u

) <

The University of Osaka
Institutional Knowledge Archive

Transition of dominant cloud microphysical
Title processes for increasing lightning preceding
downbursts in multi-cell convective clouds

Author(s) |Kondo, Makoto; Sato, Yousuke

Citation |[Atmospheric Research. 2025, 324, p. 108203

Version Type|VoR

URL https://hdl.handle. net/11094/102207

This article is licensed under a Creative

rights Commons Attribution 4.0 International License.

Note

The University of Osaka Institutional Knowledge Archive : OUKA

https://ir. library. osaka-u. ac. jp/

The University of Osaka



Atmospheric Research 324 (2025) 108203

e 4

ELSEVIER

Contents lists available at ScienceDirect
Atmospheric Research

journal homepage: www.elsevier.com/locate/atmosres

Check for

Transition of dominant cloud microphysical processes for increasing e
lightning preceding downbursts in multi-cell convective clouds

Makoto Kondo *"", Yousuke Sato ™“>

@ Graduate School of Science, Hokkaido University, Hokkaido, Japan,
Y Faculty of Science, Hokkaido University, Hokkaido, Japan
€ RIKEN Center for Computational Science, Hyogo, Japan

ARTICLE INFO ABSTRACT

Keywords:

Cloud microphysics
Numerical simulation
Bulk lightning model
Downburst

Graupel

Based on the results of numerical simulations, a possible mechanism for the occurrence of a rapid increase in
lightning frequency preceding a downburst was investigated according to cloud microphysical processes in
mixed-phase areas. To elucidate the mechanism, idealized experiments were conducted targeting multi-cell
convective clouds using a meteorological model coupled with a bulk lightning model, which explicitly calcu-
lates riming, charge separation via riming electrification, and lightning discharge. The model well reproduced a
rapid increase in the lightning flash rate in multi-cell convective clouds approximately 15 min before a down-
burst. In a convective cell during increasing flash rate, solid hydrometeors were supplied to the convective area
and riming electrification occurred actively. In contrast, in a convective cell that caused a downburst, riming
occurred actively because of the supply of a large amount of supercooled water from the lower layers. A
convective cell suitable for riming electrification or graupel growth by riming occurred when the convection was
or was not tilted, respectively. The transition from tilted convection suitable for riming electrification to upright
convection suitable for active riming growth is critical for the occurrence of the rapid increase of lightning

preceding downbursts.

1. Introduction

In deep convective mixed-phase clouds, solid particles can grow by
collisions involving supercooled water, known as riming (riming
growth), which produces dense solid particles such as graupel and hail
(Pruppacher and Klett, 1997; Brdar and Seifert, 2018; List, 1961, 2014).
These high-density solid particles can intensify downdrafts near the
surface via drag force and cooling by evaporation, sublimation, and
melting. According to previous reports, such downdrafts can sometimes
result in appreciable downbursts with wind velocities exceeding 12 ft.
s~ ! at 300 ft.; 3.66 m s~ ! at 91.4 m above the surface (Fujita and Byers,
1977; Fujita, 1985; Wakimoto, 1985; Wilson et al., 1984; Hjelmfelt,
1988; Fujita, 1992; Wilson and Wakimoto, 2001).

Another distinctive cloud microphysical process related to collisions
in deep convective mixed-phase clouds is charge separation through
riming electrification, which was reported originally in laboratory ex-
periments (e.g., Takahashi, 1978; Saunders et al., 1991). Riming

* Corresponding author.

electrification occurs through the collision and rebound of rimed ice
crystals or graupel with ice or snow particles (Takahashi, 1978; Saun-
ders et al., 1991), and riming electrification is one of the main processes
for charge generation in thunderstorms, and the charged particles
generated via charge separation can lead to lightning.

The above background indicates that riming growth and riming
electrification induce the occurrence of severe disastrous weather events
such as heavy rainfall, hailstorms, downbursts, and lightning. To iden-
tify precursors to severe weather associated with deep convective
clouds, the relationship between lightning and severe weather has been
examined recently. Lightning frequency increases rapidly preceding
severe weather related to riming growth, such as heavy rainfall, hail,
and downbursts (e.g., Goodman et al., 1988; Williams et al., 1999;
Schultz et al., 2009, 2011; Farnell and Rigo, 2020; Erdmann and Poel-
man, 2023). Sometimes called a lightning jump (LJ) (Goodman et al.,
1988; Williams et al., 1999; Schultz et al., 2009, 2011, 2017), this rapid
increase in lightning frequency is used to predict severe weather events
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(e.g., Schultz et al., 2009, 2011; Farnell and Rigo, 2020; Gatlin and
Goodman, 2010; Erdmann and Poelman, 2023). Combined analyses of
radar and lightning observations have contributed considerably to un-
derstanding the relationship between severe weather and LJs. Schultz
et al. (2015, 2017) investigated the kinematic and cloud microphysical
characteristics of LJs by using the three-dimensional bulk characteristics
of particle types and fall velocities retrieved from the Advanced Radar
for Meteorological and Operational Research (Knupp et al., 2014) and
KHTX radar data, as well as total lightning data from the North Alabama
Lightning Mapping Array (Koshak et al., 2004; Goodman et al., 2005).
Schultz et al. (2015) examined the relationship between LJs and the
trends in mixed-phase graupel mass, maximum updraft velocity, and
updraft volume, and they reported that LJs occurred when the updraft
volume whose velocity reached 10 m s~ and the mixed-phase graupel
mass increased. The relationship between updrafts and lightning fre-
quency is well established, as updrafts exceeding 10 m s~! contribute to
an increase in the number concentration of ice particles aloft (Dye et al.,
1986; Schultz et al., 2015) and result in both active riming and riming
electrification within the updraft areas of deep convective clouds.

However, there is scope for further investigation into the relationship
among lightning frequency, graupel mass, and updraft intensity. Dei-
erling et al. (2008) reported a tenfold difference in total lightning fre-
quency for clouds with similar graupel masses. Several other studies
have reported that lightning originating from riming electrification
tends to occur in areas where hail produced by the riming growth is
absent. Known as lightning holes (Krehbiel et al., 2000; MacGorman
et al., 2005; Emersic et al., 2011; Ni et al., 2023), such areas have been
observed in supercell cases with mesocyclones (Krehbiel et al., 2000;
MacGorman et al., 2005) and in other thunderstorm cases (Emersic
et al., 2011). The clouds that produce lightning holes suggest that the
lightning holes are governed by not only the kinematic structure of the
clouds but also their microphysical processes. Emersic et al. (2011)
indicated that the occurrence of lightning holes could be due to the
environment conducive to riming growth of hail being unsuitable for
charge separation, based on observations from the National Weather
Radar Testbed Phased-Array Radar.

These reports from previous studies imply that the whole compli-
cated relationship among hydrometeors, including supercooled water,
ice, snow, graupel, and hail, as well as riming growth, riming electrifi-
cation, and other cloud microphysical processes should be considered in
order to elucidate the relationship between lightning and severe
weather.

