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Abstract 

The report presents a comprehensive assessment of observed changes in tropical cyclone (TC) 

characteristics over the Indian Ocean, including the Arabian Sea, Bay of Bengal, and Southern 

Tropical Indian Ocean. Using high-resolution simulations from CMIP6 HighResMIP models, 

the study examines the seasonal and basin-specific variations in TC behavior and investigates 

how key TC characteristics are likely to evolve during the near-future period (2015–2050) 

under a warming climate. On average, about five TCs form in the North Indian Ocean in a year. 

TCs are generally more intense during the pre-monsoon season, 9.1% stronger in the Arabian 

Sea and 18.7% stronger in the Bay of Bengal compared to the post-monsoon TCs. The study 

reports stronger intensification efficiency in the pre-monsoon season with 41.4% of TCs in the 

Arabian Sea and 51.4% in the Bay of Bengal reaching Category 1 or higher, compared to 36.8% 

and 35.6% in the post-monsoon season. Nearly one in three Arabian Sea TCs and one in four 

Bay of Bengal TCs become major cyclones (Category ≥ 3) in the pre-monsoon season, with 

one in six and one in seven, respectively, in the post-monsoon season. The higher percentage 

of TCs undergoing rapid intensification and larger TC size are found during the pre-monsoon 

season as compared to the post-monsoon season in both the basins. Landfall analysis shows 

that 38% (31.5%) of Arabian Sea TCs, and 91.9% (65.5%) of Bay of Bengal TCs make landfall 

with at least tropical-storm intensity (≥ 34 knots) during the pre-monsoon (post-monsoon) 

seasons. TCs last longer at tropical-storm intensity in the pre-monsoon season for about 87.7 

hours in the Arabian Sea and 78.7 hours in the Bay of Bengal, which are about 15 hours and 

13.5 hours longer than the post-monsoon TCs in the respective basins. Arabian Sea post-

monsoon TCs reveal increasing trends in frequency (~0.2 TC/decade) and intensity (7.1 

knots/decade), whereas significant increase in intensity (12.2 knots/decade) is observed during 

the pre-monsoon without any significant trends in frequency. The intensification rate has 

increased by 0.7 knots/6 hours/decade in the pre-monsoon and 2.4 knots/6 hours/decade during 

the post-monsoon season, with corresponding increase in rapid intensification frequency. The 

life cycle of Arabian Sea TC stretched at 14.4 hours/decade in the pre-monsoon season, 

contributing to increase in accumulated cyclone energy at 2.8–2.9 (knots)² /decade. 

Equatorward shift in the TC genesis latitude is seen in both the basins, which is in contrast to 

global trends. Increasing trends in pre-monsoon TC size is observed in both the basins with 

Bay of Bengal displaying 29.4 n mi/decade and the Arabian Sea displaying 15.3 n mi/decade. 

In the Southern Tropical Indian Ocean, about 71% of annual TC activity occurs between 

November–April, with peak in February. Although total TC frequency remains stable, the 



frequency of Category ≥ 3 TCs has increased at 0.4 TC/decade, accompanied by rising TC 

intensity at 3.4 knots/decade and maximum intensity at 6 knots/decade. The rapid 

intensification frequency also increased at 0.7 TC/decade, from ~4 to ~6 TCs per season over 

the last 40 years. 

Near-future (2015–2050) projections indicate an overall decline in the Bay of Bengal 

TC frequency during both the seasons and a ~53% reduction in intense TCs during the pre-

monsoon season. In the Arabian Sea, TC frequency is projected to decrease in the post-

monsoon season whereas no noticeable change in the pre-monsoon season. Models project a 

marginal increase in the Arabian Sea TC intensity and a decrease in the Bay of Bengal during 

the pre-monsoon season, with no significant changes in the post-monsoon season. TC duration 

is projected to reduce in both the basins, while the intensification rate is projected to increase 

in the Arabian Sea especially during the pre-monsoon season. Moreover, the TC tracks are 

projected to shift poleward in the Bay of Bengal during the post-monsoon season and a basin 

wide decline in TC tracks during the pre-monsoon season. The report provides a comprehensive 

analysis of basin- and season-specific differences in TC trends, and highlights a pronounced 

increase in the intensity and destructive potential of cyclones over the Arabian Sea and 

Southern Tropical Indian Ocean. 

Summary 

• We have reported the TC characteristics and their changes in the North Indian Ocean 

and Southern Tropical Indian Ocean in this manuscript. In the North Indian Ocean 

(including the Arabian Sea and the Bay of Bengal), on the average ~5 TCs form per 

year. In a calendar year, in the Bay of Bengal, the highest probability of TC occurrence 

is in November, whereas in the Arabian Sea, the highest probability of TC occurrence 

is in June. 

• On the average, TCs in the Arabian Sea and the Bay of Bengal are 9.1% and 18.7% 

more intense during the pre-monsoon season as compared to the post-monsoon season. 

• During the pre-monsoon season, most TC activity in the Arabian Sea occurs between 

16 May and 15 June, whereas in the Bay of Bengal, it occurs earlier, mainly between 

26 April and 21 May. 

• During the post-monsoon season, the major TC threat is between 21 October-15 

November in the Arabian Sea. Whereas in the Bay of Bengal TC threat is there 

throughout the season, with three distinct peaks in the TC activity. 



• During the pre-monsoon season, about 41.4% of TCs in the Arabian Sea and 51.4% in 

the Bay of Bengal intensify to Category 1 or higher, compared to 36.8% and 35.6%, 

respectively, in the post-monsoon season. This suggests higher TC intensification 

efficiency in both the basins during the pre-monsoon season. 

• Nearly one in three TCs in the Arabian Sea and one in four in the Bay of Bengal become 

major TCs (Category 3 or higher) in the pre-monsoon season, whereas the ratio 

decreases to one in six and one in seven, respectively, during the post-monsoon season. 

• It is observed that during the pre-monsoon season, 34.5% of TCs in the Arabian Sea 

and 32.4% in the Bay of Bengal undergo rapid intensification. In contrast, during the 

post-monsoon season, 18.4% of TCs in the Arabian Sea and 16.1% in the Bay of Bengal 

experience rapid intensification. Thus, in both the basins, pre-monsoon TCs have a 

higher probability to intensify rapidly as compared to the post-monsoon season. 

• In the Arabian Sea, approximately 38% and 31.5% of TCs make landfall with at least 

tropical storm strength (wind speed ≥ 34 knots) during the pre-monsoon and post-

monsoon seasons respectively,. In contrast, in the Bay of Bengal, about 91.9% of TCs 

during the pre-monsoon season and 65.5% during the post-monsoon season make 

landfall with at least tropical storm intensity. Thus, the probability of TCs making 

landfall with at least tropical storm intensity is significantly higher in the Bay of Bengal 

than in the Arabian Sea in both the TC seasons. 

• The TC size in both the  basins is larger during the pre-monsoon than the post-monsoon 

season. 

• During the pre-monsoon season, TCs last longer at tropical storm or higher intensity, 

averaging 87.7 (78.7) hours in the Arabian Sea (Bay of Bengal) which is about 15 (13.5) 

hours longer than the post-monsoon season. However, when all TC stages (including 

depression and deep depression (wind speed ≥17 knots) are considered, Arabian Sea 

TCs persist slightly longer in the post-monsoon season (by 10.7 hours), suggesting their 

weaker stages dominate. In contrast, Bay of Bengal TCs remain longer-lived during the 

pre-monsoon season across both intensity thresholds, indicating greater overall 

persistence compared to post-monsoon systems. 

• The land duration of TC (tropical storm strength) in the Arabian Sea is 16.2 (9.0) hours 

during the pre-monsoon (post-monsoon) seasons. In contrast, over the Bay of Bengal, 

the corresponding averages are 11.7 hours and 18.2 hours, respectively. Thus, during 

the pre-monsoon season, Arabian Sea TCs spend longer time over land at tropical storm 



or higher intensity than those in the Bay of Bengal, whereas during the post-monsoon 

season, Bay of Bengal TCs persist over land for longer durations than those in the 

Arabian Sea. However, when all intensity stages up to dissipation are considered, 

Arabian Sea TCs have longer durations over land compared to Bay of Bengal TCs in 

both seasons. 

• Further, during the pre-monsoon season, the total track length over land is greater in the 

Arabian Sea than in the Bay of Bengal when all TC stages are included. However, when 

considering only tropical storm or higher intensity stages, Bay of Bengal TCs travel 

farther over land than Arabian Sea TCs in this season. Whereas, for the post-monsoon 

season, regardless of whether all TC stages or only tropical storm or higher intensity 

stages are considered, Bay of Bengal TCs consistently travel longer distances over land 

than the Arabian Sea TCs. 

• In the Arabian Sea, pre-monsoon TCs move 0.68 m s⁻¹ slower than those in the post-

monsoon season, whereas in the Bay of Bengal, post-monsoon TCs move 0.14 m s⁻¹ 

slower than pre-monsoon TCs. Slower translation speeds imply a longer duration of 

influence over a given region, thereby increasing the potential for prolonged impacts 

from heavy rainfall, storm surges, and strong winds. Further, in both basins, TCs move 

faster over land compared to over the ocean. 

• TC frequency in the Arabian Sea is increasing at the rate of ~0.2 TCs/decade during the 

post-monsoon season. 

• The intensity (LMI) of TCs in the Arabian Sea during the pre-monsoon season has been 

increasing at a rate of 12.2 knots (22.6 km/hr) per decade. Similarly, during the post-

monsoon season, TC intensity shows an increasing trend of 7.1 knots (13.1 km/hr) per 

decade. In the Bay of Bengal, there is no significant increasing trend in TC intensity. 

• Not only the intensity of TC, but also the intensification rate of TCs in the Arabian Sea 

is increasing at the rate of 0.7 knots and 2.4 knots per 6 hour per decade during the pre-

monsoon season and the post-monsoon season respectively. In line with it there is an 

increase in the frequency of TCs undergoing rapid intensification in both seasons. 

• TC duration in the Arabian Sea is increasing at the rate of 14.4 hours per decade during 

the pre-monsoon season. During the post-monsoon season, TC duration shows only a 

marginal increase. Interestingly, in both seasons, TC land duration exhibits a decreasing 

trend. This indicates that although there is an overall increase in TC duration, the TC 

duration over land is declining. 



• Due to the increase in intensity and duration of TCs in the Arabian Sea, there is a 

significant increase in the accumulated cyclone energy in the basin. It is increasing at 

the rate of 2.8 knots2 and 2.9 knots2 per decade during the pre-monsoon season and 

post-monsoon season respectively. 

• The translation speed of TCs is declining in both basins during the post-monsoon 

season. However, over land, the rate of slowing down of TCs in less than that over the 

ocean. 

• TC genesis latitude is shifting equatorward in both the basins and seasons, which is 

sharp contrast to the global basins. 

• TC maximum intensity latitude in the Bay of Bengal is also shifting equatorward. This 

is again in contrast to the global basins. However, in the Arabian Sea, during the pre-

monsoon season, it is shifting poleward, whereas during the post-monsoon season, it is 

shifting equatorward. 

• TC size during the pre-monsoon season is increasing at the rate of 15.3 n mi (28.3 km) 

per decade and 29.4 n mi (54.4 km) per decade in the Arabian Sea and the Bay of Bengal 

respectively. On the contrary, during the post-monsoon season, TC size exhibits a non-

significant declining trend. 

• In the Southern Tropical Indian Ocean, 71% of the annual TC frequency occurs between 

November to April. The most active TC month in this basin is February. Also, it is noted 

that the intensity of TCs is generally more in the later part of the active season i.e. from 

February-April, as compared to November-January. 

• Similar to the Bay of Bengal, in the Southern Tropical Indian Ocean too, there is no 

significant change in the TC frequency in the basin during the season (November-

April). However, the frequency of category ≥ 3 TCs is increasing at the rate of 0.4 TC 

per decade. 

• This increase in the frequency of intense TCs is reflected by the changes in TC intensity 

which is increasing at the rate of 3.4 knots (6.3 km/hr) per decade. Also, the upper limit 

of TC intensity (i.e. the maximum intensity of TC in a given season) is increasing at the 

rate of 6 knots (11.1 km/hr) per decade. This indicates that in recent decades the TCs in 

the Southern Tropical Indian Ocean are becoming more and more intense. 

• Similar to the Arabian Sea, TCs intensification rate in the Southern Tropical Indian 

Ocean is increasing rapidly. It is increasing at the rate of 0.3 knots per 6 hours per 

decade. Also, the frequency of TCs undergoing rapid intensification is increasing at the 



rate of 0.7 TC per decade. The number of TCs undergoing rapid intensification has 

increased from 4 TCs per season in the earlier part of the study period to ~6 TCs per 

season in recent years. 

• Lastly, along with the increase in TC intensity in Southern Tropical Indian Ocean there 

is also a marginal increase in their duration, leading to an increase in the accumulated 

cyclone energy in the basin. 

• To assess the impact of global warming on TC characteristics, we analyzed the multi-

model mean from the best-performing CMIP6-HighResMIP models for the near-future 

period (2015–2050). The projections indicate a decrease in overall TC frequency in the 

Bay of Bengal during both the pre- and post-monsoon seasons. Furthermore, the 

frequency of intense TCs (Category ≥ 3) is projected to decline by approximately 53% 

during the pre-monsoon season. In contrast, during the post-monsoon season, the 

frequency of intense TCs is expected to marginally increase, from about one TC every 

six years in the historical period to one TC every 4.5 years in the near-future projections. 

• In the Arabian Sea, multi-model mean is projecting a decrease in TC frequency during 

the post-monsoon season and no significant change during the pre-monsoon season. 

• The multi-model mean projects a decrease in TC intensity in the Bay of Bengal during 

the pre-monsoon season and no significant change during the post-monsoon season. On 

the other hand, in the Arabian Sea, TC intensity is projected to increase marginally 

during the pre-monsoon season and no significant change during the post-monsoon 

season. 

• The TC duration is projected to decrease in both basins and seasons. 

• The TC intensification rate is projected to increase in the Arabian Sea during the pre-

monsoon season. No significant change during the post-monsoon season. Whereas, in 

the Bay of Bengal, there is no significant change in the TC intensification rate in pre-

monsoon season and marginal increase in the post-monsoon season. 

• TC tracks are projected to shift poleward in the Bay of Bengal during the post-monsoon 

season. In the Arabian Sea, there is a slight northwest shift in TC tracks in pre-monsoon 

season. While, there is no concrete signal in the post-monsoon season. 

• Observations indicate an equatorward shift in the latitude of TC genesis, whereas the 

multi-model mean projects a slight poleward shift in TC genesis latitude. In contrast, 

the multi-model mean shows almost no change in the latitude of TC maximum intensity. 
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1. Introduction 

Tropical cyclones (TCs) are intense, rapidly rotating low-pressure systems which cause the 

greatest environmental harm in coastal areas, economic losses, and human casualties, because 

of their strong winds, excessive precipitation and storm surges (Bhardwaj & Singh, 2020; Gori 

et al., 2020; Kim et al., 2012; Li & Zhou, 2015). The primary energy source for these TCs is 

the heat and moisture from warm ocean waters, typically above 26.5°C. Sufficiently warm sea 

surface temperature (SST, > 26 °C), Coriolis force, positive low-level relative vorticity, high 

mid-tropospheric relative humidity, low vertical wind shear, and pre-existing disturbance are 

the necessary conditions for TC genesis (Gray, 1968). The ocean plays a dominant role in 

providing energy to TC through the exchange of latent and sensible heat fluxes between the 

ocean and the atmosphere (Emanuel, 1986; Vinod et al., 2014). Increased latent heat flux from 

the ocean to the atmosphere moistens the boundary layer and provides conducive conditions 

for cyclogenesis (Gao et al., 2019) and also plays an important role in its intensification (Gao 

et al., 2016; Gao & Chiu, 2010; Jaimes et al., 2015; Lin et al., 2014). 

The structure of TC is very complex, at the centre of intense TC, there is an eye, a nearly 

circular region typically 20 to 50 km wide (Teshiba et al., 2005). The eye is the region of calm 

to light winds, relatively clear skies, with a remarkable inversion level in the lower troposphere 

(Willoughby, 1998) and even sunlight is seen in some cases. Surrounding the eye is the eyewall, 

the most intense and dangerous part of the TC. The eyewall consists of a dense ring of towering 

cumulonimbus clouds that reach a height of 15-18 Km. In the eyewall, the strongest winds and 

heaviest rainfall occur. The rapid upward motion of warm, moist air in this region releases 

latent heat, which further fuels the TC. This release of latent heat within the TC makes them a 

warm core system, with the temperatures in the TC especially in mid to upper levels warmer 

than the surroundings. Extending outward from the eyewall are spiral rainbands separated with 

moat regions, which can stretch hundreds of kilometres. These curved bands contain clusters 

of thunderstorms and heavy rain. Although less intense than the eyewall, rainbands can still 

produce gusty winds and flash floods. 

TCs primarily develop in six ocean basins: the Western North Pacific, North Atlantic, 

Eastern North Pacific, North Indian Ocean, South Indian Ocean, and South Pacific Ocean as 

shown in Figure 1.1. In general, no TCs form in the southern Atlantic Ocean (south of equator) 

and southeast Pacific Ocean. On an average, approximately 85 TCs form globally each year, 

with a standard deviation of ±10 (Sobel et al., 2021, Figure 1.2). Among the active TC basins, 
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the Western North Pacific accounts for about 29% of the total annual global TC frequency. 

Whereas, the north Indian Ocean contributes around 6%, and the Bay of Bengal and the Arabian 

Sea contribute  approximately 4% and 2%, respectively (Figure 1.2). 

 

Figure 1.1. Global Tropical Cyclone (TC) formation basins. Adapted from NOAA 

(https://www.noaa.gov). The arrows denote the in general TC movement in different basins. 

