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Abstract

Tropical cyclones have become more frequent as a result of climate change and the associated temperature rise in the ocean
surface, wreaking havoc on both natural and man-made elements. The most recent storm, Yaas, has had a wide-spread
impact on coastal areas, with high-intensity wind, rainfall, and, most significantly, inundation in Odisha and West Bengal
coastal region. Yaas formed over east central Bay of Bengal as a depression and gradually intensified to VSCS and finally
made landfall near Balasore of Odisha coast, with a wind speed of 130—140 km/h. on 26th May, 2021. The present study is,
therefore, aimed to characterize the cyclone Yaas and to investigate the expansion of cyclonic inundation in different sector
of coastal West Bengal. Several space-borne data sets were employed in this study, including GPM data to illustrate precipi-
tation variability, Sentinel-1 images for inundation mapping, and Sentinel-2 data to determine MNDWI for both pre- and
post-cyclonic periods. The results show that during this cyclonic period, hundreds of km? of land in West Bengal, including
blocks of South 24 parganas, East Medinipur and North 24 parganas such as Sagar (37.10 km?), Namkhana (78.12 km?),
Pathar Pratima (58.74 km?), Ramnagar I (15.24 km?) and II (19.62 km?), Khejuri (22.27 km?), and other blocks were inun-
dated by cyclonic surge and about a total of 1195 mm of rainfall. Eventually, people have lost their homes, properties have
damaged, and many agricultural fields have become barren by salt water accumulation.
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Introduction

Coastal zones are highly sensitive as it is exposed to differ-
ent coastal hazard such as erosion, cyclonic storm related
inundation and sea level rise (Ramsay et al. 2012). Tropi-
cal cyclones, which have been the deadliest coastal hazard
on the earth for the previous two centuries, produce dev-
astating wind, storm surges, and torrential rainfall, wreak-
ing havoc on coastal areas (Qi and Du 2018; Kunze 2021).
International Workshop on Tropical Cyclone States that the
intensity of tropical cyclones has increased in the previous
35 years as a consequence of ongoing warming of sea sur-
face water, which has been above the threshold temperature
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of 28 °C as a result of climate change (Dasgupta et al. 2010;
Bielli et al. 2021). The Bay of Bengal provides a perfect
breeding site for cyclogenesis, accounting for 6-10% of
worldwide cyclone generation and putting millions of peo-
ple at risk (Hossain et al. 2019). In the case of the Indian
subcontinent, most tropical cyclones originate in the Bay
of Bengal with a frequency of about 4-5 times in a year
(Bhaskaran et al. 2020) and make landfall on east coast
of India, with Odisha experiencing the highest number of
cyclone strikes, followed by Andhra Pradesh, West Bengal,
and Tamilnadu (Sahoo and Bhaskaran 2017). The northward
converging shapes of Bay of Bengal offer an ideal platform
for surging storms, which are especially intense in the West
Bengal-Odisha Coast owing to its extensive shallow conti-
nental shelf, resulting in water level rise and rapid flooding
(MoES 2021). Cyclone induced coastal inundation is, there-
fore, a major contributor to loss of lives which is particu-
larly in less developed countries of tropical and subtropical
region (Royer et al. 1998; Resio and Irish 2017). Coastal
West Bengal in this context, is highly susceptible due to its
exposed communities, particularly densely populated rural
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settlements (Samanta 1997; DasGupta and Shaw 2015;
Ghosh and Ghosal 2021), which have witnessed several
storm surges events that have asserted lives and livelihoods,
washed away many protective embankments, and inundated
significant coastal regions with saline waters (Brammer
2014; Saha 2015; Gayathri et al. 2016) in the past. Moreover,
the high tidal amplitude and complex coastline geometry
of the world largest deltaic system of Ganga—Brahmaputra-
Meghna (GBM) delta, comprising of numerous drainages,
tidal creek and mudflats have made the region more sensitive
(Gayathri et al. 2015; Ali et al. 2019). As such, the 1737 and
1970 Cyclone in India and Bangladesh were the deadliest
tropical cyclone, combinedly killed approximately 300,000
people, due to its highly congested coastal population and
limited technological advancement (Needham et al. 2015).
Also, the 2009 Aila cyclone, which was the most devastating
pre-monsoon cyclone in Bay of Bengal during last 20 years,
caused massive inundation in the Sundarbans region of West
Bengal and Bangladesh (Palit and Batabyal 2010; Debnath
2013), where the surge amplitude in the rivers Matla, Bidy-
adhari, and Garal reached nearly 4 m and the flood extent
was about 1000 m from the river banks (Deb et al. 2011;
Gayathri et al. 2016). Just one year ago, Amphan in 2020, the
strongest super cyclone ever recorded in the Bay of Bengal
after the 1999 Odisha cyclone (Mishra and Vanganuru 2020;
Halder et al. 2021), swamped around 12.3% of deltaic West
Bengal, while not being connected with the greatest storm
surges like Aila, but with tremendous wind speeds and tor-
rential rains (Das et al. 2020).

