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Abstract

Bangkok, Thailand is a tropical Asian megacity with high aerosol concentrations and frequent thunderstorm activity.
This investigation examines the covariation between thermodynamics, aerosols, and thunderstorms, using lightning stroke
counts as a measure of intensity, for a five-year period (2016-2020). The investigation incorporates data from the aerosol
robotic network (AERONET), ERA-5 reanalysis, ground-based air quality stations, and total lighting data from Vaisala
Inc.’s GLD360 network to examine the aerosol-thermodynamic interrelationships within thunderstorm initiation environ-
ments. Results indicate that aerosol impacts on thunderstorms are robust and, when examined in concert with instability,
can augment lightning. Thermodynamic instability is also positively correlated with stroke counts in thunderstorms. Par-
ticulate matter greater than 10 pg m> (PM10) concentration is significantly higher in thunderstorms containing more than
100 strokes, supporting the potential role of aerosols in promoting the non-inductive charge process. The emergence of a
“boomerang” or threshold effect is also evident as aerosol optical depth (AOD) increases. Evidence suggests increasing
AOD initially promotes, then limits, instability and thunderstorm intensity. Finally, there exists a positive relationship
between aerosol concentration and particle size in thunderstorm initiation environments.

Keywords Aerosols - Air pollution - Lightning frequency - Particulate matter - Thermodynamic instability -
Thunderstorm intensity

1 Introduction and Background

Recognizing how thermodynamic and aerosol processes
act to promote atmospheric convection is vital for under-
standing climate change (Fan et al. 2013; Li et al. 2017).
Although feedbacks between thermodynamics and aero-
sols have been examined at multiple scales, the extent
of their integration remains poorly understood (Sun et
al. 2023). Evidence suggests, lightning activity in urban
thunderstorms is sensitive to both thermodynamics
and aerosol concentrations due to greater atmospheric
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instability being required to overcome increases in aero-
sol loads. Therefore, when both elevated instability and
aerosol concentrations are present, as in urban areas,
lightning production appears maximized (Bentley et al.
2024). Numerical modeling has simulated these relation-
ships across idealized conditions (van den Heever et al.
2006; Ekman et al. 2011; Fan et al. 2013; Schmid and
Niyogi 2017; Sun et al. 2023); however, there exists few
observational investigations examining lightning vari-
ability across a range of urban atmospheric conditions
(Dewan et al. 2024; Bentley et al. 2024).

We conduct a multi-variable analysis of urban thun-
derstorm environments in the Bangkok Metropolitan
Region (BMR). A central premise of this investigation
is that although isolating thermodynamic and aerosol
mechanisms may be useful in terms of simplifying a
description of their causality, it overlooks the importance
of their mutual integration (Williams et al. 2002, 2004;
Carrio and Cotton 2011). Therefore, data mining is uti-
lized to analyze the covariance of thermodynamic insta-
bility, aerosols, and thunderstorm intensity, as measured
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by lightning stroke counts. The coupling of thermody-
namic and aerosol processes is evaluated in time and
space over a range of environments in order to provide
useful insights for atmospheric scientists, urban planners,
and hazards scholars.

It is estimated that more than two-thirds of the global
population will reside in cities by 2050 (Yair 2018). In
Asia, the “threshold urban size” has been exceeded in
many cities where deleterious impacts of urbanization
have accelerated environmental change (Yair 2018).
Bangkok, Thailand continues to undergo rapid urbaniza-
tion. In fact, aside from the Chinese Pearl River Delta,
the BMR is one of the most extensively developed areas
within Asia (Small et al. 2018). One result of BMR urban-
ization is a per capita area of green space of only 3.3 m?,
versus a regional average of 38.6 m? (Small et al. 2018).
This lack of green space has led to an increase in urban
heat, especially along development corridors emanating
from the urban core (Bentley et al. 2020; Arfanuzzaman
and Dahiya 2019; Arifwidodo and Tanaka 2015). The ele-
vated land surface temperatures intensify the urban heat
island (UHI) (Oke 1982; Voogt and Oke 2003; Bentley
et al. 2020). Similar to other low latitude cities, the size
and intensity of the BMR UHI appears to be an impor-
tant variable shaping the local and regional lightning and
thunderstorm distribution (Naccarato et al. 2003; Stallins
et al. 2006; Morales Rodriguez et al. 2010; Bentley et al.
2020; Sae-Jung et al. 2024). The combined effects of the
UHI and atmospheric pollution within the BMR create a
conducive environment for storm electrification and sub-
sequent thunderstorm augmentation through increasing
thermodynamic instability and urban particulate matter.
The varying sizes and concentration of anthropogeni-
cally sourced aerosols include cloud condensation nuclei
(CCN) that can significantly modify cloud development
(Fan et al. 2007; van den Heever and Cotton 2007; Wang
et al. 2011). Anthropogenically sourced aerosols can also
modulate cloud growth, alter cloud microphysics, warm
rain production, and the generation of lightning (Rosen-
feld and Lensky 1998; Konwar et al. 2012; Rosenfeld et
al. 2016; Zhu et al. 2014, 2015; Guo et al. 2018; Huang
et al. 2022; Bentley et al. 2024).

