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[1] In this paper we examine the simulations over the tropical Pacific Ocean from long-
term simulations of two different versions of the Center for Ocean-Land-Atmosphere
Studies (COLA) coupled climate model that have a different global distribution of the
inversion clouds. We find that subtle changes made to the numerics of an empirical
parameterization of the inversion clouds can result in a significant change in the coupled
climate of the equatorial Pacific Ocean. In one coupled simulation of this study we enforce
a simple linear spatial filtering of the diagnostic inversion clouds to ameliorate its
spatial incoherency (as a result of the Gibbs effect) while in the other we conduct no such
filtering. It is found from the comparison of these two simulations that changing the
distribution of the shallow inversion clouds prevalent in the subsidence region of the
subtropical high over the eastern oceans in this manner has a direct bearing on the surface
wind stress through surface pressure modifications. The SST in the warm pool region
responds to this modulation of the wind stress, thus affecting the convective activity over
the warm pool region and also the large-scale Walker and Hadley circulation. The
interannual variability of SST in the eastern equatorial Pacific Ocean is also modulated by
this change to the inversion clouds. Consequently, this sensitivity has a bearing on the
midlatitude height response. The same set of two experiments were conducted with the
respective versions of the atmosphere general circulation model uncoupled to the
ocean general circulation model but forced with observed SST to demonstrate that this
sensitivity of the mean climate of the equatorial Pacific Ocean is unique to the coupled
climate model where atmosphere, ocean and land interact. Therefore a strong case is
made for adopting coupled ocean-land-atmosphere framework to develop climate models
as against the usual practice of developing component models independent of each other.
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1. Introduction

[2] The coupled climate over the tropical Pacific Ocean
has received a lot of attention primarily because El Niño and
the Southern Oscillation (ENSO), the largest observed
variability at interannual scales, occurs over this region.
Furthermore, the colocation of the rising branch of the
Walker circulation, and strong atmospheric heating from
deep convection over this warm pool region that drives the
global climate including ENSO and the Asian-Australian
monsoon [Webster, 1994; Webster et al., 1998] also adds
impetus to understand the dynamics and physics of the
climate over this part of tropical Pacific Ocean. The earliest
review of coupled simulations over equatorial Pacific Ocean
[McCreary and Anderson, 1991; Neelin et al., 1992;
Mechoso et al., 1995] to more recent coupled modeling

studies [Rao and Sperber, 2002; Schneider, 2002] indicate,
the perpetuity of cold bias in coupled climate models across
the equatorial Pacific, albeit with varying magnitudes. There
has been a considerable amount of work conducted to
understand the cause of this error [Stockdale et al., 1994;
Ma et al., 1994; Yu and Mechoso, 1999a, 1999b; Gordon et
al., 2000]. Most of these studies isolated physical processes
that were specific to their models. However, a growing
perception in the community is that poor representation of
the marine boundary layer clouds (also referred as stratus
clouds or inversion clouds) may have an important bearing
on the mean climate and its variability over the equatorial
Pacific Ocean [Bretherton et al., 2004; Gordon et al., 2000].
Despite the observed propensity of these inversion clouds to
cover vast stretches of the tropical and subtropical oceans, it
has proven rather difficult for climate models to simulate
them [Bretherton et al., 2004]. This deficiency in climate
models stems from the shallow nature of these clouds
(typically a few hundred meters thick) and the complex
physical processes that maintain them [Wang et al., 2004].
[3] This study investigates the role of the inversion

