
ORIGINAL ARTICLE

Modeling Earth Systems and Environment (2024) 10:5449–5467
https://doi.org/10.1007/s40808-024-02072-6

Introduction

In the North Indian Ocean, the Bay of Bengal (BoB) region 
is considered a high-risk basin associated with land-falling 
tropical cyclones(Das et al. 2016; Sahoo and Bhaskaran 
2016; Deshpande et al. 2021). The intensity, lifetime, 
and duration of extremely severe cyclonic storms (ESCS; 
maximum surface wind speed greater than 90 knots) have 
increased (Singh et al. 2022). Hence, an accurate forecast 
of these land-falling storms over the BoB using the Numeri-
cal Weather Prediction (NWP) model is necessary and will 
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Abstract
The present study evaluates the role of turbulence mixing in the boundary layer and surface roughness schemes through 
parameterization of the planetary boundary layer (PBL) and air-sea flux (ASF) schemes, respectively, in the prediction of 
Super Cyclonic Storm (SuCS) Amphan 2020 and Extremely Severe Cyclonic Storm (ESCS) Phailin 2013 over the Bay 
of Bengal region. This study utilized a high-resolution Advanced Research version WRF (WRF-ARW) modelling sys-
tem with a moving-nested domain in a cloud-resolving scale about 1.667 km horizontal resolution. Six simulations were 
conducted with two PBL (YSU non-local and MYJ local) schemes and three air-sea flux (FLUX0, FLUX1, and FLUX2) 
schemes. In the last the time-varying Sea Surface Temperature (SST) was also updated for those simulations having over-
predictions in the maximum surface wind (MSW). The model predicted track, intensity, and structures were validated 
with the Indian Meteorological Department best-fit track data, Doppler Weather Radar (DWR), and Cooperative Institute 
for Research on Atmosphere (CIRA) multiplatform satellite datasets. Results suggested that model simulations provided 
a better forecast in MSW using the MYJ-FLUX2 experiment with mean absolute errors of about 5.3  m/s, followed by 
the MYJ-FLUX1 experiment. The simulated rapid intensification in both cases (Amphan and Phailin) was well captured 
in the MYJ-FLUX1 and MYJ-FLUX2 experiments. The time-varying SST experiments provided less intensity compared 
to without SST experiments and showed a positive impact on the forecast of MSW in the first two days with the YSU-
FLUX1 experiment. For a better understanding about under-prediction and over-prediction during the entire simulation 
period were presented and discussed in terms of microphysics latent heating, and divergence. Storm structures in terms 
of spatial wind speed and vertical structure of temperature anomaly suggested that simulations were varying by changing 
PBL and ASF schemes. Overall, the YSU-FLUX1 experiment showed a better prediction in terms of track of the storms, 
with a mean track error of about 63 km. This study suggested that the high horizontal resolution about 1.667 km using 
YSU-FLUX1 with SST in the WRF model provided a better representation of the intensity and storm structures of ESCS 
Phailin and SuCS Amphan.
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assist in minimizing damages and facilities nearer to the 
coast. In the last two decades, high-resolution NWP models 
have been more successful in predicting TCs due to recent 
advancements in computational power, improved repre-
sentation of physical processes (Verma et al. 2021; Nek-
kali et al. 2022), the use of the more accurate technique of 
data assimilation (Kalra et al. 2019; Thodsan et al. 2021; 
Gogoi et al. 2022; Tiwari et al. 2022), high horizontal model 
resolution(Hossain et al. 2022; Moon et al. 2021; Xu and 
Wang 2021), increased network of observation, coupling 
with ocean models (Zi-Qian and An-Min 2012; Lok et al. 
2022). The tropical cyclone track forecast has shown sig-
nificant improvement (Wu et al. 2010, 2016; Mohapatra et 
al. 2013; Lengaigne et al. 2019; Moon et al. 2021). How-
ever, there are still limitations in accurately predicting the 
intensity of cyclones (Emanuel et al. 2016; Roy et al. 2024). 
This is primarily due to the complex interaction between 
inner core dynamics, physical processes, storm structure, 
and rapid intensification, which remains a current research 
topic. A high-resolution modeling system is important for 
forecasting inner core structures and for better representa-
tions of physical processes in the eyewall(Chen et al. 2007; 
Davis et al. 2008). Furthermore, to understand the small-
scale dynamics, a higher horizontal resolution is crucial 
(Park et al. 2020). Therefore, the current study expected that 
a high-resolution (less than 2 km) modeling system would 
provide a better forecast of intensity and inner-core storm 
structures.

The reliability and selection of physics parametrization 
(convection, boundary layer, microphysics, air-sea interac-
tion, and land surface) schemes in the NWP models over 
a particular region are essential and have an effect on the 
prediction of track, intensity, and inner core structures of 
the storms. Numerous studies have shown that planetary 
boundary layer (PBL) schemes significantly affect the track, 
intensity, and structure forecast of tropical storms (Kanada 
et al. 2012; Gopalakrishnan et al. 2013; Vijaya Kumari et al. 
2019; Njuki et al. 2022). A study by Rajeswari et al. (2020) 
showed that the PBL schemes determine energy flow in the 
air-sea interface and throughout the atmosphere and hence 
play a vital role in the prediction of TCs. The PBL scheme 
helps regulate surface fluxes of momentum, latent heat, 
and sensible heat, which are essential in the formation and 
development of tropical cyclones(Das et al. 2015) and PBL 
schemes have a crucial role in the intensification of the storm 
(Pattanayak et al. 2012). A study by Verma et al. (2021) sug-
gested that the nonlocal YSU and local MYJ PBL are more 
accurate in forecasting cyclone intensity, tracks, and rainfall 
over the NIO. Other studies also demonstrated TC forecasts 
over the BoB region using the YSU PBL scheme, suggest-
ing better storm forecasting. Still, these studies were based 
on a low resolution of more than 5 km (Kanase and Salvekar 

