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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 Nifio—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 Nifio-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.
1la). The SST errors tend to cause a double-ITCZ bias,
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FI1G. 1. Annual mean climatologies of (a) SST and (b) precipi-

tation (contour: 2 mm day ') based on the CTL run from model

years 21 to 120. Regions with values larger than 5 mm day ' 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 ™).

with a maximum value of about 5 mm day ' in the

South Pacific and a dry bias of —5 mm day ' 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
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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 ms™1).

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~
in the central equatorial Pacific. As found by Davey et
al. (2002), most CGCMs produce an easterly wind
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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
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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) X 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 (OPAS.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, OPAS8.2 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° X 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
ECHAMA4.0, 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
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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, 7 =
p.Cplv, — v (v, — v,). Here, p, is the density of air, Cp,
is the drag coefficient, v, is the wind velocity at the
lowest level of the AGCM, and v, 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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CPL runs are compared to those of the CTL run in the
following two sections.

3. Results

a. Climatology differences

Figure 3a shows the 100-yr mean tropical SST differ-
ences between the FCPL and CTL run. Much warmer
SST appears in the western equatorial Pacific with a
maximum value of ~0.8°C. Near the equatorial eastern
boundary the SST is also greater, but with a smaller
value of about 0.4°C. In contrast, colder SST appears
near the coast of Peru and extends northwestward to
the equator as far as ~120°W. This is a result of the
stronger surface southerlies in the coastal region and
enhanced coastal upwelling (Ma et al. 1996). A similar
pattern of SST differences also appears in the Atlantic,
but with much weaker values along the equator. The
semi-CPL run also produces warmer SSTs in the west-
ern Pacific and colder SSTs extending northwestward
from the coast of Peru (Fig. 3b). The spatial pattern of
the SST differences is similar to that of the FCPL run,
but with weaker magnitudes. The SST increase in the
western equatorial Pacific is only 0.3°-0.4°C, about half
of that of the FCPL run. Figure 3c shows the annual
mean SST climatologies along the equator from the
observations and three experiments. The zonal SST
gradient of the CTL run in the equatorial Pacific (Fig.
3¢, dot-dot-dashed line) is much weaker than the ob-
servations (Fig. 3c, solid line); a warmer (colder) SST,
relative to the observations, appears in the eastern
(western) Pacific. By including effects of the ocean sur-
face current in the semi-CPL and FCPL runs, the warm-
pool/cold-tongue configuration in the equatorial Pacific
has been better simulated (Fig. 3c, long- and short-
dashed lines). In particular, the zonal SST slope of the
FCPL run is almost the same as that of the observa-
tions. This suggests that the correct coupling physics is
important to produce the correct warm-pool/cold-
tongue structure in the tropical Pacific (e.g., Dijkstra
and Neelin 1995). Because the SST in the eastern Pa-
cific plays an important role in the air—sea interactions,
a model bias there could trigger a similar bias basinwide
(see Luo et al. 2005). Keeping the coupling physics of
the FCPL run and reducing the warm bias in the east-
ern Pacific, owing to the underestimated low-level stra-
tus cloud and weaker SE trade winds there, we would
expect to obtain not only the correct zonal SST gradient
but also the correct SST values in the equatorial Pacific.
In the Indian Ocean and near the maritime continents,
the zonal SST gradient along the equator is simulated
realistically by all three of the experiments (Fig. 3c), but
their mean states are too warm compared to the obser-
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F1G. 3. The last 100-yr mean SST differences between (a) the
FCPL and CTL, and (b) the semi-CPL and CTL runs. Contour
interval is 0.1°C. Thick solid lines denote zero contours. (c) An-
nual mean SST climatology along the equator (2°S-2°N) from the
HadISST observations averaged for the period of 1950-99 (solid
line), the CTL (dot-dot-dashed line), semi-CPL (long-dashed
line), and FCPL (short-dashed line) runs.

vations. In the Atlantic, however, the model produces
opposite zonal SST gradients. This is probably because
of underestimated low-level stratus cloud and weaker
SE trade winds in the western South Atlantic (Fig. 2b,
see also Davey et al. 2002).

