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The pre-monsoon season (March-May) in Bangladesh is the most hazardous period for lightning-related human
casualties, particularly during morning and afternoon hours. This heightened risk is primarily associated with
labor-intensive manual agriculture on smallholder farms. This study investigates the atmospheric conditions
corresponding to the 50 most active and 50 least active pre-monsoon lightning days between 2015 and 2020.
Analysis of sounding and reanalysis data reveals distinct differences across nearly all dynamic, thermodynamic,
surface, and upper-air composite parameters. On the most active lightning days, the environment typically
features a SWEAT index exceeding 230, a mixed-layer mixing ratio above 15 g kg™!, and high values of the most
unstable convective available potential energy (>1580 J kg™ 1), along with elevated instability—all conducive to
thunderstorms with heavy rainfall. Notably, on 20 % of these active days, storm-relative environmental helicity
reaches between 300 and 485 m? s~2, indicating a high potential for supercell thunderstorms and intense
lightning activity. In contrast, the least-active lightning days are characterized by weaker storm systems. These
variations are primarily driven by strong, warm, moist southwesterly winds from the Bay of Bengal, which
enhance horizontal temperature gradients and atmospheric instability. Regression models identified potential
instability, cloud ice water content, and cloud liquid water content as strong synoptic-scale predictors of light-
ning activity. Principal component analysis (PCA) further highlighted the critical role of cloud-scale thermo-
dynamic and kinematic variables in distinguishing lightning intensity. These findings provide a foundation for
developing daily lightning forecast systems, with potential benefits for public safety and protection of lightning-
sensitive infrastructure.

1. Introduction

Lightning occurs more frequently in the continental tropics than in
most other parts of the world (Cooper and Holle, 2019). Many devel-
oping countries in tropical regions, such as Bangladesh, have large
portions of the population working outdoors in labor-intensive agri-
culture and living or working in structures without adequate lightning
protection, making them highly vulnerable. However, data collection in
such regions is often limited due to resource constraints, lack of trained
personnel, and the absence of centralized national databases. As a result,
it is challenging to find multi-year national datasets on lightning fatal-
ities in the tropics (Holle, 2016). Nevertheless, the government of
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Bangladesh has acknowledged the seriousness of the issue and officially
classified lightning as a hazard, alongside floods, tropical cyclones, and
other natural hazards (MoDMR, 2019).

Using data from the Optical Transient Detector (OTD), Lightning
Imaging Sensor (LIS), and ground-based lightning detection sensors,
many studies have quantified lightning activity at various spatial and
temporal scales (Chandra et al., 2021; Albrecht et al., 2016; Dai et al.,
2009; Christian et al., 2003), thereby enhancing our understanding of
this localized atmospheric phenomenon. For example, Albrecht et al.
(2016) and Christian et al. (2003) demonstrated significant global
variation in lightning occurrence, showing that land areas experience
more lightning than oceans. They also identified the Indian subcontinent
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as one of the lightning hotspots on Earth, with significant implications
for its largely agrarian population. In addition to global patterns,
regional and local studies have explored the relationship between
lightning and various surface, dynamic, and thermodynamic factors
across Asia, including the Himalayan region (e.g., Kandalgaonkar et al.,
2003; Siingh et al., 2013; Qie et al., 2021). Kandalgaonkar et al. (2003)
noted a pronounced diurnal cycle of lightning over the Indian region,
alongside strong seasonality (Dewan et al., 2017). Factors such as
convective available potential energy (CAPE), surface heat flux, topog-
raphy, moisture availability, and prevailing winds have been shown to
influence the spatiotemporal variability of lightning in this region
(Murugavel et al., 2014; Li et al., 2020; Sahu et al., 2020; Chandra et al.,
2021).

Several studies have explored how different atmospheric parameters
relate to lightning activity. Dewan et al. (2018), for instance, examined
the relationship between lightning, precipitation, and CAPE using
Tropical Rainfall Measuring Mission’s (TRMM) LIS and ERA data from
1998 to 2014. They found strong seasonal correlations between light-
ning flashes and CAPE, total rain, and convective rain over Bangladesh,
though the correlations were weaker annually. CAPE was identified as a
significant indicator of lightning across the country. Yamane and Hay-
ashi (2006) investigated environmental factors driving thunderstorms in
the Indian subcontinent during the pre-monsoon season (March-May).
They found that organized convection, supported by high CAPE with
vertical wind shear, was more likely to cause severe storms during the
pre-monsoon than in the monsoon season (June-September). Kodama
et al. (2005), using three-year averages of rainfall, lightning flash
counts, mean echo-top height, and 925 hPa winds over the tropical
monsoon regions, showed that lightning was associated with deep
convection in the pre-monsoon season, but declined significantly
following the onset of the monsoon in Bangladesh. Sugimoto and
Takahashi (2017) reported similar findings, suggesting that deep
convective precipitation dominates during the pre-monsoon season,
while stratiform and shallow convection lead to reduced lightning ac-
tivity during the monsoon. Romatschke and Houze (2011) confirmed
similar patterns across the Indian region. Murugavel et al. (2014)
emphasized that CAPE and local meteorological conditions are critical
for thunderstorm and lightning development, particularly in northeast
India and neighboring areas. Additional mechanisms—such as the
presence of a dry line (Weston, 1972) and abundant low-tropospheric
moisture driven by prevailing westerlies—also contribute to pre-
monsoon lightning (Siingh et al., 2014). Case et al. (2023) recently
assessed ensemble models for South Asia, particularly the Himalayan
region, highlighting their skill in forecasting severe weather in Nepal
and Bangladesh one to two days in advance. They also explored the
relationships between model outputs and several meteorological vari-
ables, including lightning, rainfall, and wind.