clouds on the mean coupled climate of the equatorial Pacific
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Ocean and its variability. Observational studies indicate that
these clouds cover nearly 34% of the ocean surface [Klien
and Hartmann, 1993], thereby significantly contributing to
the global albedo [Hartmann et al., 1992]. Additionally,
these clouds lead to reduced absorbed solar radiation at the
top of the atmosphere and at its interface with the ocean at
the bottom, cooling the underlying atmosphere and ocean
[Randall et al., 1984]. Furthermore, some coupled modeling
studies suggest that these inversion clouds play an important
role in maintaining the asymmetric time mean state and the
annual cycle of the eastern Pacific Ocean [Philander et al.,
1996; Yu and Mechoso, 1999a; Ma et al., 1996; Gordon et
al., 2000]. The important role of these clouds in regulating
the global climate and its rather poor representation in
numerical models is also reflected in part by some of the
more recent extensive field experiments conducted over the
region such as the Pan American Climate Studies Tropical
Eastern Pacific Study (PACS TEPPS [Yuter et al., 2000])
the Dynamics and Chemistry of Marine Stratocumulus
(DYCOMS [Stevens et al., 2003]), and the East Pacific
Investigation of Climate (EPIC [Bretherton et al., 2004]).
[4] An idealized coupled modeling study was conducted

by Ma et al. [1996] to understand the effectiveness of
stratus clouds off the Peruvian coast on equatorial Pacific
climate. In that study, stratus clouds were artificially altered
to provide a persistent and high coverage off the Peruvian
coast only. They showed that a significant cooling of SST
occurs under the prescribed stratus deck besides remote
ocean cooling from modulation of the wind stress and
associated wind driven evaporation. In a similar study,
Gordon et al. [2000] reconfirmed these results with another
coupled model. Furthermore they showed that with more
realistic inversion clouds certain features of the interannual
variability over the eastern Pacific Ocean also improve. This
present study differs from some of the earlier studies in the
fact that the stratus clouds are not prescribed in any of the
model simulations conducted in this work. Furthermore this
study promotes the idea of the development of coupled
models in a coupled framework in lieu of developing the
component models of atmosphere, ocean and land indepen-
dent of each other by showing the remote response of the
equatorial Pacific ocean to these inversion clouds.
[5] In the following section we briefly describe the

models followed by a description of the design of experi-

ments. In section 4 we explain the results followed by a
discussion with concluding remarks in section 5.

2. Model Description

[6] The model used in this study is the Center for Ocean-
Land-Atmosphere Studies (COLA) coupled model that
comprises the modular ocean model version 3.0 (MOM3
[Pacanowski and Griffies, 1998]) and a recently developed
atmospheric general circulation model (AGCM V3.2 [Misra
et al., 2007]). The coupled model is described in greater
detail by Misra et al. [2007]. A brief outline of the AGCM
is provided in Table 1. The details of the parameterization of
the inversion clouds central to this study is provided in the
following section. The AGCM with a horizontal resolution
of T62 spectral truncation (�212 km grid resolution) is
coupled to MOM3 with a coupling interval of one day.
MOM3 has a uniform zonal resolution of 1.5� while the
meridional resolution is 0.5� between 10�S and 10�N,
gradually increasing to 1.5� at 30�N and 30�S and fixed
at 1.5� in the extratropics.

3. Design of Experiments

[7] Two coupled simulations are conducted over a 70-year
period, each with slightly different parameterization of the
inversion clouds. Fundamentally, the parameterization of
the inversion clouds follows from Kiehl et al. [1998]. The
fraction of inversion clouds (Cinv) is determined from:

Cinv ¼ �6:67
@q
@p

� �
� @q

@p

� �
c

� �
� RHf ; ð1Þ

where (�@q
@p)c is the critical lapse rate that must be exceeded

for inversion clouds to be diagnosed (in our case it is 4 �
10�2 deg/hPa). RHf is a function of the relative humidity
given by

0:0 if RH < 0:6

1:0� 0:8� RHð Þ
0:2

if 0:6 � RH � 0:8

1:0 if 0:8 < RH:

