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Lightning Flash Rate

Shuo Wangl , Tomoo Ushio!, and V. Chandrasekar®
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'Osaka University, Suita, Japan, *Meteorological Research Institute, Japan Meteorological Agency, Tsukuba, Japan,
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Abstract The electrical alignment signatures of ice crystals in the middle and upper parts of a thunderstorm
have a physical connection with the strong electric fields within the cloud. By taking advantage of the high
spatio-temporal resolution of an X-band dual-polarized multiparameter phased array radar, this paper employs
negative Kpp signatures to investigate the variation of electric fields in an isolated thunderstorm within its
evolution, and the relationship between the negative Kpp signatures and intracloud (IC) lightning activity. The
results show that the radar-inferred strong electric fields distributed in a region of about 8.5-10 km during the
developing stage, then extended from about 10 km to the cloud top during the mature stage, with an increasing
IC lightning flash rate before the end of the mature stage. Subsequently, the electric fields weakened associated
with a large amount of IC lightning discharges. The qualitative analysis results indicate that the evolution of the
radar-inferred electric fields associated with the upper charge regions is consistent with the electrification
process in the isolated thunderstorm, inferred by the IC lighting activity. In addition, there is a tendency for the
increased IC lightning rate as the decrease in average composite Kpp in the middle and upper layers of the
thunderstorm, with a time lag of about 5.5 min between the minimum average composite Kp and the peak IC
lightning rate, while a good correlation between the negative K,p volume and the IC lightning flash rate at a lag
of approximately 9 min.

Plain Language Summary By using an X-band dual-polarized multiparameter phased array radar
with high temporal and spatial resolution, this study investigates the electrical alignment signatures of ice
particles related to the strong electric fields in the middle and upper parts of an isolated thunderstorm. The
results indicate the potential use of electrical alignment signatures of ice crystals for evaluating the evolution of
radar-inferred electric fields within the thunderstorm lifecycle. Moreover, well correlations are observed
between negative Kpp volume, average composite Kpp, and intracloud lightning flash rate.

1. Introduction

With the widespread application of weather radar, there are numerous researches explored the relationships
between lightning activity and radar-inferred microphysical characteristics and the kinematic structure of thun-
derstorms, which significantly advanced the exploration of the evolution of the cloud electrification process and
the utilization of weather radar for the monitoring of severe thunderstorms, issuing early warnings, and the
prediction of lightning activity.

The earliest research with the observation by weather radar explored the properties of lightning activity and the
charge structure associated with the vertical structure of reflectivity within the development of precipitation
regions. Workman and Reynolds (1949) and Reynolds and Brook (1956) studied the initial electrification with the
initial radar precipitation echo and the top height of the radar echo by an airborne weather radar. The results
showed that the ice phase hydrometeors within the updraft correlated well with the initial electrification, and the
electrification was probably initiated in a region with a temperature of about —10°C in New Mexico. Dye
et al. (1988) used ground-based Doppler weather radar to observe small thunderstorms in New Mexico and
showed that the negative charge region was located in the region of reflectivity from 25 to 30 dBZ. With more
cases in New Mexico thunderstorms (Dye et al., 1989), they found that the reflectivity around 40 dBZ at or above
the —10°C layer appeared at the onset of electrification, and concluded that the reflectivity could not be used alone
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as a reliable indicator of electrification, which was consistent with the conclusion from Reynolds and
Brook (1956) that the precipitation only does not guarantee thunderstorm electrification unless the precipitation
experiences rapid vertical development. Considering the important role of updrafts in electrification, the re-
lationships between lightning activity and updrafts have been studied (Lhermitte & Krehbiel, 1979; Shack-
ford, 1960; Williams, 1981, 1985; Zipser & Lutz, 1994). Lhermitte and Krehbiel (1979) suggested that lightning
activity increased with increasing maximum reflectivity in the vicinity of the updraft and rapidly increased up-
draft velocity with a maximum value of larger than 20 m/s within the mixed-phase region. Williams (1981, 1985)
studied thunderstorm cases in New Mexico, Florida, and New England, with the observation by vertical scanning
radars, and the results showed that the lightning flash rate is strongly related to the echo top height in the cases of
electrically active storms. Especially in Florida, the flash rate exhibited a strong correlation with the fifth power of
the echo top height except in the decay stage. Zipser and Lutz (1994) proposed that updraft velocities exceeding
specific threshold values are crucial for rapid electrification. They suggested the updraft with an average vertical
velocity greater than about 6—7 and 10-12 m/s for the maximum vertical velocity within the temperature range of
0 to —20°C. Ushio et al. (2001) examined the power scaling law at different seasons and regions by precipitation
radar on the TRMM satellite and concluded that the relationship between storm height and flash rate is non-linear,
exhibiting considerable variability, which suggested that using only the echo top height cannot establish a reliable
relationship with lightning flash rate.

Due to the dual-polarization weather radar offers additional polarimetric parameters used for hydrometeor
classification, estimation of particle size, shape, and orientation, and thermodynamic phase. The capability to
differentiate particle types in mixed-phase hydrometeors leads to an improved understanding of the storm
microphysics and structure, which is especially helpful for the parameterization of lightning flash rate. A
multitude of studies have demonstrated strong correlations between lightning flash rate and thunderstorm
microphysics and kinematic parameters, such as the ice (e.g., precipitation, total) mass, graupel volume, updraft
volume, and so on (Basarab et al., 2015; Carey & Rutledge, 1996, 1998, 2000; Deierling & Petersen, 2008; Fehr
et al., 2005; Goodman et al., 1988; Mecikalski et al., 2015; Tessendorf et al., 2007; Wiens et al., 2005). Goodman
et al. (1988) found that the maximum total flash rate corresponded with the maximum in storm mass, 30 dBZ echo
volume, vertically integrated liquid water content, and cloud height. Fehr et al. (2005) investigated the rela-
tionship between lightning activity and different hydrometeor particle mass inferred by radar observations in three
types of thunderstorms, including a multi-cell storm, a supercell storm, and a squall line. The result indicated that,
above the —20°C layer, the total mass, graupel mass, and hail mass were correlated well with lightning activity in
isolated thunderstorms, while no such relationship was observed in the squall line with many coexisting
convective cells. This result suggested that the lightning flash rate could not be parameterized by total mass alone.
Deierling and Petersen (2008) suggested that there is a good correlation between the mean total lightning rate and
the updraft volume above the —5°C temperature layer with vertical velocities greater than 5 and 10 m/s Basarab
et al. (2015) conducted a validation study in 11 Colorado thunderstorms to examine the relationships between
lightning flash rate and graupel volume, 35 dBZ echo volume in the mixed-phase region, and non-precipitation ice
mass flux. The result showed that the 35 dBZ echo volume exhibited the strongest correlation with the lightning
flash rate. In particular, the microphysical properties related to graupel (graupel volume/mass) have been proven
to be closely related to lightning flash rate (Calhoun et al., 2013; Carey & Rutledge, 1996, 2000; Carey
et al., 2019; Kuhlman et al., 2006; Mecikalski et al., 2015; Tessendorf et al., 2007; Wiens et al., 2005). By
observing a multi-cell thunderstorm in Colorado, Carey and Rutledge (1996) corroborated that the graupel
volume above the melting layer inferred by weather radar has well relationship with IC lightning flash rate, and
the maximum graupel volume appeared before the peak of IC lightning flash rate. Carey and Rutledge (2000), by
studying a deep island convection case, showed that the total lightning flash rate was well correlated with the total
radar-inferred ice mass and graupel mass in the mixed-phase region (0 to —40°C). By evaluating the performance
of early established flash rate parameterization relations in 515 radar volumes of 33 storms, Carey et al. (2019)
suggested that the flash rate relation based on graupel volume outperformed all other relations, including those
based on graupel mass, 35 dBZ echo volume, and updraft volume. This conclusion further validated the result
from Mecikalski et al. (2015) that graupel volume and graupel mass exhibit better correlations with total lightning
flash rate than with the updraft parameters based on observation of a single thunderstorm occurred in Alabama.
Normally, the presences of graupel are identified by combining horizontal reflectivity (Zy) with polarimetric
parameters such as differential reflectivity (Zpg), specific differential phase shift (Kpp), co-polar correlation
coefficient (pyy), linear depolarization ratio, and environmental temperature data, or by using hydrometeor
classification algorithms based on empirical or/and theoretical simulation results of different hydrometeor
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particles. For instance, high reflectivity (Zy > 45 dBZ) combined with low Zpi (Zpr < 0.5 dB) above the melting
layer indicates the presence of graupel (Goodman et al., 1988). Alternatively, above the melting layer, lower Zg
(—0.5 to 0.5 dB) with moderate Zy; (40 to 50 dBZ), combined with Kpp (—0.5 to 0.5°/km) and py, greater than
0.99, indicate graupel, while lower Z (—0.5-1 dB) with large Z; (50 to 60 dBZ) below the melting layer (Carey
& Rutledge, 1996). Basarab et al. (2015) calculated the graupel volume/mass by using the results of graupel and
hail identified by a fuzzy logic hydrometeor identification algorithm (HID) developed by Dolan et al. (2013).
Carey et al. (2019) and Mecikalski et al. (2015) employed the National Center for Atmospheric Research fuzzy
logic Particle IDentification algorithm (PID) (Deierling et al., 2008; Vivekanandan et al., 1999) to calculate
graupel volume by using the category of “graupel/small hail” in a region of —5 to —40°C and —10 to —40°C,
respectively.

