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The present study focuses on determining the best combination of microphysics (MP) and cumulus
parameterization (CP) schemes for the simulation of Tropical Cyclones (TCs) in the Indian subcontinent
region, using the Weather Research and Forecasting (WRF) model. From the available schemes, four
CP schemes, namely Kain—Fritsch, Betts—Miller—Janjic, New Simplified Arakawa—Schubert, and
Grell-Devenyi, and four MP schemes, namely WSM6, Purdue Lin, Thompson, and Morrison, are selected
for the sensitivity study. Seven TCs are simulated using all combinations of the chosen physics schemes. The
simulated tracks and intensities are compared against the India Meteorological Department (IMD)
observations. The results show that the Kain—Fritsch scheme, in combination with all MP schemes, predicts
the tracks best among all the available CP schemes, but the performance of microphysics schemes is
indistinguishable. A further study is conducted using the Global Precipitation Measurement (GPM) radar
data to identify the best MP scheme by comparing the reflectivities. An existing radar simulator is modified
to calculate the simulated reflectivities from the WRF model output corresponding to the MP schemes. The
simulated reflectivities are compared against the GPM radar reflectivities, and the results show that the
Thompson scheme reproduces the reflectivities closest to observations. The performance of the best set of
schemes obtained from this study is compared with a random set of schemes for cyclone Bulbul, and the best
set of schemes outperformed the random schemes in every aspect.

Keywords. Weather Research and Forecasting (WRF') model; microphysics schemes; cumulus physics
schemes; GPM radar data; forward radar operator; cloud resolving model; radar simulator (CR-SIM).

1. Introduction

The Indian subcontinent is prone to tropical
cyclones (TCs) that form in the Indian Ocean
during both the pre-monsoon (April-May) and
post-monsoon (October—-November) seasons. These
tropical cyclones bring heavy rainfall and cause
widespread destruction of life and property. A
monsoon trough is a climatologically preferred
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zone for cyclone formation, which positions over
20°N at the beginning of the monsoon and moves
over 5°N at the end of the season. During the
monsoon season, the depressions still form over the
warm waters near the coast, but they fail to
intensify due to the vertical wind shear which
removes the available heating by means of con-
vection. Thus, the frequency of tropical cyclones in
the monsoon season is quite less compared to the
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pre-monsoon and post-monsoon seasons (Alam
et al. 2003). Studies of track data of cyclones dur-
ing the past 30 years reveal that the changes in the
environmental parameters may lead to an increase
in the intensity of post-monsoon tropical cyclones
over the Bay of Bengal (BoB) region in the future
(Balaguru et al. 2014). An extensive study of past
100 years of cyclone track data indicates the pre-
sent global warming conditions increase the
intensification of tropical cyclones over the BoB
region (Rao et al. 2019). Furthermore, studies of
Reddy et al. (2021) showed that future projections
of present global warming conditions and climate
change might lead to an intensification of tropical
cyclones in their severity during the landfall.
Consequently, accurate prediction of the cyclone
track and its intensity during the landfall is very
critical for the prevention of huge loss of lives and
property.

Operational forecasting of the tropical cyclones
is achieved through Numerical Weather Prediction
(NWP) models. The NWP models can be catego-
rized into global models, which operate at a reso-
lution of tens to hundreds of kilometers, and
regional mesoscale models, which operate at a
much fine resolution. The regional models use the
initial and lateral boundary conditions from the
global models and simulate the weather phenom-
ena. With the advancement in computational
resources, the accuracy in the prediction of tropical
cyclones using mesoscale models has increased to
a large extent (Elsberry 2014; Yamaguchi et al.
2017). Nevertheless, the accuracy of an operational
mesoscale model depends on various aspects,
namely initial and boundary conditions, domain
resolution, and specification of physics parameter-
ization schemes. Researchers have been using
regional mesoscale models such as Weather
Research and Forecasting model (WRF)
(Mukhopadhyay et al. 2011), Fifth-Generation
Penn State/NCAR Mesoscale Model (MMS5)
(Rogers et al. 2007), and the Tropical Cyclone
Model (TCM3) (Franklin et al. 2005) to name a
few, for the prediction of tropical cyclones. Due to
the availability and applicability for research and
operational weather prediction over a broad spec-
trum of scales ranging from meters to thousands of
kilometers, the WRF model is considered as a
better model for numerical experiments in the
current study.

The WRF model is a community-based numerical
weather prediction and atmospheric simulation
system, which has been extensively used in
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simulations of TCs over the North Indian Ocean
(NIO) by many researchers (Pattanaik and Rao
2009; Mukhopadhyay et al. 2011; Chandrasekar and
Balaji 2012; Osuri et al. 2012; Pattanayak et al.
2012; Srinivas et al. 2013; Taraphdar et al. 2014;
Kanase and Salvekar 2015; Choudhury and Das
2017; Sandeep et al. 2018) and presented their
insights to achieve a better forecast. Pattanaik and
Rao (2009) indicated that the WRF model forecast
errors of cyclone track and landfall time are reduced
when the simulation is initialized 72 hrs before the
landfall and concluded that the model simulations
are dependent on initial conditions and domain
resolutions. Mukhopadhyay et al. (2011) studied
the importance of moist processes on the track and
intensity prediction of tropical cyclones over NIO
and reported that the Kain—Fritsch (KF) cumulus
scheme in combination with WRF Single Moment
6-class (WSM6) microphysics scheme at 10 km grid
scale reproduced the cyclone track and intensity
close to observations. The authors explained the
importance of graupel production in the intensifi-
cation of the cyclone and its correlation with the
vertical heating profile by means of latent heating at
the middle level of the storm. Pattanayak et al.
(2012) studied the impact of parameterization
schemes on cyclone Nargis’s track and intensity and
reported that the movement of the cyclone is more
sensitive to the cumulus scheme. Osuri et al. (2012)
conducted a sensitivity study of CP and PBL
schemes for five tropical cyclones and reported that
Kain—Fritsch (KF) for CP and Yonsei University
Scheme (YSU) for PBL schemes have better pre-
dictions for the track, intensity, and rainfall con-
sistently. Srinivas et al. (2013) have conducted 65
sensitivity simulations for 21 cyclones on a double
nested domain with 9 km fine resolution and
reported that KF for CP, YSU for PBL, and Purdue
Lin (Lin) for MP is the best combination for cyclone
track and intensity prediction. Taraphdar et al.
(2014) studied the influence of moist processes on
the error growth and intrinsic predictability of
tropical cyclones over NIO by performing numerical
experiments with KF and WSM6 moist schemes and
reported that the buoyancy associated with moist
convection predominantly controls the error
growth. The authors also examined the influence of
domain resolution on error growth and observed
that 10 km and 1.1 km resolutions followed closely in
terms of error doubling time. Kanase and Salvekar
(2015) conducted a sensitivity study of CP, MP, and
PBL schemes for the simulations of two severe
cyclonic storms on a triply nested domain with 6.6
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km fine resolution. The authors reported that the
cyclone track is more sensitive to the cumulus
scheme, whereas intensity is more sensitive to MP
and PBL schemes. Choudhury and Das (2017)
conducted the sensitivity study of microphysics
schemes for the simulations of three very severe
cyclones on a double nested domain with 3 km fine
resolution and reported that Thompson and God-
dard scheme provides the highest skills in intensity.
Sandeep et al. (2018) studied the sensitivity of
cumulus and microphysics schemes for the simula-
tions of tropical cyclone Vardah and reported that
New Simplified Arakawa—Schubert (NSAS) for CP
and Kessler Scheme (KS) for MP is the best
combination for track and intensity prediction.
Researchers have been using reflectivity fields to
investigate the differences among the physics
schemes by comparing the simulated and observed
reflectivity fields. Rogers et al. (2007), Zhu and
Zhang (2006) examined the accuracy of model
simulations compared with the observations for
hurricanes (Bonnie 1998 and Floyd 1999), and
reported that the simulations overestimate the
reflectivities below the melting layer and above
which the decrements in the reflectivities with
height are very less. Min et al. (2015) evaluated the
accuracy of microphysics schemes in simulating the
summer monsoon and convective precipitation
cases over the Korean Peninsula during 2011 using
the radar reflectivity fields. Starzec et al. (2018)
investigated the accuracy of two microphysics
schemes in simulating the convective structure and
convective depths over several months of regional
forecasts using the reflectivity fields, and found
that the near surface fields are well simulated but
differ in vertical direction both from observations
and from each other. Huang et al. (2020) per-
formed a comparison of three microphysics
schemes for the simulation of an extreme rainfall
event in the coastal metropolitan city of Guangz-
hou, China. The authors reported that the simu-
lated reflectivity fields in terms of intensity and
coverage are similar for different microphysics
schemes, whereas their vertical structures differ
considerably. These studies suggest that the
reflectivity fields can be used for the evaluation
of microphysics schemes for the simulations of
tropical cyclones over the Indian Ocean region.
The best combination of parameterization
schemes that are performing well in the Indian
Ocean region was proposed by various studies
based on the track and intensity predictions. In
contrast, their capability to reproduce reflectivities
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has not been established thus far. So, there exists a
need to identify the best set of parameterization
schemes that can accurately predict the tropical
cyclone track, intensity, and reflectivities for the
simulation of tropical cyclones. This will also help
in better predictions of such extreme events in a
future warming environment. This study investi-
gates the sensitivity of four cumulus and four
microphysics schemes for the simulations of seven
tropical cyclones to ascertain their capability of
reproducing reflectivities close to the GPM reflec-
tivities on a triply nested domain with a fine res-
olution of 2 km, using the WRF model. The
sensitivity experiments of cumulus schemes are
performed based on the cyclone track, and inten-
sity prediction similar to approaches reported
earlier (Mukhopadhyay et al. 2011). The sensitiv-
ity experiments of microphysics schemes study
their capability of reproducing the reflectivities in
comparison with the GPM reflectivities and
ascertain the reasons behind the deviations with
respect to the observations.

