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ABSTRACT
The first climatological comparison of small-current cloud-to-ground (SCCG; peak current #50 kA) and
large-current cloud-to-ground (LCCG; peak current .50 kA, .75 kA, and .100 kA) lightning flashes is presented for southern China. The LCCG lightning exhibits an apparent preference to occur over the sea. The
percentage of positive LCCG lightning during the nonrainy season was more than twice that during the rainy
season, while the percentage of positive SCCG lightning showed small seasonal differences. Positive cloud-toground (PCG) lightning was more likely to feature a large peak current than was negative cloud-to-ground
(NCG) lightning, especially during the nonrainy season and over land. Distinct geographical differences are
found between SCCG and LCCG lightning densities and between their own positive and negative discharges.
Furthermore, the percentages of positive lightning from LCCG and SCCG lightning exhibit distinctly different
geographical and seasonal (rain and nonrainy season) distributions. The diurnal variations in SCCG and LCCG
lightning are clearly different over the sea but similar over land. Diurnal variations in the percentage of positive
lightning are functions of the peak current and underlying Earth’s surface. In combination with the University of
Utah precipitation feature (PF) dataset, it is revealed that thunderstorms with relatively weak convection and
large precipitation areas are more likely to produce the LCCG lightning, and the positive LCCG lightning is well
correlated with mesoscale convective systems in the spatial distribution during nonrainy season.

1. Introduction
The climatology of lightning flashes, which can act as
an effective indicator of deep convection and climate
change, has been widely studied around the world
(e.g., Hidayat and Ishii 1998; Orville and Huffines
2001; Soriano et al. 2001; Orville et al. 2002; Altaratz
et al. 2003; Christian et al. 2003; Qie et al. 2003;
Kandalgaonkar et al. 2005; Ma et al. 2005; Kuleshov et al.
2006; Mazarakis et al. 2008; Rudlosky and Fuelberg 2010;
Chronis 2012; Chronis et al. 2015; Yang et al. 2015). These
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studies have investigated the geographical distribution
and seasonal and diurnal variability of lightning discharge
parameters (e.g., frequency, percentages of differentpolarity lightning, peak current, and multiplicity) generally using lightning data as a whole. Thus, the question
remains whether cloud-to-ground (CG) lightning flashes
with different peak-current magnitudes have different
climatological characteristics.
Special attention has been paid to large-current CG
(LCCG) lightning in several previous studies (e.g., Lyons
et al. 1998; Kochtubajda et al. 2006; Pinto et al. 2009). In
these studies, LCCG lightning is usually defined as
having a peak current higher than 75 kA (e.g., Lyons et al.
1998; Pinto et al. 2009) or 100 kA (e.g., Kochtubajda et al.
2006). These studies have revealed distinct geographical
differences in the spatial distribution of positive and
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negative LCCG lightning. Furthermore, it was also reported by Pinto et al. (2009) that the density distributions
for negative and positive LCCG lightning differed from
the lightning density distributions for all negative and
positive cloud-to-ground (NCG and PCG, respectively)
lightning. It has been proposed that a positive LCCG
lightning density distribution and the distribution of the
percentage of positive LCCG lightning were related to
the occurrence of mesoscale convective systems (MCSs)
(e.g., Lyons et al. 1998; Pinto et al. 2009).
Furthermore, it was reported that PCG lightning accounts for a relatively higher proportion of LCCG lightning than for total CG lightning. For example, while the
percentage of PCG lightning from CG lightning was
around 5% during summer months within the continental
United States (cf. Fig. 12 in Orville and Huffines 2001),
Lyons et al. (1998) used U.S. National Lightning Detection Network (NLDN) data from 14 summer months
to show that, for peak current .75 kA and .200 kA, the
percentages of their positive parts were 13.5% and
19.6%, respectively. Based on data from the Canadian
Lightning Detection Network (CLDN) during 1999–
2004, Kochtubajda et al. (2006) showed that approximately 51% of the LCCG lightning was positive compared with 17.5% of all CG lightning. In addition, Pinto
et al. (2009) found that a PCG lightning flash was 3.1
times more likely to exceed 75 kA than was a NCG
lightning flash across the continental United States.
Other studies have found that the peak current in CG
lightning depends on surface conditions and local time,
but did not examine the characteristics of CG lightning
classified by peak-current magnitudes. The difference
between peak current in CG lightning over land and
ocean has been reported in some studies (e.g., Biswas
and Hobbs 1990; Orville and Huffines 2001; Seity et al.
2001; Steiger and Orville 2003; Rudlosky and Fuelberg
2010; Orville et al. 2011; Chronis 2012; Hutchins et al.
2013; Said et al. 2013). These show greater peak current
over the ocean and sharp increases along coastlines,
especially for the NCG lightning. Furthermore, Chronis
et al. (2015) concluded that the peak current in NCG
lightning increases from late evening to early morning
and decreases during the afternoon. This is the inverse
of diurnal patterns observed for CG lightning activity.
The climatological characteristics of lightning activity
across China have been studied by Ma et al. (2005) using
flash data from the satellite-borne Optical Transient
Detector and Lightning Imaging Sensor (LIS), and by
Yang et al. (2015) using CG lightning data from the China
Lightning Detection Network. These studies show an
increase in lightning density from west to east and north
to south in China, with the strongest lightning activity
occurring in southern China. Using LIS flash data over
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southern China, Wang et al. (2009) concluded that the
lightning flash number during April–August accounted
for 81.91% of the annual total, and that the main lightning
activity peak occurred between afternoon and early
evening. Based on a regional CG lightning location network, Zhang et al. (2000) analyzed lightning activity in
Guangdong Province of southern China. They found that
PCG lightning accounted for 5.03% of the total, with
high-density lightning activity located near Guangzhou.
In this paper, we focus on the climatological differences between SCCG and LCCG lightning by analyzing
CG lightning data in southern China, mainly in
Guangdong Province and its adjacent sea. We further
compare SCCG and LCCG lightning across seasons
(rainy and nonrainy seasons) and underlying Earth’s
surface (land and offshore water), and discuss the association of LCCG lightning with the intensity of thunderstorms and the association of positive LCCG
lightning with MCSs.

2. Observations and data
a. Study area
The study region (Fig. 1) has a total area of approximately 244 000 km2, including the land within Guangdong
Province in southern China (approximately 180 000 km2),
and an adjacent stretch of the South China Sea
(64 000 km2). The seaward extent of the study region
was limited to approximately 100 km from the coastline to ensure reliable detection by the lightning
location system.
The study region has a subtropical monsoon climate
with two rainy seasons (Ding and Wang 2008). The first
rainy season generally occurs from April to June when
the well-known summer monsoon prevails (e.g., Xu
et al. 2009; Zheng and Cheng 2011; Luo et al. 2013; Xu
2013). The MCSs are the dominant rainfall producers,
contributing about 90% of the total near-surface rainfall
(Luo et al. 2013). The second rainy season generally
occurs from July to September during which large-scale
precipitation is usually produced by tropical cyclones or
other tropical weather systems. In a preliminary analysis
of this study, we found that there were only small differences between the characteristics of CG lightning
activity during the first rainy season and during the
second rainy season. Therefore, the lighting activities
during these two rainy seasons were studied as a whole.
We use the term ‘‘rainy season’’ to denote these two
rainy seasons and ‘‘nonrainy season’’ for other months.
The study region features the highest lightning activity
in China, based on global (e.g., Christian et al. 2003) or
Chinese (e.g., Ma et al. 2005; Yang et al. 2015) lightning
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FIG. 1. Study region (delineated by red outline) in Guangdong Province and adjacent coastal
waters, with the inset map showing the location of the study region within China. Color shading
indicates surface elevation above mean sea level (MSL) over land. Red dots mark the position
of the sensors of GDLLS constructed before 2000. The sensors added into the GDLLS during
2007–10 are marked by solid red squares. The star shows the location of Guangzhou, and
Leizhou Peninsula is labeled LP. The blue lines show the path of the Pearl River. The green
rectangle shows the region discussed in section 4.

