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Abstract: The effect of aerosols on lightning has been noted in many studies, but much less is known
about the long-term impacts in air-polluted urban areas of China. In this paper, 9-year data sets
of cloud-to-ground (CG) lightning, aerosol optical depth (AOD), convective available potential
energy (CAPE), and surface relative humidity (SRH) from ground-based observation and model
reanalysis are analyzed over three air-polluted urban areas of China. Decreasing trends are found in
the interannual variations of CG lightning density (unit: flashes km−2day−1) and total AOD over the
three study regions during the study period. An apparent enhancement in CG lightning density is
found under conditions with high AOD on the seasonal cycles over the three study regions. The joint
effects of total AOD and thermodynamic factors (CAPE and SRH) on CG lightning density and the
percentage of positive CG flashes (+CG flashes/total CG flashes × 100; PPCG; unit: %) are further
analyzed. Results show that CG lighting density is higher under conditions with high total AOD,
while PPCG is lower under conditions with low total AOD. CG lightning density is more sensitive to
CAPE under conditions with high total AOD.

Keywords: aerosol; cloud-to-ground lightning; urban

1. Introduction

Lightning is one of the deadliest meteorological phenomena and causes severe damage
to infrastructure or causes forest fires [1–3]. Cloud-to-ground (CG) lightning, accounting
for about 25% of total lightning (including CG lightning and intracloud lightning), is one
of the major causes of nature-related fatalities throughout the world. During 1997–2009,
CG lightning caused 5022 deaths and 4670 injuries in China [4]. Therefore, it is important
to study and understand the activity of CG lightning to protect and mitigate against the
harmful impacts of it.

Since Westcott [5] first linked lightning enhancement with urban aerosols, many
studies have demonstrated the aerosol effects on lightning activity. Altaratz et al. [6]
investigated the relationship between lightning and smoke in the Amazon and found
that increasing aerosol loading leads to deeper clouds with more intense lightning. Yuan
et al. [7] reported a more than 150% increase in lightning flashes over the West Pacific
Ocean due to a ~60% increase in aerosol loading produced by volcanic activity. Thornton
et al. [8] showed a significant enhancement of lightning density over shipping lanes in
the northeastern Indian Ocean and the South China Sea, which is related to the aerosols
emitted by maritime vessels. Some studies showed a link between CG flashes and smoke
from forest fires [9–11]. Numerous works found an enhancement of CG lightning caused
by urban aerosols [12–17]. Therefore, a host of researches have been conducted to present
the influence of aerosol on electrification in thunderstorms.
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In general, the aerosol effects include both microphysical and radiative effects [18].
By acting as cloud condensation nuclei (CCN), increasing aerosol loading reduces the
mean size of cloud droplets and increases its number concentration with fixed liquid water
content [19]. The small size of cloud droplets suppresses coalescence, delays the onset of
warm-rain processes, and extends the lifetime of clouds [20,21]. This allows more liquid
water to enter above the 0 ◦C level of the atmosphere, increasing the content of super-
cooled water in a thunderstorm [22,23] and enhancing the ice-phase process. Meanwhile,
charge separation between rebounding collisions ice particles (graupel and ice crystal)
in the presence of super-cooled water is referred to as the primary electrification process
in thunderstorms [24–26]. Therefore, the microphysical effects of aerosol have a vital
influence on lightning activity. On the other hand, aerosols can reduce the solar radiation
reaching the surface through absorbing, reflecting, and scattering solar radiation, heat the
atmospheric layer, cool the surface, and thus stabilize the atmosphere [27–30]. This leads
to less convection and electrical activity production.

