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सार — भारत मौसम िव᭄ान िवभाग (IMD) उ᭬णकᳯटबंधीय चᮓवातᲂ (TCs) को चᮓवाती तूफान (CS), ᮧचंड चᮓवाती तूफान 
(SCS), अित ᮧचंड चᮓवाती तूफान (VSCS), अ᭜यंत ᮧचंड चᮓवाती तूफान (ESCS) और महाचᮓवाती तूफान (SuCS) कᳱ ᮰ेिणयᲂ मᱶ 
वगᱮकृत करता है। इन ᮰ेिणयᲂ मᱶ उ᭬णकᳯटबंधीय चᮓवातᲂ का दीघᭅकािलक जलवायु िव᭄ान और उᱫर ᳲहद महासागर (NIO) के ऊपर 
िवकिसत होने और िविभ᳖ तटीय ᭃेᮢᲂ को पार करने वाली इन ᮰ेिणयᲂ मᱶ उ᭬णकᳯटबधंीय चᮓवातᲂ कᳱ आवृिᱫ तथा तीᮯता कᳱ ᮧवृिᱫयाँ 
सीिमत हᱹ। अतः उपᮕह यगु (1965-2020) के आंकड़ᲂ के आधार पर उᱫर ᳲहद महासागर (NIO) मᱶ उपयुᭅᲦ ᮰ेिणयᲂ मᱶ चᮓवाती िवᭃोभᲂ 
कᳱ उ᭜पिᱫ और तीᮯता तथा िविभ᳖ तटीय ᭃेᮢᲂ को पार करने कᳱ िवशषेताᲐ का िव᳣ेषण करन ेके िलए एक अ᭟ययन ᳰकया गया है। 

 
पूरे वषᭅ के दौरान सबसे तीᮯ उ᭬णकᳯटबंधीय चᮓवात (ESCS तथा इससे अिधक तीᮯ) अिधकतम ओिडशा (ODS) तथा उसके बाद 

आंᮥ ᮧदशे (AP)/᭥यांमार (MMR) तथा बांलादशे (BDS) तट पार करते ह,ᱹ और कम तीᮯता वाल ेउ᭬णकᳯटबधंीय चᮓवात (CS/SCS) 

अिधकतम BDS तथा उसके बाद AP, ODS और तिमलनाडु (TN) तट पार करते ह,ᱹ तथा म᭟यम तीᮯता वाल ेउ᭬णकᳯटबधंीय चᮓवात 
(VSCS) अिधकतम TN / AP/ BDS तथा इसके बाद ODS / WB / MMR पार करते हᱹ। हालाᳰंक मॉनसून-पूवᭅ ऋतु के दौरान अिधकतम 
CS/SCS ᮰ेणी के चᮓवात BDS को पार करते ह,ᱹ अिधकतम VSCS ᮰ेणी के चᮓवात BDS / MMR को पार करते ह ᱹतथा अिधकतम 
ESCS ᮰ेणी के चᮓवात MMR तट पार करत ेहᱹ। जबᳰक मॉनसूनोᱫर ऋतु के दौरान अिधकतम CS/SCS/VSCS  ᮰ेणी के चᮓवात AP 
तट को पार करते हᱹ तथा अिधकतम ESCS ᮰ेणी के चᮓवात ODS तट को पार करते हᱹ। AS मᱶ VSCS के ᭭थल ᮧवेश कᳱ आवृिᱫ सवाᭅिधक 
अरब तथा अᮨᳱका (AA) तट पर तथा उसके बाद सौरा᳦ और क᭒छ तट पर होती है। 

 

ESCS के कारण बगंाल कᳱ खाड़ी (BoB) ᭃेᮢ पर तटीय भे᳒ ता बनी रहती ह,ै यᲂᳰक ESCS तथा उससे अिधक तीᮯता के तफूानᲂ 

कȧ उ᭜पिᱫ कȧ आवृिᱫ मᱶ कोई मह᭜वपूणᭅ ᮧवृिᱫ नहᱭ ह,ै हालांᳰक बंगाल कᳱ खाड़ी मᱶ  D/ DD, CS, SCS, VSCS कᳱ उ᭜पिᱫ कᳱ आवृिᱫ 

मᱶ कमी कᳱ ᮧवृिᱫ है। अरब सागर मᱶ VSCS तथा अिधक तीᮯता के तूफानᲂ कᳱ उ᭜पिᱫ कᳱ आवृिᱫ मᱶ वृि के कारण AA तट पर तटीय 
भे᳒ ता कᳱ आवृिᱫ मᱶ वृि ᱟई है। 

 
 
 
ABSTRACT. India Meteorological Department (IMD) categorises the tropical cyclones (TCs) as cyclonic storm 

(CS), severe cyclonic storm (SCS), very severe cyclonic storm (VSCS), extremely severe cyclonic storm (ESCS) and 
super cyclonic storm (SuCS). The long term climatology of TCs in these categories and the trends in frequency and 
intensity of TCs in these categories developing over the NIO and crossing different coastal regions are limited. Hence a 
study has been undertaken to analyse the characteristics of genesis and intensification of CDs in the above categories 
developing over the NIO and crossing different coastal regions based on the data of satellite era (1965-2020). 

 
The most intense TCs (ESCS & above) cross the coast maximum over Odisha (ODS) followed by Andhra Pradesh 

(AP)/Myanmar (MMR) & Bangladesh (BDS) and low intensity TCs (CS/SCS) cross maximum over BDS followed by 
AP, ODS & Tamilnadu (TN) and medium intensity TCs (VSCS) cross maximum over TN/AP/BDS followed by 
ODS/West Bengal (WB)/MMR during a year as a whole. While maximum CS/SCS cross BDS, maximum VSCS cross 
BDS/MMR and maximum ESCS cross MMR coast during pre-monsoon season. While maximum CS/SCS/VSCS cross 
AP coast, maximum ESCS cross ODS coast during post monsoon season. Over the AS, the landfall frequency of VSCS is 
maximum over Arabia - Africa (AA) coast followed by Saurashtra and Kutch coast. 

 
The coastal vulnerability due to ESCS continues over the Bay of Bengal (BoB) region, as there is no significant 

trend in the frequency of genesis of ESCS and above intensity storms, though there is decreasing trend in the genesis 
frequency of D/DD, CS, SCS, VSCS over the BoB. It has increased over the AA coast due to increasing trend in 
frequency of genesis of VSCS and above intensity storms over Arabian Sea. 

 
Keywords – Tropical cyclone, Landfall, Bay of Bengal, Arabian Sea, Pre-monsoon, Post-monsoon. 
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1.  Introduction 

 

About 11 cyclonic disturbances (CDs) with 

maximum sustained wind speed (MSW) of 17 knots (kt) 

or more including depression(D)/deep depression (DD) 

with MSW of 17-33 kt and tropical cyclones (TCs) with 

MSW of 34 kt or more develop over the North Indian 

Ocean (NIO) during a year based on data of 1961-2010 

(Mohapatra et al., 2014). It includes 9 and 2 CDs over the 

Bay of Bengal (BOB) and Arabian Sea (AS) respectively. 

Out of these, about five intensify into TC including about 

4 over BOB and 1 over the AS. About 3 severe TCs 

(MSW of 48 kt or more) are formed over the NIO during a 

year (Mohapatra and Sharma, 2019; Mohapatra et al., 

2014). The frequency of TCs is maximum during post-

monsoon season (October-December) followed by pre-

monsoon (March-May) and monsoon (June-September) 

season [India Meteorological Department (IMD), 2008]. 

 

Out of 5 TCs developing over the NIO, about 3 to 4 

TCs make landfall (Tyagi et al., 2010) causing loss of life 

and property. Though the number of such TCs is less as 

compared to other Ocean basins like north Pacific and 

north Atlantic Ocean, the impact is felt more in the region 

due to poor socio-economic condition. The tropical warm 

NIO, like the tropical north Atlantic, the south Pacific and 

the northwest Pacific, is a breeding ground for the 

disastrous TC phenomenon. Low lying coastal belts of 

West Bengal, Odisha and Andhra Pradesh have borne the 

brunt of the fury of these very severe TCs (IMD, 2003 & 

2008; Mohapatra et al., 2012a; Mohapatra, 2015). Though 

the number of deaths due to TCs have decreased 

significantly (Mohapatra and Sharma, 2019), still there is 

huge loss to property.  

 

The risk management of the TCs depends on several 

factors including (i) hazard & vulnerability analysis,             

(ii) preparedness & planning, (iii) early warning,                 

(iv) prevention and mitigation. The early warning 

component is a major component which is targeted for 

improvement through the improvement in skill of 

monitoring and prediction and effective warning products 

generation by IMD. The IMD has the responsibility of 

monitoring and prediction of CDs including TCs and 

D/DD, collection, processing and archival of all data 

pertaining to CDs and preparation of best track data over 

the NIO. IMD has taken a number of steps in recent years 

to continuously enhance the TC database to enable the 

research and development for the improvement in 

monitoring, numerical modelling and forecasting. 

Specially, in the satellite era since 1961, there has been 

significant improvement in TC monitoring which has 

further advanced with augmentation of upper air 

observations with pilot balloons in 1960s, radiosonde and 

radio wind (RS/RW) observations in 1970s, cyclone 

detection radars in 1970s, introduction of Indian satellites 

in 1980s, meteorological buoys in late 1990s and 

augmentation of surface observational network including 

automatic weather stations and automatic rain gauges in 

2000s (Mohapatra et al., 2012b and 2014). Though, the 

TC data base is maintained by IMD since 1877, it is 

reasonably accurate for any kind of research and 

development in terms of climatological analysis, hazard 

analysis, landfall characteristics and impact studies for the 

period 1961 onwards (Mohapatra et al., 2012b). As 

optimum observational network including satellite leading 

to better estimation of location and intensity without 

missing of CDs was available since 1961, the climatology 

of genesis, location, intensity, movement (track) and 

landfall can be best represented based on the data set of 

1961 onwards. While real-time reception of satellite 

imagery by IMD commenced in December 1963 through 

an automatic picture transmission (APT) station at 

Mumbai, the imageries of past TCs during 1960-1963 

collected from USA were investigated by several 

researchers. Koteswaram (1961) analysed first satellite 

pictures of a TC over the AS in 1960. However, as the 

satellite data were new in initial years there could be error 

in estimation of location and intensity based on satellite 

image in initial years. Hence in this study the 

climatological characteristics of landfalling TCs over the 

NIO during 1965-2020 have been analysed.  

 

The categorisation of low pressure systems by IMD 

has undergone several changes in the past based on the 

availability of observational network and analysis tools 

and technique. The detailed review of this classification 

has been discussed by Mohapatra et al. (2012b). Till 1974, 

there were broadly three categories of CDs, viz., D/DD, 

cyclonic storm (CS) with MSW of 34-47 kt and severe 

cyclonic storm (SCS) with MSW of 48 kt or more              

(IMD, 2008). A new classification was introduced in 

1974 giving the classification of SCS into (i) SCS 

(MSW: 48-63 kt) and SCS with core of hurricane 

winds (≥64 kts) (IMD, 1974).  

 

The introduction of above classification may be 

attributed to (i) introduction of geostationary satellites in 

1974, (ii) adoption of Dvorak‟s technique in 1974 

(Dvorak, 1975), (iii) installation of cyclone detection 

radars (CDR) during 1970-1973, (iv) commencement of 

pilot balloon & radio wind observations during 1960s and 

1970s respectively and (v) augmentation of coastal surface 

observations during 1940s and 1950s (Mohapatra et al., 

2012b). There is similar classification based on 64 knots 

(33 mps) wind over other basins with different terminology. 