The strong correlations between lightning activity and graupel content, along with the developmental charac-
teristics of ice particles in the mixed-phase region during thunderstorm electrification as illustrated by these
studies, are consistent with the principles of the non-inductive charging theory. Except for the graupel volume/
mass (or precipitation ice) methods, the total ice volume/mass methods calculate the volume/mass including ice
crystals, aggregates, and graupel. Meanwhile, the 35 dBZ volume scheme evaluates the volume typically asso-
ciated with large precipitation particles in the mixed-phase region, such as graupel and supercooled drops with
updrafts (Basarab et al., 2015; Carey et al., 2019). Notably, by discriminating the ice-related particles and
raindrops, Hayashi et al. (2021) investigated the relationship between the 35 dBZ volume of ice-related particles
and lightning flash rate within 10 isolated thunderstorms, the results showed that the 35 dBZ volume of ice-related
particles has a higher correlation with IC and CG lightning flash rates compared with the 35 dBZ volume in the
mixed-phase region. It indicates that a better relationship could be obtained by excluding hydrometeors not
involved in the non-inductive charging process, such as rain-related droplets, from the radar reflectivity volume.

According to the non-inductive charge-separation mechanism, charges transfer occur during collision between
graupel pellets and ice crystals within updrafts in mixed-phase region of thunderstorms, leading to the buildup of
charge regions with different polarity in thunderclouds which the sign and magnitude of the charge associated
with graupel depend on factors such as temperature, liquid water content, rime accretion rate (Reynolds
et al., 1957; Saunders et al., 1991; Takahashi, 1978). Graupel and ice crystals are typically the principal charge
carriers responsible for the establishment of charge regions within thunderstorms. However, compared to graupel,
only a few studies have investigated the relationship between radar-inferred properties of ice crystals and
lightning flash rate, although ice crystals predominantly compose the upper charge regions within thunderstorms.

Ice crystal contents (e.g., concentration, mass) have been proven to have well correlation with lighting flash rate
by modeling, satellite and ground-based polarimetric weather radar observational studies (Baker et al., 1995,
1999; Deierling et al., 2005, 2006, 2008; Latham et al., 2007). Deierling et al. (2008) estimated the non-
precipitation (major component: aggregates, ice crystals) and precipitation ice (major component: graupel,
small hail) mass above the melting layer in 11 storm cases by dual-Doppler polarimetric radar, and suggested that
non-precipitation ice mass also has a high correlation with total lightning activity. Notably, the estimation of the
non-precipitating ice mass in thunderstorm adopted a method that calculated the ice crystal contents that
reflectivity values were below 20 dBZ in the divergence area, due to the ice crystals being hard to detect by radar
when mixed with the larger ice particles (e.g., graupel, hails) in updraft area.

An important feature of ice crystals in the upper parts of thunderstorms is that they could exhibit a vertical
alignment by strong electric fields, and recover to the horizontal alignment following with weakened electric
fields due to lightning discharges. The mutual influence of aerodynamic torques, Brownian motion, and elec-
trostatic torque on the orientation of falling ice particles has been well investigated (Cho et al., 1981; Foster &
Hallett, 2002, 2008; Hashino et al., 2014; Noel & Sassen, 2005; Sassen, 1980; Saunders & Rimmer, 1999;
Weinheimer & Few, 1987). These studies suggest that the vertical alignment of small ice particles is normally
caused by an electric field and not affected by turbulence, and the ice crystals attain their natural aerodynamic
orientation after times on the order of 10 ms when electrical forces disappear due to weakened electric fields (Cho
et al., 1981). Small ice crystals ranging in diameter from 50 pm to 2 mm could be electrically aligned along the
direction of the in-cloud electric field with an intensity of 50-120 kV/m (Foster & Hallett, 2002; Hashino
et al., 2014; Saunders & Rimmer, 1999; Weinheimer & Few, 1987). Additionally, columns are more easily
aligned than plate crystals, while larger plates are difficult to align compared to smaller ones by a strong electric
field (Hashino et al., 2014; Weinheimer & Few, 1987).
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The depolarized signatures related to electrically aligned ice crystals have been observed and investigated by
dual-polarized weather radar in numerous research (Caylor & Chandrasekar, 1996; Hendry & McCormick, 1976;
Krehbiel et al., 1992, 1996; Mattos et al., 2016, 2017; McCormick & Hendry, 1979; Metcalf, 1992, 1995;
Schvartzman et al., 2022; Scott et al., 2001; Ventura et al., 2013; Zrni¢ & Ryzhkov, 1999). Caylor and Chan-
drasekar (1996) first proposed that the Kp,p can be used to explore the change in the orientation of ice crystals by
electric fields in thunderstorms. Before intracloud (IC) lightning discharge, the ice particles are gradually aligned
along the direction of an electric field by an accumulated strong electric field, and the Kp,p gradually decreases to a
negative value, associated with a mean oriented angle of the electrically aligned ice particles greater than 45° from
horizontal. Then, the Kpp rapidly increases following with the lightning discharge, associated with horizontally
reoriented ice particles. Moreover, the negative Kpp values are dominated by small electrically aligned ice
particles when they are mixed with larger ice aggregates or graupel, while their intrinsic Zpi is masked by
polarimetrically isotropic ice aggregates or graupel (Carey et al., 2009; Hubbert, Ellis, Chang, Rutledge, &
Dixon, 2014, Hubbert, Ellis, Chang, & Liou, 2014; Ryzhkov & Zrni¢, 2007). These features make the negative
Kpp areliable indicator for identifying electrically aligned ice crystals in the upper parts of thunderstorms, and the
period variation in negative Kp signature could be used to investigate the change of local electric field related to
IC lightning discharges. However, due to the limited time resolution of mechanical scanning weather radars, it is
still a challenge to observe and study the Kpp signatures related to electrically aligned ice crystals and their
relationship with lightning flash rate during the rapid evolution of thunderstorms using traditional weather radars.

Utilizing the negative Kpp signatures of electrically aligned ice particles, which are physically related to the
intensity of a strong electric field in-cloud, this paper qualitatively analyzes the characteristics of the radar-
inferred electric field in the middle and upper parts of an isolated thunderstorm during its evolution, employ-
ing the dual-polarized multiparameter phased-array weather radar (MP-PAWR) with a time resolution of 30 s and
range resolution of 75 m. By using average composite Kpp and negative Kpp volume, the relationships between
the negative Kpp signatures, the vertical structure of radar-inferred electric fields related to upper charge regions,
and the IC lightning flash rate were investigated within the evolution of an isolated thunderstorm in Saitama
Prefecture, Japan. The result demonstrates that, by taking advantage of the high spatio-temporal resolution of
phased-array dual-polarimetric weather radar, the MP-PAWRs could be used to explore the radar-inferred
electrification process associated with the evolution of strong electric fields in the upper parts of the isolated
thunderstorm. Section 2 describes the data used in this paper and the analysis methods, while Section 3 presents
the observation and analysis results, including the relationships between characteristics related to upper charge
regions and IC lightning flash rate. A summary and discussions are shown in Section 4.

