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ABSTRACT

The atmospheric anomalies for the 1997/98 El Niño–Southern Oscillation (ENSO) period have been analyzed
and intercompared using the data simulated by the atmospheric general circulation models (GCMs) of 11 groups
participating in the Monsoon GCM Intercomparison Project initiated by the Climate Variability and Prediction
Program (CLIVAR)/Asian–Australian Monsoon Panel. Each participating GCM group performed a set of 10
ensemble simulations for 1 September 1996–31 August 1998 using the same sea surface temperature (SST)
conditions but with different initial conditions. The present study presents an overview of the intercomparison
project and the results of an intercomparison of the global atmospheric anomalies during the 1997/98 El Niño
period. Particularly, the focus is on the tropical precipitation anomalies over the monsoon–ENSO region and
the upper-tropospheric circulation anomalies in the Pacific–North American (PNA) region.
The simulated precipitation anomalies show that all of the models simulate the spatial pattern of the observed

anomalies reasonably well in the tropical central Pacific, although there are large differences in the amplitudes.
However, most of the models have difficulty in simulating the negative anomalies over the Maritime Continent
during El Niño. The 200-hPa geopotential anomalies over the PNA region are reasonably well reproduced by
most of the models. But, the models generally underestimate the amplitude of the PNA pattern. These weak
amplitudes are related to the weak precipitation anomalies in the tropical Pacific. The tropical precipitation
anomalies are found to be closely related to the SST anomalies not only during the El Niño seasons but also
during the normal seasons that are typified by weak SST anomalies in the tropical Pacific. In particular, the
pattern correlation values of the 11-model composite of the precipitation anomalies with the observed counterparts
for the normal seasons are near 0.5 for the tropical region between 30!S and 30!N.

1. Introduction
The 1997/98 El Niño had a record-breaking intensity

of sea surface temperature (SST) anomalies in the trop-
ical Pacific and a profound impact on the global climate
(Bell et al. 1999). A number of general circulationmodel
(GCM) studies and GCM intercomparisons have been
performed for previous El Niño events after 1980
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(Blackmon et al. 1983; Lau 1985; Palmer and Mansfield
1986; Shukla and Fennessy 1988). In particular, the At-
mospheric Model Intercomparion Project (AMIP) has
provided a comprehensive evaluation of the perfor-
mance of atmospheric GCM anomalies and has proven
to be a useful reference of model sensitivity and pre-
dictability experiments to SST forcing (Gates et al.
1999; Boyle 1998). However, the AMIP experiment is
limited to the period of 1979/96. Until now, a compre-
hensive GCM study using a group of GCMs has not
been carried out for the 1997/98 El Niño.
Under this situation, by a request of the Climate Var-
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iability and Prediction Program (CLIVAR) Science
Steering Group, the present intercomparison project was
initiated by the CLIVAR/Asian–Australian Monsoon
Panel to evaluate a number of current atmospheric
GCMs in simulating the global climate anomalies as-
sociated with the recent El Niño. The primary subjects
of interest in the intercomparison project are the global
ENSO and monsoon anomalies associated with the
1997/98 El Niño, the associated surface fluxes, and the
intraseasonal oscillations. In the present study, as the
first part of a series of reports of the intercomparison
project, we focus on the global ENSO anomalies during
the 1997/98 period, particularly the tropical rainfall
anomalies and the upper-tropospheric circulation anom-
alies in the Pacific–North American (PNA) region.
The present intercomparison is similar to the AMIP

except that the simulation period is September 1996–
August 1998. Therefore, this experiment examines the
atmospheric GCM responses to a given SST forcing
over the globe. Given the primacy of tropical SST anom-
alies in forcing the global circulation anomalies (Lau
and Nath 1994; Graham et al. 1994), it is anticipated
that the present GCM results are dominated by the mod-
els’ responses to tropical SST anomalies, particularly
for the 1997/98 El Niño period. The quality of the GCM
responses investigated in this study compared to the
observations has implications for the ability of present
GCMs to predict global climate anomalies for a given
El Niño condition. In this regard, it is of interest to
know the spread of various model responses to the SST
specification compared to observations. But, this paper
does not concentrate on the simulation of specific events
or processes, nor does it emphasize the results of in-
dividual models here. Rather, the focus is on the per-
formance of the models as a whole and seeking to sum-
marize the systematic errors that are common to the
current atmospheric GCMs.
Section 2 describes the experimental design of the