Variables assessing moisture, temperature, and ther-
modynamics are often used in thunderstorm prediction
(Craven and Brooks 2004; Williams et al. 2005; Wang
et al. 2009). Atmospheric aerosol loads (i.e., particulate
matter) also impact atmospheric convection and cloud
electrification (Andreae et al. 2004; Khain et al. 2005,
2008; van den Heever et al. 2011; Tao et al. 2007, 2012;
Rosenfeld et al. 2008, 2014; Altaratz et al. 2014; Li et
al. 2017; Wang et al. 2023; Bentley et al. 2024; Dewan
et al. 2024). When the mixed-layer atmosphere has a
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higher aerosol content, as exists in polluted, urban air,
more numerous cloud droplets efficiently transport water
above the freezing level. Different states of water within
the developing cloud act to separate electrical charges
and accelerate lightning production (Reynolds et al.
1957). At temperatures below — 15 °C, graupel and snow
crystals develop opposing charges. The accumulation of
negatively charged graupel in the middle of the cloud ver-
sus positively charged ice crystals near the top promotes
electrification and lightning production (Reynolds et al.
1957). Latent heat release generated by condensation and
freezing within the cloud enhances the vertical motion
field (Khain et al. 2005; Rosenfeld et al. 2008; Li et al.
2017; Sun et al. 2023). Increased convective available
potential energy (CAPE) from urban heat also facilitates
the vertical transport of water droplets above the freezing
level, enhancing charge separation and flash production
(Steiger and Orville 2003). These mechanisms of storm
electrification are collectively known as the non-induc-
tive charge separation process (MacGorman and Rust
1998; Seity et al. 2003).

Cleaner air has the opposite effect on cloud electrifica-
tion, diminishing lightning since water is shared among
fewer CCN and cloud droplets (Sun et al. 2023). Less pol-
luted environments also exhibit early rainout and weaker
vertical transport into the mixed phase region producing
less lightning (Rosenfeld et al. 2008). Evidence suggests
that convective processes accelerating cloud electrifi-
cation may occur up to a given threshold of particulate
matter and then decrease, as higher particulate concen-
trations partition sunlight and stabilize the atmosphere
(Rosenfeld et al. 2002, 2008; van den Heever and Cotton
2007; Fuchs et al. 2015; Bentley et al. 2024). High con-
centrations of particulate matter can also act to warm the
atmosphere, reducing relative humidity and stabilizing
lapse rates. The conditions leading to an initial increase,
and subsequent decrease in lightning activity are col-
lectively known as the “boomerang effect” (Koren et al.
2008; Altaratz et al. 2010; Li et al. 2017).

By analyzing thunderstorm initiation environments
and intensity with respect to total lightning frequency,
we examine the aerosol-thermodynamic interrelation-
ships of the BMR, an Asian megacity that exhibits com-
plex controls on the regional lighting and thunderstorm
distribution (Bentley et al. 2021; Sae-Jung et al. 2024).
We evaluate a large dataset of thunderstorm events based
on lightning characteristics and incorporate hourly aero-
sol and meteorological data. We examine how variations
in thermodynamic instability, particulate matter, and
thunderstorm intensity covary across the BMR utilizing
data mining techniques. This is one of the first investiga-
tions of urban thunderstorms to assemble and statistically
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evaluate a large database of observational variables use-
ful in assessing relationships between thermodynamic
instability, pollution, and lightning frequency (Bentley et
al. 2024). It is also the first study to examine relation-
ships between thermodynamic instability, aerosols, and
thunderstorm intensity in the BMR.

2 Study Region

The BMR, defined for this investigation and in prior
research evaluating the UHI and thunderstorm climatol-
ogy, is 6,400 km? and includes the Bangkok Metropolis,
a 1,568 km? area also known as the Bangkok Metro-
politan Area (Bentley et al. 2020, 2021; Sae-Jung et al.
2024; Fig. 1). This region encompasses the primary areas
of urbanization and urban development corridors in the
Chao Phraya River Delta (Bentley et al. 2020). The BMR
is also located within the Chao Phraya River flood plain
and has a growing population exceeding 11 million.

The BMR’s climate is classified as a tropical savannah
climate (Kottek et al. 2006). The BMR’s monthly temper-
atures exceed 18 °C all year and there exists a pronounced
dry season of less than 60 mm in a month. Bangkok’s
average annual rainfall is 1,450 mm. The months with
the highest and least amount of rainfall are September
(320 mm) and January (10.2 mm), respectively. There is
an annual average of 137 rainy days, with September (22
days) and January (2 days) having the most and the least
rain days, respectively.

3 Data and Methods

Five years (2016-2020) of GLD360 total lightning
stroke data are used to construct a thunderstorm database
and identify thunderstorm initiation environments. The
GLD360 is a ground-based lightning location system
owned and operated by Vaisala, Inc. (Said et al. 2010;
Poelman et al. 2013; Mallick et al. 2014). Instruments
in the GLD360 global network detect radio atmospher-
ics emanating from lightning strokes. Polarity and peak
current of each stroke are determined by evaluating
lightning waveforms and applying an attenuation model.
Each sensor determines time of arrival and employs a
magnetic direction finder technology to spatiotemporally
locate lightning strokes. Cloud-to-ground versus in-cloud
lightning strokes are not determined in the GLD360 data;
therefore, the system detects and archives in-cloud and
ground stroke lightning activity (Holle and Murphy
2017).

