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Monsoon precipitation in the AMIP runs

Abstract We present an analysis of the seasonal pre-
cipitation associated with the African, Indian and the
Australian-Indonesian monsoon and the interannual
variation of the Indian monsoon simulated by 30 atmo-
spheric general circulation models undertaken as
a special diagnostic subproject of the Atmospheric
Model Intercomparison Project (AMIP). The seasonal
migration of the major rainbelt observed over the Afri-
can region, is reasonably well simulated by almost all
the models. The Asia West Pacific region is more com-
plex because of the presence of warm oceans equator-
ward of heated continents. Whereas some models simu-
late the observed seasonal migration of the primary
rainbelt, in several others this rainbelt remains over the
equatorial oceans in all seasons. Thus, the models fall
into two distinct classes on the basis of the seasonal
variation of the major rainbelt over the Asia West
Pacific sector, the first (class I) are models with a realis-
tic simulation of the seasonal migration and the major
rainbelt over the continent in the boreal summer; and
the second (class II) are models with a smaller ampli-
tude of seasonal migration than observed. The mean
rainfall pattern over the Indian region for July-August
(the peak monsoon months) is even more complex
because, in addition to the primary rainbelt over the
Indian monsoon zone (the monsoon rainbelt) and the
secondary one over the equatorial Indian ocean, an-
other zone with significant rainfall occurs over the
foothills of Himalayas just north of the monsoon zone.
Eleven models simulate the monsoon rainbelt reason-
ably realistically. Of these, in the simulations of five
belonging to class I, the monsoon rainbelt over India
in the summer is a manifestation of the seasonal
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migration of the planetary scale system. However in
those belonging to class II it is associated with a more
localised system. In several models, the oceanic rainbelt
dominates the continental one. On the whole, the skill
in simulation of excess/deficit summer monsoon rain-
fall over the Indian region is found to be much larger
for models of class I than II, particularly for the ENSO
associated seasons. Thus, the classification based on
seasonal mean patterns is found to be useful for inter-
preting the simulation of interannual variation. The
mean rainfall pattern of models of class I is closer to the
observed and has a higher pattern correlation coeffic-
ient than that of class II. This supports Sperber and
Palmer’s (1996) result of the association of better simu-
lation of interannual variability with better simulation
of the mean rainfall pattern. The hypothesis, that the
skill of simulation of the interannual variation of the
all-India monsoon rainfall in association with ENSO
depends upon the skill of simulation of the seasonal
variation over the Asia West Pacific sector, is sup-
ported by a case in which we have two versions of the
model where NCEP1 is in class II and NCEP2 is in
class I. The simulation of the interannual variation of
the local response over the central Pacific as well as the
all-India monsoon rainfall are good for NCEP2 and
poor for NCEP1. Our results suggest that when the
model climatology is reasonably close to observations,
to achieve a realistic simulation of the interannual
variation of all-India monsoon rainfall associated with
ENSO, the focus should be on improvement of the
simulation of the seasonal variation over the Asia West
Pacific sector rather than further improvement of the
simulation of the mean rainfall pattern over the Indian
region.

1 Introduction

There have been several studies of the Indian monsoon
with atmospheric general circulation models (GCMs)



since the pioneering investigations by Manabe et al.
(1974) and Hahn and Manabe (1975). The last decade
has witnessed rapid developments in GCMs building
on detailed investigations of the physical parametrisa-
tions (e.g. Slingo 1987; Miller et al. 1992; Sud and
Walker 1992) and advances in numerics and computer
power which made higher resolution runs possible. It
has been found that simulation of the monsoon rainfall
over India is sensitive to the physical parametrisations
as well as numerics and resolution. Manabe et al. (1979)
found a dramatic improvement in monsoon simulation
when the GFDL model was recast in spectral form,
without any change in physics. Sperber et al. (1994)
showed great sensitivity to horizontal resolution. Chan-
ges in the NCEP model (Kanamitsu et al. 1990) to
include biosphere effects led to great changes in the
simulated rainfall pattern (TOGA 1990). Fennessy and
Shukla (1994) and Fennessy et al. (1994) found the
monsoon rainfall in the model to be sensitive to the
manner in which orography was incorporated. Slingo
et al. (1992, 1994) demonstrated the impact of the
nature of convective parametrisation and Laval et al.
(1996) of the nature of hydrological parametrisa-
tion.

There is considerable evidence of a link between the
variability of the Indian monsoon and El Nin8 o South-
ern Oscillation (ENSO) (Sikka 1980; Rasmusson and
Carpenter 1983; Ropelewski and Halpert 1987, 1996
etc.). The success in simulating and predicting ENSO
during the Tropical Ocean and Global Atmosphere
(TOGA) led to renewed interest in the simulation
of the monsoon and its variability on seasonal to
interannual scale. Systematic intercomparison of the
simulation of the two seasons of 1987 and 1988, in
which the ENSO phase as well as the intensity of
the Indian monsoon were strongly contrasting,
were carried out by the TOGA Monsoon Numerical
Experimentation Group. In one such study, Palmer
et al. (1992) showed that a large fraction of the varia-
bility of the simulated Indian monsoon was forced by
the sea surface temperature (SST) variations over the
Pacific.

The Atmospheric Intercomparison Project (AMIP,
Gates 1992) provided a unique opportunity for system-
atic studies of the response of many atmospheric
GCMs to observed variations in SST during the decade
of 1979—1988. This period is particularly interesting
because of the occurrence of two major events of ENSO
1982—1983, 1987—1988 which were associated with
large fluctuations of the Indian monsoon. An under-
standing of how well the models can simulate the mon-
soon variations, when forced by the observed variation
of SST, is important for assessing the potential for
generating predictions of the Indian monsoon on sea-
sonal to interannual scale.

We present here an analysis of the AMIP runs of 30
models carried out under the AMIP diagnostic sub-
project on the simulation of the monsoon rainfall and

its variation. Although the focus is on the Indian mon-
soon, we first consider briefly the simulation of the
seasonal variation of the major tropical rainbelts
over the monsoonal regions of the world (Sect. 3).
The simulation of the mean rainfall pattern during the
peak monsoon months of July and August over the
Indian region is discussed in Sect. 4 and the interannual
variation of the Indian summer monsoon during the
AMIP decade and its teleconnection with the Pacific in
Sect. 5.

2 Models and data

In AMIP, all the major atmospheric GCMs have been run for the
period January 1979—December 1988 with lower boundary condi-
tions of SST and sea ice specified from observations (Gates 1992).
The outputs of runs of a large number of models have been made
available in standard format, after quality control checks by the
Program for Climate Model Diagnosis and Intercomparison
(PCMDI) at the Lawrence Livermore National Laboratory. The
PCMDI has also supplied data on the observed SST. The details of
the runs of the 30 models analysed here (Table 1) are available in the
AMIP documentation by Phillips (1994). Dr. S. Saha of the National
Center for Environmental Prediction (NCEP, USA) generated
the results for an AMIP run with a revised version of the NCEP
model and sent these to us for analysis. The new version of the
NCEP model (henceforth referred to as NCEP2) differs from the old
version (henceforth NCEP1) in physics as well as resolution. The
resolution is changed from T40L18 to T62L28. In NCEP1 convec-
tion is parametrised following Kuo (1965), Sela (1980) and Tiedtke
(1983) whereas the parametrisation in the NCEP2 model follows
Pan and Wu (1995) which is based on Arakawa and Shubert (1974),
simplified by Grell (1993) and Tiedtke (1983). In NCEP1, the surface
fluxes of momentum, heat and moisture are stability dependent,
while a new PBL parametrisation scheme (Hong and Pan 1996) has
been implemented in NCEP2. Land surface processes are based on
Miyakoda and Sirutis (1986) in NCEP1 and on Pan and Mahrt
(1987) in the NCEP2. The AMIP simulation of the NCEP2 model
has also been analyzed along with those of the thirty models sup-
plied by PCMDI.

Several data sets for precipitation and convection have been used
for comparison with model simulated precipitation. For precipita-
tion, the data of Legates-Willmott (LW, Legates and Willmott 1990),
and a merged data set supplied by NCEP (Schemm et al. 1992;
Kalnay et al. 1996; henceforth referred to as NCEP merged data)
comprising station data over land and precipitation over the oceans
estimated from MSU (Microwave Sounding Unit, Spencer 1993)
have been used. In addition, over the Indian region, we have ana-
lysed the rainfall data at 366 meteorological observatories, supplied
by the India Meteorological Department (IMD), which is henceforth
referred to as IMD data, and the all-India rainfall time series derived
by Parthasarathy et al. (1994) from IMD data. We have also ana-
lysed the frequency of highly reflective clouds (HRC, Garcia 1985)
and the outgoing longwave radiation (OLR, Gruber and Krueger
1984).

