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Abstract
An attempt has been made in this paper to examine the ability of various microphysical schemes (Morrison, Thompson, Lin) 
of Weather Research Forecasting (WRF) model in analyzing the convective features in a cyclone Tauktae over the Arabian 
Sea from May 14th to May 19th, 2021. This study explores the model’s performance of various schemes with MERRA2 
observations. For rainfall, India Meteorological Department (IMD) daily rainfall dataset has been considered as observation. 
In this study, the evaluation of various model parameters has been done using statistical metrics and skill scores. Among 
the three schemes, Morrison scheme stands out to be most reliable scheme with high correlation and less BIAS and Root 
Mean Square error (RMSE). The convective parameters used for the study of cyclonic activity are rainfall (RF), cloud top 
temperature (CTT), lifted index (LI), total precipitable water (TPW), convective available potential energy (CAPE), convec-
tive inhibition (CIN), sea level pressure (SLP), sea surface temperature (SST), geo potential height (GPH), Storm Relative 
Helicity (SRLH), composite reflectivity (COMP_ref) and divergence. CAPE has been a useful parameter in analyzing the 
cyclone’s energy. The WRF model was found to be useful in forecasting severe convection related cyclonic activity.
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Introduction

North Indian Ocean (NIOC) is known to be one of the warm-
est oceanic waters that favours the production of tropical 
cyclones. The NIOC accounts for 7% of total cyclonic events 
across all oceans. NIOC comprises of two gigantic seas. One 
is Bay of Bengal Sea (BOBS) and other one is Arabian Sea 
(ARBS). When compared to the other oceanic water, the 
cyclones originated in NIOC cause severe destruction during 

landfall. In the last 100 years, nearly 75% of extreme dis-
astrous cyclones took place in NIOC basin (Manche et al. 
2024; Mohanty et al. 2012; Johnson and Xie 2010; Walsh 
et al. 2016; Raju et al. 2022; Swapna et al. 2023). During 
1970-2004, the occurrence of severe cyclones across all 
oceans took place in tropics. Increased SST and High inten-
sity winds (>60 m/s) are feeding the intense cyclonic activi-
ties in the tropics (Webster et al. 2005; Hoyos et al. 2006; 
Pirro et al. 2020). During 1970-2000, severe cyclones with 
wind speeds greater than 50 m/s are becoming more often 
in NIOC seas. As per the Indian Meteorological Department 
(IMD) cyclone atlas, the occurrence of severe cyclones with 
wind speeds more than 25 m/s had grown by 41% in NIOC 
seas (Singh et al. 2000; Mohanty et al. 2012).

Fragile vertical wind shear, low level vorticity, high rela-
tive humidity, SST >26° C and conditional instability are 
the major weather conditions that favour for the develop-
ment of cyclonic activity (Gray 1968). Even when condi-
tions are good over tropical waters at any given time, only 
a small portion of dense cloud groups go on to form tropical 
storms. The study by Gray (1968) identified a presence of 
vertical shear in easterly winds that helps for the seasonal 
shift in the monsoonal trough across India. This helps deep 
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depressions and cyclones to form in the months of July 
and August. The study also reveals that cyclones in ARBS 
occur due to the movement of monsoon trough during pre- 
monsoon and post-monsoon seasons. In Pre-monson sea-
son, the monsoon trough moves northward whereas in post- 
monsoon season it moves southward. The study also sug-
gested that the poleward moment of trough is being favored 
by vertical wind shear. Usually the trough moves meridionally 
between 5° and 10oN. The storms originating in ARBS during 
pre-monsoon are very severe. The cyclonic circulations across 
ARBS were strengthened by the strengthening of low-level 
westerlies that are influenced by outflow of upper level air. 
In few occasions, hadley cell also played a significant role in 
the occurrence of tropical cyclones (Maloney et al. 2019). For 
better understanding of the westerly winds, genesis potential 
(GP) indicator serves as a useful tool (Camargo et al. 2009; 
Emmanuel et al. 2021). The GP values are very high during 
the active phase of Madden–Julian oscillation (MJO) over 
NIOC. The MJO creates a significant impact on the cyclonic 
occurrence across the ARBS (Wheeler and Hendon 2004; 
Singh et al. 2000; Camargo et al. 2010).

In few occasions, latent and sensible heat fluxes act 
as major source for the potential energy. The differences 
between these fluxes and sea surface help to develop a 
convective instability in tropical cyclones. This instability 
increases due to heating of oceanic waters and moisture sup-
ply. For instance, a tropical cyclone may include a group 
of convective cells and meso scale convective systems at 
various stages of its development. The convective systems 
are linked with relative vorticity in lower tropospheric levels 
(Houze et al. 2009).

Recent studies have given sufficient evidence regard-
ing the fast development of intense convective systems into 
cyclonic disturbances (Nolan 2007; Dunkerton et al. 2009; 
Deshpande et al. 2012; Montgomery et al. 2012; Wang et al. 
2010).

CAPE is one of the important factors that contribute for 
the deep convective systems. Few Observational studies 
indicated that wind shear in a tropical cyclone is linked with 
the asymmetrical distribution of moisture. This increases 
instability that contributes for a larger CAPE values in a 
cyclonic disturbance. CIN triggers the down shear of a 
wind that increases the convective instability. In the tropical 
cyclone formation, convective systems and extreme rainfall 
are highly correlated to the TPW and relative humidity in the 
atmosphere. The instability indices are the main parameters 
used to assess the formation of deep moist convection and 
severe weather. Temperature and humidity profiles in the 
atmosphere are used to calculate them. Due to the significant 
advancement in satellites, we can estimate those instabil-
ity indices from the satellite datasets rather than depending 
on radiosonde observations (Balaguru et al. 2014; Ali et al. 
2013; Wing et al. 2019; Umakanth et al. 2022; Rajesh and 

Babu 2012; Sangani et al. 2021; Gogineni and Sangani 2022; 
Chen et al. 2020; Molinari et al. 2012). Conte et al. (2011) 
conducted a research to assess a cyclone based on several 
stability indices. They came to the conclusion that deep 
convection development is greatly supported by the KI, LI, 
CAPE, and TPW factors. Additionally, they demonstrated a 
direct correlation between indices and the cyclone's frontal 
system. The start of the severe cyclonic downpour is accom-
panied by a rise in the CAPE value, since it is well known 
that the cyclone's eye is essentially encircled by huge thun-
derstorms. They also revealed that low values of LI param-
eter are a good precursor for high atmospheric instability.

