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ABSTRACT

Like many other coupled models, the Flexible coupled General Circulation Model (FGCM-0) suffers
from the spurious “Double ITCZ”. In order to understand the “Double ITCZ” in FGCM-0, this study first
examines the low-level cloud cover and the bulk stability of the low troposphere over the eastern subtropical
Pacific simulated by the National Center for Atmospheric Research (NCAR) Community Climate Model
version 3 (CCM3), which is the atmosphere component model of FGCM-0. It is found that the bulk
stability of the low troposphere simulated by CCMS3 is very consistent with the one derived from the
National Center for Environmental Prediction (NCEP) reanalysis, but the simulated low-level cloud cover
is much less than that derived from the International Satellite Cloud Climatology Project (ISCCP) D2
data. Based on the regression equations between the low-level cloud cover from the ISCCP data and the
bulk stability of the low troposphere derived from the NCEP reanalysis, the parameterization scheme of
low-level cloud in CCM3 is modified and used in sensitivity experiments to examine the impact of low-level
cloud over the eastern subtropical Pacific on the spurious “Double ITCZ” in FGCM-0. Results show that
the modified scheme causes the simulated low-level cloud cover to be improved locally over the cold oceans.
Increasing the low-level cloud cover off Peru not only significantly alleviates the SST warm biases in the
southeastern tropical Pacific, but also causes the equatorial cold tongue to be strengthened and to extend
further west. Increasing the low-level cloud fraction off California effectively reduces the SST warm biases
in ITCZ north of the equator. In order to examine the feedback between the SST and low-level cloud
cover off Peru, one additional sensitivity experiment is performed in which the SST over the cold ocean off
Peru is restored. It shows that decreasing the SST results in similar impacts over the wide regions from
the southeastern tropical Pacific northwestwards to the western/central equatorial Pacific as increasing the
low-level cloud cover does.
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equator with the ITCZ mostly north of the equator.

1. Introduction

A double ITCZ (Inter-Tropical Convergence Zone)
is a phenomenon featured with two ITCZs, one at
each side of a the equator. Signatures of double
ITCZ can possibly be found in all seasons over the
western/central Pacific, but only during boreal spring,
mainly in March and April, over the eastern Pacific
(Zhang, 2001). So it is well known that the climate in
the eastern tropical Pacific is asymmetrical about the
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Unlike the fact that a double ITCZ exists only in
boreal spring in the eastern Pacific, the phenomenon in
most coupled models often persists all the year. This is
one of the common deficiencies in most current coupled
models. Mechoso et al. (1995) reviewed performances
of 11 different coupled models. They found that the
simulated equatorial cold tongue generally tends to be
too strong, too narrow, and to extend too far west,
SSTs are generally too warm in broad regions west of
Peru, especially in a zonal band near 10°S, and this is
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accompanied in 4 models by a double ITCZ straddling
the equator over the eastern Pacific, and in 6 mod-
els by an ITCZ migrating across the equator with the
seasons; only one model is accompanied by an ITCZ
persisting north of the equator.

Philander et al. (1996) attributed the latitudinal
climate asymmetry to two sets of factors: interactions
between ocean and atmosphere that are capable of
converting symmetry into asymmetry, and geometries
of continents that determine the longitudes in which
interactions are effective and the hemisphere in which
the warmest water and the ITCZ are located. Since
geometries of continents are realistic in the compre-
hensive coupled models, it is not because of an absence
of realistic geometry that makes a symmetric climate
over the eastern Pacific. The model symmetric climate
feature such as the Double ITCZ may be attributed 1o
reasons such as some important coupled feedbacks are
absent or some coupled air-sea feedbacks are not prop-
erly treated. Mechoso et al. (1995) suggested that the
specific mechanisms that may be associated with the
failure to generate sufficient asymmetry in the coupled
model include the evaporation-wind feedback and the
effect of the stratus cloud.

