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ABSTRACT

This work documents the performances of diagnostic and explicit lightning forecasts for selected high impact
weather events over Bangladesh. The lightning flashes are calculated by three methods: (1) a diagnostic lightning
parameterization that bases its algorithm on the level of neutral buoyancy from a convective parameterization
scheme, (2) lightning potential index (LPI) using local graupel and ice contents, and (3) explicit prediction of
electric fields and lightning initiation from WRF-ELEC. Five lightning events that occurred on 02 April 2019, 17
May 2019, 20 April 2020, 26 May 2020, and 20 May 2021 were examined to evaluate the forecasting capability
of each scheme for the lightning over a 24-h forecast period. Prior to diagnosing lightning activity, the composite
radar reflectivity and the neighborhood score metrics (ETS, FSS) for hourly rainfall were analyzed to determine if
the simulated precipitation structure is consistent with the observations. Analyses based on performance dia-
grams were also included for a better illustration of how simulations perform on predicting precipitation. The
spatial distribution of LPI and lightning flashes is compared against the NASA Lightning Imaging Sensor (LIS)
dataset. The qualitative results show that in most of the studied cases, there is a good agreement between the
observations and the WRF-ELEC-based simulations in terms of detecting the primary regions of lightning activity.
The LPI based predictions perform also considerably well. The results from this endeavor constitute an essential
initiative towards the implementation of an effective operational lightning warning system to mitigate lightning-
related hazards in Bangladesh and northeast India.

1. Introduction

Lightning is

a hazardous weather phenomenon that occurs

In this regard, several meteorological (thermodynamic and/or ki-
nematic) indices such as the Convective Available Potential Energy
(CAPE), Cloud Physics Thunder Parameter (CPTP), Total Totals Index

frequently with a global average rate of 46 flashes per second (Albrecht
et al., 2016; Cecil et al., 2014; Lutgens et al., 2013). Approximately
6000-24,000 people are killed by lightning strikes yearly around the
world (Holle, 2008). In Asia, Bangladesh is in a region characterized by
relatively high flash densities (Christian et al., 2003; Markowski and
Richardson, 2011). As a consequence of lightning-induced deaths,
Bangladesh declared lightning strikes a disaster in 2016 (Dewan et al.,
2017). Due to the increasing mortality rate and losses of wealth, light-
ning prediction has become a core topic investigated by scientists (Yair,
2018).
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(TTI), K-Index (KI), Lifted Index (LI), Potential Lightning Region (PLR),
etc. have been used to forecast the probability of lightning activity
(Bright et al., 2005; Zepka et al., 2014). In recent works (i.e., Deierling
and Petersen, 2008; Fierro and Reisner, 2011; Lynn et al., 2012; McCaul
Jr et al., 2009; Yair et al., 2010), some of the main physical processes
related to lightning have been studied from different standpoints such as
control laboratory settings, numerical simulations, observational in-
vestigations, and theoretical studies. There are two different techniques
to forecast lightning: the first is based on the physics of cloud electrifi-
cation (explicit), and the second is based on clouds microphysics and
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dynamics (diagnostic). As the latter approach does not include addi-
tional prognostic equations for electrical variables, it remains by design
more computationally affordable for real time use (Gharaylou et al.,
2019). In early research efforts, the KI index (George, 1960), which is a
measure of the thunderstorm potential based on the temperature lapse
rate, moisture content of the lower troposphere, and the vertical extent
of the moist layer, was used to forecast lightning by assuming that every
thunderstorm produced lightning (Sturtevant, 1995). Williams et al.
(1992) showed a positive correlation between Convective Available
Potential Energy (CAPE) and lightning. Other parameters, that mainly
depend on cloud thermodynamic and dynamic formulations rather than
microphysics principles, such as the Lifted Index (Galway, 1956), Total
Totals Index (TTI), Convective Inhibition (CIN), etc. were also be used to
predict lightning (Ackerman and Knox, 2012; Bright et al., 2005). These
diagnostic prediction methods, however, differ from region to region.
Hence, more physics-based prediction methods became increasingly
more important for forecasting lightning with a higher degree of accu-
racy and, arguably, realism. Lynn and Yair (2010) and Yair et al. (2010)
introduced the Lightning Potential Index (LPI), which is a measure of the
charge generation and separation within convective clouds. They
showed a positive correlation between rainfall and observed lightning
density. Based on this, they suggested that the LPI could be used to
forecast the potential for the occurrence of lightning. The LPI compu-
tational scheme was later implemented in the Weather Research and
Forecasting (WRF) mesoscale model (Skamarock et al., 2019). Demen-
tyeva et al. (2015) tested different microphysics schemes implemented
in WRF to evaluate the performance of the LPI in the prediction of
lightning events and found that the LPI underestimates the possible re-
gions of thunderstorms. Fiori et al. (2016) found that the LPI was,
overall, a good regional predictor of lightning activity.