3 Global perspective

The word ‘monsoon’ comes from the Arabic word
‘mausam’ for season and the distinguishing attribute of
the monsoonal regions of the world is the seasonal
variation in circulation and rainfall (Ramage 1971).
Large seasonal variation of the major zones of deep



Table 1 AMIP modeling
groups, locations and
resolutions

Acronym AMIP group Resolution

BMRC Bureau of Meteorology Research Centre, Australia R31 L9
CCC Canadian Centre for Climate Research, Canada T32 L10
CNRM Centre National de Recherches Mètèorologiques, France T42 L30
COLA Centre for Ocean-Land-Atmosphere Studies, USA R40 L18
CSIRO Commonwealth Scientific and Industrial Research

Organization, Australia
R21 L9

CSU Colorado State University, USA 4°]5° L17
DERF Dynamical Extended Range Forecasting, USA T42 L18
DNM Department of Numerical Mathematics, Russia 4°]5° L7
ECMWF European Centre for Medium-Range Weather Forecasts,

UK
T42 L19

GFDL Geophysical Fluid Dynamics Laboratory, USA R30 L14
GISS Goddard Institute for Space Studies, USA 4°]5° L9
GLA Goddard Laboratory for Atmospheres, USA 4°]5° L17
GSFC Goddard Space Flight Center, USA 4°]5° L20
IAP Institute of Atmospheric Physics, China 4°]5° L2
JMA Japan Meteorological Agency, Japan T42 L21
LMD Laboratory de Mètèorologie Dynamique, France 50sin(lat)]64lon L11
MGO Main Geophysical Observatory, Russia T30 L14
MPI Max-Planck Institut fuer Meteorologie, Germany T42 L19
MRI Meteorological Research Institute, Japan 4°]5° L15
NCAR National Center for Atmospheric Research, USA T42 L18
NCEP1 National Center for Environmental Prediction, USA T40 L18
NCEP2 National Center for Environmental Prediction, USA T62 L28
NRL Naval Research Laboratory, USA T47 L18
RPN Recherche en Prèvision Numèrique, Canada T63 L23
SUNYA State University of New York at Albany, USA R15 L12
SNG State University of New York at Albany/

National Center for Atmospheric Research, USA
T31 L18

UCLA University of California at Los Angeles, USA 4°]5° L15
UGAMP The UK Universities’ Global Atmospheric Modeling

Programme, UK
T42 L19

UIUC University of Illinois at Urbana-Champaign, USA 4°]5° L7
UKMO United Kingdom Meteorological Office, UK 2.5°]3.75° L19
YONU Yonsei University, Korea 4°]5° L15

convection and precipitation occurs over the Asia Paci-
fic sector in association with the Asian/Australian mon-
soon and over the African longitudes in association
with the African monsoon (Fig. 1). It is seen that this
zone of precipitation/convection over most of the
tropics occurs around 10 °S in the austral summer and
10 °N in the boreal summer; the exception is the Asia
West Pacific sector where it is displaced farther north-
ward in the boreal summer. The models also exhibit
a tendency for the rainbelt to occur around 10° in the
summer hemisphere. We first consider the simulation
of the mean seasonal rainfall patterns over the mon-
soonal regions in the AMIP runs. For each region, we
compare the simulated seasonal mean precipitation
pattern, particularly the latitudinal range and longitu-
dinal extent of the region with significant precipitation,
with observations. Henceforth we refer to the region
with significant precipitation as ‘precipzone’.

3.1 African monsoon

The large seasonal variation over the African region is
clearly seen from the observed mean patterns of rainfall

during boreal and austral summers (Figs. 1, 2). During
the boreal summer, the precipzone extends from the
east Atlantic up to about 30 °E, with maximum rainfall
occurring a little to the south of 10 °N. This rainfall
pattern simulated by a few representative models is
shown in Fig. 2. Almost all the models simulate the
pattern reasonably well. The exception is the simula-
tion of DNM in which the precipzone is northward of
the observed, west of about 10 °E. While the maximum
rainfall for a majority of the models is near the ob-
served value, in some models such as the UIUC, the
rainbelt is extremely weak whereas in some, such as
UGAMP, it is too strong. Several models (such as
GFDL, COLA) simulate the high rainfall near the
eastern end (which is observed in the LW rainfall) while
in others (such as CNRM, SUNYA) the rainfall is more
uniform in the east-west direction. If the latitudinal
extent of the rainbelt is defined by the latitudes at
which 50% of the value of peak is attained, it is about
15° for the observed patterns of precipitation and con-
vection. The latitudinal extent of the simulated rainbelt
varies from 10° to 20°, with the largest extent in the
simulations of SUNYA, YONU and CSU in which
considerable rainfall occurs up to 10 °S.



Fig. 1 Observed mean (for the AMIP period) precipitation for January—February (top) and for July—August (bottom). The box indicates
monsoonal regions of the world as defined by Ramage (1971)

In the austral summer, the precipzone occurs over
the southern part of the continent extending from the
equator up to about 20 °S with a maximum around
10 °S (Fig. 2). In some models there appear to be small-
scale structures with intense rainfall near the east coast,
but in a majority of models the rainfall is relatively
uniform in the zonal direction. By and large, the loca-
tion, latitudinal extent as well as the maximum rainfall
in this season are well simulated by the models (Fig. 2).
Thus, the seasonal migration of the major precipzone
over the African longitudes is simulated by all the
models and the mean rainfall patterns for the boreal
and austral summers are also generally well simulated.

3.2 Australian—Indonesian monsoon

We have analysed the simulation of the seasonal aver-
age rainfall associated with two major components of
the Asian monsoon, i.e. the Australian—Indonesian
monsoon in austral summer and the Indian monsoon
in the boreal summer. In this section, we consider
briefly the simulation of the mean seasonal rainfall
pattern associated with the Australian—Indonesian
monsoon and discuss the simulation of the precipita-

tion in the Asia-Pacific sector and of the Indian mon-
soon in Sections 3.3 and 4.

Indonesia and northern parts of Australia receive
a substantial fraction of the annual rainfall during the
austral summer (Ramage 1971; McBride 1987). The
distribution of the observed rainfall for January—Feb-
ruary is shown in Fig. 3. It is seen that the major
rainbelt tilts southeastward from the Indonesian region
(with the axis between 0 and 5 °S between 110 °E and
120 °E) towards Australia (with the axis around 10 °S
between 130 °E and 145 °E). Legates-Willmott precipi-
tation and HRC datasets also exhibit similar pattern
over this region.

The rainfall patterns simulated by a few representa-
tive models are also shown in Fig. 3. It is seen that the
pattern in some of the models (e.g. NCEP2, BMRC,
MRI) is fairly realistic. It is interesting that in several
models (such as LMD and COLA), the primary rain-
belt remains over the equatorial region and a second-
ary precipitation zone is seen over the Australian
region. However, in COLA model simulation, the
precipitation pattern over the Australian-Indonesian
region is rather realistic. In some models, the Austra-
lian monsoon appears to be well simulated but relative-
ly little rainfall occurs over Indonesia (e.g. MGO). In



Mean Precipitation Patterns (mm/day)

January-February Mean

DNM

DNM

CSU

CSU

COLA

COLA

CNRM

CNRM

(Obs.)MergedNCEP

(Obs.)MergedNCEP

NCAR

NCAR

MPI

MPI

GLA

GLA

GFDL

GFDL

ECMWF

ECMWF

YONU

YONU

UIUC

UIUC

UGAMP

UGAMP

SUNYA

SUNYA

NCEP2

NCEP2

40E 40E 40E 40E40E20E 20E 20E 20E 20E0 0 0 0 020W 20W 20W 20W 20W

July-August Mean

30S

30S

30S

30S

30S

30S

20S

20S

20S

20S

20S

20S

10S

10S

10S

10S

10S

10S

EQ

EQ

EQ

EQ

EQ

EQ

10N

10N

10N

10N

10N

10N

20N

20N

20N

20N

20N

20N

30N

30N

30N

30N

30N

30N

b

a

5

10

15

20

40E 40E 40E 40E40E20E 20E 20E 20E 20E0 0 0 0 020W 20W 20W 20W 20W

Fig. 2a, b Observed and simulated mean precipitation over the African region for a January—February and b July—August



20S

10S

EQ

10N

160E150E140E130E120E110E100E90E

20S

10S

EQ

10N

160E150E140E130E120E110E100E90E

20S

10S

EQ

10N

160E150E140E130E120E110E100E90E

20S

10S

EQ

10N

160E150E140E130E120E110E100E90E

20S

10S

EQ

10N

160E150E140E130E120E110E100E90E

20S

10S

EQ

10N

160E150E140E130E120E110E100E90E

20S

10S

EQ

10N

160E150E140E130E120E110E100E90E

20S

10S

EQ

10N

160E150E140E130E120E110E100E90E

NCEP Merged (Obs.)

Jan-Feb Mean Precipitation Pattern (mm/day)

1293

NCEP2MRI

LMDCOLA

CSIROMGO

BMRC
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many models the rainbelt remains zonal throughout
the region and equatorward of the observed loca-
tion north of Australia (e.g. CSIRO). Overall, the
simulation of the mean rainfall pattern over this region
is not as good as over the African region although
a reasonable degree of skill is evident in a number of
models.

3.3 Asia—Pacific

In this region, the precipzone (here taken as the region
with rainfall greater than 6 mm/day) occurs as a coher-
ent zone over a wide longitudinal range, stretching
from the Asian longitudes across the West Pacific in the
boreal and austral summers (Fig. 4). The wide longitu-
dinal extent of the system in the boreal summer is also
clear from the mean July pattern of the distribution of
the heat sources over the region derived by Chen and
Li (1981) (from Tao and Chen 1987). The rainbelt with
maximum precipitation occurs in the equatorial and
near-equatorial regions of the Southern Hemisphere in
the austral summer; in the equatorial region in spring
and autumn and attains its northernmost position over
the western sector (70 °E—120 °E) in the boreal summer
with a slight southeastward tilt over the West Pacific
(Fig. 4).

