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Abstract The postmonsoon (October–November) tropical cyclone (TC) season in the Bay of Bengal
(BoB) has spawned many of the deadliest storms in recorded history. Here it is shown that the intensity
of major TCs (wind speed > 49 m s−1) in the postmonsoon BoB increased during 1981–2010. It is found
that changes in environmental parameters are responsible for the observed increases in TC intensity.
Increases in sea surface temperature and upper ocean heat content made the ocean more conducive to TC
intensification, while enhanced convective instability made the atmosphere more favorable for the growth
of TCs. The largest changes in the atmosphere and ocean occurred in the eastern BoB, where nearly all major
TCs form. These changes are part of positive linear trends, suggesting that the intensity of postmonsoon
BoB TCs may continue to increase in the future.

1. Introduction

The Bay of Bengal (BoB) is marginally conducive to tropical cyclone (TC) formation, with an average of
three to four storms annually [Alam et al., 2003]. Despite lower TC formation rates in the BoB compared
to the Atlantic and Pacific basins, a combination of factors, such as shallow bathymetry, low-lying and flat
coastal terrain, and high-population density of surrounding countries, often leads to devastating conse-
quences when TCs make landfall [Webster, 2008; Islam and Peterson, 2009; McPhaden et al., 2009; Lin et al.,
2009]. Since the BoB is a semienclosed basin, most of the TCs that form make landfall, giving BoB TCs a
disproportionately high societal importance relative to their small total number.

There are two primary TC seasons in the northern Indian Ocean: the premonsoon season during April–May
and the more active postmonsoon season during October–November [Girishkumar and Ravichandran,
2012]. This bimodal structure of the TC season in the northern Indian Ocean owes its existence to the strong
vertical wind shear during the summer monsoon months of June–September [Hoarau et al., 2012]. Eight of
the 13 strongest TCs in the BoB since 1970 formed during the postmonsoon period (October–November)
(http://www.imd.gov.in/section/nhac/dynamic/faq/FAQP.htm). More recently, cyclone Phailin made landfall
in India in October 2013, prompting the evacuation of 500,000 people. Along with a thermodynamically
unstable atmosphere and weak tropospheric vertical wind shear, favorable hydrographic conditions, such
as the formation of thick barrier layers that stably stratify the upper ocean, are the primary reasons for
enhanced TC activity during the postmonsoon season [McPhaden et al., 2009; Sengupta et al., 2008]. The
freshwater discharge from the Ganges, Brahmaputra, and Irrawaddy river systems cause the uniform den-
sity mixed layers to become shallower than the uniform temperature isothermal layers due to the salinity
effect, leading to the formation of salt-stratified barrier layers in the BoB [Sprintall and Tomczak, 1992]. Once
formed, the salinity stratification acts as a “barrier” to vertical mixing and entrainment cooling induced
by TCs, leading to an increase in enthalpy flux from the ocean into the atmosphere and, consequently, an
invigoration of TCs [Balaguru et al., 2012].

A few previous studies investigated the interannual variability of postmonsoon BoB TC activity, focusing on
climate phenomena such as El Niño Southern Oscillation [Girishkumar and Ravichandran, 2012; Ng and Chan,
2012], Indian Ocean Dipole [Singh, 2008; Girishkumar and Ravichandran, 2012], and the Madden-Julian Oscil-
lation [Kikuchi and Wang, 2010; Girishkumar and Ravichandran, 2012], and several studies examined changes
in TC activity in a warming world. Knutson and Tuleya [2004] showed consistent CO2-induced increases in
TC intensity in coupled climate models but considered only the Atlantic and Pacific basins. Emanuel [2005]
found significant increases in the power dissipated by TCs in the Atlantic and Pacific since 1970 but did not
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examine changes in the Indian Ocean. Webster et al. [2005] showed consistent increases in the number and
percentage of intense TCs across all basins since 1970. However, they grouped all North Indian Ocean storms
together so that changes in BoB cyclone intensity could not be discerned from those in the Arabian Sea.
Elsner et al. [2008] concluded that there has been an increase in the intensities of the strongest TCs, though
they did not address BoB cyclone activity specifically.

Analyses of TC trends in the BoB have been more limited. Singh et al. [2001] evaluated trends in postmon-
soon BoB TC activity for the 122 year period 1877–1998 and concluded that both TC frequency and intensity
increased in the month of November. However, the reasons for the observed trends were not identified, and
TC track data before the advent of satellites may not be reliable [Klotzbach, 2006]. In this study, we examine
changes in TC activity over the 30 year satellite period (1981–2010) and identify their possible causes. The
availability of various satellite and reanalysis data for this period also allows us to examine the evolution of
environmental parameters that are likely to influence TC development.

