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Abstract: The prediction of extremely severe cyclonic storms has been a long-standing and challeng-
ing issue due to their short life period and large variation in intensities over a short time. In this
study, we predict the track, intensity, and structure of an extremely severe cyclonic storm (ESCS)
named ‘Fani,’ which developed over the Bay of Bengal region from 27 April to 4 May 2019, using
the Advanced Research version of the Weather Research and Forecasting (WRF-ARW) model. Two
numerical experiments were conducted using the moving nested domain method with a 3 km hor-
izontal resolution, one with the FLUX-1 air-sea flux parameterization scheme and the other with
the FLUX-2 air-sea flux parameterization scheme. The NCEP operational Global Forecast System
(GFS) analysis and forecast datasets with a 25 km horizontal resolution were used to derive the
initial and boundary conditions. The WRF model’s predicted track and intensity were validated
with the best-fit track dataset from the India Meteorological Department (IMD), and the structure
was validated with different observations. The results showed that the WRF model with the FLUX-1
air-sea parameterization scheme accurately predicted the track, landfall (position and time), and
intensity (minimum sea level pressure and maximum surface wind) of the storm. The track errors
on days 1 to 4 were approximately 47 km, 123 km, 96 km, and 27 km in the FLUX-1 experiment
and approximately 54 km, 142 km, 152 km, and 166 km in the FLUX-2 experiment, respectively.
The intensity was better predicted in the FLUX-1 experiment during the first 60 h, while it was
better predicted in the FLUX-2 experiment for the remaining period. The structure, in terms of
relative humidity, water vapor, maximum reflectivity, and temperature anomaly of the storm, was
also discussed and compared with available satellite and Doppler Weather Radar observations.

Keywords: WRF model; moving-nest; Fani; Bay of Bengal; wind speed

1. Introduction

The landfall of intense tropical cyclones is increasing in various regions across the
globe [1–3], and they are expected to become more intense in the future due to global
warming [4–8]. Several studies have shown that the Indian sub-continent is highly vul-
nerable to intense tropical cyclones [9–13]. The risk to coastal regions of the North Indian
Ocean is also increasing due to higher population density. Therefore, it is necessary to
provide accurate forecasts of intense tropical cyclones for disaster preparedness and socio-
economic planning. The destructive potential of these cyclones increases significantly when
they make landfall. Thus, forecasting them with higher accuracy is of utmost importance,
even though it remains a challenging task. In recent decades, significant improvements
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have been observed in the forecast of intense tropical cyclones over the North Indian
Ocean. This improvement is mainly due to various factors, such as the availability of
advanced computing power to use high-resolution atmospheric modeling systems [14–16],
improved physical processes in atmospheric and/or climate models [17–20], advanced
data assimilation techniques, including high-quality observations [21–32], coupling with
atmospheric-ocean-wave modeling [33–36], and time-varying sea surface temperature tech-
niques [37–41]. Although several studies have predicted tropical cyclones over the North
Indian Ocean using different atmospheric models, model resolutions, physical processes,
such as cumulus convection, microphysics, planetary boundary layer (PBL) schemes, and
assimilation techniques, they have mostly focused on the static nested domain [17–30].

The static nested domain is a method of domain nesting in which the model’s domain
remains the same throughout the simulation. In contrast, the moving nested domain is
another domain nesting method that changes the model’s domain as the tropical cyclone
moves during the simulation period. The moving nested domain method significantly re-
duces the computing cost because it does not require a larger domain that covers the entire
life period of the tropical cyclone [42]. This method has been widely used in several studies,
particularly for high-resolution forecasts, mainly because it reduces the computational
cost [43–46]. The Advanced Research version of the Weather Research and Forecasting
(WRF-ARW) model is widely used across the globe in a parallel computing environment
because of its sophisticated features in solving the varieties of scientific problems with com-
plex physical processes and having the flexibility of retaining spatial and temporal scales.

