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Abstract
Tropical Cyclonic Disturbances (TCDs) are one of the most extreme 
meteorological calamities bringing destruction to life and livelihood in the 
coastal societies across the globe. With the rising concerns of climate change 
today, addressing the TCDs in future scenarios under the representative 
concentration pathways (RCPs) in climate models becomes a necessity. 
The current study investigates the frequency and intensity of these cyclonic 
systems in future climate over the Bay of Bengal (BoB) which is one  
of most vulnerable regions on earth for deadliest TCDs. To assess the TCDs 
frequency and intensity, we have considered TCDs in regional climate model 
REMO2009 and RegCM4 in future climatic conditions. The future climatic 
conditions include the intermediate emissions (IE) represented as RCP4.5 
(R4.5) and high emission (HE) pathways i.e., RCP8.5 (R8.5). For this,  
we have considered the upcoming decades 2031-2060 (as near future 
climate) at model horizontal resolution 0.44°x0.44° (spatial resolution ~ 50 
km) under both RCPs in both models i.e., REMO2009 under R4.5, RegCM4 
under R4.5, REMO2009 under R8.5 and RegCM4 under R8.5. The projected 
TCD frequencies in the models under both the RCPs show high occurrence 
frequencies. Further, we observe a bimodal characteristic in the occurrence 
frequency with October as primary TCD active month and May as secondary 
in almost all conditions. However, highly intense TCDs are more dominant in 
the month of May. The projected TCDs in future emissions scenarios likely 
show slightly increased TCDs besides surge in the intensity. The current 
results possibly suggest more potential destructive impacts due to TCDs 
on the coastal societies lying beside the BoB in upcoming decades. Thus, 
the present study is likely to help in framing TCDs associated mitigation and 
adaptation policies by the apex decision making authorities.
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Introduction
Tropical Cyclonic Disturbances (TCDs) are one  
of the most potentially destructive extreme events 
that result in severe loss in terms of life and property. 
The assessment of TCDs and their impacts under 
the changing climate scenarios have become highly 
important to safeguard the life and resilience in the 
coastal regions. Since the ancient times, these TCDs 
have been known as the harbinger of destruction and 
chaos globally. In recent years it has been noted that, 
Asian regions have been more impacted by these 
chaotic climate disasters and further disrupt the life 
and livelihood in coastal regions extensively.1,2,3 
Thus, the accurate predictions of these cyclonic 
activities are necessarily needed for the evacuation 
of the people and their belongings before their 
landfall. In addition, probabilistic projections for the 
near and far future are strongly needed to develop 
adaptation, preparedness and mitigation strategies 
under the changing climate scenarios as strength 
and impacts of these TCDs are likely to exacerbate 
with more anthropogenic emissions.4,5

The TCDs are, in general, characterized by a low-
pressure cell with very strong counter clockwise 
(clockwise) wind rotations in northern (southern) 
hemisphere. The TCDs lead to heavy showers, 
gale and induce flooding of the coastal region after 
landfall. On an average, eighty to ninety TCDs 
form over the entire globe in a year while the 
North Indian Ocean (NIO) has around six TCDs  
each year.6,7,8 The NIO comprises of two sub-
basins (lying adjacent to the Indian subcontinent 
as the Arabian Sea on the western and the 
Bay of Bengal (BoB) on the eastern boundary).  
The BoB generally has 3-4 times more TCDs than 
the AS.6,7,8,9 Historically, it has been observed that 
out of ten deadliest TCDs recorded, seven have 
been formed in the BoB.10 Unfortunately, since the 
last two centuries, about 42% of the global TCDs-
associated deaths (about 2 million) have occurred 
in Bangladesh only, which is landlocked with 
India on three sides and loosely part of the Indian 
subcontinent). In addition to it, the deadliest storm 
in recorded world history is the Bhola Cyclone which 
hit the Indian subcontinent (landfall in Bangladesh) in 
1970. It is estimated that around 0.3 million people 
died, besides, it led to heavy storm surge with 
heights around 10.4 meters on the coast.11,12,13,14 

Further, Nair et al.15 reported vulnerabilities of 370 

million populace due to meteorological extremes 
such as TCDs in India.

