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lkj & bl 'kks/k i= esa HkweaMyh; tyok;q ifjorZu ds ifj.kkeLo:i caxky dh [kkM+h ¼ch- vks- ch-½ vkSj 

vjc lkxj ¼,- ,l-½ esa mRiUu gksus okys pØokrksa ds iSVuZ esa laHkkfor ifjorZuksa ds fu/kkZj.k ds fy, fd, x, 
izfr:ih ifj{k.kksa ds ifj.kkeksa dks izLrqr fd;k x;k gSA blds fy, daVkªsy ¼lh- Vh- ,y-½ ijh{k.k ds vUrxZr 
1990 ds Lrjksa ds vuqlkj ok;qeaMy esa xzhugkÅl xSl lkanz.k fuf’pr djus vkSj xzhu gkÅl xSl  ¼th- ,p- 
th-½ ijh{k.k esa 1990 ds vkxs ls 1 izfr’kr dh okf"kZd la;qDr o`f) dks crkus ds fy, mDr nks ijh{k.k fd, 
x,A o"kZ 2041 ls 2060 rd dh 20 o"kksa dh vof/k ds lh- Vh- ,y vkSj th- ,p- th- ijh{k.k fd, x,A blesa 
iz;qDr fun’kZ {ks=h; tyok;q fun’kZ gS ftlesa gSMys tyok;q iwokZuqeku vkSj vuqla/kku dsUnz fczVsu dk vkj- ,e- 
2 gSA 

 
bu ifj.kkeska ls mRrjh fgan egklkxj ¼ch- vks- -ch- vkSj ,- ,l-½ esa pØokr ds mRiUu gksus ds iSVuZ esa 

dqN egRoiw.kZ ifjorZuksa dk irk pyk gSA lcls vf/kd egRoiw.kZ laHkkfor ifjorZu caxky dh [kkMh esa ekulwu 
_rq ds ckn vkus okys rwQkuksa dh ckjEckjrk esa o`f) gksuk gSA bu iz;ksxksa ls ok;qeaMy esa c<h gqbZ xzhugkÅl  
xSl lkanz.k ds ifj.kkeLo:Ik 2041 ls 2060 rd ekulwu _rq ds ckn pØokr  ds mRiUu gksus esa yxHkx 50 
izfr’kr dh o`f) ds gksus dk irk pyk gSA twu & vxLr esa caxky dh [kkMh esa ekulwu  vonkcksa@ rwQkuksa 
dh vko`fRr de gksus dh laHkkouk gksrh gSA fofHkUu _rqvksa esa vko`fRr ds ?kVrs&c<+rs izHkkoksa ds dkj.k caxky 
dh [kkM+h esa pØokrh fo{kksaHkksa dh okf"kZd vko`fRr esa de ifjorZu gks ldrk gSA rFkkfi vjc lkxj esa fun’kZ ls 
vko`fRr esa egRoiw.kZ deh vkrh gS tks 2041 ls 2060 dh vof/k esa vk/kh gks ldrh gSA 

 
bu ifj.kkeksa ls ebZ&twu vkSj flrEcj & uoEcj esa rwQkuksa dh rhozrk dk irk pyrk gSA tqykbZ& vxLr 

esa ekulwu ds vonkc dh rhozrk esa deh gks ldrh gSSA 
 
th- ,p- th- iz;ksx  esa ekulwu ds ckn vkus okys vf/kdka’k rwQkuksa esa mRrjh vka/kz&mM+hlk ds rVksa ls 