Philander et al. (1996) found that only slightly
asymmetric distribution of SSTs is simulated in the
coupled model without the stratus parameterization,
but the asymmetry over the eastern Pacific in the
model would be significantly amplified with SSTs re-
duced in the southeastern Pacific when the stratus pa-
rameterization is introduced. Ma et al. (1996) studied
results of an idealized sensitivity experiment in which
a stratus cloud deck is prescribed to persist over the
ocean off Peru (30°-10°S, 90°W-the Peruvian coast),
and found that the prescribed stratus deck not only
makes the SST beneath the stratus deck significantly
reduced, but also largely alleviates the SST warm bi-
ases in the southeastern Pacific, producing a distri-
bution of SSTs with more realistic inter-hemispheric
asymmetries. Moreover, the prescribed stratus deck
also makes the equatorial cold tongue unrealistically
strong and extend too far west. Yu and Mechoso
(1999) compared results of different sensitivity exper-
iments in which the stratocumulus is prescribed to
cover the ocean off Peru all year round, only in the
first half of the year, and only in the second half of the
year, respectively. They demonstrated that differences
between the amplitude, duration, and westward prop-
agation of the warm and the cold phases of the SST in
the eastern equatorial Pacific are linked to the annual
variations of the Peruvian stratocumulus, and only if
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the prescribed annual variations of Peruvian stratocu-
mulus vary in phase with the observed variations are
these differences successfully captured. Gordon et al.
(2000) used the monthly mean low-level cloud fractions
derived from the International Satellite Cloud Clima-
tology Project (ISCCP) C2 data instead of the simu-
lated fractions to study the sensitivity of the coupled
model to the low-level cloud with more realistic annual
variation. They demonstrated that the prescribed low-
level cloud could make the distribution of SSTs over
the eastern Pacific more asymmetric about the equa-
tor, the equatorial cold tongue intensified and farther
westward, and the annual cycle of SSTs in the eastern
equatorial Pacific strengthened. They also found that
the ENSO-like inter-annual variability in the equato-
rial Pacific is apparently sensitivity to a 20% relative
change of the low-level cloud (ractions.

Like many other coupled models, the Flexible
coupled ocean-atmosphere General Circulation Model
(FGCM-0) of LASG, the State Key Laboratory of Nu-
merical Modeling for Atmosphere Science and Geo-
physical Fluid Dynamics, also suffers from the spuri-
ous double ITCZ (Zhang et al., 2001**; Li, 2002). In
order to understand the “Double ITCZ” in FGCM-0,
this study will first examine the low-level cloud cover
and the bulk stability of the low troposphere over the
eastern subtropical Pacific in CCM3, which is the at-
mosphere component model of FGCM-0, and then sen-
sitivity experiments will be performed to investigate
whether and how the low-level cloud cover over the
eastern subtropical Pacific impacts the double ITCZ
in FGCM-0.

The model and the data used in this study are
briefly described in section 2. Section 3 contains intro-
ductions and analyses of control experiments. Sensi-
tive experiments are performed and analyzed in section
4. Some conclusions are summarized in section 5.

2. Model and data

FGCM-0 is being developed in LASG based on
the NCAR Climate System Model version 1 (CSM-1)
by replacing CSM-1’s ocean component, NCOM, with
the third generation global ocean general circulation
model, L30T63, in IAP (Jin et al., 1999). Moreover,
some necessary modifications are made to other com-
ponent models of the CSM. The atmosphere and the
land surface components are CCM3 (Kiehl et al., 1998)
and LSM1 (Bonan, 1998), respectively.

The horizontal resolution of L30T63 is 1.875° x
1.875°. There are thirty layers in the vertical, of which

**Zhang, X., Y. Yu, J. Li, 2001: Towards understanding the ‘double ITCZ’ in a coupled ocean-atmosphere general circulation
model, In ABSTRACT, IAMAS 2001, 10-18 July 2001, Innsbruck, Austria, S02.2-1-2, 19 (page 21).
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twenty levels are placed within the upper 1000 m and
twelve levels are placed in the upper 300 m to depict
the equatorial thermocline better. Some fairly ma-
ture parameterizations are adapted to the model, in-
cluding the penetration of solar radiation (Rosati and
Miyakoda, 1988), the “PP” scheme for the upper ocean
vertical mixing (Pacanowski and Philander, 1981),
and the isopycnal mixing scheme “GP90” proposed by
Gent and MacWilliams (1990). A thermodynamic sea-
ice model based on Parkinson and Washington (1979)
is also integrated into the ocean model. The model
was first integrated for 1160 years from the static state
with the wind stress forcing of Hellerman and Rosen-
stein (1983) and the thermal forcing required in a
Haney-type formula for heat-lux (Haney, 1971), taken
from the Comprehensive Ocean-Atmosphere Data Set,
COADS (da Silva et al., 1994). The surface salinity in
the model was simply relaxed to the climatological an-
nual cycle of Levitus and Boyer (1994). At the end of
the integration, the model reaches a quasi-equilibrium
state, of which both the wind-driven circulation and
the thermohaline circulation are reasonably simulated
(Jin et al., 1999). This may be seen as the basic run of
L30T63 that provides initial conditions for the coupled
model. Since the geography of FGCM-0 is identical
with that of L30T63, land-sea marks and surface types
of CCM3 have been modified to match L30T63. The
horizontal grid system of the sea ice model of Weath-
erly et al. (1998) has been modified to be the same as
that in L30T63, too.

Component models communicate each other
through the coupler. Functions of the flux coupler
are: (1) controlling the time coordination of all com-
ponent models of the climate system model; (2) cal-
culating most of the interfacial fluxes; (3) communi-
cating with component models for exchanging fluxes
and some control parameters. The atmosphere, the
land, and the sea ice component models communicate
with the flux coupler every model hour, but the ocean
model every model day. No flux correction is applied
in the coupled model. For the details of the model see
Yu et al. (2002).