Reanalysis datasets are very helpful for analyzing the cli-
matology of tropical cyclones. They help us to understand 
the influence of large scale circulations on cyclonic forma-
tions. Scoccimarro et al. (2017) revealed that reanalysis 
dataset can be used as major assessing dataset for analyzing 
tropical storm inner core dynamics and interactions with the 
climate system. Schenkel and Hart (2012) also looked into 
the reanalysis data sets that are commonly utilized in deter-
mining the position of tropical cyclones and their life spans 
throughout multiple ocean basins. Based on the above stud-
ies, we have considered the reanalysis datasets as an obser-
vation for our study. The structure of the paper is as follows: 
Section "Observed Features Data and Methodology" of the 
study's methodology and data are discussed. The results are 
discussed in detail in Section 3, and the most significant 
conclusions are outlined in Section "Conclusions".

Observed Features, Data and Methodology

Observed Features Associated with Tauktae

The Indian Meteorological Department (IMD) categorizes 
Cyclone Tauktae as an Extremely Severe Cyclone on May 
14th, 2021. It was the fifth-most potent cyclone seen in the 
month of May across Arabian sea. The name of the tropical 
cyclone Tauktae, sometimes known as Tau'Te, comes from 
Myanmar, which is next to India and symbolizes the gecko, 
a particularly loud animal there. The Tauktae name for the 
tropical cyclone was suggested by the Indian Meteorologi-
cal Department (IMD) (Rathore et al. 2017). On May 13, 
2021, a highly potent tropical cyclone known as "Tauktae" 
was born over the Arabian Sea. On May 13, 2021, a low-
pressure system for the six-day devastating cyclone Tauktae 
first surfaced in the ARBS. The low pressure system moved 
eastward and developed a severe depression by May 14th. 
On May 14th, 2021, the cyclone started moving eastward 
direction. Later, it moved mostly towards north direction 
as it gets intensified. Warm waters near the beach caused 
the storm to quickly travel northward. Later that day, the 
storm was upgraded to a cyclonic storm and given the name 
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Tauktae. On May 15, Tauktae gained additional strength 
and later that day developed into a strong cyclonic storm. 
Early on May 16th, Tauktae started to move parallel the 
shores of Kerala, Karnataka, Goa, and Maharashtra before 
quickly intensifying into a very violent cyclonic storm. On 
May 17, 2021, it made landfall in the Indian state of Gujarat, 
some 27 kilometres east of Diu. After reaching landfall, the 
storm moved farther inland before gradually losing strength 
and dissipating on May 19, 2021, as a low-pressure system. 
With maximum 3-minute sustained winds of 195 km/h and 
maximum 1-minute sustained winds of 220 km/h, as well as 
a minimum central pressure of 950 millibars, Tauktae was 
at its strongest when it made landfall on the Gujarat coast, 
making it the equivalent of a Category-4 tropical cyclone on 
the Saffir-Simpson scale1. The country's southern regions 
experienced intense rainfall as a result of the cyclone's 
extensive area of convection. Previous studies on Tauktae 
event have mainly discussed the atmospheric interactions 
between land and ocean. In this study, we mainly discussed 
about the convective features in cyclone Tauktae event as 
identified by the MERRA2 satellite reanalysis dataset and 
WRF model.

Data

The link https://​disc.​gsfc.​nasa.​gov/​datas​ets?​proje​ct=​
MERRA-2 was used to gather Modern Era Retrospective 
Analysis for Research and Application (MERRA) data with 
0.5° resolution for the time range of May 14–19, 2021. Using 
MERRA2 temperature and relative humidity pressure level 
data, the CAPE, CIN, TPW, and LI parameters are deter-
mined (Gelaro et al. 2017). India Meteorological Department 
(IMD) gridded daily rainfall data (https://​www.​imdpu​ne.​gov.​
in/​cmpg/​Gridd​ata/​Rainf​all_​25_​NetCDF.​html) for the Indian 
subcontinent at 0.25 degree resolution for the time period 
May 14–19, 2021 has been collected (Pai et al. 2014).

Methodology

For our study, we calculate few parameters using the formu-
las mentioned below.

	 (i)	 Convective available potential energy (CAPE)
		    The formula by Moncrieff and Miller (1976) is 

utilised to calculate CAPE.

		  
where TVparcel represents the virtual temperature of 
the parcel and TVenv represents the virtual tempera-
ture of the surroundings respectively. The variables 

(1)CAPE = ∫
y

x

g[
TVparcel − TVenv

TVenv

]dz

x and y stand for the levels of free convection and 
neutral buoyancy.

	 (ii)	 Lifted Index (LI)
		    Galway (1956) has developed this index to assess 

the instability in the lower levels of the troposphere.

		  
where ‘a’ denote air temperature and ‘aparcel’ denote 
parcel’s temperature that is being elevated from the 
ground to a pressure level of 500 hpa.

	 (iii)	 Total precipitable water (TPW)
		    TPW is mainly used to estimate the amount of 

water vapour present in the atmosphere. It can be 
computed using the formula below:

		  
where P1 and P2 indicate the levels related to pres-
sure, W denotes mixing ratio(Carlson et al. 1990)

	 (iv)	 Convective Inhibition (CIN):
		    Parker (2002) has utilised the CIN formula to 

measure the amount of energy required for the lift-
ing of the air parcel in the cyclone development.

		  
where Tv,parcel indicates the virtual temperature of the 
parcel and Tv,env represents the virtual temperature of 
the surroundings respectively. Zf  demonstrates the 
level of free convection and Zl denotes the surface 
level.