It is also interesting to check the effects of the ocean
surface current on the mean seasonal cycle of equato-
rial SST. In the eastern Pacific, a large seasonal SST
migration exists because of the slant of the American
continents and air-sea interactions (e.g., Mitchell and
Wallace 1992; Xie and Philander 1994; Philander et al.
1996). The signal of the annual SST cycle propagates
further westward along the equatorial Pacific as a result
of the positive feedback between the SST, wind stress,
and oceanic upwelling (e.g., Horel 1982; Chang and
Philander 1994). By adding the ocean surface current
directly into the air—sea coupled system, a warmer SST
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appears in the western equatorial Pacific through all of
the seasons in the FCPL and semi-CPL runs (Figs. 4a
and 4b). SST in the eastern Pacific, however, becomes
warmer than that of the CTL run primarily during the
spring, with much warming located near the eastern
boundary. The warming magnitude of the FCPL run
(0.9°C) is much larger than that of the semi-CPL run
(0.4°C). Unlike the SST warming in the west, the spring
warming in the eastern Pacific induces stronger south-
east trade winds and, hence, strengthens the coastal
upwelling south of the equator. This leads to much
colder SSTs intruding northwestward from the coastal
region into the equator in the following summer. The
effect of the colder SST in the eastern Pacific may ex-
tend westward along the equator as far as the date line
(Figs. 4a and 4b). We note that, in the semi-CPL ex-
periment, the colder SST near the eastern boundary of
Pacific even persists until early in the following winter
(Fig. 4b). Similar behavior can also be seen in the equa-
torial Indian Ocean and the Atlantic. The spring warm-
ing in the eastern Pacific leads to a slightly better an-
nual cycle of the Nifio-3 SST. In particular, the spring
peak in the FCPL and semi-CPL runs is closer to that of
the observations (Fig. 4c). Associated with the double-
ITCZ bias, however, the pronounced semiannual signal
in the Nifio-3 region still exists.

To examine reasons for the persistent warmer SSTs
in the western equatorial Pacific that are produced by
the semi-CPL and FCPL runs, we plot in Fig. 5 differ-
ences with the CTL run of the ocean zonal surface ve-
locity at a 5-m depth and of the wind stress. Clearly, the
warmer SST in the western Pacific is closely related
with the reduced climatological westward surface cur-
rent throughout the equatorial Pacific (Figs. 5a and 5c¢);
a weaker westward current would lead to weaker ad-
vection of cold SSTs from the east. This is consistent
with the study of Picaut et al. (1996) who showed that
the zonal surface current has important effects on the
east—west migrations of the warm pool that are associ-
ated with the ENSO events. The weaker surface cur-
rent is caused by reduced easterly wind stress. The lat-
ter is now calculated based on the relative velocity be-
tween the surface wind and ocean current (Figs. 5b and
5d). Interestingly, reductions of the surface westward
current and easterly wind stress in the FCPL run are
double those in the semi-CPL run. This may partly ex-
plain why the SST warming in the western equatorial
Pacific is twice that of the semi-CPL run (see Figs. 3a
and 3b). Another important factor is that the vertical
entrainment of subsurface cold water into the mixed
layer is weakened as a result of the reduced easterly
wind stress. This tends to generate warmer SST in the
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FIG. 4. (a), (b) Same as Figs. 3a and 3b, but for differences of the
mean seasonal cycle of SST along the equator (2°S-2°N). (c)

Same as Fig. 3c, but for the annual mean cycle of Nifo-3 SST
(5°N-5°S, 90°-150°W).

entire equatorial Pacific. Further discussions on this is-
sue are given in section 4.

Associated with the warmer SST in the western equa-
torial Pacific, large-scale convergence of surface air
from south and north of the equator appears in the
western Pacific (Figs. 5b and 5d). This leads to more
convective precipitation and fresher surface water in
this region (Fig. 6). The dry bias in the western equa-
torial Pacific has now been reduced, and the oceanic
barrier layer therein is simulated better. Consistent
with the SST differences there, improvements of pre-
cipitation and sea surface salinity in the FCPL run are
also much larger than those in the semi-CPL run. In the
western Pacific, 3 mm day ' more precipitation is pro-
duced in the FCPL run; this reduces by about 60% the
original dry bias in the CTL run (see Fig. 1c). In addi-
tion, the excessive precipitation bias in the South Pa-
cific is also slightly reduced because of an enhanced
atmospheric Hadley cell (not shown).
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FIG. 5. Same as in Fig. 3a, but for differences of (a) the ocean surface current at 5-m depth (contour: 5 cms™ 1)
and (b) the surface wind stress between the FCPL and CTL runs. Contours in (b) denote differences of the zonal
wind stress (contour: 0.02 dyne cm2). (c), (d) Same as (a), (b), but for differences between the semi-CPL and CTL runs.