Ice and graupel are the chief charge carriers in thunderclouds, as
detected in clouds (e.g., Gardiner et al., 1985) and studied in laboratory
experiments (e.g., Jayaratne et al., 1983; Reynolds et al., 1957; Taka-
hashi, 1978). Miller et al. (2001) suggested that the updraft speed and
the graupel number concentration could serve as the two main param-
eters to predict lightning rate. Observational studies verified that
lightning occurrence required the presence of a strong updraft in the
mixed phase region characterized by the presence of appreciable
amounts of ice crystals, supercooled cloud droplets and graupel pellets
(Deierling and Petersen, 2008; Lang et al., 2004; Tessendorf et al., 2005;
Williams et al., 1992). Several numerical studies estimated the lightning
rates and other related electrical processes by evaluating lightning
events and model output (Zepka et al., 2014). Studies such as Takahashi
(1984), Mansell et al. (2010), Mansell et al. (2005) Barthe et al. (2010)
focused on electrification and lightning parameterization schemes in
cloud-resolving models. A more explicit prediction of lightning (i.e., vs
diagnostic) based on macroscopic in-cloud electrification processes can
be achieved using an extra package (referred to as ELEC) in the WRF
model. The explicit electrification code was coupled with the NSSL
microphysics scheme in WRF (referred to as WRF-ELEC). Fierro et al.
(2013) described its implementation within WRF. The electric potential
method (POT at 7 km altitude), introduced by Dementyeva et al. (2015),
for predicting where cloud-to-ground lightning may occur can also be
calculated using this package, but is not used here. Gharaylou et al.
(2019) used WRF-ELEC to calculate the electric potential (POT) and
compared it with LPI for predicting lightning activity for four events that
occurred in northern Iran. They concluded based on both qualitative and
quantitative evaluation that the horizontal patterns of POT and LPI were
in good agreement with the locations of lightning occurrence.

Although research on lightning activity has received mounting in-
terest worldwide, only a few studies have focused on Bangladesh. Using
the WRF-ARW model, Das et al. (2015) studied the composite charac-
teristics of pre-monsoon (March to May) thunderstorms and conducted
several modeling experiments of thunderstorms over northeast India
and adjoining Bangladesh by validating model output with satellite,
radar and ground-based observations. Some other notable studies (e.g.,
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Ahasan et al., 2015; Karmakar et al., 2017; Karmakar and Alam, 2017;
Litta and Mohanty, 2008; Rabbani et al., 2021; Yamane et al., 2013)
analyzed the atmospheric instability and the thermodynamic conditions
of thunderstorms over northeast India using CAPE, wind shear, and
other relevant meteorological parameters. Das et al. (2014) conducted a
coordinated field experiment focusing on severe thunderstorm obser-
vations and regional modeling (STORM) over the south Asian region and
analyzed thunderstorm characteristics, synoptic conditions, thermody-
namic features, along with other environmental factors that are known
to trigger severe storms over the region. Al-Amin Hoque et al. (2019)
investigated lightning casualties in Bangladesh from 2016 to 2018
reporting a fatality rate of 1.76 per million people per year. Umakanth
et al. (2020) calculated several stability parameters such as K Index (KI),
Lifted Index (LI) and Total Totals Index (TTI), Convective Available
Potential Energy (CAPE) and Total Perceptible Water (TPW) associated
with lightning flashes over Bangladesh using ERA-Interim dataset. Most
of these studies mentioned earlier analyzed meteorological parameters
and casualties due to lightning. Choudhury et al. (2020) simulated the
lightning flash rates of a thunderstorm case on May 4, 2013 and
compared the results with TRMM-LIS observed flashes. Mohan et al.
(2021) simulated lightning flash counts over Maharashtra, India using
different lightning parameterization schemes available in WRF and
validated the simulated flashes for four cases using ground-based ob-
servations from the Maharashtra Lightning Detection Network (LDN).
Despite these pioneering efforts, there are until present no studies that
utilized an explicit cloud electrification model to forecast lightning over
Bangladesh. The main goal of this study is to therefore test three light-
ning prediction methods (LPI, PR92, and explicit lightning) over
Bangladesh. LPI and PR92 are diagnosed from the model state whereas
explicit lightning depends on predicted electrification physics within the
thundercloud. Both types of methods could be very helpful tools for
identifying regions of lightning occurrence and for estimating lightning
flash counts. This study, therefore, serves as an essential first approach
to forecast lightning activity in Bangladesh using a numerical model at
the cloud scale.

