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Intercomparison Of Asian Summer Monsoon 1997
Simulated By Atmospheric General Circulation Models

S. K. Mandke, K.V. Ramesh and V. Satyan

Climate and Global Modeling Division,
Indian Institute of Tropical Meteorology, Pashan, PUNE-411008

ABSTRACT

To study the impact of El Nifio on Asian summer monsoon of 1997, an
international project titled ‘CLIVAR Asian/Australian monsoon Atmospheric
General Circulation Model intercomparison” was carried out. Under the project, a
set of 10 ensemble Integrations for 2-years from September 1996 to August 1998,
with observed boundary forcing of SST by 11 Atmospheric General Circulation
Models (AGCMs) had been carried out. On invitation, [ITM participated in the
project and carried out AGCM simulations using the Hadley Centre climate model
(HadAM2b).

The aim of the present study is the intercomparison of Asian summer monsoon
of 1997 simulated by AGCMs. Ensemble mean anomalies of Mean Sea Level
Pressure (MSLP), circulations at lower and upper levels, precipitation and moist
static stability have been compared with corresponding observed anomalies.
Comparison of Southern Oscillation Index (SOI) with observation indicates that
the sign of SOI simulated by AGCMs is correct, although magnitude differs.
MSLP anomalies are simulated reasonably well over India and neighboring oceans
by majority of AGCMs. Large scale Asian monsoon circulation in 1997 was weak,
which all AGCMs except IAP model, simulated well, as seen from Webster-Yang
index. Models differ from observation in simulating Goswami and Lau index. All
AGCMs correctly simulate precipitation over Asian-Australian region. AGCMs
have difficulty in simulating precipitation averaged over smaller regions such as
East Asia and India.. Large negative moist static stability anomalies over Pacific
ocean are simulated by AGCMs, with magnitude of anomalies overestimated
except [ITM AGCM. AGCMs failed to simulate the negative moist static stability
anomalies in the Indian ocean.

Results of intercomparison in the present study are not sufficient to draw
definite conclusion regarding which ACM’s simulation of monsoon 1997, is
closest to observation, as AGCMs differ in their simulation of various parameters.



1.1 INTRODUCTION

Asian summer monsoon is a major component of the atmospheric general
circulation and plays a key role affecting the livelihood of the vast population of the Asian
region. The agriculture, industrial and economic productivity is heavily dependent on the
variability of the monsoon in this region. Recently, considerable research has been carried
out in understanding and prediction of monsoon (For a review on monsoon refer Webster
et.al. (1998)). Numerous observational and General Circulation Modeling (GCM) studies
in the past have established a relationship between Asian summer monsoon and El
Nifio/Southern Oscillation (ENSO) (Rasmusson and Carpenter (1982), Shukla and Paolino
(1983), Palmer (1992), Ju and Slingo (1995), Soman and Slingo (1997)). Palmer and
Anderson (1994) have shown that the rainfall simulation by GCM over India and Sahel are
sensitive to initial conditions. Their results illustrate the need for ensemble integration for
seasonal prediction of monsoon.

Relationship between monsoon and ENSO has been extensively studied revealing
that many El Nifio situations are associated with below normal rainfall over India and
negative SOI leading to drought conditions. In contrast, La Nina events are seen to be
associated with positive SOI and generally above normal monsoon over India (Pant and
Parthsarathy (1981), Ropelewski and Halpert (1989)). However, some recent studies
(Kripalani et.al (1997), Krishnakumar et.al. (1999)) have shown that the relationship
between monsoon and ENSO has weakened in recent decades. Some of the examples are
monsoons of 1994 and 1997. The El Nifio of 1997 was one of the strongest El Nifio of the
last century. During 1997, large-scale Asian monsoon circulation was suppressed,
convection was suppressed over equatorial eastern Indian Ocean, west Pacific and
~ Indonesia, but the monsoon rainfall over India was 102% of the Long Period Average.
(IMD, 1997).