b. ENSO simulation

Figure 7 shows typical SST and surface wind anoma-
lies related to ENSO variations based on the three ex-
periment results and observations. In general, the
ENSO signal and its global teleconnection pattern are
simulated realistically by all three experiments. We
note that the ENSO frequency does not change much;
all three experiments produce a principal period of 3-5
yr. Compared to the CTL run and observations, ENSO
amplitudes of the FCPL and semi-CPL runs are slightly
smaller, especially in the region east of about 120°W.
This is not surprising because the variance of the zonal
wind stress in the equatorial Pacific has been reduced
when taking the ocean surface current into account
(Figs. 8a and 8c). For instance, an easterly gust tends to
induce a strong surface current in the same direction.
Perturbations of the wind stress are, thus, smaller than
those that do not include the contribution of the surface
current. This reduces the oceanic thermocline variance
(Figs. 8b and 8d). East of about 120°W, SST changes
are closely coupled with thermocline fluctuations. This
is consistent with the reduced ENSO SST magnitudes

there. The east—west slopes of the equatorial Pacific
thermocline are flattened because of the reduced cli-
matological easterly wind stress (i.e., the thick dashed
lines in Figs. 8b and 8d). The slopes are measured by
the depth of the strongest vertical temperature gradi-
ent. In the western and central equatorial Pacific, how-
ever, the variance of the upper thermocline layer is
increased because of the upraised mean thermocline.
The flatter thermocline in the FCPL run, caused by the
weaker mean easterly wind stress in the equatorial Pa-
cific, leads to larger differences in the thermocline vari-
ance compared with the semi-CPL run, despite the fact
that reductions in wind stress variance there are almost
the same (Figs. 8a and 8c).

Despite the slight weakening of ENSO amplitudes
east of ~120°W (they are still realistic with regard to
the large decadal variability of ENSO; see Davey et al.
2002), some significant improvements can be seen in
the FCPL and semi-CPL runs. In the CTL run, the
ENSO signal in the equatorial Pacific extends too far
west, across almost the whole basin (Fig. 7a). This is
related to a similar bias of the cold tongue. By improv-
ing the coupling physics, the westernmost tip of the
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FIG. 6. Same as in Fig. 5, but for differences of precipitation (contour: 0.5 mm day ') and of sea surface salinity
(SSS; contour: 0.2 psu). Zero contours have been removed for clarity.

ENSO signal retreats eastward, and weak cold SST
anomalies now appear north of New Guinea Island in
the semi-CPL run (Fig. 7b). With the correct warm-
pool/cold-tongue configuration in the FCPL run, the
simulated ENSO signal is very close to the observations
with significant cold SST anomalies appearing around
New Guinea Island (Figs. 7c and 7d). Moreover, the
ENSO teleconnection signal in the North Pacific has
been improved. Associated with the El Nifo events, the
cold SST anomalies of the CTL run in the North Pacific
are too weak and located too far south compared to the
observations (Figs. 7a and 7d). With better simulations
of the warm-pool SST and ENSO variability in the
equatorial western Pacific, the shape and location of
the cold SST anomalies in the central North Pacific are
realistically captured in the semi-CPL and FCPL runs
(Figs. 7b and 7c). The warm SST anomalies along the
eastern boundary in the North Pacific are also simu-
lated better compared with the CTL run. We note that
the ENSO-induced signals in the Indian and Atlantic
Oceans are similar to the observations; differences
among the three experiments are negligible. The atmo-
spheric teleconnection pattern in the Northern Hemi-
sphere can be seen clearly from the geopotential height

anomalies at a 500-hPa level during winter (Fig. 9). The
anomalous cyclone center in the North Pacific associ-
ated with EI Nifio events is located near the date line in
the CTL run (Fig. 9a). However, the location of the
cyclone center, which has a larger amplitude, is shifted
eastward in the semi-CPL and FCPL runs (Figs. 9b and
9¢), closely approaching the observations (Fig. 9d). Im-
proved simulation of the ENSO teleconnection pattern
in the North Pacific can also be seen from the surface
winds (see Fig. 7). Over the North American continent,
amplitudes of the anticyclone anomaly are also simu-
lated well in the semi-CPL and FCPL runs. However,
the simulated anticyclone signals there are shifted
northward and extended too far to the east.