Although forecasting the intensity and rapid intensification (RI) of tropical cyclones is
challenging, previous research has made some progress using different physical parame-
terization schemes in the WRF-ARW model, including air-sea flux, surface flux with sea
spray, and sea surface roughness length [47–54]. It is worth noting that the intensity of
storms is influenced by the parameterization of moist enthalpy (which acts as a primary
energy source through surface latent and sensible heat fluxes) and momentum flux (which
is the surface drag that acts as a sink) under the air-sea interface [55]. Thus, the exchange of
momentum between sea surface and atmosphere impacts the drag coefficient and hence
influences the intensity of the storms [56]. Therefore, in this study, an attempt is made
to evaluate the performance of the WRF-ARW model in forecasting ESCE “Fani,” which
developed over the Bay of Bengal in May 2019, using air-sea flux parameterization schemes
over the Bay of Bengal and the moving nested domain method. The main focus is on dis-
cussing the forecasted track, intensity, and structure of Fani to improve our understanding
of the North Indian Ocean’s intense tropical cyclone forecast using the WRF-ARW model
on a moving vortex platform.

The rest of this paper is structured as follows: A brief description of Fani, data used,
and the methodology are presented in Section 2. The results are presented in Section 3,
followed by conclusions in the last section.

2. Case Study and Methodology
2.1. Brief Description of the Tropical Cyclone Fani

India experiences about two or three tropical cyclones (TCs) each year, with one of
them considered severe or more intense [57]. Fani was a severe pre-monsoon storm that
originated in the Bay of Bengal region on 26 April 2019 at 0300 UTC, in the depression
stage. According to the India Meteorological Department (IMD), the storm slowly moved
northward at around 0000 UTC on 27 April and upgraded to a deep depression. It further
intensified into a cyclonic storm at 0600 UTC on 27 April and was upgraded to a severe
cyclonic storm within the next 6 h. The sea surface temperature around the Fani location
was 30–31 ◦C, which was favorable for further intensification. The central sea level pressure
(CSLP) and maximum surface wind (MSW) continued to intensify to about 986 hPa and
28 m/s, respectively, at 1200 UTC on 29 April. In the next 9 h, the storm became a very
severe cyclonic storm with an MSW of about 33.5 m/s and reached the stage of Extremely
Severe Cyclonic Storm (ESCS) at 1200 UTC on 30 April, with an MSW of about 59.27 m/s
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and constricted spiral banding covering around the eye. The storm crossed the Odisha
coast near Puri between 0230 to 0430 UTC on 3 May 2019. It then continued to move
towards West Bengal and weakened over Bangladesh and Central Assam. The observed
track of the ESCS from the India Meteorological Department (IMD) is presented in Figure 1.
The salient features of Fani are as follows:

a. It is considered one of the longest (about 8 days and 9 h) tropical cyclones in the
history of the North Indian Ocean [9] and the tenth most severe tropical cyclone in
the month of May in the last 52 years [58]. Moreover, it developed near the equator,
which is a very rare phenomenon over the North Indian Ocean.

b. Fani experienced rapid intensification (wind speed changes of more than 30 knots
within a 24 h duration) on 30 April 2019, although its rapid intensification decreased
within 24 h [48]. Fani reached its MSW of about 59.27 m/s, CSLP of 932 hPa, and a
pressure drop of 66 hPa (Figure 2).

c. During landfall, Fani was in the ESCS stage (wind speed was more than 90 knots). It
brought heavy rainfall and strong winds to the landfall regions and damaged many
infrastructures and properties.

d. It caused about 89 fatalities. The projected economic loss was more than 8.1 billion US
dollars, and affected areas included the states of Odisha, West Bengal, and Andhra
Pradesh in India, as well as East India and Bangladesh.

e. Tropical cyclone Fani is considered one of the three worst storms in the past 150 years
to make landfall on the Odisha coast causing massive financial losses and social
impacts [59].
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Figure 2. (a) CSLP and MSW of ESCS Fani 2019 during its life-period and (b) rapid intensification
(RI; wind speed more than 15.46 m/s within 24 h) observed from IMD best-fit track.

