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1 Introduction

A tropical cyclone is a low-pressure system which forms 
over warm ocean surfaces and is characterized by strong 
winds and heavy precipitation. The tropical cyclones in 
the northern Indian Ocean (NIO) account for only 6–7% 
of the global total amount (Neumann 2017; Sahoo and 
Bhaskaran 2016), but the loss of life resulting from these 
tropical cyclones and their derived disasters ranks among 
the highest globally (Peduzzi et al. 2012). Compared to the 
Arabian Sea, the oceanic and atmospheric conditions in the 
Bay of Bengal (BoB) are more conducive to the formation 
of tropical cyclones (Deshpande et al. 2021; Mohapatra and 
Kumar 2017). This advantage, together with the westward 
propagation of disturbances in the western North Pacific 
Ocean, results in 2–4 times the number of tropical cyclones 
occurring in the BoB compared to the Arabian Sea (Duan 
et al. 2021; Wahiduzzaman and Yeasmin 2020). The South 
Asian summer monsoon has a strong influence on the tropi-
cal cyclones in the BoB, restraining their formation and 
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Abstract
Tropical cyclones have resulted in casualties and economic losses in the areas surrounding the Bay of Bengal (BoB). Thus, 
a comprehensive investigation of these tropical cyclones holds vital implications for disaster preparedness and mitigation. 
This paper compares the occurrence of storms in the last two decades, i.e., 2002–2011 and 2012–2021, and results reveal 
that such storms exhibited predominantly a northwesterly track towards the northwestern BoB, with a severer intensity but 
equal total storm frequencies. Over the past decade, a southeast-northwest pathway (SNP) was identified, demonstrating 
a higher incidence of severe tropical cyclones (STC, with lifetime maximum intensity ≥ 64 knots) over the BoB. Further 
analysis of the changes in the environmental conditions between these two decades indicates that a southeasterly anomaly 
in the steering flow contributed to the formation of the SNP. During the same period, the more favorable oceanic condi-
tions during the last decade, including higher sea surface temperatures, a greater upper ocean heat content, a thicker warm 
water layer, and a thicker barrier layer beneath the SNP, favored the development of these storms by providing more heat 
energy to the storms. The atmospheric conditions, including increased air-sea heat fluxes, moisture, and instability within 
the lower troposphere, as well as reduced vertical wind shear, facilitated the development of convection within these storm 
systems. These favorable conditions improved the potential for storm development into STCs and elevated the risk of the 
northwestern BoB being impacted by more destructive storms.
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development during the onset period through the combined 
effects of intense vertical wind shear and other atmospheric 
parameters (Duan et al. 2021; Li et al. 2013; Yanase et 
al. 2012). Consequently, the annual frequency of tropical 
cyclones in the BoB exhibits a distinctive bimodal pattern, 
with peaks occurring in the pre-monsoon (April–May) and 
post-monsoon (October–December) seasons, and the latter 
season exhibiting a higher peak due to seasonal variability 
of the relative humidity (Deshpande et al. 2021; Gray 1968; 
Li et al. 2013). Data compiled by the Emergency Events 
Database (EM-DAT) indicates that since 1952, tropical 
cyclones have affected 237 million people and caused eco-
nomic losses of US $76 million in the countries and regions 
around the BoB (Fig. 1). A comprehensive study of tropical 
cyclones holds vital implications for disaster preparedness 
and mitigation in the vicinity of the BoB.

In the context of global warming, tropical cyclones over 
some basins have exhibited some similar trends. Previous 
studies have reported a decreasing frequency over the West-
ern North Pacific Ocean and the Southern Indian Ocean, 
as well as an increasing frequency over the North Atlantic 
Ocean and central Pacific Ocean (Hsu et al. 2014; Liu and 
Chan 2013; Murakami et al. 2020). In most basins, tropi-
cal cyclones have intensified in recent decades, and their 
occurrence and propagation have exhibited ongoing pole-
ward migration (Emanuel and Nolan 2004; Kim et al. 2020; 
Kossin et al. 2013, 2014; Shan and Yu 2021; Sun et al. 
2017). The data inconsistency caused by changes in long-
term measurement practices leads to uncertainty regarding 
how the translation speed of global tropical cyclones has 
changed (Chan 2019; Kossin 2018).

Regarding tropical cyclones over the BoB, Balaguru et 
al. (2014) investigated the storm seasons from 1981 to 2010 
and determined that the ocean and atmospheric conditions 
became more favorable for the growth of tropical cyclones 
in the post-monsoon season, which led to intensification of 
the tropical cyclones. Deshpande et al. (2021) conducted a 
comparative analysis of NIO cyclones between the late 20th 
century and the early 21st century. They found that there 
was an 8% decrease in the frequency of relatively weak 
cyclones, and the duration of the tropical cyclones over the 
BoB in November exhibited a decreasing trend. However, 
the genesis location and accumulated cyclone energy (ACE) 
did not exhibit specific changes. Sun et al. (2021) examined 
the relationship between the translation speed and intensity 
in the BoB, revealing a higher decrease in the translation 
speed for intense cyclones compared to weaker ones.

