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Abstract The intraseasonal variability associated with
the Asian summer monsoon as simulated by a number of
atmospheric general circulation models (AGCMs) are
analyzed and assessed against observations. The model
data comes from the Monsoon GCM Intercomparison
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project initiated by the CLIVAR/Asian–Australian
Monsoon Panel. Ten GCM groups, i.e., the Center for
Ocean–Land–Atmosphere Studies (COLA), Institute of
Numerical Mathematics (DNM), Goddard Space Flight
Center (GSFC), Geophysical Fluid Dynamics Laboratory (GFDL), Institute of Atmospheric Physics (IAP),
Indian Institute of Tropical Meteorology (IITM),
Meteorological Research Institute (MRI), National
Center for Atmospheric Research (NCAR), Seoul
National University (SNU), and the State University of
New York (SUNY), participated in the intraseasonal
component of the project. Each performed a set of 10
ensemble simulations for 1 September 1996–31 August
1998 using the same observed weekly SST values but
with diﬀerent initial conditions. The focus is on the
spatial and seasonal variations associated with intraseasonal variability (ISV) of rainfall, the structure of
each model’s principal mode of spatial-temporal variation of rainfall [i.e. their depiction of the Intraseasonal
Oscillation (ISO)], the teleconnection patterns associated
with each model’s ISO, and the implications of the
models’ ISV on seasonal monsoon predictability. The
results show that several of the models exhibit ISV levels
at or above that found in observations with spatial
patterns of ISV that resemble the observed pattern. This
includes a number of rather detailed features, including
the relative distribution of variability between ocean and
land regions. In terms of the area-averaged variance, it is
found that the ﬁdelity of a model to represent NH
summer versus winter ISV appears to be strongly linked.
In addition, most models’ ISO patterns do exhibit some
form of northeastward propagation. However, the
model ISO patterns are typically less coherent, lack
suﬃcient eastward propagation, and have smaller zonal
and meridional spatial scales than the observed patterns,
and are often limited to one side or the other of the
maritime continent. The most pervasive and problematic
feature of the models’ depiction of ISV and/or their ISO
patterns is the overall lack of variability in the equatorial
Indian Ocean. In some cases, this characteristic appears
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to result from some models forming double convergence
zones about the equator rather than one region of strong
convergence on the equator. This shortcoming results in
a poor representation of the local rainfall pattern and
also signiﬁcantly inﬂuences the models’ representations
of the global-scale teleconnection patterns associated
with the ISO. Finally, analysis of the model ensemble
shows a positive relationship between the strength of a
model’s ISV of rainfall and its intra-ensemble variability
of seasonal monsoon rainfall. The implications of this
latter relation are discussed in the context of seasonal
monsoon predictability.

1 Introduction
The tropical intraseasonal oscillation (ISO) plays an
extremely inﬂuential role in the nature and evolution of
the Asian summer monsoon. In particular, it has a
dominant inﬂuence over monsoon onset and break
activity (e.g., Yasunari 1979; Lau and Chan 1986; Lau et
al. 1988; Kang et al. 1989; Nakazawa 1992; Wang and
Xu 1997; Wu and Zhang 1998; Kang et al. 1999; Kemball-Cook and Wang 2001; Liu et al. 2002). In fact, the
variance associated with intraseasonal monsoon ﬂuctuations typically exceeds the variance associated with
interannual ﬂuctuations in almost all Eastern Hemisphere monsoon regions (e.g., Lau and Chan 1988;
Waliser et al. 1993). As an illustration of these features,
Fig. 1 compares total pentad anomaly (gray), intraseasonal (30–90 day), and interannual (>90 day) ﬂuctuations in area-averaged rainfall over India and Southeast
Asia for the 1994, 1995 and 1996 monsoons. From this
ﬁgure, it is apparent that the intraseasonal time scale is a
Fig. 1 June through September
anomalous rainfall data for the
years 1994, 1995 and 1996 for
India (a) and Southeast Asia
(b). The rainfall data are pentad
values from Xie and Arkin
(1997). The thin gray lines are
pentad anomaly values, the
thick black lines are 30–90 day
bandpassed values, and the
dotted lines are 90 day lowpass
values. The data plotted for
India are the domain-averages
of the data grid points lying
within India. The data plotted
for Southeast Asia are the
domain-averages of the data
grid points encompassing the
majority of Thailand, Laos,
Cambodia, Vietnam and
Indonesia