Vdjkus dh izofRr gksrh gS tcfd lh- Vh- ,y- iz;ksx esa rfeyukMq ds rV ls nf{k.kh mM+hlk ds rVksa ls rwQkuksa 
ds Vdjkus dh izofRr gSA bl izdkj caxky dh [kkMh esa ekulwu _rq ds ckn vkus okys rwQkuksa dh rfeyukMq 
& vka/kz izns’k ds rV  ls mRrj dh vksj rFkk mRrjh vka/kz izns’k mM+hlk ds nf{k.kh rV ls mRrj dh vksj c<+us 
dh laHkkouk eq[; :Ik ls jgrh gSA rwQku ds iFkksa esa  ,d vU; egRoiw.kZ ifjorZu gS fd 2041 & 2060 rd 
caxky dh [kkMh esa ekulwu iwoZ rwQkuksa dh vf/kd la[;k ls mRrj vFkok mRrj iwoZ dh vksj iqu% okil vkus 
dh izofRr gks ldrh gSA 

 
ABSTRACT. The paper presents the results of simulation experiments conducted for the assessment of likely 

changes in the cyclogenesis pattern in the Bay of Bengal (BOB) and the Arabian Sea (AS) resulting from global climate 
change. Two experiments were performed, namely the ‘control’ (CTL) experiment in which the greenhouse gas 
concentration in the atmosphere was fixed as per 1990 levels and the ‘greenhouse gas’ (GHG) experiment in which an 
annual compound increase of 1% from 1990 onwards was introduced. CTL and GHG experiments of 20 years length 
were performed for the period 2041-2060. The model used is the regional climate model Had RM2 of the Hadley Centre 
of Climate Prediction and Research, U.K. 

 
 The results have brought out some significant changes in the cyclogenesis pattern in the North Indian Ocean (BOB 

and AS). The most significant likely change is the increase in the frequency of post-monsoon storms in the Bay of 
Bengal. The experiments show an increase of about 50% in the post-monsoonal cyclogenesis by 2041-2060 as a result of 
increased greenhouse gas concentrations in the atmosphere. The frequency of monsoon depressions / storms in the BOB 
is likely to decrease considerably during June-August. Due to varying impacts in different seasons, the annual frequency 
of cyclonic disturbances may change marginally in the BOB. In the Arabian Sea, however the model has simulated a 
significant reduction in the frequency which may be halved by the period 2041-2060. 
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The results show intensification of storms during May-June and September-November. The monsoon depressions  
during July-August are  likely to become less intense. 

 
In GHG experiment most of the post-monsoon storms have a tendency to strike north Andhra-Orissa coasts 

whereas in CTL experiment the storms strike coast from Tamilnadu to south Orissa. Thus, the focus of post-monsoon 
storms in the BOB is likely to shift northwards from Tamilnadu-Andhra Pradesh coast to north Andhra Pradesh-south 
Orissa coast. Another important simulated change in storm tracks is that more number of pre-monsoon storms in the BOB 
may have a tendency to recurve north or northeastwards by 2041-2060. 

 
Key-words ‒ Simulation, Climate model, Cyclonic disturbance, Storm track, Cyclogenesis, Greenhouse gas. 
 

 
1.  Introduction  
 

Proper assessment of regional impacts of global 
climate change resulting from anthropogenic emissions is 
necessary for preparedness programmes. According to 
recent estimates by 2040-2069 the increase in greenhouse 
gas concentrations in the atmosphere could result in an 
increase of about  1.5° C - 3.0° C in surface air 
temperature in south Asia during cyclone seasons (IPCC, 
2007). 
 

In recent decades, there have been some perceptible 
changes in the cyclogenesis pattern in the north Indian 
Ocean (Bay of Bengal and Arabian Sea). For instance, 
there has been a downtrend in the frequency of monsoon 
depressions and storms (Singh and Khan, 1999, Singh, 
2001; Patwardhan and Bhalme, 2001). On the other hand 
the frequency of severe cyclonic storms has shown an 
uptrend during the intense cyclonic period of the year, 
namely, May, October and November (Singh et al., 2001). 
Thus the impacts of atmospheric and oceanic warming on 
the cyclogenesis in the North Indian Ocean seem to vary 
from season to season (even from month to month). 
 