	 (v)	 Dew point depression (DPT): It is computed by sub-
tracting the air temperature and the dew point tem-
perature (Umakanth et al. 2020).

	 (vi)	 Storm Relative Helicity (SRLH):
		    SRLH is calculated using the formula (Rasmussen 

and Blanchard 1998).

		  
where V is the wind vector in the environment, C 
is the storm's translation velocity, k x dV/dz is the 
horizontal vorticity and k is the vertical unit vec-
tor. SRLH is mainly linked with deeper layer vertical 
wind shear that plays crucial role in super cell devel-
opment. In general, higher SRLH values indicate the 
evolution of super cells that pose a greater threat for 
the occurrence of tornadoes.

		    To assess the effectiveness of the MERRA2 and 
WRF model in the study, statistically based analy-

(2)LI = a500 − aparcel

(3)TPW =
1

g∫
P2

P1

W dP

(4)CIN = ∫
Zf

Zl

g[
Tv,parcel − Tv, env

Tv,env
]dz

(5)SRLH = ∫
h

0

�⃗k.(��⃗V − ��⃗C)X
d��⃗V

dz
dz

https://disc.gsfc.nasa.gov/datasets?project=MERRA-2
https://disc.gsfc.nasa.gov/datasets?project=MERRA-2
https://www.imdpune.gov.in/cmpg/Griddata/Rainfall_25_NetCDF.html
https://www.imdpune.gov.in/cmpg/Griddata/Rainfall_25_NetCDF.html


	 Thalassas: An International Journal of Marine Sciences

sis was also conducted. The correlation coefficient 
(CC), root-mean-square error (RMSE), and BIAS 
terms were computed using the following formulas 
(Wilks 2006):

		  
where oi and fi indicate the values of observation and 
predicted; f ′ represents the mean of all the predicted 
values; o′ represents the mean of all the observed 
values.

Skill Score for WRF

Skill score has been used as one of the effective way to assess 
the forecast skill. This assessment is based on the contingency 
table (Table 1) (Mukhopadhyay et al. 2003; Haklander and 
Delden 2003; Tyagi et al. 2011). In order to understand the 
performance of the CAPE, CIN and LI to detect convection, 
the following multiple skill scores are calculated from con-
tingency table (Table 1) based on the observed and simulated 
results (i) Probability of Detection (POD), (ii) False Alarm 
Ratio (FAR), (iii) Critical Success Index (CSI), (iv) True Skill 
Statistic (TSS), (v) Miss rate (MR) and (vi) Percent Correct 
(PC).

(6)BIAS =
1

n

∑n

i=1

(

oi − fi
)

(7)CC =

∑n

i=1

�

fi−

�

f

��

oi−
�

o

�

�

∑n

i=1

�

fi−

�

f

�2
�

∑n

i=1

�

oi−
�

o

�2

(8)RMSE =

�

∑n

i=1

�

fi − oi
�2

n

(9)POD =
A

A + B

(10)FAR =
C

A + C

(11)CSI =
A

A + B + C

where Total no. of events N = A + B + C + D 
Expected no. of correct forecast by chance E = [(A + C)

(A + B) + (C + D)(B + D)]∕N 
CF = A + D 

Weather Research Forecasting Model (WRF)

The National Center for Atmospheric Research (NCAR) 
developed this model in collaboration with the National 
Center for Environmental Prediction (NCEP) of the National 
Oceanic and Atmospheric Administration (NOAA). Using 
the FNL (Final) Operational Global Analysis data from 
the NCEP, the model's fundamental initial conditions were 
gathered with a spatial resolution of 1 degree (https://​rda.​
ucar.​edu/​datas​ets/​ds083.2/). In order to achieve the goal of 
cyclone prediction, the WRF model run was simulated for 
single horizontal domain at a 27 km resolution (Fig. 1). The 
ARBS region that was selected for the prediction of WRF 
model in this research lies between 0oN and 30oN latitude 
and 45oE and 85oE longitude. The WRF model version 
3.6.1 was employed (Skamarock et al. 2019). The model 
uses primitive equations and non-hydrostatic equations for 
dynamics. The model's ideal number of vertical levels was 
42. We used the rapid radiative transfer model (RRTM) 
scheme for long wave radiation during the model run and the 
Dudhia method for short wave radiation. The model utilised 
the traditional, streamlined cumulus convection method of 
Grell-Freitas ensemble scheme. For the planetary boundary 
layer, we employed the Yonsei University Scheme. Regard-
ing microphysics schemes, the study investigated three dif-
ferent options, including the Lin et al. Scheme (Lin) (Lin 
et al. 1983), Thompson Scheme (Thompson) (Thompson 
et al. 2008), Morrison Scheme (double-Moment) (Morrison 
et al. 2009, 2015; Biswasharma et al. 2024). The Morrison 
scheme is a double moment scheme and includes Vapor, 
cloud water, rain water, cloud ice, rain, snow and graupel. 
The Thompson scheme includes six prognostic equations 
of hydrometeors and the number concentrations for ice and 
rain. The Lin scheme treats mixed-phase processes and pre-
dict six hydrometeors: water vapor, cloud water, cloud ice, 
rain, snow and graupel. The Revised MM5 Monin-Obukhov 
Scheme was used to study surface layer physics. Table 2 
lists the model's most important characteristics. For the 
land surface, we utilised the Noah Land Surface Model. 

(12)TSS =
AD − BC

(A + B)(C + D)

(13)MR =
B

A + B

(14)PC =
A + D

A + B + C + D
∗ 100

Table 1   Contingency Table 
used for skill score assessment

Reported Forecasted

A YES YES
B YES NO
C NO YES
D NO NO

https://rda.ucar.edu/datasets/ds083.2/
https://rda.ucar.edu/datasets/ds083.2/
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The model run was started from 1200UTC on May 13th, 
2021 to 0000UTC on May 20th, 2021. The WRF model is 
integrated continuously for 156 hrs and the predicted atmos-
pheric variables for the later 144-hr period (first 12-hr output 
is discarded as of model spin-up).