recurrent form of variability within the monsoon. Further, when this time scale is active, it comprises a signiﬁcant fraction of the total anomalous variability, and
as mentioned it is the main factor for determining the
onsets and break periods of the monsoon.
Along with this strong inﬂuence on the monsoon itself, intraseasonal (and sub-monthly) convective activity
in the Asian monsoon sector has also been linked to
Northern Hemisphere (NH) summer time precipitation
variability over the United States, Mexico and South
America as well as to wintertime circulation anomalies
over the Paciﬁc–South American Sector (e.g., NoguesPaegle and Mo 1997; Mo and Higgins 1998; Jones and
Schemm 2000; Mo 2000b; Paegle et al. 2000). In addition, studies have also shown that particular phases of
ISO convective anomalies are more favorable than
others in regards to the development of tropical storms/
hurricanes in both the Atlantic and Paciﬁc sectors (e.g.,
Maloney and Hartmann 2000; Mo 2000a; Higgins and
Shi 2001). While a wealth of eﬀort has been directed
towards developing and improving general circulation
models (GCMs), this eﬀort has not been driven to a
great extent by obtaining a proper simulation of the
monsoon or its associated variability (e.g., ISO). Even
so, there has been considerable interest in model simulations and predictions of monsoon variations (e.g.,
Fennessy et al. 1994; Liang et al. 1995; Sperber and
Palmer 1996; Lal et al. 1997; Soman and Slingo 1997;
Goswami 1998; Webster et al. 1998; Martin 1999;
Zachary and Randall 1999; Sperber et al. 2000; Kang
et al. 2002a, b), most of this eﬀort has been focused on
monthly or longer time scales with considerably less
consideration of sub-seasonal time scales. Unfortunately, even with these tremendous eﬀorts there are still
signiﬁcant shortcomings in representing the basic annual
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cycle associated with the summer monsoon, let alone its
interannual anomalies.
Considering the extremely signiﬁcant role that the
intraseasonal time scale plays in the summer monsoon,
along with the signiﬁcant problems we are still having at
simulating and predicting low-frequency monsoon variability, suggests that an examination is warranted of the
character and quality of the intraseasonal variations
simulated by atmospheric GCMs (AGCMs). Two aspects motivate such an examination. The ﬁrst is that part
of the shortcomings in GCM representations of lowfrequency monsoon variations may be associated with
this representations in the higher frequency components,
such as the intraseasonal time scale. Thus an assessment
of these shortcomings is needed to develop remedies
which may in turn improve the seasonal and interannual
time scale of monsoon simulations. The second is that
apart from any potential for seasonal monsoon prediction, there is a tremendous need for providing and/or
improving predictions of monsoon onset and break
periods (Krishnamurti et al. 1992; Webster et al. 1998;
Ramesh and Iyengar 1999; Waliser et al. 1999b, 2003).
This will only come about via improved representation
of the intraseasonal component of the monsoon in
GCMs.
To date, there have only been a few eﬀorts that help
to characterize and assess GCM capabilities regarding
intraseasonal variability of the Asian summer monsoon.
The ﬁrst is the Atmospheric Model Intercomparison
Project (AMIP) study by Slingo et al. (1996) that
examined the intraseasonal variability in 15 AGCMs.
However, the focus of this study was on NH winter form
of intraseasonal variability, namely the Madden-Julian
Oscillation (MJO’ Madden and Julian 1994), which involves the propagation of convective anomalies eastward along equator from the central Indian Ocean to the
central Paciﬁc Ocean/South Paciﬁc Convergence Zone
(SPCZ). Even so, the general conclusions of that study
are likely to have bearing on the NH summer form of
intraseasonal variability which involves the northeastward propagation of convective anomalies from the
central Indian Ocean, over Southeast Asia, and into the
northwest tropical Paciﬁc Ocean (e.g., Wang and Rui
1990; Ferranti et al. 1997; Sperber et al. 2000). Those
conclusions were that most AGCMs have diﬃculty in
properly simulating the MJO in terms of strength,
propagation speed, seasonality and interannual variability. The results of their analysis also suggested that
models that simulate realistic basic states, including the
annual cycle and basic relationships between warm sea
surface temperatures (SSTs) and precipitation rate, tend
to have better MJO simulations.
A second eﬀort that examined intraseasonal variability in AGCMs was a recent study by Sperber et al.
(2001). While the focus of that study was primarily on
dynamical seasonal prediction of the Asian summer
monsoon, the analysis included an assessment of how
well the models reproduce subseasonal modes of variability. Their results showed that for many models, the
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dominant dynamical pattern of subseasonal variability is
often simulated. Beyond this however, the AGCMs had
diﬃculty in representing the pattern of precipitation
associated with the dominant mode as well as diﬃculty
in simulating most aspects of the higher order modes of
subseasonal variability. In addition, that study found
that the models usually fail to project the subseasonal
modes onto the seasonal mean anomalies, even in cases
where the mode may be inﬂuenced by surface boundary
conditions.
Recently, Kang et al. (2002b) examined how well
AGCMs simulate the climatological intraseasonal variation of the Asian summer monsoon. Their study
showed that the simulated northward propagation of
the climatological intraseasonal oscillations of precipitation occur 20–30 days earlier than the observations
over the east Asian monsoon region. This result is in
partial agreement with the case study of Wu et al.
(2002) that indicated that the simulated and observed
(individual) oscillations are approximately in quadrature, with the simulated responses leading by 5–10 days
when referenced to the intraseasonal variability residing in the SST ﬁeld. They suggested that this lead results from a suppression of the SST feedback that
appears to be important to the simulation of tropical
intraseasonal variability (Flatau et al. 1997; Sperber
et al. 1997; Waliser et al. 1999a; Kemball-Cook et al.
2002).
Based on the need for a more direct assessment of the
intraseasonal variability of Asian summer monsoon
within state-of-the-art GCMs, this study examines the
representation and realism of the NH summertime ISO
variability that is exhibited within 10 AGCMs. The
models examined in this study and the associated
experimental framework are based on the Asian–Australian monsoon GCM intercomparison project, initiated by the International CLIVAR Asian–Australian
Monsoon Panel. This intercomparison project involves
examining a number of aspects associated with the
monsoon, including the simulation character of the
ENSO/Monsoon anomalies associated with the 1997–98
El Niño (Kang et al. 2002a), the climatological variations of the Asian summer monsoon (Kang et al. 2002b),
the Asian–Australian monsoon variability during 1997–
98 El Niño (Wang et al. 2003), and the SST-forced
versus free character of the intraseasonal variability of
the monsoon (Wu et al. 2002).
Since intraseasonal events are typically stochastic in
nature and, to ﬁrst order, tend not to be forced by the
surface boundary conditions (Hendon et al. 1999; Slingo
et al. 1999; Waliser et al. 2001; Wu et al. 2001), we do
not focus on the simulation of speciﬁc events, nor do we
try to emphasize the results of individual models. Rather, we focus on the performance of the models as a
whole and seek to summarize the systematic errors that
are common to the current AGCMs in simulating the
intraseasonal variation of Asian summer monsoon and
its connections with other components of the climate
system.
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The analysis is based on 10-member ensembles of two-year simulations from 10 diﬀerent AGCMs made available through the
CLIVAR/GCM Monsoon Intercomparison project. The AGCM
simulations used here are from the Center for Ocean-LandAtmosphere Studies (COLA; USA), Institute of Numerical
Mathematics (DNM; Russia), Goddard Space Flight Center
(GSFC; USA), Geophysical Fluid Dynamics Laboratory (GFDL;
USA), Institute of Atmospheric Physics (IAP; China), Indian
Institute of Tropical Meteorology (IITM; India), Meteorological
Research Institute (MRI; Japan), National Center for Atmospheric
Research (NCAR; USA), Seoul National University (SNU;
Korea), and the State University of New York (SUNY/NASAGLA; USA). A brief description of the participating models is
given in Table 1. Further details of the model intercomparison
project and the participating models can be found in Kang et al.
(2002a). It is probably worth mentioning that four of the models
(NCAR, GLA, GSFC, MRI) were included in the AMIP study of
MJO variability during NH winter (Slingo et al. 1996), however all
but the GLA AGCM have been modiﬁed since the time data was
submitted for AMIP. In addition, only the DNM AGCM is common to the ten models listed above and the seven models examined
by Sperber et al. (2001).
The 10-member ensemble AGCM simulations were performed
for the period 1 September 1996 through 31 August 1998. Note that
in terms of ENSO, the winter of 1996/97 and the summer of 1998
exhibited cool to near-neutral conditions, while the summer of 1997
and winter of 1997/98 were very warm phases (e.g., Bell et al. 1999;
McPhaden 1999). The 10 ensemble members diﬀer only in the
initial atmospheric conditions. The SSTs are prescribed from
the weekly SST data of Reynolds and Smith (1994). In addition to
the ensembles, the models were run for the period 1979–98 with
prescribed observed monthly SSTs. These longer runs were used to
produce, for each model, a 5-day average (pentad) climatology that
serves as a reference for analyzing the 1996–98 time period. The
only exception is the GEOS model climatology that is for the
shorter period of 1980–1992. The only variables saved with daily
values were winds at 850 and 200 hPa, and precipitation. For this
study, the variables used for examining ISV are pentad values of
precipitation and 200 hPa velocity potential (hereafter, VP200).
Validation data for rainfall and VP200 are obtained from the Xie
and Arkin (1997) pentad rainfall estimates and the NCEP/NCAR
renalaysis (Kalnay et al. 1996), respectively.
All AGCM and validation data were interpolated to a common
spatial resolution of 2.5 latitude · 2.5 longitude. For the models,
the VP200 ﬁelds were computed from the winds at the common
resolution. To isolate the intraseasonal time scale the ﬁrst two
annual harmonics were removed and then a 30-point/pentad 20–
90 day bandpass ﬁlter was applied. Hereafter, these intraseasonally
bandpassed data will simply be referred to as ﬁltered data. The edge
eﬀects of this ﬁlter resulted in the removal of the ﬁrst and last 15
pentads of data from the data set, leaving a data record from 12
November 1996 to 14 June 1998. Most relevant to the present study
is the removal of the 15 pentads from the end of the record, those
that occur in the second of two summers of the simulation. Since in

Table 1 Description of the atmospheric GCMs participating in the CLIVAR/Asian–Australian Monsoon GCM intercomparison project

2 Experimental framework and data sources

Convection

Land surface process Cloud formulation

The next section describes the experimental framework of the CLIVAR/GCM Monsoon Intercomparison
Project, the model output obtained from that experiment as well as the observed data utilized in the present
study. Section 3 presents the results of the comparison in
terms of ISO strength and canonical space-time structure, downstream and extra-tropical teleconnection
patterns, and the implications of the models’ ISO variability on monsoon predictability. Section 4 closes with
a brief summary of the results as well as some concluding remarks.

