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Abstract

This study examines the fidelity of the Meteorological Research Institute (MRI) atmospheric general
circulation model (AGCM), ensemble runs forced with observed sea surface temperature (SST), in simu-
lating Indian summer monsoon rainfall (ISMR), and its interannual variation. Despite the simple en-
semble mean (SEM) capturing essential features of climatological ISMR pattern and its extreme ISMR
anomalies, it still shows certain systematic bias in simulating mean seasonal variation of rainfall over
the Asia-Pacific region. Concurrently, the ISMR interannual variability throughout the analysis period
is not adequately represented.

A bias-correction is applied to remove this bias by deriving weights for the member simulations for
each Julian day separately at every grid point through multiple linear regression of their daily rainfall,
against corresponding observation over a 23-year ‘training phase’ (out of the total 24-year analysis pe-
riod). Thereafter, at every grid point, for each Julian day of the remaining 1-year ‘forecast phase’, the
bias-removed ensemble mean (BREM) is computed as an optimal linear combination of weighted mem-
ber simulations. In cross validation, each year in the analysis period is treated successively as the ‘fore-
cast phase’, with the remaining 23 years included in the corresponding training phase. The methodology
minimises the systematic bias in mean seasonal variation of rainfall, and BREM consequently improves
upon SEM in simulating the mean ISMR pattern, and its interannual variability over the entire analysis
period.

The skill of BREM in forecasting the ISMR, and its intraseasonal variability is validated, for the
severe monsoon drought of 2002. The effective removal of climatological bias brings out the realistic pre-
cipitation response in BREM to fluctuations in SST boundary forcing. As a result, BREM captures the
seasonal rainfall anomaly pattern of 2002, and markedly improves its intraseasonal evolution. Apart
from the basic skill of the AGCM ensemble system, pronounced equatorial SST impact in modulating
the monsoon circulation during 2002, played a seminal role in the success of the methodology. The anal-
ysis also underlines the importance of mean seasonal variation, not only for capturing ISMR climatology,
and its interannual variation but for improving its intraseasonal variability as well. With the aid of real-
istic SST forecasts, this methodology has the application potential for dynamical prediction of ISMR.
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1. Introduction

Over India, most part of the annual rainfall
is received during June to September of the
summer monsoon season. The majority of the
people in the region depend on agriculture for
their livelihood, that relies largely on the mon-
soon rainfall. Since the rainfall is highly sea-
sonal, the time of onset of rainfall, its evolution
and the total seasonal rainfall influence agri-
culture production, hydroelectric power gener-
ation, industrial activity and ultimately the
whole economy of the country. Although rain-
fall over India has not shown any decreasing
or increasing trend for the last 130 years,
it shows considerable interannual variability.
The variability is larger over areas of low rain-
fall leading to floods and droughts, adversely
affecting the farming activities of the region. In
view of the critical influence of summer mon-
soon rainfall on the economy, its seasonal fore-
casting is of great importance.

In India statistical /empirical methods are
used for operational seasonal forecasting of
summer monsoon rainfall. Over the years sev-
eral ‘‘predictors’’ have been identified with diag-
nostic studies of historical data, and these are
currently used to issue seasonal forecasts (Ra-
jeevan et al. 2004). Despite the reasonable skill
in statistical prediction of Indian summer mon-
soon rainfall (ISMR), notable failures in ISMR
forecasts for extreme years warrant continued
efforts using dynamical predictions. Accord-
ingly, experimental attempts are being made
to use dynamical models for seasonal forecast-
ing. The major discouraging factor in this ef-
fort is the wide range of skill exhibited by
atmospheric models in simulating the seasonal
mean monsoon, and their inability to ade-
quately represent the interannual variability
of monsoon. Several studies on simulating, and
predicting monsoon (e.g., Fennessy et al. 1994;
Webster et al. 1998; Kang et al. 2002; Waliser
et al. 2003; Wang et al. 2005a) have suggested
that there are still significant shortcomings in
representing the mean monsoon climate, and
its variation on different time scales.

The basic premise for forced monsoon simu-
lations using atmospheric general circulation
models (AGCMs) is that the seasonal mean
tropical circulation is influenced to a large ex-
tend by the boundary conditions (Charney and

Shukla 1981), rather than internal dynamics
contributed primarily by the interannual vari-
ability of the quasi-periodic monsoon low-
frequency intraseasonal oscillation (ISO) com-
prising the active-break spells. For example,
there are several studies, both observational
and modeling, which suggest that the interan-
nual variability of ISMR (June to September,
JJAS rainfall) is linked to the sea surface tem-
perature (SST) variation in the Pacific (e.g., Ju
and Slingo 1995). However, dynamical models
are yet to achieve the potential predictability
from the external forcing over the tropics
(Charney and Shukla 1981; Shukla 1998) de-
spite the immense development over the years
(Sperber and Palmer 1996; Gadgil and Sajani
1998). The reasons are primarily their inability
to reproduce realistic monsoon precipitation
response to pronounced SST fluctuations and
partly due to deficient modeling strategy used
in forced AGCM simulations (Wang et al.
2005b). However, as general circulation models
remain the only plausible tool for short-term
climate predictions or long-range forecasts,
a comprehensive diagnostic analysis of the
simulation of ISMR by GCMs is important for
contributing towards the model development to
facilitate their use in short-range climate pre-
dictions, and deployment as the atmospheric
counterpart for climate change studies.