Lightning and aerosol loading are also affected by the local meteorological condi-
tions [31]. It is very challenging to disentangle the impacts of thermodynamics and aerosols
on cloud properties and lightning production [32]. The strengths of lightning and convec-
tion are controlled by various thermodynamic factors such as convective available potential
energy (CAPE) [33–35] and relative humidity in the lower and middle troposphere [36–38].
These factors will dictate the instability of the atmosphere and thus will influence the up-
drafts, cloud base height, and cloud depth. In addition, the effects of aerosols on lightning
activity and convection are also related to aerosol type. Absorbing aerosols exert more
influence on aerosol radiative effects and tend to suppress thunderstorms, while hygro-
scopic aerosols tend to invigorate thunderstorms under suitable meteorological conditions
due to aerosol microphysical effects [18,39]. Wang et al. [40] investigated the long-term
effect of aerosol on lightning over Africa. They found the lightning and convection may
gradually be suppressed as aerosol optical depth (AOD) increased over northern Africa,
where it is drier and dominated by dust aerosols, while this suppressed effect of aerosol is
insignificant over central Africa, where it is moist and dominated by smoke aerosols.

In the past decades, due to the large increase in anthropogenic emissions over urban
areas, China has suffered serious air pollution over these areas. Some studies have investi-
gated the link between polluted aerosols and intense convective activities in China. Zhao
et al. [41] found the CG lightning in Sichuan is positively correlated with aerosols in the
plateau region and negatively correlated with aerosols in the basin region using 13 years
(2005–2017) of CG lightning-detected data and reanalysis data. Yang et al. [42] reported a
decrease in the frequency of thunderstorms due to the increase in aerosol loading during
1951–2005 in Shanxi Province. An increasing trend in thunderstorms, lightning activities,
and aerosol loading was observed during 1998–2012 in southeast China [43]. In Nanjing,
Tan et al. [44] found that increasing aerosol concentration reduced solar radiation reaching
the surface and the CAPE, inhibiting the intensity of lightning activity over Nanjing (China)
during 2002–2011. In the Pearl River Delta, aerosol loading was found inversely correlated
with heavy rainfall and lightning flashes from 2000 to 2006 [45]. However, the air pollution
in China has been improved in recent years due to the implementation of various envi-
ronmental protection measures. A significant decrease in AOD and concentration of NO2
and SO2 were observed over the main polluted urban regions. [46]. In this present study,
we select three typically air-polluted regions with large cities in China and investigate the
long-term relationships between the CG lightning and aerosols over these regions during
2010–2018. CAPE and surface relative humidity (SRH) are selected to represent the local
thermodynamic conditions, and their effects on aerosol and CG lightning are also discussed.
Section 2 describes the data sets and methodology used in the study. The regions of interest
are also shown in this section. Section 3 presents the temporal features of CG lightning and
aerosols, the joint effects of aerosol, CAPE, and SRH on CG lightning. The discussions of
key findings in this study are given in Section 4.
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2. Data and Methods
2.1. Data Collections

The data of cloud-to-ground (CG) lightning, aerosol optical depth (AOD), and ther-
modynamic factors during 2010–2018 are used in this study. The CG lightning data were
obtained from China Meteorological Administration (CMA) and China National Meteo-
rological Center (CNMC). The CG lightning data were detected by the China Lightning
Detection Network (CLDN), which is based on the ground-based Advanced Time of Arrival
and Direction (ADTD) system CG lightning detection sensors. The Improved Performance
through Combined Technology (IMPACT) method is used in this system, which combines
the information of direction and the time-of-arrival technology to detect the location of
CG lightning [47]. CLDN is formed by 357 sensors over the majority of China and covers
almost all parts of central and eastern China. The detection efficiency of the CLDN is
between 82% and 90%. It provides information about the time, location, polarity, and peak
current of the CG flashes [48,49]. To eliminate the possible cloud discharge contaminations,
positive CG flashes less than 15 kA are removed [50].

