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Abstract

Mixed-phase clouds largely characterize severe weathers such as heavy rain,
lightning, downbursts, and so on. They contain cloud microphysical processes involving
both liquid and solid particles. In this doctoral dissertation, the mechanism for the increase
in lightning activity preceding downbursts associated with mixed-phase clouds was
investigated by using a meteorological model coupled with a bulk lightning model (BLM)
that explicitly calculates lightning processes. The validity of cloud microphysics schemes
in the model was also evaluated through comparison with in-situ ground-based

measurement and satellite observation.

In Chapters 2 and 3, the evaluation of bulk cloud microphysics schemes used
in the model was conducted through comparison with observational data. Three bulk
microphysics schemes—two 1-moment bulk schemes that predict mass and diagnose
number concentration of hydrometeors, and a 2-moment bulk scheme that predicts both
mass and number concentration of hydrometeors—were evaluated through comparison
with the observation data of a disdrometer measurement and Himawari-8 satellite. The
evaluations were conducted for a snowfall event in Hokkaido. We here applied a newly
developed method based on the machine learning algorithm to the data. The results of the
evaluations clarified that the 2-moment bulk scheme better reproduced the particle size—
fall velocity distribution observed by the disdrometer, in addition to the radiance and

brightness temperatures retrieved from a satellite.

In Chapter 3, the evaluation for a 2-moment bulk scheme was extended to
snowfall events during a winter season in Hokkaido. To analyze the measurement data

for the whole winter, a method to automatically classify precipitation particle types was
2



developed with an aid of machine learning algorithms. The method was developed by
applying self-organizing maps to the particle size—fall velocity relationship data, which
were estimated using the expectation-maximization algorithm based on particle size—fall
velocity distribution data measured by disdrometers. This novel approach enables the
automatic classification of precipitation particles without any prior data, and additionally,

the 2-moment bulk scheme was evaluated by utilizing this approach.

In Chapter 4, the rapid increase in lightning activity preceding the downbursts
in multi-cell convective clouds was investigated using the 2-moment bulk scheme, which
was validated in Chapters 2 and 3. The model successfully simulated the rapid increase
in lightning activity preceding a downburst. Our analysis elucidated that the transition in
the convective cells from tilting to upright under specific conditions of vertical wind shear
and cold pool strength is critical for the occurrence of the rapid increase in the lightning

activity.

The insights of this doctoral dissertation would contribute to deeply
understanding of the dominant cloud microphysical processes in mixed-phase clouds that
characterize the severe weathers. These insights are expected to improve the warning for
downbursts and to sophisticate meteorological models. In the future, further
understanding of mixed-phase clouds is anticipated through meteorological models and

extensive observational data.
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Chapter 1. General Introduction

Clouds, which are composed of liquid water particles and/or ice particles, play
an important role in Earth's energy balance and the water cycle. They are classified into
three types as liquid-phase, ice-phase, and mixed-phase clouds according to the
thermodynamic phase of these particles. Liquid-phase clouds consist solely of liquid
particles, ice-phase clouds are composed only of ice particles, and the mixed-phase clouds
contain both liquid and ice particles. The mixed-phase clouds are widely distributed from
the tropics to the polar region (Zhang et al., 2010; Wang et al., 2013; Lawson and
Getteman, 2014). Because the radiative properties of mixed-phase clouds vary with the
liquid-to-ice ratio (Korolev et al., 2003), elucidating how liquid and solid particles are
mixed within the cloud is especially essential to Earth's energy balance (Morrison et al.,

2011).

The particles in liquid-phase, ice-phase, and mixed-phase clouds grow through
various cloud microphysical processes (Pruppacher and Klet, 1997, Morrison et al., 2020).
Mixed-phase clouds, as shown in Fig. 1.1, exhibit interactions between liquid and ice
particles, such as riming growth through collisions between solid particles and
supercooled water droplets (List, 1961; 2014). Riming significantly contributes to the

growth of solid particles (Harimaya and Kanemura, 1995).
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Fig. 1.1. A schematic diagram for mixed-phase clouds and their related phenomena.
Riming growth is active in mixed-phase convective clouds (Rutledge and
Hobbs, 1984), and the high-density ice particles formed through riming largely affect the
precipitation distribution due to their faster fall speeds compared to other ice particles
(Magono et al., 1966; Woods et al., 2007). Additionally, these particles can grow beyond
the size at which typical liquid particles would break up, and therefore, rimed particles
contribute to heavy rainfall (Rutledge and Hobbs, 1984; Hou et al., 2016). As well as
heavy rainfall, the high-density ice particles such as graupel and hail formed through
riming growth can intensify downdrafts through drag force and latent heat cooling by
melting and sublimation. The intensified downdrafts sometimes exceed 3.66 m/s at 91.4
m altitude categorized as downbursts (Fujita and Byers, 1977; Fujita, 1985; Wakimoto,
1985; Wilson et al., 1984; Hjelmfelt, 1988; Fujita, 1992; Wilson and Wakimoto, 2001),
which causes damage to human society, such as power line failures, wind loads on structures,

and aviation accidents (e.g., Abd-Elaal et al., 2018; Solari, 2020).

Mixed-phase clouds can also be characterized by hydrometeors with electric
charge, i.e., electrified hydrometeors. It is considered that the charge separation occurs

9



via collision processes of solid particles (Takahashi, 1978). Laboratory experiments have
shown that collision and rebound between ice and graupel particles in mixed-phase clouds
lead to charge separation called riming electrification mechanism (Takahashi, 1978;
Saunders et al., 1991). Consistency of the riming electrification with charge distribution
in convective clouds has been confirmed through previous studies by radiosonde and
remote sensing observations (Takahashi et al., 1999, 2019; Rust, 1989; MacGorman and
Rust, 1998). Thus, the riming electrification is considered a primary mechanism for
charge separation in thunderstorms (Barthe et al., 2012; Phillips et al., 2020; Sato et al.,

2019).

Because the riming growth and the riming electrification, which are distinctive
microphysical processes that only occur in mixed-phase clouds, induce the occurrence of
severe weather phenomena such as heavy rain, hailstorm, severe wind, downburst and
lightning, these cloud microphysical processes characteristic of deep convective clouds
that cause these severe weather events are important for the prevention of disasters. For
disaster prevention, lightning activity has been focused on from 1990s by the
observational studies. It has been reported that lightning activity rapidly increases
preceding the occurrence of severe weather phenomena, such as heavy rain, hail, and
downbursts (Goodman et al., 1988; Williams et al., 1999; Schultz et al., 2009, 2011). This
rapid increase in lightning activity preceding severe weather is known as the lightning
jump, and it has been utilized as an indicator of severe weather events (Schultz et al.,
2009, 2011; Farnell and Rigo, 2020; Gatlin and Goodman, 2010, Erdmann and Poelman,

2023).

Although riming growth and charge separation can occur in updrafts of deep

convective clouds, no lightning discharges are observed in areas with rimed particles
10



(hail), known as "lightning holes." Additionally, several studies have shown that
downbursts can occur without a lightning jump. For example, Jessup and Burke (2018)
found that while lightning activity peaked before downbursts in 6 out of 11 cases, it did
not always precede the event. These findings highlight the need for further research into
the characteristics of mixed-phase areas, where riming growth and riming electrification
are most active. Therefore, to advance our understanding of cloud microphysical
processes such as riming growth and riming electrification, as well as the relationship
between severe weather phenomena and lightning jumps, it is essential to elucidate the

physical processes within mixed-phase clouds with lightning.

Many previous studies for understanding cloud microphysical processes in
mixed-phase clouds have been conducted by various approaches such as observational,
experimental, and numerical studies. To understand them, it is essential to analyze the
area with the coexistence of liquid-phase and solid-phase particles and the cloud

microphysical processes, across the entire mixed-phase cloud.