2. Data and Methods

Several different data sets are used in this study. TC track data for the 30 year period 1981–2010, obtained
from http://eaps4.mit.edu/faculty/Emanuel/ [Emanuel, 2005], are used to calculate the TC power dissipation
index (PDI) and the intensification tendencies. The PDI for a season and for a given TC strength category
(tropical storm, tropical cyclone, major tropical cyclone) is estimated as the sum of the cubes of the max-
imum wind speed at each 6-hourly TC location during the months of October–November, wherever the
maximum wind speed of the storm is within the range defined for that category [Emanuel, 2005]. The inten-
sification tendency for a storm at a location is estimated as the linear regression coefficient of the maximum
wind speed over the current and five subsequent 6-hourly snapshots [Lloyd and Vecchi, 2011].

Observed monthly mean sea surface temperature (SST) data, obtained from the UK Met Office Hadley
Center (http://www.metoffice.gov.uk/hadobs/hadisst/) [Rayner et al., 2003] for the period 1981–2010 and
from NOAA (http://www.esrl.noaa.gov/psd/data/) [Reynolds et al., 2002] for the period 1982–2010 are used
to evaluate changes and trends in SST. Here we define changes as the October–November 1996–2010
mean minus the October–November 1981–1995 mean. Monthly mean oceanic temperature data, obtained
from two different products for the period 1981–2010—Geophysical Fluid Dynamics Laboratory’s (GFDL’s)
ensemble coupled data assimilation v2.0 (www.gfdl.noaa.gov) [Chang et al., 2013] and European Centre for
Medium-Range Weather Forecasts’ (ECMWF’s) ocean reanalysis system 4 (www.ecmwf.int) [Balmaseda et al.,
2012]—are used to estimate changes and trends in the depth of the 23◦C isotherm (D23) (a proxy for ther-
mocline depth) and upper ocean heat content (OHC). The OHC is calculated as the temperature averaged
vertically from the surface to a depth of 100 m [Price, 2009]. This method was found to represent the upper
ocean energy available for extraction by a TC better than the traditional tropical cyclone heat potential
[Price, 2009]. Monthly mean sea surface height anomaly data for the period 1981–2010, obtained from
NOAA (http://www.esrl.noaa.gov/psd/data/) [Behringer and Xue, 2004], was used to compute changes in
dynamic sea surface topography.

National Centers for Environmental Prediction (NCEP)-Department of Energy (DOE) Reanalysis 2 [Kanamitsu
et al., 2002] monthly mean air temperature, relative humidity, and geopotential height data for the period
1981–2010, obtained from NOAA at http://www.esrl.noaa.gov/psd/data/, are used to calculate changes and
trends in moist static energy (MSE) and changes in equivalent potential temperature. The MSE is averaged
between the 700 and 925 hPa pressure levels. Corresponding ERA-INTERIM data [Dee et al., 2011] for the
same period are also obtained from ECMWF at http://data-portal.ecmwf.int/data/d/interim_moda/ to eval-
uate changes and trends in MSE. Finally, monthly mean NCEP and ERA-INTERIM 10 m surface wind data are
obtained to identify changes in surface circulation, to estimate the surface wind stress, and to calculate the
Ekman pumping velocity. For consistency, we focus on results that are based on NCEP atmospheric data
and GFDL oceanic data, since NCEP data are used to force the GFDL model. To test the robustness of our
results to the data sets used, we repeated the analyses using NOAA SST, ECMWF ocean and ERA-INTERIM
atmospheric reanalyses data (see Figures S1 and S2 in the supporting information) and found similar results,
suggesting that our conclusions are largely independent of the particular data set chosen (see section S1 in
the supporting information).

Following Yu [2003], the Ekman pumping velocity (W) is estimated as W = 1
𝜌 f

((∇× 𝜏)+ 𝛽𝜏x

f
). Here 𝜌 is the

mean sea water density, 𝜏 is the surface wind stress estimated from the 10 m surface wind data, 𝜏x is the
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Figure 1. (a) The locations and tracks of storms in the BoB for the period 1981–2010. The number of storms in each category is provided in the table overlaid.
The numbers outside the parentheses indicate storm count for the entire BoB, while the numbers inside the parentheses indicate number of storms that formed
to the east of 90◦E. (b) The ratio between PDI of storms while in major TC-phase (MTC) to the total PDI. The correlation of this ratio with time, indicated in the
figure, is statistically significant at the 95% level. (c) Histogram of the mean maximum wind speed during MTC-phase for each MTC. Values of maximum wind
speed averaged during MTC-phase for each MTC and over each 15 year period are shown. (d) The PDF of intensification tendencies for the two 15 year periods,
1996–2010 and 1981–1995, and the difference between them, with error bars indicated. For the 1981–1995 period, no bar is shown for the >6 category since
there were no storms with an intensification tendency of more than 6 m s−1 per 36 h.

zonal component of 𝜏 , f is the Coriolis parameter, and 𝛽 is the meridional gradient of f . We estimate the
mean probability distribution function of intensification tendencies and the associated error bars using the
Monte Carlo method of random sampling. To test the significance of a change in the storm frequency, we
use the statistical Bootstrap technique.