The climate data used in this study include the
monthly mean cloud fraction data from the ISCCP
D2 data from 1984 through 1993 (Rossow and Schiffer,
1991; Rossow et al., 1996), the NCEP monthly mean
temperature reanalysis from from 1984 through 1993
(Kalnay et al., 1996), and the thirty-year’s monthly
mean SSTs based on Shea et al. (1990).

3. Control experiments

3.1 Introductions of control experiments

In this study, three control experiments are per-
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formed, which are named CCM3-Exp, Spinup-Exp,
and FGCM-Exp, respectively. CCM3-Exp is used to
examine the capability of CCM3 to simulate the low-
level cloud cover and the stability of the low tropo-
sphere, and to be compared with FGCM-Exp. Results
of FGCM-Exp will be compared with those from sensi-
tivity experiments performed in the following sections.

CCM3-Exp is the same as the “Run 1” in Yu et al.
(2002), in which the atmosphere component model,
CCM3, coupled with the land surface model, LSM1, is
integrated for 5 years by using the observed climato-
logical SSTs and sea-ice distribution based on Shea et
al (1990). The daily state variables and radiation flux
of the experiment at the lowest model level for the last
four years are archived.

The ocean model, L30T63, coupled with the ther-
modynamic sea ice model of Weatherly et al. (1998),
is integrated for seventy years from the 1160th year
of its basic run. During the integration, surface wind
stress and thermal forcing are taken from the archived
daily state variables and radiation flux at the lowest
model level for the last four years of “Run 1” in Yu et
al. (2002). This seventy-year integration of the ocean
model was referred to as “Run 2” in Yu et al. (2002).
The Spinup-Exp in this study is the five-year integra-
tion of the ocean model continued from the “Run 2”

Following the “Run 2” step, the fully coupled
model, FGCM-0, is integrated for five years with the
initial conditions for atmosphere, land surface, ocean,
and sea ice models taken from the end of “Run 1”
and “Run 2” respectively. This five-year integration is
referred to as FGCM-Exp here.

3.2 The phenomenon of double ITCZ in

FGCM-0

The simulated annual mean SSTs based on the last
three-year integration of FGCM-Exp and the observed
annual mean SSTs derived from the monthly mean
SSTs from 1950 through 1979 based on Shea et al.
(1990) are shown in Fig. la and Fig. 1b, respec-
tively. In Fig. la, the simulated SST is expressed
by isotherms with a contour interval of 2°C; the sur-
face wind is expressed by vectors with the vector scale
shown at the bottom-left corner.

It is clear that the observed distribution of SSTs in
the eastern Pacific is asymmetric relative to the equa-
tor with the 28°C isotherm west of 140°W. But, the
simulated SSTs in FGCM-Exp are obviously warmer
than the observed in the southeastern tropical Pacific,
and the 28°C isotherm south of the equator extends
eastward to about 110°W. Consequently, a warm SST
band is formed nearby 10°S, which is parallel with the
one north of the equator and makes the distribution of
SSTs almost symmetric about the equator. Moreover,
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Fig. 1. (a) The simulated annual mean SST and surface wind in FGCM-Exp, (b) the
observed annual mean SST. The contour interval of isotherms is 2°C. The simulated
surface wind is expressed by vectors with the vector scale shown at the bottom-left

corner in (a).

it is noticeable that the simulated equatorial clod
tongue is strengthened and extends farther west. Ac-
companied with the convergence of the surface wind in
the warm SST band, an ITCZ is formed south of the
equator, which is parallel with the one north of the
equator, and consequently a double ITCZ is formed
{(not shown here). So the feature of the symmetric dis-
tribution of SSTs in Fig. 1la is the reflection of the
double ITCZ in FGCM-O0.

3.3 The low-level cloud cover and the stability
of the low troposphere simulated by CCM3
and FGCM-0

The observed and simulated annual mean low-level
cloud cover are shown in Fig. 2a and Fig. 2b, respec-
tively. Fig. 2a is derived from the monthly mean IS-
CCP data during 1984-1993. Fig. 2b is based on the
last three-year integration of CCM3-Exp. The ar-
eas where the low-level cloud fraction is over 30% are
shaded in Fig. 2a and Fig. 2b. It can be seen from Fig. 2
that, compared with the observed, the low-level cloud
covers are markedly underestimated over the eastern
subtropical Pacific, especially over the region off Peru
and the region off California, but slightly overesti-
mated over the eastern equatorial Pacific in CCM3-

Exp.

In FGCM-Exp, in which the CCM3 is coupled with
the ocean model 1.30T63, the low-level cloud covers
simulated over the eastern subtropical Pacific are not
only less than the observed, but also less than those
simulated in the CCM3-Exp (not shown here).