In this context, the present study focuses
on the utility of the Meteorological Research
Institute (MRI) AGCM ensemble system, for
dynamical seasonal prediction of ISMR. In the
first part, the reproducibility of the MRI ensem-
ble system, in simulating the climatological
ISMR pattern, and its interannual variation,
is assessed. Varying roles of external forcing
(signal), and internal dynamics (noise), in influ-
encing the interannual variability of ISMR
(Goswami 1998) make the simulation of Indian
monsoon a challenging problem for the AGCMs.
Hence, suitable methods have to be devised to
extract the signal, due to external forcing from
the noise of almost equal amplitude. Monsoon
diagnostic study of Gadgil and Sajani (1998),
using Atmospheric Model Intercomparison
Project (AMIP) simulations, suggested that re-
alistic mean seasonal variation of rainfall over
the tropical Asia-Pacific sector (which is charac-
terised by maximum latitudinal migration of
the primary rainbelt from winter to summer
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season), is important not only for capturing
ISMR interannual variation, but for achieving
a realistic simulation of climatological ISMR
pattern as well. In the light of the outcome of
this study, a suitable bias correction method
that can effectively minimize the bias in the
simulation of climatological seasonal variation
of rainfall is devised, following the superensem-
ble methodology (Krishnamurti et al. 1999).

The model, ensemble integrations and vali-
dation datasets are described in Section 2. Im-
portance of climatological seasonal variation of
rainfall over the Asia-Pacific sector, and the
skill of the ensemble mean simulation in cap-
turing these aspects, are presented in Section
3. In Section 4, climatological bias-removal
methodology and the performance of bias-
removed ensemble mean in simulating climato-
logical aspects, and ISMR interannual vari-
ability are discussed. In Section 5, the skill of
the bias-removed ensemble mean in simulat-
ing ISMR pattern, and intraseasonal variabil-
ity during a representative extreme event of
2002 is illustrated. Discussion and concluding
remarks are given in Section 6.

2. Model, ensemble integrations and
datasets

The MRI AGCM (MJ98) used in this study is
based on the modified climate research version
of earlier operational forecast model of the Ja-
pan Meteorological Agency, the details of which
are given in Shibata et al. (1999). The model
with comprehensive physics parameterizations
has T42 horizontal resolution corresponding to
@2.8� on transform grid, with 30 vertical layers
extending up to 0.4 hPa.

2.1 Ensemble integrations
The MRI AGCM ensemble system consists of

12 integrations performed using slightly dif-
ferent initial conditions. The integrations were
performed from 1951 to 2002, forcing the model
with observed SST and sea ice data from
‘HadISST1’ (Rayner et al. 2003). As for green-
house gases, the observed concentration of CO2

is adapted from Hansen et al. (2002), increas-
ing from 311 ppmv in 1951 to 370 ppmv in
2001. This was given homogeneously to the
whole atmosphere without any seasonal cycle.
The concentrations of CH4 (1650 ppbv) and
N2O (306 ppbv) are kept constant in time and

space. Out of the 52 year ensemble simulations,
simulations for the period 1979–2002, coincid-
ing the availability of Global Precipitation Cli-
matology Project (GPCP) pentad precipitation,
are selected for the analysis. A simple ensemble
mean is used to reduce uncertainties arising
from the sensitivity to small changes in initial
conditions, minimize weather noises and en-
hance climate signal. The simple average of all
member simulations for each day and each grid
point is hereafter referred to as the ‘simple en-
semble mean’ (SEM) simulation.

2.2 Datasets
Validation datasets used in this study are

daily NCEP/NCAR reanalysis datasets (Kalnay
et al. 1996), daily SSTs interpolated from
1982–2002, Reynold’s weekly SSTs (Reynolds
et al. 2002), and monthly NOAA OI.v2 SST
datasets (Reynolds and Smith 1994). A com-
bined data set of daily rainfall estimates inter-
polated from GPCP pentad precipitation data
for the period 1979–1997 (Xie et al. 2003), and
daily 3B42 TRMM-adjusted merged-infrared
precipitation (Version 5) for 1998–2002 (Alder
et al. 2002), are used for precipitation valida-
tion (hereafter referred to as ‘GPCP’ data).
Daily raingauge observations over Indian land-
mass, based on COLA GTS data (http://www
.monsoondata.org) for the period 1979–2002, is
also used in this study.

3. Climatological seasonal variation

The ability of AGCMs to realistically simu-
late the seasonal variation of precipitation over
tropical regions has been the object of many
studies. For example, the AMIP analysis of
Gadgil and Sajani (1998) has suggested that
those AMIP models, which realistically simu-
late the seasonal transition of primary rainbelt
over the tropical Asia-Pacific region, are not
only more adept at simulating the seasonal
mean pattern of ISMR, but also are successful
in reproducing the year to year variation of all-
India summer monsoon rainfall (ISMR) associ-
ated with major El Niño/La Niña events. Fig-
ure 1 shows observed climatological summer
(JJAS) mean precipitation over the Indian re-
gion, and latitudinal variation of climatological
mean precipitation averaged over the Asia-
Pacific (70�E–140�E) region. The mean summer
monsoon rainfall distribution exhibits multiple
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favorable positions for tropical convergence
zone (TCZ) to occur over the Indian region.
These TCZs are the regions characterized by
organized convection in a sustained manner on
seasonal time scales. Among these TCZs, the
primary rainbelt over the monsoon convergence
zone (MCZ) coincides the seasonal mean loca-
tion of the monsoon trough over India. This ex-
tends westwards from the Head Bay of Bengal,
across the Indo-Gangetic plane. In addition,
there is a secondary rainbelt over the equato-
rial Indian Ocean (highlighted by dashed line
in Fig. 1a), and intense orographic rainfall oc-
curs along the west coast and over the Hima-
layas.