[8] In addition, the inversion clouds are not invoked at a
grid point if convection was active at the same given time
step. The inversion clouds are then used to diagnose the
total cloud fraction using maximum overlap between
clouds. Generally, this algorithm produces inversion clouds
in 900–700 hPa layer in the vertical over subtropical and
nonconvective regions of the tropics including the equato-
rial cold tongue over the eastern Pacific Ocean. In the
control coupled simulation of this study the fraction of
inversion cloud diagnosed from the above methodology are
smoothed using a one-dimensional three-point filter (C inv

f ):

C
f
inv ¼ 0:25Ciþ1

inv þ 0:5Ci
inv þ 0:25C i�1

inv

� �
; ð2Þ

Table 1. Outline of the COLA AGCM V3.2 Used in This Study

Process V3.2

Advection dynamical core [Kiehl et al., 1998];
dependent variables are spectrally
treated except for moisture
which is advected by semi-Lagrangian
scheme relaxed Arakawa Schubert
scheme [Bacmeister et al., 2000]

Deep convection

Longwave radiation Collins et al. [2002]
Boundary layer nonlocal [Hong and Pan, 1996]
Land surface process Xue et al. [1991, 1996],

Dirmeyer and Zeng [1999]
Shallow convection Tiedtke [1984]
Shortwave radiation Briegleb [1992]
Diagnostic cloud fraction
optical properties

Kiehl et al. [1998]
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where i refers to any given grid point of the AGCM. In the
Expt coupled simulation no such filtering of the inversion
clouds is adopted.
[9] The filter is used in the control to reduce the spectral

effects on the inversion clouds generated by the Gibbs
phenomenon in the prognostic fields of the AGCM. It
should be noted that the contribution to the low-level clouds
in the control comes from the inversion clouds described
above and relative humidity based clouds [Slingo, 1987;
Kiehl et al., 1998]. Furthermore, the low-level clouds in the
control are diagnosed if the cloud top pressure is below
680 hPa. The smoothing was done only in the longitudinal
direction because of practical constraints in coding filters
that involved smoothing across latitudes. The COLA
AGCMV3.2 (similar to other AGCMs) is coded to run in
distributed memory systems using Message Passing Inter-
face (MPI) that decomposes latitude groups of the global
array of discrete grid points of longitudes and height.
Therefore computations across latitudes in the physics of
the AGCM is cumbersome and rather impractical. Further-
more, we found that by filtering only in the longitudinal
direction, the apparent noise observed in the downwelling

shortwave flux is considerably reduced compared to Expt in
which no filter was applied to the inversion clouds.
[10] It should be noted that the spectral effects on clouds

are more apparent in the current version of the COLA
AGCM than in the earlier versions of the COLA AGCM
[Schneider, 2002] primarily because the fourth-order horizon-
tal diffusion coefficient has been reduced from 2.5� 1016 s�4

to 1 � 1014 s�1, a change of two orders of magnitude.
Furthermore, the orography was changed to that in NCEP
reanalysis model [Kalnay et al., 1996], which has sharper
gradients than that used in the earlier version of the COLA
AGCM [Fennessy et al., 1994].
[11] The ocean model was integrated from the initial state

of rest with initial conditions of temperature and salinity of
Levitus [1982], and forced with climatological wind stress
derived from the special sensor microwave imager (SSMI)
for a period of 100 years. Thereafter, each of the coupled
simulations was integrated for a period of 70 years. The
results in this study are analyzed from the last 45 years of
the integration, discarding the first 25 years as a spin-up
period of the coupled model.
[12] In Figures 1a and 1b we show the climatological

annual mean low-level winds in the control run and in

Figure 1. Climatological annual mean low-level cloud fraction from (a) control and (b) observations of
the International Satellite Cloud Climatology Project [Rossow and Schiffer, 1999].
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observations (International Satellite Cloud Climatology
Project [Rossow and Schiffer, 1999]). The fraction of the
low-level clouds in Figure 1a from the control run is a
reasonable rendition of the observations (Figure 1b). However,
the control simulation produces erroneously excessive low-
level clouds off the equator in either hemisphere in the western
Pacific. In addition the low-level clouds are slightly deficient
in the warm pool region of the western Pacific Ocean.
[13] In Figures 2a and 2b we show the climatological