Results and Discussion

The major aim behind this study is to understand the ability 
of various schemes of WRF model in analyzing the convec-
tive features in a cyclone. In evaluating the model’s per-
formance of various schemes, observational data over the 
study region has been compared with the model- simulated 

results. For rainfall purpose, we have used IMD daily rain-
fall as observation. For other parameters, we have utilized, 
MERRA2 dataset as observational purpose. A total of three 
different microphysics schemes (Morrison, Thompson and 
Lin) (Skamarock et al. 2019) were used in the sensitivity 
experiments for analyzing the cyclone keeping the other 
physics options unaltered. We have used correlation coef-
ficient, RMSE and BIAS for each microphysics scheme in 
reference to our observation. We also evaluated skill scores 
for each microphysical scheme. We observe that Morrison 
scheme showed good correlation than other two schemes. 
Out of all parameters, all model simulations showed GPH 
parameter has highest correlation and COMP_ref showed 
lowest correlation with observation (Table 3). As rainfall 
is one of the important factor in the cyclone, Morrison 
showed less RMSE and BIAS when compared to other 
models (Tables 4 and 5). For CAPE simulations, Morrison 
showed high correlation (~0.739) and less RMSE (550.40), 
BIAS (162.08) when compared to other models (Tables 4 
and 5). Lin scheme showed poor correlation (~0.253) with 
observation. As we are analyzing the convective features in 
the cyclone, we calculated skill scores for CAPE, CIN and 
LI. In these three parameters, Morrison showed high POD, 
CSI & TSS and less FAR, MR with respective to Thompson 
and Lin (Tables 6, 7 and 8). The tracks of cyclone Tauktae 
simulated by the three different experiments along with the 
observed track (IMD best track data) are presented in Fig. 2. 

Fig. 1   Model domain for 
numerical experiments

Table 2   Model Details

Model features Specifications

Horizontal resolution 27 km
Vertical levels 42 levels
Radiation RRTM scheme for long wave

Dudhia scheme for short wave
Cu_physics Grell-Freitas ensemble scheme
Planetary boundary layer Yonsei University Scheme
Mp_physics Morrison scheme
Surface layer physics Revised MM5 Monin-Obukhov Scheme
Land surface physics Noah Land Surface Model
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In this case, the Morrison scheme produced better track than 
the other schemes. These results also corroborate with the 
previous study by Mohan et al. (2019) showing that Mor-
rison scheme has influence of microphysics on track assess-
ment. Among the Microphysics schemes tested, Morrison 
emerges as the optimal choice within these combinations. 
Thompson is the second best option in assessing the con-
vective features of a cyclone. Among three schemes, Lin 
scheme showed poor correlation for convective assessment 
of cyclone Tauktae. We are presenting the various features 
of the tropical cyclone Tauktae simulated from the Morrison 
scheme in this study. Rainfall (RF), cloud top temperature 
(CTT), lifted index (LI), total precipitable water (TPW), sea 
level pressure (SLP), convective available potential energy 
(CAPE), sea surface temperature (SST), convective inhibi-
tion (CIN) and divergence are the variables used to analyze 
the cyclonic activity.

Discussion of RF and CTT with Cyclone Tauktae

Figure 3 shows the simulated rainfall pattern across the Ara-
bian Sea region from May 14th to 19th, 2021. High intensity 
rainfall was observed near the Kerala and Karnataka coasts 
on May 14th, 2021. The rainfall values range between 10 and 
100 mm over ARBS (Fig. 3(a)). On 15th May, 2021, High 
intensity rainfall was observed near Karnataka and Maha-
rashtra coastal areas. The rainfall values range between 60 
and 100 mm over ARBS (Fig. 3(b)). On 16th May, 2021, 
High intensity rainfall was observed near Maharashtra coastal 
areas. The rainfall values range between 60 and 100 mm over 
ARBS (Fig. 3(c)). On 17th May, 2021, High intensity rainfall 
was observed near Gujarat coastal areas. The rainfall val-
ues range between 40 and 100 mm over ARBS (Fig. 3(d)). 

Table 3   Correlation for Different WRF schemes

Morrison Thompson Lin

RF 0.757 0.706 0.506
CAPE 0.739 0.621 0.253
CIN 0.609 0.465 0.240
LI 0.603 0.224 0.136
COMP_ref 0.547 0.217 0.199
SRLH 0.651 0.537 0.269
RH 0.736 0.640 0.347
DPT 0.786 0.608 0.282
GPH 0.840 0.716 0.577

Table 4   RMSE for Different WRF schemes

Morrison Thompson Lin

RF 8.428 12.933 18.076
CAPE 550.407 618.531 826.517
CIN 318.634 397.640 428.409
LI 1.985 2.301 4.143
COMP_ref 17.862 19.287 19.753
SRLH 23.371 37.886 38.097
RH 18.718 24.079 28.690
DPT 69.613 78.836 81.940
GPH 347.544 407.685 477.655

Table 5   BIAS for Different WRF schemes

Morrison Thompson Lin

RF 4.029 9.610 15.247
CAPE 162.086 187.709 247.064
CIN 112.013 162.985 229.821
LI -0.554 -1.830 -2.473
COMP_ref 7.446 8.206 8.831
SRLH 4.763 6.010 15.408
RH 1.989 5.526 6.473
DPT 59.266 67.517 72.495
GPH 292.365 331.515 388.389

Table 6   Skill score evaluation 
of WRF Morrison scheme and 
MERRA2 for CAPE, CIN & LI 
parameters

Skill CAPE CIN LI

POD 0.77 0.60 0.45
FAR 0.36 0.27 0.44
CSI 0.53 0.49 0.33
TSS 0.36 0.32 -0.07
MR 0.22 0.39 0.54
PC 67.74 65.59 46.23

Table 7   Skill score evaluation 
of WRF Thompson scheme and 
MERRA2 for CAPE, CIN & LI 
parameters