2. Methodology and data
2.1. Lightning cases

Based primarily on the availability of observed lightning data from
the NASA’s Lightning Imaging Sensor (LIS), five high impact cases were
selected for this evaluation. LIS observations were employed because,
currently, these are the only freely accessible lightning data source over
Bangladesh. These five cases include events that occurred on 02 April
2019, 17 May 2019, 20 April 2020, 26 May 2020 and 20 May 2021.
Precipitation, cloud coverage, instability indices and intensity of thun-
derstorms associated with lightning were also considered.

2.2. Model driving datasets

The Global Forecast System (GFS) is a forecasting model developed
and designed by the National Centers for Environmental Prediction
(NCEP). The six-hourly 1° x 1° lat-lon gridded NCEP FNL (NCEP, 2000)
operational global analysis datasets were downscaled to derive the
initial and boundary conditions for the simulations herein.

2.3. Observational data

INSAT-3D is an advanced meteorological satellite launched in 2013
by India. It consists of an atmospheric sounder and an imager. Earth
imageries in six wavelengths are generated by the multispectral imaging
system (optical radiometer). The datasets and blended images of ther-
mal infrared and visible channels are collected from the Meteorological
and Oceanographic Satellite Data Archival Centre (www.mosdac.gov.
in) and used to determine the cloud coverage of each lightning case
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over the study regions.

A space-based lightning sensor named Lightning Imaging Sensor
(LIS) mounted on the International Space Station (ISS) is used to esti-
mate the variability of and to detect the distribution of total lightning (i.
e., intra-cloud plus cloud-to-ground lightning) in the Earth’s tropical and
mid-latitude regions. The ISS LIS instrument measures the radiant op-
tical energy, records the time of occurrence of lightning events, and
detects the location during both day and night with a 24-h average
detection efficiency of 70%. LIS data can also be used for lightning-
atmosphere interaction studies as well as for severe storm detection
and analysis. The final quality-controlled datasets (Blakeslee, 2020) are
used in the present study to validate model predicted lightning location
and flash counts. These lightning products are publicly available with a
temporal range of 1 min to 1 h and a spatial resolution ranging from 4 to
8 km.

The multi-satellite precipitation dataset derived from the Integrated
Multi-satellitE Retrievals for GPM (IMERG) of NASA (National Aero-
nautics and Space Administration) is also used to compute score
matrices. This 10-km resolution product is produced at the NASA God-
dard Information Services Center and Earth Sciences Data (Huffman
et al., 2019). The GPM IMERG combines information from several low-
Earth-orbit satellites (GPM satellite constellation) equipped with passive
microwave radiometers (Torcasio et al., 2021) for estimating precipi-
tation over the majority of the Earth’s surface. The principal satellite of
the GPM constellation is the NASA/JAXA (Japan Aerospace Exploration
Agency) GPM Core Observatory, which possesses a dual-frequency Ku/
Ka-band precipitation radar and the GPM Microwave Imager.

BAF, Bangladesh Air Force (www.mtrwf.com) has two operational C-
Band Doppler Weather Radars (DWR) in Chittagong (Lat: 22.25, Lon:
91.8) and Jashore (Lat: 23.18 N, Lon: 89.16 E) districts in Bangladesh.
The spatial coverage of these radars is approximately 480 km. From
early 2018, these radars mainly provide reflectivity (dBZ) and rainfall
(mm) every minute. The simulated reflectivity fields are validated
against the reflectivity observed by Jashore (MTR-DWR) for all cases.

2.4. Model description and setup

2.4.1. WRF-ARW model

The WRF-ARW model has four lightning parameterization options.
These lightning options can estimate LPI and flash rate, both of which
are analyzed in the present study. The lightning parameterizations based
on Yair et al. (2010) and on Price and Rind (1992) were evaluated
herein.

2.4.1.1. LPI calculation. According to Yair et al. (2010), the LPI is
defined as the volume integral of the total mass flux of liquid water and
ice in a developing thundercloud within the “charging zone” (0 °C to
—20 °C). It usually represents the potential of the thundercloud to
separate electrical charge via the non-inductive ice-graupel mechanism,
but it does not explicitly calculate the resulting electric field. LPI
changes with time since it is estimated from the kinematic and micro-
physical model fields in every grid point and at each time step. So, in
short, the LPI is a measure of the potential for charge generation and
separation for lightning initiation. The basic formulation is as follows:

1
LPI = v /// ew?dxdydz (€8]

Where, w is the vertical wind component (m s’l), V is the cloud
volume in the charging zone, and ¢ is a dimensionless number that de-
pends on the mixing ratios of the hydrometeor components with a value
ranging from O to 1.