 

 

Figure 1.2. Percentage and the average number of cyclones per year in each ocean basins, 

during the period 1980–2024. 4% of total cyclones occur in the Bay of Bengal and ~2% occur 

in the Arabian Sea. The numbers above each bar denotes the average number of cyclones per 

year in different ocean basins. 

https://www.noaa.gov/


3 
 

 

The Bay of Bengal experiences a higher frequency of TCs than the Arabian Sea, 

primarily due to its higher SST, greater atmospheric moisture content, and the propagation of 

disturbances from the western North Pacific into this basin (Saha et al., 1981; Sahoo & 

Bhaskaran, 2016). Although the total number of TCs in this region is comparatively lower, it 

accounts for over 80% of cyclone-related fatalities worldwide, primarily due to coastal 

inundation (Beal et al., 2020). Some of the deadliest TCs have originated in the Bay of Bengal, 

resulting in significant loss of life across countries along its rim—especially India, Bangladesh, 

and Myanmar (Kikuchi et al., 2009; Madsen & Jakobsen, 2004; McPhaden et al., 2009; 

Mohapatra & Sharma, 2019). The region’s vulnerability to TCs is significantly heightened by 

a combination of physical and demographic factors. The shallow coastal bathymetry and low-

lying, flat terrain make the area highly susceptible to strong storm surges. When these 

conditions coincide with intense TCs, the impact is further amplified. Additionally, the high 

population density along the coastline greatly increases the risk to human life and 

infrastructure, often resulting in devastating loss of lives and extensive damage to property. 

Along with the local ocean–atmosphere interactions, the characteristics of TCs over the 

north Indian Ocean are strongly modulated by large-scale climate phenomena at the 

subseasonal scale by the Madden–Julian Oscillation (MJO) (Krishnamohan et al., 2012; Singh 

et al., 2020), and at the interannual to decadal scale by the El Niño Southern Oscillation 

(ENSO) ( Sreenivas et al., 2012; Felton et al., 2013; Girishkumar et al., 2015; Mahala et al., 

2015; Bhardwaj et al., 2019), Indian Ocean Dipole (IOD) ( Sreenivas et al., 2012; Yuan et al., 

2013; Li et al., 2016; Wahiduzzaman et al., 2022) and Pacific Decadal Oscillation (Girishkumar 

et al., 2015; Roose et al., 2023). 

It is reported that in the recent decades (1982–2019), SSTs in the region of TC formation 

in the Arabian Sea has increased by 1.4°C during the pre-monsoon season and 1.2°C during 

the post-monsoon season. Similarly, in the Bay of Bengal, the observed change in SST is 0.8°C 

during the pre-monsoon season and 0.5°C during the post-monsoon season (Singh & Roxy, 

2022). This rapid warming of ocean has significantly changed some of the characteristics over 

the basin (Deshpande et al.,  2021). In the recent years there is an increase in the intensity of 

TCs in the Arabian Sea, along with the increase in the frequency of rapid intensification of TCs 

(Kranthi et al., 2023; Nadimpalli et al., 2021; Vinodhkumar et al., 2021). Further, the TCs in 

this basin undergo rapid intensification in its initial stage of formation (Kranthi et al., 2023; 

Vinodhkumar et al., 2021). Also, the translation speed of TC is declining over the Arabian Sea 
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(Priya et al., 2022). Further, it is observed that the frequency of Category 1 or higher intensity 

TCs (wind speed > 64 knots) has increased in the Arabian Sea (Deshpande et al., 2021). Also, 

in the recent epoch (2001-2019) there is an 80% increase in the TC duration as compared to 

the earlier epoch (1982-2000) (Deshpande et al., 2021). 

Although numerous studies have investigated recent changes in various TC 

characteristics over the north Indian Ocean, a comprehensive understanding of how global 

warming influences both the seasonal variability and basin-specific changes in TC behaviour 

remains limited. In particular, the seasonal differences in TC characteristics over the land and 

the way these systems have evolved after landfall in recent decades have received less attention. 

As the ocean continues to warm, it is crucial to examine how TC characteristics in different 

cyclone seasons, and across the Arabian Sea and the Bay of Bengal, will evolve under a 

changing climate, especially using high-resolution climate models such as the CMIP6 suite 

HighResMIP. 

In addition, the tropical South Indian Ocean (SIO) has undergone unprecedented 

warming in the recent years, which likely plays a critical role in modulating TC behaviour. This 

region exhibits strong seasonal variations in warming patterns and significant long-term 

warming trends, both of which can profoundly affect TC characteristics. The SIO has also 

witnessed some of the most intense and destructive TCs in the recent history, including Batsirai 

(2022), Freddy (2023), and Chido (2024)—with Freddy notably holding the record as the 

longest-lived cyclone globally (Wang et al., 2025). Despite these developments, lack of 

comprehensive understanding of how TC characteristics are evolving in this basin under 

warming climate remains. 

Therefore, the present report aims to address these critical gaps by: 

1. Providing an improved understanding of the recent observed changes in TC 

characteristics across the Arabian Sea, Bay of Bengal, and tropical South Indian Ocean; 

and 

2. Presenting a detailed assessment of future TC activity in the north Indian Ocean using 

CMIP6 HighResMIP high-resolution climate models. 
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2. Data and Methodology 

2.1 Observed Data 

TC data for the north Indian Ocean and tropical South Indian Ocean for the period 1982–2023 

is obtained from the Joint Typhoon Warning Centre (JTWC) as archived in the International 

Best Track Archive for Climate Stewardship (IBTrACS) dataset (Knapp et al., 2010). The 

JTWC provides six-hourly TC data, including TC location, intensity (maximum sustained wind 

speed), mean sea level pressure and the TC size metrics such as the radius of maximum wind 

(Rmax) and the radius of 34 knots wind in four quadrants of TC. As in Singh et al. (2025), we 

considered only those TCs that attained maximum sustained wind speeds exceeding 34 knots 

for analysis. Tropical depressions (with maximum wind speeds less than 34 knots) are excluded 

from the study. 

North Indian Ocean TCs which have their genesis between 0–22°N and east of 78°E 

are taken as the Bay of the Bengal TCs and the TCs which have their genesis between 0–22°N 

and west of 78°E are considered as the Arabian Sea TCs. If a TC having its genesis in the Bay 

of Bengal region and it crosses into the Arabian Sea, then that is considered as Bay of Bengal 

TC.  Whereas, for the Southern Tropical Indian Ocean the systems having their genesis between 

0-30°S, 30°E-120°E are considered. 

 

2.2 CMIP6 HighResMIP Simulations 

In this study, we employ climate model simulations from HighResMIP, a component of 

CMIP6, which is part of the World Climate Research Programme’s latest coordinated effort to 

produce high-resolution simulations of past and future climates (Eyring et al., 2016). The 

HighResMIP experiment is chosen as previous studies have shown that the high-resolution 

models perform better in the realistic simulation of TC as compared to the low-resolution 

models (Camargo, 2013; Liu et al., 2023; Roberts et al., 2020). Also, the high-resolution 

models could simulate high intensity TCs. The spatial grid spacing of most HighResMIP 

models ranges between 25 and 100 km, which is significantly higher than that of standard 

CMIP6 models. Details of all the HighResMIP models used, including their spatial and 

temporal resolutions, are summarized in Table 2.1. 
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Table 2.1. CMIP6 HighResMIP models which are used in our study, their spatial and temporal 

resolution and modeling centers information. 

CMIP6-HighResMIP 

Models 

Spatial and 

Temporal 

Resolution 

Institution 

CMCC-CM2-VHR4 25 km, 6 hourly Euro-Mediterranean Center on Climate 

Change, Italy 

ECMWF-IFS-HR 25 km, 6 hourly European center for Medium-Range 

Weather Forecasts, UK 

FGOALS-f3-H 25 km, 6 hourly Chinese Academy of Sciences, China 

HadGEM3-GC31-HM 50 km, 3 hourly Met Office Hadley Center, UK 

CNRM-CM6-1_HR 50 km, 6 hourly National Center for Meteorological 

Research, France 

EC-Earth3P-HR 50 km, 6hourly EC-Earth Consortium, Europe 

ECMWF-IFS-LR 50 km, 6hourly European center for Medium-Range 

Weather Forecasts, UK 

MPI -ESM1-2-XR 50 km, 6 hourly Max Plank Institute for Meteorology, 

Germany 

BCC-CSM2-HR 50 km, daily Beijing Climate Center, China 

ECMWF-IFS-MR 50 km, daily European center for Medium-Range 

Weather Forecasts, UK 

HadGEM3-GC31-HH 50 km, daily Met Office Hadley Center, UK 

EC-Earth3P 100 km, 6 hourly EC-Earth Consortium, Europe 

MPI -ESM1-2-HR 100 km, 6 hourly Max Plank Institute for Meteorology, 

Germany 

HadGEM3-GC31-

MM 

100 km, daily Met Office Hadley Center, UK 

CMCC-CM2-HR4 100 km, 6 hourly Euro-Mediterranean Center on Climate 

Change, Italy 

 

We selected HighResMIP Tier 2 experiment, which is ocean-atmosphere coupled 

simulations, covering a period from 1950–2050 (Haarsma et al., 2016). The ocean-atmosphere 

coupling is crucial for a realistic representation of various TC characteristics in the model (Bell 

et al., 2013; Scoccimarro et al., 2017; Vincent et al., 2014). For the historical period, we utilize 

the Hist-1950 experiment, which is initialized using the ERA-20C reanalysis. For future 

projections, we use the HighResMIP future experiment covering 2015–2050, which follows 

the SSP5–8.5 high fossil fuel usage scenario (O’Neill et al., 2016). The SSP5-8.5 scenario 

combines a shared socioeconomic pathway driven by fossil fuel development with 
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Representative Concentration Pathway 8.5, which has a radiative forcing of 8.5 W m-2. To 

maintain consistency with the number of years available for future projections, we restricted 

the analysis of historical simulation in the CMIP6-HighResMIP for the period 1979–2014. 

2.3 Methodology 

TC monthly frequency distribution is based on the month in which the TC genesis occurs. TC 

categories are defined based on the Saffir-Simpson scale (Webster et al., 2005). The TC 

categories are as follows: tropical depression (Vmax ≤ 33 knots), tropical storm (34 knots ≤ 

Vmax < 64 knots), Category 1 (64 knots ≤ Vmax < 83 knots), Category 2 (83 knots ≤ Vmax < 

96 knots), Category 3 (96 knots ≤ Vmax < 113 knots), Category 4 (113 knots ≤ Vmax < 137 

knots) and Category 5 (Vmax ≥ 137 knots). Here, Vmax is the maximum wind speed of the TC 

obtained from the JTWC dataset. As per IMD classification the TCs categories are defined as 

follows: depression (17 ≤ Vmax < 28 knot), deep-depression (28 ≤ Vmax < 34 knots), cyclonic 

storm (34 knots ≤ Vmax < 48 knots), severe cyclonic storm (48 knots ≤ Vmax < 64 knots), 

very severe cyclonic storm (64 knots ≤ Vmax < 90 knots), extremely severe cyclonic storm (90 

knots ≤ Vmax < 120 knots) and super cyclonic storm (Vmax ≥ 120 knots). A comparison of 

the wind speed thresholds to define TC category is mentioned in Table 2.2. Since our analysis 

includes both the North Indian Ocean and the Southern Tropical Indian Ocean, we adopt the 

Saffir–Simpson scale methodology to define TC categories, ensuring consistency across the 

two basins.  

In observational datasets, the initial wind speed of developing systems varies; some 

start at 20 knots, while others begin at 25 or 30 knots, resulting in inconsistencies in identifying 

the TC genesis location based on the first recorded point. To ensure uniformity, similar to the 

methodology of Singh et al. (2024), we define the TC genesis in the observation as well as the 

model, as the first time when the maximum surface wind speed of a system reaches 34 knots. 

We show the TC tracks only for the timespan when TCs have a maximum wind speed of ≥ 34 

knots. This threshold is chosen to emphasize TC tracks corresponding to systems that have 

reached at least tropical storm intensity, which has a threshold of 34 knots (Deng et al., 2025). 

TC points corresponding to the genesis and dissipation stages with wind speeds below 34 knots 

were excluded from the analysis. 

The lifetime maximum intensity (LMI) of a TC is defined as the maximum sustained 

wind speed that a TC achieves during its lifetime. TC duration is counted only for the time 
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when the TC has its wind speed ≥ 34 knots that is the tropical storm category. TC intensification 

rate is defined as the rate at which a TC’s maximum sustained wind speed increases from the 

time of its genesis (when the wind speed first reaches 34 knots) to its LMI. It is calculated as 

the difference between the wind speed at LMI and at genesis, divided by the time (in multiples 

of 6-hour) taken to reach LMI, and then multiplied by 6 to express the rate in knots/6 h. Rapid 

intensification of TC is defined as the increase in the wind speed of the TC by at least 30 knots 

(≥ 55.6 km/h) in 24 h (Kaplan & DeMaria, 2003; Osuri et al., 2017). 

Table 2.2. Saffir-Simpson scale and IMD based classification of TC categories, Vmax is the 

maximum wind speed of TC. 

JTWC IMD 

Category of TC Wind speed Category of TC Wind speed 

Tropical storm 34 knots ≤ Vmax < 64 knots  Cyclonic storm 34 knots ≤ Vmax < 

48 knots 

Category 1 64 knots ≤ Vmax < 83 knots Severe Cyclonic 

storm 

48 knots ≤ Vmax < 

64 knots 

Category 2 83 knots ≤ Vmax < 96 knots Very severe 

cyclonic storm 

64 knots ≤ Vmax < 

90 knots 

Category 3 96 knots ≤ Vmax < 113 

knots 

Extremely severe 

cyclonic storm 

90 knots ≤ Vmax < 

120 knots 

Category 4 113 knots ≤ Vmax < 137 

knots 

Super cyclonic 

storm 

Vmax ≥ 120 knots 

Category 5 Vmax ≥ 137 knots   

 

In the Southern Tropical Indian Ocean, tropical cyclones (TCs) are categorized by 

month according to their Lifetime Maximum Intensity (LMI), defined as the time when a TC 

first attains its highest wind speed. For example, TCs that form in one month but reach their 

LMI in another month are classified according to the month in which the LMI occurs. Thus, a 

TC that forms in October but reaches its LMI in November is classified as a November cyclone.  

Accumulated cyclone energy (ACE) is commonly used to assess the accumulated 

energy of the TC (Emanuel, 2005). ACE is proportional to the square of the maximum wind 
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speed of the cyclone. It is calculated by summing the squares of the 6-hourly maximum wind 

speed in knots for the duration when the TC has a wind speed of 34 knots or higher. The number 

is divided by 10,000 to make it more readable and easier to interpret (Camargo & Sobel, 2005) 

and is given by equation 1. 

ACE =  10−4  ∑ Vmax
2                                     (1) 

Where Vmax is the maximum wind speed of the TC. 

Translation speed is calculated using neighbouring positions along each TC track (these 

are provided in six-hourly intervals throughout the lifetime of each TC). Distances between 6 

hourly TC locations are calculated along a great circle arc. TC size can be estimated through 

various methods, including in-situ observations, aircraft reconnaissance, and from satellite 

derived winds (Knaff et al., 2017). Globally, there are no uniform criteria to define TC size. 

Previous studies have used various wind based criteria to define TC size, this includes the radii 

of 5 knots wind (Knaff et al., 2014), radii of 16 knots wind (Schenkel et al., 2018), radii of 24 

knots wind (Chavas et al., 2016), radii of 30 knots wind (Cocks & Gray, 2002; Lin & Chou, 

2018), radii of 34 knots wind (Chan & Chan, 2014) and the radius of the maximum wind (Hill 

& Lackmann, 2009). Other than winds, some studies also defined the size of TC using the low-

level relative vorticity criteria (K. S. Liu & Chan, 1999) and the radius of the outermost closed 

isobar criteria (Brand 1972; Merrill 1984). 

In the past decade, the radius of 34 knots winds (R34) representing gale-force winds 

has become a key parameter for characterizing TC size due to its strong relevance in assessing 

TC impact potential (Chan & Chan, 2014, 2015; Knaff & Sampson, 2015). The growing 

emphasis on R34 is also supported by the improved reliability of operational datasets (Knaff 

& Sampson, 2015; Landsea & Franklin, 2013). Since the JTWC reports R34 wind radii for four 

quadrants, we estimated TC size by averaging the R34 values across these quadrants. TC 

records with missing R34 data in all four quadrants were excluded, while cases with at least 

one available quadrant value were retained for analysis. The TC size was calculated at 6-hour 

intervals, considering only the standard synoptic observation times (00, 06, 12, and 18 UTC), 

and only for those time steps when the maximum sustained wind speed exceeds 34 knots. 
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2.4 Tropical cyclones in the CMIP6 HighResMIP models 

We considered all models with a horizontal grid spacing of 100 km or finer and a 

temporal resolution of at least 24 hours (Table 1). Most selected models provide the necessary 

variables at 6-hourly intervals; however, a few models—namely BCC-CSM2-HR, ECMWF-

IFS-MR, HadGEM3-GC31-MM, and HadGEM3-GC31-HH provide data only at 24-hour 

intervals. To ensure consistency across the dataset, only the first ensemble member of each 

model is included in the analysis, even when multiple members are available. It is important to 

note that the ECMWF-IFS-HR, ECMWF-IFS-LR, and ECMWF-IFS-MR models contain only 

historical simulations and lack future projection data. Therefore, these models are used 

exclusively for evaluating historical simulations against observations and are excluded from 

the analysis of the future TC projections. 

TCs in the model datasets are identified using the Centre National de Recherches 

Météorologiques (CNRM) TC tracking and detection algorithm (Chauvin et al., 2006) and the 

justification for the same is provided by Adsul et al. (2026b). The CNRM algorithm was chosen 

because of its demonstrated superiority in realistically representing TC characteristics over the 

North Indian Ocean compared to other widely used detection methods, such as the University 

of Zaragoza (UZ) and Okubo-Weiss-Zeta (OWZ) algorithms (Tory et al., 2013). The CNRM 

algorithm shows the highest probability of TC frequency detection (Adsul et al. 2026b). In 

addition, evaluation of TC track accuracy shows that about 65% of TC locations identified by 

the CNRM algorithm have track errors smaller than 50 km, indicating the lowest positional 

error among all algorithms examined. This is consistent with Bell et al. (2018), who reported 

that although the OWZ algorithm performs well in several ocean basins, it is less effective in 

accurately capturing TC tracks and durations over the North Indian Ocean. 