2. Data and Methodology
2.1. Lightning Data and IC Lightning Flash Rate Calculation

Lightning data in this paper were obtained by a lightning detection system called LIghtning DEtection Network
system (LIDEN) operated by the Japan Meteorological Agency. LIDEN is a two-dimensional lightning detection
system that utilizes a combination of VHF array and LF detector to collect interferometric and time-of-arrival
(TOA) measurements based on VHF and LF signals, respectively. The system provides information on intra-
cloud (IC) and cloud-to-ground (CG) discharges, including locations and occurrence time of lightning pulses/
strokes, and so on (Ishii et al., 2014). Furthermore, IC flash is composed of single or multiple IC lightning pulses,
while the multiple IC lightning pulses are classified into the initial IC lightning pulse, the following IC lightning
pulses, and the ending IC lightning pulse.

To investigate the relationship between the variation of the total electrical field in the middle and upper parts of
the isolated thunderstorm and the IC lightning flash rate, a flash group algorithm is employed to group IC
lightning pluses into IC flashes in an analyzed region of the thunderstorm. After synchronizing the UTC of
lightning data to the Japan Standard Time (JST) of radar data, the algorithm calculates the azimuth and distance of
each IC lightning pulse relative to the radar location by using the MP-PAWR location as the center and the
maximum radar detected range as the radius. The single IC lightning pulse occurring in the analyzed region is
counted as one IC lightning flash. In the case of multiple IC lightning pulses, each lightning flash must consist of
at least two types of IC lightning pulses which could be located outside the analyzed region: the initial IC lightning
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pulse and the ending IC lightning pulse. The IC flash group algorithm applies spatial and temporal constraints to
group IC lightning pulses. Specifically, the maximum duration of an IC lightning flash is set to be no greater than
1 s, and the spatial range between consecutive IC lightning pulses is limited to 20 km. Additionally, a maximum
azimuth interval of 10° is allowed between consecutive IC lightning pulses. The algorithm proceeds by grouping
IC lightning pulses according to the sequence of their occurrence times and the IC lightning pulses are assigned to
an IC flash if they meet the requirement of the spatial and temporal constraints. In cases where IC lightning pulses
cannot be matched to any existing flash, the spatial range and azimuth interval thresholds are adjusted iteratively
until suitable matches are found, and the pulses are grouped as an IC lightning flash.

Due to the two-dimensional location information (latitude and longitude) provided by the LIDEN system for IC
lightning pulses, the flash group algorithm utilized in this study may encounter limitations in accurately grouping
lightning pulses into IC lightning discharges, particularly when multiple IC lightning pulses occur within the same
spatial range during the maximum flash duration. However, since this paper mainly examines the relationship
between IC lightning flash rate and the electrical alignment signatures observed by MP-PAWR in isolated
thunderstorms, it is still feasible to calculate the IC lightning flash rate to compare the trends of flash rate with the
evolution of the electric fields in the isolated thunderstorm.

2.2. Radar Data and Quality Control

In this paper, the polarimetric radar data were collected by an X-band dual-polarized phased-array weather radar
(MP-PAWR) developed by Toshiba Corporation, Osaka University, and the National Institute of Communication
and Technology (NICT), which is located at an altitude of 29.3 m above sea level at Saitama University
(35.86158°N, 139.60908°E). With an electronically scanned beam width in the elevation direction of less than 1°
and an elevation angle increment of less than 1° within elevation angles of 0-90°, MP-PAWR performs a volume
scan with 114 elevations at a temporal resolution of 30 s by operating in its normal operational mode, while the
range resolution is 75 m within the maximum detected range of 60 km. With the high spatio-temporal resolution
along with its fast and flexible scanning capability, the MP-PAWR could perform a simultaneous and continuous
observation of the mixed-phase region during the thunderstorm evolution, thereby offering valuable information
to study the evolution of cloud electrification throughout the entire lifecycle of thunderstorms.

To investigate the relationship between the lightning activity and the electrical-related characteristics associated
with the upper charge regions inferred by phased array weather radar, an isolated thunderstorm on 20 August 2019
is selected for analysis. Before analysis, radar data quality control is applied on polarized parameters of MP-
PAWR, including the horizontal reflectivity Zy, differential propagation phase shift (®pp), and Kpp (Wang
et al., 2024). Considering that depolarized signatures related to electrically aligned ice crystals are primarily
caused by the differential propagation phase shift effects, to better eliminate the backscatter differential phase
shift (§) from the measured ®pp and obtain a reliable estimation of Kpp from smoothed ®pp, the finite impulse
response (FIR) filter method (Hubbert & Bringi, 1995) is applied to smooth measured @ by using a large range
window. Although a large window length could cause a loss of measured ®p,p in the initial and final range gates
along the radial paths, the absence of data in these regions will not impact the analysis of electrical alignment
signatures in Kpp, due to measured ®pp is often affected by the influenced by ground clutter in near-range gates
and a low signal-to-noise ratio in far-range bins. In this paper, employing the CSU_RadarTools package
developed by a research group from Colorado State University (Lang et al., 2007), the unfolding measured ®pp is
smoothed by using an FIR range filter with a window length of 4.5 km (60 range gates), and the measured ®pp
with a standard deviation of differential phase o (®pp) larger than 30° over 11 consecutive range gates is removed
and replaced by linear interpolation of smoothed data. Then, the Kpp is estimated from the smoothed ®p by using
the least squares method, and calculated over a window whose length is inversely proportional to the corrected Zy
values, in which the rainfall attenuation is corrected by using the ZPHI method (Bringi et al., 2001; Park, Bringi,
et al., 2005; Park, Maki, et al., 2005; Testud et al., 2000). Moreover, considering that the isolated thunderstorm is
almost located within a distance of approximately 40 km of radar and the highest elevation angle is lower than
45°, the beam width of the MP-PAWR is less than 1.2° in azimuth direction and 1° in elevation direction,
respectively. It suggests that the nonuniform beam-filling effect caused by the gradual broadening of the antenna
beam along the distance was not significant, negative Kpp caused by a possible nonuniform beam-filling effect is
neglected in this paper.
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2.3. Methods to Study the Characteristics of Strong Electric Fields Related to the Upper Charge Regions
in Thunderstorm

2.3.1. The Vertical Structure of the Average Electric Field Related to Upper Charge Regions Inferred by
Vertical Profiles of the K;,p

The charge structure in thunderstorms is complex and characterized by multiple charge regions exhibiting
alternating polarities. Taking the typical tripole charge structure as an example, the main negative charge region
mainly consists of negatively charged graupel distributes at the midlevel of thunderstorms and normally sustains
in a steady temperature level between —10 and —20°C, associated with moderate reflectivity (e.g., 3045 dBZ),
largely due to presence of graupel. The positively charged ice crystals are carried up to a high level to form the
upper positive charge region, while the lower positive charge region with positively charged graupel is beneath
the main negative charge region (Dye et al., 1986, 1988; Krehbiel, 1986; Saunders, 1993; Saunders et al., 2006;
Williams, 1989, 2001). Considering that the main negative charge region maintains a relatively constant altitude
range, the variations of electric fields in the upper parts of the thunderstorm are more likely associated with the
electric charge accumulation and neutralization by lightning discharges in the upper charge regions.

