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Abstract
On August 8 and 9, 2022, a record-breaking rain rate of 142 mm  h−1, with an accumulated rainfall of more than 500 mm, was 
observed in the Seoul metropolitan area, Republic of Korea. This study focuses on analyzing the concentration of lightning in 
southern Seoul, which occurred solely on August 8. It is worth noting that the daily rainfall of August 8 was approximately 
twice that of August 9 (381 mm on August 8 vs. 198 mm on August 9). The RKSG (located in Yongin, 40 km south of 
Seoul) Weather Surveillance Radar-1988 Doppler was used to explore the characteristics of cloud microphysics associated 
with lightning activity. Four major heavy rain periods on August 8 were grouped into three categories of lightning rate (e.g., 
intense, moderate, and none), and their polarimetric signatures were compared. Significant differences in the vertical distri-
bution of graupel were found within the temperature range of 0 °C and − 20 °C, as indicated by radar reflectivity  (ZH) > 40 
dBZ and differential reflectivity  (ZDR) < 0.5 dB. Although graupel was detected in all three categories at the relatively warm 
temperatures of 0 °C to − 10 °C, its presence extended into colder regions exclusively in the intense category. This observation 
preceded the appearance of lightning by approximately 6 min. At heights with temperature ≤  − 20 °C, a high concentration 
of vertically aligned ice crystals was observed in lightning-prone regions, leading to a decrease in differential phase (ΦDP). 
In summary, this study provides valuable insights into the microphysical characteristics of thunderstorms and their relation-
ship to lightning activity in the Seoul metropolitan area.
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1 Introduction

On August 8 and 9, 2022, the Seoul metropolitan area 
(SMA) in the Republic of Korea (hereafter referred to as 
Korea) experienced an onslaught of rainfall, exceeding 

500 mm, along with a record-breaking heavy rain rate of 
141.5 mm  h−1. Roads and buildings throughout the SMA 
were flooded, resulting in sixteen fatalities and over $51 mil-
lion (US) in property damage (National Assembly Research 
Service, personal communication, 2022). The Korea Meteor-
ological Administration (KMA) had issued warnings several 
days prior, predicting extreme rain rates of 60–100 mm  h−1 
and lightning in the SMA. However, what was unexpected 
was that lightning was concentrated only between 12–22 
local time (LT, 10-h period) on August 8, with no reports on 
August 9. The cumulative number of flashes during the 10 h 
was over 800, with the highest rate of over 300  h−1 around 
20 LT on August 8.

Presently, the KMA typically issues lightning forecasts 
when strong convective clouds are expected (Kar and Ha 
2003; Hyun et  al. 2010). The poor performance of the 
KMA's lightning forecasts is not a matter of public concern, 
as the damage caused by lightning is generally localized in 
space and time compared to other extreme weather events 
such as floods, landslides, and strong winds. Nevertheless, 
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lightning should not be overlooked as it frequently causes 
equipment damage, electrical fires, and electric shock (e.g., 
Renni et al. 2010; Veraverbeke et al. 2017). In Korea, light-
ning results in an average of four fatalities per year (a KMA 
forecaster, personal communication, August 2019). There-
fore, it is essential to recognize the serious consequences 
of lightning and take appropriate measures to mitigate its 
impact.

Lightning is a transient electric discharge, often occur-
ring when rimmed ice particles (i.e., graupel) collide with 
ice crystals, and charges are separated by strong updrafts 
(Takahashi 1978; Price and Rind 1992; Saunders 2008). 
During the non-inductive collisions, the ice particles become 
charged regardless of a pre-existing electric field and result 
in electrical discharge (i.e., lightning) when the electric field 
increases sufficiently to cause insulating-air breakdown, 
making it conductive. The polarity of lightning was deter-
mined by the temperature and cloud liquid water contents of 
the environment (Takahashi 1978). Previous studies revealed 
that lightning flashes become more frequent under specific 
conditions, especially with strong updrafts (≥ 10 m  s−1) and 
increased graupel and/or hail mass at temperature heights 
between − 10 °C and − 40 °C (e.g., Schultz et al. 2015, 2017; 
Deierling et al. 2008, Deierling and Petersen 2008).

Understanding the occurrence of lightning provides 
insight into cloud development and the associated micro-
physical properties. Microphysical processes such as drop-
let condensation, collision, and evaporation are affected by 
the electric field inside the cloud (Nielsen et al. 2011). For 
instance, the position of the lightning activity was found to 
be linked to the storm precipitation structure and the distri-
bution of areal precipitation amounts in the stratiform pre-
cipitation region in a mesoscale convective system (Rutledge 
and MacGorman 1988). Moreover, the lightning rate in the 
mixed layer of clouds was influenced by the life cycle of the 
storm (MacGorman et al. 2008). Lu et al. (2022) showed 
that the merging of convective cells leads to numerous par-
ticle collisions, which subsequently increases the mass of 
graupel and ice crystals in the clouds, ultimately triggering 
lightning jumps.

Cloud microphysical processes associated with lightning 
can be analyzed using dual-polarization radar observations, 
which provide information on the shape, size, orientation, 
and uniformity of hydrometeors (e.g., Takahashi et al. 2015; 
Mattos et al. 2016, 2017; Wang et al. 2022; Ho et al. 2023). 
The polarimetric radar variables, such as radar reflectivity 
factor at horizontal polarization  (ZH, hereafter referred to as 
reflectivity), differential reflectivity  (ZDR), and correlation 
coefficients (ρhv), exhibit notable variations depending on 
the presence of lightning within a storm and the stage of 
thunderstorm growth (Mattos et al. 2016, 2017; Wang et al. 