(0:0))"?

ek~ 2
¢ 0+ 0 @

Where, Q; is the ice fractional mixing ratio (kg kg’l) and Q is the
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total liquid water mass mixing ratio (kg kg™1). Q; is defined as follows,

(qsqg)u.s (qiqg)o.s
qs + qg qi + qg

Qi =g, 3)

Where g; is the cloud ice mixing ratio, g the snow mixing ratio, and
g, the graupel mixing ratio, all in kg kgL

2.4.1.2. Flash count calculation. Price and Rind (1992) developed a
simple parameterization to simulate global lightning distributions.
Separate lightning parameterizations were formulated for the two types
of storms because of the difference in cloud characteristics between
continental and maritime storms. Convective cloud top height is
considered as the variable in both the cases. Continental parameteriza-
tion is defined as,

F. =344 x107°H*’ (@)
and
we = 1.49H"% 5)

where, F, is the continental flash frequency (flashes min’l), H is the
convective cloud top height and w, is the maximum updraft intensity.
Lightning parameterization for marine convective clouds follows a
similar form, namely:

F, =64x107*H"" (6)
and
Wy = 2.86H"3 )]

The PR92 scheme also includes a direct empirical formulation be-
tween flash rate and maximum vertical velocity. This option wasn’t used
in our study.

2.4.2. WRF-ELEC model

Electric potential and total lightning flash rate are explicitly
computed with WRF-ELEC (Fierro et al., 2013, available at: https://sou
rceforge.net/projects/wrfelec), an auxiliary package implemented in
WREF. Mansell et al. (2005) included two kinds of in situ collisional
charging processes known as inductive and non-inductive. An external
electric field is required for the induction of charge of the colliding
particles. As its name indicates, the non-inductive process doesn’t
require any external field. The non-inductive charge separation rate,
parameterized in the Bulk Lightning Model (BLM) module of WRF-ELEC,
follows (Mansell et al., 2005):

Pes — g (1~ B )E, () ®
where p,, is the density (Cm~3) of charge separated through the collision
between hydrometeors of x and y, 6qxy is the weighted average of the
separated charge (C) per rebounding collision between hydrometeors of
x and y, # is an arbitrary factor that limits charging at low temperatures,
Tyqcy is the number concentration collection rate integral, Eyy is the
collection efficiency, and &q is the magnitude of charge separated within
a grid cell determined from a polynomial fit to the non-inductive critical
charging curve. The parameterization of 5q is as follows (Mansell et al.,
2005; Saunders et al., 1991):

8q = BD}(V, — V;)"q(RAR) 9

where B, a, and b are a function of crystal size (Table 1 in Mansell et al.,
2005); Dyis the mean volume diameter of the ice crystal-snow, Vg and Vy
are the mass- weighted mean terminal fall speeds for graupel and cloud
ice (or snow), respectively; g(RAR) is the charge separation as a function
of the Riming Accretion Rate (RAR) from Brooks et al. (1997), later
modified by Mansell et al. (2005). The RAR at which the charge obtained
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Table 1

Configurations used in WRF-ARW and WRF-ELEC simulations.
Parameters Configurations
DX, DY 9 km, 3 km
NX x NY 120 x 120 (d01)

178 x 244 (d02)
NZ 34
Microphysics scheme NSSL 2-moment (Mansell et al., 2010)
Cumulus physics Grell 3D (Grell, 1993) (d01)
No cumulus (d02)
Yonsei University scheme
(YSU) (Hong et al., 2006)
Land surface model Noah
Radiation RRTMG

Boundary layer scheme

by graupel changes its sign is defined by the critical RAR curve param-
eterized based on the work of Saunders and Peck (1998). The critical
RAR curve, as a function of temperature (°C), is defined as follows:

s(T): T>=-237C
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np, ¢ are the total cloud water and the graupel number density, respec-
tively; Vg is the mass-weighted mean fall speed of graupels; I'(x) is the
complete gamma function; Dy, ¢ is the characteristic diameter of graupel
(reciprocal of the slope parameter); ng, ¢ is the number concentration
intercept of graupel; <cos¢> is the mean cosine of the angle of
rebounding collision; E, is the vertical component of the electric field;
and ¢ is the electrical permittivity of air.

After computing grid cell non-inductive and inductive charging
rates, their sum is then calculated for every predicted hydrometeor
species. The law of conservation of total charge has been taken into
account during charge transfer occurring during mass exchange between
each hydrometeor species. According to Fierro et al. (2013), charges
carried by precipitating particles pass through the lower boundary and
eventually leave the domain. Eventually, the total charge density on
each charge species is calculated from the sum of all charge production
rate terms and mass transfer plus the charge density calculated at the
previous time step. Then the BoxMG electric potential solver, imple-
mented in WRF-ELEC, computes the electric potential by solving the 3D
Poisson equation using Dirichlet boundary conditions for vertical

RARq = § K(T) : 0_23T7 < >—4TO>C_40 ¢ 10) boundaries and Neumann boundary conditions for lateral boundaries
= (Mansell et al., 2005):

where, the functions of s(T) and k(T) are given below as (Saunders and VIV — Pt 16)