Remote sensing has previously been proven to be a use-
ful technique in gaining a better knowledge of coastal storm
dynamics in three phases: before, during, and after land-
fall. Data from spaceborne remote sensing satellites such as
Quick SCAT, MODIS (Moderate resolution Imaging Spec-
troradiometer), and Meteosat has been used in many stud-
ies to monitor ocean-atmospheric processes as well as flood
propensity in coastal areas (Tralli et al. 2005). Moreover, the
introduction of medium to high resolution SAR (Synthetic
Aperture Radar) sensor in 2010s, having the potentiality
of penetrating clouds and forest canopy to detect standing
water, has improved the accuracy of the observation (Schu-
mann and Moller 2015). Therefore, utilizing a SAR sensor
to monitor flood extent by discriminating between flooded
and dry areas (Klemas 2009, 2015) overcomes the limitation
of a ground-based classical hydrological monitoring system
(Uddin et al. 2019).

Recently, coastal West Bengal was hit by another cyclone,
Yaas, which had a wind velocity of even more than 120 km/h
between May 22 and May 28, 2021 (IMD 2021a). The most
severe impact of this cyclone was felt in Odisha and West
Bengal due to cyclonic wind, storm surge-induced floods,
and the crumbling of mud houses, among other things. Con-
sequently, the devastating power of this cyclone can also
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be estimated by comparing it with the others. The current
research, is therefore, intended to characterize Cyclone Yaas
and its first effects on coastal West Bengal using primarily
remotely sensed data.

Database and methodology
Study area

The 325 km long (including islands) stretch of coastal West
Bengal between the Cuspate Delta of the Subarnarekha Estu-
ary in the west and the GBM delta-originating Harinbhanga
river in the east, extending from 21° 36’ 36.91” N and 87°
29" 1.94" E to 21° 41" 54.81" N and 89° 6' 24.37" E, is the
most affected region in terms of coastal inundation due to
the presence of a complex network of tidal fed channels and
inlet system, extending much interior of the land surface a
well as its high tidal range. Coastal West Bengal can thus be
divided into two distinct coastal environments: (a) mesotidal
western sector consisting of the Digha-Sankarpur-Junput
coastal plain in East Medinipur district, with a tidal range
of 2—4 m, and (b) macrotidal eastern sector consisting of the
Hugli estuary and Sundarban regions in South and North 24
Parganas district, with a tidal range greater than 4 m (IIT
2006). The 60 km long Medinipur coastal part, extending
from the Kolaghat town on the right banks of the Rup-
narayan river to Digha in Subarnarekha deltaic zone, makes
up about 27% of total coastline of West Bengal, including
major coastal towns like Haldia, Khejuri, Junput, Baguran
Jalpai, Dadanpatrabar, Contai, Tajpur and so on. Sundarban
Part, on the other hand, encompass a considerable portion
of the eastern coastal areas, including blocks like Sagar,
Kakdwip, Namkhana, Mathurapur, Patharpratima, Kultali,
Basanti, Gosaba, Sandeshkhali, and Hingalganj in the North
and South 24 Parganas.

The generation of tropical cyclone in and around the
Bay of Bengal and its intensive devastating capacity in
the pre-monsoon and post-monsoon months, have greatly
increased due to the contemporary global climate change
and resultant global warming (Bhardwaj et al. 2019; Li
et al. 2020; Bhardwaj and Singh 2021). Accordingly, due
to the position of West Bengal along the northern tip of
Bay of Bengal, it ranks first among the cyclone prone states
in India (Ahammed and Pandey 2021), having four (South
24 Parganas, Medinipur, Kolkata, North 24 Parganas) of
the fourteen most cyclone-prone districts in the country
(Rehman et al. 2020). As such, a total 29 cyclones, includ-
ing 16 severe cyclones, have made landfall in the South
24 parganas district, while Medinipur district faces a total
of 22 cyclones including 12 severe cyclones so far during
period 1891-2017 (IMD 2021b). Furthermore, according
to the West Bengal Vulnerability Atlas (1997), this area has
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a high possibility of experiencing a maximum storm surge
height of 12-12.5 m owing to cyclonic winds, since it has
already experienced such destructive cyclonic flooding dur-
ing the super cyclone of 1737 (Sharma 1996). Eventually,
the hazard proneness factor has been graded as very high
(7.1-10) for all the coastal districts of West Bengal (BMTPC
2006; Mohapatra et al. 2012), and the situation is becoming
increasingly dangerous for the poor inhabitants of this area