present intercomparison project, the participating
GCMs, and the observational data utilized. Section 3
provides an intercomparison of the precipitation anom-
alies simulated by the various models with particular
attention paid to the tropical anomalies over the Pacific
and the Asian monsoon region during the 1997/98
ENSO period. Section 4 discusses the model responses
of upper-tropospheric circulation over the globe to the
SST anomalies, and in particular, the ability of GCMs
to reproduce the observed circulation anomalies over
the PNA region during the 1997–98 winter, a mature
phase of El Niño. Summary and concluding remarks are
given in section 5.

2. Experimental design and data
For the present intercomparison, all participating

GCM groups have performed a set of 10 ensemble ex-
periments from the period 1 September 1996–31 August
1998 with the same SST boundary condition but with

different initial conditions. The SST data used in these
experiments are the observed pentad means from the
Global Sea Ice and Sea Surface Temperature (GISST)
dataset (Rayner et al. 1996) created by the Hadley Cen-
tre for Climate Prediction for the period January 1979–
October 1981 and the Optimum Interpolation Sea Sur-
face Temperature (OISST) analyses dataset (Reynolds
and Smith 1994) created by the Climate Prediction Cen-
ter (CPC) of the National Centers for Environmental
Prediction (NCEP) for the period November 1981–De-
cember 1998. Because of the unavailability of the data
for recent years, the sea ice is prescribed by the cli-
matological monthly mean data utilized by the AMIP.
Eleven modeling groups (COLA, DNM, GEOS, GFDL,
IAP, IITM, MRI, NCAR, NECP, SNU, and SUNY/GLA)
from six countries have provided experimental data to
the coordinating institute, Climate Environment System
Research Center at Seoul National University, Korea.
The names of the participating institutes and their model
descriptions are given in Table 1.
In addition to a set of ensemble simulations for the

1996–98 period, each GCM group performed an AMIP-
type simulation, a 20-yr run with the observed SST from
1 January 1979 to 31 December 1998, to determine the
model’s climatological cycle. The SST anomalies of
each model for the 1996–98 period are obtained by sub-
tracting the 20-yr mean climatological cycle from the
2-yr simulation of the corresponding model. The only
exception is the GEOS model climatology, which is for
the shorter period of 1980–92, and all comparisons for
this model with observations use the 1980–92 clima-
tology. Although the spatial resolution of the models
varies from rhomboidal truncation at wavenumber 15
to triangular truncation at wavenumber 42, all GCMdata
were converted to monthly averages and a spatial res-
olution of 2.5! " 2.5! using a linear interpolation meth-
od. Note that the regridding algorithm conserves area
mean quantities and does not affect the main results of
the paper. The variables used here are precipitation for
investigating tropical rainfall anomalies associated with
the El Niño and geopotential height at 200 hPa for con-
sidering the upper-tropospheric circulation anomalies,
especially over the Pacific/North American region.
The SST anomalies prescribed in the GCM experi-

ment for the 2-yr period of 1996–98 are characterized
by an evolution of a strong El Niño episode from the
initiation to the termination. Therefore, they can be rep-
resented by the Niño-3.4 index, defined as the average
of SST anomalies over the region of 5!S–5!N and 120!–
170!W (Trenberth 1997). The time evolution of the
Niño-3.4 index, shown in Fig. 1a, consists of a normal
winter (December 1996–February 1997), a rather strong
El Niño summer (June–August 1997), a strong El Niño
winter (December 1997–February 1998), and the La
Niña summer 1998 with negative SST anomalies in the
tropical Pacific. The spatial distribution of the SST
anomalies for the El Niño winter is shown Fig. 1b. Large
positive SST anomalies are distributed in the tropical
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FIG. 1. (a) Time evolution of the Niño-3.4 index for Jun 1996–Oct
1998. (b) Distribution of the SST anomalies for the 1997/98 El Niño
winter.