Hou (1990) based
on Slingo (1987)
Slingo (1987)
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Group Institution
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this study, summer is deﬁned as May through September (denoted:
MJJAS), model data for the ﬁrst summer (1997) contains all 30
pentads while model data for the second summer (1998) is limited
to only the ﬁrst 10 pentads.
This analysis framework for the model data provides 40 summertime pentads for 10 ensemble members for each model. This is
approximately equal to 10–20 years of summertime data. The
corresponding observational data period used for validation is
based on 20 years of observed data, 1979 to 1998. Given that all the
model simulations are based on the 1996–1998 period, raises the
question of whether it is more appropriate to use observational
data isolated to the same period or use a climatologically more
representative period. Based on a number of modeling (Gualdi et al.
1999; Slingo et al. 1999; Waliser et al. 2001) and observational
studies (Hendon et al. 1999; Sperber et al. 2000), it is believed that
large-scale interannual SST variations appear to play very little role
in determining the overall level of intraseasonal activity. On the
other hand, it has been shown that El Nino – Southern Oscillation
(ENSO) related variations do modulate the amount of spatial
variability of the activity primarily through enhancing (diminishing) the activity in or near the central Paciﬁc during El Nino (La
Nina) periods. This is demonstrated by Fig. 2 that depicts the
standard deviation of ﬁltered observed rainfall for NH summer
(left) and winter (hereafter NDJFM; right) using ﬁve diﬀerent time
periods. It is evident that the overall level of activity in the tropics
does not change drastically from one decade (1979–1988) to another (1989–1998), or even from El Nino to La Nina periods. As
mentioned above, the main interannual modulation appears to
occur in the central Paciﬁc Ocean region in response to (ENSO)
variability in SST, although when considering the 1997/98 El Nino
alone (3rd row) there appears to be a considerable increase (decrease) in variability over the eastern equatorial Indian Ocean
during NH summer (winter).

3 Results
3.1 Generalized intraseasonal variability
To illustrate the general characteristics of ISV simulated
by the AGCMs under study, Fig. 3 shows the standard
deviations of ﬁltered rainfall for NH summer from the
observations and the ten participating models. In terms
of the overall magnitude of the rainfall variability, at
least four of the models considerably underestimate the
variability (i.e., DNM, MRI, NCAR, SNU), with a fair
number of the remaining models tending to overestimate
the variability. In some cases, the models exhibit variability that is greater than the observations by nearly a
factor of two in some isolated locations (e.g., COLA,
GFDL, IAP, SUNY).
Closer examination of the spatial patterns of ISV
reveals that the model patterns in the NH are fairly
reasonable. In some cases, even the locations of the four
peaks in the observed variability that appear in the NH
(70E, 90E, 110E, and 130E) tend to be faithfully
represented (e.g., COLA, GEOS, IITM, SNU, and
SUNY). The main exceptions to this are that the model
peaks at 90E lie slightly northward of the observed
location, and they do not extend southward as far as the
observed peak. In addition, the peak at 130E in the
COLA, GEOS, IITM and SNU models do not extend as
far south as the observed peak, and the peak in the
SUNY model extends too far east. There appears to be
more diﬃculty in properly representing ISV near and
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south of the equator. For example, the COLA, GEOS,
IITM and SNU models each have a peak in ISV at 60E
in the southern (5–10S) Indian Ocean which is not
exhibited in the observations. Moreover, the observations exhibit a tongue of variability extending southward
from the peak of variability over the Bay of Bengal
(90E) that almost none of the models exhibit, except
for possibly the SUNY model. It should also be noted
that several of the models (GFDL, IAP, MRI, NCAR
and SUNY) exhibit a relatively high amount of ISV in
the central/western Paciﬁc. Given that the sampling of
the NH summer condition is biased towards the El Nino
summer of 1997 (see Sect. 2), this feature does indicate
an added measure of realism in the models. However, in
comparing these maps to those in Fig. 2 (i.e., Fig. 2a, c,
d), it appears the amount of variability in this region for
the GFDL, IAP and SUNY models appears excessively
high.
While our focus is on the NH summer ISV, it is
instructive to also examine how the models portray the
NH winter ISV. For example, even though there is
some similarity between the summer and winter forms
of ISV, their dominant modal characteristics appear to
be quite diﬀerent. This includes their propagation
structure, interaction with the mean ﬂow, underlying
dynamics, etc. (e.g., Wang and Rui 1990; Hendon and
Salby 1994; Hayashi and Golder 1997; Wang and Xie
1997). Thus it is instructive to examine the degree of
consistency in the model representations of these two
forms of ISV.
Figure 4 is the same as Fig. 3, but for NH winter
ISV. For this case, many of the same generalities
apparent in the NH summer ISV still hold. For example,
the models that have high (low) NH summer variability
tend to have high (low) NH winter variability. However,
the overestimates of ISV for the winter case do not appear to be quite as high as for the summer case. Also, the
same models that tended to produce a reasonable spatial
pattern of variability in the summer hemisphere for the
NH summer case also tend to produce a reasonable
summer hemisphere pattern for the NH winter case
(COLA, GEOS, IITM SNU, and SUNY). Interestingly,
the same four models from this group (i.e., COLA,
GEOS, IITM and SNU) that exhibited an erroneous
peak of variability during NH summer in the winter
hemisphere (Indian Ocean in this case) also exhibit an
erroneous peak of variability in the winter hemisphere
for the NH winter case (in this case, in the western
Paciﬁc). In fact, there tends to be a stronger tendency for
these models to exhibit a double-banded (or double
ITCZ) structure of rainfall over the longitudes shown.
Another consistency between the NH winter and summer cases is that most models tend to exhibit considerably less ISV over the maritime continent than over the
surrounding ocean regions, a characteristic also evident
in the observations. Exceptions to this are the GFLD,
IAP and MRI models, none of which exhibit a relative
minimum over the maritime region for either the NH
winter or summer case.
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Fig. 2a–j Standard deviation of 20–90 day ﬁltered rainfall (mm/
day) for Northern Hemisphere summer (MJJAS; left) and winter
(NDJFM; right) using four diﬀerent time periods. a, e 1979 to 1988.

b, f 1989 to 1998. c, g El Nino events between 1979 and 1998. d, h
La Nina events between 1979 and 1998

Many of the ﬁndings described are summarized in
Fig. 5, which shows a scatter plot of area-averaged
summer versus winter ISV of rainfall. Most evident is the

fact that as a general rule, strong (weak) NH wintertime
area-averaged ISV implies strong (weak) NH summertime area-averaged ISV. In addition, independent of
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season, there are three models that overestimate areaaveraged ISV of rainfall by about 20% relative to the
observed estimate, three models that have area-averaged
ISV within about 10% of the observed estimate, and
three models that underestimate area-averaged ISV of
rainfall by about 25–30%, or considerably more in
the case of DNM. While a model-data disagreement on
the order of 25% may be reasonable given the uncertainties associated with the observed estimate itself, the
absolute range amongst most (9 of 10) of the models (i.e.
2.5–5 mm/day) does provoke concern. One positive
conclusion that might be drawn from these results is that,
to some extent, by rectifying model simulation shortcomings of ISV (e.g., too weak) in one season would
likely lead to analogous improvements in the opposite
season.
Figure 6 shows the relationship between area-averaged ISV of rainfall and VP200 for N.H. summer. For
the most part, the relationship is as expected, more
rainfall variability implies more VP200 (or divergent
ﬂow) variability. In fact, the relationship appears to be
almost a linear one when considering at least 8 of the 10
models. However, there are two exceptions. The COLA
model exhibits less VP200 variability than might be expected given its amount of rainfall variability and the
relationship implied by the rest of the models. An even
greater outlier is the IAP model, which exhibits a signiﬁcantly greater amount of VP200 variability than
would be expected given its amount of rainfall variability. It is not clear why these models exhibit such a
diﬀerent relationship between these two variables. Two
model details that might be important in the case of the
IAP model are that it has only nine vertical levels, nearly
half or less the amount of most other AGCMs in the
study, and it has prescribed clouds. However, it is not
obvious how fewer model levels might lead to greater
variability in the upper level divergent ﬂow. Moreover,
one would expect prescribed clouds to reduce the associated vertical velocity variability compared to interactive clouds due to the impact clouds have on the
longwave radiation in the column. Additional model
diagnostic information (e.g., radiation, clouds, diabatic
heating proﬁle) would be needed to determine the reason(s) for the above model diﬀerences.
3.2 Modal characteristics and northward propagation
In order to illustrate the space-time variability associated with each model’s ISO, composite ISO events were
computed. Events included in the composites were based
on an extended empirical orthogonal function (EEOF)
analysis that was performed on the ﬁltered MJJAS
rainfall data. The domain for the EEOF extended from
60E to 180, 30N to 30S, and includes –4 to +5
pentad lags (i.e., 10 lags). This EEOF procedure provides a way of isolating the principal modes of ISO
space-time variability for the observations and the
models. In the case of the models, there are 220