In this paper, the negative Kpp signatures are employed to investigate the characteristics of electric fields
associated with the upper charge regions. In the middle and the upper parts of thunderstorms, negative Kpp has
been proven to be physically connected with the presence of electrically aligned ice particles with a mean
orientation angle larger than 45°. It is important to note that the large graupel is too heavy to be aloft in the upper
parts of thunderstorms, and the negative Kp signature related to electrically aligned ice crystals normally cannot
be masked by aggregates and small graupel (Carey et al., 2009; Hubbert, Ellis, Chang, Rutledge, & Dixon, 2014;
Ryzhkov & Zrni¢, 2007). Considering that, in this paper, the Kpp is estimated from the smoothed ®p,p with a long-
range window, and the decreased ®pp due to the depolarization effect associated with electrically aligned ice
particles largely attributed to the cumulative propagation differential phase shift along the propagation path. This
probably suggests that the influence of large hail on @ is normally smaller than the effect of electrically aligned
ice particles, thus the impact on negative Kpp signatures of large hail could be neglected. Additionally, the
negative Kpp value exhibits a linear increase (decrease) with increasing (decreasing) concentration of vertically
aligned ice crystals and a non-linear connection with increasing (decreasing) particle sizes (Carey et al., 2009),
while the increased concentration and/or size of electrically aligned vertically oriented ice crystals normally
signifies the presence of more intense electric fields in the upper parts of thunderstorms. It suggests that, although
the negative Kpp value in the range gate may be dominated by a few but large vertically aligned ice particles, such
as plates with a large aspect ratio, a large amplitude of negative Kp normally indicates the presence of a strong
electric field in the vicinity of the gate. For example, an electric field of 100 kV/m can align plates smaller than
0.6 mm in diameter and columns larger than 2 mm. However, for larger plates, such as 1.7 mm plates, a field of
200 kV/m is required to align them (Caylor & Chandrasekar, 1996). Consequently, the electrical-related char-
acteristics associated with the upper charge regions of the thunderstorm, including variations in strength and
distribution of strong electric field, could be roughly qualitatively analyzed by the spatial distribution and var-
iations in the negative Kpp within a selected region in the upper parts of thunderstorms.

To gain an intuitive understanding of the height-versus-time distribution of relative intensity of the strong electric
fields related to the upper charge regions, we calculated the vertical profiles of Kp by averaging the Kpp in a
designated volume within the middle and upper parts of the isolated thunderstorm. Compared with limited ele-
vations in the PPI scans of the conventional mechanical-scanning radar, the MP-PAWR can obtain vertical
profiles from data observed within sufficient elevation angles in normal operation. Considering that the overall
electric field structure in a thunderstorm changes at a slower rate compared to the rapid fluctuations in the local
electric field responsible for individual lightning discharges, by taking advantage of the high spatio-temporal
resolution of MP-PAWR, we utilize vertical profiles of the Kp to investigate the distribution and variation in
the degree of electrically aligned ice particles within the selected volume, which is associated with changes in the
average electric field intensity and the spatial structure of the electric field related to the upper charge regions
during the evolution of the isolated thunderstorm.

In this paper, the designated analysis volume responsible for the significant charging process of the isolated
thunderstorm is selected by using composite reflectivity larger than 40 dBZ at and above an altitude of 7 km with
an ambient temperature of about —10°C, and the gates with a correlation coefficient pyy larger than 0.8 are
retained. After interpolating the radar data in the selected volume from three-dimensional polar coordinates onto
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three-dimensional Cartesian grids with the nearest-neighbor interpolation method, then in the cylindrical volume
with irregular cross-section, the vertical profiles of Kp,p are calculated by taking the layer-average of the Kpp
value at each altitude range from an altitude of 7 km to the cloud top with the altitude resolution of 0.5 km.
Considering that the isolated thunderstorm merged with other convective cells in the dissipation stage, only the
radar data beyond 15 km from the radar are used to analyze, which means the highest elevation angle is lower than
45°. The Kpp was corrected for its dependency on the elevation angles based on Equation 1 which was theo-
retically derived from Baldini (Schneebeli et al., 2013). In this way, the Kp values on higher elevations could be
used for calculating the equivalent value of Kpp at 0° elevation.

Kpp(6 = 0°) = Kpp(6 # 0°)/cos” 6 M
Where 6 represents the elevation angle of 0°—45° in this paper.

2.3.2. Evaluation of IC Lightning Activity Potential by Using Composite Kp,p

To evaluate the IC lightning activity potential of an isolated thunderstorm, we calculate the average composite
Kpp in the analyzed volume and investigate the relationship between the average composite Kpp and IC lightning
flash rate. The composite Kpp at a given layer corresponds to the minimum Kpp value observed in a vertical
column across all elevation scans at each specific horizontal grid point at and above the designated layer (Wang
et al., 2024). Given that the upper charge regions, distributed above the main charge region comprising charged
graupel, predominantly consist of charged ice crystals, and the heightened negative Kpp signature typically
corresponds to electrically aligned ice particles with large size or high concentration associated with intensified
electric fields. Considering that ice particles gradually align vertically and exhibit negative Kp,p signatures as a
local strong electric field establishes and accumulates, and tend to reach a maximum alignment before IC
lightning discharge, then rapidly recover to horizontal alignment due to the weakened electric field related to
lightning discharges (Chandrasekar et al., 2023), the composite Kpp values at a given layer in the analyzed region
could serve as a qualitative indicator of the strongest local electric field at and above the designated layer of the
thunderstorm, which has the potential to trigger the IC lightning discharges. By calculating the average composite
Kpp at a layer within the selected region, we can qualitatively evaluate the mean intensity of the strongest electric
fields within the region. Then, the IC lightning activity potential in the region at and above the assigned layer of an
isolated thunderstorm could be roughly evaluated. Furthermore, the relationship between IC lightning flash rate
and the average composite Kpp at different layers in the analyzed region could be investigated.

In this paper, the analyzed volume contains the mixed-phased region which involves supercooled drops, riming
particles, and ice crystals. Carey et al. (2009) investigated the alignment signatures of ice crystals in Kpp by
modeling methods, and the results indicated that the negative Kpp signature of vertically oriented ice crystals is
not affected by the horizontal arrangement of aggregates when they are mixed, and the same feature applies in a
mixture of vertically aligned ice crystals and horizontally aligned graupel, with reflectivity ranging from 5 to
35 dBZ. For moderate to large reflectivity (40 to 45 dBZ), the presence of large graupel starts to influence the
negative Kpp signature of vertically aligned ice crystals, particularly when reflectivity exceeds 45 dBZ. To
improve the reliability of composite Kpp and avoid the effect of large graupel and hail, we calculated the
composite Kpp at different altitudes within the range gate in which the Z; is less than 45 dBZ, then calculated the
average composite Kpp at the altitudes in the selected region, representing the mean value of maximum electric
field intensity at and above corresponding altitudes in the analysis volume, meanwhile, the possible statistical
errors of electrical alignment signature in negative Kpp, such as conical graupel, could be reduced.

2.3.3. Exploring the Correlation of IC Lighting Rate Associated With Negative K,,, Volume

Given that the total electric field changes over a longer time scale compared with fluctuation in local electric fields
associated with lightning discharges, as a gradual intensification of the total electric field related to the upper
charge regions with the evolution of a thunderstorm, it is reasonable to expect that a larger volume of ice particles
will be affected by the strong electric field, exhibiting a large-area electrical alignment signature. Conversely, as
the overall electric field weakens, this volume decreases. In this paper, the volume of negative Kpp is used to
represent the volume of ice particles in the middle and upper parts of the isolated thunderstorm affected by the
total electric field in-cloud associated with IC lightning discharges. The changes in negative Kjp volume are
employed to qualitatively evaluate the variations in the strength of the total electric field within the upper parts of
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the thunderstorm. In this paper, we employ the negative Kp volume at and above an altitude of 7 km to explore its
relationship with IC lightning flash rate in the isolated thunderstorm, and investigate the time-height evolution of
the negative Kpp volume by calculating its vertical profile. To calculate the negative Kpp volume, the radar data
on polar coordinates are interpolated onto a Cartesian coordinate with the nearest-neighbor interpolation method,
with a height and a horizontal resolution of a grid cell volume are 0.5 and 0.1 km respectively. Subsequently, the
negative Kpp volume is calculated by summing over all radar grid cells with the negative Kp value at and above
7 km in the isolated thunderstorm, and then multiplying them by the grid cell volume. Moreover, considering the
impact of noisy negative Kpp value near 0°/km, we also calculated the negative K,p volume with the threshold of
—0.25 and —0.5°/km, respectively, to compare the reliability of usage in negative Kpp volume. Besides, unless
otherwise specified, the negative K,p volume referred to in this paper is the volume calculated using negative Kpp
with a threshold of 0°/km.