distribution maps. Furthermore, Guangdong Province is
reported to have the most lightning-related casualties
and damage in China (Zhang et al. 2011).

b. Observational data and processing
1) LIGHTNING LOCATION SYSTEM
CG lightning data are collected by the Guangdong
Lightning Location System (GDLLS), operated by the
State Grid Electric Power Research Institute. This system
began operation in 1996 and, by 2000, comprised a network
of 16 time-of-arrival/magnetic direction finder sensors
(Fig. 1). From 2007 to 2010, the system was further upgraded and the number of sensors increased to 27 (Fig. 1).
GDLLS data from 2001 to 2013 are used for this study.
Using data for transmission line faults caused by
lightning, Chen et al. (2002) showed that the overall
GDLLS CG lightning detection efficiency and median
error of the location accuracy were approximately 86%
and 1.3 km, respectively, in 1999 when there were (temporarily) 14 sensors in the network. Chen et al. (2012)
evaluated the performance of the GDLLS in Guangdong
Province based on observations of triggered lightning in
Conghua during the period 2007–11, and of natural
lightning striking tall structures in Guangzhou between
2009 and 2011. Their results show that the CG lightning
detection efficiency and stroke detection efficiency

were about 94% and 60%, respectively, and the median
values for location error were approximately 489 m. The
absolute percentage errors of peak-current estimation were
reported to be within the range of 0.4%–42%, with a median value of about 19.1%. It is clear that during and after
the upgrade from 2007 to 2010, the performance of GDLLS
experienced moderate improvement. In contrast, Nag et al.
(2011) used triggered lightning data during 2004–09 to show
that the lightning and stroke detection efficiencies from the
U.S. NLDN were 92% and 70%, respectively, and
the median current estimation error was 13%.

2) LIGHTNING DATA PROCESSING
Original return stroke (RS) data were grouped using
the criterion that adjacently located RSs for one lightning flash should occur within an interval of 0.5 s and at a
distance of 10 km. Each RS involved in one flash was
investigated to get the number of sensors participating in
its location. The positions of the RSs detected and located by most sensors were then averaged to produce
the position of the flash. Furthermore, the maximum
peak current among the RSs was taken to be the lightning current. Following previous studies (e.g., Cummins
et al. 1998), PCG lightning with current less than
10 kA was removed from the dataset because it could be
a misinterpretation of cloud lightning. CG lightning
flashes were divided into two categories: lightning with a
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peak current no larger than 50 kA was defined as SCCG
lightning, and that with a peak current above 50 kA was
defined as LCCG lightning. The latter category was further split into three types: CG lightning with peak current
above 50, 75, and 100 kA, hereafter referred to as CG50,
CG75, and CG100 lightning, respectively. These categories
were adopted with the aim of investigating the change in
LCCG lightning characteristics with the increase in the
peak-current threshold. However, we focus on CG75
lightning, as this was the definition of LCCG lightning used
in previous studies (Lyons et al. 1998; Pinto et al. 2009).
A total of more than 23 3 106 CG lightning flashes
were detected within the analysis region between 2001
and 2013. The percentages of CG lightning that occurred
during rainy and nonrainy seasons were 95.6% and
4.4%, respectively. In addition, 83.9% of CG lightning
flashes were recorded over land and 16.1% over sea. In
the analysis on the geographic distribution of the lightning features, the values were counted in 0.58 latitude–
longitude resolution grids, and then plotted in 0.018
resolution grids by using a bilinear interpolation algorithm with the aim of avoiding the mosaic effect.

3) STABILITY OF LIGHTNING DATA
Because we focus on comparing the spatial distribution
and diurnal variation of SCCG and LCCG lightning, the
interannual variation of CG lightning data (probably
caused by the interannual variation of convection activity
or the performance of GDLLS) has a relatively weak
effect on the analysis. However, the analysis might be
sensitive to whether the performance of the GDLLS is
uniform within the region and whether the nature of the
data changed steadily during the different periods (before, during, and after the GDLLS upgrade).
We roughly examine the spatial variation in the detection efficiency of GDLLS in the analysis region by
comparing the geographical distribution of the total
lightning observed by LIS aboard the Tropical Rainfall
Measuring Mission (TRMM) satellite (Kummerow et al.
1998) and CG lightning observed by GDLLS. Highresolution full-climatology (HRFC) TRMM LIS data
(Cecil et al. 2014) with a grid size of 0.58 latitude/longitude
were downloaded from the Global Hydrology Resource Center (GHRC) website (http://thunder.msfc.
nasa.gov/data/data_lis-otd-climatology.html). The detection efficiency of LIS varies with time of day. Following Boccippio et al. (2002), it changed between about
73% 6 11% for noon and 93% 6 4% for night. Here, we
make an assumption that the geographical patterns of the
total lightning (TRMM LIS) and CG lightning (GDLLS)
densities should be analogous in the study region.
Figure 2 shows the geographical distributions of LIS
total lightning and GDLLS CG lightning. The spatial
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variations in lightning densities are highly congruous,
including the highest-density areas, relatively strong
lightning activity over land, weak lightning activity over
sea, and the sharp transition along the interface between
land and sea. Note that a detailed analysis of the geographical distribution of CG lightning is included in
section 3b. According to the central positions of the
grids over land or over sea, we further calculated the
ratio of GDLLS CG lightning to LIS total lightning over
land and over sea, both in 0.58 latitude–longitude grids,
and obtained approximate values of 0.43 and 0.46, respectively. The similar patterns of GDLLS CG and
TRMM LIS total lightning densities over land and sea
should suggest that the detection efficiency of GDLLS
in the study region should be within a reliable range.
The average number of sensors involved in the location and the minimum absolute peak current of negative
RSs are further investigated in 0.58 latitude–longitude
grids and exhibited in Fig. 3. The upgrade to the GDLLS
increased the number of sensors involved in the location
of RSs across the whole study region, which would have
contributed positively to location accuracy. Meanwhile,
there was no distinct land–sea difference in the number
of sensors involved in the location, while more sensors
participated in the location in the center area of the
study region. The minimum detected absolute peak
current of negative RSs changed little during the different periods, while their values were kept small (the
values were impacted by not only the performance of
GDLLS but also the features of the samples during
different periods and over discrepant surfaces). Generally speaking, the GDLLS’s detection performance
in the chosen region can support this study.

4) AUXILIARY DATASET
Besides the primary CG lightning data, the University of
Utah TRMM-based precipitation feature (PF) dataset from
2001 to 2013 is used in section 4 to characterize the structure
and convective properties of precipitation systems (available at http://trmm.chpc.utah.edu/). The PF dataset (Liu
2007; Liu et al. 2008) was developed by collecting multiple
observations from four different instruments aboard the
TRMM satellite: Precipitation Radar (PR), TRMM Microwave Imager (TMI), Visible and Infrared Scanner
(VIRS), and LIS. A PF is defined as a contiguous area
consisting of TRMM 2A25 data near-surface raining pixels.

3. Analysis and results
a. Overview of the CG lightning flashes
Some basic characteristics of CG lightning data are
shown in Fig. 4. In the following analysis, quantitative
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FIG. 2. (a) Total lightning density observed by TRMM LIS, and (b) CG lightning density observed by GDLLS (flashes km22 yr21).

land–sea and seasonal contrasts are described based on
the lightning location data; that is, a CG lightning flash is
defined as a land flash or a sea flash based only on its
location over land or sea.
Figure 4a shows the percentages of the different CG
lightning types (SCCG or LCCG lightning under different peak-current thresholds) in total CG lightning.
This shows that the percentage of CG75 lightning (5.8%)
is slightly greater than the amount reported by Lyons
et al. (1998) (2.4%) and that reported by Pinto et al.
(2009) (3%). The percentage of CG100 lightning (2.9%)
is also greater than reported by Kochtubajda et al.
(2006) (0.6%).