429

time-lagged instances of the rainfall analyzed (i.e. ﬁltered MJJAS cases that include lags –4 to +5 pentads).
The 30 ﬁltered MJJAS pentads from 1997 accommodate
21 instances of a sliding 10-pentad lag window while the
10 ﬁltered MJJAS pentads from 1998 can accommodate
one. This makes 22 instances for each member of the
ensemble, and thus 220 instances for all ten members.
An analogous procedure was performed on the CMAP
ﬁltered precipitation data using 20 MJJAS periods (i.e.,
1979–1998; in this case there were 420 time-lagged instances of the data). Once the ﬁrst mode EEOF eigenvectors are identiﬁed, their associated amplitude time
series can be used to select high amplitude events for
compositing. In this case, pentad values of the time
series that exceeded one standard deviation of the time
series were used to select out lagged instances of the data
(i.e., –4 to +5 pentads) for constructing the composites.
These composites provide a way to succinctly present
and compare the characteristics associated with the observed and models’ principal modes of ISO variability,
in particular their overall strength, fraction of ﬁltered
variability they account for, nature of the modes’
northward propagation, etc. Note that since these
composites were selected based on the EEOFs, they do
have a fair amount of similarity to the underlying EEOF
structure themselves (not shown). However, since they
are composites based on the ﬁltered data, they aren’t
constrained to only the variability associated with the
single given EEOF mode.
The composite constructed based on the ﬁrst EEOF
mode of the CMAP data is illustrated in Fig. 7. This
composite is based on the average of 38 events. For
presentation purposes, the –4 and –3 lags, the –2 and –1
lags, the 0 and +1 lags, the +2 and +3, and the +4
and +5 lags have been averaged together. Note that the
ﬁrst EEOF mode used for constructing this composite
accounts for 7.4% of the ﬁltered variance. While this
percentage seems low, the fact that this EEOF mode
encompasses both space and time variability necessitates
a reduction of variance that would not be found, for
example, from a simple spatial EOF (in this case, the
ﬁrst mode from a standard spatial EOF analysis of ﬁltered CMAP rainfall for the MJJAS period accounts for
13.4%). Evident from this ﬁgure is the very clear
northeastward propagation of the convective signal that
is typically oriented in a northwest–southeast direction.
The data suggest that the time scale of this principal
mode is about 40–50 days (e.g., Yasunari 1980; Lau and
Chan 1986; Gadgil and Asha 1992). Note that through
the cycle there is signiﬁcant variability in convection in
the equatorial Indian Ocean (e.g., Annamalai and Slingo
2001) but very little in the equatorial western Paciﬁc.
Keep in mind that the EEOF from CMAP, and thus the
events chosen based on its amplitude time series, should
not be necessarily biased toward any particular interannual state of the SST (See Sect. 2). Signiﬁcant variability also extends from the Arabian Sea southeastward
across southern India, across the Bay of Bengal, over
northern portions of the maritime continent, and then
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Fig. 3a–k Standard deviation of 20–90 day ﬁltered rainfall (mm/
day) for Northern Hemisphere summer from the observations (top)
for 1979 to 1998 and for the 10 participating AGCMs (lower). In
the case of the models, there were 20 summer seasons of data, i.e.
ten members each consisting of two years (see Sect. 2 for details of
what constitutes a season)

across Southeast Asia and the northwest tropical Paciﬁc
Ocean.
In order to facilitate the comparison between the
models’ ISO composites and the CMAP case described
above, the EEOFs for each of the models were ﬁrst
subject to a Procrustes targeted rotation (Richman 1986;
Richman and Easterling 1988; Lucas et al. 2001). In this
case, the target was the ﬁrst EEOF mode of the CMAP
data. For each of the models, a rotation was performed
using the ﬁrst three modes from each model. Put simply,
a linear combination of the ﬁrst three modes for a given
model was produced that gave the best ﬁt to the target,
in this case the CMAP EEOF mode 1. The main reason
for performing this rotation was that for a propagating
cyclic disturbance such as the ISO, the principal modal
structure is generally made up of two modes that are in
quadrature (e.g., Murakami et al. 1986). However, the
absolute phase of the two modes is arbitrary. Having
each model’s principal EEOF in an arbitrary phase in
terms of its ISO makes the comparison between the
models and between the models and observations more
diﬃcult. By performing these rotation, each model’s
principal EEOF will tend to have a phase that is roughly
the same as the CMAP (i.e., target) EEOF. The addition
of the third model mode to the rotation was simply to
add other low-order variability to the rotation and thus
possibly improve the model’s chance of comparing well
with the observations. However, the conclusions drawn
from this portion of the analysis are not dependent on
keeping this mode in the rotation.
The top bar chart in Fig. 8 shows the variances for
the ﬁrst three unrotated EEOF modes from the CMAP
and model data. Also included in the ﬁgure is the variance associated with the ﬁrst rotated EEOF (REEOF)
mode from each of the models. The bottom bar chart in
Fig. 8 shows the same information, except in terms of
percentage of ﬁltered variance captured by the modes.
As expected, most of the EEOF 1 and 2 modes show up
with similar variances, and thus as mentioned exist as a
pair of modes that accommodate a propagating, cyclic
disturbance. Also, in most cases the variance associated
with mode three is considerably smaller than the variance associated with the ﬁrst two modes. Consistent with
Figs. 3 and 5, the variances associated with the models’
principal EEOF modes display a fair range of values
about the observed estimate 0.6 (mm/day)2. In this case,
the range extends from a high of about 1.0 (mm/day)2 to
a low of about 0.1 (mm/day)2. However, it is worthwhile
pointing out that in terms of percentage of NH summer
ISV captured by the models’ ﬁrst two modes, they all fall
within the range of about 5–8%, which is relatively close
to the EEOFs from the observations. Figure 9 shows
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that this result is in rather stark contrast to the NH
winter when the models appear to have considerably
greater diﬃculty organizing ISV into coherent (i.e.,
MJO) modes to the same degree ISV is organized in the
observations. For the latter, the percentage of ISV
captured by the ﬁrst EEOF is about 7.5% while for the
models this value is anywhere between about 2.5 to 5%.
Note that in regards to these percentages, application of
the Preisendorfer N-rule signiﬁcance test (Preisendorfer
et al. 1981), as outlined in Lucas et al. (2001, see their
Appendix) shows that the ﬁrst EEOF modes presented
are statistically signiﬁcant at the 99% level. Finally, with
respect to the models’ REEOF percentage values given
in Fig. 8, the main characteristic to point out is that they
are very comparable to the values of the ﬁrst two EEOF
modes. This implies that these REEOF modes essentially capture the same type of variability exhibited in the
ﬁrst two modes but in a particular phase of the ‘‘cycle’’
and without much inﬂuence from the third EEOF mode.
The remaining panels of Fig. 7b–k, show the composites for each of the models. Note that the number of
events in each composite is given in the caption, typically this is about 15. In this section, the focus of the
discussion will be on the patterns of variability,
including their propagating characteristics, rather than
the strength of the variability which was discussed
above (i.e. Figs. 3, 5, 8). Of the ten models, only a few
exhibit a somewhat realistic northeastward propagating
character (COLA, GEOS, GFDL, IAP and SUNY).
However, none of the models demonstrate a great
amount of ﬁdelity in simulating all or most of the details of the spatial-temporal pattern well. For example,
the COLA model exhibits a fairly reasonable spatialtemporal pattern over Southeast Asia and the western
Paciﬁc Ocean region. However, the variability is weak
and disjointed over the maritime and Indian subcontinent regions, and consistent with Fig. 3, is almost nonexisitent in the central Indian Ocean. In fact, none of
the models exhibit any systematic variability in the
Indian Ocean in association with their ISO patterns.
This is a major shortcoming of the model simulations,
one that will be commented on further in Sect. 4, and
in the next section, where it will be shown to have not
only a local impact but also important downstream
manifestations.
As indicated, there is a northward propagating
component within the GOES ISO but the overall spatial
extent of the variability is somewhat limited relative to
the observations and the spatial scales of variability
appear to be considerably smaller. As with the COLA
model, the variability over the maritime and Indian
subcontinent region is weak, even more so for the GEOS
model. The ISO pattern associated with the SNU model
exhibits many of the same strengths and shortcomings as
the COLA and GEOS models discussed, falling somewhere in between in terms of realism. The GFDL model
exhibits broad spatial scales of variability within its ISO
pattern, scales that are somewhat consistent with the
observed ISO pattern. Similar to the COLA and GEOS
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Fig. 4a–k Same as Fig. 3, but for Northern Hemisphere winter