Peck, 1998): &

$(T) = 1+7.9262 x 1072T +4.4847 x 1072T* +7.4754 x 107°T? +5.4686 x 10 *T* +1.6737 x 107°T° +1.7613 x 107" T° 11

and

B C(IT+237],
k(T)3.4{1 (——23.7+40) ] 12

The positive charge (RAR > RAR;;) and negative charge (0.1 gm ™2
< RAR;) of graupel are calculated as follows (Saunders and Peck,
1998):

g+ (RAR) = 6.74(RAR — RAR..;) 13)

RAR — (RAR,; +0.1)/27,
_(RAR) = 3.9(RAR.,; — 0.1 4 -1
- (RAR) = 39 ARen )X< X{ RARoy — 0.1

(14)

Brooks and Saunders (1994) stated that inductive or polarization
charging could be, in some circumstances, non-negligible where a strong
electric field is present. Hence, the inductive electrification is also
implemented in WRF-ELEC following the parameterization of Ziegler
et al. (1991). The inductive charging rate is a function of the mean
cosine of the angle of rebounding collision, the rebound probability, and
the vertical component of the electric field. Due to the minimal con-
ductivity of the ice and the relatively short collision time, the ice-ice
collisions are neglected in inductive charging (Gaskell, 1981). There-
fore, only the collisions between cloud water (with subscript c) and ice-
graupel-hail (with subscript g) are considered in our study according to
Mansell et al. (2005):
r(1.5)p,

3n,,

&, _ 7
o 8

6V,
{F(4~35) } Ey En n D} |:7[F(3.5)8 < cosd > ED; —

(15)

where, p, is the charge density carried by the graupels; D, is the mean
diameter of the cloud droplets; Eg is the collision efficiency between the
graupels and cloud water droplets; E, is the rebound probability; n; . and

Where, V is the electric potential, ¢, is the electrical permittivity of
air and py,; is the total volume charge density. After solving the Poisson
equation, the three components of the electric field can be retrieved
from the following equation,

E=-VV a7

2.4.2.1. The discharge model. The discharge model in WRF-ELEC

domain 01

28N 1

27N A

domain 02

26N
India

25N A
Bangladesh

24N A

India

23N

22N A

Myanmar

21N

20N 4 Bay of Bengal

19N

86E 87F 88 89E 90F 91E 92F 93E 94F 95F
Fig. 1. Model domains (one nested). Both domains are centered at lat = 23.70°
N and lon = 90.46° E over Dhaka.
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follows the parameterization of Ziegler and MacGorman (1994) and
MacGorman et al. (2001). In this model, lightning initiation occurs at
grid points where the electric field exceeds the critical breakdown value
of 120 kVm™! (consistent with the break-even field magnitude defined
by Gurevich et al., 1992). A cylinder of fixed radius R, extending
throughout the entire depth of the domain, is centered on each initiation
point upon discharge. In cloud-based simulations, this radius is usually
set to 6 km (as in Fierro et al., 2013).

2.4.3. Model setup

In the present study, fifteen simulations were conducted for five
lightning cases using two domains (one of which nested) (Fig. 1): Ten
out of these fifteen simulations used the original WRF-ARW model (i.e.,
five using the LPI scheme and five using Price and Rind, 1992, hereafter
PR92) and the remaining five used WRF-ELEC. Every simulation is
initialized at 0000 UTC on the day of the event and is integrated for 24 h.
The physical parameterizations and model configuration of WRF-ARW
and WRF-ELEC are listed in Table 1.

For consistency, the NSSL two-moment microphysics scheme (Man-
sell et al., 2010) was used to parameterize microphysical processes in all
fifteen simulations. Rationale for this choice is that the electrification in

_02-04-2019

S, -

. 17-05-2019 20-04-2020
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WREF-ELEC is currently tied to the NSSL 2-moment microphysics scheme.
The NSSL scheme predicts the mass mixing ratio and concentration for
raindrops, ice crystals, cloud droplets, snow, hail and graupel. The PR92
lightning prediction scheme, which bases its algorithm on the level of
neutral buoyancy from a convective parameterization, is used to
calculate lightning flashes. The cloud-top adjusted parameter in PR92 is
set to the default value of 2 km (following Wong et al. (2013) and Mohan
et al. (2021)).

For the WRF-ELEC runs, both inductive and non-inductive charging
are considered and are coupled with the bulk lightning discharge
scheme of Ziegler and MacGorman (1994). The NSSL screening layer
scheme based on Ziegler et al. (1991) was activated and the height-
varying vertical profile of Dwyer (2003) was used for lightning initia-
tion threshold. Similar to Fierro et al. (2013), a discharge cylinder with a
6-km radius was used. Upon discharge, 30% of the total charge is
assumed to be neutralized by superposition onto the carriers of opposite
charge.