2022). Takahashi et al. (2015) also used polarimetric radar to 
explain that clouds with lightning primarily form over land 
and are characterized by a mixed layer with graupel, whereas 
heavy rain clouds without lightning tend to originate over 
the ocean, resulting in a mixed layer with a high proportion 
of frozen droplets.

It is essential to understand lightning initiation in order 
to predict and prepare for potential damage from thunder-
storms, as lightning is directly linked to storm development. 
Thus, we aim to examine the relationship between lightning 
activity and the variation of cloud hydrometeors in sum-
mer thunderstorms through the application of polarimetric 
radar observations. By analyzing polarimetric signatures, it 
is possible to infer the timing and the location of lightning 
occurrence. This finding could help to accurately forecast 
severe weather events and implement preventive measures. 
The remainder of this article is organized as follows: Sect. 2 
outlines the data and methods used, Sect. 3 provides an over-
view of the Seoul flood episode, and Sect. 4 presents a com-
parative analysis of the radar data with lightning activity. 
Finally, Sect. 5 offers a conceptual illustration and in-depth 
discussions of the findings.

2  Data and Methods

2.1  Lightning Observation

Since 2015, the KMA has been operating lightning detection 
network (LINET) systems equipped with very low frequency 
(VLF)/low frequency (LF) sensors at twenty locations across 
the country. The LINET, established by the University of 
Munich, has been deployed in numerous countries world-
wide, including most of Europe, Brazil, Australia, and Benin 
(Betz et al. 2009). The VLF/LF sensor estimates the loca-
tion of lightning events by analyzing the waveform signal of 
the electromagnetic field that spreads out around the point 
of impact of the lightning (Betz et al. 2008). The sensor 
further calculates the time of occurrence, the geographical 
location in latitude and longitude, and the altitude of the 
lightning by measuring the time difference between signals 
detected at different observation points within the frequency 
range of 3–300 kHz (Betz et al. 2008). While this sensor has 
the capability to detect and discriminate between cloud-to-
ground and intra-cloud lightning, this study utilized total 
lightning (hereafter referred to as lightning), a collective 
term encompassing both types. The sensor has a range of up 
to 250 km, with a position-detection accuracy of 100–250 m 
for cloud-to-ground lightning (Betz et al. 2004). For further 
technical details on error characteristics, data pre-process-
ing, and filtering, refer to Betz et al. (2009).
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2.2  Dual‑polarization Radar Observation

The S-band dual-polarization RKSG Weather Surveillance 
Radar-1988 Doppler (WSR-88D, also known as NEXRAD) 
observations were obtained from the National Centers for 
Environmental Information (www. ncei. noaa. gov). The radar 
performed volumetric scans at 5-min intervals, with a fre-
quency of 2.94 GHz, a beam width of approximately 0.925°, 
and a range resolution of 250 m. While the KMA Weather 
Radar Center operates the S-band dual-pol radar network 
close to the research area, the radar (located on Mt. Gwanak 
in southern Seoul) was too close (< 10 km) to the lightning 
flash location and was also damaged by extreme rainfall 
prior to the most active lightning period in this study. Simi-
larly, the S-band radar at Mt. Yebong (located just outside 
of eastern Seoul), operated by the Ministry of Environment, 
was installed for hydrological purposes and collects only 
low elevation data at approximately 1-min intervals. There-
fore, only RKSG radar observations were analyzed in the 
following. Polarimetric variables, including  ZH,  ZDR, ρhv, 
and differential phase (ФDP), were used to understand the 
relationship between lightning activity and cloud particle 
information.

Prior to using radar data, several quality control proce-
dures were performed to ensure the reliability of the data. 
The Lidar Radar Open Software Environment (LROSE) 
RadxQc software was applied to correct for precipitation-
induced attenuation and to remove terrain or ocean clutters 
(Bell et al. 2022). Since S-band radar operates at a wave-
length with little influence from rain attenuation, the differ-
ence in data quality before and after applying quality checks 
was negligible (not shown). We further filtered out undesired 
gates using criteria based on  ZH, ρhv, and the texture of base 
products. Only data satisfying the following conditions were 
retained to eliminate outliers:  ZH > 0 dBZ, ρhv > 0.75, texture 
of ФDP < 20°, texture of  ZDR < 2.5 dB, texture of ρhv < 0.3, 
and texture of  ZH < 8 dBZ. When coordinate transformations 
were required, the polar-coordinate-based original data were 
converted to Cartesian grids using the map sub-module pro-
vided by the Python ARM Radar Toolkit (Py-ART) (Helmus 
and Collis 2016). This module obtains grid points through 
interpolation of all radar gates within a specified radius of 
influence, employing either the Cressman or Barnes weight-
ing method (Cressman 1959; Barnes 1964).

The modified hydrometeor classification algorithm 
(HCA) based on fuzzy logic from Mahale et al. (2014) was 
used to classify the cloud particle types. This algorithm 
closely resembles the operational HCA from Park et al. 
(2009), but with a few simplifications to mitigate the uncer-
tainty of the specific differential phase  (KDP) and confidence 
vector calculations. The melting level was estimated from 
vertical temperature profiles of the  5th generation European 
Centre for Medium-Range Weather Forecasts reanalysis 

data and compared with the bright band signatures in the 
stratiform region. Five radar variables were employed for 
hydrometeor identification:  ZH,  ZDR, ρhv, a texture parameter 
of the  ZH field, and a texture parameter of ФDP. Each variable 
has a specific range of values associated with different types 
of radar echo, and each range is specified by a trapezoidal 
weighting function with one as the maximum and zero as the 
minimum. By adding the different variables multiplied by 
the weighting function, the HCA can distinguish the radar 
echo into ten classes: (1) ground clutter and anomalous 
propagation (GC/AP), (2) biological scatter (BS), (3) dry 
snow (DS), (4) wet snow (WS), (5) ice crystals (CR), (6) 
graupel (GR), (7) large drops (BD), (8) light and moderate 
rain (RA), (9) heavy rain (HR), and (10) a mixture of rain 
and hail (RH). As radar resolution volumes often contain a 
mix of various hydrometeors, the final product denotes the 
most dominant species of hydrometeor. It is important to 
note that the most dominant species of hydrometeor in the 
radar observations may not coincide with that in real cloud 
microphysics state parameters such as mixing ratios.

