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A B S T R A C T

The geographical distributions of flash duration, length, footprint and radiance, as well as their correspondence
with thunderstorm structures, are investigated for the first time in the Asia-Pacific region ranging from 70°E to
160°E and from 18°N to 36°N and in six specially chosen regions by employing flash data collected by the
Lightning Imaging Sensor (LIS) aboard the Tropical Rainfall Measuring Mission (TRMM) satellite and TRMM-
based radar precipitation feature (RPF) data from 2002 to 2014. The flash length, footprint and radiance values
are, on average, the largest over the deep ocean, followed by offshore waters and land. Flash duration is the
longest over the offshore waters near the east coast of China, followed by the deep ocean and land. The Tibet
Plateau and the northern part of the Indian Peninsula have the weakest flash properties in the study region.
Furthermore, the geographic distributions of the flash properties exhibit evident seasonal changes. The mono-
tonic relationship between flash spatial size and radiance is stronger than the monotonic relationships between
flash duration and spatial size or radiance. Based on a comparison of the seasonal and regional changes in flash
properties with RPF properties, convective intensity is proposed to play a crucial role in characterizing the flash
spatial size and radiance, according to their inverse correlation in most regions. However, the climatological
correspondence between flash duration and thunderstorm structures remains poorly constrained. We have
launched a discussion of the possible association between thunderstorm structures and flash properties.

1. Introduction

While the temporal and spatial flash frequency around the world or
in particular regions has been studied in abundance (e.g., Christian
et al., 2003; Ma et al., 2005; Qie et al., 2003; Rudlosky and Fuelberg,
2010; Yang et al., 2015; Zheng et al., 2016), other flash properties, such
as spatial and temporal scale and power, have only recently become the
main subjects of study. Beirle et al. (2014) documented the spatial
distributions of multiple flash properties in global tropical and sub-
tropical regions based on the optical lightning data from the Optical
Transient Detector (OTD) (Boccippio et al., 2001; Christian et al., 2003)
and the Lightning Imaging Sensor (LIS) (Christian et al., 1999). They
found that, compared to continental flashes, oceanic flashes were as-
sociated with higher values for all lightning properties; in addition, the
highest and lowest values were located in the eastern US and India,
respectively. Peterson and Liu (2013), employing the LIS data, reported
that the mean illuminated area of oceanic flashes was 31.7% larger

during the day and 39.8% larger at night relative to land flashes. Si-
milarly, the corresponding values for the mean optical radiance of
flashes were 24.6% and 41.2%, respectively. They also noted that
coastal flashes tended to last longer than land and oceanic flashes,
specifically, 22.1% and 7.8% longer than land and oceanic flashes, re-
spectively, during the day and 15.6% and 11.4% longer than land and
oceanic flashes, respectively, at night.

Other studies have associated flash size or power with storm
structures. Bruning and MacGorman (2013), Calhoun et al. (2013),
Zhang et al. (2017a), Zheng and MacGorman (2016), Zheng et al.
(2018) and others have documented that spatially large flashes tend to
occur in regions featuring weak convection, such as the forward anvil of
supercells, and that spatially small flashes tend to occur in regions
characterized by strong updraft and recycling or entrainment shear,
such as the area near or around the updraft in supercells. They proposed
that the charge structure in the region with weak convection may be
dominated by horizontally broad charges, while that in the region with
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strong convection may be dominated by charge pockets (Bruning and
MacGorman, 2013). In general, the former charge pattern tends to
produce large-size but low-rate lightning, whereas the latter charge
pattern tends to produce small-size but high-rate lightning. These
charge patterns may also be related to the discharge intensity of
lightning. Based on 10 mesoscale convective systems, Wang et al.
(2016) found that the median peak current in the first return strokes of
positive cloud-to-ground (CG) lightning and negative CG lightning in
the stratiform regions were 26% and 24% greater than their counter-
parts in the convective regions, respectively. Zheng et al. (2016) re-
ported that thunderstorms with weaker convection during the morning
had a greater ratio of large-current CG lightning than those with strong
convection during the afternoon.

In summary, the spatial and temporal scale and power of flashes
should be related to thunderstorm and charge structures, and these
relationships are different from the traditional flash rate. In this study,
we investigate the flash properties, including the duration, spatial size,
and radiance of flashes, in the Asia-Pacific region based on climatolo-
gical statistics. Furthermore, we focus on the comparison of these
properties among different regions and the possible impacts of thun-
derstorms on these properties. This study represents the first time that
flash properties other than flash rate have received special attention in
this region characterized by complicated topography.

2. Data and methodology

2.1. Study area

Fig. 1 shows the general study area ranging from 70°E to 160°E and
from 18°N to 36°N, which includes ocean, land and the high-elevation
Tibet Plateau. We further chose six subregions delineated by the red
lines in Fig. 1 in order to further investigate and compare the properties
of flashes. The choice of these regions involved consideration of ter-
rains, i.e., ocean, offshore coastal ocean, land and plateau, as well as the
flash properties in these regions, which are discussed in Section 3.1. The
six regions are named as the plateau (PLA), southern Himalayan front
(SHF), inland (INL), offshore (OFS), ocean to the east of Japan (OEJ)
and deep ocean (DPO), as shown in Fig. 1.

2.2. Data

LIS flash data and radar precipitation feature (RPF) data from 2002
to 2014 are employed in this analysis.

2.2.1. LIS flash data
The lightning data used in this study are derived from the ob-

servations of LIS, an optical instrument aboard the Tropical Rainfall
Measuring Mission (TRMM) satellite. LIS was designed to observe op-
tical events caused by flashes at a height of 350 km before August 2001
and 402 km thereafter in the inclined TRMM orbit. Its view field width
was approximately 600 km at the Earth's surface, with a spatial re-
solution of approximately 3 km at nadir and 6 km at limb. The flash

detection efficiency of the LIS was reported by Boccippio et al. (2002)
to be 73 ± 11% during the daytime and 93 ± 4% during the night-
time. The principle flash product of the LIS was composed of several
components, including event, group, flash, etc. An event was defined as
a single detector pixel exceeding the background radiance threshold.
Single or continuous events in space within the same approximate 2-ms
LIS frame were defined as a group. Groups occurring within 330ms and
5.5 km of each other were clustered together as a flash. Mach et al.
(2007) demonstrated that the LIS flash clustering algorithm was robust.