Section 2 contains the details of the data used
and a detailed methodology of the sensitivity
study. Results of the model simulations compared
with the observational data are discussed in section
3. Section 4 contains the conclusions obtained from
this study.

2. Model description, events simulated,
data, and methodology

2.1 Model description

In the present study, the Advanced Research WRF
(WRF-ARW) model version 3.9.1 (Skamarock
et al. 2008) is used to simulate the tropical
cyclones. The WRF model is a community-based
numerical weather prediction (NWP) and atmo-
spheric simulation system. The dynamic core of the
model solves the compressible, non-hydrostatic
flux form of the Euler equations. The physical
processes which cannot be resolved to the model
grid are represented empirically/statistically using
parameterization. The details of model description
are presented in table 1. The selected tropical
cyclones in the present study are originated from
the Northern Indian Ocean. As the domain d03
does not cover the entire cyclone-affected zone, the
center of the domain is changed according to the
cyclone-affected zone for each cyclone. This way,
the entire domain shifts at the cyclone-affected
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Table 1. Ouerview of the WREF model configuration.

Details
FNL 0.25° x 0.25° data

Model configuration

Initial and lateral boundary
conditions data

Input data interval 6 hrs

Model integration time 84 hrs

Horizontal resolution 18 km (D1)
6 km (D2)
2 km (D3)

Number of horizontal grid points 500 x 500 (D1)
901 x 901 (D2)
1501 x 1501 (D3)
Number of vertical layers 49

Integration time step 60 s, 20 s, 6.66 s

45°N

30°N

15°N

0°

15°S

60°E

75°E 90°E  105°E  120°E

Figure 1. Configuration of the WRF model domains used for
the simulations of cyclone Vardah.

zone. For reference, the domains used for one
cyclone are illustrated in figure 1. The cyclones are
simulated for 84 hrs, including the 12 hrs of
spin-off time. A total of four CP schemes, namely
Kain-Fritsch ~ (KF)  scheme (Kain  2004),
Betts—Miller—Janjic (BMJ) scheme (Janji¢ 1994),
New Simplified Arakawa—Schubert (NSAS) scheme
(Han and Pan 2011), and Grell-Devenyi Ensemble
(GD) scheme (Grell and Dévényi 2002), and total of
four MP schemes, namely WRF Single-Moment
6-class scheme (WSM6) (Hong et al. 2004), Purdue
Lin scheme (Lin) (Chen and Sun 2002), Thompson
scheme (Thompson et al. 2008), and Morrison
scheme (Morrison) (Morrison et al. 2009) are selected
for the sensitivity experiments. The remaining
parameterization schemes used in this study are:
Yonsei University Scheme (YSU) (Hong et al. 2006)
for planetary boundary layer physics, rapid radiative
transfer model for global circulation models
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(RRTMG) scheme (Tacono et al. 2008) for shortwave
radiation, rapid radiative transfer model (Mlawer
et al. 1997) for longwave radiation, Unified Noah
Land Surface Model (Tewari et al. 2004) for land
surface physics, and MM5 similarity scheme
(Beljaars 2004) for surface layer physics.

2.2 Cyclones selected for numerical simulations

In the present study, a total of seven tropical
cyclones that originated in the Bay of Bengal during
the period of 2015 to 2019 are selected for the sen-
sitivity experiments. They are cyclonic storm
Maarutha (IMD 2017a) two severe cyclonic storms,
namely Mora (IMD 2017b) and Phethai (IMD
2018a), two very severe cyclonic storms, namely
Vardha (IMD 2016) and Titli (IMD 2018b), and two
extremely severe cyclonic storms, namely Chapala
(IMD 2015) and Fani (IMD 2019a). The cyclones are
chosen from a variety of categories to generalize the
experiments in order to ensure the robustness of the
outcomes. Table 2 presents the details of the cate-
gory and landfall time of the cyclones selected in the
present study. The IMD observed tracks of the
selected cyclones are illustrated in figure 2.

2.3 Data

The observed data for the selected cyclones under
consideration are available through the India
Meteorological Department (IMD) (IMD 2015,
2016, 2017a, b, 2018a, b, 2019a, b). Observation
variables, such as Central Sea Level Pres-
sure (CSLP), cyclone tracks, and Maximum
sustained Surface Wind (MSW), are provided at
three-hourly intervals. In the present study, these
observations are used to verify the accuracy of
simulations. In addition to this, reflectivity data
observed by the Global Precipitation Measurement
(GPM) is also used for the verification of simula-
tion accuracy. The GPM mission was launched in
2014 as a direct replacement for the successfully
completed Tropical Rainfall Measurement Mission
(TRMM). The GPM core observatory carries an
on-board Dual-frequency Precipitation Radar
(DPR), which consist of the Ku band and Ka-band
Precipitation Radars, namely KuPR and KaPR
(Hou et al. 2014). The specifications of the GPM-
DPR are listed in table 3. Since the KuPR has a
broad swath, the L2 product of KuPR, specifically
zFactorCorrected, is used for the model verification.
The GPM satellite orbits the earth 16 times a
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Table 2. Querview of the tropical cyclones selected in this study and corresponding GPM overpasses.

GPM overpass Orbit
Cyclone Landfall time Simulation duration time no.

CS Maarutha 0100-0200 UTC of 30th Dec 2011 2017-04-13_12:00:00 to 2017-04-15 13:47:00 017781
2017-04-17_00:00:00

SCS Mora 0400-0500 UTC of 30th may 2017 2017-05-26_18:00:00 to 2017-05-29 00:50:00 018457
2017-05-30_06:00:00

SCS Phethai 1400-1500 UTC of 17th Dec 2018 2018-12-14_06:00:00 to 2018-12-14 15:17:00 027239
2018-12-17_18:00:00

VSCS Vardah 0930-1030 UTC of 12th Dec 2016 2016-12-09_00:00:00 to 2016-12-12 02:44:00 015845
2016-12-12_12:00:00

VSCS Titli 2300 UTC of 10th—-0000 UTC 2018-10-07_12:00:00 to 2018-10-09 23:18:00 023218
of 11th Oct 2018 2018-10-11_00:00:00

ESCS Chapala 0100-0200 UTC of 3rd Nov 2015 2015-10-30_18:00:00 to 2015-10-31 03:21:00 009498
2018-11-03_06:00:00

ESCS Fani 0230-0430 UTC of 3rd May 2019 2019-04-29_18:00:00 to 2019-05-01 12:01:00 029384

2019-05-03_06:00:00

day and covers from —66.28° south to 66.28° north.
It is observed that all cyclones have multiple GPM
overpasses, but only a few overpasses have captured
the cyclone’s structure well. Thus, for each cyclone,
only one strongest overpass is considered in this
study. The details of the GPM overpasses over the
selected tropical cyclones are listed in table 2.

2.4 Methodology

Using the combinations of selected CP and MP
schemes which are listed in table 4, a total of seven
tropical cyclones are simulated. This lead to a total
of 112 numerical simulations. Each cyclone is
simulated for 84 hrs, which includes 12 hrs of spin-
off time and 72 hrs of simulation before landfall.
The simulation initialization time and the duration
are listed in table 2. Since the resolution of the
domain d03 is 2 km, the cumulus parameterization
is excluded in this domain to resolve the convection
explicitly. Though the second domain d02 has a
resolution of 6 km, which clearly indicates a grey
zone, the cumulus scheme is implicitly taken in this
domain based on the studies of Kanase and Salve-
kar (2015), Pennelly et al. (2014), Yano et al.
(2015). The output variables, such as CSLP,
cyclone track, and MSW, are chosen for the model
verification. The root-mean-square (RMSE) errors
of cyclone track, CSLP, and MSW are calculated
against the IMD observations and are compared for
each numerical experiment.