Selected lightning events and some pre-monsoon months have been
analyzed using the Lightning potential index (LPI), synoptic parameters,
and atmospheric stability indices. Indices such as the Lifted index (LI),
the Showalter index (SWI), CAPE, and low-pressure troughs are associ-
ated with lightning during April and May across Bangladesh (Farukh
et al., 2023). While high CAPE and total precipitable water (TPW) have
shown correlations with lightning activity in parts of the country,
Umakanth et al. (2020) reported that the K index (KI) and Total Totals
index (TTI) could help predict up to 90 % of severe thunderstorms and
lightning events at the sub-divisional scale. Based on two thunderstorm
cases in 2018, Paul et al. (2022) showed that high CAPE and TTI, along
with elevated ice and graupel mixing ratios at cloud centers, contributed
to lightning development. Five high-impact lightning events from 2019
to 2021 were modeled using two diagnostic prediction systems (WRF-
ARW, WRF-ELEC), demonstrating that local ice and graupel content are
effective predictors of lightning over Bangladesh (Rabbani et al., 2022).
Surface characteristics such as topography (Chowdhury and De, 1995;
Romatschke et al., 2010) and the existence of many water bodies (e.g.,
large rivers and wetlands) also play a role in driving atmospheric
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instability. For example, Medina et al. (2010) showed that high daytime
latent heat flux from water bodies supports the growth of convective
systems across the Himalayan region. Dewan et al. (2022) found that
water bodies and herbaceous wetlands are triggers of cloud-to-ground
lightning between March and June in Bangladesh. Although lightning
research in the country has grown recently, mainly due to the high fa-
talities, comprehensive studies integrating synoptic conditions, stability
indices, and hydrometeors remain scarce.

Beyond the human toll, lightning has widespread global impacts.
Critical infrastructures such as power utilities, wind turbines, petro-
chemical plants, and railway systems are particularly vulnerable to
lightning in developing countries (Gomes, 2021). Lightning also con-
tributes to forest fires (Kalashnikov et al., 2024) and poses risks to
homes, sporting events (Walsh et al., 2013), and other assets, resulting
in substantial protection and warning costs (Uman, 2009; Holle et al.,
2016). Bangladesh has multi-decade lightning fatality data, but recent
improvements in internet access and media coverage have yielded better
reporting. As such, 251 deaths per year from 2010 to 2016 are consid-
ered a representative estimate of the current condition (Dewan et al.,
2017). Reliable injury data, however, remain limited and are typically
absent from such studies, including in Bangladesh. However, several
recent investigations have provided a clearer picture of lightning-related
mortality in the country. First, 79 % of annual lightning fatalities occur
from March through June (Holle et al., 2019). Between 2013 and 2017,
Bangladesh averaged 1.73 lightning deaths per day during the pre-
monsoon season, 0.71 during the monsoon, and far fewer in other sea-
sons (Holle et al., 2019). Second, Bangladesh exhibits a unique pattern
in which lightning fatalities occur equally in the morning and afternoon,
likely due to its distinct meteorological conditions—an observation not
reported in any other country to date (Dewan et al., 2017; Nag et al.,
2017; Holle et al., 2019). Third, the most vulnerable group comprises
men engaged in manual, labor-intensive agricultural work during the
pre-monsoon season (Dewan et al., 2017).

The population in Bangladesh has a high level of vulnerability to
lightning, particularly during the pre-monsoon season, highlighting the
need to better understand how upper-air atmospheric conditions influ-
ence this situation. This study examines the role of dynamic and ther-
modynamic atmospheric factors that promote active and least active
lightning incidences during 2015-2020. By analyzing atmospheric var-
iables derived from sounding and reanalysis data, we aim to identify
statistically significant variables that can be used to forecast lightning in
Bangladesh. This work is a step towards a real-time lightning prediction
system.

2. Data and methods
2.1. Lightning data

This study used the Global Lightning Dataset, commonly referred to
as GLD360. The GLD360 network utilizes a global positioning system
(GPS)-synchronized broadband measurements sampled at 100 kHz, with
a cutoff frequency near 48 kHz. Each receiver employs orthogonally
oriented air-core loop antennas to measure the horizontal magnetic
field. These sensors are capable of detecting lightning at ranges up to
10,000 km away, though the specific detection range depends on the
source amplitude, direction, time of day, and geomagnetic latitude (Said
et al., 2023). Virts et al. (2024) estimated the flash detection efficiency
(DE) of GLD360 for 2014 and 2017-2022, demonstrating a DE ranging
from 60 % to 75 %. Since GLD360 uses a combination of time-of-arrival
and magnetic direction-finding techniques and requires only three sen-
sors to determine a solution (Said et al., 2010), flash DE is relatively
stable despite sensor outages and diurnal propagation effects.

For Bangladesh, the cloud-to-ground (CG) flash detection efficiency
of the GLD360 network is approximately 60 % of the actual CG flash
density. The data used in this study do not distinguish between CG
strokes and cloud pulses, nor are they corrected for detection efficiency.
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CG strokes were not grouped into CG flashes but counted individually,
and for this analysis, they were treated equally to cloud strokes in
tallying the total number of lightning strokes.