The mean seasonal variation of rainfall
averaged over the Asia-Pacific sector (Fig. 1b)
shows the seasonal migration of the primary
rainbelt from the southern equatorial region in
Boreal winter to northern hemisphere in Bo-
real summer. Over the tropics this is the region
that experiences maximum amplitude of latitu-

dinal migration of the primary rainbelt from
winter to summer as part of the seasonal
march of the Inter-Tropical Convergence Zone
(ITCZ). Analysis of around 30 AMIP models
by Gadgil and Sajani (1998) suggested that
realistic representation of the seasonal transi-
tion of primary rainbelt over this region is
essential for capturing the ISMR interannual
variation, and improving the climatological sea-
sonal mean rainfall pattern over India. Another
notable feature in the mean annual cycle of
rainfall averaged over the Asia-Pacific sector
is the pronounced subseasonal fluctuation in
maximum rainfall in a time scale of over a
month evident throughout the cycle.

Figure 2 shows SEM simulation of climato-
logical JJAS mean rainfall over the Indian re-
gion, and latitudinal variation of climatological
precipitation averaged over the Asia-Pacific re-
gion (70�E–140�E). SEM captures the essential
features, such as the extent and location of
prominent rainbelts over the Indian region dur-

Fig. 1. Observed (a) climatological JJAS mean precipitation over the Indian region and (b) the lati-
tudinal variation of climatological mean precipitation averaged over the Asia-Pacific (70�E–140�E)
region.
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ing the summer monsoon season, especially the
rainbelt over the MCZ across the Indo-Gangetic
plane. However, the orientation of these TCZs
slightly differ from observation (Fig. 1a), and
systematic overestimation of maximum rainfall
is evident over all the convective centres. The
seasonal migration of the primary rainbelt
over the Asia-Pacific region from southern
equatorial region in northern winter to the
northern hemisphere in summer is simulated
well. However, the simulation appears to be
smoother with overestimated rainfall devoid of
realistic subseasonal fluctuations. Unlike ob-
servation, the simulated primary rainbelt in
the summer, appears to be persistent around
15�N. Note that subseasonal fluctuations in
mean annual cycle were not seen in any of
the ensemble member simulations. Hence, the
smooth annual cycle without subseasonal fluc-
tuations seen in the simple ensemble mean is
not an artifact of ensemble averaging.

4. Bias-removal methodology

Considering the importance of climatological
seasonal variation of rainfall over the Asia-
Pacific sector for the simulation of interannual
variation of ISMR, an effective method is ap-
plied on rainfall from all member simulations
for each Julian day at each grid point, to re-
move the systematic bias in the climatological
seasonal variation of rainfall. The method is
based on multiple regression of member simu-
lations against observation over a training
phase, following the superensemble technique
(Krishnamurti et al. 1999; Krishnamurti et
al. 2000; Krishnamurti et al. 2001). In this
method, the total analysis/simulation period
is divided into two phases, a training phase,
and a forecast phase. In the training phase,
the weights (regression coefficients) for each
member simulation is determined through the
least-squares minimization of the difference be-

Fig. 2. The simple ensemble mean (SEM) simulation of (a) climatological JJAS mean precipitation
over the Indian region and (b) the latitudinal variation of climatological mean precipitation aver-
aged over the Asia-Pacific (70�E–140�E) region.
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tween the simulated rainfall and observation.
This minimization is carried out for all 365
Julian days separately at all grid points over
the tropical Asia-Pacific sector.

In the present study, the 24-year analysis pe-
riod is divided into a 23-year training phase,
and 1-year forecast phase. In cross validation,
each year in the 24-year analysis period is
considered successively as the ‘forecast phase’,
with the remaining 23 years included in their
training phase. Thus, for each Julian day, at a
given grid point, there are a total of 24 days in
the analysis period of 1979–2002, out of which
23 days are treated as the training period, to
obtain the weights for member simulations,
and the remaining 1 day is considered as the
forecast phase. In the training phase, weights
are calculated for each Julian day of the 365
day calendar, at a given grid point. Accordingly,
in the forecast phase, for each Julian day, the
‘bias-removed ensemble mean’ is computed as
the sum of model forecast anomalies for that
day weighted by the corresponding coefficient
(statistics derived over the training period),
and added to the observed mean rainfall over
the training period for that day. For example,
for forecasting 3 February 2002, the training
period has 23 days viz., 3 February 1979, 3 Feb-
ruary 1980, 3 February 1981, up to 3 February
2001. The coefficients for the member simula-
tions are derived through regression of the
training day simulations against the corre-
sponding 23-day observation. The coefficients
obtained for the members, observed mean for 3
February over the training period, and simu-
lated anomalies for 3 February 2002 from the
members (computed as the departure from
their training period mean for 3 February) are
utilized to obtain the ‘bias-removed ensemble
mean’ (hereafter referred to as BREM) simula-
tion. Similarly, in cross validation, 3 February
2000 forecast will have 23-day training period,
comprising 3 February 1979, 3 February 1980,
3 February 1981 up to 3 February 1999, 3 Feb-
ruary 2001 and 3 February 2002.