In this study, we employed the flash properties in the LIS hdf data
files provided by the National Aeronautics and Space Administration
(NASA), including duration, footprint (spatial extent of the flash) and
radiance (integrated radiance of all events comprising a flash). An ad-
ditional property, flash length, was calculated by extracting the largest
horizontal distance between any two events belonging to a flash. In the
following text, the term “flash size” refers to the duration, length and
footprint of flash, i.e., the spatial and temporal size of flash. The term
“flash spatial size” refers to the length and area of the flash.

In Section 3, we provide the geographical distributions of lightning
density in different seasons based on the LIS 0.1-degree Very High
Resolution Gridded Lightning Monthly Climatology (VHRMC) data
provided by the NASA Global Hydrology Resource Center. In these data,
flashes and viewtimes were assigned to daily 0.1°× 0.1° bins, with the
addition of substantial smoothing. A 1°× 1° boxcar moving average
was applied to the 0.1° grid points, and a 49-day boxcar moving average
was applied to the flash counts and viewtimes before computing flash
rates (Albrecht et al., 2016).

2.2.2. Precipitation feature data
The University of Utah TRMM-based RPF dataset was used to

characterize the structure of precipitation systems (Liu, 2007; Liu et al.,
2008). The RPF dataset was built by collecting multiple observations
from Precipitation Radar (PR), TRMMMicrowave Imager (TMI), Visible
and Infrared Scanner (VIRS) and LIS data. An RPF was defined as a
contiguous area with a TRMM 2A25 rainfall rate> 0, with the rainfall
rate being estimated from the observation of PR (Iguchi et al., 2000).

2.3. Selection of the LIS data

To ensure the reliability of the LIS data, we first discarded some
flashes with extreme property values, including durations> 3 s or
equal to 0 s and lengths larger than 1000 km or smaller than 4 km.
Some studies investigating the flash duration have suggested that the
flashes typically lasted around 0.3 s on average (e.g., López et al., 2017;
Peterson and Liu, 2013; Zhang et al., 2017b; Zheng et al., 2018), and
followed a log-normal distribution with the bulk of flashes having re-
latively smaller durations (e.g., López et al., 2017; Zhang et al., 2017b;
Zheng et al., 2018). Flashes lasting> 3 s are extremely rare and may be
due to the inaccurate merging of groups into flashes in areas with
particularly intense lightning activity; therefore, some authors also used
3 s as a flash duration threshold for the end when they performed flash
clustering algorithm (e.g., MacGorman et al., 2008). A flash duration of

Fig. 1. The whole Asia-Pacific study area and six chosen subregions. The shading indicates surface elevation above mean sea level over land. PLA: plateau; SHF:
southern Himalayan front; INL: inland; OFS: offshore; OEJ: ocean to the east of Japan; DPO: deep ocean.
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0 s indicated that the flash was recorded in only one LIS frame. Lang
et al. (2017) reported the world's largest detected flash with a hor-
izontal distance of 321 km, which was observed by the Lightning
Mapping Array (LMA), a very-high-frequency lightning location system
(Rison et al., 1999; Krehbiel et al., 2000; Thomas et al., 2004). It was
possible that the LIS could obtain a larger length than the lightning
location system based on electromagnetic radiation because the LIS
flash length was, in fact, the length of the area illuminated by a flash
rather than the actual flash length. Therefore, we subjectively stipu-
lated that the chosen flashes must have lengths smaller than 1000 km.
Additionally, considering the pixel size of the LIS, flashes with lengths
smaller than 4 km were also excluded. After above process, the chosen
LIS flashes in the whole study area accounted for approximately 88% of
the original LIS flashes (2022388/2305292).

The identification of optical flash signals was inevitably impacted
by background radiance; therefore, the LIS performances in daytime
and nighttime were different (Boccippio et al., 2002). Meanwhile, the
diurnal variations in flash activity above different terrains or in dif-
ferent areas were diverse; therefore, the diurnal cycle of LIS perfor-
mance unfavorably impacted the comparison of flash properties among
the different regions. To avoid this impact as much as possible, we
chose LIS data during the periods when 1) the performance of the LIS
was relatively stable and 2) the performance of the LIS in the different
regions were uniform. An effective method was to check the minimum
detectable flash discharge intensity, such as the minimum detected
flash event radiance or peak current, as performed in Peterson and Liu
(2013) and Zheng et al. (2016), respectively.

LIS data from the six regions delineated in Fig. 1 were used to de-
termine the minimum detected flash event radiances in these regions.
The diurnal variations (note: local time) of the minimum detected flash
event radiances and the flash frequencies are shown in Fig. 2. From
Fig. 2a, two periods with relatively stable and similar detectable
minimum flash event radiances were identified, from 0900 to 1400 and
from 1800 to 0600 local time (LT). During other hours, the detectable
minimum flash event radiances in the different regions all exhibited
rapid changes. Therefore, the LIS flashes from 0900 to 1400 LT and
from 1800 to 0600 LT were preliminarily chosen for the further analysis
sensitive to diurnal variation of LIS performance and roughly defined

the two periods as daytime and nighttime, respectively. The choice of
LIS data by time caused the data sample number to decrease because
many other flashes occurred during the unconsidered periods, as shown
in Fig. 2b. The final data sample numbers for the full study area and in
the six regions during different periods are shown in Table 1.