A number of intercomparison studies of monsoon simulated by GCMs for recent
past El Nifio/La Nina episodes of 1982/83 and 1987/88 were conducted internationally
under the Working Group on Numerical Experimentation (WGNE) and Monsoon
Numerical Experiment Group (MONEG) (WMO (1986), WMO (1992)). Sperber and
Palmer (1996) evaluated the interannual variability in 32 AGCMs as part of Atmospheric
Model Intercomparison Project (AMIP). They showed that the rainfall variations over
India and Sahel are less well simulated compared to Nordeste regions of Brazil. Gadgil and
Sajani (1998) carried out intercomparison of monsoon precipitation and their seasonal
migration in AMIP runs. However, the most recent 1997 El Nifio episode is not covered in
the AMIP period, so there has not been any attempt of intercomparison so far. ‘CLIVAR
Asian/Australian monsoon AGCM intercomparison Project’ has provided a unique
opportunity for evaluation of performance of AGCMs in simulating monsoon of 1997 when
forced with observed Sea Surface Temperature (SST).

The intercomparison between various AGCMs has several advantages in
improvement over the individual processes modifying a single model. So, the AGCM
intercomparison was proposed by World Climate Research Program (WCRP)-CLIVAR to
promote the performance of AGCMs and the monsoon predictability. The WCRP/CLIVAR



Asian/Australian monsoon panel initiated the AGCM intercomparison project. The main
objectives of the program are intercomparison of intraseasonal oscillation, monsoon
dynamics and hydrology, atmosphere-ocean interaction and global heat budget at the top of
the atmosphere and at the surface, as simulated by AGCMs. Eleven AGCM groups from 6
different countries participated in the project with their models, viz. COLA (USA), DNM
(Russia), GFDL (USA), GLA (USA), IAP (China), IITM (India), MRI (Japan), NCAR
(USA), SNU (Korea), NCEP (USA), GEOS (USA). (Group name followed by country
name in brackets). Indian Institute of Tropical Meteorology (IITM) participated in this
project, for which Hadley Centre climate model version Had AM?2b has been used. The
details of the project and the results of intercomparison are available on the web site
http://climate.snu.ac.kr/clivar

We report here, study of intercomparison of Asian monsoon 1997 simulation by the
AGCMs. Experimental design is described in section 1.2 followed by brief description of
all models participated in intercomparison in section 1.3. Objective of the study is
discussed in section 1.4. Observed features of monsoon 1997 are discussed in 2.1. Results
of the intercomparison are presented in section 2.2 and summary in section 2.3.

1.2 EXPERIMENTAL DESIGN

To study the impact of 1997/98 El Nifio on monsoon, a set of 10 ensemble experiments
for the period 1% September 1996 to 31% August 1998 with the same SST boundary forcing
but with different initial conditions have been carried by 11 AGCMs. The SST boundary
forcing used for the experiments is the observed weekly Optimum Interpolated (OI) SST
from National Centre for Environmental Prediction (NCEP). Sea-ice is prescribed by the
climatological monthly mean data. Initial conditions used for 10 ensembles are taken from
the long-term integration of the respective model corresponding to 1% September 1986,
1987, 1988, 1989, 1990, 1991, 1992, 1993, 1994 and 1995. In addition to a set of ensemble
simulations for the 1996-1998 period, each AGCM group performed the long integration
for the period January 1979-August 1998 with the observed SST to produce model’s
climatology. This long integration is the extension of AMIPII where AMIPII period
corresponds to January 1979- February 1996.. The observed SST and sea ice used for this
long integration for the period 1979-1998 are AMIPII monthly mean SST and sea ice for
the AMIPII period and OISST (NCEP) afterward.

1.3 MODEL DESCRIPTION

Brief descriptions of Eleven AGCMSs (that participated in the project) such as
resolution, vertical levels and important parameterization schemes like radiation,
convection, land-surface processes and cloud, with their references are described in Table-
1.
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IITM group participated in the project and carried out integrations of the Hadley Centre
climate model on Silicon Graphics Power Challenge XL machine. The CPU time required
for 1 day integration on this machine is ~ 15min. Description of HadAM2b AGCM in
addition to that given in table-1 is as follows:

The atmospheric prediction scheme is based on the hydrostatic primitive equations.