2.2. Data and Methodology

In this study, the WRF-ARW version 4.2.2 (hereafter WRF) is utilized, with the vortex
following option where inner domains track the TC by following the minimum geopotential
height of the 700 hPa pressure surface within the model [60]. This option is recommended
for forecasting tropical cyclones, particularly when a well-organized cyclonic vortex is
observed over the ocean [61]. A total of 51 vertical levels are used, with the first vertical
level at 995 hPa and calculated using the formula (Ph − Pt)/(Ps − Pt), where Ps is 1000 hPa,
Pt is 10 hPa, and Ph is the specified height pressure. The physical processes employed in this
study include the Kain-Fritsch scheme for cumulus [62], Lin scheme for microphysics [63],
Yonsei University scheme for PBL (planetary boundary layer) scheme [64], rapid radiative
transfer model (RRTM [65]), and Dudhia’s scheme [66] for shortwave radiation. The
cumulus and microphysics schemes are used based on previous studies that reported
better forecasts of tropical cyclones over the Bay of Bengal regions with these schemes
(e.g., [9,19,20,29]). Table 1 provides details on the model configuration used in the study.

The model was initialized at 0000 UTC on 29 April 2019 and forecasted until 1200 UTC
on 3 May 2019. The initial and boundary conditions for model integration were de-
rived from the NCEP-GFS analysis and forecast datasets, respectively, at a resolution
of 0.25◦ × 0.25◦ (https://rda.ucar.edu/datasets/ds084.1; accessed on 20 February 2020).
No external sea surface temperature dataset was used; instead, the same data from the GFS
dataset was fed into the model. Time-varying boundary conditions were updated at 6 h
intervals. Land use information details were obtained from the United States Geological
Survey. Two nested domains were used for simulations, with the outer domain at a 15 km
resolution and inner domain at a 3 km resolution. The second domain was used for the
moving nest (see Figure 3). Cumulus convection was activated in the outer domain, while
it was kept off in the inner domain. Two numerical experiments were conducted using
two different air-sea flux parameterization schemes, referred to as FLUX-1 and FLUX-2,
respectively, which were specially designed for tropical cyclone forecasts involving alterna-
tive Ck (exchange coefficient for temperature and moisture) and Cd (drag coefficient for
momentum). The model results were compared with the India Meteorological Department
(IMD) best-fit track datasets, satellite observations, and Doppler Weather Radar (DWR)
data at Visakhapatnam. The first 6 h of model simulation were considered as model spin-up
and were not included in the analysis.

https://rda.ucar.edu/datasets/ds084.1
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Table 1. WRF Model configuration used in the study.

Dynamical Core Non-Hydrostatic, WRF-ARW (Version 4.2)

Initial condition GFS analysis (0.25◦ × 0.25◦)

Model resolution 15 km × 15 km (D1; fixed domain) and
3 km × 3 km (D2; moving nested domain)

Model time steps 75 s (D1) and 15 s (D2)

Vertical levels 51 (first vertical level at 995 hPa with high resolution
in the boundary layer)

Cumulus parameterization KF (used for outer domain only) [62]

Microphysics Lin [63]

PBL scheme YSU scheme [64]

Short and long wave radiation RRTM [65], Dudhia [66]

Surface layer Noah Land Surface model [67]

Enthalpy coefficient

FLUX-1: experiment (Donelan Cd (drag coefficient for
momentum) + constant Z0q for alternative Ck
(exchange coefficient for temp and moisture))

FLUX-2: experiment (Donelan Cd + Garratt Ck)
Garratt formulation, slightly different forms for heat

and moisture.

Number of grid points 232 × 265 (D1) and 326 × 321 (D2)

Forecast length and initialization 4 days 12 h, 0000 UTC of 29 April 2019

Vortex interval 15 min

Track level 850 hPa
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3. Results and Discussions

This section has two parts. In the first part, we compare the results from the two
experiments (FLUX-1 and FLUX-2) in terms of the storm’s movement, maximum surface
wind speed, minimum central pressure, and landfall with the results obtained from the IMD
best-fit track datasets. In the second part, we compare the model’s forecasted results of max-
imum reflectivity with available Doppler weather radar (DWR) observations from the IMD
Visakhapatnam. The relative humidity is compared with ECMWF Reanalysis v5 (ERA5)
Global datasets (https://www.ecmwf.int/en/forecasts/dataset/ecmwf-reanalysis-v5;
accessed on 20 February 2021). We compare our results with ERA5 reanalysis based
on several studies that suggest it provides better wind and other parameters [68,69]. Finally,
we compare the water vapor and temperature anomaly with satellite observations [70].