models, the variability around the Indian subcontinent is
weak. However, in contrast to the COLA and GEOS
models, there is a fair amount of variability over the
maritime continent. To some extent this is also the case
for the seasonal mean distribution of precipitation
(Kang et al. 2002b). One curious feature regarding the
GFDL composite is the rather strong variability over
Southeast Asia and very little variability over the South
China Sea, whereas the observations have just the
opposite pattern. Similar to the models discussed, the
SUNY model also exhibits weak and incoherent variability in the land regions that are eﬀected by the ISO.
Moreover, its ISO variability tends to be biased towards
the warm interannual state of 1997 (see Fig. 2c, d) from
which most of the MJJAS data was obtained. For
example, Waliser et al. (2001) show the ISO EOF
structure for the SUNY model for more generalized
interannual SST conditions. The spatial pattern in that
case is localized more around Southeast Asia than in the
present case, although that study also showed how SST
variability can bias the ISO rainfall variability toward/
away from the central Paciﬁc Ocean sector. Without
similar sorts of information for the other models, it is
unclear how much the interannual SST state of these
model simulations may be inﬂuencing their ISO patterns
(e.g., the GFDL model also exhibits considerable rainfall variability near the equatorial region of the dateline).
The IAP model exhibits a rather clear and robust
northward propagating pattern. However, it is limited
solely to the Indian subcontinent and Southeast Asian
region, with little or no variability originating in the
eastern equatorial Indian Ocean or extending into the
western Paciﬁc or over the maritime continent. Given
the IAP’s coarse spatial resolution (R15), it undoubtedly has a very diﬀerent land mask and topography
structure compared with most of the other models.
This may be having a strong inﬂuence on the model’s
ISO variability. In contrast to most other models, the
IITM and MRI models display a fair amount of variability around the Indian subcontinent region. In fact,
the MRI model’s variability is almost exclusively limited to this region. Both the IITM and NCAR model
ISO patterns are more characteristic of standing rather
than propagating oscillations. As with the lack of
Indian Ocean variability, this is another feature that
appears to be sensitive to ocean–atmosphere coupling
(e.g., Kemball-Cook et al. 2002). Consistent with some
of the models described, but considerably more so, the
NCAR model exhibits almost no variability over land
within its ISO pattern. This suggests that the model has
very little intrinsic atmospheric ISV and it may be that
the variability here is simply the atmospheric response
to the ISV within the speciﬁed weekly SSTs (Wu et al.
2001). Finally, the DNM model exhibits very weak
ISV, making it diﬃcult to even deﬁne a coherent ISO
pattern.

Fig. 5 Scatter plot of area-averaged variances, presented in terms
of standard deviation, of 20–90 day ﬁltered rainfall (mm/day) for
NH summer (vertical axis) versus winter (horizontal axis). Data for
summer and winter are taken from the domain 0N–20N, 60E–
150E of Fig. 2 and from 5N–15S, 60E–210E of Fig. 3,
respectively

Fig. 6 Scatter plot of area-averaged variance, presented in terms of
standard deviation, of 20–90 day ﬁltered rainfall (mm day–1) versus
200 hPa velocity potential (m2 s–1) for NH summer (MJJAS). Data
for are taken from the domain 0N–20N, 60E–150E. Note the
values associated with the vertical axis are the same as those in
Fig. 5

3.3 Teleconnection properties
As mentioned in the Introduction, apart from the local
inﬂuence that the ISO has on the tropical Indo-Paciﬁc
Ocean and Asian summer monsoon region, there are
also considerable downstream inﬂuences that arise due
to atmospheric teleconnections. These teleconnections
induce ISV in the Americas, have an inﬂuence over
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Fig. 7a–k Composite ISO events in terms of rainfall (mm/day) from observations (left) and participating models for the Northern Hemisphere summer. Construction is based on
identifying events using an extended empirical orthogonal function (EEOF) analysis (see Sect. 3.2 for details). The number of events in each composite are given in the parenthesis:
CMAP (38), COLA (12), DNM (10), GEOS (16), GFDL (11), IAP (18), IITM (16), MRI (18), NCAR (17), SNU (17), and SUNY (14)
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Fig. 7a–k (Contd.)

extreme precipitation events in these regions, and can
even inﬂuence the development of tropical storms and
hurricanes in the Paciﬁc and Atlantic sectors during NH
summer. They are linked to the strength and location of
the tropical diabatic heat sources associated with the
evolution of the ISO. While the previous section highlighted a number of shortcomings in regards to the
modeled diabatic heating ﬁelds (represented in terms of
precipitation), there was suﬃcient realism in a few cases
to warrant an initial exploration of this issue. However,
due to the signiﬁcant inadequacies of most models’

ISOs, as well as to limit the discussion, the ﬁgures
associated with this part of the comparison will be limited to only three of the models. The choice of the three
models to present was mainly dictated by the strength
and spatial coherence of the rainfall pattern associated
with each model’s ISO (i.e., Fig. 8). Moreover, since the
main diagnostic used in this part of the comparison is
VP200, the models that also tended to have a component
of its diabatic heat source on, or near, the equator were
favored as well. This is because the divergent circulation
is especially sensitive to near-equatorial heating and
since the observed ISO exhibits relatively strong equatorial heating, (i.e., Fig. 7, leftmost panel) it is important
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that this characteristic exist at least to some extent in
order that the modeled VP200 composite resemble the
observed.
Figure 10 shows the composite VP200 ﬁelds associated with the rainfall composites shown in Fig. 7 for the
observations (leftmost panel), as well as the COLA,
GFDL, and SUNY models. This particular form of
VP200 composite is similar to that used by Higgins and
Shi (2001) to demonstrate the observed inﬂuence of the
ISO on the occurrence of hurricanes/typhoons. In that
study, upper-level divergent (convergent) areas favored
(suppressed) the development of tropical storms that
turned into hurricanes. The observed VP200 ISO pattern
is composed mostly of zonal wave number one variability. The entire pattern propagates east and the
maximum and minimum have greater amplitudes in the
Eastern versus the Western Hemisphere. While this latter characteristic is generally true of most of the three
model composites displayed in Fig. 10, the models tend
to exhibit higher zonal wave number variability, smaller
meridional spatial scales, and generally have a less
coherent structure.