Under the current scenario of climate change, the coun-
tries along the northwestern coast and the mouth of the BoB 
are experiencing more frequent storm landfall and precipita-
tion events (Kabir et al. 2022; Shrivastav et al. 2022; Yuan 
and Cao 2013). However, the reason for this shift in storm 

activities remains unclear. Previous studies have indicated 
that the initial depressions of storms tend to form over 
warm sea surfaces with positive vorticity anomalies and 
their motion is driven by the large-scale steering flow (Gray 
1979; Krishnamohan et al. 2012; Wu and Wang 2004). In 
addition, storms obtain energy and moisture from favorable 
ocean and atmospheric conditions to develop cloud systems 
and strengthen wind fields. The migration of storm tracks 
is primarily attributed to changes in the genesis location 
and large-scale circulation patterns, while the storm inten-
sity is dominated by the oceanic and atmospheric environ-
ments. The goals of this study were to address the following 
questions: Have the environmental conditions in the BoB 
changed? What is the relationship between the changes and 
the increasingly frequent storm events in the northwestern 
BoB?

The remainder of this paper is organized as follows. The 
datasets and methods are described in Sect. 2. Section 3 
presents analyses of the changes in the characteristics of 
tropical cyclones in the BoB over the past 20 years, affirm-
ing the findings of previous research. In Sect. 4, we discuss 
the factors influencing storm activities and related mecha-
nisms. A summary and discussion are presented in Sect. 5.

2 Data and methodology

2.1 Data

The storm data for the BoB were obtained from the Joint 
Typhoon Warning Center (JTWC) dataset developed by the 
International Best Track Archive for Climate Stewardship 
(IBTrACS, Version 4). This dataset includes the location, 
time, maximum of the 1 min averaged sustained wind speed, 
minimum central pressure, and wind radii at each observa-
tion time. The observations were conducted at intervals of 3 
to 6 h (Knapp et al. 2010, 2018). The storms that occurred 
in the BoB (75–100°E, 0–25°N, the area indicated by the 
magenta rectangular box in Fig. 1, from 2002 to 2021 that 
had a maximum sustained wind speed (MSW) of 34 kt or 
greater for more than 12 h were considered in the analysis. 
A total of 60 storm events were obtained. The formation 
time of the storms used in this study was defined as the time 
when the storm reached 34 kt. For statistical convenience, 
we classified the 60 storms, based on their lifetime maxi-
mum intensities (LMI), as tropical cyclones (TCs, LMI ≤ 63 
kt) and severe tropical cyclones (STCs, LMI ≥ 64 kt). Since 
the storms that occurred during April–May and October–
December accounted for 93% of these 60 storms, these 
months were defined as the cyclogenesis season.

The sea surface temperature (SST) data were obtained 
from the Remote Sensing Systems (RSS) and were 
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optimally interpolated using high-resolution satellite micro-
wave imager (MW) and infrared radiometer (IR) observa-
tions (Wentz et al. 2015). This daily product is available 
from June 2002 to the present with a 9 km × 9 km spatial 
resolution.

The ocean elements data were derived from the Global 
Ocean Argo gridded dataset (BOA_Argo, Version 2020), 
including the global monthly mean temperature, salinity, 
mixed layer depth, and isothermal layer depth. This product 
covers the period from 2004 to 2022, with a spatial resolu-
tion of 1° × 1° in the horizontal direction and 58 levels in 
the vertical direction from the surface to 1975 dbar (Li et 
al. 2017).

The atmospheric elements data were obtained from 
National Centers for Atmospheric Prediction/National Cen-
ter for Atmospheric Research (NCEP/NCAR) Reanalysis 1 
Project (Kalnay et al. 1996), and these data were derived 
from a combination of observations and model simulations. 
Data are available from 1945 to the present with a spatial 
resolution of 2.5° × 2.5° in the horizontal direction and 17 
levels in the vertical direction. In this study, the monthly 
mean wind, specific humidity (SH), 500 hPa geopotential 
height (H500), and air temperature data were used. All of the 
data used in this study were from 2002 to 2021.

2.2 Methods

To quantify the spatial changes in the storm frequencies over 
the BoB, the basin is divided into four quadrants (henceforth 
Q1 to Q4) that intersected at 89°E, 12.5°N (Fig. 2c). In this 

study, ACE is defined as the sum of kinetic energy of storms 
within the same spatial quadrant, computed using square of 
MSW of storms in each quadrant. The calculation is based 
on Camargo and Sobel (2005):

ACE = 10−4
∑

V 2,  (1)

where V is the MSW of each storm.
The steering flow is calculated as the average wind field 

from 850 to 300 hPa (Sun et al. 2019; Wu and Wang 2004).
As reported by Leipper and Volgenau (1972), 26 °C is 

seen as the temperature below which storms do not form 
and the mean tropical atmospheric temperature during storm 
season. Therefore, the depth of the 26 °C isotherm (D26) 
and the upper ocean heat content (UOHC) are commonly 
used to measure the thermal structure of the upper ocean 
associated with storms (Deshpande et al. 2021; Kashem et 
al. 2019; Leipper and Volgenau 1972). D26 is expressed as 
the depth at which the interpolated Argo sea temperature 
data are the closest to 26 °C. The UOHC is calculated using 
the vertical integral of the sea temperature values above 
26 °C via previously developed methods as follows (Chih 
and Wu 2020; Kashem et al. 2019; Leipper and Volgenau 
1972):

UOHC(x,y) = ρCp

∫ D26

z=0
(T(x,y,z) − 26)dz, (2)

Fig. 1 The BoB Basin and its 
bordering countries. The magenta 
rectangular box indicates the 
actual study area where storms 
were tracked. The colors in the 
body of water represent the water 
depth. The Etopo2 data were pro-
vided by the National Geophysi-
cal Data Center (2006)
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where the specific heat capacity of dry air at constant pres-
sure is Cp= 1.005 kJ kg− 1 K− 1, the latent heat of condensa-
tion is Lv= 2256 kJ kg− 1, T is the air temperature, and q is 
the SH. In this study, MSE is defined as the average value 
between the 700 hPa and 925 hPa pressure levels.

