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Abstract
A tornado outbreak occurred in West Bengal (WB), India, about 15–16 h before the landfall of Cyclone Yaas formed in May 
2021 over the Bay of Bengal. High-resolution analysis data have been used to investigate the possible tornadoes in terms of 
environmental conditions connecting to the cyclone. The WB tornado is found as intense as EF2–3 on the tornado scale and 
is likely associated with a mini-supercell. The total shear of 37 m  s−1 from 0–6 km above ground level (AGL) with strong 
clockwise rotation, the moderate instability (1504 J  kg−1) and the energy helicity index of 2.2 are the substantial convective 
parameters related to the WB tornado. Moreover, the favorable environment owning intense bulk shear, a larger value of 
storm-relative environmental helicity in the lowest 1 km AGL and high values of significant tornado parameter (STP) urge 
the potentiality of multiple tornadoes spawning in multi-days accompanying the landfalling Cyclone Yaas. The right-front 
quadrant of the cyclone is found to be more vulnerable for developing moderate to severe tornadoes within its rainbands. 
The positive potential vorticity anomalies evidence the cloud-scale cyclonic circulation from surface to 400 hPa with the 
maximum in the mid-level.
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1 Introduction

A tropical cyclone (TC) ‘Yaas’ formed on 23 May 2021 
over the Bay of Bengal (BoB) and made landfall on the 
Odisha and West Bengal coasts of India on 26 May 2021 
as a very severe cyclonic storm. During landfall, the TC 
attained its maximum intensity with a wind speed of 75 kt 
recorded by the India meteorological department (IMD). 
The estimated death toll of at least ten people in the low-
lying coastal areas, but the damage scenario was catastrophic 
with destroying more than 46,900 houses, 2333.17 sq km of 
crop fields, 55.99 sq km of shrimp farms and fish cultivation 
area. (ACAPS 2021; IFRC 2021). Around 13 million people 
were affected in India and Bangladesh due to the slamming 
of Cyclone Yaas (2021) as well as 1–2 m higher tidal surfs 

than the usual one. Moreover, at approximately 15–16 h 
before the center of the TC hit the land, a sudden tornado 
was reported swirling over villages of West Bengal (WB), 
India (Fig. 1a), and killed two people and damaging around 
40 houses (Hindustan Times 2021; India Blooms 2021).

Most of the TCs making landfall in the United States and 
Japan have spawned tornadoes due to the development of exten-
sive vertical wind shear and instability over the land (Fujita 
et al. 1972; Novlan and Gray 1974; McCaul 1991). In the dura-
tion from 1950 to 2007, the 1800 TC-tornadoes were enumer-
ated in the continent of the United States (Moore and Dixon 
2015). Among them, Hurricane Ivan (2004) causes a multi-day 
outbreak of 118 tornadoes (Moore et al. 2017). Many TC-torna-
does occur within 100 km on the coast during 12 h of landfall, 
but some are produced even further inland and days after land-
fall enduring more extensive paths with more vigorous intensity 
(Fujita et al. 1972; Weiss 1985; Moore et al. 2017).

The TCs coupled with tornadoes can have more devas-
tation than a regular TC, especially for densely populated 
countries like Bangladesh and India, because strong down-
burst winds, hail, lightning, etc. are the additional dangerous 
aspects of tornadoes. According to the National Weather 
Service of the United States, the winds of a tornado can 
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reach 483 km  hr−1 with a damage path of more than 1.6 km 
wide and 80.5 km long (https:// www. weath er. gov/ phi/ Torna 
doDefi niti on). The earlier studies have shown that regular 
tornadoes (i.e., tornadoes formed in the absence of TCs) in 
Bangladesh during the premonsoon season (March–May) 
are responsible for more than 3500 deaths within 25 years 
from 1981 to 2005 (Bikos et al. 2016) and massive damage 
of properties (Ono 1997; Yamane et al. 2009). However, 
no study has been conducted so far regarding TC-tornadoes 
in the coastal countries of the BoB. As a result, associated 
awareness of tornadoes adjacent to TC is completely missing 
from the decision-making mechanism of the policymakers. 
General people do not even identify or classify the torna-
does that spawn during the landfall of TCs. Therefore, it is 
an utmost imperative task to comprehend and analyze the 
tornadoes associated with landfalling TCs that formed over 
the BoB. Due to the scarcity of radar data or high-resolution 
spatial and temporal data, the detailed cloud-scale structure 
of the tornado developed in WB, India before Cyclone Yaas 
(2021) hit the land is not practicable. Hence, the objective of 
the study is to investigate the atmospheric conditions for the 
WB tornado and the tornadoes that are anticipated to form 
after landfall. At this juncture, the overall severity and con-
sequences of TC coupled tornado necessitate at least to be an 
eye-opener for the concerned authorities to make contingent 
steps to save lives and properties. In addition, this study 
will provide an assessment of the synoptic-scale atmos-
pheric condition of shear, helicity and instability related to 

