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ABSTRACT. The paper presents the results of simulation éxgeits aimed at predicting the characteristic
features of Asian Summer Monsoon during the middiéhe century (2041-60) resulting from global dlite change.
The model used is HadRM2 regional climate mode¢hefHadley Centre for Climate Prediction and ReseddK. Two
simulation experiments of 20 years length have lpeeformed for the Asian domain, namely, one wifixad amount
of greenhouse gas concentration corresponding30 E¥els called the ‘control' (CTL) experiment dinel other with the
annual compound increase of 1 % in the greenhoasecgncentration for 2041-60 from 1990 onwardsedathe
‘greenhouse gas' (GHG) experiment. The annual contbimcrement of 1 %, in the greenhouse gas coratent has
been adopted from the projection given by the g@eernmental Panel for Climate Change (IPCC).

The experiments have brought out some of the clsaimgine characteristic features of mid-centuryaAssummer
monsoons that are expected to occur due to inaeagdropogenic emissions. The most significanhgkaseems to be
a general northward shift of the monsoon trough YN the lower troposphere (850 hPa) throughout rtftmsoon
season over the Indian region. The simulation tedidve shown an increase of about 1-2 hPa inethdesel pressure
(SLP) over the Arabian Sea during the monsoon tiaguin an anomalous anticyclone over there in linser
troposphere. This would mean the weakening of Lewel Jet (LLJ) and the Arabian sea branch of thesoon current.

(221)
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The model has simulated a decrease in the frequatéye monsoonal cyclonic disturbances over thhnladian
Ocean under the warmer sea surface conditions widoforms to the observed decreasing trends irfrédzgiency of
monsoon depressions in recent decades.

The experiments have shown that the Heat Low oagistan and adjoining northwest India, may intgnsifd
shift slightly eastward during the monsoon. The eldths simulated the strengthening of Tropical &fstlet (TEJ) at
100 hPa (the location of TEJ core ) over the sautparts of Indian sea between 8° - 10° N, espgaiiring the first
half of the monsoon season.

Key words — Simulation, Asian summer monsoon, Monsoon trougigtHow, Tropical easterly jet, Greenhouse
emission, Monsoonal cyclonic disturbance, Climatzlet.

1. Introduction been able to predict the global climate changesdout
regional scale these models have had only limitedess,
There is a strong need for the proper assessment oparticularly over the Asian summer monsoon regidrus
various consequences of climate changes resultong f a regional climate model (RCM) with high resolutitn
an increase in the global mean temperature due tamost suitable for simulating the characteristictdeas of
anthropogenic emissions. According to an existing Asian summer monsoon. The present work attempts to
evidence, the increase in the greenhouse gases waum simulate some of the important components of momsoo
the earth's atmosphere by .G to 4.5 C by the middle  like, Monsoon Trough (MT), Heat Low (HL), Low Level
of the 2% century (IPCC, 200I). Greenhouse warming not Jet (LLJ), Tropical Easterly Jet (TEJ) using thedRM2
only increases the air temperature but also inee&ST  regional climate model of the Hadley Centre forn@te
(Manabe and Stouffer, 1980). The impact of global Prediction and Research, UK. The impact of warnear s
climate change may be different for different regioof conditions on the monsoonal cyclogenesis has at&m b
the world. The Asian summer monsoon region dudsto i Simulated.
agrarian economy's dependence on the quantity and
distribution of monsoon rains is highly vulneraldeany The results of control experiment presented in
change in the monsoonal rainfall pattern. In recentsection 3 show that HadRM2 has been able to simulat
decades, there have been some significant changbéei various components of southwest monsoon reasonably
monsoonal cyclogenesis pattern over the north india well. The simulations of rainfall and temperature
Ocean which have been extensively studied by Singhdistributions over the Indian subcontinent have nbee
2001a. There seems to be an intriguing relationshipextensively studied by earlier investigators (Blasask
between the observed trends in the frequency of theand Mitchell, 1998 and Rupa Kumar and Ashrit 208xig
monsoonal cyclonic disturbances and the SST imgnth therefore this aspect has not been repeated iprésent
Indian Ocean. Singh, 2001a has shown that thedremu  work. However, the consistency of simulated chariges
of monsoon depressions and cyclones has decreaseitie monsoon components with respect to rainfall
considerably during recent decades. The frequerasy h distribution has been discussed in the text whaneve
almost halved from the beginning to the end of 2Béh necessary.
century. Recently Patwardhan and Bhalme, 2001 have
also reported the decreasing trend in the frequesfcy 2. Model and experiments
monsoonal disturbances. On the other hand the 5&7es
registered an uptrend over the north Indian ockksing HadRM2 is a second generation regional climate
reliable satellite derived SST data, Singh and &a2003 model of the Hadley Centre for Climate Predictiord a
have found that mean annual SSTs have increased oveResearch, UK. It is a high resolution climate motheit
the north Indian ocean at the rate of about 0.24€cade  covers a limited area of 5000 km x 5000 km. The
during the period 1985-1998. The increasing tremdng horizontal resolution is 50 km x 50 km with 19 higbr
the summer monsoon season is even more pronouncedertical levels. The initial conditions to start dRM2 are
(~ 0.4°-0.6° C/ decade). taken from the second generation Hadley Centreledup
atmosphere-ocean general circulation model HadCM2.
The main objective of present study is to simulate The higher resolution of HadRM2 enables the sinmtat
different characteristic features of Asian summensoon of finer features of monsoon including the monsdona
using a reliable regional climate model that captaee system like monsoon depression.
the monsoonal features due to its high resolutibime
general circulation models (GCMs) have successfully The atmospheric component of HadRM2 is a
simulated the large scale climatological featunes have hydrostatic primitive equation model. There arengbrid
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Fig. 1. Mean monthly sea level pressure distribution dlierAsian summer monsoon domain for June-September
during 2041-60 (a) CTL and (b) GHG
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coordinate vertical levels, lowest at about 50 md an 3. Results and discussion
highest at 0.5 hPa (Cullen, 1993). The model eqoati