4. Understanding the differences among the three
experiments

a. Why is the surface wind stress reduced more in
FCPL than in semi-CPL?

As shown in the previous section, the SST warming
in the FCPL run in the western equatorial Pacific, rela-
tive to the SST climatology of the CTL run, is about
twice that of the semi-CPL run. This is closely related to
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the twofold reduction of the surface easterly wind stress
in the equatorial Pacific. To understand this, we plot in
Fig. 10 differences of the tropical winds at a 10-m height
and 700-hPa level. In accordance with the classical Mat-
suno-Gill pattern (Matsuno 1966; Gill 1980), one can

120W 0

easily understand the wind differences between the
semi-CPL and CTL runs. More westerlies (easterlies)
appear west (east) of the warmer SST in the western
equatorial Pacific (Figs. 10a and 10b). One might ex-
pect that the FCPL approach would generate much
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CTL (semi-CPL) run.

stronger surface easterly wind in the eastern Pacific be-
cause of the weakened vertical viscosity and enhanced
instability in the atmospheric planetary boundary layer
(PBL) over the warmer SST there (e.g., Wallace et al.
1989). On the contrary, more surface westerlies (i.e.,
weaker mean easterly trade winds) appear throughout
the equatorial Pacific in the FCPL run (Fig. 10c). In
addition to the large westerly difference in the western
Pacific forced by the much warmer SST there, another
maximum westerly difference appears east of about
120°W. This corresponds to the slightly warmer SST
near the eastern boundary of Pacific (see Fig. 3a).
Therefore, the weakened surface easterly wind itself in
the FCPL run gives rise to much more reduction of the
easterly wind stress in the equatorial Pacific than in the
semi-CPL run. In the free atmosphere, however, the
wind differences in the FCPL run also follow the Mat-
suno—Gill pattern (Fig. 10d). The pattern is similar to
what is produced in the semi-CPL run. The larger am-
plitudes correspond to the stronger cumulus heating
over the larger SST warming in the western equatorial

Pacific. The results shown in Figs. 10c and 10d suggest
that a shallow anomalous zonal cell within the PBL
exists in the eastern equatorial Pacific.

Using a simple PBL model, Lindzen and Nigam
(1987) found that a large part of the low-level winds in
the tropical Pacific are directly driven by horizontal
pressure gradients as a result of the horizontal SST gra-
dients. Consistently, the lower surface pressure in the
equatorial Pacific is closely related with warmer SST
produced in the semi-CPL and FCPL runs (Fig. 11a).
Forced by the zonal pressure gradients, westerly (east-
erly) anomalies relative to the zonal basinwide mean
generally appear west (east) of the pressure trough
(Fig. 11b). As shown before, the zonally averaged sur-
face easterly wind of the FCPL run (thick solid line in
Fig. 11b) is about 0.55 m's™' weaker than that of the
semi-CPL run (thick dashed line in Fig. 11b). More-
over, local westerly anomalies above the zonal basin-
wide mean appear east of 120°W (thin solid line in Fig.
11b). This is caused by the slightly warmer SST near the
eastern boundary (thick solid line in Fig. 11a). The lat-
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F1G. 9. Same as in Fig. 7, but for the regressed 500-hPa geopotential height anomaly in the
Northern Hemisphere during winter (from Dec to Feb).

ter also tends to increase the shallow convection activi-
ties in the eastern Pacific, especially during the spring
(see Fig. 4a). The anomalous convection reaches the
top of the PBL (solid line in Fig. 11c). We note that the
strong trade inversion in the eastern Pacific may sup-
press deep convection there. Thus, the stronger shallow
convection over the slightly warmer SST near the east-

ern boundary tends to induce more westerlies and a
shallow anomalous zonal cell within the atmospheric
PBL in the eastern equatorial Pacific.