According to Fig. 4a, LCCG lightning was proportionately slightly more frequent during the rainy season than during the nonrainy season. In contrast, the
land–sea differences were very distinct. While the SCCG
lightning was more common over land than sea, LCCG
lightning was much more likely to occur over sea. The
finding that CG lightning tends to have a larger peak
current over ocean than land agrees with results from
other studies (e.g., Biswas and Hobbs 1990; Orville and
Huffines 2001; Seity et al. 2001; Steiger and Orville 2003;
Rudlosky and Fuelberg 2010; Orville et al. 2011; Chronis
2012; Hutchins et al. 2013; Said et al. 2013). In addition,
the land–offshore contrast in the percentage of LCCG

FIG. 3. (a) Spatial distributions of the average number of GDLLS sensors involved at a lightning location, and (b) minimum detected
absolute peak current of negative return strokes during (left) 2001–06, (center) 2007–10, and (right) 2011–13.
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FIG. 4. Basic characteristics of the SCCG and LCCG lightning for different seasons and underlying Earth’s surface: (a) percentages of
SCCG and LCCG lightning from total CG lightning, (b) percentages of PCG lightning from SCCG and LCCG lightning, and (c) ratios of
PPCG to PNCG (PPCG, the percentage of different CG lightning types in PCG lightning; PNCG, the percentage of different CG lightning
types in NCG lightning).

lightning extends with the increase of the LCCG lightning
peak-current threshold.
Next, we considered the percentages of PCG lightning
from different CG lightning types (Fig. 4b). The percentage of positive lightning was higher for LCCG
lightning than SCCG lightning, which is consistent with
results from other studies (Lyons et al. 1998; Kochtubajda
et al. 2006; Pinto et al. 2009). Furthermore, the percentage of positive LCCG lightning increased with increasing
peak-current threshold. Positive CG75 lightning was
12.3%, which is close to the 13.7% reported by Lyons
et al. (1998) but less than the 21% reported by Pinto et al.
(2009). Positive CG100 lightning was 13.7%, and significantly less than the 51% reported by Kochtubajda
et al. (2006).
The percentage of positive SCCG lightning shows
slight differences related to both the season and underlying Earth’s surface. However, the percentage of
positive LCCG lightning during the nonrainy season was
more than twice that during the rainy season. Some
studies have demonstrated that a larger percentage of
PCG lightning occurs during cold seasons than warm

seasons (e.g., Orville and Huffines 1999; Pinto et al. 2006;
Yang et al. 2015). According to Jian (1994), in southern
China, spring corresponds to April, summer is from May
to September, autumn corresponds to October, and
winter is from November to March. Therefore, the nonrainy season is approximately parallel to the cold season
in the study region. The results of this study suggest that
the most distinct difference in positive lightning ratio
between cold (nonrainy) and warm (rainy) seasons occurs
in LCCG lightning. The land–sea contrast in the percentage of positive LCCG lightning is not as prominent as
the seasonal contrast; however, the percentages were
smaller over land than over sea for SCCG and CG50
lightning. This situation was reversed for CG75 and CG100
lightning.
We also considered the percentage of different CG
lightning types that occurred in PCG (PPCG) and NCG
(PNCG) lightning. The ratios of PPCG to PNCG are investigated and shown in Fig. 4c to explore the differences in PCG or NCG lightning contributing to different
CG lightning types. It is apparent that the percentages of
LCCG lightning from PCG lightning were larger than in
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FIG. 5. Distribution of (a) positive and (b) negative SCCG lightning during the rainy season. (c),(d) As in (a),(b), but during the nonrainy
season, respectively (flashes km22 yr21).

NCG lightning, and furthermore, this tendency increased
with an increase in the peak-current threshold. For
example, a PCG lightning flash was 1.5 times more likely
than an NCG lightning flash to exceed 75 kA, which is
lower than the likelihood of 3.1 times reported by Lyons
et al. (1998). In addition, the difference in the percentages
of LCCG lightning from PCG and NCG lightning was
more prominent during the nonrainy than the rainy season, and was greater over land than over sea, while the
LCCG lightning from PCG lightning maintains a larger
percentage than that from NCG lightning.

b. Geographical distribution of lightning density
In this section, we focus on geographical differences in
the distribution of SCCG and LCCG lightning during
the rainy and nonrainy seasons. Figures 5a and 5b reveal
that, during the rainy season, positive and negative
SCCG lightning flashes both exhibit the highest densities in a region over the Pearl River delta (PRD)
centered on Guangzhou and the secondary highdensity regions to the north of the Leizhou Peninsula

(LP). The density along the coastline decreased sharply
from land toward sea.
Interestingly, the distributions of positive and negative SCCG lightning varied during the nonrainy season
(Figs. 5c,d) and were entirely different from the patterns
of their counterparts during the rainy season. Compared
to that, the highest densities of both positive and negative lightning were located over PRD during the rainy
season (Figs. 5a,b); during the nonrainy season, the
highest density of positive SCCG lightning generally
occurred along the central coastline in the study region
(Fig. 5c), and that of negative SCCG lightning was distributed across the midwestern part of the study region
(Fig. 5d). In addition, the gradient of SCCG lightning
densities along the coastline during the nonrainy season
was not as steep as during the rainy season.
Figure 6 shows the density distributions of positive
and negative CG75 lightning during the two seasons.
The spatial distributions of the CG50 and CG100 lightning were qualitatively similar, and are therefore
not shown. The distributions of LCCG and SCCG
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FIG. 6. As in Fig. 5, but for positive and negative CG75 lightning.

lightning showed geographical differences during the
two seasons. During the rainy season, the positive and
negative LCCG lightning both had their high-density
centers over the PRD (Figs. 6a,b); however, their locations were more inclined to the mouth of the Pearl
River, compared to those of the positive and negative
SCCG lightning during the same season. The positive
LCCG lightning had another high-density center to the
north of LP, whereas the negative LCCG lightning
density was not prominent.
During the nonrainy season, the highest density of
positive LCCG lightning was mainly found over mountainous areas to the north of the analysis region (Fig. 6c).
The highest density of negative LCCG lightning, however,
occurred in the west of the PRD, with some large densities
scattering in some other isolated centers (Fig. 6d).
The above analysis indicates that the distribution of
CG lightning was peak-current dependent, which agrees
with the observations of Lyons et al. (1998), Kochtubajda
et al. (2006), and Pinto et al. (2009). Furthermore,
the distribution of CG lightning was also seasonally

dependent. According to Figs. 2, 5, and 6, the PRD experiences the most active lightning activity, especially
during the rainy season and for SCCG lightning.
The most vigorous lightning activity over PRD might
be related to several factors. The first factor might be
associated with the trumpet-shaped terrain of PRD (see
Fig. 1), which is half-surrounded by mountains and
opens toward the ocean. In studies of convection and
rainfall characteristics over southern China, Xu et al.
(2009) and Luo et al. (2013) suggested that the mountains could lift the flow carrying abundant moisture from
the ocean, which provided forced ascent and moisture
for new convection or precipitation enhancement. The
second factor might be attributed to the urban heat island effect and the roughness associated with PRD urban agglomerations. Based on the numerical simulation
studies, Meng et al. (2007, 2012, 2014) reported that the
urban heat island and the urban roughness over PRD
both positively contributed to the enhancement of
convergence around the urban areas. The third factor
might be the relatively higher aerosol content. Wang
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FIG. 7. Geographical distributions of the ratio of CG75 lightning to total CG lightning during the (a) rainy and (b) nonrainy seasons.

et al. (2011) reported a larger annual mean aerosol optical
depth over PRD relative to the surrounding area (see
their Fig. 1). They suggested that aerosols in the PRD
region supported more efficient mixed-phase processes
and intense convection (Williams and Stanfill 2002;
Williams et al. 2002, 2004; Kumar and Kamra 2010), and
thus they might play an important role in enhancing
lightning activity.

