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Introduction

Abstract: This study discusses the influence of aerosols on lightning on Java Island using
monthly and diurnal observation data from the Tropical Rainfall Measuring Mission
(TRMM) for 16 years (1998 - 2013). Aerosol Optical Depth (AOD) was obtained from The
Modern Era Retrospective Analysis for Research and Applications version 2 (MERRA-2).
Aerosol and lightning data are grouped into rainy (December-January-February) and dry
(June-July-August) seasons and diurnal data grouped per 3 hours. The intensity of
lightning strikes in the western part of Java Island, such as Jakarta and Banten, is higher
than the eastern region, in accordance with the aerosol distribution pattern. The influence
of aerosols and lightning in the rainy and dry seasons is relatively stable. However,
influence of aerosols on lightning diurnally changes significantly. The strongest correlation
between aerosol and lightning was recorded in the afternoon (r = 0.8) and evening (r =0.9).
Although the influence of aerosols on radiation reaches a saturation point during the day,
the movement of land and sea breezes plays a dominant role. At night, the influence of
aerosols on surface temperature is weakened due to the absence of solar radiation, so
aerosols help the electrification of clouds through the formation of ice crystals.
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(Zhao et al., 2022). Aerosols can also cool the Earth's
surface through radiation effects.

Lightning is an atmospheric phenomenon that
releases enormous energy (Zheng et al., 2016) that can
eliminate human lives, damage property and help the
formation of NOx in the atmosphere (Uman, 2011;
Yadava et al., 2020). Therefore, many studies discuss
lightning activity, especially the factors that affect it
(Dewan et al., 2018; Oulkar et al., 2019; Siingh et al.,
2013). One of the parameters that can affect lightning is
atmospheric aerosols (Thornton et al.,, 2017). Human
activities are one of the sources of aerosols so that the
type and concentration of aerosols are different in each
region. Aerosols act as cloud formation nuclei (CCN)
and ice nuclei (IN) in cloud microphysics. Besides,
adding aerosols to clouds decreases cloud droplet size,
and reduces the collision-combination efficiency of
cloud droplets (Seinfeld et al., 2016). This will further
impact the thermodynamics and structure of the cloud
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The relationship between aerosols and lightning is
very complex and varies from region to region. There are
several studies that discuss this such as related to aerosol
types (total aerosols, smoke and dust) (Dayeh et al,
2021; Shi et al.,, 2020), lightning variations (cloud to
ground lightning and positive cloud to ground
lightning) (Zhao et al., 2020, 2022) and aerosol
concentrations (Shi et al., 2020). There is a limit of aerosol
concentration levels where there is a transition in the
influence of aerosols on lightning. The Aerosol Optical
Depth (AOD) limit chosen varies as Shi et al. (Shi et al.,
2020) chose AOD < 1.0, Dayeh et al. (2021) chose AOD <
0.8, Kaufman et al. (2005) chose AOD < 0.6, and Altaratz
et al. (2017) chose AOD < 0.4.

The relationship between aerosols and lightning
shows temporal variations. Chen et al. (2021) reported
that convective clouds were more frequent under
polluted conditions in the morning, but the situation
reversed in the afternoon. This study revealed the
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diurnal variation of aerosol effects on convective clouds.
However, the diurnal fluctuations of aerosol impact on
lightning or convective activity have not been clearly
discussed. Wang et al. (2023) reported that when AOD is
less than 0.3, an increase in AOD will cause an increase
in lightning flashes in the afternoon and evening. In the
afternoon, high aerosol concentrations reduce solar
radiation reaching the ground through direct and
indirect radiative effects. At night, since there is no solar
radiation, the influence of aerosols on surface
temperature is weakened. Thus, the degree of aerosol
inhibition on lightning activity is weakened. Temporal
variations of the atmosphere, including aerosols and
lightning, will be influenced by local and global factors
so that these variations can differ from one region to
another. Therefore, research related to this needs to be
conducted in many locations worldwide.