Distributions of the annual mean bulk stability of
the low troposphere derived from the NCEP tempera-
ture reanalysis and simulated by CCM3-Exp are shown
in Fig. 3a and Fig. 3b, respectively. Here, the bulk
stability is defined as the difference of potential tem-
perature between 700 hPa and 1000 hPa. Figure 3a
is derived from the NCEP monthly mean temperature
reanalysis from 1984 through 1993, and Fig. 3b is ob-
tained from the last three-year integration of CCM3-
Exp. In Fig. 3, the contour interval is 2°C, and, the
values greater than 14°C are shaded. It can be seen
from Fig. 3 that the bulk stability of the low tropo-
sphere simulated by CCM3 is very consistent with that
derived from the NCEP reanalysis, especially over the
region off Peru and the region off California. But, the
simulated stability is more intense than that derived
from the NCEP data over the eastern equatorial Pa-
cific south of the equator.
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Fig. 2. The annual mean low-level cloud covers: (a) derived from ISCCP, (b) simu-
lated by CCM3. Areas where the low-level cloud covers are over 30% are shaded.

In FGCM-Exp, the bulk stability of the low tropo-
sphere simulated over the eastern subtropical Pacific
is also generally consistent with that derived from the
NCEP reanalysis, but the strong stability center over
the eastern equatorial Pacific extends farther west, and
the one over the region off California extends farther
west, t0o (not shown here).

3.4 Discussions

Tt is well known that the low-level stratus fraction
is statistically correlated with the stability of the low
troposphere over the marine stratus regions (Klein and
Hartmann, 1993; Philander et al., 1996). Based on
the ISCCP data and the NCEP reanalysis from 1984
through 1993, correlation coefficients between the low-
level cloud cover and the bulk stability of the low tro-
posphere are shown in Fig. 4. The bulk stability of the
low troposphere is defined the same as in the previous
subsection, and areas where the correlation coefficients
are significant at the 99% level are shaded. It can be
seen from Fig. 4 that there is a significant correlation
between the low-level cloud cover and the bulk sta-
bility of the low troposphere over the eastern tropical
and subtropical Pacific.

Slingo (1987) used the statistical relationship be-
tween the low-level stratus and the stability of the low

troposphere, which was proposed from GATE data,
to parameterize the subtropical low-level stratus in
the ECMWF (European Center for Medium-Range
Weather Forecasts) model. Slingo and Slingo (1991)
introduced the scheme into the NCAR CCM. The
scheme of low-level cloud in CCM3 is still based on
Slingo (1987). According to Fig. 3 and Fig. 4, it seems
that CCM3 should do a good job in simulating the low-
level cloud cover over the eastern subtropical Pacific,
but unfortunately it does very poorly as shown in Fig.
2b. This suggests that the parameterization scheme of
the low-level cloud in CCM3 needs to be improved.
The low-level cloud over the eastern subtropical
Pacific mainly consists of the low-level stratus (includ-
ing stratocumulus). The underestimation of the low-
level cloud cover over the eastern subtropical Pacific in
CCMa3 is due to its failure in simulating the low-level
stratus. The scheme of the low-level stratus in CCM3
is based on the relative humidity and the maximum in-
version strength defined by the difference of potential
temperature between the two adjacent model levels,
rather than based on the bulk stability of the low tro-
posphere examined here. So the fact that CCM3 can
successfully simulate the strong bulk stability centers
but fails to simulate the low-level cloud cover centers
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Fig. 3. The observed (a) and simulated (b) annual mean bulk stability of the low
troposphere. The contour interval is 2°C. The values greater than 14°C are shaded.
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Fig. 4. The distribution of correlation coefficients between the low-level cloud cover
and the bulk stability of the low troposphere based on the ISCCP data and the NCEP
reanalysis from 1984 through 1993. The bulk stability is defined as the difference of
potential temperature between 700 hPa and 1000 hPa. Areas where coefficients reach
the 99% confidence level test are shaded. The contour interval is 0.2.

may be attributed to one or more of the following rea-
sons. Firstly, CCM3 does not simulate well the maxi-
mum inversion strength at the top of the atmosphere
boundary layer over some regions. Secondly, the base
of the inversion simulated by CCM3 is higher than the
observed so that the relative humidity at the base of

the simulated inversion is too low to form the cloud
(not shown here).

Based on the above, it can be seen that the forma-
tion of the double ITCZ in FGCM-0 is indeed associ-
ated with the fact that the low-level cloud covers over
the eastern subtropical Pacific are underestimated by
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the model’s atmosphere component, CCM3.
4. Sensitivity experiments
4.1 Designs of sensitivity experiments

It has been demonstrated in the previous section
that there is a strong correlation between the low-level
cloud cover and the bulk stability of the low tropo-
sphere. Based on the aforementioned ISCCP data and
the NCEP reanalysis from 1984 through 1993, over the
region off the Peruvian coast (30°S—0°, 110°-80°W), a
linear regressive equation between the low-level cloud
cover and the bulk stability of the low troposphere is
obtained as:

Clow = 0.0503839(6700 — f1000) — 0.383777, (1)

where Clow is the low-level cloud cover, 6799 is the
potential temperature at 700 hPa, and 0,000 is the
potential temperature at 1000 hPa. The correlation
coefficient in Eq.(1) is 0.77.