FIG. 2. Southern Oscillation index (SOI) for Sep 1996–Aug 1998. Observed SOI is shown by
the thick solid line, and the model composite index is shown by the thick dashed line. The line
patterns for the SOI of the individual models are indicated in the legend at upper left.

eastern and central Pacific with a maximum value of
more than 4!C. Smaller positive anomalies are also seen
in the other oceans: the Indian Ocean, the eastern North
Pacific, and the Atlantic Ocean in the Northern Hemi-
sphere Tropics. In addition, negative anomalies are
found in the Southern Hemisphere oceans and in the
central North Pacific.
The overall performance of the GCMs in simulating

the atmospheric anomalies associated with the tropical
SST anomalies can be examined in terms of the South-
ern Oscillation index (SOI), which correlates negatively
with the SST variations associated with El Niño events
(Trenberth 1976; Horel and Wallace 1981). The SOI of
each model is calculated by subtracting the sea level
pressure (SLP) anomaly averaged over 5!S–5!N and
125!–135!E from the SLP anomaly averaged over 5!S–
5!N and 145!–155!W based on the ensemble mean data
of 10 runs with the model. The model index is compared
to the SOI obtained using the NCEP–NCAR reanalysis
data (Kalnay et al. 1996). Hereafter, the statistics from
the reanalysis data will be referred to as the observed,
although it is understood that they are not exactly the
same as the observations. Figure 2 shows the SOIs from
each model and from the observed data. The observed
SOI has relatively small positive values for 1996, neg-
ative values after spring 1997 as the onset timing of
1997/98 El Niño, and the large negative values after
summer 1997 until spring 1998. The variation of the
SOI is generally in accordance with the Niño-3.4 index
shown in Fig. 1a, except for the difference in sign. A
comparison of the characteristics of the observed SOI
with those simulated by the models indicates that all the
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models respond sensitively to the tropical Pacific SST
in a way similar to the observed, although each model
produces a slightly different phase and amplitude of the
index. In general, models overestimate the SOI during
the El Niño except for the IAP model. Although there
is some spread in the model SOI, the composite value
shown in Fig. 2 varies closely with the observed SOI.
This result indicates that the present GCMs as a whole
are able to mimic the tropical atmospheric anomalies
associated with the evolution of the recent El Niño.

3. Precipitation anomalies
It is expected that the rainfall distribution simulated

by the models is closely related to the prescribed SST.
This close relationship has been demonstrated by a num-
ber of previous studies (e.g., Horel and Wallace 1981;
Ropelewski and Halpert 1987; Halpert and Ropelewski
1992). In the present section, we examine the precipi-
tation anomalies simulated by 11 models and specifi-
cally consider the systematic error of the models, the
spread relative to the observed anomalies, and how the
precipitation anomalies are linked to the SST anomalies,
particularly in the tropical Pacific. For this purpose, all
model composites of seasonal-mean rainfall anomalies
were calculated first and then compared with the cor-
responding observations. The observed precipitation
data are the CPC Merged Analysis of Precipitation
[CMAP; see documentation by Xie and Arkin (1997)]
from NCEP.
The right-hand side of Fig. 3 shows the precipitation

anomalies of all model composites for the two winters
and two summers in the period from September 1996
to August 1998. The corresponding CMAP precipitation
anomalies are shown in the left-hand side of Fig. 3. The
winter mean precipitation observed for the winter of
December 1996–February 1997, when the tropical Pa-
cific was in a normal state, shows positive anomalies
over the Maritime Continent and negative anomalies
over the central tropical Pacific (Fig. 3a). The simulated
anomalies for the corresponding period show a distri-
bution similar to those of the observed, although the
magnitudes of the simulated anomalies are much weak-
er, particularly over the Maritime Continent. The spatial
correlation between the two maps is 0.55 for the tropical
region between 30!S and 30!N. Although similar, it may
not be possible to say what is ‘‘forced’’ by the SST
anomalies and what is simply due to the averaging of
a small number of chance fluctuations. This issue is
addressed by performing a simple Student’s t test, and
then the regions of statistical significance at the 99%
level are highlighted by shading in the figures. The re-
sults of the Student’s t test indicate that the large-scale
precipitation anomalies simulated in the Tropics are
closely related to the SST anomalies not only for the
El Niño period (Figs. 3d,f) but also for the seasons of
weak SST anomalies (Figs. 3d,h).
For the El Niño period covering the 1997 summer