Another important difference between the FCPL
and semi-CPL runs is that the ocean surface current
momentum has been directly passed to the atmosphere
in the former experiment. The external momentum
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F1G. 10. Same as in Figs. 5d and 5b, but for differences of winds at a 10-m height and at
700-hPa pressure level (contour: 0.2 m s~ 1), respectively.

source affects the global angular momentum budget of
the atmosphere. Figure 12 shows differences among the
FCPL, semi-CPL, and CTL runs of the zonally aver-
aged zonal wind stress over the global oceans at each
latitude. We note that adding the wind stress differ-
ences over land surfaces gives similar results. One can
see that the westerly wind stress over the Antarctic
Circumpolar Current (ACC) region has been greatly
reduced compared to other regions (solid line in Fig.
12). This, together with another small reduction in the
northern midlatitudes, requires less easterly wind stress
in the Tropics simply because the angular momentum
gained by the atmosphere in the Tropics must be bal-
anced by the loss in the extratropics (see, e.g., chapter
10 of Holton 1992). This tends to induce an additional
reduction of the easterly trade winds in the tropical
oceans. Indeed, this effect seems to overwhelm the in-
fluence of the zonal surface pressure gradient in the
equatorial Atlantic (see Figs. 10c and 3a). We note that,
however, easterly differences appear in the equatorial
Indian Ocean. This is probably because of the remote
influence from the Pacific. The reductions of both the
westerly wind stress in the extratropics and the easterly
wind stress in the Tropics in the FCPL run are larger
than those of the semi-CPL run because of the pure
contributions of the surface current (dashed line in Fig.
12). This indicates the influence of the atmospheric me-
ridional general circulation adjustment. However, it is

unclear at present how the new global angular momen-
tum budget gets balanced through meridional eddy mo-
mentum flux changes, and what is the quantitative ef-
fect of the general circulation adjustment on weakening
the mean easterly trade winds in the equatorial Pacific.
This requires further study.

b. How do the different coupling systems reach
different steady states?

To investigate the relative importance of each physi-
cal process to the SST differences among the FCPL,
semi-CPL, and CTL runs, we have rerun the three ex-
periments starting from the same initial conditions for
the first 20 yr. Monthly mean tendency terms of the
oceanic mixed layer heat budgets that have been com-
puted at each time step have been stored. The mixed
layer depth is defined as the depth at which the water is
0.01 kg m > denser than the surface water. The mixed
layer heat budget is governed by horizontal and vertical
advection, heat flux forcing, vertical entrainment com-
puted from the turbulent kinetic energy scheme and the
mixed layer depth fluctuations, isopycnal diffusion, and
advection by eddy-induced velocities originating in the
Gent and McWilliams (1990) scheme. The last term is
found to be negligible in the Tropics. For the mixed
layer heat budget installed in the OPA OGCM, readers
are referred to Vialard and Delecluse (1998).

Differences in the 20-yr mean mixed layer tempera-
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ture (7,,, equivalent to SST) among the FCPL, semi-
CPL, and CTL runs are similar to the steady-state dif-
ferences of SST (not shown, see Fig. 3). To understand
how the different coupling physics help to reach differ-
ent steady states in the tropical Pacific, we integrate
each tendency term of the mixed layer heat budget to
get its monthly 7, for the first 20 yr. Main contributions
to the differences in the 20-yr mean 7, are plotted in
Fig. 13. We note that the physical processes represented
by these tendency terms are systematically affected by

the different coupling physics. Therefore, the results
should also explain the differences in the final steady
states. The horizontal advection term of the FCPL run,
compared to the CTL run, shows a positive contribu-
tion to the warmer SST in the western equatorial Pa-
cific owing to the much-reduced surface westward cur-
rent there (Fig. 13a). In the eastern part, however, this
term tends to generate colder SST. The surface meridi-
onal current in the eastern Pacific advects colder water
from south of the equator, as can be expected from the
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enhanced meridional SST gradient east of 120°W (see
Fig. 3a). The total effect of the horizontal advection
term is, therefore, to produce a more realistic warm-
pool/cold-tongue structure in the equatorial Pacific.
The vertical entrainment term makes a large contribu-
tion to generating warmer SST basinwide. It has two
local maxima in the western and eastern Pacific, respec-
tively (Fig. 13b). Throughout the equatorial Pacific, the
vertical diffusion that is caused by wind turbulence is
weakened as a result of the reduced easterly wind stress
(Blanke and Delecluse 1993). In the western Pacific,
entrainment of subsurface cold water into the mixed
layer is effectively blocked by the presence of a thicker
barrier layer that is associated with the enhanced con-
vective precipitation there (see Fig. 6). In contrast, the
isopycnal diffusion term plays a basinwide cooling role
(Fig. 13c). It largely balances the warming tendency of
the entrainment term. In the western Pacific, the
warmer SST is further damped by the surface heat flux
forcing (Fig. 13d). Differences in the mixed layer heat
budget between the semi-CPL and CTL run are similar,
but with smaller values (Figs. 13e-h). Associated with
persistent weaker surface easterlies east of about
120°W, the vertical entrainment is reduced much more
in the FCPL run than in the semi-CPL run (Figs. 13b
and 13f). This may explain the small warmer SST dif-
ference near the eastern boundary (see Fig. 3a).