mean inversion cloud fraction integrated from the surface to
the top of the atmosphere from the control and Expt coupled
simulations overlaid with contours of climatological height
of 1000 hPa respectively. It may be noted that the shading
interval in Figure 2 differs from that in Figure 1. The
inversion clouds are most prominent in the equatorial cold
tongue of the eastern Pacific Ocean and in the trade wind
inversion region in the southeastern (northeastern) flank of
the northern (southern) subtropical highs. The cloud fraction
(Figure 2b) is far noisier apparent from the strong zonal
gradients of the inversion cloud. The difference of the cloud
fraction between the two coupled experiments shown in
Figure 2c further corroborates this.
[14] In comparing Figures 1a and 2a, the model feature of

relatively low fraction of inversion clouds in comparison to
the total amount of low level clouds in the control become
apparent. This is primarily because the inversion in the
control model is very weak. This model error is also present
in other contemporary coupled climate models [Hu et al.,
2007]. However, the optical properties of the clouds are
determined empirically on the basis of the temperature and
pressure [Kiehl et al., 1998] and is insensitive to how clouds
are diagnosed.
[15] Additionally, two more experiments were conducted

with the AGCMs of the control and Expt coupled models
forced with observed SST from Hadley center sea ice and
sea surface temperature data set (HADISST [Rayner et al.,
2003]) for a period of 45 years from 1901 to 1945. These
AGCM experiments were conducted to understand if air-sea
coupling is necessary to understand the sensitivity of the
tropical Pacific climate to the inversion clouds. A summary
of all the model integrations is provided in Table 2.

4. Results

[16] The mean state of the simulations used in the
analysis of the model results in this study are derived from
the last 45 years of the coupled model integration that
includes all calendar months. The model results from the
control simulation of this study has been extensively vali-
dated with observations by Misra et al. [2007]. In the
following subsections we will highlight the differences
between the simulations in some of the variables that were
found to be critical to explain the sensitivity of the mean
climate over the equatorial Pacific to the inversion clouds.

4.1. Net Heat Flux

[17] In Figure 3 we show the climatological net down-
ward surface heat flux from the control run followed by its
difference with the Expt. In Figure 3a the cold tongue in the
eastern equatorial Pacific bereft of deep convection, is quite
apparent with over 250 W m�2 heat flux straddled by region
of lower net heat flux in both hemispheres. As shown in

Figure 3b the three point smoothing of inversion clouds in
the control simulation results in over 15 W m�2 more net
heat flux relative to the Expt in the warm pool region. These
differences in the net heat flux between the coupled simu-
lations over the warm pool region can largely be explained
from the differences in the climatological downwelling
shortwave flux shown in Figure 4. In Figure 4a we see that
near convective cloud free regions of equatorial eastern
Pacific and subtropical oceans receive more downwelling
shortwave flux than over the deep convective regions of the
warm pool, south pacific convergence zone and the inter-
tropical convergence zone over the Pacific Ocean around
5�N.
[18] More importantly, the differences between the sim-

ulations shown in Figure 4b is similar in magnitude and
spatial extent to the corresponding differences in the net
heat flux shown in Figure 3b over the warm pool region.
The inversion clouds are nearly nonexistent in the warm
pool region (or relatively far less than in the subtropical
oceans and in the equatorial cold tongue region) and yet
their impact on the radiative fluxes (as diagnosed from
Figures 3b and 4b) are abundantly clear over the warm pool
region. This suggests the presence of some remote dynam-
ical response.
[19] In contrast, over the subtropical region poleward of

10� latitude in both hemispheres the differences especially
between the control and Expt in downwelling shortwave
flux are generally not of the same sign as the difference in
the net heat flux (Figure 3b). This suggests that over this
region the fluxes of latent heat, longwave and sensible heat
are compensating for the change in the downwelling short-
wave flux. This is an important point of difference from the
warm pool region. Therefore a direct consequence of the
more coherent inversion clouds in the control coupled
model is, it cuts off more downwelling shortwave flux at
the surface over the subtropical Pacific Oceans (poleward of
10� in either hemispheres) than in the Expt.