It is called as TC over southwest Indian Ocean, severe TC 

over southwest Pacific and southeast Indian Ocean, 

Typhoon over northwest Pacific and Hurricane over north 

Atlantic and northeast Pacific Oceans.    
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TABLE 1 

 

Classification of low pressure systems over the NIO since 2015 and corresponding Dvorak’s T Number and maximum sustained wind speed 

 

Low pressure system T Number 
Maximum sustained surface wind speed (MSW) 

kt mps kmph 

Low pressure area (L) T 1.0 < 17 < 9 < 31 

Depression (D) T 1.5 17-27 9-14 31-49 

Deep Depression (DD) T 2.0 28-33 15-17 50-61 

Cyclonic Storm (CS) T 2.5-3.0 34-47 18-24 62-88 

Severe Cyclonic Storm (SCS) T 3.5 48-63 25-32 89-117 

Very Severe Cyclonic Storm (VSCS) T 4.0-4.5 64-89 33-46 118-166 

Extremely Severe Cyclonic Storm (ESCS) T 5.0-6.0 90-119 47-61 167-221 

Super Cyclonic Storm (SuCS) T 6.5 -8.0 ≥ 120 ≥ 62 ≥ 222 

 

 

 

With the introduction of high wind speed recorder, 

meteorological buoys, scatterometer based sea surface 

wind observation, utilization of microwave based products 

from satellites and also due to increase in confidence in 

estimation of intensity based on Dvorak‟s technique 

(Dvorak, 1984) and Radars (Raghavan, 1997 & 2013), the 

criteria of classification further changed in 1999 (IMD, 

1999). The terminology „SCS with a core of hurricane 

winds‟ was changed to „very severe cyclonic storm 

(VSCS)‟ for the wind speeds from 64 to 119 kt and a new 

terminology, viz., super CS (SuCS) for the wind speeds 

120 kt & above was introduced.  The term SuCS was in 

line with the „super typhoon‟ terminology introduced over 

the northwest Pacific Ocean by the Regional 

Specialised Meteorological Centre (RSMC), Tokyo 

with the same threshold wind speed. The other 

terminologies remained unchanged.   

 

However, even after the introduction of SuCS, it was 

felt that the VSCS category was too broad.  It is seen that 

in all the basins except for NW Pacific for the wind speed 

≥ 64 kt (33 mps) there are three or more categories 

describing the intensities of TCs. Moreover, the 

bifurcation of VSCS had already been implemented with 

respect to its damage potential in India since 1999 (IMD, 

2002). Hence with effect from 2015, VSCS category was 

bifurcated and a new terminology of Extremely Severe 

Cyclonic Storm (ESCS) was introduced for the MSW of 

90-119 kt and the VSCS was defined with MSW of          

64-89 kt, keeping the category of SuCS (120 kt or more), 

unchanged. The threshold wind speed of 90 knot of ESCS 

correspond to intense TC over the southwest  Indian 

Ocean, severe TC (category 4) over southwest Pacific and 

southeast Indian Ocean (wind speed threshold of 87 knot 

and hurricane (category 2) over north Atlantic and 

northeast Pacific Ocean (wind speed threshold of 83 knot.  

 

Most of the studies in the past are based on the three 

categories of the TCs, viz., D/DD, CS and SCS & above, 

as the data and tracks of the TCs are available in these 

three categories in the cyclone e-Atlas of IMD (2008). In 

recent years, the TC data has been classified into all the 

categories as used by RSMC, New Delhi like CS, SCS, 

VSCS, ESCS and SuCS as given in Table 1. The data of 

1965-2020 (56 years) have been considered to find out 

different categories of CDs and TCs developing over the 

NIO and different categories of TCs making landfall over 

different coasts in the NIO region. This study will be 

helpful in assessment of climate change impact on TCs 

over the NIO region, hazard and vulnerability of coastal 

regions due to TCs as well as help in preparedness and 

planning measures for TCs management. It would also 

provide climatological guidance to the forecasters.  

 

2. Data and methodology 

 

Based on the present criteria/classification of CDs 

(Table 1), the digital dataset of TCs over the NIO has been 

prepared by RSMC, New Delhi for the period of 1965-

2020 (www.rsmcnewdelhi.imd.gov.in).  The CD and TC 

data of 1965-2020 (56 years) have been collected and 

analysed to find out different categories of TCs, viz., 

D/DD, CS, SCS, VSCS, ESCS and SuCS developing over 

the BoB, AS and NIO as a whole. In the analysis, the D 

and DD have been considered as one category (now 

onwards, it will be referred as D only). Similarly, different 

categories of TCs as mentioned above making landfall 

over different coasts in the NIO region are collected and 

analysed during the same period to analyse the landfall 

characteristics. The frequency of D/DD, CS, SCS and 

above intensity storms have been collected from the TC  

e-Atlas of IMD (IMD, 2008). Similarly, the frequency of 

TCs in the above categories landfalling over different 

coastal states of India and the countries bordering BOB 

and AS has been collected from the TC e-Atlas of IMD 

(2008). The data on VSCS, ESCS and SuCS have been 

collected from various publications of IMD, viz., 

Quarterly Journal Mausam, Weekly Weather Report and



 

 

4                          MAUSAM, 72, 1 (January 2021) 

 

 
Fig. 1. Area of study 

 

 

India Daily Weather Report published by IMD as the data 

on above categories are not available in TC e-Atlas of 

IMD (2008). Based on the analysis of these data, the 

VSCS, ESCS and SuCS have been identified and analysed 

based on the Standard Operation Procedure (SOP) of 

IMD. The details of the SOP are available in Sharma and 

Mohapatra (2017) and IMD (2003 & 2013). 

 

In this study, the TC is said to have made landfall, 

when the centre of the TC lies over the land, though 

destructive effects may occur several hours before and 

after the landfall time and extend several hundred 

kilometres from the landfall point in the coast line. 

Observed landfall positions are accurate to within ±30 km 

as estimated by Mohapatra et al. (2012b). Accuracy of 

observed landfall times is estimated to be ±0.5 hr                  

since 1974 with introduction of coastal observations and 

Radar along the coast to monitor the location of                      

TCs (Mohapatra et al., 2012b). The month of genesis                

and landfall of a CD/TC has been considered as the    

month in which the genesis (formation of D) occurred, 

though the landfall can occur in a subsequent                     

month. Accordingly, the frequency of genesis and  

landfall are calculated for the month and the season. This 

is one of the limitations for the calculation and analysis of 

landfall frequency. However, since the study deals with 

seasonal and annual frequency, this discrepancy will not 

have any impact on the results and conclusions of the 

study. 

 

The TCs show bi-modal behaviour in their genesis 

with primary maxima in post-monsoon season and 

secondary maxima in pre-monsoon season. The TCs 

during these two seasons show different track, genesis and 

intensification characteristics. The number of CS, SCS, 

VSCS, ESCS and SuCS that crossed different coastal 

regions in the BOB and AS during pre-monsoon season 

(March-June), post monsoon season (September-

December) and the year as a whole over the BoB, AS & 

NIO are calculated and analysed. There have been 17 (19) 

TCs formed during June (September) including 12 (7) 

over AS and 5 (12) over the BOB. Out of these there have 

been 11 (14) landfalling TCs during June (September) 

including 6 (2) over AS and 5 (12) over the BOB. Since 

the systems in the month of June during onset phase of 

monsoon have pre-monsoon characteristics, they have 

been considered as the TCs in pre-monsoon season for 

analysis purpose. Similarly, the TC in September has been 

considered in the category of the post-monsoon season, as 

it occurred during withdrawal phase of monsoon. There 

are 4 (all over BOB) and 6 (all over BOB) TCs during 

July and August respectively during 1965-2020. Out of 

these 3 and 5 TCs (3 CS and 2 SCS) crossed coasts during 

July and August respectively. While one each as CS 

crossed north Andhra Pradesh (AP), Odisha (ODS) and 

Bangladesh (BDS) coasts in July all the five TCs in 

August crossed Odisha coast.  

 

 The area of study and coastal regions considered in 

the study are shown in Fig. 1. It includes Myanmar 

(MMR), BDS, West Bengal (WB), ODS, AP, Tamil Nadu 

& Puducherry (TNP), Sri Lanka east (SLE), Sri Lanka 

west (SLW), Kerala (KRL), Karnataka (KTK), 

Maharashtra and Goa (MNG), Gujarat (GJT), Pakistan 

(PAK), Iran, Arabia and Africa (IAA). The IAA includes 

Somalia, Yemen, Oman and Iran coasts.  
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TABLE 2 

 

Frequency of genesis and landfalling CDs over the BoB, AS and NIO 

 

Category 
 

Frequency of Genesis Frequency of landfall 

Basin Pre-monsoon Post-monsoon Annual Pre-monsoon Post-monsoon Annual 

 
Total Mean Total Mean Total Mean Total Mean Total Mean Total Mean 

SuCS 

BoB 3 0.05 3 0.05 6 0.11 1 0.02 2 0.04 3 0.05 

AS 1 0.02 1 0.02 2 0.04 0 0.00 0 0.00 0 0.00 

NIO 4 0.07 4 0.07 8 0.14 1 0.02 2 0.04 3 0.05 

ESCS 

BoB 10 0.18 23 0.41 33 0.59 10 0.18 16 0.29 26 0.46 

AS 5 0.09 7 0.13 12 0.21 3 0.05 2 0.04 5 0.09 

NIO 15 0.27 30 0.52 45 0.79 13 0.23 18 0.32 31 0.55 

VSCS 

BoB 9 0.16 38 0.68 47 0.84 8 0.14 26 0.46 35 0.63 

AS 4 0.07 9 0.16 13 0.21 4 0.07 4 0.07 8 0.14 

NIO 13 0.23 47 0.89 60 1.13 12 0.21 30 0.54 43 0.77 

SCS 

BoB 10 0.18 25 0.45 35 0.59 8 0.14 28 0.50 37 0.66 

AS 5 0.09 11 0.20 16 0.29 2 0.04 2 0.04 4 0.07 

NIO 15 0.29 36 0.64 51 0.89 10 0.18 30 0.54 41 0.73 

CS 

BoB 16 0.29 53 0.95 78 1.39 14 0.25 35 0.63 55 0.98 

AS 12 0.21 12 0.21 24 0.43 5 0.09 6 0.11 11 0.20 

NIO 28 0.50 65 1.16 102 1.82 19 0.34 41 0.73 66 1.18 

D 

BoB 45 0.80 105 1.91 241 4.30 46 0.82 93 1.66 222 3.96 

AS 22 0.39 38 0.68 64 1.14 10 0.18 11 0.20 22 0.39 

NIO 67 1.19 143 2.57 305 5.44 56 1.00 104 1.86 244 4.36 

CD: Cyclonic disturbance, D: Depression/Deep Depression, CS: Cyclonic storm, SCS: Severe cyclonic storm, VSCS: Very severe cyclonic storm, 

ESCS: Extremely severe cyclonic storm and SuCS: Super Cyclonic Storm, BoB: Bay of Bengal, AS: Arabian Sea, NIO: North Indian Ocean 

 

 

The mean frequencies of different categories of TC 

developing over the NIO during 1965-2020 and the mean 

values of different categories of TCs landfalling over 

different coastal regions during 1965-2020 have been 

calculated and analysed for different Ocean basins and 

different seasons. The probability of intensification of D 

into different categories of TCs and probability of 

intensification of TC into different categories of higher 

intensity are calculated and analysed for different seasons 

and over different basins. The ratios of frequency of 

occurrence of CDs and TCs during different seasons over 

BoB & AS are also calculated and analysed. The 

probability of landfall of TCs over different coasts are also 

calculated and analysed. Further the trends in frequencies 

of genesis and landfalling TCs over different coastal 

regions during different seasons and year as a whole are 

calculated and analysed.  

 

 The significance in the linear trends has been 

analysed through student’s t test at 90% and 95% level of 

confidence and the results are presented and discussed.  

 

The results are analysed and presented in section 3. 

The broad conclusions and future scope are presented in 

section 4. 

3. Results and discussion 

 

The frequency of genesis of various categories of 

CDs are presented and analysed in section 3.1. The trends 

in genesis frequency are analysed and discussed in section 

3.2. The frequency of landfalling TCs and their trends are 

presented and analysed in section 3.3 and 3.4 respectively. 

 

3.1. Mean frequency of genesis of CDs and their 

probability of intensification over the NIO  

 

3.1.1. Annual frequency 

 

Considering different categories of CDs, the mean 

frequency is about 6.5 for D, 1.8 for CS, 0.9 for SCS, 1.1 

for VSCS, 0.8 for ESCS and 0.1 for SuCS develop over 

the NIO in a year (Table 2) and hence about 10 CDs and 5 

TCs develop over the NIO during a year (Table 3). 