Due to the high sensitivity and long detection range of the sensors,
lightning coverage across Bangladesh is uniform, without localized gaps
or artificial maxima/minima (Said et al., 2013; Said, 2017). Lightning
data were assigned to calendar days based on local standard time (LST),
beginning at 00:00 and ending at 23:59 within the bounding box of
Bangladesh. Previous studies by Holle et al. (2019) and Dewan et al.
(2022) also utilized GLD360 data for Bangladesh, highlighting the pre-
monsoon season as particularly active for lightning activity. In this
study, we analyzed daily lightning stroke data from GLD360 for the pre-
monsoon period (March 1 to June 15) over six years, from 2015 to 2020.

Fig. 1a shows the frequency of lightning strokes during each pre-
monsoon season (107 days per year) along with the average number
of strokes across the six-year period (642 days in total). Out of these 642
days, lightning was recorded on 561 days within the study area. The
daily stroke counts showed substantial variability, ranging from as few
as 1 to as many as 366,130 strokes. Lightning activity was typically
concentrated between April and mid-June, with March exhibiting the
lowest frequency. The two highest daily stroke counts occurred during
the study period on 11 June 2016 and 01 June 2017, while the lowest
were observed on 04 May 2015 and 17 March 2016.

(a) 400000

Atmospheric Research 325 (2025) 108261

To investigate atmospheric conditions associated with contrasting
lightning extremes, approximately 20 % of the dataset was selected,
comprising the 50 days with the highest lightning stroke counts and the
50 days with the lowest. The former are referred to as ‘active lightning
days,” and the latter as ‘least-active lightning days’ in this study. The full
distribution of lightning strokes, along with the selection thresholds, is
presented in Fig. 1b.

2.2. Upper air sounding data

Upper air sounding data were collected for the period from 01 March
to 15 June for the years 2015 to 2020 at 00:00 UTC (06:00 LST) and
12:00 UTC (18:00 LST) for Dhaka, the capital of Bangladesh. These data
were retrieved from the University of Wyoming’s online atmospheric
sounding  archive (https://weather.uwyo.edu/upperair/sounding.
html). At both 00:00 and 12:00 UTC, the following thermodynamic
and kinematic parameters were computed: severe weather threat
(SWEAT), KI, LI, lifting condensation level (LCL), surface-based CAPE
(SBCAPE), most unstable CAPE (MUCAPE), TTI, TPW, storm-relative
environmental helicity (SREH), vertical wind shear (VWS), equivalent
potential temperature (8,), and mixing ratio (Q).

Due to various operational or environmental reasons, upper air
soundings were unavailable on some days. However, there was no
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Fig. 1. (a) The number of daily strokes for each year and their averages with standard error bars; (b) Illustration of maximum to minimum lightning strokes for 561
days from 01 March to 15 June during 2015-2020. The red color in Fig. 1b indicates the studied days. (For interpretation of the references to color in this figure
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indication of systematic bias in the data concerning high lightning ac-
tivity, strong winds, or rainfall. As a result, to ensure data integrity and
consistency, only the top 50 active and least-active lightning days with
complete upper air sounding were included. Among the top 66 lightning
days, 16 had missing sounding, leaving 50 suitable ‘active’ days. Simi-
larly, from the 77 least-active days, 27 were removed due to missing
sounding data, yielding 50 ‘least-active’ days. This approach ensures
comparability between the two groups (active vs least active) and fa-
cilitates a robust evaluation of the environmental differences.

It is worth noting that our method of classifying the most and least-
active lightning days differs from the monsoon ‘bursts and breaks’
concept applied by Watson et al. (1994) in Arizona. In that study, multi-
day periods with elevated or suppressed activity were used. In contrast,
no consistent multi-day lightning surge pattern was identified in
Bangladesh during the pre-monsoon season, and the occasional absence
of soundings makes such an approach less feasible. Nevertheless, iden-
tifying daily-scale differences in upper air profiles between active and
least-active lightning days remains a valuable method for understanding
the causes of lightning occurrence in the region. Composites are often
used to analyze regional atmospheric patterns, as demonstrated by
Suriano et al. (2023) and others. Applying this approach to Bangladesh
provides a meaningful way to characterize and compare atmospheric
environments associated with lightning extremes.

2.3. ERA reanalysis product

For the synoptic-scale environmental analysis, data were extracted
from the ERA5 reanalysis product provided by the European Centre for
Medium-Range Weather Forecasts (ECMWF), with a spatial resolution of
0.25° x 0.25° and a six-hour temporal resolution. Variables including
wind, vertical velocity, 6., cloud ice, cloud snow, and cloud liquid water
were retrieved for the region encompassing Bangladesh and its sur-
roundings. These data were used to examine the environmental char-
acteristics associated with various hydrometeors during active and least-
active lightning days. The primary goal of this analysis was to investi-
gate the spatial distribution of hydrometeors and evaluate related sta-
bility indices to aid in forecasting the most and the least active lightning
days across Bangladesh.

2.4. Statistical models and analyses

Statistical methods such as multicollinearity diagnosis, multiple
linear regression, logistic regression, and principal component analysis
(PCA) are applied and analyzed with R in this study. Additionally, box-
whisker plots are used to illustrate the data distribution.