5. Summary and discussions

Most current ocean—atmosphere coupled GCMs are
unable to simulate the correct warm-pool/cold-tongue
structure in the equatorial Pacific. The model cold
tongue is found to extend too far west. This common
bias has not yet been resolved effectively, because the
tropical air—sea interactions that largely determine the
tropical climatology may aggravate the uncoupled
GCM errors. This bias also exists in the relatively high-
resolution SINTEX-F CGCM despite its good perfor-
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mance in simulating ENSO variability. Any error of the
surface wind stress, which is a key measure of the air-
sea coupling associated with both the Walker and Had-
ley cells, could lead to a significant bias in the tropical
Pacific climatology. Nevertheless, the potential effect of
the strong ocean surface current on wind stress in the
equatorial Pacific has been ignored in most existing
CGCMs.

Utilizing the SINTEX-F CGCM, we have imple-
mented several sensitivity experiments. In the FCPL
run, we pass the ocean surface current momentum di-
rectly to the atmosphere. In the semi-CPL run, only the
wind stress is calculated from the relative velocity be-
tween the surface wind and ocean current. Compared
to the CTL run in which the contribution of the ocean
surface current is neglected, the reduced easterly wind
stress in the semi-CPL and FCPL runs induces weaker
surface zonal advection of cold SST from the east and
weaker vertical entrainment in the western equatorial
Pacific. This gives rise to a more realistic warm-pool
structure. SST near the eastern boundary also in-
creases, especially during the spring, owing to the re-
duced vertical entrainment there. The warming trend in
the eastern Pacific, however, is largely suppressed by
the isopycnal diffusion and meridional advection of
colder SST from south of the equator that is associated
with enhanced coastal upwelling near Peru. Westward
extension of the colder water by oceanic advection
tends to reduce the SST warming in the central equa-
torial Pacific. Therefore, the warm-pool/cold-tongue
structure along the equatorial Pacific is simulated bet-
ter in the semi-CPL and FCPL runs. Consequently, the
dry bias over the western Pacific warm-pool region is
much reduced. Furthermore, the ENSO signal in the
western equatorial Pacific and its global teleconnec-
tions, especially in the Northern Hemisphere, are simu-
lated more realistically. The warmer SST difference of
the FCPL run in the western Pacific is double that of
the semi-CPL run. This is because the surface easterly
wind in the FCPL run is weakened, reducing the east-
erly wind stress further in the equatorial Pacific. The
small, but significant, warmer SST near the eastern
boundary in the FCPL run tends to strengthen the shal-
low convection and weaken the zonal Walker cell
within the atmospheric PBL in the eastern equatorial
Pacific. Finally, the external momentum source of the
surface current, which is passed to the atmosphere, may
affect its global angular momentum budget. This tends
to further reduce the tropical easterly trade winds
through meridional eddy momentum flux changes and
the adjustment of the atmospheric meridional general
circulation. Therefore, direct input of the ocean surface
current momentum to the atmosphere is able to effi-
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tongue structure in the equatorial Pacific.

In contrast to the classical method of tuning indi-
vidual uncoupled GCMs separately, we tried to tune
the coupled GCM directly by improving the air-sea

coupling physics in terms of its importance to both the

climatology and ENSO variability in the tropical Pa-

cific. Such an approach could be applied in a straight-
forward manner to any coupled GCM. For example,
adopting the same approach as that of the FCPL run,
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the original strong cold SST bias (~2°C) of the Max-
Planck Institute for Meteorology CGCM has been
largely reduced with about 1.5°C improvement in the
equatorial Pacific (Jungclaus et al. 2005, manuscript
submitted to J. Climate). We note, however, that taking
the ocean surface current into account in the wind
stress calculation does not improve the climatologies in
the tropical Indian and Atlantic Oceans. The reasons
for this, and methods that could reduce the biases there,
need to be investigated further.
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