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Abstract  The influence of summer monsoon on tropical cyclone (TC) genesis over the Bay of Bengal (BoB) is explored using an 
empirical genesis potential (GP) index. The annual cycle of cyclogenesis frequency over the BoB shows an asymmetric bimodal 
pattern with the maximum genesis number appearing in late October and the second largest in early May. The two peaks correspond 
to the withdrawal and onset of the BoB summer monsoon, respectively. The semimonthly GP index calculated without TC days over 
the BoB is consistent with TC genesis frequency, indicating that the index captures the monsoon-induced changes in the environment 
that are responsible for the seasonal variation of TC genesis frequency. Of the four environmental variables (i.e., low-level vorticity, 
mid-level relative humidity, potential intensity, and vertical wind shear) that enter into the GP index, the potential intensity makes the 
largest contribution to the bimodal distribution, followed by vertical wind shear due to small wind speed during the summer monsoon 
onset and withdrawal. The difference in TC genesis frequency between autumn and late spring is mainly owing to the relative humid-
ity difference because a divergence (convergence) of horizontal moisture flux associated with cold dry northerlies (warm wet wester-
lies) dominates the BoB in late spring (autumn). 
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1 Introduction 

Tropical cyclones (TCs) are among the most destruc-
tive weather events that cause loss of lives and enormous 
property damage in affected regions. Thus, variations of 
TC activities have significant economic and social impact, 
especially in the regions with the growing afflicted popu-
lation (Pielke et al., 2003; Emanuel, 2005). Recent work 
also suggested that global tropical cyclone activities may 
have an obvious effect on driving the ocean’s thermocline 
circulation, which has an important influence on regional 
and global climate (Emanuel, 2001). 

On annual average, five to six systems attain the inten-
sity of a tropical storm with peak gusts of at least 35 
knots for a sustained period of 1 min or longer in the 
North Indian Ocean, including both the Bay of Bengal 
(BoB) and the Arabian Sea (Singh et al., 2001). However, 
BoB is a region more favorable for cyclogenesis. Despite 
its smaller area, the number of cyclones formed in BoB is 
about three to four times more than that in the Arabian 
Sea, and the Bay generates 5% of the world’s total TCs  
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(Ali, 1996; Hoarau et al., 2011). 
Although relatively fewer cyclones are generated in the 

northern Indian Ocean compared with other ocean basins 
across the world (Mc Bride, 1995; Lander and Guard, 
1998), the cyclonegenesis in this region is characterized 
by a unique bimodal distribution pattern (Gray, 1968; 
Camargo et al., 2007a, b; Kikuchi and Wang, 2010; 
Yanase et al., 2010; Hoarau et al., 2011). It is well known 
that TC activities in most of ocean basins are affected by 
some specific modes of natural climate variability 
(Camargo et al., 2010). Similarly in the BoB, the vari-
ability in large-scale monsoon circulation also tends to 
have significant effects on regional TC genesis frequency. 
Gray (1968) conducted a global observational study of 
atmospheric conditions associated with tropical distur-
bance and storm development in each of the world’s 
ocean basins. He identified that the North Indian Ocean 
tends to generate storms during the pre- and post-mon-
soon seasons when the monsoon trough swings across the 
BoB. He also noted that in the middle stage of the mon-
soon, TC development take place only at the very north-
ern fringe of the BoB. The depression of cyclogenesis in 
July and August should be attributed to the intense verti-
cal shear in the presence of strong easterlies in the upper 
troposphere (Yanase et al., 2012) and the seasonal dis-
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placement of the monsoon trough over the Indian subcon-
tinent (Krishna, 2009). Subbaramayya and Rao (1984) 
found out that the frequency of cyclonic disturbances 
peaks over the BoB in the monsoon season but more than 
80% of the disturbances are tropical depressions. How-
ever, the frequency of severe cyclonic storms that cause 
considerable damage to coastal areas reaches the maxi-
mum in the post-monsoon months.  

Previous studies focused on the characteristics of TC 
genesis frequency mostly in the North Indian Ocean 
rather than the BoB. Therefore, it is not known whether 
the TC genesis frequency over the BoB has the same bi-
modal pattern as that in the North Indian Ocean. This 
study will focus on investigating the TC genesis mecha-
nisms through the monsoon season, the possible linkages 
between the monsoon system and seasonal variations in 
regional cyclogenesis, and the most influential environ-
mental factor in determining seasonal variations of TC 
genesis frequency over the BoB.  