2.4.1. Regression models

This study employed both multiple linear regression and logistic
regression models to quantify the influence of various environmental
parameters on the number of lightning strokes. The multiple linear
regression models assessed the relationship between lightning stroke
frequency, on both highly active and least-active lightning days, and
selected environmental predictors. Before constructing the regression
models, a multicollinearity diagnostic was performed to ensure that the
independent variables were not excessively correlated. Multi-
collinearity, a statistical phenomenon occurring when two or more in-
dependent variables exhibit strong linear relationships, can distort
regression results. The variance inflation factor (VIF) was calculated for
each predictor to detect and assess multicollinearity. VIF measures the
degree to which the variance of a regression coefficient is inflated due to
multicollinearity. For a given independent variable X;, the VIF is
calculated as:

1

VIF(X) = ——;
1-R;
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where R? is the coefficient of determination obtained by regressing X;
on all the other independent variables in the model. Here, VIF = 1: no
multicollinearity; 1 < VIF < 5: moderate correlation (usually accept-
able); VIF > 10: high multicollinearity according to Midi et al. (2010).

Multiple linear regression, a statistical technique, is utilized to pre-
dict the value of a dependent variable based on two or more independent
variables. In this study, the multiple linear regression model was spec-
ified as: Y = fo + 1 X1 + foXoe...... + pXn+ e

where Y is the total number of strokes (both active and least-active
lightning days), f, is the intercept, B, S, fs . p,are the regression
coefficients, X; X2 X3 X, are the independent variables (environ-
mental predictors), ¢ is the error term.

While a multiple linear regression model captures the overall vari-
ation in stroke counts, it does not distinguish whether these environ-
mental parameters are statistically significant in identifying active
lightning days specifically. To address this, a logistic regression model
was developed to classify the days as either active or least active based
on four predictors.

The logistic regression model estimates the probability (p) of a bi-
nary outcome (i.e., an active or least-active lightning day) and is defined
as:

where p is the probability of a day being active and z is a linear com-
bination of predictors, expressed as:

z =Py + P X1 + P Xz + PpXn

_______ p, are the coefficients corre-
Xn.

where f, is the intercept, f; f» S5
sponding to the predictors X; X5 X3,
2.4.2. Principal component analysis

To explore the atmospheric differences between active and least-
active lightning days, a Principal Component Analysis (PCA) was con-
ducted using various thermodynamic and kinematic variables from
soundings. Many Researchers (e.g., Rajeevan et al., 2012; Yadava et al.,
2023; Kumar et al., 2024) used PCA to examine the relationships be-
tween lightning distribution and various meteorological, topographical,
and thermodynamic factors around the world. PCA is a statistical tech-
nique used to reduce the dimensionality of a dataset and address po-
tential multicollinearity among the independent variables. It transforms
potentially correlated variables into a smaller set of uncorrelated vari-
ables, called principal components. Each principal component is
orthogonal to the others and ranked according to the amount of variance
it explains. The first principal component (PC1) accounts for the greatest
variance, followed by the second (PC2), and so on. Typically, only the
first few components are retained to capture most of the variance in the
data. In PCA, eigenvalues represent the magnitude of the variance
explained by each principal component, while eigenvectors represent
the directions of those components. For further PCA methodological
details, readers can refer to Jolliffe (2005) and Abdi and Williams
(2010).

2.4.3. Box and whisker plot

Box and whisker plots were employed to visually analyze the dis-
tribution, central tendency, and variability of atmospheric variables
associated with the most and least active lightning days. These plots
graphically represent the five-number summary of a dataset: the mini-
mum, first quartile (Q1), median (second quartile), third quartile (Q3),
and maximum.

In each plot, a cross (x) was used to denote the mean of the data. The
central box represents the interquartile range (IQR), which extends from
Q1 to Q3 and encompasses the middle 50 % of the data. The line inside
the box indicates the median value. The “whiskers” extend to the
smallest and largest values that fall within 1.5 times the IQR from the
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respective quartiles. Data points outside this range are considered out-
liers and are plotted individually. Mathematically, these are defined as:

IQR=Q3-0Q1

Lower bound = Q1-1.5 x IQR
Upper bound = Q3 +1.5 x IQR
3. Sounding comparisons

A wide variety of sounding parameters were calculated from the
Dhaka radiosonde station at 00:00 UTC and 12:00 UTC for all active and
least-active days. The average values of each parameter for both active
and least-active cases were compared at both times. No significant dif-
ferences were found; percentage differences between these two times
were below 9 % for all parameters, except for SWI and SBCAPE, which
showed differences of 38 % and 26 %, respectively. Consequently,
comparisons of the studied parameters are presented in Figs. 2-4 only at
00:00 UTC (06:00 LST), as this time is more suitable for forecasting
purposes. Morning data is critical for anticipating lightning activity later
in the day.

The box and whisker plots in Figs. 2-4 display the distribution of 12
significant sounding parameters relevant to convection and storm
severity. Fig. 2 includes temperature- and humidity-based indices. Fig. 3
focuses on humidity- and wind-related parameters, while Fig. 4 high-
lights thematic and advanced parameters. Definitions and threshold
values for these parameters can be found in the AMS Glossary of
Meteorology (https://www.ametsoc.org/index.cfm/ams/publications
/glossary-of-meteorology/) and the National Weather Service (htt
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ps://forecast.weather.gov/glossary.php).