c. Geographical distribution of ratios of LCCG
lightning from total CG lightning
The geographical distribution of the ratio of CG75
lightning to total CG lightning is shown in Fig. 7 (the
geographical distributions of the CG50 and CG100 lightning ratios are not shown but are analogous to Fig. 7).
During the rainy season, there was a clear preference for
LCCG lightning to occur over sea (Fig. 7a), which agrees
with other studies that have documented a larger median
or mean peak current over sea than over land (e.g.,
Orville and Huffines 2001; Orville et al. 2011; Chronis
2012; Hutchins et al. 2013; Said et al. 2013). During the
nonrainy season, however, the higher frequency of
LCCG lightning over sea was not as distinct as during the
rainy season (Fig. 7b).

d. Geographical distribution of ratios of positive
lightning from SCCG and LCCG lightning
Figure 8 shows the geographical distributions of PCG
lightning ratios in different CG lightning types during the
rainy and nonrainy seasons. According to Figs. 8a,b, the
ratios of positive SCCG lightning to total SCCG lightning
during the rainy and nonrainy seasons have analogous
spatial patterns, with greater values near the mouth of the
Pearl River that extend to the eastern part of study region. But during the rainy season, the positive SCCG
lightning ratios are distributed more continuously in

space, and during the nonrainy season, the largest positive SCCG lightning ratios were located in the eastern
part of the study region. The ratios of positive LCCG
lightning (Figs. 8c,d), however, showed different spatial
distributions to the ratios of positive SCCG lightning
during all seasons. Furthermore, the ratio of positive
LCCG lightning had different spatial patterns during
different seasons. During the rainy season (Fig. 8c), areas
with large positive LCCG lightning ratios were mainly
located to the north of LP, while the PRD featured small
values. During the nonrainy season (Fig. 8d), larger
positive LCCG lightning ratios were distributed in the
northern and northeastern parts of the analysis region.

e. Diurnal variation
Figure 9 shows diurnal variations in CG lightning activity based on all data during both the rainy and nonrainy seasons. We use CG75 lightning data to represent
LCCG lightning. Diurnal variations in the CG50 and
CG100 lightning are similar to those for CG75 lightning
and are not shown.
Diurnal variations in the SCCG and LCCG lightning
(Fig. 9a) exhibit a clear dependence on the underlying
Earth’s surface. Both SCCG and LCCG lightning flashes
over land reached their peak at 1600 local time (LT;
indicating the period 1600–1700 LT), and a minimum
at 0900 and 1000 LT, respectively. SCCG and LCCG
lightning flashes over sea both had two peaks. For the
SCCG lightning, the main peak occurred at 1700 LT and
the second peak occurred at 0500 LT. In contrast, CG75
lightning had a main peak at 0700 LT and a second peak
at 1800 LT. The CG50 and CG100 lightning flashes also
had main peaks in the morning and secondary peaks in
the afternoon.
The diurnal variation of lightning over land exhibits a
close link to solar heating, which is consistent with the
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FIG. 8. Geographical distributions of percentages of positive lightning from different CG lightning types. (a) Ratio of positive SCCG
lightning to total SCCG lightning during the rainy season. (b) As in (a), but during the nonrainy season. (c) Ratio of positive CG75
lightning to total CG75 lightning during the rainy season. (d) As in (c), but during the nonrainy season.

variation of lightning over land described in other
studies (e.g., Orville and Huffines 2001; Zipser et al.
2006; Holle 2014; Chronis et al. 2015). On the other
hand, strong lightning activity during the late afternoon
and early morning over sea were also reported for other
global or regional ocean studies (e.g., Orville and
Huffines 2001; Yang and Smith 2006; Holle 2014). As an
exception, Chronis (2012) found that lightning activity
did not have a clear diurnal preference for open water
around Greece. In addition, Zheng and Cheng (2011)
and Wu et al. (2013) exhibited the approximately analogous diurnal variation in convection activities over land
and over sea in the analysis region.
Furthermore, we calculated that the main-peak densities of LCCG lightning are 1.1, 1.3, and 1.5 times the
second-peak densities for the CG50, CG75, and CG100
lightning, respectively, which suggests that the main
morning LCCG lightning peak changed more noticeably
with an increase in peak-current threshold. Note that,
from 2100 to 1100 LT, the LCCG lightning density over
sea was even higher than over land. Meanwhile, the

SCCG lightning from 2100 to 1100 LT was of similar
density over land and sea.
Figure 9b shows the diurnal variation in the percentages of SCCG and LCCG lightning compared to the
total CG lightning. SCCG lightning occurred more frequently in the afternoon, with peaks at 1600 LT over
both land and sea; the percentage of CG75 lightning over
land was highest at 0000 LT, while the percentage of
CG75 lightning over sea peaked at 0800 LT. It is apparent that diurnal variations in the percentage of
LCCG lightning have an inverse relationship with solar
heating. This result is consistent with the findings of
Chronis et al. (2015), who determined that the local
peak current for NCG lightning increased in magnitude
from late evening to early morning and decreased during
the afternoon.
In terms of the percentages of positive lightning from
different CG lightning types (Fig. 9c), the percentage of
positive SCCG lightning peaked in the morning and was
lowest in the afternoon, over both land and sea. However, the peak percentage of positive CG75 lightning
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FIG. 9. Diurnal variations over land and sea in (a) the density of different CG lightning types
(flashes km22 day21), (b) the percentages of different CG lightning types from the total CG
lightning, and (c) the percentages of the positive lightning from different CG lightning types.
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depended on the underlying Earth’s surface. The percentage of positive CG75 lightning over land peaked at
0900 LT (18.5%), and was lowest at 1600 LT (10.5%).
The percentage of positive CG75 lightning over sea,
however, peaked at 1400 LT (15.4%), and reached a
minimum of 9.5% at 0000 LT. The percentages of
positive CG50 and CG100 lightning were similar, except
for a negligible difference in the times of the maxima
and minima. The ratios of the highest to lowest percentages for CG50, CG75, and CG100 lightning were 2.1,
1.8, and 1.5, respectively, over land, and 1.4, 1.6, and 1.9,
respectively, over sea. Therefore, diurnal fluctuations in
positive LCCG lightning ratios decreased over land and
increased over sea with an increase in peak-current
threshold.

4. Discussion
The analysis in this study has exposed distinct differences between the properties of SCCG and LCCG
lightning (section 3a) and their spatial and temporal
distributions (sections 3b and 3c). Previous studies have
suggested mechanisms to explain the large peak current
of lightning in particular situations.