An empirically derived index, the Genesis Potential 
(GP) index, is used in this study. The GP index, devel-
oped by Emanuel and Nolan (2004), was refined from 
Gray’s (1979) TC genesis index. The index relates tropi-
cal cyclogenesis to several important predictors and 
avoids using parameters that might be specific to the pre-
sent climate, for instance, a specific threshold for sea sur-
face temperature (SST) as in Gray’s index, because such 
a SST threshold may limit the validity of Gray’s index 
under climate change (Royer et al., 1998). On the other 
hand, the GP index can be used for different climate sce-
narios and in understanding the influence of large-scale 
circulation on tropical cyclogenesis (e.g., Camargo et al., 
2007a; Camargo et al., 2009; Evan and Camargo, 2011). 
A detailed description of the GP index can be found in 
Camargo et al. (2007a).  

This paper is organized as below. Section 2 describes 
data and methods. Section 3 presents a comparison be-
tween TC genesis frequency and GP index to evaluate the 
local performance of the index over the BoB region. Sec-
tion 4 discusses the influence of the BoB monsoon system 
on the seasonal variations of the GP index by assessing 
the relative contribution of each predictor associated with 
the monsoon. Section 5 examines the differences of back-
ground conditions favorable to cyclogenesis before and 
after the monsoon season. Section 6 gives the conclu-
sions.  

2 Data and Methodology  

The GP index, as presented by Emanuel and Nolan 
(2004), is defined as 

( )
33

3/ 2 2pot5
shear10 1 0.1

50 70

VH
GP Vη −  = +  

   
,    (1) 

where η is the absolute vorticity (in s-1) at 850 hPa, H is 
the relative humidity at 700 hPa (in percent), Vpot is the 
potential intensity (in m s-1 ), and Vshear is the magnitude of 

the vertical wind shear between 850 hPa and 200 hPa (in 
m s-1). The potential intensity can be obtained from SST, 
sea level pressure, and vertical profiles of atmospheric 
temperature and humidity using a technique described by 
Emanuel (1995). More detailed information of potential 
intensity can be found in Bister and Emanuel (1998, 
2002a, b) and Camargo et al. (2007a, b). 

The reanalysis datasets from the National Centers for 
Environmental Prediction-National Center for Atmos-
pheric Research (NCEP-NCAR) Global Reanalysis 1 for 
the period 1979 −2008 and the SST data from the National 
Oceanic and Atmospheric Administration Optimum In-
terpolation Sea Surface Temperature V2 (NOAA OISST 
V2) for 1981−2008 are employed to calculate daily GP 
index fields. The GP data has a horizontal resolution of 
2.5˚. The BoB TCs in the Joint Typhoon Warning Center 
(JTWC) best-track dataset during the period of 1979 – 

2008 are analyzed. The dataset contains six-hourly TC 
positions and intensity (http://metocph.nmci.navy.mil/jtwc/ 

best_tracks/). JTWC best-track data for the BoB are likely 
to be of good quality after 1978, because the annual TC 
records in the datasets are consistent with the number of 
the observed tropical cyclones formed in the basin (Chu 
et al., 2002). Locations and times of TC genesis are de-
fined as the first reported position and time once a TC 
attains the strength of a tropical depression with the 
maximum 1-minite sustained surface wind of greater than 
34 knots.  