On 18 August, 2015, Vaisala, Inc. upgraded the
GLD360 network (Said and Murphy 2016). Ground and
in-cloud lightning stroke detection efficiencies improved
from 55 to 75% to 75-85% and from 10 to 30% to
40-50%, respectively. Median locational accuracy also
increased from 2.4 km to 1.8 km (Said and Murphy
2016). Given the significant improvements to the net-
work in detection efficiency and spatial resolution, this
investigation utilizes lightning stroke data beginning in
2016. Uniform detection efficiency is expected across the

Fig. 1 Bangkok Metropolitan
Region study area and 2019—
2023 reclassified land use from
the Land Development Depart-
ment, the Ministry for Agricul-
ture and Cooperatives, Thailand.
Out of the 17 provinces in the
study region, one had 2023 land
use data, ten had 2021 land use
data, three had 2020 land use
data, and three had 2019 land use
data. Location of the AERONET

gk AERONET Station
Air Quality Station

site at Silapakorn University in [ Study Area
Nakhon Pathom province as well I Urvan

as the 26 stations maintained ]

and operated by the Pollution B Agrcuture
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BMR given its comparative size within the global light-
ning network (Holle et al. 2017).

To identify thunderstorms from the 5,411,026 strokes
detected in the BMR, a thunderstorm tracking algorithm
was created that evaluates the spatial and temporal clus-
tering of lightning (Sae-Jung et al. 2024). The identifica-
tion of thunderstorms using lightning data are possible
since a focused area of lightning occurs along a thunder-
storm’s path (see Sae-Jung et al. (2024) for more details
on the thunderstorm tracking algorithm). During days
with frequent thunderstorms, the thunderstorm detection
algorithm can combine outflow-initiated thunderstorms
with prior storms if their lightning strokes occur within
the predefined temporal and spatial bounds of 15 min and
15 km (Sae-Jung et al. 2024). Therefore, the 52,608 thun-
derstorms identified by the algorithm are denoted as thun-
derstorm events (hereafter, TEs; Sae-Jung et al. 2024).
By defining the TE track using a line segment from the
initial to the last lightning stroke, path length, direction
of movement, and TE density are discernible (Sae-Jung
et al. 2024). Hourly aerosol and ECMWF ERAS5 gridded
data were then incorporated with TEs by determining the
time and location of the first stroke in each TE and incor-
porating the most proximal measurement from the hourly
aerosol and gridded datasets.

The ECMWF ERAS hourly, 30 km gridded dataset was
used to extract wind direction, wind speed, and CAPE
for the initiation time and location of each TE. ERAS
is produced using 4D-Var data assimilation and model
forecasts in CY41R2 of the ECMWF Integrated Forecast
System (IFS; Hersbach et al. 2020). The transport wind
is one of the most important meteorological variables
for determining the dilution of air pollutants over urban
areas (Miller 1967).

Hourly, level 2.0 ground-based radiometer data from
the AErosol RObotic NETwork (AERONET) site at
Silapakorn University in Nakhon Pathom province were
used to obtain the spectral, 500 nm aerosol optical depth
(AOD, a dimensionless measure of particle concentra-
tion) and 675-440 nm Angstrom exponent (AE, a dimen-
sionless measure related to particle size distribution;
Fig. 1). AERONET Level 2.0 data have been comprehen-
sively quality-controlled for cloud contamination and are
cross-correlated with satellite-based estimates of AOD
(Green et al. 2009; Li et al. 2009). The AOD-AE scatter

plot is a useful graph to classify aerosol types (Morales
Rodriguez et al. 2010).

Hourly measurements of particulate matter with diam-
eters that are equal or less than 10 micrometers (PM10)
and particulate matter with diameters that are equal or
less than 2.5 micrometers (PM2.5) from 26 stations
maintained and operated by the Pollution Control Depart-
ment, Ministry of Natural Resource and Environment,
Royal Thai Government, were used to assess particulate
matter concentration (Fig. 1). The nearest station (in time
and distance) corresponding to TE initiation was chosen
for the PM10 and PM2.5 measurements. The PM10 or
PM2.5 measurement was denoted as missing if more than
3 h elapsed between TE initiation and the closest mea-
suring station. After removing TEs due to missing PM
data, 15,928 events were available for further analyses.
The mean time and distance from TE initiation loca-
tions to the closest PM measurement were 16 min and
38.6 km, respectively. This spatiotemporal adjacency
of PM measurements to TE initiation is similar to prior
investigations examining proximity environments of
thunderstorms (30 min, 40 km; Thompson et al. 2003).
Additionally, sensitivity tests were conducted that varied
the distance between the closest PM station and TE ini-
tiation location from 5 km to 30 km. Although the sample
size of TEs were reduced when lowering the distance to
PM station, no significant differences in the PM25/PM10
mean values and distributions were found in comparison
to the original criteria.

Prior research suggests, PM10 and PM2.5 are useful
measures for estimating aerosols in thunderstorm envi-
ronments when accounting for CAPE (Li et al. 2017;
Wang et al. 2018; Bentley et al. 2024). It is useful to
examine PM2.5 and PM10 separately since they vary
independently in the BMR across the wet and dry sea-
sons (Narita et al. 2019). During the wet season, PM10
remains relatively stable at nearly 80% of the dry season
amount, while PM2.5 is much lower, at around half of the
dry season concentration (Narita et al. 2019).