2015). Studies (Kueh et al. 2019; Yesubabu et al. 2020; Kat-
tamanchi et al. 2021; Rizza et al. 2021; Ye et al. 2022) sug-
gested that parameterizing the air-sea flux in NWP models 
improved the TCs forecast regarding intensity, structure, 
and track. Air-sea flux processes significantly influence the 
initiation and growth of TCs through energy in the form of 
moisture and heat exchanges (Greeshma et al. 2019). Fur-
thermore, a study by Singh et al. (2023) revealed that the 
track, landfall, and intensity forecast were improved using 
the YSU PBL scheme with the enthalpy coefficient for heat 
and moisture air-sea flux scheme in a 3 km horizontal reso-
lution of the WRF model.Tang et al. (2018) suggested that 
an advanced regional modeling system with a grid spacing 
of less than 2  km better represents the small-scale physi-
cal processes in the boundary layer and is also important 
for model development in the eyewall region.Mohanty et 
al. (2019) suggested that updating the real time SST in Hur-
ricane WRF at 9 km horizontal resolution provided a bet-
ter forecast of the storms in terms of intensity, rainfall, and 
track.

A study by Zhu and Zhang (2006) shows that the track 
is found to be unresponsive to the storm-induced SST cool-
ing, but the hurricane intensity is highly sensitive. SST 
plays a critical role in the air-sea interaction of TC dynam-
ics and intensity (Zhang et al. 2021; Li and Chen 2022). 
The latent and sensible heat fluxes influenced by SST play a 
crucial role in TC processes (Li and Chen 2022). Hence it is 
expected that to test the model performance in the forecast 
of intensity and inner core structures of the storms by using 
these two best-performing PBL (YSU and MYJ) schemes 
and available air-sea flux parameterization schemes with 
and without varying SST in the cloud-resolving scale (less 
than 2 km horizontal resolution) over the BoB region.

The present study was conducted with two rapidly inten-
sified TCs over the Bay of Bengal, namely Super Cyclonic 
Storm (SuCS) Amphan 2020 (Vissa et al. 2021; Chatterjee 
and Roy 2021; Nahar et al. 2022; Ahmed et al. 2021) and 
Extremely Severe Cyclonic Storm (ESCS) Phailin 2013 
(Mittal et al. 2019; Mandal et al. 2016; Pradhan et al. 2021). 
Little research has been done on the simultaneous study of 
the impact of PBL, air-sea interaction, and SST influence 
using the WRF model on a cloud-resolving scale (less than 
2  km horizontal resolution). This study aims to analyse 
the impact of PBL and air-sea flux schemes using a high 
horizontal resolution (1.667  km) WRF-ARW model. The 
framework of this paper is as follows: Sect.  2 covers the 
Methodology used in the study. Section 3 covers the result 
analysed using finer domain simulations, in which results 
will cover the impact of PBL and air-sea flux parameter-
ization schemes in the forecast of the structure, intensity, 
and track of two intense TCs. Finally, Sect. 4 deals with the 
conclusions of the study.
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Methodology

Model framework

A three-dimensional non-hydrostatic Advanced Research 
version of the Weather Research and Forecasting (WRF-
ARW) atmospheric model of version 4.0 was used in this 
study (Skamarock et al. 2019). The mesoscale modelling 
system WRF-ARW is developed by the National Oceanic 
and Atmospheric Administration (NOAA), the National 
Center for Environmental Prediction (NCEP), and sev-
eral universities collaborated with the National Center for 
Atmospheric Research (NCAR) (Raju et al. 2011). The 
model implements an Arakawa C-type horizontal grid and 
a terrain-following hydrostatic pressure vertical coordinate 
(Rajeswari et al. 2020). The model makes use of second to 
sixth-order advection methods in both vertical and horizon-
tal directions, along with the Runge-Kutta second and third-
order time integration schemes. It also includes a variety of 
physics schemes and data-assimilation packages. Recently 
several studies (Kutty et al. 2020; Vishwakarma et al. 2021; 
Huang et al. 2022; Verma et al. 2023) used the WRF-ARW 
modelling system for the prediction of tropical cyclones.

The present study used three two-way interactive nested 
domains D1, D2, and D3 with a horizontal resolution of 
15  km, 5  km, and 1.667  km, respectively, where D2 and 
D3 were considered on a moving nested platform (Chen 

et al. 2018; Liao et al. 2022; Singh et al. 2023). The outer 
domain (D1) comprises 232 × 265 grid points; the second 
domain (D2) comprises 193 × 193 grid points; and the finer 
domain (D3) comprises 403 × 403 grid points. The model 
domain is presented in Fig. 1. The model integration time 
step size was considered to be about 75s, 25s, and 8.333s 
for the domain D1 to D3, including 51 vertical levels. 
Inner domains (D2 and D3) were explicitly resolved with 
the cumulus convection scheme and hence switched off 
the cumulus convection from the domains D2 and D3. The 
parameterization schemes used for the numerical experi-
ments are the Lin scheme (Lin et al. 1983) for microphysics, 
the Non-local diffusion Yonsei University (YSU) scheme 
(Hong et al. 2006), and the MYJ local diffusion scheme 
(Janjic et al. 1994) for the PBL, Kain-Fritsch (Kain 2004) 
scheme for cumulus convection, Rapid Radiative Transfer 
Model (RRTM; Mlawer et al. 1997) for long-wave radia-
tion, Dudhia (Dudhia 1989) scheme for short-wave radia-
tion, and Noah land surface model (Noah LSM; Ek et al. 
2003). In the study with and without enthalpy coefficients 
(isftcflx = 0, 1, and 2) were also utilized to test the cyclone 
forecast over the Bay of Bengal region.