3. Results

The formation locations and numbers of postmonsoon BoB storms for the 30 year period 1981–2010 are
shown in Figure 1a and in the table overlaid, respectively. A total of 27 storms formed during the period
1981–1995 compared to 24 storms during 1996–2010. Thus, the two periods are statistically similar in terms
of the total storm frequency. During 1981–1995, eight storms achieved TC strength or higher out of a total of
27 storms, for a conversion rate of nearly 30%. On the other hand, 10 out of the 24 total storms attained TC
strength or higher between 1996 and 2010, resulting in a higher conversion rate of about 42%. An interest-
ing feature of the BoB TC formation is the zonal asymmetry. Only three out of the 18 TCs formed to the west
of 90◦E, while an overwhelming 15 TCs formed to the east of 90◦E. The difference is much starker for major
TCs (MTCs). All seven MTCs that occurred in the BoB formed east of the 90◦E longitude. This geographical
dependence of TCs can likely be attributed to the longer time spent over the warm ocean for storms that
form to the east of 90◦E [Girishkumar and Ravichandran, 2012].

Next, considering only the storms that formed to the east of 90◦E, six out of the 14 storms that formed
before 1995 achieved TC strength or higher, while nine out of the 12 storms that formed after 1995 attained
a strength of TC or higher, giving conversion rates of 42% and 75% before and after 1995, respectively.
Similarly, for MTCs the conversion rates are 14% (two out of 14) and 42% (five out of 12) before and after
1995, respectively. These numbers suggest a stronger tendency for storms to intensify during 1996–2010
compared to the period between 1981 and 1995. But are these changes in conversion rates significant?

Figure 1b shows the time series of the relative contribution of storms while in MTC-phase to the total TC
power, which is computed as the ratio between the PDI of storms while in MTC-phase to the total PDI.
It is seen that the fraction of power associated with MTC phase increased over the 30 year period and is
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Figure 2. (a) The change in SST based on Hadley SST data. (b) The change in OHC based on GFDL ocean assimilation
data. (c) The change in Ekman pumping velocity with changes in surface wind circulation overlaid. (d) The change
in thermocline depth (D23) based on GFDL ocean assimilation data. “Change” represents the October–November
1996–2010 mean minus the October–November 1981–1995 mean. All changes shown are statistically significant at the
95% level.

positively correlated with time at 0.40, a value significant at the 95% level. Since the PDI is a metric that com-
bines the storm frequency, duration and intensity into a single parameter that gives an indication of the
intensity of the TC season as a whole, changes in any of these parameters could impact the PDI. We noted
earlier that the frequency of storms during the two 15 year periods, 1981–1995 and 1996–2010, was statis-
tically identical. Further analysis reveals that the total storm days was nearly the same for the two periods.
Also, the mean duration spent by each MTC in MTC-phase during the 15 year period 1996–2010, despite an
increase, was statistically indifferent from that during the 15 year period 1981–1995 (see section S2 in the
supporting information for details).

Besides storm frequency and longevity, the other factor that can play an important role in its power dissi-
pation is the maximum intensity attained. Figure 1c shows the mean maximum intensity during MTC phase
for each of the 7 MTCs. It is seen that the mean maximum intensity sustained by storms during MTC phase
has been increasing with time. On average, the maximum wind speed of storms during MTC phase for the
period 1981–1995 was about 54 m s−1, which corresponds to category 3. On the other hand, the mean
maximum wind speed for storms during MTC phase for the period 1996–2010 was about 62 m s−1, which
corresponds to category 4. This difference satisfies the student’s t test for difference of means at the 95%
level. Hence, based on this evidence, the intensity of postmonsoon BoB storms has indeed been increasing.