Fig. 8 (Top) Variance
(mm2 day–2) of the ﬁrst three
extended EOF (EEOF) modes
of NH summer ﬁltered rainfall
over the region 60E to 180,
30N to 30S and for –4 to +5
pentad lags (see Sect 3.2 for
details) from the observations
(i.e., CMAP) and the 10
participating models. In addition, the variance associated
with the ﬁrst rotated EEOF
(REEOF) for each of the
models is also shown. (Bottom)
the same as the top bar chart,
except in terms of percentage of
ﬁltered variance accounted for
by each mode
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Of the three model composites displayed in Fig. 10,
the VP200 response of the COLA model tends to be
weakest and least coherent. This arises due to the facts
that the COLA equatorial heating/precipitation is
weaker than observed and the heating that does exist at
any given longitude tends to include both positive and
negative centers which can have a cancellation eﬀect on
the large scales associated with VP200 variability. For
example, examination of Fig. 7a shows that the observed ISO pattern at –20 to –15 days and 0 to +5 days
exhibits almost a dipole heating pattern along the
equator, with fairly large meridional scales (20 latitude). Moreover, at –10 to –5 days and +10 to +15
days, there tends to be one strong heating center near the
equator. Neither of these conditions typically held for
the COLA model ISO pattern (Fig. 7b). The observed
ISO rainfall pattern also exhibits a fairly well deﬁned
eastward component along with the northward propagation. This eastward propagation inﬂuences the eastward propagation of the VP200 anomalies. The COLA
model exhibits very little eastward propagation of rainfall anomalies, being composed mostly of northward
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Hemisphere (0–60N) 200 hPa eddy stream function
(SF200) composites were also examined. While the observed SF200 composite showed a somewhat coherent
SF200 zonal wave number one structure (+/–3 m2 s–1)
propagating eastward in the latitude band 10–30N, the
model composites generally exhibited largely incoherent
structures with much higher zonal wave number variability (3–5). There was a signature of zonal wave
number one variability with nearly realistic amplitude in
the GFDL, IAP and SUNY models, however the degree
of realism was not suﬃcient to present additional ﬁgures. It is likely that, along with the shortcomings of the
models in terms of their ISO-related diabatic heating
ﬁelds, the number of events included in the model ISO
composites is simply insuﬃcient to produce a robust
signal. Future ISO intercomparison studies will likely
need to produce signiﬁcantly longer simulations and/or
more ensemble members to adequately examine this
issue.
Fig. 9 Percentage of ﬁltered variance accounted for by the ﬁrst
extended EOF (EEOF) of NH summer (vertical axis) versus NH
winter (horizontal axis) ﬁltered rainfall over the region 60E to
180, 30N to 30S and for –4 to +5 pentad lags (see Sect. 3.2 for
details) from the observations (i.e. CMAP) and the 10 participating
models

propagating bands of precipitation. This in turn makes
the eastward propagation of the VP200 anomalies appear very weak and incoherent relative to the observations.
The GFDL VP200 composite is fairly realistic in
terms of amplitude and spatial scales of variability, although the propagation speed appears to be slower than
observations. Two characteristics are worth highlighting. The ﬁrst is that consistent with this model’s lack of
strong heating (i.e., rainfall) variability in the equatorial
Indian Ocean, the amplitude of the VP200 anomaly
extending westward from the Indian Ocean around to
the Atlantic is weaker than the observed pattern. In
addition, there is a stronger suppression of VP200 variability within the ISO composite in the central and
eastern Paciﬁc Ocean relative to the observations. Each
of these appear to act together to reduce the amount of
ISV over the Eastern Hemisphere relative to the observations. The SUNY model exhibits the same problem
with the lack of Indian Ocean heating variability and the
ramiﬁcations this has on VP200 variability west of this
region. In addition, like the COLA model, the SUNY
model also displays smaller scales of zonal and meridional variability than the observed pattern. Although in
contrast to the COLA model, there is a better-deﬁned
eastward propagation of the large-scale VP200
anomalies.
While this discussion has focused on only three of the
ten models, examination of the other seven model VP200
composites showed similar, or often greater, shortcomings than the models just discussed. In addition to
examining the tropical VP200 variability associated with
the ISO rainfall composites shown in Fig. 7, Northern

3.4 ISO and monsoon predictability
To date, AGCMs have been singularly unsuccessful at
even hindcasting seasonal monsoon anomalies with any
skill (e.g., Sperber and Palmer 1996; AAMWG et al.
2001). However, the degree to which these forecasts
suﬀer due to shortcomings in the models or as the
result of the intrinsically unpredictable component of
the monsoon is still not clear. In regards to the former,
the results described certainly indicate that the models
still exhibit signiﬁcant problems in simulating at least
the intraseasonal component of the monsoon. Determining how the intraseasonal time scale rectiﬁes onto
the seasonal time scale of the monsoon is still the
subject of much research (e.g., Ferranti et al. 1997;
Krishnamurthy and Shukla 2000; Sperber et al. 2000;
Lawrence and Webster 2001). In regards to the latter
aspect, a comparison of the relative sizes of intraseasonal versus interannual monsoon rainfall variability
(e.g., Fig. 1), along with the relative insensitivity of the
former to interannual SST variations, suggests that at
least part of the unpredictable component of seasonal
monsoon rainfall is due to the stochastic nature of the
ISO (e.g., Sperber et al. 2000; Waliser et al. 2001). This
begs the question of what considerations should be
made in regards to the ISO when assessing monsoon
predictability from GCM experiments. The model
simulations in this CLIVAR study provide the means
to at least consider how the strength of a model’s ISO
might inﬂuence the model’s seasonal monsoon variability, and thus impact its estimate of monsoon
predictability.
Figure 11 shows a scatter plot of the strength of each
model’s NH summer ISO in terms of the standard
deviation of ﬁltered rainfall variability versus each
model’s intra-ensemble standard deviation of seasonal
mean (JJA) rainfall anomalies. The former is the same
quantity plotted on the vertical axis of Fig. 5 and gives a
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Fig. 10a–d Same as Fig. 7, but for VP200 and only for a select number of models

measure of the strength of the ISO within each model
[qualitatively similar results are found if the variance of
the ﬁrst EEOF of ISO rainfall (i.e. Fig. 8) is used instead]. The latter quantity was determined by computing
the seasonal (JJA) mean anomalous rainfall separately
for each summer period of the model ensemble (2 years *
10 members = 20 summer periods). The intra-ensemble
variance was then computed for each year and then the
two years (1997, 1998) were averaged together. From
this map, the domain-averaged (0N–20N, 60E–
150E) variances were computed and then the result
plotted in terms of the standard deviation. This latter
quantity provides a measure of intra-ensemble variability associated with a model hindcast of the seasonal
mean monsoon anomaly given SSTs speciﬁed from
observations. Since a larger standard deviation suggests
less predictable seasonal monsoon anomalies and vice
versa, this measure provides a qualitative indication of
the predictability of the monsoon as estimated by the
given model. The observational analog to the ISO
strength is the same as that plotted in Fig. 5, while the
analog for the monsoon variability is simply the domain-