the TC-tornadoes formed over the moist environment of the 
BoB and a comparison can be made with the environment of 
TC-tornadoes in other ocean basins (McCaul 1991).

To fulfill the objective, the horizontal data of 9 km resolution 
is used in this study because both the environment of tornadoes 
and the synoptic-scale environment of TC are essential and need 
to be incorporated. Mentionable that Mills and Colquhoun (1998) 
showed that the regional model of 80 km resolution could resolve 
sufficient detail of the kinematic and thermodynamic structure of 
the atmosphere to identify atmospheric environments for develop-
ing severe storms; even a tornadic thunderstorm environment can 
be accurately predicted. In a recent study, Koch et al. (2021) calcu-
lated the atmospheric instability and helicity conducive to severe 
thunderstorms using North American regional reanalysis data of 
32 km resolution. Therefore, the data resolution used in this study 
is sufficient to explain together with the synoptic environment of 
a TC and the tornadoes embedded in it. The detailed structures of 
tornadic thunderstorms are beyond the scope of the paper.

2  Data Used and Validation

Due to the lack of observation data, the high-resolution global 
analysis data were considered for investigating the potential 
environment to develop tornadoes into Cyclone Yaas (2021). 
The European Centre for Medium-Range Weather Forecasts 
(ECMWF) with the Integrated Forecast System (IFS) CY41r2 
6-hourly surface and isobaric atmospheric analysis data with a 

Fig. 1  a Tornado outbreak in West Bengal, India on 25 May 2021 
(Source: The Hindustan Times, 26 May 2021). b Time-pressure 
(primary axis) and time-rainfall (secondary axis) graphs c  Time–
temperature (primary axis) and time-wind (secondary axis) graphs 

for Chinsurah, Hooghly district (88.39°E, 22.90°N), Halisahar, the 
North 24 Parganas district (88.42°E, 22.93°N), West Bengal, India 
and ECMWF extracted values at 88.4°E, 23°N from 0030 UTC on 24 
May 2021 to 1230 UTC on 26 May 2021

https://www.weather.gov/phi/TornadoDefinition
https://www.weather.gov/phi/TornadoDefinition
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horizontal resolution of 9 km (Malardel et al. 2015) were used 
in the present study. In the IFS, many meteorological fields, i.e., 
the horizontal wind, the virtual temperature and the surface pres-
sure, were transformed to spectral space and back to grid-point 
space at every time step. A cubic grid was used instead of a 
linear arrangement for increasing the number of grid points. The 
isobaric data had 25 vertical layers with a top level of 1 hPa.

The 3-hourly surface data of temperature, wind, rainfall and 
pressure were collected for two stations, i.e., Chinsurah, Hooghly 
district (88.39°E, 22.90°N) and Halisahar, the North 24 Parganas 
district (88.42°E, 22.93°N), WB, India where the WB tornado 
was reported. The 6-hourly ECMWF data were extracted for the 
station point of 88.4°E & 23°N and compared with the observed 
trend lines of surface parameters in Fig. 1b and c for the period of 
0030 UTC on 24 May 2021 to 1230 UTC on 26 May 2021. The 
mean differences in pressure, temperature and wind are around 
0.36 hPa, 1.2 °C and 4.6 km  hr−1, respectively. The rainfall data 
of ECMWF are the 12-h forecast data plotted at 1200 UTC on 25 
May 2021 and 1200 UTC on 26 May 2021 in Fig. 1b. The rainfall 
values are found to be almost similar to the observed data.