Data

The model initial condition and boundary conditions for 
numerical simulations are derived from NCEP FNL analysis 

Fig. 1  Triple nested model domains with resolutions of 15 km (d01), 5 km (d02), and 1.667 km (d03) for a) SuCS Amphan, and b) ESCS Phailin 
in which domains d02 and d03 are considered to be moving nested
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experiments. In addition, four more experiments were con-
ducted using time varying Sea Surface Temperature (SST) 
based on the above experiments, which provided an overes-
timation in MSW.

Track error was computed by measuring the distance 
between the predicted and observed positions of the cyclone 
at a specific time, mean error and absolute errors of track 
and intensity were calculated using the following formulas:

Track error (in km) =

√
(∆lat)2 + (∆lon)2 ∗ 111� (1)

Absolute Error = |Oi − Pi| � (2)

Mean Error =

∑
(Errors)

n
� (3)

All errors are considered at a specific time between Obser-
vations (Oi ) and model predicted (Pi ) and n is the number 
of observations at every three-hour interval.

Temperature Anomaly (T anom)was assessed by subtract-
ing the temperature at a particular time (Tt ) and mean tem-
perature (Tmean ) obtained from the 96-hour forecast period 
using domain 1 results. The Tanom  was calculated using fol-
lowing formula

Tanom = Tt − Tmean � (4)

Results and discussion

The study evaluated the performance of WRF-ARW model 
in forecast of SuCS Amphan and ESCS Phailin cyclone in a 
cloud resolving scale with high horizontal resolution about 
1.667 km to see the influence of PBL and air-sea flux param-
etrization schemes. The results were presented in terms of 
intensity [Minimum Sea Level Pressure (MSLP) and Maxi-
mum Surface Wind (MSW)], rapid intensification (RI: wind 
changes in 24-hour intervals with wind speed greater than 
15.4 m/s), are analysed in Sect. 3.1. The forecast of structure 
in terms of microphysics latent heating, divergence, reflec-
tivity, temperature anomaly, and wind speed is discussed in 
the Sect. 3.2. The forecasted track obtained from six experi-
ments is compared with the IMD best-fit track data included 
in Sect. 3.3. Moreover, Sect. 3.4 covers the role of sea sur-
face temperature (SST) in the forecast of intensity of the 
storms using YSU-FLUX1 and YSU-FLUX2 experiments, 
since these experiments provided an over-estimation during 
entire simulation period.

datasets available at every six-hour interval with a horizon-
tal resolution of about 1°x1° (https://rda.ucar.edu/datasets/
ds083.2/). The temporal lateral boundary conditions are 
given at every six hours for model integration. The model 
simulated finer domain (D3) results such as track, intensity 
in terms of minimum sea level pressure (MSLP), and maxi-
mum surface wind (MSW) of the storms were validated with 
available best-fit track observations from the India Meteo-
rological Department (IMD) and Cooperative Institute for 
Research on Atmosphere (CIRA) multiplatform satellite 
data for temperature anomalies and wind speed and the sim-
ulated storm structures were also compared with available 
Doppler Weather Radar (DWR) observations, and satellite 
observations to validate the model results (Knaff et al. 2011; 
Nellipudi et al. 2021). For SST initialization, the data was 
derived from the fifth generation of the European Centre for 
Medium-Range Weather Forecasts (ECMWF), considered 
as ERA5 reanalysis at every 6-hour interval with a horizon-
tal resolution of 0.25° x 0.25° (https://cds.climate.coperni-
cus.eu/cdsapp#!/dataset/reanalysis-era5-single-levels).

Numerical experiments

In the study, a total of 12 experiments were conducted using 
a combination of two PBL schemes (YSU, MYJ) and three 
air-sea flux (ASF; isftcflx = 0, 1, and 2) parameterization 
schemes. For ASF where option 0 (referred as FLUX0) is 
followed by the Garrett surface drag CD and moist enthalpy 
Ck (monotonic increases in surface drag with wind speed), 
option 1 (referred as FLUX1) is Donelan CD + Constant 
Ck (CD is associated with high wind speed), and option 
2 (referred as FLUX2) is Donelan CD + Garrett Ck (CD 
is associated with high wind speed) (Powell et al. 2003; 
Donelan et al. 2004; Nellipudi et al. 2021) on two different 
intense TCs, namely super cyclone Amphan and extremely 
severe cyclonic storm Phailin. The model was initialized for 
ESCS Phailin and SuCS Amphan at the cyclonic stage at 
12 UTC on 09 October 2013, and 00 UTC on 17 May 2020 
respectively with the forecast lengths of 4 days. However, 
finer domain (D3) results were used to validate with avail-
able observations. Table 1 provides more details about the 

Table 1  Details about numerical experiments considered in the study
Six experiments between two PBLs (YSU & MYJ) and 
three air-sea flux schemes (FLUX0, FLUX1 & FLUX2)

1. YSU-
FLUX0
2. YSU-
FLUX1
3. YSU-
FLUX2
4. MYJ-
FLUX0
5. MYJ-
FLUX1
6. MYJ-
FLUX2

1 3

5452

https://rda.ucar.edu/datasets/ds083.2/
https://rda.ucar.edu/datasets/ds083.2/
https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-single-levels
https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-single-levels


Modeling Earth Systems and Environment (2024) 10:5449–5467

During the intensification phase, it reaches a peak intensity 
of about 73.6  m/s and 901  hPa. Whereas, the maximum 
observed intensity for the Phailin that time was recorded 
about 59.1  m/s for MSW and 940  hPa for MSLP. It is 
observed that, in comparison to the other schemes, YSU-
FLUX1 continuously overestimated the intensity forecast in 
terms of MSW and MSLP during the intensification period 
suggesting more effective reproduced cyclones. Hence, 
YSU-FLUX1 showed a higher intensity error for MSW and 
MSLP of with mean errors about 7 m/s and 15 hPa, respec-
tively for Phailin cyclone.