In this study, we analyze the temporal variation of
lightning, especially the seasonal and diurnal variation
of lightning on Java Island, and its relationship with
aerosols. Java is one of the most populous islands in
Indonesia, with a 2010 population of approximately
151.59 million people (BPS, 2021). Therefore, most Java
aerosols are anthropogenic from human activities
(Kusumaningtyas et al., 2022). Global warming, which
has occurred since the industrial revolution, also
stimulates increased humidity and CAPE, increasing the
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potential for cloud development, charge separation and
lightning. Scientists predict that global warming will
increase the intensity of lightning that will occur in the
future (Tippett et al., 2015; Yair, 2018). Therefore, this
research is critical to understanding the lightning
development process in order to mitigate future
lightning activity in the region. This research is a
continuation of previous research (in press), which
discussed the climatology of the relationship between
lightning and aerosols in Java.

Method

This study used lightning strike intensity data from
1998 to 2013 from Tropical Rainfall Measuring Mission
(TRMM) satellite observations. This data was chosen
because of the high spatial resolution of the data (0.1° x
0.1°) with a long observation period. Lightning data was
only used until 2013 because TRMM observations were
only available until that period. Aerosol data were
obtained from The Modern Era Retrospective Analysis
for Research and Applications version 2 (MERRA-2)
reanalysis. MERRA-2 provides aerosol reanalysis data in
the form of Aerosol Optical Depth (AOD) with a spatial
resolution of 0.5° x 0.625° and is derived from satellite
observations and ground observation stations.
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Figure 1. Topography map of Java Island
This research begins by grouping AOD and (Kusumawati et al, 2008, Marzuki et al., 2013).

lightning intensity data to facilitate calculation and

analysis. Monthly data is divided into December-
January-February (DJF), March-April-May (MAM),
June-July-August (JJA), and September-October-

November (SON). While diurnal data is divided into
01:00-03:00 LST, 04:00-06:00 LST, 07:00-09:00, 10:00-12:00
LST, 13:00-15:00 LST, 16:00-18:00 LST, 19:00-21:00 LST,
22:00-24:00 LST. The division of months is based on the
similarity of wind, rainfall, and cloud patterns

Furthermore, aerosol and lightning data display contour
maps of lightning strike intensity and AOD for each
month and hour category. Contour maps are displayed
to determine the distribution of aerosols and lightning
on Java Island. Then, AOD and lightning data are
interpolated into a 0.5° x 0.625° grid so that both data
have the same grid. The relationship between aerosol
and lightning is divided into morning (06:00-11:59 LST),
afternoon (12:00-17:59 LST), night (18:00-23:59 LST), and
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early morning (24:00-05:59 LST) as well as the rainy
season (DJF) and dry season (JJA) to be further analyzed
using linear regression.

Result and Discussion

Figure 2 shows the lightning distribution on Java
Island for the DJF, MAM, JJA, and SON periods.
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Lightning in DJF is more abundant than in other periods.
The lowest aerosol concentration also occurs in this
period (Figure 3). This period is the peak of the rainy
season in Java, with more convective clouds (Aldrian et
al., 2003; Ramadhan et al., 2022; Saidah et al., 2023).
Thus, rain will shorten the dwell time of aerosols in the
Earth's atmosphere.
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Figure 2. Spatial distribution of lightning averages during (a) DJF, (b) MAM, (c) JJA, (d) SON on Java Island

JJA is a dry month on the island of Java with fewer
convective clouds than other months (Marzuki et al.,
2013). During JJA, the wind blows from the south
(Australia) to the north (Indonesia). The wind only
carries a little water vapor, so convective clouds occur
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little on the island of Java. The low convective clouds
will further reduce the number of lightning occurrences
(Figure 2c). Low convective clouds will also reduce
rainfall so that the dwell time of aerosols in the
atmosphere is longer (Figure 3c).
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Figure 3. Spatial distribution of mean aerosol (a) DJF, (b) MAM, (c) JJA, (d) SON over Java Island
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Aerosol dispersion has a high concentration in the
western part of Java Island (Figure 2) due to urban
pollution (Nisa et al., 2022). This is consistent with the
distribution of lightning strike intensity on Java Island
(Figure 3). The increase in lightning strike intensity
during DJF (Figure 2a) is preceded by increased aerosols
during SON (Figure 3d). This is also seen when the
intensity of lightning strikes is quite low observed in
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every region on Java Island during JJA (Figure 2c).
Aerosol concentrations are lacking in the atmosphere
during the rainy season (DJF) (Figure 3a). Aerosols
stimulate cloud formation and provide an ideal
environment for lightning development. The results
obtained in Indonesia are also found in Uttrakand,
northern India (Gautam et al., 2022).