In addition, HIMAWARI-8 satellite images with sur-
face precipitation data from the Integrated Multi-Satellite 
Retrievals for GPM (GPM IMERG) were used in this study 
(Fig. 2a) collected from https:// www. nrlmry. navy. mil/ TC. 
html. The GPM IMERG data has a spatial and temporal 
resolution of 10 km and 30 min, respectively.

For the validation of the TC track, the locations of Cyclone 
Yaas (2021) were extracted 6-hourly with respect to the minimum 

pressure from ECMWF analysis data and compared with the IMD 
best track data commencing from 0600 UTC on 23 May 2021 as 
shown in Fig. 2b. Both the tracks are tracing similar routes with 
a mean error of ~ 5 km. At the time of landfall (0000 UTC on 26 
May 2021), the mean sea level pressure was 970 hPa for both cases.

Due to a lack of in-situ sounding data, the environments sup-
porting the WB tornado were challenging to verify. However, 
the available sounding data of Calcutta (88.45°E, 22.65°N), WB, 
India collected from the University of Wyoming (https:// weath 
er. uwyo. edu/ upper air/ sound ing. html) are shown here for 0000 
UTC and 1200 UTC on 25 May 2021 and made a comparison in 
Fig. 3 with the Skew-T log-P diagrams obtained from ECMWF 
analysis data. All convective parameters are nearly the same in 
values except convective available potential energy (CAPE) at 
1200 UTC on 25 May 2021. The observed CAPE of 2492 J  kg−1 
was larger than the analysis data attaining 905 J  kg−1. In both 
cases, the hodographs with unidirectional shears, the strong val-
ues of helicity, storm speeds and storm directions are similar 
suggesting the existence of a supercell thunderstorm.

3  Environment Associated 
with TC‑Tornadoes

Tornado usually has a diameter on the scale of 100  s 
meters and is developed from a well-organized thunder-
storm called a supercell (Moller et al. 1994). A supercell 
thunderstorm characterized by a deep rotating updraft 

Fig. 2  a Satellite image of rainfall rate (mm  hr−1) for Cyclone Yaas at 
1130 UTC on 25 May 2021. Circle indicates the tornado spawn area. 
b Relative vorticity (shaded; ×  10−4  s−1) at 900 hPa for 1200 UTC on 

25 May 2021. Tracks of Cyclone Yaas are presented from 0600 UTC 
on 23 May 2021 to 1800 UTC on 27 May 2021 using IMD (black 
line) and ECMWF (red line) data

https://www.nrlmry.navy.mil/TC.html
https://www.nrlmry.navy.mil/TC.html
https://weather.uwyo.edu/upperair/sounding.html
https://weather.uwyo.edu/upperair/sounding.html
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(mesocyclone) evolves in a vertically sheared ambi-
ent environment. Low-level moderate-to-strong vertical 
wind shear, helicity and moderate-to-high instability are 
conducive to tornado development in a supercell. The 
environmental conditions related to the WB tornado are 
examined and additionally, monitoring the environment 
for the possibility of more tornadoes while TC is passing 
through the land.

3.1  The WB Tornado Outbreak

The WB tornado was observed at about 1130 UTC on 25 
May 2021 at Chinsurah, Hooghly district and Halisahar, the 
North 24 Parganas district, WB, India around the position 
of 88.4°E, 23°N (India Blooms 2021). The abrupt increase 
of wind by 7–9 km  hr−1, rainfall by 7 mm and surface tem-
perature by 1 °C, and decrease of pressure by 2 hPa are 