(Fig. 1).
Data collection

A set of data and photographic evidences were obtained
from various primary and secondary sources to provide
a concise insight into the character as well as the initial
effect of cyclone Yaas. Accordingly, cyclonic data related
to cyclone trajectory, most affected area, wind field, pres-
sure condition, etc., were obtained from the daily bulletin
(BOB/02/2021, dated 27-05-2021) of Indian Meteorological
Department (IMD) for the period 21st May—28th May, 2021.
Besides, a set of Global Precipitation Measurement (GPM)
data in terms of total accumulated rainfall were collected
from the distributed active archive center (DAAC) to inter-
pret the precipitation variability during the cyclone opera-
tive time. Side by side, a range of NOAA 20/VIIRS image
were also collected to visualize the generation, growth, and
track of the storm (https://worldview.earthdata.nasa.gov).
Also, a set of all-weather and day-or-night friendly Synthetic
Aperture Radar based high resolution (5 m) level-1 Ground
Range Detected (GRD) sentinel-1 satellite images, with
both VV (Vertical Transmit and Vertical Received) and VH
(Vertical Transmit and Horizontal Received) polarization,
were acquired from the European Space Agency (ESA) to
differentiate between the pre-Yaas and post-Yaas condition.
In addition, two moderately high resolution (10 m) multi-
spectral satellite images were collected for the before and
after storm conditions. Also, a Shuttle Radar Topography
Mission (SRTM)-based Digital Elevation model (DEM)
with a resolution of 30 m at ground was also collected from
the United States Geological Survey (USGS) aimed to use
in the preprocessing of Radar images. Table 1 contains a
complete summary of the obtained space-borne data.

Image processing and analysis

To identify the storm induced flooding, two multi-dated
SAR images were used to differentiate between actual sur-
face waterbody and cyclonic water accumulation. However,
before the ultimate merging of the images, a sequential
preprocessing such as subset creation, multilooking, radio-
metric calibration, speckle filtering, geometric terrain cor-
rection, reprojection as well as linear-to-backscattering coef-
ficient decibel scaling (dB) transformation, and data export,

were implemented using ESA’s Sentinel Application Plat-
form (SNAP), as discussed in the following sections.

Subset creation and multilooking

After creation of the subset to extract the study area from
the images, multilooking operation was employed in SNAP
7.0. Usually, raw SAR images seem speckled due to intrin-
sic speckle noise (Qiu et al. 2004). To decrease this natural
speckled effect, several scenes are incoherently blended as
though they belonged to distinct appearances of the same
location (Engelbrecht et al. 2017). Multilooking was thus
accomplished in this study based on the source bands, and
assigned GR square pixels, number of range and azimuth
looks, and output intensity.

Radiometric calibration

In the case of Radiometric calibration, backscatter inten-
sity received by the sensor is transformed to a standardized
measure called the normalized radar cross section (Sigma0)
(Barzycka et al. 2019; Zhang et al. 2020), which takes into
account the global occurrence angle of the scenes and other
sensor-specific features (Torres et al. 2012). To do this, the
application output scaling applied by the processor must be
undone and the desired scaling must be applied. The radio-
metric calibration can, therefore, be applied by following
the Eq. (1).

|DN|?
ye (1)

i

Value(i) =

where depending on the selected calibration look up
tables, Value (i) is one of the °,, 6°;, or ordinal DN’;; and A,
is the one of the betaNought (i), sigmaNought (i), or DN (i).

However, in this study, the VV polarization of the Senti-
nel-1A IW GRD product was utilized to calibrate the SAR
pictures rather than both the VV and VZ of the GRD prod-
ucts, since so many studies (Twele et al. 2016; Kumar 2017;
Mansaray et al. 2017) suggested that the VV polarization of
the Sentinel-1A IW GRD product is more appropriate for
flood identification.

