Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 31 August 2022 d0i:10.20944/preprints202208.0536.v1

Article
Prediction of Bay of Bengal Extremely Severe Cyclonic Storm

"Fani” Using Moving Nested Domain
Kuvar Satya Singh 1.2, Sridhara Nayak ¥, Suman Maity ¢, Hara Prasad Nayak 5 and Soma Dutta¢

ICenter for Disaster Mitigation and Management (CDMM), Vellore Institute of Technology, Vellore 632014,
India; kuvarsatya.singh@vit.ac.in

2Department of Mathematics School of Advanced Sciences (SAS), Vellore Institute of Technology, Vellore
632014, India; kuvarsatya.singh@vit.ac.in

3Earth Science Center, Japan Meteorological Corporation Limited, Osaka 5300011, Japan; nayak.sridhara@n-
kishou.co.jp

“Research Institute for Global Change, Japan Agency for Marine-Earth Science and Technology, Yokohama
236-0001, Japan; sumanmaity@jamstec.go.jp

SDepartment of Geography, University of California Los Angeles, CA, USA; hpnayak@ucla.edu

¢Farmneed Agri Business Private Limited, Salt Lake 700091, India; soma.d@farmneed.com

* Correspondence: kuvarsatya.singh@vit.ac.in (K.S.S.); nayak.sridhara@n-kishou.co.jp (S. N.).

Abstract: The prediction of an extremely severe cyclonic storm (ESCS) is one of the challenging
issues due to increasing intensity and its life period. In this study, an ESCS Fani that developed over
Bay of Bengal region during 27 April - 4May, 2019 and made landfall over Odisha coast of India is
investigated to forecast the storm track, intensity and structure. Two numerical experiments (chang-
ing two air-sea flux parameterization schemes; namely FLUX-1 and FLUX-2) are conducted with
the Advanced Research version of the Weather Research and Forecasting (ARW-WRF) model by
using a moving nest with fine horizontal resolution about 3 km. The high resolution (25 km) NCEP
operational Global Forecast System (GFS) analysis and forecast datasets are used to derive the initial
and boundary conditions, the ARW model initialized at 00 UTC 29 April 2019 and forecasted for
108 hours. The forecasted track and intensity of Fani is validated with available India Meteorological
Department (IMD) best-fit track datasets. Result shows that the track, landfall (position and time)
and intensity in terms of minimum sea level pressure (MSLP) and maximum surface wind (MSW)
of the storm is well predicted in the moving nested domain of the WRF model using FLUX-1 exper-
iment. The track forecast errors on day-1 to day-4 are ~ 47 km, 123 km, 96 km, and 27 km in FLUX-
1 and ~54 km, 142 km, 152 km and 166 km in Flux-2 respectively. The intensity is better predicted
in FLUX-1 during the first 60 h followed by FLUX -2 for the remaining period. The structure in terms
of relative humidity, water vapor, maximum reflectivity and temperature anomaly of the storm is
also discussed and compared with available satellite and Doppler Weather Radar observations.
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1. Introduction

The number of intense tropical cyclones has increased in different regions [1-3], and
are expected to become much intense because of global warming [4-8]. The life-period and
intensity in terms of maximum wind speed of the extremely severe cyclonic storms
(ESCSs) over the Bay of Bengal region are increasing [9]. Several studies claimed that the
Indian sub-continent is enormously vulnerable due to these intense tropical cyclones [10-
13]. The risk over the coastal regions of the North Indian Ocean is also increasing due to
increased population density. Hence, for socio-economic inferences, it is necessary and
necessary to provide accurate forecasts for disaster preparedness. Also, the destructive
potential due to intense cyclones becomes significantly higher when these intense tropical
cyclones make landfall with higher intensity. Hence, the forecast accuracy of the intense
cyclone is a necessity and challenging. However, in the past few decades a significant
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improvement has been observed in the forecast of intense tropical cyclones over the North
Indian Ocean. This improvement due to the high-resolution atmospheric modeling sys-
tem [14-16] with improved physical processes [17-20], advanced data assimilation tech-
niques including good quality of observations [21-32]. Therefore, a modeling study is very
important in a high resolution to forecast the intensity of the ESCS over Bay of Bengal
region in an increasing intensity and life-period.