The seasonal variation of the latitude of the major
rainbelt is also clearly seen in the variation of the mean
monthly precipitation for the Asia West Pacific sector
(70 °E—140 °E) and the African region (10 °W—40 °E)
depicted in Fig. 5. Note that whereas over the African
region the latitudinal extent of the precipzone is about
15° throughout the year while the location shifts with
season; the latitudinal extent of the precipzone over the
Asia West Pacific sector becomes very large in the
boreal summer, extending from south of the equator to
north of 25 °N. Thus over the Asia Pacific sector, the
equatorial region receives rainfall throughout the year,
even in the boreal summer when the major rainbelt is
located around 15 °N. It is seen from Fig. 4 that within
the Asia West Pacific sector, the latitudinal extent is
largest around 90 °E. On a daily scale, the latitudinal
extent of the tropical convergence zone over this region
is somewhat larger than that over Africa but never
exceeds 10° (Sikka and Gadgil 1980). The large latitudi-
nal extent of the precipzone on monthly/seasonal scales
over the Indian longitudes arises from (1) the existence
of a secondary precipzone over the equatorial ocean,
with frequent genesis of a tropical convergence zones
(TCZ) throughout the summer, and (2) fluctuations of
the rainbelt, between this secondary zone and the pri-
mary one, over the heated subcontinent on the in-
traseasonal scale (Sikka and Gadgil 1980; Gadgil 1988).
Such meridional fluctuations are also found to occur
over the West Pacific (Srinivasan and Smith 1996).
Thus, the zone with relatively little meridional vari-
ation of the mean precipitation equatorward of 15 °N

of the Asia West Pacific sector on the monthly/seasonal
scales arises from the intraseasonal fluctuations of the
rainbelt over this region.

We consider the seasonal migration of the primary
rainbelt over the Asia West Pacific region onto the
heated continent in the boreal summer (Figs. 4, 5) to be
the most important feature of the seasonal variation
over this region. Hence, in assessing the simulations, we
give maximum weight to a realistic simulation of the
primary rainbelt across the Asia West Pacific region.
Relatively, the simulation of the latitudinal extent of
the precipzone and a realistic meridional profile
(which are likely to depend upon the simulation of the
secondary zone over equatorial ocean and, perhaps,
intraseasonal fluctuations), will be considered less im-
portant.

We find that while some models simulate the sea-
sonal migration and the primary rainbelt during the
boreal summer realistically (e.g. GLA model in Fig. 6),
in some others the primary rainbelt persists over the
equatorial oceans in all the seasons (e.g. UGAMP
model in Fig. 6). This suggests a classification of the
models on the basis of whether they simulate the sea-
sonal variation in the latitude of the primary rainbelt
and its location during the boreal summer realistically
(class I) or not (class II). Such a classification of the
models is given in Table 2. For some representative
class I models, the mean precipitation patterns for the
four seasons and the monthly variation of the mean
precipitation of the Asia West Pacific sector (70 °E—
140 °E) are shown in Fig. 7a. It is seen that, in the
simulation of some models of class I, there is not much
precipitation over the equatorial oceans in the boreal
summer (e.g. GFDL), whereas in some others, there is
a distinct secondary precipzone appearing over that
region (e.g. NCEP2).

The amplitude of the seasonal migration of the pri-
mary rainbelt is much smaller than observed in models
of class II (Fig. 7b). For example, in the NCAR simula-
tion, the major rainbelt migrates from a realistic loca-
tion in the austral summer around 10 °S to around
10 °N in the boreal summer which is equatorward of
the observed location. Figure 7b also shows that in
models such as MGO, DNM, there is hardly any sea-
sonal migration of the rainbelt over the Pacific, while
for DERF there is no seasonal migration over the
Indian longitudes. In some models, such as LMD,
there is hardly any variation in the major rainbelt with
season.

We note that in some models of class II, in the boreal
summer, a secondary precipzone is simulated over part
of the latitudinal belt where the primary rainbelt is
observed. For example, in the July—August simulations
of the COLA and ECMWF models (Fig. 7b), in addi-
tion to the major rainbelt over the equatorial ocean,
a precipzone is simulated between 20 °N and 30 °N
centred around 90 °E. However, the longitudinal extent
of this zone is much smaller than that of the observed
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Fig. 5 Variation of the observed monthly mean precipitation over
(top) the Asia-Pacific (70°—140 °E) region and (bottom) the African
(10 °W—40 °E) region

rainbelt in this latitudinal range and also smaller than
that of the simulated rainbelt in the equatorial regions.
Thus, there appears to be a tendency in some models of
this class to generate localised/secondary precipitation
region over heated continents (Indian or Australian)
rather than a seasonal migration of the primary rain-
belt. We return to this point in next section.

4 Indian summer monsoon

4.1 Mean rainfall pattern

Most of the rainfall over the Indian subcontinent oc-
curs during the summer monsoon i.e. June—September
(Rao 1976). The observed mean patterns of rainfall for

the peak monsoon months of July—August over the
Indian region are shown in Fig. 8. We compare the
mean simulated and observed patterns for July—Au-
gust, rather than for the entire summer monsoon, be-
cause in many models the duration of the rainy season
is underestimated. The large-scale monsoon rainfall in
the summer is associated with the rainbelt I extending
from the head of the Bay of Bengal, west-northwest-
ward across the Indo-Gangetic plain. During the sum-
mer monsoon, the monsoon trough and this rainbelt
fluctuate within the monsoon zone, north of about
15 °N (Sikka and Gadgil 1980, and references therein).
The variation of the location and intensity of the mon-
soon trough and rainbelt I give rise to the variations in
the large-scale monsoon rainfall. The coefficient of vari-
ation of the seasonal rainfall is maximum (over 50%)
near the western end and minimum (about 20—30%) in
the high rainfall zone at the eastern end near the head
of the Bay of Bengal (Rao 1976). On the interannual
scale, the variation of the all-India monsoon rainfall
arises primarily from the variation over western part of
the monsoon zone i.e. west of 80 °E (Parthasarathy
1984). Thus, for a model to be useful in predicting
variations on the seasonal to interannual scale, it is
important that it can simulate rainbelt I and its varia-
bility (particularly in the western part) reasonably well.
Henceforth we refer to this rainbelt I as the monsoon
rainbelt.

Besides the tropical convergence zone over the
heated subcontinent with which the primary rainbelt is
associated, a TCZ also occurs over the warm waters of
the equatorial Indian ocean intermittently throughout
the summer (Sikka and Gadgil 1980). This is manifested
as a secondary zone of precipitation in the seasonal
rainfall patterns (rainbelt II in Fig. 8). Over the Indian
region, heavy rainfall also occurs in association with

Table 2 Classes based on the seasonal variation of the precipzone
over the Asia West Pacific region

Class I Class II

BMRC
CCC
CNRM
CSIRO
GFDL
GISS
GLA
GSFC
MPI
MRI
NCEP2
RPN
UKMO

COLA
CSU
DERF
DNM
ECMWF
IAP
JMA
LMD
MGO
NCAR
NCEP1
NRL
SNG
SUNYA
UCLA
UGAMP
UIUC
YONU
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Fig. 7a As in Fig. 6 for models of class I; b as in Fig. 6 for models of class II
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Fig. 8 Observed mean July-
August precipitation over the
Indian region and typical
patterns of simulation of the
mean July-August precipitation
over the Indian region

the orography of the Himalayas to the north (rainbelt
III in Fig. 8) and the western Ghats along the west
coast of the peninsula (rainbelt IV in Fig. 8).

The rainfall pattern over the Indian longitudes is
extremely complex and not surprisingly, the simulation
of the mean summer rainfall pattern over the Indian
region has proved to be a difficult task. The simulations
of models differ in how realistically the monsoon rain-
belt is simulated and in the relative intensities of the
other rainbelts. Typical rainfall patterns in models are
also illustrated in Fig. 8. The pattern correlation coef-

ficient of the simulated mean July—August rainfall pat-
tern over 70 °E—90 °E; 0—30 °N with the observed
NCEP merged data for a common grid of 2.5° is in-
dicated in the top corner. In some, the rainfall over the
monsoon zone is realistically simulated (e.g. NCEP2 in
Fig. 8). In others, the primary rainbelt is somewhat
southward of the observed, with more rainfall over the
Indian peninsula, than in the monsoon zone (e.g. GSFC
in Fig. 8). In a third group, the primary rainbelt is over
the equatorial Indian ocean with very little rainfall over
most of the Indian region (e.g. UGAMP in Fig. 8). We



Table 3 Observed and Simulated July—August mean rainfall (mm/day) over the monsoon zone (15 °N—25 °N), ratios of mean rainfall over the
peninsula (PEN, 7.5 °N—15 °N) and equatorial Indian Ocean (EIO, 5 °S—5 °N; 67.5°—85 °E) to mean rainfall over the monsoon zone (MNS),
category of the mean July—August rainfall pattern over the Indian region, the class from Table 2 and the class based on SP test (Sect. 5.1)

Models Mean Ratios Category Classes Correlation
Rainfall (MNS) PEN/MNS EIO/MNS SPtest coefficient

IMD
(observations)