Comparing with Mohapatra et al., 2014, based on the data 

of 1961-2010, the frequency of CD has decreased by 1 in 

recent decade and there is no change in the frequency of 

TCs. Out of these CDs, about 47%, 29%, 20% and 9% 

intensify into CS, SCS, VSC and ESCS respectively. Out 

of about 5 TCs 3 (62%) become SCS or above, 2 (42%) 

become VSCS or above and 1 (20%) become ESCS or
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TABLE 3 

 

Cumulative frequency of genesis and landfalling CDs over the BoB, AS and NIO during 1965-2020 

 

Category Basin 

Frequency of Genesis Frequency of landfall 

Pre-monsoon Post-monsoon Annual Pre-monsoon Post-monsoon Annual 

Total Mean Total Mean Total Mean Total Mean Total Mean Total Mean 

SuCS 

BoB 3 0.05 3 0.05 6 0.11 1 0.02 2 0.04 3 0.05 

AS 1 0.02 1 0.02 2 0.04 0 0.00 0 0.00 0 0.00 

NIO 4 0.07 4 0.07 8 0.14 1 0.02 2 0.04 3 0.00 

ESCS  & above 

BoB 13 0.23 26 0.46 39 0.70 11 0.20 18 0.32 29 0.52 

AS 6 0.11 8 0.14 14 0.25 3 0.05 2 0.04 5 0.09 

NIO 19 0.34 34 0.61 53 0.95 14 0.25 20 0.36 34 0.61 

VSCS & above 

BoB 22 0.39 64 1.14 86 1.54 19 0.34 44 0.79 64 1.14 

AS 10 0.18 17 0.30 27 0.48 7 0.13 6 0.11 13 0.23 

NIO 32 0.57 81 1.45 113 2.02 26 0.46 50 0.89 77 1.38 

SCS & above 

BoB 32 0.57 89 1.59 121 2.16 27 0.48 72 1.29 101 1.80 

AS 15 0.27 28 0.50 43 0.77 9 0.16 8 0.14 17 0.30 

NIO 47 0.84 117 2.09 164 2.93 36 0.64 80 1.43 118 2.11 

CS & above 

BoB 48 0.86 142 2.54 199 3.55 41 0.73 107 1.91 156 2.79 

AS 27 0.48 40 0.71 67 1.20 14 0.25 14 0.25 28 0.50 

NIO 75 1.34 182 3.25 266 4.75 55 0.98 121 2.16 184 3.29 

D & above 

BoB 93 1.66 249 4.45 438 7.82 87 1.55 200 3.57 378 6.75 

AS 48 0.86 77 1.38 129 2.30 24 0.43 25 0.45 50 0.89 

NIO 141 2.52 326 5.82 567 10.13 111 1.98 225 4.02 428 7.64 

Legends same as given with Table 2  

 

 

above intensity storms (Fig. 2). There is 69% and 32% 

probability for an SCS to intensify into a VSCS and ESCS 

respectively. Similarly, there is 47% probability for a 

VSCS to intensify into an ESCS.  

 

Considering the BOB, the average frequency of D, 

CS, SCS, VSCS and ESCS are 4.3, 1.4, 0.6, 0.8 and 0.6 

respectively (Table 2). The average frequency of CD, CS 

& above, SCS & above, VSCS & above and ESCS & 

above over the BOB is 7.8, 3.5, 2.2, 1.5 and 0.7 

respectively (Table 3). Thus about 8 CDs develop over the 

BOB in a year, out of which 3-4 (45%) become the TCs 

[Fig. 2(b)]. About 61% of TCs become severe, 43% 

become very severe and 20% become extremely severe or 

above intensity storms [Fig. 2(b)]. Similarly, there is 71% 

and 32% probability for an SCS to intensify into a VSCS 

and ESCS respectively and 45% probability for a VSCS to 

intensify into an ESCS over the BOB [Fig. 2(b)]. 

 

 Over the AS, the average frequency of D, CS, SCS, 

VSCS and ESCS is 2.2, 0.4, 0.3, 0.2, 0.2 respectively 

(Table 2). The average frequency is 2.3, 1.2, 0.8, 0.5 and 

0.3 respectively for CD, CS & above, SCS & above, 

VSCS & above and ESCS & above intensity storms per 

year  (Table 2).  Thus, about 52% of CDs intensify into 

TC over the AS during a year [Fig. 2(b)]. The probability 

of a TC becoming severe is 64%, becoming very severe is 

40% and becoming extremely severe is 21%. There is 

63% and 33% probability for an SCS to intensify into a 

VSCS and ESCS respectively and 52% probability for a 

VSCS to intensify into an ESCS over the AS. The above 

results endorse the earlier findings of Mohapatra et al., 

2015. Thus, comparing the probability of intensification 

over the BoB and AS, the probability of a CS to intensify 

into SCS, VSCS and ESCS is almost same for both BOB 

and AS and the probability of a CD becoming a TC is less 

over the BOB as compared to AS by about 7%. It could be 

attributed to the fact that a large number of D/DD develop 

over the monsoon season (June-September) mainly over 

the head BoB which rarely intensify into TC due to 

unfavourable environmental conditions like vertical wind 

shear of horizontal wind in association with Tibetan High 

and Tropical Easterly Jet Stream (Mohapatra et al., 2015 

& 2017 and Rao, 1976). 

 

 Considering the SuCS, its frequency has increased 

during the recent years since 1990 both over the BoB and 

AS and hence over the NIO (Table 4). During the period 

1990-2020, there have been 4 & 2 SuCS over the BOB and 

AS respectively against 2 and 0 over the BOB and AS 

during 1965-1989. There have been 7 ESCS over AS during 

1990-2020 against 3 during 1965-1989. There is a rising 

trend in frequency of ESCS and above intensity storms over 

the AS since 1990. It will be further discussed in section 3.2. 
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Figs. 2(a&b). Probability of intensification of D and TC into different (a) individual categories of intensity of storm and  

(b) cumulative categories of intensity of storm during pre-monsoon season, post-monsoon season and year as 
a whole over BOB, AS and NIO during 1965-2020 

 
TABLE 4 

 
Super Cyclonic Storms over the north Indian Ocean during 1965-2019 

 

S. No. Period Basin T. No. Peak Intensity              
(knot) 

Landfall Point Landfall Intensity                    
(knot) & category 

1. 14-20 Nov, 1977 BOB T6.5 125 AP, Chirala 125 (SuCS) 

2. 01-09 Nov, 1989 BOB T6.5 130 AP, Kavali 115 (ESCS) 

3. 4-10 May, 1990 BOB T6.5 130 AP, Machilipatnam 102 (ESCS) 

4. 24-30 Apr, 1991 BOB T6.5 130 Bangladesh, Chittagong 127 (SuCS) 

5. 25-31 Oct, 1999 BOB `T7.0 140 Odisha, Paradeep 140 (SuCS) 

6. 1-7 Jun 2007, Gonu AS T6.5 130 Oman, Muscat 77 (VSCS) 

7. 24 Oct-2 Nov 2019, Kyarr AS T 6.5 130 Weakened over sea Weakened over Sea 

8. 16-21 May, 2020, Amphan BoB T 6.5 130 West Bengal, Sunderbans 85 (VSCS) 

 
 
3.1.2. Post monsoon season 
 
About 6 CDs develop over the NIO during post 

monsoon season including about 4.5 over the BOB and 
1.5 over the AS (Tables 2 & 3). Out of these about 3.2 
(55%), 2.5 (57%) and 0.7 (51%) intensify into TCs over 
the NIO, BOB & AS respectively [Figs. 2(a&b)]. Out of 
these TCs about 2 (64%), 1.5 (45%) & 0.6 (19%) TCs 
over the NIO, 1.6 (63%), 1.1 (45%) & 0.5 (18%) TCs over 
the BoB and 0.5 (70%), 0.3 (43%) & 0.1 (20%) TCs over 
the AS intensify into severe, very severe & extremely 
severe TCs respectively [Figs. 2(a&b)]. Thus the probability 
of intensification of a CD into TC is higher over the BOB 
than over the AS by about 6% and the probability of 

intensification of TCs into severe TCs is higher over the 
AS than over the BOB by about 7% [Figs. 2(a&b)]. The 
probability of SCS intensifying into a VSCS is higher 
over the BOB by about 11% [Figs. 2(a&b)]. 

 
While climate variability such as the El Niño 

Southern Oscillation (ENSO) and Indian Ocean Dipole 
(IOD) have known influences to NIO TC activity, results 
reveal that no single climate mode can well explain the 
TC development concentrating on AS or BoB only.                 
Ng and Chan (2012); Yuan and Cao (2013); Girish Kumar 
& Ravichandran (2012); Mohapatra and Kumar (2017); 
Mohapatra et al. (2017 and 2015) and Wahiduzzaman                 
et al. (2017) highlighted the impacts of the ENSO, IOD 
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and their combined impact on TC activity over the NIO. 

According to Mohapatra & Kumar (2017) and Girish 

Kumar & Ravichandran (2012), the negative IOD and La 

Nina conditions favour the TC activity over the BOB 

during post-monsoon season and they have no significant 

impact over the BOB during pre-monsoon season and 

over the AS during both the seasons. 

 

Though the frequency of TCs is less over the AS, 

according to Sattar et al. (2019), AS is very active in a 

few years (but with quiet BoB season) and the opposite 

occurs in some others. This contrast occurs mostly                 

during the post‐monsoon season of October- December. 

Sattar et al. (2019) found that variability  of the northeast 

monsoon is an important factor responsible for the 

difference between the two basins. Excess moisture is 

available over the AS due to anomalous low‐level flow from 

the equatorial Indian Ocean in the years in which there are 

more TCs in that basin and drier condition is over the 

BoB. Nevertheless, the anomalous flow during active AS 

TC seasons is similar to that occuring during positive IOD 

and thus this climate variability may be responsible for 

redistributing the moisture content in the NIO. 

 

3.1.3. Pre monsoon season 

 

During pre-monsoon season about 2.5 CDs develop 

over the NIO including about 1.6 over the BOB and 0.9 

over the AS (Table 2). Out of these CDs about 1.3 (53%), 

0.8 (52%) and 0.5 (56%) intensify into TCs over the NIO, 

BOB & AS respectively [Table 3, Figs. 2(a&b)]. Out of 

these TCs, about 67% (56%), 46% (37%) & 27% (22%) 

intensify into severe, very severe and extremely severe 

TCs over the BOB (AS). Thus the probability of 

intensification of a TC into severe and very severe TCs is 

higher over the BoB than over the AS by about 10% each 

and into ESCS is higher by about 5% [Figs. 2(a&b)].  

There is no difference in probability of intensification of 

an SCS over the BoB and AS into VSCS or ESCS and 

VSCS into an ESCS [Figs. 2(a&b)]. While about 65-70% 

of SCS intensify into VSCS, about 60% of VSCS 

intensify into ESCS over both the basins.  

 

3.1.4. Ratio of frequency of TCs between BoB & AS 

 

The ratio of TCs over the BoB to that over the AS 

varies from 1.6 to 2.3 for different categories of TCs 

during pre-monsoon season, 2.5 to 4.3 during post 

monsoon season and 2.0 to 3.8 during the year as a whole 

[Figs. 3(a-d)]. Considering the cumulative frequencies, it 

varies from 1.7 to 2.3, 3.1. to 3.8, 2.3 to 2.9 during pre-

monsoon, post monsoon and year as a whole. In general, 

the ratio is higher in case of VSCS during pre-monsoon 

(2.3:1), post-monsoon (3.8:1) and years a whole (3.2:1). It 

can thus be inferred that the frequency of more intense 

TCs is higher over the BoB as compared to AS during 

both pre-monsoon and post monsoon season. Further the 

ratio is lower during pre-monsoon season as compared to 

post-monsoon season for all categories of TCs. It can be 

attributed to the fact that most of the CDs/TCs (about 

70%) over the BoB originate from the remnants of the 

TCs from the Northwest Pacific Ocean and the frequency 

of CDs & TCs are maximum during August to November 

over Northwest Pacific Ocean. It is not the case with AS.  

 

3.1.5. Ratio of frequency of TCs between pre-

monsoon and post monsoon season  

 

 The ratio of Frequency of TCs during post-monsoon 

& pre-monsoon seasons over various basins is presented 

in Figs. 3(a-d). This ratio varies from 1.0 to 2.3 over AS, 

1.9 to 4.4 over BoB and 1.8 to 3.8 over the NIO for 

various categories of storms. The ratio is maximum in 

VSCS category being 4.4:1 over BOB and 2.3:1 over the 

AS. Considering the cumulative frequency, it varies from 

1.7 to 3.0, 1.3 to 1.8, 1.6 to 2.5 over BoB, AS & NIO 

respectively. Thus the variation from pre-monsoon to 

post-monsoon season is more over the BOB as compared 

to AS. The difference in cumulative frequency of TCs 

during post-monsoon & pre-monsoon seasons is higher  

over BoB & hence NIO due to the reason mentioned in 

previous section. The trends in seasonal variability in 

formation of CDs/TCs/severe TCs are analysed by 

Mohapatra et al. (2015 & 2017). According to them, 

considering the recent five decades (1961-2010), the            

ratio shows a significant decreasing trend for CDs and 

severe TCs over the BOB and increasing trend for                

TCs over the AS. The decreasing trend in the ratio of CDs 

and severe TCs over the BoB could be attributed to 

relatively higher decreasing trend in CDs and TCs 

frequency during post monsoon season over the BoB. 

