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Introduction 

Tropical cyclones (TCs) are among the most catastrophic 

environmental disasters, particularly in coastal areas. Given their 

destructiveness and annual frequency, they are considered the 

second most devastating natural disasters after earthquakes (1). 

Henry Piddington is credited with coining the term cyclone, 

which derives from the Greek word cyclos, meaning "coiling of a 

snake". A tropical weather system with wind speed of at least 62 

km/hr are referred to as cyclones. Globally, TCs in the Atlantic, 

Pacific and Australian oceans are known as hurricanes, typhoons 

and Willy Willy, respectively (2). A cyclonic storm is a massive 

vortex or whirl in the atmosphere surrounded by extremely 

strong winds that travel anticlockwise in the northern 

hemisphere and clockwise in the southern hemisphere. These 

are extremely low-pressure areas inside the Earth-atmosphere 

system (3). TCs have caused over 1945 disasters around the past 

50 years, causing 779324 fatalities and US$ 1.4 trillion in 

monetary losses. This makes up 17 % of weather, climate and 

water-related disasters and they account for 38 % of both 

fatalities and economic losses during the same time period (4, 5). 

 The destructive nature of TCs has been exacerbated by 

ongoing the growing climate change. The Inter-Governmental 

Panel on Climate Change (6) assessment report detailed the 

continuous rise in atmospheric concentrations of greenhouse 

gases (GHG) such as carbon dioxide, nitrous oxide and methane. 

By the end of the twenty-first century, the atmospheric 

concentration of CO2 is predicted to increase from 478 to 1100 

ppm. Increase in global temperature is apparent with rise in 

greenhouse gases. In a very low greenhouse gas emission 

scenario (SSP1-1.9), it is expected to result in an average global 

surface temperature increase of 1.0 to 1.8 °C during 2081-2100. In 

the intermediate scenario (SSP2-4.5), it might increase by 2.1 to 

3.5 °C, while in the high gas emissions scenario (SSP5-8.5), it 

could rise by 3.3 to 5.7 °C. Extreme daily precipitation 

occurrences are predicted to increase by approximately 7 % for 

every 1 °C increase in temperature (6). The deadly effects of 
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Abstract  

Tropical cyclones (TCs) are among the most destructive weather phenomena. This review examines the trends and drivers of TC activity, focusing on 
the Bay of Bengal (BoB) region. Rising global temperatures have led to warmer sea surface temperature, a key factor in TC formation and 

intensification. The BoB experiences an average of 5-6 cyclone annually, with peak activity in May, October and November. But pre-monsoon cyclonic 

storms are fewer, a higher proportion of them intensify into severe storms. Overall cyclone frequency has declined; however, their intensity and 
duration have increased, potentially due to climate change. Climate oscillations like the Indian Ocean Dipole (IOD) and El Nino Southern Oscillation 

(ENSO) significantly influence TC variability. La Nina, Negative IOD phase and the convective phase of the Madden–Julian Oscillation (MJO) enhance 

conditions favourable for cyclone development. These changing patterns have profound implications for agriculture in the BoB region. Cyclones often 

coincide with critical crop stages, causing severe yield losses. Understanding the influence of climate drivers such as ENSO and IOD on tropical cyclone 
activity in the Bay of Bengal is essential for developing region-specific adaptation strategies, including climate-resilient agriculture, early warning 

systems and sustainable land use. Future research should integrate long-term monitoring, high-resolution modelling and remote sensing to assess 

cyclone variability and impacts on coastal ecosystems. Emphasis on ecosystem resilience and nature-based solutions such as mangrove restoration 

will be critical to strengthen adaptive management, disaster preparedness and resilience under climate change-driven cyclone risks.   
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global warming include heavy precipitation (7), an increased risk 

of drought, prolonged dry spells and total dry days (8).  

 Over the past 20 years, there has been a significant 

increase in scientific interest regarding the impact of climate 

change on tropical cyclone (TC) activity (9, 10). An increasing 

amount of research points to a complicated interaction between 

these two phenomena, wherein the strength and frequency of 

TC may be amplified by climate change (11). Research by Swain 

(12) suggests that a warmer climate may lead to a possible rise in 

the percentage of the TC intensity. Furthermore, TC paths may 

vary because of climate change-related modifications to 

atmospheric circulation patterns, there by subjecting previously 

untouched regions to their fury (13). Consequently, they have 

emerged as a central concern in the societal discourse 

surrounding climate change (14-16).  

 Coastal areas offer fertile soil and favourable climatic 

conditions, making them highly suitable for agriculture. They 

contribute significantly to the economy by supporting food 

production and supplying raw materials for various industries. 

However, due to their geographic exposure, these regions are 

particularly vulnerable to the impacts of tropical cyclones. Over 

time, frequent cyclonic events have posed severe challenges to 

agricultural sustainability, infrastructure and livelihoods in 

coastal zones. Considering these vulnerabilities, this review 

focuses on understanding the trends and patterns of tropical 

cyclones, particularly within the context of a changing climate as 

crucial in developing a region specific resilient practice. 

Tropical cyclone genesis and development 

Prior to analysing cyclone patterns in the context of climate 

change, it is essential to establish an understanding of the 

conditions that govern their formation and development. TCs 

are formed through interactions between the ocean and 

atmosphere. They are mainly propelled by high planetary winds, 

easterly trade winds, temperate westerlies and their own intense 

energy, which is combined with the heat from the sea. This 

indicates that it requires certain prerequisites to become a 

cyclone. In a region between 5 and 30°N and °S of the equator, 

tropical oceans with sea surface temperature of at least 27 °C is 

the primary requirement for the formation of TCs (17). TCs are 

fuelled by warm ocean waters, which supply the necessary latent 

heat for their creation and intensification. A positive association 

between SST and TC activity has been found in studies by (14, 

18), indicating that warmer waters are favourable for higher TC 

formation and intensity development. Thus, the crucial 

threshold for TC formation is commonly regarded as being >26 °

C (79 °F) in most basins. Interestingly, two tropical ocean basins 

viz., the Benguela Current in the South Atlantic and the Peru 

Current in the eastern South Pacific do not support tropical 

cyclones due to a lack of adequate warm waters (19).  

 Other factors include vertical wind shear i.e., strong winds 

moving from different directions at different altitudes, can upset 

the vertical structure of a nascent storm and prevent it from 

further development. On the other hand, weak vertical wind 

shear facilitates the rise and efficient cooling of warm, moist air, 

which releases the latent heat that drives the storm and helps it 

to intensify (20). Sustaining the development of a TC requires a 

lot of moisture in the lower atmosphere. As warm, humid air rises 

within the storm, it cools and condenses, producing latent heat 

that promotes convection and storm expansion. The evaporative 

potential and high humidity regions over warm ocean surfaces 

supply the moisture content required for TC formation (21) (Fig. 

1). In addition, enough Coriolis force must exist at least 500 km 

away from the equator for near gradient wind balance to ensue. 

Due to convection and subsequent condensation of rising air 

above the ocean's surface, atmospheric instability also promotes 

the production of huge vertical cumulus clouds (22). As tropical 

storms intensify, the rising air forms into severe thunderstorms 

and spreads out horizontally at the tropopause level (23, 24). 

These disruptions frequently have low pressure and weak 

circulation, which provide an ideal setting for the growth of 

structured convection and movement (25, 26).  