Geometric terrain correction

“The Range Doppler Terrain Correction” tool applies the
“Range Doppler orthorectification” technique to convert the
single 2D raster radar geometry to rectified SAR-C image-
ries by means of geocoding (Castillo et al. 2017; Saganeiti
et al. 2020). As such, terrain geocoding entails correcting
for inherent geometric distortions including foreshorten-
ing, layover, and shadow with a Digital Elevation Model
(DEM). However, SNAP can automatically determine the
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«Fig. 1 Location of the study area; a and ¢ Location of India and
West Bengal; b is showing cyclone trajectory during period May 23—
May 27, 2021, variability of wind intensity and its influence zone; d
coastal West Bengal consisting of East Medinipur, South 24 Parga-
nas, and North 24 Parganas, Source b IMD (2021a), and d Landsat 8
FCC composite (acquired on Feb 22, 2021)

DEM tiles needed and download them automatically from
the Joint Research Center FTP (xftp.jrc.it) for the area cov-
ered by the image, but a strong internet connection is needed
in that case. So, the authors have used the SRTM DEM
manually to speed up the processing time. Therefore, the
coordinate system was also changed from the Geographic
Coordinate System (GCS) to Projected Coordinate System
(PCS) (WGS 84 UTM 45N) for the better measurement of
flooded area further. A radiometric normalization was also
applied to decrease the differences between images in time
series based on the approach proposed by Kellndorfer et al.
(1998), using Eq. (2).

5 _ 40 Sindppu )
NORLM — " Ellipsoid ¢;
P SlnsEllipsoid

where 9,5, 1s the local incidence angle projected into the
range plane and defined as the angle between the incoming
radiation vector and the projected surface normal vector into
range plane.

In addition, a log function is applied to the terrain cor-
rected radar images to achieve a normal distribution of ter-
rain corrected value of Sigma0, which decodes the pixel val-
ues into a logarithmic scale and results in higher contrasts,
since bright values are moved towards the mean while dark
values are stretched over a wider color range. The formula
for conversion from liner to dB scale is described in Eq. (3).

623 =10+log,y*c’ 3)

where 6”5 is the backscattering image in dB, and o” is
the SigmaNought image.

Inundation mapping and estimation of flood
affected population

Both the processed pre-cyclone and post-cyclone images
until geometric correction having both the sigma0 and
dB scale were stack together using co registration tool of
SNAP. Thereafter, layer manager tool was used to superim-
pose the crisis image (post-cyclone) over the archive image
(pre-cyclone) aimed to detect the change in water area. In
the next step, a RGB composite was prepared based on the
stack image, where the dB archived image was specified as
red channel, and dB crisis image was used for both green
and blue channel. The reason behind this is that in the red
channel, we will have a high radar response over the flooded

areas because these areas will be land. On the other hand, in
the case of archive image we do not expect to see the flooded
areas and therefore we will have a high backscatter return.
Accordingly, flooded areas will have a high response in red
channel, but a low response in green and blue channels.
Finally, the RGB composite image was exported to ArcGIS
10.6 for further calculation of flooded area.

To obtain a crude idea about the flood affected popula-
tion, the village level map from the district census handbook
was superimposed over the inundation map, and therefore
the most affected villages were sorted out. However, obtain-
ing an estimate of the affected population of villages that
were fully submerged was rather straightforward, but get-
ting an idea of the affected population of villages that were
partially submerged was fairly challenging. In that scenario,
a population was estimated using satellite images based
on the proportion of the submergence, the location of the
submergence, and the spatial pattern of population density.
Accordingly, the affected populations of fully submerged
and partially submerged areas were combined together to
obtain the final figure.

Accuracy assessment of flooded area mapping

Accuracy assessment refers to the number of pixels in a clas-
sified image that is consistent with the reality, explicitly, how
many have been accurately classified using the algorithm
(Liu et al. 2007; Olofsson et al. 2014). It is very significant
for understanding the exactness of the results and use in
enforcing various policies. In this study, accuracy assess-
ment of the extracted flood image was carried out using
a total number of 85 ground truth data (flooded and not
flooded zones were registered using Garmin GPS), obtained
from the actual field by the means of random sampling from
different section of Patharpratima, Namkhana, and Sagar
block. A confusion matrix was used here (flood result is
given in rows while reference is shown in column) because
of its popularity and simplicity in the ground of remote sens-
ing. The confusion matrix appears to deliver an excellent
summary of the two types of thematic error that can occur,
namely, underestimation or omission and overestimation or
commission. Depending on the information obtained from
the contingency table, a number of analytical measures viz.
overall accuracy, producer’s accuracy, and user’s accuracy
have been used to calculate the flood extent accuracy from
different perspectives. Besides, Kappa statistics of the clas-
sified image was also performed along with the overall accu-
racy to enhance the degree of acceptance of the result. The
formula of kappa statistics K is as follows

N X = Y Xtk X+

k
N2 =3 Xt sx 4

“
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Table 1 Description of collected satellite images for the study