() 0600 UTC

‘Shaond,
‘v\ -' +

(f) 1500 UTC

(¢) 1000 UTC

180

(i) 1000 UTC

(1) 2000 UTC (o) 1430 UTC

| , BT in K
200 260 280

Fig. 2. INSAT-3DR satellite-derived visible TIR-1 blended brightness temperature images representing cloud coverage of the five lightning cases of the present study.
Labels a, d, g, j, m represent the initial stage of convective cells. Similarly, b, e, h, k, n represent the mature stage and c, f, i, 1, o the cloud conditions during the

dissipation stage.
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Fig. 3. The composite (column maximum) reflectivity (dBZ) from the MTR-DWR (a—e) and the WRF model (f-j) for the five cases analyzed in this study at the time of

their respective mature stages.
3. Results and discussion
3.1. Precipitation structure

A meteorological satellite can be used to monitor cloud systems
associated with deep, mixed-phased convection. The half-hourly visible
(VIS) channel (0.65 pm) and thermal infrared (TIR) channel (10.8 pm)
data from the INSAT-3D satellite were used in the present study to track
the life-cycle of the storms in the simulation domain based on the cloud-
top brightness temperatures (Fig. 2). The simulated composite (column
maximum) reflectivity was also analyzed during the mature stage and
compared against local radar observation for all cases herein (Fig. 3).

On 02 April 2019, two organized convective cells with a minimum
brightness temperature (BT) of around 220 K were identified at 0600
UTC over the central part of Bangladesh (Fig. 2a). These two cells later
intensified and merged at around 0800 UTC. A mature thunderstorm
complex formed at 0830 UTC with 190 K BT covering the central and
eastern parts of Bangladesh (Fig. 2b). The MTR-DWR also showed
several echoes nearing 55 dBZ over the region at 0830 UTC (Fig. 3a).
The model was able to simulate the storm system at the same time as the
observations but with maximum reflectivity values near 70 dBZ (Fig. 3f).
At around 1000 UTC, the storm complex propagated towards the south-
westward direction and started to dissipate (Fig. 2c). A similar storm
system occurred on 20 April 2020 (Fig. 2g, h, i). The DWR captured the
system, which was associated with maximum reflectivity values of about
50 dBZ (at 0930 UTC Fig. 3c). The model simulated the event at the right
time with some spurious echoes over the central portion of the country
(Fig. 3h). On 17 May 2019, two convective cells occurred at around
0900 UTC over the northern parts of the country (Fig. 3d). These storms
eventually merged, and grew upscale into a mesoscale convective sys-
tem (MCS) associated with 180 K BT (at 1400 UTC) covering a large

portion of Bangladesh, including Dhaka. The simulated reflectivity at
the time (1400 UTC) reached 50 dBZ with an overall smaller spatial
coverage over the region. The storms began to dissipate at 1500 UTC
(Fig. 2f). For the fourth case considered herein on 26 May 2020, several
convective systems developed over the northern portion of the country
at around 1600 UTC (Fig. 2j). This complex of discrete storms propa-
gated eastward while growing upscale into a mesoscale convective
system (MCS) covering most of the central and northern regions of the
country (Fig. 2k). The last case on 20 May 2021 shows more discrete
cells over the same general area as case 4, which the model failed to
simulate well in terms of intensity and timing. The simulations reveal
temporal shifts/biases in convection initiation for the fourth (02:30 h
earlier) and fifth cases (2 h later). Overall, however, the model simulated
spatial coverage of the storms reasonably well albeit with occasional
spurious echoes (Fig. 3d, e, i, j). Almost similar cloud-top BT charac-
teristics were observed for thunderstorms over this region by Rabbani
et al. (2021) and Goyal et al. (2016).

The 24-h accumulated simulated rainfall and NASA GPM (IMERG)
rainfall estimates were used to evaluate precipitation structure for each
of the five cases herein (Fig. 4). The model simulated reasonably similar
spatial precipitation patterns as the GPM observations for cases 1, 2 and
5. Fig. 4, however, also reveals many areas where rainfall was either
over- or underestimated by the model. The southern part of the country
received a maximum of 60 mm accumulated rainfall on 20 April 2020
(Fig. 4f), which the model failed to simulate (Fig. 4e). It also failed to
capture the heavy rainfall over the northern part of the country on 26
May 2020 (Fig. 4g, h). Along with the qualitative comparison, time se-
ries of neighborhood score metrics such as Equitable Threat Score (ETS)
and Fraction Skill Score (FSS) for three neighborhood radii (1*dx, 3*dx
and 5*dx where dx = 3 km) and for three precipitation thresholds (2.5, 5
and 10 mm h™!) were analyzed (Fig. 5). The contingency table elements
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Fig. 4. Comparison of 24-h accumulated simulated rainfall (a,c,e,g,i) with NASA GPM IMERG rainfall (b,d,f,h,j).