Similarly, over the region off California (10°-35°N,
150°— 120°W), a linear regressive equation between
the low-level cloud cover and the bulk stability of the
low troposphere is obtained as:

Clow = 0.0343625(6700 — f1000) — 0.1472345 | (2)

where, Clow, 0700, and 81900 are the same as in Eq.(1).
The correlation coefficient in equation (2) is 0.76.

In order to understand the impacts of the low-level
cloud covers over the eastern subtropical Pacific on
the double ITCZ in FGCM-0, two sensitivity experi-
ments named CldSenl and CldSen2, respectively, are
performed based on the model FGCM-0.

CldSenl is almost the same as FGCM-Exp ex-
cept that the scheme of the low-level cloud in CCM3
over the region of 20°5-0°, 110°-80°W, is replaced by
Eq.(1), and the cloud cover calculated by Eq.(1) is
placed on the immediate model level just above the
top of the planetary boundary layer.

Similarly, CldSen2 is almost the same as FGCM-
Exp except that the schemes of the low-level cloud in
CCMa3 over the region of 30°-5°S, 110°~80°W off Peru
and that over the region of 10°-35°N, 150°-120°W off
California are replaced by the Eq.(1) and (2), respec-
tively. The cloud cover calculated by Eq.(1) or Eq.(2)
is also placed on the immediate model level just above
the top of the planetary boundary layer.

" Moreover, in order to understand the feedback be-
tween the SST and the low-level cloud cover over the
region off Peru, another sensitivity experiment named
SstSen is performed. SstSen is almost the same as
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FGCM-Exp except that SSTs simulated by the model
in the area of 20°S-0°, 110°-80°W, are restored to
those SSTs from Spinup-Exp by the following equa-
tion:

= —Vp- VT—’wa—T-f-Ahh AT

z
8 8T\ 1 OF, 3)
E (Ahvgz‘3+;gw+ﬂ(Ts~T) )

where T is the water temperature in the model, T is
the water temperature output from the Spinup-Exp, ¢
is the model time, W, is the horizontal velocity, w is
the vertical velocity, z is the depth of water, Apy is
the horizontal diffusion coefficient, Ay, is the vertical
diffusion coeflicient, p is sea water density, ¢, is the
specific heat of water, F4 is vertical heat flux, u is the
time coeflicient, and y is taken as 1/(20 days), which
means that the e-folding time scale is 20 days. The left
hand side of Eq.(3) is temperature tendency. On the
right-hand side of Eq.(3), the first and second terms
are horizontal and vertical advections, the third and
fourth terms are horizontal and vertical diffusions, the
fifth is the heat flux term, and the sixth is the restoring
term added by the experiment.

at

4.2 Analyses of results of CldSenl exper-
iment

Since CldSenl is almost the same as FGCM-Exp
except that a new scheme of the low-level cloud is used
locally over the region off Peru, differences between
results of CldSenl and those of FGCM-Exp directly
reflect impacts of the low-level cloud off Peru on the

- performance of the FGCM-0.

Compared with results of FGCM-Exp, the low-
level cloud covers over the region off Peru are markedly
increased in CldSenl as shown in Fig. 5. The figure
shows differences of the simulated annual mean low-
level cloud covers between CldSenl and FGCM-Exp.
The contour interval is 10% and positive values are
shaded. Low-level cloud covers over the western equa-~
torial Pacific and over the ITCZ north of the equa-
tor are also increased in CldSenl. But, medium and
high cloud covers over regions from the Peruvian coast
to the western equatorial Pacific are significantly de-
creased in CldSenl. Consequently, total cloud covers
are increased over the region off Peru, but decreased
over the western/central equatorial Pacific (not shown
here).

With the increase of low-level cloud covers over
the region off Peru in CldSenl, the net solar heat flux
reaching the surface is locally decreased. But with the
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Fig. 5. Differences of the simulated annual mean low-level cloud covers between
CldSenl and FGCM-Exp. Contour interval is 10%, and positive values are shaded.
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Fig. 6. Differences of the simulated annual mean SSTs between CldSenl and FGCM-
Exp. Contour interval is 1°C. Negative values are expressed by dashed lines.

e p— V/Erﬂ)
AN Af_g,A__I:ZU v Tk 20
120E 140E 160E 180 160W 140W 120W 100W 80w B60W

Fig. 7. The annual mean SSTs and surface wind simulated by CldSenl. The SST is
expressed by isotherms with contour interval 2°C. The surface wind is expressed by
vectors with the vector scale at the bottom-left corner.