A further study is conducted to verify the per-
formance of the considered microphysics schemes

in simulating the reflectivities by comparing them
with the GPM radar data. In this study, the
experiments with four microphysics schemes in
combination with only one CP scheme, which
resulted in better track predictions are considered.
Since the GPM-KuPR reflectivity data is an
instantaneous dataset, the model simulations are
also rerun such that the model output stores the
data at that particular GPM overpass time. From
the model output, the simulated reflectivities are
calculated using a radar simulator corresponding to
the 13.6 GHz GPM-KuPR frequency. In the pre-
sent study, Cloud resolving model Radar SIMula-
tor (CR-SIM), developed by Oue et al. (2019), is
used to calculate the simulated reflectivities. A flow
chart of the CR-SIM is illustrated in figure 3. The
output file from the WRF model is given to the
CR-SIM, which extracts the model prognostic
variables at every grid point, such as pressure (P),
temperature (7)), dry air density (p), hydrometeor
mixing ratios (@), and hydrometeor number con-
centrations (N@). Based on these prognostic vari-
ables, the simulator identifies the hydrometeor
type and calculates the corresponding particle size
distribution (PSD) (see Appendix). The simulator
then calculates the single-scattering amplitudes of
each hydrometeor, using the T-matrix method,
provided by Mishchenko and Travis (1998). Fol-
lowing, the reflectivities of each hydrometeor are
calculated using the Mie-scattering theory (Ryzh-
kov et al. 2011), corresponding to the GPM-KuPR
frequency. Although, the CR-SIM software is
developed for various MP schemes, including the
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Figure 2. IMD observed tracks of the tropical cyclones, (a) Maarutha, (b) Mora, (c) Phethai, (d) Vardah, (e) Titli, (f) Chapala,

and (g) Fani.

Thompson and Morrison schemes, some important
schemes such as WSM6 and Lin are not included in
the software. One of the major contributions from
this study is the modification of the CR-SIM code
to include these two MP schemes in the simulator.

Once the simulated reflectivities are calculated,
they are validated against the GPM-KuPR reflec-
tivities by using visual comparison and a fraction
skill scores (F'SS) comparison. Since the sensitivity
of GPM-KuPR is <18 dBZ (Sun et al. 2020),
reflectivities below 18 dBZ are discarded from the
GPM-KuPR data, and the simulated reflectivity
data. Studies of Kumar and Bhat (2016) reported
that stratiform and deep convective clouds are the
significant clouds in tropical storms, and the

stratiform clouds dominate the storms. The cloud
cell with reflectivity less than or equal to 40 dBZ at
3 km height and less than or equal to 30 dBZ at
8 km height is categorized as stratiform and con-
vective otherwise. Based on these studies, two
reference heights: 3 km and 8 km, and two
thresholds: 40 dBZ at 3 km and 30 dBZ at 8 km,
are selected for qualitative and quantitative anal-
yses. The reflectivities at 3 km and 8 km are plot-
ted on a 2D lat.—long. grid for a visual comparison.
The FSS, as formulated by Roberts and Lean
(2008), is a measure of verifying the accuracy of
intensity. The FSS attains a value of 1 in a case
where the intensity threshold is set to cover the
entire intensity range. Since the stratiform clouds
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have more occurrence, it is advisable to select
thresholds of stratiform clouds, that is, <40 dBZ at
3 km height and <30 dBZ at 8 km height. The bias
fields are calculated corresponding to each thresh-
old for radar observations and model simulations
using equations (1 and 2). Since the effect of

Table 3. GPM-DPR specifications.

Radar KuPR KaPR
Frequency 13.6 GHz 35 GHz
Swath 245 km 120 km
Horizontal foot print 5 km 5 km

resolution
Vertical resolution 250 m 250 m/500 m
Scan type Normal Scan  High sensitivity

(NS) Scan (HS),

Beam number

49 in NS

Matched Scan (MS)
24 in MS,
25 in HS

Beam width 0.71 degrees 0.71 degrees
Pulse Repetition 4100-4400 Hz  4100-4400 Hz
Frequency
Pulse width two 1.667 us  two 1.667 ps in MS,
pulses two 2.324 ps pulses
in HS
Wavelength 2.3 cm 0.88 cm

Table 4. Details of the numerical experiments.
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forecast grid-scale is not studied here, a one-grid
point is selected as a uniform length scale based
on the study conducted by Roberts and Lean
(2008), and the corresponding fractions are cal-
culated for the observations and simulations
using equations (3 and 4). Finally, the FSS is
calculated using equations (5, 6, and 7) at two
heights combined to produce a single FSS for one
simulation. The FSS calculations are detailed
below.

1 for Oypz <40
0 for Oypz > 40
1 for Myg; <40
0 for Mgy > 40

1 for Oypz <30
0 for Oypz > 30
1 for Mypz; <30
0 for Mygz > 30

n n

. 1
O3, 8 k) (1, J) = 2 Z Z 104 1)
k=1 I=1

n—1 n—1 )
x[z’+k—1——,j—|—l—1— ]

2 2

Cumulus scheme Microphysics

Experiment name  (no CP in D03) scheme Comments

KF_WSM6 KF WSM6 KF convection with WSMG6 explicit cloud microphysics in D01 and D02,
and no cumulus convection in D03.

KF_Lin KF Lin Same as KF_WSMG6 but with Lin microphysics.

KF_Thompson KF Thompson Same as KF_WSM6 but with Thompson microphysics.

KF_Morrisonn KF Morrison Same as KF_WSM6 but with Morrison microphysics.

BMJ_WSM6 BMJ WSM6 BMJ convection with WSM6 explicit cloud microphysics in D01 and
D02, and no cumulus convection in D03.

BMJ_Lin BMJ Lin Same as BMJ_WSMG6 but with Lin microphysics.

BMJ_Thompson BMJ Thompson Same as BMJ_WSMG6 but with Thompson microphysics.

BMJ_Morrisonn BMJ Morrison Same as BMJ_WSMG6 but with Morrison microphysics.

NSAS_WSM6 NSAS WSM6 NSAS convection with WSM6 explicit cloud microphysics in D01 and
D02, and no cumulus convection in D03.

NSAS Lin NSAS Lin Same as NSAS_WSM6 but with Lin microphysics.

NSAS_Thompson NSAS Thompson Same as NSAS_WSM6 but with Thompson microphysics.

NSAS_Morrisonn NSAS Morrison Same as NSAS_WSM6 but with Morrison microphysics.

GD_WSM6 GD WSM6 GD convection with WSM6 explicit cloud microphysics in D01 and D02,
and no cumulus convection in D03.

GD_Lin GD Lin Same as GD_WSMG6 but with Lin microphysics.

GD_Thompson GD Thompson Same as GD_WSM6 but with Thompson microphysics.

GD_Morrisonn GD Morrison Same as GD_WSM6 but with Morrison microphysics.
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WRF model output prognostic variables:

P T, p, Hydrometeors mixing rations, Hydrometeors number
concentrations.

v

o

Identify hydrometeor type ]

v

[ Retrieve particle size distribution (PSD) ]

v

[

Compute dielectric constant ]

y

[ Compute Aspect ratio by assuming hydrometeor shape ]

Repeat for all
hydrometeors

Compute hydrometeor angular moment
by assuming hydrometeor orientation

Repeat for all
grid points

A

A

Compute single-scattering amplitudes of hydrometeor
using T-matrix method

v

[ Specify radar frequency and height ]

v

Using Mie theory, compute reflectivity by integrating
scattering amplitudes over PSD

[ Compute total reflectivity for all grid points ]

Figure 3. A flow chart of the CR-SIM forward radar operator.

1 n n
M(3 km, 8 km) (i,j) = ﬁ M3 km.8 km)
k=1 I=1
n—1 n—1
X li+k—1—-—rnr0
[z + 5 5
1 Nz Ny
MSE =
Nz x Nz — ]Z_;

|:[O(3 km)(iaj) - M(3 km) (Z7 ])] ’

+ [0(8 km)(iaj) - M(S km) (Zvj)] 2]

Nz Ny

MSEref Nz % Ny;;[ngm) i .]) (6)

(4) +M(23 km) (Zvj) + 0(28 knl)(ivj)+M(28 km)(i’j)j|

MSE
FSS=1——. 7
55 MSEref ( )
(5) In the above equations, O stands for observations,
M stands for model output, subscripts 3 km and
8 km stand for at 3 km and 8 km heights, respec-
tively, I stands for the binary field, and n stands for
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forecasting scale, that is equal to 1. The binary
fields are calculated for every observation and
model output, and for every threshold. The indices
i, j are iterated for all grid points, and indices
k, l are iterated for one grid point. Finally, the FSS
is calculated for every threshold.

From the FSS comparison, the simulation with
the highest F'SS value is the best MP scheme. From
this set of experiment, one can obtain the best
combination of microphysics and cumulus physics
schemes that has good accuracy in predicting the
cyclone track and reflectivity. Once the best com-
bination of physics schemes is obtained, the per-
formance of these schemes is validated for other
cyclones. For this purpose, cyclone Bulbul is sim-
ulated using a random set of schemes and the
obtained best set. The random physics schemes
consist of Grell-Freitas Ensemble Scheme (Grell
et al. 2014) for cumulus and WDMS5 scheme for
microphysics (Lim and Hong 2010), while all the
other schemes remain unchanged. The simulated
cyclone track, intensity, and reflectivity are com-
pared with the observations, and the performance
of the best physics schemes is verified.

3. Results and discussion

In this section, the results of the numerical experi-
ments related to the sensitivity study of cumulus
parameterization (CP) schemes and microphysics
(MP) schemes for the simulations of tropical cyclones
are discussed in detail. The model simulated
parameters such as cyclone track, SLP and MSW are
first validated against the IMD observations to
identify the best CP scheme. Once the best CP
scheme is identified, the simulations with that CP
scheme and 4 MP schemes are considered for GPM
reflectivity validation. The simulated reflectivities
are validated against the GPM-KuPR reflectivities.