and 1997/98 winter, the simulated and observed anom-
alies are very similar (Figs. 3c–f). In particular, the mod-
el composites reproduce many features of the observed
precipitation anomalies in the equatorial central and
eastern Pacific. However, some discrepancies appear in
the Maritime Continent, where the observed negative
anomalies are poorly simulated, particularly for the El
Niño winter. (As will be seen later in Fig. 6, most of
the models have difficulties in simulating the negative
anomalies in the Maritime Continent properly.) Even
though the tropical Pacific SST anomalies were rela-
tively weak during the summer of 1998, the spatial pat-
tern of the observed anomaly is reasonably well repro-
duced by the model composite (Fig. 3h). The results in
Fig. 3 indicate that the precipitation anomalies, specif-
ically in the tropical oceans are closely related to the
SST anomalies, and this relationship is reproduced rea-
sonably well by the model composite. However, the
models underestimate the precipitation anomalies in the
Maritime Continent, particularly during the El Niño pe-
riod.
Next, we examine the performance of each model in

simulating the precipitation anomalies in the monsoon–
ENSO region, defined by the area of 60!E–90!W and
30!S–30!N. This region covers the Asian–Australian
monsoon region and the entire tropical Pacific, where
large precipitation anomalies appear during El Niño
events. Figure 4a shows the pattern correlation over the
monsoon–ENSO region between the simulated and ob-
served precipitation anomalies of each season. As ex-
pected, the pattern correlation has a relatively large val-
ue during the El Niño seasons. All of the models, except
MRI, have the largest correlation value during the 1997/
98 winter season. During this period, the correlation
value for the ensemble mean of each model is in the
range between 0.56 and 0.81. Not only the ensemble
mean but also each individual run has a significantly
large value of the correlation coefficient during the El
Niño seasons. The range of correlation values of the
individual runs is considerably narrower for the El Niño
seasons than for the normal seasons of 1996/97 winter
and 1998 summer. The pattern correlations of the com-
posites during the El Niño seasons exceed 0.7.
Even for the seasons of weak SST anomalies Decem-

ber–January–February 1996–97 (DJF96/97) and June–
July–August 1998 (JJA 98), the precipitation anomalies
simulated by all the individual runs are positively cor-
related with the observed counterpart with the exception
of the 1997 summer simulation by the IAP model. For
these seasons, the pattern correlation of the ensemble
mean exceeds 0.3 for most of the models, and the cor-
relation value of the composite map of 11 models is
near 0.5. These results indicate that a large part of ob-
served precipitation anomalies are related to the SST
anomalies regardless of their magnitude. The figures
also show that, regardless of the season, the correlation
value of the ensemble mean of each model is larger than
that of any individual run with few exceptions, and the
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FIG. 3. Precipitation anomalies for the two winter and two summer seasons in the period between Sep 1996 and Aug 1998. (left)
Observed CMAP anomalies and (right) model composites. Shading indicates the anomalies that are significant at the 99% level.

correlation value of the model composite is larger than
that of the ensemble mean of individual models, with
the exception of the GFDL 1997/98 winter simulation.
Therefore, it is put forward that the ensemble mean and
composite anomaly are usually superior to that of any
individual model run (Hulme et al. 1993; Gates et al.
1999; Krishnamurti et al. 2000).
The intensity of the simulated anomaly compared to

observations is examined in Fig. 4b, which shows the
root-mean-square (rms) of precipitation anomalies over

the monsoon–ENSO region normalized by the observed
rms. If the normalized rms shown in Fig. 4b is smaller
(larger) than 1, it denotes that the mean intensity of
simulated anomaly is smaller (larger) than that of the
observation. The precipitation anomalies simulated by
the models of COLA, GFDL, IITM, and SUNY are
generally larger than the observed, whereas the models
of DNM, IAP, and MRI tend to simulate the anomalies
weaker than the observed. The composite anomalies of
11 models are shown to be weaker than the observations
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FIG. 4. (a) Pattern correlation coefficient between the simulated and observed precipitation
anomalies for each model and each season over the monsoon–ENSO region, 30!S–30!N and 60!E–
90!W. The line in the bar indicates the range of correlation values of each individual run, and
the black square indicates the correlation of the ensemble mean. (b) Root-mean-square (rms) of
the simulated precipitation anomalies over the monsoon–ENSO region, normalized by the observed
rms. The line in the bar indicates the range of rms values of each individual run, and the black
square indicates the rms value of the ensemble mean.

