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Abstract

Precipitation and high-level cloud (HLC) areas in association with the large-scale circulation over the tropical
Pacific are analyzed for simulations of nineteen Coupled Model Intercomparison Project Phase 3 (CMIP3) models
with observations for 16 years of 1984—1999. The distribution of rainfall and HLC areas are composited around
the geographical center of tropospheric upper-level (200 hPa) divergence (DIV) along Intertropical Convergence
Zone (ITCZ) using monthly anomaly data. Datasets with a finer temporal sampling than monthly means were
not available for the present purposes. The most notable feature is that the horizontal spread of enhanced circu-
lation and the related rainfall and HLC areas are all underestimated around the DIV center in the models com-
pared to the observation. Particularly, the underestimation is pronounced in HLC, presumably owing to difficul-
ties in the physical processes relevant to the spatial distribution of HLC area. In general, a model with a higher
correlation between the large-scale circulation field and rainfall tends to have a wider spread of HLC area around
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the DIV center.

1. Introduction

Deep and frequent convection and the associ-
ated precipitation over the tropics activate the
vigorous hydrological cycle in the earth climate
system. A huge amount of latent heat release as-
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sociated with the convection and precipitation
makes the tropical region a major atmospheric
heat source (e.g., Yanai and Tomita 1998) that
plays an essential role in driving global general
circulation. The better understanding of spatio-
temporal cloud/rainfall variability and its back-
ground dynamical/thermodynamical mechanism
would help improve the current skill in the climate
model for reproducing the present and past cli-
mate and for predicting the future climate change.

Tropical deep convection and the associated pre-
cipitation respond both to large-scale dynamical
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forcing and local thermodynamic changes. Because
the large-scale circulation is tied to the pattern of
underlying sea surface temperature (SST) that
slowly varies from a season to another, deeper con-
vection and heavier rainfall occur over regions with
higher SST and stronger upward motion (e.g., Del
Genio and Kovari 2002), accounting for visible
appearance of Intertropical Convergence Zone
(ITCZ) in satellite imagery. Over the western and
central Pacific ITCZ regions, deep convection sys-
tems accompany more abundant anvil cirrus clouds
compared to the eastern Pacific region for a given
rainfall rate (Hartmann et al. 2001; Kubar et al.
2007). The cloud-circulation-SST relationships
characterize the regional difference of convection/
rainfall systems along the Pacific ITCZ (Hartmann
et al. 2001; Berg et al. 2002; Masunaga et al. 2005;
Back and Bretherton 2006; Kubar et al. 2007).

The representation of cloud and precipitation
in the climate models has been a big challenge to
the climate research community. Dai (2006) ana-
lyzed the temporal and horizontal variation of
precipitation in the latest generation of coupled
Atmosphere-Ocean General Circulation Models
(AOGCMs), and revealed that most models repro-
duced the observed broad spatial pattern and year-
to-year variability of precipitation. On the other
hand, the models fail to differentiate precipitation
types in a realistic manner, with too much convec-
tive precipitation compared with the Tropical Rain-
fall Measuring Mission satellite observation in the
tropics and subtropics. While it is difficult to com-
pare precipitation types in the models depending
on convection schemes with those in the satellite
estimate depending on the original algorithm, the
comparison of precipitation types would be con-
veyed in useful information. Zhang et al. (2005)
evaluated the cloud property in several Atmo-
spheric General Circulation Models (AGCMs),
and found the significant biases where optically in-
termediate and thin clouds are underestimated
while thick clouds are overestimated. Compensa-
tion of the errors in representing cloud fraction at
various heights and cloud thickness in the models
results in relatively good representation in radiative
flux at the top of the atmosphere. Associated with
the deficiency of a well-stacked cloud layer, the
models tend to simulate the cloud albedo moder-
ately well, but not the cloud water path (Wear
2004).

How the tropical climate system responds to an
external forcing is an important outstanding prob-
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lem (e.g., Stephens 2005). A recent satellite ob-
servation indicated that the deep convective activ-
ity over the ocean with SST above ~27-28°C
greatly enhances the upper-tropospheric water va-
por greenhouse effect (Su et al. 2006a). The latest
AOGCMs well simulate qualitatively the observed
relationships of larger amount of upper-level ice
clouds and water vapor with higher SST, but they
quantitatively disagree with the observation and
each other (Su et al. 2006b). For the climate
models, clouds and precipitation associated with
tropical convection should be further evaluated be-
cause they play a determining role in the global
general circulation and hydrological cycle that
eventually influence them.

In this study, precipitation and high-level cloud
areas associated with large-scale circulation mainly
in the horizontal pattern over the Pacific Ocean in
coupled AOGCMSs are evaluated. Previously, the
evaluation of clouds and precipitation in the cli-
mate model has been made on a global or zonal-
mean basis (e.g., Dai 2006; Zhang et al. 2005), or
using regime-sorted approaches (e.g., Bony et al.
2004; Wyant et al. 2006; Williams and Tsekioudis
2007) on the climatological mean basis. While the
climatological mean pattern of rainfall in the latest
AOGCMs has been evaluated by Dai (2006), that
of high-level clouds and large-scale circulation, and
the linkage of rainfall and high-level cloud with
large-scale circulation has not been evaluated yet.
First, this study evaluates the climatological mean
relationships of rainfall and high-level cloud areas
with large-scale circulation. However, the direct in-
tercomparisons of climatological mean fields alone
are not necessarily informative to a suitable evalua-
tion of physics in the climate model. Here we focus
on the interaction of rainfall and high-level cloud
areas with large-scale circulation associated with
subseasonal disturbances that are defined as distur-
bances on a time scale shorter than a season but
longer than a few weeks, and analyze the spatial
linkage of rainfall and high-level cloud areas with
the large-scale circulation associated with the dis-
turbances. In order to accomplish the purpose, we
investigate the horizontal patterns of rainfall and
high-level cloud areas around large-scale diver-
gence centers in the upper-troposphere in associa-
tion with subseasonal disturbances through a com-
posite analysis. Large-scale circulation associated
with subseasonal disturbances may have a strong
impact on seasonal-to-climatological mean large-
scale circulation. The relationship of reproducibility
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of the climatological mean field with that of subsea-
sonal disturbances in the models is finally discussed.