7.5 0.7 0.7

CNRM
CSIRO
GFDL
NCEP2
JMA
MGO

MPI
NCEP1
COLA
ECMWF
NRL

6.3
11.0
8.7
7.0
8.2

15.8

5.6
6.2
4.2
4.6
6.5

0.8
0.6
0.7
0.9
0.9
0.4

0.5
0.8
0.9
0.6
0.9

0.8
0.6
0.2
0.6
0.5
0.2

1.6
1.1
2.0
2.3
1.4

A
1

A
1

A
1

A
1

A
1

A
1

A
2

A
2

A
2

A
2

A
2

I
I
I
I

II
II

I
II
II
II
II

F
P
P
—
F
P

F
F
F
P
P

0.59
0.46
0.39
0.58
0.51
0.45

0.01
0.51
0.30

!0.06
0.36

BMRC
GISS
GLA
GSFC
MRI
UKMO
DNM

RPN
CSU
YONU

9.3
7.9
5.7
7.9
9.9
7.6
9.0

7.2
6.2
4.5

1.1
1.7
2.5
1.4
1.3
1.1
1.6

1.8
1.3
1.4

0.5
0.6
0.2
0.4
0.4
0.8
0.1

1.5
2.6
2.6

B
1

B
1

B
1

B
1

B
1

B
1

B
1

B
2

B
2

B
2

I
I
I
I
I
I

II

I
II
II

P
P
P
P
P
P
F

F
P
F

0.67
0.46
0.49
0.47
0.18
0.60
0.60

0.18
!0.19
!0.07

DERF
IAP
LMD
NCAR
SNG
SUNYA
UCLA
UGAMP
UIUC

CCC

1.3
0.9
2.4
2.5
2.9
2.0
6.5
0.4
2.5

4.6

3.8
10.9
2.2
3.0
0.4
1.9
0.7
7.5
3.7

0.8

10.6
12.2
7.0
6.1
2.0
2.5
2.0

47.3
3.1

1.1

C
1

C
1

C
1

C
1

C
1

C
1

C
1

C
1

C
1

C
2

II
II
II
II
II
II
II
II
II

I

F
P
P
F
P
F
F
P
F

F

!0.39
!0.30
!0.18
!0.38

0.07
!0.16
!0.05
!0.24
!0.19

0.05

have therefore classified the models on the basis of the
simulated rainfall over the Indian monsoon zone into
categories A, B and C. In this classification, the relative
strengths over the peninsula to the south of the mon-
soon zone and the equatorial Indian Ocean have also
been considered. The rainfall over the Indian monsoon
zone and the ratios of the rainfall (2) over the peninsula,
south of the monsoon zone, and (2) over the equatorial
Indian ocean, to that over the Indian monsoon zone in
different models are shown in Table 3. The class (I or II)
to which the model has been assigned on the basis of
the simulation of the seasonal migration over the Asia-
Pacific sector, as well as the pattern correlation coeffic-
ient with the observed July—August rainfall for the
region 70 °E—90 °E; 0—30 °N are also indicated in
Table 3.

The mean rainfall pattern for July—August simulated
by the different models are shown in Fig. 9. It is clear
that models of category A represent the rainfall pattern

and particularly the monsoon rainbelt in a reasonably
realistic manner. The simulation of the mean rainfall
pattern by NCEP2 appears to be the most realistic and
is better than that of NCEP1 over the Indian region.
Table 3 shows that classes I, II are almost equally
represented in this category A. However, as noted in
Sect. 3.3, for the models of class II in category A (e.g.
COLA, MGO etc.), the rainfall over the Indian mon-
soon zone is associated with a secondary precipzone
largely restricted to these longitudes, whereas for those
in class I it is associated with a planetary scale system.
There are differences in the skill of simulation of the
other rainbelts. For example, in the GFDL simulation
the oceanic rainbelt (II) is absent in the mean pattern
(although it does occur in some years). In the MPI
simulation, the oceanic rainbelt II is as intense as the
continental one (rainbelt I), and the orographic rain-
belts III and IV are missing. Note that, for the models
in the subset A

1
(A

2
), the mean rainfall over the Indian
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Fig. 9 Simulation of the mean July—August precipitation over the Indian region



Fig. 9 (Continued)



monsoon zone is larger (smaller) than that over the
equatorial Indian Ocean. Nevertheless, we have as-
signed all these models to category A because more
weight is given to the realistic simulation of the rainbelt
over the monsoon zone than to the relative intensity of
the oceanic rainbelt. Since no such bias comes into the
calculation of the pattern correlation coefficient, the
coefficient for some models belonging to A

2
is much

smaller than that of models in A
1

(Table 3).
In models of category B (such as UKMO and

GSFC), the maximum rainfall over the Bay of Bengal
occurs southward of the observed maximum, over the
head of the Bay, and a prominent zonal rainbelt occurs
around 15 °N, stretching across from the Arabian sea
(near the orographic rainbelt IV), across the Indian
peninsula and the Bay of Bengal and beyond over the
West Pacific. Thus, the southward location of the pri-
mary rainbelt vis a vis the observations is the distin-
guishing attribute of category B. In addition, in some
models such as the UKMO model, the orographic
rainbelt (III) is simulated. The isohyets in this case are
realistic in the northwestern part, whereas they tend to
be zonal in the models, such as GSFC, without the
rainbelt III. However in the UKMO model, there is
a narrow zonal belt with relatively little rainfall over
the Indian monsoon zone, in the ‘no man’s land’ be-
tween this rainbelt and the major zonal rainbelt around
15 °N. In the simulations of these models, relatively low
rainfall over the monsoon zone and the unusually
high rainfall over the peninsula (particularly near the
east coast) are unrealistic features. For models of cat-
egory B

1
(B

2
) the rainfall over the equatorial Indian

ocean is smaller (larger) than that over the Indian
monsoon zone. Whereas the pattern correlation coeffic-
ient of models of category B

1
is comparable to that of

the models of category A
1
, that of category B

2
is very

small.
For the models in category C, the prominent rainbelt

is either over the equatorial Indian Ocean (C
1
) or close

to the orography to the north of the Indian monsoon
zone (C

2
). There is hardly any rainfall over the Indian

monsoon zone in the simulation of C
1
. In the CCC

simulation (category C
2
), the orographic rainbelt

spreads, to some extent, over the Indian monsoon zone
resulting in some rainfall over this region. Note that the
pattern correlation coefficient for all the models in
category C is very small or negative.

We note that a realistic simulation of the rainfall
pattern over the Indian monsoon zone has been
achieved by models which simulate a seasonal migra-
tion of the primary rainbelt, as well as those in which
a secondary zone occur over the region (i.e. classes
I and II). Note that the categorisation into A and B is
based mainly on the latitudinal location of the primary
rainbelt over the Indian region. Of these, models of
categories A

2
and B

2
simulate relatively high rainfall

over the equatorial oceans. The mean rainfall, for the
region as a whole, simulated by models of categories

A
1

and B
1

is more realistic, with reasonable rainfall
distribution over the continent and high values of pat-
tern correlation. Most of the models of categories
A

1
and B

1
belong to class I (10 out of 13). On the other

hand, the simulated mean rainfall over the monsoon
zone is less than observed for category C and the
majority of the models in this category belong to class
II. The mean July—August rainfall pattern of class
I models is better correlated with the observed than
that of class II models (0.64, 0.06 respectively, Fig. 10).

4.2 Implications

Whereas almost all the models simulate adequately the
seasonal variation of the ITCZ over the African region,
over the Indian longitudes a large fraction of the mod-
els show the ITCZ as a persistent feature over the
equatorial Indian ocean in all seasons (with a second-
ary convergence zone over the Indian monsoon zone in
some). It has been pointed out that this region has two
favourable locations for the tropical convergence
zones, one over the heated subcontinent, and another
over the warm waters of the equatorial Indian ocean
(Sikka and Gadgil 1980; Gadgil et al. 1992). In nature,
although the continental TCZ is dominant, the oceanic
TCZ appears intermittently throughout the summer
leading to a bimodal latitudinal profile. On the other
hand, many models seem to have a tendency to get
locked into either the oceanic or the continental mode.

We have noted that reasonably realistic mean rain-
fall patterns of July—August are produced by some
models, with realistic seasonal migration of the TCZ
over the Asia West Pacific sector (class I), as well as
some models of class II, for which the system respon-
sible for the Indian monsoon rainfall is more localised
and does not stretch across East Asia and the West
Pacific. In all models of class I, the primary rainbelt
is north of 10 °N in the summer monsoon over the
Indian region, with relatively little precipitation in the
equatorial region (10 °S—10 °N). In all models of class
II, there is a major rainbelt over the equatorial Indian
ocean.

The two sets of models (classes I and II) support
different hypotheses about the system responsible for
the monsoon. Since Halley (1686), the monsoon has
been viewed as a gigantic land-sea breeze. Land—ocean
temperature contrast has been considered to be the
most important factor in generating the monsoon cir-
culation and rainfall. Alternatively, the monsoon has
been considered as a manifestation of the seasonal
migration of the planetary scale equatorial trough
(Riehl 1954, 1979), near-equatorial trough (Ramage
1971) or the intertropical convergence zone i.e. the
ITCZ (Charney 1969). Studies of the daily variation of
the maximum cloudiness zone, from satellite imagery,
and the monsoon trough at 700 hPa, suggest that the
large-scale monsoon rainfall over the Indian region is



Fig. 10 Observed and simulated
mean July-August precipitation
over the Indian region.
Observation (top left), average of
all AMIP models (bottom left),
average of models of class I (top
right) and average of models of
class II (bottom right). The
pattern correlations with
observed data for the region
70 °E—90 °E; 0—30 °N, based on
2.5° common grid are given in
the top left of each model panel
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associated with the migration of the ITCZ over the
heated subcontinent in the summer (Sikka and Gadgil
1980; Gadgil 1988). The models of class I, therefore,
appear to be more realistic. Although there are some
lacunae in the simulations of the models of category
B in class I relative to those of category A within this
class, we believe that they are closer to reality than the
models of class II, category A, because they simulate
more realistically the seasonal migration of the planet-
ary scale ITCZ and, hence, the structure of the planet-
ary scale monsoon.