Overall, the mean MSW error of six experiments YSU-
FLUX1, YSU-FLUX2, MYJ-FLUX1, MYJ-FLUX2, YSU-
FLUX0, and MYJ-FLUX0 is 9.37  m/s, 6.4  m/s, 5.3  m/s, 
5.27 m/s, 6.9 m/s, and 6.0 m/s, respectively (Table 2). Which 
indicated that MYJ-FLUX2 and MYJ-FLUX1 experiments 
produced better forecast of MSW results with least error. 
With MSLP mean error is about 19 hPa, 8.8 hPa, 11.74 hPa, 
11.4 hPa, 10.5 hPa, and 11.78 hPa, respectively. The results 
showed that the PBL schemes and air-sea flux parametri-
zation schemes in the high-resolution WRF-ARW model 
significantly influence the intensity. This is particularly rel-
evant during the intensification phase for the ESCS Phailin 
and SuCS Amphan.

The model-simulated 24-hour wind changes along with 
IMD best-fit track data for both cases are depicted in Fig. 3. 
The rapid intensification (24-hour wind speed changes 
greater than 15.4  m/s) and dissipation pattern (24-hour 
wind speed changes less than − 15.4  m/s) derived from 
model experiments demonstrate that the model is capable 
of predicting patterns with small variations in both cases 
when utilizing the high-resolution modelling system. In 
the Amphan case, the YSU-FLUX1 simulation shows an 

Impact on intensity forecast

The intensity of SuCS Amphan and ESCS Phailin in terms 
of MSW and MSLP obtained from six experiments along 
with the IMD best-fit track is revealed in Fig. 2. It is sig-
nificant to highlight that in the analysis, observations and 
models results were presented using 3-hour intervals and 
first 6 h results considered as spin-up time and hence not 
considered in the analysis. The Fig. 2 demonstrates that the 
initial 36 h of the forecast displayed a consistent pattern in 
the forecast of MSW of Amphan cyclone, except for YSU-
FLUX1 experiment, followed by YSU-FLUX2 experiment. 
It was observed that, there was a slight change in both cases 
Amphan and Phailin during the intensification phase. The 
intensity pattern in terms of both MSW and MSLP depicts 
that YSU-FLUX1, followed by YSU-FLUX0, and YSU-
FLUX2, depict an overestimation during the intensification 
phase, which extended roughly during 30  h to 72  h fore-
cast period. This was followed by a consistent trend that 
continued until the dissipation stage. Similar to the study 
by Rajeswari et al. (2020), both Amphan and Phailin model 
simulations showed an overestimation in the MSLP com-
pared to observation, during the intensification phase. 
Results from Amphan cyclone, the MSW pattern from MYJ-
FLUX1 and MYJ-FLUX2 is closer to observation, with the 
least MSW error at 4.6 m/s and 4.3 m/s, respectively. Mean-
while, there are slight variations in the MSLP patterns in 
the experiments with MYJ-FLUX1 and MYJ-FLUX2, with 
a mean error of roughly 14 hPa and 13 hPa, respectively. 
In case of Phailin the MSW pattern varies noticeably dur-
ing the intensification stage in each model experiment. The 
MSW and MSLP patterns show more significant variations 
for YSU-FLUX1 experiment, which is especially notable. 

Fig. 2  Time variation of model simulated maximum surface wind (MSW, in m/s) and minimum sea level pressure (MSLP, in hPa) along with IMD 
best-fit track data (a & c) for SuCS Amphan and (b & d) for ESCS Phailin, respectively
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the pattern and magnitude of the RI in both cases with better 
accuracy with MYJ PBL scheme.

Impact on structure forecast

The model predicted microphysics latent heating (in 
shaded), and divergence (in contour) which were analysed 
to see the impact of these parameters in forecast of intensity 
of the storms and intensification and dissipation pattern. For 
this the time variation of the simulated microphysics latent 
heating and divergence of SuCS Amphan is depicted in 
Fig. 4a, and that of Phailin is depicted in Fig. 4b, by taking 
the area average across the moving domain DO3 (1.667 km 
resolution). The results from Amphan cyclone (Fig.  4a), 
the distribution pattern of microphysics latent heating and 
divergence in the first 48 h (00 UTC May 17 to 00 UTC May 
19) exhibits a higher distribution and subsequently repre-
sents the dissipation stage and which matched with intensity 
of the storm. All the experiments for Amphan cyclone show 
the three peaks of latent heating from 5 to 10 km, and the 
higher upper-level divergence from 5 km to about 17 km 
height well matches the MSW (Fig. 2). Likewise, the inten-
sification and dissipation of ESCS Phalin are significantly 
influenced by the middle-upper-level divergence between 
5 and 16 km and the latent heating pattern between 5 and 
10 km (Fig. 4b).