The paper is organized as follows. Section 2 out-
lines the data used in this study and provides a brief
overview of climate models. In Section 3, first, gen-
eral features of the climatological mean of rainfall
and high-level cloud areas in the models are eval-
uated (Section 3.1). Second, the composite patterns
of rainfall and high-level cloud areas associated
with large-scale circulation are analyzed for the ob-
servation and models (Section 3.2). Third, the re-
producibility of the climatological mean field and
that of subseasonal disturbances in the models are
compared (Section 3.3). Section 4 presents a sum-
mary and discussion.

2. Data and methods

2.1 Observational and reanalysis data

The data used in this study includes the interna-
tional satellite cloud climatology project (ISCCP)
D2 VIS/IR cloud data (Rossow and Schiffer 1999),
obtained from the NASA Langley Research Center
Atmospheric Science Data Center. The data con-
tain the monthly mean cloud fraction for three
height categories. In particular, high clouds with
top pressures between 440 and 50 hPa are used in
this study to investigate the variability of upper-
tropospheric clouds. The high clouds are further
classified into three cloud types; deep convection
(DC), cirrostratus (CS), and cirrus (CI) on the basis
of the optical thickness in the product. The high
level cloud (HLC), defined as these three types of
clouds all together, is analyzed in most of this pa-
per, but each classified cloud (DC, CS, CI) is partly
analyzed for the physical interpretation of obser-
vational evidence. The observed precipitation from
Global Precipitation Climatology Project (GPCP)
(Adler et al. 2003) is utilized. The large-scale cir-
culation field is derived from European Centre for
Medium-Range Weather Forecasts (ECMWF)
ERA-40 reanalysis data (Uppala et al. 2005). The
outgoing longwave radiation (OLR) datasets (Lieb-
mann and Smith 1996) and monthly mean SST
using optimum interpolation (Reynolds and Smith
1994), both of which are distributed by the Na-
tional Oceanic and Atmospheric Administration
(NOAA) Climate Prediction Center (CPC), are
also used. For comparisons with AOGCMs out-
puts, all these data with the same horizontal resolu-
tion of 2.5° x 2.5° grid on a monthly average are
used for 16 years of 1984-1999, limited by the ob-
servational period of ISCCP.
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2.2 AOGCMs simulations

This study uses the outputs from the twentieth-
century climate simulations conducted by 19
AOGCMs listed in Table 1. At the time of writing,
only these 19 model outputs make three dimen-
sional cloud amounts available among the regis-
tered 25 model outputs. Our analysis is based on
the monthly mean data, because cloud amount is
not available for a finer temporal sampling than
monthly means. These models participated in the
Fourth Assessment Report (AR4) of the Inter-
governmental Panel on Climate Change (IPCC)
(IPCC 2007), and their data were submitted to Pro-
gram for Climate Model Diagnosis and Intercom-
parison (PCMDI). These archived data constitute
phase 3 of the World Climate Research Programme
(WCRP) Coupled Model Intercomparison Project
(CMIP3).

The spatial resolution of model ranges from
the highest resolution of 1.1° x 1.1° (MIROC3.2-
hires) to the lowest resolution of 5.0° x 4.0° (GISS-
EH/ER). Most of the models do not use the
surface flux corrections except for 4 models
(CCCMA-CGCM3.1-t47/t63, INMCM3.0, MRI-
CGCM2.3.2a). Clouds and precipitation associated
with tropical convection are strongly affected by
convection schemes adopted in the models. In
most models analyzed in this study, the adopted
parameterizations are based on Arakawa and Schu-
bert (1974) or bulk flux schemes while the final
implementations are different from a model to
another (see for details Table 2 in Dai 2006). In
the model using the Arakawa-Schubert scheme,
MIROC3.2-hires/medres and MRI-CGCM2.3.2a
use prognostic cumulus kinetic energy as a clo-
sure while GFDL-CM2.0/2.1 use relaxed quasi-
equilibrium between large-scale forcing and convec-
tion. In the bulk flux scheme, stability-dependent
closure is adopted in three models of CSIRO-
MK3.5, GISS-EH/ER, and UKMO-HadCM3,
while the original Kuo-type moisture conver-
gence is used in a model of BCCR-BCM2.0. The
Zhang and McFarlane (1995) scheme, used by
CCCMA-CGCM3.1, IAP-FGOALS-gl1.0, NCAR-
CCSM3.0, and NCAR-PCM1, is designed primar-
ily for well reproducing deep convection and adopts
the consumption of convective available potential
energy (CAPE) by convection as a closure. Addi-
tionary, further modifications such as relative hu-
midity suppression applied in MIROC3.2 (Emori
et al. 2001) have been made in most of the models.
More information on aspects of the physical pa-
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Table 1. Description of 19 coupled AOGCMs, the output data of which are analyzed in this study. For more informa-
tion such as resolution of the ocean, see http://www-pcmdi.llnl.gov/.
Resolution (Atmosphere)
Label Model name (horizontal/vertical) References
a BCCR-BCM2.0 1.9° x 1.9° / L31 Deque et al. (1994)
b CCCMA-CGCM3.1-t47 2.8° x ~2.8° / L31 Flato (2000)
c CCCMA-CGCM3.1-163 1.9° x ~1.9° / L31 Flato (2000)
d CSIRO-MK3.5 1.9° x ~1.9° / L18 Gordon et al. (2002)
e GFDL-CM2.0 2.5°x2.0°/ L24 Delworth et al. (2006)
f GFDL-CM2.1 2.5°x2.0°/L24 Delworth et al. (2006)
g GISS-EH 5.0° x 4.0° / L20 Schmidt et al. (2006)
h GISS-ER 5.0° x 4.0° / L20 Schmidt et al. (2006)
i IAP-FGOALS-gl1.0 2.8° x ~2.8° ) L26 Yu et al. (2004)
] INGV-ECHAM4 1.1° x 1.1° /L19 Gualdi et al. (2006)
k INMCM3.0 5.0° x 4.0° / L21 Diansky and Volodin (2002)
1 IPSL-CM4 3.75° x 2.5° / L19 Marti et al. (2005)
m MIROC3.2-hires 1.1° x ~1.1° / L56 K-1 model developers (2004)
n MIROC3.2-medres 2.8° x ~2.8° / L20 K-1 model developers (2004)
0 MPI-ECHAMS 1.9° x ~1.9° / L31 Roeckner et al. (2003)
p MRI-CGCM2.3.2a 2.8° x ~2.8° / L30 Yukimoto et al. (2006)
q NCAR-CCSM3.0 1.4° x 1.4° / L26 Collins et al. (2006)
r NCAR-PCM1 2.8° x ~2.8°/L26 Washington et al. (2000)
s UKMO-HadCM3 3.75° x 2.5° / L19 Gordon et al. (2000)

rameterization can be found in Dai (2006).