3 Observed changes in storm characteristics

Figure 2a–b display the storm occurrence in the BoB Basin 
during 2002–2011 and 2012–2021, respectively, and the 
changes in the storm frequencies are compared in Fig. 2c. 
The results show a lack of storm movement in a north-
westerly direction and the occurrence of few storms, espe-
cially in the region near 82°E, 15°N during the first decade 
(Fig. 2a). Most of the storms, including three super cyclone 
storms (SuCS, LMI ≥ 120 kt in the NIO classification) pref-
erentially moved westward or north-northeastward, making 
landfall over southeastern India, Bangladesh, and Myanmar 
coast (Fig. 1a). During the second decade, a distinct increase 
was observed in the northwestward moving storms, and 
consequently, the storm occurrence frequency was higher 
in the northwestern BoB (Fig. 2c). It should be noted that 
more storms reached the level of very severe cyclone storms 
(VSCS, 64–119 kt) or higher intensity in the second decade 
(Fig. 2b). In this paper, the spatial distribution of the quan-
tity of storm centers on a 0.5° × 0.5° grid is calculated dur-
ing each decade, and the difference between the two decades 
is shown as Fig. 2c. The results illustrate that more storm 
centers occurred in Q2 and fewer occurred in Q1 and Q3, 

where the density of sea water is set as ρ = 1026 kg m− 3, 
and the heat capacity at a constant pressure is Cp= 4178 J 
kg− 1 °C− 1. The integration is performed from z = 0 to D26, 
and T(x,y,z)  represents the sea temperature at a horizontal 
location (x, y) and depth z.

In the BOA_Argo dataset, the isothermal layer depth 
(D1) and isopycnal layer depth (D2) are calculated using 
the maximum angle method. In a certain grid, D1 > D2 indi-
cates the presence of the barrier layer. The barrier layer 
thickness (BLT) is calculated as BLT = D1 − D2, and the 
mixed layer depth (MLD) is defined as MLD = D2. Con-
versely, if D1 < D2, the compensated layer (CL) is present. 
The compensated layer thickness (CLT) is computed as 
CLT = D2 − D1, and MLD = D1.

The vertical wind shear (VWS) is calculated as the dif-
ference in the wind speed between the 850 hPa and 200 hPa 
levels using the method of (Deshpande et al. 2021):

V WS =
√

(u200 − u850)
2 + (v200 − v850)

2, (3)

where u200
 and u850

 are the zonal wind speeds at the 200 hPa 
and 850 hPa pressure levels, respectively. Similarly, v200

 
and v850

 are the meridional wind speeds at the 200 hPa and 
850 hPa pressure levels.

The moist static energy (MSE) is used to represent the 
sum of the internal energy, potential energy, and latent heat 
in moist air. The calculation formula is as follows (Balaguru 
et al. 2014; Deshpande et al. 2021):

MSE = CpT + gz + Lvq,  (4)

Fig. 2 Storm occurrence over the BoB during a) 2002–2011 and b) 2012–2021. c) Difference in quantity of storm center distribution on 0.5° × 
0.5° grids. The BoB was divided into four quadrants with an intersection at 89°E, 12.5°N. D, DD, CS, SCS, VSCS, SuCS are abbreviations for 
traditional tropical cyclone classifications in the NIO. They respectively refer to depression (1–27 kt), deep depression (28–33 kt), cyclone storm 
(34–47 kt), severe cyclone storm (48–63 kt), very severe cyclone storm (64–119 kt), and super cyclone storm (≥ 120 kt). The dotted areas pass the 
significance test at 90% confidence level
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98 kt, and the annual LMI increased at a rate of 1.73 ± 1.37 
kt per year (Fig. 3c). The increase in LMIs constituted a 
greater threat to the BoB.

On average, the storms in the BoB moved in a north-
westward direction (Fig. 4). However, the storms during the 
first decade moved towards the north-northwest, whereas 
the direction of those during the latter decade significantly 
diverted westward compared to those during the former 
decade. Moreover, the diversion degree of the STCs was 
larger than that of the TCs, suggesting the existence of the 
SNP.

Figure 5 shows the time series of the storm frequency, 
duration, and translation speed. As can be seen in Fig. 5a–c, 
a total of 21 TCs and nine STCs were observed in the first 
decade compared to 16 TCs and 14 STCs in the second 
decade. The frequencies of the TCs and STCs decreased by 

and a southeast-northwest pathway (SNP), which was nar-
row in Q4 and wide in Q2, developed (Fig. 2c).

Figure 3 displays the time series, average values and 
trends of the spatial positions, as well as the LMIs, of 
the storms with the strongest intensity each year. Dur-
ing 2002 − 2011, storms achieved their LMIs at an aver-
age longitude of 88.9°E, while in the subsequent decade, 
the average longitude was 86.3°E, shifting westward by 
2.6° (Fig. 3a). The reduction in longitudes at which storms 
achieved their LMIs was approximately − 0.15 ± 0.16° per 
year. During the same period, the average latitude migrated 
northward by 0.6°, from 16.5°N to 17.1°N (Fig. 3b). The 
latitudes at which storms achieved their LMIs increased by 
approximately 0.1 ± 0.15° per year. These results indicate 
a northwestward migration of storm LMIs. Over the two 
decades, the decadal mean LMI increased from 90.5 kt to 

Fig. 4 Comparisons of the mean translation direction (unit: °) of a all of the storms, b) TCs, and c) STCs between each decade. The solid and 
dashed lines represent the averages of the 2002–2011 and 2012–2021 periods, respectively. Asterisks after the ordinals represent that the changes 
in the variables pass the significance test at 95% confidence level