The model uses a grid-point scheme on a regular latitude-longitude grid in horizontal and
hybrid vertical grid, which is terrain following (sigma) near the surface but evolving to
constant pressure surfaces higher up. A split-explicit scheme is used to solve the equations.
Time step is 30 minutes. The physical processes represented include:

e Atmospheric radiation

« Land surface processes

« A treatment of the form drag due to the sub-grid scale variations in orography

« Vertical turbulent transport within boundary layer

« Large scale precipitation

» Convection

« Gravity wave drag

1.4 OBJECTIVE

The objective of the present work is the intercomparison of Asian summer monsoon
of 1997 simulated by AGCMs. The purpose is to assess the ability of AGCMs to simulate
Asian summer monsoon of 1997, forced with observed SST. The year 1997 witnessed one
of the most severe El Nifio events of the last century. The impact of the El Nifio was global
and has been studied by several researchers (Bell and Halpert (1998), Annamalai and
Slingo (1998), Moron and Ward (1998), Monteverdi and Null (1998), Shen and Kimoto
(1999), Lau and Wu (1999)).

2.1 Observed features of Asian summer monsoon of 1997

El Nifio of 1997 began in early 1997 and developed rapidly. The mature pattern of
SST anomalies was present in the summer, with warm SST anomalies along the Peruvian
coast and characteristic ‘horseshoe’ pattern of cold anomalies in the west and subtropical
Pacific ocean. Through the remainder of 1997, El Nifio continued to intensify, with the
warmest anomalies gradually extending westwards into the central Pacific. Both growth
rate and the intensity of 1997/98 El Nifio were the highest compared to six major El Nifio
events since 1950 (Slingo (1998)). Strong SST anomalies were also observed in the Indian
ocean in 1997/98. The extent and magnitude of the warming of the Indian ocean was
unprecedented (Webster et.al. (1998)). The global climate was affected by this extreme El
Nifio event and is studied by several authors and is briefly described next.

The assessment of Bell and Halpert (1998) over Asian region shows (1) near
record-to-record rainfall in southeastern Asia during June-August (2) In Indonesia, below
normal rainfall from June through December resulted in extreme drought and contributed to
uncontrolled wildfires. (3) Near-normal rainfall across India during Indian monsoon season
(June to September).



Annamalai and Slingo (1998) examined the summer monsoon of 1997. Some of the
notable features are substantial delay in onset, reduced Somali jet and above normal activity
of tropical cyclones over west Pacific and the monsoon depressions over India during
August 1997. Shen and Kimoto (1999) discussed in detail the influence of 1997 El Nifio on
Indian Summer Monsoon (ISM). They showed that the large-scale Asian monsoon
circulation was suppressed but the monsoon rainfall over India was near normal due to
intraseasonal variability. Lau and Wu (1999) assessed the impacts of 1997/8 El Nifio on
Asian-Australian monsoon. Their results suggest that the observed 1997-1998 Asian-
Australian monsoon anomalies are very complex with approximately 34% of the anomalies
of Asian summer monsoon attributable to basin-scale SST influence associated with El

Nifio.
2.2 RESULTS

Intercomparison of Asian summer monsoon of 1997 simulated by AGCMs in 10-
member ensemble integration with observed SST forcing (which participated in CLIVAR
Asian/Australian AGCM intercomparison project) is carried out. Ensemble mean anomalies
of Mean Sea Level Pressure (MSLP), circulation, precipitation and moist static stability
simulated by 10 AGCMs for June to September (JJAS) 1997 have been compared with
observations. Though 11 models participated in the intercomparison project, simulations of
10 AGCMs are discussed in the present study, as one of the AGCMs - GEOS climatology is
not available with us. Precipitation is compared with Climate Prediction Center Merged
Analysis of Precipitation (CMAP). MSLP, circulation and moist static stability simulations
are compared with NCEP/NCAR reanalysis data. For details of CMAP data refer to Xie
and Arkin (1998) and for NCEP/NCAR data, refer to Kalnay et. al. (1996). Ensemble mean
anomalies of JJAS 1997 are calculated by subtracting ensemble mean from long term
climatology of the respective model. The descriptions of MSLP, circulation, precipitation
and moist static stability simulations by 10 AGCMs are discussed in subsections a, b, ¢ and
d respectively.