Skill CAPE CIN LI

POD 0.62 0.46 0.34
FAR 0.55 0.60 0.5
CSI 0.35 0.27 0.25
TSS 0.27 0.15 -0.22
MR 0.37 0.53 0.65
PC 64.51 62.36 37.63

Table 8   Skill score evaluation 
of WRF Lin scheme and 
MERRA2 for CAPE, CIN & LI 
parameters

Skill CAPE CIN LI

POD 0.42 0.39 0.21
FAR 0.41 0.40 0.45
CSI 0.32 0.31 0.18
TSS 0.25 0.21 -0.04
MR 0.57 0.60 0.78
PC 68.81 64.51 43.01
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Fig. 2   Simulated tropical 
cyclone track with observation 
(IMD)

Fig. 3   Spatial distribution of WRF simulated mean daily rainfall during a May 14th, 2021, b May 15th, 2021, c May 16th, 2021, d May 17th, 
2021, e May 18th, 2021, f May 19th, 2021
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On 18th May, 2021, the rainfall activity has been decreased 
near Gujarat. The rainfall values range between 10 and 40 
mm over ARBS (Fig. 3(e)). On 19th May, 2021, no rainfall 
was seen near Gujarat and Maharashtra coastal areas over 
ARBS (Fig. 3(f)). Figure 4(a-f) shows the IMD rainfall pat-
tern across the Arabian Sea region from May 14th to 19th, 
2021. On May 14th, 2021 High intensity rainfall of 60-100 
mm was observed near the Kerala coastal region. On May 
15th, 2021 High intensity rainfall of 70-100 mm was observed 
near the Kerala and Karnataka coastal regions. On May 16th, 
2021 High intensity rainfall of 80-100 mm was observed 
near the Maharashtra coastal regions. On 17th & 18th May, 
2021 high intensity rainfall was observed near Gujarat coastal 
areas. The Morrison scheme simulated rainfall patterns were 
indicating the same intensity of rainfall matching with the 
IMD rainfall. These results also corroborate with the previ-
ous studies by Mohan et al. (2018), Reddy et al. (2022) and 
Biswasharma et al. (2024) showing that Morrison scheme 
has been a good choice in assessing the rainfall occurrence.

Figure 5 shows the simulated CTT pattern across the Ara-
bian Sea region from May 14th to 19th, 2021. On 14th May, 
2021 low CTT is seen near Kerala and Karnataka coastal 
areas. The CTT values range between 180 and 190 K over 
ARBS (Fig. 5(a)). On 15th May, 2021 low CTT is seen near 
Karnataka and Kerala coastal areas. The CTT values range 
between 180 and 190 K over ARBS (Fig. 5(b)). On 16th 
May, 2021 low CTT is seen near Maharashtra coastal areas. 
The CTT values range between 180 and 190 K over ARBS 
(Fig. 5(c)). On 17th May, 2021 very low CTT is seen near 
Gujarat coastal areas. The CTT values range between 180 
and 200 K over ARBS (Fig. 5(d)). On 18th May, 2021 the 
CTT are higher near Gujarat. The CTT values range between 
200 and 210 K over ARBS (Fig. 5(e)). On 19th May, 2021 
the CTT values are seen increased near Gujarat and Maha-
rashtra coastal areas over ARBS (Fig. 5(f)). These threshold 
values of CTT are indicating the peak activity of convection 
that has been discussed in a previous study by Umakanth 
et al. (2021).

Fig. 4   Spatial distribution of daily IMD rainfall during a May 14th, 2021, b May 15th, 2021, c May 16th, 2021, d May 17th, 2021, e May 18th, 
2021, f May 19th, 2021
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Discussion of SST, SLP, TPW and Wind Vectors  
with Cyclone Tauktae

Figure 6 shows the simulated SST pattern across the Arabian 
Sea region from May 14th to 19th, 2021. SST readings in the 
ARBS region range from 30 to 31 degrees Celsius on May 
14th, 2021 (Fig. 6(a)). SST readings in the ARBS region on 
the 15th of May, 2021 vary from 29.5 to 31 °C (Fig. 6(b)). 
On 16th May, 2021, the high SST is seen near Maharashtra 
coastal areas. The SST values range between 30 and 31 °C 
over ARBS (Fig. 6(c)). On 17th May, 2021, high SST values 
are seen near Gujarat coastal areas. Over ARBS, the SST 
values range from 30.5 to 31.1 °C (Fig. 6(d)). On 18th May, 
2021, the SST is relatively lesser near Gujarat. The SST 
values range between 30 and 30.5 °C over ARBS (Fig. 6(e)). 

On 19th May, 2021, the SST values are seen decreased 
near Gujarat and Maharashtra coastal areas over ARBS 
(Fig. 6(f)). Figure 7(a-f) shows the MERRA2 (Observation) 
SST pattern across the Arabian Sea region from May 14th to 
19th, 2021. SST values in the ARBS region range from 29 
to 31.5 degrees Celsius on May 14th, 2021 (Fig. 7(a)). SST 
values in the ARBS region on the 15th of May, 2021 vary 
from 29.5 to 31.5 °C (Fig. 7(b)). On 16th May, 2021, the 
SST values range between 29.5 and 31.5 °C near Maharash-
tra coastal region (Fig. 7(c)). On 17th May, 2021, the SST 
values range from 29.5 to 30.5 °C (Fig. 7(d)). On 18th and 
19th May, 2021, the SST is relatively lesser near Gujarat as 
seen in Fig. 7(e-f). On the 17th May, 2021 model simulated 
SST values showed higher values than observation. These 
results also corroborate with the previous studies by Reddy 

Fig. 5   Spatial distribution of WRF simulated mean daily cloud top temperature during a May 14th, 2021, b May 15th, 2021, c May 16th, 2021, d 
May 17th, 2021, e May 18th, 2021, f May 19th, 2021
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et al. (2023) showing that high SST values from Morrison 
scheme has been a good precursor for convective instability.