a. Mechanism associated with the underlying Earth’s
surface
Some authors have proposed that the higher conductivity of saltwater, which decreases the attenuation of an
RS’s radiation signal as it travels over the water surface,
causes the peak current to be greater over the sea (e.g.,
Krider et al. 1996; Lyons et al. 1998). Tyahla and Lopez
(1994) proposed that the initial charge on the lightning
channel is transported more quickly on a surface with
high conductivity; this causes a faster charge transfer
and thus more energy discharge. The above theories
are challenged by some observations that an abrupt
change occurs in the negative peak current at the land–
sea interface but not in the positive peak current (e.g.,
Orville and Huffines 2001; Orville et al. 2002). Furthermore, using observational evidence, Chronis
(2012) found that there was a strong positive correlation between the NCG lightning median peak current
(in absolute values) and salinity variability, but no clear
trend for PCG lightning. If the decreased attenuation
effect and the accelerated charge transfer effect of
saltwater play a role, the effects should not be a function of polarity; in other words, PCG lightning and
NCG lightning should show similar behavior in their
land–sea variation of peak current. On the other hand,
if the decreased attenuation effect works, sharp change
in peak current along the land–sea interface should be
replaced by gradual change.
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Cummins et al. (2005) provided evidence that the first
NCG RSs are enhanced over the ocean, unlike the first
PCG return strokes and subsequent NCG strokes. They
speculated that the enhanced NCG peak current could
be attributed to a greater peak electric field uniquely
associated with downward-propagating, negative-stepped leaders that attach to a smooth, highly conductive
ocean surface. This explanation was partly supported by
Said et al. (2013), who reported that land–sea boundaries for subsequent RS current were less pronounced
than those for the first RS current. Nevertheless, the
authors documented that there was still a noticeable
enhancement of subsequent RS current across many
land–sea boundaries, including along the western Mexican and Central American coastlines.
In contrast, some studies show lightning peak current
geographical distributions that are quite different from
typical situations (i.e., large peak current over the ocean,
an abrupt change in peak current along the coastlines,
and a distinct land–sea contrast for NCG lightning). For
example, Chronis (2012) showed the land-based dominance of the PCG lightning peak over Greece. In the
analysis of the lightning over South Africa, Gill (2009)
found that the spatial distribution of NCG lightning did
not display a pronounced discontinuity at the land–sea
interface, and that a higher peak current occurred over sea
than land for both NCG and PCG lightning. Orville et al.
(2011) reported that PCG lightning along the West Coast
of the United States also exhibited an abrupt change in
peak current from land to sea; positive peak current along
the West Coast were on the order of 40 kA or higher,
while values were less than 30 kA inland along the coast of
Northern California, Oregon, and Washington.
From this discussion, it is clear that we still do not well
understand the effect mechanism of saltwater on the
lightning peak current; all of the above theories might be
reasonable but not coverall. Whatever the mechanism,
it appears that at least the negative peak current over
the global ocean are more prominent than over the
continent (Said et al. 2013). We deduce that, in this
study, the observation of a larger percentage of LCCG
lightning over the sea than over land might be at least
partly attributed to the impact of the underlying
Earth’s surface on estimated peak current, although
the exact mechanism remains an open question. Next,
we will focus on another mechanism associated with
the intensity of thunderstorms.

b. Mechanism associated with thunderstorms
Chronis (2012) and Chronis et al. (2015) elaborated on
the possible relationship between lightning peak current
and thunderstorms. To put it simply, thunderstorms with
stronger updrafts and more intense electrification have a
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reduced breakdown electric field because of the greater
concentration of charged hydrometeors (Petersen et al.
2008), and tend to feature pockets of opposite charge
closer together because of the more turbulent mixing
(Bruning and MacGorman 2013; Calhoun et al. 2013;
Zheng and MacGorman 2016). This would cause more
frequent lightning initiation and discharges, but less
available charge for neutralization of the RS, which
would result in a small peak current. In contrast, for relatively weak thunderstorms, the larger charge centers and
thundercloud fields support larger peak current yields but
low lightning frequency. This is indirectly supported by
Chronis (2012), who reported a positive relationship between the lightning peak current and the time elapsed
between lightning events, which means lightning with
a large current would consume more charge and require
a longer duration for recovery.
By using TRMM PF data to investigate the structure
of precipitation systems with lightning discharge, we
then examine the possible association of large peak
current with convection intensity. To exclude the impact
of the underlying Earth’s surface, we fix the analysis area
to a rectangular region over land (shown in Fig. 1) that
includes the zone with most frequent lightning flashes.
Two analysis intervals are chosen: from 0000 to 0800 LT,
when the ratio of LCCG lightning to the CG lightning is
large over land, and from 1200 to 2000 LT, when the
ratio is small over land (see Fig. 9b). PFs were chosen for
analysis if they were accompanied by LIS flash records
with geographical latitude and longitude centers located
within the study area. A total of 100 PFs from 0000 to
0800 LT and 360 PFs from 1200 to 2000 LT were ultimately obtained. Four proxies are chosen to express the
PF convection intensity: vertical profiles of maximum
reflectivity, vertical profiles of the ratio of $40
to $20 dBZ areas (for investigating the height distribution of the convective component in total precipitation),
the maximum height of the 20-dBZ echo, and the flash
density relative to the convection area. The comparison
of these proxies during the two time intervals is shown in
Fig. 10.
All proxies in Fig. 10 suggest that the thunderstorms
during 1200–2000 LT generally featured stronger convection than those during 0000–0800 LT. In addition,
Fig. 10d further indicates that, for the same convection
area, storms during 1200–2000 LT were more likely to
produce a larger number of lightning flashes than those
during 0000–0800 LT. These results, combined with the
diurnal variation in LCCG lightning ratios (Fig. 9b),
proposed that relatively weak storms tended to
produce a higher percentage of LCCG lightning, while
strong storms tended to produce more frequent lightning discharge but a lower percentage of LCCG
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lightning. The results shown in Fig. 10d may support the
concept of pocket charges in storms with strong convection (Bruning and MacGorman 2013; Calhoun et al.
2013; Zheng and MacGorman 2016); that is, stronger
convection tends to result in more pocket charges that
cause more frequent lightning activity per unit area.
The precipitation region area is shown in Fig. 11a, and
the ratio of the stratiform to precipitation areas is shown
in Fig. 11b during 0000–0800 and 1200–2000 LT. Thunderstorms during 0000–0800 LT were more likely to
have greater average horizontal extensions and stratiform regions. Large cloud areas, and especially large
stratiform areas, might contribute to horizontal spreading of the charge, and hence to the formation of large
horizontally orientated charge regions featuring longpropagation lightning flashes (Carey et al. 2005; Bruning
and MacGorman 2013; Zheng and MacGorman 2016).
According to Chronis et al. (2015), a continuous charge
over a large area might cause large thundercloud fields and
large peak current per CG lightning while the CG lightning frequency is low. This suggestion is supported by new
work (Wang et al. 2016, manuscript submitted to Atmos.
Res.). Based on 10 MCSs, Wang et al. found that median
peak current in the first RSs of PCG and NCG lightning in
the stratiform region were 26% and 24% greater than
their counterparts in the convective region, respectively.
Therefore, Figs. 10 and 11 propose that the thunderstorms
with relatively weak convection and large precipitation
size are more likely to produce LCCG lightning.

c. Association between positive LCCG lightning and
MCSs
Lyons et al. (1998) and Pinto et al. (2009) both proposed an association between positive LCCG lightning
and MCSs, although they did not give the direct evidence.
Because the ratio of positive LCCG lightning is high
during 0000–0800 LT (although the peak was at 0900 LT)
and low during 1200–2000 LT (See Fig. 9c), Figs. 10 and
11 also suggest a relationship between positive LCCG
lightning and large-area thunderstorms from the perspective of diurnal variations in lightning activity.
Next, we examine the association between geographical patterns during different seasons. Following
the area threshold of MCS-type PF used in Luo et al.
(2013), PFs accompanied by LIS flash records and with
areas larger than 1000 km2 were considered to be MCStype PFs, and those accompanied by lightning with an
area smaller than 1000 km2 were considered to be subMCS-type PFs.
Figure 12 shows the geographical distribution of the
frequency of MCS-type PFs over the study region during
the rainy (Fig. 12a) and nonrainy seasons (Fig. 12b), with
the frequency being calculated from grid sizes of 0.58.
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FIG. 10. Comparison of convection intensity proxies and precipitation features during
0000–0800 and 1200–2000 LT: (a) maximum reflectivity with height, (b) ratio of $40 dBZ area
to $20 dBZ areas with height, (c) maximum height of the 20-dBZ echo, and (d) flash density
relative to convective area (flashes min21 km22; the LIS flash count was divided by view time
and then divided by convection area). The bottom and top boundaries of the boxes in (c) and
(d) represent the 25th and 75th percentiles (referred to as q1 and q3, respectively). The top and
bottom short whiskers mark the values of q3 1 1.5(q3 2 q1) and q1 2 1.5(q3 2 q1), respectively; the factor of 1.5 corresponds to approximately 62.7s and 99.3% coverage if the
data are normally distributed. The middle lines indicate the median value, which is also
written beside the line.