2.2a Mean Sea Level Pressure

Figure 1 shows SOI for JJAS 1997 simulated by 10 AGCMs and corresponding
observation from Climate Diagnostic Bulletin of October 1998 (No. 98/10). EI Nifio and
Southern Oscillation (SO) are two aspects of ENSO system, which is a coupled atmospheric
oceanic phenomenon. El Nifio refers to the oceanic component and the southern oscillation
to the atmospheric component. Southern Oscillation is an atmospheric pressure oscillation
on a global scale spanning Pacific and Indian oceans. The linkage between El Nifio and SO
is so intimate that they are studied under the common name ENSO. El Nifio of 1997 being
one of the strongest, SOI is strong negative (~-2) in summer 1997. All AGCMs simulated
the sign of SOI realistically compared to observations, except SNU GCM. The magnitude
of SOI varies from model to model, GFDL and GLA overestimating it and DNM, IAP,
NCAR underestimating it. Realistic simulation of SOI indicates that almost all AGCMs
correctly simulate response of atmosphere to SST of 1997.

Figure 2(a-j) shows spatial distribution of MSLP anomaly for JJAS 1997 simulated
by 10 AGCMs. Corresponding observed MSLP anomaly from NCEP/NCAR reanalysis is



shown in figure 2k. Small positive anomalies are present over India and neighboring
oceans in observations (Figure-2k). All AGCMs simulated weak positive anomalies over
India except IAP and IITM. Weak positive anomalies over Indian Ocean are also simulated
by most of the AGCMs except IITM, IAP and NCAR. Negative anomalies are noticed over
small region between 40°E-60°E and 25°N-40°N. Only SNU AGCM simulated these

negative anomalies realistically.

2.2b Circulation

The regional monsoon circulation indices that characterize the variability of Asian
summer monsoon and its subcomponents have been calculated for ensemble mean
simulations of 10 AGCMs and compared with corresponding observations. Reliable
rainfall estimates over oceanic region are available after 1979 (when satellite data became
available). Researchers have defined dynamically consistent circulation indices, which give
the same information contained in precipitation indices.

To quantify monsoon variability, various monsoon circulation indices have been
used to measure different components of the Asian summer monsoon by many authors such
as Webster and Yang (1992), Goswami et.al. (1999) and Lau (2000). Circulation indices
defined below have been compared with corresponding indices computed from NCEP
reanalysis data.

(i)Webster-Yang index = [ugso(40°E-110E, 0-20°N) — u”200 (40°E-110°E, 0-20°N)]
(ii)Goswami index = [v'gs0(70°E-110°E, 10°N-30°N) -*v*m(70°E—1 10°E, 10°N-30°N)]
(iii)Lau’s index = [u’200 (110°E-150°E, 40°N-50°N) - u”00 (110°E-150°E, 25°N-35"N)]

Where u and v are zonal and meridional components of horizontal wind
respectively. Inner bracket shows the area over which these components are averaged. *
Refers to anomalies of the respective quantities from the climatologies.

Figure 3 shows ensemble mean WYI, Goswami index and Lau index simulated by
10 AGCMs for JJAS 1997 and corresponding indices computed from observations of
NCEP reanalysis. It is seen from the figure that observed WYT is negative while Goswami
and Lau indices are near normal in monsoon season 1997. Strong negative WYT indicates
weak circulation. All 10 AGCMs simulated weak circulation as observed from negative
WYI, except IAP GCM. GLA and GFDL GCMs simulated very weak circulation
compared to observed. Though the sign of WYI is correctly simulated by the AGCMs, its
magnitude differs across AGCMs. Lau et.al. (2000) have shown that WYI is not an
appropriate regional index for Indian monsoon and Bay of Bengal rainfall variability. WYI
has higher correlation with Southeast Asian rainfall, indicating that WY is an appropriate
regional index for Southeast Asian rainfall. As will be seen from precipitation observation
(section 2.2c¢), precipitation over Southeast Asia was on the negative side of normal in 1997
monsoon. Goswami index is highly correlated with rainfall over south Asia and Lau index
with rainfall over Southeast Asia. It is clear from the figure 3 that the Goswami and Lau
indices simulated by AGCMs differ largely from their observational counterparts.