3.1 Sensitivity of the physics schemes to the
cyclone track and intensity

A comparison between the tracks and intensities of
the cyclone simulations with respect to IMD
observations is presented in this section. Figure 4
presents the simulated tracks of the selected
cyclones for the numerical experiments listed in
table 4, in comparison with IMD observations, at
3-hr interval. Each row of subfigures of 4 presents
the simulated tracks that correspond to one
cyclone. The numerical experiments of KF_WSMG6,
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KF_Lin, KF_Thompson, and KF_Morrison are
presented in all subfigures of the first column;
BMJ_WSM6, BMJ_Lin, BMJ_Thompson, and
BMJ_Morrison are presented in the second column;
NSAS_WSM6, NSAS_Lin, NSAS_Thompson, and
NSAS_Morrison are presented in the third column;
and GD_WSM6, GD_Lin, GD_Thompson, and
GD_Morrison are presented in the fourth column.
Figure 4(al-ad) presents the simulated tracks of
cyclone Maarutha, which show that the variation of
MP schemes has a negligible impact on the cyclone
track for a particular CP scheme. The experiments
with the KF scheme predicted the track well in
agreement with the observations compared to the
other CP schemes. Figure 4(b1-b4) presents the
simulated tracks of cyclone Mora. Here too, the
contribution of MP schemes towards the track
prediction is minimal. The experiments of KF and
BMJ CP schemes in combination with all MP
schemes predicted the track accurately. Fig-
ure 4(cl-c4) presents the simulated tracks of
cyclone Phethai, showing that all the MP schemes
have followed the previous trend, and the KF
scheme combined with all MP schemes accurately
predicted the track. Figure 4(d1-d4) presents the
simulated tracks of cyclone Vardah, which shows
that all the MP schemes have followed a similar
track for a particular CP scheme. The experiments
of BMJ scheme in combination with all the MP
schemes have predicted the track accurately. In
contrast, the other CP schemes have deviated from
observed track. Figure 4(el—e4) presents the sim-
ulated tracks of cyclone Titli, which shows that the
KF scheme, in combination with all MP schemes,
had landfall, whereas the tracks of the remaining
CP schemes ended up in the ocean. Even though the
KF scheme with different MP schemes have devi-
ated from the observed track, they have less track
error during the landfall. Figure 4(f1-f4) presents
the simulated tracks of cyclone Chapala, which
show that all the simulations have similar track
errors, with BMJ and GD CP schemes are seen to
perform a little better compared to the other
schemes. Figure 4(gl-g4) shows the simulated
tracks of cyclone Fani. The KF scheme, in combi-
nation with all MP schemes, has followed the
observed track. For the NSAS and GD schemes, the
variation of MP schemes has negligible effect.
However, for the KF and BMJ schemes, different
MP schemes have variations in tracks. The
composited daily (excluding the first 12 hrs of
simulations) track errors of all cyclones for the
stated numerical experiments are illustrated in
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figure 8(al-d1), which show that the variation of
MP schemes has minimal impact on track predic-
tion. The composited track errors of all the exper-
iments at the end of the first day are 80 km, except
the GD scheme, for which the track errors are
around 110 km. The track errors of the KF exper-
iments reached 120 km and 140 km at the end of the
second and third days, respectively. In contrast, the
track errors of the remaining schemes increased
drastically and increased to more than 180 km at
the end of the third day. From these results, it is
evident that the cumulus scheme plays an impor-
tant role in cyclone track prediction, and the KF
scheme performed better than the remaining
schemes.

Studies of Mukhopadhyay et al. (2011) suggest
that the upper-level steering governs the move-
ment of a cyclone. The velocity field of cyclone
Fani at 200 hPa is illustrated in figure 5 to examine
the effect of upper-level steering on cyclone track.
Since the effect of MP schemes on track prediction
is minimal, the experiments of each cumulus
scheme combined with the WSM6 MP scheme are
considered. An anticyclonic circulation governs the
movement of cyclone Fani to the northeast of the
system center, which can be clearly seen in figure 5.
The velocity field of the KF_WSM6 experiment
clearly shows a strong anticyclonic circulation
besides a cyclonic circulation at the end of the first
day. During the end of second and third days, the
anticyclonic circulation moved northeast and
reached Myanmar, whereas the cyclonic circulation
closely followed it. The BMJ_WSMG6 experiment
produced a little weaker anticyclonic circulation at
the end of first and second days, which lead to a
deviation in the cyclone track. However, the NSAS
and GD scheme did not simulate a well-defined
anticyclonic circulation at the end of the first day,
which lead to a time delay in the cyclone track.
Similar results are obtained for other cyclones also
(figures not shown). From the above results, it is
evident that the KF scheme accurately simulates
the upper level steering, which helps in better
simulations of cyclone track.

A sensitivity study of the physics schemes to the
cyclone intensity is carried by comparing the sim-
ulated Maximum Sustained Wind speed (MSW)

Pl
<
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and central Sea Level Pressure (SLP) with the IMD
observations. The time evolution of the SLP and
the MSW of the selected cyclones for the numerical
experiments listed in table 4 are plotted in figures 6
and 7, respectively. Similar to figure 4, each row of
subfigures in figures 6 and 7 corresponds to one
cyclone and each column of subfigures corresponds
to one CP scheme. The results indicate that the KF
cumulus scheme experiments combined with all the
MP schemes produced the highest intensity com-
pared to the remaining experiments. The experi-
ments of NSAS and GD schemes have relatively
similar intensification, whereas the performance of
the BMJ scheme is a little poor compared to the
remaining schemes. The results also suggest that
all the MP schemes follow similar time evolution
for KF, NSAS, and GD schemes. For the BMJ
scheme, the WSMG6 closely followed the time evo-
lution of observations and performed better than
the remaining MP schemes. To quantitatively
compare the results of different experiments, the
normalized pattern statistics of SLP and MSW are
computed and presented in Taylor diagrams
(Taylor 2001). In the Taylor diagrams 8(a2-d2),
distance from the origin to any point indicates the
normalized standard deviation, distance from the
reference point to any point indicates the root
mean squared error (RMSE), and the cosine of
position vector from the origin indicates the pat-
tern correlation with the observations. The stan-
dard deviation of observations is indicated with a
darker arc at the value 1. The experiments that are
close to the reference point imply the best perfor-
mance. The results suggest that all the experiments
show a similar correlation at 0.9, and the perfor-
mance of MP schemes is indistinguishable for the
cyclone intensity prediction. From figure 8(c2), it is
evident that experiments of NSAS with all MP
schemes show relatively better performance,
whereas the experiments of the KF scheme show
the second-best performance.

Studies of Ma and Tan (2009) suggest that a
possible reason for cyclone intensification is due to
the potential vorticity field. To examine a better or
worse performance in intensity prediction by the
selected cumulus schemes, the potential vorticity
field at the lower level (950 hPa) is illustrated in

Figure 4. The 84-hr simulated tracks of cyclones (al-a4) Maarutha, (b1-b4) Mora, (c1-c4) Phethai, (d1-d4) Vardah, (el-e4)
Titli, (f1-f4) Chapala, and (gl-g4) Fani, using the experiments, compared with the IMD observed tracks, at 3-hr interval.
(al-g1) correspond to the experiments KF_WSM6, KF_Lin, KF_Thom, and KF_Morr. (a2-g2) correspond to the experiments
BMJ_WSM6, BMJ_Lin, BMJ_Thom, and BMJ_Morr. (a3-g3) correspond to the experiments NSAS_WSM6, NSAS_Lin,
NSAS_Thom, and NSAS_Morr. (ad-g4) correspond to the experiments GD_WSM6, GD_Lin, GD_Thom, and GD_Morr.



190 Page 12 of 30 J. Earth Syst. Sci. (2021)130 190

(@) ke wswme Day1 (32) KF_WSM6 bz (@3) «r wewe Day3
= z = 3 7 &«; ni(’{,ﬁ,},:_
7 .. \/\ *&iﬂ . 7?/’/7(3&' \‘{\‘\\({éﬁ
5  mm s U
G 05))) IR PN W\
e v i
W;«; =N\ N ==
10N = 10N R 1N TR =
- 3 B == N
90E  100E 80E 90E 100 80E 90E 100
(b1) BmMy_wsms Day1 (b2) Bmy_wsms Day2 (b3) BMJ wsms Day3
=— | o
20N - ({" :j“"‘““\\ 20N 6 2 ‘\{:1 20N —\;‘, 2 ” N
- G=) ; = =) e
=AY «/‘w/m,y;’;/ f‘ﬁ M 5 N =
7{‘{‘7//@’ = =N SN
R = — W on T
== ) S xEE == e
SR —] l/f» s rvaQ-//ﬁ-i//b‘-v- =2=2
80E 90E  100E 80E 90E 100 80E 90E  100E
(c1) nsas_wsws Dayi  (€2)NsAs wsms Day2  (€3) NsAs wswse Day3
> | 72"
S ZZ: RN '§I \4
7 m K(/ &G
20N ( ( e L —4(@\“ QY 20N //iﬁ
\(\\(W.,,n? } \QS\:V;}'\\“ 20 ({WI,W
S=a S S
=D 72”/ A% > e NNEHESE
1oN JED 1on ~ 1on BE S
B 7 P S
\\'\T\\N—s /Z 3 \fl{/k\ - w\:w&/\\-—-—o@;-%
80E 90E  100E 80E 90E  100E 80E 90E  100E
(d1) cb_wsms Dayt  (d2)ap_wsme Day2 (d3) Gb_wsms Day3
- reese . '- % P 7 // (
ot ,///
i {7 < { ff (%f? )
4 NN \ S Z N ] 2AY V)
20N & ﬁ/ ,‘.ﬁ%\\,‘? 20N 4 ‘\Q\‘}‘E”. iz \;%E 20N géﬂ;}? \'k )/\)
= N Sl
57; 2 7 N L%él\k:é/g///, Y AR i\%\\\\\i\\\
AN oY MI}% M\{\ S AR w%“’"”
10N -T\::\aw ///i / QZ/; 10N -:{\\ NS ——— RN -n&kk\;}\?: ==
BN A Setasaaseerreasees: N T
\\§‘,\>§\V/ %}\&m ?1,\,@:::-: - = |
80E WE 100 80E 90E 100 80E 90E 100
velocity(m/s)
I I
5 10 15 20 25 30 35 40