Today climate models are being globally used for 
climate change assessment and future projections 
of TCDs in a greenhouse-warmed environment in 
global climate models (GCMs).16,17,18,19 Recently, the 
regional projections for TCDs in future conditions 
using the regional climate models (RCMs) have 
been carried out by many researchers across the 
globe.20,21,22,23 Also, RCMs have been found to 
simulate the TCDs more realistically in comparison 
to the GCMs.24,25 Also, it is worth noticing that these 
climate models’ accessibility and assessment 
are subject to high computational facilities, 
infrastructure, uncomplicated availabilities, and 
spatiotemporal evaluations. The COordinated 
Regional Downscaling EXperiment (CORDEX)20,23,26 
is one of such initiatives which facilitates very easy 
access to high resolution climate models to global 
climate research communities. The CORDEX is  
a globally standardized system for high resolution 
climate models and supported by the World Climate 
Research Program (WCRP).23,26,27 The model 
simulated outputs under the CORDEX systems are 
obtained by dynamically downscaling the GCMs 
with forcings from natural and anthropogenic 
environmental constituents. These are high 
resolution outputs for different domains across 
the globe for past and future climatic conditions 
as historical and representative concentration 
pathways (RCPs) simulations respectively. These 
RCPs are trajectory pathways of the greenhouse 
gas concentrations (GHGs) and human induced 
pollutants (pollutants from anthropogenic activities, 
alterations in land uses [LULC]) in the atmosphere 
regulated by space and time, and are projected 
for the upcoming future condition till 2100.28,29  
The RCPs as the radiative forcing scenarios relative 
to the baseline of preindustrial times further help  
in developing potential policies to combat the crisis 
of climate change and associated potential impacts. 
There are four RCPs which are considered as the 
representation of emission pathways in future. 
These include RCP2.6 (hereafter R2.6), RCP4.5 
(hereafter R4.5) RCP6.0 (hereafter R6.0) and 
RCP8.5 (hereafter R8.5). These aforementioned 
RCPs show the emissions of +2.6 W/m2 post year 
2100 for R2.5, +4.5 W/m2 post 2100 for R4.5, 
+6.0 W/m2 post 2100 for R6.0 and +8.5 W/m2 in 
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2100 for R8.5. Interestingly, these RCPs respond 
to the amount of CO2 equivalent emitted into the 
atmosphere. For example, 4.5 W/m² relates to 650 
ppm CO2 equivalent.23,28,29

 
Though, there have been many studies using 
different models with varying configuration, 
parametrization and resolutions for the TCDs 
activities, earlier researchers find the low-resolution 
in model unsuitable for projection needs.4,5,17,18  
Thus, to understand the TCDs behavior in future 
climatic conditions, it becomes a necessity for 
investigating their frequencies and intensities under 
emission pathways in a possible future in the high-
resolution gridded data. The present study happens 
to be priority study for scientific understanding as 
well as socioeconomic perspectives. Further, it 
will help in framing a baseline for potential TCDs 
disaster mitigation and adaptation strategies 
for the decision makers and policy planners.  
The current research analyses TCDs frequency 
and intensity in the upcoming future time period  
of  2031-2060 (upcoming next  decades) .  
It investigates the projected TCDs in two RCMs 
i.e., REMO2009 and RegCM4 under the high and 
low RCPs (as REMO2009 under R4.5 (REMO-4.5), 
RegCM4 under R4.5 (RegCM-4.5), REMO2009 
under R8.5 (REMO-8.5) and RegCM4 under R8.5 
(RegCM-8.5)) which has not been evaluated yet 
over the BoB. Further, zone wise assessment of sea 
level pressure (SLP) over the BoB is investigated to 
check any linkage with TCDs activities over the BoB.

Material and Methods
Study Area
India besides Bangladesh is one of the most 
impacted regions9,13 across the globe harboring 
highly intense TCDs due to BoB on its eastern 
boundaries. The TCDs developing over the BoB 
heavily impact the coastal societies residing on the 
east coastal India, and adjoining nations Bangladesh 
and Myanmar. The low-lying topography, flat 
coastlines, and shallow bathymetry of BoB besides 
a very dense population12,14,20 likely intensify the 
adverse impact of BoB generated TCDs over these 
regions. Thus, we have selected the BoB as our 
study area.