Satellite Sensor Path/row or scene identity Date and time of acquisi-  Cloud cover Spatial reso- ~ Source
tion (IST) lution
Landsat 8 OLI and TIRS 138/45 04-02-2021 10:01:31 0.03% 30m USGS
139/45 22-02-2021 10:07:52 0%
Sentinel 2B MSI T45QXE 29-05-2021 10:06:59 66.97% 10 m ESA
T45QWD 29-05-2021 10:06:59 33.37%
Sentinel 1 SAR-C 38095 14-05-2021 17:42:36 - Sm
26-05-2021 17:42:36 -
37884 14-05-2021 17:42:11 -
26-05-2021 17:42:11 -
SRTM SAR SRTMIN21E087V3 11-02-2000 - 30m USGS
SRTMIN21E088V3 11-02-2000 -
SRTMIN21E089V3 11-02-2000 -
SRTMIN22E087V3 11-02-2000 -
SRTMIN22E088V3 11-02-2000 -
SRTMIN22E089V3 11-02-2000 -

and. k = (Total Sum of correct—Sum of the all the(row total column total)
’ Total squared— Sum of the all the(row total column total)
The perfect agreement of K is represented when the kappa

value is + 1, while a value of O represents no agreement.

Comparison between SAR based flood mapping
and MNDWI

The Modified Normalised Difference Water Index (MNDWI)
(Xu 2006) was also used in this flood mapping evaluation
to reinforce the results acquired from SAR data process-
ing. This technique has been proven as a useful index-based
measurement in a variety of applications including ecologi-
cal study, LULC change analysis, and accumulated surface

water mapping, throughout the world. The formula for cal-
culating MNDWTI, is shown in Eq. (5)

Green — SWIR1

MNDWI =
Green + SWIR1

®)

The level of surface water accumulation before (Landsat,
04-02-2021 and 22-02-2021) and after the cyclonic storm
(Sentinel 2b, 29-05-2021) has been determined based on
the band threshold of the area of intertest. In this process,
the reader can easily differentiate between flooded and not-
flooded zone by displaying the archived and crisis index side
by side. However, due to the difference in spatial resolution
between Landsat and Sentinel 2b, a resampling technique
was used in the ArcGIS environment to equalize the cell size

Table 2 Characteristics

; Date/time (IST) of Latitude/longitude =~ Maximum surface wind ~ Category of cyclonic disturbance

of cycl(:?ne Yaas fr om 1ts the cyclone position speed (Kmph)

generation to depletion over Bay

of Bengal during period 23-05- 23.05.21/1130 16.1/90.2 45-55 gusting to 65 Depression

2021-27-05-2021 23.05.21/2330 16.6/89.8 55-65 gusting to 75 Deep depression
24.05.21/0830 16.4/89.6 65-75 gusting to 85 Cyclonic storm
24.05.21/1130 16.5/89.6 70-80 gusting to 90 Cyclonic storm
24.05.21/1730 16.8/89.5 90-100 gusting to 110 Severe cyclonic storm
24.05.21/2330 17.3/89.1 110-120 gusting to 130 Severe cyclonic storm
25.05.21/0830 18.3/88.3 100-110 gusting to 120 Severe cyclonic storm
25.05.21/1130 18.7/88.0 105115 gusting to 125 Severe cyclonic storm
25.05.21/1730 19.5/87.8 125-135 gusting to 150  Very severe cyclonic storm
25.05.21/2330 20.1/87.6 145155 gusting to 170 Very severe cyclonic storm
26.05.21/0530 20.7/87.3 155-165 gusting to 185 Very severe cyclonic storm
26.05.21/1130 21.4/86.9 120-130 gusting to 145 Very severe cyclonic storm
26.05.21/1730 21.8/86.6 90-100 gusting to 110 Severe cyclonic storm
26.05.21/2330 22.3/86.2 60-70 gusting to 80 Cyclonic storm
27.05.21/0530 22.9/85.6 45-55 gusting to 65 Depression
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Fig.2 Space-borne imageries depicting the life cycle of cyclone Yaas from May 22 to May 28, 2021

of both datasets before computing the MNDWTI. Also, it is
to mention that, we were unable to run the MNDWI for the
whole research area, since the satellite images of Landsat
series were about 30-70% cloud-covered after the cyclone
period. Only four definable sites from throughout the images
were clipped and worked on in that case.

Although, the overall aim of this study is to discuss the
characteristics and impact of Cyclone Yaas, readers should
have a basic understanding of its management in terms of
victim rescue, relief distribution, and rehabilitation dur-
ing Covid-era, as the study area was at the apex of the
covid-19 2nd outbreak during the cyclone's impact period.
Accordingly, after analysing the major findings using the

methodologies outlined above, an attempt has also been
made to provide a preliminary idea of Yaas management in
West Bengal.