3. Observation Results and Analysis
3.1. Overview of the Isolated Thunderstorm

In this paper, we select an isolated thunderstorm that moved from the west to the southeast of the MP-PAWR on
20 August 2019, for analysis, as Figure 1 shows. In the following part of this paper, the Z;; and Kpp are the ones
after the quality control process. Considering that the updraft intensity is related to the echo top height and the area
of the echo with moderate reflectivity, we roughly defined the lifecycle of the isolated thunderstorm according to
the echo top height and the 40 dBZ echo volume above an altitude of 7 km (Section 3.3.3) in the isolated
thunderstorm. The developing stage of the isolated thunderstorm was from about 15:28:08 JST to 16:07:21 JST
with a rapid increased cloud top height and 40 dBZ echo volume, while the mature stage was from about 16:07:21
JST to 16:27:39 JST with no significant decrease in cloud top height. After 16:27:39 JST, both the cloud top
height and the 40 dBZ echo volume decreased rapidly, and the microphysical properties of the isolated thun-
derstorm during the dissipating stage are not analyzed because it merged with other convective cells. The first IC
lightning flash in the isolated thunderstorm occurred at 15:40:03 JST in the early developing stage, and the IC
lightning flash rate reached the peak of 88 flashes/min at 16:25:10 JST within the end of the mature stage. The
Constant-Altitude Plan-Position Indicator (CAPPI) results at 10 km of the Zy, Kpp, and pyyy at these two times are
shown in the top and bottom panels of Figure 1, respectively. In the middle panel of Figure 1, at 16:07:21 JST, the
CAPPI result of Kpp at 10 km exhibits a region of negative Kpp value with the pyy larger than about 0.95,
indicated of electrical alignment of ice particles related to strong electric fields. According to sounding data at the
Tateno site on 20 August 2019, the ambient temperature at an altitude of 5.5, 7, 8.5, 10, 11.2, and 12.5 km is about
0, —10, —20, —30, —40, and —50°C, respectively. Admittedly the environment sounding data could not fully
represent the in-cloud temperature variabilities, so we use altitude as a rough proxy of isotherms.

3.2. The Electrical Alignment Signatures of Ice Crystals in the Isolate Thunderstorm

Figure 2 shows the time-height results of Zy;, Kpp, and pyy in the isolated thunderstorm at a range of 27 km from
the radar at a 249.6° azimuth, as shown by the triangular mark on the black line in Figure 1. The vertical cross-
section results were obtained from radar data on three-dimensional Cartesian grids with an altitude resolution of
0.5 km. As Figure 2a shows, the echo top height ascended within the developing stage. During the mature stage,
the reflectivity of the echo core was larger than 50 dBZ, and the height of the cloud top was eventually maintained
at about 15 km. As Figure 2b shows, after 15:52:27 JST, a negative Kpp region emerged in the upper part of the
isolated thunderstorm, around an altitude of about 10 km. After about 16:09:15 JST, this negative Kp region
expanded, reaching the top of the cloud. Significantly, there was a layer with an enhancement in the negative Kpp
values observed between altitudes of 10 and 11 km, where the minimum Kpp value was smaller than —1°/km. The
increasing amplitude and range in height of the negative Kpp region indicated intensified electric fields in the
middle and upper parts of the thunderstorm, which is probably related to the enhanced upper charge regions with
the increased concentration of the charged ice crystals. The pyy values were generally greater than 0.95 in the
negative Kpp region in the middle and upper part of the storm, as Figure 2c shows. Moreover, there was a region
with Kpp values near zero, at an altitude of about 8.5 km, distributed between the negative Kpp and positive Kpp
regions. According to the results from Biggerstaff et al. (2017), the main negative charge region is located along
the bottom boundary of the negative Kp region, exhibiting near zero to weakly positive Kpp values. Thus, it
suggests this region with near zero Kjp was probably associated with the main negative charge region in the
isolated thunderstorm.
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Figure 3a shows the CAPPI results of the Kppp at 10 km at 16:09:15 JST. A negative Kp region appeared at this
height layer, with a minimum Kpp below —1°/km at an azimuth of 248.4°. Figures 3b—3d show the horizontal
cross-section images of the composite Kp at an altitude of 10 km at 16:09:15 JST, 16:09:45 JST, and 16:10:15
JST, respectively. Compared with the CAPPI of K,p, Figure 3b shows a larger region with negative Kpp values,
along with an increased negative Kpp area with Kpp less than —1°/km observed at the azimuth of 248.4°, as shown
in Figure 3a. The lowest composite Kp at 16:09:15 JST appeared at an azimuth of 258°, marked as black pixels in
the red circle in Figure 3b, with a minimum Kpp below —2°/km. 30 seconds later, both of these negative Kpp
regions at azimuths 248.4° and 258° shown in Figure 3b shrank as the nearby IC lightning pulses increased. At the
same time, an intensified negative Kpp region appeared near the center marked by a red circle in Figure 3¢, with a
minimum value below —2°/km. Similarly, as shown in Figure 3d, the composite K,p distribution at 16:10:15 JST
illustrated that the negative Kp region (marked with a red circle in Figure 3¢) where the minimum Kpp was below
—2°/km 30 s before has weakened, and the minimum value was above —1.5°/km, while the nearby IC lightning
pulses increased. The result indicated that, compared with Kpp, the composite Kpp could exhibit a variation
probably associated with IC lighting activity, with enhanced negative Kpp signature before IC lightning dis-
charges and weakened after them. However, due to the lightning data being two-dimensional, further observations
are required for this supposed result.

3.3. Characteristics of the In-Cloud Electric Fields Related to IC Lightning Flash Rate

In this paper, the analysis volume used to investigate the characteristics of strong electric fields related to the
upper charge regions, as well as the correlation between negative Kpp signatures and IC lighting activity in the
isolated thunderstorm, is determined by employing the presence of graupel signature, as described in Sec-
tion 2.3.1. Only IC lightning discharges occurring within this designated volume, associated with the active non-
inductive collisional charging region in the isolated thunderstorm, are used to calculate the IC lightning flash rate.

3.3.1. The Vertical Profiles of K, in the Middle and Upper Parts of the Isolated Thunderstorm and Their
Relationship With IC Lightning Flash Rate

Figure 4 shows the time evolution of vertical profiles of Kpp in the isolated thunderstorm, calculated at each
altitude within the selected volume on three-dimensional Cartesian grids, as described in Section 2.3.1. This result
exhibits the vertical distribution and variation of the negative Kp,p signature in the isolated thunderstorm, which
could be used to explore the vertical structure of the average electric field in the middle and upper parts of the
thunderstorm. In this paper, during the early developing stage of the thunderstorm, we analyzed the negative Kp
signatures at the cloud top using the results of the vertical profile of Kpp at and above 7 km. After the early
developing stage, we focused primarily on the profile results above about 8.5 km. This is because, as the thun-
derstorm developed, the Kp profile results in the lower part of the selected region are more likely to be influenced
by large positive Kp values of a large amount of supercooled drops rising with the updraft.

As Figure 4a shows, during the early developing stage, the negative K initiated above 7 km and raised to 10 km
with the updraft before 15:40:03 JST, which indicates ice particles gradually aligned by an electric field. It
suggests that the electric field built up and accumulated in the upper parts of the isolated thunderstorm, associated
probably with the accumulation of charged ice crystals lifted by the updrafts. The average Kp value on the top of
the cloud reached the minimum value that less than —1°/km at 30 s before the first IC lightning flash. The
enhanced negative Kpp signature is caused by the stronger electric fields on the top of the cloud which probably
caused the first IC lightning discharge. In the developing stage, there are two negative Kpp regions distributed in
the middle and upper parts of the thunderstorm: a lower major negative Kpp region between 8.5 and 10 km, and a
higher minor negative Kpp region on the top of the cloud. It probably indicates that these two regions, associated
with strong electric fields, may correspond to the main upper positive charge region and a higher upper charge
region.

Figure 1. Constant-Altitude Plan-Position Indicator (CAPPI) results at an altitude of 10 km of the isolated thunderstorm, on 20 August 2019. The top, middle, and
bottom panel shows the results of attenuation corrected Zy, estimated Kp,p, and pyy, at 15:40:03 Japan Standard Time (JST), 16:07:21 JST, and 16:25:10 JST,
respectively. The analyzed isolated thunderstorm located in a region as a red box marked. Three arcs represent 15, 40, and 60 km away from MP-PAWR. The black
points are the intracloud (IC) lightning pulses. The black line is the azimuth angle of 249.6°, and a black triangle on the line represents the location 27 km away from the
radar. The lightning pulses fall out of the CAPPI results at an altitude of 10 km because the data of lightning pulses is two-dimensional and distributed across all heights.
The echo area in Kp is smaller than that in Zy; due to the estimation algorithm of Kpp.
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Figure 2. Time-height results of MP-PAWR at a range of 27 km from the radar at a 249.6° azimuth on 20 August 2019,
Saitama University. (a): Zy, (b): Kpp, (€): pyyy- The time resolution is 30 s and an altitude resolution is 500 m. The
disappearance of the cloud echo after 16:20:42 Japan Standard Time was attributed to the movement of the thunderstorm.