Figure 8 shows the simulated SLP (Shaded) and winds 
(Vectors) pattern across the Arabian Sea region from May 
14th to 19th, 2021. On 14th May, 2021, the SLP values are 
low near Lakshadweep islands in ARBS. The SLP values 
drops from 1003hpa to 998hpa over ARBS region. The wind 
vectors represent that the westerly winds are accumulated 
around the low pressure area and they move with a speed of 
nearly 10m/s (Fig. 8(a)). On 15th May, 2021, the SLP values 
are low near Kerala coast in ARBS. The SLP values drops 
from 998hpa to 987hpa over ARBS region. According to the 

wind vectors (Fig. 8(b)), the low pressure area is surrounded 
by strong winds that are moving at a speed of 20 m/s. On 
16th May, 2021, the SLP values are low near Maharashtra 
and Karnataka coasts in ARBS. The SLP values drops from 
993hpa to 987hpa over ARBS region. According to the wind 
vectors (Fig. 8(c)), there are strong winds near the low pres-
sure with a speed of 25 m/s. On 17th May, 2021, the SLP val-
ues are low near Maharashtra and Gujarat coasts in ARBS. 
The SLP values drops from 990hpa to 984hpa over ARBS 
region. According to the wind vectors (Fig. 8(d)), high winds 
with a speed of 20 m/s have been seen in the area surround-
ing the low pressure. On 18th May, 2021, the SLP values are 

Fig. 6   Spatial distribution of WRF simulated mean daily sea surface temperature during a May 14th, 2021, b May 15th, 2021, c May 16th, 2021, 
d May 17th, 2021, e May 18th, 2021, f May 19th, 2021
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low near Gujarat coast and land area in ARBS. The cyclone 
made landfall on 18th. The SLP values drops from 990hpa 
to 980hpa over ARBS region. According to the wind vectors 
(Fig. 8(e)), the low pressure area is surrounded by strong 
winds that are moving at a speed of 20 m/s. On 19th May, 
2021, the SLP values are low near Gujarat and Rajasthan 
area over land. The cyclone made landfall on 18th. So on 
19th, the SLP values starts increasing from 992hpa to 998hpa 
over Gujarat region. The wind vectors indicate that speed of 
the winds is decreased to 10 m/s (Fig. 8(f)). Figure 9 shows 
the MERRA2 (Observation) SLP (Shaded) and winds (Vec-
tors) pattern across the Arabian Sea region from May 14th to 

19th, 2021. On 14th May, 2021, the SLP values are low near 
Kerala coastal region in ARBS. The SLP values drops from 
1000hpa to 998hpa over ARBS region. The wind vectors 
represent that the westerly winds are accumulated around 
the low pressure area and they move with a speed of nearly 
10m/s (Fig. 9(a)). On 15th May, 2021, the SLP values are low 
near Southern Karnataka coast in ARBS. The SLP values 
drops from 998hpa to 992hpa over ARBS region. Accord-
ing to the wind vectors (Fig. 9(b)), the low pressure area is 
surrounded by strong winds that are moving at a speed of 
20 m/s. On 16th May, 2021, the SLP values are low near 
Maharashtra coast in ARBS. The SLP values drops from 

Fig. 7   Spatial distribution of MERRA2(Observation) mean daily sea surface temperature during a May 14th, 2021, b May 15th, 2021, c May 
16th, 2021, d May 17th, 2021, e May 18th, 2021, f May 19th, 2021
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993hpa to 989hpa over ARBS region (Fig. 9(c). On 17th 
May, 2021, the SLP values are low near Gujarat coasts in 
ARBS. The SLP values drops from 990hpa to 986hpa over 
ARBS region. According to the wind vectors (Fig. 9(d)), 
high winds with a speed of 20 m/s have been seen in the area 
surrounding the low pressure. On 18th May, 2021, the SLP 
values drops from 998hpa to 992hpa over Gujarat (Fig. 9(e)). 
On 19th May, 2021, the SLP values varied from 1001hpa to 
998hpa over Gujarat region (Fig. 9(f)). This result has been 
matching with the previous study by Atkinson and Holliday 
(1977) showing that low SLP values and high wind speeds 
are a good indication for severe unstable atmosphere in the 
cyclone occurrence region.

Figure 10 shows the simulated TPW (Shaded) and diver-
gence (Contour) pattern across the Arabian Sea region from 
May 14th to 19th, 2021. On 14th May, 2021, the TPW val-
ues are high near Lakshadweep islands and Kerala coast 

in ARBS. The TPW values lie from 60 to 70 mm over 
ARBS region. The divergence values range between -0.3 
and -0.9 favouring the moisture accumulation across the 
ARBS (Fig. 10(a)). On 15th May, 2021, the TPW values 
are high near Kerala and Karnataka coasts in ARBS. The 
TPW values over the ARBS region vary from 60 to 80 mm. 
According to ARBS (Fig. 10(b)), the divergence values, 
which range from -0.5 to -1.0, support moisture accumu-
lation along the coasts of Kerala and Karnataka. On 16th 
May, 2021, the TPW values are high near Maharashtra and 
Karnataka coasts in ARBS. Over the ARBS region, the 
TPW values range from 60 to 80 mm. According to ARBS, 
divergence values between -0.2 and -0.5 support moisture 
accumulation along the beaches of Maharashtra and Kar-
nataka (Fig. 10(c)). On 17th May, 2021, the TPW values are 
high near Maharashtra and Gujarat coasts in ARBS. The 
TPW values range from 50 to 80 mm over ARBS region. 