 In the Indian Ocean, formation of tropical cyclone is 

categorised when the highest sustained wind speed hits 62 km/

hr and the pressure level around the centre drops by 5 to 6 hPa 

from the surrounding atmosphere. A mature tropical cyclone is 

characterized primarily by a concentric pattern of extremely 

turbulent cumulus thundercloud bands with a warm eye of 

 

Fig. 1. Favourable conditions for genesis and development of tropical cyclones. 
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roughly 200 to 500 km in diameter (27, 28). As soon as a tropical 

cyclone's supply of warm and moist air starts to diminish or 

suddenly cut off, it loses strength in terms of its low pressure at 

centre, internal warmth and extremely fast speeds. This occurs 

when it crosses across frigid waters or after it touches down on 

land (2). Finally, a tropical cyclone can bring with it strong winds, 

copious amounts of rain, large waves and in certain situations, 

extremely severe storm surges and coastal flooding (29, 30). 

Global scenario in tropical cyclones 

The oceans are classified into several basins for cyclone-related 

studies. Western North Pacific (WNP), Eastern North Pacific 

(ENP), South Pacific Ocean (SPO), North Atlantic Ocean (NAO), 

North Indian Ocean (NIO), South Indian Ocean (SIO) and South 

Atlantic Ocean (SAO) are the seven basins. Agencies such as the 

World Meteorological Organisation (WMO) coordinating naming 

across basins, the India Meteorological Department for North 

Indian Ocean, the Japan Meteorological Agency (JMA) for 

Northwest Pacific and the National Hurricane Centre (NHC) for 

North Atlantic and Eastern North Pacific are the nodal agencies 

for naming cyclones depending on these basins.  

 Extreme tropical cyclone episodes have increased in 
frequency over the last few decades across all basins. It is widely 

recognised that TC intensity rises with global warming. From 

previous studies (31), there has been a consistent and significant 

rise in violent tropical storms (TCs) worldwide since 1970. This 

increase has been observed primarily in the North Pacific, Indian 

and Southwest Pacific oceans and may be associated with global 

warming. Every year, two to three storms make landfall in the 

North Atlantic (NA), with the highest sea surface temperature 

recorded during the period of August to October (32). An average 

of three to four storms is also recorded in the Northeastern 

Pacific (NEP). According to several research works (10, 33), there 

may be a rise in storm intensity in this changing change 

scenarios. With an average of 10 to 11 typhoons per year, the 

Northwest Pacific (NWP) is the most active basin among the 

other basins (34). Peak activity runs from May to November, with 

July and August month records the most activity in this region. 

On an average, eight cyclones occur in the North Indian Ocean 

(NIO) per year, of which three to four intensify into severe 

cyclonic storms (35). The peak cyclonic activity occurs during the 

period of April to May and October to November. Some studies 

suggest a potential increase in the severity of TCs in this region, 

despite trends being inconclusive. Among the basins, South 

Indian Ocean (SIO) is the least active region, which experiences 

only one or two strong cyclonic storms annually. Usually, the 

season lasts from November to April. There are hints of potential 

increases in TC activity despite the paucity of available data in 

this basin (36).  

Scenario in the Bay of Bengal 

Cyclonic activity in the North Indian Ocean (NIO) has drawn 

attention over the last five decades, because it is the site of nearly 

60 % of global casualties due to intense rainfall, high storm surge 

and terrestrial flooding (37, 38). NIO encompasses both Arabian 

Sea and Bay of Bengal. India has a coastline of approximately 

7516 km, of which about 5400 km is along the mainland. TCs 

affect the entire coast with variable frequencies and intensities. 

The disaster potential is very high upon landfall in both Bay of 

Bengal and Arabian Sea causing torrential rainfall, devastating 

wind and storm surges (39, 40). TCs affect 13 coastal states and 

Union Territories (UTs) across the country. Four east coast states 

viz., Tamil Nadu Andhra Pradesh, Odisha and West Bengal, as 

well as one union territory (Puducherry) and one west coast state 

(Gujarat), are especially vulnerable to tropical cyclone (41).  

 Despite being one of the most severely affected regions 
globally, most cyclones originate in the Bay of Bengal before 

striking India's east coast than in the Arabian Sea, with a ratio of 

4:1 (42-44). BoB basin produced nearly 75 % of the tropical 

cyclone genesis in North Indian Ocean (45). Their impact is 

disproportionately severe and catastrophic, particularly when it 

affects the coasts bordering the north Bay of Bengal. According 

to National Cyclone Risk Mitigation Project (NCRMP) data, 58 % 

of cyclones created in the Bay of Bengal make landfall on the 

eastern coast (46). Several super cyclones with storm surges 

have occurred in the Bay of Bengal basin over the last two 

decades, causing more damage (Aila in 2009, Sidr in 2007 and 

Michaung in 2023), affecting coastal areas (Orissa Super Cyclone 

in 1999, Hudhud in 2014 and Bulbul in 2019), economic losses 

(Giri in 2010, Phailin in 2014 and Amphan in 2020). 

Variability and trends in the BoB 

Long-term trends in tropical cyclones  

Tropical cyclones are classified based on their maximum 

sustained surface wind speed (MSW). This classification may 

differ from that of other global basins, such as the commonly 

used Saffir-Simpson hurricane wind scales in the Atlantic and 

Pacific basins. Table 1 shows the Indian classification of these 

low-pressure systems. Analysing the path of cyclones over BOB 

using the e-atlas accessible at India Meteorological Department 

(IMD), New Delhi (https://rsmcnewdelhi.imd.gov.in/), it is 

indicated that there are 254 cyclonic disturbances (wind speed 

exceeding 32 km/hr) and 96 severe cyclonic storms (wind speed 

exceeding 89 km/hr) generated across BoB between 1971 and 

2020 (42). In recent decades, the number of SCS has declined 

significantly during 2001-2010 compared to 1971-1980 (Fig. 2). 

However, previous researchers (43) found that SCS increased by 

around 65 % during the warming period of 1951-2007 by 

investigating the genesis and severity of TCs over the NIO basin 

on a yearly basis. This may be related to the findings of former 

researchers (31), who discovered that the number and 

proportion of cyclones reaching SCS are increasing in almost all 

basins throughout the world, illustrating the impact of climate 

change. These analyses indicate that the trend in the frequency 

of severe cyclonic storms over BoB does not follow a similar 

Category Wind speed (knot) Wind speed (kmph) Pressure deficit (hPa) 

Depression (D) 17–27 31–49 1.0-3.0 

Deep depression (DD) 28–33 50–61 3.0-4.5 

Cyclonic storm (CS) 34–47 62–88 4.5-8.5 

Severe cyclonic storm (SCS) 48–63 89–118 8.5-15.5 

Very severe cyclonic storm (VSCS) 64–119 119–221 15.5-65.6 

Super cyclonic storm (SuCS) 120 or more 222 or more >65.6 

Table 1. Classification of cyclonic disturbances in the North Indian Ocean  

https://rsmcnewdelhi.imd.gov.in/
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pattern over the decades.  

Seasonal distribution and intensification of cyclones 

The cyclonic systems may not form in every month of the year. 

Analysing the monthly distribution of these 3 different types of 

cyclonic systems for the period 1971-2020 reveals that months 

between May and December have the highest number of 

cyclones, with November being the most conducive month for 

the formation of SCS (Fig. 3). Approximately 80 % of cyclonic 

disturbances in April turn into extremely severe cyclonic storms, 

even though there are comparatively fewer cyclonic systems 

formed in this period. However, this transition is found to be 71 

% in May and November. Each year, there is a 44.3 % and 61.0 % 

chance of depression intensifying into CS and CS intensifying into 

SCS (Fig. 4). However, the analysis of recent decades between 

2001-2010 and 2011-2020 suggested that the percent chance of 

depression intensifying into CS (38.1 to 49.1 %) and CS 

intensifying into SCS (45.8 to 61.5 %) has been increased. This 

decadal rise in storm severity results in frequent strong storms 

disrupting wetland ecosystem, estuarine habitats and lead to 

prolonged saltwater intrusion, particularly along low-lying 

coastal zones such as Odisha and West Bengal.  