Collection of Data
For accessing the TCDs in model simulated climatic 
conditions (future), we have acquired model 

outputs from two constituent RCMs of CORDEX 
which are REMO2009 (GCM as MPI-ESM-LR)27,31 
and RegCM4.4 (GCM as MPI-ESM-MR)20,32 

[hereafter RegCM4] from the Centre for Climate 
Change Research (CCCR); IITM Pune, India.  
The REMO2009 provides RCP pathways simulated 
data from 2006 to 2100 while RegCM4 from 2006-
2099 at horizontal resolutions of 0.44°×0.44°. For our 
study with regard to future projections in upcoming 
decades, a time period of 2031-2060 as near future 
time period is considered. The present study used 
RCPs of Intermediate Emission (IE; R4.5) of +6 W/
m2 and R8.5 which is High Emissions (HE) of +8 W/
m2 of CO2 equivalent into the atmosphere.

Method
The TCDs detection in the model is based on 
algorithm using steepest descent path detection 
scheme leading to a same SLP minimum as defined 
by Reale and Lionello,31 Reboita et al.,32 and Lionello 
et al. 33. The detection algorithm partitions the SLP 
into fields of depressions as all TCDs initiate as 
depressions with some evolving to higher intensities 
while others dissipating as depressions only.  
The SLP minima so obtained is checked in the 2x2 
grid box i.e., SLP at the candidate TCD minima 
grid point (candidate location) neighbored by the 8 
nearest grid points (i.e., surrounding locations beside 
the candidate location) must be 2 hPa lower than 
the neighboring grid points. The location at which the 
SLP minima is observed, is thus considered as the 
center of the TCD. For the trajectory (path) of TCD, 
all such grid points (locations with minimum SLPs) 
crossed are considered till the TCD dissipates.  
The magnitude of the minimum SLP (in hPa) 
reached during the entire lifetime of a TCD is taken 
as Minimum Central Pressure (MCP) which is later 
noted as the intensity of a TCD during its lifetime.21,22

Results and Discussion
Fig.1 shows occurrence frequency of the TCDs 
(hereafter TCDF) for the near future conditions 
2031-2060 in the models REMO2009 and RegCM4 
under the RCPs R4.5 and R8.5. It is found that 
post-monsoon season has slightly higher TCDFs 
in comparison to the pre-monsoon season under 
both emission pathways in the models (Fig.1). 
The models REMO2009 and RegCM4 show high 
frequencies in post-monsoon (pre-monsoon) under 
intermediate emissions i.e., R4.5 (high emissions 
i.e., R8.5). The high TCDF projected in the pre-
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monsoon season is likely due to the increased 
TCDs activities in March and April. Glancing at the 
individual months of pre-monsoon season (i.e., 
March, April, and May [interchangeably M-A-M]) 
and post-monsoon season (i.e., October, November, 
and December [interchangeably O-N-D]), we find 
high emission scenarios (R8.5) having more TCDs 
in the M-A-M months. Interestingly, the maximum 
TCDF in pre-monsoon is simulated by RegCM4 as 
compared to REMO2009 under both RCPs. On the 
contrary, the intermediate emission pathway i.e., 
R4.5 shows more TCD activities in post-monsoon 
months compared to R8.5. The overall TCDFs 
simulated by both models in the post-monsoon 
months vary in between 0.6 to 1 TCD/year. The 
later post-monsoon month in general has slightly 
low TCDF in comparison to early and middle 
post-monsoon months. Further, it is worth noticing 
that the BoB has a unique feature of having two 
distinct TCDs occurrence peaks.6,8,22,23 The BoB is 
characterized with slightly dominant TCDs activities 
in the O-N-D season as compared to the M-A-M 
season as evident in the Fig.1 and noted by earlier 
researchers.6,8,21,22,23,34

The overall findings show that intermediate 
emissions (i.e., R4.5) have more TCDs as compared 
to high emissions. Further, we see that less TCDs 
active months of pre-monsoon such as March and 