The twentieth century simulations by AOGCMs
are evaluated by using monthly mean outputs for
1984-1999 so that the data period matches that of
the satellite observation. All the variables are inter-
polated to the common 2.5 x 2.5 grid, the same as
the observational data set.

2.3 Cloudiness in the observation and model
simulations

Comparing cloudiness of the observation with
that of model outputs is challenging because of
large differences in nature between the two. One of
the fundamental problems for the comparison is
that the models are run at far lower horizontal res-
olutions than the 4-10 km pixel of the raw ISCCP
data. Clouds in the models need to be parameter-
ized from the prognostic grid-mean variables such

as the upward mass flux and/or the relative humid-
ity of the grid box. In addition, the definition of
cloudiness in the models using a threshold of cloud
water/ice concentration or an optical depth of the
cloud condensate is not consistent with that in the
observation. Given these limitations in the model
representation of cloudiness, cloud radiative effect
(CRE) might be a suitable measure for the compar-
ison between the observation and the models. How-
ever, the evaluation of CRE does not necessarily
provide the physical insight on particular model
biases arising from individual types of clouds be-
cause CRE only measures the accumulative effects
of clouds.

This study tries to evaluate clouds in the models.
Several objective methods for quantitatively char-
acterizing the clouds in the models have been devel-
oped. The ISCCP simulator, which stratifies the
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model’s cloud types into the same cloud types as
ISCCP using the model’s radiation scheme, is one
of the major tools for evaluating clouds in the
models (e.g., Klein and Jakob 1999; Webb et al.
2001). However, ISCCP simulator needs to be run
online with the model run itself, but the online run
products are unavailable for our analysis. This
study adopts, therefore, the method of maximum
overlap assumption developed by Wear (2004) for
defining HLC. The method has been used for eval-
uating clouds in climate models (e.g., Karlsson et al.
2008). In the models, cloud fraction has been given
by the modeling groups at fixed pressure levels
which vary from a model to another. In order to
compare the model output with the ISCCP obser-
vation as seen from satellites, model cloud fraction
has to be dealt with in a way consistent with the ob-
servation. Concretely, the HLC amount is defined
as the largest value of cloud fraction among all
levels with pressures between 440 and 50 hPa. The
detection of HLC by this definition closely follows
the HLC of the ISCCP estimate. Unfortunately,
cloud type classification such as DC, CS, and CI
as in ISCCP cannot be made because of the un-
availability of information about optical thickness
in the models. The model outputs and ISCCP esti-
mate are, thus, compared for HLC without being
further divided into subcategories. The maximum
overlap assumption has the advantage that the re-
sults are nearly independent of the differences be-
tween model radiation codes.

While the detected HLC for the models is consid-
ered to follow the HLC of the ISCCP estimate, it is
difficult to evaluate the HLC for the models exactly
because of a large difference in the nature of cloudi-
ness between the observation and the models as
is described above. Considering the limitation in
the model representation of cloudiness, OLR is
also analyzed as well as HLC in the composite
analysis in Section 3.2 as a more objective measure
for the comparison between the observation and
the models.

3. Results

3.1 General features of climatological mean
precipitation and high-level cloud areas

a. Spatial patterns

First of all, observational climatologies of rain-
fall and high-level cloud areas are analyzed and
compared with AOGCMs outputs.

Figure 1a shows the observed spatial distribution
of annual mean rainfall area from GPCP for 16
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Fig. 1.
distribution of (a) Rainfall, (b) DC, (c) CI,
and (d) HLC (in grey scale). DIV (diver-
gence at 200 hPa) is shown by white solid
contours with 0.0, 2.0 [x107¢ s~!]. SST at
27°C is indicated by a black dotted con-
tour.

Annual mean (1984-1999) spatial

years (1984-1999). Divergence at 200 hPa, hereaf-
ter designated by DIV (white solid contours), and
SST at 27°C (a black dotted contour) are super-
posed. The DIV, associated with the tropical large-
scale circulation, is closely related to SST in the
climatological mean pattern because changes in
large-scale upward motion, inducing DIV, often
occur in association with changes in the spatial
distribution of SST (e.g., Lindzen and Nigam
1987). Areas with intense rainfall in the tropics are
strongly related to the large-scale circulation field
as inferred by DIV. Particularly, heavily raining
areas are observed over the Maritime Continent,
Pacific ITCZ, and South Pacific Convergence Zone
(SPCZ). The spatial distribution of each type of
high-level cloud areas is shown in Fig. 1b (DC)
and lc (CI) for comparison with that of the rainfall
area. The distribution of DC area (Fig. 1b) resem-
bles the distribution of the rainfall area (Fig. la),
indicating that most of the rainfall is yielded by
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Fig. 2. Same as Fig. 1d but for selected 16 coupled AOGCMs among 19 models. Three models of CCCMA-
CGCM3.1-t47, GFDL-CM2.0, and MIROC3.2-medres are not shown because the spatial patterns of these
3 models are similar to the other version of the same models (i.e., CCCMA-CGCM3.1-t63, GFDL-CM2.1,

and MIROC3.2-hires).

deep convective clouds. Particularly, the DC
amount is large over the western to central/south-
central Pacific, mostly confined in the region with
strong DIV (contour at 2 x 107¢ s~1). Spatial char-
acteristics similar to DC area can also be observed
in the distribution of CS area (not shown). On the
other hand, the distribution of CI area (Fig. 1c) is
more widely spread from the Indian Ocean to the
Pacific than that of the other types of high-level
cloud and rainfall areas. CI area does not exceed
25% in amount over the eastern Pacific. Figure 1d
shows the annual mean distribution of HLC area,
that is, the summation of DC, CS, and CI areas.
HLC area is enlarged along ITCZ and SPCZ as vi-
sualized by the heavily raining area and large DIV
region of Fig. la, particularly over the western Pa-
cific where DIV is also strong.