2.4. Match between RPFs and flashes

To discuss the possible association between lighting properties and
thunderstorm structures derived from RPF data, the LIS flashes were
correlated with the RPFs using a simple method. The RPF dataset
contains some variables describing an ellipse that fit the shape of an
RPF. We extended the long axis and the short axis of the original ellipse
by a third to form a new ellipse. To assign a flash to an RPF, the given
flash position must be located in the new ellipse. The reasons for doing
this are that 1) the minimum detectable signal of TRMM/PR that lim-
ited the range of RPF was approximately above 17–18 dBZ (e.g., Park
et al., 2015), indicating that the outskirts of the storms possibly in-
volved in the flash discharges were not included in the RPF; and 2) the
position of the flashes referenced in the matching process was the
centroid of latitude and longitude of pixels with radiance weighted, and
might be located out of the RPF, even parts of the flash channels pro-
pagated through the RPF. Considering the swath widths of the PR
(approximate 250 km) and LIS (about 600 km), it was hoped that the
ratio of matched flashes to the total flashes should not be>40%. In the
case of an 1/3 expansion of the ellipse, the matched flashes accounted
for approximately 33% (672777/2022388) of the samples after ex-
cluding the extreme flashes as discussed in Section 2.3 in the whole
study area; for the six chosen regions the corresponding percentages
ranged from approximately 25% (OFS) to 37% (OFS). The matched
RPFs and flashes are employed in Section 3.4.

3. Analysis and results

3.1. Spatial distributions of flash properties in different seasons

According to previous studies on seasonal lightning activity in some
areas of the study region (e.g., Toumi and Qie, 2004; Xia et al., 2015;

Fig. 2. Diurnal variations in the minimum detectable flash event radiances (a) and the flash frequencies (b).
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Yang et al., 2015), we roughly divided the years into two seasons: the
warm season from April to October and the cold season from November
to March. When we compared the seasonal flash properties, the LIS
flashes after removing the exceptional samples (Section 2.3) were taken
into consideration, including a total of 1829103 LIS flashes in the warm
season and 193285 LIS flashes in the cold season.

Fig. 3 shows the spatial distributions of flash density in different
seasons. In the warm season (Fig. 3a), there was an evident decreasing
trend in flash density from the land to the ocean, agreeing with the
comparison of global flashes between land and ocean (e.g., Christian
et al., 2003; Mach et al., 2010). The most intense flash activity was
located along the SHF and over the Pearl River Delta in southern China
(around 114°E and 23°N). Meanwhile, the flash density over the Tibet
Plateau (the region approximately between 74°E and 104°E and be-
tween 25°N and 36°N in Fig. 3) was the same as that over the offshore
waters. In the cold season (Fig. 3b), the most intense flash activity was
still located along the SHF, but the flash density was less than that in
the warm season. The Tibet Plateau had the lowest flash density in the
study region. Notably, over the ocean approximately between 140°E
and 160°E and between 30°N and 36°N (around the OEJ in Fig. 1), the
lightning density in the cold season was greater than that in the warm
season (Fig. 3c), which might be associated with the Kuroshio Current

along the eastern coast of Asia during winter (e.g., Montanyà et al.,
2016).

The seasonal variation in the mean flash duration in space is shown
in Fig. 4. While the large values of flash duration were mainly located
over the offshore waters and the ocean regions to the north of ap-
proximately 27°N in the warm season (Fig. 4a), they moved toward the
south of ocean and appeared over some land regions in the cold season
(Fig. 4b). As a whole, the ocean featured a greater flash duration than
the land, especially in the warm season, while the flashes over the
offshore waters tended to last the longest. Interestingly, the duration of
flashes over the northern part of the Indian Peninsula differed markedly
between the two seasons, with very small values in the warm season
and relatively large values in the cold season. Meanwhile, over the
northern ocean in the study area, flashes featured long durations in the
warm season but short durations in the cold season. Referring to the
difference of flash duration between the warm and cold seasons
(Fig. 4c), in most parts of the southern China, Indochina Peninsula in-
volved in the study area and most parts of the investigated ocean,
especially over the ocean to the north of approximately 30°N, the flash
duration in the warm season was larger than in the cold season. In most
of Indian Peninsula, South China Sea involved in the study area and
parts of midwestern and northern China, the warm season featured

Table 1
Sample numbers of LIS flashes for the whole study area and for the six chosen regions during daytime and nighttime.

Periods Whole area PLA SHF INL OFS DPO OEJ

Daytimea 243706 (12.1%) 14054 (25.3%) 47700 (10.3%) 19241 (11.1%) 2251 (12.2%) 2343 (17.2%) 6337 (15.3%)
Nighttimea 1060670 (52.5%) 15920 (28.7%) 278759 (60.3%) 92232 (53.1%) 11415 (61.7%) 7424 (54.4%) 23 823 (57.6%)

a The percentages following the flash numbers mean the ratio of the chosen flashes during daytime or nighttime to the total flashes (after being filtered according
to the duration and length, as introduced in the first graph of Section 2.3).

Fig. 3. Spatial distributions of the flash density in the warm season (a) and the cold season (b) and of the difference of flash density between the warm and cold
seasons (c). The grid boxes are of the size of 0.1°× 0.1°.

J. You, et al. Atmospheric Research 223 (2019) 98–113

101



shorter-duration flashes than the cold season.
The spatial distributions of mean flash length (Fig. 5) and flash

footprint (Fig. 6) shared similar patterns; they are analyzed together
here. In the warm season (Fig. 5a and Fig. 6a), the flash spatial size
presented a clear decreasing trend from the ocean to the land, with
large values over the deep ocean and small values over the Qinghai-
Tibet Plateau and northern part of the Indian Peninsula. In the cold
season (Fig. 5b and Fig. 6b), the belt at approximately 25°N over the
ocean featured a small flash spatial size, separating two belts with large
flash spatial size values, i.e., the northern ocean and eastern land to the
north of 30°N and the southern ocean to the south of 20°N. Over the
inland region, especially over the region mainly across parts of Henan,
Shaanxi and Sichuan Provinces of China, extremely large flash centers
emerged in the cold season (Fig. 5b and Fig. 6b). The difference of the
flash spatial size between the warm and cold seasons (Fig. 5c and
Fig. 6c) suggested that the spatial extent of flashes over the south
analysis areas was generally larger in the warm season than in the cold
season, especially over the ocean region approximately between 19°N
and 27°N and between 125°E and 160°E.