To further elucidate the difference in storm intensities between the two 15 year periods, the intensification
tendency was calculated at each 6-hourly location and the probability density function (PDF) of intensifi-
cation tendencies was then generated for each 15 year period. Storm locations where the maximum wind
speed exceeded 49 m s−1 (major TC (MTC) strength) were excluded from our analysis since we are inter-
ested in intensification to MTC status. This data subsampling makes the wind speed distributions for the
two periods statistically similar, allowing us to make a meaningful comparison of the intensification tenden-
cies between the two periods. The PDFs of intensification tendencies for the two periods and the difference
between them, depicted in Figure 1d, show that the PDF for the years 1996–2010 is skewed to the right
compared to the PDF for the years 1981–1995. The mean intensification tendency for the period 1981–1995
was 0.49 m s−1 36 h−1, while the mean intensification tendency for the period 1996–2010 was 0.67 m s−1

36 h−1, indicating a 36% increase. This difference between the mean intensification tendencies is statistically
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Figure 3. The change in (a) moist static energy (MSE), (b) air temperature, and (c) specific humidity based on NCEP data,
each averaged between the 700 and 925 hPA levels. Changes shown are statistically significant at the 95% level. (d)
The change in vertical profile of the equivalent potential temperature, averaged over the region enclosed by the green
box shown in Figure 3a. Change represents the October–November 1996–2010 mean minus the October–November
1981–1995 mean.

significant at the 90% level, suggesting that the tendency for the storm to intensify rapidly was considerably
higher during the latter half of the 30 year period compared to the first half.

The above results lead to the following question: What are the immediate causes for the change in TC activ-
ity over the period 1981–2010? Or more simply, can we find corresponding environmental changes as
evidence to support the observed change in TC activity? To answer this question, we examine various envi-
ronmental parameters that play a key role in TC intensification, beginning with those from the ocean. The
changes in SST and OHC are shown in Figures 2a and 2b, respectively. Both parameters show increases, sug-
gesting that the ocean became increasingly favorable for TC intensification during the period. Though SST
increases almost everywhere south of 15◦N and along the coast of Myanmar, the maximum increase is found
in the eastern BoB. The strongest SST increase of about 0.3◦C occurs approximately in the region between
93◦E and 100◦E and between 10◦N and 17◦N. For OHC, the changes are located primarily in two regions.
The larger of the two is in the eastern BoB, between 90◦E and 95◦E and between 10◦N and the northern
boundary of BoB. The other region of OHC increase occurs along the east coast of India, stretching between
10◦N and 20◦N. In both regions, the maximum increases of about 0.8–1◦C occur at the latitude of 15◦N. The
OHC represents a combination of the warmth of the upper ocean and the depth to which the warm water
extends. SST provides a measure of the warmth of the upper ocean, while the depth of the warm water is
related to the thermocline depth (D23). Thus, along with changes in SST, thermocline depth variations also
influence OHC.

The D23 in the BoB is chiefly controlled by two mechanisms: local Ekman pumping induced by surface winds
and planetary waves generated by surface zonal winds in the equatorial Indian Ocean [Girishkumar et al.,
2013]. Considering the changes in surface winds over the BoB (Figure 2c), we find an anomalous anticyclonic
circulation feature in the northern Bay, centered near 90◦E and 15◦N. This circulation feature generated
Ekman downwelling in the region between 88◦E and 95◦E and to the north of 15◦N (Figure 2c) and may have
contributed to a deepening of D23 over that region during 1996–2010 relative to 1981–1995 (Figure 2d).
However, the anticyclonic circulation feature does not explain all of the D23 changes in the BoB. The other
notable feature of the change in surface circulation is the enhanced westerly winds in the equatorial Indian
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Figure 4. (a) Time series and trends in SST based on Hadley and NOAA data. (b) Time series and trends in OHC based
on GFDL and ECMWF ocean reanalyses data. (c) Time series and trends in MSE based on NCEP and ERA-INTERIM atmo-
spheric reanalyses data. The trend values and the area over which each time series was averaged are indicated. All trend
values are statistically significant at the 95% level except the MSE trend from ERA-INTERIM, which is significant at the
80% level.

Ocean. Westerly surface winds near the equator (Figure 2c) generate downwelling Kelvin Waves, which after
hitting the eastern boundary of Java/Sumatra propagate through the coastal wave guide along the entire
rim of the BoB as downwelling coastal Kelvin waves, deepening the thermocline along their path. While at
the eastern boundary of the BoB, the Kelvin Waves also radiate westward-propagating Rossby Waves that
carry the thermocline signal to the interior of the basin [Girishkumar et al., 2013; Sreenivas et al., 2012]. The
propagation of these waves is readily reflected in changes in dynamic sea surface topography (Figure S4).
Thus, the enhanced equatorial westerly winds may cause the D23 increase along the east coast of India and
reinforce the positive thermocline changes caused by anomalous Ekman pumping in the northeastern BoB.