2.3  Automatic Weather Station Observation

Rain gauges from automatic weather station (AWS) net-
works operated by KMA were used to establish case selec-
tion criteria by identifying the initiation and development 
of the thunderstorm that caused rainfall damage in the SMA 
on August 8. The storm cells in a multicellular convective 
system formed and dissipated several times, resulting in 
large variations in rainfall intensity depending on the growth 
stages. A 15-min accumulated rainfall was sampled at 5-min 
intervals to effectively represent the fluctuation in rainfall 
intensity. The AWS covers over 700 stations nationwide, 
with twenty-seven stations in Seoul, providing relatively 
high-resolution precipitation data. The irregularly distrib-
uted AWS data were interpolated to a 1 km grid using the 
Barnes weighting method to fill the gaps in observations 
(Barnes 1964).

3  Overview for the Seoul Flood Episode 
of August 8, 2022

In this section, we examine the spatial distribution of pre-
cipitation and lightning flashes during the Seoul floods, with 
a special focus on August 8. Rain rate and lightning rate 
at 5-min intervals were analyzed, and cases were selected 
for further analysis. Firstly, we explore the synoptic pat-
terns that caused the flooding. Figure 1 displays the surface 
weather map (a) and the corresponding distributions of the 
850-hPa equivalent potential temperature and wind, and the 
500-hPa geopotential height (b) of the Korean Integrated 
Model (KIM) system at 9 LT on August 8. At the surface, 

http://www.ncei.noaa.gov
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a zonal stationary front was developed over central Korea, 
with high- and low-pressure systems situated over northern 
Mongolia and eastern Siberia, respectively (Fig. 1a). The 
resultant pressure gradient produced northwesterly winds. 
As the air mass moved southward, it collided with the rela-
tively warm and moist air mass of the western North Pacific 
subtropical high pressure, resulting in zonal isobars over 
Korea. The stationary front formed along these isobars. In 
addition, the proximity of the upper-level jet and the low-
level jet during this period further enhanced the kinematic 
activity near the front, leading to the development of a long-
lasting frontal system (Shapiro 1981).

Figure 1b illustrates the lower and middle atmospheric 
environments driving this stationary front. The edge of the 
western North Pacific subtropical high extended into cen-
tral Korea (seen by the 5880 gpm contour on the extended 
map) and was connected to the low-level jet with strong 
winds exceeding 10 m  s−1. This allowed warm and moist air 
from the Shandong Province in China to move eastward into 
Korea, serving as a major source of moisture for the front. In 
contrast, the relatively cold and dry air mass from northern 
China and western Manchuria was directed southward into 
Korea by the prevailing low-pressure system over eastern 
Siberia. The collision of these two air masses of different 
temperatures created favorable conditions for frontogenesis.

Figure 2 displays the spatial distribution of the accumu-
lated rainfall (a) and lightning density (b) on August 8. A 

substantial amount of rain, exceeding 100 mm, was observed 
throughout the SMA (Fig. 2a). In particular, it rained explo-
sively in the southern region of Seoul. Among the 64 AWS 
stations presented in this figure, 16 stations located in south-
ern Seoul recorded intense rainfall ≥ 200 mm. The maximum 
daily rainfall reached up to 381.5 mm at the KMA station 
(marked with A). Notably, there is a significant contrast 
between the northern and southern regions of the city. The 
southern region experienced an average rainfall of 252 mm 
from 16 stations, while the northern region recorded only 
112 mm from 11 stations. The study area was defined to 
encompass southern Seoul, as indicated by the blue box 
(37.35°–37.62°N, 126.7°–127.2°E).

Lightning activity, the accumulated number of lightning 
flashes within a unit area (i.e., 1 km × 1 km), showed a spa-
tial pattern similar to that of rainfall (Fig. 2b). The lightning 
density map is magnified to highlight regions with signifi-
cant concentrations of lightning flashes. The total number of 
lightning flashes for August 8 was 866, of which 687 flashes 
(approximately 80% of the total) occurred within the blue 
box. In particular, lightning was concentrated in the south-
western region of the city, with a peak lightning density 
of 14 flashes  km–2 in the vicinity of marked A, where the 
daily rainfall reached its maximum. It is worth mentioning 
that this unusual lightning activity occurred only on August 
8 and no lightning was recorded on August 9, despite the 
abundant rainfall over the two consecutive days. On August 

Fig. 1  a Surface weather map and b 850-hPa equivalent poten-
tial temperature (θ850 in K, shading), 850-hPa wind  (V850 in m 
 s−1, ≥ 10 m  s−1), and 500-hPa geopotential height (Ф500 in gpm, blue 
contour) from the Korean Integrated Model at 9 LT on August 8, 

2022. The red arrow and purple shaded area in the left panel repre-
sent upper- and low-level jets, respectively. Seoul and its surround-
ings are highlighted in an extended map on the right panel
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9, the overall atmospheric environment was not conducive 
to lightning, as the potential energy available for convec-
tion decreased, and cloud heights were relatively lower (not 
shown).