are solved in the spherical coordinates. The hot&o The sea level pressure distribution over the momsoo
resolution of HadRM2 is 0.44° x 0.44%., a minimum domain is an important feature of monsoon which
resolution of 50 km x 50 km at the equator. The Rid@ determines the pressure gradients and resultieggttr of

needs a time step of 5 minutes to maintain numlerica monsoon in the lower troposphere. The intensitfedemt
stability (Joneset al, 1995). The radiation scheme Low and the Monsoon Trough are intimately likedthe
includes seasonal and diurnal cycles of insolation SLP distribution during the monsoon. The simulafdP
computing short-wave and long-wave fluxes which distributions during each monsoon month (June-
depend upon temperature, water vapous, OO, and September) in control and GHG experiments for the
clouds (Jonest al, 1995). period 2041-60 have been presented in Fig. 1. The
difference between GHG-CTL is the anomaly in SLP
Bhaskararet al. (1996) used HadRM2 to simulate which is due to increased greenhouse gas emissides.
the climate over India during the monsoons of tkarg SLP anomaly at each grid point has been computed by
1984, 1985, 1987 and 1988. The purpose of selection subtracting the surface pressure value at that ppidt
these years was to have normal, weak and strongbtained in control experiment from the correspogdi
monsoons in the set. The intensity of the simulatedvalue obtained in GHG experiment.
monsoon was found to be influenced by the northaedt
north propagating modes of the monsoon which were The circulation pattern at 850 hPa determines the
almost similar to the observed modes of the monsoonstrength of monsoon current. The strength of wheter
However, the simulated intensity of MT was stronger  over the Arabian Sea is a measure of the inteon$ityow
the experiments conducted by Bhaskaetal, (1996). Level Jet and the cross equatorial flow. In theokd
Gangetic planes and over the Head Bay of Bengal the
In the present experiments HadRM2 has been driverflow pattern determines the intensity and locatioh
by the lateral boundary conditions obtained frorapted monsoon trough. Thus the circulation at 850 hPableas
atmospheric ocean GCM HadCM2. HadCM2 has shownsimulated in the above-mentioned experiments segigra
good skill in capturing broad features of monsoon and the results have been presented in Fig. 2cibtdte
(Bhaskaran and Mitchell, 1998; Lal and Harasaw®120 the comparison.
Rupa Kumar and Ashrit, 2001). Two simulation
experiments of 20 years length have been conduoted The upper level winds at 100 hPa determine the
the Asian summer monsoon domain namely, one with aupper tropospheric divergence in the monsoon redibe
fixed amount of greenhouse gas concentrationcore of tropical easterly jet being at 100 hPajntsnsity
corresponding to 1990 levels (CTL) and the othdhan and location could be inferred from the 100 hPa
annual increase of 1% in the greenhouse gas caoatient circulation pattern. The simulated circulation pats at
(GHG) for 2041-60 from 1990 onwards. The impacts of 100 hPa in CTL and GHG experiments have been shown
increased emissions and the resulting global wagroim in Fig. 3.
the main features of monsodre., Monsoon Trough, Heat
Low, Low Level Jet, Tropical Easterly Jet and the Before we discuss the changes in the monsoon
monsoonal cyclogenesis have been simulated whilh wi components due to increased GHG emissions it is
be presented in the following section. necessary to examine whether HadRM2 is able tauoapt
the salient features of southwest monsoon in cbntro
It may be pointed out that the changes in monsoonexperiment or not. An examination of Figs. 1 ansh@ws
components are very slow and therefore it is necgss that the sea level pressure distribution and theuletion
consider a sufficiently long period of about 50 rgeto pattern in the lower tropospheree(, at 850 hPa) are
bring out the differences between the CTL and GHG simulated well. The position and intensity of Héatw
experiments. However, the simulated changes afterye  match with the climatology. Similarly the core oET at
20 years period have been examined and the camsiste 100 hPa is also simulated well (Fig. 3). The sirada
changes only are being reported in the present weok slope of Monsoon Trough axis in the Bay of Benigal
instance, a northwest shift of abodti@ Monsoon Trough  the tilt of the axis toward south is more as coregawith
axis position at 850 hPa in GHG experiment as coatha the climatological slope but the positions matckerothe