Thus, for a Julian day in a forecast year,
BREM is given as,

BREMj ¼ Oj þ
XN

i¼1

aijðFij � FijÞ; ð1Þ

where j is the Julian day index (ranging from

1 to 365), i is the ensemble member index, N
is the total number of ensemble simulations
(which is equal to 12), Oj is the time mean of
the observed state over the training phase
for jth Julian day, aij is the regression coeffi-
cient of ith member for jth Julian day derived
through regression against observation during
the training phase, Fij is ith member rainfall
simulation for jth Julian day of forecast year,
and Fij is the corresponding jth Julian day
mean rainfall over the training phase. The
weights aij for the members are computed at
a given grid point, and for each Julian day
through multiple linear regression during the
training phase by minimizing the following
function:

G ¼
Xttraining

t¼1

ðBREMt � OtÞ2; ð2Þ

where t denotes time and ttraining is the total
number of training days (which is equal to 23).
This procedure is applied at every grid point
over the tropical Asia-Pacific region to effec-
tively remove the bias in the simulation of
mean seasonal variation of rainfall in the mem-
bers, through nudging towards Oj of a training
phase.

The BREM simulated climatological summer
mean precipitation over the Indian region and
the latitudinal variation of mean precipitation
averaged over the Asia-Pacific region (70�E–
140�E), are shown in Fig. 3. The strength and
orientation of all the TCZs compare well with
the observation (Fig. 1a). The location and in-
tensity of the primary monsoon rainbelt over
central India, the secondary oceanic rainbelt,
and rainfall over the orographic regions are
markedly improved (Fig. 3a). Similarly, the
seasonal variation of rainfall over the Asia-
Pacific region is improved remarkably (Fig.
3b). The amplitude of the latitudinal transition
from winter to summer is closer to the observa-
tion compared to the SEM simulation. More
importantly, the BREM reproduces realistic
subseasonal fluctuations of rainfall, as seen in
observation. This shows that the bias removal
technique is effective. It successfully captures
the mean seasonal variation of rainfall over
the tropical Asia-Pacific region, and thereby im-
proves the simulation of important features of
climatological ISMR pattern.
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The effective removal of systematic bias in
the mean seasonal variation helps to improve
the interannual variation over the entire analy-
sis period. For example, cross validation of ex-
treme years indicates remarkable improvement

in capturing the seasonal anomaly over India
by the BREM simulation. Table 1 shows the
ISMR departures associated with prominent El
Niño/La Niña events from the India Meteorol-
ogy Department (IMD) raingauge observation
(hereafter referred to as IMD data), GPCP
data, and the SEM and the BREM simulations.
There are slight quantitative differences be-
tween the GPCP based ISMR departures, and
the IMD observed record of Parthasarathy et
al. (1994). But the amplitude and sign of major
ISMR extremes associated with pronounced
Pacific SST fluctuations are markedly improved
in the BREM compared to the SEM, when vali-
dated against both of the GPCP data (which
is used as benchmark data to compute the
BREM) and the IMD data. Whereas, in the
SEM, though the extreme ISMR anomalies are
qualitatively simulated, there exist significant
shortcomings in representing the interannual
variability over the whole analysis period. Fig-
ure 4 shows the interannual variation of the

Table 1. All-India seasonal (JJAS) mean
rainfall departure expressed as percent-
age of its climatological value for years
associated with prominent El Niño
(denoted as ‘E’) and La Niña (denoted
as ‘L’) events from IMD observation,
GPCP data, and simple ensemble mean
(SEM) and bias-removed ensemble
mean (BREM) simulations.

Year IMD GPCP SEM BREM

1982 (E) �15 �12.2 �8.3 �8.9
1987 (E) �16 �21.6 �3.4 �10.3
1988 (L) 19 9.4 12.1 12.4
1997 (E) 3 2.5 1.5 2.6

Fig. 3. Bias-removed ensemble mean (BREM) simulation of (a) climatological JJAS mean precipita-
tion over the Indian region and (b) the latitudinal variation of climatological mean precipitation
averaged over the Asia-Pacific (70�E–140�E) region.
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ISMR from the GPCP data and the SEM and
the BREM simulations. All-India seasonal
(JJAS) mean rainfall (estimated as the total
JJAS precipitation over all land grid boxes
over the Indian region) for each year, is ex-
pressed as the percentage of the long-term all-
India mean ISMR. The correlation coefficient
for the SEM is 0.41 where the correlation sig-
nificant at 95% level is 0.3. In contrast, the
essential features of the ISMR interannual
variability throughout the analysis period are
better represented in the BREM simulation.
The amplitude and sign of the ISMR depar-
tures are closer to observed benchmark analy-
sis with a marked improvement in the correla-
tion coefficient which is 0.67.