4.2. Sea Surface Temperature

[20] In Figures 5a and 5b we show the climatological
annual mean SST from the control simulation and its error,
respectively. The climatological annual mean error in SST is
computed from a 45 year mean of the HADISST computed
over the time period of 1901 to 1945. Apart from the warm
bias in the eastern Pacific boundary, which is strongly
related to lack of adequate stratus clouds of the control
simulation, there is significant cold bias in the equatorial
central and western Pacific Ocean (Figure 5a). This cold
bias in the equatorial Pacific Ocean is larger in the control
simulation compared to the Expt (Figure 5c). These differ-
ences between the simulations cannot be obviously
explained from the differences observed earlier in the net
heat flux and in the downwelling shortwave flux. The
surplus of net heat flux in the control simulation compared
to the Expt would warrant warmer SST if all other terms in
its heat budget were negligible. It should be mentioned that
the relatively colder bias in the control compared to the Expt
is consistent with a similar result of Gordon et al. [2000]. In
their study the coupled simulation with the prescribed (more
realistic observed) low-level clouds increased the cold
tongue bias over the equatorial Pacific Ocean.
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Figure 2. Climatological annual mean inversion cloud fraction vertically integrated from the model
surface to the top of the atmosphere in (a) control and (b) Expt and (c) their difference. The contours of
the climatological 1000 hPa heights (in meters) from the corresponding simulations are also overlaid.
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4.3. Wind Stress

[21] In Figures 6a and 6b we show the wind stress from
the control simulation and its difference with the Expt
respectively. In Figure 6b, the control simulation displays
a stronger equatorial easterlies west of the dateline relative
to the Expt, where the SST differences (Figure 5c) were

found to be the largest. This relative increase in the
equatorial easterly wind stress in the control simulation is
a result of the increase in equatorial surface pressure
gradient compared to the Expt. In Figure 7a, the climato-
logical surface pressure from the control simulation is
plotted after removing its zonal mean. The contours of the
climatological 1000 hPa heights from the control simulation
is also overlaid to show the location of the subtropical
highs. The corresponding difference of surface pressure
from the Expt simulation is plotted in Figure 7b. It is
apparent from Figure 7b that the surface pressure in the
eastern and the central (western) Pacific Ocean is higher
(lower) in the control relative to the Expt (Figure 7b). This
sets up a stronger surface pressure gradient that is conducive
for stronger easterlies in the control simulation compared to
the Expt shown earlier in Figure 6.

4.4. Large-Scale Circulation

[22] As a consequence of the surface easterlies becoming
stronger in the control relative to the Expt, the east-west
Walker circulation also strengthens. This is illustrated in

Figure 3. (a) Climatological annual mean net heat flux from the control simulation and (b) its difference
with the corresponding annual mean from Expt (only significant values at 10% significance level
according to t-test are shaded). Units are W m�2.

Table 2. Summary of the Model Integrations Conducted in This

Study

Experiment Name Brief Description

Control coupled COLA model with 3 point
smoothing of the inversion clouds

Expt coupled COLA model without any
smoothing of the inversion clouds

AGCM(C) forced integration of the AGCM
component of the control coupled
model with observed SST