 

Fig. 3 Time series (blue lines), decadal averages (gray lines, solid and dashed lines represent the 2002–2011 and 2012–2021 periods, respectively), 
and linear fitting results (red lines and equations) with 95% two-sided bounds (shaded areas) of a) longitudes, b) latitudes, and c) LMIs of the 
strongest storms in each year. Asterisks after the ordinals represent that the trends pass the significance test at 95% confidence level
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Figure 6 and Table 1 show the time series and decadal 
averages of the ACE of the storm centers in the four quad-
rants. It can be seen that the storm centers were mainly active 
in Q1, Q2, and Q3. Notable changes occurred between Q1 
and Q2, in which the main contributor to the ACE was STCs. 
In the first decade, Q1 had a high frequency and intensity 
of STC centers, while Q2 mostly contained TC centers. 
In the second decade, the STC centers shifted from Q1 to 
Q2, leading to a significant increase in the ACE in Q2. The 
enhanced ACE in Q2 was also derived from Q3. The ACE in 
Q3 was mainly generated by TC centers. They migrated to 
Q2 during 2012–2011, but their original quantity and inten-
sity were not sufficient to account for the entire increase in 
the ACE, suggesting that they transformed into more intense 
STC centers. In the later years of the second decade, there 
was an increase in the occurrence of STC centers in Q3, but 
their energy was not high enough to significantly influence 
the local ACE. In Q4, the frequency of TC centers remained 
relatively stable over the two periods, while the STC cen-
ters were minimal and had a lower intensity in the second 
decade, contributing to the overall decreasing trend of the 
ACE. The statistical results indicate that Q2 gained storm 
centers that migrated and transformed from Q1 and Q3 in 
the second decade, leading to a significant increase in its 
ACE. Based on the above results, the storms in the BoB 
did indeed become more intense and shifted northwestward.

23.8% and increased by 55.6%, respectively. STCs occurred 
more frequently. In terms of the total storm duration, the 
second decade experienced an appreciable increase, espe-
cially in the STC duration, suggesting a longer storm activ-
ity period. The duration increased from 3126 h (including 
2217 h attributed to TCs and 909 h attributed to STCs) in the 
first decade to 3297 h (TCs accounting for 1476 h and STCs 
accounting for 1821 h) in the second decade. Since the total 
duration may be influenced by the storm frequency, the mean 
duration for a single storm was calculated (Fig. 5d–f). The 
decadal averages of the TCs and STCs were relatively simi-
lar during 2002–2011. Then they insignificantly decreased 
by 5.5% and increased by 16.7%, respectively, during 
2012–2021, and the average duration of the STCs became 
longer than that of the TCs. The translation speed of a storm 
affects its duration. As displayed in Fig. 5g, the average 
translation speed of storms exhibits insignificant decrease 
during the two decades. For TCs, they moved at an average 
speed of 14.2 km/h during 2002–2011 and 13.3 km/h during 
2012–2021, which slowed down by 0.9 km/h in the latter 
decade (Fig. 5h). For STCs, their average translation speed 
declined by 0.3 km/h, from 13.7 km/h during 2002–2011 
to 13.4 km/h during 2012–2021 (Fig. 5i). The slower speed 
prolonged their duration on the sea, allowing them to gather 
more energy and ultimately achieve higher LMIs.

Fig. 5 Time series of the a–c) 
frequency, d–f) mean duration 
before landfall of each storm, 
and g–i) mean translation speed 
of all storms, TCs, and STCs in 
each year. The solid and dashed 
lines denote the averages for 
the 2002–2011 and 2012–2021 
periods, respectively
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two decades. As shown in Fig. 7, in the first decade, the 
storm genesis locations were dense in Q4 and sparse in 
the other quadrants; while in the second decade, westward 
and northward migration of the storm genesis locations in 
Q4 occurred, which may have led to the translation of the 
storm tracks. Additionally, during the cyclogenesis season, 
easterlies prevailed in the equatorial region and the prevail-
ing winds shifted to westerly north of 15°N. Of particular 
interest is that the equatorial westerlies strengthened and a 
cyclonic circulation anomaly (CCA) appeared in Q3, while 
an anticyclonic circulation anomaly (ACA) appeared in Q1 

4 Mechanism analysis

4.1 Storm track transition

The tracks of storms depend on their genesis locations and 
the large-scale steering flow, which is usually represented 
by the average wind field between the 850 hPa and 300 hPa 
levels in the atmosphere (Wu and Wang 2004). To analyze 
the concrete reasons for the storm translation changes, we 
investigated the storm genesis locations, decadal average 
steering flow, and 500 hPa geopotential height during the 

Table 1 Decadal averages of ACEs (unit: kt2) of storm centers in each quadrant
All TC STC

Quadrant 2002–2011 2012–2021 2002–2011 2012–2021 2002–2011 2012–2021
1 8.4 3.4 1.03 1.97 7.37 1.44
2 4.98 19.45 3.79 3.93 1.19 15.53
3 5.47 4.23 4.48 3.05 0.99 1.18
4 1.46 1.27 0.69 0.97 0.77 0.3