 

3.2. Trend in frequency of genesis 

 

3.2.1. Trend in annual frequency of genesis 

 

 There is significantly decreasing trend in frequency 

of all categories of CDs including D/DD, CS, SCS, VSCS, 

ESCS over the BOB; and all except ESCS over the NIO 

during the year as a whole (Table 5, Figs. 4&5). There is 

also decreasing trend in frequency of D & above, CS & 

above, SCS & above, VSCS & above and ESCS & above 

over the BOB and all the above except ESCS & 

aboveover the NIO during the year as a whole [Table 5,              

Figs. 4&5). However, there is no significant trend in 

frequency of any such category of storms over the AS 

during the period [Figs. 6{a&b(i-iii)}, Table 5] except that 

there is increasing trend in the frequency of ESCS. There 

is an increasing trend in the frequency of CS & above, 

SCS & above, VSCS & above and ESCS & above over
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Figs. 3(a-d). Ratio of (a) frequency of different categories of CDs and (b) cumulative frequency of different categories of 

CDs over the BOB and AS during pre-monsoon, post-monsoon and year as a whole and ratio of (c) frequency 
of different categories of CDs and (d) cumulative frequency of different categories of CDs during post-
monsoon and pre-monsoon seasons over the BOB, AS and NIO 

 
 

the AS during the year as a whole [Table 5,                 
Figs. 6{a&b(i-iii)}]. Thus, while the increasing trend in 
cumulative frequencies of different categories of storm 
over the AS can be attributed to similar trend in the 
frequency of ESCS & above, the decreasing trend in 
cumulative frequencies over the BOB can be attributed to 
similar trend in all the categories. According to Mohapatra 

et al. (2014) based on data of (1961-2010), this trend in 
frequency of annual CDs is mainly due to the decreasing 
trend in frequency of CDs during monsoon season. 
Decreasing trend in the frequency of (i) CS and above,  
(ii) SCS and above and (iii) VSCS and above intensity 
storms over the BOB and NIO as a whole endorses earlier 
findings of Mohapatra et al. (2014). Mandal & Prem Krishna
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Figs. 4[a&b(i-iii)]. (a) Individual  and (b) cumulative frequency of various categories of TCs during (i) pre-monsoon, (ii) post-monsoon and              

(iii) year as a whole over the North Indian Ocean during the period 1965-2020  

[D: Depression & deep depression, CS: Cyclonic storm, SCS: Severe cyclonic storm, VSCS: Very severe cyclonic storm, ESCS: Extremely 
severe cyclonic storm, Linear: Linear trend line] 

 

 
(2009) have also shown decreasing trend of frequency of 

very severe TC over the NIO during 1965-2008 and no 

trend in the MSW associated with VSCS during the same 

period. Comparing with the present study, the trend over 

the NIO is mainly due to similar trend over the BoB.  

 

The past studies show that there has been significant 

increasing trend in sea surface temperature (SST) over the 

BOB, AS and NIO during the satellite era (Pattanaik, 

2005; Roxy et al., 2015 and Elsner & Kocher, 2000). 

Pattanaik (2005) based on the NOAA SST data during 

1891-2004 has shown that the SST over BOB (Lat. 10- 

25° N and Long. 80-100° E) shows significant increasing 

trend  during pre-monsoon, monsoon and post monsoon 

seasons. Similar increasing trend is also observed over 

equatorial Indian Ocean (0° N-10° N, 55° E-95° E). Thus, 

there is decrease in frequency of CDs, TCs and severe 

TCs since 1970s, though there is increase in SST over the 

BOB and NIO. 

 

 According to Singh et al. (2018), an increasing SST, 

surface wind, mid-tropospheric relative humidity and 

potential evaporation factor (PEF) are helpful in the 

formation of intensified storms over the AS. A large 

temperature anomaly difference between atmosphere                

and Ocean also perceived to play a key role in modulating 

the enhanced intensity of TCs. The SST range of  27.5 °C 

to 29.5 °C and supportive flow field is helping to enhance 

the middle and upper tropospheric moisture content; 

eventually, resulting in increased SST, PEF and relative 

humidity through a possible feedback mechanism.  

 

 Knutson et al. (2019, 2020) conclude that there is 

only low confidence in detection and attribution of any
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Figs. 5[a&b(i-iii)]. Same AS Fig. 4, but over the Bay of Bengal (BoB) 

 
 

anthropogenic influence on historical TC intensity in any 
basin or globally. However, the balance of evidence 
suggests that there is a detectable increase in the global 
average intensity of the strongest (hurricane strength) TCs 
since the early 1980s. They have given similar conclusion 
on detection and attribution to the trend in frequency of 
TCs over the AS. 
 

3.2.2. Trend in frequency of genesis during post-
monsoon season 

 
 Considering post-monsoon season, there is 
significant decreasing trend in the frequency of D/DD, 
CS, SCS, VSCS & ESCS over the BOB and D/DD, CS & 
VSCS over the NIO (Table 5, Figs. 4&5). There is no 
significant trend over the AS during the post-monsoon 
season [Table 5, Figs. 6{a&b(i-iii)}]. There is also 
decreasing trend in frequency of D & above, CS & above, 
SCS & above, VSCS & above, ESCS & above over the 
BoB and all except ESCS & above over the NIO (Table 5, 

Figs. 4&5). According to Mohapatra et al. (2015), 
considering the rate of intensification from TC to severe 
TC, significant decreasing trends are noted in the 
monsoon and post-monsoon seasons as well as year as a 
whole over the BOB. According to Mohapatra et al. 
(2017) based on the data of 1961-2010, significant 
decreasing trend in mid-tropospheric humidity is 
associated with the decreasing trends in frequency of CDs 
and their intensification to severe TCs over BOB during 
post-monsoon season. Interestingly, low level cyclonic 
vorticity has also decreased over the southern parts of 
BOB south of 15° N which is the climatological region of 
cyclogenesis during October to December, but, it has 
increased over the northern BOB during the recent years. 

 
There is increasing trend in the frequency of VSCS 

& above and ESCS & above over the AS [Table 5,       
Figs. 6{a&b(i-iii)}]. Thus, during post monsoon season, 
the decreasing trend in cumulative frequency over the 
BoB is due to similar trend in individual categories of
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Figs. 6[a&b(i-iii)].  Same as Fig.4, but over the Arabian Sea (AS) 

 

 
storms. The increasing trend in frequency of VSCS/ESCS 

& above over the AS is due to similar insignificant trend 

in the categories of VSCS and ESCS. According to 

Mohapatra  et al. (2017), over the AS, there are increasing 

trends in intensification of CDs to TCs and TCs to severe 

TCs which could be in association with decreased vertical 

wind shear aside from other synoptic scale forcing). 

According to Knutson et al., 2019, the balance of 

evidence suggests there has been some detectable increase 

in the frequency of post-monsoon ESCS and above 

intensity storms over the AS and there is low confidence 

that anthropogenic forcing has contributed to the increase.  

 

3.2.3. Trend in frequency of genesis during pre-

monsoon season 

 

 During pre-monsoon season, there is a decreasing 

trend in frequency of D & above, SCS & above and VSCS 

& above over the BoB which could be attributed to similar 

decreasing trend in the frequency of D/DD and VSCS 

(Table 5, Figs. 4&5). The cumulative frequencies over the 

NIO do not show significant trends. According to 

Mohapatra et al. (2017), during the pre-monsoon season, 

the decreasing trend in intensification of CD to TC over 

BOB is associated with unfavourable decrease in mid-

tropospheric humidity. According to Mohapatra et al. 

(2015), there is significant decreasing trend in rate of 

intensification of CDs to TCs over NIO and BOB during 

pre-monsoon season during 1961-2010. 

 

There is insignificant rising trend over the AS for 

different categories of storms [Table 5, Figs. 6{a&b(i-iii)}]. 

But the frequency of CS & above and SCS & above over 

the AS show significant increasing trend at 90% level of 

confidence and insignificant rasing trend in the frequency 

of VSCS & above and ESCS & above [Table 5,          

Figs. 6{a&b(i-iii)}]. According to Mohapatra et al. (2015 

and 2017), intensification of CDs to TCs and TCs to 

severe TCs during the pre-monsoon season over the AS 

shows significantly increasing trend during 1961-2010
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TABLE 5 

 

Linear Trend Coefficient (per 100 years) of individual and cumulative categories of CDs during pre-monsoon,                                                                     

post monsoon and year as a whole over the period of 1965-2020 

 

Category Basin Pre-monsoon Post-monsoon Annual Category Basin Pre-monsoon Post-monsoon Annual 

ESCS 

BoB 0.02 -0.71 -0.61 

ESCS & above 

BoB 0.18 -0.79 -0.54 

AS 0.21 0.35 0.55 AS 0.31 0.53 0.83 

NIO 0.23 -0.36 -0.06 NIO 0.49 -0.27 0.29 

VSCS 

BoB -0.88 -1.50 -2.78 

VSCS & above 

BoB -0.69 -2.3. -3.32 

AS 0.07 0.23 0.30 AS 0.38 0.76 1.13 

NIO -0.81 -1.27 -2.48 NIO -0.32 -1.54 -2.19 

SCS 

BoB -0.15 -0.68 -1.31 

SCS & above 

BoB -0.84 -2.98 -4.62 

AS 0.21 -0.14 0.03 AS 0.58 0.61 1.16 

NIO 0.06 -0.82 -1.27 NIO -0.26 -2.37 -3.46 

CS 

BoB 0.17 -1.42 -1.67 

CS & above 

BoB -0.67 -4.4 -6.29 

AS 0.16 0.20 0.25 AS 0.75 0.81 1.41 

NIO 0.33 -1.22 -1.42 NIO 0.08 -3.59 -4.88 

D 

BoB -1.02 -1.86 -7.20 

D & above 

BoB -1.79 -6.25 -13.49 

AS 0.14 -0.08 -0.73 AS 0.81 0.73 0.23 

NIO -0.87 -1.93 -8.38 NIO -0.98 -5.52 -13.27 

CD: Cyclonic disturbance, D: Depression/Deep Depression, CS: Cyclonic storm, SCS: Severe cyclonic storm, VSCS: Very severe cyclonic 
storm, ESCS: Extremely severe cyclonic storm, BoB: Bay of Bengal, AS : Arabian Sea, NIO: North Indian Ocean 

Bold: Statistically significant at 95% level of confidence, Bold & Italics: Statistically significant at 90% level of confidence 

 

 

which could be in association with decreased vertical 

wind shear aside from other synoptic scale forcing. 

According to Evan et al. (2011 a&b), the increase in the 

intensity of pre-monsoon AS TCs during May and June 

over the period of 1979-2010 was found to be associated 

with a decrease in vertical wind shear which was caused 

by an upward trend in anthropogenic black carbon and 

sulphate emissions. They argued that anthropogenic 

aerosols cause anomalous atmospheric circulation over 

south Asia, which then reduce the basin-wide vertical 

wind shear. Reduced wind shear thus creates an 

environment more favorable for intensification of TCs. 

According to Rajeevan et al. (2013), during recent years, 

an increase in the intensity of pre-monsoon  TCs over the 

AS could be attributed to epochal variability in the storm 

ambient vertical wind shear and TC heat potential (TCHP). 

There is a significant increase (0.53 kJ cm−2
 year−

1
) of 

TCHP during recent years. The warmer upper ocean helps 

TCs to sustain or increase their intensity by an 

uninterrupted supply of sensible and latent heat fluxes 

from the ocean surface to the atmosphere (Goni & Trinanes, 

2003; Emanuel et al., 2004; DeMaria et al., 2005).  

 

Zhang et al. (2019) examined the impacts of tropical 

South Atlantic SST anomalies on the frequency of the AS 

TCs during the pre-monsoon season (May-June) using 

observations and climate model experiments. There is a 

statistically significant association between the Atlantic 

SST anomalies and the frequency of AS TCs during May-

June of 1979-2016 based on the observations. These 

results can be explained from a physical perspective 

through the classic Matsuno-Gill responses to the Atlantic 

SST forcing, leading to changes in vertical wind shear in 

the AS. The reduced vertical wind shear related to the 

Atlantic SST warming is associated with anomalous 

upper-level westerlies and lower-level easterlies. The 

reduced vertical wind shear is associated with increase in 

frequency of TCs in pre-monsoon season over the AS. 

The physical mechanisms identified in the observations 

are strongly supported by a suite of experiments with an 

atmospheric general circulation model. 