to the CTL experiment is discernible after 50 yedise land areas.
simulated changes after 20 years are too small. As
mentioned earlier the initial conditions to stadiRM?2 Undoubtedly, the rainfall is most important

have been taken from the ocean-atmosphere GCMparameter which needs to be simulated in climat:ngé
HadCM2. assessments. But the simulations of monsoonalharid



O. P. SINGHet al : SIMULATION OF CHARACTERISTIC FEATURES OF ASIABSUMMER MONSOON 225

(a) June CTL)

60E  65E

July (CTL)
p =

60E  65E

(a) August (CTL) _

60E 65E 70E

September (GHG)

70E  75E BOE  B5E

Fig. 2. Mean monthly circulation pattern at 850 hPa fare}$eptember during 2041-60 (a) CTL and (b) GHG
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its spatial distribution in quantitative terms mde
misleading. For instance HadCM2 seems to underattim
the rainfall over Indo-Gangetic plains and overaate
over the Himalayan region. The all India monsodnfadl
(June-September) simulated by HadCM2
experiment is 755.50 mm against the observed vafue

MAUSAM7, 2 (April 2006)

concentration in the atmosphere. This change inSthe
distribution over the Arabian Sea is capable ofsoay
certain imbalances in the monsoon climate. Foraimst,
the higher SLP anomalies over the Arabian Sea may

in control weaken the Arabian Sea branch of monsoon curresht an

the low level jet and suppress the cross-equatfioal.

966.90 mm showing a departure of 211.40 mm (RupaThe cyclogenesis over the Arabian Sea during mansoo

Kumar and Ashrit, 2001). Similarly,
deviation of all India monsoon rainfall in HadCM@&rtrol

the standard will be reduced. The onset of southwest monsoooutiin

the 'onset vortex' may also become infrequent. The

experiment is 71.10 mm against the observed vafue oweakening of Arabian Sea branch of monsoon would

86.20 mm. It is desirable to give more emphasishan
likely changes in the monsoon circulation patterd then
infer the expected changes in monsoon
distribution qualitatively which is precisely thdjective
of present work. The monsoon trough position, isitgn
of heat low, distribution of sea level pressure aodicity
along the west coast of India, cross equatoriak fimd
intensity of low level jet can provide good indicais of
monsoon rainfall distribution over India. Howevengan
monthly circulation/rainfall patterns cannot givenya
indication of active/break monsoon conditions, vahic
have a time scale of few days only.