To identify the location of TC, the CNRM algorithm utilises sea level pressure, wind, 

temperature and relative vorticity at different levels. TC detection in this algorithm is based on 

the following criteria: 

1. The sea level pressure must be lower than the surrounding, the region of pressure 

minimum indicates the system's centre. 

2. Relative vorticity (ζ850hPa) ≥ 1.5 x 10-4 s−1. 

3. U850 hPa ≥ 5 m s−1. 
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4. The sum of the temperature anomalies averaged over the 700, 500, 300 hPa pressure 

levels ≥ 1 K. 

5. Difference in temperature anomaly (850 hPa minus 300 hPa) ≤ 1 K. 

6. Difference in wind speed (300 hPa minus 850 hPa) ≤ 5 m s−1. 

Where, ζ850hPa is the relative vorticity at 850 hPa. U850 is the wind speed at 850 hPa. 

In the model data, only systems with wind speeds exceeding 34 knots are selected, i.e. 

only tropical storms and stronger TCs are included in the analysis. During tracking, if a TC 

weakened below 34 knots but later re-intensified to at least 34 knots, a relaxation criterion is 

applied to prevent artificial breaks in the TC track. This criterion, based on a relative vorticity 

threshold of 2.5 × 10⁻⁴ s⁻¹ at 850 hPa, allows for the reconstruction of the complete TC life 

cycle by reconnecting segments that may have been separated due to temporary weakening 

(Bourdin et al., 2022). The TC category in the CMIP6 model is defined based on the Saffir-

Simpson scale, similar to the observation discussed earlier. 

To evaluate the performance of the best-performing models, we compared the simulated 

TC genesis and tracks from the historical period (1979–2014) with the observed TC genesis 

and tracks. This comparison enhances confidence in the model-based projections. Model 

performance was assessed using the Taylor diagram approach (Taylor, 2001), a widely adopted 

method for quantitatively comparing model outputs with a reference dataset (Ngoma et al., 

2021; Randriatsara et al., 2023). The Taylor diagram effectively summarizes key statistical 

measures such as correlation coefficient, centred root-mean-square difference, and standard 

deviation within a single plot, providing a concise visual representation of model skill. 

The correlation coefficient quantifies the degree of spatial or temporal similarity 

between the model and observations, the root mean square difference reflects the magnitude of 

deviation between the two datasets (error), and the standard deviation represents the variability 

in each field. Taylor analysis  provides together, these metrics offer a comprehensive evaluation 

of model fidelity (Taylor, 2001). Additionally, the Taylor skill score was employed to rank 

models based on their overall agreement with observations, where values closer to 1 indicate 

better performance. The statistical significance of the results was assessed using a two-tailed 

Student’s t-test.  
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3. Climatology of Tropical Cyclone Characteristics in the North Indian 

Ocean 

3.1 Seasonal climatology of TC frequency and track 

In the North Indian Ocean (comprising the Arabian Sea and the Bay of Bengal), the monthly 

TC distribution shows that there are two peaks in the TC activity (Figure 3.1). The first peak is 

from April–June, called the pre-monsoon season and the second peak is from October–

December and is called the post-monsoon season. The definition of the TC seasons is consistent 

with earlier studies (Balaji et al., 2018; Murakami et al., 2017; Priya et al., 2022; Rajeevan et 

al., 2013; Sahu & Pattnaik, 2024; Vidya et al., 2023). Further, Mohapatra et al. (2013) 

demonstrated that although June is officially part of the monsoon season, TCs forming in June 

exhibit characteristics similar to those of pre-monsoon systems. Therefore, June TCs are often 

categorized as pre-monsoon cyclones in scientific analyses. On average ~3 TCs form in the 

Bay of Bengal in a year, with ~0.8 TCs/year during the pre-monsoon and ~1.7 TCs/year during 

the post-monsoon. Whereas, in the Arabian Sea, on average ~2 TCs form in the Arabian Sea in 

a year with ~0.7 TCs/year during the pre-monsoon and ~0.9 TCs/year during the post-monsoon. 

(Figure 3.1). Further, we see that among all months in the Bay of Bengal, the highest frequency 

of TCs is observed in November, whereas, in the Arabian Sea, the highest frequency of TCs is 

observed in June. It is important to note that in the peak monsoon months (July–September), 

the TC frequency is very low due to very high vertical wind shear in this season (Li et al., 

2013). Among all the TC active basins, the North Indian Ocean is the only basin with such a 

bimodal distribution of TC activity in a calendar year. 

 

Figure 3.1. Tropical Cyclone frequency per year in the Arabian Sea (red) and Bay of Bengal 

(blue) in different months during the period 1982-2023. 
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The TCs forming in the Arabian Sea and Bay of Bengal affect the vastly populated coastline 

of the Indian Ocean rim countries (Adsul et al., 2026a). The pre-monsoon TCs form at an 

average latitude of 13.8°N in the Bay of Bengal, whereas the genesis of TCs shifts equatorward 

in the post-monsoon season (Figure 3.2) with an average TC genesis latitude of 12.7°N (Table 

3.1). Similarly, in the Arabian Sea, the TC genesis location is ~2.8°N poleward in the pre-

monsoon season than in the post-monsoon season (Table 3.1). Thus, in both basins, there is an 

equatorward shift in the TC genesis location in the post-monsoon season compared to the pre-

monsoon season. 

 

Figure 3.2. Tropical cyclone tracks (when wind speed of TC ≥ 34 knots) in the Arabian Sea 

and Bay of Bengal during the (a) Pre-monsoon (April–June) and (b) Post-monsoon (October–

December) seasons for the period 1982–2023. Pink star denotes mean TC genesis location and 

blue circle denotes TC lifetime maximum intensity (LMI) mean location. The genesis points of 

each TC (location where the first time TC attained winds ≥ 34 knots) are marked with solid 

black circle. The color along the TC track denotes the category of TC as tropical storm (green), 

Category 1-2 (orange) and Category ≥3 (red). 
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Table 3.1. Tropical cyclone (TC) average genesis latitude and longitude in the Bay of Bengal 

and Arabian Sea during the pre-monsoon (April–June) and post-monsoon (October–

December) seasons for the period 1982–2023. 

Average Genesis latitude (°N) Average Genesis longitude (°E) 

 Pre-Monsoon Post-Monsoon Pre-Monsoon Post-Monsoon 

Bay of 

Bengal 

13.79 ± 4.5 12.66 ± 3.84 88.72 ± 2.67 87.08 ± 3.52 

Arabian 

Sea 

14.91 ± 3.66 12.14 ± 3.91 65.73 ± 6.28 65.22 ± 5.48 

 

Along with the seasonal differences in the TC genesis location, there is a marked 

difference in the TC tracks between the two seasons. During the pre-monsoon season, in the 

Bay of Bengal, TCs travel more north-northeastward direction and make landfall at the West 

Bengal coast of India or Bangladesh, or Myanmar coast (Figure 3.2a). Whereas, during the 

post-monsoon season, TCs travel more west-northwestward direction, as a result, TCs make 

landfall over the east coast of India or the Sri Lanka coast (Figure 3.2a). At the east coast of 

India during the post-monsoon season, TCs often strike the Odisha and West Bengal coast in 

October, Andhra Pradesh coast in November and Tamil Nadu coast in December (Mohapatra 

& Sharma, 2019). Also, a few TCs after making landfall at the east coast of India do not weaken 

completely and re-emerge in the Arabian Sea, where due to favourable ocean conditions, they 

intensify into a TC (Figure 3.2). As in the Bay of Bengal, in the Arabian Sea too, TCs travel 

more in a north-northeastward direction and make landfall at the west coast of India in the pre-

monsoon season (especially Gujarat coast) or Pakistan coast. Whereas, during the post-

monsoon season, TCs in this basin travel west-northwestward direction, as a result, very few 

TCs make landfall over the west coast of India (Figure 3.2b). Thus, the east coast of India is 

more prone to post-monsoon TCs. Whereas the west coast of India (especially Gujarat) is more 

prone to pre-monsoon TCs. The coastline of Karnataka and Kerala rarely experience direct TC 

landfall, mainly due to the lack of recurving TCs in the Arabian Sea at low latitudes. 

 

3.2 Seasonal variations in TC intensity and its rapid intensification 

Previously, it was observed that the frequency of TCs is higher during the post-monsoon season 

compared to the pre-monsoon season. However, despite the lower frequency, some of the most 

intense TCs tend to occur during the pre-monsoon season and often make landfall along the 

east coast of India. For instance, TC Fani (2019), with a maximum wind speed of 150 knots 
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(278 km/h), was the most intense pre-monsoon TC recorded in the Bay of Bengal. As shown 

in Figure 3.3b, the average LMI of TCs in the Bay of Bengal during the pre-monsoon season 

is 139.6 km/h, which is 23.9 km/h higher than in the post-monsoon season. Similarly, in the 

Arabian Sea, the average LMI of TCs during the pre-monsoon season is approximately 11 km/h 

higher than in the post-monsoon season (Figure 3.3b). Overall, TCs in the Bay of Bengal are 

approximately 18.7% stronger during the pre-monsoon season compared to the post-monsoon 

season, while those in the Arabian Sea are about 9.1% stronger. If we compare the two basins, 

then during the pre-monsoon season, the average LMI of TCs is higher in the Bay of Bengal as 

compared to the Arabian Sea. However, during the post-monsoon season, the average LMI of 

TCs in the two basins is nearly the same (Figure 3.3b). Moreover, not only the LMI but also 

the mean TC intensity (averaged from genesis to dissipation) is higher during the pre-monsoon 

season by about 11.0% in the Bay of Bengal and 8.8% in the Arabian Sea relative to the post-

monsoon season (Figure 3.3a). 

 

Figure 3.3. (a) TC mean intensity (averaged from genesis till dissipation, km/h) and (b) TC 

mean lifetime maximum intensity (LMI, km/h) in the Arabian Sea (red) and the Bay of Bengal 

(blue) during the pre-monsoon (April–June) and post-monsoon (October–December) seasons 

for the period 1982–2023. The black vertical line along the bar denotes one standard deviation. 

 

Further, to increase confidence in our results, we also analyzed the MSLP during TCs. 

Since the MSLP data is available only from 2002 onwards, the TC intensity analysis based on 

MSLP is restricted to the period 2002–2023. The TC wind–pressure relationship depends on a 
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number of factors such as regional environmental climatology, TC latitude, size and its 

intensity (Knaff & Zehr, 2007; Kossin & Velden, 2004). 

 

Figure 3.4. Scatter plot of Mean Sea Level Pressure (MSLP, hPa) at TC center vs maximum 

wind speed of TC (knots) for the (a) Arabian Sea pre-monsoon season (b) Arabian Sea post-

monsoon season (c) Bay of Bengal pre-monsoon season and (d) Bay of Bengal post-monsoon 

season. 

 

From the scatter plot, it is evident that during the pre-monsoon season, the lowest 

central pressure of TCs can reach up to 900 hPa, and the pressure decreases more steeply with 

increasing TC intensity, exhibiting a parabolic relationship between wind speed and pressure 

(Figure 3.4 a, c). The correlation between pressure and maximum sustained wind speed is 0.98 

for both the Arabian Sea and the Bay of Bengal. In contrast, during the post-monsoon season, 

the wind–pressure relationship appears nearly linear, with a correlation of 0.97 in both basins 

(Figure 3.4 b, d). The stronger curvature of the relationship in the pre-monsoon season can be 

attributed to the relatively higher average latitudes of TCs during this season in both the basins 

(Figure 3.2). At higher latitudes, the Coriolis force is stronger, which reduces the tangential 
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wind required to balance the pressure gradient force. Consequently, TCs forming at higher 

latitudes tend to exhibit lower central pressures for the same wind speed, resulting in a steeper 

pressure decline with increasing TC category during the pre-monsoon season. 

 

Figure 3.5. (a) TC mean sea level pressure (MSLP, averaged from genesis till dissipation, hPa) 

and (b) MSLP at LMI (hPa) in the Arabian Sea (red) and the Bay of Bengal (blue) during the 

pre-monsoon (April–June) and post-monsoon (October–December) seasons for the period 

2002–2023. The vertical black line denotes one standard deviation. 

 

During the pre-monsoon season, the MSLP at the LMI of TCs in the Arabian Sea is 

966.19 hPa, which is approximately 9.9 hPa lower than that observed during the post-monsoon 

season. Similarly, in the Bay of Bengal, the average MSLP at LMI during the pre-monsoon 

season is 964.95 hPa, about 13.4 hPa lower than in the post-monsoon season (Figure 3.5b). In 

addition, the average intensity of TCs based on MSLP in the Bay of Bengal and the Arabian 

Sea is approximately 5 hPa and 4.5 hPa lower, respectively, during the pre-monsoon season 

compared to the post-monsoon season (Figure 3.5a). These results indicate that, consistent with 

the intensity inferred from maximum wind speed, the pressure-based analysis also confirms 

that TCs in both basins are generally more intense during the pre-monsoon season than during 

the post-monsoon season. 

Furthermore, in agreement with the wind speed–based results for both the shorter and 

longer analysis periods, the pressure-based analysis reveals that during the pre-monsoon 
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season, TCs in the Bay of Bengal (average LMI MSLP: 964.95 hPa) tend to be more intense 

than those in the Arabian Sea (average LMI MSLP: 966.19 hPa). In contrast, during the post-

monsoon season for the longer period (1982–2023), no significant difference is found in the 

mean LMI of TCs based on wind speed analysis. However, for the shorter and more recent 

period (2002–2023), the average LMI of TCs, based on both wind speed and MSLP analyses, 

is found to be higher in the Arabian Sea compared to the Bay of Bengal (Table 3.2). Overall, 

these findings highlight a distinct seasonal contrast: during the pre-monsoon season, TCs in the 

Bay of Bengal are generally more intense, whereas during the post-monsoon season, TCs in 

the Arabian Sea exhibit greater intensity, particularly in the recent period (2002–2023). 

 

Table 3.2. Tropical cyclone (TC) average LMI (in terms of wind speed (km/h) and MSLP (hPa) 

in the Bay of Bengal and Arabian Sea during the pre-monsoon (April–June) and post-monsoon 

(October–December) seasons for the period 2002–2023. 

TC average LMI based on wind speed 

(km/h) 

TC average LMI based on pressure 

(hPa) 

 Pre-Monsoon Post-Monsoon Pre-Monsoon Post-Monsoon 

Bay of 

Bengal 

140.2 ± 66.6 116.4 ± 54.4 964.95 ± 31.02 978.3 ± 22.43 

Arabian 

Sea 

141.8 ± 64.5 125.0 ± 63.0 966.19 ± 26.41 976.08 ± 24.09 

 

A category-wise distribution analysis of TCs over the North Indian Ocean reveals that 

both the Arabian Sea and the Bay of Bengal exhibit the highest frequency of storms in the 

tropical storm (TS) category (Figure 3.6 a–b). During the analysis period, only one Category 5 

TC was observed in the Arabian Sea, occurring during the pre-monsoon season, with none 

recorded in the post-monsoon season. In contrast, the Bay of Bengal experienced a total of 

seven Category 5 TCs—four during the pre-monsoon season and three during the post-

monsoon season (Figure 3.6 a–b). This highlights that a higher number of category 5 TCs form 

in the Bay of Bengal as compared to the Arabian Sea. 



19 
 

 

Figure 3.6. Frequency of tropical cyclones (TCs) across different categories for the Arabian Sea (red) 

and Bay of Bengal (blue) during the pre-monsoon (April–June) and post-monsoon (October–December) 

seasons for the period 1982–2023. Panels (a–b) show the overall TC frequency, while panels (c–d) 

depict the frequency of TCs at the time of landfall. 

 

In terms of percentage distribution of TCs in different categories, during the pre-

monsoon season, approximately 41.4% of TCs in the Arabian Sea and 51.4% in the Bay of 

Bengal intensify to Category 1 or higher intensity (maximum wind speed > 64 knots). In 

contrast, during the post-monsoon season, only 36.8% and 35.6% of TCs in the Arabian Sea 

and Bay of Bengal, respectively, reach Category 1 or higher intensity (Table 3.3). This indicates 

that, in both basins, a larger proportion of TCs attain at least typhoon strength (Category 1 or 

higher) during the pre-monsoon season compared to the post-monsoon season and the TC 

intensification efficiency in both basins is higher in the former season than in the latter season. 

Furthermore, in the Arabian Sea, nearly one in every three TCs intensifies into a major TC 

(Category 3 or higher, winds ≥ 100 knots) during the pre-monsoon season, whereas only one 

in every six TCs achieves such intensity during the post-monsoon season. Similarly, in the Bay 

of Bengal, about one in every four TCs reaches major TC intensity during the pre-monsoon 

season, while only one in every seven TCs does so during the post-monsoon season (Table 3.3). 
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Table 3.3. Percentage of TCs intensifying to at least Category 1 or higher intensity TC (wind speed > 

64 knots) and Category 3 or higher intensity TC (wind speed ≥ 100 knots) in the Arabian Sea and the 

Bay of Bengal during the pre-monsoon (April–June) and the post-monsoon (October–December) 

seasons for the period 1982–2023. 

TC Category ≥ 1 TC Category ≥ 3 

 Pre-Monsoon Post-Monsoon Pre-Monsoon Post-Monsoon 

Arabian 

Sea 

41.4% 36.8% 31.0% 18.4% 

Bay of 

Bengal 

51.4% 35.6% 27.0% 13.8% 

 

Table 3.4. Number of Tropical Cyclones (TCs) and the percentage of total number of TCs 

undergoing rapid intensification (in bracket) in the Arabian Sea and the Bay of Bengal during 

the pre-monsoon (April–June) and the post-monsoon (October–December) season for the 

period 1982–2023. 