The spatial distributions of the mean flash radiance are shown in
Fig. 7. In the warm season, flash radiance exhibited a progressive de-
crease from the deep ocean to inland areas in the study area, with small
values occurring over the Qinghai-Tibet Plateau and the northern part
of the Indian Peninsula and large values occurring over the east open
ocean in the study area, as shown in Fig. 7a. In the cold season (Fig. 7b),
a prominent belt with large flash radiance values was located in the
region to the north of 30°N and between approximately 104°E and
160°E, with two centers occurring over inland China (almost coinciding
with the area of large flash spatial size values in Fig. 5b and Fig. 6b) and
the region between 122°E and 160°E. Relative to the flash radiance in
the cold season, the flashes over the open ocean region approximately

to the south of 27°N and between 125°E and 160°E had greater radiance
in the warm season, as shown in Fig. 7c.

As a whole, the ocean-land differences in flash properties, including
flash density, duration, spatial size, and intensity, were more distinct in
the warm season than in the cold season. It should be noted that the
flash properties also differed in ways other than just their spatial dis-
tribution between the different seasons, leading to some interesting
seasonal comparisons in some specific areas. For example, while the
mean flash spatial size and radiance over the northern part of Indian
Peninsula remained small in both seasons, the mean flash duration in
this area was abnormally high (Fig. 4b) in the cold season but low in the
warm season. Over the northern part of the investigated ocean areas,
the flashes possessed a relatively long duration (Fig. 4a) and a moderate
flash spatial size (Fig. 5a and 6a) in the warm season. However, the
flashes in these areas had a short average duration (Fig. 4b) but a very
large average radiance (Fig. 7b) in the cold season. The results might
suggest that complicated relationships exist among different flash
properties and their connection with thunderstorms.

3.2. Spatial distribution of flash properties during daytime and nighttime

The spatial distributions of mean flash properties during daytime
and nighttime are shown in Fig. 8 and Fig. 9, respectively, according to
243706 flashes during daytime and 1060670 flash during nighttime
(Table 1). Although the values of flash size and radiance differed be-
tween daytime and nighttime, their spatial patterns were generally
parallel.

There are some common aspects between flash size and radiance.
Unlike flash density which was generally high over the land and low
over the ocean, the average values for flash duration, length, footprint
and radiance were all higher over the ocean than over the land.

Fig. 4. Spatial distributions of the mean flash duration in the warm season (a) and the cold season (b) and of the difference of mean flash duration between the warm
and cold seasons (c). The grid boxes are of the size of 2°× 2°.
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Fig. 5. Same as Fig. 4 but for mean flash length.

Fig. 6. Same as Fig. 4 but for mean flash footprint.
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Furthermore, in the study area, the flash size and radiance values were
lowest in the regions that cover the Tibet Plateau and the northern part
of the Indian Peninsula, followed by the regions of central and eastern
China and the oceanic regions. The distributions might indicate that the
underlying surface plays an important role in determining the flash size
and intensity by impacting the structure of the thunderstorm.

Some differences among the flash properties were interesting. Flash
duration exhibited spatially continuous high values over the offshore
waters near the east coast of China, followed by the deep ocean and
land (Fig. 8a and Fig. 9a). The areas with the maximum flash length and
footprint were located over the deep ocean approximately from 18°N to
25°N and 124°E to 160°E in the study area, followed by the other ocean
regions and land regions (Fig. 8b and c and Fig. 9b and c). Additionally,
the highest flash radiance values were located over the ocean regions to
the east of Japan (approximately to the east of 138°E and to the north of
30°N), followed by the other ocean regions and land regions (Fig. 8d
and Fig. 9d).

3.3. Relationships between different flash properties

While the flash duration, spatial size and radiance showed some
different spatial distributions, it was logical to investigate the re-
lationships among different flash properties, which we previously as-
sumed to be positively correlated. We only referred to the flashes oc-
curring during nighttime, because the flash sample number was
sufficient (1060670 flashes, referring to Table 1) and the values of flash
properties were expected to be more reliable during nighttime when the
LIS was of relatively better performance.

Fig. 10 shows the number density distributions for all pairs of flash
properties. It was indicated that most of the flashes were concentrated
in the region characterized by the relatively small flash property values.
The large densities of flashes in Fig. 10 roughly suggested the flash

properties inclined to be smaller than 0.25 s for flash duration, 4–15 km
for flash length, smaller than 200 km2 for flash footprint and smaller
than 0.1 J m−2 sr−1 μm−1 for flash radiance. We considered a good
correlation to be associated with a distribution pattern that was in-
clined and narrow, because it proposed that the changes of two flash
properties were related and monotonic. Therefore, the most prominent
correlation was between the length and footprint of flashes (Fig. 10e),
consistent with conclusions from Fig. 8b and c and Fig. 9b and c. The
distributions of flash spatial size and duration (Fig. 10a and b) were
inclined but close to vertical, which meant that, for a given flash length
or footprint, there was a wide range of possible values of flash duration,
indicating a weak correlation. The number density distribution for flash
spatial size and radiance (Fig. 10c and d) showed an inclined trend in
the regions with small values, but the width was relatively large, and
the pattern tended toward vertical at flash length values larger than
15 km and flash footprint values larger than 200 km2. Therefore, the
relationship between flash spatial size and radiance was likely stronger
than that between flash spatial size and duration but was weak for re-
latively large flashes. The number density distribution for flash duration
and radiance (Fig. 10 f) also suggested a weak correlation, character-
ized by a nearly horizontal pattern when the flash duration was below
0.3 s and a vertical pattern when the flash duration was above 0.3 s.
Thus, short-duration flashes tended to have radiance values con-
centrated in a certain range, but long-duration flashes tended to have a
wide variety of possible radiance values.