The above analysis suggests that upper ocean changes in the BoB favored the intensification of TCs more
strongly during the second half of the 1981–2010 period. What about the atmosphere? Figure 3a shows the
change in the MSE in the lower level atmosphere. The MSE increased primarily in the southeastern BoB in a
broad region extending from 90◦E to 100◦E and between 8◦N and 15◦N. Since the MSE is a measure of atmo-
spheric instability, the change in MSE suggests that the lower level atmosphere became more convectively
unstable during the 15 year period 1996–2010 compared to 1981–1995. To further understand the change
in MSE, changes in air temperature and specific humidity were examined. The air temperature increased
almost everywhere to the north of 15◦N and near the eastern boundary of the BoB in the Andaman Sea
(Figure 3b). On the other hand, specific humidity increased over a small region between 90◦E and 95◦E
and between 10◦N and 12◦N (Figure 3c). Since the change in MSE is centered over the region of signifi-
cant increase in specific humidity, we conclude that the change in moisture likely dominated the change in
air temperature. Additional support for the role of the atmosphere is found in the difference between the
mean vertical profiles of the equivalent potential temperature for the two 15 year periods, averaged over
the eastern BoB (Figure 3d). The tilting of the profiles suggests an increase in the air-column instability. All
the oceanic and atmospheric changes reported above are statistically significant at the 95% level based on
a student’s t test for difference of means. (Changes in vertical wind shear, the other important atmospheric
factor that plays a role in TC development, are not statistically significant and hence are not reported.)
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4. Discussion

We showed that the intensity of MTCs increased in the BoB between 1981 and 2010. Our analysis of vari-
ous oceanic and atmospheric parameters indicates that the large-scale environment for TC intensification
became more favorable in the eastern BoB for the period 1996–2010 compared to 1981–1995. Since the
eastern BoB is where the majority of stronger storms form, it is not surprising that environmental changes in
this region would occur simultaneously with a significant increase in the intensity of BoB TCs.

Having established the potential causes for the recent increase in the intensity of postmonsoon BoB storms,
it is important to determine if the changes are part of longer-term trends or associated with decadal shifts
in the large-scale circulation. Figure 4 shows the time series of SST, OHC, and MSE averaged over the east-
ern BoB. There are noticeable positive linear trends in the various parameters over the 30 year period. The
trend values for SST and OHC are in excellent agreement among different data sets and are statistically sig-
nificant at the 95% level. For MSE, the trend from NCEP is considerably higher than that from ERA-INTERIM
and is significant at the 95% level, while the trend from ERA-INTERIM is significant at the 80% level. Thus, the
significant linear trends suggest that the large-scale environment in the eastern BoB may continue to favor
TC intensification and that the chance for formation of intense storms may continue to rise in the future.
However, the hypothesis that these 30 year trends are representative of long-term secular trends warrants
further investigation.

The main conclusions from our study are in general agreement with those from Elsner et al. [2008], who
show an upward trend in the formation of the strongest TCs in the northern Indian Ocean basin and relate it
to global warming-induced rising SSTs. The tropical Indian Ocean exhibits some of the highest SST warming
rates observed in the global oceans, and much of this trend can be attributed to anthropogenic climate
change [Knutson et al., 2006]. Even during the period of the so-called “hiatus” in global warming, the tropical
Indian Ocean SSTs continued to rise [Luo et al., 2012]. Since the low-level moisture and temperature in the
atmosphere are strongly dependent on the local SST [Bhat et al., 1996], changes in MSE in the eastern BoB
may be related to changes in SST over that region. However, a more careful analysis is required to discern
the exact relationship between them.

We showed that the largest increases in SST, OHC, and MSE occurred in the eastern BoB and that the
changes in OHC are broadly consistent with increases in SST and thermocline depth. The changes in ther-
mocline depth in turn appear to be related to changes in atmospheric circulation over the BoB and the
Northern Indian Ocean. However, the causes of the zonal asymmetry in SST and MSE changes are unclear,
as are the mechanisms responsible for the large-scale changes in surface winds. Future studies involving
detailed data analysis combined with numerical modeling may unravel the relative contributions of different
factors and their potential relationships.

Finally, since major climate phenomena such as the El Niño Southern Oscillation and the Indian Ocean
Dipole manifest most strongly during late boreal fall and early winter, they may also influence the post-
monsoon BoB TCs [Girishkumar and Ravichandran, 2012]. A better understanding of these phenomena may
shed more light on the potential role of natural climate variability in the evolution of the postmonsoon BoB
TC activity.
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