Observational studies that used the characteristics of graupel and
lightning as proxies for the cloud microphysical properties of mixed-
phase areas have provided valuable insights into the mechanisms
behind LJs. However, there are challenges associated with using radar
observations to analyze the cloud microphysics of mixed-phase areas.
While radar can capture the entire cloud and analyze particle charac-
teristics within it using hydrometeor classification methods (Park et al.,
2009; Dolan et al., 2013), it struggles to accurately represent the coex-
istence of ice and liquid water particles, which is crucial in mixed-phase
areas. Consequently, clarifying the physical processes within mixed-
phase clouds—where riming growth and riming electrification either
coexist or are in conflict—is essential to clarify their mechanisms and
advance our understanding of cloud microphysical processes and their
effects on LJs.

Numerical studies using meteorological models have advantages for
analyzing mixed-phase clouds because they provide dense three-
dimensional data that can represent the coexistence of solid and liquid
particles in mixed-phase areas. Additionally, by utilizing meteorological
models coupled with bulk lightning models (Sato et al., 2019; Fierro
et al., 2013; Barthe et al., 2012), we can investigate mixed-phase areas
conducive to lightning and downbursts. In a bulk lightning model, the
charge separation processes are calculated explicitly from the collision
and rebound processes between graupel and ice/snow within cloud
microphysical schemes based on riming electrification (Takahashi,
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1978; Saunders et al., 1991), and the electric field generated by the
calculated charge distribution can be used to represent lightning as the
neutralization of these charge imbalances. Meteorological models
coupled with bulk lightning models enable the investigation of complex
charge distributions within convective clouds based on dynamical and
cloud microphysical processes including riming growth and riming
electrification (Chen et al., 2020; Sato et al., 2019, 2022). Recent studies
have utilized meteorological models coupled with bulk lightning models
to examine the correlation between severe weather and lightning ac-
tivity. Luque et al. (2023) investigated the correlation between severe
weather in convective clouds and lightning activity observed during
field campaigns using Weather Research and Forecasting with the
ELECtrification (WRF-ELEC; Fierro et al., 2013); however, that study
was focused on identifying good proxies for LJs, such as hail and strong
wind, rather than analyzing the physical mechanisms between hail and
lightning activity such as an LJ.

Thus, previous studies have been limited to separate the suitable
condition for riming process and that for riming electrification, which is
critical to understand the LJ. Numerical experiments using a meteoro-
logical model coupled with a bulk lightning model enable us to examine
the riming growth and riming electrification separately, and the simu-
lations could bridge the gap in understanding the mechanism of LJs and
that by previous studies.

The aim herein is to suggest a possible mechanism for a LJ, charac-
terized by the rapid increase of lightning flash rate associated with
riming electrification, which precedes the downburst associated with
riming growth in mixed-phase clouds. To achieve this, we use a mete-
orological model coupled with a bulk lightning model.

2. Data and methods
2.1. Target case

To achieve the aims of this study, idealized experiments were con-
ducted focusing on the downburst that occurred in Misato Town in
Saitama Prefecture in Japan on 8 September 1994, a day that saw the
occurrence of multi-cell convective clouds involving multiple down-
bursts and lightning (Takayama et al., 1997). As the first step, we
selected multi-cell convective clouds because with them the correlation
between LJs and downbursts is stronger than with isolated convective
clouds (Rigo and Farnell, 2022).

2.2. Model description and experimental setup

Idealized experiments were conducted using the SCALE (Scalable
Computing for Advanced Library and Environment) (Nishizawa et al.,
2015; Sato et al., 2015) meteorological model coupled with a bulk
lightning model (Sato et al., 2019). The bulk lightning model calculates
the charges of cloud hydrometeors as prognosis variables: the riming
electrification due to graupel-snow and graupel-ice collisions and
rebounding is calculated using a look-up table based on Takahashi
(1978). And the flash origin density (FOD) corresponding to flash fre-
quency is calculated using the neutralized scheme by Fierro et al.
(2013); see Sato et al. (2019) for the details of the bulk lightning model.
The other physical schemes are summarized in Appendix B. The cloud
microphysical scheme used in this study (Seiki and Nakajima, 2014)
represents cloud hydrometeors by the five categories of cloud, rain,
cloud ice, snow, and graupel. The hail category is not treated by the
model, but the drag force due to heavy solid hydrometeors, which is
critical to downbursts, can be reproduced by heavy graupel. The
calculation domain covered 180 km x 120 km in the x and y directions,
respectively, with 0.1-km horizontal grid spacing with doubly periodic
boundary conditions, and 100 vertical layers with gradually increasing
layer thickness from 0.01 km to 1.578 km (the model top is 20.4 km)
were used. The calculation time was 90 min, and the output interval was
20 s. Rayleigh damping was applied above 15 km, and a free-slip surface
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boundary was adopted.

The horizontally uniform initial vertical profiles of potential tem-
perature, water vapor mixing ratio, and horizontal wind were obtained
from sounding data measured at Maebashi and Tateno, with the data
from Tateno used to supplement the lack of wind data at Maebashi on
the day described in Section 2.1 (Guo et al., 1999) (Appendix A), and the
surface pressure was set as 992.8 hPa at the initial time. We conducted
two experiments to investigate the relationship between lightning ac-
tivity and downburst. The control experiment was conducted using the
initial vertical profiles of the original sounding data (Guo et al., 1999).
For the sensitivity experiment, called the strong shear experiment, only
the horizontal wind shear in the x direction was increased by 20 % from
its vertical profile used in the control experiment (dash-dotted line in
Fig. A1b in Appendix A).

To trigger convection, we inserted a potential-temperature pertur-
bation ¢ [Eq. (C1), following Miyamoto (2021)] at (x, y, 2) = (160, 20,
0.5) km in the calculation domain, where the origin is set at the
southwest corner of the domain at the initial time.

2.3. Definitions of lightning increase preceding downburst corresponding
to lightning jump and heavy graupel

Various algorithms have been proposed for defining a LJ, such as the
26 LJ algorithm for the increase in lightning frequency every 2 min
(Schultz et al., 2009, 2011; Farnell et al., 2017), and the Relative In-
crease Level algorithm for the Geostationary Lightning Mapper, which
calculates simple lightning frequency increments (Erdmann and Poel-
man, 2023). However, these LJ algorithms require thresholds for the
target severe weather, and these thresholds depend on observational
instruments. Also, it is not easy to apply these algorithms to the output of
the model, so we simply defined a “preceding lightning increase” cor-
responding to a LJ as an increase in lightning activity continuing for at
least 5 min preceding the occurrence of a downburst. This definition is
not the same as those used in previous studies, which aimed to evaluate
lead times and warning accuracy for severe phenomena. However, the
definition used in the present study does not focus on predictive accu-
racy but rather emphasizes the relationship between the increase in
lightning activity and subsequent downbursts. In addition, Schultz et al.
(2011) reported that total lightning, which is the sum of cloud-to-ground
and intra-cloud discharges, is a superior LJ indicator, so we used FOD as
the lightning frequency, which corresponds to total lightning in the
model.