AGCM(E) forced integration of the AGCM
component of the Expt coupled
model with observed SST
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Figures 8a and 8b which shows the climatological velocity
potential and divergent wind from the control and its
difference with the Expt simulation at 200 hPa respectively.
The ascending cell of the Walker circulation in the control
has shifted further westward over the tropical Indian Ocean
relative to the Expt (Figure 8b). The stronger easterlies in
the control enhances the surface evaporation and fuels
downstream deep convection over equatorial Indian Ocean
relative to the experiment. This is corroborated further in
Figures 9a and 9b which show the fresh water flux (P-E) in
the control and its difference with the Expt respectively. The
control shows a significantly larger fresh water flux into the
equatorial Indian Ocean suggesting stronger convective
activity relative to the Expt. In fact this difference in fresh
water flux over the tropical Pacific Ocean strongly resem-
bles the net heat flux difference seen earlier in Figure 3b but
with signs reversed. It is also seen in Figure 8 that the local
Hadley type circulation over the Indian Ocean is more
vigorous in the control relative to the Expt.

4.5. Role of Air-Sea Coupling

[23] Is this sensitivity of the equatorial Pacific annual
mean climate to inversion clouds unique to the coupled
ocean-atmosphere framework? To answer this question we

compare and contrast here the differences between
AGCM(C) and AGCM(E) with the differences between
the coupled integrations. In Figures 10a and 10b we show
the difference of the net heat flux and the downwelling
shortwave flux between AGCM(C) and AGCM(E). Unlike
the difference between the coupled simulations (Figures 3b
and 4b) there is no significant difference of the fluxes over
the warm pool region. Furthermore the differences of the
downwelling shortwave flux over the subtropical Pacific
Ocean between the uncoupled simulations in Figure 10b is
far less than the differences between the coupled simula-
tions in Figure 4b. Again, most of the differences in the net
heat flux (Figure 10a) can be explained by the differences in
the downwelling shortwave flux. Likewise, there is no
significant difference in the surface easterlies and zonal
surface pressure gradients over warm pool region between
AGCM(C) and AGCM(E) (not shown). This is further
corroborated by the insignificant differences in the fresh
water flux between AGCM(C) and AGCM(E) shown in
Figure 11 relative to that shown in Figure 7b for the coupled
simulations. These results clearly confirm that the modula-
tion of the SST gradients in the equatorial Pacific Ocean
through changes in wind stress and surface heat flux can
cause remote responses over western equatorial Pacific

Figure 4. Same as Figure 3 but for downwelling shortwave flux at surface.
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Figure 5. Climatological annual mean (a) SST from the control simulation, (b) systematic error of SST
in the control simulation and (c) difference in SST between the control and the EXPT simulations. In
Figures 5b and 5c only significant values at 10% significance level according to t-test are shaded.
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Figure 6. Same as Figure 3 but for surface wind stress. Color shading denotes the magnitude of the
wind stress. Units are Nm�2.
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Figure 7. (a) Climatological annual mean of the surface pressure after its zonal mean is removed from
the control. (b) Corresponding difference from the Expt. The contours of climatological 1000 hPa heights
(in meters) from the control run are also overlaid. Only significant values at 10% significance level
according to t-test are shaded.
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Figure 8. Climatological annual mean of the velocity potential and divergent wind at 200 hPa from
(a) control simulation and (b) its difference from the corresponding EXPT simulation (only significant
values at 10% significance level according to t-test are shaded). The velocity potential is shaded and
scaled by a factor of 1.0 � 10�6 m2 s�1. The unit of the wind vectors is m s�1.
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Ocean. This response can only be gauged in a coupled
framework where air-sea coupling is incorporated.