for all seasons. The normalized rms of the anomalies
for the 1997 El Niño summer is generally larger than
the 1997/98 El Niño winter for all of the models without
exception. The simulated anomaly being larger during
the summer is also true for the normal years.
It is also interesting to examine how the anomalies

of each model during the El Niño seasons are related
to the accuracy of the model climatology. To address
this issue, the pattern correlation between the observed
climatology and the climatology of each model for the
monsoon–ENSO region were calculated and plotted
against the pattern correlation of the anomalies. Figure
5a shows a scatter diagram of the pattern correlation of
climatology (x axis) versus the pattern correlation of
anomaly (y axis). As seen in Fig. 4, the 1997/98 winter
anomaly simulations are generally better than those of
1997 summer. Figure 5a illustrates that there is no clear
relationship between the degree of accuracy of the cli-
matology and that of the anomaly for both seasons,

although the best model of the anomaly coincides with
the best model of the climatology for each season. On
the other hand, Fig. 5b shows that for both seasons, the
intensity of simulated anomaly is generally proportional
to the intensity of the corresponding climatology of each
model. In other words, the models with a larger (smaller)
climatological mean precipitation than the observed
generally simulate larger (smaller) El Niño anomalies
than the observed. It implies that a simple bias correc-
tion of anomalies can be made based on the quality of
the model climatology.
To focus on the simulation of the 1997/98 El Niño

winter, the ensemble mean precipitation anomaly of
each model is shown in Fig. 6. The Student’s t test is
also performed for each model and the anomalies of
significance level at 99% are shaded in the figures. Fig-
ures show that most models reproduce the precipitation
anomalies in the tropical Pacific, which are significantly
related to the prescribed SST anomalies. Whereas, the
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FIG. 5. (a) Scatterplot of the pattern correlation of the ensemble
anomalies of each model over the monsoon–ENSO region vs that of
the corresponding climatology for the 1997 summer and 1997/98
winter seasons. (b) As in (a) except for the normalized rms. Open
and dark symbols are for the 1997 summer and 1997/98 winter, re-
spectively.

simulated precipitation anomalies in Indian and East
Asian regions are poorly related to the SST anomalies.
For comparison, the observed CMAP precipitation

anomaly is also shown in Fig. 6a. The models, as a
whole, produce a broadly realistic distribution of pre-

cipitation anomalies. But the intensity of the anomalies
in the equatorial Pacific and Maritime Continent shows
large intermodel differences. The ENSO-related positive
anomalies in the equatorial central Pacific (Horel and
Wallace 1981) simulated by GEOS and IAP are very
weak compared to the observed counterpart. On the oth-
er hand, COLA, NCAR, and SUNY models produce
larger positive anomalies in the same region. All the
models, except GFDL, poorly simulate the observed
negative anomalies over the western Pacific near In-
donesia, which is also the region of greatest disagree-
ment among the models. Except over this region, the
composite of the 11 model anomalies, shown in Fig. 3f,
is in good agreement with the observed counterpart over
the Tropics and even in the northern extratropics, par-
ticularly over North America.
We also examined how the composite field varies with

different combinations of the model anomalies during
the 1997/98 El Niño season. This examination is mo-
tivated to sort out the optimal combination of models.
Figure 7 shows the range of the correlation coefficient
between the model composite and the observed precip-
itation anomalies in the monsoon–ENSO region for dif-
ferent numbers of composite members. For a single
model, the values range from 0.56 to 0.85. For two-
model composites, the values range from 0.66 to 0.86,
and for all 11 models the correlation reaches 0.83. The
figure shows that the maximum correlation value chang-
es little, while the minimum value increases significantly
with an increase of the number of models. A close ex-
amination evinces that the maximum value actually de-
creases slightly with more than three models, indicating
that the best model or a composite of a few models can
be better than the composite of many models. It may
be interesting to find out which combination of models
produces a relatively high-correlation value, particularly
for the composite of three models. As shown in Table
2, the best combination is obtained by the composite of
GFDL, IAP, and NCEP models. The GFDL model al-
ways gets included in combinations of the top 10 cor-
relation values because of its ability to produce the high-
est pattern correlation of the precipitation anomalies, as
seen in Fig. 4a. The IAP model, which simulated the
ENSO anomalies poorly (Fig. 6), is included in many
cases of top 10 combinations. These results indicate that
a better composite is not made by a combination of best
models but can be obtained by a combination of various
kinds of models including the models of relatively poor
performance, but independent from other models. It is
pointed out, however, that a superensemble method re-
cently developed by Krishnamurti et al. (2000) may
produce a different result from that shown in Fig. 7,
since the method assigns weights to the models ac-
cording to their skill.