 

More recently, the ESCS over the AS have been 

projected to increase under anthropogenic forcing using 

high-resolution fully-coupled climate models (Murakami 

et al., 2017). Wang et al. (2013), based upon ensembles of 

global reanalyses and precipitation datasets, demonstrated 

a robust intensification of the May monsoon trough over 

the BOB since 1979, with a corresponding modulation of 

pre-monsoon TCs. It has resulted in more intense TCs 

(VSCS and above) in general and an increase in the 

number of TCs that impacted Myanmar. Such circulation 

changes in the pre-monsoon season have deepened the 

BOB monsoon trough and led to a tendency that TCs are 

occurring earlier each year. The deepened monsoon 

trough also affected the frequency and track of TCs in
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Figs. 7(a&b). Probability (%) of landfall of (a) different categories of CDs and (b) cumulative categories of CDs with 

respect to genesis frequency 

 
 

the BOB. Such a change in pre-monsoon circulation has 

been attributed to atmospheric warming caused by 

increased anthropogenic aerosols in the Indo-Gangetic 

Plain. Analyses of the Coupled Earth System Model 

(CESM) single-forcing experiments provide further 

evidence for the effect of aerosols on the deepening of the 

BOB monsoon trough and the resulting increases in TC 

frequency, intensity and trajectory. However, there is a 

significant decreasing trend in the frequency of SCS & 

above and VSCS & above over the BOB [Table 5,                

Figs. 5{a&b(i-iii)}].  

 

Considering all the above studies, Knutson et al. 

(2019, 2020) have concluded that, there is significant 

increase in intense TCs over the AS during pre-monsoon 

season with a low confidence in detection and attribution 

to anthropogenic influences as the frequency of intense 

TCs are less and the studies in this regard are limited and 

based on recent years only. 

 

3.3.  Mean frequency of landfalling TCs  

 

3.3.1.  Mean frequency and probability of 

landfalling TCs over the BoB and AS 

  

Considering the data during 1965-2020, about 7.6 

CDs and 3.3 TCs (CS & above) make landfall over the 

NIO (Tables 2&3). Basin-wise, the average frequency of 

landfall is about 6.7 for CDs and 2.8 for TCs over the BoB 

and 0.9 and 0.5 respectively over the AS. Similarly, out of 

about 2.1 SCS and above landfalling over the NIO, 1.8 

make landfall over BoB and 0.3 over the AS. Out of 1.38 

landfalling VSCS & above over the NIO, about 1.14 are 

from BoB and 0.23 from the AS. About 0.6 landfalling 

ESCS over the NIO includes 0.5 over the BoB and 0.1 

over the AS. According to Alam et al. (2003), the annual 

average number of CDs over the BoB that crossed the 

coasts is 6.7 in a year, which is 86% of the total annual 

number of CDs that formed based on the data of 1975-

1999 over the BoB. The annual average number of TCs 

over the BoB that crossed the coasts is 3.1. Thus 

comparison of the results with that of Alam et al. (2003) 

indicates that the frequency of landfalling TCs over the 

BoB has decreased in recent years. 

 

About 69%, 72%, 68% and 64% of CS & above, 

SCS & above, VSCS & above and ESCS & above 

developing over the NIO cross the coast with at least the 

intensity of CS, SCS, VSCS & ESCS respectively                   

[Figs. 7(a&b)]. The remaining ones either dissipate over 

the sea or cross coast as a relatively weaker system. 

Considering BoB (AS), about 78% (42%), 84% (40%), 

74% (48%) and 74% (36%) of CS & above, SCS & above, 

VSCS & above and ESCS & above cross the coast with at 

least the intensity of CS, SCS, VSCS & ESCS 

respectively. Thus, the rate of dissipation/weakening is 

significantly higher over the AS. It may be due to (a) large 

sea area as compared to BoB, (b) colder sea over west AS 

and (c) larger role of mid latitude westerlies leading to 

increase in vertical wind shear, (d) dry air entrainment 
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from the desert region of Arabia-Africa. On the other 

hand, BoB is warmer, less influenced by the mid-latitude  

westerlies & dry/cold air entrainment and has smaller  

area which favour it to have more probability of landfall 

of TCs with higher intensity. Considering the individual 

categories of TCs, over the AS(BOB) about 16% (28%), 

9% (31%), 30% (41%), 36% (67%) in case of CS, SCS, 

VSCS and ESCS respectively cross coast with same 

intensity [Figs. 7(a&b)]. Thus, considering individual 

category also the probability of landfall is higher over the 

BoB than over the AS by about 10-30% and it is 

significantly higher in case of ESCS category.  

  

The frequency of landfalling TCs is higher during 

post-monsoon (2.2) than in pre-monsoon (1.0) season over 

the NIO (Tables 2&3). It is about 1.9 (0.3) and 0.7 (0.3) 

over the BoB (AS) during post-monsoon and pre-

monsoon seasons respectively. According to Alam et al. 

(2003), of all the TCs that crossed the BoB coasts, 20.99% 

crossed in the pre-monsoon season (March-May) and 

54.32% crossed in the post-monsoon season (October-

December). On an average, the maximum frequency of 

CDs crossing the coasts is 1.4 and occurs in the month of 

October; that of TCs is 1.0 and occurs in November. 

During post-monsoon season, about 67%, 68%, 62% and 

59% of CS & above, SCS & above, VSCS & above and 

ESCS & above developing over the NIO cross the coast 

with at least the intensity of CS, SCS, VSCS & ESCS 

respectively [Figs. 7(a&b)]. Considering BoB (AS), about 

75% (35%), 81% (29%), 69% (35%) and 69% (25%) of 

CS & above, SCS & above, VSCS & above and ESCS & 

above cross the coast with intensity of at least CS, SCS, 

VSCS and ESCS respectively. Considering the individual 

categories of TCs, over the BOB(AS) about 25% (15%), 

32% (07%), 41% (24%), 62% (25%) in case of CS, SCS, 

VSCS and ESCS respectively cross coast with same 

intensity. Thus, the probability of landfall is higher over 

the BoB than the AS by about 10-35% for different 

categories of TCs. 

 

During pre-monsoon season, about 73%, 77%, 81% 

and 74% of CS & above, SCS & above, VSCS and             

above and ESCS & above developing over the NIO cross 

the coast with at least the intensity of CS, SCS, VSCS and 

ESCS respectively [Figs. 7(a&b)]. Considering BoB (AS), 

about 85% (52%), 84% (60%), 86% (70%) and 85% (50%) 

of CS & above, SCS & above, VSCS & above and ESCS 

& above cross the coast with at least the intensity of CS, 

SCS, VSCS & ESCS respectively. Considering the 

individual categories of TCs, over the BOB/AS about 

29%/19%, 25/13%, 36%/40%, 77%/50% in case of CS, 

SCS, VSCS and ESCS respectively cross coast with same 

intensity. Thus, the probability of landfall is higher over 

the BoB than the AS by about 10-22% in case of CS, SCS, 

ESCS and  almost same in case of VSCS.  

Comparing post and pre-monsoon season, the 

probability of landfall is higher during pre-monsoon 

season by about 6, 9, 19 and 15% in case of CS & above, 

SCS & above, VSCS & above and ESCS & above over 

the NIO. Similarly, it is higher by about 10% (17%), 3% 

(31%), 17% (35%) and 16% (25%) over the BoB (AS) 

during pre-monsoon than in post-monsoon season for CS 

& above, SCS & above, VSCS & above and ESCS & 

above respectively. 

 

 Considering individual categories, the probability of 

landfall is higher during pre-monsoon  than in post-

monsoon season by about 4, 16, 15 and 25% for CS, SCS, 

VSCS & ESCS respectively over the AS. It is higher 

during pre monsoon season than in post monsoon season 

in case of CS (4%) and ESCS (15%) and lower in case of 

SCS (7%) and VSCS (5%) over the BoB. 

 

3.3.2.  Annual frequency of landfalling TCs over 

different coastal regions  

  

About 1.71(1.13) and 0.18(0.16) CS and above (SCS 

& above) make landfall over east and west coasts of India 

respectively. About 0.68 and 0.17 VSCS & above 0.30 & 

0.04 ESCSs & above make landfall over the east & west 

coasts of India respectively. Thus, while 3-4 TCs over the 

NIO make landfall, about 2 TCs make landfall over east 

coast of India (Tables 6-8). Similarly, while 2 of the SCS 

& above over the NIO make landfall, 1 out of these make 

landfall over the east coast of India. While about 4 VSCS 

& above developing over the NIO in 3 years may make 

landfall, 2 out of these make landfall over east coast of 

India. While about 1 ESCS & above over the NIO in 2 

years make landfall, east coast of India experiences 

landfall of TC with intensity of ESCS & above once in 3 

years (Table 8).  

 

 Considering different coastal regions of BoB, the 

annual frequency of landfall is maximum over BDS coast 

followed by AP, ODS and TNP coasts in case of CS and 

above [Figs. 8(a&b)], over BDS followed by AP, TNP, 

ODS and WB coasts in case of SCS and above, over AP 

followed by ODS/BDS, MMR, TNP and WB in case of 

VSCS and above, over ODS followed by AP/MMR                 

and BDS in case of ESCS and above. There have been   

one SuCS each crossing ODS, AP and BDS during the 

period (Table 4). According to Tyagi et al., 2010, Over  

48 percent of the TCs in the BoB strike different                     

parts of the east coast of India, 26 percent strike coasts of 

BDS & MMR, 6 percent cross SLE and about 20 percent 

dissipate over the sea itself. Percentage of TCs dissipating 

over the AS is higher (63%) as the western AS is cooler. 

 

 Considering the individual categories of TCs, 

frequency of landfall is maximum over BDS followed by
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TABLE 6 

 

Linear trend coefficients in individual and cumulative frequency of TCs landfalling over various regions during 1965-2020 

 

Landfalling 

region 
Category Total Mean 

Trend per 100 

years 
Category Total Mean 

Trend per 

100 years 

NIO countries 
ESCS & 

above 

34 0.61 -0.44 

ESCS 

31 0.55 -0.37 

BoB countries 29 0.52 -0.39 26 0.46 -0.32 

AS countries 5 0.09 0.04 5 0.09 -0.04 

NIO countries 
VSCS & 

above 

77 1.37 -2.37 

VSCS 

43 0.77 -1.93 

BoB countries 64 1.14 -2.77 35 0.63 -2.38 

AS countries 13 0.23 0.40 8 0.14 0.44 

NIO countries 
SCS & 

above 

117 2.09 -3.7 

SCS 

41 0.73 -1.33 

BoB countries 101 1.8 -4.24 37 0.66 -1.47 

AS countries 16 0.29 0.54 4 0.07 0.14 

NIO countries 
CS & 

above 

183 3.26 -4.65 

CS 

66 1.18 -0.95 

BoB countries 156 2.79 -5.95 55 0.98 -1.71 

AS countries 27 0.48 1.3 11 0.20 0.76 

TC: Tropical cyclones, D: Depression/Deep Depression, CS: Cyclonic storm, SCS: Severe cyclonic storm, VSCS: Very severe cyclonic 
storm, ESCS: Extremely severe cyclonic storm, NIO: North Indian Ocean, BoB: Bay of Bengal and AS: Arabian Sea 

Bold: Statistically significant at 95% level of confidence, Bold & Italics: Statistically significant at 90% level of confidence 

 
TABLE 7 

 

Annual mean & linear trend coefficients (per 100 years) in actual frequencies of TCs landfalling over various regions during 1965-2020 

 

Countries/

States of 

India 

ESCS VSCS SCS CS 

Total Mean 
Trend per 

100 years 
Total Mean 

Trend per 

100 years 
Total Mean 

Trend per 

100 years 
Total Mean 

Trend per 

100 years 

SLE 1 0.02 - 2 0.04 - 0 0.00 - 5 0.09 -0.26 

TNP 2 0.04 - 7 0.13 -0.06 7 0.13 -0.55 4 0.07 -0.51 

AP 5 0.09 -0.15 7 0.13 -0.25 10 0.18 -0.34 14 0.25 -0.16 

Odisha 7 0.13 -0.16 4 0.07 -0.35 2 0.04 - 13 0.23 -1.17 

WB 1 0.02 - 4 0.07 -0.23 6 0.11 0.13 2 0.04 - 

BDS 4 0.07 -0.01 7 0.13 -0.91 12 0.21 -0.59 16 0.29 -0.23 

MMR 6 0.11 0.16 4 0.07 -0.47 0 0.00 - 1 0.02 - 

Gujarat 2 0.04 - 2 0.04 - 2 0.04 - 2 0.04 - 

MNG - - - - - - 1 0.02 - 1 0.02 - 

KTK - - - - - - 1 0.02 - - - - 

IAA 2 0.04 - 6 0.11 0.64 0 0.00 - 7 0.13 0.58 

ECI 15 0.27 -0.52 22 0.39 -0.7 25 0.45 -0.89 33 0.59 -1.39 

WCI 2 0.04 - 2 0.04 - 4 0.07 0.17 3 0.05 - 

TC: Tropical cyclone, CS: Cyclonic storm, SCS: Severe cyclonic storm, VSCS: Very severe cyclonic storm, ESCS: Extremely severe 
cyclonic storm, BoB: Bay of Bengal, AS: Arabian Sea, SLE: Sri Lanka East, TNP: Tamilnadu & Puducherry, AP: Andhra Pradesh, WB: 