For analyzing the downburst, we focused on the heavy graupel
simulated by the model, which corresponds to hail in nature. Graupel
weight itself is not affect the charge separation amount per one collision,
however, the calculation of heavy graupel was conducted solely for the
analysis of graupel contributing to downburst. Heavy graupel was
defined as that with a mean particle mass m; exceeding 50 mg; m, was
calculated as mg, = pQg/N,;, where p,Q,,and N, are respectively the
graupel density, mass mixing ratio, and number concentration predicted
by the model.

2.4. Analysis of convection tilting, horizontal flux, and vertical flux

To investigate the influence of wind circulation, we examined the
impacts of liquid water supply from lower layers on the riming growth
and the supply of solid hydrometeor particles from the surrounding area
on the riming electrification according to the vertical mass flux of liquid
water (WQy;,) and the horizontal flux of the snow number concentration
(UNs), respectively. The quantities UNs and WQy;, are defined as

UNs = UnorizNs, (@9)

where N is the number concentration of snow and Uy, is the absolute
horizontal wind velocity, and
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WQiiq = Wp(qr +9c), (2)

where gr and g¢ are the mixing ratios of rain and cloud water, respec-
tively, and W is the vertical wind velocity. UNg represents the horizontal
supply of snow particles and could contribute to the enhancement of
graupel-snow collisions and rebounding, which are crucial for the
charge separation process during riming. WQyiq indicates the supply of
liquid water from the lower layers and could promote graupel growth
through riming.
The convection tilting angle ¢, is calculated as

w n n
Prire = arCtaH<Uhm_z) ( -3 < @ < 5) 3

In this study, convection with ¢, > 37 is defined as upright con-

vection, that with ¢, < Z is defined as tilted convection, and that with
2 < gy, < 57 is defined as moderate convection.

Also, to interpret the results from the present numerical experiments
on multi-cell convective clouds, we use the parameter C/AU (Rotunno
et al., 1988; Weisman and Rotunno, 2004; Takemi, 2006; Lebo and
Morrison, 2014), where C and AU represent cold pool intensity and
vertical wind shear, respectively. This parameter was introduced by
previous studies (Rotunno et al., 1988; Weisman and Rotunno, 2004) as
part of the Rotunno-Klemp-Weisman (RKW) theory in order to discuss
optimal convection structures, and it was reported that C/AU ~ 1 and
C/AU>1 are optimal conditions for upright convection and tilted con-
vection, respectively, at the leading edge of the cold pool. Therefore, we
calculated C/AU for our results to examine suitable environments for
tilted or upright convection, with C, B, and AU defined in Takemi (2006)
in Appendix C:

3. Results
3.1. Representation of downbursts and increases in lightning frequency

First, we show the general characteristics of the simulated multi-cell
convective clouds. The animations in Supporting Information Movie S1
indicate that the precipitation produced by the convective clouds was
generated repeatedly and lasted until the end of the simulation, which is
a typical characteristic of long-lasting multi-cell convective clouds.
Wind speeds exceeding 40 m s~!, which corresponds to a downburst,
occurred multiple times in both experiments at the time of strong pre-
cipitation exceeding 100 mm h™! in addition to downdrafts exceeding
10 m s~ ! at an altitude of 90 m which is clear the definition; 12 ft. s lat
300 ft. in Fujita and Byers (1977) (black lines in Fig. 1c, d, e, and f). In
this study, the first convective cloud initiated by the warm bubble at the
initial time was not considered when examining the multi-cell convec-
tive clouds triggered by a cold pool, and therefore we analyzed the re-
sults after 24 min.

In the control experiment, the lightning frequency increased and
reached a local maximum at around 33.3 min (the red line in Fig. 1e),
which is 14.7 min before the downburst at 48 min (the black line in
Fig. 1le). The sequence of increasing lightning frequency followed by a
downburst was identified as the occurrence of a preceding lightning
increase corresponding to a LJ based on its definition in Section 2.3.
Furthermore, strong winds exceeding 40 m s~ ! also occurred at around
61 min and 72 min (the black line in Fig. 1e), but these downbursts were
not preceded by increasing lightning frequency, corresponding to
downbursts without preceding lightning increases. These results indi-
cate successful representation of long-lasting multi-cell convection and
downbursts with and without preceding lightning increases in the con-
trol experiment.

The successful representation of downbursts with and without pre-
ceding lightning increases enabled us to examine the mechanism
contributing to the occurrence of a preceding lightning increase. We
investigated heavy graupel particles and charge separation as precursors
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Fig. 1. (a, b) Shaded regions represent time series of accumulated number of graupel particles exceeding 50 mg (#). (c, d) Shaded regions represent time series of
max downdraft exceeding 10 m s~! in the model domain. The red and blue contour lines show accumulated positive and negative charge separations of graupel (mC),
respectively. (e, f) Black, red, and purple lines represent maximum wind speed, cumulative flash origin density, and total number of graupel particles exceeding 50
mg within the model domain, respectively. (g, h) Pink and blue lines represent accumulated positive and negative charge separation of graupel. (a), (c) (e), and (g)
show the results for the control experiment, and (b), (d), (f), and (h) show the results for the strong shear experiment. (For interpretation of the references to color in

this figure legend, the reader is referred to the web version of this article.)

of downbursts and lightning, respectively. Table 1 summarizes the times
of maximum charge separation (shown in Fig. 1g) and the local
maximum number concentration of heavy graupel particles around the
time of local maximum charge separation. In the control experiment,
active charge separation occurred at around 33.3 min (the pink line in
Fig. 1g), which was attributed to the positive charge separation of
graupel around the height of 7 km (the pink contour lines in Fig. 1a).
This active charge separation generated the large charge density of the
hydrometeors and resulted in increased lightning frequency (the red line
in Fig. 1e). Before the downburst at around 48 min, an increase in heavy
graupel particles generated around the height of 4.5 km (the region
filled with solid colors in Fig. 1a), was seen (the purple line in Fig. 1e) at
40 min, which was 8 min before the downburst. After the increase in the

Table 1
Times of local maxima of charge separation amount and number of heavy
graupel particles in CTL and SS experiments after 24 min from the initial time.

Control exp. Strong shear exp.

33.3 min
40.0 min

36.6 min
30.0 min

Charge separation
Heavy graupel particle number

number of heavy graupel in the next generation cell, areas with down-
drafts exceeding 20 m s~! below 3 km altitude appeared (Fig. 1c, d).
These results indicate that the downburst at 48 min was produced by the
drag force and evaporative/sublimation cooling below the clouds
caused by the heavy graupel particles.

In the strong shear experiment, the vertical distribution of the active
charge separation area and the area of the active production of heavy
graupel particles (Fig. 1b) were consistent with those in the control
experiment (Fig. 1a), but the magnitude of the charge separation was
smaller than that in the control experiment. In addition, a local
maximum of heavy graupel particles (30 min) and strong wind regarded
as a downburst (33 min) occurred before the increase in charge sepa-
ration and lightning frequency (36.6 min) (Fig. 1b, h). This means that
preceding lightning increases were absent in the strong shear
experiment.