There appears to be no systematic relationship be-
tween which of the two classes I and II, the simulation
of a model belongs and the way important physical
processes such as convection and hydrology are par-
ametrised. Typically, about half of the models adopting

a particular convective scheme belong to class I. If we
consider the simulation of the large-scale monsoon
rainfall over the Indian region, category A comprises
models with every type of convective parametrisation.
This is not surprising, because it is known that the
category, to which the monsoon simulation of a model
belongs, is dependent on various factors including
physical parametrisation as well as numerics and,
hence, on a particular version. At any point in time
such as during the AMIP runs, in a significant fraction
of the models, the rainbelt II on the equatorial Indian
ocean dominates the monsoon rainbelt. The transition
from such a simulation to one in which the continental
TCZ dominates and vice versa can occur with change
in physics or numerics (e.g. Laval et al. 1996; Sperber
et al. 1994).



5 Interannual variation of all-india summer monsoon rainfall

The importance of generating predictions of the sum-
mer monsoon rainfall over India cannot be overem-
phasised because the fortunes of this densely populated
country are known to fluctuate with the monsoon. In
years with large positive (negative) anomalies of the
monsoon rainfall the foodgrain production is larger
(smaller) by 10 to 20% on the all-India scale (Par-
thasarathy et al. 1992). It is, therefore, of interest to
assess the skill of the models in simulating the interan-
nual variation of the summer monsoon rainfall, parti-
cularly for good and deficient monsoon years. The
Indian region has had a large network of well-distrib-
uted observatories for over a century and the rainfall
data have been carefully compiled and extensively ana-
lysed. Hence, it is worthwhile to compare simulations
of models with the observations of mean patterns or
interannual variation which are considered to be very
reliable. It should be noted that the skill in the AMIP
runs can be considered to be a measure of the potential
skill, since the models have been driven with the ob-
served boundary conditions over the oceans.

All-India summer monsoon rainfall for each model
has been estimated as the total rainfall over the grids
indicated in Fig. 11. The mean and standard deviation
of the all-India summer monsoon rainfall during the
AMIP decade, are shown in Table 4 for each model.
Clearly many models simulate the mean all-India
monsoon rainfall reasonably well. As expected, the
simulated mean for the models in category C

1
with

most of the rainfall over the equatorial Indian ocean is
less than observed, particularly so when they do not
simulate the orographic rainfall near the northern
boundary. Note that there is considerable variation
in the simulated amplitude of the interannual varia-
tion. The coefficient of variation which is observed
to be about 10%, varies from 4% for the CSIRO
model to 24% for the ECMWF model and 29% for
MPI even within the class of models with realistic mean
patterns! We next compare the anomalies of the sea-
sonal rainfall (from the model mean, normalised by its
own standard deviation) during the AMIP decade with
the observed.

The observed variation of the all-India monsoon
rainfall during the AMIP decade is shown in Fig. 12
(top panel). There are seven monsoon seasons with
anomalies greater than half the standard deviation,
with a negative anomaly in 1979, 1982, 1986, 1987 and
a positive anomaly in 1980, 1983, 1988. We note that
the mean summer monsoon rainfall of 81.8 cms and the
standard deviation of 9.8 cms are different (lower and
higher respectively) from the longer-term mean of 85.2
cms and standard deviation of 8.5 cms (Parthasarathy
et al. 1994). Thus, although the season of 1986 has
an anomaly of amplitude larger than one standard
deviation with respect to the long-term values, the

magnitude of the anomaly from the AMIP mean is 0.73
of the AMIP standard deviation. Hence, in this analysis
we take anomalies with amplitude greater than half the
standard deviation for the AMIP decade to be signifi-
cant, and a line, indicating the value of half the stan-
dard deviation, is also indicated in Fig. 12. The interan-
nual variation of the simulated anomaly of the all-India
average rainfall during the AMIP decade for a few
representative models is also shown in Fig. 12. Al-
though, we have not used a land-sea mask specifically
tailored to isolate the inland borders of India as done
by Sperber and Palmer (1996), the anomalies obtained
by us are consistent with those of Sperber and Palmer
(1996) (Sperber 1997, personal communication). Most
of the models are unable to capture all the fluctuations
of the monsoon rainfall on the interannual scale in the
AMIP decade as shown by Sperber and Palmer (1996).
In fact the only model which simulates deficient rain-
fall, with amplitude of anomaly greater than half the
standard deviation in 1979, 1982, 1986 and 1987 is the
GLA model and the only model which simulates signif-
icant positive anomalies in 1980, 1983 and 1988 is the
CSIRO model. Even four of these events are simulated
by very few models.

It is also important to note that the maximum posit-
ive or negative anomalies in models often occur in years
in which the observed monsoon rainfall was near nor-
mal or had an anomaly of the opposite sign. For
example, in the ECMWF model, the maximum rainfall
occurs in 1980 and minimum in 1985; in the GFDL
simulation the largest excess occurred in 1982 and the
minimum rainfall in 1984.

We first consider the simulation of the seven mon-
soon seasons with significant anomalies. We note that
of these seven seasons, only two deficient seasons i.e.
1982, 1987 and two good monsoon seasons i.e. 1983,
1988 were associated with ENSO. We discuss the simu-
lations for these four seasons in Sect. 5.1 and its relation
to the simulation of mean pattern in Sect. 5.2. Analysis
of the simulation of the other three seasons i.e. 1979,
1980, 1986 is given in Sect. 5.3. The overall skill of
simulation of interannual variation in the AMIP dec-
ade is discussed in Sect. 5.4.

5.1 Monsoon seasons with ENSO links

Since in the AMIP all the models were run with the
observed SST, we expect the events associated with
major variations of the SST field, such as the ENSO, to
be well simulated. It is well known that there is a cor-
respondence between deficit (excess) in the Indian mon-
soon rainfall and the occurrence of warm events/El
Nin8 o (cold events/La Nin8 a) in the Pacific (Sikka 1980;
Rasmusson and Carpenter 1983; Ropelewski and Hal-
pert 1987, 1996 etc.). Thus, there is some basis to expect
reasonable skill in the simulation of the deficit/excess
fluctuations associated with the ENSO.
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Table 4 Observed and simulated mean, standard deviation
(mm/day) and coefficient of variation of the all-India summer mon-
soon (June—September) rainfall

Models Mean p (p/mean)]100

IMD (observations) 6.48 0.86 13.3

BMRC
CCC
CNRM
COLA
CSIRO
CSU
DERF
DNM
ECMWF
GFDL
GISS
GLA
GSFC
IAP
JMA
LMD
MGO
MPI
MRI
NCAR
NCEP1
NCEP2
NRL
RPN
SNG
SUNYA
UCLA
UGAMP
UIUC
UKMO
YONU

9.00
6.68
6.02
5.91
7.89
7.15
2.33
8.73
4.09
6.68
5.40
5.43
7.81
2.72
8.57
3.42

12.48
4.03

10.09
4.57
5.15
8.49
6.62
7.50
3.45
2.05
5.56
1.90
3.38
7.00
4.72

1.24
0.41
0.91
0.90
0.33
0.49
0.88
0.99
0.98
1.12
1.48
1.16
0.52
0.33
0.65
0.98
0.30
1.18
0.99
0.86
1.49
1.20
0.50
0.87
0.99
0.51
0.24
0.49
0.68
0.47
0.91

13.7
6.1

15.1
15.2
4.2
6.9

37.6
11.4
23.9
16.8
27.5
21.4
6.6

12.0
7.6

28.6
2.4

29.2
9.8

18.7
28.9
14.2
7.6

11.6
28.7
24.8
4.4

25.8
20.0
6.8

19.3

Palmer et al. (1992) have shown that the SST
anomalies over the Pacific play an important role in
generating the interannual variation of the Indian
monsoon. The all-India monsoon rainfall is highly cor-
related with the SST of the Central Pacific (Lau and
Yang 1996, and references therein). Lau and Yang’s
(1996) analysis of Indian rainfall and SST over the
Pacific indicates a strong simultaneous correlation of
the summer monsoon rainfall with SST in the region
170 °W—150 °W; 5 °S—5 °N (their Fig. 2a), which is a
part of the NINO4 region. The observed SST anomalies
over this part of Central Pacific during the AMIP decade
are shown in Fig. 13. This shows that while the warm
event commencing in early 1982 ended in the middle of
the summer monsoon season of 1983, the second warm
event of 1987 ended in early 1988, well before the
summer monsoon season. The variation of the precipi-
tation anomaly over the Central Pacific (also shown
in Fig. 13) is seen to be directly related to the SST as
first pointed out by Bjerknes (1969). Thus, the atmo-
spheric teleconnection of the Indian monsoon with the
Pacific involves association of large positive (negative)

Variation of Indian Summer Monsoon Rainfall
(As % of June-September Mean)
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Fig. 12 Observed and model simulated variation of all-India sum-
mer monsoon rainfall

precipitation anomalies over the Central Pacific
with large deficits (excess) of the Indian monsoon rain-
fall.