the decrease of total cloud covers, mainly attributed reaching the surface, SSTs over the region off Peru
to the decrease of high cloud covers, the net solar heat  are obviously decreased as shown in Fig. 6. The figure
flux reaching the surface is increased over the west- shows differences of the simulated annual mean SST's
ern/central equatorial Pacific (not shown here). Ac- between CldSenl and FGCM-Exp. The contour inter-
companied with the reduction of net solar heat flux wval is 1°C and negative values are expressed by dashed
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Fig. 8. Differences of the simulated sea level pressure and surface wind between
CldSenl and FGCM-Exp. The difference of sea level pressure is expressed by isobars
with contour interval 1 hPa and the difference of surface wind is expressed by vectors
with the vector scale at the bottom-left corner.
lines. these areas, it can be said that the remarkable decrease

In Fig. 6, it is clear that the increase of low-level
cloud cover off Peru makes SST's decrease not only over
the local region off Peru, but also over wide regions
from the Peruvian coast northwestwards to the west-
ern/central equatorial Pacific. The marked decrease
of SST in the southeastern tropical Pacific effectively
restrains the warm SST band south of the equator
from extending too far east. Accompanied with the
westward retreat of the warm SST band south of the
equator, the convergence zone of the surface wind near
10°S also retreats westward (see Fig. 7 and Fig. 1a).
Consequently, the spurious I'TCZ south of equator is,
to some extent, suppressed. But the remarkable de-
crease of SST over the western/central equatorial Pa-
cific makes the equatorial cold tongue extend too far
west as shown in Fig. 7. The figure shows the annual
mean SST and the surface wind simulated by CldSenl.
SSTs are expressed by isotherms with a contour inter-
val of 2°C and the surface wind is expressed by vectors
with the vector scale shown at the bottom-left corner.

Figure 8 shows differences of the simulated sea
level pressure and surface wind between CldSenl and
FGCM-Exp. The difference of sea level pressure is ex-
pressed by isobars with a contour interval of 1 hPa and
the difference of surface wind is expressed by vectors
with the vector scale shown at the bottom-left cor-
ner. It can be seen that, compared with the results of
FGCM-Exp, sea level pressure becomes higher and the
surface southeast wind becomes stronger over regions
where SSTs are much decreased in CldSenl.

The strengthened surface wind over the west-
ern/central equatorial Pacific and southeastern Pacific
would result in a strong cooling effect on SSTs, and
hence would significantly decrease SSTs over there. By
recalling the fact that the net solar heat fluxes reaching
the surface simulated by CldSenl are enhanced over

of SST over the western/central equatorial Pacific and
eastern tropical Pacific south of the equator in Cld-
Senl is mainly due to the cooling processes associated
with the strengthened southeast wind. However, it is
noticeable in Fig. 8 that the difference of surface south-
east wind between CldSenl and FGCM-Exp is very
small over the region off Peru, but the net solar heat
fluxes reaching the surface simulated by CldSenl are
much reduced over there. So it can be concluded that
the decrease of SST over the region off Peru is mainly
due to the reduced net solar heat fluxes reaching the
surface rather than the cooling effect associated with
the southeast wind.

4.3 Analyses of results of CldSen2 exper-
iment

Results of the CldSen2 experiment are very similar
to those of CldSenl. Compared with results of FGCM-
Exp, low-level cloud covers are increased both over the
region off Peru and over the region off California, but
medium and high cloud covers are decreased over wide
regions from the Peruvian coast northwestwards to
the western equatorial Pacific, and consequently, total
cloud covers are increased off Peru and off California,
but decreased over the western/central equatorial Pa-
cific. This results in the reduction of the net solar heat
fluxes reaching the surface off Peru and off California,
but an increase over the western/central equatorial Pa-
cific. With the increase of low-level cloud covers over
the region off Peru, sea level pressure becomes higher,
surface southeast wind is strengthened, and SSTs are
decreased over wide regions from the Peruvian coast
northwestwards to the western equatorial Pacific (not
shown here). Consequently, the warm SST band south
of the equator is effectively hindered from extending
too far east as shown in Fig. 9. “the figure shows the
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Fig. 9. The annual mean SST simulated by CldSen2. Contour interval is 2°C.

annual mean SST's derived from the last three-year in-
tegration of CldSen2 in which the contour interval is
2°C.

Comparing Fig. 9 with Fig. 7 shows that the warm
SST biases in the ITCZ north of the equator are re-
duced with the isotherm of 28°C broken over the cen-
tral/eastern tropical Pacific, and hence producing a
more realistic distribution of SSTs north of the equa-
tor in the tropical Pacific. This is obviously the result
of the increase of low-level cloud cover over the region
off California. It can also be seen that the equatorial
cold tongue becomes more intense and extends farther
west in CldSen2 than in CldSenl. The possible mech-
anism which makes the equatorial cold tongue extend
westward will be discussed in section 4.5.