Relationships between CAPE and aerosol quantities
(AOD, PM2.5, and PM10) were analyzed by stratify-
ing the data into quantiles (Table 1). This categorization
ensures enough TEs for statistical analysis in all quantile
bins, including more extreme thermodynamic and aerosol
environments (i.e., 75th to 90th and > 90th percentiles).

Table 1 Quantile statistics of PM2.5, PM10, AOD, CAPE, and flashes per event for the BMR

0.25 0.5 0.75 0.9 0.95 1
CAPE (J kg™ 672 1087 1599 2172 2552 4978
PM2.5 (pg m™) 9 14 21 30 38 105
PM10 (pg m™) 19 27 38 51 59 154
AOD 500 nm (-) 0.20 0.34 0.54 0.77 1.08 222
Flashes event™! 2 8 73 299 550 5568
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It is important to note that our investigation examines the
relationship of thunderstorm stroke counts, a measure of
thunderstorm intensity, as a function of PM2.5, PM10,
AOD, and CAPE (Bentley et al. 2024). The class aver-
ages for all quantities as well as their confidence intervals
(5th —95th percentile) were calculated. Confidence inter-
vals were generated using n= 1000 bootstrapped samples
(James et al. 2017).

Statistical significance testing utilized three methods
to assess relationships at the 95% confidence level: anal-
ysis of variance (ANOVA; t-test), difference of medians
(Kruskal-Wallis), and difference of distributions (Kol-
mogorov-Smirnov). An analysis of variance (ANOVA)
test is a parametric testing method that indicates whether
the mean varies across multiple categories (Karson et al.
1968). A Kruskal-Wallis test is a non-parametric test-
ing method that indicates whether values tend to differ
across multiple categories (Kruskal and Wallis 1952). If
the values are drawn from distributions having the same
geometric shape but different locations, the Kruskal-Wal-
lis test can be interpreted as a test of whether the group
medians are equal. A Kolmogorov-Smirnov test is a non-
parametric testing method that indicates whether values
tend to have different distributions across categories
(Karson et al. 1968). Unlike an ANOVA test, it evaluates
differences in distribution and mean; however, the Kol-
mogorov-Smirnov test requires more observations than
other tests to detect differences.

3.1 Study Limitations

Although surface PM concentrations are not necessar-
ily representative of the particle distribution available
throughout the atmospheric column, measurements of
particulate matter in thunderstorm initiation environ-
ments appear helpful for evaluating aerosol relation-
ships with convective processes (Stallins et al. 2013;

Fig. 2 Distribution plot of CAPE

Yair et al. 2022; Perez-Invernon et al. 2023; Bentley et
al. 2024). Given the importance of spatiotemporal prox-
imity when evaluating relationships with respect to TE
initiation, the measurements from the air quality stations
and AERONET site may lack the resolution to examine
the in-cloud environments of the ice-phase microphys-
ics during thunderstorm lifecycles. Therefore, we extract
large sample sizes of TEs (52,608 with AERONET/
ERAS5 data and 15,928 with AERONET/ERAS/PM data)
across a wide range of aerosol and thermodynamic condi-
tions. By evaluating TE intensity and interrelationships
with aerosols and thermodynamics in the BMR, our goal
is to evaluate the range of urban atmospheric environ-
ments occurring in thunderstorms. Through assessing
urban thunderstorm variability, examining relationships
between urban particulate matter and thermodynamics,
and determining the role of urban areas in augmenting
thunderstorm activity, our goal is to advance the under-
standing of urban weather environments and thunder-
storm intensity.

4 Results

The relationship between thermodynamic instability and
thunderstorm intensity is well documented (Williams et
al. 2002; Pawar et al. 2012; Murugavel et al. 2014; Dewan
et al. 2018; Sun et al. 2023; Wang et al. 2023; Bentley et
al. 2024). There exists a statistically significant, positive
relationship in means, medians, and overall distributions
between CAPE and TE flash counts in the BMR (Fig. 2).
This relationship exhibits narrow 95% confidence inter-
vals for TE flash counts ranging from 1,125 J kg™! for TEs
with less than 10 strokes to 1,827 J kg™! for TEs produc-
ing greater than 1,000 strokes (Fig. 2). 11% of TEs with
less than 10 strokes (2,962 out of 27,078 TEs) occurred
with CAPE greater than 2,000 J kg!, in comparison to

MeantStandard Error

mean values +/- standard error 1,000 =Strokes< 5,568 1827 +£28 Distribution Histogram
and 95% confidence interval 1771 ! 11882
ranges across TE stroke count ! !
categories. Bar charts of the ! !
TE distribution in each stroke 100 <Strokes< 1,000 1,379+7
category are illustrated 1364 111393
10 <Strokes< 100 1,181+6
1169 111192
¥
1 <Strokes< 10 1,125+ 4
1116 111133
1800 [1000 (1200 [1400 [1600 11800 12,000 | 'e° Tueeelesoofzeoolasolzoee fsen
CAPE
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the 37% of TEs with more than 1,000 strokes (340 out
of 912 TEs; Fig. 2). The positive relationship between
CAPE and lightning appears significant across global
thunderstorm environments, regardless of geographical
location and/or climate type (Bentley et al. 2024). Given
the ability of thermodynamic instability to modulate
thunderstorm intensity and stroke counts, the TEs will
be stratified by CAPE when examining aerosol impacts.