Additionally, both experiments exhibited differences in the timing
and altitude of the areas where charge separation was active and where
heavy graupel was existing (Fig. 1).



M. Kondo and Y. Sato

3.2. Environment during preceding lightning increases and active
generation of heavy graupel particles

Next, we investigate the environment during the preceding lightning
increase and the active generation of heavy graupel particles to under-
stand the differences in the physical mechanisms contributing to active
charge separation and active growth of such particles, which exhibited
distinct spatiotemporal characteristics in Fig. 1. To investigate these
mechanisms, we focus on the mixed-phase area, where liquid and solid
hydrometeors coexist in convective clouds.

Fig. 2 shows how the area in which charge separation occurs and the
area with heavy graupel particles are distributed over a vertical cross-
section through convective clouds. Each panel of the figure shows a
snapshot at the time of either active charge separation (33.3 min in the
control experiment and 36.6 min in the strong shear experiment) or
active growth of heavy graupel particles (40.0 min in the control
experiment and 30 min in the strong shear experiment). Fig. 2 enables
consideration of the cloud microphysical and electrical properties in the
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mixed-phase area, together with the zoomed-in panels in Fig. 3. At the
time of active charge separation in the control experiment, snow and
cloud ice, graupel, and liquid water (supercooled water), marked with
blue, green, and orange hatching, respectively, coexisted over the area
with active charge separation at 138 km < x < 145km, 5 km < z < 9 km
(Figs. 2a and 3a). During this period, lightning activity increased, and no
heavy graupel particles (purple hatching) were simulated in this area.

In contrast, at the time of active growth of heavy graupel particles,
liquid water and graupel (shown as orange and green hatching,
respectively, in Figs. 2b and 4b) coexisted at 130 km < x < 132 km, 4.5
km < z < 6 km, but snow and cloud ice (shown as blue hatching) were
not seen over the area with production of heavy graupel particles
(shown as purple hatching). The downburst at 48 min was produced by
the drag force and evaporative/sublimation cooling below the clouds
caused by the heavy graupel particles produced in this area (figure not
shown).

The results of the strong shear experiment indicated similar trends as
in the control experiment, such as the occurrence of charge separation at

Control experiment (40.0 min)

24 ]’L % /ﬂ local maximum of| 1 J / local maximum
charge separation S of large graupel
1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.1 1.2 1.3 1.4 1.5 1.6 1.7

Strong shear experiment (30.0 min)
N

Altitude (km)

Strong shear experiment (36.6 min)
3

local maximum

local maximum of
charge separation

) Vas/d

P, of large graupel
1.4 15 X §

1.7

x-direction (km x 10%)
| | |

-5 -4 =3 -2 -1

I [ T — =3
1 2 3 4 5 (nCm~>s™)

[///77] liquid water graupel
XXXXXthe number of heavy graupel particles exceeds 500 m-3

[LNTTY snow and cloud ice

Fig. 2. The x-z cross-sections for the results or accumulated over the y gridpoints where the total hydrometeor mixing ratio exceeds 0.1 g kg™ and the charge
separation exceeds 0.5 nC m’?’, for the snapshot at (a) 33.3 min and (b) 40.0 min from the initial time of the control experiment and the snapshot at (a) 30.0 min and
(b) 36.6 min in the strong shear experiment. The orange hatches, green dots, and blue hatches respectively indicate where liquid water, graupel, and snow and cloud
ice exist. The purple hatches indicate areas where the number of heavy graupel particles exceeds 500 m > in accumulation. The black contours denote air tem-
peratures (°C). A zoomed-in view of the yellow dashed box is shown in Fig. 3. (For interpretation of the references to color in this figure legend, the reader is referred

to the web version of this article.)
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Control experiment (33.3 min)
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Fig. 3. Zoomed-in view of the yellow dashed box in Fig. 2. (For interpretation of the references to color in this figure legend, the reader is referred to the web version

of this article.)

the area of 135 km < x < 145 km, 6 km < z < 9 km (Figs. 2d and 3d) and
the production of heavy graupel particles at the area of 135 km < x <
142 km, 4 km < z < 6 km (Figs. 2c and 3c).

To examine the reason for the different characteristics at the times of
active charge separation and active growth of heavy graupel particles,
we analyzed the wind flow around the mixed-phase area. Fig. 4 shows
vertical cross-sections of charge separation amount with streamlines at
the times of active charge separation and active growth of heavy graupel
particles. Fig. 4 shows the areas with heavy graupel particles (purple
hatching), strong vertical velocity exceeding 25 m s~ (orange hatch-
ing), and negative velocity in the x direction (green hatching). In the
control experiment at the time of active charge separation (33.3 min),
the area of active charge separation at 138 km < x < 145 km, 5km < z <
9 km was located behind the convective area (Fig. 4a, b). In the area of
active charge separation, the horizontal wind blew toward the area with
active riming electrification from the rear side of the convective cloud
marked by the green hatching at 140 km < x < 150 km, 6 km < z < 8 km
in Fig. 4a, b. The horizontal wind toward this area from the rear side of
the convective cell corresponds to a rear inflow jet (Fan et al., 2017;
Weisman and Rotunno, 2004). Similar trends were simulated in the
strong shear experiment at 140 km < x < 150 km, 6 km < z < 8 km
marked as green hatched area in Fig. 4g, h, but the charge separation
amount was small compared with that in the control experiment.

In contrast, at the time of active growth of heavy graupel particles in
the control experiment, the area with heavy graupel particles coincided
with the area of strong updrafts, and the horizontal wind flow from the

rear side of the convection was not included in the area with heavy
graupel particles. Furthermore, the area with heavy graupel particles
was located around the area with strong vertical wind around x = 130
km in Fig. 4c, d. However, that area was distinct from the area with
updrafts exceeding 25 m s+ located behind it at 132 km < x < 138 km.
This indicates that the strong updraft at x ~ 130 km was a new
convective cell generated by the convergence and divergence at the
surface by cold pools produced by the preceding convective cell seen at
132 km < x < 135 km. In the strong shear experiment, heavy graupel
particles were produced in the area where x ~ 142kmand 4km <z < 6
km (Fig. 4e, f).

The above analyses clarify that a horizontal wind from the rear side
of the convective cell is prominent during the periods of active riming
electrification. This horizontal wind from the rear side of the convective
cell transported solid particles such as snow and cloud ice to the area
containing graupel and liquid water, thereby generating an environment
in which graupel, snow, and liquid water coexisted. In this kind of
environment, snow rebounds actively during snow-graupel collisions
and riming electrification occurs actively, which is supported by the
—5SI and —15SI experiment using a zero-dimensional box model
(Appendix D).