The AOD in 550 nm is used to characterize the aerosol concentration in this study.
AOD data are provided by the Modern-Era Retrospective Analysis for Research and
Applications, version 2 (MERRA-2), with a spatial resolution of 0.5◦ × 0.625◦. This data
set provides the AOD of total aerosol, black carbon, organic carbon, sulfate, and dust.
MERRA-2 uses the GEOS-5 (Goddard Earth Observing System, version 5) Earth system
model and three-dimensional variational data assimilation (3DVar) Gridpoint Statistical
Interpolation analysis system (GSI) [51,52]. The GEOS-5 model is radiatively coupled to
the Goddard Chemistry Aerosol Radiation and Transport model (GOCART) [53,54] aerosol
module and can simulate five types of aerosols (dust, sea salt, sulfate, black carbon, and
organic carbon). The aerosol and meteorological observations are jointly assimilated within
GEOS-5. For aerosol data, it involved ground and satellite AOD observations, including
surface-based AERONET AOD observations at 550 nm (1999–2014), reflectance from the
Advanced Very-High-Resolution Radiometer (AVHRR) sensor (1979–2002), reflectance
from the MODIS on Terra (2000–present) and Aqua (2002–present), and AOD retrievals
from MISR (2000–2014). The values and spatial distributions of MERRA-2 aerosol products
are in good agreement with satellite, aircraft, and ground-based observations [55]. Sun
et al. [56] compared the instantaneous AOD (550 nm) between Aerosol Robotic Network
(AERONET) and MERRA-2 and found a strong positive relationship between them in four
seasons over China. The correlation coefficients (R) were 0.88 (spring), 0.92 (summer),
0.91 (autumn), and 0.87 (winter). A good agreement between MERRA-2 and MODIS AODS
over China during 2003–2017 was also obtained by them. In this study, the total AOD
(550 nm) from MERRA-2 was investigated. We compared monthly total AOD (550 nm) data
from MERRA-2 and satellite observed AOD (550 nm) data from the Moderate Resolution
Imaging Spectroadiometer (MODIS) aboard the Terra and Aqua satellites for four seasons
over the three study regions during the study period and found a significantly positive
correlation between them (as seen in Figures A1–A3).

CAPE and SRH are selected in this study to investigate the effects of thermodynamic
factors in lightning activity. Monthly CAPE and SRH data are gained from the European
Centre for Medium-Range Weather Forecast (ECMWF) ERA-5 reanalysis product with a
spatial resolution of 0.25◦ × 0.25◦.

2.2. Regions of Interest

The three study regions are shown in Figure 1, which are represented with R1
(28◦~32◦N, 103◦~107◦E), R2 (29◦~33◦N, 111◦~115◦E), and R3 (34◦~38◦N, 115◦~119◦E).
The spatial distributions of 9-year (2010–2018)-total AOD and the map of terrain are also
shown in Figure 2. The study regions are marked with black rectangles. All study regions
contain large urban areas (such as Chengdu, Wuhan, and Jinan) and dense populations.
All study regions suffer from air pollution, which is mainly caused by anthropogenic air



Remote Sens. 2021, 13, 2600 4 of 18

pollutants. The values of total AOD over the study regions are relatively higher than that
over the other regions of China (as seen in Figure 2a).

Figure 1. The regions of interest in this study (marked by black rectangles, R1: 28◦~32◦N, 103◦~107◦E;
R2: 29◦~33◦N, 111◦~115◦E; R3: 34◦~38◦N, 115◦~119◦E).

Figure 2. (a) Spatial distribution of total AOD during 2010–2018 with a spatial resolution of 0.5◦ × 0.5◦. The regions of
interest in this study are marked with black rectangles, and the major cities in each study region are marked with black
asterisks. (b) The map of terrain (unit: m). All AOD data are derived from the MERRA-2 data set.

2.3. Methods

Each study region was divided into 64 grid cells with a 0.5-degree horizontal resolution
in each month. The data of total AOD, CAPE, and SRH are interpolated to a horizontal
resolution of 0.5◦ × 0.5◦. The value of CG lightning density (unit: flashes km−2 day−1) and
the percentage of positive CG lightning (+CG flashes/total CG flashes × 100; PPCG; unit:
%) in each grid cell is calculated. The analyzed data set included the grid cells with at least
one detected CG flash or the PPCG of the cell is higher than 0. In addition, the total AOD
range in this study was set between 0 and 1. A three-months-moving mean was applied in
all data to smooth their seasonal fluctuation. To show the effect of aerosol on CG lightning,
we compared CG lightning under clean, medium, and polluted conditions according to
the value of total AOD. The data sets were first sorted by the value of total AOD from
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small to large, and the lowest or highest third of the total AOD range was labeled as
clean or polluted condition, and the middle group was labeled as medium condition. The
Pearson linear correlation coefficient was used in this study to measure the strength of the
relationship between two factors [57]. The correlation was significant when it passed the
significance test at the 0.05 level.