3 Climatology of TC Genesis Frequency 
and GP Index over the BoB 

3.1 Climatology of TC Genesis Frequency 

A BoB cyclone is defined as a storm whose best-track 
genesis occurs in a region between 80˚E and 100˚E, and 
2.5˚N and 22.5˚N. As shown in Fig.1, the blue bar repre-
sents the semimonthly number of TC genesis events over 
the BoB region (80˚E−100˚E and 2.5˚N−22.5˚N) from 
1979 to 2008. Semimonthly datasets are used here be-
cause the genesis frequency shows significant difference 
between the first half and the second half months such as 
April and December. A total of 103 TCs occurred during 
the last 30 years. The TC genesis over the BoB shows a 
semi-annual cycle with the peak occurrences in early May 
and late October. Although the BoB TC is characterized 
by a consistent bimodal distribution as in the North Indian 
Ocean (Gray, 1968; Camargo et al., 2007; Hoarau et al., 
2011), 41 TC events occur during early October to early 
November, which makes the second peak occurrence 
have twice as many TCs as the first one (late April to late 
May, total number: 20). It is also noted that the TC gene-
sis over the Arabian Sea has no such characteristics (Evan 
and Camargo, 2011). Therefore, the seasonal variability 
of the TC genesis frequency over the BoB demonstrates a 
unique asymmetric bimodal pattern. 

Gray (1968, 1975, 1979) revealed that tropical cyc-
logenesis is closely linked with regional large-scale con-
ditions. The BoB is one of the regions under the signifi-



XING et al. / J. Ocean Univ. China (Oceanic and Coastal Sea Research) 2013 12: 279-286 

 

281

cant influence of the Asian-Pacific summer monsoon 
system (Lin and Wang, 2002). Previous studies pointed 
out that the onset of the BoB summer monsoon starts 
around early May (e.g., Wu and Zhang, 1998; Wang and 
Lin, 2002; Mao and Wu, 2006) and withdraws in late Oc-
tober (Ahmed and Karmakar, 1993). Since the two gene-
sis peak periods correspond to the onset and withdrawal 
of the BoB summer monsoon, it is reasonable to assume 
that monsoon system may have important influence on 
the TC genesis. In addition, the onset and withdrawal 
processes of the BoB summer monsoon are quasi-anti-
symmetric. Further investigation is still needed to under-
stand what causes the larger number of TC events during 
the second peak occurrence.  

 
Fig.1 Seasonal cycle of the semimonthly number of TCs 
genesis over the BoB (blue bar) and area-averaged clima-
tological GP index (red line) during 1979−2008. 

3.2 Climatology of GP Index 

Fig.2 shows the monthly climatological means of the  

GP index in the Indian Ocean during 1979−2008. The 
spatial distribution of the GP index is generally in good 
correspondence with TC activities in the Indian Ocean. 
More specifically, the seasonal variability of the GP index 
over the BoB agrees well with the TC genesis frequency 
with a weak peak in late spring and a strong one in au-
tumn. For the Arabian Sea, the GP indexes are much 
smaller than those in the BoB, especially in June and Oc-
tober−November. The difference of the GP indexes be-
tween the Arabian Sea and BoB is consistent with that of 
TC genesis numbers as pointed out by Hoarau et al. 
(2011). Evan and Camargo (2011) analyzed the climatol-
ogy of cyclonic storms in the Arabian Sea and found that 
most of the Arabian Sea cyclones form in areas close to 
the western coast of the Indian subcontinent, which well 
correspond to the areas with the peak GP index in the 
Arabian Sea. In the south Indian Ocean, both the GP in-
dex and the number of TC events peak in the Decem-
ber−February season. According to the analysis on the 
three individual basins, TC genesis is likely to occur in 
the regions with high climatological values of GP index, 
but not in the low GP index regions in the mentioned In-
dian Ocean. 

It is argued that the correlation between the GP index 
and TC activities could be attributed to the influence of 
TCs on some specific factors during their life cycle. For 
instance, the values of vorticity and relative humidity in 
the middle troposphere may continue to increase through-
out the lifetime of a TC and subsequently lead to a larger 
GP index. Based on such consideration, by disregarding  

 

Fig.2 Monthly-mean GP index (color) and TC genesis locations (dot) over the Indian Ocean during 1979−2008. 
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the days when a TC exists over the BoB, semimonthly GP 
index values are calculated from the rest days only. 

The GP index values averaged over the BoB region 
(80˚E−100˚E and 2.5˚N−22.5˚N) are compared in Fig.1 
with the number of TCs. It can be seen that the seasonal 
variation of the averaged GP index corresponds to the TC 
numbers over the BoB, and still shows an asymmetric 
bimodal pattern even though the TC days are not consid-
ered in the calculations. The correlation coefficient be-
tween the number of genesis events and the semimonthly 
averaged GP index over the BoB is 0.934, which is statis-
tically significant at a 99% confidence level. This good 
correlation demonstrates that the GP index is a good in-
dicator of the seasonal variation of tropical cyclogenesis 
over the BoB. The background conditions are mostly fa-
vorable for the TC genesis in autumn and secondly in 
spring, which are associated with the withdrawal and on-
set of the monsoon system, respectively. 