Landfall and lifecycle patterns of tropical cyclones 

In around half a century, 84 cyclones had made landfall (Fig. 5). 

Previous studies (47) showed that about 60 % of TCs produced 

over Bay of Bengal landfall in various locations along India's east 

coast, 30 % impact the coasts of Myanmar and Bangladesh and 

over 10 % dissipate over the ocean. This also shows that there is 

no conclusive trend in the number of landfalling cyclones in the 

Bay of Bengal over the decades. According to all this research, 

there was no apparent trend in the frequency of cyclones. 

Previous research (48) suggests that variations in the occurrence 

of extremely powerful tropical cyclones are not consistent across 

the world. Conversely, the decadal examination of RSMC data 

across the various cyclonic disturbance categories shows that 

the proportion of severe cyclonic storms has increased in the last 

ten years. The lifetime (lifecycle) of each cyclone occurred over 

BoB was studied using best track data available at RSMC for 

different decades (1991-2020). This data, recorded with the help 

of satellites, revealed that the lifecycle of cyclonic, severe 

cyclonic and very severe cyclonic storms has increased in recent 

decades (Fig. 6). This indicates their longer presence in the BoB 

basin which could affect coastal areas and other inland regions 

with torrential rainfall and storm surges (49). This result suggests 

that the BoB basin is being impacted by global warming (38, 50).  

 Globally, the strength of tropical cyclones will continue to 
increase with increases in intensity of 2 to 11 % by 2100 due to 

global warming, based on high-resolution dynamical models’ 

future forecasts (10). However, most modelling studies forecast a 

drop in the overall frequency of global tropical cyclones coupled 

with a rise in the average number of severe category tropical 

cyclone in response to anthropogenic global warming (51, 52). 

According to the recent findings of previous studies (53), tropical 

cyclones are gaining momentum swiftly, getting more powerful 

and holding onto their strength for extended periods of time. In 

coastal and near-shore locations, slower tropical storms with 

longer durations were formed, resulting in more damage and 

impact over the coastal regions. Slow moving cyclones have the 

potential to do greater damage than those that move more 

quickly (54). According to recent studies, these cyclones have 

shown a tendency to stall near coastlines, increasing the 

duration of flooding and sediment erosion. Such trends not only 

degrade geomorphology but also affect coastal vegetation. 

Factors influencing their variability  

Indian Ocean Dipole (IOD) 

Cyclonic storm formation and development can also be affected 
by various land and atmospheric oscillations viz., IOD, ENSO, 

MJO and others etc., The IOD, also known as the Indian Ocean 

Zonal Mode (IOZM), represents an important mode of climate 

variability in the Indian Ocean on inter-annual timescales (36). An 

IOD event typically begins in May/June, peaks in October-

November and ends in the early months of the winter 

(December). The eastern tropical Indian Ocean and the western 

tropical Indian Ocean have water that is warmer rather than 

usual create a positive (+ve) and negative (-ve) IOD period. The 

modulation of oceanic and atmospheric conditions in the Indian 

Ocean region and around the world is significantly impacted by 

Fig. 2. Variation in decadal frequency of cyclonic disturbances or depressions (D), cyclonic storms (CS) and severe cyclonic storms (SCS) in the 
BoB region (smooth curved line). The bar diagrams depict SCS.  
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Fig. 3. Monthly frequency of cyclonic storms over the Bay of Bengal during 1971-2020.  

Fig. 4. Monthly probability of Intensification of D to CS and CS to SCS over the Bay of Bengal (D-Depression, CS-Cyclonic Storm and SCS-Severe 
Cyclonic Storm).  

Fig. 5. Decadal variation in the number of landfalling cyclones (>62 km/h) over the Bay of Bengal.  
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this pattern of SST variability (55). Due to their differing sea 

surface temperature (SST) anomalies, tropical cyclones (TCs) in 

the BoB and the Indian Ocean Dipole (IOD) have a complex and 

varied interaction. The SST anomalies in the Indian Ocean follow 

an east-west dipole pattern, with the western and eastern 

tropical Indian Oceans exhibiting opposite anomalies. Studies 

confirmed that North Indian Ocean SST anomalies are cold in the 

west and warm in the east when the Indian Ocean is in the 

negative phase of the IOD. This can strengthen convection over 

the BoB and result in anomalous cyclonic atmospheric 

circulations at low levels. This increases the frequency of TC 

occurrences in the BoB and is favourable for TC generation. The 

Dipole Mode Index (DMI), which measures the SST gradient 

between the western and southeastern equatorial Indian Ocean, 

is used to represent these phases. When it is positive, it is referred 

to as positive IOD and vice versa. Correlation results between the 

number of cyclonic storms and DMI values indicate a negative 

relationship between them. It confirms the above statement of 

negative phase (negative values of DMI) of IOD being the 

favourable condition for the formation of frequent cyclonic 

activities in the BoB basin (Fig. 7). The findings from previous 

studies (55), also support that SST heating or cooling with a 

typical IOD pattern might alter air circulations, which in turn 

affect North Indian Ocean TC activity. For instance, Cyclone 

Amphan (2020) reached super cyclonic strength within 24 hrs, 

largely due to elevated SSTs and a concurrent marine heatwave 

in the BoB. Such rapid intensification allows minimal time for 

preparation and leads to widespread destruction of mangroves, 

as witnessed in the Indian Sundarbans, where canopy density 

dropped by over 40 % after repeated storms. IOD events impact 

basins TC activity by altering the conditions of TC genesis and by 

modifying the steering flow, which in turn impacts the 

trajectories of TCs. Positive or negative IOD occurrences can 

either strengthen or weaken the westerly steering flow over the 

BoB, resulting in fewer or larger westward migrating tropical 

cyclones west of 90°E (36, 56). In previous studies (31), IOD 

 

Fig. 6. Decadal changes in the number and lifetime of different tropical cyclone category over the Bay of Bengal.  

 

Fig. 7. Comparison of DMI values with number of cyclones (>62 km/h) over the Bay of Bengal (Dipole Mode Index (DMI) values obtained from 
https://psl.noaa.gov/gcos_wgsp/Timeseries/DMI).  

https://plantsciencetoday.online
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episodes play a significant role in regional climatic changes in the 

Indian-Pacific area and are linked to tightly coupled ocean-

atmosphere-land interactions (57). Even though, the relationship 

is not always simple and it is difficult to directly link TC 

occurrences to the IOD because of the intricate interactions 

between the IOD and other climate phenomena such as El Nino-

Southern Oscillation (ENSO) and regional air circulation patterns. 

Moreover, the IOD may have an impact on the spatial distribution 

of TC development inside the BoB. Accordingly, positive IOD 

events may cause TC activity to shift southward, while negative 

IOD events often favour TC formation in the northern Bay of 

Bengal (55). 

El Nino-Southern Oscillation (ENSO) 

ENSO is the primary dominant interannual pattern in the tropics 

which links ocean and atmospheric system (58). Phases of ENSO 

viz., El Nino and La Nina, affect climate patterns worldwide. El 

Nino causes distinct warming in the eastern and central tropical 

Pacific and La Nina causes anomalous cooling in the same 

regions. Walker Circulation is an east-west circulation pattern 

induced by the zonal distribution of tropical surface heating (59). 