Observational studies can be classified into two approaches based on the
methods employed: in-situ observations and remote-sensing observations. In-situ
observations such as disdrometers (Matrosov et al., 2022) and sondes (Takahashi et al.,
2019; Suzuki et al., 2023; Hara et al., 2024) allow for the direct observation of liquid and
ice particles and enable the collection of physical quantities such as particle size, fall
velocity, particle number, and shape with low uncertainty. However, capturing
observations of the entire cloud and cloud microphysical process by the approaches
remains challenging. Remote sensing observations using ground-based radar can classify
and detect hydrometeors and measure particle size within clouds (Park et al., 2009; Dolan

et al., 2013; Kouketsu et al., 2015; Kikuchi et al., 2020; Asai et al., 2021; Yoshimi et al.,
11



2021). Additionally, radar observations combined with lightning observations have
greatly contributed to the understanding of severe weather events and the occurrence of
lightning jumps (e.g., Schultz et al., 2015; 2017). However, they cannot capture the
coexistence of liquid-phase and solid-phase particles, which is essential for the
characterization of mixed-phase clouds. Laboratory experiments by cloud chamber allow
for relatively precise control of environmental conditions and enable the analysis of
growth rates of cloud microphysical processes related to mixed-phase clouds (List, 1990;
Oraltay and Hallett, 1989; Fukuta and Takahashi, 1999), However, because the cloud
chamber size is limited and the residence time of particles is generally much shorter than
that in real clouds (Chang et al. 2016; List et al.1986). In addition, the boundaries of the
cloud chamber may influence the results. Thus, it is difficult to capture microphysical

properties for the entire cloud by laboratory experiments.

In numerical studies, cloud microphysics schemes are based on the fundamental
formulation and parameterization of cloud microphysical processes derived from
observational, laboratory experimental, and theoretical studies (Morrison et al., 2020).
Numerical simulation of mixed-phase clouds using cloud microphysics schemes allows
the discussion of the coexistence of solid- and liquid-phase particles and the cloud
microphysical processes in the mixed-phase area with dense three-dimensional
information, which has been challenging in observational and laboratory experimental
studies. Bulk lightning models can simulate lightning processes such as the charge
separation processes based on riming electrification (Takahashi, 1978; Fierro et al., 2013).
This allows for the analysis of updraft regions, where observations are challenging, and
where riming growth and riming electrification are highly active. However, the cloud

microphysics schemes commonly implemented in meteorological models rely on

12



empirical assumptions, and have uncertainty, particularly in the representation of ice-
phase cloud microphysical processes (Tapiador et al., 2019). Therefore, validation
through comparison with observational data is required before we try to obtain the

scientific knowledge according to the results of numerical simulations.

Cloud microphysics schemes have improved in accuracy through evaluations
and improvements based on comparisons with observations (e.g., Roh and Satoh, 2014;
Iguchi et al., 2012). For evaluation through comparison between observations and
numerical simulation, the in-situ measurement data, which provides detailed information
on individual particles, is beneficial. In particular, disdrometer data provide observations
of particle size, fall velocity, and number concentration. These cloud microphysical
information are key factors in determining particle characters related to cloud
microphysical processes such as collision processes. The data are well-suited for
evaluating cloud microphysics schemes (Molthan et al., 2016; Kondo et al., 2021). To
utilize disdrometer data for evaluating mixed-phase cloud microphysical processes,
observing high-density ice particles such as graupel growing through riming is required.
Furthermore, extracting the characteristics of these observations focused on the riming

process is essential in the evaluation.

For the model evaluation, it is necessary to observe rimed particles that are
produced by riming growth. However, in tropical or summer convective clouds, even if
rimed particles are produced, they tend to melt before reaching the ground. In such clouds
capturing rimed particles is almost impossible by ground-based in-situ observations.
Therefore, ground-based in-situ observations of rimed particles are feasible primarily
during snowfall from mixed phase clouds events such as those in Hokkaido because the

ground surface is below 0 °C and supercooled water particles can exist in clouds. Snowfall
13



associated with boundary-layer convective clouds is driven by cold air outbreaks from
Siberian air masses. Because it contains both graupel and snow particles, the snowfall
events are suitable for the acquisition of mixed-phase cloud properties by disdrometer

observations.

This doctoral dissertation aims to elucidate the mechanism of the increase in
lightning activity preceding the downbursts by using a meteorological model coupled
with a bulk lightning model that explicitly calculates lightning processes (Chapter 4). To
evaluate the cloud microphysics scheme in the meteorological model, we compared the
results of the model with observation data including disdrometer data (Chapter 2) for a
single case. We also developed a method to extract mixed-phase cloud characteristics by
classifying graupel and snow particles from size-fall velocity observation data to extend
the evaluation for one winter season (Chapter 3). Chapter 5 provides a comprehensive

summary of this doctoral dissertation.

14



Chapter 2. Evaluation of cloud microphysical schemes for winter snowfall

events in Hokkaido: A case study of snowfall by winter monsoon

2.1. Introduction

Cloud covers broad areas of the Earth and plays important roles in its energy and
water cycles. In mixed-phase and ice-phase clouds, a variety of solid particles are formed
through microphysical processes such as deposition, aggregation, and riming, depending
on the atmospheric conditions (Bailey and Hallett 2004; Kikuchi et al. 2013); thus, the
cloud microphysical properties tend to be complex. The microphysics of solid particles
are commonly characterized by mass—diameter (m-D) and terminal velocity—diameter (v-
D) relationships, as well as the density and size distribution (Locatelli and Hobbs 1974;
Mitchell 1996). The representation of the complex properties of solid hydrometeors in
numerical models has been highly simplified in general (Tapiador et al. 2019) and
remains as one of the major challenges in accurately representing mixed-phase and ice-
phase clouds (Morrison et al. 2020).

Bulk microphysical schemes (e.g., Kessler 1969; Lin et al. 1983) are widely used
to simulate cloud microphysics in global-scale models with explicit representation of
cloud microphysics (Tomita et al. 2005; Satoh et al. 2014; Chern et al. 2016) and weather
prediction models (Ferrier 1994, Morrison et al. 2005; Seifert and Beheng 2006; Saito et
al. 2006; Thompson et al. 2008; Milbrandt et al. 2012). In these bulk microphysical
schemes, v-D relationships are prescribed, although these relationships show large
variability in the atmosphere (Locatelli and Hobbs 1974). As such, the prescribed v-D

relationships are major factors in the uncertainty in cloud microphysical schemes, as
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reported in numerous studies (e.g., Woods et al. 2007; Iguchi et al. 2012).

This has prompted a number of studies that validated v, D and their relationships
(i.e., v-D relationships) assumed by various models through comparisons with in situ
observations by aircraft and ground-based measurements (e.g., Molthan and Colle 2012;
Molthan et al. 2016). In particular, ground-based measurement by disdrometers such as
the Particle Size Velocity disdrometer (PARSIVEL,; Loffler-Mang and Joss 2000), the
Laser Precipitation Monitor (LPM; Angulo-Martinez et al. 2018), and the two-
dimensional video disdrometer (2DVD; Kruger and Krajewski 2002) have largely
contributed to the evaluation of the v-D relationship of microphysical schemes. However,
Katsuyama and Inatsu (2020) pointed out that the commonly used disdrometer introduces
bias in the size-velocity distribution for solid precipitation measurements, that is rarely
addressed, because the disdrometer does not observe the number concentration of
precipitation particles directly. In addition, these disdrometers are usually expensive.
Recently, Katsuyama and Inatsu (2021) developed a low-cost, portable volume scanning
video disdrometer (VSVD) which can directly observe the number concentration, based
on the work by Muramoto and Shiina (1989); the VSVD showed better performance in
size-velocity observations than the conventional disdrometers. This implies that
evaluations focusing on the v-D relationship using the results of the new disdrometer
provide knowledge to improve cloud microphysical schemes.

Here, we evaluated bulk cloud microphysical schemes using measurement data
from the new disdrometer targeting a snowfall event in Hokkaido, Japan, in an attempt to

improve the representation of cloud microphysics schemes.
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2.2. Data and Methods

2.2.1. Model

The meteorological model used in this study was Scalable Computing for
Advanced Library and Environment (SCALE; Nishizawa et al. 2015; Sato et al. 2015)
version 5.3.3. The two-moment bulk microphysical scheme of Seiki and Nakajima (2014;
SN14), the one-moment bulk scheme of Tomita (2008; T08), and the improved version
of one-moment bulk scheme of Roh and Satoh (2014; RS14) were used. In this study, we
propose a one-moment bulk scheme based on RS14, with a modified v-D relationship and
intercept parameter for the size distribution formed by graupel, as shown in Table 2.1.
The modification of the v-D relationship assumes that v increases gradually with D
compared to RS14. The reduction of the intercept parameter assumes that graupel is
diagnosed as a low number concentration compared to RS14. The turbulence and
radiation processes were calculated using the Mellor—Yamada Nakanishi—Niino level 2.5
scheme (Nakanishi and Niino 2004) and MSTRN-X (Sekiguchi and Nakajima 2008),
respectively. The bucket land model and single-layer urban canopy model (Kusaka et al.
2001) were used for calculating temperature and soil moisture in non-urban and urban
areas, respectively. The bulk coefficient of the surface flux was determined based on

Beljaars and Holslag (1991) and Wilson (2001).

Table 2.1. Modification of the experimental parameters.