4 Monsoon Effects on the Semi-Annual  
Cycle of the TC Events 

  In this section, the four variables that are comprised in 
the GP index are assessed for the monsoon influence on 
TC activities. However, due to the nonlinear relationships 
between the GP index and those variables, it is difficult to 
directly separate the relative contribution of each variable. 
So Eq. (1) was rewritten into a logarithmic linear form as 
shown in Eq. (2) 

pot53
lg( ) lg(10 ) 3lg( ) 3lg( )

2 50 70

VH
GP η= + + +  

[ ]shear2 lg(1 0.1 )V− + .               (2) 

  For simplification, the four components ( 53
lg(10 ),

2
η  

3lg( ),
50

H pot3lg( ),
70

V
 and shear[ 2 lg(1 0.1 )]V− + ) in Eq. (2) 

will be represented by A, B, C, D, respectively, in the 
following analysis. The logarithmic function of a variable 
is generally proportional to the variable itself. Take the 
GP index as an example, the correlation coefficient be-
tween the semimonthly averaged lg(GP), the GP index 
and TC number over the BoB is 0.949 and 0.871 respec-
tively, both being statistically significant at a 99% confi-
dence level. Thus, the seasonal cycle of lg(GP) can reflect 
the variation of the GP index and the frequency of TC 
genesis very well. Clearly, determining the contributions 
of A, B, C, D to the term lg(GP) in Eq. (2) is more 
straightforward than evaluating the relative importance of 
the four variables to the GP index in Eq. (1). 

The semimonthly averaged time series of each term in 
Eq. (2) are compared with the number of TC events in 
Fig.3. Terms C and D show an obvious bimodal distribu-
tion of seasonal variations. The correlation coefficients of 
these two terms with the number of TC events are 0.50 
and 0.46, respectively, and both exceed a 95% significant 
level. Potential intensity in term C has the largest contri-
bution to the increase of lg(GP) during late spring and 
autumn, whereas vertical wind shear in term D plays a 
relatively unimportant role as shown in Fig.3. 

The BoB is a region under the significant influence of 
monsoon and a key location for the Asian-Pacific summer 
monsoon (Lin and Wang, 2002). During the monsoon 
onset and withdrawal over the BoB, atmospheric changes 
occur. Among them, the most significant change is a wind 
direction shift in the low atmospheric level, which is con-
trolled by the thermal contrast between land and ocean. 
The dominant wind over the BoB undergoes twice 
changes from northeast (southwest) to southwest (north-
east) at 850 hPa (200 hPa) around early May and changes 
back in late October (Fig.4). Thus, the vertical wind shear 
between 850 hPa and 200 hPa is minimum during the 
monsoon onset and withdrawal, and maximum in the 
summer and winter monsoon seasons. In addition, the 
vertical wind shear in summer is much larger than that in 

 
Fig.3 Seasonal variations of semimonthly averages of each variable in Eq. (2) (line) and number of TCs genesis over the 
BoB region (gray bar). A, B, C, and D represent the four terms on the right side of Eq. (2) respectively. 
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Fig.4 Annual cycle of 3-day running mean horizontal 
winds at 850 hPa (solid line, unit: m s-1) and 200 hPa 
(dashed line, unit: m s-1). Red represents the zonal wind 
and blue the meridional wind. 

 
winter, which corresponds to the baroclinic structure re-
lated to the heat source over the Tibetan Plateau during 
boreal summer.  