4.6. Interannual Variability

[24] In Figure 12 we show the scatterplot between the
monthly mean thermocline depth and SST anomalies over
the Niño3 region. The thermocline depth is diagnosed as the
depth of the 20�C isotherm. In Figure 12a the scatterplot is
from the ocean data assimilation (ODA) of Rosati et al.
[1997] which shows a relatively strong linear relationship
between the two variables. This is consistent with the
observational analysis of Zelle et al. [2004] who used the
Tropical Atmosphere-Ocean/Triangle Trans-Ocean-Buoy
Network (TAO/TRITON) array. They attributed this linear
relationship between the thermocline depth and SST to
strong upwelling. This causes vertical advection of temper-
ature anomalies from the thermocline to the surface and
vertical mixing giving rise to the observed lag that range
from 2 weeks to 2 months between 90�W to 140�Wover the
equator. Since we are using here monthly mean anomalies
of the thermocline depth and SST, this relationship appears
contemporaneous in the ODA in Figure 12a. In contrast, the
Expt in Figure 12b shows a much weaker linear relationship
with linear correlation of 0.24 compared to 0.77 from the
ODA in Figure 12a. The control simulation displays a much
stronger linear relationship (Figure 12c) that compares well
with the ODA.

[25] Similarly, the Niño3 SST spectrum shows a weak
interannual variation in the Expt relative to either the obser-
vations (HADISST) or the control simulation (not shown).
[26] Likewise, the midlatitude atmospheric response to

Niño3 SST anomalies also show some important differences
between the control and Expt simulations. The regression of
the 200 hPa height anomalies on the contemporaneous
Niño3 SST anomalies is shown in Figures 13a, 13b and 13c
from NCEP reanalysis, control and Expt integrations
respectively. The reanalysis in Figure 13a display the typical
SST forced pattern over the Pacific North American region
[Horel and Wallace, 1981]. The reanalysis also shows a
near uniform height anomalies in the tropical latitudes
that is pointed as a feature of the ENSO variability [Yulaeva
and Wallace, 1994]. The control simulation (Figure 13b)
reproduces this variability pattern reasonably well when
compared with the NCEP reanalysis. However Expt
(Figure 13c) displays a wave like pattern reminiscent of
that obtained from internal variability as described by Straus
and Shukla [2000, cf. their Figure 10]. Furthermore there is
no significant height anomaly over the tropical latitudes in
the Expt.

5. Discussion and Conclusions

[27] In this study we find that the shallow trade wind
inversion clouds have a significant impact on the coupled

Figure 9. Same as Figure 3 but for fresh water flux. Units are mm day�1.
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Figure 10. Difference of (a) net heat flux and (b) downwelling shortwave flux at surface between
AGCM(C) and AGCM(E) experiments. Units are W m�2.

Figure 11. Difference of fresh water flux between AGCM(C) and AGCM(E) experiments. Units are
mm day�1.
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climate of the tropical Pacific Ocean. A rather trivial change
in our AGCM to the global distribution of the inversion
clouds involving a simple one-dimensional smoother
resulted in a ‘‘daisy chain’’ like response of the coupled
climate system.
[28] We conducted two long-term coupled simulations

using the Center for Ocean-Land-Atmosphere Studies
(COLA) coupled climate model. The control simulation
used a three-point smoother to reduce the spectral effects
on the inversion clouds. The Expt simulation was conducted
without smoothing the inversion clouds. Although the
inversion clouds were most prevalent in the southeastern
(northeastern) flank of the northern (southern) subtropical
high and in the equatorial cold tongue region of the eastern
Pacific Ocean, the response of the SST and convection in
the atmosphere to the modulation of the inversion clouds

was most significant in the warm pool region over the
western Pacific Ocean.
[29] It is shown from this study that the presence of