The severe flooding and lightning in Seoul were attrib-
uted to multicell storms consisting of constantly evolving 
and dissipating convective cells. The fluctuating rainfall 
and lightning activity made it difficult to capture a repre-
sentative instance of the storms. Therefore, we analyzed the 

time series of rainfall and lightning activity for August 8. 
Figure 3 displays the lightning rate (flashes 5-min–1) and 
the maximum rain rate (mm  h–1) over the analysis area (see 
blue box region in Fig. 2) at 5-min intervals from 11 to 24 
LT on August 8. The hourly rain rate was estimated by mul-
tiplying the 15-min rain totals from AWS by four. The rain 
rate and lightning rate exhibit abrupt temporal variations, 
based on which four distinct periods were categorized. Each 
period presents variations in rainfall and lightning intensity. 
During the most intense periods after 20 LT, the lightning 
rate of > 70 flashes 5-min–1 was observed with a rain rate of 
up to 85 mm  h–1. In contrast, only a few lightning flashes 
were detected between 15–17 LT, when the maximum rain 
rate remained < 40 mm  h–1. There appears to be a potential 
positive correlation between the rain rate and lightning rate. 
However, it is uncertain whether there is a clear linear rela-
tionship between these two variables. At approximately 18 
LT, the lightning rate barely exceeded 10 flashes 5-min–1, 
despite rainfall peaking at over 80 mm  h–1.

For a more detailed analysis of the storms, we selected 
six cases based on their lightning rate: two cases each from 
the categories of intense, moderate, and none (noted in 
Fig. 3). Table 1 provides a summary of these cases, includ-
ing information on the lightning rates and rain rates within 
a given domain. The domain was determined by dividing 
a region with a high concentration of lightning flashes or 
heavy rainfall into smaller sections. The data shows that 

Fig. 2  Distributions of (a) the 
accumulated rainfall at 64 AWS 
locations (27 inside Seoul and 
37 in the surrounding regions) 
and (b) the lightning density 
on August 8, 2022. The circle 
size of (a) is proportional to the 
accumulated rainfall, and the 
marked A indicates the KMA 
station. The spatial domain of 
each figure is arbitrary, and the 
following analysis is limited to 
the region of the blue box

Fig. 3  Time series of lightning rate (bar, left y-axis) and maximum 
rain rate (blue line, right y-axis) within the box area in Fig.  2 on 
August 8, 2022. The corresponding cases listed in Table 1 are indi-
cated

Table 1  Selected cases for a 
comparative analysis on August 
8, 2022

Lightning activity Time (LT) Lightning rate 
(flashes 5-min–1)

Rain rate 
(mm  h–1)

Domain

intense 1 20:35–20:40 63 81 126.82°–126.99°E, 37.45°–37.53°N
intense 2 21:05–21:10 72 66 126.88°–127.05°E, 37.45°–37.53°N
moderate 1 13:00–13:05 15 65 126.81°–126.93°E, 37.47°–37.54°N
moderate 2 18:00–18:05 12 53 127.06°–127.14°E, 37.38°–37.44°N
none 1 17:40–17:45 - 64 126.84°–126.95°E, 37.41°–37.56°N
none 2 15:35–15:40 - 29 127.01°–127.12°E, 37.50°–37.60°N
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cases with high lightning rates have, on average, higher rain 
rates. For instance, the intense cases with > 60 lightning 
flashes recorded an average rain rate of 74 mm  h–1, while 
the moderate cases with slightly more than 10 lightning 
flashes have a lower rain rate of 59 mm  h–1, and cases with 
no recorded lightning activity have the lowest average rain 
rate of 47 mm  h–1. However, the individual cases of intense 
2, moderate 1, and none 1 showed different trends. Their 
lightning rates varied from 0 to 72 flashes 5-min–1 despite 
having similar rain rates of approximately 65 mm  h–1. These 
results suggest that a consistent relationship between light-
ning rate and rain rate may not exist at a smaller spatiotem-
poral scale.

The spatial pattern of lightning locations also varied 
with lightning activity. To visually represent these loca-
tions, we plotted them on reflectivity position indicator 
maps (Fig. 4). The time information for the radar data used 
in this figure was selected from either the observation time 
included in the periods listed in Table 1 or from the closest 
available time due to the irregular time intervals in radar 
observations. Figure 4a displays more than 60 lightning 
flashes within a small area in the southwestern part of 

Seoul (around 126.9°E and 35.5°N) during the intense 1 
case. This intense activity continued even at 21:05 LT, 
with more than 70 lightning flashes observed within areas 
of comparable size (Fig. 4b). However, as the lightning 
intensity decreased, changes in the spatial distribution 
of the lightning were observed. Unlike the clustered pat-
terns of the intense cases, the lightning during the moder-
ate 1 case was scattered (Fig. 4c); although the lightning 
area was similar to that of the intense cases, the number 
of lightning flashes significantly reduced, with only 15 
flashes recorded. In the moderate 2 case, although light-
ning occurred in clusters, the area was relatively smaller 
(Fig. 4d). These observations suggest a possible relation-
ship between the intensity of lightning activity and the 
spatial distribution of its occurrences. For further radar 
analysis, arbitrary lines such as A-A’ and B-B’ were 
drawn, passing through the central regions of lightning 
events. The lines in cases without lightning were deter-
mined based on the precipitation regions (not shown). The 
detailed analysis for these two lines is shown in Figs. 7 
and 9.