 Pre-Monsoon Post-Monsoon 

Arabian Sea 10 (34.5%) 7 (18.4%) 

Bay of Bengal 12 (32.4%) 14 (16.1%) 

 

The rapid intensification of TCs poses a severe challenge for forecasters as it involves 

the understanding of internal dynamics, interplay of environmental parameters, and nonlinear 

processes (Neetu et al., 2020; Zhang & Oey, 2019) and has large forecast errors across the 

globe (Bhatia et al., 2022; Trabing & Bell, 2020). Such rapidly intensifying TCs also possess 

significant challenge for disaster preparedness, especially if a TC intensifies rapidly closer to 

the coast (Lok et al., 2021). It is observed that during the pre-monsoon season, 34.5% of TCs 

in the Arabian Sea and 32.4% in the Bay of Bengal undergo rapid intensification. In contrast, 

during the post-monsoon season, 18.4% of TCs in the Arabian Sea and 16.1% in the Bay of 

Bengal experience rapid intensification (Table 3.4). Although the absolute number of rapidly 

intensifying TCs is higher in the Bay of Bengal during the post-monsoon season—owing to the 

greater overall number of TCs in that period, the likelihood of a TC undergoing rapid 

intensification is notably higher during the pre-monsoon season (Table 3.4). Thus, in both the 

basins, during the pre-monsoon season TCs have a higher probability to intensify rapidly as 

compared to the post-monsoon season. Also, we found that during the pre-monsoon season, 

most TC rapid intensification events occur near the west coast of India (Figure 3.7). In contrast, 

during the post-monsoon season, the rapid intensification locations shift westward, away from 
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the Indian mainland. However, over the Bay of Bengal, no pronounced seasonal differences in 

TC rapid intensification locations are observed. 

 

Figure 3.7. TC rapid intensification location in the North Indian Ocean during the Pre-

Monsoon season (April–June, red filled circle) and Post-Monsoon season (October–December, 

blue filled circle) for the period 1982–2023. 

 

In the North Indian Ocean, TCs generally attain their peak intensity over the open ocean 

before weakening slightly as they approach the coast and make landfall due to increased surface 

friction (Figure 3.2). In the Arabian Sea, approximately 38% and 31.5% of TCs during the pre-

monsoon and post-monsoon seasons, respectively, make landfall with at least tropical storm 

strength (wind speed ≥ 34 knots). In contrast, in the Bay of Bengal, about 91.9% of TCs during 

the pre-monsoon season and 65.5% during the post-monsoon season make landfall with at least 

tropical storm intensity (Figure 3.6 c-d). Thus, the probability of TCs making landfall with at 

least tropical storm intensity is significantly higher in the Bay of Bengal than in the Arabian 

Sea during both seasons, with a notably greater likelihood during the pre-monsoon season. This 

highlights a sharp contrast between the two basins. 

Further, it is observed that during the period1982–2023, no TC in the North Indian 

Ocean has made landfall with Category 5 intensity (wind speed ≥ 140 knots) (Figure 3.6 c-d). 

In the Arabian Sea, only two TCs during the pre-monsoon season have made landfall with 
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major intensity (Category 3 or higher, wind speed ≥ 100 knots), whereas no such landfall has 

occurred during the post-monsoon season. In the Bay of Bengal, TCs have made landfall with 

intensities up to Category 4, with two Category 4 landfalls recorded in both the pre-monsoon 

and post-monsoon seasons (Figure 3.6 c-d). 

Not only the LMI of TC but also the location where the TC attains its LMI is crucial, 

as it helps to understand how far away from the coast the TC is attaining its maximum intensity. 

A closer proximity of LMI to the coast possess greater threat to the coastline. TCs in the Bay 

of Bengal reach their LMI at approximately 17.9°N during the pre-monsoon season and around 

14.7°N during the post-monsoon season (Figure 3.2, Table 3.5). In the Arabian Sea, TCs attain 

their LMI about 4° farther poleward in the pre-monsoon season compared to the post-monsoon 

season (Figure 3.2, Table 3.5). This latitudinal difference in LMI location primarily arises from 

variations in TC genesis regions and track characteristics between the two seasons. During the 

pre-monsoon season, TCs tend to form at higher latitudes and follow more northward 

trajectories, leading to higher-latitude LMIs. In contrast, during the post-monsoon season, TC 

genesis shifts equatorward, and the systems generally move west-northwestward, resulting in 

LMIs occurring at lower latitudes. Consequently, due to these differences in TC tracks, the LMI 

location in the Bay of Bengal tends to be closer to the east coast of India during the post-

monsoon season compared to the pre-monsoon season. 

 

Table 3.5. Tropical cyclone (TC) average lifetime maximum intensity (LMI) latitude and 

longitude in the Bay of Bengal and Arabian Sea during the pre-monsoon (April–June) and post-

monsoon (October–December) seasons for the period 1982–2023. 

Average LMI latitude (°N) Average LMI longitude (°E) 

 Pre-Monsoon Post-Monsoon Pre-Monsoon Post-Monsoon 

Bay of 

Bengal 
17.89 ± 3.69 14.65 ± 4.06 89.62 ± 3.27 84.86 ± 3.98 

Arabian 

Sea 
17.57 ± 3.57 13.63 ± 4.32 64.11 ± 7.03 62.78 ± 6.33 
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Figure 3.8. (a) TC total average duration (hours) (b) TC total distance (km) (c) TC duration 

over land (hours) (d) TC distance over land (km). (e) Percentage of TC duration over land (f) 

Percentage of TC distance over land in the Arabian Sea and the Bay of Bengal during the pre-

monsoon (April–June) and the post-monsoon (October–December) seasons for the period 

1982–2023. Here, the TC duration and distance are computed when the system has a wind 

speed ≥ 34 knots. 

 

3.3 Seasonal characteristics of TC duration 

As in the seasonal contrast observed in TC frequency and intensity, the TC duration 

over both the Arabian Sea and the Bay of Bengal displays distinct seasonal variations (Figure 

3.8). During the pre-monsoon season, TCs over the Arabian Sea have an average duration of 

87.7 hours, which is 14.9 hours longer than in the post-monsoon season. In the Bay of Bengal, 
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the mean TC duration during the pre-monsoon season is 78.7 hours, about 13.5 hours longer 

than in the post-monsoon season (Figure 3.8a). Hence, in both basins, TCs tend to persist longer 

during the pre-monsoon season when considering only the tropical storm or higher intensity 

stage (wind speed ≥ 34 knots). 

Interestingly, when all TC stages—including the weaker phases with wind speeds down 

to 17 knots are considered, a different pattern emerges. In the Arabian Sea, during the pre-

monsoon season, the average TC duration increases to 138.8 hours (~5.75 days), which is 10.7 

hours shorter than in the post-monsoon season (Figure 3.9a). This suggests that although TCs 

in the Arabian Sea during the post-monsoon season persist longer overall, their tropical storm 

or higher intensity phase (wind speed ≥ 34 knots) is comparatively shorter than that of pre-

monsoon TCs. In contrast, over the Bay of Bengal, even after including the weaker stages, TCs 

during the pre-monsoon season remain slightly longer lived than those in the post-monsoon 

season (Figure 3.9a). This consistency across intensity thresholds indicates that Bay of Bengal 

TCs generally sustain longer durations during the pre-monsoon season compared to the post-

monsoon season. 

When comparing the two basins, during the pre-monsoon season, TCs in the Bay of 

Bengal during the tropical storm or higher intensity stage have a mean duration of 78.7 hours 

(~3.5 days), which is approximately 9 hours shorter than those in the Arabian Sea (Figure 3.8a). 

Similarly, during the post-monsoon season, Bay of Bengal TCs last for an average of 65.2 hours 

(~2.75 days), which is about 7.6 hours shorter than TCs in the Arabian Sea (Figure 3.8a). Thus, 

in both seasons, TCs in the Arabian Sea generally exhibit longer lifetimes compared to those 

in the Bay of Bengal. This is consistent even after including wind speed up to 17 knots. Overall, 

we found that TCs forming over the North Indian Ocean are relatively short-lived compared to 

the western North Pacific where on average TC duration (wind speed ≥ 34 knots) is roughly 5 

days (Kushwaha et al., 2025). 

TC duration over land has pronounced socio-economic implications, as longer-lasting 

landfalling TCs tend to cause more extensive damage and disruption. To assess this, we 

examined TC duration over land for two intensity thresholds: (i) only the tropical storm stage 

and above (wind speed ≥ 34 knots), and (ii) the complete duration until dissipation (wind speed 

down to 17 knots). 
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Figure 3.9. (a) TC total average duration (hours) (b) TC total distance (km) (c) TC duration 

over land (hours) (d) TC distance over land (km). (e) Percentage of TC duration over land (f) 

Percentage of TC distance over land in the Arabian Sea and the Bay of Bengal during the pre-

monsoon (April–June) and the post-monsoon (October–December) seasons for the period 

1982–2023. Here, the duration and distance are computed when the system has a wind speed 

≥ 17 knots. 

In the Arabian Sea, the average TC land duration at tropical storm intensity is 16.2 hours 

during the pre-monsoon season and 9.0 hours during the post-monsoon season (Figure 3.8c). 

In contrast, over the Bay of Bengal, the corresponding averages are 11.7 hours and 18.2 hours, 

respectively. Expressed as a fraction of total TC lifetime, Bay of Bengal TCs spend 14.9% of 

their duration over land during the pre-monsoon season and 27.9% during the post-monsoon 

season (Figure 3.8e). These results indicate that during the pre-monsoon season, Arabian Sea 
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TCs spend a longer time over land at tropical storm or higher intensity than those in the Bay of 

Bengal, whereas during the post-monsoon season, Bay of Bengal TCs persist over land for 

longer durations than those in the Arabian Sea. 

When the full TC lifetime (including weaker stages up to 17 knots) is considered, the 

Arabian Sea shows markedly longer land interaction. The average TC land duration is 47.2 

hours (~2 days) in the pre-monsoon season and 27 hours (~1 day) in the post-monsoon season 

(Figure 3.9c). These correspond to 34% and 18.1% of the total TC duration, respectively 

(Figure 3.9e). In the Bay of Bengal, the average TC land duration is 17.2 hours (~0.75 days) 

during the pre-monsoon season, accounting for 13.7% of the total duration, and 25.6 hours (~1 

day) during the post-monsoon season, representing 21% of the total duration (Figure 3.9c, e). 

Overall, these results reveal distinct seasonal and regional contrasts. At tropical storm 

or higher intensities, Arabian Sea TCs during the pre-monsoon season spend the longest time 

over land, while Bay of Bengal TCs during the post-monsoon season exhibit greater land 

persistence. However, when all intensity stages up to dissipation are considered, Arabian Sea 

TCs consistently spend longer durations over land compared to Bay of Bengal TCs in both 

seasons. This finding underscores the importance of these aspects while assessing the regional 

disaster risks and preparedness. 

 

3.4 Seasonal characteristics of TC track length 

The total distance travelled by TCs exhibits notable seasonal and basin-specific 

differences. Considering only the period when TCs are at tropical storm intensity or higher 

(wind speed ≥ 34 knots), the average track length in the Arabian Sea is 978.0 km during the 

pre-monsoon season and 994.9 km during the post-monsoon season (Figure 3.8b). Of this, the 

distance travelled over land is 249.6 km in the pre-monsoon season and 164.7 km in the post-

monsoon season (Figure 3.8d), corresponding to 25.5% and 16.6% of the total track length, 

respectively (Figure 3.8f). The longer track overland during the pre-monsoon season 

contributes to the higher TC duration observed in this season compared to the post-monsoon 

season. 

In the Bay of Bengal, the average TC track length is 1210.9 km during the pre-monsoon 

season and 927.0 km during the post-monsoon season (Figure 3.8b). The distance travelled 

over land is 294.4 km (24.3% of total distance) in the pre-monsoon season and 282.4 km 
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(30.5% of total distance) in the post-monsoon season (Figures 3.8d, f). When all TC stages are 

considered (wind speeds down to 17 knots), the Arabian Sea TCs during the pre-monsoon 

season travel an average total distance of 1617.3 km, compared to 2002.4 km during the post-

monsoon season (Figure 3.9b). Analysis of the distance over land shows that pre-monsoon TCs 

travel 738.3 km (~45.6% of total track length) over land, whereas post-monsoon TCs travel 

298.7 km (~14.9% of total track length) over land (Figures 3.9d, f). Although post-monsoon 

TCs cover a slightly longer total distance, pre-monsoon TCs cover larger distance over land, 

indicating that landfalling pre-monsoon storms in the Arabian Sea have the potential to impact 

a wider area. This pattern is consistent with the analysis restricted to tropical storm or higher 

intensity stages (wind speed ≥ 34 knots). In contrast, in the Bay of Bengal, the total TC track 

length is longer during the pre-monsoon season than in the post-monsoon season. The distance 

travelled over land is 402.3 km (~21.8% of the total distance) in the pre-monsoon season and 

409.5 km (~23.6%) in the post-monsoon season (Figures 3.9d, f).  

A basin-wise comparison further highlights clear contrasts. During the pre-monsoon 

season, the total track length over land is greater in the Arabian Sea than Bay of Bengal when 

all TC stages are included. However, when considering only tropical storms or higher intensity 

stages, Bay of Bengal TCs travel farther over land than Arabian Sea TCs in this season (Figures 

3.8, 3.9). For the post-monsoon season, regardless of whether all TC stages or only tropical 

storm or higher intensity stages are considered, Bay of Bengal TCs consistently travel longer 

distances over land than the Arabian Sea TCs. 

 

3.5 Seasonal characteristics of accumulated cyclone energy (ACE) 

The ACE is commonly used to assess the accumulated energy of TC. It is an integrated 

metric of TC intensity and its duration (Emanuel, 2005). During the pre-monsoon season, the 

average ACE of TCs in the Arabian Sea and the Bay of Bengal is higher than the post-monsoon 

season (Figure 3.10). This higher ACE in the pre-monsoon season is due to the higher intensity 

of TCs as well as longer duration of TCs (Figure 3.8a) in both the basins. 
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Figure 3.10. Accumulated cyclone energy per cyclone (×104 knots2) in the Arabian Sea (red) 

and the Bay of Bengal (blue) during the pre-monsoon and the post-monsoon season for the 

period 1982–2023. 

 

 

Figure 3.11. Daily climatology of Accumulated cyclone energy (ACE ×104, knots2) in the Arabian Sea 

(red) and the Bay of Bengal (blue) during (a) pre-monsoon season (April–June) and (b) post-monsoon 

season (October–December) for the period 1982–2023. The dash line indicates the raw value of ACE, 

whereas the thick continuous line denotes the 3-day running mean of ACE. 
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We also computed the daily climatology of the ACE, which helps identify the periods 

of peak TC activity within a season. As shown in Figure 3.11a, in the Arabian Sea during the 

pre-monsoon season, TC activity begins after 15 May and reaches its peak during the first two 

weeks of June. After 15 June, a sharp decline in activity (indicated by a steep drop in ACE) is 

observed, primarily due to the full establishment of the southwest monsoon. In contrast, in the 

Bay of Bengal, the daily ACE climatology reveals two distinct peaks in TC activity—the first 

between 28 April and 4 May, and the second during the third week of May (Figure 3.11a). 

Unlike the Arabian Sea, TC activity in the Bay of Bengal decreases sharply after the third week 

of May. Overall, these results highlight that during the pre-monsoon season, most TC activity 

in the Arabian Sea occurs between 16 May and 15 June, whereas in the Bay of Bengal, it occurs 

earlier, mainly between 26 April and 21 May. The reason for the difference in the peak TC 

activity between the two seasons needs detailed investigation. 

For the post-monsoon season, in the Arabian Sea, the peak in the TC activity is confined 

between the last week of October to first week of November, and hardly any major TC activity 

is seen beyond 2nd week of November. Whereas, in the Bay of Bengal, the TC activity is more 

spread out with three distinct peak activities in 2nd week of October, than around mid-

November and lastly from 25 November to 5 December (Figure 3.11b). In short the major TC 

threat in the Arabian Sea during post-monsoon is between 21 October to 15 November. 

Whereas, in the Bay of Bengal TC threat is there throughout the season with three distinct 

peaks. 

 

3.6 Seasonal characteristics of TC translation speed 

 Translation speed of TCs is one of the important features, as slower-moving TCs have 

a longer duration of influence, which can significantly enhance the impacts of associated severe 

weather events such as heavy rainfall, storm surges, and strong winds (Emanuel, 2017). TCs 

are generally steered by the atmospheric forcings and background winds (Singh et al., 2022). 

We have computed the translation speed for the entire duration of the system, including weaker 

intensity than tropical storm stage (wind speed up to 17 knots). It is observed that during the 

pre-monsoon season, the average translation speed of TCs in the Arabian Sea and the Bay of 

Bengal is 3.30 m s⁻¹ and 4.20 m s⁻¹, respectively (Figure 3.12). In the Arabian Sea, the 
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translation speed during the pre-monsoon season is 0.68 m s⁻¹ lower than that in the post-

monsoon season, indicating that TCs move more slowly in the pre-monsoon season. In contrast, 

over the Bay of Bengal, TCs during the post-monsoon season move 0.14 m s⁻¹ slower than 

those in the pre-monsoon season (Figure 3.12). Hence, the translation speed of TCs exhibits 

distinct seasonal variations in both basins. 

 

 

Figure 3.12. Box plot of tropical cyclone (TC) translation speed (m/s) in the Arabian Sea and 

the Bay of Bengal during the pre-monsoon (April–June) and the post-monsoon (October–

December) seasons for the period 1982–2023. The values over each box plot denote the mean 

translation speed along with the standard deviation. 