averaged interannual rainfall variability computed using
the CMAP data.
The ﬁgure shows a clear relationship in which a
stronger (weaker) ISO is associated with greater (smaller) intra-ensemble monsoon variability. This relationship might arise from two considerations of the
monsoon system. First, as indicated, ISO-related ﬂuctuations would be expected to inﬂuence the seasonal
mean intra-ensemble variability due to their relatively
large amplitude and stochastic, non-periodic nature
(e.g., Fig. 1). Note that during NH summer and over the
Indian/Southeast Asian sector, the observed interannual
rainfall variance is only about 40% of the size of the
intraseasonal rainfall variance. Second, it is likely that
both of these quantities are inherently tied to the
strength of the models’ hydrological cycles, and thus
enhancing the hydrological cycle of a given model would
increase both quantities plotted. For example, a stronger
annual cycle in monsoon rainfall would naturally lead to
larger variations in seasonal-mean monsoon rainfall
(i.e., variance in rainfall is typically high when/where the
mean is high). This aspect is demonstrated in Fig. 12.
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Fig. 11 Scatter plot of area-averaged variance, presented in terms
of standard deviations, of 20–90 day ﬁltered rainfall (mm/day) for
NH summer (horizontal axis) versus intra-ensemble standard
deviation of NH summer rainfall variability (vertical axis). Data
are taken from the domain 0N–20N, 60E–150E. The data
associated with the horizontal axis are the same as the data for the
vertical axis in Fig. 4

While this relationship is not quite as robust as that in
Fig. 11, it still emphasizes that the strength of a model’s
annual cycle of monsoon rainfall inﬂuences its intraensemble variability in a manner one might expect from
simple statistical considerations. Further, when Figs. 11
and 12 are considered together, they also demonstrate
that the strength of a model’s annual cycle and ISO tend
to go hand in hand. Thus from these plots, it is not clear
to what degree the relationship shown in Fig. 11 stems
from ISO activity versus the overall strength of a model’s hydrological cycle.
Quantifying the contributions from these two processes to the relationship shown in Fig. 11 is not easy.
One might suspect that the component associated with
the diﬀerent models’ hydrological strengths could be
removed by calculating the same quantities shown in
Fig. 11 from a larger multi-year, multi-member ensemble for one or more models separately. In this case, the
ensemble-average ISO strength for each year would be
plotted against the intra-ensemble variability of the
seasonal mean rainfall for the given model. However, for
a large ensemble, one that would depict a statistically
signiﬁcant measure of intra-ensemble variability, there is
a likelihood that the ensemble-average ISO strength (i.e.,
overall ISO activity level, not its spatial or modal reorganization) would tend towards the same value for
each year given its insensitivity to large-scale interannual
SST anomalies. Thus even though the strength of a
model’s ISO activity might indeed be inﬂuencing the
intra-ensemble variability of the monsoon, it might in
fact be hard to detect by this approach. At present there
is too little information regarding the inﬂuence of interannual SST anomalies on N.H. summer ISO activity
to really assess if the outcome indicated for this type of

Fig. 12 Scatter plot of area-averaged annual cycle strength of
rainfall (mm/day) for NH Asian monsoon sector (horizontal axis)
versus intra-ensemble standard deviation of NH summer rainfall
variability (vertical axis). Annual cycle is obtained from 20-year
(19791998) climatological mean summer (June to August) minus
mean winter (December to February) rainfall. Data are taken from
the domain 0N–20N, 60E–150E. The data associated with the
vertical axis are the same as the data for the vertical axis in Fig. 11

experiment would indeed prevail. The model study by
Waliser et al. (2001) indicated very little impact of interannual SST anomalies on NH summer (or winter)
ISO activity. Similar, results were found for NH winter
ISO activity in the studies by Slingo et al. (1999) and
Gualdi et al. (1999). While the latter of these studies did
ﬁnd that a small but statistically signiﬁcant impact did
exist in their model ensemble, its detection was quite
sensitive to the ensemble size used. The paucity of
studies in this area, coupled with the obvious shortcomings that models have in simulating the ISO,
strongly suggest that better models and more research is
needed to resolve this issue. In summary however, the
relationship shown in Fig. 11 is likely to continue to
hold for any set of GCMs. Taken at face value, this
relationship indicates that GCM estimates of monsoon
predictability should be considered in light of the
strength of the model’s ISO variability.

4 Summary and discussion
Our purpose is to present results from the Asian–Australian Monsoon GCM Intercomparison Project with a
focus on the intraseasonal variability (ISV) associated
with the Asian summer monsoon. The analysis is based
on 10-member ensembles of two-year simulations from
10 diﬀerent AGCMs. The AGCM simulations used here
are from COLA (USA), DNM (Russia), GSFC (GEOS,
USA), SUNY (GLA, USA), GFDL (USA), IAP
(China), IITM (India), MRI (Japan), NCAR (USA),
and SNU (Korea). The main objective was to summarize
the systematic successes and errors that are common to
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present-day AGCMs in simulating ISV associated with
the Asian summer monsoon, namely in the form of the
Intraseasonal Oscillation (ISO), along with its connections to other components of the weather/climate system.
An assessment of the overall magnitude of intraseasonal variability (ISV) of rainfall during N.H. summer
(MJJAS) shows (Figs. 3, 5) that four of the ten models
considerably underestimate the variability (DNM, MRI,
NCAR, SNU), with about the same number tending to
overestimate the variability (COLA, GFDL, IAP,
SUNY). When averaged over the northern Indian
Ocean/Southeast Asian sector, the model-data disagreement of ISV of rainfall ranges between about +/–
25% of the observed. However, in isolated locations the
disagreement can range up to +/– 100%. While this
level and range of disagreement raises considerable
concern, there are some important details in the spatial
structure of ISV of rainfall that are reproduced by a
number of the models. For example, the observed pattern of ISV of rainfall exhibits four peaks at around
15N at longitude of about 70E, 90E, 110E, and
130E. About half of the models produce reasonable
approximations of this feature (COLA, GEOS, IITM,
SNU, and SUNY). However, all the models have great
diﬃculty in properly representing ISV of rainfall near
and south of the equator. In particular, the observations
exhibit a strong peak of variability at the equator between about 80E and 100E that extends southward
from the Bay of Bengal. Except for one or two exceptions, none of the models are able to reproduce this
feature to any extent. Rather, in a few models, an
erroneous peak of variability occurs west of 60E in the
southern (5–10S) Indian Ocean (COLA, GEOS,
IITM and SNU). This latter feature appears to come
from a propensity to form double convergence zones
about the equator.
While the focus of the study is on the NH summer
ISV, some analysis was performed to compare the
models’ simulation quality of NH winter and summer
ISV. In general it was found that the models that have
high (low) NH summer ISV tend to have high (low)
NH winter ISV. Also, the same models that tended to
produce a reasonable spatial pattern of variability in
the summer hemisphere for NH summer also tend to
produce a reasonable summer hemisphere pattern for
NH winter. In addition, the tendency for producing a
double tropical convergence zone was exhibited in
N.H. winter in the same models that exhibited it in NH
summer, giving way to erroneous peaks in ISV of
rainfall along 10–15N. Another consistency between
the N.H. winter and summer ISV representations is
that most models tend to exhibit considerably less ISV
over the maritime continent than over the surrounding
ocean regions, a characteristic also evident in the
observations. Exceptions to this are the GFDL, IAP,
and MRI models, none of which exhibit a relative
minimum over the maritime region for either the NH
winter or summer case. One positive conclusion that