Several studies over the North Indian Ocean have brought attention to the prediction
of tropical cyclones using atmospheric models in terms of the impact of model resolution,
physical processes, and assimilation of different observations for the prediction of the
track, intensity and structure of the intense storms in a static nested domain. Due to the
availability of moving vortex platform in ARW-WRF model which reduces the computa-
tion cost during simulation, hence an extremely severe cyclonic storms which has a longer
life period like a Fani cyclone that developed in 2019 with a period of more than 8 days
need to be tested. Therefore, it is an important perspective to develop an understanding
of the ARW-WRF model over the North Indian Ocean in a moving vortex platform for the
forecast of ESCS. Therefore, an attempt has been made to study the forecast of track, in-
tensity and structure at the high resolution of Fani. The study is systematized as follows:
initially, it covers a brief description of Fani, the introduction section along with literature
review. A brief model description along with data and methodology are presented in Sec-
tion 3. The results from moving nested domain (finer domain 3 km horizontal resolution)
of different experiments are presented in Section 4, and conclusions in the last section.

2. Case Study and Methodology
2.1. Brief description of cyclone Fani

Fani was a pre-monsoon storm that originated over the Bay of Bengal region in the last
week of April 2019. The storm intensified into a cyclonic storm at 0600 UTC on 27 April
2019 and further intensity increased into a severe storm at 1200 UTC on 29 April with a
minimum central pressure (MCP) of about 986 hPa and maximum surface wind (MSW)
was about 55 knots. In the next 9 hours, the storm became a very severe cyclonic storm
with MSW of about 65 knots. At 1200 UTC on 30 April the storm reached the stage of ESCS
and Fani reached its maximum intensity with an MWS of about 115 knots. The storm
crossed the Odisha coast near Puri between 0230 to 0430 UTC on 3rd May 2019. Then it
continues to move towards West Bengal and weakens over Bangladesh and Central As-
sam. The observed track of the ESCS from the India Meteorological Department (IMD)
was presented in Figure 1. The main salient features of Fani is as follows:

a. It was considered one of the longest (about 8 days 9 hours) tropical cyclones in the
history of the North Indian Ocean [9] and the 10th most severe cyclone in the month of
May in the last 52 years [33]. It developed near the equator, which is very rare over the
north Indian Ocean.

b. The ESCS observed under rapid intensification (wind speed changes more than 30 knots
within 24 h duration) during 30 April 2019 and Fani cyclone reached its maximum inten-
sity in terms of MSW about 115 knots and MCP about 932 hPa whereas, the observed
pressure drop was 66 hPa (Figure 2).

c. During the landfall the cyclone Fani was in the stage of ESCS (wind speed more than 90
knots) and hence caused heavy rainfall, strong winds leading to damage of structure over
Odisha coast.

d. It affected about 89 fatalities, the projected economic loss was more than 8.1 billion US
dollars and affected areas were Odisha, West Bengal, Andhra Pradesh, East India, and
Bangladesh.


https://doi.org/10.20944/preprints202208.0536.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 31 August 2022

d0i:10.20944/preprints202208.0536.v1

e. The cyclone Fani was considered one of the three worst storms in the past 150 years that
made landfall to the Odisha coast with massive financial and social impact [34].

2.2. Data and Methodology

In the section, a brief overview of the Weather Research and Forecasting (WRF) mod-
eling system, the dataset used for numerical experiments, and methodology are pre-
sented. In the study, the advanced core of WRF (ARW-WRF) model version 4.2.2 is used
with the vortex following option available in the model. This option is more suitable for
cyclone forecast if a well-organized cyclonic vortex is observed over the ocean. The ARW
model can be used in a parallel computing environment, with wide applications of scien-
tific problems with complex physical processes and having the flexibility of retaining spa-
tial and temporal scales. The physical processes used in the study are Kain-Fritsch [35] for
cumulus, the Lin [36] for microphysics, Yonsei University [37] for PBL scheme, Rapid Ra-
diative Transfer Model RRTM [38] and Dudhia’s scheme [39] for shortwave radiation. A
model configuration such as the model domain, dynamics, horizontal resolution and
other parameters in the modeling system used in the present study was adapted from
previous study [28]. More details on the model configuration used in the study are shown
in Table 1.