3. Results
3.1. Temporal Variations of Total AOD and CG Lightning

The seasonal cycles of CG lightning density (unit: flashes km−2day−1) and total AOD
over the three study regions are shown in Figure 3. The CG lightning in all three study
regions is active in summer and weak in winter. This seasonal variation is mainly controlled
by the seasonal variations in thermodynamic conditions. The total AOD in R2 reaches a
peak in spring and changes little in other seasons (Figure 3b). The value of total AOD in R1
is large in winter and small in summer. In contrast to R1, the peak total AOD in R3 occurs
in summer (Figure 3b). The cold air in winter, coupled with the special topography of R1
(surrounded by mountains), is not conducive to the diffusion of aerosols [41,58], while the
heavy precipitation in summer may clean the atmospheric aerosols and reduce the AOD.
In R3, the humid condition in summer is conducive to the conversion of sulfur dioxide into
sulfate, which may cause a high AOD in summer. Comparing the seasonal variations of
CG lightning density and total AOD, no obvious correlations between them can be found
in a seasonal timescale.

Figure 3. Monthly variations in mean (a) CG lightning density (unit: flashes km−2day−1) and (b) total AOD during
2010–2018 over three study regions R1, R2, and R3). All AOD data are derived from MERRA-2.

The interannual variations of CG lightning density and total AOD over the three
study regions are shown in Figure 4. The CG lightning density displays a downward trend
in all three study regions during the study period (Figure 4a). The mean CG lightning
density during 2014–2018 decreases 49.6%, 44.8%, and 61.4% in R1, R2, and R3 compared
with those during 2010–2013. Similar to CG lightning density, the interannual total AOD
also shows a decreasing trend during 2010–2018 (Figure 4b) over the three study regions.
Comparing the mean values of total AOD during 2014–2018 and 2010–2013, 14.9%, 15.3%,
and 12.4% decreases are found in R1, R2, and R3. The strict measures implemented by
the Chinese since 2013 reduced the anthropogenic emissions [44], and thus may cause the
decreases of the AOD over the three regions. Comparing the interannual variations of
CG lightning density and total AOD, a similar variation can be found between them in
this timescale.
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Figure 4. Interannual variations of (a) CG lightning density (unit: flashes km−2day−1) and (b) total AOD during 2010–2018
over three study regions (R1, R2, and R3). All AOD data are derived from MERRA-2.

To further analyze the relationships between CG lightning and aerosols, Figure 5
shows the box plots of CG lightning density dispersions under clean, medium, and polluted
conditions in each month throughout the year over R1, R2, and R3 during the study period.
The clean, medium, and polluted conditions are according to the values of total AOD. The
data number of each box in each month can be found in Table A1. In R1, the CG lightning
density is significantly higher under conditions with large total AOD in months with CG
lightning occurrence (Figure 5a). In R2 and R3, an enhancement of the summer CG lightning
density can be found under medium or polluted conditions compared with those under
clean conditions but changes between medium and polluted conditions. These results
suggest that the CG lightning activity may be more active under conditions with more
aerosols. Aerosols can invigorate thunderstorms and lightning production by affecting
the cloud microphysical processes by acting as the cloud condensation nuclei (CCN) or
ice nuclei (IN). However, excessive aerosol concentration may suppress the lightning
activity through aerosol radiative effects by absorbing, scattering, and reflecting the solar
radiation. As the results showed R2 and R3, the changes of CG lightning density from
medium conditions to polluted conditions can be decreasing or not apparent. This may
be explained by the joint effects of aerosol microphysical effects and aerosol radiative
effects under conditions with high aerosol concentration, which may cause the insignificant
relationship between lightning activity and aerosols or even suppress the lightning activity.
This nonlinear relationship between lightning activity and aerosols was reported in many
studies [6,40,59,60].
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Figure 5. Box plots of CG lightning density (unit: flashes km−2day−1) dispersion showing the values of CG lightning
density under relatively clean (blue), medium (black), and polluted (red) conditions in each month over (a) R1, (b) R2, and
(c) R3 during 2010–2018. The distance between the bottom and the top of the box represents the 25th to 75th percentile of
the data in this box. The white circle in each box represents the median. The end of the whisker above and the end of the
whisker below represent the maximum and the minimum, respectively. The relatively clean, medium, and polluted are
defined according to the values of total AOD. All AOD data are derived from MERRA-2.