Clear differences are observed between active and least-active
lightning days across all parameters. Active days consistently exhibit
greater atmospheric instability, stronger low-level wind shear, higher
moisture content, and increased helicity compared to least-active days.
The detailed analyses of these are below:

(a) Total Totals Index (TTI): As shown in Fig. 2a, the
TTI—representing the sum of the vertical and cross total-
s—indicates that thunderstorms are likely on active days with
values >44 °C. In contrast, approximately 50 % of least-active
days display a TTI of 37.6 °C, indicating a lower probability of
thunderstorm development.
K Index (KI): Fig. 2b highlights that KI, which incorporates the
temperature lapse rate, moisture content of the lower tropo-
sphere, and the vertical extent of the moist layer, suggests a 60 %
to 90 % probability of thunderstorms occurring when KI ranges
from 31 °C to over 40 °C on active days. Conversely, on least-
active days, the probability of thunderstorm development drops
to only 0-60 % with a KI below 30 °C.

Lifted Index (LI): Fig. 2c shows that LI, an indicator of atmo-

spheric instability, is negative on almost all active days, signi-

fying the likelihood of thunderstorms. In contrast, 50 % of the
least-active days have positive LI values, suggesting a more stable
atmosphere.

(d) Equivalent Potential Temperature (0.): Fig. 2d illustrates that 0,
at LCL is significantly higher during active days, with an average
of 350 K, compared to 336 K on least-active days. The maximum
0. on active days is 366 K, compared to 358 K on least active days,
indicating stronger vertical instability on active days.
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(e) Mixed Layer Mixing Ratio (Q): Fig. 3a shows a negatively skewed
distribution of the mixed layer mixing ratio on active days, while
it is positively skewed on least-active days. Active days feature
mixing ratios >12 g kg!, reaching up to 21.4 g kg™, whereas
half of the least-active days have a mixing ratio below 12 g kg%,
with a maximum of 18.2 g kg~ *.

(f) Total Precipitable Water (TPW): TPW is significantly higher on
active days, with a maximum of 63 mm, compared to 53 mm on
least-active days (Fig. 3b).

(g) Vertical Wind Shear (VWS): The low-level VWS between the
surface and 1 km is crucial for severe thunderstorms. Fig. 3c in-
dicates that VWS values are generally higher on active days, with
a maximum of 15.4 kts, suggesting the potential for strong
thunderstorms.

(h) Storm-Relative Environmental Helicity (SREH): More than 50 %
of active days, SREH at 0-3 km values exceed 150 m? s72, indi-
cating thunderstorms with potential rotation (Fig. 3d). In 20 % of
these cases, SREH values exceed 300 m? s~2, signaling the pos-
sibility of supercell thunderstorms and tornadoes. In the contrary
situation, the least-active days typically exhibit thunderstorms
with little or no rotation.

(i) SWEAT Index: Fig. 4a demonstrates a sharp contrast between

active and least-active days. The SWEAT index, which combines

low-level moisture (850 hPa dewpoint), instability (TTI), lower
and middle-level (850 and 500 hPa) wind speeds, and warm air
advection (veering between 850 and 500 hPa) parameters, av-
erages around 300 on active days but this index remains below

200 on most least-active days.

Lifting Condensation Level (LCL): Fig. 4b represents LCL, the

cloud base height, which is lower on active days (~700 m, or 930

hPa) compared to least-active days (~1000 m, or 894 hPa).

-

G

(k) SBCAPE and MUCAPE: Both SBCAPE and MUCAPE are depicted
in the lower panels of Fig. 4 (c-d). CAPE serves as a measure of the
available potential energy that fuels a thunderstorm. Higher
values indicate greater potential for severe weather. MUCAPE
represents CAPE of the most unstable parcel within the lowest
300 hPa. In Fig. 4 (c-d), the least-active days exhibit lower values
for both CAPE parameters, with SBCAPE found to be <1000 J
kg~! and the maximum significant value for MUCAPE at 3266 J
kg~ . In contrast, within widely distributed CAPE values, 50 % of
the cases on active days feature SBCAPE values of >1000 J kg™,
with the maximum MUCAPE value reaching 5628 J kg _.

4. Synoptic map comparisons
4.1. Environmental conditions during lightning events

During the pre-monsoon months, the northeastern Indian subconti-
nent, including Bangladesh, experiences Nor’'westers and tornadoes
(Yamane and Hayashi, 2006; Bikos et al., 2016). These phenomena are
predominantly associated with arc-type squall line mesoscale convective
systems (MCS) extending 100-300 km in length (Rafiuddin et al., 2010).
Such severe pre-monsoon MCS events are primarily driven by the
convergence of dry, hot northwesterly winds from arid regions and
moist, warm southwesterly winds from the Bay of Bengal (BoB), forming
a synoptic dryline along the eastern Indian coast and extending into
Bangladesh (Akter and Tsuboki, 2017). Given the significant scale of
these MCS, it is essential to examine the synoptic-scale environmental
conditions in the study area.

Using ERAS data, composite maps of key parameters in and around
Bangladesh were developed for active versus least-active days. Figs. 5a-b
depict the moisture flux (MF) and temperature anomalies averaging
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Fig. 4. Box and whisker plots showing various thematic and advanced parameters calculated from upper-air sounding at Dhaka, Bangladesh, during 50 active and 50

least-active lighting days (a) SWEAT index, (b) LCL, (c) SBCAPE, and (d) MUCAPE.

over the top 50 active and 50 least-active lightning days. A noticeably
steeper temperature gradient (approximately 2 K within 100 km) is
observed over Bangladesh on the active lightning days compared to the
least-active days. In both scenarios, the moisture originates primarily
from the southwest, reaching a maximum value of approximately 200 g
m~2 kg~! on active days and less than 100 g m~2 kg™! on least-active
days. The combination of sharp temperature gradients and elevated
moisture levels plays a crucial role in the formation of intense
thunderstorms.