441

might be drawn from the above ﬁndings is that, to
some extent, rectifying model simulation shortcomings
of ISV (e.g., too weak, double convergence areas) in
one season would likely lead to analogous improvements in the opposite season. This conclusion is only
true to the extent that the same mechanistic processes
underlie summer and winter ISOs.
Along with analysis of ISV in general, the models’
principal spatial-temporal structure of ISV was examined via an extended EOF (EEOF) analysis. This procedure provided the means to capture what would be
deemed each model’s ISO pattern that is associated with
its depiction of the Asian summer monsoon and compare these patterns to observations (Figs. 7, 8). The
observed EEOF pattern exhibits a localized precipitation region that initiates in the equatorial Indian Ocean
and then propagates both north and east. The precipitation region spreads out into a northwest-southeast
oriented band that impacts India, the maritime continent, Southeast Asia and the equatorial western/northwestern tropical Paciﬁc Ocean. Of the ten models, only a
few exhibit a somewhat realistic northeastward propagating character. These include the COLA, GEOS,
GFDL, IAP and SUNY. However, none of the models
demonstrate a great amount of ﬁdelity in simulating all
or most of the details of the spatial-temporal pattern
well. For example, none of the models exhibit any systematic variability in the Indian Ocean in association
with their ISO patterns. This would appear to be a major
shortcoming of the model simulations and warrants a
number of comments. First, since this region might be
considered the genesis region for ISO convective
anomalies, the lack of variability in this region might at
least partially explain the weak ISO character of many
of the models. Second, the tendency of some models to
organize convection oﬀ the equator in the form of
double convergence zones may certainly play a degrading role in terms of properly representing the convection
in this phase of the ISO. Third, there is some evidence
that coupled air-sea processes might be important in this
region for initiating, enhancing and/or maintaining ISOrelated convection (e.g., Waliser et al. 1999a; KemballCook and Wang 2001; Fu et al. 2002; Kemball-Cook
et al. 2002). In fact, since the models were forced with
weekly SST, the uncoupled nature of the intraseasonal
SST forcing could even have a degrading impact on the
ISO simulations in some case where the SST and ISO
variability were not properly phased (Wu et al. 2001).
Fourth, and as highlighted later, the manifestations of
this shortcoming are not limited to the local area (i.e.,
Indian Ocean) but have downstream/extra-tropical
impacts as well.
A few items are encouraging to note. As already
mentioned, a number of models do have some semblance of a northeastward propagating ISO mode.
However, along with the Indian Ocean problem
mentioned, the model ISOs typically suﬀer from one
or both of the following features: (1) the rainfall
band(s) are too zonal and thus lack a clear eastward
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propagating component; (2) the zonal and/or meridional spatial scales of the rain band(s) are too narrow
and thus for example either India or the western Paciﬁc Ocean often do not exhibit variability within the
mode. Another encouraging aspect is that the percentage of variance captured by a number of models’
principal EEOF modes of NH summer ISO variability
are in better agreement with the observed percentage
than for the case of NH winter ISO variability
(Fig. 9). In the latter case, all the models’ principal
EEOF mode captures considerably less variance than
the variance within the principal EEOF mode of the
observations. Finally, consistent with observations,
most of the models appear to exhibit less ISV/ISO
variability over the land regions associated with the
Asian and Maritime continents than the nearby ocean
regions.
A limited assessment was made of the models’
representation of the large-scale teleconnection links
associated with the ISO using a composite analysis of
the VP200 and SF200. For the most part, these teleconnection representations are most hampered by the
weak and/or incoherent nature of the models’ spatialtemporal patterns of ISO rainfall. Even when considering the ‘‘better’’ models in this regard, the proper
representation of a number of detailed features appears to be important. In particular the strength and
evolution of equatorial heating appears particularly
important, with the lack of variability in the equatorial Indian Ocean, that is found in all the models,
being especially problematic.
Analysis of the model ensembles showed a positive
relationship between a model’s ISO strength and its intra-ensemble variability of seasonal mean rainfall
(Fig. 11). Apart from the caveats discussed in Sect. 3.4,
this relationship suggests that part of the unpredictable
nature of the Asian summer monsoon may stem from
the relatively large-amplitude, stochastic nature of the
ISO. While this has direct implications on seasonal mean
monsoon forecasting as well as on determining the limits
of predictability from GCM simulations, it raises two
other considerations worth discussion. First, given the
great diﬃculty associated with seasonal mean monsoon
forecasting, albeit which may in part be derived from the
ISO, it may be more productive to pursue deterministic
forecasts of the ISO’s themselves rather than predictions
of the lower-frequency ﬂuctuations (e.g., seasonal
departures). Evidence from both statistical models
(Waliser et al. 1999b; Lo and Hendon 2000; Mo 2001;
Wheeler and Weickmann 2001) and twin-predictability
experiments (Waliser et al. 2003a,b) suggest that ISO
ﬂuctuations may be predictable with useful skill at lead
times of about 20 days or more. Even without the means
to predict seasonal anomalies a number of months in
advance, such ISO forecasts would have tremendous
beneﬁt in terms of helping to foreshadow onset and
break periods of the monsoon.
The second consideration concerns the implication of
this result has on the low-frequency characteristics of

c

Fig. 13a–i NH summer (MJJAS) seasonal mean rainfall (mm/day)
from the observations for 1979 to 1998 (top left) and for 1997–98
(top right) and for the 10 participating AGCMs (lower). In the case
of the models, there were 20 summer seasons of data, i.e. 10
members each consisting of two years

monsoon predictability. As mentioned earlier, globalscale ISO activity exhibits fairly pronounced interannual
variability and there appears to be only weak associations with interannual SST anomalies (see Introduction
and Sect. 3.4). This implies that these interannual variations in ISO activity may be internally generated. In
contrast to the interannual time scale, there does appear
to be a link between interdecadel variations in global
scale ISO activity and interdecadal anomalies in SST.
Using analyzed data sets, Slingo et al. (1999) showed
that ISO variability, as well as Indian Ocean SST, have
increased over the last two decades, and in fact was able
to reproduce the trend in ISO variability with an AGCM
forced with observed SSTs. Coupled with the unpredictable nature that ISO activity has on interannual time
scales, this secular variation in ISO activity may be
playing a role in the varying relationship between Asian
summer monsoon anomalies and related quantities/
predictors (e.g., ENSO). These interdecadal variations in
ISO activity need to be more fully understood, particularly their generating mechanisms and the role they may
play in the secular variations of monsoon predictability
(e.g., Parthasarathy et al. 1991; Hastenrath and Greischar 1993; Kumar et al. 1999).
Finally, while the studies by Kang et al. (2002a, b)
examined in some detail the quality of the seasonal
mean and interannual anomalous rainfall characteristics associated with these AGCM ensemble simulations, it is instructive to consider these results in light
of their implications for the simulation of seasonal
mean rainfall. Figure 13 shows the seasonal (MJJAS)
mean rainfall from the observations (top two panels)
and from each of the models averaged over both the
1997 and 1998 summers and all members of the
ensembles. The poor representation of the mean
rainfall in the equatorial Indian Ocean region is worth
noting, speciﬁcally the weak and in some cases very
weak mean precipitation produced by the models in
the eastern equatorial Indian Ocean. In addition, a
number of the models exhibit an erroneous double
convergence zone structure about the equator. Both
these features tend to mimic shortcomings that were
found for the spatial structure of the models’ intraseasonal variability (e.g., Fig. 3). Taking the viewpoint
that the spatial structure of the mean precipitation
pattern is determined by the spatial structure of the
high-frequency transient variability suggests that the
errors in these seasonal means arise, at least in part,
from shortcomings in the intraseasonal variability
–namely the models’ISO representations. Considerations such as this, along with the importance of the
ISO for subseasonal prediction of monsoon variability,
strongly warrant an unrelenting commitment to
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achieving realistic simulations of ISO variability in our
weather and climate GCMs.
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