Here, we briefly analyze the mean spatial pattern
of HLC area in AOGCMs. The annual mean spa-
tial distributions of HLC area (in grey scale), DIV
(white solid contours), and SST (a black dotted
contour) are shown in Fig. 2. As inferred from the
DIV field, the models well simulate the overall
large-scale circulation pattern while the ITCZ and

SPCZ patterns are unrealistic in some models.
Similar to the observational dataset, the spatial dis-
tribution of high HLC area in most models is
closely linked to the distribution of strong DIV
and high SST. Simulations by MPI-ECHAMS,
NCAR-CCSM3.0, UKMO-HadCM3 tend to pro-
duce most realistic patterns in HLC area as well as
DIV and SST. The simulated patterns of HLC
area, DIV, and SST of CCCMA-CGCM3.1 are
also similar to those of the observation, more
similar to SPCZ than to ITCZ. The simulated
patterns of HLC area, DIV and SST of MRI-
CGCM2.3.2a are similar to those of the observa-
tion while HLC area is underestimated. In some
models (e.g., GISS-EH, INMCM3.0, NCAR-
PCM1), the regions of large DIV and the associ-
ated large HLC over the western Pacific stay near
15N while those in the real ITCZ are found around
the equator (Fig. 1). In these models, areas with
the large DIV and HLC south of the equator also
tend to extend east-west, without exhibiting the
northwest-southeast tilt typical of those in the real
SPCZ in the observation. In the case of CSIRO3.5,
INGV-ECHAM4, IPSL-CM4, MIROCS3.2-hires,



August 2009 H. ICHIKAWA et al. 777

[mm/day] ( )R ; f | | [%]
aj)hRainta : : :
_l 50 -

404

(b)He

6 -
30 -

4 1 : g

21 10 4=

074 -3 -2 -1 0 1 2 3 4 074 -3 -2 -1 0 1 2

DIV /1000000 ] DIV /1000000 ]
[mm/day] ( ) : ; : : ; ; [%]
c ; : :
g |{C)Rainfall 50 Jo—om

20

404 RS

o—eo YV
JB—8 VvV
11— —aly
z--—ol
o —o

o--—0 1

SST rol

023 24 25 26 27 28 29 30 31 023 24 25 26 27 28 29 30 31

SST re)

Fig. 3. Observed (a) Rainfall-DIV and (b) HLC-DIV relationships stratified by SST categories (I: 24~25,
II: 25~26, III: 26~27, IV: 27~28, V: 28~29, VI: 29~30 [°C]). Observed (C) Rainfall-SST and (d) HLC-

SST relationships stratified by DIV categories (I:

—3.5~=-25, II; —=2.5~-1.5, III: —1.5~-0.5, IV:

—0.5~0.5, V: 0.5~1.5, VI: 1.5~2.5, VII: 2.5~3.5 [x107° s71]).

HLC area widely spreads from the Maritime Conti-
nent to the Pacific Ocean, and does not show a
band-like structure of HLC area reflecting the real
ITCZ and SPCZ in spite of the good representation
of the DIV field. In particular, in MIROC3.2, a
high HLC area spreads extensively owing to the
overestimation of HLC!, especially in medres (not
shown). Overall, the inter-model differences in
HLC are larger than those in rainfall as analyzed
by Dai (2006).

1 MIROC3.2 makes available in PCMDI data base an
output of the whole cloud amount (“clt”) or cloud
area fraction for the whole atmospheric column as
seen from the surface or the top of the atmosphere.
In MIROC3.2, the fraction of HLC identified by the
current maximum overlap assumption method ex-
ceeds clt. The overestimation of the HLC in the
MIROC3.2 using the maximum overlap assumption
method is also indicated in Karlsson et al. (2008).
The distribution and absolute amount of clt in
MIROCS3.2 is much closer to the observation.

b.  Relationships of rainfall and HLC with DIV
and SST

Both of the large-scale circulation and SST play
important roles in the occurrence of tropical rain-
fall and deeply developed high-level clouds on the
climatological mean basis as shown in Fig. 1. The
climatological relationships of rainfall and HLC
with DIV (SST) as a function of the SST (DIV)
are next investigated. Figures 3a and 3b show the
observed rainfall-DIV and HLC-DIV relation-
ships, respectively, for different SST categories.
The rainfall-DIV and HLC-DIV curves are ob-
tained by computing the mean of rainfall and
HLC values at every 1°C SST bin from 24°C to
30°C. As an overall feature, rainfall and HLC in-
crease almost linearly with DIV. Taking a closer
look at them, the sensitivities of rainfall and HLC
to DIV (i.e., gradient in Figs. 3a, b) are more pro-
nounced in positive DIVs than negative DIVs. An
interesting feature is that the sensitivities of rainfall
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and HLC to DIV are quite independent of SST
while, in general, the magnitude of each parameter
at the same DIV is larger for higher SST.