Table 1: WRF Model configuration used in the study

Dynamical core

Non-Hydrostatic, WRF-ARW (version 4.2)

Initial condition

GFS analysis (0.25° x 0.25°)

Lateral boundary conditions

GFS forecast (0.25° x 0.25%) 3 hourly

Model Resolution

15 km x 15 km (D1; fixed domain) and

3 km x 3 km (D2; moving nested domain)

Model time steps

75 seconds (D1) and 15 seconds (D2)

Vertical levels 51

Cumulus Parameterization KF [used for outer domain only; 35]
Microphysics Lin [36]

PBL scheme YSU scheme [37]

Short and Long wave radia-

tion

RRTM [38], Dudhia [39]

Surface layer

Noah Land Surface model [40]

Enthalpy Coefficient

FLUX-1 experiment [Donelan Cd (drag coeffi-
cient for momentum) + constant Zoq for alterna-
tive Ck (exchange coefficient for temp and mois-
ture)]

FLUX-2 experiment [Donelan Cd + Garratt Ck]
Garratt formulation, slightly different forms for

heat and moisture.

Number of grids points

232x265 (D1) and 326x321 (D2)

Forecast length and

initialization

4 days 12 hours, 0000 UTC of 29 April 2019

Vortex Interval

15 minutes

Track Level

850 hPa
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Figure 1: Life period of the cyclone FANI 2019 observed from IMD best-fit track.

In order to investigate the prediction skill of Fani, the model was initialized at 0000
UTC on 29 April 2019 and forecasted up to 1200 UTC on 03 May 2019. The initial and
boundary conditions for model integration were derived from the NCEP-GFS analysis
and forecast datasets at 0.25° x 0.25° resolution respectively and time-varying boundary
conditions were updated at every 6 hours interval. The land information details are taken
from the United States Geological Survey. Two nested domains 15 km and 3 km horizontal
resolutions are used for simulations, where the second domain (finer domain) is consid-
ered as a moving nest (Figure 3). In the outer domain (15 km resolution) the cumulus
convection activated and its 1/5th ratio for the inner domain (3 km resolution) the cumulus
convection kept off. Two numerical experiments were accomplished by using two differ-
ent air-sea flux parameterization schemes [two experiments using varying enthalpy coef-
ficients by suggesting ISFTCFLX equals to 1 and 2, where experiments are referred to as
FLUX-1, and FLUX-2, respectively] in the ARW model. These schemes specially designed
for the application of cyclone forecast involving alternative Ck (exchange coefficient for
temp and moisture), Cd (drag coefficient for momentum). Further, the model results were
compared with the India Meteorological Department (IMD) best-fit track datasets, satel-
lite observation and Doppler Weather Radar (DWR) and Visakhapatnam.
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Figure 2: a) MCP and MSW of the ESCS FANI 2019 during their life-period and b) rapid
intensification (RI; wind speed more than 30 knots within 24 hours) observed from IMD
best-fit track.
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Figure 3: Double nested model domains (15 km and 3km) with inner domain is taken as
moving nest, the shaded region shows the wind field (in m/s) during initialization at
0000 UTC on 29 April 2019.
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3. Results and Discussions

The impact of air-sea flux parameterization schemes on the ARW model for prediction of
Fani 2019 over the Bay of Bengal region under moving nested domain platforms are ana-
lyzed. The study of the objective is to provide a better forecast of Fani in terms of track,
intensity, and structure in a moving nested domain using a high-resolution model (3 km
horizontal resolution). In the first section, the forecasted results from the experiments are
compared with available IMD best-fit track datasets in terms of movement of the storm,
maximum surface wind speed, minimum central pressure and landfall. In the second sec-
tion, model forecasted results maximum reflectivity was compared with available Dop-
pler weather radar (DWR) observations obtained from the IMD Visakhapatnam, relative
humidity is compared with ERA-5 Global datasets, water vapor and temperature anomaly
are compared with available satellite observations.

3.1. Forecast on track and intensity

The forecasted tracks of Fani using FLUX-1 and FLUX-2 experiments along with IMD
best-fit track at every 3 hours intervals is presented in Figure 4 and their corresponding
track errors is also presented in the section. It is apparent from the outcomes that the pre-
dicted storm track was comparatively better in FLUX-1 experiments as compared to
FLUX-2 experiments. It is observed that movement of FLUX-1 experiment is comparable
with IMD best-fit track and faster than FLUX-2 experiment. Whereas, on the third and
fourth day the movement of Fani was 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 FLUX-1
experiment, whereas, this error was about 54 km, 142 km, 152 km and 166 km in FLUX-2
experiment respectively.

20N A

15N A

10N

75€ 80F 85E 90E 95E 100E

Figure 4: Model simulated tracks from FLUX-1 (green colour line), FLUX-2 (black colour line) exper-

iments along with IMD best-fit track (red colour line) at every 3 hours intervals.
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Figure 5: Model simulated intensity from FLUX-1 and FLUX-2 experiments in terms of MCP (in hPa) and MSW (in knots)
along with IMD best-fit track dataset.