Evidence of the “boomerang effect” is apparent when
examining the relationship between CAPE and PM2.5
within TE initiation environments (Koren et al. 2008;
Fig. 3). When stratifying the data by PM2.5 quantiles,
CAPE increases until PM2.5 reaches the 75th percentile
(21 pg m™), after which it appears to be suppressed, pos-
sibly due to a shifting importance from microphysical
to radiative effects of cloud aerosols (Wang et al. 2018;
Fig. 3). CAPE is maximized, with a mean of 1,378 J kg™!,
for TEs initiating in PM2.5 environments between the
50th and 75th quantile (14 to 21 pg m™; Fig. 3). For TE
environments with PM2.5 between the 50th and 75th,
75th and 90th, and greater than the 90th quantiles, sta-
tistically significant differences in the mean, median, and
distribution of CAPE were found as instability decreases
under PM2.5 amounts greater than the 75th quantile
(21 pg m3; Fig. 3). Focusing on TEs with greater than
1,000 strokes (912 TEs), a similar boomerang shape of
the CAPE distribution with respect to PM2.5 quantiles is
evident (not shown). Although not statistically significant
at the 95% confidence level due to the smaller sample
size, CAPE is once again maximized in TEs with greater
than 1,000 strokes, between the 50th and 75th PM2.5
quantile (14 to 21 pg m™).

Fig. 3 Distribution of CAPE
mean values +/-standard error
and 95% confidence interval

In contrast to the PM2.5 and CAPE relationship, there
exists is a statistically significant, positive correlation in
the mean, median, and distribution of PM2.5 across all
stroke count categories within TEs (Fig. 4). A significant
increase in mean PM2.5 occurs in TEs with greater than
1,000 strokes in comparison to the other stroke categories
(Fig. 4). When examining TEs initiating in the 90th quan-
tile of PM2.5 (> 30 pg m™), 29% were events greater than
1,000 strokes (44 of 154 TEs), while only 9% (636 of
7,070 TEs) were events with less than 10 strokes (Fig. 4).
Eight TEs with greater than 1,000 strokes occurred in
initiation environments containing PM2.5 of 55 pg m>,
illustrated in the rightward shift of the distribution bar
graphs across stroke categories (Fig. 4). When exam-
ining mean stroke counts across PM2.5 quantiles, TEs
with PM2.5 less than the 25th quantile (2,995 events; <
9 ug m>) and above the 90th quantile (1,394 events; >
30 pg m) produced a mean of 54 and 140 strokes TE™!,
respectively.

The distribution of CAPE across PM10 quantiles dif-
fers from PM2.5 in that there is no apparent suppression
of CAPE as PM10 increases (Figs. 3 and 5). Only 55% of
TEs (896 of 1,642 TEs) initiating in environments with
PM10 greater than the 90th quantile (>51 pg m™), also
recorded PM2.5 greater than the 90th quantile (>30 ug
m™). There exists a statistically significant, positive rela-
tionship in the mean, median, and distribution between
PM10 and CAPE across all quantiles. 20% of TEs (326 of
1,642 TEs) initiating in environments with PM10 greater
than the 90th quantile (>51 pg m™), recorded CAPE
greater than or equal to 2,000 J kg™'. This compares to
only 7% of TEs (253 of 3,844 TEs) with CAPE greater

MeantStandard Error

ranges across PM2.5 quantiles 30 <PM25<105 1,309 £19 Distribution Histogram
(25th, 50th, 75th, 90th). Bar 1,271 ! 11,347
charts of the TE distribution : i
. . 500 1,000 | 1,500 | 2,000
in each PM2.5 quantile are 51 <PM25< 30 1284 +16
illustrated
1252 ! 11315
P
0 500 1,000 1,500 12,000 | 2,500 | 3,000
14 <PM25<21 1,378 £13
1353 | 11403
! ! 0 500 11,000 11,500 12,000 12,500 [ 3,000
9 <PM25<14 1,267 £12
1,243 | 11,290
P
500 1,000 11,500 12,000 | 2,500
1<PM25<9 1098 £11
1077 1 1419
P -!-
1 1
[900 1000 [1100 [1200 [1300 [1400 [1500 | (T30 Tiooo 13 (e 350015050
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Fig. 4 Distribution of PM2.5
mean values +/- standard error
and 95% confidence interval

MeanzStandard Error

ranges across TE stroke count 1,000 <Strokes=<5,568 2349 £1.068 Distribution Histogram
categories. Bar charts of the 2138 | 1 2560
TE distribution in each stroke i i
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18211 11914
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10 20 30 40 50 60
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16041 11674
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0 10 20 30 40 50 60
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15301 ! 1583
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PM2.5
Fig.5 Distribution of CAPE
mean values +/- standard error
and 95% confidence interval MeantStandard Error )
ranges across PM10 quantiles 51<PM10 <154 1387 £18  Distribution Histogram
(25th, 50th, 75th, 90th). Bar 1351 | 11423
charts of the TE distribution i | r-Y-Y.Y-Y-T_V_
in each PM‘lO quantile are 0 500 1,000 11,500 12,000 12,500 | 3,000
! < +
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than 2,000 J kg'! initiating in environments with PM10
less than the 25th quantile (< 19 pg m™). The increase in
TEs occurring in higher CAPE and PM10 environments
is apparent in the rightward shift of the distribution bar
graphs (Fig. 5). The spatial distribution of TEs initiating
in both PM10 and CAPE environments above the 90th
percentile shows that many of these events initiate and
progress along the urban landcover boundary, possibly
due to localized convergence, and then propagate parallel
to the transport wind (Fig. 6; Westcott 1995; Stallins and
Rose 2008; Bentley et al., 2021).