Fig. 4  Reflectivity factor (shad-
ing) at horizontal polarization 
with a 1.3º elevation angle 
and the location of lightning 
flashes (white cross) for (a), (b) 
intense, and (c) and (d) moder-
ate of the cases listed in Table 1. 
The cross sections of two lines 
(A-A’ and B-B’) are examined 
in Figs. 7 and 9
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4  Variation of Cloud Hydrometeors 
with Lightning Activity

4.1  Time Lag Between Graupel Formation 
and Lightning Event

The microphysical properties inside the clouds were inves-
tigated using polarimetric radar data to examine the differ-
ences among the selected cases, with a particular emphasis 
on the temporal and spatial behaviors of cloud hydrometeors 
in relation to lightning activity. Firstly, the temporal cor-
relation between the formation of graupel and the occur-
rence of lightning was investigated. Figure 5 shows the 
temporal variations of lightning rate and graupel volume 
above the temperature heights of 0 °C and − 10 °C within 
the study domain outlined in Fig. 2. To analyze the correla-
tion between the formation of graupel and the occurrence 
of lightning, we focused on a multicellular storm containing 
the intense cases. The graupel volume was calculated by 
adding the volumes of all the pixels classified as ‘GP’ by 
the HCA algorithm, assuming similar amounts of graupel 
exist in those pixels.

In Fig. 5, it was found that the temporal behavior of the 
lightning activity had a closer relationship to the grau-
pel volume above the − 10 °C layer compared to the 0 °C 
layer. The lightning activity, which first appeared at around 
19:30 LT and persisted for over two hours, was accompa-
nied by a temporal fluctuation with notable peaks at 20:23, 
20:35, and 21:05 LT. The behavior of the graupel vol-
ume above the − 10 °C layer also showed three peaks that 
followed a similar trend to the lightning, with the loca-
tion coinciding with or slightly preceding the lightning 
rate peaks by a time-stamp of approximately 6 min. The 

reduced graupel volume even corresponded to a reduction 
in lightning activity. However, the graupel volume above 
the 0 °C layer did not display distinct peaks during the 
period of intense lightning but instead exhibited a sudden 
increase after the lightning had dissipated.

To quantitatively assess the relationship between light-
ning rate and graupel volume above the 0 °C and − 10 °C 
layers, we calculated the Pearson correlation coefficients 
 (R0 and  R−10, respectively) and analyzed the variations 
of the coefficients as a function of the time lag between 
them. Using time-synchronized data, the  R0 and  R−10 were 
found to be 0.33 and 0.59, respectively; only the  R–10 was 
found to be statistically significant at the 95% confidence 
level. However, recalculation of  R0 and  R–10 using grau-
pel volumes collected approximately 6 min prior to the 
lightning events resulted in significantly increased coef-
ficients of 0.67 and 0.87, respectively (both significant at 
the 99% confidence level). The coefficients then decreased 
with increasing lead time. This implies a delay of about 
6 min between the formation of graupel above the − 10 °C 
layer and the first lightning flashes. The reduced influence 
of graupel above the 0 °C layer can be attributed to the 
presence of liquid water surrounding its surfaces, which 
is a result of the relatively warm temperatures (− 3 °C 
to − 8 °C). Note that wet graupel creates unfavorable con-
ditions for lightning generation (Emersic et al. 2011).

The time lag was also confirmed by comparing the 
evolution of the graupel area in the − 10 °C layer with 
the locations of lightning flashes in Fig. 6. The graupel 
areas corresponding to different times were distinguished 
by color: blue, green, yellow, and red, representing 0, 6, 
12, and 18 min prior to the lightning event, respectively. 
In the southwestern region (around 126.9°E) shown in 
Fig. 6a–d, where the horizontal displacement of the grau-
pel area over time was relatively small, the shape of the 
green area (i.e., 6 min time lag) most closely matched the 
lightning location. Most of the lightning flashes were dis-
tributed throughout the entire green area, although some 
exceptional lightning flashes were observed outside of this 
region. A similar feature was observed in the moderate 
2 case (Fig. 6e–h). Even though concentrated lightning 
flashes in the southeast region outside of Seoul were not 
included in the green area, they were still closely distrib-
uted. In both the intense 1 and moderate 2 cases, other 
color areas (i.e., blue, yellow, and red) with different time 
delays did not correspond well to the lightning. It should 
be noted, however, that the formation of graupel alone 
does not account for all lightning activity. The movement 
of the cloud system and the influence of different types of 
cloud particles could be factors contributing to the scat-
tered locations of lightning flashes.Fig. 5  Time series of lightning rate (line, left y-axis) and graupel vol-

ume above the two different temperature layers, 0 °C (white bar, right 
y-axis) and − 10  °C (gray bar, right y-axis), within the box area in 
Fig. 2 for the period of 19:30–21: 50 LT on August 8, 2022
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4.2  Vertical Distribution of Hydrometeors and Their 
Polarimetric Signatures

In this section, we examine the properties of the HCA ver-
tical distribution and the base products, such as  ZH,  ZDR, 
and ρHV, of the radar observations to identify the micro-
physical characteristics of the lightning-prone regions. In 
order to account for the time lag between graupel formation 
and lightning occurrence, the time stamp for the radar data 
is set to 6 min prior to the radar reflectivity and lightning 
observation data. First, the vertical arrangement of the HCA 
products along the line A–A’ in Fig. 4 for each case is pre-
sented in Fig. 7. In the intense cases, the lightning locations 

appeared densely concentrated in specific small areas, 
around 126.8°–126.9°E in the intense 1 and 126.9°–127°E 
in the intense 2 (Fig. 4a and b). These areas corresponded 
closely to the areas where graupel particles were transported 
upward to high altitudes above the − 10 °C temperature level 
(approximately 7 km) and also exhibited sufficient ice crys-
tals in the upper layer above 10 km height (Fig. 7a and b). 
Such microphysical patterns are thought to be conducive 
to lightning generation, as the electrical charge separation 
in thunderstorms is mainly due to charge transfer between 
graupel and smaller ice crystals. In addition, rain or hail 
(hereafter referred to as ‘RH’) was observed just above the 
melting layer (approximately 5 km) within lightning-prone 