We further checked the correlations between different flash prop-
erties by investigating their Spearman's correlations, which is an ap-
propriate method for describing the monotonic relation between two
nonlinear-related variables. The results are shown in Table 2. Based on
the Spearman's correlation coefficients, the best monotonic relation was
between flash length and footprint, followed by that between flash
spatial size and radiance. Flash duration showed the worst monotonic

Fig. 7. Same as Fig. 4 but for mean flash radiance.
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relations with flash spatial size and radiance. These analyses well
agreed with our speculations from the spatial and the number density
distributions for all pairs of flash properties.

3.4. Properties of flashes and RPFs and their comparisons

To understand the variations in flash properties across seasons and
underlying surfaces and their possible associations with the structures
of thunderstorms, we focused on the flash and RPF properties in the six
chosen regions shown in Fig. 1. In this section, we employed the data
from the matched flashes and RPFs introduced in Section 2.4.

3.4.1. Comparisons of seasonal changes in flash and RPF properties
In Fig. 11, the top, middle and bottom horizontal lines of or within

the boxes indicate the 25th, 50th (median) and 75th quantiles of the
flash properties. The numbers of the matched flashes and RPFs ranged
from 3237 (DPO) to 143533 (SHF) and from 398 (OFS) to 9706 (SHF),
respectively, in the warm season and from 42 (PLA) to 13019 (SHF) and
from 17 (PLA) to 1758 (OEJ), respectively, in the cold season.

According to the Fig. 11, the values of flash properties all exhibited
wide ranges and the seasonal changes of flash properties in different
regions were different. For duration, the flashes over DPO, PLA and SHF
had lower median values in the warm season than in the cold season,

while those over OEJ, OFS and INL had higher median values in the
warm season than in the cold season. For spatial size, the flashes over
DPO and OEJ had higher median values in the warm season, while
those over the other regions had lower median values in the warm
season. For radiance, except for DPO, the flashes over all other regions
had lower median values in the warm season than in the cold season.
Generally, over the land (INL, PLA and SHF), the flash spatial size and
radiance featured larger values in the cold season than the warm
season, showing a stronger regularity than the corresponding flash
properties over the ocean (DPO, OEJ and OFS). The comparisons again
indicated a relatively weak relationship between flash spatial size and
flash duration and a relatively strong relationship between flash spatial
size and flash radiance. For example, the flashes over OEJ, PLA and SHF
exhibited the same patterns in terms of flash duration and spatial size
between different seasons, while those over DPO, OFS and INL showed
the opposite patterns. However, except for OEJ, the flashes over the
other regions showed the same seasonal changes in flash spatial size
and radiance.

We further investigated some parameters of the RPFs producing the
analyzed flashes and compared the area and flash density of RPFs be-
tween warm and cold seasons over different regions, as shown in
Fig. 12. Flash density represents the flash rate relative to the view time
of LIS and the area of the associated RPF, with the unit of fl km−2 s−1; it

Fig. 8. Spatial distributions of the mean duration (a), length (b), footprint (c), and radiance (d) per flash during daytime. The statistical grid box is 2°× 2°.
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can be used as a proxy for the convective intensity, because strong ki-
nematics typically causes high-efficiency charging process and thus
high-frequency lightning discharges (Price and Rind, 1992; Ribaud
et al., 2016; Zheng et al., 2018). The areas of RPFs over the oceans
tended to have wider distribution ranges than those over the land
(Fig. 12 a) in both seasons; meanwhile, the flash densities of RPFs over
the land tended to have wider distribution ranges than those over the
oceans (Fig. 12b). The RPFs with flashes over the studied regions, ex-
cept for OEJ where the RPFs had larger area and smaller flash density in
the warm season than in the cold season, all had higher median areas in
the cold season than in the warm season and greater median flash
densities in the warm season than in the cold season.

Based on a comparison of Fig. 12 and Fig. 11, a positive correlation
between flash spatial size and RPF area and a negative correlation be-
tween flash spatial size and flash density of RPFs between different
seasons existed in the studied regions except for DPO. We noted that the
median area of RPFs with flashes over DPO was quite larger in the cold
season (Fig. 12a); while the median flash spatial size was smaller in the
cold season than in the warm season. Small flash spatial size meant that
the valid charge region (here and below, it indicates the continuous
regions where the charge density is relatively large enough to support
the propagation of the flash channel) was small in size (e.g., Bruning
and MacGorman, 2013; Zheng et al., 2018), although the cloud area

were large. It should be attributed to the weak convection of the cloud
over DPO in the cold season (supported by the comparisons of flash
density in Fig. 12b), which caused generally low-density of charges and
occasionally local charge regions valid for the lightning discharges.
There was no evident correlation between median flash duration and
median area (flash density) of RPFs, with positive (negative) relation-
ships over DPO, OEJ, PLA and SHF and negative (positive) relationships
over OFS and INL. The median flash radiance reveals positive (nega-
tive) relationships with the area (flash density) of RPFs over OFS, INL,
PLA and SHF and negative (positive) relationships over DPO and OEJ.

3.4.2. Comparisons of regional changes in flash and RPF properties during
nighttime

In this section, we compared the flash and RPF properties among
different regions using the RPF data and the matching LIS flashes
during nighttime when the LIS exhibited relatively better performance
and provide enough samples with relatively reliable property values.
The numbers of matched flashes and RPFs in the six regions ranged
from 2155 (DPO) to 97287 (SHF) and from 280 (OFS) to 5050 (SHF),
respectively.