When dividing the PM10 90th quantile into two cat-
egories, separating by the 95th quantile (59 pg m?),

CAPE

evidence of aerosol radiative effects in stabilizing the
atmosphere are apparent. There exists a statistically sig-
nificant difference in the mean, median, and distribution
in a decrease in CAPE, from sample means of 1,451 J
kg! to 1,320 J kg'!, for TEs initiating in PM10 environ-
ments below and above the 95th quantile, respectively.
Therefore, it appears that for the BMR, it requires a
higher concentration of PM10 (approximately 59 pg m™)
versus PM2.5 (approximately 21 pg m™) aerosols to sup-
press thermodynamic instability and lower thunderstorm
intensity (Figs. 3 and 5).

There exists a statistically significant, positive relation-
ship in the mean, median, and distribution between TE
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Fig.6 Starting and ending
coordinates plotted for 252 TEs

initiating in environments with
PM10 and CAPE greater than the
90th quantile. Urban land cover N
from the 2019-2023 reclassified
land use from the Land Develop-
ment Department, the Ministry
for Agriculture and Cooperatives,

Thailand is denoted
TE stroke counts

—»2-8
— 9-T73
— 74 -299
w300 - 550

\:| Study Area
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Fig. 7 Distribution of PM10
mean values +/- standard error
and 95% confidence interval
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strokes and PM10 concentration (Fig. 7). For TEs with
greater than 1,000 strokes (912 events), the mean PM10
concentration is 37 pg m>, slightly less than the 75th quan-
tile (Fig. 7; Table 1). Nearly 20% of TEs (43 of 217 TEs)
with greater than 1,000 strokes initiated in PM10 environ-
ments of greater than 50 pg m™ versus 9% of TEs (711 of
8,355) with less than 10 strokes. Although the variance in
the standard error enlarges with increasing stroke counts,
the PM10 concentration is significantly higher in TEs con-
taining at least 100 strokes, supporting the role of aerosol
concentration in promoting the non-inductive charge pro-
cess (Fig. 7; Sun et al. 2023).
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Evidence suggests, AOD is a useful measure to quan-
tify the combined effects of aerosol concentrations on
thunderstorms regardless of particle size (Wang et al.
2018; Sun et al. 2023; Bentley et al. 2024). There is a sig-
nificant boomerang effect evident across AOD quantiles
with respect to the CAPE distribution (Fig. 8). In BMR
TE environments, CAPE is maximized in environments
with AOD between the 50th and 75th quantile (0.34 to
0.54; Fig. 8). When examining the spatial distribution
of high stroke TEs (90th quantile; >299 strokes) initiat-
ing between the 50th and 75th quantile of AOD, there
is considerable initiation and tracking of events over the
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Fig. 8 Distribution of CAPE
mean values +/- standard error
and 95% confidence interval
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Fig.9 Starting and ending

coordinates plotted for 291 TEs
initiating in environments with
AOD in the 50-75th quantile and
stroke counts greater than the
90th quantile. Urban land cover
from the 2019-2023 reclassified
land use from the Land Develop-
ment Department, the Ministry
for Agriculture and Cooperatives,

Thailand is denoted TE stroke counts

——» 550

— 551-716
— 717 - 1120
m— 1121 - 4766

|:| Study Area
- Urban

Kilometers
0 5 10 20 30 40

Bangkok urban core with a cluster of TEs initiating and
progressing along the northern portion of the urban area
(Fig. 9). Several of the largest TEs, in terms of stroke
count, initiate along the edge of the urban/non-urban
landcover and propagate with the mean steering winds
(Fig. 9). Evidence suggests, the UHI acting with surface
roughness disrupts airflow over the city and creates local-
ized convergence zones along the urban/non-urban inter-
face (Westcott 1995; Stallins and Rose 2008). Evidence

suggests, localized forcing along the northern edge of the
urban land cover can be a trigger for convection given
other favorable environmental factors (Fig. 9). There also
exists a statistically significant, positive relationship in
the mean, median, and distribution between stroke counts
and AOD for BMR TEs (Fig. 10). 10% of TEs produc-
ing greater than 1,000 strokes (88 of 866 TEs) and 7%
of TEs producing less than 10 strokes (1,655 of 23,044
TEs) initiate in environments with AOD greater than 1.0.
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Fig. 10 Distribution of AOD
mean values +/- standard error
and 95% confidence interval

MeanztStandard Error

ranges across TE stroke count 1,000 < Strokes <5,568 0.498 £0.01  Distribution Histogram
categories. Bar charts of the 0478 ! 10519
AOD distribution in each stroke ! !
category are denoted ! ! 00 |02 loa los los |10 14
100 < Strokes <1,000 0.447 £0.003
04411 10454
1 1
1 1
! ! 00 |02 |04 |06 |08 10 14
10 <Strokes <100 0.407 £0.003
0401! 10413
1 1
! ' 00 /02 |04 |06 |08 10 14
1 <Strokes <10 0.407 £0.002
0402