Fig. 6 Time series of ACE (unit: 
kt2) of storm centers in a–c) 
Q1, d–f) Q2, g–i) Q3, and j–l) 
Q4 in the BoB Basin. TC and 
STC denote storm centers with 
intensities of 34–63 kt and ≥ 64 
kt, respectively. The solid and 
dashed lines denote the averages 
of the 2002–2011 and 2012–2021 
periods, respectively. Asterisks 
after the ordinals represent that 
the changes in the variables pass 
the significance test. Among 
them, the changes in All ACE 
and STC ACE in Q2 reached 
the 95% significance level, and 
the changes in TC ACE in Q1 
reached the 90% significance 
level
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Fig. 7 Genesis location of storms (circles), decadal average steering flow (unit: m/s; vectors) and 500 hPa geopotential height (unit: gpm; color) 
in cyclogenesis season during a) 2002–2011 and b) 2012–2021. The blue lines indicate the 5880 gpm lines. c) Changes in geopotential height and 
steering flow between the two decades. A and C denote anticyclonic and cyclonic circulation anomalies, respectively. The dotted areas represent 
the geopotential height anomalies exceed the 95% significance level, and thick vectors represent steering flow whose zonal and meridional com-
ponents exceed the 90% significance level
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consideration. Figure 8 shows the monthly PDO index for 
the two decades provided by the Tokyo Climate Center 
(2023). During 2002–2005, the PDO was in a relatively 
weak positive (warm) phase, which was followed by a nega-
tive (cool) phase from 2006 to 2013 (with a short interrup-
tion during the moderate El Niño event during 2009–2010). 
Then, the PDO changed to a positive (warm) phase in 2014 
and remained in this phase until 2020. The phase change 
of the PDO in the first decade kept the Indian Ocean rela-
tively cool; therefore, the steering flow affected by H500 did 
not favor the northwestward translation of storms (Fig. 7a). 
In the second decade, the second phase change of the PDO 
induced warming of the Indian Ocean and subsequently 
the westward extension of the WPSH, resulting in higher 
H500 over the eastern Indian Ocean–western North Pacific 
Ocean (Fig. 7b). The ACA formed in the area with higher 
geopotential heights, and a southeast anomaly formed on 
the outside of the ACA (Fig. 7c). Overall, the asymmetrical 
increasing pattern of H500 modulated by the negative-to-
positive phase change of the PDO during the second decade 
contributed to the formation of the southeast anomaly in the 
large-scale steering flow.

4.2 Storm intensity

Both environmental oceanic and atmospheric conditions 
play important roles in the development of storms (Balag-
uru et al. 2014; Deshpande et al. 2021; Sun et al. 2022). 
Therefore, the changes in oceanic environments, including 
the SST, D26, UOHC, and BLT, and in atmospheric envi-
ronments, including the air-sea heat fluxes, SH, VWS, and 
MSE, and their effects on storm development are analyzed 
in this section.

in the second decade (Fig. 7c). The CCA and ACA facili-
tated and suppressed the formation of the storms in their 
respective regions of influence to some extent. The pres-
ence of the CCA and ACA also induced a southeast anomaly 
across them both, which played a considerable role in the 
formation of the SNP. Around the CCA, the newly gener-
ated storms could be pushed northward by the enhanced 
southerlies in front of the CCA, and then, they entered the 
SNP. Similarly, the enhanced easterlies at the bottom of the 
ACA could push the storms formed in the northern BoB 
into the SNP. Along the SNP, the storms were more likely 
to move towards the northwestern coast of the BoB with 
the help of the strengthened southeast anomaly, resulting in 
the increase in tropical cyclone impacts on the northwestern 
BoB over the second decade.

Previous studies have revealed that global warming has 
a significant lifting effect on geopotential height (Dong et 
al. 2023; Yang et al. 2022; Zhang et al. 2021). As shown in 
Fig. 7, above the BoB H500 increased during 2012–2021, 
and it increased more in Q1 and less in Q3. This asymmetri-
cal distribution resulted from the westward intensification 
of the western Pacific subtropical high (WPSH), which is 
expressed by the position of 5880 gpm contour (blue lines 
in Fig. 7a–b) and can be modulated by the Pacific Decadal 
Oscillation (PDO) (Feng et al. 2014; Liu et al. 2019; Qin 
et al. 2024; Xu et al. 2019). Earlier studies showed that the 
west boundary of WPSH in warm PDO phase is further west 
during the positive (warm) phase than that during the nega-
tive (cold) PDO phase (Feng et al. 2014; Liu et al. 2019; 
Qin et al. 2024; Xu et al. 2019). This is because, compared 
with the negative PDO phases, the warmer Indian Ocean 
with stronger convection, as well as the associated heating 
effect, is more favorable to the westward extension of the 
WPSH during the positive PDO phase (Liu et al. 2019). 
Consequently, the PDO phase during 2002–2021 deserves 

Fig. 8 The monthly PDO index 
during 2002–2021. The red bars 
indicate positive (warm) phases; 
the blue bars indicate negative 
(cool) phases; and the black line 
indicates the smoothed values
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in the east and near the equator. The thicker warm water 
layer near the equator was the result of downwelling Kelvin 
waves triggered by westerly winds above the sea surface 
(Balaguru et al. 2014; Girishkumar and Ravichandran 2012; 
Sreenivas et al. 2012). In the northeastern BoB, the inter-
action between the anticyclonic eddies and wind stress can 
lead to upwelling at the center of the anticyclonic eddies 
(McGillicuddy 2015; Zhou et al. 2022). Due to Rossby 
waves radiating from the Kelvin waves, the anticyclonic 
eddies propagated in a westward direction (Cui et al. 2022). 
As a result, the warm water extended westward and gen-
erated a warm tongue around 15°N. In the second decade, 
enhanced westerly winds (Fig. 7) caused deepening of the 
equatorial D26 by approximately 10 m and the D26 in the 
SNP by 1–3 m. Although in certain areas beyond the SNP, 
D26 exhibited a decrease, the D26 in the SNP was > 70 m, 
making it harder for deep cold water to be pumped to the 
upper layer through vertical mixing.

