
working with CGCMs. Zonal oceanic surface velocity is
strong in the equatorial Pacific (as much as �15% of
the surface wind velocity). It may have important ef-
fects on the generation of the warm-pool/cold-tongue
structure in terms of the air–sea positive feedbacks.

In this study, we focus on one of the model common
biases: the cold tongue extends too far west in the equa-
torial Pacific. In other words, the model zonal SST gra-
dient along the equator is weaker than the observa-
tions. Using the SINTEX-F coupled model, we have
performed several sensitivity experiments in order to
reduce this bias. By taking the ocean surface current
into account for wind stress calculation, all experiments
produce better warm-pool/cold-tongue structures in the
equatorial Pacific. The coupled model and sensitivity
experiments are described in section 2. Experimental
results are presented in section 3, and possible reasons
for differences among the experimental results are dis-
cussed in section 4. A summary and discussion is given
in section 5.

2. The coupled GCM and the sensitivity
experiments

The SINTEX-F coupled model has been developed
from the original European SINTEX model (Gualdi et
al. 2003; Guilyardi et al. 2003). The ocean component is
the reference version 8.2 of Océan Parallélisé (OPA;
Madec et al. 1998) with the ORCA 2 configuration: an

FIG. 2. (a) Same as in Fig. 1c, but for the surface wind stress
differences between the model climatology and the ERS obser-
vations averaged from Mar 1992 to Dec 2000. Contours denote
the differences of zonal wind stress (contour: 0.05 dyne cm�2). (b)
Same as (a), but for differences of the uncoupled AGCM outputs
from Mar 1992 to Dec 2000 forced by HadISST observations. (c)
Same as in Fig. 1a, but for the zonal ocean surface current at 5-m
depth (contour: 0.1 m s�1).
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Arakawa-C type grid based on a 2° Mercator mesh. In
the Northern Hemisphere, the mesh has two poles and
the anisotropy ratio is nearly one everywhere. As a
result, the singularity at the North Pole disappears. The
model resolution is 2° cos(latitude) � 2° (longitude)
with increased meridional resolutions to 0.5° near the
equator. It has 31 vertical z levels of which 19 lie in the
top 400 m. We adopted the same model physics as were
used in OPA version 8.1 (OPA8.1), the ocean compo-
nent of the original SINTEX model (Guilyardi et al.
2003), except that a free surface configuration (Roullet
and Madec 2000) and Gent and McWilliams (1990)
scheme for isopycnal mixing have been included. Ver-
tical eddy diffusivity and viscosity coefficients are cal-
culated from a 1.5-order turbulent closure scheme
(Blanke and Delecluse 1993). Compared with the pre-
vious version, OPA8.2 has adopted better river runoff
climatologies. Closed seas have been added with slight
modifications of the coastline.

The atmosphere component is the latest version of
ECHAM4 in which the Message Passing Interface is
applied to a parallel computation (Roeckner et al.
1996). We adopted a high horizontal resolution (T106)
of about 1.1° � 1.1°. A hybrid sigma-pressure vertical
coordinate (19 levels in all) is used with the highest
resolution near the earth’s surface. The prognostic vari-
ables include vorticity, divergence, temperature, sur-
face pressure, water vapor, and cloud water. Momen-
tum is calculated from the vorticity and divergence
fields with additional contributions from surface fric-
tion, gravity wave drag, and cumulus friction. Model
physical processes are the same as those of
ECHAM4.0, the atmosphere component of the original
SINTEX model (Gualdi et al. 2003), including the
Tiedtke (1989) bulk mass flux formula for cumulus con-
vection and the Morcrette et al. (1986) radiation code.
The surface turbulent flux is calculated according to a
bulk aerodynamic formula in which the drag coeffi-
cients for momentum and heat are estimated based on
an approximate analytical function of the moist bulk
Richardson number and roughness length (Louis 1979).
Over the open water, the aerodynamic momentum
roughness length is estimated from friction velocity
(Charnock 1955). We note that, over the real ocean,
both the magnitude and direction of surface wind stress
could be affected by the sea state (e.g., surface waves
and their ages). A proper surface wave model that is
coupled to atmosphere–ocean GCMs (AOGCMs)
would improve the wind stress calculation physically.

The coupling fields are exchanged every 2 h between
the ocean and atmosphere by means of the Ocean
Atmosphere Sea Ice Soil (OASIS) 2.4 coupler (Valcke

et al. 2000). Surface wind stress, water, and heat flux
from the atmosphere (SST, sea ice cover, and sur-
face current from the ocean) are interpolated to the
oceanic (atmospheric) grid based on an area-weighted
scheme. Global conservations of the interpolated
fields are maintained to the first order. The coupled
model does not apply any flux correction, except that
sea ice cover is relaxed toward observed monthly cli-
matologies in the OGCM. The initial condition of the
atmosphere is provided by a 1-yr run forced with ob-
served monthly climatological SSTs. The ocean is
started from the Levitus annual mean climatologies
with zero velocities.

To examine effects of the ocean surface current on
the tropical Pacific warm-pool/cold-tongue structure in
a coupled GCM, we have designed several sensitivity
experiments. In addition to the control run (CTL), in
which effects of the ocean surface current on wind
stress are ignored as they are in most existing CGCMs,
we designed another experiment in which the surface
current momentum was directly passed to the atmo-
sphere through the vertical diffusion term in its mo-
mentum equation [the full coupled simulation (FCPL)].
This affects not only the surface wind stress and heat
flux. It also affects the global angular momentum bud-
get of the atmosphere as will be shown in section 4. In
the third experiment [the semicoupled simulation
(semi-CPL)], the ocean surface was kept solid relative
to the atmosphere, but the surface wind stress (only)
was calculated by taking the ocean surface current into
account, as was done in the FCPL run. That is, � �
�aCD|va � vo|(va � vo). Here, �a is the density of air, CD

is the drag coefficient, va is the wind velocity at the
lowest level of the AGCM, and vo is the ocean surface
velocity at a 5-m depth (the uppermost layer of the
OGCM). The semi-CPL approach is similar to the work
of Pacanowski (1987) except that we apply it to a fully
coupled GCM. In this case, the surface heat flux is in-
directly affected by the surface current through chang-
ing SST. We note that the surface momentum ex-
changes between the atmosphere and ocean are incon-
sistent with each other in the semi-CPL experiment.
Such an approach, however, could serve as a practical
method, which will provide an idea about effects of the
ocean surface current. All three experiments have been
run for 120 yr starting from the same initial conditions.
We note that, even in the Tropics, such long-term in-
tegrations are necessary to obtain robust climatologies.
This has been suggested by some sensitivity experiment
results in which the atmospheric noise forcing is slightly
randomly modified (not shown). Neglecting the 20-yr
spin-up period, the last 100 yr of the FCPL and semi-
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