Fig. 6  Distribution of lightning 
flashes (cross) and graupel area 
(shading) in (a)–(d) intense 1 
and (e)–(h) moderate 2 case. 
The graupel area is shown in 
different colors up to 18 min 
at 6-min intervals prior to the 
corresponding lightning events 
(20:35 and 18:03 LT). Note that 
the lightning locations are fixed
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regions. The RH class could be detected by either super-
cooled liquid water or wet graupel being lifted by strong 
updrafts. This observation may be related to a notable pola-
rimetric signature, the  ZDR column, which often appears as 
a columnar region of enhanced  ZDR due to a mixture of large 
liquid droplets, graupel, and sometimes small hail above the 
melting layer (MacGorman et al. 2008; Kumjian et al. 2014; 
Snyder et al. 2015; Zhao et al. 2020; Shrestha et al. 2021). 
The detection of such features implies the existence of robust 
updrafts, which are necessary to generate intense lightning.

Figure 7a also shows that both microphysical and kin-
ematic properties must be satisfied for lightning to occur. 
Comparing the area around 126.9°E and 127.1°E in Fig. 7a, 
it is clear that both regions fulfill the microphysical con-
ditions conducive to lightning production: graupel above 
7 km height and ice crystals in the upper layer. Nevertheless, 

lightning activity was only observed in the former region. 
This observation suggests that additional influencing factors, 
such as updraft strength, should be considered. Since light-
ning typically exhibits characteristics of high flash density 
and smaller flash area in regions of strong updraft (Thiel 
et al. 2020), it can be inferred that robust updraft was likely 
present only around 126.9°E.

Similar characteristics were observed in the moderate 
cases (Fig. 7c and d). In the moderate 1 case, graupel was 
observed ascending to altitudes up to 7 km, and ice crys-
tals were primarily present in the upper layer limited to the 
lightning zone (126.8°–126.9°E). In the moderate 2 case, 
graupel reached an even higher altitude of 10 km, although 
the existence of ice particles in the upper layers could not be 
confirmed due to radar range limitations. In contrast, grau-
pel was predominantly distributed at lower altitudes in most 

Fig. 7  Vertical cross sections 
of hydrometeor classification 
algorithm (HCA) products 
along the line A–A’ shown in 
Fig. 4 for (a) and (b) intense, 
(c) and (d) moderate, and (e) 
and (f) none cases. Two dotted 
lines align with the temperature 
levels of 0ºC (lower line) and 
–10ºC (upper line). The time 
stamps for the HCA data of the 
intense and moderate cases are 
6 min prior to the reflectivity 
map of Fig. 4
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regions of none cases (Fig. 7e and f), resulting in the absence 
of lightning activity. Despite the graupel particles ascending 
to higher altitudes above the − 10 °C layer near the 37.40°N 
location in Fig. 7e, no lightning activity was recorded. The 
lack of ice crystals could explain the absence of lightning 
events, possibly compounded by weak turbulence. Accord-
ing to Mareev and Dementyeva (2017), the effect of tur-
bulence on charge separation mechanisms, influenced by 
interactions at the hydrometeor-scale, could locally intensify 
the existing electric fields, potentially triggering lightning.

The radar measurement volume contains a mixture of 
various hydrometeors, even within a single pixel, while 
the HCA products indicate the most representative types of 
hydrometeors in a pixel. Therefore, the base products were 
analyzed to understand the different possibilities of particle 
distribution within the cloud. Figure 8 displays box plots 
showing the vertical variations of the polarimetric variables. 
A box plot displays the median value as a black line inside 
the box and the mean as a blue diamond marker, and the box 
limits represent the  25th and  75th percentiles. The vertical 
axis of the plot represents temperature information for differ-
ent layers, ranging from 0 °C at an altitude of 5 km to –65 °C 
at 15 km. There are also three boundaries at temperatures 
of − 10, − 20, and − 40 °C, corresponding to altitudes of 7, 
9, and 12 km, respectively.

The most notable differences between lightning cat-
egories were observed in the temperature range of 0 °C 
to − 10 °C. As lightning activity intensified, the median 
value of  ZH increased from 29 to 43 dBZ (Fig. 8a). Note 
that higher  ZH values indicate a higher concentration of large 
particles. When conditions lead to  ZH > 40 dBZ, the particle 
type can be inferred from the corresponding  ZDR values. 

 ZDR, defined as the logarithmic reflectivity factors at hori-
zontal and vertical polarizations, provides information about 
the reflectivity-weighted shape of the targets.