3.1. Heat Low and the SLP distribution over the
Arabian Sea

It is seen from Fig. 1 that the minimum isobar 829
hPa is found in the central region of the HL in thenth
of June in CTL experiment which covers extreme st
part of Rajasthan, Punjab, some parts of westergdia
and adjoining areas of Pakistan. But in GHG expenim
there is an eastward shift and the 992 hPa ischznels
up to west UP covering entire Haryana. Thus HL Zoae
shifted up to western UP causing slight intensifaa of
low pressure east-west trough zone over that &nedng
July, the 992 hPa isobar over Rajasthan and adpini
Punjab in CTL experiment is completely replacedd89
hPa isobar. Thus in July there is a clear indicatid
intensification of HL over Pakistan and adjoinimgas of
Rajasthan and Punjab. During August also the SLfhen
central region of HL is lower in GHG as comparedCitL

certainly cause reduction in the monsoon precipitat
over northwest India and Pakistan. The appearahem o

rainfall anomalous high pressure over the Arabian Sea in GHG

experiment is an indication of increased subsidencs
that area. This is likely to strengthen the low elev
inversion over the Arabian Sea and reduce the nmmso
precipitation over the sea. The major implicatidrtheese
changes may be the complete absence of monsoanturr
over Pakistan in some years.

3.2. Monsoon trough

The monsoon trough is a significant component of
summer monsoon. Any change in its intensity andtioo
may affect the observed rainfall distribution dgrithe
monsoon. In order to bring out likely changes in MT
intensity and location due to anthropogenic emissioe
have presented in Fig. 2 the 850 hPa circulatidgtepaas
simulated in CTL and GHG experiments.

The presence of westerly anomalies in the monsoon
trough axis region at 850 hPa is an indication of
northward shift of MT. Fig. 4 depicts the axis offhMat
850hPa during each monsoon month as simulated In CT
and GHG experiments. There is an evident northwhifd
of about 2° in the mean position of MT axis durihgy
and August which account for major amount of monsoo
precipitation. During June there seems to be slight
northward shift of MT axis over the Bay of Bengal.
During September also except extreme southwestdBay
Bengal there is a general northward shift in the 8&Ts.

experiment. During September however, there is noThe northward shift of MT axis especially duringlydu

difference in the intensities of HL in the two erpsents.

August may increase the monsoon precipitation over

Thus it is concluded that there is an indication of northeast India and Bangladesh. There is an indicatf

intensification and eastward shift of HL due toregased

green house emissions during the monsoon monthes Junglobal warming as the

to August by the middle of the century.

The most striking difference in the SLP distribuso
in the two experiments is observed over the Araldes.
This is clearly brought out by Fig. 2 which showattthe
SLPs over the Arabian Sea will be higher by 1-1Zah

more frequent monsoon floods in Bangladesh due to
run-off in Meghna-Ganges-
Brahmaputra rivers system is expected to increase
considerably as a result of increased monsoon alhinf
over northeastern states of India and Bangladebis T
conforms to the observed increasing trends in the
monsoon rainfall over Bangladesh in recent decades
(Singh, 2001 b). It is not surprising that the akisd sea-

during June, 1.5-2 hPa during July and August andlevel trend along Bangladesh coast is about 6 nmen/ye
1-2 hPa during September by the middle of thé 21 which is almost six times higher than the globalame
century as a result of increased green house gasate (Singh 2001b). The simulated changesealevel
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Fig. 4. Mean monthly locations of monsoon trough axismiy2041-60 in CTL and GHG experiments

pressure distribution and Monsoon Trough positigrea experiment. Due to this the monsoon flow in the dow
well with the simulated changes in the precipitatio troposphere shows signs of strengthening theres &hi
distribution over the Indian subcontinent which &av likely to increase the monsoon precipitation ovkatt
projected an increase in the monsoon precipitatioer region. Therefore, the simulation experiments iatca
northeast India and Bangladesh during the periodgeneral enhancement in the monsoon precipitatia@r ov
2041-60. the northeastern belt of the Asian monsoon domatheaa
general reduction in the rainfall over western gide to
Another interesting aspect of simulated winds at increased anthropogenic emissions.
850 hPa is a general reduction in the positiveicityt

along the south west coast of India due to anttgepic 3.3. Upper troposheric (100 hPa) circulation
emissions. This feature is again unfavourable fog t pattern and Tropical Easterly Jet

strength of Arabian sea branch of monsoon curr@nt.