Comparing Fig. 12a with Fig. 6a, it appears that the
spatial association between the high density of positive
LCCG lightning and the high-frequency MCS-type PFs
was weak during the rainy season. But, there is a more
distinct relationship between positive LCCG lightning
and MCS-type PFs during the nonrainy season. In this
season, an area of high-frequency MCS-type PFs was
located to the north of the analysis region (Fig. 12b),
where there was also a high density of positive LCCG
lightning (Fig. 6c) and a large ratio of positive LCCG
lightning (Fig. 8d). At the same time, there was no apparent spatial correspondence between MCS-type PFs
and positive SCCG lightning (refer to Figs. 5c and 8b)

and between MCS-type PFs and negative LCCG lightning (Fig. 6d). Hence, the analysis suggests a positive
relationship between positive LCCG lightning and
MCSs, especially during the nonrainy season.
The association between positive LCCG lightning and
MCSs may be partly attributed to the preference of
PCG lightning for the stratiform region of MCSs (e.g.,
Goodman and MacGorman 1986; Rutledge and
MacGorman 1988; Rutledge et al. 1990, 1993; Carey et al.
2005; Zheng et al. 2010), while the stratiform area provides good charge conditions for large-current discharge.
This is supported by Petersen and Rutledge (1992), who
found that the magnitude of the peak current of PCG
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FIG. 11. (a) Precipitation area from TRMM PR and (b) the ratio of stratiform to total
precipitation area.

lightning increased with the growth of the stratiform region,
and peaked when stratiform regions were most intense.

5. Conclusions
In this paper, we used GDLLS data from 2001 to 2013
to produce the first climatological comparison of
SCCG and LCCG lightning over southern China. TRMM
PF data were also used to discuss the association between
LCCG lightning and convective precipitation systems.
Our results show a distinct contrast between the properties of SCCG lightning and LCCG lightning, and their
geographical distribution and diurnal variation. These
properties change with season and also depend on the
underlying Earth’s surface.
The percentage of LCCG lightning from total CG
lightning was much greater over the sea than over land.
Relative to SCCG lightning, LCCG lightning was slightly
more likely to be positive. Furthermore, the percentage
of positive LCCG lightning during the nonrainy season
was more than twice that during the rainy season. However, the percentage of positive SCCG lightning showed
only small seasonal differences. A PCG lightning flash

was more likely to feature a large peak current than a
NCG lightning flash, especially during the nonrainy season and over land. Meanwhile, the percentages of SCCG
lightning from PCG and NCG lightning were similar.
There were distinct geographical differences between
SCCG and LCCG lightning densities, as well as between
the density distribution of positive and negative discharges within these types. The geographical distribution of the same-type or same-polarity CG lightning was
different for rainy and nonrainy seasons. The geographical distributions of the ratio of PCG lightning from
SCCG lightning were roughly similar in the rainy and
nonrainy seasons, whereas the ratios of PCG lightning
from LCCG lightning exhibited distinctly different geographical distributions from those in SCCG lightning, and
also differed between rainy and nonrainy seasons.
In terms of diurnal variations, SCCG and LCCG
lightning flashes over land both peaked at 1600 LT, while
those over sea had two peaks: one in the morning and the
other in the afternoon. However, the main peak in SCCG
lightning occurred in the afternoon, while the main peak
for LCCG lightning occurred in the morning. This
caused a larger LCCG lightning ratio in the morning than

FIG. 12. Geographical distributions of MCS-type PFs with flashes during the (a) rainy and (b) nonrainy seasons.
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in the afternoon. On the other hand, the percentage of
positive SCCG lightning peaked in the morning, and was
lowest in the afternoon over both land and sea. However,
the percentage of positive LCCG lightning had a morning
peak over land and an afternoon peak over the sea. Furthermore, with the increase in the peak-current threshold,
the diurnal fluctuations in the percentage of positive LCCG
lightning decreased over land but increased over the sea.
In terms of diurnal variations of LCCG lightning and
structures of TRMM PFs with LIS flash observations, it
was found that thunderstorms with relatively weak convection and large precipitation areas were more likely to
produce LCCG lightning. Furthermore, active positive
LCCG lightning was associated with large-area MCStype PFs, and this was particularly evident in the spatial
distribution during the nonrainy season. This might be
attributed to the preference of positive LCCG lightning
in the stratiform regions of MCSs.
Acknowledgments. This work is supported by the
National Key Basic Research Program of China
(2014CB441402, 2014CB441406), the Basic Research
Fund of the Chinese Academy of Meteorological Sciences
(Grant No. 2014R017, 2013Z006), and the Natural Science
Foundation of China (91537209, 41005006, 41405004). We
thank the institutions and organizations providing the data
used in this study. The CG lightning data were provided by
the State Grid Electric Power Research Institute. The data
for total lightning were required as part of the TRMM.
The TRMM LIS 0.58 HRFC dataset for this paper is
available online (http://thunder.msfc.nasa.gov/data/data_
lis-otd-climatology.html). The TRMM PF dataset was
provided by the University of Utah (http://trmm.chpc.
utah.edu/). TRMM is an international project jointly
sponsored by the Japan National Space Development
Agency (NASDA) and the National Aeronautics and
Space Administration’s (NASA) Office of Earth Sciences.

REFERENCES
Altaratz, O., Z. Levin, Y. Yair, and B. Ziv, 2003: Lightning activity over
land and sea on the eastern coast of the Mediterranean. Mon.
Wea. Rev., 131, 2060–2070, doi:10.1175/1520-0493(2003)131,2060:
LAOLAS.2.0.CO;2.
Biswas, K. R., and P. V. Hobbs, 1990: Lightning over the Gulf
Stream. Geophys. Res. Lett., 17, 941–943, doi:10.1029/
GL017i007p00941.
Boccippio, D. J., W. J. Koshak, and R. J. Blakeslee, 2002: Performance assessment of the Optical Transient Detector and
Lightning Imaging Sensor. Part I: Predicted diurnal variability. J. Atmos. Oceanic Technol., 19, 1318–1332, doi:10.1175/
1520-0426(2002)019,1318:PAOTOT.2.0.CO;2.
Bruning, E. C., and D. R. MacGorman, 2013: Theory and observations of controls on lightning flash size spectra. J. Atmos.
Sci., 70, 4012–4028, doi:10.1175/JAS-D-12-0289.1.