Of the four seasons of deficient/excess rainfall in the
AMIP period, the droughts of 1982 and 1987 were
associated with El Nin8 o, and the season of 1988
with La Nin8 a. The El Nin8 o retreated half way through
the season of 1983 which turned out to be a good one
with bountiful rainfall. Hence, we consider the simula-
tion of the monsoon seasons of 1982, 1987 (droughts)
and 1988 (good monsoon) which were associated with
ENSO. We consider separately the season of 1983,
which many models could not simulate, perhaps be-
cause (as seen in Fig. 13) the SST and rainfall anomalies
over the Central Pacific associated with the El Nin8 o
reversed in August i.e. right in the middle of the sum-
mer monsoon.



Fig. 13 Variation of the
anomalies of SST and
precipitation (averaged over
5 °S—5 °N) over the Central
Pacific
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We first consider the simulation of the precipitation
anomalies over the Central Pacific during the summer
monsoon seasons of 1982, 1987 and 1988 (Table 5). It is
seen that 29 out of the 31 simulations captured the
variation of the precipitation anomaly over the Central
Pacific; in only two simulations is the anomaly negli-
gible, or of the wrong sign, in one or more of these
seasons.

The observed and simulated anomalies of all-India
monsoon rainfall for the seasons of 1982, 1987 and
1988 are given in Table 6a and for the season of 1983 in
Table 6b. The class to which the models belong, on the
basis of simulation of the seasonal variation of the Asia
West Pacific sector (Table 2), is also indicated. Sperber
and Palmer (1996) documented success/failure of mod-
els in simulating qualitatively the rainfall/ENSO SST
teleconnection pattern (henceforth referred to as SP
test). In the last column of Table 6, whether the model

passed or failed to simulate the teleconnection pattern,
i.e., the SP test (from Fig. 1c of Sperber and Palmer
1996) is indicated by P and F respectively. A measure of
the skill of simulation of the four monsoon seasons of
each model is the score given in Table 6. For each
season, the score is #2 (!2) if the amplitude of the
anomaly is greater than half the standard deviation of
the model, and the anomaly is of the same (opposite)
sign as observed. If the amplitude of the anomaly is less
than half the standard deviation of the model, the score
is taken as #1(!1) if the sign of the anomaly is the
same (opposite) to that of the observed. Thus the
square of the error (e2) in simulation of each event
varies from 0 to 4. The average error, defined as the
square root of the ratio of the sum of the errors (e2 for
all the events) and the number of events, is also shown
in Table 6. Table 6a shows that 11 models simulate
anomalies of the correct sign; of these, in the first five



Table 5 Observed and simulated anomalies of June—September pre-
cipitation over the Central Pacific (170 °W—150 °W; 5 °S—5 °N, ex-
pressed as percentage of mean precipitation) and coefficient of
variation

Models 1982 1987 1988 (p/mean)]100

NCEP 56.7 93.3 !70.0 48.4
(observations)

BMRC
CCC
CNRM
COLA
CSIRO
CSU
DERF
DNM
ECMWF
GFDL
GISS
GLA
GSFC
IAP
JMA
LMD
MPI
MRI
NCAR
NCEP2
NRL
RPN
SNG
SUNYA
UCLA
UGAMP
UIUC
UKMO
YONU

26.3
41.9
23.2
4.1

34.9
21.0
24.2
11.1
50.0
54.3
54.8
76.0
19.0
31.5
20.8
12.2
89.5
38.1
89.5
64.4

104.5
10.2
36.1
18.0
28.3
79.3
18.6
73.9
68.6

53.9
106.5
66.1
30.6
82.5
50.6
93.9
33.3

162.5
122.9
78.6

112.0
54.8
46.3
72.9

104.1
278.9
66.7

210.5
54.2

118.2
35.6

161.1
80.3
83.3
75.9
53.5

204.3
9.8

!52.6
!51.6
!78.6
!34.7
!73.0
!55.6
!45.5
!30.6
!91.7
!65.7
!47.6
!56.0
!50.0
!51.9
!37.5
!53.1
!84.2
!35.7
!63.2
!66.1
!81.8
!13.6
!61.1
!34.4
!48.3
!96.6
!44.2
!82.6
!27.5

28.8
43.1
36.9
16.2
40.0
26.9
36.4
15.8
73.4
53.6
38.7
56.9
28.0
28.6
31.1
40.2

105.3
29.3
81.5
38.9
60.7
15.3
60.0
31.0
34.3
73.9
24.8
82.0
32.6

MGO
NCEP1

!2.7
!17.5

2.7
!3.5

!27.4
0.0

16.6
12.3

the amplitude is greater than half the standard devi-
ation (of the model). In the three models at the bottom
of Table 6a the simulated anomalies are of the opposite
sign to the observed, for all the three seasons! The
average error ranges from 0 to 4. We note from
Table 6b that, as expected, the error is high in a larger
number of models in the simulation of the anomaly of
the season of 1983.

For 1982, 1987, 1988, in spite of the fact that in 29 out
of 31 simulations, the precipitation anomalies over the
Central Pacific were of the same sign as observed for
each of the three seasons, the anomalies over the Indian
region are not simulated by several models, suggesting
that there are some lacunae in the simulation of the
teleconnection with the Pacific. Note the marked im-
provement in the simulation of the interannual vari-
ation of the NCEP2 (class I) vis a vis NCEP1 (class II).
Whereas NCEP1 could not simulate the local response
over Central Pacific, the NCEP2 simulated it for all the
events. Further, NCEP1 simulated anomalies of the
correct sign in 1982, 1988 for all-India monsoon rainfall

(although over the Central Pacific the anomaly was of
the opposite sign to observed in 1982 and negligible in
1988) and an anomaly of opposite sign to that observed
in 1987 (when the response over the Central Pacific was
also of opposite sign to that observed). On the other
hand, the NCEP2 simulated the anomalies over the
Central Pacific as well as of the Indian monsoon for all
the three events as observed. Thus, the local response
over the Central Pacific, as well as the teleconnection to
the all-India monsoon rainfall, have improved mark-
edly and became realistic in NCEP2.

It is seen from the last column of Table 6a that all the
five top models and nine of the top ten models pass
the SP test for the teleconnection pattern and nine of
the bottom ten fail to do so. Thus, the performance of the
models in simulating the variation during the seasons
of 1982, 1987 and 1988 is directly related to the Sperber
and Palmer (1996) criterion based on performance in
simulating the teleconnection pattern. However, there
are exceptions, with JMA simulating the interannual
variation correctly despite failing the test and LMD not
simulating despite passing the test.

Further insight into the performance of the models in
simulating the interannual variation of the Indian mon-
soon rainfall can be gained by considering the member-
ship of classes I and II (Table 2). Note that four of the
five models on top of Table 6a belong to class I (i.e.
with realistic simulation of the seasonal migration over
the Asia-Pacific region) and six of the seven models at
the bottom of the Table 6a belong to class II. It there-
fore appears that the probability of simulating the
interannual variation is larger for models belonging
to class I. Consider the frequency distribution of
the total error separately for the classes I and II
(Fig. 14). The difference in the performance of these two
classes in simulating the anomalies of the all-India
monsoon rainfall for three major events is clearly
brought out. Additional intercomparisons of different
versions of the same model (which may become pos-
sible with the runs of AMIP II) are needed to test this
hypothesis further.

It is interesting that two independent approaches to
classification of model simulations have proved to be
useful. There is a very close correspondence between
the performance of the models in simulating the in-
terannual variability during the ENSO years, and their
ability to simulate the teleconnection pattern used as
criterion for classification by Sperber and Palmer
(1996). As noted alredy there is also a large difference in
the skill of simulation of the interannual variation of all
India monsoon rainfall between the models of the two
classes (I and II) identified here on the basis of seasonal
migration of the rainbelt. Since this criterion, based on
seasonal mean patterns, differs from the criterion used
by Sperber and Palmer (1996) based on the pattern
of teleconnection of interannual variation, this set of
classes is not identical to the classes derived by Sperber
and Palmer (1996). Of the 30 models common to their



Table 6a Observed and
simulated anomalies of
all-India summer monsoon
(June—September)
rainfall (normalised with
half the standard
deviation), score for each
event, average error, the
class from Table 2 and the
class based on SP test

Models 1982 1987 1988 JM(&e2)/3N Classes
Anomaly Score Anomaly Score Anomaly Score SPtest

IMD
(observations)