0340361038040 /042 1044 0461048050 0.52 1054 [0.56

00 |02 |o4 |06 |08 [10 14

AOD
Fig. 11 Distribution of TE track
length mean values +/- standard eam o £
error and 95% confidence inter- 0.768 <AOD <2.222 feensstandad frror )
val ranges across AOD quantiles . = =4 8.88 £0.112 Distribution Histogram
(25th, 50th, 75th, 90th). Bar 8.659 1 j ot
charts of the track length distribu- H H . ——
tion in each AOD category are 0.536 <AOD <0.768 8.732 £0.092
denoted 8.551 ! 18912
1 1
0.343 <AOD <0536 914 £0105 & O e
8.934 ! 19346
1 1
1 1
! ! 0 10 20 30 40
0.198 <AOD <0.343 8.211 £0.067
8.08 18343
H H
! ! 0 0 20 30 40
0 <AOD <0.198 8.054 +£0.066
7.924 ! 8.184
1 1
1 1
[76 178 Tso Tls2 Isa lse lss [oo lo2 Toa [fo Two To T Ta

TE Track Length (km)

In contrast, TE track length is maximized in AOD envi-
ronments between the 50th and 75th quantile, similar to
CAPE (Figs. 8 and 10). Figure 11 shows that TE track
lengths are reduced when AOD exceeds the 75th quantile
(0.536). TEs initiating in the 90th quantile of AOD and
CAPE are spatially located along the periphery of urban
landcover and focused in the southwestern portions of
Bangkok urban area, a region of land surface temperature
increases due to rapid urbanization (Bentley et al. 2020;
Fig. 12).
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4.1 Covariation of Thermodynamic-Aerosol
Environments

Further interrogation of BMR TEs consisted of visual-
izing the covariation of three variables across quantiles.
Evidence suggests that PM2.5 increases strokes in TEs
up to the 50 to 75th quantile and across all CAPE quan-
tiles (14 to 21 pg m; Fig. 13). The stroke augmentation
is especially evident in CAPE environments greater than
2,172 J kg'! (> 90% quantile; Fig. 13). TE environments
with PM2.5 greater than the 75th quantile (21 pg m™)
appear to lower stroke counts especially in the presence
of higher instability (Figs. 3 and 13).



The Impact of Urban Particulate Matter on Lightning Frequency in Thunderstorms: A Case Study of the...

Fig. 12 Starting and ending
coordinates plotted for 611 TEs

initiating in environments with
AOD and CAPE greater than the
90th quantile. Urban land cover N
from the 2019-2023 reclassified
land use from the Land Develop-
ment Department, the Ministry
for Agriculture and Cooperatives,

Thailand is denoted
TE stroke counts
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TEs follow a similar progression when examining
covariation of PM10, stroke counts, and CAPE, with
one exception (Fig. 14). Curiously, TEs initiating in
environments with PM10 in the 75 to 90th quantile (38
to 51 pg m>) and CAPE greater than the 90th quantile
(2,172 T kg™") contain very high flash counts (mean of 300
strokes TE™!; Fig. 14). These TEs appear to initiate near
the urban/non-urban interface surrounding the BMR and

then propagate over the urban core in a direction consis-
tent with the mean steering winds (Fig. 15). TEs in other
CAPE quantiles show slight increases in stroke counts
until PM10 reaches the 75 to 90th percentile. However,
stroke counts in TEs increase in environments with PM10
greater than the 90th quantile (51 pg m™) across all CAPE
quantiles except the highest (> 90 quantile; 2,172 J kg'!;
Fig. 14). Evidence suggests that in environments of high
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Fig. 14 Mean, sample size (n), BK - All
and 95% confidence intervals for
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Fig. 15 Starting and ending

coordinates plotted for 310 TEs
initiating in environments with
PM10 in the 75 to 90th quantile
and CAPE greater than the 90th
quantile. Urban land cover from
the 2019-2023 reclassified land
use from the Land Development
Department, the Ministry for
Agriculture and Cooperatives,
Thailand is denoted
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PM10 (> 51 pg m™), moderate instability (CAPE 1,087
to 2,172 J kg!) is most effective at generating increases
in stroke counts in the BMR (Fig. 14). This corroborates
with prior research findings examining urban thunder-
storms surrounding Atlanta, GA (Bentley et al. 2012).
When examining the covariation of AOD with CAPE,
evidence suggests significant suppression of TEs, based
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on stroke counts, does not occur until AOD becomes
greater than the 90th quantile (0.77; Fig. 16). Curiously,
in AOD and CAPE environments greater than the 90th
quantile (0.77 and 2172 J kg!, respectively), stroke
counts in TEs are maximized with a mean of nearly 400
strokes TE™! (Fig. 16). The TEs forming in this environ-
ment appear to initiate along/near the urban/non-urban
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Fig. 16 Mean, sample size (n), BK - All
and 95% confidence intervals
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Fig. 17 Scatterplot with weighted
markers of 440-675 nm Ang-
strom exponent by 500 nm AOD
for 52,608 thunderstorms in the
BMR

Angstrom Exponent
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interface and appear to cluster on the western edge of
the Bangkok urban region where significant increases in
land surface temperatures due to urbanization has been
identified between 2000 and 2019 (Fig. 12; Bentley et
al. 2020).