West Bengal, BDS: Bangladesh, MMR: Myanmar, MNG: Maharashtra & Goa, KTK: Karnataka, IAA: Iran, Arabia & Africa, ECI: East 

Coast of India, WCI: West Coast of India,  
Bold: Statistically significant at 95% level of confidence, Bold & Italics: Statistically significant at 90% level of confidence 

 

 
AP and ODS in case of CS, over BDS followed by                 

AP, TNP and WB in case of SCS, over BDS/AP followed 

by TNP/ODS/WB in case of VSCS, over ODS                

followed by MMR, AP and BDS in case of ESCS. Thus, 

to summarise, most intense TCs (ESCS & above with 

MSW ≥ 90 kt) cross the coast maximum over ODS 

followed by AP/MMR & BDS and low intensity                     

TCs (CS/SCS with MSW 34-63 kt) cross maximum                

over BDS followed by AP, ODS & TNP and                      

medium intensity storms (VSCS with MSW                                

64-89 kt) cross over TN/AP/BDS followed by 

ODS/WB/MMR.         
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TABLE 8 

 

Annual mean & linear trend coefficients (per 100 years) in cumulative frequencies 

of TCs landfalling over various regions during 1965-2020 

 

Countries/

States of 
India 

ESCS & above VSCS & above SCS & above CS & above 

Total Mean 
Trend per 
100 years 

Total Mean 
Trend per 
100 years 

Total Mean 
Trend per 
100 years 

Total Mean 
Trend per 100 

years 

SL East 1 0.02 - 3 0.05 - 3 0.05 - 8 0.14 -0.49 

TN 2 0.04 - 9 0.16 -0.06 16 0.29 -0.55 20 0.36 -0.50 

AP 6 0.11 -0.25 13 0.23 -0.50 23 0.41 -0.84 37 0.66 -1.00 

Odisha 8 0.14 -0.12 12 0.21 -0.46 14 0.25 -0.65 26 0.46 -1.87 

WB 1 0.02 - 5 0.09 0.04 11 0.19 -0.13 13 0.23 -0.22 

BDS 5 0.09 -0.02 12 0.21 -0.94 24 0.43 -1.53 40 0.71 -1.76 

MMR 6 0.11 0.16 10 0.18 -0.31 10 0.18 -0.31 11 0.2 -0.15 

Gujarat 2 0.04 - 4 0.07 -0.27 6 0.11 -0.32 8 0.13 -0.36 

MNG 0 - - 0 - - 2 0.04 - 1 0.02 - 

KTK 0 - - 0 - - 1 0.02 - 1 0.02 - 

IAA 2 0.04 - 8 0.14 0.63 8 0.14 0.63 15 0.27 1.21 

ECI 17 0.30 -0.59 38 0.68 -1.29 63 1.13 -2.18 96 1.71 -3.57 

WCI 2 0.04 - 4 0.07 -0.27 9 0.16 -0.1 10 0.18 -0.03 

TC: Tropical cyclone, CS: Cyclonic storm, SCS: Severe cyclonic storm, VSCS: Very severe cyclonic storm, ESCS: Extremely severe 
cyclonic storm, BoB: Bay of Bengal, AS: Arabian Sea, SLE: Sri Lanka East, TNP: Tamilnadu & Puducherry, AP: Andhra Pradesh, WB: 

West Bengal, BDS: Bangladesh, MMR: Myanmar, MNG: Maharashtra & Goa, KTK: Karnataka, IAA: Iran, Arabia & Africa, ECI: East 
Coast of India, WCI: West Coast of India. 

Bold: Statistically significant at 95% level of confidence, Bold & Italics: Statistically significant at 90% level of confidence 

 

 

Considering the landfalling TCs over the AS, the 

landfall frequencies of CS & above and SCS & above               

and VSCS & above are the maximum over IAA followed 

by GJT [Figs. 8(a&b)]. There is no VSCS or  above 

intensity storm crossing M&G coast. Further,  there has 

been no landfalling TC over GJT region, KRL and SLW 

coast during 1965-2020. All the TCs making landfall over 

GJT have crossed Saurashtra and Kutch coast during this 

period. Tyagi et al. (2010) based on data of 1891-2007 

also have shown that maximum landfall of TCs over the 

AS occurs over GJT coast (18% of total TCs in AS) of 

India followed by Oman coast. 

 

3.3.3.  Landfalling TCs for different coastal regions 

during pre-monsoon season 

  

During pre-monsoon season, the frequency of 

landfalling TCs is maximum over BDS followed by  MMR 

in case of CS & above and SCS & above, over MMR 

followed by BDS in case of VSCS & above and ESCS & 

above intensity storms [Figs. 8(a&b)]. Considering 

individual categories, the landfall frequency is maximum 

over BDS in case of CS and SCS, over BDS/MMR in case 

of VSCS and over MMR in case of ESCS. Thus, while 

maximum CS/SCS cross BDS, maximum VSCS cross BDS/ 

MMR and maximum ESCS cross MMR coast during pre-

monsoon season. According to Pal and Chatterjee (2020), 

the pre-monsoon TCs dissipated further northward 

compared to the monsoon and post-monsoon TCs in BoB. 

The pre-monsoon TCs over the BoB also significantly 

moved eastward from average genesis location of 11.8° N/ 

88.7° E to 21.3° N / 91.1° E during pre-monsoon season 

against 11.3° N / 88.8° E to 19.2° N / 83.5° E during post-

monsoon season. It could be therefore, the reason for TCs 

to cross BDS/MMR more frequently during pre-monsoon 

season. Wang et al. (2012 and 2013) have also discussed 

the role of mid latitude westerlies for increased frequency 

of intense storms landfalling over Myanmar. 

  

Considering the landfalling TCs over the AS, the 

landfall frequency of CS & above,  SCS & above                    

and VSCS & above are maximum over IAA followed                 

by GJT. Over the AS, the mean genesis point is   12.3° N / 

63.9° E and dissipation point is  19.4° N / 61.2° E during 

pre-monsoon season (Pal and Chatterjee, 2020). During 

pre-monsoon season usually genesis takes place over the 

AS in association with onset of monsoon and they move 

west-northwestwards towards IAA coasts. 

         

3.3.4.  Landfalling TCs for different coastal regions 

during post-monsoon season 

  

During post-monsoon season, the frequency of 

landfall is maximum over AP followed by BDS, TNP,
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Figs. 8[a&b(i-iii)]. (a) Individual frequency and (b) cumulative frequency of various categories of landfalling TCs during  

(i) pre-monsoon, (ii) post-monsoon and (iii) year as a whole over the period 1965-2020 

TC: Tropical cyclone, CS: Cyclonic storm, SCS: Severe cyclonic storm, VSCS: Very severe cyclonic storm, ESCS: 

Extremely severe cyclonic storm and SuCS: Super Cyclonic Storm 
SLE: Sri Lanka East, TNP: Tamilnadu and Puducherry, AP: Andhra Pradesh, OD: Odisha, WB: West Bengal, BDS: 

Bangladesh, MMR: Myanmar, SLW: Sri Lanka West, KRL: Kerala, KNK: Karnataka, MNG: Maharashtra and Goa, GUJ: 

Gujarat, PAK: Pakistan, IAA: Iran, Arabia and Africa  
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Figs. 9(i). Individual frequency of landfalling TCs over (a) NIO, (b) BoB & (c) AS and frequency of TCs landfalling over (d) Iran, Arabia & 

Africa (e) West coast of India & (f) East coast of India during 1965-2020  
TC: Tropical cyclone, BoB: Bay of Bengal, AS: Arabian Sea, NIO: North Indian Ocean, CS: Cyclonic storm, SCS: Severe cyclonic storm, 

VSCS: Very severe cyclonic storm and ESCS: Extremely severe cyclonic storm, Linear: Linear Trend Line 

 

 
ODS in case of CS & above, over AP followed by TNP, 

BDS, ODS in case of SCS & above, over AP followed by 

TNP, ODS, BDS in case of VSCS & above, over ODS 

followed by AP, TNP/BDS in case of ESCS & above 

intensity storms. Considering the individual categories, 

the frequency of landfalling TCs is maximum over AP 

followed by ODS, BDS, SLE, TNP in case of CS, over 

AP followed by BDS & TNP in case of SCS, over 

AP/TNP followed by BDS, WB & ODS in case of VSCS 

and over ODS followed by AP, TNP/BDS in case of 

ESCS. Thus, while maximum CS/SCS/VSCS cross AP 

coast, maximum ESCS cross ODS coast during post- 

monsoon season. 

 

 Considering the landfalling TCs over the AS, the 

landfall frequency of CS & above and SCS & above and 

VSCS & above are maximum over IAA followed by GJT. 

It is also equal over IAA and GJT in the category of 

VSCS & above. The maximum number of landfall over 

IAA may be due to climatological track characteristics  

(west-northwestward or northwestward movement of TCs 

developing over the low latitude, i.e., over south AS) of 

the TCs over the AS. According to Pal and Chatterjee 

(2020), over the AS, the mean genesis point is near              

12.1° N/66.6° E and dissipation point is near                        

17.5° N/60.9° E during post-monsoon season. 

 

3.4.  Trends in landfalling TCs  

 

3.4.1.  Trends in landfalling TCs over the Bay of 

Bengal and Arabian Sea 

  

 There is a rising trend in frequency of VSCS and CS 

over the AS [Table 6, Fig. 9 (i)]. Accordingly, there is a
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Figs. 9(ii). Cumulative frequency of landfalling TCs over (a) NIO, (b) BoB & (c) AS and frequency of TCs landfalling over (d) Iran, Arabia & 

Africa (e) West coast of India & (f) East coast of India during 1965-2020 
TC: Tropical cyclone, BoB: Bay of Bengal, AS: Arabian Sea, NIO: North Indian Ocean, CS: Cyclonic storm, SCS: Severe cyclonic storm, 

VSCS: Very severe cyclonic storm and ESCS: Extremely severe cyclonic storm, Linear: Linear Trend Line 

 

 
rising trend in the frequency of landfalling CS & above, 

SCS & above and VSCS & above over the AS [Fig. 9(ii)]. 

Comparing the similar trend analysis over individual 

states of west coast of India and other countries like IAA, 

PAK and SLW, it is found that there is rising trend in 

landfalling TCs over the IAA [Table 7, Fig. 9(i)]. Thus, to 

summarize, there is an increasing trend in the frequency of 

landfalling TCs over AS namely in the categories of 

VSCS and CS resulting in an increase in the frequency of 

landfalling TCs over the IAA in the same categories and 

accordingly in the frequency of CS & above, SCS & 

above and VSCS & above crossing IAA. It could be 

attributed to the fact that the (i) frequency of formation of 

TCs over the AS might have increased in lower latitudes 

and also in western longitude, (ii) westward movement of 

the TCs over the AS could have increased and (iii) these 

TCs are able to maintain their intensity over the relatively 

colder west AS resulting in increased landfall over 

Arabia-Africa. On the other hand, the frequency of 

northeastward recurvature of the TCs over the AS could 

have decreased due to weaker mid-latitude westerlies. 

 

 There is insignificant decreasing trend in the 

frequency of landfalling TCs over the west coast of India 

[Fig. 9, Tables 7&8]. To verify above hypothesis, we 

analysed the westward moving and recurving tracks as 

well as their genesis area over the AS. It is found that 

there is a significant increasing trend in the genesis of TCs 

over the southwest and westcentral AS (west of 64° E and 

south of 20° N) as shown in Table 9 (Fig. 10). Most of 

these TCs moved west-northwestward or northwestward 

towards IAA leading to increase in landfall frequency 

over the IAA. At the same time there is no trend in the 

frequency of TC genesis over the east AS (east of 64° E) 

and also there is no trend in the frequency of recurving 

TCs over the AS [Figs. 10(a-d)]. 
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Figs. 10(a-d). (a) Frequency of genesis and (b) frequency of recurvature of TCs over the AS during 1965-2020 and tracks of 

(c) CS and (d) SCS over the AS during (i) 1965-1992 and (ii) 1993-2019  

SW: Southwest, SE: Southeast, WC: Westcentral, EC: Eastcentral, AS: Arabian Sea, TC: Tropical Cyclone, Linear: Linear 

Trend Line 

 
 

 Considering the landfalling TCs over the BoB, there 

is a decreasing trend in CS & above, SCS & above, VSCS 

& above and no trend in case of ESCS & above. Similar 

trends are noticed in the individual categories of CS, SCS 

& VSCS also (Table 6). The frequency of total landfalling 

TC categories for east coast of India shows also 

decreasing trend in case of CS & above, SCS & above and 

VSCS & above and decreasing trend in the individual 

category of CS, SCS, VSCS and ESCS. Tyagi et al. 