Figure 4(a-k) shows spatial distribution of ensemble mean wind anomaly at 850hPa
over region 30°E-120°E, 20°S-40°N for JJAS 1997 simulated by 10 AGCMs and



observation from NCEP reanalysis. Contours of magnitude of the wind anomaly greater
than 2m/sec is also shown in the same figure superposed on vector wind. Figure 4k shows
very weak observed anomaly over India which most of the AGCMs simulated except IITM
model, which shows westerly anomalies greater than 2m/sec over western peninsula and
anomalies greater than 3m/sec over a small part of Arabian sea. Easterly anomalies over
equatorial Indian ocean are strong with maximum anomaly of 4m/sec over 80°E-90°E.
NCEP, SNU, COLA and ITTM models simulate these, though the magnitude and location
of the anomalies are not realistic. NCAR and GLA models failed to simulate easterly
anomalies in Equatorial Indian ocean and a few AGCMs namely DNM, IAP and MRI
simulated very weak wind anomalies all over the region.

Figure 5(a-k) shows spatial distribution of ensemble mean wind anomaly at 200hPa
over 30°E-120°E, 20°S-40°N for JJAS 1997 simulated by 10 AGCMs and corresponding
observation. Figure 5k shows that the westerly anomalies of the order of 3-4m/sec are
observed over central and peninsular India and very strong (about 7m/sec) westerly
anomalies over southwest Indian Ocean. Westerly anomalies over south peninsula indicate
weak Tropical Easterly Jet (TEJ). GLA GCM realistically simulates the spatial distribution
of wind anomalies at 200hPa while rest of the AGCMs simulated very weak anomaly
compared to observation.

2.2c¢. Precipitation

Ensemble mean precipitation anomalies for JJAS 1997 simulated by 10 AGCMs
and observation, averaged over four regions viz. — (I) Asian-Australian (AA) region (30°E-
180°E, 40°S-60°N) (ii) South Asia (70%15-100"5, 10°N-30°N) (iii) South-east Asia (100°E-
130°E, 5°N-25°N) (iv) India (65°E -95°E, 5°N-30°N) are shown in figure 6(a-d)
respectively. It is seen from the figure 6a that all AGCMs simulate precipitation over AA
region realistically compared to observations. Magnitude and sign of precipitation deficit
simulated by all AGCMs over AA region are comparable to observation except SNU GCM,
which simulated very large negative anomalies. When precipitation is averaged over
smaller regions, it is seen from anomaly in figures 6(b-d) that AGCM simulations differ
from observation. Observed anomaly shows that the precipitation during JJAS 1997 over
Southeast Asia was below normal, near normal over south Asia and slightly positive over
India.  South Asian region differs from Indian region in that it includes Bay of Bengal in
addition to India. Other notable features are: IITM and GLA GCMs show large anomalies
over Southeast Asian and Indian regions, which differ from observation largely in
magnitude. ITM GCM overestimates precipitation and GLA underestimates it.

Figure 7(a-k) shows spatial distribution of ensemble mean precipitation anomaly for
JJIAS 1997 simulated by 10 AGCMs and observed anomaly over SOGE-IZOGE, 20°S-40°N
region. Prominent features of observed anomaly (Fig.7k) are positive precipitation
anomalies over Indian land area except over southeast peninsula, large negative anomaly of
the order of 6mm/day over southeast equatorial Indian ocean and positive anomaly over
southwest equatorial Indian ocean. Comparison of the simulations by AGCMs with
observation indicates that IITM, MRI, NCAR, COLA and IAP AGCMs simulate positive
precipitation anomaly over India correctly. All AGCMs except IAP and GLA simulated
negative precipitation anomaly over southeast equatorial Indian Ocean. .



2.2d Moist static stability

Shen and Kimoto (1999) examined moist static stability anomalies for JJA 1997
over equatorial oceans and showed that large negative i.e., unstable anomalies exist over
central and east Pacific as well as most of the tropical Indian ocean especially over the
western Indian ocean. To examine whether AGCMs simulated such negative (unstable)
anomaly over Indian Ocean, moist static stability anomaly along the equator is calculated as
difference of moist static energy between 1000hPa and 700hPa. Figure 8(a-e) shows moist
static stability anomaly along equator for JJAS 1997 simulated by 5 AGCMs. For the rest
of AGCMs, parameters required for calculation of moist static stability are not available
with us. Moist static stability anomaly from NCEP/NCAR reanalysis observation is shown
in figure 8f. Large negative anomalies indicating instability are observed over Pacific
ocean and comparatively small negative anomalies over Indian Ocean. All AGCMs
simulated negative anomaly over Pacific ocean larger in magnitude than observed except
IITM model which simulated anomaly comparable to observed. However, AGCMs failed
to simulate negative anomaly over Indian ocean.