In contrast, in the area of active heavy-graupel growth, updrafts were
dominant, and this vertical flow supplied much liquid water from the
lower layers. In addition, the horizontal wind from the rear side of the
convective cell was either weak or absent altogether, and few solid
particles were supplied from the surroundings. In such conditions, an
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Fig. 4. Vertical cross-sections in x direction at times of local maxima of charge separation and heavy graupel particles for each experiment. The yellow dashed box in
(a, ¢, e, g) is the area that is enlarged in (b, d, f, h). The shading represents the charge separation averaged in the y direction and indicates where it exceeded 5 nC
m 3. The thick black line encloses the area where the total condensate averaged in the y direction exceeded 10~! g kg™!, while the orange line indicates the area
where the maximum vertical wind speed in the y direction exceeds 25 m s*. The gray lines with arrows are the streamlines of the wind. The green hatched area is
that where the horizontal wind was positive (horizontal wind minus initial horizontal wind >0 m sh, flowing from the convective-cloud rear side in the x direction.
(a—d) and (e-h) show the results from the control and strong shear experiments, respectively. (a, b) and (c, d) show the results at 33.3 min and 40 min in the control
experiment, respectively, and (e, f) and (g, h) show the results at 40 min and 36.6 min in the strong shear experiment, respectively. (For interpretation of the
Eeferences to color in this figure legend, the reader is referred to the web version of this article.)
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environment where only graupel and liquid water coexisted was pro-
duced. Under this environment, the riming growth of graupel was
active, but the riming electrification was not active because of the
absence of snow and cloud ice, which is supported by the —5noSI and
—15n0SI experiments using a zero-dimensional box model (Appendix
D). As a result, heavy graupel particles were generated actively through
riming growth.

To summarize the above, the environment that was suitable for
riming electrification, which leads to preceding lightning increases, was
formed by the horizontal wind from the rear side of the convective cell
supplying snow and cloud ice to the convective cell. Conversely, the
production of heavy graupel particles contributing to downbursts grew
efficiently in the environment where the riming growth of graupel was
active because of the absence of solid particles and the active supply of
liquid water.

To extend the above analyses to the whole period of the simulation,
we investigate the horizontal wind flux of snow number concentration
and the vertical flux of liquid water mass as proxies for the supply of
solid particles such as snow and ice and the riming growth area.
Fig. 5a—d shows the horizontal wind flux of snow number concentration
against the total number of heavy graupel particles (Fig. 5a, c¢) and the
positive charge separation of graupel (Fig. 5b, d). The heavy graupel
particles existed predominantly when the horizontal flux of snow
number concentration was small (UNs < 1072 m~2s7!) (Fig. 5c). The
timing of this small UNs corresponded well with that of the generation of
heavy graupel particles in the control experiment but not in the strong
shear experiment (Fig. 6a—d). In contrast, charge separation of graupel
occurred in the area where the horizontal flux of snow number con-
centration was active (> 10” m~2 s7!) (Fig. 5b, d). The frequency of this
area of large UNs showed good correspondence with the temporal var-
iations of positive charge separation of graupel in both experiments
(Fig. 6e-h). Additionally, the negative charge separation of graupel
exhibited a similar trend (not shown), although it was weaker than the
positive charge separation. These results indicate that large charge
separation occurred when the horizontal wind from rear side of the
convective cell was strong.

Fig. 6e-h shows the vertical flux of liquid water WQyq, which
contributed to the production of heavy graupel particles. These tended
to form during periods when WQ;;q was in the range of 0-15 g m~2s~! (e.
g., Fig. 6e: 40 min; Fig. 6g: 30 min and 78 min). In contrast, charge
separation of graupel occurred in the area of small WQyq (0-5g m2s71)
(Fig. 6f: 33 min; Fig. 6h: 36 min).

These results suggest that heavy graupel particles were produced in
areas with little supply of solid particles by horizontal winds and an
active supply of liquid water from the lower layers.

3.3. Formation of mixed-phase area suitable for growth of graupel and
riming electrification

As described above, the control and strong shear experiments both
simulated the downburst, but only the control experiment demonstrated
the preceding lightning increase corresponding to the LJ event. The
characteristics of convective cells exhibiting active charge separation
and those producing heavy graupel particles differed in each experi-
ment. This difference originated from the supply of solid particles to the
mixed-phase area from the surroundings and lower layers, driven by

wind circulation (Fig. 6). In this subsection, we discuss the conditions
required for the occurrence of the preceding lightning increase. Ac-
cording to the analyses in Section 3.2, the horizontal wind toward the
mixed-phase area corresponding to the horizontal wind from the rear
side of the convective cell is a key property for active charge separation
and the occurrence of the preceding lightning increase. Analyses of
squall lines suggest that the rear inflow jet from the rear side of the
convective cell is dominant when the convection was tilted (Weisman
and Rotunno, 2004; Rotunno et al., 1988). Although the correspondence
with the squall-line system in this study is not perfect, multi-cell con-
vection was generated by the cold pool produced by the previous gen-
eration of convection. Thus, we can discuss the preceding lightning
increase as LJ occurrence in multi-cell convection according to the
tilting of the convection.

Fig. 7 shows the horizontal distribution of the vertical winds at al-
titudes of 5 km and 7 km, when active charge separation and active
growth of heavy graupel particles, respectively, were seen in both ex-
periments. At the time of active charge separation in the control
experiment (33.3 min; Fig. 7a, b), the large vertical velocity around the
leading edge at z = 5 km was located around x = 136 km, y = 32 km,
which is shown as the crossing point of the dashed lines in Fig. 7a, b, and
that at z = 7 km was distributed around x = 140 km, y = 34 km (Fig. 7b).
These results indicate that the convection was tilted when charge sep-
aration was active. In contrast, the large vertical velocity was located in
the same location (i.e., x = 131 km, y = 32 km) at both z = 5 km and 7
km when many heavy graupel particles were generated, shown as the
crossing point of the dashed lines in Fig. 7c, d. Upright convection was
generated at the time of the active growth of heavy graupel particles.
Note that the vertical velocity at x = 137 km, y = 28 km in Fig. 7a and b
and x = 134 km, y = 27 km in Fig. 7c and d was ignored because it
corresponds to sustained updrafts originating from the previous
convective cell rather than from the new cell at the leading edge of the
cold pool.

Fig. 8 shows the convection tilt angle ¢,;, as defined in Section 2.4. In
the control experiment (Fig. 8a), the area with active riming electrifi-
cation at 140 km < x < 150 km, 6 km < z < 9 km predominantly
exhibited tilted convection (¢y; < %). In such a case, the horizontal
transport of snow particles and riming electrification were active in the
convective cell resulting in the occurrence of the preceding lightning
increase. On the other hand, in the mixed-phase area with heavy-graupel
production around x = 130 km, 4.5 km < 2z < 6 km in Fig. 8b, most of the
convection was upright (¢, > % 7), and this led to an environment with
an active supply of liquid water from the lower layers. Subsequently,
heavy graupel particles contributing to downburst were produced in a
newly grown upright convection cell (40.0 min).