Parameter RS14 with modifications introduced in RS14
this study
Intercept parameter of size | 4.0 x 10° (same value of T08) 4.0 x 108

distribution of graupel [m]

v-D relationship of graupel : Lump graupel (Locatelli and Hobbs, 1974) : Graupel (Grabowski, 1998)

m-D relationship of graupel i Lump graupel (Locatelli and Hobbs, 1974) i Lump graupel (Locatelli and Hobbs, 1974)
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2.2.2. Experimental setup

Simulations were conducted 33 hours from 0000 Coordinated Universal Time
(UTC) on 12 February 2018, when snowfall occurred during a north-west winter
monsoon over Hokkaido. The snowfall by the winter monsoon commonly occurs off the
west coast of Japan including Hokkaido (Magono et al. 1966). Thus, the knowledge
obtained from this case can be applied for most of the snowfall events in winter over
Japan. The calculation domain covered an area of 900 x 900 km?, with a grid interval of
1 km, as shown by the gray-shaded area in Fig. 2.1. The model top height was 19,528 m,
and the model layer was divided into 57 layers. The layer thickness was increased from
40 m (at the model bottom) to 650.5 m (at the model top). The results of the model were
output every 30 minutes. The pressure, horizontal wind field, temperature, specific
humidity, mixing ratio of hydrometeors, soil moisture, and skin temperature of a 3-hourly
Mesoscale ANLysis (MANL) provided by the Japan Meteorological Agency (JMA: JMA,
2019) were used for the initial and boundary conditions. RSTAR-7 (Nakajima and Tanaka
1986, 1988) implemented in Joint Simulator for Satellite Sensors (Joint-Simulator:
Hashino et al. 2013) was used to calculate the 0.64 pm radiance and the 13.3-um
equivalent blackbody temperature (TBB) from the output of SCALE. For the calculation
of Joint-Simulator, the information about the size distribution of the hydrometeor is
required. The size distribution assumed in each scheme was also used in Joint-Simulator.
For 1-moment schemes, the mono-disperse distributions with median diameter of 16 pm

for cloud water and 80 pm for cloud ice were adopted.
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Fig. 2.1. Geographical map of the study’s target area. Shading shows the domain for

model calculations. Yellow and red box is the analysis area for the comparison with
Himawari-8 satellite data and that of vertical mass profile among models, respectively.
Cross marks denote the Automated Meteorological Data Acquisition System (AMeDAS)
stations in Hokkaido operated by the Japan Meteorological Agency (JMA). Circles and
triangles represent disdrometer observation sites at Sapporo and at Asahikawa installed

by the authors, respectively.

2.2.3. Observational data

Observational data from the Himawari-8 geostationary satellite (Bessho et al.
2016; Yamamoto et al. 2020), Automated Meteorological Data Acquisition System
(AMeDAS) operated by JMA, the radar/raingauge-analyzed precipitation product

produced by Japan Meteorological Agency (JMA) (Makihara et al. 1996), and VSVDs

19



(Katsuyama and Inatsu, 2021) installed at Sapporo (43.0830° N, 141.3367° E, O point
of Fig. 2.1) and Asahikawa (43.7870° N, 142.3465° E, /A point of Fig. 2.1) were used
for the evaluation of the model. The 0.64 um radiance and 13.3 um TBB of Himawari-8
was used to confirm the validity of the horizontal cloud distribution and the cloud top
height simulated by the model. The total amount of precipitation from 1500 UTC on 12
February to 0900 UTC on 13 February 2018 observed at 220 AMeDAS sites (shown as
points in Fig. 2.1) and radar/raingauge-analyzed precipitation were used to evaluate the
simulated precipitation amount. Disdrometer data was used to evaluate the number of
hydrometeor particles, particle size, and terminal velocity distribution (PSVD) from
Asahikawa and Sapporo from 2100 UTC 12 to 0000 UTC 13 and from 1500 UTC 12 to

0930 UTC 13 February 2018, respectively.

2.2.4. Comparison of the microphysical properties between the model and
observations

We compared the observed PSVD and the frequency of terminal velocity with
those obtained from simulations accumulated over 3 x 3 grids around the nearest grid
point to the observations in longitude—latitude grid space. The simulated data were from
the same period as the measurement data.

To create PSVD from the model, mean D (D) was calculated from the model as:

Je.
5 _ Zii?’o_s Di n(Di) (21)
N )
Je.0
N = Z n(Di)’ (22)
i=jo.s

where D; and n(D;) are the diameter of the i-th bin in unit of mm, the particle number of
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i-th bin. Using D, mean v (¥) was calculated according to v-D relationship assumed in

each scheme. The frequency distribution of v used for the evaluation is given by

Flwo =", @3)

where v, f(vk), and n(vi) are U of k-th bin, the frequency distribution of the .-th bin,
and particle number in k-th bin. jo.s and jso are respectively the bin number of D of 0.5
mm and 6.0 mm, which is minimum and maximum value of the disdrometer measurement
range approximately supported by VSVD. The width of bin for D and v was same as that
of measurement; 0.5 mm and 0.2 m s, respectively. n(D;) in the model was calculated
based on the assumption of size distribution of hydrometeor's particles in each scheme.
The sum of the number concentrations of snow and graupel was used as simulated n(D;),
because only a few amounts of cloud ice were reached to ground due to its small v, and
cloud water and rain were not simulated due to the low temperature near the ground. In
contrast, the measured values were accumulated during the same time interval of the

model output; 30 minutes.

2.3. Result

2.3.1. General characteristics of simulated snow clouds

First, we validated the simulation through comparisons of the radiance, TBB,
and precipitation amount with those obtained by Himawari-8 and AMeDAS. Figs. 2.2a
and 2.3a indicate the horizontal distribution of 0.64 um radiance and 13.3 pm TBB by

Himawari-8. Cloud streaks formed by the winter monsoon were observed over the Sea of
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Japan and Hokkaido. The horizontal distribution of simulated 0.64 um radiance and TBB
indicated that the three schemes simulated the cloud streaks, regardless of the cloud
microphysical scheme (Figs. 2.2b—d, 2.3b-d), although the cloud coverage differed among
models. In addition, most of the bias values of simulated precipitation amount over
AMEeDAS sites were smaller than 0.5 mm, and the distribution of the surface precipitation
simulated by the model was similar to that by radar/raingauge-analyzed precipitation
product (Fig. 2.A1), regardless of the cloud microphysical scheme. These results show
that the three schemes reasonably simulated snow clouds and surface precipitation
generated by them during the winter monsoon over land.

The reasonable representations of the cloud streaks and precipitation prompted
us to conduct detailed analyses about the differences in the microphysics among
individual models. SN 14 well reproduced the horizontal distribution of clouds and cloud
top height, based on a comparison with the observed 0.64 um radiance (Figs. 2.2a, b) and
13.3 um TBB (Figs. 2.3a, b), respectively. By contrast, cloud coverage by T08 was
smaller than that observed; therefore, the simulated radiance (TBB) by T08 was smaller
(higher) than the observed radiance (Figs. 2.2¢ and 2.3c). These trends were also evident
in the results of RS14 (Figs. 2.2d and 2.3d). Due to the underestimation of cloud coverage,
T08 and RS14 showed a smaller radiance and a higher TBB than that of observations
(Figs. 2.2f and 2.3f). These trends in the simulated radiance and TBB were also seen in
outgoing solar radiation (OSR) and outgoing longwave radiation (OLR) respectively (Fig.
A.2.2). As these results are calculated by the same dynamical core (SCALE), these
differences originated mainly from the microphysics in the models. Next, we discuss the
reason for the difference among the results of three microphysical schemes based on a

comparison between the model and in situ measurements by the disdrometers.
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Fig. 2.2. (a) Radiance for a channel centered at 0.64 um (W m 2 str™!) at 0000 UTC on 13
February 2018 observed by the satellite Himawari-8, and (b—e) estimated by a Joint-
Simulator from the outputs of Scalable Computing for Advanced Library and
Environment experiments with cloud microphysics schemes of (b) SN14, (c) TOS, (d)
RS14 with a standard setting, and (e) RS14 with a modified velocity—particle diameter
(v-D) relationship and intercept parameter for graupel. The area near the model lateral
boundary was excluded from the analyses to avoid the artifacts. (f) The normalized
frequency of the radiance data sampled from all gridpoints in yellow box in Fig. 2.1;
radiance data were divided into 20 bins of uniform width from 10 to 200 W m™2 str’,
which excluded less than 50 W m2 str ™! shown in (black; a), (blue; b), (yellow; ¢), (purple;
d) or (red; e).
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Fig. 2.3. (a—¢) Same as Fig. 2.2, but for the equivalent blackbody temperature (TBB; unit
is K) for a channel centered at 13.3 um. (f) The normalized frequency of the TBB data
sampled from all grid points in yellow box in Fig. 2.1. TBB data were divided into 20
bins of uniform width from 231 to 255 K, shown in (black; a), (blue; b), (yellow; ¢),
(purple; d), or (red; e).