Figure 5. The upper level (200 hPa) velocity field of cyclone Fani simulated using (al-a3) KF_WSM6, (b1-b3) BMJ_WSM6,
(c1-c3) NSAS_WSM6, and (d1-d3) GD_WSMG6 experiments. Figure (al-d1) shows the velocity field at the end of first day,
(a2-d2) second day, and (a3-d3) third day.

figure 9. The KF_WSM6 and BMJ_WSM6 exper- available for the intensification of a cyclone (Ma
iments produced more localized small-scale poten- and Tan 2009). In contrast, the NSAS_WSM6 and
tial vorticity disturbances during the entire GD_WSMG6 experiments produced very few small-
simulation duration as shown in figure 9(al-a3) scale localized disturbances, as shown in
and 9(b1-b3). The small-scale disturbance energy figure 9(cl-c3) and 9(d1-d3), which ultimately
that was not consumed by the convection is resulted in low intensification as seen in figures 6

»
»

Figure 6. The time evolution of central sea level pressure of cyclones (al-a4) Maarutha, (b1-b4) Mora, (cl-c4) Phethali,
(d1-d4) Vardah, (el-e4) Titli, (f1-f4) Chapala, and (gl-g4) Fani, using the experiments, compared with the IMD
observations, at 3-hr interval. (al-gl) correspond to the experiments KF_WSM6, KF_Lin, KF_Thom, and KF_Morr. (a2-g2)
correspond to the experiments BMJ_WSM6, BMJ_Lin, BMJ_Thom, and BMJ_Morr. (a3-g3) correspond to the experiments
NSAS_WSM6, NSAS_Lin, NSAS_Thom, and NSAS_Morr. (ad-g4) correspond to the experiments GD_WSM6, GD_Lin,
GD_Thom, and GD_Morr.
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and 7. The sensitivity experiments related to the
cyclone track and the intensity imply that the KF
scheme, combined with all MP schemes, performed
better than the remaining CP schemes.

3.2 Sensitivity of microphysics schemes
to the reflectivity

In the sensitivity experiments related to the
microphysics schemes, the simulations of the
experiments, namely KF_WSM6, KF_Lin,
KF_Thompson, and KF_Morrison, which resulted
in better track and intensity prediction are
considered. The simulated reflectivities from the
model output are calculated using the CR-SIM
forward radar operator for the GPM-KuPR fre-
quency of 13.5 GHz and are validated against the
GPM-KuPR reflectivity. Figures 10-12 present a
visual comparison of the simulated reflectivities
with respect to the GPM-KuPR reflectivity, for the
selected cyclones, during their overpasses, which
are specified in the table 2. In each figure, the first
column of subfigures correspond to the GPM-
KuPR reflectivity, and the subsequent columns
correspond to the WRF simulations of KF_WSMG6,
KF_Lin, KF_Thompson, and KF_Morrison experi-
ments, respectively. Similarly, the first row of the
subfigures shows the reflectivity at 3 km altitude,
and the second row shows the reflectivity at 8 km
altitude. Apart from visual comparison, an FSS
comparison is also performed to quantify the
accuracy of the simulations. The parallel lines in
each figure represent the path of GPM-KuPR and
are drawn in every figure to show that the data in
between these lines is only considered in quanti-
tative analysis.

From figures 10-12, it is evident that most of the
cloud cells observed by the GPM-KuPR . are strat-
iform, i.e., having reflectivity less than 40 dBZ at 3
km altitude and less than 30 dBZ at 8 km altitude.
The convective cells, which are characterized by
reflectivity greater than 40 dBZ at 3 km and
greater than 30 dBZ at 8 km altitude, are very few
in number, and that too are observed at only the
cyclone eyewalls. This is qualitatively demon-
strated in figure 13, where the vertical cross-sec-
tions of simulated and observed reflectivities for
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cyclone Fani along the lateral and longitudinal
lines which are passing through the cyclone wall
are illustrated. Here, the longitudinal line is drawn
parallel to the traveling path of the GPM radar,
and the lateral line is drawn perpendicular to
the traveling path, which are shown in
figure 12(al-ab). Figure 13(al, a2) clearly shows
that the deep convective clouds which rose beyond
8 km altitude with reflectivity greater than 30 dBZ
are seen to dominate the cyclone eyewall. The
stratiform clouds, which are characterized by the
presence of a bright band, are seen everywhere
other than the eyewall. The sensitivity experiments
of the cyclone track revealed that the selected MP
schemes have a very minimal impact on cyclone
movement, which implies the simulated reflectivi-
ties correspond to each MP scheme will have a
similar spatial structure. This can also be seen in
figures 10-12, as the locations of the simulated
reflectivities correspond to every overpass are
identical for all the experiments. These results are
in agreement with that of Huang et al. (2020).
Though all the simulations have similarities in
spatial structure, they failed to capture the
cyclone eyewall even at the 2 km resolution,
which can be clearly seen in figures 12 and 13.
However, the main difference among the experi-
ments arises in their vertical reflectivity struc-
tures. The reflectivities of the GPM-KuPR are
sharply decreased beyond the bright band (at 5
km), which is only observed in the experiments of
the Thompson scheme. The remaining experi-
ments produced reflectivities with high intensi-
ties beyond the bright band. The reason for these
differences can be attributed to the hydrometeor
mixing ratios.

The hydrometeors govern the simulated reflec-
tivity, which means that the amount, type, and
drop size distribution collectively affect the calcu-
lation of simulated reflectivity. All the MP schemes
have the same number of hydrometeors, but the
essential difference arises from their drop size dis-
tributions (see Appendix A), which is a prime
factor for the amount of hydrometeors that is
estimated. The model simulated reflectivity is
contributed by three hydrometeors: rain, snow,
and graupel (Koch et al. 2005; Min et al. 2015).

»
!

Figure 7. The time evolution of maximum sustained wind speed of cyclones (al-a4) Maarutha, (b1-b4) Mora, (c1-c4) Phethai,
(d1-d4) Vardah, (el-e4) Titli, (f1-f4) Chapala, and (gl-g4) Fani, using the experiments, compared with the IMD observations, at
3 hr interval. (al-gl) correspond to the experiments KF_WSM6, KF_Lin, KF_Thom, and KF_Morr. (a2-g2) correspond to the
experiments BMJ_WSM6, BMJ_Lin, BMJ_Thom, and BMJ_Morr. (a3-g3) correspond to the experiments NSAS_WSMG,
NSAS_Lin, NSAS_Thom, and NSAS_Morr. (a4-g4) correspond to the experiments GD_WSM6, GD_Lin, GD_Thom, and GD_Morr.