Figs. 5c-d present 500 hPa wind vectors alongside the equivalent
potential instability (PI), defined as the difference in equivalent poten-
tial temperature between 500 hPa and 850 hPa levels. These plots reveal
significantly more unstable atmospheric conditions during active light-
ning days. Lower (more negative) PI values indicate greater instability.
On active days, PI values over Bangladesh fall below —6, whereas least-
active days register positive values around 1, indicating a much more
stable atmosphere.

In summary, the areal averages of moisture and instability for the
Bangladesh region (87.3-92.8° E, 20.6-26.9° N) at 00:00 UTC were
calculated for both active and least-active lightning cases. Active days
exhibit an average MF of approximately 70 g m 2 kg~!, which decreases
by over 35 % in the least-active cases. The average PI value is around —4
on active days, compared to +1 on least-active days, highlighting the
stark contrast in atmospheric stability between the two scenarios.

4.2. Hydrometeor conditions during lightning events

The separation of electrical charges that leads to lightning is heavily
influenced by interactions among various hydrometeors within

thunderclouds under favorable environmental conditions. Strong up-
drafts within thunderstorms propel moisture and ice particles to higher
altitudes, where collisions and charge separation occur. Simultaneously,
downdrafts carry precipitation particles downward through the
charging layer, further enhancing charge separation and eventually
resulting in various forms of lightning discharges (Williams, 1985;
Saunders, 1993). To investigate this mechanism, cloud ice water (CIW)
content and cloud liquid water (CLW) content were analyzed at multiple
vertical levels from 850 hPa to 200 hPa for both active and least-active
lightning days, using ERAS data. Additionally, vertical pressure velocity
(omega) between 850 hPa and 200 hPa was examined to assess vertical
air motion, both upward and downward.

On active days, significantly greater values of CIW and CLW were
observed at 200 hPa and 850 hPa, respectively, compared to least-active
days (Fig. 6). In Fig. 6a, CIW content is broadly distributed across
Bangladesh, with a maximum average of approximately 0.055 g kg™ ! at
200 hPa centered over the country. The negative omega between 850
hPa and 200 hPa layer indicates deep convection with stronger updrafts,
accompanied by a maximum deep-layer ascent of —0.9 hPa s~!. Simi-
larly, Fig. 6¢ illustrates CLW content with a peak average value of
approximately 0.2 g kg ! at 850 hPa, along with a modest downward air
motion of 0.5 hPa s~L. In contrast, there is no notable presence of CIW or
CLW content that is evident on the least-active days (Fig. 6b and d).
Vertical air motion within the 850-200 hPa layer is also minimal,
indicating a lack of deep convective activity over the region during those
periods.
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Fig. 5. Temperature anomalies at 850 hPa (contours; 1 K interval) calculated from the average area of background and surface wind velocity (vector; m s~ ') with
moisture flux (color shaded in vector; g m~2 s71) for the average value of (a) active, and (b) least-active days. Equivalent potential temperature between 500 hPa and
850 hPa (shaded; K km ™) and wind velocity (vector; m s~1) at 500 hPa for the average value of (c) active, and (d) least-active days.

5. Discussion
5.1. Contribution of environmental parameters

The findings of this study highlight notable differences in synoptic-
scale environmental conditions between active and least-active light-
ning days, particularly in terms of low-level moisture flux, temperature
gradients, and potential instability. These variations are strongly asso-
ciated with the presence of a pre-monsoon dryline over Bangladesh and
the development of squall-line convection, including arc- or line-shaped
MCS, which typically have a lifespan of approximately four hours
(Rafiuddin et al., 2010). The surface dryline exhibits a mean diurnal
oscillation of around 100 km from east to west (Akter and Tsuboki,
2017). The movement and intensity of this dry-moist boundary zone
throughout the day are critical in modulating the daily variability and
severity of convection, and by extension, lightning activity. Diurnal
variations in hydrometeor characteristics, particularly CIW and CLW,
are pronounced and closely tied to lightning occurrences. On active
days, the average surface moisture flux over the Bangladesh region
exceeded 60 g m~2s™!, while for 75 % of the least-active days (excluding

outliers), values remained below this threshold. Approximately 80 % of
active days exhibited negative PI values, a clear contrast to the pre-
dominantly positive PI values observed on least-active days. Similarly,
the areal average of CLW content at 850 hPa exceeded 0.01 g kg™
active days but fell below this value on least-active days. At 200 hPa,
CIW content exceeded 0.002 g kg™ on 80 % of active days, while it
continued to be lower on least-active days. Table 1 shows a summary of
the threshold limits for these synoptic-scale parameters.

Furthermore, for the relation between these four environmental
parameters, i.e., MF, PI, CIW and CLW with lightning activity, statistical
modeling was performed using both multiple linear regression and lo-
gistic regression (Table 2). Before modeling, multicollinearity among
environmental predictors was assessed using VIF. The VIF values were
found to range from 1.25 to 2.67, with a mean of 1.86 across the four
predictors. While a VIF above 10 typically signals problematic multi-
collinearity, only CLW marginally exceeded the conservative threshold
of 2.5, indicating generally acceptable levels of multicollinearity (Midi
et al., 2010). The multiple linear regression model, incorporating four
key environmental predictors, explained 60 % of the variability in
lightning stroke counts (R? = 0.60). Among the predictors, PI (p <
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least-active lightning days.