In the strong shear experiment, the area of strong updraft was located
in the area at x = 136 km, y = 25.5 km when many heavy graupel
particles were generated (Fig. 7e, f), which is similar to the control
experiment (Fig. 7c, d). At the time of active charge separation in the
strong shear experiment, the difference in the updraft area between z =
5km and z = 7 km was small (Fig. 7g, h) compared with the tilting in the
control experiment.

In the strong shear experiment, before the time of active charge
separation, upright convection became dominant (30.0 min); this pro-
moted the production of heavy graupel through riming (Fig. 8c), and the
downburst followed it (34.3 min; Fig. 1f). Subsequently, at 36.6 min, the
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Fig. 5. Time series of distribution of summation of each variable with snow number concentration horizontal flux (m~2 s~!) for grid cells where each variable exists
after 24 min from the initial time for the control experiment (a, b) and the strong shear experiment (c, d). Panels (a) and (c) show the total values of the number of
heavy graupel particles exceeding 100 mg. Panels (b) and (d) show the absolute value of charge separation of graupel exceeding 0.5 mC. (e-h) Same as (a—d) but for a

time series of the distribution of vertical liquid water flux (g m2s1).
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Fig. 6. Time series of quantities related to mass flux convection for the control experiment (left) and the strong shear experiment (right) after 24 min from the initial
time. Panels (a) and (b) show the number of heavy graupel particles; (e) and (f) represent the positive charge separation; (c) and (d) indicate the number of grid cells
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tilted convection led to the formation of a mixed-phase area suitable for
riming electrification. As a result, charge separation attained its peak
(Fig. 8d), but it did not lead to the downburst.

These results suggest that the sequence from the generation of tilted
convection cells conducive to riming electrification to the growth of
newly formed upright convection cells is important for active riming
electrification preceding the generation of heavy graupel for LJ
occurrence.

The above convection characteristics suggest that the transition to
convection cell tilting is related to the LJ mechanism, and so we
examined the factors contributing to this transition in the convection
environment. Because all convective clouds generated in the idealized
experiments that we conducted were multi-cell convective clouds, the
tilting of the convection can be explained by the RKW theory introduced
in Section 2.4. As reported in previous studies (Takemi, 2006; Lebo and
Morrison, 2014; Rotunno et al., 1988; Weisman and Rotunno, 2004), the
environment with C/AU ~ 1 corresponds to optimal convection in the
form of upright convection, while that with C/AU>1 tends to lead to
tilted convection. Fig. 9 shows time series of the frequency of C/AU > 3.
In the control experiment, such an environment was seen around 26
min, which was 7 min before the time of active charge separation (33.3
min). The cold-pool intensity correlated with low-level updrafts repre-
sented a high frequency exceeding 15 m s~! (black line in Fig. 9b).

10

Therefore, tilted convection could create an environment suitable for
riming electrification, leading to preceding lightning increase. Envi-
ronments suitable for tilted convection with C/AU >3 were also
observed at 45 min and 65 min (Fig. 9a). The cold-pool intensity after
47.6 min was weaker than that at 26 min (Fig. 9b), and therefore the
convection was weak compared with that at 33.3 min. In such a case, the
magnitude of charge separation was small and resulted in a lower
lightning frequency.

The diagnosis data by C/AU indicated a small frequency of C/AU >
3 at the preceding local maximum of heavy graupel particles (40.0 min)
This condition suggests that an environment suitable for upright con-
vection during 30-40 min (Fig. 9a) tended to be generated. This envi-
ronment formed a continuous supply of liquid water from the lower
levels with a smaller supply of solid-phase particles from the rear, and it
was suitable for producing heavy graupel. Moreover, in the C/AU ~ 1
environment, although the cold-pool intensity become weak compared
with the local maximum of charge separation, multiple downbursts
occurred when the convection was upright and suitable for active
growth of heavy graupel in the control experiment (61 min, 72 min;
Fig. 1c).

In the strong shear experiment, even when the cold-pool strength
was comparable to that in the control experiment (Fig. 9b), C/AU tended
to take smaller values because the vertical shear (AU) was larger. As a
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Fig. 7. Snapshot at 33.3 min for the control experiment at altitudes of 5 km (a) and 7 km (b). The red-blue shading shows vertical wind as per the reference at the
bottom. Purple indicates the area where heavy graupel particles vertically integrated through the domain count >100. Green indicates the absolute value of charge
separation exceeds 0.5 mC. The crossing point of the two dashed lines is the center of the area of maximum vertical velocity at z = 5 km at its time of local maximum.
(c, d) Same as (a, b) but for 40.0 min. (e-h) Same as (a—d) but for the strong shear experiment. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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Fig. 8. Vertical distribution of wind tilting angle ¢,;, averaged in y direction. Blue, yellow, and red represent tilted, moderate, and upright convection, respectively,
based on ¢,;,. The data are shown over the area where the total condensate averaged in the y direction exceeds 10 g kg~'. The black lines and the gray streamlines
indicate the temperature profile and the y-direction-averaged wind streamlines, respectively. (a, ¢) and (e, g) show the results from the control and strong shear
experiments, respectively. (a) and (c) show the results at 33.3 min and 40 min in the control experiment, respectively, and (e) and (g) show the results at 40 min and
36.6 min in the strong shear experiment, respectively. The yellow dashed box in (a, c, e, g) is the area that is enlarged in (b, d, f, h). (For interpretation of the
Eeferences to color in this figure legend, the reader is referred to the web version of this article.)
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result, around the local maximum at 26 min simulated in the strong
shear experiment, the frequency of C/AU > 3 (Fig. 9a) was relatively
lower, and this feature could form an environment suitable for upright
rather than tilted convection. Consequently, this upright convection
promoted the active growth of heavy graupel particles starting at 30.0
min.

Based on the relationship between cold-pool intensity and vertical
wind shear, we propose the following conditions for the occurrence of
the preceding lightning increase. When a convective cell is tilted and
sufficient cold-pool intensity is generated, an environment suitable for
charge separation is formed and leads to increased lightning activity. If
the subsequently generated convective cells are upright, then heavy
graupel particles are produced therein, leading to downbursts, and this
transition leads to the preceding lightning increase. In contrast, in cases
where only upright convection occurs, while heavy-graupel production
is more likely, downbursts can still occur. However, the occurrence of
riming electrification is less likely, implying that a LJ may not occur. In
addition, when the cold pool is weak, the tilted convection does not lead
directly to the active charge separation required for the increase of
lightning.

4. Discussion

The model simulated well a preceding lightning increase corre-
sponding to a LJ characterized by an increase in the lightning flash rate
approximately 15 min preceding a downburst. In contrast, a downburst
occurred 3 min before the increase of the lightning and no preceding
lightning increase occurred when the vertical wind shear was larger.
Since these experiments share the same conditions except for the initial
wind field, the differences in cold pool intensity driven by the initial
warm bubble were also small. Therefore, the differences in these results
suggest that changes in the wind environment play a fundamental role in
the formation of multi-cell convective clouds.