The main objective of present work is to simulate the 
characteristic features of north Indian Ocean cyclogenesis, 
i.e., the frequency, intensity and tracks of storms using the 
regional climate model, Had RM2. Earlier, the model has 
been used to simulate the characteristic features of Asian 
summer monsoon (Singh et al., 2006) and the rainfall and 
temperature scenarios over the Indian subcontinent 
(Bhaskaran et al., 1996; Bhaskaran and Mitchell, 1998; 
Rupakumar and Ashrit, 2001). 
 
2. Model and experiments 
 

Had RM2 is a second generation regional climate 
model of the Hadley Centre for Climate Prediction and 
Research, U.K. It is a high resolution climate model which 
covers a limited area of 5000 km × 5000 km. The 
horizontal resolution of the model is 0.44° × 0.44° i.e., 
about. 50 km × 50 km at the Equator with 19 hybrid 
vertical levels. The initial conditions to start the model are 
taken from the second generation coupled ocean-
atmosphere model Had CM2. The atmospheric component 

of Had RM2 is a hydrostatic primitive equation model 
with 19 hybrid vertical coordinate levels, lowest at about 
50 m and highest at 0.5 hPa (Cullen, 1993). The model 
equations are solved in spherical coordinates. The model 
needs a time step of 5 minutes to maintain the numerical 
stability (Jones et al., 1995). The radiation scheme 
includes seasonal and diurnal cycles of insolation, 
computing short-wave and long-wave fluxes that depend 
upon temperature, water vapour, O3, CO2 and clouds 
(Jones et al., 1995). 
 

The experiments, namely CTL and GHG of 20 years 
length each have been conducted for the period 2041-
2060. In CTL the greenhouse gas concentration is kept 
constant (at 1990 level) whereas in GHG an annual 
compound increase of 1% per annum has been introduced. 
The storms in the Bay of Bengal and the Arabian Sea have 
been identified in both the experiments separately. The 
criteria used for the identification of storms, in addition to 
the local minimum was: 
 
(i) Sea level pressure departure (SLP) < -5hPa, 
 
(ii) Maximum wind speed > 15m/s and 
 
(iii) Duration of storm at least 2 days. 
 

All cyclonic disturbances (storms) in the Bay of 
Bengal and the Arabian Sea during the 20 years period 
from 2041-2060 were identified in CTL and GHG 
experiments to assess the impacts of enhanced greenhouse 
gas emissions (and consequent warming) on the 
frequency, intensity and tracks of storms in the Bay of 
Bengal and the Arabian Sea. 
 
3. Results and discussion 
 

3.1. Simulated frequencies of cyclonic disturbances 
 

Monthly and seasonal frequencies of cyclonic 
disturbances as simulated by HadRM2 are presented in 
Tables 1 and 2. Before comparing the results for CTL and 
GHG experiments, it is necessary to assess the closeness 
of CTL frequencies with observed average frequencies         
as  CTL  represents  the  existing  climatic conditions. The  
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TABLE  1 
 

Simulated monthly frequency of cyclonic disturbances in the north Indian Ocean (Bay of Bengal and Arabian Sea) for 2041-2060 
 

 Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual 

CTL 0 0 0 1 17 19 31 28 24 26 18 10 176 

GHG 0 0 0 1 16 14 18 21 33 29 15 3 151 
 
 
 
 

TABLE  2 
 

Simulated seasonal frequency of cyclonic disturbances in the Bay of Bengal and Arabian Sea for 2041-2060 
 

Experiment Pre-monsoon Monsoon Post-monsoon Annual 

 Bay of Bengal Arabian Sea Bay of Bengal Arabian Sea Bay of Bengal Arabian Sea Bay of Bengal Arabian Sea 

CTL 11 7 74 28 21 23 113 63 

GHG 15 2 72 14 31 14 121 30 
 

 
 
 
 
model simulated highest number of cyclonic disturbances 
i.e., 5 per season during the monsoon which is very close 
to the long-term average frequency (4-5) of the monsoon 
depressions. However, in recent decades the frequency of 
monsoon depressions has gone down and therefore, the 
model-simulated frequencies, though close to the normal, 
do not reveal the observed downtrends. The frequency of 
cyclonic disturbances in the north Indian Ocean  during 
post-monsoon is about 2 per season in CTL experiment 
which is also close to the observations but the model 
seems to simulate higher/lower frequency in the Arabian 
Sea/ Bay of Bengal (Table 2). The simulated frequency 
during pre-monsoon is about 1 per season which is again 
close to the normal frequency. 
 