the other hand, there seems to be a general ifibatisin The intensity and location of TEJ is another factor

of monsoon current over the south Bay of Bengd@ G that is linked to the monsoon performance. A cormipes
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There was a need to adopt an objective criteriatlier
identification of cyclonic disturbances. As a pm@hary
exercise the disturbances were identified by camsid
the maximum wind speed at 850 hPa > 15 m/s anda lo
minimum in SLP with SLP departure < -5 hPa. The
duration of the disturbances were taken to be sitieeo
days in order to filter out unimportant ones. Itynize
remarked that the quantitative criteria used tceeine
the number of cyclonic disturbances is very clasdhie
IMD’s synoptic criteria in terms of wind speed and
pressure departure. However, IMD’s criteria which i
based on satellite information in addition to swiop
B charts is not feasible to be applied in totalitynimmerical
70E 80E 90K {00E simula_tions. The simulation yielded about five rr[oxu_ml
cyclonic disturbances per season over the northatnd
ocean in control and about four disturbances pgsaein
GHG experiment indicating a 20% reduction in the
frequency of monsoonal cyclonic disturbances iry&érs
from now. The statistical extrapolations based otua
observations estimate even steeper decreasingstiend
Fig. 5. Projected changes (GHG-CTL) in the Asian summer the monsoonal cyclogenesis over the north Indiaea@c

monsoon rainfall (June-September) pattern (in uoits Thus the reduction in the frequency of monsoon

mmiday) depressions and cyclones under warmer sea surface
conditions over the north Indian Ocean is common in
simulations and the observed trends.

20N

16N

10N

-2

examination of 100 hPa circulation feature Fign5HG
and CTL experiments reveals that the easterlies ove
extreme southern peninsula, Sri Lanka and adjoiarnegs

of the south Bay of Bengal during June are stronger
GHG as compared to the CTL experiment where a 4b ms
isotach appears in place of the 35 'misotach. In July,
the maxima (50 mY appears over the south Arabian Sea
in GHG in place of 45 msin CTL. During August, the
easterlies are slightly stronger over the centegian of
south Bay of Bengal. But in September, there ismath
difference in the strength of easterlies over thdidn
peninsula or over the Bay of Bengal. Over the sout
Arabian Sea the easterlies are slightly weaker HGG
experiment. Therefore, in the first half of the rsoon,
there is a strengthening of 100 hPa easterlies ther
southern part of Indian Seas in GHG experiment.

3.5. Simulated changes in monsoon rainfall

The projected changes in summer monsoon rainfall
pattern by the middle of 21century are presented in
Fig. 5. The model has simulated a decrease in naonso
rainfall (June-September) over the western partsdif.
Over the northeastern region the monsoon rairgdikely
to increase. Therefore, the northwestern and pelains
India which are prone to large interannual and
hintraseasonal variabilities of monsoon rainfall Ekely to

receive less precipitation by the middle of the @gndue

to increased greenhouse gas emission. On the lotmet

the northeastern region which is less prone to wams

rainfall variability is likely to receive more momsn

precipitation. An implication of these changes vibbk a

more frequent occurrence of entreme events of
s precipitation, especially over the northeasternidnand
Bangladesh. Over northwestern parts of India and
Pakistan the frequency of droughts may increasetdue
overall reduction in monsoon precipitation.

3.4. Frequency of monsoonal cyclonic disturbance

As mentioned earlier the monsoonal cyclogenesis
has been very much subdued over the north Indiaaroc
in recent decades inspite of increasing SSTs (Sigbla
and Singh and Sarker, 2003). It is an interesting
relationship that needed to be simulated in orddirmly As revealed by Fig. 5 over the west coast of India
establish the impact of increasing SSTs on the pamrs and central parts of the country the monsoon pitatipn
cyclogenesis. An attempt was made to identify all is likely to decrease by 1-2 mm/day which may resul
monsoonal cyclonic disturbances during the 20 yearmore frequent monsoon breaks. The increased rhinfal
period from 2041-60 by examining the daily disttibn over Bangladesh and the northeast India is also an
of SLP and 850 hPa winds in CTL and GHG experiments indication of more frequent monsoon breaks.
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