During the mature stage of the isolated thunderstorm, until 16:20:42 JST, the negative Kp regions raised and
extended from the altitude of 10 km to the cloud top, with the greatest thickness distributed on the top of the
thunderstorm shown as a red box in Figure 4a. It indicates extended electric fields in the upper parts of the cloud
probably resulting from the increasing concentration of the upper charge regions, accompanied by possible
intensified strong electric field on the top of the cloud represented by enhanced negative Kpp region with min-
imum values less than —1.5°/km. Meanwhile, the IC lightning rate gradually increased. It is noticed that, at the
end of the mature stage, the IC lightning flash rate increased larger than 60 flashes/min and the maximum flash
rate was 88 flashes/min. Concurrently, the negative Kpp region diminished, and most average Kpp values
increased to positive values or near-zero positive values in the upper part of the thunderstorm. This suggests that
in the middle and upper regions of the isolated thunderstorm, electric fields weakened during this period, likely
due to the dissipation of upper charge regions caused by the large number of IC lightning discharges.

Figures 4b—4e show the vertical profiles of K at different times during the developing stage and mature stage.
Figure 4b shows the vertical profiles of Kpp from 15:35:35 JST to 15:39:33 JST in the early developing stage,
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Figure 3. Horizontal cross-section results of K, and composite Kp,p of the isolated thunderstorm at an altitude of 10 km, 20 August 2019, Saitama University. (a): Kpp at
16:09:15 Japan Standard Time (JST), (b)—(d): composite Kp,p from 16:09:15 to 16:10:15 JST, time intervals are 30 s. Two arcs represent 15 and 40 km away from MP-
PAWR. Two black lines represent the azimuths of 248.4° and 258°, respectively. The black crosses are the IC lightning pulses. The black pixels in the red circle in
(b) and (c) mark points with the K, value less than —2°/km.

time intervals are 1 min. The vertical profiles of Kp which started from 15:36:34 indicate strong electric fields
related to the negative Kpp signature built up and accumulated above 7 km, and the top height of the electric fields
raised accompanied by the decreased negative Kp value. The vertical profile of Kpp at 15:39:33 JST (purple line
in Figure 4b), 30 s before the first IC lighting flash, shows the intensified electric fields with a minimum K value
was almost —1.5°/km, and the top height of the vertical profile was above an altitude of 10 km. Figure 4c shows
the vertical profiles of Kp in the developing stage, the strong electric fields indicated by negative Kpp signature
mainly distributed between 8.5 and 10 km. At 16:06:22 JST, shown as the purple line in Figure 4c, the average
intensity and the height of the electric fields distributed below 10 km decreased compared with the result indicated
by vertical profile at 4 min before (16:02:23 JST, red line in Figure 4c), and another strong electric field on the
cloud top intensified above 12.5 km. These characteristics are consistent with the result shown as a black box in
Figure 4a. In short, as the amplitude of negative Kp values gradually increased, the center of the peak amplitude
within the major negative Kp regions gradually ascended, mainly distributed around 9 km (the ambient tem-
perature is about —25°C) in the developing stage. This probably suggests that, with the progress of electrification,
the electric fields ascended and primarily concentrated at an altitude of around 9 km within the isolated
thunderstorm.

In the mature stage, shown in Figure 4d, the strong electric fields indicated by the negative Kpp distributed from
10 km to the cloud top. Compared to the vertical profile of Kpp at 16:06:22 JST (the purple line in Figure 4c), the
vertical profile of Kpp between about 10 and 12.5 km changed from positive value to negative value at 16:07:21
JST (the black line in Figure 4d). The vertical profiles of Kpp above 10 km to the cloud top almost exhibited
negative Kp,p signature at 16:09:45JST, 16:17:12JST, and 16:20:10 JST, with the height of the most negative K,p
layer being higher than the height at 16:07:21 JST. It suggests that the electric field intensity increased and the
intensity center shifted upwards, probably due to enhanced upper charge regions associated with the accumulative
charged ice crystals by updrafts. Figure 4e shows the vertical profiles of Kpp at the end of the mature stage. At
16:20:42 JST, the Kp,p value changed from negative to positive above 12.5 km (the black line in Figure 4e) which
suggests that the electric fields above 12.5 km dissipated compared with the electric fields at 16:20:10 JST (the
purple line in Figure 4d). Also, it is observed from the subsequent vertical profiles that the altitude with the peak
amplitude of negative Kpp descended at 16:21:40 JST with decreasing amplitude. At 16:25:10 JST and 16:25:40
JST, there were only weak electric fields indicated by a slight negative Kpp signature above 11 km. It indicates
that the strong electric fields related to the upper charge regions gradually weakened due to a large amount of
lightning discharges.
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Figure 4. Vertical profiles of K in the isolated thunderstorm. (a) Temporal evolution of vertical profiles of K,p, (b)—(e) vertical profiles of K, from an altitude of 5 km
to the cloud top at different times. In panel (a), the altitude range is from the ground to the cloud top and the altitude resolution is 0.5 km. The black line is the intracloud
(IC) lightning flash rate, and the first IC lightning flash occurred at 15:40:03 Japan Standard Time which is marked as the third vertical dot line. The results of vertical
profiles at altitude lower than 7 km are presented to better display the variation of Ki,p.

Furthermore, there is a region, above a blue curve line marked in Figure 4a, distributed between the negative Kpp
and bottom positive Kpp regions where the average Kpp values are near zero or slightly positive values. Similar to
the result of the vertical cross-section in Figure 2, in the isolated thunderstorm, during the period before the end of
the mature stage, the region probably indicated that the altitude of the main negative charge region probably
ascended from about 7 to 8.5 km during the developing stage, then rose to about 9 km before the end of the mature
stage. However, it should be noted that the main negative charge region is inferred by comparing the average Kpp
results with the vertical cross-section results of Kpp on more locations in the thunderstorm (one of them is shown
as Figure 2b), rather than just inferring from the average Kpp results. It is because the average Kpp results,
especially at lower altitudes, such as the near-zero average Kp,p around 8 km, are susceptible to be affected by
hydrometeors with large positive Kpp, such as a large amount of supercooled drops.

In sum, based on the temporal evolution of the vertical profiles of Kpp throughout the isolated thunderstorm's
lifecycle, the height of radar-inferred strong electric fields related to the upper charge regions gradually raised
from the early development stage until the end of the mature stage, while the altitude of the maximum intensity of
the electric fields elevated and sustained at about 11 km before the end of the mature stage with gradual inten-
sification. Meanwhile, the altitude of the possible main negative charge region ascended from about 7 to 9 km, and
during most of the development stage, it was distributed at an altitude of about 8.5 km. During this period, the IC
lightning rate gradually increased. Subsequently, the height of the strong electric fields related to the upper charge
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Figure 5. Time series of the intracloud (IC) lightning flash rate and the averaged composite Kp,p of the isolated thunderstorm. The black line is the IC lightning flash rate.
The first IC lightning flash occurred at 15:40:03 Japan Standard Time (JST) (marked as the third vertical black line). The blue line, red line, and purple line represent the
average composite Kp values at altitudes of 7, 8.5, and 12 km, respectively. The three horizontal black dashed lines from top to bottom represent K,p values equal to 0,
—0.6, and —0.7°/km, respectively. The red circle with the number 1 indicates that the average composite Kj,p at 8.5 km reached its minimum value 1 min before the first
IC lightning flash, while the red circle with the number 2 indicates that the average composite K,p at 12 km reached its minimum value at 15:49:58 JST, which may be
related to subsequent IC lightning discharges. The red box marked as number 3 represents that the average composite K, at the three altitudes reached the minimum
values at about 5.5 min before the peak of IC lightning rate.

regions descended with the weakening of the electric field, while the IC lightning rate increased and reached its
maximum and then declined.