 Since the TC translation speed is significantly influenced by land interaction after 

landfall, we computed the TC translation speed separately over the ocean and land. It is evident 

that in both the basins, TCs move faster over land than over the ocean (Table 3.6). In the 

Arabian Sea, the average translation speed over land is 4.2 m/s during the pre-monsoon season 

and 4.4 m/s during the post-monsoon season (Table 3.6). Thus, TCs during the pre-monsoon 

season move slightly slower, and combined with their longer travel distance over land, they 

tend to have a longer duration over land compared to post-monsoon TCs. 
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Table 3.6. Mean translation speed of Tropical Cyclone (TC) and its standard deviation over ocean and 

over land (when the wind speed ≥ 17 knots) (m/s) in the Arabian Sea and the Bay of Bengal during the 

pre-monsoon (April–June) and the post-monsoon (October–December) season for the period 1982–

2023. 

TC translation speed over the ocean (m/s) TC translation speed over land (m/s) 

 Pre-Monsoon Post-Monsoon Pre-Monsoon Post-Monsoon 

Arabian 

Sea 

3.1 ± 1.6 3.7 ± 1.9 4.2 ± 2.4 4.4 ± 2.2 

Bay of 

Bengal 

3.6 ± 1.6 3.7 ± 1.8 6.5 ± 3.3 5.2 ± 2.9 

 

 In the Bay of Bengal, the average translation speed of TCs over land during the pre-

monsoon season is 6.5 m/s, while during the post-monsoon season it is 5.2 m/s. Over the ocean 

(excluding land areas), the translation speed is 3.6 m/s in the pre-monsoon season and 3.7 m/s 

in the post-monsoon season (Table 3.6). This indicates that TCs move slightly faster over the 

ocean during the post-monsoon season than during the pre-monsoon season. However, once 

over land, TCs move more rapidly in the pre-monsoon season compared to the post-monsoon 

season. The reason for such seasonal contrast over ocean and land needs detailed research in 

the future. As discussed earlier, the total distance travelled by Bay of Bengal TCs over land is 

nearly the same in both seasons (Figure 3.9d). Nevertheless, the slower translation speed during 

the post-monsoon season results in a longer residence time of TCs over land. Consequently, 

the post-monsoon TCs in the Bay of Bengal exhibit higher land exposure duration at a given 

location compared to those in the pre-monsoon season. 

 

3.7 Relationship between TC translation speed and TC intensity 

 During the pre-monsoon season, in both basins, there is a positive relationship between 

TC translation speed and intensity, indicating that stronger TCs generally move faster than 

weaker ones (Figure 3.13a). This pattern is consistent with earlier findings reported across 

global tropical basins (Mei et al., 2012). The translation speed of a TC plays a crucial role in 

regulating its intensity by influencing the strength of SST feedback. Faster-moving TCs 

produce weaker ocean surface cooling and experience shorter exposure to the cooled waters, 

thereby reducing the negative SST feedback that typically suppresses intensification. As a 

result, there exists a minimum translation speed threshold for TC intensification, and this 
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threshold increases with storm intensity—defining a minimum speed necessary for the 

maintenance of TCs within each intensity category. 

 In contrast, during the post-monsoon season, in both the basins, this relationship 

between translation speed and intensity is absent (Figure 3.13b). This suggests that the coupling 

between TC propagation and intensity, exhibits strong seasonal variability, highlighting the 

need for further research to understand the underlying mechanisms driving these differences. 

 

Figure 3.13. Average translation speed (m/s) of all TCs in the Arabian Sea (red) and the Bay 

of Bengal (blue) as a function of TC intensity (knots) during (a) Pre-monsoon season (April-

June) (b) Post-monsoon season (October-December) for the period 1982–2023. 

3.8 Seasonal characteristics of TC size 

Along with intensity, the size of TC plays a crucial role in determining the areal extent of its 

impact. Two TCs of similar intensity can produce vastly different levels of socio-economic 

damage depending on their size; a larger TC with a broader extent of gale-force winds can 

affect a much wider area compared to a smaller one. To examine the size characteristics of TCs 
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over the North Indian Ocean, we computed the TC size represented by the radius of 34 kt winds 

(R34) for the pre-monsoon and post-monsoon seasons. The analysis period is restricted to 

2002–2023, owing to the lack of TC size data prior to 2002. 

 

Figure 3.14. Percentage distribution of Tropical Cyclone size (R34, n mi) in the (a) Arabian 

Sea and the (b) Bay of Bengal during the pre-monsoon (red) and the post-monsoon season 

(blue) for the period 2002–2023. The thick straight line denotes the mean R34 (n mi) the dash 

line denotes the 75th percentile of R34 (n mi) and the shaded region denotes the R34 values ≥ 

90th percentile. 

 In the Arabian Sea, the mean TC size (R34) during the pre-monsoon season is 80.1 n 

mi (148.3 km), slightly larger than the post-monsoon mean of 75.8 n mi (140.4 km), indicating 

an increase of 4.3 n mi (5.7%) (Figure 3.14). In the Bay of Bengal, the contrast is more 

pronounced, with the mean R34 during the pre-monsoon season being 84.8 n mi (157.0 km) 
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compared to 68.8 n mi (127.4 km) in the post-monsoon season—an increase of 16 n mi 

(23.3%). Moreover, the 75th and 90th percentiles of TC size in the Arabian Sea during the pre-

monsoon season exceed those of the post-monsoon season by about 10 n mi, while the 

difference reaches 20 n mi in the Bay of Bengal (Figure 3.14). These results emphasize the 

distinct seasonal contrast in TC size between the two basins. Further insight is provided by the 

percentage frequency distribution of R34 values (Figure 3.14). In the Arabian Sea, TC sizes 

during the post-monsoon season generally do not exceed 140 n mi, whereas during the pre-

monsoon season they reach up to 160 n mi. Similarly, in the Bay of Bengal, no TCs during the 

post-monsoon season exceed 150 n mi, while approximately 9% of pre-monsoon TCs surpass 

150 n mi. Collectively, these findings indicate that TCs over the North Indian Ocean are larger 

during the pre-monsoon season than during the post-monsoon season. 

 

Figure 3.15. Relationship between TC translation speed (m/s) and TC size (n mi) in the north 

Indian Ocean during the (a) Pre-monsoon season (April–June) and (b) Post-monsoon season 

(October-December) for the period 2002–2023. The r value in the top right corner denotes the 

correlation between the TC translation speed and TC size. 

 Lastly, we computed the relationship between the TC size and TC translation speed for 

all the TCs for which TC size data is available for the period 2002–2023. It can be seen from 

Figure 3.15 that during both seasons, there is negligible correlation (r=0.05 in the pre-monsoon 

and r=0.06 in the post-monsoon season) between the TC size and TC translation speed in the 

North Indian Ocean. 

 

  



35 
 

4. Recent Observed Changes in Tropical Cyclone Characteristics in the 

North Indian Ocean 

4.1 Observed changes in TC frequency and its intensity 

With global warming, the North Indian Ocean continues to warm rapidly (Chand et al., 2022; 

Roxy et al., 2019). Also, the North Indian Ocean has a densely populated coastline. Therefore, 

it is important to closely monitor the observed changes in TC characteristics in this basin. 

 

Figure 4.1. Observed trend in Tropical Cyclone (TC) frequency in the Arabian Sea (red) and 

the Bay of Bengal (blue) during the (a) Pre-monsoon (April–June) and (b) Post-monsoon 

(October–December) seasons for the period 1982–2023. The slope values (red for Arabian Sea 

and blue for Bay of Bengal) indicate the trend in TC frequency/year and the p-value denotes 

its statistical significance using two tailed Student’s t-test. The shading denotes the 95th 

percentage confidence interval band. 

 

From Figure 4.1, it is evident that during the period 1982–2023, the Bay of Bengal 

shows a slight decrease in TC frequency in both the seasons; however, this decline is not 

statistically significant. In the Arabian Sea, no significant trend is observed in TC frequency 
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during the pre-monsoon season. In contrast, the post-monsoon season exhibits a gradual 

increase in TC frequency, with a trend of approximately 0.2 TCs per decade. During the earlier 

decades of the analysis period, the Bay of Bengal typically experienced a higher number of 

TCs than the Arabian Sea during the post-monsoon season. However, in the recent years, the 

Arabian Sea has witnessed a notable rise in TC activity, with almost every year registering at 

least one TC occurrence (Figure 4.1). This is in line with a recent study by Deshpande et al. 

(2021), which shows that there is a gradual increase in TC activity in the Arabian Sea. 

 

Figure 4.2. (a-b) TC mean intensity (average from genesis till dissipation, knots) and (c-d) TC 

LMI (knots) during the pre-monsoon (April–June) and post-monsoon (October–December) 

seasons in the Arabian Sea (red) and Bay of Bengal (blue) for the period 1982–2023. The slope 

values (red for the Arabian Sea and blue for the Bay of Bengal) indicate the trend in TC 

intensity/year and the p-value denotes its statistical significance using two tailed Student’s t-

test. The shading along the mean trend line denotes the 95th percentage confidence interval 

band around the mean. 

 

Further analysis reveals that in the Arabian Sea, the LMI of TCs during the pre-

monsoon season has been increasing at a rate of 12.2 knots (22.6 km/hr) per decade, which is 

statistically significant (p < 0.01; Figure 4.2c). Similarly, during the later season, TC intensity 

shows an increasing trend of 7.1 knots (13.1 k/hr) per decade, which is also statistically 
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significant (p = 0.08; Figure 4.2d). This intensification in the LMI is further supported by the 

observed rise in the mean intensity of TCs over the basin. The mean TC intensity during the 

pre-monsoon season has increased at a rate of 6.2 knots (11.5 km/hr) per decade, while during 

the later season, it has risen by 3.7 knots (6.9 km/hr) per decade (Figures 4.2a–b). The trends 

in the mean intensity during both the seasons are statistically significant, indicating a consistent 

strengthening of TCs in the Arabian Sea over the study period, and a higher increase in TC 

intensity during the pre-monsoon season than the post-monsoon season.  

 

Figure 4.3. TC intensity (knots) only for TC which are greater than category 1 (wind speed > 

64 knots) in the Arabian Sea (red) and the Bay of Bengal (blue) during the (a) Pre-monsoon 

(April–June) and (b) Post-monsoon (October–December) seasons for the period 1982–2023. 

The slope values (red for the Arabian Sea and blue for the Bay of Bengal) indicate the trend in 

TC intensity/year and the p-value denotes its statistical significance using two tailed Student’s 

t-test. The shading along the mean trend line denotes the 95th percentage confidence interval 

band. 
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In contrast to the Arabian Sea, the TC intensity (LMI) in the Bay of Bengal shows only 

a marginal and statistically insignificant increase of 2.4 knots (4.4 km/hr) per decade during 

the pre-monsoon season and 3.1 knots (5.7 km/hr) per decade during the post-monsoon season 

(Figure 4.2c-d). The mean intensity also exhibits no significant change over the past four 

decades (Figure 4.2a-b). This highlights that the Arabian Sea is emerging as a new hotspot of 

frequent and more intense TCs. 

Further analysis of intense TCs (wind speed > 64 knots) reveals contrasting trends 

between seasons and basins. In the Arabian Sea, during the pre-monsoon season, no significant 

change is observed in the intensity of intense TCs (Figure 4.3a). This indicates that the overall 

increase in TC intensity over the Arabian Sea during this season is primarily driven by the 

strengthening of weaker TCs rather than changes in the most intense ones. In contrast, during 

the post-monsoon season, the Arabian Sea exhibits a significant increase (p < 0.05) in the 

intensity of intense TCs, with an estimated rise of 6.7 knots (12.4 km/hr) per decade (Figure 

4.3b). This trend is consistent with the recent emergence—particularly after 2010 of more 

frequent Category 3 and Category 4 TCs. Meanwhile, in the Bay of Bengal, no significant 

change in the intensity of intense TCs is detected (Figure 4.3a-b). 

 

4.2 Observed changes in TC intensification rate and their rapid intensification 

Recently, it is observed that TCs are intensifying overnight into a powerful TCs. For 

example, TC Gati in the Arabian Sea intensified from just tropical storm (wind speed 40 knots) 

to powerful Category 3 TC (wind speed 100 knots) in just 6 hours as per JTWC data. This is 

the most intense intensification rate ever observed by a TC in the Arabian Sea. Overall, the 

intensification rate of TCs in the Arabian Sea is increasing at the rate of 0.7 knots (1.3 km) per 

6 hours per decade (p = 0.14) during the pre-monsoon season (Figure 4.4a). The increase is 

even more pronounced during the post-monsoon season, where the increasing rate is 

approximately 2.4 knots (4.4 km) per 6 hours per decade (p = 0.02) (Figure 4.4b). 

The rise in intensification rates of TCs in the Arabian Sea is further supported by the 

statistically significant increase in the frequency of rapidly intensifying TCs (Figure 4.5a–b). 

Notably, the occurrence of rapid intensification events in the post-monsoon season has been 

largely confined to the recent decade (after 2010) (Figure 4.5b). These findings indicate that 

TCs over the Arabian Sea are not only becoming stronger but are also intensifying more rapidly 



39 
 

over shorter timescales, posing increasing challenges for operational forecasting and disaster 

preparedness. The observed enhancement in both the rate and frequency of rapid intensification 

over the Arabian Sea is consistent with similar trends reported in the North Atlantic, western 

North Pacific, and eastern North Pacific basins. (Bhatia et al., 2022; Bhatia et al., 2019; 

Manikanta et al., 2023). 

 

 

Figure 4.4. TC intensification rate (knots/6 hr) in the Arabian Sea (red) and the Bay of Bengal 

(blue) during the (a) Pre-monsoon (April–June) and (b) Post-monsoon (October–December) 

season for the period 1982–2023. The slope values (Arabian Sea denoted by red and Bay of 

Bengal denoted by blue) indicate the trend in TC intensification rate/year and the p-value 

denotes its statistical significance using two tailed Student’s t-test. The shading along the mean 

trend line denotes the 95th percentage confidence interval band. 
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Figure 4.5. Frequency of rapid intensification of TC in the Arabian Sea (red) and the Bay of 

Bengal (blue) during the (a) Pre-monsoon (April–June) and (b) Post-monsoon (October–

December) seasons for the period 1982–2023. The slope values indicate the trend in the 

frequency of TC rapid intensification/year and the p-value (Arabian Sea denoted by red, and 

Bay of Bengal denoted by blue) denotes its statistical significance using two tailed Student’s t-

test. The shading along the mean trend line denotes the 95th percentage confidence interval 

band. 

 

In contrast to the Arabian Sea, the intensification rate of TCs in the Bay of Bengal has 

shown only a marginal increase during the two TC seasons which is not statistically significant 

(Figure 4.4a–b). Furthermore, there is no significant change in the frequency of rapidly 

intensifying TCs in the basin, although a slight, statistically insignificant increase (p = 0.31) is 
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observed during the post-monsoon season (Figure 4.5a–b). These results highlight a significant 

contrast between the Arabian Sea and the Bay of Bengal. 

 

4.3 Observed changes in the Accumulated Cyclone Energy and TC duration 

 

Figure 4.6. TC Accumulated Cyclone Energy (×104, knots2) in the Arabian Sea (red) and the 

Bay of Bengal (blue) during (a) Pre-monsoon (April–June) and (b) Post-monsoon (October–

December) seasons for the period 1982–2023. The slope values (red for the Arabian Sea and 

blue for the Bay of Bengal) indicate the trend in TC ACE/year and the p-value denotes its 

statistical significance using two tailed Student’s t-test. The shading along the mean trend line 

denotes the 95th percentage confidence interval band. 
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Figure 4.7. Observed trend in TC total duration (hours, including TC points with wind speed 

≥ 34 knots) in the Arabian Sea (red) and the Bay of Bengal (blue) during the (a) Pre-monsoon 

(April–June) and (b) Post-monsoon (October–December) seasons for the period 1982–2023. 

The slope values indicate the trend in TC duration/year and the p-value denotes its statistical 

significance using two tailed Student’s t-test. The shading along the mean trend line denotes 

the 95th percentage confidence interval band. 

 

We also examined the changes in the ACE per year. As discussed earlier, ACE is a key 

metric that integrates both TC intensity and duration, thereby providing a comprehensive 

measure of the total energy generated by TCs and their potential impact. From Figure 4.6, it is 

evident that in the Arabian Sea, ACE has increased during both the pre-monsoon and post-

monsoon seasons, at rates of 2.8 knots² per decade and 2.9 knots² per decade, respectively. This 
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increase in ACE is statistically significant for both seasons. During the pre-monsoon season, 

the rise in ACE is primarily attributed to the combined effect of increasing TC intensity (Figure 

4.2c) and prolonged TC duration (Figure 4.7a). The duration of TCs has increased at a rate of 

approximately 14.4 hours per decade, which is marginally significant (p = 0.12). This indicates 

that TCs are persisting longer over the ocean, allowing more time for the transfer of oceanic 

heat and moisture fluxes into the atmosphere. Such sustained air–sea interactions not only 

support further intensification but also contribute to the overall enhancement of ACE. In 

contrast, during the post-monsoon season, the increase in ACE is primarily driven by the rise 

in TC intensity (Figure 4.2d), whereas the duration of TCs does not exhibit any significant 

trend (Figure 4.7b). Since the intensity of TCs during the post-monsoon season is increasing 

rapidly without any significant change in their duration, the intensification rate shows a sharp 

rise (Figure 4.4b), as TCs are now reaching higher peak intensities within the same timeframe. 

In the Bay of Bengal, ACE shows only a marginal increase of 0.5 knots² per decade 

during the pre-monsoon season and 0.6 knots² per decade during the post-monsoon season 

(Figure 4.6a–b). However, these changes are not statistically significant, likely because neither 

TC intensity (Figure 4.2c–d) nor duration (Figure 4.7a–b) shows any significant changes in this 

basin. Overall, these results indicate that the most pronounced and statistically significant 

increase in ACE is observed only over the Arabian Sea during both seasons. 