When the lightning increased before a downburst, the convection
was tilted because of the strong updraft caused by the strong cold pool,
and a horizontal wind from the rear side of the convective cell blew. This
supplied abundant solid particles such as snow and ice for the mixed-
phase area in the convective cell. This supply of solid precipitation
particles produced an environment in which graupel, liquid water, and
snow and ice coexisted, which was suitable for charge separation by the
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riming electrification mechanism.

In contrast, when convective clouds with no preceding lightning
increase were produced, upright convection was generated, and the
supply of solid precipitation particles by the horizontal wind from the
rear side of the convective cell was prohibited. In such conditions, liquid
(supercooled) water was supplied for the mixed-phase area of the
convective cell, and an environment with coexisting graupel and liquid
water but without snow and ice was produced. In such an environment,
riming electrification was prohibited, and the graupel particles grew
large via the riming process and resulted in a downburst. This charac-
teristic suggests that an environment with a limited supply of solid
particles enhances the growth of heavy graupel.

The conditions required for the occurrence of the preceding lightning
increase were examined by analyzing the transition of cloud micro-
physical properties, the tilting of convection, and the strength of the cold
pool according to the RKW theory. Our analysis clarified that the tran-
sition from a tilted convection cell triggered by a strong cold pool to an
upright convection cell is required for the occurrence of the preceding
lightning increase. In other cases, the upright convective cell leads to a
downburst before the intensification of lightning activity because riming
electrification becomes less active during upright convection. In such
cases, a downburst occurs without a preceding lightning increase. The
former is relevant to charge separation, and the latter is associated with
the generation of heavy graupel particles. When the cold pool is weak, so
is the convection, and therefore the charge separation required for the
increase in lightning is not active, but a downburst occurs, nevertheless.

The difference between convective cells of different generations with
active riming and those with active riming electrification is consistent
with observations and laboratory experiments on the growth environ-
ment of wet-growth hail and the characteristics of charge separation.
Emersic et al. (2011) reported that during the early stages of thunder-
storm development, lightning tends to avoid wet-growth regions of hail.
Jayaratne and Saunders (2016) conducted laboratory experiments using
ice crystals and an icing cylindrical rod simulating riming hail to observe
charge separation by riming electrification, and they found that when
the ice crystals and simulated hail collided, little charge separation
occurred in the wet-growth regions of the simulated hail.

The hypothesis regarding the conditions for the increase in lightning
activity preceding downbursts in multi-cell convective clouds is sup-
ported by previous studies. Several studies have reported that not only
extremely strong updrafts but also moderate ones can enhance the
growth of graupel such as hail (Jewell and Brimelow, 2009; Lin and
Kumjian, 2022; Nixon et al., 2023). Furthermore, the characteristics of
the environment with active riming electrification are consistent with
previous findings that environments with vortices and turbulence
generated by rear inflow jets derived from tilted convection, are
conducive to lightning occurrence referred to as a “lightning bub-
ble”(Ushio et al., 2003; Salinas et al., 2022). The insights gained from
the present study align with findings from previous numerical and
observational research on the tilting of convective clouds conducive to
lightning activity (Gharaylou et al., 2020) and on the characteristics of
low-level wind shear features that inhibit production of heavy graupel
particles (Nelson, 1987; Kumjian and Ryzhkov, 2008; Dennis and
Kumjian, 2017). Furthermore, the increase in lightning activity during
rearward advection into convective regions caused by the merging of
convective cells (Lu et al., 2021, 2022) is consistent with our hypothesis
that charge separation is enhanced by the supply of solid-phase particles
from the rear. This alignment implies that such observations can be
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Fig. 10. Schematics of convective cells determined by C/AU and updrafts: (a) tilted convection with strong updrafts; (b) tilted convection with relatively weak
updrafts; (c) upright convection with strong updrafts; and (d) upright convection with relatively weak updrafts. (e-g) schematic diagram of whether an LJ occurs
preceding a downburst, driven by the regeneration of individual convective cells determined by C/AU and updrafts. (e) Representation of a pattern in which an LJ
occurs preceding a downburst; (f) a downburst occurs without preceding lightning activity; and (g) lightning occurs without resulting in a downburst.

valuable for validating our hypothesis. phase area, the convective cell can be categorized into the following
four patterns as illustrated schematically in Fig. 10 according to the
5. Conclusion relationship between the strength of the cold pool (C) and the vertical

shear of the horizontal wind (DU).
This study aimed to propose possible mechanisms and conditions

necessary for LJs in multi-cell convection by focusing on riming growth 1. When C/AU>1 and the cold pool is strong, the convection tends to
and riming electrification, which are good indicators of downburst and tilt and updrafts are strong. This environment forms a tilted
lightning, respectively. To achieve this, we conducted idealized exper- convective cell with an abundant supply of solid particles by the
iments focused on multi-cell convective clouds, using a meteorological horizontal wind from the rear side of the convective cell corre-
model coupled with a bulk lightning model that explicitly calculates sponding to a rear inflow jet, contributing to riming electrification
lightning and graupel growth processes. The experiments were con- (Fig. 10a).
ducted using sounding data from a case of multiple downburst events 2. When C/AU>1 and the cold pool is weak, the convection tends to tilt
with lightning. and updrafts are relatively weak. This environment forms a
In this study, through the analysis focused on graupel in a mixed- convective cell with a limited supply of solid particles contributing to
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riming electrification. In this environment, the lightning is less
active, as is the growth of heavy graupel particles (Fig. 10b).

3. When C/AU ~ 1 and the cold pool is strong, the convection tends to
be upright and updrafts are strong. This environment forms a
convective cell supplying abundant liquid water from the lower
layers and few solid particles contributing to the production of heavy
graupel particles (Fig. 10c).

4. When C/AU ~ 1 and the cold pool is weak, the convection tends to
be upright and updrafts are relatively weak. This environment forms
a convective cell supplying liquid water from the lower layer and few
solid particles. Then if liquid water is supplied sufficiently to grow
graupel particles by riming, heavy graupel particles can be produced
and result in a downburst (Fig. 10d).

From our analyses, we suggest that an LJ occurs when a convective
cell transitions in the sequence of Fig. 10a to ¢ or d from one convection
to the next in multi-cell convection (Fig. 10e). In this context, LJ events
do not always occur in all multi-cell convective clouds; rather, an LJ
develops provided that certain critical conditions are satisfied
(Fig. 10e-g). Additionally, LJ events originating from the transition of
convective cells are not expected in isolated convective clouds; this is
consistent with the observation that multi-cell convective clouds are
associated more with LJ events than are isolated convective clouds (Rigo
and Farnell, 2022).

While the transitions in the mixed-phase area present in this study
require verification through observations of both graupel and snow in
mixed-phase clouds, indirect validation could be possible by observing
the reflectivity core and wind circulations within convective clouds. This
highlights the need for further research and combined observations of
hydrometeor identification and wind velocity field to fully understand
the complexities of mixed-phase transitions in convective clouds. In
addition, treating LJs as a more-sophisticated index of weather warnings
(e.g., Schultz et al., 2009) requires an understanding of the lead time
preceding LJ occurrence, which still poses a challenge.