VOLUME 29

Calhoun, K. M., D. R. MacGorman, C. L. Ziegler, and M. I.
Biggerstaff, 2013: Evolution of lightning activity and storm
charge relative to dual-Doppler analysis of a high-precipitation
supercell storm. Mon. Wea. Rev., 141, 2199–2223, doi:10.1175/
MWR-D-12-00258.1.
Carey, L. D., M. J. Murphy, T. L. McCormick, and N. W. S.
Demetriades, 2005: Lightning location relative to storm
structure in a leading-line, trailing-stratiform mesoscale convective system. J. Geophys. Res., 110, D03105, doi:10.1029/
2003JD004371.
Cecil, D. J., E. B. Buechler, and J. B. Richard, 2014: Gridded
lightning climatology from TRMM-LIS and OTD: Dataset
description. Atmos. Res., 135–136, 404–414, doi:10.1016/
j.atmosres.2012.06.028.
Chen, L., Y. Zhang, W. Lu, D. Zheng, Y. Zhang, S. Chen, and
Z. Huang, 2012: Performance evaluation for a lightning location system based on observations of artificially triggered
lightning and natural lightning flashes. J. Atmos. Oceanic
Technol., 29, 1835–1844, doi:10.1175/JTECH-D-12-00028.1.
Chen, S., Y. Du, L. Fan, H. He, and D. Zhong, 2002: Evaluation of
the Guang Dong lightning-location system with transmission
line fault data. Proc. Inst. Elect. Eng. Sci. Meas. Technol., 149,
9–16, doi:10.1049/ip-smt:20020131.
Christian, H. J., and Coauthors, 2003: Global frequency and distribution of lightning as observed from space by the Optical
Transient Detector. J. Geophys. Res., 108, 4005, doi:10.1029/
2002JD002347.
Chronis, T. G., 2012: Preliminary lightning observations over Greece.
J. Geophys. Res., 117, D03113, doi:10.1029/2011JD017063.
——, K. Cummins, R. Said, W. Koshak, E. McCaul, E. R. Williams,
G. T. Stano, and M. Grant, 2015: Climatological diurnal variation of negative CG lightning peak current over the continental United States. J. Geophys. Res. Atmos., 120, 582–589,
doi:10.1002/2014JD022547.
Cummins, K. L., M. J. Murphy, E. A. Bardo, W. L. Hiscox, R. B.
Pyle, and A. E. Pifer, 1998: A combined TOA/MDF technology upgrade of the U.S. National Lightning Detection
Network. J. Geophys. Res., 103, 9035–9044, doi:10.1029/
98JD00153.
——, J. A. Cramer, W. A. Brooks, and E. P. Krider, 2005: On the
effect of land-sea and other earth surface discontinuities on
LLS-inferred lightning parameters. Proc. Eighth Int. Symp. on
Lightning Protection, São Paulo, Brazil, Institute of Energy
and Environment of the University of São Paulo–Institute of
Electrical and Electronics Engineers, 106–111.
Ding, Y., and Z. Wang, 2008: A study of rainy seasons in China. Meteor. Atmos. Phys., 100, 121–138, doi:10.1007/s00703-008-0299-2.
Gill, T., 2009: Initial steps in the development of a comprehensive
lightning climatology of South Africa. M.S. thesis, School of
Geography, Archaeology and Environmental Studies, University of Witwatersrand, 108 pp.
Goodman, S. J., and D. R. MacGorman, 1986: Cloud-to-ground
lightning activity in mesoscale convective complexes. Mon. Wea.
Rev., 114, 2320–2328, doi:10.1175/1520-0493(1986)114,2320:
CTGLAI.2.0.CO;2.
Hidayat, S., and M. Ishii, 1998: Spatial and temporal distribution of
lightning activity around Java. J. Geophys. Res., 103,
14 001–14 009, doi:10.1029/97JD01576.
Holle, R. L., 2014: Diurnal variations of NLDN-reported cloud-toground lightning in the United States. Mon. Wea. Rev., 142,
1037–1052, doi:10.1175/MWR-D-13-00121.1.
Hutchins, M. L., R. H. Holzworth, K. S. Virts, J. M. Wallace, and
S. Heckman, 2013: Radiated VLF energy differences of land

Unauthenticated | Downloaded 01/09/23 02:36 AM UTC

15 APRIL 2016

ZHENG ET AL.

and oceanic lightning. Geophys. Res. Lett., 40, 2390–2394,
doi:10.1002/grl.50406.
Jian, M., 1994: The division of seasons for the South China region.
Acta Sci. Natur. Univ. Sunyatseni, 33, 131–133.
Kandalgaonkar, S. S., M. I. R. Tinmaker, J. R. Kulkarni, A. Nath,
M. K. Kulkarni, and H. K. Trimbake, 2005: Spatio-temporal
variability of lightning activity over the Indian region.
J. Geophys. Res., 110, D11108, doi:10.1029/2004JD005631.
Kochtubajda, B., W. R. Burrows, and B. E. Power, 2006: Large
current lightning flashes in Canada. Proc. Second Conf. on
Meteorological Applications of Lightning Data, Atlanta,
Georgia, Amer. Meteor. Soc., P2.11. [Available online at https://
ams.confex.com/ams/pdfpapers/104045.pdf.]
Krider, E. P., C. Leteinturier, and J. C. Willet, 1996: Submicrosecond fields radiated during the onset of first return strokes in
cloud-to-ground lightning. J. Geophys. Res., 101, 1589–1597,
doi:10.1029/95JD02998.
Kuleshov, Y., D. Mackerras, and M. Darveniza, 2006: Spatial distribution and frequency of lightning activity and lightning flash
density maps for Australia. J. Geophys. Res., 111, D19105,
doi:10.1029/2005JD006982.
Kumar, P. R., and A. K. Kamra, 2010: Lightning activity variations
over three islands in a tropical monsoon region. Atmos. Res.,
98, 309–316, doi:10.1016/j.atmosres.2010.07.014.
Kummerow, C., W. Barnes, T. Kozu, J. Shiue, and J. Simpron, 1998:
The Tropical Rainfall Measuring Mission (TRMM) sensor
package. J. Atmos. Oceanic Technol., 15, 809–817, doi:10.1175/
1520-0426(1998)015,0809:TTRMMT.2.0.CO;2.
Liu, C., 2007: University of Utah TRMM precipitation and cloud
feature database: Description version 1.0. Dept. of Meteorology
Rep., University of Utah, 22 pp. [Available online at http://trmm.
chpc.utah.edu/docs/trmm_database_description_v1.0.pdf.]
——, E. J. Zipser, D. J. Cecil, S. W. Nesbitt, and S. Sherwood, 2008:
A cloud and precipitation feature database from nine years
of TRMM observations. J. Appl. Meteor. Climatol., 47,
2712–2728, doi:10.1175/2008JAMC1890.1.
Luo, Y., H. Wang, R. Zhang, W. Qian, and Z. Luo, 2013: Comparison of rainfall characteristics and convective properties of
monsoon precipitation systems over South China and the
Yangtze and Huai River basin. J. Climate, 26, 110–132,
doi:10.1175/JCLI-D-12-00100.1.
Lyons, W. A., M. Uliasz, and T. E. Nelson, 1998: Large peak current
cloud-to-ground lightning flashes during the summer months in
the contiguous United States. Mon. Wea. Rev., 126, 2217–2233,
doi:10.1175/1520-0493(1998)126,2217:LPCCTG.2.0.CO;2.
Ma, M., S. Tao, B. Zhu, and W. Lu, 2005: Climatological distribution of lightning density observed by satellites in China and
its circumjacent regions. Sci. China, 48D, 219–229, doi:10.1360/
03yd0204.
Mazarakis, N., V. Kotroni, K. Lagouvardos, and A. A. Argiriou,
2008: Storms and lightning activity in Greece during the warm
periods of 2003–06. J. Appl. Meteor. Climatol., 47, 3089–3098,
doi:10.1175/2008JAMC1798.1.
Meng, W., J. Yan, and H. Hu, 2007: Possible impact of urbanization
on severe thunderstorms over Pearl River delta. Chin.
J. Atmos. Sci., 31, 364–376.
——, H. Li, Y. Zhang, G. Dai, and Q. Wan, 2012: A modeling
study of the impacts of Pearl River delta urban environment on convective precipitation. Chin. J. Atmos. Sci., 36,
1063–1076.
——, Y. Zheng, B. Wang, Y. Zhang, D. Jiang, J. Yuan, and
C. Luo, 2014: Observational and numerical study of impacts
of interactions between heat island and sea-breeze on the