There exists a statistically significant, negative rela-
tionship between AOD and AE for TE initiation environ-
ments (Fig. 17). As the TE initiation environment in the
BMR becomes more polluted (AOD increases), the par-
ticle size of the aerosols also increases (AE decreases).
Most TEs appear to initiate in environments with
AOD < 0.4 and AE between 1.0 and 1.5 nm (Fig. 17).
Evidence suggests there exists a particularly favorable
relationship between AOD and AE in TE initiation envi-
ronments within the BMR that is consistent with cities in

|06

|12 |14 |16 |18 |20 |22

AOD

0.8 |10

the United States and South America (Morales Rodriguez
et al. 2010; Bentley et al. 2024).

5 Conclusions

Prior research suggests that thunderstorms initiating
in lower-CAPE environments may be more sensitive
to aerosol effects (Sun et al. 2023). Likewise, numeri-
cal simulations have shown tropical environments may
not be as supportive to aerosol effects on augment-
ing lightning and storm electrification due to a warmer
mid-troposphere and limitations in graupel and rime ice
formation (Van Weverberg et al. 2013; Sun et al. 2023).
However, results from this investigation of TEs initiating
in the BMR, a tropical environment, indicate that aerosol
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impacts are robust and, when examined in concert with
instability, can significantly augment storm electrifica-
tion and lightning formation.

Air pollution has become a significant issue in the
BMR, as well as in many other Asian cities (Narita et
al. 2019). A significant motivation for reducing anthro-
pogenic particulates surrounds the impacts on human
health; however, this research suggests that acrosols are
also responsible for lightning augmentation in thunder-
storms, another significant hazard to infrastructure and
society (Wang et al. 2021). Recent findings suggest that
reductions in anthropogenic aerosols in several Chinese
cities have also reduced lightning densities mitigating
the severity of this hazard. Traffic and biomass burning
are responsible for over half of the anthropogenic air
pollution in the BMR (Narita et al. 2019). Therefore, if
sustained efforts are taken to reduce those sources of air
pollution, evidence suggests that lightning frequencies
in TEs within the BMR would also be lowered, leading
to a reduction in the danger of this atmospheric hazard.
Additionally, the positive relationship between CAPE
and lightning appears significant across global thunder-
storm environments. Since UHI enhancement increases
thermodynamic instability (i.e., CAPE) and thunderstorm
intensity, expanding the amount of per capita green space
in the BMR would help to lessen thermodynamic insta-
bility and mitigate lightning frequency and thunderstorm
intensity. Future research into the importance of thermo-
dynamic-aerosol relationships in the BMR could include
a numerical investigation examining the impact of chang-
ing land cover (i.e., green space) and improving air qual-
ity (i.e., lowering particulate matter) across thunderstorm
environments and intensities.

Specific meteorological findings from this investiga-
tion include the following.

e Thermodynamic instability is positively correlated
with stroke counts in TEs across all quantiles.

e PM2.5 and CAPE are positively related until PM2.5
reaches the 75th percentile (21 ug m™), then instabil-
ity appears to be suppressed, possibly due to a shifting
importance from microphysical to radiative effects of
cloud aerosols. There exists a statistically significant,
positive relationship between PM10 and CAPE across
all PM10 quantiles. Evidence suggests that for the
BMR, it requires a higher concentration of PM10 (ap-
proximately 59 pg m>) versus PM2.5 (approximately
21 pg m) aerosols to suppress thermodynamic instabil-
ity and thunderstorm intensity.

e TE environments with PM2.5 greater than the 75th
quantile (21 pug m™) appear to lower stroke counts, es-
pecially in the presence of higher instability. The PM10

@ Springer

concentration is significantly higher in TEs containing
at least 100 strokes, supporting the potential role of
particulate matter concentration in promoting the non-
inductive charge process. TEs initiating in environments
with PM10 in the 75 to 90th quantile (38 to 51 pg m™)
and CAPE greater than the 90th quantile (2,172 J kg™
contain very high flash counts (mean of 300 strokes
TE™"). Evidence suggests that in environments of high
PMI10 (>51 pg m™), moderate instability (CAPE 1,087
to 2,172 J kg'!) is most effective at generating increases
in thunderstorm intensity.

e There is a significant boomerang effect evident across
AOD quantiles with respect to the CAPE distribution.
When examining the covariation of AOD with CAPE,
evidence suggests significant suppression of TEs, based
on stroke counts, does not occur until AOD becomes
greater than the 90th quantile (0.77). In AOD and CAPE
environments greater than the 90th quantile (0.77 and
2172 Tkg'!, respectively), stroke counts in TEs are max-
imized with a mean of nearly 400 strokes TE™.

e There exists a statistically significant, negative rela-
tionship between AOD and AE for TE initiation en-
vironments. As the TE initiation environment in the
BMR becomes more polluted (AOD increases), the
particle size of the aerosols also increases (AE de-
creases). Most TEs appear to initiate in a narrow win-
dow of AOD < 0.4 and AE between 1.0 and 1.5 nm.
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