During ENSO events, the atmospheric response to sea surface 

temperature anomalies in the equatorial Pacific disturbs the 

Walker circulation, affecting global oceanic and atmospheric 

conditions significantly (60). Like the DMI, SOI (Southern 

Oscillation Index) is a standardized metric based on observed 

changes in sea level pressure (SLP) between Tahiti and Darwin, 

Australia. Negative values of SOI indicate El Nino across the 

eastern tropical Pacific and vice versa. Correlation studies 

between number of cyclonic storms and SOI values recorded 

over the period, 1991-2020 indicates a positive relationship 

between these two parameters (Fig. 8). Many previous studies 

have looked at the association between ENSO and seasonal TC 

activity in various tropical basins (61). El Nino occurrences cause 

warmer sea surface temperature and weaken the Walker 

Circulation, increasing the vertical wind shear over the Bay of 

Bengal, thereby suppressing tropical cyclone activity (62). This 

can make circumstances more favourable for TC development, 

especially during the pre-monsoon season (May-June) (62). 

However, former researchers (62) found that tropical cyclone 

activity over the BoB decreased during warm ENSO phases in the 

severe cyclone months of May and November. Meanwhile, TC 

activity increases and the genesis location shifts to the east of 

BoB during La Nina regimes. During the cold regime, the number 

of extreme TC cases, those classified as above VSCS, increased 

dramatically in the BoB (63). This describes the complex 

relationship between ENSO and TC over Bay of Bengal.  

 The lifespan of TCs can cause significant impact on the 

intensity of cyclones and the harm caused by it. Studies indicate 

that the El Nino years have a shorter lifetime for TCs than La Nina 

and neutral ENSO years (55). Combination of ENSO and IOD can 

have a considerable impact on TC activity. Yuan and Li (64) 

determined that most El Nino events coincide with IOD events 

and practically every positive IOD occurs during an El Nino year 

since 1970. A study covering the period between 1993 and 2010 

found that all positive (negative) IOD years coincided with El Niño 

(La Niña) years, with the exception of 1993 and 1996 (63). Vardah, 

Titli, Gaja etc. were significant impact caused cyclones formed 

during El Nino years. According to studies, more severe cyclones 

emerge during La Nina years under ENSO type and during 

positive IOD under IOD type (Nilam in 2012, Thane in 2011). 

Furthermore, attribution of specific TC occurrences purely to 

ENSO remains difficult due to natural climate variability and the 

complex interplay of many components. 

Madden-Julian Oscillation (MJO) 

MJO is an ocean-atmosphere interaction phenomenon 

characterised by changes in winds, clouds, pressure and rainfall 

that shift eastward along the equator. Tropical convective 

anomalies and related circulation anomalies migrate eastward 

over a 30 to 60 day period (65). It is an eastward-moving wave of 

wind and convection in the tropics that has a substantial impact 

on tropical cyclone (TC) activity in the Bay of Bengal. Conditions 

for TC formation in the BoB improve during the convective phase 

of the MJO, which is characterised by increased rainfall and low-

level convergence across the Subcontinent and the Indian Ocean 

(66). Changes in TC genesis and tracks are more pronounced and 

they are primarily due to MJO-driven modulations in large-scale 

 

Fig. 8. Comparison of SOI values with number of cyclones (>62 km/h) over the Bay of Bengal (Southern Oscillation Index (SOI) values obtained 
from http://www.bom.gov.au/climate/enso/soi/).  

http://www.bom.gov.au/climate/enso/soi/
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environmental conditions viz., sea surface temperature, sea level 

pressure, deep convection, lower and upper-level winds, mid-

tropospheric relative humidity and vertical wind shear (67, 68). 

The interaction between ENSO and MJO in modulating TC 

activity has also been documented (69). In La Nina conditions, 

when the MJO is active over the BoB, environmental conditions 

are more conducive for intensive TC activity compared to the 

similar MJO phase under El Nino conditions. In previous studies 

(69), the primary and secondary factors that contribute to the 

strengthening of TCs in the BoB during the La Nina regime are 

increased mid-tropospheric humidity and reduced vertical wind 

shear. In addition to change in cyclone formation zones and 

landfall locations, the combined effects of these oscillations 

impact previously less-exposed regions, thereby stressing 

unprepared coastal habitats. 

Impact in the coastal ecosystem  

As observed, these changing patterns in TC have profound 

impact over coastal agriculture and allied sector in the BoB 

region. It can pose a serious threat to coastal ecosystem, 

predominantly in low-lying delta regions like the Sundarbans. 

One of the most affected environments in coastal region is the 

mangrove forest, which acts as a buffer against cyclonic winds 

and storm surge. For example, Cyclone Amphan in 2020 caused a 

massive destruction in the Sundarbans, damaging the forest 

area and leading to large scale destruction (70). Remote sensing 

analysis also indicates that the super cyclones formed once 7 to 

12 year per period affected 20 % or more of the mangrove area 

(71). In addition, these ecosystems are already stressed by sea-

level rise and human encroachment and losing their ability to 

protect inland areas, endangering both biodiversity and the 

livelihoods of dependent communities (72). Estuarine and 

intertidal ecosystems also experience changes after cyclonic 

storms. After Amphan, studies in the Ganges estuary indicated a 

decline in species richness, a key component of the estuarine 

food chain and web (73). These changes in species composition 

can alter trophic dynamics and affect fishing yields, which were 

critical for local economies. Additionally, cyclones increase 

turbidity and nutrient fluxes, disrupting primary productivity and 

leading to hypoxic conditions in shallow estuarine waters (74). 

 Wetlands and freshwater ecosystems are also vulnerable 

to saltwater intrusion during cyclonic storm surges. Cyclones can 

cause widespread salinization of freshwater ponds, affecting 

aquatic fauna such as freshwater turtles, amphibians and 

estuarine crocodiles (75). In many areas, embankment breaches 

allowed the seawater to remain trapped for weeks, disrupting 

agricultural fields and posing long-term risks to food security 

(76). These impacts are not limited to ecological systems but 

directly influence drinking water availability and public health. 

The geomorphology of coastal landscapes also changes 

significantly after cyclones. Post-Amphan satellite imagery 

showed that the coastal regions in the Sundarbans underwent 

erosion (77). Newly formed creeks and sandbars redefined tidal 

channels and shifted estuarine dynamics, raising concerns about 

future flood vulnerability and saline ingress into inland regions. 

These physical changes often make previously habitable zones 

unliveable, forcing climate-induced migration from low-lying 

coastal villages (78). 

 Tropical cyclones have wide-ranging and increasingly 
compounding effects on India's coastal ecosystems (Fig. 9). The 

destruction of mangrove belts, wetland salinization, disruptions in 

aquatic food chains and long-term coastal transformation affects 

ecosystem. Although some systems can recover over time, the 

rising frequency and severity of tropical cyclones due to climate 

change highlight the need for integrated adaptation strategies. 

These include strengthening mangrove restoration efforts, 

developing early-warning systems rooted in local ecological 

knowledge and reinforcing nature-based embankments. 

Continuous ecological monitoring and community participation 

are vital to enhance coastal resilience in the face of these 

escalating disturbances (79). 