3.1. Forecast of Track and Intensity

Figure 4 illustrates the model forecasted tracks of tropical cyclone Fani from the
FLUX-1 and FLUX-2 experiments, as well as the IMD best-fit track at 3 h intervals, along
with their corresponding track errors. The results reveal that the predicted storm track in
the FLUX-1 experiment follows the IMD best-fit track data more closely, compared with
that in the FLUX-2 experiment. It is observed that the movement of the storm in the FLUX-1
experiment is much closer and faster to the IMD best-fit track than that in the FLUX-2
experiment, which may be due to the translation speed (Figure 5). We notice a relatively
closer translation speed of the storm in the FLUX-1 experiment with the IMD observation,
suggesting a better movement of the storm in the FLUX-1 experiment than in the FLUX-2
experiment. However, from the second to fourth day, the movement of Fani is slower in
the FLUX-2 experiment. The calculated track errors at 24 h, 48 h, 72 h, and 96 h are 47 km,
123 km, 96 km, and 27 km in the FLUX-1 experiment, respectively, while these errors are
about 54 km, 142 km, 152 km, and 166 km in the FLUX-2 experiment, respectively (shown
as a histogram plot in Figure 4). The mean track error during the entire simulation in the
two experiments (FLUX-1 and FLUX-2) is 70 km and 129 km, respectively. Track errors
(in km) and translation speed (m/s) at every 3 h interval are also calculated. The results
suggest a significant deviation in the tracks after 60 h of forecast, but the track in the FLUX-1
simulation is closer to the observation (Figure 5). The translation speed is calculated using
track data on a ±6 h time window [71] and indicates that the movement of the storm
in the FLUX-2 experiment is slower compared with that in the FLUX-1 experiment and
observation. It is seen that the translation speed is under-predicted in both experiments
compared with the observations. The mean translation speeds are about 3.69 m/s and
3.27 m/s in the FLUX-1 and the FLUX-2 experiments, respectively, while this speed is about
3.98 m/s in the IMD observation.

The model simulations show that Fani made landfall near Puri district on 3 May 2019
at 0300 UTC in the FLUX-1 experiment and at 0900 UTC in the FLUX-2 experiment, while
observations indicate that it made landfall at 0300 UTC on 3 May 2019. This suggests that
the FLUX-1 experiment accurately predicted the landfall time, while the FLUX-2 experiment
was delayed by 6 h, indicating slower storm movement in this experiment. The landfall
location error was approximately 37 km and 102 km to the left of the observed track in
the FLUX-1 and FLUX-2 experiments, respectively, indicating that the FLUX-1 experiment
provided better predictions of the storm’s track, movement, landfall time, and location.

https://www.ecmwf.int/en/forecasts/dataset/ecmwf-reanalysis-v5
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Figure 6 shows the evolution of Fani’s intensity in terms of maximum surface wind
speed (MSW) and central sea level pressure (CSLP) calculated from model simulations and
the IMD best-fit track. The model data is taken at 15 min intervals, while observations are
taken at 3 hourly intervals. The results indicate that the FLUX-1 experiment better repro-
duced the forecast track, MSW, and CSLP for the first 60 h, while the FLUX-2 experiment
performed better for the remaining hours. The FLUX-1 experiment also better captured the
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intensification and dissipation patterns compared with the FLUX-2 experiment. Figure 7
presents the intensity error (which indicates under-prediction and over-prediction) of CSLP
and MSW at 12 h intervals. Results show that the first two days of the forecast were
better represented in the FLUX-1 experiment than in the FLUX-2 experiment. The FLUX-1
experiment had an MSW error of less than 2 m/s up to 60 h of the forecast, but the error
increased drastically up to 14 m/s in the remaining forecast hours. On the other hand, the
72–96 h forecast of MSW was better in the FLUX-2 experiment. The results suggest that
the FLUX-1 experiment overestimated CSLP and MSW during intense stages, indicating
a higher simulation error. The experiment also had higher initial errors in MSW and
CSLP. Therefore, further research is required to improve the forecast and initial errors by
using other physical processes (PBL, microphysics, and cumulus) and data assimilation
techniques under the moving nested platform.