4.4 Analyses of results of SstSen experiment

Results of the SstSen experiment are also very sim-
ilar to those of CldSenl. In SstSen, corresponding to
the decrease of SST in the region off Peru as a result
of being restored to those from Spinup-Exp, low-level
cloud covers are increased off Peru, but medium and

high cloud covers are decreased over regions from the
Peruvian coast northwestwards to the western equa-
torial Pacific, and consequently, total cloud covers are
increased over the region off Peru, but decreased over
the western/central equatorial Pacific. This results in
the reduction of the net solar heat fluxes reaching the
surface over the region off Peru, but an increase over
the western/central equatorial Pacific. With the de-
crease of SSTs in the local region off Peru, SstSen
makes sea level pressure become higher, surface south-
east wind strengthen, and SSTs decrease over wide re-
gions from the Peruvian coast northwestwards to the
western equatorial Pacific (not shown here). The warm
SST band south of the equator is also hindered from
extending too far east in SstSen like that in CldSenl,
as shown in Fig. 10. The figure shows the annual mean
SSTs derived from the last three-year integration of
SstSen in which the contour interval is 2°C. But it can
be seen from the figure that the equatorial cold tongue
is weaker and does not extend as far west in SstSen as
the one in CldSenl.
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Fig. 10. The annual mean SSTs simulated by SstSen. Contour interval is 2°C.
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4.5 Discussions

It has been seen that low-level cloud covers over
the eastern subtropical Pacific were underestimated by
CCM3, but were reasonably simulated over the local
region off Peru in CldSenl and both over the local re-
gion off Peru and over the local region off California
in CldSen2. A new scheme of low-level cloud, which
is only dependent on the regressive relation between
the low-level cloud cover and the bulk stability of the
low troposphere, is used in CldSenl and CldSen2 in-
stead of the original scheme in CCM3. The original
scheme in CCM3 is not only based on the maximum
inversion strength, which is defined by the difference
of potential temperatures between the two adjacent
model levels, but also based on the relative humidity.
So differences of the simulated low-level cloud covers
between CldSenl (CldSen2) and CCM3-Exp might be
attributed to the following reasons. Firstly, though
the bulk stability of the low troposphere is well simu-
lated by CCM3, the maximum stability at the top of
the planetary boundary layer may not be well simu-
lated. Secondly, the simulated temperature field may
be mismatched with the simulated relative humidity
field so that the relative humidity at the base of the
inversion may be too low to form cloud in CCM3.

Based on the aforementioned analyses, it can be
seen that with the increase of low-level cloud cover
over the eastern subtropical Pacific, the double ITCZ
in FGCM-0 is, to some extent, suppressed. Increasing
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the low-level cloud off California can reduce the warm
SST biases in the I'TCZ north of the equator and hence
produce a more realistic distribution of SSTs over the
tropical Pacific north of the equator. Increasing the
low-level cloud cover over the region off Peru can re-
duce the warm SST biases in the southeastern tropi-
cal Pacific, and hence effectively hinder the warm SST
band south of the equator from extending too far east,
but it can also make the equatorial cold tongue become
much more intensified and extend too far west.

SstSen further demonstrates that there is a posi-
tive feedback between the SST and the low-level cloud
cover over the region off Peru. Either decreasing the
SST or increasing the low-level cloud cover over the
region off Peru will make sea level pressure increase,
surface southeastern wind strengthen, and SSTs de-
crease not only over the local region off Peru, but also
over wide regions from the Peruvian coast northwest-
wards to the western/central equatorial Pacific. The
mechanism involved may be concluded as shown in
Fig. 11.

With an increase of low-level cloud covers over the
region off Peru, the net solar heat fluxes reaching the
surface will be reduced, and hence SSTs will be de-
creased over the local region. The decrease of the SST
will be favorable for strengthening the stability of the
low troposphere and the low-level inversion, which will
be more conducive to increasing the low-level cloud
cover, and therefore a thermodynamic positive feed-
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Fig. 11. The sketch map of the mechanisms involving impacts of low-level cloud

covers over the region off Peru.
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back involving the SST and the low-level cloud will
be formed locally. On the other hand, the decrease of
the SST will increase sea level pressure and strengthen
surface southeast wind, which will intensify the lati-
tudinal Hadley circulation and zonal Walker circula-
tion (Yu and Mechoso, 1999). With the surface wind
strengthened, the associated cooling effect will also be
intensified, and therefore SSTs will be decreased over
much wider regions. This will further enhance sea level
pressure over much wider regions, and consequently a
dynamical mechanism will be formed, which will make
the local impacts of low-level cloud over the region off
Peru propagate northwestwards.