Based on model simulation results Fani crossed the coastal state of Odisha near Puri dis-
trict at 0300 UTC on 3rd May 2019 in FLUX-1 experiment and 09 UTC on 3rd May 2019 in
FLUX-2 experiment, whereas observations show that storm crossed Puri coast at 0300
UTC on 3rd May 2019. This suggests that landfall time of the storm exactly matches with
the FLUX-1 experiment and having 6 hours delayed due to the slower movement of the
storm in FLUX-2 experiment. It is also found that the landfall location error was about 37
km and 102 km towards the left of the observed track in FLUX-1 and FLUX-2 experiments
respectively. Overall, it was concluded that the forecasted track of the storm Fani is well
predicted in terms of movement and landfall (both in terms of time and location) in FLUX-
1 experiment under the moving nested domain in a 3 km horizontal resolution compared
to the FLUX-2 experiment.

The time evolution of intensity of Fani in terms of maximum surface wind speed (MSW)
and minimum central pressure (MCP) obtained from simulations and IMD best-fit track
is revealed in Figure 5. It is important to note that the model data was taken at every 15
minutes intervals and observation was taken at every 3 hourly intervals. From the figure
it is noticed that the first 60 hours forecast was better in FLUX-1 experiment and after that
intensity forecast was better in FLUX-2 experiment in terms of MCP and MSW. Whereas
it was also found that intensification and dissipation pattern was well captured in FLUX-
1 experiment as compared to the FLIX-2 experiment. The absolute intensity error in terms
of MCP and MSW at every 12 hours interval is also calculated and presented in Figure 6.
Results show that day-1 to day-4 the MCP error was about 1 hPa, 1 hPa, 17 hPa, and 30
hPa for FLUX-1 experiment and 3 hPa, 12 hPa, 9 hPa, and 11 hPa for FLUX-2 experiment
respectively, whereas the MSW error was about 1 knot, 3 knots, 27 knots and 27 knots for
FLUX-1 and 1 knot, 13 knots, 5 knots and 11 knots for FLUX-2. These results suggested
that after 60 hours during intense stage in FLUX-1 experiment the predicted MCP and
MSW are overestimated and hence indicated higher error in the simulation. It is also
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observed that the initial errors in MSW and MCP are more. These forecasted and initial
errors need to improve through using other physical processes (PBL, microphysics, and
cumulus) and data assimilation technique respectively under the moving nested platform.
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Figure 6: Simulated intensity errors from FLUX-1 and FLUX-2 experiments in terms of
MCP (in hPa) and MSW (in knots).

3.2. Performance of model on forecast of Storm Structure

Time/height cross section of relative humidity (in %) obtained from model simulations
using 15 km horizontal resolution (outer domain) is compared with ERA-5 reanalysis
datasets with 25 km resolution (Figure 7) and is calculated area average between 78°E to
93°E and 2°N to 24°N in the active region. The simulated relative humidity from both
experiments had a similar pattern during the entire simulation period with a minor
difference in magnitude at different heights. The lower level humidity up to 900 hPa in
both experiments well matches in terms of pattern but slightly higher magnitude in model
forecast compared with ERA-5 reanalysis datasets. It is also observed that the simulated
middle level relative humidity between 700 hPa to 500 hPa plays important role in the
intensification of the storm [41-43] and well correlated with predicted intensity of the
storm. Whereas the maximum relative humidity is observed in the simulations during
1200 UTC of 30 April to 1200 UTC of 2nd May 2019. During this time period a similar
pattern was observed in ERA-5 datasets but in the lower level between 900 hPa to 600 hPa.
The results from model simulations and previous studies suggested that the forecasted
maximum intensity of the storm depends on the mid-level relative humidity. Figure 8
shows the structure of water vapor obtained from satellite observation and model
simulated water vapor mixing ratios at 0000 UTC on 3rd May 2019. The structure in terms
of the vortex and eye of the storm were simulated in the FLUX-1 and FLUX-2 experiments.
The location of the centre in terms of the eye of Fani is slightly better predicted in the
FLUX-1 experiment, and this was due to the better forecast of the track in the FLUX-1
experiment compared to the FLUX-2 experiment. Overall, it is concluded that the FLUX-
1 experiment provides the better forecast of structure of Fani 2019 over the Bay of Bengal.
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Figure 7: Area average relative humidity (in %) in the active region (longitude from 78°E
to 93°E and latitude from 2°N to 24°N) obtained from a) ERA-5 reanalysis datasets b) FLUX-

1 experiment and c) FLUX-2 experiment.
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Figure 8: Structure of Water vapor content about 0000 UTC on 3rd May 2019 obtained
from a) Satellite observation, b) FLUX-1 experiment and c) FLUX-2 experiment.
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Figure 9: Maximum reflectivity (in dBZ) about 1130 UTC on 02 May 2019 obtained from a)
Vishakhapatnam DWR, b) FLUX-1 and c) FLUX-2 experiment.