2.3.2. Microphysical properties

The observed PSVD and frequency of v observed by the disdrometers (Fig. 2.4)
enabled further clarification of the microphysical properties. The v value of most of the
measured particles was ~0.8 m s™!, and the median D was ~1.5 mm. In addition, the black
box plot was close to the dashed line and the observed PSVD was mainly distributed
along the dashed line, which represents the v-D relationship of snow in Figs. 2.4a, 2.4c,
and 2.4e (also Table 2.2). Thus, most of the measured particles here corresponded to snow
in the model.

In SN14, the simulated PSVD was close to the observed PSVD, in which v was

well reproduced (Fig. 2.4a). In addition, the frequency distribution of v indicated that
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snow was dominant at the surface (blue dotted line in Fig. 2.4b), similar to the results
observed from in situ measurements (black line in Fig. 2.4b). Thus, SN14 reasonably
simulated the v-D relationship of solid hydrometeors measured at the surface. As well as
the surface, snow was dominant in the upper layer, based on the vertical profile of the
mixing ratios of graupel (gg¢), snow (gs), and total hydrometeors (grya), which corresponds
to the sum of cloud water, rain, cloud ice, snow, and graupel, as shown in Fig. 2.5.

By contrast, the PSVD by TO08 (Fig. 2.4c) indicated that D and v was
underestimated and overestimated, respectively. The frequency distribution of TOS
revealed a higher graupel frequency, in which v exceeded 3 m s™! (red dotted line in Fig.
2.4d), although graupel was not measured. The reason of the higher frequency of the
graupel was clarified in the conversion rate from snow to graupel by the accretion of snow
by graupel (Paccs; blue line of Fig. 2.5¢). Pacc,s in TO8 was larger than that of SN14. The
large Paces in TO8 resulted in the higher frequency of the graupel with fast terminal
velocity, and overestimation of v. Due to the overestimation of v, hydrometeors in the
atmosphere tended to fall faster to the ground by sedimentation (figure not shown);
therefore, gnya, gs, and gz of TO8 were smaller than those of SN14 (Figs. 2.5a-c). The small
qnya resulted in the small cloud coverage of TOS (Figs. 2.2¢ and 2.3c¢).

The overestimation of v was reduced in the results of RS14 (Figs. 2.4e, f). The
reduction of overestimated v was originated from the large interception parameter of
RS14 (Table 2.1), which corresponds to the assumption that graupel has high number
concentration, smaller size, and smaller v. In addition, as the RS14 turned off the accretion
from snow to graupel (Roh and Satoh 2014), Pu..s was also reduced in RS14 (Fig. 2.5¢).
Due to the small Pucs, the vertical profiles of gy, gs, and gg by RS14 were similar to

those of SN14 (Figs. 2.5a-c), in which gy was larger than g,. However, the overestimation
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of v and the graupel frequency, and the underestimation of D, were not still improved
using RS14 (Fig. 2.41); the overestimations of v and the graupel frequency also suppressed

the broadening of cloud coverage, as with TO8 (Figs. 2.2d and 2.3d).
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2.3.3. Further improvement of RS14 based on in situ measurement results
To improve RS14 further, SN14, which showed good performance, was used as
a reference value. Fig. 2.5b indicate that g, profile of SN14 and RS14 was similar to each
other, but the number concentration of graupel in RS14 was higher than that of SN14 (Fig.
2.5d). Based on the results, the high frequency and fast v of graupel had to be modified.
For these modifications, the intercept parameter of the size distribution and the v-D
relationship of graupel were changed as listed in Table 2.1. The modified RS14 simulated
lower number concentration of graupel than that by RS14 (Fig. 2.5d). As a result, the
overestimated frequency and fast v of graupel by RS14 were improved (Fig. 2.4h),
although the cloud coverage remained small (Figs. 2.2e and 2.3e) and D was still
underestimated (Fig. 2.4g). These results suggest that the assumptions pertaining to
graupel, such as the intercept parameter and the v-D relationship, offer room for some
variability. The cloud coverage was not improved by the modification of the graupel
parameter (Figs. 2.2 and 2.3). For further improvement of the 1-moment scheme, the
assumption of the size distribution of snow as well as graupel is required to be modified

as we discussed in supplementary material (Fig. A.2.3 and Text A.2.1).
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Fig. 2.5. Vertical profile of the mass mixing ratios of (a) total hydrometeors gnya, (b),
graupel gg, (c) snow gs, (d) number concentration of graupel and snow, and (e) half-an-
hourly conversion rate to graupel of unit g¢ (Pacc¢) averaged over the domain enclosed by
141.518-143.007°E and 43.115-45.0071°N at 0000 UTC on Feb. 13, 2018. Dash-dotted,
dotted, dash, and solid lines indicate the results of SN14, TOS, standard RS14, and
modified RS14, respectively. In (d), red and blue lines indicate number concentration of
graupel and snow, respectively, and the number concentration was averaged over the grids
in which mass mixing ratio of graupel and snow exceeded 107 g kg'!. In (e), red, blue,
black, and purple lines indicate conversion rate of unit graupel g, by deposition of graupel,
accretion of snow by graupel, that of cloud ice by graupel, and that of liquid hydrometeor

by graupel.
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2.4. Conclusion and Discussion

This study evaluated three microphysical schemes through a comparison with
observations, including in situ measurements by the new disdrometer; VSVDs targeting
snowfall events in Hokkaido, Japan. The comparison indicated that SN14 well-
reproduced the characteristics of the observations. On the other hand, T0O8 overestimated
v due to the overestimation of graupel. The overestimation of v was small in RS14
compared to that in TO8. An experiment using RS14 with modifications indicated that the
overestimation of graupel frequency was improved by changing the intercept parameter
and the v-D relationship of graupel.

However, further improvements with respect to the underestimation of D and
small cloud coverage are required, and we examined the problem by the RS14 scheme
with considering the growth process of graupel. In general, graupel grows through the
riming, the deposition, and the accretion of snow and cloud ice by graupel (Knight and
Knight 1973; Harimaya 1976). Fig. 2.5e showed that the dominant process of graupel
growth was different between RS14 and SN14. In SN14, the riming, the deposition, and
the accretion of snow and cloud ice by graupel were all contributed as the graupel
producing process. By contrast, RS14 represented only the two graupel-producing
process; the riming (dashed purple line in Fig. 2.5¢) and the deposition (dashed red line
in Fig. 2.5e) by turning off the accretion of snow and cloud ice by graupel. Based on
Harimaya (1976), who reported that the graupel contained snow by the accretion in winter
Hokkaido, we imply that the accretion process is need to be included into the model. As
well as the accretion, a more accurate representation of the growth process of graupel is
required for simulating solid hydrometeors coexisting snow and graupel such as sea-

effect snow cloud.
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In Chapter 2, the evaluation was conducted based on a single case study. However,
evaluating solid particles using disdrometer data from just one case is required for more
comprehensive evaluation; thus, it is essential to extend the evaluation to an one winter
season. Because expanding analyses of disdrometer data manually to cover the one winter
season would be a highly time-consuming process, the analysis is a challenge for seasonal
evaluation. To address this issue, the next chapter focuses on developing an evaluation

method for precipitation particles using particle-size fall velocity data.