J. Earth Syst. Sci. (2021)130 190

Page 15 of 30

al a2 a3 a4
( ) KF CS Maarutha ( ) BMJ CS Maarutha ( ) NSAS CS Maarutha ( ) GD CS Maarutha
50 9 50 50 50
40 4 40 4 40 4 40 4
2 / Q 2 Q
E E E E
%30- %30- %30- %30-
= = P~ = = 7
20 9 20 9 20 -_/_/_ 20 -_/_/
10 4 10 v y y 10 v y y 10 v y y
36 48 60 72 84 36 48 60 72 84 36 48 60 72 84 36 48 60 72 84
(b1 ) Forecast Time(in hrs) (b2) Forecast Time(in hrs) (b3) Forecast Time(in hrs) (b4) Forecast Time(in hrs)
KF SCS Mora BMJ SCS Mora NSAS SCS Mora GD SCS Mora
60 60 60 60
50 50 4 50 9 50 4
Q Q Q Q
540 §40- 540- §40-
%30 %30- R 5)30- %30-
= = = =
20 20 9 20 4 , 20 44
10 10 v T v T 10 v T v T 10 v T T v
36 48 60 72 84 36 48 60 72 84 36 48 60 72 84 36 48 60 72 84
Forecast Time(in hrs) Forecast Time(in hrs) Forecast Time(in hrs) Forecast Time(in hrs)
(c1) (c2) (c3) (c4)
KF SCS Phethai BMJ SCS Phethai NSAS SCS Phethai GD SCS Phethai
40 40 40 40
36 9 36 9 36 9 36 9
§32- 332- @32- 332-
E 28 4 E 28 4 E 28 4 £ 28 4
2 24 4 Z 24 4 2 24 1 4 Z 24 4
= 20 4 \ = 20 O 220-_/J = 20 4
16 4 16 4 16 4 16 4
12 P———y— 12 P———— 12 P —— 12 Prp——p———y
12 24 36 48 60 72 84 12 24 36 48 60 72 84 12 24 36 48 60 72 84 12 24 36 48 60 72 84
(d1) Forecast Time(in hrs) (d2) Forecast Time(in hrs) (d3) Forecast Time(in hrs) (d4) Forecast Time(in hrs)
KF VSCS Vardah BMJ VSCS Vardah NSAS VSCS Vardah GD VSCS Vardah
40 40 40 40
35 4 35 35 4 35 4
% 30 4 2 % 30 4 2 30 4
E 25 4 E E 25 4 E 25 4
2 20 4 2 2 20 4 2 20 4
= 15 4 = = 15 4 = 15 4
10 9 10 9 10 4
5 L Jaas anns aans aane 5 Ty 5 Ty 5 Ty
12 24 36 48 60 72 84 12 24 36 48 60 72 84 12 24 36 48 60 72 84 12 24 36 48 60 72 84
Forecast Time(in hrs) Forecast Time(in hrs) Forecast Time(in hrs) Forecast Time(in hrs)
(e1) (e2) (e3) (e4)
KF VSCS Titli BMJ VSCS Titli NSAS VSCS Titli GD VSCS Titli
45 45 45
40 9 40 9 40
3 35 4 @ i 35 4 @ 35
£ 30 1 £ £ 30 1 £ 30
2 25 4 = 2 25 4 2 25
= 20 4 = = 20 4 = 20
15 4 15 4 f% 15
10 Lanas anas anas aans ) 10 10
24 36 48 60 72 84 24 36 48 60 72 84 24 36 48 60 72 84 24 36 48 60 72 84
(f1 ) Forecast Time(in hrs) (f2) Forecast Time(in hrs) (f3) Forecast Time(in hrs) (f4) Forecast Time(in hrs)
KF ESCS Chapala BMJ ESCS Chapala NSAS ESCS Chapala GD ESCS Chapala
60 60 60 60
50 -_\_\ 50 4 50 9 50 4
@ @ Q) @
£ 40 4 Vs E 40 4 £ 40 4 E 40 4
e v =3
%30- %30- h %30- %30-
= = = =
20 9 \ 20 4 20 9 20 4
10 Pr—p——— 10 P—p——— 10 Pr—p——— 10 Pp————
12 24 36 48 60 72 84 12 24 36 48 60 72 84 12 24 36 48 60 72 84 12 24 36 48 60 72 84
1 Forecast Time(in hrs) 2 Forecast Time(in hrs) 3 Forecast Time(in hrs) 4 Forecast Time(in hrs)
(g ) KF ESCS Fani (g ) BMJ ESCS Fani (g ) NSAS ESCS Fani (g ) GD ESCS Fani
60 60 60 60
50 9 50 4 50 9 50 4
2 @ 2 Q
540- 540- 540- - 540-
%30- %30- %30- %30-
= = = =
20 9 20 4 20 9 20 4
10 L Jaas anns aans aane 10 Ty 10 Ty 10 Ty
12 24 36 48 60 72 84 12 24 36 48 60 72 84 12 24 36 48 60 72 84 12 24 36 48 60 72 84
Forecast Time(in hrs) Forecast Time(in hrs) Forecast Time(in hrs) Forecast Time(in hrs)
IMD WSM6 Lin Thompson Morrison

190



190 Page 16 of 30

Rain particles exist below the freezing level and
above which the remaining two hydrometeors
exist. This implies the reflectivities seen at 3 km
altitude are solely contributed by rain particles,
whereas the reflectivities seen at 8 km altitude are
contributed by snow and graupel together. A clear
look at the 3 km altitude reveals that all schemes
have a very similar spatial structure with a few
variations in their intensities. Since the WSM6 and
Lin schemes have the same drop size distribution
for rain, their simulated reflectivities at the 3 km
level are also in the same order, which can be seen
for all the cyclones. Though the Morrison
scheme also has the same drop size distribution, its
intercept and slope parameters are calculated
based on the number concentration, which is a
model simulated variable. In contrast, the
Thompson scheme has different drop size distri-
bution for rain with varying intercept parameters.
These variations are clearly seen in the reflectivity
intensities that are simulated by the respective MP
schemes. Out of the four schemes, the Thompson
scheme produces relatively similar intensities in
comparison with GPM reflectivities for all
cyclones. The Morrison scheme overestimated the
intensities with the highest number of convective
cells and also produced huge spatial coverage with
stratiform clouds. The WSM6 and Lin schemes
produce similar intensities and structure, but their
intensities are higher than that of the Thompson
scheme. The visual comparison at 8 km altitude
shows that there exists much difference in the
intensities and number of cloud cells of the reflec-
tivities simulated by respective MP schemes. These
variations can be attributed to the differences in
drop size distributions of snow and graupel
hydrometeors. The Thompson scheme, specially
designed for snow and utilizes the hydrometeor
mixing ratio for graupel intercept parameter,
shows a close comparable intensity with that of
GPM reflectivities. The Morrison scheme produces
a large number of cloud cells at this level and
overestimates the reflectivities. This can be
attributed to the overestimation of the number
concentrations of snow and graupel. The WSM6
and Lin schemes have the same graupel drop size
distributions, but their size distribution for snow
varies with intercept parameters. This variation in
intercept parameter resulted in variations in the
reflectivities, with WSM6 producing higher inten-
sity compared to the Lin scheme. The reflectivity
intensities of these two schemes are in between the
Thompson scheme and the Morrison scheme. The
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order of magnitude of the simulated intensities
corresponding to each MP scheme is relatively
similar. Thus, a quantitative verification method is
much needed to distinguish the performance of the
physics schemes. Thus, the FSS is considered as a
suitable verification metric instead of pure visual-
ization. The FSS of the numerical experiments
KF_WSM6, KF_Lin, KF_Thompson, and KF_
Morrison for the individual cyclones and all
cyclones combined are illustrated in figure 14.
Figure 14 shows that the Thompson scheme has
higher FSS than the remaining schemes, whereas
the Morrison scheme has the next highest FSS.
This strengthens the result obtained by the visual
comparison. From the above results, it is evident
that the Thompson scheme is the best MP
scheme for simulating the reflectivity.

To understand the differences in the reflectivity
estimation by each MP scheme, the contribution
of hydrometeors, namely rain, snow, and graupel
at altitudes of 3 km and 8 km for cyclone Fani,
are studied and presented in figure 15. The
figure shows that rain is the dominating hydro-
meteor at an altitude of 3 km, whereas the snow
and graupel dominate at an altitude of 8 km,
strengthening the earlier statement. The Lin
scheme produces a huge amount of rain through-
out the inner and outer rain bands, whereas the
remaining schemes produce rain only at the inner
rain bands. The WSM6, Thompson, and Morrison
schemes show no traces of snow and graupel at 3
km level. However, the Lin scheme produces con-
siderable amounts of snow and graupel at 3 km,
which is not very common at this level. A close
observation of the contribution of the hydrome-
teors at an altitude of 8 km reveals that the con-
tribution of snow dominates in the inner rain
bands and around the eyewall for WSMBG6,
Thompson, and Morrison schemes. In contrast, for
the Lin scheme, the contribution of graupel dom-
inates in the inner rain band and around the eye-
wall, and the presence of snow is seen all around
the cyclone core region, i.e., around the inner
rainband. For the WSM6 scheme, close observa-
tion of figures 12(A2) and 15(ab, a6) show that the
cells with reflectivities more than 30 dBZ are
caused by the presence of graupel but are very few
in number. At the same time, the reflectivities
caused by the snow are also considerably high. For
the Lin scheme, figures 12(A3) and 15(b5, b6)
show that the dominant contributor of the reflec-
tivity is graupel, whereas the presence of snow
around the inner rain band did not produce any
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Figure 8. The composited (seven TCs) statistics of cyclone track error, CSLP, and MSW comparison between different
numerical experiments. Each subfigure presents the statistics of numerical experiments corresponding to one CP scheme in
combination with four MP schemes. (al-d1l) present the composited daily track errors. (a2-d2) present the composited
normalized statistics of CSLP and MSW using Taylor diagrams.

reflectivities greater than 17 dBZ (below which the  is the dominating hydrometeor, it did not produce
simulated reflectivities are discarded, as explained reflectivities greater than 17 dBZ, except at the
earlier). For the Thompson scheme, though snow inner rainband and the eyewall, which is found by
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Figure 9. The low troposphere (950 hPa) potential vorticity field of cyclone Fani simulated using (al-a3) KF_WSMG6, (b1-b3)
BMJ_WSMS6, (c1-c3) NSAS_WSM6, and (d1-d3) GD_WSM6 experiments. Figure (al-d1) shows the potential vorticity field
at the end of first day, (a2-d2) second day, and (a3-d3) third day.

observing figures 12(A4) and 15(c5, c6), and the
presence of graupel at very confined locations
produce reflectivities greater than 30 dBZ. For the
Morrison scheme, figures 12(A5) and 15(d5, d6)
show that the contribution of graupel is very
minimal, but produces strong reflectivities, and
dominant hydrometeor snow produces moderate
reflectivities.