Thus the simulated seasonal and annual frequencies 
of cyclonic disturbances in the north Indian Ocean are 
close to the observed frequencies. However, the model 
seems to simulate higher than normal frequencies in the 
Arabian Sea. Significant differences in the simulated 
storm frequencies were observed in the Arabian Sea in 
GHG and CTL experiments. In GHG experiment, the 
annual frequency in the Arabian Sea decreased by 50% as 
compared to CTL i.e., from 3 storms every year (CTL) to 
3 storms every 2 years (GHG), which shows that the 
annual frequency of storms in the Arabian Sea is likely to 
decrease in coming decades. The simulated monthly 
frequencies show that the number of monsoonal cyclonic 
disturbances decreased considerably during June-Aug in 
GHG experiment. During September, however, the 
frequency increased. The frequency of pre and post-
monsoon storms increased in the Bay of Bengal in GHG 

experiment by about 25% and 50% respectively, showing 
an uptrend in the frequency of intense storms in the Bay of 
Bengal. 
 

The observed trends in the frequencies of monsoonal 
cyclonic disturbances and intense storms of pre and post-
monsoon seasons in recent decades also show similar 
pattern (Singh, 2001  and Singh et al., 2001). The model 
has simulated a total of 151 disturbances in the north 
Indian Ocean in GHG experiment as compared to 176 in 
CTL experiment during the 20 years period from 2041-
2060 which shows a slight reduction in the annual 
frequency. The observed trends in the annual frequency of 
cyclonic disturbances in the north Indian Ocean (Bay of 
Bengal & Arabian Sea) in recent decades also show a 
downtrend, though not significant (Singh & Khan, 1999). 
Thus the model-simulated seasonal and annual trends in 
the storm frequencies in GHG experiment are in good 
agreement with the observed trends in recent decades, 
though the magnitudes vary. For instance, the observed 
downtrend in the frequency of monsoon depressions is 
much more than the downtrend projected by Had RM2. 
Similarly, the uptrend in the frequency of post-monsoon 
storms of Bay of Bengal simulated by the model is steeper 
than the observed trends. 
 

3.2. Changes in the intensity of cyclonic 
disturbances 

 
In addition to the frequency, the intensity of      

storms is another important feature of cyclogenesis. Any 
change  in  the  average intensity of storms is linked to the  
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Fig.  1. Average maximum wind speed of cyclonic disturbances in CTL and GHG experiments 

 
 
 
 
intensification or weakening of the storms in coming 
decades. Keeping this in view, the average maximum 
wind speed associated with the cyclonic disturbances 
forming in each month was computed for CTL and GHG 
experiments and the results are presented in Fig. 1. It is 
interesting to note that June storms are likely to intensity 
significantly. Average maximum wind speed of June 
disturbances increased to 66 kts in GHG as compared to 
50 kts in CTL. Therefore, the number of intense storms is 
likely to increase during June, though the total number of 
disturbances may be reduced. This may be an indication 
of the extension of pre-monsoonal features in June. 
Similarly, the increase of average maximum wind speed 
of disturbances in GHG experiment during September-
November is indicative of early onset of post-monsoonal 
features implying the truncation of southwest monsoon 
season in coming decades (Bhaskaran and Mitchell, 
1998). As revealed by Fig. 1 the average intensity of 
monsoon depressions during July decreased in GHG as 
compared to CTL. The model simulated a reduction in the 
average intensity of cyclonic disturbances during 
December and April also. Thus the main features of 
intensity simulations is that the storms of intense cyclonic 
period May-June and September-November may intensity 

whereas the monsoon depressions of July-Aug may 
weaken in coming decades. 
 