 

4.4 Observed changes in TC duration over land 

We also examined the observed changes in TC duration over land, as variations in this 

parameter can have substantial socio-economic impacts. For this analysis, we have included 

weaker stages of TC (i.e. wind speed up to 17 knots). During the pre-monsoon season, the TC 

duration over land in the Arabian Sea shows a declining trend of 6.4 hours per decade, while 

in the Bay of Bengal it is decreasing at a rate of 1.2 hours per decade (Figure 4.8a). However, 

these declining trends in both the basins are not statistically significant. Therefore, it can be 

inferred that although the overall TC duration (including both land and ocean) is increasing, 

the duration specifically over land is slightly decreasing, indicating that TCs are spending 

marginally less time over land. 
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Figure 4.8. Observed trend in TC duration over land (hours, including all TC points with wind 

speed ≥ 17 knots) in the Arabian Sea (red) and the Bay of Bengal (blue) during the (a) Pre-

monsoon (April–June) and (b) Post-monsoon (October–December) seasons for the period 

1982–2023. The slope values indicate the trend in TC duration/year and the p-value denotes 

its statistical significance using two tailed Student’s t-test. The shading along the mean trend 

line denotes the 95th percentage confidence interval band around the mean. 

 

During the post-monsoon, TC land duration for the Arabian Sea TCs is decreasing at a 

much faster rate compared to the pre-monsoon TCs. Similarly, in the Bay of Bengal also TC 

duration over land shows a marginal declining trend, however it is not statistically significant 

(p = 0.7; Figure 4.8b). The reason for this contrasting trend over ocean and land in TC duration 

needs a detailed investigation in future. 
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4.5 Observed changes in TC translation speed over ocean and land 

 

Figure 4.9. Observed trend in TC Translation speed (m/s, land and ocean combined for all TC 

points (wind speed ≥ 17 knots)) in the Arabian Sea (red) and the Bay of Bengal (blue) during 

the (a) Pre-monsoon (April–June) and (b) Post-monsoon (October–December) seasons for the 

period 1982–2023. The slope values indicate the trend in TC translation speed/year and the p-

value denotes its statistical significance using two tailed Student’s t-test. The shading along the 

mean trend line denotes the 95th percentage confidence interval band. 

 

The observed increase in TC overall duration (land and ocean included) can be partially 

attributed to changes in their translation speed. A slowdown in translation speed causes a TC 

to move more slowly, thereby prolonging its duration. In the Arabian Sea, during the pre-

monsoon season, the overall translation speed of TCs (including all TC points up to wind speed 

≥ 17 knots) is decreasing marginally at a rate of 0.04 m/s per decade (Figure 4.9a). A more 

pronounced slowdown is observed during the post-monsoon season, when the TC translation 
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speed is decreasing at the rate of 0.3 m/s per decade (Figure 4.9b). However, as shown earlier, 

although TC duration is increasing more rapidly during the  pre-monsoon season, the slowdown 

in translation speed is greater in the post-monsoon season. This indicates that the increase in 

TC duration cannot be fully explained by the observed changes in translation speed, suggesting 

that other contributing factors may be at play and warrant further investigation. 

 

In the Bay of Bengal, a similar pattern is observed during the post-monsoon season, 

when TCs exhibit a significant slowdown, with translation speed declining at a rate of 0.2 m/s 

per decade, which is marginally significant (p = 0.12, Figure 4.9b). Conversely, a slight increase 

in translation speed (0.1 m/s per decade) is noted during the pre-monsoon season (p = 0.31, 

Figure 4.9a). Overall, these findings highlight a basin-wide tendency for TCs to slow down 

during the post-monsoon season. This slowing down of TCs especially during the post-

monsoon season, is line with global slowdown of TCs in recent decades (Kossin, 2018) and is 

related to the weakening of the global tropical circulation forced by anthropogenic warming 

(Grise & Polvani, 2017; He & Soden, 2015; Mann et al., 2017). 

 

We also analyzed the changes in TC translation speed (considering all TC points with 

wind speeds ≥ 17 knots) separately over the ocean and land. As shown in Figure 4.10, the 

changes in TC translation speed over the ocean (excluding land points) are similar to the overall 

changes in translation speed (including both land and ocean; Figure 9), with a slightly weaker 

declining trend over the Bay of Bengal during the post-monsoon season. In contrast, the 

analysis of TC translation speed over land reveals that during the pre-monsoon season, the 

translation speed of TCs in both the Arabian Sea and the Bay of Bengal shows an increasing 

trend of about 0.4 m/s per decade (Figure 4.11a). However, during the post-monsoon season, 

similar to the oceanic trend, the translation speed over land exhibits a declining trend in both 

basins (Figure 4.11b). 

 

Interestingly, despite the observed slowing down of TCs over land during the post-

monsoon season, the duration of TCs over land is decreasing. This suggests that factors other 

than translation speed—possibly related to changes in atmospheric circulation or land–

atmosphere interactions may be contributing to the overall decline in TC duration over land, 

warranting further investigation. Conversely, the slight increase in translation speed during the 
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pre-monsoon season over the Bay of Bengal highlights the role of seasonal variability in 

modulating TC movement under a warming climate. This points to a complex and seasonally 

dependent response of TC behaviour to global warming in this basin, which needs detailed 

future research. 

 

 

Figure 4.10. Observed trend in TC Translation speed (m/s) over the ocean in the Arabian Sea 

(red) and the Bay of Bengal (blue) during the (a) Pre-monsoon (April–June) and (b) Post-

monsoon (October–December) seasons for the period 1982–2023. The slope values indicate 

the trend in TC translation speed/year and the p-value denotes its statistical significance using 

two tailed Student’s t-test. The shading along the mean trend line denotes the 95th percentage 

confidence interval band around the mean. 



48 
 

 

Figure 4.11. Observed trend in TC Translation speed (m/s) over the land in the Arabian Sea 

(red) and the Bay of Bengal (blue) during the (a) Pre-monsoon (April–June) and (b) Post-

monsoon (October–December) seasons for the period 1982–2023. The slope values indicate 

the trend in TC translation speed/year and the p-value denotes its statistical significance using 

two tailed Student’s t-test. The shading along the mean trend line denotes the 95th percentage 

confidence interval band. 

 

4.6 Observed changes in TC genesis and LMI latitude 

Long-term changes are not limited to TC intensity, frequency or its translation speed, 

the preferred regions of TC formation have also undergone a latitudinal shift in recent decades. 

In the Arabian Sea, the latitude of TC genesis is shifting equatorward at a rate of 0.5°N per 

decade during the pre-monsoon season and 0.4°N per decade during the post-monsoon season 
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(Figure 4.12a-b). This equatorward shift is even more pronounced in the Bay of Bengal, where 

TC genesis is shifting southward by 1.0°N per decade in the pre-monsoon season and 0.4°N 

per decade in the post-monsoon season (Figure 4.12a-b). Such an equatorward shift in TC 

formation over the North Indian Ocean contrasts sharply with the global trend, where TC 

genesis locations are generally moving poleward (Shan & Yu, 2020; Sharmila & Walsh, 2018). 

 

 

Figure 4.12. (a-b) Observed trend in TC Genesis Latitude (°N) and (c-d) TC lifetime maximum 

intensity (LMI, °N) latitude in the Arabian Sea (red) and the Bengal (blue) during the Pre-

monsoon (April–June, left column) and Post-monsoon seasons (October–December, right 

column) for the period 1982–2023. The slope values indicate the trend in TC genesis and LMI 

latitude/year and the p-value denotes its statistical significance using two tailed Student’s t-

test. The shading along the mean trend line denotes the 95th percentage confidence interval 

band. 

 

Furthermore, the latitude of the TC LMI has also shown notable variations in recent 

decades. In the Arabian Sea, during the pre-monsoon season, the LMI latitude is shifting 

poleward at a rate of 0.5° per decade, which is opposite to the equatorward shift observed in 

TC genesis latitude. In contrast, during the post-monsoon season, the LMI latitude is shifting 

equatorward at a rate of 0.9° per decade (Figure 4.12c–d). However, these shifts in both seasons 
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are not statistically significant. In the Bay of Bengal, the LMI latitude is shifting equatorward 

in both seasons—by 0.8° per decade during the pre-monsoon season and 0.2° per decade during 

the post-monsoon season (Figure 4.12c–d). This indicates that in the Bay of Bengal, the 

equatorward shift in LMI latitude is more pronounced during the pre-monsoon season. The 

equatorward shift in TC LMI location in the Bay of Bengal is in sharp contrast to global TCs, 

where it is shifting poleward (Lin et al., 2024; Moon et al., 2015; Song & Klotzbach, 2018; 

Wang & Wu, 2019; Zhan & Wang, 2017). 

 

4.7 Observed changes in TC size 

 

Figure 4.13. Observed trend in the TC Size (R34, n mi) in the Arabian Sea (red) and the Bay 

of Bengal (blue) during the (a) Pre-monsoon (April–June) and (b) Post-monsoon (October–

December) season for the period 2002–2023. The slope values indicate the trend in the TC 

size/year and the p-value denotes its statistical significance using two tailed Student’s t-test. 

The shading along the mean trend line denotes the 95th percentage confidence interval. 
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Additionally, our analysis reveals that during the pre-monsoon season, the size of TCs 

(R34) has increased significantly in both basins. In the Arabian Sea, TC size is expanding at a 

rate of 1.53 n mi per year, while in the Bay of Bengal, the increase is even more pronounced at 

2.94 n mi per year, which is statistically significant (Figure 4.13a). This indicates that in the 

Arabian Sea, TCs are not only intensifying more rapidly but are also becoming larger, thereby 

affecting a wider area. In contrast, although the increase in TC intensity in the Bay of Bengal 

is less robust, the TC size has nearly doubled over the past few decades. This suggests that TCs 

of similar intensity now impact almost twice the area, substantially increasing the hazard 

potential and exposure risk for coastal populations. In sharp contrast to the pre-monsoon 

season, the size of TCs decreases in both basins during the post-monsoon season, with a more 

pronounced reduction observed in the Arabian Sea (Figure 4.13b). However, this decrease is 

not statistically significant. Overall, these findings highlight a distinct seasonal variation in TC 

size evolution over the North Indian Ocean — with increasing size during the pre-monsoon 

season, and a weak, non-significant reduction in size during the post-monsoon season. 

 

5. Climatology and observed changes in Tropical Cyclone characteristics in 

the Southern Tropical Indian Ocean 

 

5.1 Climatology of TC frequency, tracks and intensity in the Southern Tropical Indian 

Ocean 

 

The Southern Tropical Indian Ocean (30°E–135°E) experiences tropical cyclones (TCs) 

primarily between November and April. Approximately 71% of the annual TCs in this basin 

occur during this period, which is therefore defined as the main TC season (Figure 5.1a). The 

highest TC frequency is observed in February, with an average of 3.4 TCs per year, followed 

by January (3.3 TCs per year) and March (2.9 TCs per year). On the average, about 15 TCs 

occur annually in the basin (Figure 5.1a). This indicates that TC activity in the Southern 

Tropical Indian Ocean is substantially higher than in the North Indian Ocean, and the timing 

of the season also differs between the two basins.      
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Figure 5.1. (a) Monthly climatology of Tropical Cyclone (TC) frequency in the Southern 

Tropical Indian Ocean for the period 1983–2023. The vertical line along each bar denotes one 

standard deviation. The red color bars denote the main TC season in this basin. (b) Climatology 

of TC track from genesis (wind speed ≥34 knots) till dissipation (wind speed = 34 knots). The 

green dots indicate the TC genesis locations and the red dots indicate the TC dissipation 

location. 

 

TCs that form in this basin affects Australia, Madagascar and parts of Africa continent 

mainland (Figure 5.1b). Also, TCs in this basin are generally confined in a very narrow band 

from 9°S-25°S. TCs in the basin generally move westward after their formation, whereas few 

TCs recurve and move in south/south eastward direction (Figure 5.1b). 
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Figure 5.2. Monthly climatology of mean (a) Lifetime maximum intensity (knots) of TCs (b) 

mean latitude of lifetime maximum intensity of TCs for the period 1983–2023. The vertical line 

along each bar denotes one standard deviation. The red color bars denote the main TC season 

in this basin. 

 

The monthly TC LMI distribution shows that the TCs in this basin achieve their 

maximum intensity in the later part of the season (Figure 5.2a). On average, the highest TC 

LMI is observed in March when the mean LMI is 85 knots (157.4 km/hr). The 2nd highest mean 

LMI is observed in April when the mean TC LMI is 81.6 knots (151.1 km/hr, Figure 5.2a). 

Whereas, the 3rd highest mean LMI is observed in December when the mean TC LMI is 76.5 

knots (141.7 km/hr). In this basin, 57.2% of total TCs intensify to Category 1 or category TCs, 

whereas 30.5% of TCs intensify to Category 3 or higher intensity TCs. Overall, during the 

season, the mean LMI of TCs in this basin is higher than that in the North Indian Ocean. 

However, compared to the western North Pacific, TCs in the Southern Tropical Indian Ocean 

are relatively less intense (Singh et al., 2025). 
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Figure 5.3. (a) TC lifetime maximum intensity (LMI) location (b) TC rapid intensification 

location in the Southern Tropical Indian Ocean during November–April for the period 1983–

2023. 

 

Further analysis shows that the latitude at which TCs attain their LMI generally lies 

between 10°S and 20°S during the season (Figure 5.2b, Figure 5.3a). However, west of 70°E 

and near the west coast of Australia, TCs are attaining LMI south of 20°S too (Figure 5.3a). 

Monthwise analysis shows that the most southward location of TC LMI occurs in February, 

when the mean latitude of LMI is around 18.96°S, whereas the most equatorward occurrence 

is in November, with a mean LMI latitude of 12.12°S (Figure 5.2b). This indicates a southward 

shift in the TC LMI location as the season progresses from November to February, followed 

by a gradual retreat thereafter. During the off-season months (May–October), the LMI tends to 

occur closer to the equator, reflecting the northward displacement of TC activity (Figure 5.2b). 

 

5.2 Observed changes in TC frequency, intensity and rapid intensification in the basin 

As in the North Indian Ocean, the Southern Tropical Indian Ocean has experienced a 

rapid rise in SSTs in recent decades, consistent with the global warming trend. Despite this 
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continuous warming, the total TC frequency during the season has shown a decreasing trend 

of 0.3 TCs per decade; however, this decline is not statistically significant (p = 0.44; Figure 

5.4a). In contrast, the frequency of Category 1 or higher intensity TCs exhibits a marginal 

increasing trend of 0.1 TCs per decade, though this change is also statistically insignificant (p 

= 0.81; Figure 5.4b). Notably, the frequency of intense TCs (Category 3 or higher) shows a 

significant increasing trend of 0.4 TCs per decade (p = 0.15, Figure 5.4c). This contrasting 

behaviour—declining total TC frequency but increasing occurrence of intense TCs—suggests 

that although fewer TCs are forming, those that do develop tend to reach higher intensities. 

 

Figure 5.4.. Observed trends in (a) TC frequency (b) TC frequency which has intensity ≥ 

Category 1 (c) TC frequency which has intensity ≥ Category 3 during the main TC season 

(November–April) of the Southern Tropical Indian Ocean for the period 1983–2023. The slope 

values indicate the trend/year and the p-value denotes its statistical significance using two 

tailed Student’s t-test. The shading along the mean trend line denotes the 95th percentage 

confidence interval band. 
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The increasing Category 3 or higher intensity TCs is further supported by the overall 

increase in the intensity (LMI) of TCs, which is increasing rapidly at the rate of 3.4 knots per 

year (p < 0.01; Figure 5.5a). Another unique feature that is observed is the interdecadal 

variability in the TC LMI, which needs detailed research in the future. Also, the upper limit of 

TC maximum intensity, denoted by the 90th percentile of LMI is increasing significantly at the 

rate of 6 knots per decade, highlighting that the upper limit of TC intensity that TC achieves in 

a season is increasing significantly (p < 0.01; Figure 5.5b). 

 

 

Figure 5.5. Observed trends in (a) TC lifetime maximum intensity (LMI) (knots) (b) 90th 

percentile of LMI (c) TC LMI latitude (°S) during the main TC season (November–April) in the 

Southern Tropical Indian Ocean for the period 1983–2023. The slope values indicate the 

trend/year and the p-value denotes its statistical significance using two tailed Student’s t-test. 

The shading along the mean trend line denotes the 95th percentage confidence interval band. 
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Not only has the LMI of TCs increased, but the latitude at which TCs attain their LMI 

is also shifting poleward at a rate of 0.16° per decade (p = 0.12, Figure 5.5c). The observed 

poleward migration of TC LMI latitude indicates that the most intense phase of TCs is 

occurring progressively farther from the equator. This shift is consistent with the globally 

reported poleward migration of TC LMI locations (Daloz & Camargo, 2018), suggesting that 

large-scale climatic changes—such as the expansion of the tropics, poleward displacement of 

the subtropical jet, and changes in vertical wind shear and potential intensity may be 

influencing the spatial distribution of TC intensity and need in-depth research in the future. 

However, this poleward shift in TC LMI is in sharp contrast to the Bay of Bengal, where the 

overall TC LMI latitude is shifting equatorward. 

 

Figure 5.6. Trend of (a) TC genesis latitude (°S) (b) TC genesis longitude (°E) during TC 

season (November–April) in the Southern Tropical Indian Ocean for the period 1983–2023. 

The shaded region around the trend line denotes the 95% confidence interval band. Slope value 

denotes the trend in latitude and longitude per year, whereas the p-value denotes the 

significance of the slope using the two-tailed Student’s t-test. 
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Although the LMI location is shifting poleward, there is no significant change in the 

TC genesis location, as indicated by the trends in genesis latitude and longitude (Figure 5.6). 

This suggests that the observed poleward shift in TC LMI location is likely driven by ocean–

atmospheric factors, while changes in TC genesis play only a minimal role. 

 

Figure 5.7. Observed trends in (a) TC intensification rate (knots/6 hour) (b) Frequency of rapid 

intensification during the main TC season (November–April) for the period 1983–2023. The 

slope values indicate the trend/year and the p-value denotes its statistical significance using 

two tailed Student’s t-test. The shading along the mean trend line denotes the 95th percentage 

confidence interval band. 