noticed in Fig. 1b and c, which indicate the occurrence of 
severe weather between the time of 0930 UTC to 1230 UTC 
on 25 May 2021. The WB tornado was developed almost 
380 km far away from the TC center. The location of the 
tornado is roughly marked in Fig. 2a, which relates to iso-
lated convection in the rainband of Cyclone Yaas (2021) 
reaching the land before the eye of the TC. The rainbands 
of the TC mostly contain cloud clusters with isolated deep 
precipitating convective cells (rainfall rate of ~ 40 mm  hr−1 
in Fig. 2a) and associated storm-scale mesovortices. The 
mesovortices are the vortices at the meso-γ-scale which have 
the range of 2–20 km in diameter (Orlanski 1975) and are 
usually found in convective storms like squall line, bow echo 
and supercell thunderstorms (Weisman and Trapp 2003). 
The relative vorticity at 900 hPa for 1200 UTC on 25 May 
2021 is depicted in Fig. 2b, which confirms several mesovor-
tices in the rainbands spinning with an intensity of ~  10–3  s−1. 

Fig. 3  Comparison of Skew-T log-P diagrams, wind barbs (in kt) and hodograph at Calcutta, West Bengal, India (88.45°E, 22.65°N) between the 
observation and ECMWF extracted data. a and c for 0000 UTC on 25 May 2021 b and d for 1200 UTC on 25 May 2021
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Previous studies have also noticed the development of meso-
vortices within the convection in the rainbands of TCs due 
to vertical shear ensuing from the non-uniform wind flows 
over the BoB. Some mesovortices have the characteristics of 
mesocyclones with stronger updrafts evolving in the super-
cell embedded in the rainbands of TCs in the BoB (Akter 
2015; Akter and Tsuboki 2010).

Considering the occurrence time and location, the meso-
vortex connected with the WB tornado is indicated in Fig. 2b 
and its vertical cross-section at 23.4°N is displayed in Fig. 4. 
The intense rotation (0.3 ×  10–3  s−1) in the lower level and 

strong updraft (maximum of -4 Pa  s−1) up to 200 hPa are 
evident in Fig. 4a. The low-level convergence of horizon-
tal winds having intense values of -4 ×  10–5  s−1 (Fig. 4b) 
causes air to rise and induce deep vertical motion. The 
zonal component of wind along with vertical velocity shows 
the rising and rotating wind from the surface to the 400-
hPa pressure level. In addition, the vertical distribution of 
equivalent potential temperature (θe) in Fig. 4b decreasing 
with increasing height represents convective instability up 
to 500 hPa. The atmospheric condition linked to the tor-
nado is evaluated with Skew-T log-P diagram and hodograph 

Fig. 4  Vertical cross-section at 23.4°N (within the red box in Fig. 2b) 
for a relative vorticity (shaded; ×  10−4  s−1) and updraft (contours; Pa 
 s−1), and for b  Equivalent potential temperature (shaded; K), zonal 
wind component along with vertical velocity (vector; m  s−1) and 

divergence (contours; ×  10−5   s−1) c  Skew-T log-P sounding, wind 
barbs (in kt) and hodograph at point 23.4°N, 88.4°E for 1200 UTC on 
25 May 2021
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at 1200 UTC on 25 May 2021 in Fig. 4c. The convective 
indices, i.e., the K index (George 1960) of 39 °C, the total 
totals index (TT; Miller 1972) of 41 °C, 6.87 cm of precipi-
table water (PW), the lifted index (LI; Galway 1956) of -3 
and θe of 369 K indicate the favorable unstable conditions 
for the occurrence of a severe thunderstorm. The values of 
total wind shear from 0–6 km (~ 500 hPa) above ground 
level (AGL) and the bulk shear between 0–6 km (BSHR6) 
are calculated and found at 37 m  s−1 and 16 m  s−1, respec-
tively. The hodograph, representing the shear vector, shows a 
curved nature in the lowest 0–1 km (~ 850 hPa) and a straight 
line above it. The estimated strong values of vertical shear 
that veer clockwise are exceeded the limit of threshold val-
ues for developing supercells (Bunkers 2002). The moderate 
value of 1504 J  kg−1 for CAPE, storm-relative environmen-
tal helicity (SREH; Davies-Jones et al. 1990) of 232  m2  s−2 
between 0–3 km (~ 700 hPa) AGL, environmental helicity 
(EH) of 302  m2  s−2 and the bulk Richardson number (BRN) 
of 30 (Weisman and Klemp 1982) confirm the existence of 
supercell containing the rotating updraft.