2.3 SUMMARY AND CONCLUSION

Intercomparison of Asian summer monsoon of 1997 simulated by 10 AGCMs that
participated in ‘CLIVAR Asian/Australian monsoon AGCM intercomparison project’, have
been carried out. Ensemble mean MSLP, circulation, precipitation and moist static stability
anomalies for monsoon 1997, have been compared with corresponding observations.

Comparison of SOI simulated by AGCMs with observation indicates that all
AGCMs simulated sign of SOI correctly except SNU GCM. Observed MSLP anomalies
are weak positive over India and Indian ocean which are simulated by all AGCMs except
IAP and IITM. Negative anomalies are simulated over Indian ocean by IITM and IAP
AGCMs.

Monsoon indices such as WYI, Goswami and Lau's indices simulated by AGCMs
have been compared with observations. Large scale Asian monsoon circulation was weak
in 1997 as seen from observed negative WYL, which is simulated by all AGCMs except
IAP. AGCMs differ from observation in simulation of Goswami and Lau index. Observed
lower level wind anomaly is very weak over India which most of the AGCMs simulated
correctly. Position and magnitude of observed strong easterly anomalies over equatorial
Indian ocean are not simulated realistically by any AGCM. Comparison of AGCM
simulated 200hPa wind anomalies with observation shows that GLA GCM performed
reasonably well whereas rests of the AGCMs differ from observation.

Area averaged precipitation simulation over four different regions by AGCMs,
shows that all AGCMs simulated precipitation over AA region correctly. AGCMs differ
from observation in simulation of precipitation over smaller regions such as East Asia and
India. Examination of spatial distribution of precipitation simulation reveals that excepting
a few AGCMs, positive precipitation anomaly over India is simulated reasonably well by
AGCMs. Negative precipitation anomaly over southeast equatorial Indian ocean is
simulated by all AGCMs except IAP and GLA.



All AGCMs simulated negative moist static stability anomalies over Pacific ocean
although the magnitudes of anomalies are larger than observed except IITM model. Moist
static stability anomalies over Indian ocean simulated by AGCMs are of opposite sign to
that of observed anomalies.

Results of the present intercomparison study again emphasis the previous result that
AGCMs have difficulty in simulating Indian summer monsoon rainfall. In spite of having
state of the art AGCMs and each one integrated for 10 ensembles, monsoon simulation
differs from observation when all 5 parameters are considered. To elaborate this point,
consider SNU AGCM, which simulates sign of SOI opposite to that of observation whereas
all other AGCMs simulate correct sign of SOI. However, SNU model is comparable to
observation for MSLP and circulation. GLA AGCM overestimates SOI, MSLP, various
monsoon circulation indices and circulation at lower level but underestimate rainfall over
Indian region. So detail study of more parameters is required to select AGCM that is best
compared with observation.

ACKNOWLEDGEMENTS

The authors are thankful to Dr. G. B. Pant, Director, [ITM, Pune, for providing
facilities and for encouragement. We express our sincere thanks to all the groups
participating in ‘CLIVAR Asian Australian intercomparison project’ for providing the
model outputs. We are deeply indebted to our colleague Late Dr. M.K. Soman for his
contribution in this project. We wish to thank our colleague Mr. S. P. Gharge, for the
technical help. We thank reviewer Dr. (Mrs.) P.S. Salvekar, Head, T.S. Division, IITM, for
comments that led to a significantly improved manuscript.

REFERNCES

Annamalai, H., and J. Slingo, 1998: The Asian summer monsoon of 19977, Weather, 53, 9,
pp284-286.

Bell, G.D. and M. Halpert, 1998: “Climate assessment of 1997, Bulletin of American
Meteorological Society, Vol. 79, No.5, special section- Climate summary, pages s1.