Fig. 13 shows the main distributions of flash properties over dif-
ferent regions during nighttime. All of the flash properties in the six
regions had wide ranges. Considering the relatively good performance

Fig. 9. Same as Fig. 8 but for the mean flash properties during nighttime.
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Fig. 10. Distribution of number density corresponding to duration and length (a), duration and footprint (b), radiance and length (c), radiance and footprint (d),
length and footprint (e) and radiance and duration (f).
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of LIS during nighttime, here we also give the statistics on the flash
properties. The median durations of the flashes over DPO, OEJ, OFS,
INL PLA and SHF were 0.27, 0.24, 0.31, 0.28, 0.18 and 0.18 s, re-
spectively (Fig. 13a). As a comparison, Peterson and Liu (2013) ana-
lyzed the LIS flash data from 1998 to 2009 and concluded that the
median flash duration during nighttime was 0.22 s over their whole

study region between 36°S and 36°N, 0.21 s over the land, 0.21 s over
the ocean, and 0.25 s over the coast. Brook and Kitagawa (1960) re-
ported a median flash duration of 0.5 s based on the recordings of an
electric field. Based on the LMA flashes containing>50 sources, López
et al. (2017) documented median flash durations of 0.35 s in summer
storms and 0.41 s in winter storms in northeastern Spain. In the study
on flash size in a supercell cluster in Oklahoma, USA, using LMA flash
data, Zheng et al. (2018) obtained a median flash duration of 0.27 s.
The low values derived from the LIS flash data might be associated with
the impact of clouds on optical flash emission by scattering the ra-
diance.

The median flash length (Fig. 13b), flash footprint (Fig. 13c) and
flash radiance (Fig. 13d) showed the same comparisons among different
regions. In order from highest values to lowest values, the regions were
DPO, OEJ, OFS, INL, PLA and SHF. The median lengths (areas,

Table 2
Spearman's correlation coefficients for all pairs of flash properties during
nighttime.

Length (km) Footprint (km2) Radiance (J m−2 sr−1 μm−1)

Duration (s) 0.48 0.50 0.64
Length (km) 0.95 0.83
Footprint (km2) 0.81

Fig. 11. Distributions of flash durations (a), lengths (b), footprints (c) and radiances (d) in the warm and cold seasons over different regions. The bottom and top
edges of the boxes indicate the 25th and 75th quantiles, respectively. The horizontal lines within the boxes represent the median values. The same format is used
below in Figs. 12, 13 and 14.
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radiances) per flash over the above regions were 21.45 (337.06, 0.67),
19.47 (284.74, 0.61), 18.90 (277.07, 0.45), 16.08 (222.96, 0.28), 14.55
(188.28, 0.15) and 12.28 km (144.38 km2, 0.12 J m−2 sr−1 μm−1),
respectively. It should be explained that, in Fig. 9d, the maximum
average flash radiance occurred in the region near to OEJ, different
from the maximum median flash radiance over DPO shown in Fig. 13d;
it was because that there were some very large values of flash radiance
over OEJ which cause the large mean but still smaller median than that
over DPO. Obviously, in terms of the regional comparison, flash spatial
size still exhibited a stronger relationship with flash radiance than with
flash duration. As a comparison, Peterson et al. (2017) reported the
median length of LIS flashes to be 14 km, considering the flashes in both
daytime and nighttime. López et al. (2017) reported a median flash
length (the length of the major axis of a fitted ellipse, which should be
roughly comparable with the horizontal distance) of 10.3 km in summer
storms and 15.6 km in winter storms in northeastern Spain. Zheng et al.
(2018) documented a smaller median horizontal flash length of 5.54 km
due to the small charge regions in the supercell cluster. As we have
discussed in Section 2.3, it is possible for the LIS to give a larger length
of flash because they were derived from brightened pixels, which ty-
pically have a wider range than the real range of flash channels. The
results further indicated that the flashes over the ocean were generally
larger and more powerful than those over the land, which was also
reported by Peterson et al. (2017).

The area and flash density of the RPFs matched with the flashes
were investigated, and their distributions are shown in Fig. 14. The
areas of the RPFs over the ocean regions (DPO, OEJ and OFS) generally
had much wider distribution ranges and larger median values than
those over the land regions (INL, PLA and SHF), which agreed with
previous studies (e.g., Bang and Zipser, 2015, 2016). On the other hand,
the flash densities of the RPFs over the ocean regions generally ex-
hibited narrow ranges and lower median values than those over the
land regions. This pattern was keeping with the weaker convection over
the ocean than over the land (e.g., Bang and Zipser, 2016; Heymsfield
et al., 2010) and therefore the lower lightning density in ocean thun-
derstorms than in land thunderstorms (e.g., Christian et al., 2003; Qie
et al., 2003; Zheng et al., 2016).

A comparison of Figs. 13 and 14 reveals that, with the area of RPFs
over the ocean regions generally being larger than that over the land

regions, the flashes over the ocean had greater median spatial sizes and
radiances than those over the land. Therefore, the ocean-land patterns
of flash spatial size and radiance were the same as the ocean-land
pattern of RPF area, suggesting that the scale of thunderstorms has an
effect on the ocean-land differences in flash spatial size and radiance.
However, when we compared the flash properties and RPF area over
the six regions, there was no evident correspondence. On the other
hand, if PLA was taken out of the consideration, the flash spatial size
and radiance generally exhibited an inverse correlation with the flash
density of RPFs over other regions. That is, the RPFs with a large flash
density (i.e., strong convection) tended to have small-size and low-
power flashes. The PLA is a unique region that features very high ter-
rain and prominent thermal and dynamical effects (Feng et al., 2011;
Yanai and Li, 1994; Xu et al., 2001). This region experiences high-fre-
quency convection activity and high cloud tops in summer, but the
convective intensity over PLA is weak, and the convection clouds are
small in size (e.g., Fu et al., 2016; Qie et al., 2014; Wu et al., 2013).