Table 1
Threshold values for various parameters between active and least-active light-
ning days.
Data Parameters Active lightning days Least-active lightning days
MF >60 gm 25! <60 gm 257!
Reanalysis PI Negative value Positive value
CIW >0.002 g kg ! <0.002 gkg!
CLW >0.01 gkg™! <0.01 gkg™!
KI >30°C <30°C
0e > 341K < 341K
Q >15gkg™ <15gkg™
TPW > 42 mm < 37 mm
Observed SREH > 65m?s 2 <40m?s2
SWEAT > 230 <200
LCL > 918 hPa < 918 hPa
SBCAPE > 460 J kg ! <380 Jkg!
MUCAPE > 1580 J kg~! <985 Jkg!

0.001), CIW (p < 0.001), and CLW (p < 0.001) were statistically sig-
nificant. PI showed a negative association with lightning strokes, while

CIW and CLW were positively associated.

Complementing this, the logistic regression model classified days as

Table 2
Regression model analyses for various environmental parameters.
Regressions Variables Coefficient Standard error p-value
Multiple linear Intercept 24,951.4 9720.0 0.012*
PI ~5512.6 1264.1 3.28e 0% x+
MF —209.9 215.8 0.33
CIW 1,022,956.4 193,046.1 7.53e707 wxx
CLW 1,169,392.2 337,130.7 0.0008%***
Intercept —2.82 0.94 0.003**
PI -0.57 0.16 0.0004***
Logistic MF —0.004 0.02 0.823
CIW 70.84 40.98 0.08=
CLW 111.01 39.74 0.005**

Significance codes: 0 ‘“***’ 0.001 “**’ 0.01 ‘** 0.05 ‘w’ 0.1 " 1.

either active or least active with a good degree of accuracy (R? = 0.66).
In this model, PI (p < 0.001) and CLW (p = 0.005) were statistically
significant predictors, while CIW was marginally significant (p = 0.08).
As with the linear model, PI had a negative association with lightning
activity, while CLW and CIW had positive associations.

Both models underscored the critical role of atmospheric instability,
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as indicated by negative PI values, in initiating deep convection. In
addition, the presence of upper-level cloud ice and low-level cloud water
significantly contributes to lightning development. Notably, MF did not
emerge as a statistically significant predictor in either model. However,
0e, which is inherently linked to PI as it incorporates both temperature
and moisture (https://glossary.ametsoc.org/), serves as an important
proxy. Increased low-level moisture influx elevates 6, thereby intensi-
fying atmospheric instability and fostering conditions favorable to se-
vere convection, and thus, lightning.

5.2. Contribution of sounding parameters

In addition to the synoptic-scale environment, cloud-scale thermo-
dynamic and kinematic parameters were analyzed to understand the
daily variations in lightning activity associated with thunderstorms.
Results (Figs. 2-4) revealed that active lightning days are more condu-
cive to the development of strong convection, with conditions occa-
sionally favorable for supercells and tornado formation. In contrast, the
least-active lightning days tended to exhibit weaker or less frequent
thunderstorms.

Several key thunderstorm-related parameters—such as TT, KI, LI, e,
Q, TPW, low-level VWS, SREH, SWEAT, LCL, SBCAPE, and MUCAPE —
showed significant reductions on least-active days. Specifically, these
parameters are decreased by approximately 7 %, 25 %, 71 %, 4 %, 22 %,
27 %, 31 %, 81 %, 47 %, 4 %, 61 %, and 50 %, respectively, when
compared to active lightning days.

For forecasting applications, establishing threshold values for these
sounding parameters is critical for distinguishing days with high light-
ning potential from those with minimal activity. In this study, all pa-
rameters were evaluated at 00:00 UTC due to the availability of upper-
air data, which may introduce slight limitations in the precision of the
derived thresholds. Nevertheless, as shown in Figs. 2-4, the majority of
active lightning days (top 75 %) and least active days (bottom 75 %)
generally adhered to meaningful threshold limits summarized in
Table 1. However, clear threshold separations were less evident for TTI,
LI, and low-level VWS. Notably, on 20 % of active days, SREH value
ranged from 300 to 485 m? s~2, indicating a significant likelihood of
supercell thunderstorms and intense lightning activity.

The threshold values identified in this study differ slightly from those
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proposed by Tyagi et al. (2011) for pre-monsoon season thunderstorms
over Kolkata, India, located roughly 400 km from Dhaka. This discrep-
ancy is likely attributable to methodological differences; while the
Kolkata study compared thunderstorm days to fair weather days, our
analysis specifically compared active versus least-active lightning days.
Furthermore, while Murugavel et al. (2014) reported no significant
relationship between CAPE (specifically, SBCAPE) and lightning activity
during the pre-monsoon season in India, our results indicate that
SBCAPE and MUCAPE, in particular, play important roles in lightning
generation.