!1.70 2 !2.65 2 3.51 2

CSIRO
GISS
GLA
MRI
NRL

BMRC
GSFC
ECMWF
NCEP2
JMA
UGAMP

!3.76
!1.31
!1.54
!1.63
!3.26

!2.98
!4.01
!0.61
!0.63
!2.55
!0.30

2
2
2
2
2

2
2
1
1
2
1

!1.72
!1.86
!3.44
!2.64
!1.58

!2.09
!0.58
!2.53
!1.37
!0.63
!3.77

2
2
2
2
2

2
1
2
2
1
2

2.79
1.05
4.07
3.01
3.11

0.32
2.65
2.30
0.18
0.19
0.13

2
2
2
2
2

1
2
2
1
1
1

0.0
0.0
0.0
0.0
0.0

0.58
0.58
0.58
0.82
0.82
0.82

I
I
I
I

II

I
I

II
I

II
II

P
P
P
P
P

P
P
P
—
F
P

SNG
UIUC
GFDL
MPI
UKMO

CNRM
NCEP1
CSU
IAP
MGO
UCLA
YONU
CCC

0.29
0.61
2.83

!2.41
2.53

!0.23
!0.43

1.87
2.73
2.78

!0.92
2.85
3.17

!1
!1
!2

2
!2

1
1

!2
!2
!2

1
!2
!2

!2.81
!0.08
!2.97

2.83
!3.33

2.27
1.32

!0.81
!2.64
!3.01

3.33
!0.56
!0.79

2
1
2

!2
2

!2
!2

1
2
2

!2
1
1

1.32
1.40
2.22
1.66
1.28

2.84
1.23
2.67
0.76
0.22
3.77
1.44
0.55

2
2
2
2
2

2
2
2
1
1
2
2
1

1.73
1.83
2.31
2.31
2.31

2.38
2.38
2.38
2.38
2.38
2.38
2.38
2.45

II
II
I
I
I

I
II
II
II
II
II
II
I

P
F
P
F
P

F
F
P
P
P
F
F
F

DERF
NCAR
LMD
DNM

SUNYA
RPN
COLA

!0.04
4.52
3.81
2.63

3.06
0.54
2.27

1
!2
!2
!2

!2
!1
!2

2.26
!0.26
!3.13

1.44

0.63
2.05
1.44

!2
1
2

!2

!1
!2
!2

!0.92
!0.79
!1.55

0.83

!0.50
!1.19
!1.40

!1
!1
!2

1

!1
!2
!2

2.94
2.94
3.27
3.32

3.37
3.70
4.00

II
II
II
II

II
I

II

F
F
P
F

F
F
F

study and the present study, 16 (14) pass (fail) the SP
test. Whereas a majority of the models that fail the test
belong to class II (10 out of 14); half of the models that
pass the test belong to each class. Similarly, whereas
a larger fraction of models of class I (8 : 4) pass the test,
the number of models of class II that fail (10) is only
slightly larger than the number that passed (8).

5.2 Simulation of mean versus simulation of interannual
variation

We have seen that the skill of simulation of interannual
variation of the Indian summer monsoon rainfall for
the ENSO associated seasons is higher for the class of
models that simulate the observed teleconnection pat-
tern (i.e. pass the SP test) than for the class of models
that fail to do so. Sperber and Palmer (1996) showed
that the mean seasonal rainfall pattern of the models
that pass the SP test is better correlated with observa-
tions than that for the class of models that fail the test
(correlation coefficients of 0.68 and 0.47 for the region

70 °E—90 °E; 0—30 °N) and suggested that ‘‘a good rain-
fall climatology and proper simulation of interannual
variability are associated’’.

We have shown that the interannual variation for
ENSO associated monsoon seasons is also better
simulated by models of class I (with a realistic simula-
tion of the seasonal migration of the rainbelt over the
Asia West Pacific region), than those of class II. It was
shown in Sect. 4.1 that the pattern correlation coeffic-
ient of mean July-August rainfall with the observed
mean rainfall is higher for models of class I than that
for models of class II (Fig. 10). We find that the mean
June-September rainfall pattern of models of class I is
also much better correlated with the observed pattern
than that of class II with pattern correlation coefficients
0.71, 0.25 respectively. These results support Sperber
and Palmer’s (1996) hypothesis of association between
better simulation of interannual variability of Indian
summer monsoon rainfall and better simulation of the
mean pattern.

However, it is important to note that the pattern
correlation coefficients of the models of each class have



Table 6b Observed and simulated anomalies of all-India summer
monsoon (June-September) rainfall (normalised with half the stan-
dard deviation), score for the event, average error, the class from
Table 2 and the class based on SP test

Models 1983 JM&e2N Classes
Anomaly Score SPtest

IMD
(observations)

2.80 2

CNRM
CSIRO
CSU
DNM
GLA
GSFC
MGO
NCAR

DERF
RPN
SUNYA
UCLA

2.17
3.33
1.22
2.05
1.68
1.48
2.69
1.88

0.31
0.25
0.47
0.69

2
2
2
2
2
2
2
2
1
1
1
1

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

1.0
1.0
1.0
1.0

I
I

II
II
I
I

II
II

II
I

II
II

F
P
P
F
P
P
P
F

F
F
F
F

JMA
LMD
GFDL
MPI
UIUC

COLA
MRI
CCC
NCEP1
NCEP2
NRL
IAP
SNG
ECMWF
BMRC
UGAMP
GISS
UKMO
YONU

!0.49
!0.85
!0.78
!0.51
!0.34

!3.75
!3.29
!2.56
!1.35
!2.33
!1.56
!1.11
!1.83
!1.42
!2.58
!1.14
!2.10
!2.74
!1.65

!1
!1
!1
!1
!1

!2
!2
!2
!2
!2
!2
!2
!2
!2
!2
!2
!2
!2
!2

3.0
3.0
3.0
3.0
3.0

4.0
4.0
4.0
4.0
4.0
4.0
4.0
4.0
4.0
4.0
4.0
4.0
4.0
4.0

II
II
I
I

II

II
I
I

II
I

II
II
II
II
I

II
I
I

II

F
P
P
F
F

F
P
F
F
—
P
P
P
P
P
P
P
P
F
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Fig. 14 Frequency distribution of the average error in simulation of
anomalies of the events of 1982, 1987 and 1988 by models of classes
I and II

a large range, varying from 0.01 to 0.67 for class I, and
!0.39 to 0.60 for class II. All the 11 models with
negative pattern correlation coefficients belong to class
II (Table 3). Of these, 9 are associated with large errors
('2.3) in the simulation of the ENSO related seasons.
The exceptions are ECMWF and UGAMP which
simulate the interannual variation rather well, despite
low pattern correlation coefficients. It is possible to
attribute this to the success of these two models in
simulating the teleconnection pattern and hence pas-
sing the SP test. However, there are three other models
with negative pattern correlation coefficients which
also pass the SP test (i.e. LMD, IAP and CSU) and
which do not simulate the interannual variability well
(errors'2.3). Hence, why ECMWF and UGAMP
simulate interannual variation so well is not clear and
needs to be investigated further. Further studies of the
robustness of the skill of the models by analysis of
multiple realisations as done for the ECMWF model
(Sperber and Palmer 1996) may shed more light on this
problem.

Of the 15 models with significant pattern correlation
coefficients (50.3), 9 belong to class I and 6 belong to
class II. In this subset, the fraction of models with good
simulation of interannual variation in class I is 2/3 and
in class II is 1/3. This suggests that achieving a realistic
simulation of the seasonal migration of the rainbelt
over the Asia-Pacific region will enhance the chance of
simulating the interannual variation of the Indian mon-
soon associated with ENSO, when the mean pattern is
reasonably well simulated. This hypothesis is sup-
ported by the one case in which two versions of the
model, NCEP1 and NCEP2 belonging to classes II and
I respectively. It is seen from Tables 3 and 6a that
within the set of models with reasonable mean patterns
(with pattern correlation coefficients 50.3), large er-
rors occur for small as well as large pattern correlation
coefficients (e.g., COLA and DNM). Thus, for models
which simulate a realistic mean rainfall pattern over the
Indian region (such as COLA, DNM, MGO), to im-
prove the simulation of interannual variation of ENSO
associated monsoon seasons, better simulation of sea-
sonal migration of the rainbelt, over the Asia West
Pacific region, is likely to be more effective than further
improvement in simulation of the mean rainfall pattern
over the Indian region.

5.3 Monsoon seasons without ENSO links

The observed and simulated precipitation anomalies
for the seasons of 1979, 80, 86 are shown in Table 7. We
note that, as expected, while in the case of the ENSO
associated anomalies (Table 6a), five models captured
all the three events here only one model captured all the
events (with zero error). It is seen from Tables 6a, 7 that
the GLA simulation has small errors for both the
groups of seasons. We note that three of the top five



Table 7 Observed and
simulated anomalies of
all-India summer monsoon
(June—September)
rainfall (normalized with
half the standard
deviation), score for each event,
average error, the class from
Table 2 and the class based on
SP test

Models 1979
Anomaly Score

1980
Anomaly Score

1986
Anomaly Score

JM(&e2)/3N Classes
SPtest

IMD
(observations)

!2.25 2 1.31 2 !1.45 2

RPN

GLA
SNG
NCAR
GFDL
CSU
SUNYA

COLA
DERF
DNM
UCLA
UIUC
MGO
MRI
CSIRO
LMD

CNRM
CCC
IAP
ECMWF
NCEP2
JMA
UGAMP
MPI
UKMO
GSFC
BMRC
NCEP1
GISS

NRL
YONU

!3.74

!1.32
!2.15
!1.73
!1.13
!3.93
!0.34

!0.83
!1.84
!2.26
!1.07

0.98
!1.73

0.11
0.11
0.14

!1.40
2.75
3.39

!1.20
3.66
2.62
2.76
1.98
1.32
2.44
3.13
2.58
0.13

3.23
2.66

2

2
2
2
2
2
1

1
2
2
2

!1
2

!1
!1
!1

2
!2
!2

2
!2
!2
!2
!2
!2
!2
!2
!2
!1

!2
!2

1.84

0.58
4.04
0.62
0.94
0.57
3.71

0.99
4.48

!0.28
!0.63

4.35
0.82
1.38
1.50
0.79

!1.17
1.59
1.08
3.03
0.33
3.02
2.64
1.27
1.04
0.93
1.13
2.64

!2.59

0.02
!0.56

2

1
2
1
1
1
2

1
2

!1
!1

2
1
2
2
1

!2
2
2
2
1
2
2
2
2
1
2
2

!2

1
!1

!2.20

!1.35
!0.72
!0.14
!0.53
!0.23
!0.66

!0.68
0.07

!4.31
!1.66
!2.88

0.99
!0.58
!0.43
!1.76

!3.05
!1.59
!2.42

1.22
!2.44
!0.28
!0.18
!0.65
!0.05
!0.51

0.51
0.04

!0.14

1.04
1.13

2

2
1
1
1
1
1

1
!1

2
2
2

!1
1
1
2

2
2
2

!2
2
1
1
1
1
1

!1
!1

1

!2
!2

0.0

0.58
0.58
0.82
0.82
0.82
0.82

1.00
1.73
1.73
1.73
1.73
1.83
1.83
1.83
1.83

2.31
2.31
2.31
2.31
2.38
2.38
2.38
2.38
2.38
2.45
2.89
2.89
2.94

3.32
3.70

I

I
II
II
I

II
II

II
II
II
II
II
II
I
I

II

I
I

II
II
I

II
II
I
I
I
I

II
I

II
II

F

P
P
F
P
P
F

F
F
F
F
F
P
P
P
P

F
F
P
P
—
F
P
F
P
P
P
F
P

P
F

models belong to class I and three of the bottom
five belong to class II. As in the ENSO related
seasons, on the whole, the models of class I perform
better than those of class II, but the difference is
much less. Thus, whereas the mean error for the
ENSO associated anomalies for class I (1.34) is much
smaller than that for class II (2.22); for this group of
seasons the mean error for class I is 1.54 and that for
class II is 1.88.