5. Validation of bias-removed ensemble
mean

Further, the impact of climatological bias-
removal on forecasting the ISMR evolution is
assessed by analyzing the forecasting skill of
BREM, during a representative extreme ISMR
event.

5.1 Seasonal mean rainfall
An abnormal Indian summer monsoon of

2002 is the most severe drought recorded in

recent times, with the rainfall being 19%
below the long term normal ISMR. Here, a de-
tailed assessment of the forecasting skill of
BREM in simulating this seasonal anomaly is
presented, and subseasonal evolution of this
severe drought monsoon. Apart from the anom-
alously low seasonal rainfall, the remarkably
different nature of the onset and evolution of
monsoon during this year made a compelling
reason for undertaking this case study. In fore-
casting the 2002 season, the bias-removed en-
semble mean is constructed as an optimal
linear combination of weighted simulations of
daily rainfall for 2002, where the weights for
individual member simulations at each grid
point for each Julian day of 2002 were obtained
through the regression of member simulations
against observation during the training phase
of 1979–2001.

Observed seasonal (JJAS mean) rainfall de-
parture during 2002 (expressed as percentage
of JJAS mean rainfall climatology) shows that
severe drought conditions prevailed over most
of the Indian subcontinent (Fig. 5a). Over large
areas in western India, and the southern penin-
sula, the monsoon rainfall was deficient by
more than 30% of the normal. At the same
time of the widespread decrease of seasonal

Fig. 4. Interannual variation of ISMR from observation, simple ensemble mean (SEM) and bias-re-
moved ensemble mean (BREM) simulations. All-India seasonal (JJAS) mean rainfall for each year
is expressed as percentage of its long-term mean.
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Fig. 5. The 2002 seasonal (JJAS mean) rainfall departure as percentage of climatological JJAS
mean rainfall from (a) GPCP data, and (b) simple ensemble mean (SEM) and (c) bias-removed en-
semble mean (BREM) simulations.
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monsoon rainfall over land, the equatorial In-
dian Ocean (EQIO) experienced intense rainfall
anomalies, more than 20% of normal, extending
longitudinally across most of the ocean basin.
The maximum value of the anomaly is close to
50% around the equator over 60�E–75�E. Al-
though the SEM simulates negative anomalies
over the Indian landmass (Fig. 5b), the magni-
tude and regional distribution is better simu-
lated in the BREM (Fig. 5c). The marked im-
provement is evident not only over the Indian
landmass, but over EQIO and west Pacific
Ocean as well. This clearly implies the crucial
impact of removal of climatological bias in im-
proving the monsoon precipitation response in
the model. Removal of the mean bias clearly
brings out the precipitation response of the
ensemble system to the given SST boundary
forcing. The influence of SST on 2002 ISMR is
discussed in detail in the last section.

5.2 Intraseasonal variability
Anomalous seasonal rainfall over India in

2002 was due to the special nature of subseaso-
nal evolution of ISMR. Daily variation of 2002

all-India summer monsoon rainfall (Fig. 6),
based on COLA GTS data, comprising rain-
gauge estimates over the Indian landmass
(highlighted in the inset India Map), distinctly
shows the special nature of the onset and evolu-
tion of monsoon observed during 2002 summer
season. A notable aspect of 2002 season is
the false onset (Ananthakrishnan and Soman
1988; Joseph et al. 1994; Flatau et al. 2003)
where the false onset occurs around 11 May,
with mild and intermittent rainfall continuing
until around 28 May. The region experiences
a dry spell afterwards which results in a late
onset of bountiful monsoon rains over India
compared to the climatological onset date in
the end of May/beginning of June. The real on-
set of rainfall occurs around mid-June, that
persists until the last week of June. The pri-
mary feature of the season is the intense and
long dry spell extending from the end of June
until the beginning of August. Finally the sea-
son experiences an early withdrawal of mon-
soon, facilitated by a long break spell, starting
from the second week of September.

The fluctuations in monsoon activity within

Fig. 6. Daily mean all-India (region highlighted in the inset map) average rainfall during the 2002
summer season from COLA GTS data. Daily long term mean is represented by the solid line.
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the season is evidently seen in different mon-
soon indices representing intraseasonal fluctu-
ations in monsoon circulation. These indices
are the monsoon circulation index (MH, based
on the strength of the local Hadley cell, created
by the off-equatorial monsoon heating, is de-
fined as the shear between 850 and 200-hPa
meridional winds, averaged over 10�N–30�N;
70�E–110�E, Goswami et al. 1999), kinetic en-
ergy (KE) of the surface winds averaged over
5�N–20�N; 40�E–110�E, the strength of cross-
equatorial flow associated with the low-level

Somali jet (LLJ, based on the 850-hPa wind
speed averaged over 5�N–20�N; 50�E–80�E),
and the meridional temperature gradient index
[MTG, based on the difference in area-averaged
upper tropospheric (500–200 hPa) thickness
between the Tibetan Plateau (20�N–40�N;
50�E–100�E), and the Indian Ocean (0�N–
20�N; 50�E–100�E) regions, Kawamura 1998].