Results and discussion

Trajectory and intensity of cyclone Yaas

Very severe cyclonic storm (VSCS) Yaas was formed over
east central Bay of Bengal on 22nd May, 2021 morning

(0830 h. IST) as a depression (D) and gradually intensified
to deep depression (DD) and further intensified as it turned
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Fig.3 Spatio-temporal variability of cyclonic rainfall during period May 21-May 28, 2021
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Table 3 Assessment result of flood affected area and flood affected population in the study area

District name Block name Total area (km?)  Flooded area due to either embank-  Total popula- Flood effected No of

ment breeching or overtopping (km?) tion (2011) population affected
village

South 24 Parganas ~ Sagar 282.11 37.10 212,037 60,106 13
Namkhana 370.61 78.12 182,830 79,823 15
Kakdwip 252.70 32.59 281,963 54,256 14
Kulpi 210.80 23.80 283,197 4875 4
Mathurapur 227.40 9.88 220,839 6500 2
Pathar Pratima 484.50 58.74 331,823 34,921 13
Kultali 306.20 13.66 229,053 7800 3
Gosaba 296.70 27.35 246,598 32,885 8

North 24 Parganas ~ Sandeshkhali I 182.30 2.08 164,465 4200 2
Sandeshkhali I 197.20 4.08 160,976 1500 2
Hingalganj 238.80 4.68 159,469 8700 1

Purba Midnapur Ramnagar | 139.43 15.24 167,330 14,195 18
Ramnagar II 163.30 19.62 156,054 7500 6
Contai I 139.40 4.57 170,894 6500 12
Deshopran 170.30 19.54 176,393 5950 7
Khejuri I 137.50 2227 139,463 7800 10
Nandigram I 181.80 26.27 207,835 5877
Haldia 65.44 6.62 97,992 4050
Sutahata 24.58 123,784 1000

northeast, becoming a cyclonic storm (CS) on 24th May,
2021 at 00:00 IST with a central pressure of 990 hpa and a
wind speed of 35 KT at 16.4°N and 89.6°E (Fig. 1b). There-
fore, it had strengthened into severe cyclonic storm (SCS)
by 24th may, 2021 at 18:00 IST that lasted for 12 h and had
winds of 48—63 KT, until it reached very severe cyclonic
storm. Accordingly, around 12:00 IST on May 25, 2021, the
cyclone transitioned into VSCS at 19.5°N and 87.8°E, taking
a strong north-eastern route and moving steadily landward
with a wind speed of 64-89 KT. Finally, made its landfall
at about 20 km to the south of Balasore over north Odisha
coast at 21.35°N and 86.95°E, with a maximum sustained
wind speed of 130-140 kmph gusting to 155 kmph between
10:30 &11:30 h IST, of 26th May, 2021 before weakening
to a depression over central Jharkhand around 11:30 IST
on the 27th of May, 2021 (Table 2). Therefore, it is clear
that about 700 km out of the 1005 km trajectory of cyclone
Yaas passed through the Bay of Bengal until it was depleted
(Fig. 2), accumulated energy, and devastatingly impacted
the coastal regions. Following the trajectory, the major dam-
age was expected to be in the north coastal districts of Odi-
sha and the adjoining districts of West Bengal such as East
Medinipur, but strong winds induced storm surges above
the astronomical tidal level inundated the vast low lying of
South 24 Parganas and North 24 Parganas districts, as dis-
cussed in Sect. 4.3.

Precipitation variability of cyclone Yaas

The GPM-based data shows that from the 21st of May, 2021
to the cyclone depletion, the maximum daily rainfall (about
771 mm) was received by coastal areas such as Ratanpur,
Bhadrak, and Balasore in Odisha and East Medinipur in
West Bengal on May, 24, 2021. The minimal rainfall, on
the other hand, occurred on May 28th, a day after the storm
made landfall, with an amount of 157 mm. Side by side, a
moderate intensified rainfall was received since the onset
of the cyclone depression until it turned into a VSCS. As
such the date like 21st, 22nd, and 23rd received 355 mm,
363 mm, and 569 mm rainfall, respectively. However,
despite turned into a VSCS, the level of rainfall on the day of
landfall and the day prior was also moderate type (390 mm
and 393 mm respectively). Therefore, the result demon-
strates that between 21st May and 28th May, the cyclone
affected regions in the Indian Subcontinent including the
Bay of Bengal, received about 1196 mm of rainfall. How-
ever, during the same period, the terrestrial areas got about
536 mm of cyclonic rainfall (Fig. 3).