were computed by taking the hourly forecast outputs from the model
and the observed rainfall products from NASA’s GPM multi-satellite
precipitation dataset. The neighborhood methods are preferable
because they partially alleviate the “double penalty” events associated
with small displacement errors in the model (e.g., Fierro et al., 2015).
The ETS (Mason, 2003) estimates the fraction of observed and/or fore-
casted rainfall events that were correctly forecasted and adjusted for hits
associated with a random prediction, where the predicted occurrence or
non-occurrence is independent of observation or non-observation
(Comellas Prat et al., 2021). The FSS (Roberts and Lean, 2008) is a
neighborhood spatial validation method used particularly for precipi-
tation verification that directly compares the fractional coverage of
events over time windows centered on the forecasts and observations
(Skok and Roberts, 2016).

The ETS and FSS in Fig. 5 indicate that the forecast rainfall for all
cases is predicted overall reasonably well. The third case shows the
lowest ETS (—0.1) and FSS (0.25) values that may be attributed to the
spurious precipitation pattern over the central part of the country dis-
cussed earlier (Fig. 5e and f). As the neighborhood radius increases, the
FSS increases significantly as expected, especially for lower precipita-
tion thresholds (5b, 5d, 5f, 5 h and 5j). If the precipitation thresholds
increase, both ETS and FSS values decrease. In terms of both ETS and
FSS, the rainfall threshold of 2.5 mm along with the neighborhood
radius of 15 km produces the best results for each case.

Performance diagrams (Roebber, 2009) were also constructed for
each case to visualize more concisely the statistical skill scores for
aforementioned rainfall thresholds and neighborhood radii against
observational data (Fig. 6). In this particular diagram, four forecast
evaluation metrics are conveniently merged: 1) False Alarm Ratio (FAR)
which is conditioned on predicted events, 2) Probability of Detection
(POD) which is conditioned on observed events, 3) Critical Success
Index (CSI), which is a function of both POD and FAR, and 4) Frequency
Bias (FBIAS) which provides a measure of the ratio of predicted events to
observed events. A simulation is considered to be performing optimally
when its corresponding symbol is located closest to the upper right-hand
corner. The results of the diagrams (Fig. 6a, b, ¢ and e) reveal that those
simulations with the rainfall threshold of 2.5 mm and the neighborhood
radius of 15 km perform overall best (consistent with the earlier ETS
analysis). As expected, using a higher neighborhood radius improves the
probability of detection, which for our cases is more marked for the

lower precipitation thresholds. The success ratio also improves with
increasing radius but appears to be more sensitive to the precipitation
thresholds.

From these diagrams, it can also be seen, again, that the third case
does not perform well at 10 mm (Fig. 6¢ and e). One apparent feature of
the diagrams is that nearly all of simulations show increasing biases
along with lower success ratios for the increasing rainfall thresholds.
This indicates that, for convective rainfall, the model systematically
produces high FAR and low POD.

3.2. Lightning activity

For all cases, the spatial distributions of the simulated lightning flash
counts are analyzed and validated against the observations from LIS
flash lightning activity. As the LIS has short temporal (approximately
1-3 min for the studied cases) and spatial coverage, the lightning flash
counts by the LIS and the simulations are normalized by dividing the
flash count by the maximum value in the domain. Due to the limitation
of the LIS observations, the qualitative analyses primarily focus on the
spatial patterns of the lightning activity in lieu of their actual flash rates.
The spatial distribution of LIS flash lightning activity and simulated flash
counts and the LPI are presented in Fig. 7-11. The LPI is studied and
shown herein for identifying regions of lightning activity.

The lightning activity that occurred on 02 April 2019 is considered
first. LIS detected lightning activity over the central and northern areas
of the country (Fig. 7a). The LPI detected similar lightning prone areas
(Fig. 7d) but missed the lightning activity over the northern areas. The
spatial pattern of the simulated lightning flashes by WRF-ELEC are
overall consistent with the LIS observations (Fig. 7c). PR92 fails to
capture the location of lightning flashes (compared to LIS observations)
and also produces spurious flashes in the northern portions of the
domain (Fig. 7b). Choudhury et al. (2020) also estimated normalized
lightning flashes with PR92 and found that the simulated flashes were
overall comparable with those detected by LIS.