Atmosphere 2023, 14, x FOR PEER REVIEW 8 of 18 
 

 

in the FLUX-1 and FLUX-2 experiments, respectively, indicating that the FLUX-1 experi-

ment provided better predictions of the storm’s track, movement, landfall time, and loca-

tion. 

Figure 6 shows the evolution of Fani’s intensity in terms of maximum surface wind 

speed (MSW) and central sea level pressure (CSLP) calculated from model simulations 

and the IMD best-fit track. The model data is taken at 15 min intervals, while observations 

are taken at 3 hourly intervals. The results indicate that the FLUX-1 experiment better 

reproduced the forecast track, MSW, and CSLP for the first 60 h, while the FLUX-2 exper-

iment performed better for the remaining hours. The FLUX-1 experiment also better cap-

tured the intensification and dissipation patterns compared with the FLUX-2 experiment. 

Figure 7 presents the intensity error (which indicates under-prediction and over-predic-

tion) of CSLP and MSW at 12 h intervals. Results show that the first two days of the fore-

cast were better represented in the FLUX-1 experiment than in the FLUX-2 experiment. 

The FLUX-1 experiment had an MSW error of less than 2 m/s up to 60 h of the forecast, 

but the error increased drastically up to 14 m/s in the remaining forecast hours. On the 

other hand, the 72–96 h forecast of MSW was better in the FLUX-2 experiment. The results 

suggest that the FLUX-1 experiment overestimated CSLP and MSW during intense stages, 

indicating a higher simulation error. The experiment also had higher initial errors in MSW 

and CSLP. Therefore, further research is required to improve the forecast and initial errors 

by using other physical processes (PBL, microphysics, and cumulus) and data assimilation 

techniques under the moving nested platform. 

 

Figure 6. Model simulated intensity from the FLUX-1 and FLUX-2 experiments in terms of (a) CSLP 

(in hPa) and (b) wind speed (in m/s) along with IMD best-fit track dataset. 

Figure 6. Model simulated intensity from the FLUX-1 and FLUX-2 experiments in terms of (a) CSLP
(in hPa) and (b) wind speed (in m/s) along with IMD best-fit track dataset.

Atmosphere 2023, 14, x FOR PEER REVIEW 9 of 18 
 

 

 

Figure 7. Simulated intensity errors from the FLUX-1 and FLUX-2 experiments in terms of CSLP 

(in hPa) and MSW (in m/s). 

3.2. Performance of Model on Forecast of Storm Structure 

The spatial distribution of the time-height cross-section of relative humidity (in %) is 

calculated by taking the area average between 81° E to 90° E and 6° N to 23° N in the active 

region from the model simulations using 15 km horizontal resolution (outer domain) and 

compared with that from the ERA5 reanalysis datasets with 25 km resolution (Figure 8). 

The results indicate that the simulated relative humidity from both experiments possess 

a similar pattern during the entire simulation period with minor differences in magnitude 

at different heights. The low-level humidity up to 900 hPa in both experiments matches 

well with that in the ERA5 reanalysis datasets but is slightly higher in magnitude. It is also 

observed that the simulated middle-level relative humidity between 700 hPa and 500 hPa 

plays an important role in the intensification of the storm [72–74] and is well-correlated 

with the predicted intensity of the storm. The maximum relative humidity is observed in 

the simulations from 1200 UTC on 30 April to 1200 UTC on 2 May. A similar pattern of 

maximum relative humidity is observed in the ERA5 reanalysis during the same time pe-

riod, but in the lower level between 900 hPa and 600 hPa. We have also analyzed these 

results by considering a smaller dimension (8° × 8° from the TC center) from the 3 km and 