Actual (normalized with respect to daily long-
term mean over the last 30 year period) and
anomalies of these indices for 2002 monsoon
season are shown in Figs. 7a and 7b. The pri-

Fig. 7. Daily (normalized with respect to daily long-term mean and then smoothed using 5 day run-
ning mean) time series of (a) actual and (b) anomalies of different monsoon indices, during the
2002 Indian summer monsoon season.
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mary feature is the pronounced fluctuations in
MH, LLJ and KE, and to some extent in MTG
that are markedly consistent with the ISMR
fluctuations (Fig. 6), where epochs of enhanced
and weakened amplitudes of different indices
(Fig. 7b), correspond well with the active and
break spells of ISMR. These variations indicate
significant subseasonal modulations in the
local Hadley circulation and the meridional
land-ocean temperature contrast associated
with Indian summer monsoon. The peaks of
the indices in mid-May corresponds to the false
onset, and the peaks in mid-June corresponds
to the real onset. The weakening of large-scale
monsoon circulation parameters during July,
till the beginning of August, corresponds to the
intense break spell and the revival afterwards
coincides with the short active spell in the first
week of August. The indices show weakening of
large-scale monsoon circulation after the first
week of September. Another notable aspect is
the difference in actual monsoon indices be-
tween the false and real onset of monsoon (Fig.
7a). Unlike for the false phase, the actual indi-
ces show a sharp and sustained strengthening

that lasts, until the withdrawal, for the real on-
set. Whereas, during the false onset, the indices
do not show a sustained increase in amplitude,
due to the lack of organized seasonal change in
different forcing factors of monsoon.

Evolution of the 2002 monsoon in the GPCP
benchmark analysis, used for training the
member simulations is important in assessing
the skill of the BREM simulation. Daily anoma-
lies averaged over Central India (15�N–25�N;
75�E–85�E, coinciding the MCZ) and EQIO
(10�S–5�N; 50�E–100�E) show all the major
characteristics of the 2002 season viz. the false
onset, intense break in July, and the short du-
ration of monsoon (Fig. 8). The rainfall varia-
tion over the MCZ in the GPCP data closely
corresponds to the observed active and break
phases (Fig. 6), characterized by enhanced and
reduced precipitation over central India along
with associated changes in large-scale circula-
tion (Fig. 7). A notable feature is the near-
inverse rainfall variation, between the MCZ
and EQIO throughout the summer season
with increased (decreased) rainfall over EQIO,
mostly associated with decreased (increased)

Fig. 8. Normalized and smoothed daily rainfall anomalies during the 2002 summer season from
GPCP observed benchmark analysis. The bars represent average over the central Indian region
(MCZ) and the solid line represents the average over the equatorial Indian Ocean (EQIO).
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rainfall over the MCZ. This can be understood
in terms of the waxing and waning of the two
limbs of the monsoon reverse Hadley cell, one
over the warm equatorial Indian Ocean, and
the other over the heated continent in the
north.

To assess the simulation skill of BREM, daily
variation of observed and simulated rainfall
(after applying a 5-day running mean) over the
MCZ and the equatorial Indian Ocean (EQIO),
during the 2002 Indian summer monsoon
season are shown in Fig. 9. It can be clearly

seen that marked improvement is achieved in
BREM, in capturing the amplitude and phase
of subseasonal variation of rainfall over the
MCZ, after the real onset and over the EQIO
throughout the season after the removal of
mean bias. Over MCZ, the SEM simulated
rainfall gradually increases with the advance-
ment of summer with a trend different from ob-
servation. In contrast, the variations in BREM
is close to observation, except for the false onset
period. During the false onset, the BREM over-
estimates rainfall over the MCZ mainly due to

Fig. 9. The 5-day running mean applied time series of daily rainfall averaged over MCZ and EQIO
from observation, member simulations, and simple ensemble mean (SEM) and bias-removed en-
semble mean (BREM) simulations.
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the contribution from O term in its estimation
(Eq. 1). O over the MCZ is higher during this
time, due to the several ‘false onset’ years
(Flatau et al. 2001), during the training phase
of 1979–2001. Despite this overestimation the
nature of variation in the BREM in this
phase, and later throughout the season, closely
follows the corresponding observation. Over the
EQIO the rainfall variation in the SEM is
smooth, with very little subseasonal fluctua-
tion. Whereas the amplitude, and phase varia-
tion in the BREM are in fairly good agreement
with the observed subseasonal fluctuations,
particularly from the second half of June.

5.3 Low-frequency intraseasonal oscillation
The dominant intraseasonal oscillation in

2002 was on low-frequency intraseasonal time
scales, and the most pronounced mode was the
northward propagating intraseasonal oscilla-
tions (Sajani et al. 2007). This intraseasonal
mode is characterised by successive 30–40 day
time scale northward propagations of organized
convection over the Indian sector in summer
(Sikka and Gadgil 1980; Yasunari 1979, 1981).
The time-latitude variation of 20–80 day band
pass filtered (following Duchon 1979) observed
GPCP rainfall, averaged over the Indian longi-
tudes (Fig. 10a), shows the close correspon-
dence between propagating signals of active
convection and the onset, active/break phases
and withdrawal of monsoon (Fig. 8). The false
onset was characterized by a propagating rain-
belt from the equatorial Indian Ocean reaching
the southern peninsula in early May. Later, the
real onset of heavy precipitation over India by
the middle of June coincides with the next
propagating anomaly reaching the central In-
dian latitudes. The intense break spell during
July, and after the first week of September,
are associated with prolonged periods of sup-
pressed convection and absence of any active
propagations.