To further demonstrate the differences in
reflectivity between the MP scheme and the role of
hydrometeors in reflectivity estimation, the verti-
cal profiles of reflectivities and the hydrometeor

mixing ratios are plotted in figure 16, for cyclone
Fani. The black line shows the observed KuPR
reflectivity, the reflectivities contributed by rain,
snow, and graupel are shown by blue, brown, and
pink lines, respectively, and the simulated reflec-
tivity, which is the sum of contributions of each
hydrometeor, is shown by the green line. The ver-
tical profiles of hydrometeors are shown in the
second column. The results show that the observed
reflectivity profile consists of constant reflectivity
till the melting layer (approximately at 5 km), a
sharp increase in reflectivity just above the melting
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Figure 10. (a1l-C1) The GPM-KuPR reflectivity compared with the WRF simulated reflectivity using the experiments (a2—-C2)
KF_WSM6, (a3-C3) KF_Lin, (a4-C4) KF_Thompson, and (a5-C5) KF_Morrison experiments, (al-A5) for cyclone
Maarutha, (b1-B5) for cyclone Mora, and (c1-C5) for cyclone Phethai. Figure (al-a5) shows the reflectivities at 3 km and
(A1-A5) show the reflectivities at 8 km altitude for cyclone Maarutha. The remaining rows show a similar naming for cyclones
Mora and Phethai.
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Figure 11. (a1l-C1) The GPM-KuPR reflectivity compared with the WRF simulated reflectivity using the experiments (a2-C2)
KF_WSMS6, (a3-C3) KF_Lin, (a4-C4) KF_Thompson, and (a5-C5) KF_Morrison experiments, (al-Ab5) for cyclone Vardah,
(b1-B5) for cyclone Titli, and (c1-C5) for cyclone Chapala. Figure (al-a5) shows the reflectivities at 3 km and (A1-A5) show
the reflectivities at 8 km altitude for cyclone Vardah. The remaining rows show a similar naming for cyclones Titli and Chapala.
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Figure 12. (al-A1) The GPM-KuPR reflectivity compared with the WRF simulated reflectivity using the experiments (a2—-A2)
KF_WSM6, (a3-A3) KF_Lin, (a4-A4) KF_Thompson, and (a5-A5) KF_Morrison experiments, for cyclone Fani.
Figure (al-a5) shows the reflectivities at 3 km and (A1-A5) show the reflectivities at 8 km altitude.

layer indicating the presence of brightband and a
sharp decrease in the reflectivity thereafter. The
presence of brightband is a common feature of
stratiform clouds (Sun et al. 2020). The CR-SIM
software is not designed to produce any brightband
and is not so observed in the simulated profile. Due
to the similarity in the drop size distribution of rain
species in the MP schemes, the reflectivity profiles
below the melting layer are also very similar to
variations in their intensities attributed to the
differences in their rainwater mixing ratios. The
WSM6 and Lin schemes show a resemblance in
their reflectivity profile below the melting layer
and the corresponding rainwater mixing ratio,
which can be attributed to the same drop size
distribution of rainwater in both schemes. In con-
trast, the rainwater drop size distribution in the
Thompson and Morrison schemes are different,
which leads to a lesser intense reflectivity corre-
sponding to the rainwater. As stated earlier, the
major difference in the MP schemes comes in the
drop size distributions of snow and graupel, which
can be clearly seen in the vertical profiles of
reflectivity and mixing ratios. A major observation
from the figures is that the presence of graupel
greatly increases the reflectivity. The drop size
distribution of graupel in WSM6 and Lin are also
the same, which leads to a similar mixing ratio and
reflectivity profiles of graupel for these two
schemes. Due to the difference in the snow size
distribution, the WSMG6 produces a greater amount
of snow compared to the Lin scheme, which

ultimately leads to the differences in their reflec-
tivity profiles. The Morrison scheme, which calcu-
lates the reflectivity based on the prognostic
number concentration, produces similar snow and
graupel reflectively profiles. The Thompson
scheme, specially designed for the snow species,
produces an enormous amount of snow mixing
ratio, but its reflectivity profile is cut short, which
is attributed to its drop size distribution. Among
the four MP schemes, only the Thompson
scheme produced a drastic decrease in reflectivity
just above the melting layer, which is mainly
attributed to the lesser intense graupel profile. Fig-
ure 16 shows that the Thompson scheme produced a
relatively similar reflectivity profile to that of the
KuPR profile compared to the remaining schemes.
These findings strengthen the argument that the
Thompson scheme is the best among all the schemes
considered in this study.

3.3 Performance comparison of the best set of
schemes with a random set of schemes

There exists a need to verify the robustness of the
best set of schemes obtained from this study.
Therefore, cyclone Bulbul is simulated using the
best set and a random set of schemes. The com-
parison statistics such as track, the time evolution
of SLP and MSW, Taylor plots of SLP and MSW,
daily track error, and FSS are presented in
figure 17. The track obtained from the best set of
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Figure 13. Vertical cross-section of simulated reflectivity compared with the GPM reflectivity for cyclone Fani, along the longitudinal
and lateral lines that are shown in figure 12(al-a5). (al-a2) correspond GPM-KuPR reflectivity, (b1-b2) simulated reflectivity
using the experiments KF_WSM6, (c1-c2) KF_Lin, (d1-d2) KF_Thompson, and (el-e2) KF_Morrison experiments.

schemes closely followed the observed track till the
end of the second day and deviated thereafter,
whereas the track obtained from the random set
deviated from the observed track at the end of the
first day. The same trend can be found in the track

error figure 17(e) which shows the best set having
the least track error. The best set simulated a
minimum SLP of 970 hPa beyond the observed
minimum SLP and closely followed the intensity
evolution. However, the random set failed to reach
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(@l) wsme skm  ran  (32) wsme akm (@3) wsms sm grawel  (@4) wswe (@5) wswe (a6) wsws skm graupel

snow 8km rain 8km snow
20N 20N s 20N =
15N 15N 158
10N 10N 10N -
80E 85E 90E 80E 85E 90E 80E 85E 90E 80E 85E 90E 80E 85E 90E
(b1)Lin 3km rain (b2) Lin 3km  snow (b3) Lin 3km graupel (b4) Lin 8km rain (bs) Lin 8km  snow (bG) Lin 8km graupel
20N b 20N ety = 20N = 20N
PR Ny SR
j8 7z - 1 i
: 7 e
15N i b 15N e # 15N - i 15N
; N Wi ;
P 5 g !
Gy - - b
10N 10N o 10N 10N et 1
80E 85E 90E 80E 85E 90E 80E 85E 90E 80E 85E 90E 80E 85E 90E
(c1) Thomp akm  ran  (€2) Thomp akm snow (€3) Thomp gkm graupel (C4) Thomp gkm  ran  (€5) Thomp skm  snow (€6) Thomp gkm graupel
20N 4 = 20N 20N e 20N — 20N s
1
o
A
15N 15N - 15N 15N - 15N - ;
10N T 10N 10N 10N 10N T
80E 85E 90E 80E 85E 90E 80E 85E 90E 80E 85E 90E 80E 85E 90E
(d1)Morrison 3km rain (d2) Morrison 3km snow (d3) Morrison 3km graupel (d4) Morrison 8km rain (ds) Morrison 8km snow (ds) Morrison 8km graupel
20N 20N e 20N 20N + ——L 20N s
¥ ,f 6
15N - 15N 15N 15N \1 me 15N
- 4
» N
10N 10N 10N 10N .“""/‘ 10N
80E 85E 90E 80E 85E 90E 80E 85E 90E 80E 85E 90E 80E 85E 90E 80E 85E 90E
% contribution
I
10 30 50 70 90

Figure 15. Contribution of simulated hydrometeor mixing ratios at two levels for cyclone Fani, using the experiments (al-a6)
KF_WSM6, (b1-b6) KF_Lin, (c1-c6) KF_Thompson, and (d1-d6) KF_Morrison. Figures (al-d1l) correspond to rain,
(a2-d2) correspond to snow, and (a3—-d3) correspond to graupel, at 3 km altitude. Similarly, next three columns correspond to
rain, snow, and graupel at 8 km altitude.

intensity beyond 30 m/s and the minimum SLP  better than the random set with the highest
of 985 hPa. The Taylor statistics shown in correlation and the least RMSE value. A compar-
figure 17(d) reveals that the best set performed ison of reflectivities at 3 km and 8 km altitudes
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Figure 16. Vertical profiles of (al-d1) reflectivities and (a2-d2) hydrometeor mixing ratios for cyclone Fani, using the
experiments (al-a2) KF_WSM6, (b1-b2) KF_Lin, (c1-c2) KF_Thompson, and (d1-d2) KF_Morrison. In the first column, the
black line shows the observed GPM-KuPR reflectivity profile, the green line shows simulated reflectivity profile, and
the reflectivities contributed by the hydrometeors rain, and graupel are represented by blue, brown, and pink lines, respectively.
Correspondingly, in the second column, the vertical profiles of mixing ratios of rain, snow, and graupel are represented by blue,

brown, and pink lines, respectively.