Figures 3c, d show the observed rainfall-SST
and HLC-SST relationships, respectively, for the
different DIV categories. Both rainfall and HLC
do not vary significantly in the range below 26°C,
exhibiting a nearly flat distribution, in each cate-
gory of DIV. On the other hand, it is apparent
that each variable is enhanced dramatically around
~27°C. Similar characteristics of other indices for
tropical convection as a function of SST have been
indicated by previous studies (e.g., Zhang 1993;
Waliser and Graham 1993; Masunaga and Kum-
merow 2006). It should be noted that the abrupt en-
hancement around 27°C in rainfall and HLC is
seen not only in the positive DIVs but also in nega-
tive DIVs. In this respect, the relationships of rain-
fall and HLC with SST are qualitatively similar
among different DIV categories. Meanwhile, the
sensitivities of rainfall and HLC to SST vary
among different DIV categories. The sensitivities
of rainfall and HLC to SST from 26-28°C and
from 26-29°C, respectively, are higher in the posi-
tive DIVs than in the negative DIVs. The sensitiv-
ities of rainfall and HLC to SST become weak
from 28-30°C and from 29-30°C, respectively,
and negative above 30°C in the positive DIVs while
they keep almost constantly above 26°C in the neg-
ative DIVs. Our result implies that the reduction in
rainfall and HLC above 30°C is most pronounced
in a small DIV (DIV IV), and does not occur in
the negative DIVs. On the other hand, previous
studies indicated that the reduction of convection
in extreme SSTs (30°C~) may occur in regions of
strong subsidence (negative DIVs in this study)
forced by convection generated elsewhere, causing
a very high SST (Waliser 1996; Lau et al. 1997).
The further discussion of this issue of inconsistency
between their results and ours is beyond the scope
of this paper.

Figure 4 compares the relationships of rainfall
and HLC with DIV (Figs. 4a, b) and with SST
(Figs. 4c, d) for the observation (a thick solid line)
and models (marked thin lines). Figs. 4a, b and
Figs. 4c, d are not subdivided by SST and DIV cat-
egories, respectively, because the relationships of
rainfall and HLC with DIV (SST) are qualitatively
similar in that the sensitivities of both variables to
DIV (SST) are almost the same among different
SST (DIV) categories in the observation. As a gen-
eral feature, climate models simulate the observed
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relationships of rainfall and HLC with DIV fairly
well (Figs. 4a, b). In the case of rainfall, the rela-
tionship of rainfall with DIV is well captured in
the models (Fig. 4a). The sensitivity of rainfall to
DIV is small in BCCR-BCM2.0 (designated by
symbol “a” in Fig. 4a) and large in positive DIV
in INMCM3.0 (“k”), respectively, compared to the
observation and other models. In the case of HLC,
the sensitivity to DIV in the models is similar to
that in the observation, but the magnitude is di-
verse among the models. The magnitude of HLC is
overestimated in MIROC3.2 (both hires “m” and
medres “n”’), while it is underestimated in GISS-
EH (“g”), GISS-ER (“/”), and MRI-CGCM2.3.2a
(“p”). Similar to rainfall, in INMCM3.0 (“k”), the
sensitivity of HLC to DIV in INMCM3.0 (“k™) is
large for positive DIV. The sensitivity of HLC to
DIV in INGV-ECHAM4 () is relatively small
through all DIVs.

Compared to the reasonable agreement in the re-
lationships of rainfall and HLC with DIV, the rela-
tionships of rainfall and HLC with SST exhibit
larger differences among the models (Figs. 4c, d).
Most models capture the sudden enhancement in
rainfall around the threshold value at 27-28°C.
However, the rainfall amount tends to be overesti-
mated, particularly above ~27-28°C, accompanied
by high sensitivity of rainfall to SST compared
to the observation. The sensitivity of rainfall to
SST above 30°C is almost constant in some
models [CSIRO3.5 (“d”), GFDL-CM2.0 (“¢”),
IAP-FGOALS-gl.0 (“i”), NCAR-PCM1 (“r”),
UKMO-HadCM3 (“s”)]. Abrupt enhancement in
rainfall occurs at a lower SST in BCCR-BCM2.0
(“a”), INMCM3.0 (“k”), and Miroc3.2-medres
(“n”). Compared to rainfall, HLC behaves differ-
ently from a model to another in both sensitivity
to SST and magnitude. Most models underestimate
the sensitivity to SST around 27°C. The unrealistic
representation in the relationship of HLC with SST
would be related to the model deficiency to simu-
late ice cloud amount as was pointed out by Su
et al. (2006b). CCCMA-CGCM3.1 (“b”, “c”),
MPI-ECHAMS (“0”’) and NCAR-CCSM3.0 (“¢”)
exhibit results similar to the observation.

3.2 Spatial relationships of rainfall and HLC
areas with DIV associated with subseasonal
disturbances over ITCZ

In the previous section, it is confirmed that the
general relationships of rainfall and HLC with

DIV as an index of large-scale circulation are well
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captured in the AOGCMs as shown in Figs. 4a, b;
the sensitivities of rainfall and HLC to DIV are
well captured in the models. The result encourages
further analyses for the models. In this section, the
spatial relationships of rainfall and HLC areas with
DIV associated with subseasonal disturbances are
analyzed for ITCZ through a composite analysis.
The composite analysis is focused on the western
and central Pacific where the dominant rainfall
and HLC band appear in each model (rainfall and
HLC areas over the eastern Pacific tend to be faint
in some models; see Fig. 2 in this study and also
Fig. 1 in Dai 2006).

a. Method of composite analysis

The spatial patterns of rainfall and HLC areas
around the DIV centers associated with sub-
seasonal disturbances over ITCZ are investigated
through a composite analysis. OLR is also included
for the present analysis as an index for deep con-

vection. Convective activity and the associated
rainfall and HLC are tied not only to subseasonal
large-scale circulation but also to slowly varying
environmental conditions including the underlying
SST pattern. We try to isolate the impact of large-
scale circulation associated with subseasonal distur-
bances on rainfall, HLC, and OLR from that of the
slowly varying environmental conditions. To ex-
clude such environmental conditions, the seasonal
cycle is firstly removed by subtracting monthly cli-
matologies from monthly mean data for each vari-
able to yield monthly anomalies, which are used for
the composite analysis. In addition, months corre-
sponding to El Nino and La Nina phases that ac-
company ENSO are excluded from the composite.
The both phases are determined by the definition
used in Vecchi and Harrison (2004) where periods
corresponding to monthly anomalies of NINO.3
(150 W-90W, 5S-5N) SST above 0.75°C and
below —0.75°C are identified as El Nino and La
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mark in (b) and (c).