The model forecast skill in simulating both storm struc-
tures are also discussed based on the combinations of PBL 
and air-sea flux parameterization schemes in terms of the 
structure of maximum reflectivity, temperature anomaly, 
and wind speed. The model predicted maximum reflectiv-
ity at about 0900 UTC on 19 May 2020 for SuCS Amphan 
along with the Visakhapatnam DWR image, are depicted in 
Fig. 5. The observation pattern of Amphan depicts a thick 
cloud pattern present between 16°N and 18°N and also well-
resolved cloud bands between 19°N and 20°N over the land. 
The result signifies that all YSU experiments (YSU-FLUX0, 

overestimation of about 14  m/s after 24 to 48  h of simu-
lation time. The model then accurately reflected the ESCS 
stage and displayed some variation in the deepening stage. 
The Phailin analysis reveals that all simulations accurately 
represented the pattern, except YSU-FLUX1, which exhib-
its underestimation in the rapid dissipation stage. Finally, 
the above results suggest that the YSU-FLUX1 experiment 
shows an overestimation in intensity. The model-predicted 
results showed that both MYJ-FLUX1 and MYJ-FLUX2 
experiments better captured the observation pattern. Over-
all, results suggested that modelling system is able to capture 

Table 2  The model simulated daily basis errors and mean errors using 
3 hourly datasets for the track (in km), MSW (in m/s), and MSLP (in 
hPa) from different experiments
Model simulated track and intensity errors

Day-1 Day-2 Day-3 Day-4 Mean Error
Track error (in km)
YSU-FLUX0 46 23 63 150 64
YSU-FLUX1 40 38 64 125 63
YSU-FLUX2 43 31 66 157 65
MYJ-FLUX0 44 44 80 173 74
MYJ-FLUX1 39 32 95 186 78
MYJ-FLUX2 37 36 91 175 75
MSW error (in m/s)
YSU-FLUX0 3.2 3.6 0.57 1.9 6.9
YSU-FLUX1 7.4 12.6 6.0 3.8 9.4
YSU-FLUX2 1.5 6.7 3.2 4.0 6.4
MYJ-FLUX0 1.5 4.3 5.5 4.0 6.0
MYJ-FLUX1 2.1 3.8 3.8 2.0 5.3
MYJ-FLUX2 2.4 2 7.3 9 5.3
MSLP error (in hPa)
YSU-FLUX0 10.6 16.9 7.4 7.1 10.5
YSU-FLUX1 18 34.7 17.5 9 19.1
YSU-FLUX2 9.6 10.2 5.2 10 8.8
MYJ-FLUX0 16.6 17.6 6.8 4.6 11.8
MYJ-FLUX1 15.4 17.1 3.5 6 11.7
MYJ-FLUX2 14.8 15.7 5 6.8 11.4

Fig. 3  The model simulated 24 h wind speed changes (in m/s) from all experiments along with IMD best-fit datasets (a) SuCS Amphan, and (b) 
ESCS Phailin
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different height between 4 km and 11 km, which is not con-
sistent with observations. The YSU-FLUX1, YSU-FLUX2, 
and MYJ-FLUX1 experiments showed a limited spatial dis-
tribution of colder regions. However, MYJ-FLUX1 simula-
tions better predict the stronger warming that ranges from 
10 km to 13 km. Likewise, the radius-height section of the 
temperature anomaly for Amphan cyclone at 0300 UTC on 
19 May 2020 is illustrated in Fig.  7e and h. The warmer 
core region is seen between 8 km and 18 km height in the 
satellite image taken at 03 UTC on 19 May 2020. A higher 
magnitude of 7℃ is observed between 11 km and 14 km, 
and the colder region is located below 9  km. A positive 
temperature anomaly pattern with a magnitude from 2◦C to 
11◦C is observed in model experiments between 3 km and 
18 km. The negative anomalies is lower in the YSU-FLUX1 
and MYJ-FLUX1 experiments. Even though YSU-FLUX2 
captured more negative anomaly patterns but an entirely 
different pattern compared to observations. Model simula-
tions tend to overestimate the warm core area in the upper 
troposphere by 1–3 °C when compared to satellite data. The 
results revealed a significant changes in the magnitude of 
temperature trends among the different combinations of 
PBL and air-sea flux schemes.

Figure  8 illustrates the temperature anomaly pattern of 
Phailin at 15 UTC on 11 OCT and 15 UTC on 12 OCT 
2013, as taken by satellite observations and derived from 
model simulation results. The temperature anomaly from 
CIRA at 15 UTC on 11 October showed a significant warm-
ing of magnitude 6  °C between 12  km and 14  km and a 
lesser cooling below 9  km height (Fig.  8a). However, an 
overestimated strong warm core (8℃–10℃) region with 
height ranges ranging from 9  km to 15  km over a radial 
distance of roughly 20 km from the centre is indicated by 
model-predicted experiments. YSU-FLUX2 shows a stron-
ger middle tropospheric warming of magnitude 8 °C closer 
to observation over a height of 9 km to 12 km. All model 
experiments show different tropospheric cooling patterns 
compared to observations. Figure  8e and h illustrates the 
predicted temperature anomaly of the ESCS Phailin, along 
with satellite observations. The observation figure (Fig. 8e) 
indicates a stronger middle tropospheric warming of magni-
tude 6 °C between 11 km and 15 km, with a radial distance 
of 80  km from the centre, which indicates the warming 
at the eye of the storm. The satellite image also depicts a 
wider, colder region below 8 km, indicating stronger cool-
ing at low levels. The predicted results showed strong tro-
pospheric warming for YSU-FLUX1, YSU-FLUX2, and 
MYJ-FLUX1, with values of 8 °C, 7 °C, and 8 °C, respec-
tively. In contrast to observations, all the schemes (Fig. 8f 
and h) showed a sudden decrease in temperature anomaly, 
indicating stronger upper cooling after 16  km of height. 
The YSU-FLUX1 Scheme has a strong middle tropospheric 