All characteristics indicate a shallow mesocyclone asso-
ciated with a mini supercell (Burgess et al. 1995; Suzuki 
et al. 2000) though high-resolution spatial and temporal data 
are needed to specify the characteristics of the tornado. In 
addition, the calculated energy helicity index (EHI; Hart and 
Korotky 1991) is found to have a value of 2.2 indicating the 
WB tornado is strong with a strength equivalent to EF2–3 
based on the Enhanced Fujita (EF) scale. Mentionable that 
the operational significances of all convective parameters are 
available in Grieser (2012).

3.2  Anticipated Tornadoes for Inland Cyclone Yaas 
(2021)

Using the ECMWF-IFS analysis data, the environment for 
possible tornadoes coupled with the TC system is further 
analyzed at 6-h intervals by some significant atmospheric 
parameters when the TC crosses over the land. For exam-
ple, the environment at 0000 UTC on 27 May 2021, the 
time after one day from the landfall of the TC center, is 
displayed in Fig. 5 to understand the possibility of a multi-
day outbreak of tornadoes. Therefore, the key atmospheric 
ingredients that lead to the development of tornadoes in 
the environment of landfalling TC are investigated below.

Bulk shear between 0–1 km AGL (BSHR1) The low-level verti-
cal wind shear is the fundamental potential environment sup-
porting the development of tornadoes with supercell storms 
(Brooks and Craven 2002). Figure 5a shows the distribution of 
BSHR1 and indicates that when Cyclone Yaas (2021) makes 
landfall and begins decaying, the ambient winds at the sur-
face die off quicker than the winds at 850 hPa resulting in a 

low-level shear of > 15 m  s−1 over the land. Strong low-level 
shear is noticed in the right-front quadrant of the TC due to 
existing of intense 850-hPa wind (> 25 m  s−1) on the north-
eastern side of the TC center (Fig. 5a).

SREH in the 0–1 km AGL (SREH1) The SREH1 is representa-
tive of streamwise vorticity within the storm inflow layer, 
which is calculated in the lowest one km for predicting tor-
nadoes. The following equation (Markowski and Richardson 
2010) is used for computing the low-level SREH and the 
result is displayed in Fig. 5b. 

where u and v are the environmental wind speed compo-
nents, cx and cy are the components of storm motion and 
the height level n = 1 to N .

The horizontal distributions of SREH1 shown in Fig. 5b 
exhibit the large values within a wide area and the greater 
values of 300  m2   s−2 indicate the possibility of having 
tornadoes rated EF2–3 in the northeast of the TC center.

EHI in the 0–1 km AGL The EHI represented by the combina-
tion of instability and SREH for understanding the energy of 
the convection is shown in Fig. 5b. The index values of ≥ 1 
are prominent also in the northeastern side of the TC, speci-
fying the existence of significant tornadoes in the supercells.

Significant tornado parameter (STP) The STP is a widely 
used composite index initially designed by Thompson et al. 
(2003), combining several variables supportive of evolving a 
tornado. The index includes BSHR6, SREH1, surface- based 
CAPE (sbCAPE), and surface-based lifting condensation 
level (sbLCL), which is formulated for fixed layer as

Figure 5c represents the STP to find out the spatial loca-
tion susceptible to form tornadoes connecting to inland 
Cyclone Yaas (2021), one day after touching the land. The 
strong values of STP ≥ 3 indicate that the areas in West 
Bengal, India and Bangladesh are more vulnerable to have 
intense tornadoes (rated EF2 or greater) associated with 
supercell thunderstorms in the rainbands of the TC.