To further explore the atmospheric differences between active and
least-active lightning days, PCA was conducted in this study using the
aforementioned thermodynamic and kinematic variables. In the context
of lightning research, PCA has been applied in previous studies to
identify dominant atmospheric patterns associated with lightning ac-
tivity. For instance, Rajeevan et al. (2012) utilized PCA to cluster
correlated predictors related to lightning occurrences over southeast
India. More recently, Kumar et al. (2024) used PCA to examine the re-
lationships between lightning distribution and various meteorological,
topographical, and thermodynamic factors in Uttarakhand, India. Their
results emphasized the influence of deep convection, driven by surface
heating and buoyant air parcels, on enhanced lightning activity.

To better understand the relationships among these variables, PCA
was conducted, with results visualized through a biplot and contribution
bar plots (Fig. 7). The first two principal components—PC1 (57.2 %) and
PC2 (19.1 %)—together explained 76.3 % of the total variance. The PCA
biplot (Fig. 7a), which overlays variable loadings (arrows) with event
observations (points), showed a clear separation between active and
least-active lightning days along PC1. Active days cluster on the positive
side of PC1, while the least-active days fall on the negative side, indi-
cating that the variables contributing most to PC1 play a dominant role
in differentiating the two categories. From the direction and length of
the arrows, active lightning days are strongly associated with elevated
values of Q, 6., TPW, LCL, and MUCAPE. In contrast, the least-active
days are not strongly aligned with any variables contributing to PC1.
Fig. 7b quantifies the contribution of each variable to PC1, highlighting
those exceeding the average (indicated by red dashed line) as the most
influential.

PC2, which explains 19.1 % of the variance, served as a secondary
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Fig. 7. (a) Biplot between PC1 and PC2, showing different variables for active and least-active lightning days. Contribution of variables to (b) PC1 and (c) PC2.
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differentiator, mainly reflecting kinematic variables such as SREH and
SWEAT, along with some influence from SBCAPE. In general, active
lightning days are associated with diurnally increasing moisture,
enhanced instability, and greater atmospheric energy, all of which favor
deep convection and thunderstorm development compared to least-
active days. These findings align well with the threshold-based anal-
ysis summarized in Table 1.

The daily variations in lightning activity can therefore be anticipated
by monitoring increases in low-level moisture transport from the BoB,
intensifying temperature gradients over Bangladesh, and the presence of
unstable atmospheric conditions. Additionally, elevated amounts of
high-level CIW and low-level CLW serve as key indicators of increased
lightning potential. Similar observations have been reported by Dai et al.
(2009) in China. Altogether, the synoptic-scale environment plays a
significant role in modulating cloud-scale thermodynamic and kine-
matic parameters with meaningful threshold limits, ultimately driving
lightning activity.

6. Conclusions

This study used GLD360 data from 2015 to 2020 to examine the
differences in sounding profiles and synoptic-scale environments asso-
ciated with the 50 most active and 50 least-active lightning days during
the pre-monsoon season in Bangladesh. This season accounts for the
majority of the lightning-related fatalities and injuries in the country,
particularly among male agricultural workers. By analyzing 00:00 UTC
(06:00 LST) radiosonde data from Dhaka along with ERA5 reanalysis
data, several key thermodynamic and kinematic parameters were
identified that effectively distinguish active from least-active lightning
days over Bangladesh.

The synoptic-scale analysis revealed that active lightning days are
consistently associated with enhanced low-level moisture flux, increased
atmospheric instability (indicated by negative PI values), and higher
concentrations of low-level CLW and high-level CIW. These conditions
are often linked to the diurnal development and inland movement of the
pre-monsoon dryline, which promotes convective organization,
including squall lines and mesoscale convective systems. Regression
analyses highlighted PI, CLW, and CIW as statistically significant and
robust predictors of lightning activity.

KI, 6, Q, TPW, SREH, SWEAT, LCL, SBCAPE, and MUCAPE exhibited
clear and consistent thresholds. Specifically, values below 30 °C, 341 K,
15 g kg ™!, 37 mm, 40 m? s 72, 200, 918 hPa, 380 J kg !, and 985 J kg !
were commonly associated with least-active lightning days (1-500
strokes/day). In contrast, values exceeding these thresholds corre-
sponded to a significantly increased likelihood of lightning activity,
underscoring their predictive ability. PCA supported these findings,
demonstrating clear atmospheric distinctions between active and least-
active lightning days driven primarily by thermodynamic variables (Q,
0., TPW, LCL, and MUCAPE) and secondarily by kinematic factors
(SREH and SWEAT). Notably, around 20 % of active days showed a
potential for supercell thunderstorms and intense lightning activity, as
they exhibited significantly higher SREH values exceeding 300 m? 52,

Collectively, these results demonstrated the feasibility of using early
morning soundings from Dhaka, in conjunction with synoptic-scale
environmental indicators, for operational forecasting of both extreme
and non-extreme lightning events. Such forecasts could prove valuable
in mitigating lightning-related risks, particularly for vulnerable pop-
ulations to this localized hazard during the pre-monsoon season.

However, this study is not without limitations. First, radiosonde
observations were only available from Dhaka, limiting spatial coverage
across the country. Second, the spatial resolution of ERA5 dataset may
be insufficient to resolve finer convective-scale features. Third, the
absence of high-resolution cloud observations (e.g., weather radar data)
constrained the analysis of detailed convective structures and evolution.

Despite these constraints, the findings offer a foundational under-
standing of the atmospheric conditions governing lightning activity in
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Bangladesh, a data-scarce region vulnerable to various meteorological
hazards. Future work should prioritize the integration of higher-
resolution observational and modeling datasets and the expansion of
national observational networks to enhance lightning prediction and
early warning systems for at-risk communities.
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