Future directions 

Future research on tropical cyclones (TCs) over the Bay of Bengal 
(BoB) should prioritize an integrated approach to understand the 

combined effects of long-term climate change and short-term 

climate oscillations such as the IOD, ENSO and MJO. While 

historical records highlight variability in frequency, intensity and 

landfall patterns, further works should be focused on relative 

contributions of tropical cyclone rainfall to the regional 

 

Fig. 9. Impact of tropical cyclones on the coastal ecosystem.  
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precipitation. High-resolution coupled ocean atmosphere 

models, along with satellite observations and reanalysis 

datasets, can improve projections of cyclone genesis, 

intensification and changes in lifecycle under future warming 

conditions. Additional importance should be given on slow-

moving and long-lived cyclones, which pose escalating risks of 

flooding, erosion and saltwater intrusion in low-lying coastal 

zones. Improved downscaling techniques can also help assess 

local impacts on ecosystems such as mangroves, estuaries and 

wetlands. Furthermore, linking cyclone dynamics to ecosystem 

resilience and socio-economic vulnerability will be critical for 

developing effective early warning systems, climate-resilient 

infrastructure and adaptive land-use planning. An inter 

disciplinary framework that integrates atmospheric science, 

coastal ecology and community-level adaptation strategies will 

be essential to enhance preparedness and resilience against 

intensifying cyclones over BoB in a changing climate. 

 Additionally, research works should also focus on 

strengthening nature-based solutions such as large-scale 

mangrove and dune restoration, while integrating ecosystem-

based disaster risk reduction into climate adaptation strategies. 

A key direction is the development of comprehensive, 

multidisciplinary impact assessments that combine ecological, 

biological and physical indicators to capture the full scope of 

cyclone disturbances. Advancements in remote sensing and field 

monitoring will be essential to improve cyclone impact 

prediction and ecosystem recovery over time. Long-term studies 

on resilience and thresholds of ecosystems like mangroves and 

coral reefs are needed to understand recovery dynamics and 

potential tipping points. Future studies should address current 

knowledge gaps in linking vegetation indices, biodiversity and 

geomorphological changes in cyclone-prone regions. Finally, 

translating scientific findings into conservation planning, 

sustainable coastal management and adaptive community-

based strategies will be critical for enhancing resilience to future 

climate-driven cyclones.  

 

Conclusion  

Tropical cyclones are the most devastating extreme event, 

resulting in severe loss of life and property destruction, 

particularly along coastal regions. Analysis has shown that the 

post-monsoon season sees the highest number of cyclonic 

disturbances over the Bay of Bengal basin. Despite the minimal 

number of pre-monsoon cyclonic systems, a high proportion of 

cyclonic disturbances develop into severe cyclonic storms. The 

number of cyclonic disturbances classified as severe cyclonic 

storms is expected to grow with climate change. The frequency 

and intensity of TCs in the BoB have increased over time, posing 

a significant threat to vulnerable coastal areas. This trend 

indicates that tropical cyclones have become a persistent threat 

to the ecological and socio-economic stability of coastal regions. 

The Bay of Bengal has experienced a growing frequency of 

intense cyclonic storms during the pre-monsoon and post-

monsoon periods, coinciding with critical stages of agricultural 

activity. The impact on coastal agriculture is further exacerbated 

by secondary effects such as flooding, soil degradation, saline 

water intrusion and damage to infrastructure and irrigation 

systems. In this context, it is essential to integrate cyclone trends 

and climate projections into agricultural planning and 

management. While early warning systems and improved 

disaster preparedness are crucial, they must be complemented 

by targeted adaptation strategies to enhance the resilience of 

farming communities. Developing climate-resilient crop 

calendars, promoting salt-tolerant varieties and strengthening 

local capacities will be key to sustaining agricultural productivity 

and livelihoods in cyclone-prone coastal regions.   

 

Acknowledgements  

I extend my profound thanks to the NFOBC fellowship under the 
Ministry of Social Justice & Empowerment, Govt. of India, New 

Delhi for financially aiding me to carry out this research.    

 

Authors' contributions 

SM and GV conceptualized the study. SM, BK, PK performed the 

methodology and did formal analysis and investigated the study. 

SM wrote the original draft. GV, DGa and SV reviewed and edited 

the article. PS and SK supervised the study. All authors read 

and approved the final manuscript. 

 

Compliance with ethical standards 

Conflict of interest: Authors do not have any conflict of 

interest to declare.   

Ethical issues: None 

 

References 

1. Kailasam MK, Rao SR. Impact of global warming on tropical cyclones 

and monsoons. In: Global warming. IntechOpen; 2010. 

2. Clements BW, Casani JAP. Hurricanes, typhoons and tropical cyclones. 
Disasters and public health. 2016:331-55. https://doi.org/10.1016/B978-
0-12-801980-1.00014-3 

3. Fink AH, Speth P. Tropical cyclones. Naturwissenschaften. 1998;85:482-
93. https://doi.org/10.1007/s001140050536 

4. WMO. World Meteorological Organization: Tropical cyclones. 2024. 
https://wmo.int/topics/tropical-cyclone 

5. CREWS Initiative. World's deadliest tropical cyclone was 50 years ago. 
2020. https://www.cma.gov.cn/en2014/news/News/202011/
t20201113_566545.html 

6. Masson-Delmotte VP, Zhai P, Pirani SL, Connors C, Péan S, Berger N, et al. 

IPCC, 2021: Summary for policymakers. Climate change 2021: The 
physical science basis. Contribution of working group I to the sixth 

assessment report of the intergovernmental panel on climate change. 
2021;2(1):2391. 

7. Sai MVRS, Murthy CS, Chandrasekar K, Jeyaseelan AT, Diwakar PG, 
Dadhwal VK. Agricultural drought: Assessment & monitoring. Mausam. 
2016;67(1):131-42. https://doi.org/10.54302/mausam.v67i1.1155 

8. Mishra A, Liu SC. Changes in precipitation pattern and risk of drought 

over India in the context of global warming. J Geophys Res Atmos. 
2014;119(13):7833-41. https://doi.org/10.1002/2014JD021471 

9. Henderson-Sellers A, Zhang H, Berz G, Emanuel K, Gray W, Landsea C, et 

al. Tropical cyclones and global climate change: A post-IPCC 
assessment. Bull Am Meteorol Soc. 1998;79(1):19-38. https://

doi.org/10.1175/1520-0477(1998)079<0019:TCAGCC>2.0.CO;2 

10. Knutson TR, McBride JL, Chan J, Emanuel K, Holland G, Landsea C, et al. 
Tropical cyclones and climate change. Nat Geosci. 2010;3(3):157-63. 

https://doi.org/10.1038/ngeo779 

11. Walsh KJE, McBride JL, Klotzbach PJ, Balachandran S, Camargo SJ, 

https://doi.org/10.1016/B978-0-12-801980-1.00014-3
https://doi.org/10.1016/B978-0-12-801980-1.00014-3
https://doi.org/10.1007/s001140050536
https://wmo.int/topics/tropical-cyclone
https://www.cma.gov.cn/en2014/news/News/202011/t20201113_566545.html
https://www.cma.gov.cn/en2014/news/News/202011/t20201113_566545.html
https://doi.org/10.54302/mausam.v67i1.1155
https://doi.org/10.1002/2014JD021471
https://doi.org/10.1175/1520-0477(1998)079%3c0019:TCAGCC%3e2.0.CO;2
https://doi.org/10.1175/1520-0477(1998)079%3c0019:TCAGCC%3e2.0.CO;2
https://doi.org/10.1038/ngeo779


SELVA  ET AL  10     

https://plantsciencetoday.online 

Holland G, et al. Tropical cyclones and climate change. Wiley Interdiscip 

Rev Clim Change. 2016;7(1):65-89. https://doi.org/10.1002/wcc.371 

12. Knutson TR, Chung MV, Vecchi G, Sun J, Hsieh T-L, Smith AJP. Climate 
change is probably increasing the intensity of tropical cyclones. Tyndall 
Centre for Climate Change Research; 2021. 

13. Swain D. Tropical cyclones and coastal vulnerability: assessment and 
mitigation. In: Pandey A, Chowdary VM, Behera MD, Singh VP, editors. 
Geospatial technologies for land and water resources management. 