Potential vorticity (PV) anomalies Concerning the distribu-
tions of low-level shear, helicity, EHI and STP, the four loca-
tions (A–D in Fig. 5c) are randomly chosen to be expected as 
tornadoes. The distance in each location from the TC center 
is considered greater than 250 km to avoid the influence of 
the center vortex. The Ertel’s PV (Schubert et al. 2004) is 
diagnosed in pressure (p) coordinates for each location to 

SREH =

N−1
∑

n=1

[(

un+1 − cx
)(

vn − cy
)

−
(

un − cx
)(

vn+1 − cy
)]

STP =

(

sbCAPE

1500 Jkg−1

)

(

2000 − sbLCL

1000m

)(

SREH1

150 m2s−2

)(

BSHR6

20 ms−1

)
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understand the vorticity dynamics on the storm-scale includ-
ing thermodynamical processes. The PV expression repre-
sents a product of absolute vorticity on an isentropic surface 
and thermodynamic stability, which is shown below.

where g, � , f  and � are the gravitational acceleration, relative vor-
ticity, Coriolis parameter and potential temperature, respectively.

Figure 5d displays the vertical distribution of PV anomalies 
calculated from the average area of 2° × 2° centering each loca-
tion. The positive PV anomalies from surface to 400 hPa for 
all cases identify cyclonic vorticity and high static stability. 
The maximum PV is found in the mid-troposphere at around 
700 hPa with an average value of 0.8 PVU (1 PVU =  10−6 K 
 m2  kg−1  s−1). A significant near-surface cyclonic PV anomaly 
(0.5 PVU on average) indicates the presence of a cloud-scale 
vortex at the low level or existence of tornadoes even after one 
day from the landfall of Cyclone Yaas (2021).

PV = −g(� + f )
��

�p

4  Discussion and Concluding Remarks

The environment with strong lower-tropospheric vertical 
wind shear, moderate SREH and limited instability for the 
WB tornado is found similar to that associated with the tor-
nadoes for landfalling TCs explained by McCaul (1991) for 
the period 1948–1986. The environment of Cyclone Yaas 
(2021) also remains supportive of the outbreak of multiple 
tornadoes in the multi-days period after its landfall. The tor-
nadoes are particularly favorable in the right-front quadrant 
of the TC with an intensity of EF2–3. The TC-tornadoes 
are likely to be produced from mini-supercells or shallow 
supercells (Suzuki et al. 2000) due to the existence of weak 
low-level cold pools in the moist environment of the TCs 
(McCaul and Weisman 1996). Mini supercells are short-
lived, smaller in dimension, less intense and contain shallow 
mesocyclones, in contrast to typical midlatitude supercells 
(Moller et al. 1994). However, it is evident that both the 
mini-supercells and classical supercells were developed in 
the rainbands of Cyclone Sidr (category-5 cyclone) formed 

Fig. 5  a Bulk wind shear between 0–1 km (shaded; m  s−1) and wind 
speed (vector; m  s−1) at 850  hPa b 0–1-km storm relative environ-
mental helicity (shaded;  m2  s−.2) and energy helicity index (contours) 

c Significant tornado parameter (STP) d PV anomaly vs height for the 
locations A–D (indicated in Fig. 5c) at 0000 UTC on 27 May 2021
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in 2007 when it was over the BoB (Akter and Tsuboki 2010). 
Even if the occurrence of classical supercells is not precisely 
the same for cyclone Yaas, there is scope for similar insights 
to that of Sidr and other TCs. The present study gives a 
potential indication in this direction. However, due to a lack 
of high-resolution spatial and temporal data, this study limits 
the detailed structure and evolution of supercells embed-
ded in the rainbands of Cyclone Yaas and corresponding 
tornadoes which could be ascertained using cloud-resolving 
simulation in further research.

The tornadoes integrated with TCs over the Atlantic 
and Pacific Ocean basins are well-reported and predicted. 
In contrast, TC-tornadoes connected to the North Indian 
Ocean (or the BoB) are still unfamiliar to ordinary peo-
ple due to limited understanding and lack of research. As 
tornadoes can form inland far from TC centers as cyclone 
Yaas, intensive close monitoring and tracking of the path 
of tornadic-supercell thunderstorms are time demanding 
needs to minimize the damage to properties and loss of 
life in the highly populated littoral counties of the BoB.
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