Figure 4. The relationship between lightning and aerosols a) DJF. b) JJA on Java Island
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Figure 5. Lightning spatial distribution a) 01:00-03:00 LST. b) 04:00-06:00 LST. c) 07:00-09:00 LST. d) 10:00-12:00 LST. e) 13:00-
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The relationship between lightning and aerosols for
the wet season (DJF) and the dry season (JJA) is given in
Figure 4. The correlation coefficient between the wet (r =
0.9) and dry (r = 0.95) seasons is almost the same.
However, the maximum value of each parameter is
different. During DJF, lightning strikes are higher than
JJA, but aerosols during DJF are lower than during JJA.
The difference in convective clouds between the dry and
wet seasons causes this difference. But in general, the
increase in aerosol levels favors lightning activity in each
season.

Figure 5 shows the spatial distribution of lightning
strike intensity on Java Island for several time intervals.
The intensity of lightning strikes peaks during the
afternoon and evening between 13:00-15:00 & 16:00-
18:00 LST. This is caused by strong surface heating
during the day (Hidayat et al., 1999; Kusumawati et al.,
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2008; Nitta et al., 1994). According to Qian et al. (2010) in
the morning (01:00-13:00 LST), the wind moves from
Java Island towards the sea. Therefore, lightning has
decreased. However, during the afternoon and evening
(13:00-01:00 LST), sea breezes, gathering from the north
and south coasts to the island, head towards the
mountainous areas near the south coast (at the peak of
the rainy season in the afternoon and evening). The sea
breeze carries a lot of water vapor, supporting
convection activity (Satyawardhana et al., 2016).

Unlike lightning, aerosols do not show significant
diurnal variations (Figure 6). Due to urban pollution,
aerosol concentrations are highest in the west of Java
Island (Jakarta, small parts of Banten and West Java).
This pollution is related to the city's enormous
population and rapid economic development (Nisa et
al., 2022).
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Figure 6. Spatial distribution of aerosol a) 01:00-03:00 LST. b) 04:00-06:00 LST. c) 07:00-09:00 LST. d) 10:00-12:00 LST. e) 13:00-
15:00 LST. f) 16:00-18:00 LST. g) 19:00-21:00 LST. h) 22:00-24:00 LST on Java Island

Figure 7 shows the relationship between lightning
and aerosols in the morning, afternoon, evening, and
early morning on Java Island. The most robust
relationship is observed in the afternoon & evening. This
follows the diurnal pattern of lightning intensity on Java
Island, where the peak occurs in the afternoon and

evening. During the day, the radiative effect of aerosols
reaches saturation. Adding aerosols will also increase
cloud thickness, cover, and albedo by acting as cloud
condensation nuclei, thereby reducing solar radiation
reaching the ground. This in turn increases atmospheric
stability and inhibits the intensity of lightning strikes
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(Wang et al., 2023). However, Java Island is located in
the tropics, making the air mass interaction between
land and load quite dominant (Ogino et al., 2016). In
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addition, the movement of air masses that reaches their
peak during the day also affects this (Qian et al., 2010).
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Figure 7. The relationship between lightning and aerosols a) morning (06:00-11:00 LST), b) afternoon (12:00-17:00 LST), c) night
(18:00:23:00 LST), and d) early morning (24:00-05:00 LST), over Java Island

At night, the effect of aerosols on surface
temperature weakens due to the absence of solar
radiation. The increase in aerosol concentration does not
inhibit the intensity of lightning strikes. The lower night
air temperature makes aerosols more dominant as ice
nuclei (IN) ) (Wang et al., 2023). Ice crystals in the cloud
then play a role in the electrification process in the cloud
(Wallace et al., 2014). The low correlation between
lightning and aerosols in the morning and night is due
to the movement of air masses from land to sea (Qian et
al., 2010).

Conclusion

The results showed that the relationship between
lightning intensity and aerosols on the island of Java has
seasonal and diurnal variations. The influence of
aerosols and lightning in rainy and dry seasons is
relatively stable. However, the effect of aerosols on
lightning diurnally changes significantly. The strongest

correlation between aerosol and lightning was recorded
during the day (r = 0.8) and night (r = 0.9). During the
day, although the influence of aerosols on radiation
reaches the saturation point, land and sea breeze
movements play a dominant role. At night, the impact
of aerosols on surface temperature is weakened due to
the absence of solar radiation, so aerosols help the
electrification of clouds through the formation of ice
crystals.
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