In Figure 9, the model simulated maximum reflectivity at 1130 UTC on 02 May 2019
from both experiments compared with Vishakhapatnam Doppler Weather Radar (DWR)
at 1131 UTC on 02 May 2019. From the results it is observed that the spatial distribution
of maximum reflectivity of the storm is better predicted in FLUX-1 experiments compared
to the FLUX-2 experiment. But the magnitude of the reflectivity was over-predicted in
both experiments compared to the observation. The maximum reflectivity from DWR ob-
servation is about 46.7 dBZ, whereas in the model forecast the maximum reflectivity was
about 60 dBZ in both experiments. It is also noticed that the pattern of the structure of the
storm vortex was better in the FLUX-1 experiment. Overall, the performance of the model
with FLUX-1 experiment was quite good in prediction of reflectivity compared to FLUX-
2, even though it was over-predicted in terms of distribution, and proved the model ca-
pability to predict the structure of the storm Fani.

Figure 10 shows the height cross section of temperature anomaly at 03 UTC on 02
May 2019 obtained from model simulations using experiment FLUX-1, FLUX-2 and satel-
lite derived observations from https://rammb-data.cira.colostate.edu/tc_realtime [44]. The
satellite derived observation indicated a strong positive temperature anomaly between 9
km to 15 km height with magnitude of 2°C to 6°C and the larger area in low-level having
cold temperatures. The results from the both simulations suggested that the pattern of
temperature anomaly is similar and the positive anomaly was obtained between 3-17 km
height with a maximum magnitude about 8°C and 7°C in FLUX-1 and FLUX-2 experi-
ments. Whereas in the observation the maximum anomaly was about 6°C about at 12 km
height and in the simulations the maximum anomaly was obtained at approximately 8.5
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km in both the experiments. In observation the spatial expansion of positive anomaly was
more compared to the simulated anomaly but slightly better in FLUX-1 experiment com-
pared to the FLUX-2 experiment.
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Figure 10: Temperature anomaly at 03 UTC on 02 May 2019 obtained from a) satellite observation, b) FLUX-1 experiment and c)
FLUX-2 experiment.

4. Conclusions

The evaluation of model performance in the prediction of Fani was investigated us-
ing ARW model with 3 km horizontal resolution under a moving nested domain. The
model towards the prediction of movement of the storm, intensity in terms of MCP and
MSW, and structure in terms of relative humidity, temperature anomaly, maximum re-
flectivity and water vapor are critically assessed and the major findings can be brief as
follows:

e The track of the storm Fani was well simulated by ARW model in moving nested
domain by using 3 km horizontal resolution and the track errors on day-1 to day-
4 are about 47 km, 123 km, 96 km, and 27 km in FLUX-1 experiment as compared
to FLUX-2 experiment.

e The landfall (time and location) of Fani has significantly better predicted in the
FLUX-1 experiment and the landfall time exactly matches with observation and
location error was about 37 km.

e The FLUX-1 experiment provided a better forecast of rapid intensification and
dissipation pattern with higher magnitude. First 60 h intensity forecast was better
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in the FLUX-1 experiment followed by the FLUX-2 experiment for the remaining
period.

e The structure of the storm in terms of relative humidity, maximum reflectivity
and temperature anomaly suggested that moving nested domain platforms is also
good agreement to forecast Fani and needs to further improve.

e Overall, the results signify that the performance of the ARW model with FLUX-1
experiment was quit better in prediction of Fani cyclone compared to FLUX-2 ex-
periment in a moving nested domain, even though it was over-predicted to the
maximum intensity after 60 h forecast.

e More number of cases required to make the robust analysis over the Bay of Bengal
and Arabian Sea for model evaluation and need further improvement in terms of
rapid intensification and structure of the storms including data assimilation.

6. Limitation and future studies

The investigations presented here are the preliminary ideas using moving nested
domain over the Bay of Bengal region, for similar modeling studies in future will be con-
ducted with more number of cases over the North Indian Ocean. In addition, it is also
important to test the model skill using moving nested domain in comparison with fixed
domain.
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