April too have increased TCDs occurrences as 
noted with varying frequencies ~0.4-0.9 TCDs/
year. The slightly high frequencies during post-
monsoon months show consistency with earlier 
researches.9,21,34 In the future conditions represented 
under the RCPs R4.5 and R8.5, more TCDs is 
seen in the pre-monsoon season in both models 
i.e., REMO2009 and RegCM4. The differences in 
simulated results of both models are possibly due 
to differences in model dynamic core, physical 
parametrization schemes, topography differences 
in the model as well as transferability from their 
home domain (domain of model development 
and testing).4,17,18,19,20,23,27,31,33 Our results are  
in agreement with the previous researches on TCDF 
in future climatic conditions.21,23 The alterations  
in magnitudes of TCDF are likely attributed to the 
possible changes in the TCDs genesis variables 
which produce conducive conditions for cyclogenesis 
over the BoB.18,19,22,25,34

Fig.2 shows the monthly percentage distribution 
of TCDs relative to number of TCDs (NTCDs) in 
M-A-M and O-N-D season (respectively in Fig.2a 
and Fig.2b). In the pre-monsoon season, it is 
evident that May month has more TCDs distribution  
in comparison to March and April months in both 
RCMs under both RCPs.

Fig.1: Occurrence Frequency of projected TCDs (TCDF) in the RCMs REMO2009 and RegCM4 
under the RCPs R4.5 (-IE) and R8.5 (-HE) for time period 2031-2060
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Fig. 2: Percentage Distribution of projected TCDs in the individual months of a) M-A-M season; 
and b) O-N-D season in the RCMs REMO2009 and RegCM4. The suffices -IE and -HE denote the 

corresponding RCMs under R4.5 and R8.5 for time period 2031-2060

Fig. 3: Intensity of projected TCDs (MCP hitting during the lifetime of each TCD) in the RCMs 
REMO2009 and RegCM4 under the RCPs R4.5 and R8.5 during time period 2031-2060 in months 
of pre-monsoon in upper row as a) March; b) April; c) May; and post-monsoon in lower row as  

d) October; e) November; and f) December
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Under both the RCPs i.e., R4.5 and R8.5 pathway 
simulations, we note REMO2009 simulating around 
45% TCDs in May while RegCM4 slightly less 
TCDs in May (34% and 45% under R4.5 and R8.5 
respectively). Interestingly, the high percentage 
(32%-38%) is noted in April under both RCPs and 
RCMs which possibly leads to increase in TCDFs 
during the pre-monsoon season. The March month 
shows more TCDs simulated under RCP4.5 in 
comparison to RCP8.5 in both models. Considering 
the post-monsoon months, we see October with 
relatively more TCDs in post-monsoon season in 
REMO2009 while RegCM4 is found with more TCDs 
in November under R4.5 and R8.5 respectively. 
In addition to it, late post-monsoon month i.e., 
December is also seen with considerable percentage 
distribution (more than 25%).

Moreover, we note that RegCM4 under RCP4.5 
has highest percentage distribution in December.  
It appears that RCMs under both RCPs have similar 
percentage distribution as earlier researches on 
TCDs distribution for past time period.8,18,22,23 Further 
the results of our study are in line with previous 
studies on future time23 with dominance of May in 
M-A-M season while early and mid O-N-D months 
i.e., October and November having dominance in the 
O-N-D season. The results show that in near future 
time period also, the projected TCDs will have two 
distinct peaks (i.e., bimodal behavior) with primary 
peak in post-monsoon months and secondary 
in the pre-monsoon months8,18,21,23 over the BoB.  
This bimodal behavior of TCDs activities over the 
BoB in both models during past time scale has been 
earlier well noted by Vishnu et al.22 for RegCM4 and 
Sinha et al.36 for REMO2009. It is noteworthy that 
both the models are attributed with high false alarms 
in the historical time however REMO2009 seems to 
have higher hit rate than the RegCM422,23,36 in past. 
Further, it is worth mentioning that changes in TCDs 
frequencies as compared to TCDs occurrences in 
past environmental conditions are at present beyond 
the scope of current research. However, we infer that 
in comparison to previous findings22,36 for RegCM4 
and REMO2009 respectively, the changes in  
the TCDFs are likely due to alterations in the  
genesis conditions.23