(figures not shown) shows that the best set

reproduces similar intensities of GPM-KuPR
reflectivity. In contrast, the random set overesti-
mates the intensities and simulates more

convective cells at both altitudes. The FSS com-
parison, shown in figure 17(f), strengthens the
results, with the best set having a higher F'SS value
than the random set. These results show that the
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Figure 17. Comparison statistics of cyclone Bulbul using the best and the random set of schemes: (a) track, (b) time evolution of
SLP, (c) time evolution of MSW, (d) Taylor statistics of SLP and MSW, (e) daily track error, and (f) FSS comparison.

best set performs better than the random set in
every aspect. These results thus verify the perfor-
mance of the best set of schemes obtained from this
study.

4. Conclusions

The goal of the present study was to determine the
best combination of cumulus and microphysics
parameterization schemes for tropical cyclones.
For this purpose, seven tropical cyclones: Maar-
utha, Mora, Phethai, Vardah, Titli, Chapala, and
Fani, were simulated using the WRF model, with
the combination of four microphysics schemes:
WSM6, Purdue Lin, Thompson, and Morrison, and
four cumulus physics schemes: KF, BMJ, NSAS,
and GD. The model simulated track and intensity
were validated against the IMD observations. The
results showed that the KF scheme, combined with
all MP schemes, had predicted the cyclone track
more accurately than other schemes, whereas the
MP schemes have a negligible impact on track
prediction. A qualitative analysis conducted using
the upper-level steering flows revealed that the KF
scheme simulated strong upper-level anticyclonic
circulation, which governed the cyclone move-
ment. Among the CP schemes, the NSAS scheme

predicted the cyclone intensity closest to the
observations whereas the KF scheme found as the
second best scheme. The KF scheme was found to
simulate cyclones with high intensities, which was
attributed to the simulation of more localized,
small-scale potential vorticity disturbances. A
further study was conducted to identify the best
MP scheme in simulating the reflectivity using the
GPM-KuPR radar data. The numerical experi-
ments with the KF cumulus scheme were consid-
ered for the microphysics sensitivity study. The
CR-SIM software was modified and used to calcu-
late the simulated reflectivities from the model
output. The simulated reflectivities were validated
against the GPM-KuPR reflectivities. The results
showed that the Thompson scheme had captured
the intensities of the cyclones accurately with
similar vertical profiles to that of the observed
GPM-KuPR profile, compared to other MP
schemes. This study identified the KF and
Thompson as the best CP and MP schemes,
respectively, for tropical cyclones simulations. The
robustness of the best schemes was finally vali-
dated by simulating cyclone Bulbul, and it was
found that the best set of schemes obtained from
this study performed better than the random set of
schemes.
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Appendix

A1l. Drop size distributions of hydrometeors
in the Lin scheme

The Purdue Lin scheme adopted classical expo-
nential drop size distribution for hydrometeors
rain, snow, and graupel as:

n(D) = Nye *PdD inm™®.

Here, n(D) is the drop size distribution as a function
of the diameter D, dD is the differential diameter,
N, is the intercept parameter, and 4 is the slope
parameter. The intercept and slope parameter values
will vary for different hydrometeors.

Al.1 Rain
ng(D) = Nope *’dD inm™3
Nop =8 x10° inm™

N g
AR = (7I,OR OR> inm™!
Pdair QR

pr = 1000 kg/m®’.

e
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Al1.2 Snow
ng(D) = Nose *PdD  inm™3
Nogs =3%x10° inm™

N, v
Ag = <7ng 05) inm™!
Pdair QS

ps = 100 kg/m”’.

IS

A1.3 Graupel
ne(D) = Nyge *’dD  inm™
Nog = 4 x 10° 4

1
N 1
Pdair QG

po =917 kg/m”.

inm-

In the above equations, Qr, Qg, Q¢ are the mixing
ratios (in kg/kg) of the hydrometeors rain, snow,
and graupel, pp, pg, P are the densities, and pg,;,
is the dry air density (in kg/m?).

A2. Drop size distributions of hydrometeors
in the WSM6 scheme

The drop size distributions of the hydrometeors
adopted in the WSM6 scheme are based on the Lin
scheme, and thus follow the same exponential dis-
tribution, with a little modification adopted for
SNow.

A2.1 Rain
np(D) = Noge *PdD  inm™3
Nop =8x10° inm™

N ;
AR = <L)R 0R> inm™!
Pdair QR

pr = 1000 kg/m®.

N,

A2.2 Snow
ng(D) = Nose *PdD  inm™3
Nos = 2 x 10% x 12(T=T0) iy~

1

Nyg\ !

lg = <77:p5 05) inm™!
pdairQS

pg = 100 kg/m”.

Here, T is the temperature (K) and Ty is the
reference temperature (273.16 K).
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A2.3 Graupel
ne(D) = Noge *PdD  inm™

Noc =4 x10° inm™
1
N 1
ra = <7RPG OG> inm™!
Paair QG

po =500 kg/m®.

A3. Drop size distributions of hydrometeors
i the Thompson scheme

The Thompson scheme assumes generalized gamma,
distribution for each hydrometeor (except for snow)
as:

N,
(D) = ———* 1 Dte*PdD
F(p+1)
4 [Tt bo) a2
L TO+w @
Ny = Nrpdair'

Here, N; is the total number concentration, N, is
the prognostic number concentration (in 1/kg) of
hydrometeor z, @, is the mixing ratio of hydro-
meteor z, a, and b,, are the constant and expo-
nents of mass-size relationship, I' is the gamma
function, and p is the shape parameter. When
w=0, the distribution becomes the classical
exponential distribution. In the Thompson
scheme, along with the mixing ratios, the number
concentrations of rain and ice particles are also
simulated. Thus, the scheme is known to be a
double-moment scheme. Further information can
be found at Oue et al. (2019).

A3.1 Rain

For rain particles, the shape parameter is 0. Thus, the
drop size distributions becomes classical exponential
distribution. The scheme uses the model simulated
prognostic rain number concentration in the
distribution.

ng(D)=Nye *PdD inm ™3

C(14by) amNg] Y |
Ip= |———m)
? [ (1) @R} m
PR
ZPR
6 b)

with a,,= m =3, the distribution reduces
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to

1

N»o\3

Ap = (LOR R) inm™!
Qr

Ni = Nrpgair
pr = 1000 kg/m®.

Here, Np is the number concentration (in 1/kg).

A3.2 Snow

The Thompson scheme specially build for snow.
Unlike the exponential or generalized gamma dis-
tribution, it follows the combination of both.

4 2/\0D Hs Mz/\lp
ng(D) M, [Koe% + K, (%D) e M ]

M, = / D"N(D)dD
is the nth moment size distribution

M, = a(n, T)ML™ ™)
log(a, T.) = 5.065339 — 0.062659 T,
—3.032362n +0.029469 T,.n — 0.000285 T*
+0.312550n% 4 0.000204 T%n
+0.003199 T.n* +0.000000 T2 — 0.015952n*

b(n, T.) = 0.476221 —0.015896 T,

+0.165977n+0.007468 T.n — 0.000141 72
+0.060366n° +0.000079 T%n
+0.000594 T.n* +0.000000 T2 — 0.003577n?

where K() = 4906, Kl == 1756, /\() = 2078, /\1 =
3.29, u, = 0.6357, and T, is the air temperature in
°C, pg = 100kg/m”.

A3.3 Graupel
For graupel also, the shape parameter is 0.
ng(D) = Noge *PdD inm™>
2 X
Ny = max {104, min <g,5 X 10")] inm ™4

g
1
N 1
iGZ(LpG OG> inm™!
pQa
po =500 kg/m”.
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A4. Drop size distributions of hydrometeors
in the Morrison double moment scheme

The Morrison scheme also adopted generalized
gamma, distribution for every hydrometeor. The
scheme simulated number concentrations for all
the hydrometeors, except cloud water. The shape
parameter u is considered zero for rain, snow, and
graupel. Thus, the generalized gamma distribution
simplified to an exponential distribution, with N;4
being considered as intercept. In addition, the
constant and exponents of mass-diameter param-

eters are a,, = £+ and b,, = 3.

A4.1 Rain
np(D) = Nope *PdD  inm™

Nor = Ni4 = Ngpgai !

inm-

T(1+ by,) amNR] Wou !
Ap = inm
! [ T(1)  Qn

TC:ORNR>% . -1
Ip=|——= inm
f ( Qr

pp = 997 kg/m>,

A4.2 Snow
ng(D) = Noge *PdD
Nos = Nspgait
1
N 3
Ay = <np5 S) inm™!
s
pg =100 kg/m’,

inm™3

inm™*

A4.3 Graupel

na(D) = Nose *PdD  inm™

P 4
NOS:NSdeir/“ mm

1
anNS o -1
Ag = <7> inm
Qs
pe = 400 kg/m”®.
In the above equations, Ny, Ng, Ng are the number

concentrations (in 1/kg) for rain, snow, and
graupel, respectively.
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