2022:587-621. https://doi.org/10.1007/978-3-030-90479-1_30 

14. Pielke RA Jr, Landsea C, Mayfield M, Layer J, Pasch R. Hurricanes and 
global warming. Bull Am Meteorol Soc. 2005;86(11):1571-6. https://

doi.org/10.1175/BAMS-86-11-1571 

15. Seneviratne S, Nicholls N, Easterling D, Goodess C, Kanae S, Kossin J, et 
al. Changes in climate extremes and their impacts on the natural 

physical environment. 2012. https://doi.org/10.1017/
CBO9781139177245.006 

16. Hartmann DL, Tank AMGK, Rusticucci M, Alexander LV, Brönnimann S, 
Charabi YAR, et al. Observations: atmosphere and surface. Climate 
change 2013: The physical science basis. Working group I contribution 

to the fifth assessment report of the intergovernmental panel on climate 
change. Cambridge University Press; 2013:159-254. https://

doi.org/10.1017/CBO9781107415324.008 

17. Gray WM. The formation of tropical cyclones. Meteorol Atmos Phys. 
1998;67(1):37-69. https://doi.org/10.1007/BF01277501 

18. Walsh KJE, McInnes KL, McBride JL. Climate change impacts on tropical 
cyclones and extreme sea levels in the South Pacific-A regional 
assessment. Glob Planet Change. 2012;80:149-64. https://

doi.org/10.1016/j.gloplacha.2011.10.006 

19. Trenberth KE, Caron JM, Stepaniak DP. The atmospheric energy budget 
and implications for surface fluxes and ocean heat transports. Clim Dyn. 

2001;17:259-76. https://doi.org/10.1007/PL00007927 

20. Sikka DR. Major advances in understanding and prediction of tropical 
cyclones over north Indian Ocean: a perspective. Mausam. 2006;57

(1):165-96. https://doi.org/10.54302/mausam.v57i1.466 

21. Tory KJ, Frank WM. Tropical cyclone formation. Global perspectives on 
tropical cyclones: From science to mitigation. 2010:55-91. https://

doi.org/10.1142/9789814293488_0002 

22. Gray WM. Global view of the origin of tropical disturbances and storms. 
Mon Weather Rev. 1968;96(10):669-700. https://doi.org/10.1175/1520-

0493(1968)096<0669:GVOTOO>2.0.CO;2 

23. Pelevin VN, Rostovtseva VV, Goncharenko IV. Investigation of latitudinal 
and seasonal characteristics of tropical cyclone generation processes 

using Pelevin criterion. In: Twelfth Joint International Symposium on 
Atmospheric and Ocean Optics/Atmos Phys. SPIE. 2006;6160:428-34. 

https://doi.org/10.1117/12.675459 

24. Houze RA Jr. Clouds in tropical cyclones. Mon Weather Rev. 2010;138
(2):293-344. https://doi.org/10.1175/2009MWR2989.1 

25. Gray WM. Hurricanes: Their formation, structure and likely role in the 

tropical circulation. In: Meteorology over the tropical oceans. Roy 
Meteor Soc. 1979:155-218. 

26. Emanuel K. Tropical cyclones. Annu Rev Earth Planet Sci. 2003;31(1):75-

104. https://doi.org/10.1146/annurev.earth.31.100901.141259 

27. Taniguchi K, Koike T. A study on the cyclogenesis and its development 
over the Arabian Sea. Proc Hydraul Eng. 2006;50:391-6. https://

doi.org/10.2208/prohe.50.391 

28. Yanai M. Formation of tropical cyclones. Rev Geophys. 1964;2(2):367-
414. https://doi.org/10.1029/RG002i002p00367 

29. Southern RL. The global socio-economic impact of tropical cyclones. 
Aust Meteorol Mag. 1979:175-95. 

30. da Rocha RP, Reboita MS, Gozzo LF, Dutra LMM, de Jesus EM. 
Subtropical cyclones over the oceanic basins: a review. Ann N Y Acad Sci. 
2019;1436(1):138-56. https://doi.org/10.1111/nyas.13927 

31. Webster PJ, Holland GJ, Curry JA, Chang HR. Changes in tropical cyclone 

number, duration and intensity in a warming environment. Science. 

2005;309(5742):1844-6. https://doi.org/10.1126/science.1116448 

32. NOAA. National Oceanic and Atmospheric Administration: Tropical 
cyclones. 2023. https://www.noaa.gov/jetstream/tropical/tropical-
cyclone-introduction 

33. Murakami H. Tropical cyclones in changing climate. Handbook of air 
quality and climate change. 2022:1-46. https://doi.org/10.1007/978-981-
15-2527-8_34-1 

34. JMA. Japan Meteorological Agency: Tropical cyclones. 2023.  

35. IMD. India Meteorological Department: Cyclones. 2023. https://
mausam.imd.gov.in/imd_latest/contents/cyclone.php 

36. Saji NH, Goswami BN, Vinayachandran PN, Yamagata T. A dipole mode 
in the tropical Indian Ocean. Nature. 1999;401(6751):360-3. https://

doi.org/10.1038/43854 

37. Mousavi ME, Irish JL, Frey AE, Olivera F, Edge BL. Global warming and 
hurricanes: the potential impact of hurricane intensification and sea 

level rise on coastal flooding. Clim Change. 2011;104:575-97. https://
doi.org/10.1007/s10584-009-9790-0 

38. Wang C, Wang X, Weisberg RH, Black ML. Variability of tropical cyclone 

rapid intensification in the North Atlantic and its relationship with 
climate variations. Clim Dyn. 2017;49:3627-45. https://doi.org/10.1007/

s00382-017-3537-9 

39. Singh OP, Khan TMA, Rahman MS. Probable reasons for enhanced 
cyclogenesis in the Bay of Bengal during July-August of ENSO years. 

Global Planet Change. 2001;29(1-2):135-47. https://doi.org/10.1016/
S0921-8181(00)00090-4 

40. Frank NL. The deadliest tropical cyclone in history? Bull Am Meteorol 

Soc. 1971;52(6):438-44. https://doi.org/10.1175/1520-0477(1971)
052<0438:TDTCIH>2.0.CO;2 

41. Mohapatra M, Mandal GS, Bandyopadhyay BK, Tyagi A, Mohanty UC. 

Classification of cyclone hazard prone districts of India. Nat Hazards. 
2012;63:1601-20. https://doi.org/10.1007/s11069-011-9891-8 

42. IMD. Cyclone warning in India: Standard operation procedure. New 

Delhi; 2013. 