4. Discussions

Flash properties are essentially determined by the charge structure
in the thunderstorm, which refers to the pattern of charge regions and
charge density (e.g., Bruning and MacGorman, 2013; Zheng et al.,
2018). Because of the close relationship of the charge structure with the
dynamic and microphysical processes of the thunderstorm, the flash
properties are indirectly related to the features of the thunderstorms,
which has been proposed by previous studies (e.g., Bruning and
MacGorman, 2013; Calhoun et al., 2013; Zhang et al., 2017a; Zheng
and MacGorman, 2016; Zheng et al., 2018). These previous studies also
have indicated that the flash spatial size is positively related to the scale
of the valid charge region (refer to the definition in Section 3.4.1). The
scale of the charge region and the magnitude of the charge density can
be impacted by two factors: cloud area and convective intensity. Ty-
pically, a large cloud area provides the possibility for a large charge
region. The convective intensity may influence the charge structure in
two aspects. On the one hand, it is usually positively related to the
charge density; on the other hand, the strong turbulent mixing ac-
companied with the strong kinematic process may break large charge
zones with the same polarity into relatively small charge regions; for

Fig. 12. Distributions of areas of RPFs (a) and flash densities of RPFs (d) in the warm and cold seasons over different regions. The explanation is the same as that in
Fig. 11.
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example, the pattern of charge pockets in supercells were suggested to
be caused by the strong kinematics (Bruning and MacGorman, 2013;
Calhoun et al., 2013; Zhang et al., 2017a; Zheng and MacGorman,
2016; Zheng et al., 2018).

In the respect of ocean-land comparison, the properties of flashes
over the ocean generally have larger values than those over the land,
which is consistent with previous studies based on the optical lightning
observation from satellites (e.g., Beirle et al., 2014; Peterson and Liu,
2013; Peterson et al., 2017). Furthermore, many studies have revealed
that the CG lighting produced by the storms over the ocean tended to
feature larger peak current than over the land (e.g., Chronis, 2012;
Hutchins et al., 2013; Said et al., 2013; Zheng et al., 2016). As sug-
gested by the previous studies (e.g., Bang and Zipser, 2015, 2016;
Heymsfield et al., 2010) and the comparisons of RPF's area and flash
density between land and ocean in this study (Figs. 12 and 14), the
storms over the ocean typically have larger extent but weak convection,

relative to the storms over the land. Therefore, on average, the charge
regions in the thunderstorms over the ocean are expected to tend to be
broad and vertically layered, which are beneficial to the yield of large-
size and high-power lightning discharges; while the charge regions in
the thunderstorms over the land may tend to feature relatively small
and chaotic distribution patterns, which are more likely associated with
small-size and low-power lightning discharges.

In the seasonal comparisons of flash spatial size and properties of
RPFs over the regions other than DPO, the flash spatial size is positively
correlated with RPF area and inversely correlated with convective in-
tensity, reflecting the positive contribution of the spatial scale and
negative contribution of convective intensity of the thunderstorms to
the size of the valid charge region. As stated in Section 3.4.1, for cold-
season lightning-producing RPFs over DPO, the much weak kinematics
might only cause local small valid charge region, although with large
cloud area. This behavior results in a negative correlation between flash

Fig. 13. Distributions of flash durations (a), lengths (b), footprints (c) and radiances (d) over different regions during nighttime. The explanation is the same as that
in Fig. 11.
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spatial size and RPF area and a positive correlation between flash
spatial size and RPF convective intensity.

In the regional comparisons of flash spatial size and properties of
RPFs, although the ocean-land comparisons of flash spatial size are
positively related to the ocean-land comparison of RPF area, the re-
lationships are weak when we compare them in the six chosen regions.
However, comparing the five regions other than PLA, the convective
intensity of the RPFs indicated by flash density is inversely correlated
with the flash size, suggesting the crucial role of convective intensity in
shaping the charge pattern in the thunderstorms of the various regions.
For PLA, a unique region with the highest-elevation terrain in the
world, previous studies have explored the weak convective intensity
and small size of convective clouds (see Section 3.4.2). In the situation
that the convective intensity of thunderstorms over PLA is weaker than
that over INL, the flash spatial size over PLA is smaller than that over
INL, which is different from the aforementioned inverse correspon-
dence. We hypothesize that this result is due to the much smaller area
of thunderstorms over PLA than over INL, as indicated in Fig. 14a. On
the other hand, although the minimum area of thunderstorms occurs
over PLA (Fig. 14a), the relatively weak convective intensity maintains
the relative integrity of the charge region, resulting in a larger flash
spatial size over PLA than over SHF, where the RPF convective intensity
is the strongest of the six regions (indicated by the flash density of RPFs
and the spatial distribution, as shown in Fig. 14b and Fig. 3, respec-
tively) and the RPF area is only slightly larger than that of PLA.

According to the above discussion, convective intensity appears to
play a crucial role in impacting the spatial size of the flash. When the
convection is suitably strong, it influences the flash spatial size mainly
by shaping the charge region, causing an inverse correlation between
convective intensity and flash size. When the convection is too weak,
the valid charge region may be local and small (even the cloud is large),
causing a small flash size, just like the lightning-producing RPFs over
DPO in the cold season. The size of thunderstorms may also play an
important role in some cases. For example, in PLA, small-size lightning-
producing RPFs limit the extent of the charge region and result in
smaller flash spatial size than in INL, despite the weaker convection in
PLA. We discuss these patterns based on the average climate statistics,
but the inverse correlation between convective intensity and flash
spatial size seems to be consistent with the previous case studies in-
vestigating flash spatial size in the regions with strong and weak

thunderstorm convection (e.g., Bruning and MacGorman, 2013;
Bruning et al., 2018; Calhoun et al., 2013; Zhang et al., 2017a; Zheng
and MacGorman, 2016; Zheng et al., 2018).

The optical radiance of the flash is positively related to the current
in the flash channel (e.g., Wang et al., 2005; Zhou et al., 2013).
Therefore, the integrated flash radiance analyzed in this study should
be positively related to the neutralized charge quantity. Among the
correlations between different flash properties, flash radiance shows a
relatively clear relationship with flash spatial size. Meanwhile, in a
regional comparison of flash properties (Fig. 13), it changes con-
sistently with flash spatial size over the six regions. This pattern may be
because the flash spatial size is associated with the neutralized charge
which should theoretically be distributed in and around the flash
channels. Of course, flash radiance should also depend on the charge
density, local electric environment and so on.