An hourly data analysis of the day of cyclonic landfall
from the GPM reveals that rainfall was at its peak (131.8 mm
cumulatively) from 2 A.M. to 5 A.M., where the landfall
process was occurred at 6 A.M. Although, the average rain-
fall over the next 10 h was reduced to 37.12 mm/h. However,
after 3 p.m., the rainfall continued to increase until around
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6 in the evening, when it began to diminish again. In the
whole process, the East Medinipur district in West Bengal
received the most rainfall, followed by the South and North
24 Parganas. Accordingly, a spatial distribution shows that
East Medinipur received a total of 129 mm rainfall between
period 21st—28th May, while South and North 24 Parganas
received 85 mm and 81 mm in the same period, respectively.

Storm surge and resultant inundation

Within 2 to 3 h of the landfall on May 26, massive inunda-
tion was observed in the East Medinipur coastal tract, the
low-lying coastal blocks of South 24 Parganas, and some spe-
cific locations in the North 24 Parganas district bordering the
Sundarbans, as shown in Table 3. As such, about 281.2 km?
of land (11.6% of district area) in South 24 Parganas was
flooded, followed by East Medinipur (138.7 km?, 12.4% of

@ Springer

district area) and North 24 Parganas (10.8 km?, 1.7% of dis-
trict area). Accordingly, the most affected coastal blocks in
South 24 parganas in terms of flooded area were Namkhana
(78.1 km?), Patharpratima (58.7 km?), Sagar (37.1 km?),
Kakdwip (32.6 km?) respectively (Fig. 4), followed by other
interior blocks like Gosaba (27.3 km?), Kulpi (23.8 km?), Kul-
tali (13.7 km?), and Mathurapur (9.8 km?) (Fig. 5). The flood
affected populations are also high in Namkhana (43.6% of
block population), Sagar (28.3%), Kakdwip (19.2%), Gosaba
(13.3%), Patharpratima (10.5%), Kultali (3.4%), Mathurapur
(2.9%), and Kulpi (1.7%) block. Similarly, the East Medinipur
coastal tract has been severely damaged due to its proximity
to the Odisha coast, with the majority of devastation found
in Nandigram I (26.3 km?) Sutahata (24.6 km?), Khejuri 1T
(22.3 km?) and Ramnagar II (19.7 km?) (Fig. 6), followed by
Deshopran, Ramnagar I, Haldia, and Contai block (Fig. 7).
Most of the damage to these coastal regions was triggered



Safety in Extreme Environments (2021) 3:219-235 231
a) 600 c) 300 Sa-Sagar
£ 500 £ Na-Namkhana
~ 400 ~ 200 Ka- Kakdwip
g g :
2 300 c Ku-Kulpi
© 200 © 100 Ma- Mathuraptfr
= 100 = PP- Pathar Pratima
Kut- Kultali
0 0 Go- Gosaba
Sa Na Ka Ku Ma PP Kut Go San-| San-Il Hi San-I- Sandeshkhali |
b) 200 d) 300 San-Il- Sandeshkhali I
Hi- Hingalganj
aEf AEc 200 Ra-I- Ramnagar |
g g Ra-Il- Ramnagar II
g 100 = Co- Contai |
E § 100 De- Deshopran
< < Kh- Khejuri Il
0 0 Nan- Nandigram |
Ra-l Rasll Co De Kh Nan Ha Su S-24  N-24  Medr Ha- Haldia |
Su- Sutahata
S-24- South 24 Parganas
B Total Area []Flooded Area || N-24- North 24 Parganas
Medr- East Medinipur

Fig. 7 Graphical representation of inundation areas, a level of inundation in selected blocks of South 24 Parganas, b in selected blocks of North
24 Parganas, c in selected blocks of East Medinipur, and d comparison of inundation areas between coastal districts of West Bengal

either due to the breaching of river embankment as seen in
different parts of South and North 24 parganas, or by over-
topping of high stormy waves over the concreate sea wall, as
seen in the coastal areas of Medinipur district. Moreover, it
should be noted that maximum waterlogging has been found
around the Hugli estuary region, including all islands such as
Sagar, Ghoramara, Mousuni, G-plot, and Kakdwip, due to the
reported storm surge height of 2-3 m above the normal tidal
water level, as landfall coincided with the full moon high tide
condition on May 26, 2021 (Fig. 8). In other words, it has been
observed that whenever a storm strikes coastal West Bengal
at a time when the tidal level is high, the damage was consid-
erable, and vice versa. In this perspective, cyclone Amphan
in 2020 (during low tidal face), which had a maximum wind
speed of 220 km/h, did not create as much flooding in West
Bengal as cyclone Yaas, which had a maximum wind speed
of 70-80 km/h, as recorded in Digha, West Bengal (Das et al.
2020). Observing the results, therefore, it is indeed reasonable
to assume that if the cyclone had shifted its path to the West
Bengal coast instead of Odisha, the dam-age would have been
worse than that of cyclone Aila in 2009.