In Fig. 8b, the median and mean values of  ZDR of this 
layer remained close to zero (0.1 − 0.4 dB), which can be 
attributed to the prevalence of spherical-shaped rimmed 
particles such as graupel and hail (Kumjian 2013). How-
ever,  ZDR below the  25th percentile in the intense lightning 
category demonstrated a lower value, with a minimum 
of − 1.2 dB. This observation implies the presence of con-
ical-shaped graupel; most hydrometeors, whether in both 
liquid and solid type, tend to have positive  ZDR values, with 
the exception of conical-shaped graupel and ice aggregates 
(Straka et al. 2000; Dolan and Rutledge 2009; Zhao et al. 
2022). In environments characterized by strong updrafts, 
graupel is more likely to form compared to ice aggregates. In 
addition,  ZDR > 0.5 dB indicates the presence of liquid water 
droplets. In general,  ZDR values increase with the size of liq-
uid droplets because their oblate shape causes a substantial 
phase shift in the horizontal polarization wave compared to 
the vertical polarization wave. Thus, a high  ZDR indicates the 
existence of supercooled liquid droplets or wet graupel. This 
observation was supported by ρhv lower than 0.97 (Fig. 8c). 
It is noted that ρhv tends to decrease when different types 
and shapes of particles, such as dry graupel, wet graupel, 
and supercooled liquid droplets, are mixed.

The polarimetric signature of graupel, characterized by 
a high  ZH above 40 dBZ and low  ZDR, extended to altitudes 
with temperatures below − 10 °C, especially for the intense 
category. In the temperature range of − 10 °C to − 20 °C, 
the  90th percentile of  ZH of the intense category was 41 
dBZ, with a median  ZDR value close to zero. Although the 

Fig. 8  Box plots describing polarimetric radar variables including 
reflectivity, differential reflectivity, and correlation coefficient, for 
three lightning categories: intense (red), moderate (yellow), and none 

(green) listed in Table  1. The boxes represent the quartiles of the 
dataset, and the mean value is indicated by the blue diamond
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moderate category occasionally showed instances where 
 ZH values exceeded 40 dBZ, the  99th percentile remained 
below this threshold value (i.e., 40 dBZ). These observa-
tions indicate that graupel, which ascends to higher altitudes 
specifically at temperatures below − 10 °C, was predomi-
nantly observed in the intense lightning category, suggesting 
a strong association between graupel height and lightning 
intensity.

The glaciated layer, with temperatures below − 20 °C, pri-
marily consisted of ice particles such as dry snow and pris-
tine ice crystals. Compared to pristine ice crystals, dry snow 
particles generally exhibit lower  ZDR (Straka et al. 2000). 
This lower  ZDR is attributed to several factors specific to dry 
snow, including its small size, low density, and nearly spher-
ical shape. On the other hand, the  ZDR of ice crystals can 
vary widely depending on their shape and orientation when 
ice crystals are the major contributor to radar reflectivity. In 
the upper part of the glaciated layer, the median value of  ZDR 
was higher than in the lower part (Fig. 8b), suggesting that 
pristine ice crystals were the dominant hydrometeors in the 
extremely cold temperature range of –40 °C to –65 °C, while 
dry snow was mixed in the somewhat warmer temperature 
range of –20 °C to –40 °C. Additionally, the  ZH value was 
higher for the intense lightning category compared to the 
moderate category (Fig. 8a). This could indicate a higher 
concentration of hydrometeors or larger particle sizes during 
more intense storm conditions.

Ice particles within a thunderstorm can align themselves 
due to the influence of electric fields, and their alignment 
direction can be inferred from ΦDP, which represents the 
total phase difference between received horizontally and 
vertically polarized waves. ΦDP is affected by propagation 
effects along the entire radar path, and the derivative of ΦDP 
along the radar range determines the direction of alignment. 
Figure 9 illustrates the propagation of radar measurements, 
including ΦDP,  ZDR,  ZH, and ρhv, along the radar beam direc-
tion (solid lines B-B' in Fig. 4). The lines were strategically 
chosen to pass through the center of the corresponding light-
ning domains. Histograms of lightning locations over the 
specific area listed in Table 1 are also presented as a bar plot 
as a function of distance from the radar point.

The most prominent feature in Fig. 9 is the slope of ΦDP, 
which extends along the radar range. The decrease in ΦDP is 
observed at a range of approximately 35–49 km in the intense 
1 case and 47–58 km in the moderate case (Fig. 9a and f). 
The corresponding heights for these ranges are approxi-
mately 11–14.8 km in the intense 1 case and 10–12.1 km in 
the moderate case. In these regions,  ZH and ρhv consistently 
displayed values exceeding 15 dBZ and 0.98, respectively 
(Fig. 9b and g). High  ZH and ρhv at altitudes above 10 km 
with low temperatures indicate a high concentration of ice 
crystals. In such an environment, a negative shift of ΦDP 
can be interpreted as a result of the vertical alignment of 

ice particles. When the average geometrical projection of 
crystals in the vertical direction exceeds that in the horizon-
tal direction, the ΦDP decreases with the slant range during 
the alternate transmission and reception of horizontally and 
vertically polarized waves (Hendry and McCormick 1976; 
Caylor and Chandrasekar 1996; Ryzhkov and Zrnić 2007; 
Hubbert et al. 2014). The presence of lightning within the 
range of 41–49 km in the intense 1 and 45–54 km in the 
moderate 1 also supports the arrangement of ice particles, 
as electric fields tend to align vertically in typical thunder-
storms accompanied by lightning (Fig. 9e and j).

Vertically aligned ice particles also influence the  ZDR 
sign alongside variations in the effective lengths of the ice 
particles due to orthogonally polarized electric fields. This 
vertical alignment leads to negative  ZDR values. However, 
near-zero or slightly positive  ZDR were observed around the 
lightning zone (Fig. 9c and h). This unexpected result can be 
understood by considering the geometric characteristics of 
ice crystals. At extremely cold temperatures below –20 °C, 
ice crystals typically take on columnar or plate-like struc-
tures (Houze 2014), which respond differently to a strong 
electric field. The columnar ice crystals align themselves 
with their major axis perpendicular to the direction of the 
electric field, causing a vertical alignment and consequently 
resulting in a negative  ZDR. In contrast, plate-like ice crystals 
align with their major axis perpendicular to the electric field, 
resulting in a horizontal orientation due to their shape. This 
alignment pattern results in  ZDR values that are close to zero 
or slightly positive.