3.2. Response of CG Lightning to Total AOD and Thermodynamic Factors

The lightning activity is also controlled by thermodynamic factors. Aerosols may
enhance [22,37,61] or suppress [62–64] convection depending on aerosol properties and
atmospheric conditions. In this part, the relationships between CG lightning (including
CG lightning density and PPCG) and thermodynamic factors (CAPE and SRH) over the
study regions are investigated. The effects of aerosol on CG lightning are further analyzed
by control the values of CAPE and SRH.

Figure 6 shows CG lightning density as a function of CAPE and SRH. The mean CG
lightning density in each CAPE and SRH bin is marked by a red dot and solid line. The
percentage of data number in each CAPE and SRH bin is also marked by a black triangle
and dotted line. The data number of each box are provided in Table A2. CAPE ranges from
0 to 1200 Jkg−1 over R1 and R3, and ranges from 0 to 1500 Jkg−1 over R2. The data over the
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three study regions are mainly concentrated under the conditions with CAPE ranges from
0 to 900 Jkg−1. A positive correlation (R1: R = 64, R2: R = 0.54, R3: R = 0.55) between CAPE
and CG lightning density can be found in all three study regions (Figure 6a–c). The value
of SRH in R1 is the largest among the three study regions and distributes in a narrow range
(66.9–81.3%). The ranges of SRH in R2 (51.7–79.9%) and R3 (37.9–75.1%) are relatively larger.
The CG lightning density is greater in the conditions with relatively higher SRH in R2
(R = 0.42) and R3 (R = 0.47), but the little relationship between flash density and SRH is seen
in R1 (R = −0.04). The response of the CG lightning density to AOD over the three study
regions may be related to the effects of aerosol on lightning activity, but also can be the
results of the different local climate conditions, which can impact both aerosol loadings and
lightning activity. CAPE, as an indicator of atmospheric instability, was found positively
correlated with lighting activities in many other regions throughout the world [34,35,44].
The positive relationships between CAPE and CG lightning density found in this study are
consistent with these researches. The different relationships between CG lightning density
and SRH over the three study regions may be related to the different ranges of SRH. Xiong
et al. [36] found that lightning activities respond to SRH with a turning point of about
72–74%. The value of SRH in R1 is concentrated near this threshold. Therefore, the CG
lightning density in R1 is not sensitive to SRH. The values of SRH in R2 and R3 are lower
than this threshold, and thus the CG lightning density in these two regions is positively
correlated with SRH. Figure 7 shows PPCG as a function of CAPE and SRH. The mean
CG lightning density and percentage of data number in each CAPE and SRH bin are also
marked in each panel as the same in Figure 6. The data number of each box are provided in
Table A3. The correlation coefficients between PPCG and CAPE (SRH) over the three study
regions are weaker than those between CG lightning density and CAPE (SRH). Weakly
negative correlations (R1: R = −0.31, R2: R = −0.26, R3: R = −0.32) are found between
PPCG and CAPE over the three study regions. A weak correlation is found between PPCG
and SRH over R1 (R = 0.09) and R2 (R = −0.24), while a moderately negative correlation is
found between them over R3 (R = −0.54). In addition, the relationships between PPCG
and CAPE (SRH) over the three study regions are contrary to those between CG lightning
density and CAPE (SRH).