Liu and Xie’s (1994) theoretical analysis demon-
strates that an extratropical annual forcing along the
coast of South America can effectively influence the
cquatorial cold tongue through equatorward and west-
ward propagation of the coupled disturbances by wind-
evaporation-cntrainment feedback. Ma et al. (1996)
suggested that the cooling immediately to the west
and north of the region with the prescribed stratus
deck is primarily associated with the increased evapo-
ration as the southeast trade wind is strengthened, and
that the cooling along the equator in the central Pa-
cific is mainly due to the enhanced occanic cold advec-
tion. Processes involved in the equatorward and west-
ward propagation mechanism are not analyzed here
and need to be studied further.

The aforementioned mechanism can be used to
partly interpret why the double ITCZ is formed in
the FGCM-0. The less low-level cloud cover over the
region off Peru simulated by the atmosphere compo-
nent model, CCM3, will cause the net solar heat fluxes
reaching the surface to be overestimated, and hence
will cause the SST to be increased locally. The increase
of SST, on one hand, will degrade the stability of the
low troposphere, which will go against the formation
of the low-level cloud cover. On the other hand, it will
lower sea level pressure. The lowered sea level pressure
will cause the surface southeast wind and the associ-
ated cooling effect to be weakened, which will result in
the warm SST biases over wider regions. Accompanied
with the convergence of surface wind in the warm SST
band near 10°S, a spurious I'TCZ will appear south of
the equator, and hence a double ITCZ will be formed
in FGCM-0. Moreover, the underestimation of low-
level cloud cover over the region off California makes
the SST in ITCZ north of the equator too warm.

It should be noted that the underestimation of low-
level cloud cover over the region off Peru is not the sole
factor that causes the formation of the double ITCZ in
FGCM-0. Solely increasing the low-level cloud cover
will not thoroughly eliminate the double ITCZ in the
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model, but to the contrary, it will also make the equa-
torial cold tongue become more intense and extend
farther west. The possible mechanism may be con-
cluded as follows. With the increase of the low-level
cloud cover over the region off Peru, surface south-
east wind will become more intensive. This will cause
the upwelling and cooling effects to be strengthened
over the eastern equatorial Pacific, which will make
the SST further decrease and hence make the equato-
rial cold tongue intensify. Moreover, the decrease of
the SST will cause sea level pressure to become high
and the stability of the low troposphere to be strength-
ened. The enhanced sea level pressure will strengthen
the east wind in the equatorial Pacific. This will make
the upwelling and the cooling effect propagate west-
ward in the equatorial Pacific, and therefore will make
the equatorial cold tongue extend westward. Why the
simulated equatorial cold tongue is stronger and ex-
tends farther west than the observed one needs to be
studied in the future.

Lin (2001) found no signal of a double TTCZ over
the castern tropical Pacific when he directly coupled
the atmospheric gencral circulation model used in the
National Climate Center, China, with L30T63. After
examining the cloud cover simulated by his coupled
model, it was found that his coupled model could rea-
sonably simulate the two centers of the low-level cloud
over the region off Peru and off California, respectively
(not shown here). So, it can be seen that it is impor-
tant to properly describe the low-level cloud cover over
the castern subtropical Pacific for improving the per-
formance of the coupled model.

5. Conclusions

Based on the aforementioned analyses and discus-
sions, the following conclusions are obtained.

The bulk stability of the low troposphere simulated
by CCMS3 is very consistent with the one derived from
the NCEP reanalysis, but the low-level cloud covers
simulated by CCM3 are significantly underestimated
over the eastern subtropical Pacific. This suggests that
the parameterization scheme of the low-level cloud in
CCM3 needs to be improved.

The underestimation of the low-level cloud cover
over the region off Peru in CCM3 is one of the main fac-
tors that result in the warm SST biases in the eastern
tropical Pacific, and hence the formation of the dou-
ble ITCZ in FGCM-0. Increasing the low-level cloud
cover over the region can effectively reduce the warm
SST biases in the southeastern Pacific, and hence, to
some extent, suppress the double ITCZ in FGCM-0.
But, on the other hand, it can also make the equatorial
cold tongue become much more intensified and extend
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farther west. So, the underestimation of the low-level
cloud cover over the region off Peru in CCM3 is not
the sole factor that causes the formation of the double
ITCZ in FGCM-0.

The underestimation of low-level cloud cover over
the region off California in CCM3 is one of the fac-
tors which result in the warm SST biases in the ITCZ
north of the equator in FGCM-0. Increasing the low-
level cloud cover over the region can effectively reduce
the warm SST biases in the tropical Pacific north of
the equator.

There is a positive feedback between the SST and
the low-level cloud cover over the region off Peru. In-
creasing the low-level cloud cover over the region off
Peru will result in similar effects over wide regions from
the Peruvian coast to the western/central equatorial
Pacific as decreasing the SST over the region off Peru
will do.

It may be through processes associated with the
southeast wind that make impacts of low-level cloud
covers or SSTs over the region off Peru propagate
northwestwards from the southeastern Pacific to the
western/central equatorial Pacific.
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