2847

late-afternoon severe precipitation over Pearl River Delta.
J. Trop. Meteor., 30, 1011–1026.
Nag, A., and Coauthors, 2011: Evaluation of U.S. National Lightning Detection Network performance characteristics using
rocket-triggered lightning data acquired in 2004–2009.
J. Geophys. Res., 116, D02123, doi:10.1029/2010JD014929.
Orville, R. E., and G. R. Huffines, 1999: Lightning ground flash measurements over the contiguous United States: 1995–97. Mon. Wea.
Rev., 127, 2693–2703, doi:10.1175/1520-0493(1999)127,2693:
LGFMOT.2.0.CO;2.
——, and ——, 2001: Cloud-to-ground lightning in the United
States: NLDN results in the first decade, 1989–98. Mon. Wea.
Rev., 129, 1179–1193, doi:10.1175/1520-0493(2001)129,1179:
CTGLIT.2.0.CO;2.
——, ——, W. R. Burrows, R. L. Holle, and K. L. Cummins, 2002: The
North American Lightning Detection Network (NALDN)—
First results: 1998–2000. Mon. Wea. Rev., 130, 2098–2109,
doi:10.1175/1520-0493(2002)130,2098:TNALDN.2.0.CO;2.
——, ——, ——, and K. L. Cummins, 2011: The North American
Lightning Detection Network (NALDN)— Analysis of flash
data: 2001–09. Mon. Wea. Rev., 139, 1305–1322, doi:10.1175/
2010MWR3452.1.
Petersen, D., M. Bailey, W. H. Beasley, and J. Hallett, 2008: A brief
review of the problem of lightning initiation and a hypothesis
of initial lightning leader formation. J. Geophys. Res., 113,
D17205, doi:10.1029/2007JD009036.
Petersen, W. A., and S. A. Rutledge, 1992: Some characteristics of
cloud-to-ground lightning in tropical northern Australia.
J. Geophys. Res., 97, 11 553–11 560, doi:10.1029/92JD00798.
Pinto, O., Jr., K. P. Naccarato, I. R. C. A. Pinto, W. A. Fernandes,
and O. P. Neto, 2006: Monthly distribution of cloud-to-ground
lightning flashes as observed by lightning location systems.
Geophys. Res. Lett., 33, L09811, doi:10.1029/2006GL026081.
——, I. R. C. A. Pinto, D. R. de Campos, and K. P. Naccarato, 2009:
Climatology of large peak current cloud-to-ground lightning
flashes in southeastern Brazil. J. Geophys. Res., 114, D16105,
doi:10.1029/2009JD012029.
Qie, X., R. Toumi, and T. Yuan, 2003: Lightning activities on the
Tibetan Plateau as observed by the Lightning Imaging Sensor.
J. Geophys. Res., 108, 4551, doi:10.1029/2002JD003304.
Rudlosky, S. D., and H. E. Fuelberg, 2010: Pre- and postupgrade
distributions of NLDN reported cloud-to-ground lightning
characteristics in the contiguous United States. Mon. Wea.
Rev., 138, 3623–3633, doi:10.1175/2010MWR3283.1.
Rutledge, S. A., and D. R. MacGorman, 1988: Cloud-to-ground
lightning in the 10–11 June 1985 mesoscale convective system observed during the Oklahoma–Kansas PRE-STORM
project. Mon. Wea. Rev., 116, 1393–1408, doi:10.1175/
1520-0493(1988)116,1393:CTGLAI.2.0.CO;2.
——, C. Lu, and D. R. MacGorman, 1990: Positive cloud-toground lightning in mesoscale convective systems. J. Atmos.
Sci., 47, 2085–2100, doi:10.1175/1520-0469(1990)047,2085:
PCTGLI.2.0.CO;2.
——, E. R. Williams, and W. A. Petersen, 1993: Lightning and
electrical structure of mesoscale convective systems. Atmos.
Res., 29, 27–53, doi:10.1016/0169-8095(93)90036-N.
Said, R. K., M. B. Cohen, and U. S. Inan, 2013: Highly intense
lightning over the oceans: Estimated peak currents from
global GLD360 observations. J. Geophys. Res. Atmos., 118,
6905–6915, doi:10.1002/jgrd.50508.
Seity, Y., S. Soula, and H. Sauvageot, 2001: Lightning and precipitation relationship in coastal thunderstorms. J. Geophys.
Res., 106, 22 801–22 816, doi:10.1029/2001JD900244.

Unauthenticated | Downloaded 01/09/23 02:36 AM UTC

2848

JOURNAL OF CLIMATE

Soriano, L. R., F. de Pablo, and E. G. Diez, 2001: Cloud-to-ground
lightning activity in the Iberian Peninsula: 1992–1994. J. Geophys.
Res., 106, 11 891–11 901, doi:10.1029/2001JD900055.
Steiger, S. M., and R. E. Orville, 2003: Cloud-to-ground lightning
enhancement over southern Louisiana. Geophys. Res. Lett.,
30, 1975, doi:10.1029/2003GL017923.
Tyahla, L. J., and R. E. Lopez, 1994: Effect of surface conductivity
on the peak magnetic field radiated by first return strokes in
cloud-to-ground lightning. J. Geophys. Res., 99, 10 517–10 525,
doi:10.1029/94JD00384.
Wang, Y., W. Chen, and J. Liu, 2009: Temporal and spatial distributions of lightning activity in south of China from
TRMM satellite observation (in Chinese). J. Trop. Meteor.,
25, 227–233.
——, Q. Wan, W. Meng, F. Liao, H. Tan, and R. Zhang, 2011:
Long-term impacts of aerosols on precipitation and lightning
over the Pearl River delta megacity area in China. Atmos.
Chem. Phys., 11, 12 421–12 436, doi:10.5194/acp-11-12421-2011.
Williams, E., and S. Stanfill, 2002: The physical origin of the land–
ocean contrast in lightning activity. C. R. Phys., 3, 1277–1292,
doi:10.1016/S1631-0705(02)01407-X.
——, and Coauthors, 2002: Contrasting convective regimes over
the Amazon: Implications for cloud electrification. J. Geophys.
Res., 107, 8082, doi:10.1029/2001JD000380.
——, T. Chan, and D. Boccippio, 2004: Islands as miniature continents: Another look at the land-ocean lightning contrast.
J. Geophys. Res., 109, D16206, doi:10.1029/2003JD003833.
Wu, X., X. Xiu, and Y. Tie, 2013: Regional distribution and diurnal
variation of deep convective systems over the Asian monsoon
region. Sci. China Earth Sci., 56, 843–854, doi:10.1007/
s11430-012-4551-8.
Xu, W., 2013: Precipitation and convective characteristics of
summer deep convection over East Asia observed by

VOLUME 29

TRMM. Mon. Wea. Rev., 141, 1577–1592, doi:10.1175/
MWR-D-12-00177.1.
——, E. J. Zipser, and C. Liu, 2009: Rainfall characteristics and
convective properties of mei-yu precipitation systems over
South China, Taiwan, and the South China Sea. Part I: TRMM
observations. Mon. Wea. Rev., 137, 4261–4275, doi:10.1175/
2009MWR2982.1.
Yang, S., and E. A. Smith, 2006: Mechanisms for diurnal variation
of global tropical rainfall observed from TRMM. J. Climate,
19, 5190–5226, doi:10.1175/JCLI3883.1.
Yang, X., J. Sun, and W. Li, 2015: An analysis of cloud-to-ground
lightning in China during 2010–13. Wea. Forecasting, 30, 1537–
1550, doi:10.1175/WAF-D-14-00132.1.
Zhang, M., X. Liu, Y. Zhang, L. Fang, D. Zhong, and L. Zhou,
2000: Preliminary study on climatological distributions of
lightning flash in Guangdong (in Chinese). J. Trop. Meteor.,
16, 46–53.
Zhang, W., Q. Meng, M. Ma, and Y. Zhang, 2011: Lightning
casualties and damages in China from 1997 to 2009. Nat.
Hazards, 57, 465–476, doi:10.1007/s11069-010-9628-0.
Zheng, D., and D. R. MacGorman, 2016: Characteristics of flash
initiations in a supercell cluster with tornadoes. Atmos. Res.,
167, 249–264, doi:10.1016/j.atmosres.2015.08.015.
——, Y. Zhang, Q. Meng, W. Lu, and M. Zhong, 2010: Lightning
activity and electrical structure in a thunderstorm that continued for more than 24 h. Atmos. Res., 97, 241–256,
doi:10.1016/j.atmosres.2010.04.011.
Zheng, Y., and J. Cheng, 2011: A climatology of deep convection
over south China and adjacent seas during summer (in Chinese). J. Trop. Meteor., 27, 495–508.
Zipser, E. J., C. T. Liu, D. J. Cecil, S. W. Nesbitt, and D. P. Yorty, 2006:
Where are the most intense thunderstorms on Earth? Bull. Amer.
Meteor. Soc., 87, 1057–1071, doi:10.1175/BAMS-87-8-1057.

Unauthenticated | Downloaded 01/09/23 02:36 AM UTC