3.3.2. Relationship Between Composite K;p and IC Lightning Flash Rate

Figure 5 shows the time evolution of the IC lightning flash rate and the average composite K,p values at altitudes
of 7, 8.5, and 12 km in the selected volume of the isolated thunderstorm, which are calculated within radar gates in
which the Z is less than 45 dBZ at and above a designated altitude in the selected volume. Besides, the selected
volume used to calculate composite Kpp is the same region selected by using the method indicated in Sec-
tion 2.3.1, but without projecting onto three-dimensional Cartesian grids due to resolution considerations.

In the early developing stage, 1 min before the first IC lighting flash, the average composite Kp at 7 and 8.5 km
decreased from positive values to negative values and reached minimum negative values. The average composite
Kpp at 8.5 km gradually decreased from the maximum positive value of 0.4°/km to a minimum negative value of
less than —0.6°/km in 5 min (from 15:34:10 JST to 15:39:03 JST), subsequently increased to about —0.1°/km
following the IC lightning discharges. It probably indicates a gradual strengthening of electric fields at and above
8.5 km, reaching their peak approximately 1 min before the first lightning flash, followed by a subsequent
weakening due to lightning discharges. Similar features again appeared at 12 km from 15:49:29 JST to 15:49:58
JST, the averaged composite Kpp value decreased from about 0.2°/km to a minimum value of less than —0.6°/km
and subsequently increased following the IC lightning discharges. After the first IC lightning flash at 15:40:03
JST, the averaged composite Kpp at 7 and 8.5 km gradually decreased as the IC lighting flash rate increased,
indicative of intensified electric fields above 8.5 km. It is noticed that, before 16:07:21 JST, the average composite
Kpp at 12 km exhibits positive Kp values compared with the average composite Kp at 7 and 8.5 km. It indicates
that strong electric fields related to the upper charge regions mainly distributed between 8.5 and 12 km before
16:07:21 JST.

During the mature stage of the isolated thunderstorm before 16:20:42 JST, the average composite Kpp at 7 km,
8.5 km, and 12 km decreased as an increasing IC lightning flash rate, reached minimum negative values about
—0.7°/km at about 16:19:41 JST 5.5 min before peak of IC lightning rate. Meanwhile, the average composite Kpp
at 12 km dropped greater than the values at lower altitudes, indicating that the strong electric fields appeared
above 12 km and gradually intensified. Besides, the amplitude of the average composite Kpp at 12 km was smaller
than the values at lower altitudes, indicating that the maximum strength of electric fields mainly concentrated
below 12 km. At the end of the mature stage, from 16:20:42 to 16:27:39, the IC lightning rate increased to the peak
and then decreased, while the average composite Kpp values at the three altitudes both increased. It probably
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Figure 6. (a) Time series of negative Kj,p volume (km3), 40 dBZ echo volume (km3), and intracloud (IC) lightning flash rate. The red line is the negative K,p volume

(threshold = 0°/km), the magenta line is t

he negative K,p volume (threshold = —0.25°/km), the blue line is the 40 dBZ echo volume, the black line is the IC lighting

flash rate; (b)—(e) vertical profiles of negative K, volume (threshold = 0°/km) at different stages.

means that the strong electric fields in the middle and upper parts of the thunderstorm weakened due to the large
number of IC lightning discharges.

The variation in average composite Kpp values at different altitudes roughly depicted the evolution of the
strongest local electric field within the middle and upper parts of the isolated thunderstorm, which is nearly
consistent with the change in electric field inferred by using vertical profiles of Kpin Section 3.3.1. Furthermore,
the signature that the average composite Kp at an altitude gradually decreases from a positive value to a negative
value, or becomes more negative, signifies a progressively strengthening electric field. This intensifying field
probably leads to increased IC lightning activity above the altitude in isolated thunderstorms. In addition, there is
a tendency for the IC lightning rate to increase as the average composite Kpp decreases in the middle and upper
layers of the thunderstorm. The peak IC lightning rate lagged behind the minimum average composite Kpp by
approximately 5.5 min.

3.3.3. Relationship Between Negative K;,p, Volume and IC Lightning Flash Rate

Figure 6a shows the time evolution of the negative Kpp volume and the IC lightning flash rate. In the developing
stage, the negative Kpp volume above 7 km increased to over about 600 km?® as the IC lightning flash rate
increased, and the peak IC lighting flash rate in the developing stage was less than 40 flashes/minute. During the
mature stage before 16:20:42 JST, the negative Kpp volume increased slowly and varied between 600 and
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700 km?, the peak value of the negative Kpp volume was about 720 km® and about 9.5 min before the peak value
of the IC lightning flash rate. During the end of the mature stage, the negative Kpp volume decreased approxi-
mately from 650 km® to about 500 km? at 16:20:42 JST, then continued to gradually decrease to about 300 km®,
while the IC lightning flash rate reached the peak at 16:25:10 JST and then decreased.

Figures 6b—6e show the temporal evolution of vertical profiles of negative Kpp volume. Figure 6b illustrates a
gradual increase in the negative Kpp volume during the early developing stage, extending vertically with the
updrafts, peaking at about 3 km? at an altitude of 9 km, just 30 s before the first IC lightning flash. Starting from
the developing stage until the time before the end of the mature stage (as shown in Figures 6¢ and 6d), both the
vertical extent and the negative Kpp volume increased, and the altitude of the maximum negative Kpp volume
ascended. Meanwhile, the IC lightning rate continues to increase. It probably suggests that the total electric field
intensified in the middle and upper parts of the thunderstorm, accompanied by a rise in the center of the strong
electric field. Particularly, after 15:49:29 JST (the black dot line in Figure 6c¢), there was a rapid increase in both
the total and maximum negative Kpp volume. The strong electric field represented by the negative Kpp volume
mainly distributed between 8.5 and 10 km in the developing stage (shown in Figure 6¢) with the center of the
maximum negative Kpp volume of about 9 km, while it primarily centered around 11 km in the mature stage
(shown in Figure 6d). During the end of the mature stage (shown in Figure 6e), the negative Kpp volume
decreased, especially after 16:20:42 JST (the black line in Figure 6¢e), which probably indicated the electric fields
weakened due to a large number of lightning discharges. In short, the variation and distribution of the total electric
field inferred by negative K,p volume is consistent with the result inferred from vertical profiles of Kp, shown in
Figure 4.

To investigate the relationship between the negative Kpp volume and IC lightning flash rate, we utilize the 40 dBZ
echo volume in the upper parts of the thunderstorm for comparison. The 40 dBZ echo volume is calculated by
summing the volume cells where the horizontal reflectivity Zy; at and above 7 km was greater than 40 dBZ in
Cartesian coordinate grids, shown as the blue line in Figure 6. Besides, to evaluate the reliability of the negative
Kpp volume, we calculated and compared the negative Kp volumes with thresholds of —0.25 and —0.5°/km,
respectively. Since these volumes show similar variation trends to the negative Kpp volume with a 0°/km
threshold, we primarily analyze the results for the negative Kp volume with the 0°/km threshold. For clarity, the
negative Kpp volume with the —0.5°/km threshold is not shown in Figure 6a, but its correlation results are
presented in Figure 7. As indicated in the small window of Figure 6, during the early developing stage, if we take
the appearance of the 40 dBZ echo volume as the indicator of graupel formation, the time delay was about 12 min
between the formation of graupel and the first IC lightning flash, and the formation of graupel occurred about
5 min earlier than the appearance of the strong electric fields represented by negative Kpp volume in the early
developing stage. It was probably caused by the effect that large graupel has the potential to mask the negative
Kpp signatures of electrically aligned ice crystals when they are mixed up within the electrification initiation
stage, and the time is required for the charge layers to develop via differential gravitational sedimentation and the
action of the updraft on the graupel and ice crystals. During the mature stage, a more stable variation in the 40 dBZ
echo volume was observed compared to the variation in the negative Kp volume. Especially at the end of the
mature stage, the decrease in negative Kpp volume was more severe than the decrease in the 40 dBZ echo volume,
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which probably suggests that a weakening electric field caused by a large number of lightning discharges, while
the variations of the 40 dBZ echo volume are not as significant. This is probably because, in the middle and upper
parts of a thunderstorm, the electrical alignment signature in negative Kpp is closely related to the intensity of the
electric field.