4. 200-hPa geopotential height anomalies
This section examines the upper-tropospheric circu-

lation anomalies associated with the precipitation anom-
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FIG. 6. Distribution of precipitation anomalies during the 1997/98 winter for the (a) CMAP, and (b)–(l) for the ensemble mean of each
model. Shaded area denotes anomalies that are significant at the 99% level.

alies discussed earlier, with emphasis on the El Niño
seasons. Since GEOS and IITM have not provided the
geopotential height data, the data from COLA, DNM,
GFDL, IAP, MRI, NCAR, NCEP, SNU, and SUNY
models are used for the analysis of the geopotential
height. The NCEP–NCAR reanalysis data (Kalnay et al.
1996) are used for the observed counterpart. Figure 8a
shows the 200-hPa geopotential height anomalies during
the 1997 summer, obtained as an average of the nine-
model ensemble means. A distinctive anomaly pattern
appears in the Southern Hemisphere (SH) Pacific with
a wave train emanating from the tropical central Pacific.
The anomalies of statistical significance at the 99% level
are confined in the regions of the wave train. The model
anomalies in the Northern Hemisphere (NH) appear to
be very weak. However, relatively large anomalies ap-
pear all over the NH in the observations (Fig. 8b). Al-
though the individual model runs also show substantial
anomalies in NH, they are cancelled out in the com-
posite, indicating that the observed anomalies in the NH
are related to transients. Discrepancies between the
model and observations also appear in the SH, partic-

ularly in the polar region. Note that the wave train in
the Pacific also appears in the observations.
The geopotential anomalies during the 1997/98 winter

are also shown in Figs. 8c and 8d for the model com-
posite and the NCEP–NCAR reanalysis, respectively.
The spatial pattern of the observed anomalies in the
Tropics and the PNA region are reasonably well repro-
duced by the model composite, although the model
anomalies are weaker than the observed, particularly in
the PNA region. Large discrepancies between the model
and observed anomalies are also apparent in the high
latitudes of the Asian continent. The statistically sig-
nificant anomalies of the model composite are found all
over the Tropics and in the PNA region, where the model
composite is qualitatively similar to the observed coun-
terpart.
The performance of each model in simulating the NH

circulation anomalies for the El Niño winter is now
examined. Figure 9 shows the ensemble means of 200-
hPa geopotential height anomalies simulated by each
model. The anomaly distributions of NCEP–NCAR re-
analysis and the model composite are also included in
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FIG. 7. Range of pattern correlation values between the observed
and model composite precipitation anomalies over the monsoon–
ENSO region for different numbers of the models being composed
during the 1997/98 winter. The black square indicates the average
value of the correlation coefficients for various combinations of the
models composed.

TABLE 2. Model combinations for the highest 10 correlations for
three-model composites.

Composite members Correlation

GFDL
GFDL
GFDL
GFDL
GFDL
GFDL
GFDL
GFDL
GFDL
GFDL

IAP
IAP
DNM
IAP
IITM
NCAR
IAP
SUNY
IITM
IAP

NCEP
DNM
NCEP
IITM
NCEP
NCEP
NCAR
NCEP
DNM
SNU

0.866
0.862
0.859
0.856
0.856
0.851
0.850
0.843
0.841
0.839

FIG. 8. Global distribution of 200-hPa geopotential height anomalies: (a), (b) model composites
and the NCEP–NCAR reanalysis during the 1997 summer, respectively; and (c), (d) the 1997/98
winter. Shading indicates the anomalies that are significant at the 99% level.