Figure 8 shows the scatter plots of total AOD with CG lightning density and PPCG
over the three study regions during 2010–2018. Data from all seasons are included. Weak
correlations can be found between CG lightning density and total AOD over R1 (R = −0.15)
and R2 (R = −0.13), while a moderately positive correlation (R = 0.43) is found over R3.
Weak correlations can be found between PPCG and total AOD over R1 (R = −0.06) and
R2 (R = 0.02). However, a moderately negative correlation (R = −0.35) is found between
them over R3. In fact, the relationships between CG lightning density (PPCG) and total
AOD over the three study regions, which are shown in Figure 8, cannot reflect the true
relationships between them because of the joint effects of thermodynamic factors. In the
following contents, we will try to reduce the effects of thermodynamic factors (CAPE and
SRH) by analyzing the relationships between CG lighting density (PPCG) and total AOD
for various bins of CAPE and SRH.

Figure 9 shows the CG lightning flashes as a function of CAPE under clean (blue),
medium (black), and polluted (red) conditions according to total AOD. The method to
define the clean, medium, and polluted conditions is described in Section 2.3. To control
the effects of SRH, two ranges of SRH that concentrate most of the samples in each study
region are selected. In general, the CG lighting density is higher in medium and polluted
conditions compared to that in clean conditions over the three study regions, but this
difference is small in R2 (Figure 9a–c). In addition, CG lightning density is more sensitive
to CAPE under medium and polluted conditions, especially in R1 and R3. Different from
CG lightning density, PPCG under clean conditions is larger than that under medium or
polluted conditions, especially in R1 and R2 (Figure 9d–f).
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Figure 6. Box plots of CG lightning density (unit: flashes km−2day−1) dispersion showing the relationship between the CG
lightning density and two thermodynamic factors (derived from ERA5): (a)~(c) CAPE and (d)~(f) SRH over the three study
regions during 2010–2018. Box plots represent the 25th to 75th percentile of the data in this box (the distance between the
bottom and the top of the box), the median (the white circle in each box), the maximum (the end of the whisker above), and
the minimum (the end of the whisker below). The red dot in each box represents the mean. The black dot represents the
percentage of data points in each bin of CAPE or SRH to the total data point. The Pearson correlation coefficients (R) and p
values are also presented in each panel. Data from all seasons are included.

Figure 7. Box plots of PPCG dispersion showing the relationship between the PPCG and two thermodynamic factors
(derived from ERA5): (a)~(c) CAPE and (d)~(f) SRH over the three study regions during 2010–2018. Box plots represent the
25th to 75th percentile of the data in this box (the distance between the bottom and the top of the box), the median (the
white circle in each box), the maximum (the end of the whisker above), and the minimum (the end of the whisker below).
The red dot in each box represents the mean. The black dot represents the percentage of data points in each bin of CAPE or
SRH to the total data point. The Pearson correlation coefficients (R) and p values are also presented in each panel. Data
from all seasons are included.
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Figure 8. Scatter plots of total AOD with (a)–(c) CG lightning density (flashes km−2day−1) and (d)–(f) PPCG (%) over three
study regions during 2010–2018. Values of correlation coefficients (R) and significance level (p) are also given in each panel.
Data from all seasons are included.

Figure 9. (a)~(c) Mean CG lightning density (unit: flashes km−2day−1) and (d)~(f) PPCG (%) as a function of CAPE for
clean (blue), medium (black), and polluted (red) conditions for three study regions during 2010–2018. These relationships
are investigated under two SRH conditions in each study region. The selected SRH ranges in R1 are 70–80% and 80–90%,
while that in R2 are 60–70% and 70–80%, and in R3 are 50–60% and 60–70%. The clean, medium, and polluted conditions
are defined according to total AOD. Data from all seasons are included. The data of CAPE and SRH are derived from ERA5,
and AOD data are derived from MERRA-2.