Corresponding northward propagations from
the SEM and the BREM simulations are
shown in Figs. 10b and 10c respectively. While
there are no coherent propagations evident in
the SEM, distinct and coherent propagations
matching the observation to a great extent, ex-
ist in the BREM. Also, compared to the SEM,
there is a good correspondence between ob-
served, and the BREM simulated propagations

at all latitudes south of 10�N throughout the
season, and at northern latitudes after the last
week of June. Within 15�N–25�N belt, until the
first half of June that represents the onset, the
active propagations only slightly match with
the observation. But from the later part of the
major break spell in July, the BREM propaga-
tions match better with the observation, espe-
cially over the northern latitudes. In particular,
the propagation structure after the middle of
August, till the withdrawal of monsoon are

Fig. 10. Time-latitude variation of 20–80
day filtered rainfall averaged over
75�E–85�E (shaded) from (a) GPCP
data, and (b) simple ensemble mean
(SEM) and (c) bias-removed ensemble
mean (BREM) simulations.
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well captured. This indicates that the mean
bias-removal helps to improve not only the sea-
sonal mean precipitation response to SST fluc-
tuations, but the pronounced intraseasonal
variability of the ISMR as well.

5.4 Cross-validation
The skill of the basic model, the bias-removal

technique, and the influence of SST boundary
fluctuations on monsoon contribute to the suc-
cess of the BREM in simulating the ISMR
variability. The basic model ensemble system
exhibits reasonable skill in simulating the in-
terannual variability of ISMR. Figure 11 shows
the seasonal mean ISMR anomalies for indi-
vidual years during the analysis period from
the GPCP data, all member simulations, and
the SEM and the BREM simulations. It can
be seen that the seasonal anomalies associated
with most of the extreme events are captured
qualitatively, and/or quantitatively by the
SEM, and some of the member simulations.
This is an important aspect considering the
difficulty of many the AGCMs, in simulating
the interannual variability of the ISMR (e.g.,
Gadgil and Sajani 1998).

Better representation of interannual vari-

ability in the BREM increases the correlation
from 0.41 for the SEM to 0.67. The skill of the
BREM can be further improved by incorporat-
ing a larger number of training years, and by
using more accurate benchmark analysis. For

Fig. 11. Interannual variation of ISMR from observation, members and simple ensemble mean
(SEM) and bias-removed ensemble mean (BREM). All-India seasonal (JJAS) mean departures are
given as the percentage of its long-term mean.

Fig. 12. Seasonal (JJAS) mean depar-
tures as percentage of climatological
JJAS mean during selected years from
IMD observation, observed analysis,
simple ensemble mean (denoted as
SEM) and bias-removed ensemble
mean (denoted as BREM).
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example, Fig. 12 shows the ISMR seasonal
(JJAS) departures as percentage of its long-
term mean for selected years from the IMD
data, the GPCP data and the SEM and the
BREM simulations. The disagreement between
the benchmark precipitation analysis used in
this study (the GPCP data), and the IMD rain-
gauge observation data in these years are sig-
nificant, which can adversely affect the utility
of this methodology for application purposes.

6. Discussion and conclusions

The Meteorological Research Institute (MRI)
AGCM ensemble simulation of the ISMR, and
its variability, is analyzed in this study. The
ensemble system consists of 12 integrations of
the model forced with observed monthly SST,
and sea ice boundary conditions starting from
different initial conditions. It is found that
climatological aspects important for the simu-
lation of interannual variability of the ISMR,
such as the mean ISMR distribution over the
Indian region, and the mean seasonal migra-
tion of primary rainbelt over the tropical Asia-
Pacific sector, are achieved by the simple en-
semble mean (SEM) simulation. Consequently,
the simple ensemble mean shows marked skill
in simulating extreme ISMR events concurrent
with pronounced large-scale tropical SST fluc-
tuations. However, the SEM still shows some
systematic bias in the simulated climatological
ISMR pattern, and mean seasonal variation
of rainfall over the Asia-Pacific region. Hence
the monsoon interannual variability through-
out the entire analysis period is not adequately
represented.

Systematic bias in the simulation of climato-
logical seasonal variation of rainfall is removed
by applying a bias-correction for the member
simulations. This was achieved through multi-
ple linear regression of daily precipitation from
the member simulations, against an observed
benchmark precipitation analysis, during a
long training phase, to derive coefficients for
each ensemble member which are reset at each
local grid, and for each Julian day. For this pur-
pose, the 24-year analysis period is divided into
a 23-year training phase, and 1-year forecast
phase. In cross validation, each year in the 24-
year analysis period is considered successively
as the forecast phase with the remaining 23
years included in the training phase. Thereaf-

ter, in the forecast phase, excluding the train-
ing phase, an optimal linear combination of the
weighted member simulations yields the bias-
removed ensemble mean (BREM) simulation.
Removal of bias in the simulation of back-
ground climatology, such as the summer mean
rainfall pattern over the Indian region, and
the seasonal migration of ITCZ over the Asia-
Pacific sector is found to result in a marked im-
provement in the ability of the BREM in cap-
turing the interannual variability of the ISMR
during the entire analysis period. It is to be
noted that, due to the stochastic nature of sin-
gle model ensemble simulations, with different
initial conditions, there is a complex depen-
dence of weights on performance of members.
In other words, unlike multimodel ensemble
simulations where, the members often experi-
ence a systematic bias in tropical precipitation
response, in a single model ensemble system,
the performance of a member during the fore-
cast phase can be different from its behaviour
during the training phase. But the bias-
removal methodology, with resetting of mem-
ber weights in space (grid points) and time
(Julian day), using sufficiently long training
phase, effectively circumvents the complex de-
pendence of weights, and yields a markedly
improved simulation of the ISMR and its vari-
ability in the BREM.