Further, we assessed the intensity of TCDs 
during future time period 2031-2060 in the RCMs 
REMO2009 and RegCM4 under both RCPs R4.5 and 

R8.5. In general, the TCDs intensity classification is 
carried out on the basis of wind speed at 10 m around 
the TCD center and denoted as Maximum Sustained 
Wind Speed (MSSW). Additionally, this MSSW is 
also associated with the difference between outer 
and central pressure of TCDs21,22,34 and widely 
used to categorize their intensity.  Higher the rate 
of the drop in central pressure, the MSSW will be 
stronger, and corresponds to the stronger TCDs21,22  
It seems that models REMO2009 and RegCM4  
at higher resolution (~ 50x50 km) can reproduce the 
drop in central pressure for the considered period. 
It is well supported by research that the models at 
resolutions of 50-100 km are able to reproduce the 
deficit in central pressure.4,5,17,18,21,22,25 In the current 
analysis, the lower values of central pressure in May 
(pre-monsoon month) and in October and November 
(post-monsoon moths) suggest the possibility  
of stronger MSSW and more intense TCDs21,22,34  
In addition, the RegCM4 simulates TCDs with 
more intensity in comparison to REMO2009, 
however REMO2009-8.5 is also found with some 
intense TCDs in month of April, May and October.  
The intensity is intermittently associated with the 
wind speed thus low MCPs indicate possibilities of 
high MSSW. Moreover, we see increased intensities 
in the future projected TCDs as depicted by the 
models in comparison to previous researches on 
past periods in high resolution climate models21,22,23,36 
For instance, in the future projected TCDs, RegCM4 
shows highest intensity shows 942 hPa and 950 hPa 
under R4.5 and R8.5 while REMO2009 shows 966 
hPa and 950 hPa under R4.5 and R8.5. It is evident 
that TCDs under R4.5 have more intensity in model 
RegCM4 while slightly weak intensity in REMO2009. 
The RCPs as representative conditions of global 
changes in climate and atmosphere show variations 
in their assessment over the same domain17,18,23

Additionally, the variability in the SLP climatology 
in RCMs is investigated for the M-A-M and O-N-D 
months for assessing projected SLP conditions 
during 2031-2060 in Figs.4-5. The SLP is one  
of the precursor variables with identification criteria 
for the TCDs as TCDs are associated with lowering 
of SLP 36. Fig.4(a1-a2) and Fig.4(b1-b2) show 
SLP in REMO2009 and RegCM4 under R4.5 while 
Fig.5(a1-a2) and Fig.5(b1-b2) show SLP under 
R8.5 in REMO2009 and RegCM4 respectively.  
For assessing the SLP over BoB and its role as 
possible precursor, the BoB is classified into six 
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zones namely NorthWest Bay (NWB), NorthEast 
Bay (NEB), WestCentral Bay (WCB), EastCentral 
Bay (ECB), SouthWest Bay (SWB) and SouthEast 
Bay (SEB).35,36 The overall results show that both 
models under both RCPs produce decreased SLP 
in May month indicating possibilities of highly intense 
TCDs in the month. The BoB shows minimum SLP 
climatology in pre-monsoon as 1004 hPa, 1005 
hPa, 1003 hPa and 1004 hPa in future conditions 
of REMO2009-4.5, RegCM4-4.5, REMO2009-8.5 
and RegCM4-8.5 respectively. Interestingly all 
these minimum SLPs are observed in month of May 
which has high intense TCDs as low SLPs are more 
favorable for TCDs activities.21,22,23,34