An unexpected result from this analysis is that a large
number of models are able to simulate the sign of the
anomaly in two years of this group i.e. 26 models for
1980 and 24 models for 1986. These are comparable to
the number which simulated ENSO associated
anomalies in 1987 and 88 i.e. 22 and 25 respectively. It
turns out that the values of the error averaged over all
the models for simulation of the seasons of the two
groups are also very close. It is intriguing that for the
monsoon seasons which are not associated with ENSO,
on the whole, the simulations are as good as those for
ENSO associated seasons. Further studies are required
to understand this.

5.4 Variation during the AMIP decade

The overall skill of the models in simulating the
interannual variation of the Indian summer mon-
soon during the AMIP decade (which comprised
seven seasons with the amplitude of the anomalies
larger than half the standard deviation) has been
assessed by the root mean square error for each
model computed by averaging the squared devia-
tions of the normalized anomalies from the ob-
served for each year (Table 8). For the decade as
a whole also, the models with maximum (minimum)
skill are those which pass (fail) the SP test. The pro-
portion of class I (II) models is higher (lower) in the
top (bottom) five models. As for the ENSO related
seasons, the skill in simulating the interannual vari-
ation of the AMIP decade is larger for the classes of
models that pass the SP test (2.27) and class I (2.39),
than for those that failed the test (2.75) and class II
(2.60). However, the difference in the class-average
skills are much less when the decade as a whole is
considered.



Table 8 Root mean square errors of simulated interannual variation
of all-India summer monsoon rainfall during the AMIP decade for
the different models

Models Mean error

GLA 0.95
CSIRO 1.27
CSU 1.75
ECMWF 1.98
GSFC 2.03
SNG 2.13
CNRM 2.16
MRI 2.20
GFDL 2.30
UCLA 2.35
DNM 2.36
MGO 2.37
UIUC 2.44
NRL 2.49
UGAMP 2.52
JMA 2.58
RPN 2.61
DERF 2.76
MPI 2.79
BMRC 2.80
GISS 2.81
LMD 2.83
NCAR 2.85
SUNYA 2.87
UKMO 2.91
IAP 2.93
NCEP2 2.97
NCEP1 2.98
YONU 3.21
CCC 3.25
COLA 3.32

It is important to note that the ranking of models
(as in Table 6a), is an intermediate step in identify-
ing the general relationship between the skill of the
model in simulating the interannual variation of the
Indian Summer Monsoon and other features (such as
whether they passed or failed the SP test or whether
they belong to class I and II). This has revealed clearly
the higher propensity of the models to simulate the
variation if they pass the SP test or belong to class I.
Unravelling of such general relationships is only pos-
sible with intercomparison of a large number of models
as in AMIP. The hypotheses thus generated can be
tested with further studies with some/all the models.
The ranks of the models (rather of the specific versions
studied) are not important as they will change with
evolution of the models.

It must also be noted that the analysis pre-
sented involves only one run for each of the models
for the observed SST during the AMIP decade.
Clearly to assess the robustness of the response to
the boundary conditions, multiple realisations are
needed.

6 Summary and conclusions

The major results of the analysis of seasonal precipita-
tion associated with the African, Indian and the Austra-
lian-Indonesian monsoon and the interannual vari-
ation of the Indian monsoon simulated by thirty atmo-
spheric general circulation models during the AMIP
decade are set out in the following paragraphs.

The seasonal migration of the major rainbelt ob-
served over the African region, is reasonably well
simulated by almost all the models. The Asia West
Pacific region is more complex, because of the presence
of warm oceans equatorward of heated continents.
Whereas some models simulate the observed seasonal
migration of the primary rainbelt, in several others this
rainbelt remains over the equatorial oceans in all the
seasons. Thus, the models fall into two distinct classes
on the basis of the seasonal variation of the major
rainbelt over the Asia West Pacific sector, the first
(class I) comprising models with a realistic simulation
of the seasonal migration and the major rainbelt over
the continent in the boreal summer; and the second
(class II) comprising models with a smaller amplitude
of seasonal migration than observed. It turns out that
such a classification is also useful for interpreting the
simulation of the interannual variation of the Indian
monsoon.

The mean rainfall pattern over the Indian region for
July—August (the peak monsoon months) is even more
complex because, in addition to the primary rainbelt
over the Indian monsoon zone and the secondary one
over the equatorial Indian ocean, another zone with
significant rainfall occurs over the foothills of
Himalayas just north of the monsoon zone. Eleven
models simulate the mean rainfall pattern over the
Indian region, reasonably realistically. About half of
the models in this set belong to each of the two classes I,
II. Thus a realistic simulation of this mean rainfall
pattern seems to be equally likely for the two classes.
However, whereas in models of class I of this category
(e.g. GFDL) the rainfall over the Indian monsoon zone
occurs in association with the seasonal migration of the
planetary scale rainbelt, in models of class II of this
category (e.g. COLA), the rainfall is associated with
a regional system with a smaller longitudinal extent. In
the simulations of ten models, the oceanic rainbelt
and/or the orographic rainbelt dominate the primary
rainbelt over the monsoon zone. In the intermediate
category are models which simulate a primary rainbelt
over the Indian region, but somewhat southward of the
observed.

Very few models are able to capture all the fluctu-
ations between good and poor monsoon seasons ob-
served in the AMIP decade. We first consider the three
summer monsoon seasons of 1982, 1987 and 1988 of
contrasting rainfall anomalies which were associated
with ENSO and the accompanying large variations of



the SST over the tropical Pacific. Even for these three
seasons, only eleven models are able to simulate the
monsoon anomaly of the correct sign. The majority of
the models of this set which simulate realistically the
anomalies of the three seasons, that is seven out of
eleven, belong to class I. At the other end of the range,
three models do not simulate the anomaly in any of the
three seasons while in four others the sign of the anom-
aly of one season is simulated but the magnitude is
small. Of these seven models, six belong to class II. On
the whole, the skill in simulation of the excess/deficit
events is much larger for models of class I than of class
II. The mean rainfall pattern for the models of class
I over the Indian region is closer to the observed than
that for class II. This supports Sperber and Palmer’s
(1996) suggestion that a good rainfall climatology and
proper simulation of the interannual variation are asso-
ciated.

The study suggests that a realistic simulation of the
seasonal variation over the Asia West Pacific sector
will enhance the skill of simulating interannual vari-
ation of the Indian monsoon associated with ENSO. In
the one case where we have two versions of the model
i.e. NCEP1 and NCEP2, with NCEP1 in class II and
NCEP2 in class I, the simulation of the interannual
variation of the local response over the Central Pacific
as well as the all-India monsoon rainfall are good for
NCEP2 and poor for NCEP1, lending support to our
hypothesis. Our results suggest that when the model
climatology is reasonably close to the observed, to
achieve a realistic simulation of the interannual vari-
ation of all-India monsoon rainfall associated with
ENSO, the focus should be on improvement of the
simulation of the seasonal variation over the Asia West
Pacific sector, rather than further improvement of the
simulation of the mean rainfall pattern over the Indian
region.

Our analysis of the non-ENSO seasons with signifi-
cant anomalies of monsoon rainfall has yielded some
interesting results. As expected, the number of models
which simulates a significant anomaly of the right sign
is much smaller than for the seasons associated with
ENSO. However, many models are able to simulate the
anomaly of the correct sign for the seasons of 1980 and
1986.

It must also be noted that the analysis presented
involves only one run for each of the models for the
observed SST during the AMIP decade. Clearly to
assess the robustness of the response to the boundary
conditions, multiple realisations are needed.

Further studies are required on the sensitivity of the
simulation of the mean seasonal rainfall pattern over
the Indian region, as well as the seasonal variation over
the Asia-Pacific sector to physics and numerics. The
sensitivity of the nature of the local response to SST
variations over the Pacific and the teleconnection with
the Indian monsoon also needs to be studied. It ap-
pears that, in the 1990s the relationship between ENSO

and the Indian monsoon may be different, since the
warmth in the equatorial Pacific during 1992, 1993,
1994 was not associated with deficient monsoons. In
the monsoon season of 1997, the all-India rainfall was
slightly above normal in spite of the strong El Nino
over the Pacific. The AMIP II runs may provide insight
into the differing mechanisms at work between the
decade studied here and the later years.
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