Nina phases, respectively. El Nino and La Nina
phases are determined for the observation and for
each model individually.

More specifically, the composite technique is ap-

plied as follows. At first, a geographical center of
DIV for raw monthly mean data is sought for every
month during 1984-1999 except El Nino and
La Nina phases in area domains containing cli-
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matological ITCZ over the western and central
Pacific (140 E-120 W, 1.25S-12.5N). Once the DIV
center is detected, monthly anomalies for rainfall,
HLC, and OLR as well as DIV are composed
against the horizontal location of the DIV center.

b.  Spatial pattern in the observation

The spatial patterns of DIV (white solid con-
tours) and rainfall (in grey scale) areas in October
for climatology are shown in Fig. 5a, and those for
the monthly mean and monthly anomaly in 1991
and 1993 are shown in Figs. 5b and c, respectively,
as examples. The horizontal position of the DIV
center over the western and central Pacific is plot-
ted by a thick cross (‘+°) in Figs. 5b, c¢. The hori-
zontal position of the DIV center for each year
does not stay at a fixed position but varies from a
year to another. DIV and rainfall patterns also
vary from a year to another around the DIV center.
When the monthly climatology as a background
mean field is subtracted, DIV and rainfall patterns
are found to be spatially confined around the DIV
center in the monthly anomaly field. We compose
the monthly anomaly field with respect to the DIV
center, representing a subseasonal disturbance, for
each year, and investigate the mean spatial pattern
of subseasonal disturbances shown in composite
anomalies. As such, the dynamical linkage of rain-
fall and HLC areas with subseasonal large-scale cir-
culation can be investigated with a year-to-year
variability of the DIV center properly taken into
account.

The results of the composite analysis for rainfall,
HLC, and OLR anomalies are shown in Figs. 6a,

b, ¢ (in grey scale). The anomalies of DIV (white
solid contours) and SST (a black dashed contour)
are also plotted. The positive DIV anomaly has its
maximum over the center of DIV, corresponding to
the maximum location in the distribution of the
raw DIV in each month, and spreads around the
center with stretching more zonally, i.e., more to
east-west than north-south. The spatial distribution
of each variable (rainfall, HLC, and OLR) spreads
more zonally in a manner similar to the DIV. It is
noted that highly positive anomalies of the vari-
ables spread more to the eastern part of the DIV
center than to the western part. This might be as-
sociated with a positive SST anomaly spreading
to the east of the DIV center, particularly with a
highly positive anomaly nearly along at 0° in the
reference latitude (0 km in the vertical axis of Fig.
6). To the west of the DIV center, a negative SST
anomaly spreads from the DIV center. At a low-
level (1000 hPa), the wind anomaly pattern shown
by Fig. 6d is presumably related to the atmospheric
response to the heat source due to the convection
located north of the equator within ITCZ (Hecky
and Gill 1984) where the DIV centers are identified
through all the period of this analysis. The resultant
pattern in a low-level wind anomaly might be
linked to the SST anomaly pattern. To the east of
the DIV center, a westerly anomaly becomes
weaken near the reference latitude of 0° to which a
wind anomaly tends to converge from both north
and south. To the west of the DIV center, counter-
clockwise and clockwise turns of wind anomalies
are seen at north and south of the DIV center, re-
spectively.
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Table 2. Zonal width [x100 km] of Rainfall, HLC, and
OLR around the DIV center identified in the western
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Table 3. Same as Table 2, but for each cloud type of
DC, CS, CL

and central Pacific in the observation.

Rainfall

HLC

OLR

9.39

10.70

10.23

DC

CsS

CI

9.37

9.76

11.84

[x100 km]

Fig. 7. Same as Fig. 6b, but for CI.

¢. Zonal widths of horizontal pattern of rainfall,
HLC, OLR, and DIV areas in the observation
In order to evaluate the zonally extended feature
quantitatively, the “zonal width” is defined here.
First, zonal distribution of each variable averaged
meridionally between +400 km from the DIV cen-
ter is obtained. Then, the standard deviation of the
composite anomalies at the zonal distance from the
DIV center is calculated within +2000 km zonal
distance from the DIV center. The resultant stan-
dard deviation of zonal distance of each variable
is defined as the zonal width. Interestingly, the
zonal width varies from a variable to another as
shown in Table 2. The zonal width of HLC area is
the largest (1070 km), followed by that of OLR
(1023 km). Compared to HLC and OLR areas, the
zonal width of the rainfall area (939 km) is some-
what narrower. The difference of the zonal width
among the variables is compared with that of each
type of high clouds, i.e., DC, CS, and CI, as men-
tioned below. Figure 7 shows the composite map
of CI area around the DIV center. It is apparent
that CI area exhibits a more widespread distribu-
tion than rainfall, HLC, and OLR areas around
the DIV center, particularly to the east of DIV cen-
ter. Compared to this particular pattern in CI area,
the spatial pattern of DC and CS areas in the com-
posite (not shown) is quite similar to that of the
rainfall area. As shown in Table 3, the zonal width
of CI area (1184 km) is larger than any other vari-
able while the widths of DC (937 km) and CS

(976 km) areas are smaller than those of HLC and
OLR areas. The zonal width of DC area is close to
that of the rainfall area. The broad zonal width of
HLC area, a characteristic in Table 2, is thus due
largely to CI area.

d.  Evaluation of the zonal widths in the models

In order to evaluate the patterns of rainfall,
HLC, OLR, and DIV anomalies along ITCZ in
the models, the same composite analysis as applied
to the observation is applied to the outputs of the
models to calculate the zonal widths. Figure 8
shows the inter-model comparison of the zonal
width of each variable as well as the observation
(a: DIV, b: rainfall, c: HLC, d: OLR). The horizon-
tal axis in each figure shows the temporal correla-
tion between rainfall and DIV at the DIV center
which is derived from the time sequence of monthly
anomaly data except El Nino and La Nina phases
in each model. Because the rainfall amount is
strongly related to the column integrated latent
heating, the correlation between rainfall and DIV
at the DIV center indicates the degree of relation-
ship of the large-scale circulation field with the
column integrated latent heating consisting mainly
of the aggregation of cumulus latent heating. The
large correlation means that the latent heating
strongly influences subseasonal large-scale circu-
lation by enhancing the upward motion through
the atmospheric warming, potentially leading to
upper-level divergence at the DIV center. The
large-scale circulation may in turn induce low-level
convergence to help trigger the convection. A most
prominent feature in Fig. 8 is the systematic model
bias that the zonal width is underestimated in all
variables compared to the observation (a filled cir-
cle) with a few exceptions that are particularly seen
in the rainfall area. The zonal widths of models re-
produce those of the observation better in the rain-
fall area than in HLC area. The zonal widths of
HLC area in the models tend to be close to those
of the rainfall area or even smaller in some models
while the zonal width of HLC area is larger than
that of the rainfall area in the observation.