2.5.A. Appendix

Fig. 2.A1. Geographical distribution of hourly averaged surface precipitation amount
during 0000 to 0900 UTC on 13 February 2018 by (a) radar/raingauge-analyzed
precipitation product produced by Japan Meteorological Agency (Makihara et al., 1996),
and simulated by (b) SN14, (c¢) T08, (d) RS14, and (¢) modified RS14.
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Fig. 2.A3. Geographical distribution of the effective radius of snow at the height of 1.5

km in unit of mm at 0000 UTC on 13 February 2018 simulated by (a) SN14, (b) T08, (c)
RS14, and (d) modified RS14.
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Text 2.A.1

Fig. 2A3 indicates that the effective radius of snow of 1-moment schemes was
much larger than that of two-moment scheme (SN14). This trend was seen in another
layer. This means that the size of snow assumed in the 1-moment schemes was larger than
that of SN14. The large size of snow resulted in the underestimation of the radiance shown
in Figs. 2.2¢, 2.2d, and 2.2¢. The large size of snow resulted in the fast conversion from
snow to graupel and therefore, the small horizontal extent of hydrometeor shown in Figs.
2.3c, 2.3d, and 2.3e. Based on the results shown above, the modification of size

distribution of snow is required, which is one of our future study.
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Chapter 3. Development of an evaluation method for precipitation particle

types by using disdrometer data (Kondo et al. 2024)

3.1. Introduction

Precipitation particles, especially solid precipitation particles, are formed
through various microphysical processes such as deposition, aggregation, and riming,
depending on the atmospheric conditions in clouds (Magono and Lee 1966; Bailey and
Hallett 2004). The particles are classified as graupel, snow aggregates, ice crystals, and
others (Kikuchi et al. 2013). Graupel is characterized by its round shape and relatively
high density of 100-900 kg m™2 (Macklin 1962), whereas snow aggregates and ice
crystals are characterized by their complex shape and low density of 10 — 150 kg m™3
(Heymsfield et al. 2002). Accurately capturing these microphysical properties is crucial
for refining the assumptions made in meteorological models and remote sensing

techniques. These microphysical properties affect the relationship between size and fall

velocity, usually formulated as the power law of

v =aD?, (3.1)
where D and v arethe diameter and fall velocity of precipitation particles, respectively,
and a and b are coefficients (hereafter Eq. (3.1) is referred to as the v-D relationship).
Locatelli and Hobbs (1974) determined a and b by best-fit curves derived from
observation data of the diameter and fall velocity of solid precipitation particles. Their
analysis indicated that a and b of snow aggregates show low fall velocity with a large

diameter and those of graupel show high fall velocity, even with a small diameter. Long-
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term efforts were devoted to fitting observed or experimental data to the v-D
relationship for each type of solid precipitation particles, and the results were summarized
by Locatelli and Hobbs (1974). Mitchell (1996) calculated a and b theoretically and
Mitchell and Heymsfield (2005) showed that a depends on the density of solid
precipitation particles. The v-D relationships include the precipitation particle density,
which depends on the particle type, such as snow aggregates or graupel. Hence, the
established relationships may relate a set of size and fall velocity data to the solid
precipitation particle types near the ground resulting from microphysical processes in

clouds aloft.

A disdrometer is an instrument used to observe precipitation particles near the
ground and is still widely used in solid precipitation measurements because the alternative
approaches are unsuitable for conducting in situ observations over long periods at
multiple locations; for example, in-cloud measurement by video sonde (Murakami and
Matsuo 1990; Takahashi et al. 1995; Boussaton et al. 2004; Watanabe et al. 2014; Waugh
et al. 2015; Suzuki et al. 2018) and aircraft (Bader et al. 1987; Iguchi et al. 2012;
Murakami 2019) and remote sensing by dual-polarization radars (Hall et al. 1984;
Marzano et al. 2008; Ribaud et al. 2016). The two-dimensional video disdrometer
(2DVD; Kruger and Krajewski 2002), particle size velocity (PARSIVEL) disdrometer
(Loffler-Mang and Joss 2000; Battaglia et al. 2010; Angulo-Martinez et al. 2018), laser
precipitation monitor (LPM; Angulo-Martinez et al. 2018), multi-angle snowflake camera
(Praz et al. 2017; Vignon et al. 2019), multiangle snowflake imager (Minda et al. 2017),
and Precipitation Imaging Package (Pettersen 2020a,b, 2021) are widely used owing to
their ability to observe the size and fall velocity of precipitation particles. Recently,

Katsuyama and Inatsu (2021) developed a volume scanning video disdrometer (VSVD)
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that is more suitable for snowfall observations than the LPM or PARSIVEL because it

can detect larger particle sizes.

The data observed by any disdrometer in a sampling time interval can be plotted
in the two-dimensional space spanned by diameter and fall velocity. Several methods
have been proposed for classifying precipitation particles based on these observations.
Lee et al. (2015) developed a classification method based on the empirical v-D
relationship, and Ishizaka et al. (2013) proposed the center of mass flux method.
Moreover, supervised machine learning techniques, including the decision tree approach
(Bernauer et al. 2016) and the support vector machine approach (Grazioli et al. 2014),
have also been used for the classification. However, these methods require a reference
dataset based on previous observations, manual labeling of the diameter-fall velocity
observation data, or a priori coefficients based on the v-D relationship. Katsuyama and
Inatsu (2020; KI120) developed a method using the expectation maximization (EM)
algorithm to estimate the joint probability density function (PDF) of the diameter and fall
velocity data that could even be applied to data for multiple precipitation types. In K120,
because the estimated PDF was based on v-D relationships without a priori information,
precipitation types could be identified manually by referring to the established v-D
relationships (Locatelli and Hobbs 1974, Mitchell 1996). However, it is practically
impossible to perform manual identification for a massive amount of estimated v-D

relationships from disdrometer data, and thus, an automated method is required.

In this study, we aim to develop a method for identifying types of precipitation
particle based on particle size-fall velocity data. The particle size-fall velocity data are

classified using the EM algorithm and a self-organizing map (SOM; Kohonen 1995;
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Kohonen 2013). The SOM uses a neural network algorithm based on unsupervised
learning to find generalized patterns in data, thereby reducing the dimensions of large
datasets. As a result of SOM training, similar training data are grouped into each node
using Euclidean distance and are organized into a two-dimensional array called an SOM
map. SOM maps have also been used in climate research (Kawazoe et al. 2020;
Nishiyama et al. 2007; Reusch et al. 2007) and predicting tornadic environments based
on sounding data (Nowotarski and Jensen 2013). In contrast to other clustering techniques,
SOM does not need a priori decisions about data distribution (e.g., the v-D relationship
or type of precipitation particles); rather, it undergoes training during data processing
(Kohonen 1995). As an application of the new method using the SOM map trained by
EM algorithm results, we utilize the method to particle size-fall velocity data observed
by the VSVD in Sapporo during the winter. The SOM map trained by EM algorithm using
VSVD data is grouped into the graupel and snow aggregate categories to obtain the
graupel-to-solid precipitation ratio (G/S ratio). The G/S ratio is compared with those
obtained from meteorological models that assume graupel and snow aggregate categories
to verify cloud microphysics schemes as an application of the product by the new method .
In addition, the sensitivity of the results to the training data, SOM configuration, and the

grouping of SOM nodes is also discussed.
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Fig. 3.1. (a) Map of Japan and the surrounding area, with shading indicating height
in the model domain as shown in (b). (b—d) Maps zoomed in on (b) Hokkaido, (c) the
solid square in (b), and (d) the dotted square in (b). The dashed white lines in (c) and (d)
indicate the longitude and latitude bands, respectively, for the vertical cross section in
Section 3.5. The shaded area in (a) shows the calculation domain in the model
experiment.

The remainder of this Chapter is organized as follows. Section 3.2 describes
observation data and model experiments. Section 3.3 explains the identification of
precipitation types from disdrometer data. Section 3.4 defines the G/S ratio from
observation and simulation data and shows the application of the ratio to model validation.
Section 3.5 discusses the sensitivity of the results to different SOM configurations,

training data, and grouping SOM nodes. Section 3.6 concludes Chapter 3.
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3.2. Model and data

3.2.1. Observation data

The disdrometer data used in this paper were VSVD data collected at a site in
Sapporo, Japan (43.083°N, 141.337°E; Fig. 3.1d) from 1 December 2017 to 28 February
2018 (Katsuyama and Inatsu 2021). The data were obtained every minute, but a 1-h
interval was used. The VSVD was used in the comparison between observation and
simulation data for specific events (Kondo et al. 2021). In Section 3.5.3, the SOM was
classified by replacing the training data with the VSVD data at a site in Asahikawa, Japan
(43.787°N, 142.347°E; Fig. 3.1c) for the same period as the Sapporo site. The altitudes
of the Sapporo site and the Asahikawa site are 11.0 and 104.1 m, respectively. The VSVD
instruments at Sapporo and Asahikawa were installed at heights of 1 and 2 m above
ground level, respectively, so that they were not buried in snow cover. The instruments
were enclosed by double wind-breaking nets to avoid the effect of turbulence. The details
of the VSVD, including its location, are described in Katsuyama and Inatsu (2021), with
photos (Fig. 1 of Katsuyama and Inatsu, 2021). The VSVD sampling volume was about
0.001 m>. A set of diameter and fall velocity data of particles falling through the VSVD
instrument was binned into equal-sized cells of the diameter-velocity space of 0.5 mm X
0.2 m s ! every hour. We excluded particles smaller than 0.5 mm and slower than 0.2 m

s~! due to the limited VSVD detection range (Katsuyama and Inatsu 2021).