3.3. Simulation of storm tracks 
 

The information on the track of movement of a storm 
is necessary to determine the landfall point on the coast 
and therefore, it is very important in disaster management. 
Any change in the normal tracks of north Indian Ocean 
storms in different seasons due to climate change may 
have far reaching consequences in the region, especially in 
the countries bordering the Bay of Bengal, namely India, 
Bangladesh, Myanmar and Sri Lanka. As Bay cyclones 
inflict heavy loss of life and property in the region, it is 
necessary to simulate the likely changes in their storm 
tracks resulting from the climate change due to 
anthropogenic activity. On an average about 5-6 storms 
form in the Bay of Bengal every year, of which about 2 
may reach to severe stage. Post-monsoon storms are most 
disastrous which have a tendency to strike Andhra 
Pradesh/Tamil Nadu coasts of India. Some of these storms 
may strike Sri Lanka coast. A few of them may recurve 
and hit Bangladesh and Myanmar coasts also. Pre-
monsoon  storms of  the Bay of Bengal have a tendency to  
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Figs. 2(a-d).  Pre-monsoon and post monsoon storm tracks as simulated by HadRM2 for the period 2041-2060 
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Figs. 3(a&b). Monsoon storm tracks as simulated by HadRM2 for the period 2041-2060 
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recurve north/northeastward and generally strike 
Orissa/West Bengal coasts. These observed features are 
well simulated by Had RM2 in CTL tracks Figs. 2(a-d). 
 

A few significant changes were found in the storm 
tracks for 2041-2060 simulated by the model in GHG 
experiment. Most important change is the northward shift 
of the affected zone during post-monsoon (OND). Most of 
the Bay storms strike Orissa/north Andhra Pradesh coasts 
in GHG and only few of them strike Tamil Nadu/south 
Andhra Pradesh coasts. During pre-monsoon (MAM) 
there is a tendency for more storms to recurve 
north/northeastward in GHG experiment as compared to 
CTL experiment. The significant reduction in the storm 
frequency in the Arabian Sea is clearly brought out by  
Figs. 2(a-d). An important change in the Arabian Sea 
storm tracks seems to be that more storms are likely to hit 
Maharashtra coast near Mumbai during pre-monsoon in 
GHG experiment which is not the case with CTL 
experiment. 
 

Figs. 3(a&b) depicts the simulated tracks during 
southwest monsoon (JJAS). The tracks of monsoon 
depressions generally remain along the monsoon trough 
zone in both the experiments. The significant difference, 
however seems to be in the length of tracks. In CTL more 
depressions seem to traverse central India and emerge into 
the Arabian Sea whereas in GHG most of the depression 
tracks get truncated in Maharashtra. 
 
4. Conclusions 
 

The simulation experiments have brought out the 
following results 
 
(i) The model has simulated an increase in the 
frequency of post-monsoon cyclonic disturbances in the 
Bay of Bengal by 50% by the period 2041-2060 as a result 
of increased greenhouse gas emissions in the atmosphere. 
 
(ii) In the Arabian Sea, the model has simulated a 
significant reduction in the annual frequency of cyclonic 
disturbances in coming decades. 
 
(iii) The simulation experiments have shown a reduction 
in the frequency of monsoon depressions in the Bay of 
Bengal during July-Aug. 
 
(iv) Due to varying impacts of increased anthropogenic 
emissions on the cyclogenesis in different seasons, the 
annual frequency of storms in the north Indian Ocean 
(Bay of Bengal and Arabian Sea) is not likely to change 
much. The model has simulated slight reduction in the 
annual frequency which is in agreement with the observed 
trends in recent decades. 

(v) The model has simulated the intensification of 
storms formed during May-June and September-
November and weakening of monsoon depressions during 
July-Aug. 
 
(vi) Most of the Bay of Bengal storms of post-monsoon 
season strike Orissa/north Andhra Pradesh coasts in the 
greenhouse gas experiment instead of Tamil Nadu/Andhra 
Pradesh coasts as observed in the control experiment. 
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