The skill of BREM in simulating the ISMR,
and its intraseasonal variability, is illustrated
by forecasting the extreme drought season of
2002. The effective bias-removal brings out
the simulated precipitation response to fluctua-
tions in SST boundary forcing over the tropics.
As a result, the BREM is found to markedly im-
prove up on the SEM, not only in capturing the
seasonal anomaly of 2002, but its intraseasonal
variability to a great extend as well. Apart from
illustrating the skill of the BREM, this study
underlines the earlier hypothesis that climato-
logical ISMR pattern and seasonal migration
of the primary rainbelt over the Asia-Pacific
region are necessary for capturing the interan-
nual variation of ISMR. Further, it implies the
importance of removal of climatological bias to
improve the simulation of subseasonal varia-
tion of ISMR.

A consistent understanding of the influence
of equatorial Indian Ocean (EQIO) SST anoma-
lies on ISMR and its intraseasonal variability
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in 2002 is helpful for interpreting the success of
the methodology in 2002, and for assessing the
improved skill of bias-removed ensemble mean.
The mean SST departure, during the peak
monsoon months of July and August of 2002,
based on Reynold’s monthly SST shows that
the entire equatorial Indian ocean was anoma-
lously warm, with anomalies stronger than
that over the western Pacific Ocean (Fig. 13).
These anomalies over regions with warm mean
SSTs (greater than the basin threshold value of
@28�C) are important for the commencement of
organized convection, and can modulate the
meridional land-ocean temperature contrast,
and the local reverse Hadley circulation, result-
ing in increased ascent (descent) and convec-
tion (subsidence) over the equatorial Indian
Ocean (Indian subcontinent). On the seasonal
mean time scale, observational and sensitivity
studies based on idealized Indian Ocean SST
anomalies (Chandrasekar and Kitoh 1998) sug-
gest that rainfall increases (decreases) over the
EQIO region of warm (cold) SST anomaly. This
was found to be associated with anomalous
negative (positive) rainfall departures on the
seasonal time scale over the Indian land region,

accompanied by the weakening (strengthening)
of the cross equatorial flow and monsoon re-
verse Hadley circulation.

The normalized daily SST anomalies (inter-
polated from Reynold’s weekly SSTs), averaged
over EQIO and western Pacific warm pool re-
gion (WP, 5�S–5�N; 120�E–160�E), also show
that in spite of subseasonal fluctuations, warm
SST anomalies persist over EQIO throughout
the season (Fig. 13 inset). These anomalies
are larger than the anomalies over the WP, es-
pecially in later months of the season, when
weak warm El Niño anomalies started develop-
ing in the Central Pacific. This can affect both
the monsoon reverse Hadley circulation over
the Indian sector, and the Walker circulation
along the Asia-Pacific sector, resulting in
EQIO having anomalously stronger convection
compared to the Indian landmass and the
West Pacific warm pool regions. This indicates
that SST anomalies over the equatorial Indian
Ocean played a decisive role in the long and
intense break in the peak monsoon month of
July, which primarily led to the deficient sea-
sonal summer monsoon rainfall of 2002. Thus,
in addition to the effective bias-removal, the

Fig. 13. July/August mean SST departure (positive: shaded; negative: dashed contours) in 2002.
Solid line highlights the region with climatological Jul /Aug mean SST greater than 28�C. Daily
SST anomalies averaged over EQIO (denoted as IO) and Western Pacific (denoted as WP) during
2002 is shown in inset.
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pronounced influence of equatorial SST fluctua-
tions on modulating the strength of the 2002
monsoon, played a crucial role in the success of
the methodology in this season.

A major factor crucial for the marked im-
provement in BREM in capturing the forced
atmospheric response, is the basic skill of the
model ensemble system, to simulate ISMR,
and its variability from intraseasonal to inter-
annual time scales. However, the low-frequency
intraseasonal variation associated with north-
ward propagations in bias-removed ensemble
mean, still needs further improvement to
match with the observation. Inclusion of more
years, in the training phase can improve this
aspect. Another major factor limiting the skill
in simulating northward propagations is the
absence of a self-evolving, or intraseasonally
varying SSTs (which is crucial for low-frequency
intraseasonal modes, Rajendran and Kitoh
2006) in the present modeling framework. But
the existence of a rather smooth intraseasonal
component in the observed monthly SST used
for forcing the model, enables the simulation to
capture low-frequency ISOs to some extent par-
ticularly after the effective climatological bias-
removal, using member weights varying locally
and for Julian days. Hence, this bias-corrected
ensemble system, with a more realistic intra-
seasonal SST forcing, or when coupled with a
skillful ocean GCM, has great application po-
tential for dynamical prediction of Indian sum-
mer monsoon rainfall.
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