As the results suggest, the intensified total electric fields, indicated by increasing negative Kjp volume above
7 km of the isolated thunderstorm, corresponded with increased IC lightning activity, while a large amount of IC
lightning discharges during the end of the mature stage led to the strong electric fields collapse represented by a
decline in negative Kpp volume, subsequently followed by decreased IC lightning activity. The IC lightning flash
rate correlated and tended to lag with the evolution of the radar-inferred electric fields, with a correlation co-
efficient of 0.61 at a time lag of about 9 min, as Figure 7b shows. Besides, the IC lighting flash rate and the 40 dBZ
volume have a strong correlation with the coefficient of 0.8 at a lag of 10 min (shown in Figure 7a), while the
negative Kpp volumes calculated with different thresholds showed correlations of about 0.6 with the IC lightning
flash rate at the same lag of 9 min (shown in Figures 7c and 7d).

4. Summary and Discussion

Considering that small ice particles in the upper part of a thunderstorm can be electrically aligned by a strong
electric field, these particles gradually orient vertically with the build-up and accumulation of the strong electric
field. Once the strong electric field dissipates, the ice particles recover to aerodynamic alignment within a time
scale on the order of 10 milliseconds. Typically, the accumulation of the local electric field between lightning
discharges causes the degree of electrical alignment of the ice particles to enhance continuously for several
seconds or a time scale on the order of 10 s (Chandrasekar et al., 2023). The MP-PAWR, running in its operational
mode with its high temporal resolution of 30 s, enables it to observe the electrical alignment signatures in the
negative Kpp associated with local electric field variations related to lightning discharges. Moreover, in terms of
the electrification process of thunderstorms, the variation in the total electric field occurs over a longer period.
This suggests that, by employing the negative Kpp signatures, the MP-PAWR has the potential to perform
instantaneous observation of the radar-inferred electric field in the electrification process within the evolution of
thunderstorms.

In this paper, the negative Kpp signatures, investigated by vertical profiles of Kpp, composite Kpp, and negative
Kpp volume, are employed to explore the characteristics of the radar-inferred electric fields associated with the
upper charge regions in an observation of an isolated thunderstorm. The results show that the temporal pro-
gression of the vertical profiles of Kpp could be used to qualitatively examine the evolution in the vertical
structure of the average electric field in the middle and upper parts of the isolated thunderstorm, including the
height distribution and the variation of relative intensity. Meanwhile, based on the variation of the vertical profiles
of Kpp, average composite Kpp, and the negative Kpp volume, the evolution of the radar-inferred electric fields
corresponded with the electrification process of the isolated thunderstorm, including the initiation, intensification,
and decay, and was well-depicted by variations in the IC lightning flash rate. Furthermore, the negative Kpp
volume above an altitude of 7 km in the isolated thunderstorm, which is used for the first time to explore the
relationship with lightning flash rate, exhibits a well correlation with IC lightning flash rate.

In this paper, the result of vertical profiles of Kpp, in a selected volume within the middle and upper parts of the
isolated thunderstorm, exhibits a strong electric field mainly distributed between about 8.5 and 10 km during the
developing stage, built up above an altitude of about 7 km at least 7 min before the first IC lightning flash in the
early developing stage. In the mature stage, the radar-inferred strong electric field mainly distributed from 10 km
to the cloud top with the strongest electric field concentrated around about 11 km with increasing intensity, as well
as increasing IC lightning flash rate. During the end of the mature stage, the IC lightning flash rate kept a gradual
increase and reached a peak, followed by a decline. Meanwhile, the electric field weakened probably due to the
large number of lightning discharges.

Furthermore, in the isolated thunderstorm, we employed the composite Kpp to investigate the variation associated
with the strongest local electric field above a designated altitude and the negative Kpp volume to explore the
evolution in the total electric field. Thereby, the average composite Kpp could serve as an indicator of IC lightning
activity potential above the altitude, while the negative Kpp volume is used to evaluate the correlation of total
electric field intensity with IC lightning activity. In this paper, we explore the relationship between the average
composite Kpp at different altitudes from 7 to 12 km, and the negative Kpp volume above 7 km with the IC
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lightning flash rate in the selected volume of the thunderstorm. The results of vertical distribution and evolution
radar-inferred electric field structure by employing average composite Kp and negative Kpp volume are nearly
consistent with the result of vertical profiles of Kpp. Compared with the negative Kpp volume, the average
composite Kpp at 8.5 and 12 km revealed that the strong electric fields on the top of the cloud reached the
maximum at 15:39:03 JST and 15:49:58 JST, respectively, as well as the weakened electric fields probably caused
by subsequent lightning discharges. During the end of the mature stage, the average composite Kpp at 7 km,
8.5 km, and 12 km reached the minimum values about 7 min before the peak of the IC lightning flash rate, while
the maximum negative Kpp volume appeared about 9.5 min before it.

Although the observation results in this paper demonstrate that the evolution of the radar-inferred electric fields in
the middle and upper parts of the isolated thunderstorm corresponded well with the IC lightning flash rate, and the
preliminary conclusions validate the potential use of negative Kpp signatures for lightning activity research,
further research is needed to verify and improve the reliability of the conclusions. First, since the results in this
paper are based on only an isolated thunderstorm case. In this case, the analysis volume is selected by using a
reflectivity-based method indicating graupel presence. This approach ensures that the analysis region associated
with the mixed-phase region, which plays a crucial role in the electrification process according to the non-
inductive charging theory, is under examination. It should be noted that the vertical profiles used in this paper
calculate the average Kpp value from all particles in the analysis volume containing the mixed-phase region. This
indicates that the results at lower heights in the vertical profile could be influenced by hydrometeors with large
positive Kpp value located in the lower parts of the analysis volume, such as supercooled droplets distributed
primarily in the temperature range of 0 to —20°C. This implies that, especially in low-altitude areas of the mixed-
phase region, further research on the characteristics of electrically aligned ice particles should be conducted by
combining other polarimetric parameters. On this basis, the radar-inferred main negative charge region in this
paper, which is distributed at around 8.5 km between positive and negative Kpp regions, could be more reliable,
thereby improving the accuracy of the vertical profile results. Second, the real electric field structure in thun-
derstorms is complex, associated with different charge structures inside and outside the strong updrafts (Stol-
zenburg, Rust, Smull, & Marshall, 1998; Stolzenburg, Rust, & Marshall, 1998). In this paper, the electrically
aligned ice crystals located outside the defined analysis volume are not taken into account, such as those in the
anvil of the thunderstorm. Moreover, the negative Kpp value of electrically oriented ice crystals is affected by
several factors, including the mean canting angle, particle size, concentration, and the intensity of the electric field
within their vicinity. These issues have brought uncertainty to investigate the relationship between negative Kpp
signatures and IC lightning flash rate, requiring more case studies and further analysis and validation combined
with microphysics and kinematic structure of thunderstorms, and specific observation data of lightning, such as
three-dimensional lightning location data. Additionally, this paper only employed two-dimensional lightning data
to evaluate the correlation between negative Kpp signatures of electrically aligned ice particles in the upper part of
the thunderstorm, the characteristics of the radar-inferred strong electric field, and the IC lightning rate. It is
necessary to use three-dimensional lightning data in future studies to conduct further analysis of more thun-
derstorm cases. In future research, it will be necessary to use three-dimensional lightning data for observation and
analysis in more cases. Only in this way can the electric alignment signatures of ice particles be fully utilized,
combined with other methods such as echo volume, graupel volume, etc., to provide more accurate and in-depth
observation and research on the evolution of strong electric fields in the upper regions throughout the thunder-
storm lifecycle, as well as the relationship with IC lightning flash rate.

Data Availability Statement

The Environmental sounding data are available on the website of the University of Wyoming, https://weather.
uwyo.edu/upperair/sounding.html. The LIDEN data and the MP-PAWR radar data on 20 August 2019, which
was provided by NICT used in this paper are available in Wang (2023a, 2023b). The Kp estimation algorithm is
available in CSU_RadarTools version 1.3 (Timothy et al., 2019).
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