The correlation coefficients between total AOD and CG lightning density or PPCG
for various bins of CAPE and SRH are investigated in Figure 10. In R1, the CG lightning
density is positively correlated with total AOD when CAPE is around 500–800 Jkg−1,



Remote Sens. 2021, 13, 2600 11 of 18

and SRH is around 70–80%. When SRH is higher than 80%, the total AOD is positively
correlated with the CG lightning density in most conditions, but their correlation is stronger
in relatively high CAPE conditions. In R2, the CG lightning density is positively correlated
with total AOD when CAPE is around 700–1200 Jkg−1, and SRH is around 70–80%. In R3,
the CG lightning density is positively correlated with the total AOD in most conditions, but
their correlations are weaker. Different from the relationship between total AOD and CG
lightning density, PPCG is negatively correlated with the total AOD under most conditions
over the three study regions. These results are consistent with those found in Figure 9.

Figure 10. The Pearson correlation coefficients of (a)~(c) total AOD-CG lightning density and (d)~(f) total AOD-PPCG for
various bins of CAPE and SRH over three study regions during 2010–2018. The number in each cell indicates the number of
data points in the cell. Plus signs denote those cells that pass the significance test of 0.05. Data from all seasons are included.
The data of CAPE and SRH are derived from ERA5, and AOD data are derived from MERRA-2.

4. Discussions

In this paper, the relationships between cloud-to-ground (CG) lighting and aerosols are
investigated, as well as their dependences of convective available potential energy (CAPE)
and surface relative humidity (SRH), over three air-polluted urban areas (R1: 28◦~32◦N,
103◦~107◦E, R2: 29◦~33◦N, 111◦~115◦E, and R3: 34◦~38◦N, 115◦~119◦E) of China during
2010–2018.

The interannual variations of CG lightning density and total AOD are all found with
a significantly decreasing trend over the three study regions during the study period. We
assume the decrease in AOD is related to the decrease in human emissions in recent years.
The aerosols over the study regions mainly come from human emissions. Considering the
vital impacts of aerosol on lighting activity, the decreasing of AOD may be one of the reasons
for the decline in CG lightning over the three study regions. The long-term relationships
between aerosols and lightning activity are reported in other regions of China [39,41–43].
The summer lightning activity was found to be suppressed by dramatically increasing
aerosol loading, which was caused by anthropogenic pollution due to the rapid economic
growth in China, in central China, during 1961–2001 [42]. In the plain regions of southeast
China, Yang et al. [43] found the thunderstorms and lightning activities are significantly
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increasing, while regional mean visibility has decreased markedly during 1998–2012. The
inverse relationships between aerosol and lightning in these two regions may be due to
the different aerosol types in the two places. Central China is dominated by absorbing
aerosols, and southeast China is dominated by weak absorbing but strongly hydrophilic
aerosols. Our findings in this study are similar to those found by Yang [43] in regions of
southeast China.

The relationships between total AOD and CG lightning density PPCG are investigated
after controlling the value of CAPE and SRH. Results show that the CG lightning density
is larger under medium or polluted conditions, especially in R1 and R3. However, PPCG
is larger under clean conditions. The correlations of AOD-CG lightning density show
AOD is positively correlated with CG lightning density under most conditions over the
three study regions but is negatively correlated with PPCG. Some modeling studies have
shown that CAPE and relative humidity can modulate the amount that aerosols invigorate
convective clouds [65–67]. The results in Figure 9 show that the CG lightning density is
more sensitive to CAPE under conditions with more aerosols. The results in Figure 10
show that the positive correlations between AOD and CG lightning density are stronger
under high CAPE or SRH conditions, but this result is insignificant in R3. However, they
both support the generalizations that in these three study regions, adding aerosols in the
background concentration could enhance the CG lightning density.