4.2.3 Upper ocean heat content

The UOHC during the two decades and their differences are 
displayed in Fig. 11. The UOHC in the BoB ranged from 40 
to 100 kJ/cm2 and was greater in the southeast and lower 
in the northwest. Affected by the distribution of D26, the 
higher UOHC region around the Andaman Islands extended 
westward. Compared to the first decade, during the second 
decade, the UOHC increased over the entire basin. The 
equatorial region experienced the greatest enhancement, 
followed by the western coast of the BoB and the west-
ern part of the Andaman Islands. Similar to the D26, the 
westerly wind anomalies near the equator further triggered 

4.2.1 Sea surface temperature

Figure 9 displays the spatial distribution of the SST in the 
cyclogenesis season in the BoB averaged over the two-
decade period and their differences. The results show that 
there were poleward and westward decreasing spatial pat-
terns during these two periods (Fig. 9a–b). The averaged 
SSTs in the BoB were both > 27 °C, and they exceeded 
28.8 °C and 29.0 °C south of 15°N in the two decades, 
respectively. This provided favorable conditions for TC 
development during these two periods. By 2012–2021, 
the SST beyond the mouth of the BoB had significantly 
increased by 0.2 °C, and the SST in the area extending 
from southern Sri Lanka to the Andaman Sea experienced 
warming of 0.3 °C (Fig. 9c). This warming was even greater 
along the eastern and western coastal areas. The higher SST 
in the second decade could contribute a greater surface heat 
flux from the ocean to the storms and was more favorable 
for the development of storms.

4.2.2 Depth of 26 °C isotherm

As storms pass over the ocean, they entrain a great deal of 
heat from the upper warm water layer and induce vertical 
mixing of the seawater, causing upwelling, which decreases 
the SST and weakens the storms (Emanuel 1999). There-
fore, the thickness of the warm water layer significantly 
influences the growth and maintenance of the storms. Rep-
resented by D26, the thickness of the warm water layer 
during the two decades and their difference are shown in 
Fig. 10. In the BoB, the average D26 ranged from 60 to 
90 m, presenting a pattern of shallow in the west and deep 

Fig. 9 Spatial distribution of SST (unit: °C; color) in the BoB during the cyclogenesis season for a) 2002–2011 and b) 2012–2021, and c) their 
differences. The dotted areas pass the significance test at 90% confidence level
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4.2.4 Barrier layer thickness

The barrier layer functions as a barrier to heat exchange 
between the mixed layer and the thermocline, maintaining 
a high SST and UOHC and thereby influencing the storm 
intensity. As shown in Fig. 12, in the BoB, the occurrence 
rate of the barrier layer (positive zone) was quite high, and 
most areas had a BLT of 1 to 2 m. It was found that an irreg-
ular variation occurred in the BoB between the two decades 
(Fig. 12c). Thickening mainly occurred in the offshore area 
and the west-central BoB. In the other areas, the BLT was 

downwelling Kelvin waves that deepen the thermocline and 
increase UOHC. These waves travelled through the east 
coast and radiated westward Rossby waves, increasing the 
UOHC in the BoB (Balaguru et al. 2014; Girishkumar et al. 
2011, 2013; Han 2005). The kinetic energy of the storms is 
primarily derived from the UOHC (Lin et al. 2008; Mainelli 
et al. 2008; Vissa et al. 2013; Wada and Usui 2007; Wada et 
al. 2012). The storms in the second period benefited from 
the positive UOHC anomalies along the SNP. The peak ceil-
ing of the storm intensity increased, leading to an increase 
in the proportion of STCs.

Fig. 11 Spatial distribution of UOHC (unit: kJ/cm2; color) in the BoB during the cyclogenesis season for a) 2002–2011 and b) 2012–2021, and c) 
their differences. The dotted areas pass the significance test at 90% confidence level

 

Fig. 10 Spatial distribution of D26 (unit: m; color) in the BoB during the cyclogenesis season for a) 2002–2011 and b) 2012–2021, and c) their 
differences. The dotted areas pass the significance test at 90% confidence level
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was a negative area, and it expanded westward to Sri Lanka 
at 5−10°N. In terms of sensible heat fluxes, they increased 
north of 5°N in the ocean, which was consistent with areas 
exhibiting a sea-air temperature difference change of more 
than 0.1 °C (Fig. 14c).

Earlier studies decomposed the latent heat flux into com-
ponents associated with surface wind speed and sea-air 
humidity difference (Small et al. 2019; Sun and Wu 2022). 
Consequently, further investigation was conducted into the 
changes in these two variables, as illustrated in Fig. 14a−b. 
It can be observed that over the northeastern coast of the 
BoB, the surface wind speed increased by 0.3 m/s dur-
ing the second decade, and the sea-air humidity difference 
improved by 0.1 to 0.4 g/kg over the northern BoB. As a 
result, regions where these two areas overlapped exhibited 
higher upward latent heat transport (Fig. 13c). In the north-
western BoB focused on in this study, it was the increase in 
sea-air humidity difference that primarily led to the enhanced 
latent heat transport. Additionally, a greater temperature dif-
ference between the sea and air occurred in north of 5°N, 
especially along the rim of the BoB (Fig. 14c), facilitating 
sensible heat transport (Fig. 13f). These changes indicate a 
warmer, moister lower atmosphere in the latter decade. The 
SNP was present in the area where the heat flux supply was 
enhanced, and therefore, it was easier for the storms in this 
area to develop convection and to intensify into STCs.