Gadgil, S. and S. Sajani, 1998: “Monsoon precipitation in AMIP runs”, Climate dynamics,
14,9, pp659-689. ;

IMD, 1997: “Verification of monsoon forecast”, India Meteorological department,
Government of India.

Ju J. and J. Slingo, 1995: “The Asian summer monsoon and ENSO”, Q.J.R.M.S., 121,
ppl133-1168.

Kalnay, E.M., R. Kanamitsu, Collins W. Kistler, W. Deaven, M. Gandin, M. Iredell, S.
Saha, G. White, J. Wollen, Y. Zhu, M. Chelliah, W. Ebisuzaki, W. Hiigins, J. Janowiak,
K.C. Mo, C. Ropelwski, J. Wang, A. Leetma, R. Reynold, Jenne Roy and Denis Joseph,
1996: “The NCEP/NCAR 40-year reanalysis project”, Bull. of Amer. Met. Soc., 77, pp437-
471.

Kripalani, R.H. and A. Kulkarni, 1997: “Climatic impact of El Nifio/La Nifia on the Indian
monsoon: A new perspective”, Weather, 52, 2, pp39-46.

Krisnakumar, K., B. Rajgopalan, and M.A. Cane, 1999: “On the weakening relationship
between Indian monsoon and ENSO”, Science, 284, pp2156-2159.



Lau, K.M. and H-T Wu, 1999: “Assessment of the impacts of the 1997-98 El Nifio on the
Asian-Australia monsoon”, Geophy. Res. Let., 26, 12, pp1747-1750.

Lau, K. M., KM. Kim and S. Yang, 2000: “ Dynamical and boundary forcing

characteristics of regional components of the Asian Summer Monsoon”, J. of Clim., 13,

pp2461-2482.

Monteverdi, J. and J. Null, 1998: “A balanced view of the impact of the 1997/98 El Nifio on

Californian precipitation”, Weather, 53, 9, 310-313.

Moron, V. and M. N. Ward, 1998: “ENSO teleconnections with climate variability in the

European and African sectors”, Weather, 53, 9, 287-293.

Palmer T.N., C. Brankovic, P. Viterbo, and M.J. Miller, 1992: “Modeling interannual

variations of summer monsoon”, J. of Clim, 5, pp399-417.

Palmer, T.N., and D.L.T. Anderson, 1994: “The prospects for seasonal forecasting — A

review paper”, Q.J.R.M.S., 120, pp755-793.

Pant, G.B., and B. Parthasarathy, 1981: “Some aspects of an association between the

southern oscillation and Indian summer monsoon”, Arch. Meteor. Geophys. Biokl, B29,
pp245-252.

Rasmusson, E.M. and T.H. Carpenter, 1983: “The relationship between eastern Equatorial

Pacific SST and rainfall over India and Sri Lanka”, Mon. Wea. Rev., 11, pp517-528.

Ropelewski, C.F. and M.S. Halpert, 1989: “Precipitation patterns associated with the high

index phase of the southern oscillation”, J. of Climate, 2, pp268-284.

Shen, X., and M. Kimoto, 1999: “Influence of El Nifio on the 1997 Indian summer

monsoon”, J. of Met. Soc. of Japan, 77, 5, pp1023-1037.

Shukla, J. and D.A. Paolino, 1983: “The southern oscillation and long-range forecasting of

the summer monsoon rainfall over India”, Mon. Wea. Rev., 111, pp1830-1837.

Shukla, J., 1987: “Interannual Variability of monsoons”, Monsoons, Eds., J.S. Fein and P.L.

Stephens, John Wiley and sons, pp523-548.

Slingo, J., 1998: “ The 1997/98 El Nifio”, Weather, 53, 9, pp274-281.

Soman, M.K. and J. Slingo, 1997: “Sensitivity of Asian summer monsoon to aspects of

SSTs in the tropical Pacific and Indian ocean”, Quart. J. of Roy. Meteor. Soc.,123, pp309-

336.

Sperber K.R., and Palmer, T. N., 1996: “Interannual tropical rainfall variability in General

Circulation Model simulations associated with the AMIP”, j. of Clim., 9, pp2727-2749.

Wang, B., and Z. Fan, 1999: “Choice of South Asian Summer Monsoon indices”, Bull. of

Amer. Met. Soc., 80, pp629-638.