Different from CG lightning density, our results suggest that PPCG is negatively
correlated with AOD. The negative relationships between PPCG and urban aerosol loading
were reported in many other regions, such as Southeastern Brazil [12], South Korea [14],
Texas [68], and Taipei [15]. However, some studies also found that smoke from forest fires
tends to produce more positive CG lightning [9–11]. Tan et al. [44] also reported a positive
relationship between PPCG and AOD in Nanjing (China). These previous findings, as well
as the results found in this study, suggest that the possible effects of aerosols on PPCG are
complicated, and there may be a dependence on aerosol types, concentration, and local
meteorological conditions. The types of lightning are tightly correlated with the distribution
of space charge of thunderstorms [69,70]. Previous studies have figured out that there is
one main positive charge center above the main negative charge center, and one smaller
positive charge center exists under the main negative charge center in most thunderstorms,
which is named as the triple structure [71,72]. Jayaratne et al. [25] found that the graupel is
charged negatively for all temperatures (−6 ◦C~−25 ◦C) after impurities are involved in
the cloud. The charge reversal temperature (−25 ◦C) will increase to a higher temperature
if the cloud droplets contained a small amount of contaminant. This will expand the
region of the main negative charge center to the lower region of the cloud, covering the
positive charge center below. This new structure of the thunderstorm may generate more
negative CG flashes, decreasing the percentage of positive CG flashes. However, Avila
et al. [73] found that the graupel is charged positively over most of the temperature range
(−10 ◦C~−25 ◦C) under conditions with smaller droplets and is charged negatively at
temperatures below −18 ◦C under conditions with larger droplets. This means that under
conditions with high CCN, namely, the cloud droplet is smaller, the positively charged
center in a thunderstorm will be intensified. Therefore, a more specific analysis is required
to explain the effects of aerosols on lightning characteristics.

5. Conclusions

In this study, nine years (2010–2018) of data of CG lightning and total AOD over three
air-polluted urban regions (R1: 28◦~32◦N, 103◦~107◦E; R2: 29◦~33◦N, 111◦~115◦E; R3:
34◦~38◦N, 115◦~119◦E) of China are mainly analyzed. The main results are as follows.

1. Over all study regions, an apparent enhancement in CG lightning density is found
under high AOD conditions on seasonal cycles during the study period. Decreasing trends
are both found in the interannual variations of CG lightning density and total AOD over
the three study regions during the study period;
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2. In various values of CAPE and SRH, CG lightning density is larger under conditions
with high total AOD than that under conditions with low total AOD, but PPCG is smaller
under conditions with high total AOD than that under conditions with low total AOD.
In addition, CG lightning density is more sensitive to CAPE under conditions with high
total AOD;

3. CG lightning density is positively correlated with total AOD in some bins of CAPE
and SRH, while PPCG is negatively correlated with total AOD in most bins of CAPE
and SRH.

The processes involved in producing lightning and their associations with aerosols
are quite complicated. In this paper, we obtain a rough relationship between aerosols and
CG lighting over three study regions based on observations alone. More analyses based on
a combination of state-of-the-art observations and simulations are warranted in the future.
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Appendix A

Figure A1. Scattered plots of monthly MODIS AOD (550 nm) and MERRA-2 total AOD (550 nm) for four seasons (spring:
March, April, and May; summer: June, July, and August; autumn: September, October, and November; winter: January,
February, and December) over R1 during 2010–2018. Values of correlation coefficients (R) and significance level (p) are also
given in each panel.

Figure A2. Same as in Figure A1, but for R2.
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Figure A3. Same as in Figure A1, but for R3.

Table A1. The data number in each condition of each month over R1, R2, and R3.

1 2 3 4 5 6 7 8 9 10 11 12

R1 49 125 150 181 192 192 192 192 192 188 148 67

R2 129 165 184 192 192 192 192 192 192 188 132 114

R3 50 144 189 192 192 192 181 186 192 183 120 60

Table A2. The data number in each box.

CG Lightning Density-CAPE 1 2 3 4 5 Sum

R1 4517 1095 346 33 - 5991

R2 4272 1102 662 228 17 6281

R3 3977 1271 397 59 - 5704

CG Lightning Density-SRH 1 2 3 4 5 Sum

R1 26 850 3673 1376 66 5991

R2 53 486 2366 3264 112 6281

R3 125 857 1891 1803 1028 5704
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Table A3. The data number in each box.

PPCG-CAPE 1 2 3 4 5 Sum

R1 3267 1095 346 33 - 4741

R2 3065 1101 662 228 17 5073

R3 2408 1270 397 59 - 4134

PPCG-SRH 1 2 3 4 5 Sum

R1 25 697 2917 1049 53 4741

R2 22 174 1800 2972 105 5073

R3 51 407 1170 1479 1017 4134
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