YSU-FLUX1, and YSU-FLUX2) were able to capture the 
pattern by displaying the ring of deep convection around 
the eyewall with the highest reflectivity values with small 
variations (Fig. 5). It is noted that all MYJ schemes (MYJ-
FLUX0, MYJ-FLUX1, and MYJ-FLUX2) show underesti-
mation in the spatial distribution of the maximum reflectivity 
pattern. The maximum reflectivity ranged up to 60 dBZ in 
the DWR image, as well matches with model prediction. 
However, all model experiments failed to capture the pat-
tern of convective cells over the land as in the DWR image. 
The result suggested that the spatial coverage of maximum 
reflectivity is higher in the YSU-FLUX1 scheme, which is 
more consistent with observations. Similarly, for cyclone 
Phailin the model-predicted reflectivity from all experi-
ments was compared with the IMD Visakhapatnam DWR 
observation at 16 UTC on 12 October 2013 (just before the 
landfall time) is illustrated in Fig. 6. The simulated reflectiv-
ity of the ESCS Phailin ranged between 46 dBZ to 60 dBZ, 
while the DWR shows a maximum reflectivity up to 50 dBZ. 
The model results of ESCS Phailin indicate that strong con-
vective bands directed in the southwest direction matched 
well with the DWR observation, with relatively stronger 
convective activity along the Odisha coast and the adjoining 
coast of Andhra Pradesh. It is seen that the model is unable 
to capture the location of landfall with a centre position near 
latitude 19°N and longitude 85°E. Even though the eye is 
visible in all six experiments (YSU-FLUX0, YSU-FLUX1, 
YSU-FLUX2, MYJ-FLUX0, MYJ-FLUX1, MYJ-FLUX2). 
Results show that simulated reflectivity was over-estimated 
compared to the observation in all experiments.

In next Figs. (7–10) the temperature anomaly and wind 
pattern for both cases are derived and discussed from 3 best 
performing model experiments as considered in terms of 
MSW. Figure 7 depicts the azimuthally averaged tempera-
ture anomaly for SuCS Amphan at two distinct times, 15 
UTC on 18 May and 03 UTC on 19 May 2020, through 
the centre of the cyclone with varying longitude and com-
pared with satellite observation (CIRA; https://rammb-data.
cira.colostate.edu/tc_realtime/). The satellite image from 15 
UTC on 18 May (Fig. 7a) shows a warmer region between 
9 km and 18 km with a magnitude of 2 °C to 7 °C, as well 
as an elevated upper warming of about 7 °C over a radial 
distance from centre to about 50  km. The observed data 
showed two colder regions, with heights below 8 km indi-
cating a wider lower cooling and above 18 km indicating 
less upper cooling. Figure  (7b-7d) shows that the YSU-
FLUX2 and MYJ-FLUX1 simulations show a positive tem-
perature anomaly with a maximum magnitude of 6  °C to 
7 °C at heights ranging from 8 km to 12 km. Even though 
the YSU-FLUX1 experiment captured the maximum mag-
nitude of the warm core region of magnitude 7 °C similar 
to observation, it captured the maximum warm core in two 
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Fig. 4  a) Time variation of microphysics latent heating (in shaded, 
10− 3 Ks− 1) and divergence (in contour, 10− 5 s− 1) from all experiments 
for SuCS Amphan by taking the area average over the D03 region. b) 

Time variation of microphysics latent heating (in shaded, 10− 3 Ks− 1) 
and divergence (in contour, 10− 5 s− 1) from all experiments for ESCS 
Phailin by taking the area average over the D03 region
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figure from CIRA indicates a maximum wind speed mag-
nitude about 80–95 knots at 12 UTC on 18 May and a wind 
speed maximum of 80–110 knots at 15 UTC on 18 May 
were noticed between 14°N and 15°N. The results show 
that the model at 1.667  km can represent the maximum 
wind pattern of magnitude greater than 95 knots (as marked 
black in simulated results) concentrated around the centre 
region. The high-resolution WRF-ARW model with mov-
ing nested domains successfully captured the spatial pat-
tern of wind speeds ranging from 50 to 85 knots. The model 
overestimated the maximum wind pattern which was about 
80–110 knots compared to CIRA satellite observations. In 

warming of magnitude closer to observation. Typically, the 
warm core structure in most of the model results spans a 
range of 6 km to 16 km. However, the CIRA satellite image 
shows the warm core fluctuating between 10 km and 16 km.

Figure  9 shows the Wind speed for SuCS Amphan at 
two different times (12 UTC on 18 May and 15 UTC on 18 
May 2020), obtained from the satellite observation (CIRA; 
https://rammb-data.cira.colostate.edu/tc_realtime/about.
asp#mpsatwnd) and model experiments at 700 hPa (Kumar 
et al. 2011). Both CIRA wind patterns and the model-pre-
dicted results over the 2 × 2-degree from centre of cyclone 
show that the eye had a circular pattern. The observed 

Fig. 5  Maximum reflectivity (in dBZ) of about 0900 UTC on 19 May 2020 of SuCS Amphan was obtained from model prediction along with the 
Visakhapatnam DWR image
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spatial region. The high-resolution WRF-ARW model cap-
tured a strong wind pattern of 65–85 knots with a circular, 
symmetric pattern similar to observations. Still, it could not 
capture the surface wind pattern of 35 knots. The results 
also indicated that MYJ-FLUX1 well captured the central 
location (88.1E and 16.1  N) at 06 UTC on 11 OCT, and 
all models failed to capture the centre position (86.4E and 
17.4 N) of wind patterns at 00 UTC on 12 OCT 2013. The 
result suggested that PBL and air-sea flux schemes have 
an apparent effect on the structure of ESCS and SuCS in a 
high-resolution WRF-ARW modeling system.