 

Further, in this basin during the season, on average 39.1% of TCs undergo rapid 

intensification, which means about one-third of TCs undergo rapid intensification. This rate of 

rapid intensification is even higher than the most active TC basin, i.e. western North Pacific, 

where this rate is 22.0% (Fudeyasu et al., 2018). We found that the frequency of TCs 

undergoing rapid intensification has increased significantly in the Southern Tropical Indian 

Ocean, at a rate of 0.7 TCs per decade (p < 0.05; Figure 5.7b). This rise in rapid intensification 

events is further supported by a statistically significant increase in the mean intensification rate 
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of TCs, which is increasing at the rate of 0.3 knots per 6 hours per decade (p < 0.05, Figure 

5.7a). The increase in the rapid intensification of TCs in Southern Tropical Indian Ocean is 

linked to the rapid rise in SST and ocean heat content in the basin. In contrast, atmospheric 

parameters appear to play a relatively limited role in this increase (Vidya et al., 2021). These 

results suggest that TCs in this basin are not only becoming stronger but are also reaching their 

peak intensities over a much shorter period, indicating a growing tendency toward more 

explosive intensification events. Although the magnitude of this increase is smaller than that 

observed in the Arabian Sea, it exceeds the rate of intensification seen in the Bay of Bengal 

during the pre-monsoon season. This highlights the Southern Tropical Indian Ocean as an 

emerging hotspot for rapid TC intensification under a warming climate. 

 

5.3 Observed changes in accumulated cyclone energy 

 

Figure 5.8. Observed trends in (a) Accumulated Cyclone Energy/season (ACE, ×104 knots2) 

(b) TC duration (hours) during the season (November–April) for the period 1983–2023. The 

slope values indicate the trend/year and the p-value denotes its statistical significance using 

two tailed Student’s t-test. The shading along the mean trend line denotes the 95th percentage 

confidence interval band. 
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As discussed earlier, the intensity of TCs in the Southern Tropical Indian Ocean has 

shown a significant increasing trend in recent decades. In addition to intensification, the 

duration of TCs during the season has also increased at a rate of 5.2 hours per decade (p = 0.22, 

Figure 5.8b). This implies that over the past four decades, the average TC lifetime in the basin 

has lengthened by approximately 1 day. The longer duration indicates that TCs are persisting 

over the ocean for extended periods, potentially allowing them to extract more heat energy 

from the ocean surface and thus sustain higher intensities. 

However, despite the observed increases in both TC intensity and duration, the ACE 

shows little to no long-term trend (Figure 5.8a). This apparent contradiction can be explained 

by the concurrent decline in overall TC frequency in the basin, which offsets the contribution 

of stronger and longer-lived storms to total ACE. In essence, while individual TCs in the 

Southern Tropical Indian Ocean are becoming more intense and longer-lasting, their overall 

number is slightly decreasing. This compensating effect results in a near-neutral trend in basin-

wide accumulated cyclone energy. 

 

6. Future projection of tropical cyclone activity in the North Indian Ocean 

6.1 Assessing the performance of CMIP6 HighResMIP historical models in simulating TC 

activity 

In the previous section, we see that there are significant changes in the TC 

characteristics in the North Indian Ocean. With global warming, it is important to understand 

how the TCs will evolve in the near-future. As discussed in the methodology section, for the 

evaluation of the historical models, we have selected the observation period as 1979–2014 to 

match the model's historical period. 

During the period 1979–2014, the observed climatological mean frequency of TCs over 

the North Indian Ocean is 1.1 TCs per year in the pre-monsoon season and 2.4 TCs per year in 

the post-monsoon season (Figure 6.1). This indicates that TC occurrence is nearly twice as 

frequent in the post-monsoon season compared to the pre-monsoon season, consistent with 

previous findings (Singh et al., 2000; Singh & Roxy, 2022). To evaluate the performance of 

CMIP6 HighResMIP models in realistically simulating TC characteristics over the North 

Indian Ocean during both seasons, the mean TC frequency from the historical simulations was 
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compared with observations derived from the IBTrACS dataset for the period 1979–2014 

(Figure 6.1). 

 

Figure 6.1. Mean tropical cyclone frequency over the North Indian Ocean during 1979–2014 

from 15 CMIP6 HighResMIP models (historical simulations) and observations from IBTrACS. 

Historical model data for the pre-monsoon (April–June) and post-monsoon (October–

December) seasons are shown by blue and orange bars respectively, while IBTrACS mean TC 

frequency/year for the pre-monsoon and the post-monsoon season is represented by blue and 

red dotted lines. 

 

Among the 15 models analyzed, Two models (CMCC-CM2-VHR4 and FGOALS-f3-

H) overestimate TC frequency in both seasons. Whereas BCC-CSM2-HR and HadGEM3-

GC31-HM significantly overestimate the TC frequency during the post-monsoon season. In 

contrast, eight models (CMCC-CM2-HR4, MPI-ESM1-2-XR, MPI-ESM1-2-HR, ECMWF-

IFS-MR, HadGEM3-GC31-HH, HadGEM3-GC31-MM, EC-Earth3P, and EC-Earth3P-HR) 

underestimate TC frequency in both the seasons. Notably, the MPI-ESM1-2-XR and MPI-

ESM1-2-HR models fail to reproduce the observed TC frequency during the pre-monsoon and 

post-monsoon seasons, respectively (Figure 6.1). Previous studies have also reported that MPI 

models, irrespective of their resolution, exhibit poor skill in simulating TCs across the Northern 

Hemisphere (Pall et al., 2024; Roberts et al., 2020). The ECMWF-IFS-HR model shows the 

closest agreement with observations in both seasons. 
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Figure 6.2. Taylor analysis of cumulative genesis density of tropical cyclones (TC) from 15 

CMIP6 HighResMIP models (historical simulations) over the North Indian Ocean during 

1979–2014 for (a) pre-monsoon season (April–June), (b) post-monsoon season (October–

December), and (c) Taylor skill scores of different models for TC genesis density during the 

pre-monsoon (purple) and post-monsoon  (blue) seasons. 

 

To assess the performance of the 15 CMIP6 HighResMIP historical models, we 

performed a Taylor diagram analysis of the spatial distribution of TC genesis and TC track 

density and over the North Indian Ocean during the period 1979–2014, following the 

methodology outlined by Shan & Yu  (2021). The analysis was conducted separately for the 

two TC seasons (Figures 6.2 and 6.3). Although Figure 6.1 presents results for all 15 models, 

it should be noted that future projections are not available for six models: BCC-CSM2-HR, 

CNRM-CM6-1-HR, ECMWF-IFS-HR, ECMWF-IFS-LR, ECMWF-IFS-MR and HadGEM3-

GC31-HH, therefore these models are excluded from the detailed discussion.For the TC 

genesis, during the pre-monsoon season, BCC-ESM2-HR has the highest Taylor skill score of 
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~0.7, followed by CMCC-CM2-VHR4 (Figure 6.2c). This is because their standard deviation 

is reasonably closer to the observed value (Figure 6.2 a-b). FGOALS-f3-H, CMCC-CM2-HR4, 

HadGEM-GC31-HM and EC-Earth3P-HR also have a Taylor skill score in the range 0.4-0.5. 

During the post-monsoon season, HadGEM3-GC31-MM has the highest Taylor skill score, 

followed by FGOALS-f3-H. In this season, CMCC-CM2-VHR4, EC-Earth3P-HR and 

HadGEM3-GC31-HH have Taylor skill scores between 0.4-0.5. 

 

Figure 6.3. Taylor analysis of cumulative track density of tropical cyclones from 15 CMIP6 

HighResMIP models (historical simulations) over the North Indian Ocean during 1979–2014 

for (a) pre-monsoon, (b) post-monsoon, and (c) Taylor skill scores of different models for track 

density during the pre-monsoon (purple) and post-monsoon (blue) seasons. 

 

The analysis of TC track density shows that during the pre-monsoon season, FGOALS-

f3-H has the highest Taylor skill score, followed by CMCC-CM2-VHR4 and HadGEM3-

GC31-HM. During the post-monsoon season, HadGEM3-GC31-HM has the highest Taylor 

skill score, followed by FGOALS-f3-H and CMCC-CM2-VHR4 (Figure 6.3). Whereas other 

models for which future projections are available show poor skill in capturing the TC track 
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density in both seasons. Therefore, out of the nine models, three—HadGEM3-GC31-HM, 

FGOALS-f3-H, and CMCC-CM2-VHR4 demonstrate better performance in simulating TC 

tracks during both the seasons over the North Indian Ocean. The CMCC-CM2-HR4 and EC-

Earth3P-HR models perform well in simulating TC genesis (Figure 6.2c) but poorly in 

simulating TC tracks (Figure 6.3c). Overall, the HadGEM3-GC31-HM, FGOALS-f3-H, and 

CMCC-CM2-VHR4 models perform well in simulating both TC genesis and tracks during both 

the seasons. Therefore, we select the three best-performing models—HadGEM3-GC31-HM, 

FGOALS-f3-H, and CMCC-CM2-VHR4 for further analysis. 

 

6.2 Projected changes in TC frequency over the North Indian Ocean 

 

Figure 6.4. Multi-model mean of historical simulations (1979–2014; blue bars) and future 

projections (2015–2050; red bars) of mean tropical cyclone frequency/year in the Arabian Sea 

and Bay of Bengal during the Pre-monsoon (April–June) and Post-monsoon (October–

December) season. The vertical line denotes one standard deviation. The values above bars 

denote the statistical significance of the difference using p-value between the historical 

simulation and future projection for both the basins and seasons. 
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Based on the multi-model mean of the three best-performing models, we examine the 

historical simulation (1979–2014) and future projection (2015–2050) of the TC frequency over 

the Bay of Bengal (Figure 6.4). TC frequency is calculated as the average number of TCs per 

year, based on the total number of TCs occurring during historical simulation and future 

projection. In the Bay of Bengal, the multi-model mean projects a decrease in TC frequency 

during both the seasons; however, the decline is statistically significant only in the pre-

monsoon season (p = 0.06; 94% confidence level).On the other hand, in the Arabian Sea models 

are projecting a significant decrease in the TC frequency during the post-monsoon season (p < 

0.01). However, no significant change is observed during the pre-monsoon season. 

 

Table 6.1. Multi-model mean of total TC frequency in different TC categories (Tropical storm, 

Category 1+2 and Category ≥ 3) in historical simulation (1979–2014) and future projection 

(2015–2050) for the Arabian Sea and Bay of Bengal during the pre-monsoon (April–June) and 

post-monsoon (October–December) season. 

 

 

Tropical Storm (wind 

speed < 65 knots) 

Category 1-2 (wind 

speed > 64 knots ≤ 95 

knots) 

Category ≥ 3 (wind 

speed ≥ 100 knots) 

Historical Future Historical Future Historical Future 

Arabian 

Sea Pre-

Monsoon 

1 0.3 4.7 5.3 2.3 3.3 

Arabian 

Sea Post-

Monsoon 

34.7 22 18.7 16.0 6.3 3.7 

Bay of 

Bengal Pre-

Monsoon 

7.7 9.7 24.0 22.0 16.7 8.0 

Bay of 

Bengal 

Post-

Monsoon 

54.0 49.0 34.3 30.0 6.3 8.0 
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6.3 Projected changes in TC intensity, duration and ACE over the north Indian Ocean 

 

Figure 6.5. TC wind speed (knots) and central pressure (hPa) relationship in the Bay of Bengal 

and Arabian Sea during the pre-monsoon (April–June) and post-monsoon (October–

December) seasons for the historical period (1979–2014) as simulated by HadGEM3-GC31-

HM (Left column), FGOALS-f3-H (Central column) and CMCC-CM2-HR4 (Right column) 

models. The r values in each sub-plot denote the correlation between TC wind and TC central 

pressure. 

 

We have computed TC intensity based on the minimum TC center pressure as well as 

based on TC maximum wind speed. From Figure 6.5, it can be seen that all three models can 

realistically capture the relationship between TC wind speed and central pressure and are in 

good agreement with the observations.  In the Bay of Bengal during the pre-monsoon, not only 

the frequency but also the intensity of TC is projected to decrease. Based on the pressure, multi-
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model mean is projecting an increase in the mean lowest pressure in TC center by 4 hPa (Figure 

6.6a) indicating significant weakening of the TC (p < 0.01) as pressure is inversely proportional 

to TC intensity (Figure 6.5). Similarly, based on the wind speed criteria too, the multi-model 

mean is projecting weakening of TC by 4.6 %, which is statistically significant (p = 0.08) 

(Figure 6.6b). Also, in this season, the higher category TCs (Category ≥3; wind speed ≥ 100 

knots) are projected to decline by nearly 52% which is statistically significant (p < 0.01; Table 

6.1). During the post-monsoon season too multi-model is projecting slight weakening, however 

it is not significant (Figure 6.5). However, the intense TCs (Category ≥ 3) are projected to 

increase from one TC in every five years to one TC in every four year (Table 6.1). These 

findings align with previous studies by  Roberts et al. (2020), who analyzed CMIP6 models, 

and Murakami et al. (2013), who used a high-resolution atmospheric general circulation model, 

both of which reported an overall reduction in annual TC frequency in the Bay of Bengal under 

a global warming scenario. In contrast, the projected decrease in high-intensity TCs in the Bay 

of Bengal differs from the western North Pacific, where CMIP6 HighResMIP multi-model 

projections indicate an increase in the occurrence of intense TCs (Tang et al., 2022). 

 

 

Figure 6.6. Multi-model mean of historical simulations (1979–2014; blue bars) and future 

projections (2015–2050; red bars) of (a) Lifetime maximum intensity (LMI) of tropical cyclone 

(LMI based on pressure, hPa) (b) Lifetime maximum intensity (LMI) of tropical cyclone (LMI 

based on wind speed, m/s) in the Arabian Sea and Bay of Bengal during the Pre-monsoon 

(April–June) and Post-monsoon (October–December) season. The vertical line denotes one 

standard deviation. The values above bars denote the statistical significance of the difference 

using p-value between the historical simulation and future projection for both the basins and 

seasons. 
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On the other hand, in the Arabian Sea, during the pre-monsoon season, the multi-model 

mean is projecting a slight increase in TC intensity (based on both wind and pressure criteria), 

though it is not statistically significant. This slight increase in TC intensity is consistent with 

the recent observed increasing trend in TC intensity in this basin. Whereas, during the post-

monsoon season, an insignificant decline in TC intensity is projected by the multi-model mean 

(Figure 6.6). Earlier, we saw that during the post-monsoon season, with the increase in intensity 

of TC, more intense TCs are occurring in recent decades. However, the HighResMIP CMIP6 

multi-model mean is projecting a decline from one intense TC (Category ≥3) in five years in 

historical simulation to one intense TC (Category ≥ 3) in every nine years (Table 6.1). 

 

In the Arabian Sea, the CMIP6 HighResMIP multi-model mean projects a significant 

decline in TC duration during both seasons (Figure 6.7a). During the post-monsoon season, the 

projected decreases in both TC intensity and duration result in a reduction of ACE (p = 0.17). 

In contrast, during the pre-monsoon season, although TC duration is projected to decrease 

(Figure 6.7a), the slight, insignificant increase in TC intensity (Figure 6.6) leads to no 

significant change in ACE (Figure 6.7b). In the Bay of Bengal, during the pre-monsoon season, 

both TC intensity and duration are projected to decrease (Figures 6.6 and 6.7a), resulting in a 

corresponding decrease in ACE (p = 0.26). During the post-monsoon season, the projected 

decline in ACE (p = 0.19, Figure 6.7b) is primarily attributed to a significant reduction in TC 

duration (Figure 6.7a). 

  

While these changes describe the overall TC activity in terms of intensity and duration, 

an examination of the TC intensification rate provides additional insight into potential risks. In 

the Arabian Sea, during the pre-monsoon season, the models project only an insignificant 

change in TC intensity; however, the TC intensification rate is projected to increase markedly, 

from 2 hPa per 6 hours to 2.5 hPa per 6 hours (p = 0.14, Figure 6.7c). This indicates that TCs 

in the region are likely to reach higher intensities more rapidly over shorter timespans. In 

contrast, during the post-monsoon season, no significant change in the TC intensification rate 

is projected for the Arabian Sea. In the Bay of Bengal, there is no significant change in the TC 

intensification rate in both seasons (Figure 6.7c). These results suggest that, while the Bay of 

Bengal TCs are expected to maintain their current intensification behavior, Arabian Sea TCs 
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may experience faster intensification especially during the pre-monsoon season, which could 

have implications for forecasting challenges in the region. 

 

 

Figure 6.7. Multi-model mean of historical simulations (1979–2014; blue bars) and future 

projections (2015–2050; red bars) of (a) TC Duration (hours) (b) Accumulated Cyclone Energy 

(ACE, ×104 knots2) and (c) TC intensification rate (hPa/6 hours) in the Arabian Sea and Bay 

of Bengal during the Pre-monsoon (April–June) and Post-monsoon (October–December) 

season. The vertical line denotes one standard deviation. The values above bars denote the 

statistical significance of the difference using p-value between the historical simulation and 

future projection for both the basins and seasons. 

 

6.4 Projected changes in TC genesis, LMI location and TC tracks over the North Indian 

Ocean 

Previous observations indicate an equatorward shift in the TC genesis location in recent 

years. To examine how TC genesis locations might evolve in the future, we computed genesis 
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positions using the 34-knot wind criterion. In the Bay of Bengal, the HighResMIP multi-model 

mean projects a negligible poleward shift in TC genesis for both seasons (Figure 6.8a). Also, a 

slight eastward shift in TC genesis location away from the east coast of India is projected in 

the near future. In the Arabian Sea, there is a negligible poleward shift during the post-monsoon 

season, while no change in TC genesis latitude is projected for the pre-monsoon season (Figure 

6.8a). Overall, these results suggest that there is no significant shift in TC genesis location in 

either basin. 