3.2.2. Model and experiment
The meteorological model used in this study was version 5.3.3 of Scalable

Computing for Advanced Library and Environment (SCALE; Nishizawa et al. 2015; Sato
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et al. 2015). The model solves three-dimensional fully compressible non-hydrostatic
equations with the prognostic variables of density, momentum, entropy, specific humidity,
hydrometer mixing ratio, and the number concentration of hydrometeors. We selected a
two-moment bulk scheme as cloud microphysics that simulates the hydrometers
categorized as cloud droplets, rain, ice, snow, and graupel (Seiki and Nakajima 2014). In
this scheme, the riming process is represented based on the stochastic collection equation,
and the freezing process includes homogeneous and heterogeneous freezing (Seifert and
Beheng 2006). The model includes parameterizations on turbulence (Nakanishi and Niino
2004), radiation (Sekiguchi and Nakajima 2008), urban (Kusaka et al. 2001) and land
surface processes, and surface flux (Beljaars and Holtslag 1991; Wilson 2001). The sea
surface temperatures were set as the same values as in the 3-h Mesoscale Analysis
(MANL) with a horizontal resolution of 5 km, provided by the Japan Meteorological
Agency (JMA; 2019).

We conducted a dynamical downscaling experiment to a 1-km horizontal grid
interval with SCALE. The calculation domain mostly covered Hokkaido Island and its
upstream area over the Sea of Japan (Fig. 3.1b). We set 57 vertical layers, the thickness
of which stretched from 40 m above the ground to 650.5 m below the model top at 19.5
km to represent cloud growth in the planetary boundary layer. The model was numerically
integrated from 1 December, 2017 to 28 February, 2018 (Inatsu et al. 2020). First, a single
run started from 0000 UTC of each date in the integration period to 0600 UTC of the
following date, and the first 6 h were the spin-up period, and thus were not analyzed. Next,
we built the simulation data by serially connecting the output of the daily runs through
the target period without their spin-up. The output interval was 30 min. The initial and

lateral boundary conditions were taken from the MANL data of geopotential height,
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horizontal wind, air temperature, surface pressure, specific humidity, surface temperature,

sea surface temperature, soil temperature, and soil moisture.

3.3. Evaluation of precipitation types from disdrometer data

The new approach for evaluating the precipitation types consists of the following

three steps.

1. Derive the v-D relationship from the observed size-fall velocity data by the EM
algorithm (K120).

2. Classify the v-D relationship estimated in step 1 by using a SOM (Kohonen
1995).

3. Group each node classified by the SOM to identify the types of precipitation

particles.

The details of step 1 are described in Section 3.3.1 and those of steps 2 and 3 are
described in Section 3.3.2.

3.3.1. Velocity—diameter relationship

The development of the evaluation of precipitation types from disdrometer data
began with estimating bivariate PDF and v-D relationships by the EM algorithm
following KI120. We briefly review the part of KI20’s work that was independent of the
disdrometer instrument in the context of this study. For a single precipitation type (e.g.,
rain, hail, graupel, and snow) the disdrometer data, which are particle data or gridded
particle data, were assumed to follow a joint PDF of gamma-distributed diameter and
normally distributed fall velocity with its mean on a v-D relationship. The gamma

distribution has shape and scale parameters of u and A; the normal distribution has a
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single parameter of standard deviation o in fall velocity; and the v-D relationship has
parameters of a and b [Eq. (3.1)]. An assumed conditional PDF is then symbolically
expressed as Py(v,D]a, b, d,u, A1) in units of seconds per meter per millimeter. The EM
algorithm found the optimal parameter set in P, and the resultant parameters of a, and

b, determined the v-D relationship of v = ayD>o.

In snow events, the dominant types of precipitation particles near the surface are
graupel and snow in the model. Therefore, graupel and snow, and their mixture must be
considered. For mixtures of precipitation types with different v-D relationships, the
disdrometer data were assumed to follow a linear combination of PDF for precipitation
type P, = Py(v,Dlay,by,04,141,A;) and other precipitation type P, =
Py(v,D\ay, by, 05, iy, A;) Of B, = w,P; + w,P,, where dimensionless w; and w,
are a mixing fraction of the precipitation type and the other precipitation type,
respectively, satisfying w; + w, = 1. The EM algorithm found the optimal parameter
set in B,. The resultant parameters in P, determined two v-D relationships of v =
a, Dt and v = a,D"2 [Eq. (3.1)]. When the EM algorithm was converged in the mixed
PDF estimate, mixed PDF PB,, was adopted. At point (vy, Dy) in diameter-velocity
space, if a PDF (P;) was classified as graupel and the other (P,) as snow, the fraction of

graupel was y;(vg, Dy) = w,P1(vy, Do) /Pn(vy, Dy) and that of snow aggregates was
Y2(Vo, Do) = w2 P,(vo, Do)/ B (v, Do)

For this study, w; and w, were chosen to account for graupel, snow and their
mixture. However, depending on the classification of the precipitation particles, users can
adjust the number of w. The selection of the number of w affects the number of particles

required for successful estimation using the EM algorithm (Katsuyama and Inatsu, 2020),
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but the constraints related to the number of particles can be mitigated by coarsening the
temporal resolution of the classification or increasing the number of instruments to

observe more particles.

To overcome the constraint relating to the number of particles, we used the data
with a 1-h interval. However, while the new method can estimate multiple particle size-
fall relationships for hourly interval observations, the habit could easily change from
graupel to snow aggregate within 1 h in precipitation systems such as a low-pressure
system (e.g., Colle et al., 2014). For future detailed analyses (e.g., various synoptic
condition events and fine time scale changes of solid particle habits), the required number
of particles should be measured by increasing the number of observation instruments or

improving the sampling rate of the disdrometer.

3.3.2. Identification of precipitation types

The EM algorithm converted the hourly particle number data in equally sized cells
in the velocity—diameter space to an optimal bivariate PDF. The hourly data were used to
satisfy the required sampling number for the EM algorithm. A set of hourly v-D
relationships generated by the EM algorithm was transformed into SOM input vectors,
each of which consisted of velocity values corresponding to diameter grid points ranging
from 0.1 mm to 5 mm in 0.1-mm intervals. The SOM map was constructed using all the
input vectors derived from the EM algorithm. For mixtures, each of the two v-D
relationships could be input independently. These input vectors are required to exclude
unrealistic fall velocity calculated by the EM algorithm when b is negative or the v-D

curve is concave downward. The threshold for exclusion is determined by the user and
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should be chosen based on the realistic fall velocity of the precipitation types to be
classified and the shape of the v-D curve. In this study, v-D relationships with a
negative b and those with maximum velocities exceeding 100 m st were excluded

because these relationships are unrealistic.

Next, the size of the SOM map, which is the basis of the classification, must be
defined. The size is an artificial parameter in machine learning and depends on the number
of input vectors and the types of precipitation particles to be classified. Therefore, users
must try multiple sizes of SOM maps, as this is inherent to the nature of SOM. In this
study, the reference SOM map was 4 x 4 nodes trained by the v-D relationships through
the EM algorithm based on the hourly disdrometer data at the Sapporo site from 1
December, 2017 to 28 February, 2018 (Fig. 3.2a). We discuss the SOM configuration
sensitivity in Section 3.5.1 and the training data sensitivity in Section 3.5.3. The SOM
map contained upper left nodes associated with lower fall velocities at larger particle sizes
and the lower right ones associated with higher fall velocities at smaller particle sizes.
This feature indicated that the upper left and lower right nodes corresponded to snow-like

and graupel-like v-D relationships, respectively.
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Fig. 3.2. (a) Reference SOM map created by the EM algorithm learning the v-D
relationships from hourly disdrometer data at the Sapporo site from 1 December 2017 to
28 February 2018. Shading shows the normalized particle-number frequency at each
node in the cells retrieved by the composite average as the reference on the right of the
velocity—diameter space. The solid line in each node denotes the v-D relationship
reconstructed from the SOM output vector. (b) Number of input v-D relationships.
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Table 3.1. Type of graupel and snow reported in Locatelli and Hobbs (1974) and the
corresponding nodes in the reference SOM map.