15 km simulations. We find similar qualitative results as in the bigger dimension, but with 

a slight difference in magnitudes (figures not shown). The high-resolution (3 km) simula-

tion shows comparatively higher values compared with the low-resolution (15 km) simu-

lation. The simulated relative humidity in both cases has a similar pattern during the en-

tire simulation period with minor differences in magnitude at different heights. These re-

sults, together with previous studies [72–74], suggest that the forecasted maximum inten-

sity of the storm depends on the mid-level relative humidity. 

Figure 7. Simulated intensity errors from the FLUX-1 and FLUX-2 experiments in terms of CSLP (in
hPa) and MSW (in m/s).



Atmosphere 2023, 14, 637 9 of 17

3.2. Performance of Model on Forecast of Storm Structure

The spatial distribution of the time-height cross-section of relative humidity (in %) is
calculated by taking the area average between 81◦ E to 90◦ E and 6◦ N to 23◦ N in the active
region from the model simulations using 15 km horizontal resolution (outer domain) and
compared with that from the ERA5 reanalysis datasets with 25 km resolution (Figure 8).
The results indicate that the simulated relative humidity from both experiments possess a
similar pattern during the entire simulation period with minor differences in magnitude
at different heights. The low-level humidity up to 900 hPa in both experiments matches
well with that in the ERA5 reanalysis datasets but is slightly higher in magnitude. It is also
observed that the simulated middle-level relative humidity between 700 hPa and 500 hPa
plays an important role in the intensification of the storm [72–74] and is well-correlated
with the predicted intensity of the storm. The maximum relative humidity is observed
in the simulations from 1200 UTC on 30 April to 1200 UTC on 2 May. A similar pattern
of maximum relative humidity is observed in the ERA5 reanalysis during the same time
period, but in the lower level between 900 hPa and 600 hPa. We have also analyzed these
results by considering a smaller dimension (8◦ × 8◦ from the TC center) from the 3 km
and 15 km simulations. We find similar qualitative results as in the bigger dimension, but
with a slight difference in magnitudes (figures not shown). The high-resolution (3 km)
simulation shows comparatively higher values compared with the low-resolution (15 km)
simulation. The simulated relative humidity in both cases has a similar pattern during
the entire simulation period with minor differences in magnitude at different heights.
These results, together with previous studies [72–74], suggest that the forecasted maximum
intensity of the storm depends on the mid-level relative humidity.
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Figure 9 shows the structure of water vapor obtained from the satellite observation
at 0000 UTC on 3 May 2019 and the water vapor mixing ratios derived from the model
simulations. Here, the structure is presented in terms of the vortex and eye of the storm
in the FLUX-1 and FLUX-2 experiments. It is seen that the location of the eye of Fani is
slightly better predicted in the FLUX-1 experiment, and this is due to the better forecast of
the track in the FLUX-1 experiment compared with that in the FLUX-2 experiment. This
indicated that the FLUX-1 experiment provides a better forecast of the structure of Fani
over the Bay of Bengal region.
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Figure 9. Structure of water vapor content at 0000 UTC on 3 May 2019 obtained from (a) the Satellite
observation, (b) the FLUX-1 experiment, and (c) the FLUX-2 experiment. Figure 9a was adopted
from the Regional and Mesoscale Meteorology Branch (https://rammb-data.cira.colostate.edu/tc_
realtime/storm.asp?storm_identifier=io012019; accessed on 20 February 2020). This figure is used to
see the structures only to visualize if the structure is correctly reduced in the model simulation.