In addition to TC genesis locations, changes in the LMI location are crucial for 

understanding how close or far from the coast TCs attain their peak intensity, which directly 

impacts landfall intensity. In the Bay of Bengal, the CMIP6-HighResMIP multi-model mean 

projects no change in the LMI location during the pre-monsoon season in the near future 

(Figure 6.8b). During the post-monsoon season, a negligible eastward shift in LMI is projected, 

indicating a slight displacement away from the east coast of India. In the Arabian Sea, there is 

no significant change in LMI location during the pre-monsoon season and a minor westward 

shift during the post-monsoon season (Figure 6.8b). Overall, no significant changes in TC LMI 

location are projected for the Arabian Sea in the near future. 

 

 

Figure 6.8. Multi-model mean of historical simulation (1979–2014, blue) and future projection 

(2015-2050, red) of (a) TC genesis location (b) TC Lifetime maximum intensity location (based 

on pressure) in the Arabian Sea and the Bay of Bengal during the pre-monsoon season (hollow 

circle) and the post-monsoon season (filled circle). The lines around the mean TC genesis 

location and LMI location denote one standard deviation. 

 

We analyzed the historical simulations (1979–2014) and future projections (2015–

2050) of TC track density from the CMIP6 HighResMIP multi-model mean during both the 
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seasons (Figure 6.9). The TC track points are binned into 2.5° × 2.5° grid boxes to obtain the 

spatial distribution of track density. To assess the projected changes in TC activity in the near 

future, we computed the difference in cumulative TC track density between the future and 

historical periods. 

 

Figure 6.9. Multi-model mean of (a, d) Historical simulation (1979–2014, left) and (b, e) 

Future projection (2015–2050, center) of TC cumulative track density during the pre-monsoon 

(first row) and post-monsoon season (2nd row). (c, f) Difference in the TC cumulative track 

density between the historical simulations and the future projections, where hatching represent 

that the difference between the two periods is statistically significant at 95% confidence 

interval and “+” in the multi model mean represents that all the three models agree with the 

changes in the TC track density in the near future projections. 

 

In the Arabian Sea, during the pre-monsoon season, the multi-model mean projects an 

insignificant increase in TC track density over the northern and northwestern parts of the basin 

(Figure 6.9a–c). In contrast, a significant reduction in TC tracks is projected along the 

Maharashtra and southern Gujarat coasts, as well as over the western and southwestern regions 

of the basin (west of 65°E). During the post-monsoon season, the multi-model mean projects a 

basin-wide significant decline in TC track density (Figure 6.9d–f), with the most pronounced 
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decrease occurring in the southern Arabian Sea (south of 15°N). This reduction in TC track 

density is due to the projected decrease in TC frequency over the basin (Figure 6.4). 

In the Bay of Bengal, during the pre-monsoon season, the multi-model mean projects a 

significant decrease in TC track density across much of the basin, with the strongest reduction 

along the Odisha coast (Figure 6.9c). Conversely, during the post-monsoon season, the 

projections indicate a northward shift in TC tracks, characterized by an increase in track density 

along Odisha, West Bengal, and Bangladesh coasts, and a decrease along Tamil Nadu and Sri 

Lanka coasts (Figure 6.9d-f). The projection of poleward migration of TC track in this basin 

during the pre-monsoon season is consistent with the projection of poleward migration of TC 

tracks in the western North Pacific (Tang et al., 2022). 
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7. Summary 

• We have reported the TC characteristics and their changes in the North Indian Ocean 

and Southern Tropical Indian Ocean in this manuscript. In the North Indian Ocean 

(including the Arabian Sea and the Bay of Bengal), on the average ~5 TCs form per 

year. In a calendar year, in the Bay of Bengal, the highest probability of TC occurrence 

is in November, whereas in the Arabian Sea, the highest probability of TC occurrence 

is in June. 

• On the average, TCs in the Arabian Sea and the Bay of Bengal are 9.1% and 18.7% 

more intense during the pre-monsoon season as compared to the post-monsoon season. 

• During the pre-monsoon season, most TC activity in the Arabian Sea occurs between 

16 May and 15 June, whereas in the Bay of Bengal, it occurs earlier, mainly between 

26 April and 21 May. 

• During the post-monsoon season, the major TC threat is between 21 October-15 

November in the Arabian Sea. Whereas in the Bay of Bengal TC threat is there 

throughout the season, with three distinct peaks in the TC activity. 

• During the pre-monsoon season, about 41.4% of TCs in the Arabian Sea and 51.4% in 

the Bay of Bengal intensify to Category 1 or higher, compared to 36.8% and 35.6%, 

respectively, in the post-monsoon season. This suggests higher TC intensification 

efficiency in both the basins during the pre-monsoon season. 

• Nearly one in three TCs in the Arabian Sea and one in four in the Bay of Bengal become 

major TCs (Category 3 or higher) in the pre-monsoon season, whereas the ratio 

decreases to one in six and one in seven, respectively, during the post-monsoon season. 

• It is observed that during the pre-monsoon season, 34.5% of TCs in the Arabian Sea 

and 32.4% in the Bay of Bengal undergo rapid intensification. In contrast, during the 

post-monsoon season, 18.4% of TCs in the Arabian Sea and 16.1% in the Bay of Bengal 

experience rapid intensification. Thus, in both the basins, pre-monsoon TCs have a 

higher probability to intensify rapidly as compared to the post-monsoon season. 

• In the Arabian Sea, approximately 38% and 31.5% of TCs make landfall with at least 

tropical storm strength (wind speed ≥ 34 knots) during the pre-monsoon and post-

monsoon seasons respectively,. In contrast, in the Bay of Bengal, about 91.9% of TCs 

during the pre-monsoon season and 65.5% during the post-monsoon season make 

landfall with at least tropical storm intensity. Thus, the probability of TCs making 
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landfall with at least tropical storm intensity is significantly higher in the Bay of Bengal 

than in the Arabian Sea in both the TC seasons. 

• The TC size in both the  basins is larger during the pre-monsoon than the post-monsoon 

season. 

• During the pre-monsoon season, TCs last longer at tropical storm or higher intensity, 

averaging 87.7 (78.7) hours in the Arabian Sea (Bay of Bengal) which is about 15 (13.5) 

hours longer than the post-monsoon season. However, when all TC stages (including 

depression and deep depression (wind speed ≥17 knots) are considered, Arabian Sea 

TCs persist slightly longer in the post-monsoon season (by 10.7 hours), suggesting their 

weaker stages dominate. In contrast, Bay of Bengal TCs remain longer-lived during the 

pre-monsoon season across both intensity thresholds, indicating greater overall 

persistence compared to post-monsoon systems. 

• The land duration of TC (tropical storm strength) in the Arabian Sea is 16.2 (9.0) hours 

during the pre-monsoon (post-monsoon) seasons. In contrast, over the Bay of Bengal, 

the corresponding averages are 11.7 hours and 18.2 hours, respectively. Thus, during 

the pre-monsoon season, Arabian Sea TCs spend longer time over land at tropical storm 

or higher intensity than those in the Bay of Bengal, whereas during the post-monsoon 

season, Bay of Bengal TCs persist over land for longer durations than those in the 

Arabian Sea. However, when all intensity stages up to dissipation are considered, 

Arabian Sea TCs have longer durations over land compared to Bay of Bengal TCs in 

both seasons. 

• Further, during the pre-monsoon season, the total track length over land is greater in the 

Arabian Sea than in the Bay of Bengal when all TC stages are included. However, when 

considering only tropical storm or higher intensity stages, Bay of Bengal TCs travel 

farther over land than Arabian Sea TCs in this season. Whereas, for the post-monsoon 

season, regardless of whether all TC stages or only tropical storm or higher intensity 

stages are considered, Bay of Bengal TCs consistently travel longer distances over land 

than the Arabian Sea TCs. 

• In the Arabian Sea, pre-monsoon TCs move 0.68 m s⁻¹ slower than those in the post-

monsoon season, whereas in the Bay of Bengal, post-monsoon TCs move 0.14 m s⁻¹ 

slower than pre-monsoon TCs. Slower translation speeds imply a longer duration of 

influence over a given region, thereby increasing the potential for prolonged impacts 
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from heavy rainfall, storm surges, and strong winds. Further, in both basins, TCs move 

faster over land compared to over the ocean. 

Table 7.1. Summary of climatology of various tropical cyclone (TC) characteristics in the 

Arabian Sea and the Bay of Bengal during the pre-monsoon (April–June) and post-monsoon 

(October–December) season for the period 1982–2023. 

 
Arabian Sea Bay of Bengal 

Pre-monsoon Post-monsoon Pre-monsoon Post-monsoon 

Average TC 

Frequency 
0.7 0.9 0.8 1.7 

Average TC 

Lifetime 

maximum 

intensity (LMI, 

kmph) 

126.8 ± 61.7 115.7 ± 54 139.6 ± 65.9 115.8 ± 50.5 

Mean intensity 

(kmph) 
107.8 ± 46.4 98.7 ± 43.3 108.3 ± 48.9 97.0 ± 40.1 

TC duration 

when the 

system is at 

least tropical 

storm strength 

(wind speed 

>34 knots, 

hour) 

87.7 ± 59.3 72.8 ± 50.5 78.7 ± 49.9 65.2 ± 50.8 

TC duration 

including 

weaker 

intensity stage 

(wind speed 

≥17 knots, 

hour) 

138.8 ± 56.9 149.5 ± 75.6 125.2 ± 51.7 121.9 ± 58.4 

TC track 

length (when 

the system is at 

least tropical 

storm strength 

(wind speed 

>34 knots, km) 

978 ± 573 994.9 ± 666.7 1210.9 ± 729.1 927 ± 799.3 

TC track 

length 
1617.3 ± 690.0 2002.4 ± 948.8 1846.0 ± 736.4 1732.5 ± 954.9 
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including 

weaker 

intensity stage 

(wind speed 

≥17 knots, km) 

Accumulated 

Cyclone 

Energy (ACE, 

× 104 knots2) 

6.5 4.8 5.9 3.8 

Translation 

speed (m s-1) 
3.30 ± 0.92 3.98 ± 1.53 4.20 ± 1.0 4.06 ± 1.24 

TC size (km) 148.3 ± 54.4 140.4 ± 52.1 157.0 ± 60.6 127.4 ± 45.7 

 

• TC frequency in the Arabian Sea is increasing at the rate of ~0.2 TCs/decade during the 

post-monsoon season. 

• The intensity (LMI) of TCs in the Arabian Sea during the pre-monsoon season has been 

increasing at a rate of 12.2 knots (22.6 km/hr) per decade. Similarly, during the post-

monsoon season, TC intensity shows an increasing trend of 7.1 knots (13.1 km/hr) per 

decade. In the Bay of Bengal, there is no significant increasing trend in TC intensity. 

• Not only the intensity of TC, but also the intensification rate of TCs in the Arabian Sea 

is increasing at the rate of 0.7 knots and 2.4 knots per 6 hour per decade during the pre-

monsoon season and the post-monsoon season respectively. In line with it there is an 

increase in the frequency of TCs undergoing rapid intensification in both seasons. 

• TC duration in the Arabian Sea is increasing at the rate of 14.4 hours per decade during 

the pre-monsoon season. During the post-monsoon season, TC duration shows only a 

marginal increase. Interestingly, in both seasons, TC land duration exhibits a decreasing 

trend. This indicates that although there is an overall increase in TC duration, the TC 

duration over land is declining. 

• Due to the increase in intensity and duration of TCs in the Arabian Sea, there is a 

significant increase in the accumulated cyclone energy in the basin. It is increasing at 

the rate of 2.8 knots2 and 2.9 knots2 per decade during the pre-monsoon season and 

post-monsoon season respectively. 

• The translation speed of TCs is declining in both basins during the post-monsoon 

season. However, over land, the rate of slowing down of TCs in less than that over the 

ocean. 
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• TC genesis latitude is shifting equatorward in both the basins and seasons, which is 

sharp contrast to the global basins. 

• TC maximum intensity latitude in the Bay of Bengal is also shifting equatorward. This 

is again in contrast to the global basins. However, in the Arabian Sea, during the pre-

monsoon season, it is shifting poleward, whereas during the post-monsoon season, it is 

shifting equatorward. 

• TC size during the pre-monsoon season is increasing at the rate of 15.3 n mi (28.3 km) 

per decade and 29.4 n mi (54.4 km) per decade in the Arabian Sea and the Bay of Bengal 

respectively. On the contrary, during the post-monsoon season, TC size exhibits a non-

significant declining trend. 

Table 7.2. Summary of the observed changes in TC characteristics in the Arabian Sea and the 

Bay of Bengal during the pre-monsoon and the post-monsoon season. Here, the 

increase/decrease values highlighted in bold and color indicate that the change in TC 

characteristics is statistically significant at a confidence level of at least 85% (p ≤ 0.15). 

TC 

characteristics 

Arabian Sea Bay of Bengal 

Pre-monsoon Post-monsoon Pre-monsoon Post-monsoon 

TC frequency No change Increase No change No change 

Intensity (LMI) Increase Increase Marginal 

increase 

Marginal 

increase 

Intensification 

rate 

Increase 

 

Increase No change No change 

RI frequency Increase Increase No change Marginal 

increase 

TC total duration Increase Marginal 

Increase 
Marginal 

increase 

Marginal 

increase 

TC land duration Decrease Decrease Marginal 

decrease 

Marginal 

decrease 

Accumulated 

Cyclone energy 

Increase Increase Marginal 

increase 

Marginal 

increase 

Translation speed No change Decrease Marginal 

increase 

Decrease 

TC size Increase Decrease Increase Marginal 

decrease 

 

• In the Southern Tropical Indian Ocean, 71% of the annual TC frequency occurs between 

November to April. The most active TC month in this basin is February. Also, it is noted 

that the intensity of TCs is generally more in the later part of the active season i.e. from 

February-April, as compared to November-January. 
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• Similar to the Bay of Bengal, in the Southern Tropical Indian Ocean too, there is no 

significant change in the TC frequency in the basin during the season (November-

April). However, the frequency of category ≥ 3 TCs is increasing at the rate of 0.4 TC 

per decade. 

• This increase in the frequency of intense TCs is reflected by the changes in TC intensity 

which is increasing at the rate of 3.4 knots (6.3 km/hr) per decade. Also, the upper limit 

of TC intensity (i.e. the maximum intensity of TC in a given season) is increasing at the 

rate of 6 knots (11.1 km/hr) per decade. This indicates that in recent decades the TCs in 

the Southern Tropical Indian Ocean are becoming more and more intense. 

• Similar to the Arabian Sea, TCs intensification rate in the Southern Tropical Indian 

Ocean is increasing rapidly. It is increasing at the rate of 0.3 knots per 6 hours per 

decade. Also, the frequency of TCs undergoing rapid intensification is increasing at the 

rate of 0.7 TC per decade. The number of TCs undergoing rapid intensification has 

increased from 4 TCs per season in the earlier part of the study period to ~6 TCs per 

season in recent years. 

• Lastly, along with the increase in TC intensity in Southern Tropical Indian Ocean there 

is also a marginal increase in their duration, leading to an increase in the accumulated 

cyclone energy in the basin. 

• To assess the impact of global warming on TC characteristics, we analyzed the multi-

model mean from the best-performing CMIP6-HighResMIP models for the near-future 

period (2015–2050). The projections indicate a decrease in overall TC frequency in the 

Bay of Bengal during both the pre- and post-monsoon seasons. Furthermore, the 

frequency of intense TCs (Category ≥ 3) is projected to decline by approximately 53% 

during the pre-monsoon season. In contrast, during the post-monsoon season, the 

frequency of intense TCs is expected to marginally increase, from about one TC every 

six years in the historical period to one TC every 4.5 years in the near-future projections. 

• In the Arabian Sea, multi-model mean is projecting a decrease in TC frequency during 

the post-monsoon season and no significant change during the pre-monsoon season. 

• The multi-model mean projects a decrease in TC intensity in the Bay of Bengal during 

the pre-monsoon season and no significant change during the post-monsoon season. On 

the other hand, in the Arabian Sea, TC intensity is projected to increase marginally 

during the pre-monsoon season and no significant change during the post-monsoon 

season. 
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• The TC duration is projected to decrease in both basins and seasons. 

• The TC intensification rate is projected to increase in the Arabian Sea during the pre-

monsoon season. No significant change during the post-monsoon season. Whereas, in 

the Bay of Bengal, there is no significant change in the TC intensification rate in pre-

monsoon season and marginal increase in the post-monsoon season. 

• TC tracks are projected to shift poleward in the Bay of Bengal during the post-monsoon 

season. In the Arabian Sea, there is a slight northwest shift in TC tracks in pre-monsoon 

season. While, there is no concrete signal in the post-monsoon season. 

• Observations indicate an equatorward shift in the latitude of TC genesis, whereas the 

multi-model mean projects a slight poleward shift in TC genesis latitude. In contrast, 

the multi-model mean shows almost no change in the latitude of TC maximum intensity. 

 

Table 7.3. Summary of the near-future projection (2015–2050) of TC characteristics in the 

Arabian Sea and the Bay of Bengal during the pre-monsoon and the post-monsoon season 

using CMIP6 HighResMIP multi-model mean. Here, the increase/decrease values highlighted 

in bold and color indicate that the change in TC characteristics is statistically significant at a 

confidence level of at least 85% (p ≤ 0.15).   

TC characteristics Arabian Sea Bay of Bengal 

Pre-monsoon Post-monsoon Pre-monsoon Post-monsoon 

TC frequency No change Decrease Decrease Marginal 

decrease 

Average Intensity 

(LMI) 

Marginal 

increase 

No change Decrease Marginal 

decrease 

Intensification rate Increase 

 

No change No change Marginal 

increase 

Frequency of 

higher category 

TCs (Category ≥3) 

No change Decrease Decrease Marginal 

increase 

TC total duration Decrease Decrease Marginal 

decrease 

Decrease 

Accumulated 

Cyclone energy 

No change Marginal 

decrease 

Marginal 

decrease 

Marginal 

decrease 
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