Particle type Node
Lump graupel (density range: >0.1 to 0.20 mg m™3) #15
Lump graupel (density range: >0.2 to 0.45 mg m™3) #14
Conical graupel #11
Hexagonal graupel #11
Graupel-like snow of lump type #13
Graupel-like snow of hexagonal type #08
Densely rimed columns #14
Densely rimed radiating assemblages of dendrites #13
Densely rimed dendrites #04
Aggregates of unrimed radiating assemblages of plates, side planes, #12
bullets, and columns

Aggregates of unrimed radiating assemblages of dendrites #08
Aggregates of densely rimed radiating assemblages of dendrites #08
Aggregates of unrimed side planes #08

Grouping 16 SOM nodes (i.e., 4 x 4 nodes) into cases of graupel, snowfall, and
error was based on the v-D relationships reported by Locatelli and Hobbs (1974),
fraction of variance unexplained (FVU), and measured particle numbers used to obtain
v-D relationships for each node. The nearest v-D relationship in the reference SOM
map to each type of solid precipitation measured by discretized velocity vectors is shown
in Table 3.1. The Euclidean distance was used to determine the similarity of the v-D

relationship in the reference SOM map to that of the literature. First, node #00 was
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grouped into error because the observed particle number used by KI20 to calculate the
input velocity vectors was two orders of magnitude less than the others. K120 reported
that the estimation performance was worse for data sizes smaller than 2000 compared
with larger data sizes. Due to the small number of observed particles, the FVU of node
#00 was large, supporting the assignment of node #00 as error. The details of FVU and
measured particle numbers are presented in Appendix 3A. Next, nodes #11, #14, and #15
were categorized as graupel because the patterns of the learned velocity—diameter vector
were similar to that shown in Locatelli and Hobbs (1974). Although the curves derived
from observations (e.g., Locatelli and Hobbs 1974) and theoretical formulation (e.g.,
Mitchell 1996) are upwardly convex curves, they had unrealistic downwardly convex
curves in the output of the EM algorithm due to data truncation for the limited observation
range of VSVD measurements (Section 3.2.1). In addition, lump graupel in #14, which
had a higher density than lump graupel in #15 (Table 3.1), showed a lower fall velocity.
Therefore, the fall velocity of the lump graupel with a high density was slower than that
with a low density. This non-physical discrepancy originated from the range of diameter
and fall velocity used in the EM algorithm and SOM being wider than that in Locatelli
and Hobbs (1974), and the problem could exist in general cloud microphysical schemes.
However, these lines do not pose mathematical difficulties for the EM algorithm. The
nodes elsewhere fell into the snow group. For v-D relationships that were not in the
literature, we determined them as graupel or snow according to our judgment based on
the sensitivity experiment. The grouping in Fig. 3.2(a) is shown again in Fig. 3.3(a) with
the grouping boundary. We ignored the problem that some nodes did not correspond to
any v-D relationships in previous studies. The sensitivity of the grouping to the results

is discussed in Section 3.5.2.
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After the grouping, the PDF and the mixing fraction obtained by the EM
algorithm (i.e., Po, P1, P2, w¢, and w,) were separated into graupel-like PDF, snow-like
PDF (Pg and Ps), and their mixing fraction (wg, and wg). The number of graupel particles

inacell of C = [vy, vy + Av] X [Dy, Dy + AD] is

N6(C) = N(C) X y6(C), (3.2)

where N(C) is the total number of particles in C, v, and D,, are the arbitrary values
of v and D in the measurement range, and Av and AD are the size of bin for the v
and D direction, respectively. Similarly, the number of snow aggregate particles in a cell,

C,is

Ns(C) = N(C) X ys(C). (3.3)

The procedure for classifying precipitation particles in this section is
summarized as a schematic in Fig. 3.4. This method is also applicable to other disdrometer
data, such as gridded data and data per particle. If more diverse training data are available,
including different types of precipitation such as rainfall and hail in other areas, the size
and boundaries of the SOM map could be further diversified. Additional efforts to obtain

diverse training data are required in future work.

In this study, we applied this new evaluation method to the observation data of
particle size and fall velocity in winter in Hokkaido, and the classified observation data
by the new method was compared with that estimated by a meteorological model as an
example of the application of the new method (Section 3.4). We examined the sensitivity
of the SOM (Section 3.5).
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3.4. Application to model validation

3.4.1. Graupel-to-solid precipitation ratio

We applied our new method to the validation of the meteorological model with
the G/S ratio. The G/S ratio is a key element of the reasonable simulation of snowfall
because the difference in the terminal velocity of graupel and snowflakes strongly affects
the geographical distribution of snowfall (Magono et al. 1966; Smith and Barstad 2004).
The validated meteorological model allowed us to analyze snowfall dominated by graupel
based on cloud microphysical processes. This analysis required a comparison of days with

high and low G/S ratios.

In the comparison of the observation and simulation data, the difference in the
absolute value of particle numbers must be addressed. Some disdrometers often missed

small-sized particles, and model results depend on the size distribution assumed in bulk
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cloud microphysics schemes. Relative particle numbers should be used to validate the
cloud microphysical schemes in meteorological models by comparing the schemes with
disdrometer data. Because the graupel and snow aggregate categories were used, the G/S

ratio was defined based on the disdrometer data.

v-D relationships linked with graupel or snow aggregates were obtained by the
method described in Section 3.3. The disdrometer data at a specific time were then linked
with a single SOM node for graupel-only or snow-only PDFs (Section 3.3.2). The data
were linked with two SOM nodes for mixture PDFs; the number of particles was divided

into the fraction of graupel and snow particles obtained from the EM algorithm (wg and

ws in Section 3.3.1). Following the grouping in Section 3.3.2, the number of particles in
cells in the velocity—diameter space was counted as graupel when the time sample was
linked with SOM nodes #11, #14, and #15, whereas the particles were counted as snow
when the sample was linked with snow-group SOM nodes (Fig. 3.3a). When the time
sample was linked with two SOM nodes, that is, one in the graupel group and the other
in the snow group, the number of particles were divided according to the fraction of
graupel and snow particles. The numbers of graupel and snow particles, N; and Ng,

were then obtained in each hour, so the daily G/S ratio (r) was defined as

23
ano wG,nNG,n (34)
23 !
ano wG,nNG,n + wS,nNS,n

T =

where n is the number of hours from 0000 UTC in a day.

The G/S ratio in the simulation was also defined as the number concentration

ratio of graupel to the sum of snow and graupel in the bottommost layer. The days were

excluded on which the model did not reproduce precipitation events and on which the
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liquid precipitation was simulated because the VSVD was unable to detect liquid particles

(Katsuyama and Inatsu 2021).

3.4.2. Model validation

The temporal evolution of the G/S ratio estimated by our new method at Sapporo

is shown in Fig. 3.5a. The estimated G/S ratios in December and January showed large

variability, with 8 days exceeding ratios of 0.3, whereas in most of February the estimated

G/S ratios were less than 0.3. Fig. 3.6a shows the normalized frequency of the estimated

G/S ratio in each month. In December, over 80% of days had a G/S ratio of less than 0.3,

but some days with G/S ratios exceeding 0.3 were observed during precipitation

extending across multiple days (Fig. 3.5a). In January, almost 20% of the days had a G/S

ratio greater than 0.3, and high G/S ratios were frequently observed. In February, the G/S

ratio was less than 0.3 for almost 90% of the days, with the ratio mostly close to 0 (Fig.

3.5a). Thus, the G/S ratio estimated from the disdrometer data showed the intra-seasonal

variability of solid precipitation types, suggesting changes in the products observed near

the ground of cloud microphysical processes over synoptic timescales during a winter

season. The estimated G/S ratio at Asahikawa was less than 0.3 on almost all days during

the target period (Figs. 3.5b and 3.6b), which suggests a difference in dominant cloud
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microphysical processes for precipitation particles between Sapporo and Asahikawa.
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Fig. 3.6. (a, b) Monthly normalized frequency of the observed G/S ratio at (a) Sapporo
and (b) Asahikawa in (white) December, (gray) January, and (gray) February. (c,d)
Same as (a,b), but for the simulation. The simulated G/S ratio occasionally shows
values of approximately 0.2 for observations with G/S ratios below 0.1. Therefore, a
sensitivity experiment was conducted in Appendix D, leading to the determination of a
threshold of 0.3.