Appendix A. Initial profiles for idealized experiment
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Appendix B. Summarized used schemes for numerical experiment

Table B1
All schemes used in numerical simulation of the CTL experiment and the SS experiment.

Physics Scheme Reference

Lightning Bulk lightning model Sato et al. (2019)

Cloud microphysics 2-Moment bulk microphysics scheme Seiki and Nakajima (2014)

Vertical flux by turbulence Smagorinsky-type sub-grid model Scotti et al. (1993), Smagorinsky (1963), Brown et al. (1994)
Horizontal flux by turbulence Mellor-Yamada-type planetary boundary layer scheme Nakanishi and Niino (2004, 2009)

Appendix C. The used equations of Miyamoto (2021) and Takemi (2006) in this study

To trigger convection, a potential-temperature perturbation ¢ was defined by Eq. (C1) based on Miyamoto (2021).

HwaOS (g \/lwbh + lwbv ) ) for \/lwbh + lwbv < 107

0,for 1.0 < v/Lyph + Lupy

0 (x,y,2) = (c1)

where 8, is the amplitude of ¢, and we have Ly, = (Fwpn /rv,,bv)2 and Lypy = (Fwbz/Twbh )2, where r,»n and r,;, are the horizontal and vertical distances
from the bubble center, respectively. In both experiments, we set 6,;, = 4 K, rp, = 4 km, and r,,3, = 1 km.

We calculated C/AU for our results to examine suitable environments for tilted or upright convection, with C, B, and AU defined in Takemi (2006)
as follows:

H
¢ = / (—B)dz, (C2)
0
-0 (R, _
B= g(TqL (E) (@& —v) — Qrya > , (C3)
AU = Uhon’z.Z:H - Uhnriz.z:Oy (C4)

where g is the acceleration due to gravity, 6 is the potential temperature, g, is the water vapor mixing ratio, gpyq is the total hydrometeor mass mixing
ratio defined as the sum for all hydrometeor categories, B is buoyancy, R is the gas constant for dry air, R, is the gas constant for water vapor, and H is
the cold pool thickness. H = 5 km, as referenced in Takemi (2006). Overbars indicate the model’s base state defined as domain-averaged variables.

Appendix D. Zero-dimensional collection process and box model

To understand the characteristics of the environments suitable for the growth of graupel by riming and charge separation by riming electrification
within mixed-phase areas, we conducted zero-dimensional collection experiments using a zero-dimensional box model. The model was constructed by
using only the scheme for calculating the collection processes, including riming and aggregation of the cloud microphysics scheme used in this study
(Seiki and Nakajima, 2014). Using this model, the variation of each hydrometeor’s category can be calculated by only the collection process.

The initial values for the experiments were created from the output of the zero-dimensional box model in a grid box within the mixed-phase area,
and the output values were adjusted to simple ones to make the sensitivity experiments easier. As given in Table D1, the output values of density and
the mass mixing ratio and number concentration of graupel, snow, and cloud ice were those at x = 141 km, y = 31 km, and z = 7 km at the time of
active charge separation in the control experiment (at 33.3 min) to test the rebound between graupel and snow as a means of riming electrification.
The output values of the other variables were those at x = 141 km, y = 38 km, and z = 5000 m at the time of active production of heavy graupel in the
control experiment (at 40.0 min) to test the riming growth. Note that the influence of the selection of density and pressure on these sensitivity ex-
periments was negligible (figure not shown). The sensitivity experiments were conducted by sweeping the temperature and the number concentration
of snow/ice, and for this we selected the temperature range of active charge separation (—15 °C) in Fig. 3a and active graupel production (-5 °C) in
Fig. 3b in Section 3.2. Additionally, experiments were conducted to investigate the influence of solid-particle supply on charge separation and graupel
growth. For the experiments, the values for ice and snow were set to zero or present, and the values for rain and cloud water were set to fixed values.
The experiments were named as given in Table D2.

Fig. D1 shows the time series of each variable. For the graupel mixing ratio (Fig. D1a), its rate of increase was temperature dependent, but the
graupel mixing ratio increasing with time was a common feature of all four experiments. Meanwhile, the mean graupel weight increased when the
number concentration decreased and vice versa (Fig. D1b and c). When ice and snow were present (i.e., experiments —5SI and —158I), particles
rebounded actively during graupel-snow collisions when the temperature was low (Fig. D1d). In addition, the number of graupel particles decreased
more effectively in the experiments with higher temperature (Fig. D1e), suggesting that the smaller number of graupel particles resulted in fewer
particles rebounded by collisions in warmer temperatures. Thus, collisions and rebounds between graupel and snow, which are critical for riming
electrification, become more active at low temperatures because of the low sticking efficiency.

In contrast, when the temperature was high, the number of rebounding particles was small (Fig. D1d). In such conditions, the graupel particles tend
to stick more effectively, and so they become heavy (Fig. D1c) and their number concentration becomes small (Fig. D1b, e).

Without snow and ice (i.e., experiments —5noSI and —15n0SI), the graupel number and weight were small and large, respectively (Fig. D1b, ¢), and
the graupel easily became heavy (Fig. D1c).
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The results outlined above suggest that heavy graupel particles tend to be produced when the temperature is higher and the supply of snow
particles is limited, while lower temperature and active supply of ice and snow particles result in increased charge separation.

Table D2

Table D1

Initial values for sensitivity experiments using zero-dimensional collection

process.
Variable Value Unit
Temperature -15/-5 °C
Density (p) 0.708 kgm™3
Pressure 548 hPa
Qg 6.372x 1073 kgm3
Qs 1.070 x 10-5/0.0 kgm~3
Qi 4.404 x 1075/0.0 kgm~3
PQ 2.266 x 1073 kgm3
PQc 3.394 x 1073 kgm3
N, 5133.0 m3
N; 4248.0/0.0 m-3
N; 62,304/0.0 m3
N; 19,824.0 m~3
N. 198,240.0 m—3

Names of all zero-dimensional experiments.

Snow and cloud ice

No snow and cloud ice

High temperature (-5 °C)
Low temperature (—15 °C)

—58I
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Fig. D1. Time series of each variable in experiments involving zero-dimensional collection process: (a) graupel mass mixing ratio; (b) number of graupel particles; (c)
mean weight of graupel particles; (d) number of rebounding particles after collision between graupel and snow in unit time; (e) variation of graupel collision number.
Solid, dashed, dash-dotted, and dotted lines represent the experiments with no snow/ice particles at —5 °C (experiment —5noSI), snow/ice particles at —5 °C
(experiment —5SI), no snow/ice particles at —5 °C (experiment —15n0SI), and snow/ice particles at —15 °C (experiment —15SI), respectively.

Appendix E. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.atmosres.2025.108203.

Data availability

Data will be made available on request.
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