(2010) have shown no significant trend in frequency of
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Figs. 11(a-j). Actual Frequency of landfalling TCs over (a) Tamil Nadu, (b) Andhra Pradesh, (c) Odisha, (d) West Bengal, (e) Bangladesh                  

(f) Myanmar, (g) Gujarat (h) Maharashtra, (i) Pakistan and (j) Sri Lanka East during 1965-2020  

TC: Tropical cyclone, BoB: Bay of Bengal, AS: Arabian Sea, NIO: North Indian Ocean, CS: Cyclonic storm, SCS: Severe cyclonic storm, 

VSCS: Very severe cyclonic storm and ESCS: Extremely severe cyclonic storm, Linear: Linear Trend Line 
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Figs. 12(a-j). Cumulative frequency of landfalling TCs over (a) Tamil Nadu, (b) Andhra Pradesh, (c) Odisha, (d) West Bengal, (e) Bangladesh 

(f) Myanmar, (g) Gujarat (h) Maharashtra, (i) Pakistan and (j) Sri Lanka East during 1965-2020 
TC: Tropical cyclone, BoB: Bay of Bengal, AS: Arabian Sea, NIO: North Indian Ocean, CS: Cyclonic storm, SCS: Severe cyclonic storm, 

VSCS: Very severe cyclonic storm and ESCS: Extremely severe cyclonic storm, Linear: Linear Trend Line 



 

 

24                          MAUSAM, 72, 1 (January 2021) 

 

TABLE 9 

 

Frequency of genesis and their linear trend coefficients over 

different regions of AS during 1965-2020 

 

Place of Origin Total Mean Trend per 100 years 

SW AS 8 0.14 0.67 

SE AS 25 0.45 -0.19 

WC AS 3 0.05 0.45 

EC AS 28 0.50 0.45 

SW+WC AS 11 0.20 1.12 

SE+EC AS 53 0.95 0.26 

SW+SE AS 33 0.59 0.48 

WC+EC AS 31 0.55 0.90 
 

SW: South West, SE: South East, WC: West Central, EC: East Central, 
AS: Arabian Sea 

 
 

 

landfalling CDs over east and west coasts of India during 

1891-2007 excluding the short lived systems.  

 

3.4.2.  Trends in frequency of landfalling TCs over 

different coastal regions 

 

There is decreasing trend in the total frequency of 

landfalling storms in the category CS & above and SCS & 

above over ODS, CS & above, SCS & above and VSCS & 

above over AP and BDS coasts during the year as a whole 

(Table 7, Figs. 11&12). According to Singh et al., 2018, 

GJT and IAA are more vulnerable coastal areas of AS 

irrespective of seasons considered. According to Wang     

et al. (2013), the ratio of frequency of TCs during pre-

monsoon season to the total annual frequency of TCs over 

the BoB which moved towards Myanmar and Bangladesh 

shows increasing trend during 1976-2011 which is 

opposite to the findings of the current study.  

 

4. Conclusions 

 

Following broad conclusions are drawn from the 

above results and discussion. 

 

About 10 CDs and 5 TCs develop over the NIO 

during a year including about 6.5 D, 1.8 CS, 0.9 SCS, 1.1 

VSCS, 0.8 ESCS and 0.1 SuCS. Thus about 47%, 29%, 

20% and 9% of CDs intensify into CS, SCS, VSCS and 

ESCS respectively over the NIO. Similarly about 62%, 

42% and 20% of total TCs intensify into SCS, VSCS and 

ESCS respectively over the NIO. There is 69% and 32% 

probability for an SCS to intensify into a VSCS and ESCS 

respectively and 47% probability for a VSCS to intensify 

into an ESCS.  

 

The average frequency of D, CS, SCS, VSCS and 

ESCS over the BoB(AS) are 4.3 (2.2), 1.4 (0.4), 0.6 (0.3), 

0.8 (0.2) and 0.6 (0.2) respectively. The average frequency 

of CD, CS & above, SCS & above, VSCS & above and 

ESCS & above over the BoB (AS) is 7.8 (2.3), 3.5 (1.2), 

2.2 (0.8), 1.5 (0.5) and 0.7 (0.3) respectively. The 

probability of a CS to intensify into SCS, VSCS and ESCS 

is almost same for both BOB and AS and the probability 

of a CD becoming a TC is less over the BOB as compared 

to AS by about 7% during the year as a whole. 

 

The frequencies of genesis and landfall of all 

categories of TCs are higher (by about 3 to 4 times) during 

post-monsoon than in pre-monsoon season over the BoB. 

While the genesis frequency is slightly higher in SCS, 

VSCS and ESCS category, the landfall frequency is 

almost same in both the seasons over the AS.   

 

About 7.6 CDs (75% of genesis frequency) and 3.3 

CS & above intensity storms (70% of CS and 33% of 

genesis frequency) make landfall over the NIO. It includes 

about 6.7 (0.9) and 2.8 (0.5) landfalling CDs and TCs 

respectively over the BoB (AS). About 75% (35%), 81% 

(29%), 69% (35%) and 69% (25%) of CS & above, SCS 

& above, VSCS & above and ESCS & above during post-

monsoon season and 85% (52%), 84% (60%), 86% (70%) 

and 85% (50%) of CS & above, SCS & above, VSCS & 

above and ESCS & above during pre-monsoon season and 

78% (42%), 84% (40%), 74% (48%) and 74% (36%) of 

CS & above, SCS & above, VSCS & above and ESCS & 

above over the BoB (AS) during year as a whole cross the 

coast with at least the intensity of CS, SCS, VSCS & 

ESCS respectively. 

 

The most intense TCs (ESCS & above) cross the 

coast maximum over ODS followed by AP/MMR & BDS 

and low intensity TCs (CS/SCS) cross maximum over 

BDS followed by AP, ODS & TNP and medium intensity 

TCs(VSCS) cross maximum over TN/AP/BDS followed 

by ODS/WB/MMR during year as a whole. While 

maximum CS/SCS cross BDS, maximum VSCS cross 

BDS/MMR and maximum ESCS cross MMR coast during 

pre-monsoon season. While maximum CS/SCS/VSCS 

cross AP coast, maximum ESCS cross ODS coast during 

post-monsoon season. Over the AS, the landfall frequency 

of CS & above and SCS & above and VSCS & above are 

maximum over IAA followed by Saurashtra & Kutch 

during both the seasons and year as a whole. 

 

There is decreasing trend in genesis frequency of all 

categories of CDs including D/DD, CS, SCS, VSCS, 

ESCS and accordingly in frequency of D & above, CS & 

above, SCS & above, VSCS & above and ESCS & above 

during the post-monsoon season and the year as a whole, 

in the frequency of D/DD, SCS, VSCS and hence D & 

above, SCS & above and VSCS & above during pre-

monsoon season over the BoB. Accordingly, there is a 
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decreasing trend in landfalling CS, SCS, VSCS, CS & 

above, SCS & above, VSCS & above over the BoB. It has 

resulted in decreasing trend in the frequency of landfalling 

CS, VSCS, CS & above and SCS & above over ODS, CS 

& above, SCS & above and VSCS & above over AP, SCS, 

VSCS, CS & above, SCS & above and VSCS & above 

over BDS, VSCS over MMR coasts during the year.  

 

There is increasing trend in the frequency of ESCS, 

CS & above, SCS & above, VSCS & above and ESCS & 

above during the year as a whole, VSCS, ESCS, VSCS & 

above and ESCS & above during post-monsoon season 

and CS & above and SCS & above during pre-monsoon 

season over the AS. 

 

There is an increasing trend in the frequency of 

landfalling TCs over AS in the categories of VSCS and 

CS resulting in an increase in the frequency of landfalling 

TCs over the IAA in the same categories and accordingly 

in the frequency of CS & above, SCS & above and VSCS 

& above crossing IAA. It could be attributed to increase in 

genesis frequency of the TCs over the western AS and no 

significant trend in the frequency of 

eastward/northeastward recurving TCs over the AS apart 

from other synoptic and dynamical influences like 

increase in TCHP and decrease in vertical wind shear over 

the region. There is decreasing trend in frequency of 

landfalling SCS & above and VSCS & above over 

Saurashtra and Kutch, while there have been no landfall 

over Gujarat region during the period. 

 

While with no significant trend in the frequency of 

ESCS and above intensity storms the coastal vulnerability 

due to ESCS continues with same magnitude over the 

BoB region, it has increased over the IAA coast due to 

increasing trend in frequency of VSCS and above 

intensity storms. 

 

A further examination of TC occurrences is needed 

to establish a direct cause-and-effect relationship behind 

the significant trends in genesis and landfall frequencies 

of TCs over the BoB and AS including the role of local 

and large scale dynamical and thermodynamical, 

atmospheric and Oceanic factors as well as the role 

anthropogenic influence on TC activity over the region. 

The latter could be better understood through fine-

resolution regional climate modelling and reanalyses of 

historical TC dataset to reduce the uncertainty in the 

estimation of intensity of TCs.  

 

Acknowledgement 

 

The authors thank Mr. Aditya Chaudhary, Mr. 

Gaurav Kumar Srivastav, Ms. Shilpa Singh, Mr Mukesh 

Kumar, Mr. Santosh Singh and Mr. V. Vijay Kumar, 

Cyclone Warning Division of IMD for their assistance in 

collection and preparation of dataset used in this study. 

The contents and views expressed in this research paper 

are the views of the authors and do not necessarily reflect 

the views of their organizations. 
 

References 

Alam, Md. Mahbub, Hossain, Md. Arif and Sultana, Shafee, 2003, 
“Frequency of Bay of Bengal cyclonic storms and depressions 

crossing different coastal zones”, Int. J. Climatol., 23,          
1119-1125. 

DeMaria, M., Mainelli, M., Shay, L. K., Knaff, J. A. and Kaplan, J., 
2005, “Further improvements to the statistical Hurricane 

Intensity Prediction Scheme (SHIPS)”, Weather and 

Forecasting, 20, 531-543. 

Dvorak, V. F., 1975, “Tropical cyclone intensity analysis and forecasting 

from satellite imagery”, Mon. Wea. Rev., 103, 420-430. 

Dvorak, V. F., 1984, “Tropical cyclone intensity analysis using satellite 

data”, NOAA Tech. Rep., 11, p45. 

Elsner, J. B. and Kocher, B., 2000, “Global tropical cyclone activity: A 

link to the North Atlantic Oscillation”, Geophys. Res. 
Lett., 27, 1, 129-132. 

Emanuel, K., Des Autels, C., Holloway, C. and Korty, R., 2004, 
“Environmental Control of Tropical Cyclone Intensity”, Journal 

of the Atmospheric Scinces, 843-858. 

Evan, Amato, T.  and Camargo, Suzana J., 2011a, “A Climatology of 

Arabian Sea Cyclonic Storms”, Journal of Climate, Letter, 24, 

1, 140-158. 

Evan, Amato T., Kossin, James P., Chung, Chul „Eddy‟ and 

Ramanathan, V., 2011b, “Arabian Sea tropical cyclones 
intensified by emissions of black carbon and other aerosols”, 

Nature, 479, 94-97. 

Girishkumar, M. S. and Ravichandran, M., 2012, “The influences of 

ENSO on tropical cyclone activity in the Bay of Bengal during 

October-December”, Journal of Geophysical Research, Oceans. 

Goni, G. J. and Trinanes, J. A., 2003, “Ocean thermal structure 

monitoring could aid in the intensity forecast of tropical 
cyclones”, EOS Trans AGU, 84, 51, 573-580. 

IMD, 1974, Forecasting Circular No.1/1974, Published by IMD, Pune.  

IMD, 1999, Report on Annual Cyclone Review (Recommendation            

No. 8), IMD Pune. 

IMD, 2002, Damage Potential of cyclones, Published by IMD, Pune,         

1-29. 

IMD, 2003, Cyclone Manual, Published by IMD New Delhi.  

IMD, 2008, “Tracks of storms and depressions over the Indian seas 

during 1891-2007”, „Cyclone e-Atlas of IMD‟; IMD, Chennai. 