4.2.6 Specific humidity

The analysis of the oceanic elements revealed that the 
warming of the upper ocean during 2012–2011 provided 

thinner, particularly in the southeast of Sri Lanka. The sig-
nificantly thickened barrier layer along the northwestern 
coast could protect the SST from being cooled down under 
the effects of the entrainment of the storms, making it more 
likely that the storms would make landfall with greater 
intensity and destructiveness.

4.2.5 Air-sea heat fluxes

Affected by the sea surface wind, latent heat is absorbed via 
surface evaporation and then transported into the air. Once 
water vapor condenses and releases latent heat, the air is 
heated and lifted up, thereby enhancing the convection. The 
temperature difference between the sea and air can induce 
sensible heat transport. Both represent the quantity of heat 
exchange between the air-sea interface and play important 
roles in strengthening tropical cyclones by transforming 
heat energy into kinetic energy (Sun et al. 2016, 2020). As 
shown in Fig. 13a, b, d and e, in general, the air-sea heat 
fluxes were positive in the BoB, suggesting that the ocean 
transported heat into the atmosphere constantly during the 
cyclogenesis season. The upward heat transport was more 
obvious in the western and northern parts of the BoB, espe-
cially around the mouth of the bay. There were less latent 
heat fluxes around Sumatra. Figure 13c and f show the differ-
ences between the two decades. It can be seen that the latent 
heat fluxes improved on the equator west of 94°E, north of 
10°N to the west of the Andaman Islands, and north of 13°N 
to the east of the Andaman Islands. The positive anomaly 
center exceeded 30 W/m2 and was located in the mouth of 
the bay. The area from 13°N to south of the Andaman Sea 

Fig. 12 Spatial distribution of BLT and CLT (unit: m; color) in the BoB during the cyclogenesis season for a) 2002–2011 and b) 2012–2021, and 
c) their differences. In a) and b), positive values mean there is barrier layer in the seawater, while negative values mean there is compensated layer. 
The dotted areas pass the significance test at 90% confidence level
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SH decreased by 0.1–0.5 g/kg along the northeastern coast 
and increased by 0.2–0.5 g/kg in other areas, which was 
consistent with the change in the storm frequency distribu-
tion. It can be concluded that the wetter middle and lower 
troposphere over the northwestern BoB provided favorable 
conditions for storm intensification.

4.2.7 Vertical wind shear

The VWS during the two decades and the difference 
between the two decades are depicted in Fig. 16. Strong 

plenty of energy for the intensification of the storms. It is 
also important to determine if the atmospheric conditions 
were favorable. The water vapor content at the middle and 
low troposphere is important to the growth of storms. Fig-
ure 15 depicts the SH at the 850 hPa pressure level during 
the two decades and the difference between the decades. The 
atmosphere over the mouth of the BoB was drier with an SH 
of around 7 g/kg, while the SH was higher over the equator, 
especially near Sumatra where the SH exceeded 10 g/kg. 
Between the two decades, it was found that the low SH area 
moved from the Indian coast to the Bangladesh coast. The 

Fig. 14 Changes in mean a) 
10-meter height wind speed 
(units: m/s; color), b) sea-air 
humidity difference (unit: g/
kg; color) and c) sea-air tem-
perature difference (units: °C; 
color) between 2012–2021 and 
2002–2021. The dotted areas 
pass the significance test at 90% 
confidence level

 

Fig. 13 Spatial distribution of 
a–c) latent heat fluxes and d–f) 
sensible heat fluxes (units: W/
m2; color). in the BoB during 
the cyclogenesis season for a) 
2002–2011 and b) 2012–2021, 
and c) their differences. In a), b), 
d) and e), positive values mean 
that heat is transported upward 
(from the sea to the air), and 
negative values mean that heat is 
transported downward (from the 
air to the sea). The dotted areas 
pass the significance test at 90% 
confidence level. 
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4.2.8 Moist static energy

In South Asia, moisture is a primary factor influencing the 
MSE (Adames and Ming 2018). Consequently, the MSE 
reflects the potential release of latent heat during bursts of 
atmospheric convection in the BoB, which plays an impor-
tant role in the sustained intensification of storms (Prakash 
et al. 2022). Figure 17 shows the MSE between the 700 hPa 
and 925 hPa levels during the two decades and the differ-
ence between the two decades. Over the BoB, the MSE 
was greater near the equator and Sumatra, and the lowest 

VWS occurred over the mouth of the Bay and the equator, 
whereas the VWS was weaker in the central region, espe-
cially in the eastern BoB. During 2012–2021, the SNP was 
situated within a large southeast-northwestward negative 
VWS anomaly. Thereby, it was easier for the storms gen-
erated during this period to accumulate moisture and heat 
within a confined space, and it increased the possibility of 
the storms growing into STCs.