all experiments, the weather symbol (in red color) denotes 
the model-predicted storms centre. The computed displace-
ment error was lower for MYJ-FLUX1 and MYJ-FLUX2, 
measuring about 66 km at 12 UTC and 56 km at 15 UTC on 
18 May 2020, respectively. Similarly, Fig. 10 represents the 
wind structure pattern for cyclone Phailin at 06 UTC on 11 
OCT and 00 UTC on 12 OCT 2013. The model-predicted 
results were compared with CIRA observations. The CIRA 
wind indicates that a wind maximum of magnitude 80–110 
knots is located around the centre of the Phailin cyclone at 
both times. The CIRA wind pattern’s centre position was 
located between 16°N and 17°N at 06 UTC on 11 Octo-
ber and between 17°N and 18°N at 00 UTC on 12 October 
2013 and both satellite figures depict a 35-knot surface wind 

Fig. 6  Maximum reflectivity (in dBZ) about 1600 UTC on 12 October 2013 of ESCS Phailin obtained from model simulations along with 
Visakhapatnam DWR image
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100 km immediately before the landfall, and the movement 
significantly slows down towards the end of the simulation 
period. YSU-FLUX0 and MYJ-FLUX0 better captured the 
Amphan landfall location with a landfall error of about 
17 km, while the YSU-FLUX1 scheme predicts the landfall 
time with a 5-hour delay to IMD (Table 3). Model-predicted 
tracks of ESCS Phailin were very close to observation dur-
ing the entire simulation period, but MYJ-FLUX0 and MYJ-
FLUX1 diverged left by the observed track at the end of the 
simulation period with a higher mean track error of about 
64 km. As per the IMD track, Phailin moved across Odisha 
and the area near Gopalpur, Odisha, on the nearby coastline 

Impact on track forecast

Figure  11 depicts the observed IMD track with the six 
model-predicted tracks at every 3 h data for SuCS Amphan 
and ESCS Phailin over the Bay of Bengal. The observed 
track of Amphan from 17 May to 21 May 2020) shows north 
to north-eastward movement, and Phailin from 12 UTC on 
09 OCT to 12 UTC on 13 OCT 2013) shows a west-north-
westward movement to north-westward movement. Most 
of the Amphan tracks predicted by the model exhibit simi-
lar patterns and are in good agreement with the IMD. Each 
model-predicted track shows slight deviations of less than 

Fig. 7  Temperature anomaly 
for SuCS Amphan at 15 UTC 
on 18 May 2020 (left panel) 
and 03 UTC on 19 May 2020 
(right panel) obtained from the 
satellite observation and model 
experiments (considered from the 
centre of the cyclone to 600 km 
varying longitude)
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As a result of the experiments taken into consideration, the 
YSU-FLUX1 experiment produces better track forecasts 
with the least amount of track error, and experiment MYJ-
FLUX1 shows greater track error. Finally, the study implies 
that YSU and MYJ simulations produce the least and largest 
track errors, respectively (similar to Rajeswari et al. 2020).

Impact of sea surface temperature (SST) on the 
intensity

Studies (Mohanty et al. 2019; Rai et al. 2019) suggested that 
cyclone forecast improved using SST update in the numeri-
cal weather prediction model, and TC intensity will decrease 

of north Andhra Pradesh. Even though all cases tried to cap-
ture the landfall position of Phailin, whereas MYJ-FLUX1 
accurately predicted the landfall location with less error of 
11 km, and the landfall time is better predicted in all YSU 
cases compared to all MYJ cases with a 5-hour before to the 
observation (Table 3). Results from model experiments sug-
gested that the movement of ESCS Phailin was faster, and 
landfall time errors varying from 5 to 7 h, while the move-
ment of SuCS Amphan was slowly, and landfall time errors 
varying between 5 and 9  h. The average track errors are 
64 km, 63 km, 65 km, 74 km, 78 km, and 75 km for the six 
experiments YSU-FLUX0, YSU-FLUX1, YSU-FLUX2, 
MYJ-FLUX0, MYJ-FLUX1, and MYJ-FLUX2 (Table  2). 

Fig. 8  Temperature anomaly for 
the ESCS Phailin at 15 UTC 
on 11 OCT 2013 (left panel) 
and 15 UTC on 12 OCT 2013 
(right panel) obtained from the 
satellite observation and model 
experiments (considered from the 
center of the cyclone to 600 km 
varying longitude)
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YSU-FLUX1 and YSU-FLUX2 for both cases have been 
conducted to examine the effect of SST. Figure 12 depicts 
the model-predicted intensity (MSW and MSLP) with and 
without SST, and compared with IMD best-fit track data 
for both cases SuCS Amphan and ESCS Phailin. The maxi-
mum intensity (in terms of MSW) of Amphan cyclone in 
YSU-FLUX1 experiment was about 86  m/s and while in 

as a result of SST cooling (Wang et al. 2004). Therefore, 
this study also includes an analysis of the effects of SST 
in more intensified (over-estimated) cases, using 1.667 km 
horizontal resolution under moving nested domain. Based 
on the results as discussed in Sect. 3.1, it was observed that 
YSU PBL scheme provided over-estimation in MSW fore-
cast (Fig.  2) and hence, four additional experiments with 

Fig. 9  Wind speed (in knots) for 
Amphan at 12 UTC on 18 May 
2020 (left panel) and 15 UTC 
on 18 May 2020 (right panel), 
obtained from the observation 
and model experiments
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the simulated MSW were close to the observation. Simi-
larly, results suggested that in case of Phailin cyclone, the 
simulated maximum intensity for MSW was about 73 m/s 
and 61 m/s in YSU-FLUX1 and YSU-FLUX2 experiments 

YSU-FLUX1-SST showed a maximum intensity of about 
75  m/s. Similarly in the experiments YSU-FLUX2 and 
YSU-FLUX2-SST had a maximum intensity of 79  m/s 
and 60  m/s. Which clearly indicated that after using SST 