It is noted that, in the models, the zonal width
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(c) HLC because significant positive anomalies cannot be seen around the DIV center.

of DIV area (Y-axis) increases with the correlation
between rainfall and DIV (X-axis) in Fig. 8a. The
inter-model correlation of the rainfall-DIV relation-
ship and the zonal width of DIV area is 0.49, ex-
ceeding the 95% confidence level. As is described
above, the stronger correlation between rainfall
and DIV at the DIV center implies that subseasonal
large-scale circulation interacts more closely with

cumulus latent heating. Figure 8a, thus, indicates
that a model with a tighter coupling of the subsea-
sonal large-scale circulation field with the cumulus
latent heating tends to have a wider spread of DIV
area around the DIV center. Similar inter-model
positive correlations between the zonal width (Y-
axis) and rainfall-DIV relationship (X-axis) can be
also seen in HLC (Fig. 8c) and OLR (Fig. 8d)
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Fig. 9. Same as Fig. 6a, b, ¢, but for each climate model (a: UKMO-HadCM3, b: NCAR-CCSM3.0,

c: BCCR-BCM2.0, d: CCCMA-CGCM3.1-t63).

areas. Figures 8a, ¢, d show that a model better re-
producing the zonal width of DIV, HLC, and OLR
areas tends to have stronger coupling of the large-
scale circulation field with the cumulus latent heat-
ing than the observation. In the case of rainfall
(Fig. 8b), the zonal width does not strongly depend
on the correlation between rainfall and DIV. In
Fig. 8, the reproducibility of the zonal width in
each variable has no clear relation to the horizontal
resolutions and convection schemes that are used in
each model.

Figure 9 shows the composite spatial pattern of
each variable in the anomaly around the DIV cen-
ter for two pairs of models showing the contrast of
the performances of DIV (Fig. 8a). Pair A shown
by Figs. 9a, b is the two models of UKMO-

HadCM3 (“s” in Fig. 8) and NCAR-CCSM3.0
(“¢”) that are very close to the observation in Fig.
8a while Pair B shown by Figs. 9¢, d is BCCR-
BCM2.0 (“a”) and CCCMA-CGCM3.1-t63 (“¢”)
that are far from the observation in Fig. 8a. The
composite three variables of rainfall, HLC, and
OLR as well as DIV at the DIV center in Pair A
(Figs. 9a, b) exhibit a zonally wide spread distribu-
tion, close to those of the observation (Figs. 6a, b,
¢), while they exhibit a meridionally narrower dis-
tribution than the observation. Their strengths of
anomalies of rainfall, HLC, and OLR at the DIV
center are also close to those of the observation
(Figs. 6a, b, c). It should be noticed that Pair A re-
produces well the observed SST anomaly distribu-
tion in the composite. In contrast to Pair A, the
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composite three variables as well as DIV in Pair B
(Figs. 9¢c, d) tend to be significantly more concen-
trated around the DIV center than those of the
observation (Figs. 6a, b, c). The strength of posi-
tive anomalies at the DIV center is underestimated
for rainfall (rainfall, HLC, and OLR) in BCCR-
BCM2.0 (CCCMA-CGCM3.1-t63) of Pair B. In
addition, Pair B does not reproduce the observed
SST anomaly distribution. BCCR-BCM2.0 and
CCCMA-CGCM3.1-t63 of Pair B exhibit negative
and small positive anomalies of SST, respectively,
at the DIV center (the negative and small positive
value contours, respectively, do not appear in Figs.
9c, d because they are out of range of the selected
contours that are the same as those of the observa-
tion shown in Fig. 6).

3.3 Reproducibility of the climatological mean
field and that of subseasonal disturbances in
the models

In this section, we compare the reproducibility of
the simulated climatological mean field described in
Section 3./ and that of the composite anomalies,
which represent subseasonal disturbances, in the
monthly mean field described in Section 3.2.

The model’s performance of the horizontal
spread in the composite analysis in Section 3.2 is
closely related to its capability of simulating the
observed climatological mean pattern of DIV and
HLC areas over ITCZ in Section 3./. For example,
UKMO-HadCM3 and NCAR-CCSM3.0 of Pair
A, which produce a realistic composite pattern,
well simulate the climatological mean pattern of
DIV and HLC areas along the location of the ob-
served ITCZ (Figs. 1d, 2) while NCAR-CCSM3.0
tends to slightly underestimate HLC amount over
the western Pacific as shown by Fig. 2. In addi-
tion to these two models of Pair A, the models the
positions of which for variables studied (DIV, rain-
fall, HLC) in Fig. 8 locate relatively close, de-
pending on variables, to the observation, e.g., IAP-
FGOALS-gl.0 (“7’), MIROC3.2-hires (“m”), and
MRI-CGCM2.3.2a (“p”) indeed capture well the
climatological mean ITCZ pattern as is shown by
Fig. 2 or Dai (2006).

In BCCR-BCM2.0 of Pair B, where the negative
SST anomaly appears around the DIV center in the
composite analysis, DIV is not linked to SST in a
proper manner in the climatolotical mean pattern
as shown in Fig. 2. In the case of CCCMA-
CGCM3.1 of Pair B, where the distribution of
DIV and HLC areas is too much concentrated
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around the DIV center in the composite analysis,
the area with large DIV and HLC in the climato-
logical mean pattern is confined to the western
Pacific west of 180E and ITCZ is faint along
the location of the observed ITCZ as shown in
Fig. 2.