In Figure 10, the maximum reflectivity simulated by the model in both experiments
is compared with the Vishakhapatnam Doppler Weather Radar (DWR) at 1130 UTC on
2 May 2019. It can be seen that the spatial distribution of maximum reflectivity of the
storm is better predicted in the FLUX-1 experiment compared with the FLUX-2 experiment.
However, the magnitude of the reflectivity is over-predicted in both experiments compared
with the observation. The maximum reflectivity from the DWR observation is about
46.7 dBZ, whereas in the model it is about 60 dBZ in both experiments. It is also noticed
that the pattern of the structure of the storm vortex is better in the FLUX-1 experiment.
These results indicate that the performance of the model with the FLUX-1 scheme is quite
good towards the prediction of the structure of Fani compared with that of the FLUX-2
scheme, even though the FLUX-1 scheme over-predicted the distribution of reflectivity.

https://rammb-data.cira.colostate.edu/tc_realtime/storm.asp?storm_identifier=io012019
https://rammb-data.cira.colostate.edu/tc_realtime/storm.asp?storm_identifier=io012019


Atmosphere 2023, 14, 637 11 of 17
Atmosphere 2023, 14, x FOR PEER REVIEW 12 of 18 
 

 

 

Figure 10. Maximum reflectivity (in dBZ; x-axis shows longitude and y-axis shows latitude) at 1130 

UTC on 2 May 2019 obtained from (a) Visakhapatnam DWR, (b) the FLUX-1, and (c) the FLUX-2 

experiment. 

Figure 11 shows the height cross section of temperature anomaly at 03 UTC on 02 

May 2019 from model simulations using experiments FLUX-1, FLUX-2, and satellite-de-

rived observations (https://rammb-data.cira.colostate.edu/tc_realtime; accessed on 20 Feb-

ruary 2020 [70]). The satellite-derived observation indicates a strong positive temperature 

anomaly between 9 km and 15 km heights with magnitudes of 2 °C to 6 °C and a larger 

area at a low-level having cold temperatures. The results from both simulations suggest 

that the patterns of temperature anomaly are similar in both experiments. A positive 

anomaly is obtained between 3 km and 17 km heights with a maximum magnitude of 

about 8 °C and 7 °C in the FLUX-1 and FLUX-2 experiments, respectively. The maximum 

temperature anomaly in both simulations is noticed at approximately 8.5 km, while in the 

observation, it is seen about 6 °C at nearly 12 km height. The spatial expansion of the 

positive anomaly is notably lower in both experiments compared with the observation, 

but it is slightly better in the FLUX-1 experiment compared with the FLUX-2 experiment. 

Figure 10. Maximum reflectivity (in dBZ; x-axis shows longitude and y-axis shows latitude) at
1130 UTC on 2 May 2019 obtained from (a) Visakhapatnam DWR, (b) the FLUX-1, and (c) the
FLUX-2 experiment.

Figure 11 shows the height cross section of temperature anomaly at 03 UTC on 2 May
2019 from model simulations using experiments FLUX-1, FLUX-2, and satellite-derived
observations (https://rammb-data.cira.colostate.edu/tc_realtime; accessed on 20 Febru-
ary 2020 [70]). The satellite-derived observation indicates a strong positive temperature
anomaly between 9 km and 15 km heights with magnitudes of 2 ◦C to 6 ◦C and a larger
area at a low-level having cold temperatures. The results from both simulations suggest
that the patterns of temperature anomaly are similar in both experiments. A positive
anomaly is obtained between 3 km and 17 km heights with a maximum magnitude of
about 8 ◦C and 7 ◦C in the FLUX-1 and FLUX-2 experiments, respectively. The maximum
temperature anomaly in both simulations is noticed at approximately 8.5 km, while in the
observation, it is seen about 6 ◦C at nearly 12 km height. The spatial expansion of the
positive anomaly is notably lower in both experiments compared with the observation, but
it is slightly better in the FLUX-1 experiment compared with the FLUX-2 experiment.

https://rammb-data.cira.colostate.edu/tc_realtime
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Figure 11. Temperature anomaly at 03 UTC on 2 May 2019 obtained from (a) the satellite observation,
(b) the FLUX-1 experiment, and (c) the FLUX-2 experiment (considered from the center of the tropical
cyclone to 600 km varying from west to east).