Fig. 9. The models, as a whole, are seen to produce a
broadly realistic distribution of anomalies, but there are
large disagreements among the models in the ampli-
tudes. In particular, the models such as IAP and MRI
simulate circulation anomalies that are much weaker
than those in observations and the other models. The
Student’s t test of each model composite indicates that
the simulated tropical anomalies are significantly related
to the SST anomalies for all models. Whereas the ex-
tratropical anomalies of significance are more or less
confined in the PNA region, particularly the negative
anomalies off the east coast of Alaska and the positive

anomalies over eastern Canada, although the locations
of significant anomalies are slightly different from one
model to another.
Most of the models generally underestimate the ob-

served anomalies, especially in the PNA region. This
underestimation is clearly illustrated by Fig. 10 in which
the geopotential anomalies normalized by the observed
rms over the PNA region, are plotted against the pattern
correlations between the model and observed anomalies
in the PNA region. Hereafter, the PNA region is defined
as the region of 180!E–60!W and 20!–80!N. The nor-
malized rms is less than 1 for all of the models, indi-
cating the underestimation. This underestimation may
result from the internal (unforced) variability inherent
in the observations, which are largely cancelled out by
the ensemble in the model results. The pattern corre-
lation is generally large for most of the models except
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FIG. 9. Distribution of 200-hPa geopotential height anomaly over the Northern Hemisphere north of 10!N during the
1997/98 winter: (a), (b) the NCEP–NCAR reanalysis and the model composite, respectively. (c)–(k) The ensemble mean
of each model; shaded area denotes anomalies that are significant at the 99% level.
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FIG. 10. Scatterplot of the pattern correlation between the model
and observed anomalies (x axis) vs the normalized rms (y axis) of
200-hPa geopotential height anomalies over the PNA region during
the 1997/98 winter season. The values for the ensemble mean of each
model and the model composite are indicated by the symbols shown
in the legend at upper left.

FIG. 11. (a) Scatterplot of the pattern correlation between the model
and the NCEP–NCAR reanalysis anomalies for the 200-hPa geopo-
tential height over the PNA region (y axis) vs similar pattern cor-
relation of precipitation anomalies over the monsoon–ENSO region
during the 1997/98 winter season (x axis). (b) As in (a) except for
the normalized rms.

the IAP and MRI models. It is interesting to note that
the models with a lower correlation value simulate
weaker anomalies. Overall, the present results indicate
that the present GCMs simulate the PNA pattern with
a reasonably good structure but with weaker intensity.
The relationship between the tropical precipitation

and the PNA pattern simulated by the models is now
examined using Fig. 11. In Fig. 11a, the pattern cor-
relation of 200-hPa geopotential height anomalies of
each model with those of NCEP–NCAR reanalysis over
the PNA region are plotted against the pattern corre-
lation between the model and observed precipitation
anomalies over the monsoon–ENSO region during the
El Niño winter. It shows that the two correlation values
are linearly proportional to each other, indicating that
the circulation anomalies in the PNA region are directly
related to the tropical precipitation anomalies during
ENSO. The relationship between the amplitudes of trop-
ical precipitation and the PNA pattern also shows that
the amplitude of the PNA pattern is proportional to that
of the tropical precipitation anomaly (Fig. 11b). Both
figures indicate that a better simulation of the PNA pat-
tern depends on a better representation of precipitation
anomalies in the tropical Pacific.
Also examined is the relationship between the sim-

ulated circulation anomalies in the NH and SH extra-
tropics during the El Niño winter. Figure 12a shows the
pattern correlations between the observed and simulated
geopotential anomalies in the PNA region versus those
in the SH extratropics in the region of 180!E–60!W and
20!–80!S. Again, the NCEP–NCAR reanalysis is used
as an observation although the reanalysis data may not

represent the actual observation, particularly in the
Southern Hemisphere. Interestingly, there is no clear
relationship between the pattern correlations of the NH
and SH circulation anomalies associated with the ENSO,
indicating that the model that better simulates the NH
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FIG. 12. As in Fig. 11 except for the Northern Hemisphere anom-
alies during the 1997/98 winter (y axis) and the Southern Hemisphere
anomalies during the 1997 summer (x axis).