Potential intensity, greatly affected by SST, has the 
largest contribution to the semi-annual cycle of the TC 
events. Fig.5 shows the monthly climatological potential 
intensity (shaded) and SST (contour) over the Indian 

Ocean. The spatial distributions of the two variables in-
dicate that potential intensity is well correlated with SST, 
which is in agreement with an empirical linear relation-
ship between SST and potential intensity of TCs over the 
BoB developed by Kotal et al. (2009). The potential   
intensity associated with SST increases during April−    
May and October−November, and decreases in boreal 
summer, which is correlated with different wind speed 
between two transition phases and the period of the 
southwesterly monsoon. Corresponding to the smaller 
surface wind speed, the surface heat fluxes, including the 
latent and sensible heat fluxes, will decrease in the two 
periods when TC frequency peaks occur. Strong south-
westerlies blowing at low-level over the BoB in boreal 
summer result in large amount of heat loss at the sea sur-
face and lower SST later in boreal summer. But the low 
SST in boreal winter is because of the lack of solar radia-
tion.   

Generally, the bimodal distribution of TC genesis events 
is due to potential intensity and vertical wind shear. The 
fundamental reason is the change of wind direction asso-
ciated with the onset and withdrawal of the summer 
monsoon over the BoB. The decreases of relative humid-
ity in winter and vorticity in summer play a minor role in 
the contributions to the seasonal variation because the 
correlation of the decreases with the TC genesis fre-
quency is rather low. 

 
Fig.5 Comparisons of monthly climatological mean potential intensity (color, unit: m s-1) and SST (contour, unit: ℃) in 
the Indian Ocean. 
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5 Monsoon Influence on Asymmetric 
Pattern of TC Events 

5.1 Factors Affecting Monsoon Impact 

  Though the onset and withdrawal of the BoB summer 
monsoon are quasi-antisymmetric and associated with the 
two peaks of TC genesis, twice as many TC events occur 
during the second peak period compared to those during 
the first one. To find out what environmental conditions 
are responsible for this phenomenon, the differential spa-
tial distributions of each term in Eq. (2) between early 
October−early November and late April−late May are 
examined (Fig.6). 

As shown in Fig.6e, the difference of lg(GP) is positive 
over the whole basin, which is consistent with a more 
frequent cyclogenesis during autumn than during spring. 
When comparing the pattern with those shown in Fig.6a– 

6d, only the spatial distribution of component B illustrates 
the uniformity over the BoB, which shows that the rela-
tive humidity at the mid-level troposphere is the main 
contributor to the asymmetric pattern. Fig.6c shows that 
component C has negative values in most of the BoB, 
indicating that the potential intensity is relative high in 
spring than in autumn over the BoB except for the north-
eastern coast of the Indian subcontinent. Compared with 
SST in autumn (Fig.5), the higher SST in spring might be 
due to solar radiation as the northern hemisphere receives 
more during April−June and less during October− De-
cember. Thus, the potential intensity acts against the for-
mation of the asymmetric pattern. Fig.6a (Fig.6d) also 
shows a change of component A (component D) from the 
negative (positive) in the northeast to the positive (nega-
tive) values in the southwestern part of the BoB, and the 
mean differences of vorticity and vertical wind shear be-
tween autumn and spring are small, which is in agreement 

 

Fig.6 Spatial distributions of the differences of terms (a) A, (b) B, (c) C, (d) D, and (e) lg(GP) in Eq. (2) between early 
October−early November and late April−late May. The red (blue) color indicates that values of the terms are larger 
(smaller) in early October−early November than those in late April−late May. 
 

with the results shown in Fig.3. 
The ratios of area-averaged differences between each 

term (A, B, C, and D) and lg(GP) are 27.71%, 173.64%, 
−78.64%, and −22.71%, respectively, and the calculations 
demonstrate that relative humidity is the major contribu-
tor to the difference in the TC genesis frequency between 
autumn and late spring. The effects of vorticity and verti-
cal wind shear are small and approximately cancel each 
other out, and the potential intensity plays a reversed role.       

Camargo et al. (2007a, 2009) and Chand and Walsh 
(2010) recalculated the GP index to assess the individual 

importance of the four variables. The same method is 
employed in this study and the modified GP index is cal-
culated using the annual mean climatology for three of 
the variables and the unmodified seasonal values for the 
fourth variable. The results obtained are consistent with 
those described in Sections 4 and 5. 

5.2 Monsoon Influence on Relative Humidity 

  Since the difference of relative humidity between au-
tumn and spring is important for the formation of the bi-
modal distribution of TC frequency, the following mois-
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ture conservation equation is employed for the analysis 
on relative humidity: 

( )
q uq vq q

S
t x y p

ω∂ ∂ ∂ ∂= − + − +
∂ ∂ ∂ ∂

. 