Webster, P.J. and S. Yang, 1992: “Monsoon and ENSO: Selectively interactive

mechanisms”, Q. J.R.M.S., 118, pp877-926.

Webster, P.J., T.N. Palmer, M. Yanai, J. Shukla, V. Magana, T. Yasunari, R. Tomas, 1998:

“Monsoon: Processes, predictability and prediction”, J.Geophy.Res, 103, pp14451-14510.

Webster, P.J., A.M. Moore, J.P. Loschnigg, R.R. Leben, 1999: “Coupled ocean-atmosphere

dynamics in the Indian ocean during 1997-98", Nature, 401, 356-360.

WMO, 1992: “Simulation of Interannual and intraseasonal monsoon variability”, WCRP-
68, pp.185.

WMO, 1996: “Workshop on comparison of simulations by numerical models of the
sensitivity of the atmospheric circulation to SST anomalies”, WCP-121, Geneva.

10



Xie, P. and P. Arkin, 1997: “Global precipitation: A 17-year monthly precipitation based on
gauge observations, satellite estimates and numerical model outputs”, Bull. Of Amer.
Meteor. Soc., 78, pp2539-2558.

11



Southern Oscillation Index JJAS 1997

SNU

NN\

OBS

DA

A\

NCEP

NCAR

MRI

™™

IAP

GFDL

DNM

COLA

GLA

T I |
L] 1 ¢

10S

12

Models
Figure 1



MSLP Anomaly JJAS 1997

y 5 = {c) GFOL
= 5 G . |

e ¥ E F ¥ ¥ E

(d) GLA

s

Q& == )

_ }/(‘
S
T "‘
:Ez“ 0 ‘\‘ A
: .'
. =\
e L)
R o

==
',-/
3

T @ E ¥ K KK E




¢ ainbi4
(NSE-NS2Z pPue 3051 — J0LL) 002+N — (NOS-NOY Pue 305k — 30LL) 002.N=I1
(NOE-NOL pue 3011 —302) 002sA — (NOE-NOL PUe 30LL — J0Z2) 0S8.A=I1D
(NOZ-NO Pue 3011 — 30¢) 002N — (NOZ-NO Pue 30LL — J0¥) 058.N=IAM

sjapow
sS40 NNS d30N HVYON IHA LI dvi Y15 1a4ds ANA Y1090
N.u
L. mu
= ml
- L= 5
1 N mu
®
- L o
- €
(IMxepu| s,neQ
(19)xapu| IWLemson) g - S
(IAM)xepu| BueA-ieisgep O
s

L6611 SV Se21pu] UOOSUO\

14



Wind Anomaly at 850 hPa JJAS 1997

COLA

(a)

|

MR

(9)

8 a = 3 8 18

(k)

SNU

0BS (NCEP)

15



ou ol
“u

b L L

a2t e,
T P
S ol P

GFDL

e FETY 1A,

(c)

"tc.lh\\---

Bt LA  RUIL T

. -

0BS (NCEP)

DNM

(k)

(h)
wanas 0 PP PP PR u.

Wind Anomaly at 200 hPa JJAS 1897

i
aprtrer .

corttenr )Y

55

Rt
k]
!
v v
:
. E
v
34 H
o
,
v
N W
[
3
p I i
NER
251 d
o \
3 \ o
=% N N
P Y
et -
LR 164
HMEEEEEEERE N

AR A F 3 F A E%EE

16



s|opowy

ge-
g}
el
o
0
505
g
g0 $
>
=
5’1 m
B
~
5T
g
. P
(3 56-69 pPue N 0g-5)
uojbay uelpu|
: SEPIN
Le
Ze
L3
Nv.m
£
=]
o3
3
o3
£0
80
(@
(30e1-00L AW NSZS)
ey o

@ 001-02 PLeN 0E0H)
BISY Lnos

= 38 3 7 3 8
Ajewoue uonejidioald

o
o

(e)

(3 08108 PUe N 090 -)
uoifiay UeIenSTy LeISY

L66T SV sorewoue aex uonejyidnaad [ejog,

@
]

e 8
338
Alewouy uopeydioaid

2 g
5 9

8
=]




Total precipitation rate anomaly JJAS 1997
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