coherent inversion clouds (as in the control simulation of
this study) results in apparent local cooling of the lower
troposphere (below 700 hPa) thereby setting up a surface
pressure gradient over the equatorial Pacific that is condu-
cive for stronger low-level easterlies. The absence of
coherent (or presence of noisy) inversion clouds as in the
Expt model of this study results in weak low-level easterlies
compared to the control simulation. The increased zonal
cold advection of the SST westward to the warm pool
region results in a relative decrease in SST. It should be
noted that the thermocline depth in both the coupled
simulations are nearly identical in the equatorial western
Pacific Ocean (not shown). This indicates that the surface
(mixed layer) processes over the equatorial Pacific Ocean
are important in determining this sensitivity. This is consis-
tent with the results of Loschnigg and Webster [2000]. In
that study, using a one-dimensional mixed layer ocean
model they computed and contrasted the heat budget of
the upper ocean in the warm pool region of the western
Pacific and the eastern Indian Ocean. They found that in the
warm pool region of the western Pacific the mean annual
cycle of SST is regulated by a combination of local
thermodynamic balance and large-scale atmospheric circu-
lations forced by SST gradients. In contrast, they found that
over the Indian Ocean cross-equatorial heat transport by
oceanic advection is significant in modulating the heat
storage of the upper ocean.
[30] The reduction of the SST over the warm pool region

in the control results in reduced in situ convective activity
over the warm pool region of the western Pacific Ocean
thereby, affecting the Walker and Hadley circulations. As a
consequence of the stronger easterlies in the control that
further fuels downstream convection through increased
evaporation, the Walker circulation becomes stronger rela-
tive to the Expt. However, the ascending cell of the Walker
circulation is shifted westward over the Indian Ocean
compared to the Expt. Consequently with the reduced
convective activity over the western Pacific Ocean there is
a reduction in the total cloud cover and a resulting relative
increase in the net heat flux over the warm pool region in
the control relative to the Expt.
[31] There are significant differences in the interannual

variation over the Niño3 region. The SST in the Expt does
not relate to the subsurface anomalies in the Expt as
strongly as in the ODA or in the control simulation.
Consequently, the interannual variations of the Niño3 SST
is much weaker in the Expt. Furthermore the midlatitude
height response to the Niño3 SST anomalies in the Expt
simulation is reminiscent of the intrinsic variability rather
than the forced response. Some of these results are consis-
tent with earlier studies conducted with other climate
models using prescribed low level clouds [Gordon et al.,
2000]. Similar sensitivity over the equatorial Pacific Ocean
was observed when the spatial filter to the inversion clouds
in the control was changed from a three point to a five point
filter (not shown). However using the five point filter
weakened the interannual variation over the equatorial
Pacific (not shown) relative to the control but was stronger
than the Expt.

Figure 12. Scatterplot of thermocline depth (in meters)
versus SST (�C) over the Niño3 region from (a) ODA
[Rosati et al., 1997], (b) Expt and (c) control simulations.
The slope (m) and correlation (r) of the linear fit to the
scatter are indicated in the legend.
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Figure 13. Regression of the DJF Niño3 SST index with contemporaneous geopotential height at
200 hPa from the (a) NCEP reanalysis, (b) control, and (c) Expt coupled simulations. The units are in m.
Only significant values at 10% significance level according to t-test are shaded.
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[32] In many spectral models, the effects from spectral
method are shielded by using large horizontal diffusion
coefficients, which are largely meant for numerical stability
sans any physical reasoning. We have reduced this diffusion
coefficient by 2 orders of magnitude from our earlier
version of the AGCM [Schneider, 2002] mainly to reduce
its role in governing the climate of the model. Furthermore,
advection by the spectral method provides an explicit
control of the horizontal diffusion. As a result, in this study,
the sensitivity of the inversion clouds on the mean climate
over the equatorial Pacific Ocean could be isolated. Another
commonly adopted approach in GCMs is to smooth the
orography [Fennessy et al., 1994] or introduce enhanced
orography [Mesinger et al., 1988] that can affect the
simulation of the inversion clouds in a GCM through
induced spectral effects on the prognostic variables. The
choice of advective schemes can also affect the role of the
Gibbs effect on the inversion clouds when some schemes
are implicitly more diffusive than others.
[33] This study also highlights the importance of devel-

oping coupled models in a coupled framework where all
components models including that of atmosphere, ocean
and land are simultaneously integrated. However, for the
coupled simulations in this study, the remote and nontrivial
influence of the inversion clouds over the warm pool region
could not have been isolated.
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