43. Mohanty UC, Osuri KK, Pattanayak S, Sinha P. An observational 
perspective on tropical cyclone activity over Indian seas in a warming 
environment. Nat Hazards. 2012;63:1319-35. https://doi.org/10.1007/

s11069-011-9810-z 

44. Lupo AR. Recent developments in tropical cyclone dynamics, prediction 
and detection. IntechOpen; 2016.  https://doi.org/10.5772/61455 

45. Pandey RS, Liou YA. Decadal behaviors of tropical storm tracks in the 
North West Pacific Ocean. Atmos Res. 2020;246:105143.https://
doi.org/10.1016/j.atmosres.2020.105143 

46. Smith DK. Natural disaster reduction: How meteorological and 
hydrological services can help. 1989:43. 

47. Tyagi A, Bandyopadhyay BK, Mohapatra M. Monitoring and prediction of 
cyclonic disturbances over North Indian Ocean by regional specialized 

meteorological centre, New Delhi (India): problems and prospective. In: 
Indian Ocean tropical cyclones and climate change. Springer; 2009:93-

103.  https://doi.org/10.1007/978-90-481-3109-9_13 

48. Sugi M, Murakami H, Yoshida K. Projection of future changes in the 
frequency of intense tropical cyclones. Clim Dyn. 2017;49:619-32. 

https://doi.org/10.1007/s00382-016-3361-7 

49. Mondal M, Biswas A, Haldar S, Mandal S, Bhattacharya S, Paul S. Spatio-
temporal behaviours of tropical cyclones over the Bay of Bengal basin in 

last five decades. Trop Cyclone Res Rev. 2022;11(1):1-15. https://
doi.org/10.1016/j.tcrr.2021.11.004 

50. Bhardwaj P, Singh O. Climatological characteristics of Bay of Bengal 
tropical cyclones: 1972-2017. Theor Appl Climatol. 2020;139:615-29. 
https://doi.org/10.1007/s00704-019-02989-4 

51. Tory KJ, Chand SS, McBride JL, Ye H, Dare RA. Projected changes in late-

twenty-first-century tropical cyclone frequency in 13 coupled climate 
models from phase 5 of the Coupled Model Intercomparison Project. J 

https://plantsciencetoday.online
https://doi.org/10.1002/wcc.371
https://doi.org/10.1007/978-3-030-90479-1_30
https://doi.org/10.1175/BAMS-86-11-1571
https://doi.org/10.1175/BAMS-86-11-1571
https://doi.org/10.1017/CBO9781139177245.006
https://doi.org/10.1017/CBO9781139177245.006
https://doi.org/10.1017/CBO9781107415324.008
https://doi.org/10.1017/CBO9781107415324.008
https://doi.org/10.1007/BF01277501
https://doi.org/10.1016/j.gloplacha.2011.10.006
https://doi.org/10.1016/j.gloplacha.2011.10.006
https://doi.org/10.1007/PL00007927
https://doi.org/10.54302/mausam.v57i1.466
https://doi.org/10.1142/9789814293488_0002
https://doi.org/10.1142/9789814293488_0002
https://doi.org/10.1175/1520-0493(1968)096%3c0669:GVOTOO%3e2.0.CO;2
https://doi.org/10.1175/1520-0493(1968)096%3c0669:GVOTOO%3e2.0.CO;2
https://doi.org/10.1117/12.675459
https://doi.org/10.1175/2009MWR2989.1
https://doi.org/10.1146/annurev.earth.31.100901.141259
https://doi.org/10.2208/prohe.50.391
https://doi.org/10.2208/prohe.50.391
https://doi.org/10.1029/RG002i002p00367
https://doi.org/10.1111/nyas.13927
https://doi.org/10.1126/science.1116448
https://www.noaa.gov/jetstream/tropical/tropical-cyclone-introduction
https://www.noaa.gov/jetstream/tropical/tropical-cyclone-introduction
https://doi.org/10.1007/978-981-15-2527-8_34-1
https://doi.org/10.1007/978-981-15-2527-8_34-1
https://mausam.imd.gov.in/imd_latest/contents/cyclone.php
https://mausam.imd.gov.in/imd_latest/contents/cyclone.php
https://doi.org/10.1038/43854
https://doi.org/10.1038/43854
https://doi.org/10.1007/s10584-009-9790-0
https://doi.org/10.1007/s10584-009-9790-0
https://doi.org/10.1007/s00382-017-3537-9
https://doi.org/10.1007/s00382-017-3537-9
https://doi.org/10.1016/S0921-8181(00)00090-4
https://doi.org/10.1016/S0921-8181(00)00090-4
https://doi.org/10.1175/1520-0477(1971)052%3c0438:TDTCIH%3e2.0.CO;2
https://doi.org/10.1175/1520-0477(1971)052%3c0438:TDTCIH%3e2.0.CO;2
https://doi.org/10.1007/s11069-011-9891-8
https://doi.org/10.1007/s11069-011-9810-z
https://doi.org/10.1007/s11069-011-9810-z
https://doi.org/10.5772/61455
https://doi.org/10.1016/j.atmosres.2020.105143
https://doi.org/10.1016/j.atmosres.2020.105143
https://doi.org/10.1007/978-90-481-3109-9_13
https://doi.org/10.1007/s00382-016-3361-7
https://doi.org/10.1016/j.tcrr.2021.11.004
https://doi.org/10.1016/j.tcrr.2021.11.004
https://doi.org/10.1007/s00704-019-02989-4


11 

Plant Science Today, ISSN 2348-1900 (online) 

Clim. 2013;26(24):9946-59. https://doi.org/10.1175/JCLI-D-13-00010.1 

52. Murakami H, Hsu P-C, Arakawa O, Li T. Influence of model biases on 
projected future changes in tropical cyclone frequency of occurrence. J 

Clim. 2014;27(5):2159-81. https://doi.org/10.1175/JCLI-D-13-00436.1 

53. Song J, Klotzbach PJ, Tang J, Wang Y. The increasing variability of 
tropical cyclone lifetime maximum intensity. Sci Rep. 2018;8(1):16641. 

https://doi.org/10.1038/s41598-018-35131-x 

54. Albert J, Bhaskaran PK. Evaluation of track length, residence time and 
translational speed for tropical cyclones in the North Indian Ocean. ISH J 

Hydraul Eng. 2022;28(1):34-41. https://
doi.org/10.1080/09715010.2020.1825124 

55. Mahala BK, Nayak BK, Mohanty PK. Impacts of ENSO and IOD on 
tropical cyclone activity in the Bay of Bengal. Nat Hazards. 2015;75:1105-
25. https://doi.org/10.1007/s11069-014-1360-8 

56. Yuan J, Cao J. North Indian Ocean tropical cyclone activities influenced 
by the Indian Ocean dipole mode. Sci China Earth Sci. 2013;56:855-65. 
https://doi.org/10.1007/s11430-012-4559-0 

57. Saji NH, Yamagata T. Structure of SST and surface wind variability during 
Indian Ocean dipole mode events: COADS observations. J Clim. 2003;16
(16):2735-51. https://doi.org/10.1175/1520-0442(2003)

016<2735:SOSASW>2.0.CO;2 

58. McPhaden MJ. El Niño and La Niña: causes and global consequences. In: 
Encyclopedia of global environmental change. 2002;1:353-70. 

59. Walker GT, Bliss EW. World weather V. Q J R Meteorol Soc. 1932;4:53-84. 

60. Trenberth KE. The definition of El Niño. Bull Am Meteorol Soc. 1997;78

(12):2771-8. https://doi.org/10.1175/1520-0477(1997)
078<2771:TDOENO>2.0.CO;2 

61. Kuleshov Y, Qi L, Fawcett R, Jones D. On tropical cyclone activity in the 
Southern Hemisphere: trends and the ENSO connection. Geophys Res 

Lett. 2008;35(14). https://doi.org/10.1029/2007GL032983 

62. Singh OP, Ali Khan TM, Rahman MS. Changes in the frequency of tropical 
cyclones over the North Indian Ocean. Meteorol Atmos Phys. 2000;75

(1):11-20. https://doi.org/10.1007/s007030070011 

63. Girishkumar MS, Ravichandran M. The influences of ENSO on tropical 
cyclone activity in the Bay of Bengal during October-December. J 

Geophys Res Oceans. 2012;117(C2). https://
doi.org/10.1029/2011JC007417 

64. Yuan Y, Li C. Decadal variability of the IOD-ENSO relationship. Chin Sci 
Bull. 2008;53(11):1745-52. https://doi.org/10.1007/s11434-008-0196-6 

65. Matthews AJ. Propagation mechanisms for the Madden-Julian 
oscillation. Q J R Meteorol Soc. 2000;126(569):2637-51. https://

doi.org/10.1256/smsqj.56901 

66. Kikuchi K, Wang B. Formation of tropical cyclones in the northern Indian 
Ocean associated with two types of tropical intraseasonal oscillation 

modes. J Meteorol Soc Jpn. 2010;88(3):475-96. https://doi.org/10.2151/
jmsj.2010-313 

67. Bhardwaj P, Singh O, Pattanaik DR, Klotzbach PJ. Modulation of Bay of 
Bengal tropical cyclone activity by the Madden-Julian oscillation. Atmos 
Res. 2019;229:23-38. https://doi.org/10.1016/j.atmosres.2019.06.010 

68. Zhang C. Madden-Julian oscillation: bridging weather and climate. Bull 
Am Meteorol Soc. 2013;94(12):1849-70.  https:/ doi.org/10.1175/BAMS-D
-12-00026.1 

69. Girishkumar MS, Suprit K, Vishnu S, Prakash VPT, Ravichandran M. The 

role of ENSO and MJO on rapid intensification of tropical cyclones in the 
Bay of Bengal during October-December. Theor Appl Climatol. 