IMD, 2013, Cyclone Warning in India : Standard Operation Procedure; 

IMD, New Delhi. 

Koteswaram, P., 1961, “Cloud pattern in a tropical cyclone in the 

Arabian Sea, viewed by TIROS I meteorological satellite”, Sci. 
Rep., 2, Prepared for Geo Phy Res Dir. AFCL, Hawai Inst. 

Geophys. Rep, 18, 34. 

Knutson, Thomas, Camargo, Suzana J., Chan, Johnny C. L., Emanuel, 

Kerry, Ho, Chang-Hoi, Kossin, James, Mohapatra, Mrutyunjay, 

Satoh, Masaki, Sugi, Masato, Walsh, Kevin and Wu, Liguang, 
2019, “Tropical Cyclones And Climate Change Assessment: 

Part 1: Detection and Attribution”, Bulletin of American 

Meteorological Society, 1987-2007. 

https://journals.ametsoc.org/search?f_0=author&q_0=Kerry+Emanuel
https://journals.ametsoc.org/search?f_0=author&q_0=Christopher+DesAutels
https://journals.ametsoc.org/search?f_0=author&q_0=Christopher+Holloway
https://journals.ametsoc.org/search?f_0=author&q_0=Amato+T.+Evan
https://journals.ametsoc.org/search?f_0=author&q_0=Amato+T.+Evan
https://journals.ametsoc.org/search?f_0=author&q_0=Amato+T.+Evan
https://journals.ametsoc.org/search?f_0=author&q_0=Amato+T.+Evan
https://journals.ametsoc.org/search?f_0=author&q_0=Suzana+J.+Camargo
javascript:;
javascript:;
javascript:;
https://www.nature.com/nature
https://scholar.google.co.in/scholar?oi=bibs&cluster=3468628208854521911&btnI=1&hl=en
https://scholar.google.co.in/scholar?oi=bibs&cluster=3468628208854521911&btnI=1&hl=en
https://scholar.google.co.in/scholar?oi=bibs&cluster=3468628208854521911&btnI=1&hl=en
https://scholar.google.co.in/scholar?oi=bibs&cluster=3468628208854521911&btnI=1&hl=en


 

 

26                          MAUSAM, 72, 1 (January 2021) 

 

Knutson, Thomas, Camargo, Suzana J., Chan, Johnny C. L., Emanuel, 
Kerry, Ho, Chang-Hoi, Kossin, James, Mohapatra, Mrutyunjay, 

Satoh, Masaki, Sugi, Masato, Walsh, Kevin and Wu, Liguang, 
2020, “Tropical Cyclones And Climate Change Assessment: 

Part 2 : Projected Response to Anthropogenic Warming”, 

Bulletin of American Meteorological Society, E303-E322. 

Mandal, G. S. and Prem Krishna, 2009, “Global warming, climate 
change and cyclone related destructive winds - Discussion of 

results from some selected studies with emphasis on the north 

Indian Ocean”, Global Environmental Research, 13, 141-150. 

Mohapatra, M., Mandal, G. S., Bandyopadhyay, B. K., Tyagi, Ajit and 
Mohanty, U. C., 2012a, “Classification of cyclone hazard            

prone districts of India”, Natural Hazards, 63, 3, 1601-1620.                   

doi : 10.1007/s11069-011-9891-8.  

Mohapatra, M., Bandyopadhyay, B. K. and Tyagi, Ajit, 2012b, “Best 

track parameters of tropical cyclones over the North                   

Indian Ocean : A review”, Nat. Hazards, 63, 1285-1317,                      

doi : 10.1007/s11069-011-9935-0. 

Mohapatra, M., Bandyopadhyay, B. K., Ray, Kamaljit and Rathore, L. 
S., 2014, “Early Warning Services for Management of Cyclones 

over North Indian Ocean: Current status and future scope, High 

Impact Weather Events over SAARC Region”, Ed. Kamaljit 
Ray, M. Mohapatra, B. K. Bandyopadhyay and L. S. Rathore, 

Capital Publishing Co. and Springer Publications Ltd. 

Mohapatra, M., 2015, “Cyclone hazard proneness of districts of              

India”, Journal of Earth System Science, 124, 3, 515-526.            
doi : 10.1007/s12040-015-0556-y. 

Mohapatra, M., Geetha, B., Balachandran, S. and Rathore, L. S., 2015, 

“On the Tropical Cyclone Activity and Associated 
Environmental Features over North Indian Ocean in the Context 

of Climate Change”, Journal of Climate Change, 1, 1-26. 

Mohapatra, M. and Kumar, V. V., 2017, “Interannual variation of 

tropical cyclone energy metrics over North Indian Ocean”, 
Climate Dynamics, 48, 1431-1445. 

Mohapatra, M., Srivastava, A. K., Balachandran, S. and Geetha, B., 

2017, “Inter-annual Variation and Trends in Tropical Cyclones 

and Monsoon Depressions Over the North Indian Ocean, In 
Observed Climate Variability and Change over the Indian 

Region”, Ed. M. Rajeevan and Shailesh Nayak, published by 

Springer, Germany, 89-106. 

Mohapatra, M. and Sharma, M., 2019, “Cyclone Warning Services in 
India during recent years : A review”, Mausam, 70, 4, 635-666. 

Murakami, Hiroyuki, Vecchi, Gabriel A. and Underwood, Seth, 2017, 

“Increasing frequency of extremely severe cyclonic storms over 

the Arabian Sea”, Nature Climate Change, 7, 885-889. 

Ng, Eric K. W. and Chan, Johnny, C. L., 2012, “Interannual variations of 
tropical cyclone activity over the north Indian Ocean”, 

International Journal of Climatology. https://doi.org/ 

10.1002/joc.2304. 

Pal, Abhisek and Chatterjee, Soumendu, 2020, “Seasonal Nature and 
Trends of Tropical Cyclone Frequency and Intensity over the 

North Indian Ocean”, Curr. World Environ., 15, 3, 526-534. 

Pattanaik, D. R., 2005, “Variability of oceanic and atmospheric 

conditions during active and inactive periods of storms over the 
Indian region”, International Journal of Climatology, 25,        

1523-1530.  

Rajeevan, M., Srinivasan, J., Kumar, K. Niranjan, Gnanaseelan, C. and 
Ali, M. M., 2013, “On the epochal variation of intensity of 

tropical cyclones in the Arabian Sea”, Atmos. Sci. Let., 14,        
249-255. doi : 10.1002/asl2.447. 

Rao, Y. P., 1976, “Southwest Monsoon”, Meteorological Monograph 

Synoptic Meteorology No. 1 /1976. 

Raghavan, S., 1997, “Radar observations of tropical cyclones over, the 
Indian Seas”, Mausam, 48, 2, 169-188. 

Raghavan, S., 2013, “Observational aspects including weather radar for 
tropical cyclone monitoring”, Mausam, 64, 1, 89-96. 

Roxy, Mathew Koll, Modi, Aditi, Murtugudde, Raghu, Valsala, Vinu, 

Panickal, Swapna, Kumar, S. Prasanna, Ravichandran, M., 
Vichi, Marcello and Levy, Marina, 2015, “A reduction in 

marine primary productivity driven by rapid warming over the 

tropical Indian Ocean”, Geophysical Research Letters, 43, 2, 
826-833. https://doi.org/10.1002/2015GL066979. 

Singh, Kasturi, Panda, Jagabandhu, Sahoo, Monalisa and Mohapatra, 

Mrutyunjay, 2018, “Variability in Tropical Cyclone 
Climatology over North Indian Ocean during the Period 1891 to 

2015”, Asia-Pacific Journal of the Atmospheric Sciences, 55, 2, 

269-287. doi : 10.1007/s13143-018-0069-0. 

Sattar, Abdus M. and Cheung, Kevin K. W., 2019, “Comparison 
between the active tropical cyclone seasons over the                

Arabian Sea and Bay of Bengal”, International Journal of 
Climatology, 39, 14, 5486-5502, https://doi.org/10.1002/ 

joc.6167. 

Sharma, M. and Mohapatra, M., 2017, “Standard Operation Procedure 
for Tropical Cyclone Vital Parameters over North Indian 

Ocean”, Tropical Cyclone Activity over the North Indian 
Ocean, Ed. Mohapatra, M., Bandyopadhyay, B. K. and Rathore, 

L. S., Co-published by Capital Publishers, New Delhi and 

Springer, Germany, 367-381. 

Tyagi, Ajit, Mohapatra, M., Bandyopadhyay, B. K. and Kumar, Naresh, 
2010, “Inter-annual variation of frequency of cyclonic 

disturbances landfalling over WMO/ESCAP Panel Member 
Countries”, WMO Technical Document, WMO/TD-No. 1541 

WWRP-210-2, 1-7, WMO, Geneva. 

Wang, Bing, Xu, Shibin and Wu, Liguang, 2012, “Intensified Arabian 
Sea Tropical Storms”, Nature, doi : 10.1038/nature11470. 

Wang, S. Y., Buckley, B. M., Yoon, J. H. and Fosu, B., 2013, 

“Intensification of premonsoon tropical cyclones in the Bay of 
Bengal and its impacts on Myanmar”, J. Geophys. Res. Atmos., 

118, 4373-4384. doi : 10.1002/jgrd.50396. 

Wahiduzzaman, M., 2017, “A statistical analysis on the contribution of 
El Niño-Southern Oscillation to the rainfall and temperature 

over Bangladesh”, Meteorology and Atmospheric Physics.            

doi : 10.1007/s00703-020-00733-6. 

Yuan, J. P. and Cao, J., 2013, “North Indian Ocean tropical cyclone 
activities influenced by the Indian Ocean Dipole mode”, Sci. 

China Earth Sci., 56, 855-865. 

Zhang, Chao, Luo, Jing-Jia, 2019, “Impacts of Tropical Indian and 
Atlantic Ocean Warming on the Occurrence of the 2017/2018 

La Niña”, Geopysical Research Articles. https://doi.org/ 
10.1029/2019GL082280. 

 

 

 

https://scholar.google.com/citations?view_op=view_citation&hl=en&user=ZKahRC8AAAAJ&cstart=80&citation_for_view=ZKahRC8AAAAJ:g3aElNc5_aQC
https://scholar.google.com/citations?view_op=view_citation&hl=en&user=ZKahRC8AAAAJ&cstart=80&citation_for_view=ZKahRC8AAAAJ:g3aElNc5_aQC
https://scholar.google.com/citations?view_op=view_citation&hl=en&user=ZKahRC8AAAAJ&cstart=80&citation_for_view=ZKahRC8AAAAJ:g3aElNc5_aQC
https://www.nature.com/nclimate
https://doi.org/10.1002/2015GL066979
https://www.researchgate.net/publication/328437441_Variability_in_Tropical_Cyclone_Climatology_over_North_Indian_Ocean_during_the_Period_1891_to_2015
https://www.researchgate.net/publication/328437441_Variability_in_Tropical_Cyclone_Climatology_over_North_Indian_Ocean_during_the_Period_1891_to_2015
https://www.researchgate.net/publication/328437441_Variability_in_Tropical_Cyclone_Climatology_over_North_Indian_Ocean_during_the_Period_1891_to_2015
https://www.researchgate.net/publication/328437441_Variability_in_Tropical_Cyclone_Climatology_over_North_Indian_Ocean_during_the_Period_1891_to_2015
https://www.researchgate.net/journal/1976-7633_Asia-Pacific_Journal_of_the_Atmospheric_Sciences
http://dx.doi.org/10.1007/s13143-018-0069-0
https://rmets.onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Sattar%2C+Abdus+M
https://doi.org/10.1002/
https://scholar.google.com/citations?view_op=view_citation&hl=en&user=ZKahRC8AAAAJ&cstart=60&citation_for_view=ZKahRC8AAAAJ:LI9QrySNdTsC
https://scholar.google.com/citations?view_op=view_citation&hl=en&user=ZKahRC8AAAAJ&cstart=60&citation_for_view=ZKahRC8AAAAJ:LI9QrySNdTsC
https://scholar.google.com/citations?view_op=view_citation&hl=en&user=ZKahRC8AAAAJ&cstart=60&citation_for_view=ZKahRC8AAAAJ:LI9QrySNdTsC
https://scholar.google.com/citations?view_op=view_citation&hl=en&user=ZKahRC8AAAAJ&cstart=60&citation_for_view=ZKahRC8AAAAJ:LI9QrySNdTsC
https://www.researchgate.net/profile/M_Wahiduzzaman
https://agupubs.onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Zhang%2C+Chao
https://doi.org/10.1029/2019GL082280
https://doi.org/10.1029/2019GL082280
https://doi.org/10.1029/2019GL082280