In a regional comparison of flash radiance and RPF properties, their
correlations are the same as those between flash spatial size and RPF
properties. Therefore, we can simply employ the aforementioned con-
cept regarding the impact of the valid charge region and charge density
on flash spatial size to explain this observation. That is, the small size of
the valid charge regions associated with strong convection limits the
flash spatial size and the potentially neutralizable charge, resulting in
low flash radiance values. In principle, this relationship may be the
same as the conclusions of previous reports, which noted that weak
(strong) storms tend to be associated with high (low) peak currents in
the CG lightning return stroke (e.g., Chronis, 2012; Chronis et al., 2015;
Zheng et al., 2016). Additionally, CG lightning with a strike point under
the stratified regions of thunderstorms tends to have a higher peak
current than that in convective regions (e.g., Wang et al., 2016). In the
seasonal comparison of flash radiance and RPF properties, the flash
radiance shows an inverse correlation with RPF convective intensity
and a positive correlation with RPF area in the four regions other than
DPO and EJO. In the seasonal comparison over DPO and EJO, their
large flash radiance corresponded to a small RPF area and a high
convective intensity. Considering that the convective intensity of
lightning-producing RPFs over these two regions in warm and cold
seasons is generally weaker than that in other regions (Fig. 12b), a
potentially reasonable explanation is that, in the situation that the
convection does not reach the intensity necessary to clearly make the
charge region chaotic, relatively intense convection mainly increases

Fig. 14. Distributions of areas of RPFs (a) and flash densities of RPFs (b) over different regions during nighttime. The explanation is the same as that in Fig. 11.
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the charge density and produces a large number of neutralizable
charges.

The weak relationships of flash duration with flash spatial size and
radiance are revealed in the study. In contrast, Peterson and Liu (2013)
documented that the linear correlation coefficients between LIS flash
duration and illuminated area (defined as the sum of the areas of all the
events of a flash, as flashes typically contain overlapping events), be-
tween duration and mean optical power (calculated by dividing the
mean event radiance by duration of the flash) and between duration
and maximum event radiance were 0.39, −0.16 and 0.38, respectively.
Generally, the relationships among different flash properties were not
prominent from the perspective of a large spatiotemporal scale, which
might be associated with the diversity of thunderstorms and the com-
plicated physical processes of lightning. In the investigation of a su-
percell cluster in Oklahoma, Zheng et al. (2018) found in the regions
where the flash initiation density below 0.6 fl km−2 min−1, the average
flash spatial size and flash duration synchronously decreased in the
same trend with the increase of flash initiation density. However, in the
regions with the flash initiation density above 0.6 fl km−2 min−1, the
average flash spatial size changed little, and the flash duration, how-
ever, increased although with fluctuations. They proposed that if charge
region scale kept relatively stable but the charge density increased, the
flash spatial size would be limited by the scale of charge region and
changed little, however the flash duration could be extended because
there were more neutralizable charge. Therefore, the factors impacting
different flash properties may be different and variable under different
conditions, indicating complex association of the flash properties with
dynamic, microphysical and electric processes of storms.

5. Summary

In this study, we investigate the geographical distributions of flash
duration, length, footprint and radiance in the Asia-Pacific region from
70°E to 160°E and from 18°N to 36°N and in six specially chosen regions
and discuss the relationships among flash properties and thunderstorm
structures by employing LIS flash data and RPF data from 2002 to 2014.
We obtain the following conclusions.

In the nighttime when the LIS has relatively good performance, the
median flash durations in the six chosen regions range from 0.18 s in
SHF and PLA to 0.31 s in OFS, and the median values for flash length
(radiance) range from 12.28 km (0.12 J m−2 sr−1 μm−1) in SHF and 21.
45 km (0.67 J m−2 sr−1 μm−1) in DPO.

Flashes over the ocean tend to have a larger mean flash duration,
spatial size and radiance than those over the land. The Tibet Plateau
and the northern Indian Peninsula had the lowest mean flash duration,
spatial size and radiance values in the study region. The flashes over
offshore waters near the east coast of China had the longest mean
duration, followed by those over the deep ocean and land; the flashes
over the deep ocean at approximately 20° N had the greatest mean
length and footprint, followed by those over the other ocean areas and
land; and the flashes over the ocean to the east of Japan had the
greatest mean radiance, followed by the other ocean areas and land.

The geographic distributions of mean flash properties exhibit evi-
dent seasonal changes in the study area. With the change of season from
warm to cold, the areas with maximum mean flash duration shifted
from the north to the south over offshore waters. The areas with
maximum mean flash spatial size changed from a pattern characterized
by a high concentration over the deep Pacific Ocean to a pattern
characterized by two belts: one over the northern ocean and east China
inland areas to the north of 30°N and one over the southern ocean to the
south of 20°N. The areas with maximum mean flash radiance changed
from over the broad ocean to the northern ocean and some inland areas
to the north of 30°N. Notably, while the mean flash spatial size and
radiance values over the northern part of the Indian Peninsula are low
in both seasons, the mean flash duration was relatively large in the cold
season but small in the warm season. In the cold season, the flashes over

the ocean and part of Japan in the northern part of the study region had
a short mean duration but a very strong mean radiance.

Spearman's correlation coefficients for the monotonic relationships
of flash duration with flash length, footprint and radiance are 0.48, 0.50
and 0.64, respectively, and the Spearman's correlation coefficient be-
tween flash length (footprint) and radiance reach to 0.83 (0.81), which
proposes the weak relationships of flash duration with flash spatial size
and radiance, and relatively strong relationships between flash spatial
size and radiance.

It is proposed that, in general, the horizontal extent of a thunder-
storm contributes positively to the flash spatial size, while the con-
vective intensity of a thunderstorm contributes negatively to the flash
spatial size. It is deduced that the convective intensity plays a crucial
role in characterizing the flash spatial size and radiance by controlling
the scale of charge regions and charge density.
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