anomalies does not necessarily produce a better simu-
lation of the SH anomalies. Most of the models also
show poor ability in the simulation of the SH anomalies
compared to that of the NH anomalies. The SNU model
appears to simulate both NH and SH anomalies reason-
ably well. In contrast to the pattern correlation, there

appears a linear relationship between the amplitudes of
anomalies in the PNA region and those in the SH region
(Fig. 11b), in spite of some exceptions such as the mod-
els of NCAR, NCEP, and MRI. Figure 12 indicates that,
during the El Niño winter, the amplitudes of the extra-
tropical circulation anomalies in the SH and NH are
generally controlled by the same tropical precipitation
anomalies. Such a variable pattern in the SH may be
due to a large impact of transients in the SH, and part
of the NH anomalies may be due to the influence of
stationary waves in the circulation anomalies (Simmons
et al. 1983; Branstator 1985).

5. Summary and discussion
This paper has presented an overview of the results

of the Asian–Australian Monsoon GCM Intercompari-
son Project with a focus on the global ENSO anomalies
during 1997/98 period, particularly the tropical rainfall
anomalies and the upper-tropospheric circulation anom-
alies in the Pacific–North American region. The GCM
data analyzed are a set of 10 ensemble simulations for
1 September 1996–31 August 1998 from the partici-
pating modeling groups of 11 institutions. In particular,
this paper examines the performance of the state-of-art
models as a whole and seeks to summarize the char-
acteristics of the model simulations for the recent El
Niño period. Thus, the analysis presented here was not
intended to establish the ultimate superiority of one
model over another.
Although there are apparent model outliers in each

simulated variable examined, validation of the model
composite shows that the average large-scale seasonal
distributions of precipitation and geopotential height are
reasonably close to what are believed to be the best ob-
servational estimates available. But, it also shows large
intermodel differences in the centers of response to the
tropical SST anomalies associated with the 1997/98 El
Niño. In the case of precipitation anomaly, large inter-
model differences appear over the tropical central Pacific
and the Maritime Continent. All the models simulate the
spatial pattern of the observed El Niño anomalies in the
tropical central Pacific reasonably well during El Niño,
although their amplitudes show large intermodel differ-
ences. On the other hand, most of the models have dif-
ficulty in simulating the negative anomalies over theMar-
itime Continent during the El Niño. It is noted that any
physical insight of the common GCM problems has not
been provided in the present study. Therefore, continued
investigations into the model differences and common
problems are needed to improve the current GCMs.
The upper-tropospheric circulation anomalies ob-

served during the 1997/98 winter show a distinct wave
train in the PNA region, emanating from the tropical
Pacific. Such a phenomenon also appeared in the South-
ern Hemisphere for the 1997 summer. Most of the mod-
els reproduce the observed spatial pattern of the 200-
hPa geopotential anomalies over the PNA region. How-
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ever, the models generally underestimate the amplitude
of the ENSO anomalies in the PNA region. In particular,
the PNA pattern simulated by the models such as IAP
and MRI are significantly weaker than the observed,
and those weak amplitudes are related to the weak pre-
cipitation anomalies in the tropical Pacific. Most of the
models have a linear relationship between the tropical
precipitation anomalies and the circulation anomalies in
the PNA region. It was also noted that a model that
simulates the NH anomalies better does not necessarily
produce a better simulation of the SH anomalies. The
simulations of SH anomalies show large disagreements
among the models, suggesting that much of the SH var-
iability is due to a large impact of transients, and that
the more deterministic part of NH anomalies, particu-
larly the PNA pattern, is due to the influence of sta-
tionary waves in the circulation anomalies (Simmons et
al. 1983; Branstator 1985).
It was also noted that the tropical precipitation anom-

alies are closely related to the SST anomalies not only
for the El Niño seasons but also for the normal seasons
with weak SST anomalies in the tropical Pacific. In
particular, the model composites of the simulated anom-
alies for the normal winter (December 1996–February
1997) and summer (June–August 1998) seasons show
a reasonable degree of similarity to the observed coun-
terparts, although the magnitudes of the simulated
anomalies are weaker, particularly over the Maritime
Continent. The pattern correlation values for the normal
seasons between the observed and corresponding model
composite are near 0.5 for the tropical region between
30!S and 30!N. This result may provide some hope to
consider short-range climate forecasting as a slowly
varying boundary value problem.
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