  The local time tendency of moisture (
q

t

∂
∂

) is influenced 

by the divergence of horizontal moisture flux (
uq vq

x y

∂ ∂+
∂ ∂

), 

the divergence of vertical moisture flux (
q

p

ω∂
∂

), and the 

source/sink of moisture (S). Fig.7 displays the area-av-
eraged divergence of horizontal moisture flux and the 
meridional wind over the BoB in a pressure-time domain. 
The positive (negative) values (shaded) indicate a diver-
gence (convergence) of moisture flux. During November 
to mid-March in the next year, the northerlies dominate at 
the low level over the BoB, and switch to the southerlies 
in late March owing to the summer monsoon onset, and a 
similar change occurs at the middle troposphere about 
three months later. At 750 hPa−650 hPa, the northerlies 
are persistent over the BoB during February−early June, 
and bring in cold and dry air, which results in the diver-
gence of horizontal moisture flux and the decrease of 
relative humidity for the period till mid-June. From mid- 

June to October appears an opposite process. The con-
vergence of horizontal moisture flux and the increase of 
the relative humidity occur due to the warm wet souther-
lies from the tropical Indian Ocean during this period. 
The difference of the convergence of vertical moisture 
flux between late spring and autumn is small and ne-
glected in the analysis. Therefore, the change of wind 
direction associated with the monsoon at the mid- tropo-
sphere is the most important contributor to the relative 
humidity difference between late spring and autumn, and 
eventually establishes the asymmetric pattern.   

 

Fig.7 Area-averaged convergence of horizontal moisture 
flux (color) and meridional wind over the BoB (solid line, 
unit: m s-1) in a pressure time domain. Green (dark yellow) 
color represents convergence (divergence) of horizontal 
moisture flux (unit: s-1). Blue (red) line indicates a south-
erly (northerly) wind. 

 

6 Conclusions 

  In this study the GP index is used to examine the 
modulation of the summer monsoon to the TC genesis 
frequency over the BoB. The ability of the GP index to 
reproduce the observed variations in TC activities is 
evaluated. A modified equation is also used to determine 
which individual physical factor comprised in the GP 
index is most important in causing the asymmetric bi-
modal distribution of TC events. 

The following are the main conclusions from this study: 
1) The seasonal variation of cyclogenesis over the BoB 

shows an asymmetric bimodal pattern. The maximum 
number of the TC genesis is in late October and the sec-
ond largest is in early May. The two periods correspond 
to the withdrawal and onset of the BoB summer monsoon, 
respectively, which indicates the important impact of the 
summer monsoon on the TC genesis. The GP index tracks 
the monsoon-induced semi-annual climatological cycle of 
the TC genesis over the BoB successfully, i.e., the clear 
suppression of the genesis during the summer and winter 
monsoon seasons.  

2) The two peaks of TC genesis events are mainly ow-
ing to the seasonal variations of potential intensity and 
vertical wind shear. Because the wind speed is minimal at 
lower levels and 200 hPa during the periods of the sum-
mer monsoon onset and withdrawal, the vertical wind 
shear is rather weak and the potential intensity associated 
with SST reaches the maximum. The decreases of relative 
humidity in winter and vorticity in summer also play a 
role in the two suppression seasons, although relatively 
insignificant.  
  3) Relative humidity at the mid-troposphere is the ma-
jor contributor to the asymmetric distribution of the TC 
genesis frequency between autumn and late spring. Since 
the change in the wind direction at 700 hPa is approxi-
mately three months later than at lower levels, the diver-
gence of horizontal moisture flux associated with the 
northerlies dominates over the BoB in February-early 
June, and results in a lower relative humidity in late 
spring. The period from mid-June to October experiences 
an opposite process. Hence the relative humidity in au-
tumn is much larger than that in late spring, leading to the 
difference of the TC genesis between the two peaks. 
While the potential intensity plays an opposite role in the 
TC genesis due to solar heating, the relative humidity 
shows the strongest contribution. Compared with poten-
tial intensity and relative humidity, the effects of vorticity 
and vertical wind shear are negligible.  
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