Fig. 17 Spatial distribution of the 
MSE between the 700 hPa and 
925 hPa pressure levels (units: 
kJ/kg; color) in the BoB during 
the cyclogenesis season for a) 
2002–2011 and b) 2012–2021, 
and c) their differences. The 
dotted areas pass the significance 
test at 90% confidence level

 

Fig. 16 Spatial distribution of 
the VWS (units: m/s; color) in 
the BoB during the cyclogen-
esis season for a) 2002–2011 
and b) 2012–2021, and c) their 
differences. The dotted areas 
pass the significance test at 90% 
confidence level

 

Fig. 15 Spatial distribution of 
the SH at the 850 hPa pressure 
level (units: g/kg; color) in the 
BoB during the cyclogenesis 
season for a) 2002–2011 and b) 
2012–2021, and c) their differ-
ences. The dotted areas pass the 
significance test at 90% confi-
dence level
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increasing pattern of H500 modulated by the negative-to-
positive phase change of the PDO contributed to the evo-
lution of the large-scale steering flow. As a result, a CCA 
appeared in Q3 and an ACA anomaly appeared in Q1. 
Pushed by the southeast anomaly between the two circu-
lation anomalies, the storms entered the SNP and moved 
northwestward. Along the SNP, the higher SST and UOHC 
supplied additional heat to the storms. The thicker warm 
water layer and barrier layer weakened the cooling effects 
of the upper ocean’s response to the storms. The increased 
upward heat fluxes at the air-sea interface, the moisture and 
instability within the lower troposphere, and the reduced 
vertical wind shear in the SNP collectively facilitated the 
development of convection within the storm systems. These 
favorable factors improved the potential of storm develop-
ment into STCs and increased the risk of the northwestern 
BoB being impacted by more destructive storms.

Having identified the possible causes of the increasing 
impacts of tropical cyclones on the northwestern BoB, it is 
important to determine whether these changes are part of a 
long-term trend or are a decadal variation. Limited to the 
timespan of the dataset, we only made an additional inves-
tigation of the storm tracks and intensities 20 years before 
the study period. It was found that of the 30 storms dur-
ing 1982–1991, 24 were TCs and six were STCs, while in 
the subsequent decade (1992–2001), of the 28 storms, nine 
were TCs and 19 were STCs. Notably, during the decades 
with higher occurrences of STCs, there was an increase in 
the quantity of storms that moved towards the northwest-
ern BoB. Conversely, in the decades with lower occurrences 
of STCs, there was a gap in the storm activity within the 
northwestern region, and the tracks of the STCs predomi-
nantly moved in a westward or northeastern direction. This 
is an interesting phenomenon and suggests that the ratio of 
TCs to STCs in the BoB and the tracks of the STCs may 
exhibit a decadal variation. The occurrence of the SNP was 
likely influenced by the decadal changes in the large-scale 
environment in the BoB, which was closely linked to phase 
conversion of several climate modes such as the PDO. The 
relationship between the natural variability, climate modes, 
and changes in storm events remains to be further investi-
gated in the future.

Acknowledgements The authors thank the JTWC, NOAA, RSS, 
CARDC, TCC, NCEP/NCAR, and EM-DAT for providing the data-
sets employed herein. This work was supported by the National 
Natural Science Foundation of China (42376030), the Natu-
ral Science Foundation of Shandong Province (ZR2022MD020, 
DKXZZ202206), the Basic Scientific Fund for the National Pub-
lic Research Institutes of China (2020Q05) and the Youth Science 
Foundation Project of the East China Sea Bureau, Ministry of Natu-
ral Resources (202205).

Author contributions D.W., X.J. and J.S.; Methodology: D.W., X.J. 
and X.H.; Formal analysis: D.W., X.J. and J.S.; Investigation: D.W. 

values occurred over the mouth of the bay. There was a 
general increase in the MSE during 2012–2021, with larger 
increases at lower latitudes. The enhanced atmospheric 
instability made a significant positive contribution to the 
vertical ascent of air parcels, leading to more severe con-
vection. With a constant supply of moisture from the con-
vergence of the large-scale steering flow, the convection 
continued to deepen, which in turn facilitated the cyclonic 
circulation. This positive feedback mechanism was the con-
ditional instability of the second kind (CISK) (Charney and 
Eliassen 1964), which contributed to the storm intensifica-
tion in the BoB.

5 Summary and discussion

In this study, we investigated the changes in the storm activ-
ity over the BoB during 2002–2021 and the reasons for these 
changes. By comparing the spatial distribution of the quan-
tity of storm centers during 2002–2011 and 2012–2021, it 
was found that an increase in the number of storm centers 
occurred in the northwestern BoB during the second decade. 
This led to the appearance of an SNP, which was narrow in 
Q4 and wide in Q2. In addition, more STCs occurred during 
the second decade and most of these STCs were located in 
the SNP. To confirm these changes, statistical analyses were 
conducted on the storm characteristics over the two decades. 
The longitudes and latitudes at which storms reached their 
LMIs decreased by −0.15° per year and increased by 0.1° 
per year, respectively, indicating northwestward migra-
tion of the storm LMIs. The LMIs increased consistently 
over the two decades at a rate of 1.73 kt per year. The mean 
translation direction of the storms exhibited a west-north-
west change, which was consistent with the trends of the 
LMI positions. The total frequency and duration remained 
roughly the same between the two decades, but the occur-
rences and durations of the STCs increased sharply. The 
translation speed of the storms decreased, which may have 
caused the increase in the storm duration. The annual ACE 
of the storms with an intensity of ≥ 34 kt in each quadrant 
was also calculated. The results showed that the ACEs in 
Q1 and Q2 were mainly from STC centers, while the ACEs 
in Q3 and Q4 were derived from TC centers. During 2002–
2011, the ACE was much greater in Q1 than in Q2, whereas 
the situation was reversed in the second decade due to the 
migration of the STC centers from Q1 to Q2. The increased 
ACE in Q2 was also sourced from TC centers in Q3, which 
transformed into STC centers after entering Q2. These two 
sources contributed primarily to the enhanced ACE in Q2.

The evolution of the steering flow and the environmental 
conditions played crucial roles in the motion and intensifi-
cation of the storms. During 2012–2021, the asymmetrical 
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