The daily rainfall (24 h accumulated in mm) for 2 May and 3 May 2019 was calculated
from model simulations using an outer domain with a resolution of 15 km (Figure 12)
and compared with the Tropical Rainfall Measuring Mission (TRMM) daily rainfall data,
which has a spatial resolution of about 0.25◦ × 0.25◦ (https://disc.gsfc.nasa.gov/datasets/
TRMM_3B42_Daily_7; accessed on 25 January 2023). The results show that the forecasted
daily rainfalls on both days were over-predicted in the core region of the storm compared
with the TRMM observation. The maximum forecasted rainfall in the core region was
seen to be more than 250 mm, while it was noticed to be about 200 mm in the TRMM
observation. The spatial distribution of the rainfall and the right-side cloud band pattern
were well-captured in both experiments for 2 May. However, the model was not able to
capture the rainfall over the land region for 3 May in both experiments, although it was
slightly better predicted in the FLUX-1 experiment compared with the FLUX-2 experiment.

Overall, the results indicate that the storm movement, intensity, and structure were
well-represented in the FLUX-1 experiment. This could be due to the heat and mois-
ture representation [55,56], as the FLUX-1 experiment uses the enthalpy coefficient as
[Donelan Cd (drag coefficient for momentum) + constant Z0q for alternative Ck (exchange
coefficient for temperature and moisture)], whereas the FLUX-2 experiment uses it as
[Donelan Cd + Garratt Ck]. The enthalpy coefficient may have played a major role in re-
producing a proper initiation and development of the storm in the FLUX-1 experiment.
However, further comparative research is required to confirm this. Therefore, we suggest
more research on this issue, specifically focusing on each coefficient’s contribution towards
the storm movement, intensity, and structure.

https://disc.gsfc.nasa.gov/datasets/TRMM_3B42_Daily_7
https://disc.gsfc.nasa.gov/datasets/TRMM_3B42_Daily_7
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4. Conclusions

The present study evaluates the sensitivity of the air-sea flux parameterization schemes,
namely FLUX-1 and FLUX-2, in predicting the tropical cyclone “Fani,” which developed
over the Bay of Bengal region in April 2019. The study evaluates the prediction of the
storm’s track, intensity, and structure, including relative humidity, temperature anomaly,
maximum reflectivity, and water vapor. The major findings of the study are as follows:

• The use of the moving nested domain method in WRF-ARW accurately simulates
the track of the storm Fani with both flux parameterization schemes. Comparison
between the two schemes indicates that the FLUX-1 experiment better simulates the
storm track than the FLUX-2 experiment. Track errors in the FLUX-1 experiment are
approximately 47 km, 123 km, 96 km, and 27 km on day 1 to day 4, respectively.

• The FLUX-1 experiment more accurately predicts the time and location of Fani’s
landfall, with the landfall time in this experiment matching well with the observation
and a landfall location error of approximately 37 km.

• The FLUX-1 experiment provides a better forecast of rapid intensification and dis-
sipation patterns. The forecast of the first 60 hours’ intensity is better represented
in the FLUX-1 experiment, while the forecast of remaining hours’ intensity is better
represented in the FLUX-2 experiment.
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• The structure of Fani, in terms of relative humidity, maximum reflectivity, and temper-
ature anomaly, is well simulated in both experiments.

Overall, the results suggest that the performance of the WRF-ARW model with the
FLUX-1 experiment is better suited for predicting tropical cyclone Fani compared with
the FLUX-2 experiment. However, these findings are based on only one tropical cyclone
simulation, and therefore a more extensive number of cases, including coupled ocean mixed
layer depth and time-varying SST, must be studied to make a robust conclusion.

5. Limitation and Future Studies

The investigations presented here are preliminary ideas using the moving nested
domain method over the Bay of Bengal region. Similar modeling studies will be conducted
in the future with more cases over the North Indian Ocean. Additionally, it is important
to test the model’s skill using the moving nested domain method in comparison with the
stationary domain method. It is worth mentioning that a single case study is not sufficient
to draw any conclusions. Therefore, a comprehensive study with a larger number of cases
in both the pre- and post-monsoon seasons is suggested for a more robust conclusion.
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