Fig. 8   Spatial distribution of WRF simulated mean daily sea level pressure (shaded) and Wind vectors during a May 14th, 2021, b May 15th, 
2021, c May 16th, 2021, d May 17th, 2021, e May 18th, 2021, f May 19th, 2021
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The divergence values range between -0.2 and -0.5 favour-
ing the moisture accumulation across the Maharashtra and 
Gujarat coasts in ARBS (Fig. 10(d)). On 18th May, 2021, 
the TPW values are high near Gujarat coast and land area 
in ARBS. The TPW values lies from 60 to 82 mm over 
ARBS region. The divergence values range between -0.4 
and -1.0 favouring the moisture accumulation across the 
Gujarat coast (Fig. 10(e)). On 19th May, 2021, the TPW val-
ues are high near Gujarat and Rajasthan area over land. The 
cyclone made landfall on 18th. So on 19th, the TPW values 
starts decreasing from 82 to 50 mm over Gujarat region. The 

divergence values range between -0.1 and -0.5 across the 
ARBS (Fig. 10(f)). Figure 11 shows the MERRA2 (Obser-
vation) TPW (Shaded) and divergence (Contour) pattern 
across the Arabian Sea region from May 14th to 19th, 2021. 
The WRF simulated TPW values showed higher values than 
MERRA2 values. The WRF simulations showed strong con-
vergence than MERRA2 over the ARBS (Figs. 10 and 11). 
This result has been coinciding with the previous studies by 
Umakanth et al. (2021) and Takakura et al. (2018) showing 
that the TPW values tend to increase in an extreme unstable 
atmosphere leading to a high rainfall occurrence.

Fig. 9   Spatial distribution of MERRA2(Observation) mean daily sea level pressure (shaded) and Wind vectors during a May 14th, 2021, b May 
15th, 2021, c May 16th, 2021, d May 17th, 2021, e May 18th, 2021, f May 19th, 2021
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Discussion of CAPE, CIN and LI with Cyclone Tauktae

Figure 12 shows the simulated CAPE pattern across the Ara-
bian Sea region from May 14th to 19th, 2021. On May 14th, 
2021, CAPE levels in the ARBS region range from 500 to 
1500 J/kg (Fig. 12(a)). On May 15, 2021, CAPE values in 
the ARBS region range from 1000 to 2000 J/kg (Fig. 12(b)). 
On May 16, 2021, a high CAPE is noted close to the coastal 

regions of Maharashtra. Over ARBS, CAPE values range 
from 1500 to 2000 J/kg (Fig. 12(c)). High CAPE values 
were observed around Gujarat coastal areas on May 17th, 
2021. According to Fig. 12(d), CAPE values over ARBS 
range from 1000 to 2500 J/kg. On May 18, 2021, the CAPE 
is larger near Gujarat. According to Fig. 12(e), CAPE values 
over ARBS range from 1000 to 1500 J/kg. CAPE values 
along Gujarat and Maharashtra coastal areas dropped over 

Fig. 10   Spatial distribution of WRF simulated mean daily TPW (shaded) and divergence (contour) during a May 14th, 2021, b May 15th, 2021, c 
May 16th, 2021, d May 17th, 2021, e May 18th, 2021, f May 19th, 2021
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ARBS on May 19th, 2021 (Fig. 12(f)). From this Fig. 12, 
it can be seen that the start of the severe cyclonic down-
pour is accompanied by a rise in the CAPE value, since it 
is well known that the cyclone's eye is essentially encir-
cled by huge thunderstorms. A high CAPE value suggests 
a high likelihood of severe weather, such as cyclones and 
thunderstorms. Understanding and forecasting the charac-
teristics of cyclones depend heavily on the WRF-simulated 
CAPE parameter (Molinari et al. 2012). Tables 3, 4, and 
5 illustrates that the Morrison simulated CAPE had a strong 

correlation, low RMSE, and BIAS in connection to the 
MERRA2 observations.

Figure 13 shows the simulated LI pattern across the Ara-
bian Sea region from May 14th to 19th, 2021. On May 14th, 
2021, the LI values in the ARBS region range from -4 to -2K 
(Fig. 13(a)). On the 15th of May, 2021, the LI values in the 
ARBS region vary from -4 to -2K (Fig. 13(b)). The low LI 
is visible near Maharashtra coastal areas on May 16th, 2021. 
Over ARBS, LI values range from -2 to -1K (Fig. 13(c)). The 
LI values are seen around Gujarat coastal areas on May 17th, 

Fig. 11   Spatial distribution of MERRA2(Observation) mean daily TPW (shaded) and divergence (contour) during a May 14th, 2021, b May 15th, 
2021, c May 16th, 2021, d May 17th, 2021, e May 18th, 2021, f May 19th, 2021
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2021. Over ARBS, LI values vary from -1 to 2K (Fig. 13(d)). 
The LI values near Gujarat are positive on May 18th, 2021. 
Over ARBS, LI values vary from -2 to 2K (Fig. 13(e)). On 
the 19th of May, 2021, the LI values near the Gujarat and 
Maharashtra coasts plummeted over ARBS (Fig. 13(f)). The 
behaviour of cyclones can be understood and predicted using 
LI. A negative LI may point to an unstable environment that 

is favourable for convection, which is essential for cyclogen-
esis, developing before a cyclone occurs. A cyclone's con-
tinuous convective activity, which is required for the cyclone 
to strengthen, can be indicated by a consistently negative LI 
in some areas of the storm during its development phase. 
The eyewall and inner rainbands of a mature cyclone are 
two structurally significant zones of heavy convection that 

Fig. 12   Spatial distribution of WRF simulated mean daily CAPE during a May 14th, 2021, b May 15th, 2021, c May 16th, 2021, d May 17th, 
2021, e May 18th, 2021, f May 19th, 2021
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can be located with the aid of the LI. According to Peppler 
(1988), these regions usually have extremely negative LI val-
ues. The stability and convective potential inside a cyclone 
are largely dependent on the WRF-simulated LI parameter. 
We can see from Tables 3–5 that the Morrison simulated 
LI had low RMSE, BIAS, and strong correlation with the 
MERRA2 data.