Fig. 10  Wind speed (in knots) for 
Phailin at 06 UTC on 11 OCT 
2013 (left panel) and 00 UTC 
on 12 OCT 2013 (right panel) 
obtained from the observation 
and model experiments
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Table 3  Simulated landfall [position (in km) and time (in hours)] errors with different experiments
YSU-FLUX0 YSU-FLUX1 YSU-FLUX2 MYJ-FLUX0 MYJ-FLUX1 MYJ-FLUX2

Amphan 17 km
(-9 h)

67 km
(-5 h)

20 km
(-9 h)

17 km
(-7 h)

78 km
(-7 h)

37 km
(-9 h)

Phailin 35 km
(+ 5 h)

25 km
(+ 5 h)

16 km
(+ 5 h)

16 km
(+ 7 h)

11 km
(+ 7 h)

31 km
(+ 7 h)

+ (-) indicates faster (slower) movement in simulations compared to IMD best-fit track datasets

Fig. 12  Time variation of model simulated MSW (in m/s) and MSLP (in hPa) with and without SST along with IMD best-fit track data (a & c) for 
SuCS Amphan, and (b & d) for ESCS Phailin, respectively

 

Fig. 11  Observed best-fit track 
from IMD along with model sim-
ulated tracks of SuCS Amphan 
(left) and ESCS Phailin (right) 
over the Bay of Bengal region
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	● The results from the warm core structure in terms of 
temperature anomaly, surface wind pattern of both cases 
suggested that the model was able to well resolve the 
structures of the storms. In most of the simulated cas-
es, the warm core structure varies from 6 km to 16 km, 
whereas in the observation from CIRA, the warm core 
varies from 10 km to 16 km. Similarly, results from the 
simulated wind pattern suggest that the patterns were 
well resolved in terms of spatial and magnitude in the 
model, but with more coverage area for the maximum 
wind near the vortex of the storms.

	● The WRF-ARW model successfully predicted the tracks 
of both cyclones Amphan and Phailin using different 
PBL and ASF experiments and the YSU-FLUX1 ex-
periment is closer to the observation with a lower mean 
track error of about 63 km, while MYJ-FLUX1 shows a 
higher track error about 78 km.

	● The least mean track errors for both cases on day-1 to 
day-4 were about 40 km, 38 km, 64 km, and 125 km in 
the experiment with YSU-FLUX1, followed by YSU-
FLUX0 respectively. In all of the experiments, the SuCS 
Amphan moved more slowly (ranging from 5 to 9 h), 
and the ESCS Phailin moved faster (ranging from 5 to 
7 h) during landfall. The landfall position error of SuCS 
Amphan ranges from 17  km to 78  km, while ESCS 
Phailin varies from approximately 11 km to 35 km.

	● Overall, the results suggest that a high-resolution 
modeling system in the cloud resolving scale of about 
1.667  km resolution were sensitive with varying PBL 
and ASF including SST in forecast of intensity, rapid 
intensification, storm structures in terms of maximum 
reflectivity, wind pattern, vertical profile of temperature 
anomalies over the Bay of Bengal region. The results 
can be improved further through data assimilation and a 
coupled atmosphere-ocean modeling system.
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respectively. But in experiments with YSU-FLUX1-SST 
and YSU-FLUX2-SST the wind speed decreased and maxi-
mum intensity was about 64 m/s and 56 m/s respectively. 
Results suggested that updated SST in YSU-FLUX1 experi-
ment provided a better forecast of the storm intensity. The 
mean intensity error in YSU-FLUX1 experiment was about 
9.37 m/s, 19 hPa and that was about 5.8 m/s, 10 hPa in YSU-
FLUX1-SST experiment. Finally, the result suggested that 
updated SST experiment with YSU-FLUX1 provided a bet-
ter forecast of the intensity.

Conclusions

This work has divided in two folds, in the first fold the 
impact of two PBL (YSU and MYJ) and three air-sea flux 
(FLUX0, FLUX1, and FLUX2) parametrization schemes 
were used to forecast of SuCS Amphan and ESCS Phailin, 
which developed over the Bay of Bengal. In the second 
fold, the time-varying SST was updated in those simula-
tions, which provided an over-prediction in the storm inten-
sity in terms of MSW. The WRF-ARW model was used to 
predict the track, intensity, and storm structures at a cloud-
resolving scale with a horizontal resolution of 1.667  km. 
The simulated results were compared with available IMD 
best-fit track observations, storm structures from CIRA, and 
Visakhapatnam DWR. The summary of the results can be 
concluded as follows:

	● The forecasted intensity (in terms of MSW) was better 
with the MYJ-FLUX2 and MYJ-FLUX1 experiments, 
and the mean absolute errors were about 2 m/s, 2 m/s, 
7 m/s, and 9 m/s from day-1 to day-4, followed by the 
MYJ-FLUX1 experiment, with this error being about 
2 m/s, 4 m/s, 4 m/s, and 2 m/s, respectively.

	● The experiments with YSU PBL scheme over-predicted 
the MSW pattern, when using without SST. Once time-
varying SST datasets updated with YSU experiments, 
then intensity was reduced in the simulations. The YSU-
FLUX1 experiment with updated SST brought it closer 
to IMD, with daily errors form day-1 to day-4 was about 
2 m/s, 1 m/s, 6 m/s, and 6 m/s. However, without SST 
these errors were 7 m/s, 13 m/s, 6 m/s, and 4 m/s from 
day-1 to day-4.

	● The MYJ-FLUX1 and MYJ-FLUX2 experiments accu-
rately predict the rapid intensification and dissipation. 
The non-local YSU experiments more accurately esti-
mated the maximum reflectivity pattern of both Amphan 
and Phailin cyclones. The pattern of latent heating and 
upper-level divergence was consistent and correlated 
with the MSW.
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