2015;120:797-810. https://doi.org/10.1007/s00704-014-1214-z 

70. Sharma S, Suwa R, Ray R, Mandal MSH. Successive cyclones attacked 
the world's largest mangrove forest located in the Bay of Bengal under 

pandemic. Sustainability. 2022;14(9):5130. https://doi.org/10.3390/
su14095130 

71. Mandal MSH, Hosaka T. Assessing cyclone disturbances (1988-2016) in 
the Sundarbans mangrove forests using Landsat and Google Earth 
Engine. Nat Hazards. 2020;102:133-50.  https://doi.org/10.1007/s11069-

020-03914-z 

72. Mishra M, Acharyya T, Santos CAG, da Silva RM, Kar D, Kamal AHM, Raulo 
S. Geo-ecological impact assessment of severe cyclonic storm Amphan 

on Sundarban mangrove forest using geospatial technology. Estuar 
Coast Shelf Sci. 2021;260:107486. https://doi.org/10.1016/

j.ecss.2021.107486 

73. Paul S, Karan S, Bhattacharya BD. Effects of tropical cyclone Amphan on 
the copepods of the Ganges estuary. Mar Biol Res. 2023;19(6-7):342-54. 

https://doi.org/10.1080/17451000.2023.2235591 

74. Feehan CJ, Filbee-Dexter K, Thomsen MS, Wernberg T, Miles T. 
Ecosystem damage by increasing tropical cyclones. Commun Earth 

Environ. 2024;5(1):674. https://doi.org/10.1038/s43247-024-01853-2 

75. Gupta S, Ray A, Sarkar S, Das N, Mondal B, Haldar A. Impact of cyclone 
Yaas on fisheries resources of Eastern Sunderban part of West Bengal, 

India. Int Res J Biol Sci. 2023;12(2):42-4. 

76. Barui I, Bhakta S, Ghosh K. Storm surge-induced soil salinization and its 
impact on agriculture in the coastal area of the Indian Sundarban. 

Environ Dev. 2025:101250. https://doi.org/10.1016/
j.envdev.2025.101250 

77. Mohammed S, Sultana F, Khan A, Ahammed S, Saimun MSR, Bhuiyan 
MS, et al. Assessing vulnerability to cyclone hazards in the world's largest 
mangrove forest, the Sundarbans: a geospatial analysis. Forests. 

2024;15(10):1722. https://doi.org/10.3390/f15101722 

78. Bera B, Bhattacharjee S, Sengupta N, Shit PK, Adhikary PP, Sengupta D, 
et al. Significant reduction of carbon stocks and changes of ecosystem 

service valuation of Indian Sundarban. Sci Rep. 2022;12(1):7809. https://
doi.org/10.1038/s41598-022-11716-5 

79. Hulsen S. Global protection from tropical cyclones by coastal 
ecosystems-past, present and under climate change. Research data. 
2023. https://doi.org/10.31223/X59Q26 

 

Additional information 

Peer review: Publisher  thanks Sectional Editor and the other anonymous 
reviewers for their contribution to the peer review of this work. 

Reprints & permissions information is available at https://
horizonepublishing.com/journals/index.php/PST/open_access_policy 

Publisher’s Note: Horizon e-Publishing Group remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations. 

Indexing: Plant Science Today, published by Horizon e-Publishing Group, is 
covered by Scopus, Web of Science, BIOSIS Previews, Clarivate Analytics, 
NAAS, UGC Care, etc 
See https://horizonepublishing.com/journals/index.php/PST/
indexing_abstracting 

Copyright: © The Author(s). This is an open-access article distributed under 
the terms of the Creative Commons Attribution License, which permits 
unrestricted use, distribution and reproduction in any medium, provided the 
original author and source are credited (https://creativecommons.org/
licenses/by/4.0/) 

Publisher information:  Plant Science Today is published by HORIZON e-
Publishing Group with support from Empirion Publishers Private Limited, 
Thiruvananthapuram, India. 

https://doi.org/10.1175/JCLI-D-13-00010.1
https://doi.org/10.1175/JCLI-D-13-00436.1
https://doi.org/10.1038/s41598-018-35131-x
https://doi.org/10.1080/09715010.2020.1825124
https://doi.org/10.1080/09715010.2020.1825124
https://doi.org/10.1007/s11069-014-1360-8
https://doi.org/10.1007/s11430-012-4559-0
https://doi.org/10.1175/1520-0442(2003)016%3C2735:SOSASW%3E2.0.CO;2
https://doi.org/10.1175/1520-0442(2003)016%3C2735:SOSASW%3E2.0.CO;2
https://doi.org/10.1175/1520-0477(1997)078%3C2771:TDOENO%3E2.0.CO;2
https://doi.org/10.1175/1520-0477(1997)078%3C2771:TDOENO%3E2.0.CO;2
https://doi.org/10.1029/2007GL032983
https://doi.org/10.1007/s007030070011
https://doi.org/10.1029/2011JC007417
https://doi.org/10.1029/2011JC007417
https://doi.org/10.1007/s11434-008-0196-6
https://doi.org/10.1256/smsqj.56901
https://doi.org/10.1256/smsqj.56901
https://doi.org/10.2151/jmsj.2010-313
https://doi.org/10.2151/jmsj.2010-313
https://doi.org/10.1016/j.atmosres.2019.06.010
https://doi.org/10.1175/BAMS-D-12-00026.1
https://doi.org/10.1175/BAMS-D-12-00026.1
https://doi.org/10.1007/s00704-014-1214-z
https://doi.org/10.3390/su14095130
https://doi.org/10.3390/su14095130
https://doi.org/10.1007/s11069-020-03914-z
https://doi.org/10.1007/s11069-020-03914-z
https://doi.org/10.1016/j.ecss.2021.107486
https://doi.org/10.1016/j.ecss.2021.107486
https://doi.org/10.1080/17451000.2023.2235591
https://doi.org/10.1038/s43247-024-01853-2
https://doi.org/10.1016/j.envdev.2025.101250
https://doi.org/10.1016/j.envdev.2025.101250
https://doi.org/10.3390/f15101722
https://doi.org/10.1038/s41598-022-11716-5
https://doi.org/10.1038/s41598-022-11716-5
https://doi.org/10.31223/X59Q26
https://horizonepublishing.com/journals/index.php/PST/open_access_policy
https://horizonepublishing.com/journals/index.php/PST/open_access_policy
https://horizonepublishing.com/journals/index.php/PST/indexing_abstracting
https://horizonepublishing.com/journals/index.php/PST/indexing_abstracting
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