In summary, the decrease in ΦDP and the near-zero  ZDR 
values suggest the possibility of the coexistence of verti-
cally aligned columnar ice crystals and randomly oriented 
plate-like ice crystals. This conclusion is supported by Hub-
bert et al. (2014), who demonstrated that a decrease in ΦDP, 
accompanied by near-zero  ZDR values, indicates the presence 
of different types of ice crystals, where smaller aligned ice 
crystals contribute to the  KDP signatures, and larger aggre-
gates or graupel contribute to the  ZDR signatures.

5  Concluding Remarks

In this study, we conducted an in-depth analysis of HCA 
products and polarimetric signatures to gain insight into 
the temporal and spatial evolution of cloud hydromete-
ors within thunderstorms and their direct correlation with 
lightning occurrence. Figure 10 provides a comprehen-
sive understanding of the key factors influencing lightning 
activity. The most significant finding centers on the critical 
role that the presence of dry graupel, particularly at alti-
tudes of temperatures below − 10 °C, plays in the initiation 
of lightning events. Dry graupel was identified by high 
 ZH > 40 dBZ and negative or near-zero  ZDR values in the 
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region prone to lightning activity. It is worth noting that 
the presence of graupel above − 10 °C occurred approxi-
mately 6 min before lightning was observed. Consider-
ing that flash floods usually endure for less than 90 min 
(Haerter et al. 2010; Westra et al. 2014; Merz and Blöschl 
2003), and that hourly extreme rainfall events can result 
in substantial damage (Kim et al. 2023), a 6-min interval 
could potentially serve as a significant precursor.

In cases of intense lightning, we observed the concurrent 
presence of liquid water and graupel just above the melting 
layer, which was identified by the column-shaped RH crite-
ria in the HCA products. This RH pattern can be interpreted 
as either supercooled liquid water lifted by strong updrafts 
or wet graupel surrounded by a liquid water shell. While 
the existence of ice crystals is highly likely under such con-
ditions, their signals might be masked by larger particles, 

Fig. 9  Measurements of dif-
ferential phase, reflectivity, 
differential reflectivity, and 
correlation coefficient (a)–(d) 
along the 16.7º elevation and 
307.5º azimuth angles in the 
intense 1 case, (f)–(i) the 
11.95º elevation and 315.5º 
azimuth angles in the moderate 
1 case, and (k)–(n) the 16.3º 
elevation and 319.5º azimuth 
angles in the none 1 case. The 
beam direction is indicated by 
solid black line B-B’ in Fig. 4. 
(e), (j), and (o) represent the 
histograms of lightning flashes 
over the specific domain listed 
in Table 1, which are plotted as 
a function of distance from the 
radar point (marked with B in 
Fig. 4)
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underscoring the need for further investigation. Moreover, a 
significant polarimetric signature relates to the reduction in 
ΦDP observed in regions with high  ZH > 15 dBZ and slightly 
positive or near-zero  ZDR in the upper levels of the cloud. 
These signatures are associated with a high concentration 
of vertically aligned ice crystals, particularly columnar and 
plate-like shapes.

The generation of lightning is widely understood to result 
from charge separation caused by collisions between cloud 
particles, such as graupel and ice crystals. To fully under-
stand this process, it is essential to study not only the types 
and distributions of cloud particles but also the underly-
ing kinematics that drive particle collisions. However, the 
present study faced a limitation due to the lack of kinemat-
ics information, primarily caused by the scarcity of radar 
observations needed to generate three-dimensional wind 
fields. Obtaining high-quality wind retrievals with sufficient 
resolution for cloud analysis requires proper positioning and 
spacing of radar observing sites, which are currently lacking 
even in the SMA region. In Fig. 10, we depict the expected 
updraft information with an orange-dashed arrow based on 
previous research on updrafts and lightning (Solomon and 
Baker 1998; Wiens et al. 2005; Deierling and Petersen 2008; 
Schultz et al. 2017; Stough et al. 2022). These studies have 
shown that an updraft volume of ≥ 10 m  s−1 (the value may 
vary between studies) above the melting layer is a more 
favorable condition for lightning occurrence compared to 
considering the maximum or average velocity (Deierling and 
Petersen 2008).

The present study provides valuable information on the 
microphysical characteristics of thunderstorms and their 
influence on lightning activity. The type of cloud hydro-
meteors and their shape and orientation in regions prone 
to lightning were explored by performing in-cloud analysis 

using dual-polarization radar. Considering the increasing 
frequency of heavy rainfall during the summer season in 
Korea (e.g., Ho et al. 2003; Kim et al. 2006; Chang et al. 
2023), this result can provide crucial information for pro-
active management of lightning events and other severe 
weather conditions associated with lightning, such as tor-
rential downpours. To accomplish this objective, it is essen-
tial to examine a broader range of cases to draw concrete 
conclusions. This will allow for a deeper understanding of 
cloud characteristics under diverse environmental conditions 
that can trigger lightning. Additionally, efforts should be 
directed toward enhancing the accuracy and reliability of 
radar-retrieved data for a more accurate assessment of in-
cloud microphysical species’ behaviors.
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Fig. 10  Conceptual illustration 
of the vertical distribution of 
hydrometeors and polarimetric 
signature in storms with differ-
ent lightning activities including 
none, moderate, and intense
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