Accuracy assessment of the extracted flood area
In this study Kappa co-efficient as well as derivation of

MNDWTI both has been applied to find out the accuracy.
As such, ground truth-based accuracy assessment for the

inundation map shows that the overall accuracy is equivalent
to about 98%, while the kappa coefficient of the classified
result is about 0.97, signifies its high accuracy. The inunda-
tion outcome has also been carefully examined by analyzing
the variations in MNDWI values during the pre-cyclone and
post-cyclone periods in selected portions of the study area
viz. Sagar, Namkhana, Patharpratima, and Mandarmoni. The
comparison of MNDWI and SAR-based inundation mapping
reveals that site with positive MNDWI values are likewise
identified in the SAR-based inundation map, indicating that
the SAR-based inundation map offers appropriate accuracy.

Impact of Covid-19 2nd wave on the management
of the Yaas

It has been mentioned earlier that the impact of this devas-
tating cyclonic wind is less is West Bengal, but the effect
of strong storm surge made from it, has had a huge impact
on the local inhabitants of coastal districts of West Bengal.
Around 1200 km? area have been suffered by this cyclone,
and millions of people have faced the deadliest effect,
including salt water intrusion in the surface water-bodies, the
breaking of mud-built houses in low-income areas of East
Medinipur and South 24 Parganas, submergence of paddy
field, the breaking down of electric supply and so on. On the
other hand, while all this damage was going on, India and
West Bengal were already dealing with the second wave of
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«Fig.8 Reported Storm surge and photographic documentation of
cyclone Yaas; a spatio temporal variability of storm surge, b collapse
of concrete sea wall at Digha, ¢, d, and e inundation in Digha mar-
ketplace, Sagar, and Botkhali respectively, f rescue of local residents
from Ghoramara island, g reconstruction of damaged embankments
by the local people, h storm surge at Mandarmoni, East Medinipur,
i havoc inundation in Sagar island, j rescue operation in Ghoramara
island during the cyclone, k storm surge at Puri, Odisha; Source
a INCOIS (daily ocean report, 26/05/2021), f NDMF (Bulletin,
30/05/2021)

the pandemic Covid-19 disease. In this regard, if we sim-
ply examine the day of cyclonic landfall, the total reported
active covid-19 cases in East Medinipur was around 5347,
in South 24 Parganas 8136, and in North 24 Parganas the
total number of covid cases exceeded 25,365 persons. In
this scenario, when West Bengal declares a public health
emergency in terms of lock down to protect people from
infection, many people have been displaced from different
vulnerable coastal areas, and forced to live in government
multipurpose cyclone centers, schools, or community halls
due to submergence in the respective areas and resulted
breaking down of residential areas. Therefore, sheltering
the affected people from cyclone induced flooding and at
the same time protecting them from Covid-19 was a big
challenge for the local government and policy builders, when
the means of transportation are closed and there is a short-
age of medicine throughout the country. Needless to say,
the disaster management department has been able to fight
against both the crises through the joint effort of National
Disaster Response Force (NDRF), local police, government
aided clubs, and conscious people.

Conclusion

The study has demonstrated the characteristics of the
cyclone Yaas in terms of its formation, propagation, wind
strength, landfall, and rainfall intensity as well as related
flood inundation in the lower part of West Bengal. In that
case, remote sensing technology gives a prospect for quick
and immediate investigation of the extent of any meteorolog-
ical event, including tropical cyclone induced inundation on
affected areas. The space-borne data reveals that the amount
of cumulative rainfall throughout this 7-day occurrence
reaches 1196 mm over the Indian subcontinent, with the
highest daily rainfall (around 771 mm) received by coastal
places including Ratanpur, Bhadrak, and Balasore in Odi-
sha and East Medinipur in West Bengal on May 24, 2021.
Beside this stormy winds and rainfall, high storm induced
surges coupling with full moon situation has caused havoc
devastation in the coastal areas of Odisha and West Ben-
gal. The availability of real time Sentinel-1 SAR imagery
has also confirmed the massive inundation in the coastal

areas of West Bengal. Numerous coastal embankments and
riverine flood shields have collapsed, leading in the submer-
gence of agricultural areas, power outages, and the collapse
of mud dwellings, and so on. Inundation mapping, there-
fore, shows that the reclaimed areas of Sundarbans and the
islands around the Hugli estuary have been most damaged
by this storm, but the substantial impact of landfall has been
observed in East Medinipur districts owing to the coast next
to Odisha. The study, therefore, gave an accurate evaluation
of the catastrophic effects of Cyclone Yaas, which can aid
in the development of efficient disaster risk reduction pre-
paredness methods.
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