Figure 14 shows the simulated CIN pattern across the 
Arabian Sea region from May 14th to 19th, 2021. CIN values 
in the ARBS region range between -25 and -200 J/kg from 
May 14th to 19th, 2021 (Fig. 14(a-f)). This is a strong indi-
cator of severe atmospheric instability. CIN represents the 
suppression of cyclone potential. Higher CIN values shows 
the presence of a stable layer that hinders convection by 
preventing air parcels from rising freely. Convection can 
start more readily when the CIN value is low, which indi-
cates less resistance to upward motion. A crucial measure 
for comprehending the suppression and convection initiation 
of cyclones is WRF-simulated CIN. To improve forecasts 

and comprehend the mechanisms of cyclone genesis and 
intensification, precise modelling and validation against 
observational data are crucial (Parker 2002). Morrison's 
simulated CIN demonstrated a high degree of correlation, 
low RMSE, and BIAS with MERRA2 measurements, as 
shown in Tables 3–5.

Comparison of WRF and MERRA2 Results on May 17th, 2021

As per the IMD report, the cyclone made landfall in night time 
(15UTC) of 17th May, 2021. Figure 15(a) shows the WRF 
model simulated CAPE pattern across the Arabian Sea region 
at 06UTC on May 17th, 2021. High CAPE values were seen 
near the Gujarat and Maharashtra coasts on May 17th, 2021. 
The CAPE values nearly approached 3000 J/kg, indicating 
the extreme convection activity over the region of occurrence 
(Fig. 15(a)). The WRF model showed higher CAPE values 
than the MERRA2 CAPE data. The convective severity of 
the storm was also indicated by the WRF model simulated 

Fig. 13   Spatial distribution of WRF simulated mean daily LI during a May 14th, 2021, b May 15th, 2021, c May 16th, 2021, d May 17th, 2021, e 
May 18th, 2021, f May 19th, 2021
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CIN values. The threshold values varied from -50 to -200 
(Fig. 15(b)). The WRF model simulated LI values ranging 
between -6K and -4K indicating severe unstable atmosphere 
that is conducive for the development of severe convection 
activity (Fig. 15c). We have also tried to look at the wind 
gust in the WRF model simulation. High wind gust values 
were noticed near Gujarat coast. Wind gust values almost 
lie between 20 and 40 m/s indicating the severity of cyclone 
(Fig. 15(d)). The complex reflectivity (~ 10 to 35) & SRLH 

(~ 150 to 300) showed the severity of the cyclone occurrence 
at 06UTC (Fig. 16(a) & (b)). The model simulation results 
showed high relative humidity (60 to 85) values at the coast 
of Gujarat (Fig. 16(c)). Lower dew point depression values 
signify a very moist atmosphere around the convection occur-
rence. These high relative humidity values and low dew point 
depression values will tend to intensify the convection process 
at the coastal regions leading to severe damage (Wu et al. 2015 
and Srinivas et al. 2018). Geo-potential height (GPH) helps 

Fig. 14   Spatial distribution of WRF simulated mean daily CIN during a May 14th, 2021, b May 15th, 2021, c May 16th, 2021, d May 17th, 2021, 
e May 18th, 2021, f May 19th, 2021
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us to understand the height of the pressure surface beyond the 
mean sea level. The model simulation results showed lower 
GPH values near Gujarat coast (Fig. 16(d)). Lower GPH 

values signifies high availability of warm air (Moore and 
Dixon 2015). The simulated results of WRF Morrison scheme 
were able to emphasize the convective features of the cyclone.

Fig. 15   Spatial distribution of WRF simulated a. CAPE, b. CIN, c. LI and d. wind gust parameters at 06UTC on May 17th, 2021
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Conclusions

An attempt has been made in this paper to examine the tropi-
cal cyclone Tauktae over the Arabian Sea with the help of 
WRF microphysics model during May 14-19, 2021. Three 
microphysics schemes (Morrison, Thompson, Lin) were 
tested and their performances were evaluated by computing 

various convective related parameters with observational 
data. Morrison scheme produced the best results for assess-
ment of convective parameters. Thompson was the second 
best scheme, while Lin showed the least correlation for all 
parameters.

The Morrison simulated results emphasize that high 
rainfall over Gujarat's coastal areas on May 17th, 2021. 

Fig. 16   Spatial distribution of WRF simulated a. composite reflectivity, b. SRLH, c. relative humidity (shaded) and dew point depression (con-
tour), d. geo-potential height parameters at 06UTC on May 17th, 2021
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Thermodynamic stability parameters computed from Mor-
rison simulated WRF model vertical temperature and humid-
ity profiles have shown rapid changes, at least from 10 hrs 
before the land fall, that favour deep convection. Convective 
parameters (CAPE, CIN, LI, TPW) along with CTT have 
been found to be useful in the assessment of cyclone.

Over ARBS, CTT values range from 180 to 200 K at 
06 UTC on May 17th, 2021. This is 10 hours before the 
landfall. The SLP values drop from 990hpa to 984hpa and 
winds of 20 m/s have been detected near the low pres-
sure. High TPW values (50-80 mm) and negative diver-
gence values (-0.2 to -0.5) over ARBS are favoring mois-
ture accumulation along the beaches of Maharashtra and 
Gujarat. High SST values were seen around Gujarat coastal 
areas on May 17th, 2021. Over ARBS, SST values vary 
from 30.5 to 31.1 °C. High CAPE (1500-2500 J/Kg) and 
low LI (2 to -1 K) over ARBS indicated the instability 
over Gujarat coast. Overall this analysis indicated that the 
sensitivity of the simulated cyclone Tauktae to Morrison 
microphysics scheme is due to the variations in the convec-
tive parameters.

The Morrison cumulus scheme exhibits as a reliable 
choice for rainfall simulation over ARBS. These convective 
parameters were in good agreement with MERRA2 calcu-
lated indices, indicating rapid changes in the parameters at 
6-hr lead time, emphasizing the use of WRF model in the 
prediction of cyclone.
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