In the post-monsoon climatology, we see minimum 
SLPs in October month as compared to rest months 
i.e., November and December. The minimum SLP 
climatology is found as 1009 hPa in RCP4.5 and 
1011 hPa in RCP8.5 in both models REMO2009 and 
RegCM4. Considering the zones in May month in 
both models under both RCPs, we find low SLP in 
northern (NWB, NEB), central zones (WCB, ECB) as 
compared to southern zones (SWB, SEB). Similarly, 
the months with higher (lower) SLP are found high 
(less) MCP retaining TCDs (Figs.3-5). For instance, 
in the months of December and March in general, 
the BoB is observed with low TCDF as well as low 
intensity i.e., high MCP (Fig.1 and Figs.4-5).23 The 
SLP in both RCPs show meridional decrease in SLP 
from northern zones to southern zones in months of 
March and December which points that more TCDs 
activities (genesis) will be possibly near the southern 
zones (SWB and SEB). We also find homogeneity 
in the SLP distribution among zones in the month 
of October which might be a possible cause for 
high TCDs activities in month of October followed 
by November.21,22,34 The November month has little 
variability in the SLP distributions among zones 
under both RCPs in both RCMs. Interestingly, we 
find RegCM4 under R4.5 with low SLP in November 
in comparison to November months of rest pathway 
simulations.

Conclusions
A large group of researchers today are actively 
involved in the study over the TCDs for their 

assessment in past as well as the future climate 
conditions. Also, the operational forecasters have 
been studying the ongoing TCDs events in the 
tropical oceanic basins. In terms of the Climate 
model studies for the projection in near and far 
future, performance of fine resolution climate 
models needs to be evaluated on the local basis.  
The present study assesses the frequency and 
intensity of TCDs in future time period (upcoming 
decades 2031-2060) under the intermediate 
and high emission trajectories (R4.5 and R8.5 
respectively). The TCDF satisfactorily shows 
the bimodal behavior of BoB originated TCDs.  
The results project that more TCDs are likely to form 
in upcoming near future with increased intensity 
of TCDs. The highly intense TCDs (low MCP) will 
possibly more develop in month of May followed by 
April. We do note that post-monsoon season despite 
having more TCDs will have less intense TCDs than 
the May (pre-monsoon season). Additionally zone 
wise assessment of SLP is also carried out to check 
any possible linkages with TCDs and SLP which 
shows months with relatively low SLP have more 
intense TCDs. Also, it is to be noted that RCP4.5 
has more TCDs activities in comparison to RCP8.5.
 
Though the present study assesses the TCDs 
activities using model simulated SLP, a further 
comprehensive approach is required to study  
the TCDs behaviors and their genesis phenomena 
as TCDs depend on a number of meteorological 
variables which are yet to be assessed. Alterations  
in the magnitudes of those meteorological 
variables will likely alter the behavior of TCDs and  
their impacts.

With rising concerns of GHGs emission and warming 
scenarios, it is likely that BoB will have alterations 
in the TCDs behavior. Since model reproduces 
frequencies and intensity of TCDs fairly well, more 
investigations are required for reusing the model 
outputs in the development of warning systems, 
tackling the crisis of climate change and policy 
makings for mitigation and adaptation needs.
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Fig. 4: Climatology of projected Mean Sea Level Pressure (unit: hPa) in each month of a1) M-A-M 
months (upper row); a2) O-N-D months (lower row) during 2031-2060 in REMO2009 under R4.5. 
b1 - b2 as in a1 - a2 but for RegCM4 under R4.5. Texts NWB, NEB, WCB, ECB, SWB, SEB denote 

NorthWest Bay, NorthEast Bay, EastCentral Bay, WestCentral Bay, SouthWest Bay and 
SouthEast Bay while ANDS and EQN denote Andaman Sea and Equatorial North Indian 

Ocean (between 0°-5° N)
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Fig. 5: Climatology of projected Mean Sea Level Pressure (unit: hPa) in each month of a1) M-A-M 
months (upper row); a2) O-N-D months (lower row) during 2031-2060 in REMO2009 under  
R8.5. b1 - b2 as in a1 - a2 but for RegCM4 under R8.5. Texts NWB, NEB, WCB, ECB, SWB,  
SEB denote NorthWest Bay, NorthEast Bay, EastCentral Bay, WestCentral Bay, SouthWest  
Bay and SouthEast Bay while ANDS and EQN denote Andaman Sea and Equatorial North  

Indian Ocean (between 0°-5° N)
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