Some of other models are briefly referred to as
follows. In GISS-ER and INGV-ECHAM4, whose
marks are not plotted in Fig. 8c because the signifi-
cant HLC anomaly is not seen in the composite
plane around the DIV center, HLC area is not
linked to DIV in a proper manner in the climato-
logical mean pattern. In GISS-EH (“g”’), which ex-
hibits a relatively smaller zonal width (Fig. 8), the
location of large DIV over ITCZ in the climatolog-
ical mean pattern is completely different from that
of the observation in the way that it is too far north
of the equator in latitude and too far east around
the central-eastern Pacific in longitude (Fig. 2).

4. Summary and discussion

In this study, relationships of rainfall and high-
level cloud areas with large-scale circulation over
the tropical Pacific Ocean in the latest generation
AOGCMs were evaluated. As an overall feature,
most models well represent the observed climato-
logical relationships of rainfall and HLC areas
with large-scale circulation. In order to evaluate
the horizontal relationships of rainfall and high-
level cloud areas with large-scale circulation as-
sociated with subseasonal disturbances over the
tropical Pacific Ocean, the distribution of rain-
fall, HLC, and OLR is composed around the DIV
center along ITCZ, using DIV as an index of
large-scale circulation. Monthly anomalies against
monthly climatologies are used for the composite
except El Nino and La Nina phases. The compos-
ite analysis turned out to be useful for studying the
horizontal relationships of rainfall, HLC, and OLR
areas around the DIV centers associated with sub-
seasonal disturbances over ITCZ.

Figure 10 schematically illustrates the result
of the analysis. A comparison between AOGCMs
and observations reveals that, as one of the system-
atic model biases, the subseasonal large-scale circu-
lation field and the related rainfall, HLC, and OLR
are underestimated for the spread, i.e., more local-
ized around the ascent region in most of the models
than in the observation. Particularly, the horizontal
spread of HLC area is largely underestimated by
the models. The spread tends to be less different be-
tween rainfall and HLC areas in the models than in
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Fig. 10. Schematics of large-scale circulation
field and cloud/rainfall associated with
subseasonal disturbances (see the last para-
graph but one of Section 1) along the east-
west direction in the (a) observation and
(b) AOGCM.

the observation. HLC area spreads more exten-
sively than the rainfall area in the observation
owing to the widespread high-level cirrus clouds,
suggesting that the physical processes relevant to
the spatial distribution of HLC area cannot be
captured well in the models.

The large-scale circulation field and related HLC
and OLR areas spread more widely in the models
that exhibit a strong coupling between the large-
scale circulation and the cumulus latent heating.
The result would be presumably explained by the
positive feedback that the cumulus latent heating
enhances the large-scale upward motion leading
to the spread of upper-level divergence, which
strengthens the large-scale circulation motion that
induces the enhanced low-level convergence leading

Vol. 87, No. 4

to the enhanced cumulus convection. On the other
hand, the coupling in the models that reproduce
the observed spread of HLC and OLR areas tends
to be too strong.

The model’s performance of the horizontal
spread in the composite anomalies is closely related
to its capability of simulating the observed climato-
logical mean pattern of each variable. A model well
reproducing the observed spread of each variable
around the DIV center tends to well simulate the
climatological mean pattern of each variable over
ITCZ.

It is interesting to see if the spread of each vari-
able around the DIV center can be associated with
model specifications such as the spatial resolutions
and convection schemes. Broadly speaking, the re-
producibility of the spread appears not to exhibit
a systematic dependence on the spatial resolutions
and convection schemes that are used in each
model. Probably, we must also consider the depen-
dence not only on the convection schemes but also
on the large-scale condensation clouds schemes.
Nevertheless, certain dependence on convection
schemes might be suggested from the results of this
study. Considering the fact that the large-scale
circulation and the related HLC and OLR areas
spread widely in the models where large-scale
circulation is tightly coupled to the cumulus la-
tent heating, the spread could be wide in the
models requiring the quasi-equilibrium state be-
tween large-scale forcing and convection as is as-
sumed in the Arawawa-Schubert scheme. That is
particularly true of GFDL-CM2.0 (“¢”), GFDL-
CM2.1 (“f”), and MRI-CGCM2.3.2 (“p”’) adopt-
ing the Arakawa-Schubert scheme as is shown in
Figs. 8a, c, and d while the spread of HLC and
OLR areas in GFDL-CM2.1 is rather small com-
pared to those in the other two models. For these
models, however, the coupling between large-scale
circulation and cumulus latent heating is too
strong compared to the observation while the
spread is close to the observation. In the case of
MIROC3.2-hires (“m”) and MIROC3.2-medres
(“n”), adopting the Arakawa-Schubert scheme but
applying convection suppression modification using
a threshold of relative humidity (Emori et al. 2001),
the coupling is close to the observation while the
spread is small compared to the observation. It
should be noted that the spread of each variable is
wider and nearer to the observation in MIROC3.2-
hires (“m”) than in MIROC3.2-medres (“n”), i.e.,
in the higher spatial resolution model. In contrast
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to the model using the quasi-equilibrium assump-
tion, the model using the assumption of a strong
dependence of convection on relative humidity as
BCCR-BCM2.0 (“a”) is weaker in the coupling
and smaller in the spread in the models; it is also
weaker and smaller than the observation.

Overall, the underestimation of the spread of the
high-level cloud area in AOGCMs is obvious in our
result, suggesting the systematic bias in the rep-
resentation of anvil cirrus clouds in AOGCMs.
Luo and Rossow (2004) indicated that tropical
cirrus can advect over large distance, about 600—
1000 km, during its lifetime in association with
large-scale lifting as the replenishing process to
maintain the cirrus much longer than the particle
lifetime. Because the distance spans more than one
grid box in current AOGCMs, they suggested that
the advection term needs to be properly designed
for the water vapor and cloud water budget in
AOGCMs. An implementation of such a process
would be of great advantage for the improvement
of the current skill of representing clouds and rain-
fall in AOGCMs.
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