For the case of 17 May 2019, the lightning activity observed by LIS is
mostly concentrated over the central-eastern part of the country
(Fig. 8a). LPI was able to predict the main areas of lightning occurrence
with respect to the LIS observations whereas WRF-ELEC suffers from a
notable spatial displacement error (Fig. 8c and d). The locations of the
lightning flashes diagnosed by PR92 are overall consistent with the
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observations (Fig. 8d). For this specific case, the WRF-ELEC simulated
lightning flashes do not cover all areas of observed lightning activity
(Fig. 8f). Mohan et al. (2021) evaluated different lightning parameter-
ization schemes and showed that, for four cases, the LPI and PR92 based
lightning parameterization were able to reasonably reproduce the
observed lightning activity over Maharashtra in the western and central
part of India.

LIS showed lightning activity for the third case on 20 April 2020 at
around 0913 UTC (Fig. 9a). The lightning spatial pattern predicted by
the LPI is not thoroughly consistent with the LIS observation (Fig. 9d).
Model simulated lightning flashes predicted by PR92 and WRF-ELEC
also show different patterns with respect to the LIS observations.

Shifting gears to the results for the fourth case on 26 May 2020, the
main regions of lightning activity are predicted rather well by LPI
(Fig. 10d) where LIS showed lightning activity over the northern por-
tions of the country (Fig. 10a). The simulated flashes are also consistent
with the LIS observations (Fig. 10b and c). Despite these positive attri-
butes, the model captured the storms and, hence, lightning activity two
hours thirty minutes earlier than observed.

The last case investigated, 20 May 2021, covers the northern areas of
the country as well. All of the predicted spatial distribution of LPI
(Fig. 11d) and lightning flashes (Fig. 11b and c) estimated by both the
PR92 and the WRF-ELEC are overall consistent with the LIS-observed
lightning activity (Fig. 11a). Akin to the fourth case, however, the
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simulated lightning suffers from a temporal shift but two hours later
relative to the observations. These deviations may arise either from
model error or from the usage of global forecast datasets to derive the
initial and boundary conditions (Goines and Kennedy, 2018).

The performance of the LPI and the lightning flashes simulated by
WRF model in all cases of this study are overall reasonably consistent
with the previous results of Dementyeva et al. (2015), Lagasio et al.
(2017) and Fiori et al. (2016) for different regions. Gharaylou et al.
(2019) showed similar results for Iran in predicting lightning activity
based on WRF-ELEC.

4. Conclusion

Lightning related hazards are a global concern for life and property,
as they may occur at any instant, at any location worldwide. Owing to its
noteworthy economic impact, heightened emphasis has been directed
by the scientific community in the last two decades toward improving
lightning forecasting systems using state-of-the-art numerical weather
prediction models. In Asia, Bangladesh also faces significant damages
and threats due to lightning for which numerical prediction studies are
warranted to help develop better mitigation policies and to minimize the
detrimental socioeconomical impacts of lightning. The present study
analyzed five high impact lightning cases that occurred in Bangladesh
using DWR, satellite-based observations and the community, multi-scale
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WRF-ARW model. This evaluation makes use of two diagnostic lightning
prediction methods (LPI and PR92) and an explicit, physics-based
approach from cloud electrification referred to as WRF-ELEC.

The simulated spatial pattern of lightning activity was overall
consistent with the LIS observations. The WRF-ARW results show tem-
poral and spatial displacement errors in some of the cases in addition to
producing spurious echoes and lightning in the domain. Other than
model error, storm electrification is complex and requires several as-
sumptions to account for some of the unobservable processes associated
with lightning such as in-cloud charging and breakdown (Mansell et al.,
2005). Akin to other statistical approaches, the PR92 lightning predic-
tion scheme assumes that lightning flash count depends on spatial and
temporal averages of parameters derived from the model fields. Such an
assumption introduces potential errors in forecasting lightning flash
count because convective clouds develop over different time scales and
propagate at different speeds depending on the existing environmental
conditions. The present study shows that, overall, the simulated light-
ning fields for all five cases are in reasonable agreement with the
available satellite observations from LIS. WRF-ELEC based simulations
slightly overperform PR92 and LPI in four of the five cases. Thus, given
comparable computational costs, we would recommend WRF-ELEC over
the two other schemes for operational usage.

As a final note, potential future research works would include the
usage of lightning data assimilation to potentially address the timing
and location of the convection and, ultimately, help improve lightning
and short-term rainfall forecasts (Comellas Prat et al., 2021; Fierro et al.,
2015, 2012). Reducing the horizontal grid spacing from 3-km herein
down to cloud-resolving scales (1 km) would also be warranted to
investigate. Rigorous sensitivity studies should also be conducted with
the help of ground and satellite-based observations to potentially help
improve these results further. The present study is one of the first at-
tempts to simulate lightning activity explicitly over Bangladesh. As
lightning-related fatalities are increasing in the country, the present
study may help authorities of public policy and operational forecasting
institutions to implement an effective lightning prediction system that
can save lives and properties and improve the safety of rural, fishing and
farming communities.
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