The high ratio frequency of both the simulated G/S ratio and that observed at the
Sapporo site decreased from December to February, with a slight overestimation in
December and a slight underestimation in February (Fig. 3.6¢). The worst overestimations
occurred around 6 December and 16 December (Fig. 3.5), when a low-pressure system
passed. This is presumably because solid precipitation particles can grow in a variety of
habits determined by the ambient conditions in low-pressure systems with large spatial
variations in temperature and water vapor inside the systems (Colle et al. 2014). This
result implies that the representation of position and ambient conditions in low-pressure
systems could affect the simulated G/S ratios. In addition, the simulated precipitation area
sometimes differed by several kilometers from the observed precipitation area. The
temporal evolution of the G/S ratio included the surrounding 10 x 10 km grids (Fig. 3.C1),
indicating that such a discrepancy partly affected the difference in the absolute value of
the G/S ratio between the model and the observation. However, this problem did not
originate from the new method for deriving G/S ratio, but from the model uncertainty.
Despite the effects of this problem, the low ratio observed in February was reproduced
by the simulation (Fig. 3.6¢). In addition, the simulated G/S ratio at Asahikawa was less
than 0.3 during most of the target period (Figs. 3.5b and 3.6d), which was similar to the
observed G/S ratio. Therefore, via the automated identification of particle types from the
disdrometer data (Section 3.3), we confirmed that the model captured the difference in

G/S ratio between Sapporo and Asahikawa and the intra-seasonal variability of the G/S
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ratio during winter by comparison with the observed G/S ratio (Fig. 3.6).

3.5. Sensitivity tests

3.5.1. SOM configuration

Sensitivity tests were performed by changing the SOM configuration to 3 x 3
and 5 x 5 (Fig. 3.7). For the 3 x 3 map, the general characteristics of the classification
were similar to that of the 4 x 4 map. However, nodes #7 and #8 of the 3 x 3 SOM map
are regarded as both snow and graupel in the literature based on the Euclidean distance,
whereas in the 4 x 4 SOM map, there was no overlap between graupel and snow nodes.
In contrast, in the 5 x 5 SOM map, many nodes did not have the v-D curves referred to
in the literature, making it difficult to classify graupel and snow clearly based on the v-
D curves of each node. Therefore, we concluded that the SOM configuration should be

4 x 4 to identify graupel and snow clearly.

It is possible to select a SOM configuration with a larger number of node than
we examined (e.g., 10 x 10, 20 x 20 and so on), if we obtain the various types of v-D
curves and a sufficient number of v-D curves for each node. In this study, we examined
SOM configurations of 3 x 3, 4 x 4, and 5 x 5 because the number of v-D curves for
each node was acceptable for conducting the SOM analyses. For detailed analyses using
larger SOM sizes, more measurement data should be obtained for various types of

precipitation particle.
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Fig. 3.7. (a, ¢, e) Reference SOM map obtained by learning the velocity—diameter
curves with the EM algorithm based on hourly disdrometer data measured at Sapporo
from 1 December 2017 to 28 February 2018 with (a) 3 x 3, (¢) 4 x 4, and (e) 5 x 5 map
sizes. Each node contains a curve reconstructed from the SOM output vector, shown as
a solid line. (b, d, f) Number of input vectors derived from the observation data
measured at the Sapporo site at (b) 3 x 3, (d) 4 x 4, and (f) 5 x 5 map sizes projected
onto the reference SOM nodes shown in (a), (c), and (e), respectively.
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3.5.2. Grouping

The grouping in Section 3.3.1 was arbitrary because some nodes were near the
boundary between the graupel and snow aggregate groups. For example, nodes #7 and
#10 could be regarded as both graupel and snow. To examine the effects of the treatment
of nodes #7 and #10, the groupings shown in Fig. 3.3b (grouping B5) and Fig. 3.3c
(grouping B4) were tested. The temporal evolution of the G/S ratio with these two
groupings is shown in Fig. 3.8. In the setup of the boundary of B4 and B5, extending the
graupel nodes increased the G/S ratio compared with the original grouping. However, the
increases on days with a G/S ratio exceeding 0.3 for B4 and B5 were 4.4% and 16.2%,
respectively, and both B4 and B5 could distinguish the high and low G/S ratio days (Fig.
3.9). Therefore, all groupings were acceptable for distinguishing the days with high and
low G/S ratios. However, we selected the original grouping because all the nodes grouped
as graupel had literature references corresponding to graupel (Locatelli and Hobbs, 1974).
Considering that the v-D relationship assumed for each precipitation type is different
for each model, the most suitable grouping could be different from the original grouping
if this method were applied to the validation of other cloud microphysical schemes. In
addition, if our method were used for validating cloud microphysical schemes that
separate solid precipitation particles into four or more categories (e.g., ice, snow, graupel,

and hail), grouping into categories other than snow and graupel would be required.
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Fig. 3.8. Same as Fig. 3.5a but for the boundary sensitivity test. (a) Gray line with open
circles and black line with crosses indicate the G/S ratio from observations and the
model, respectively. (b, c) Gray line with crosses and the black dotted line with x
symbols indicate the G/S ratio from the original and sensitivity test grouping,
respectively. The lines for the sensitivity test in (b) were derived in the same way as for
the separation graupel and snow particles by the original grouping, which is same as
Fig. 3.3a but for B5, and in (c) was derived in the same way as in (b), but for B4.
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Fig. 3.9. Same as Fig. 3.6a but for the 3-month period of December, January, and February
derived from the original, B4, and B5 groupings.

3.5.3. Training data in SOM

The results of the SOM classification were expected to depend on the training
data. The training data were replaced with the disdrometer data from the Asahikawa site.
The SOM map was consistent with the pattern observed in the reference SOM map based
on the Sapporo data (Fig. 3.10), whereby the nodes in the lower right corner of the map
exhibited a higher falling velocity, whereas those towards the left displayed a lower
falling velocity. This pattern suggested that other training data for v-D relationships
could also be classified by a SOM map. However, graupel was less frequent at Asahikawa,
as shown by the G/S ratio at the Asahikawa site based on the nearest-neighbor fitting to
the reference SOM map trained by the data from the Sapporo site (Fig. 3.5b). The pattern

was consistent with the statistical characteristics of graupel precipitation days over Japan
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including Sapporo and Asahikawa (Mizuno 1992). The SOM map trained by the data
from the Asahikawa site deemphasized the graupel nodes; nodes #11 and #14 were
unclear because they were near the boundary of the graupel and snow groups. This result
suggested that the training data reasonably included as many solid precipitation types as
possible, rather than being biased towards a specific type of solid precipitation, such as
only snow particles. In an example of an application in Section 3.4, graupel particles were
needed as the training data for the SOM. It would be desirable to extend the observation
sites, so that the data from various observation sites could be included to train a more
general SOM map. However, the effect of the training data was small on separating days
with the high and low G/S ratio because the G/S ratio was less than 0.3 for most of the

target period, and the G/S ratio frequency showed small differences (Fig. 3.11).
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Fig. 3.10. Same as Fig. 3.2a, but for the SOM results trained by data from the Sapporo
and Asahikawa sites. The numbers in the parentheses denote the number of input vectors
(left and right numbers show the number of data in each node for the Sapporo and
Asahikawa data, respectively). The SOM results trained with data from Sapporo and
Asahikawa sites are shown by the solid lines and those trained with data from the Sapporo
site are shown by the dotted lines.
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Fig. 3.11 Same as Fig. 3.6, but for G/S ratio trained by (a) only Sapporo data, (b) both
Sapporo and Asahikawa data, and (c) only Asahikawa data.
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Considering the selection of suitable training datasets, the simulation results in
Section 3.4 provided a clue to which environments produce a variety of particle types (i.e.,
graupel and snow aggregates). To compare days with high and low G/S ratios using
simulation results, we made a composite map from the model output over days where the
G/S ratio at the Sapporo site exceeded 0.3. There were 4 days with a high G/S ratio and
27 days with a low G/S ratio. Solid precipitation originated from the streak cloud band
that formed as a horizontal roll convection in a boundary layer with directional shear over
the Sea of Japan in the winter monsoon season, with cloud tops ranging from 2 to 3.5 km
(Tsuchiya and Fujita 1967). The map demonstrated that the abundant liquid water in the
atmospheric boundary layers was consumed mainly by the riming process (Figs. 3.12b,
d), which was highly efficient for graupel generation. However, the composite map over
days with G/S ratios less than 0.3 showed that the abundant liquid water was mostly
consumed by freezing, not riming (Figs. 3.12a, c¢). In general, riming occurs mainly when
liquid water is present in the temperature range of —15 °C to —5 °C (Pflaum and
Pruppacher 1979; Pruppacher and Klett 1997; von Blohn et al. 2009), and at lower
temperature ranges, freezing mainly occurs within convective clouds (Korolev 2007). The
liquid water was distributed in the layer with the temperature range in the composite with
the G/S ratio exceeding 0.3 (Fig. 3.12f). In contrast, the temperature of the layer in which
the liquid water was mainly distributed was —25 °C to —15 °C in the composite with the
G/S ratio of less than 0.3 (Fig. 3.12¢). This characteristic was also found on most snowy
days over Asahikawa and the windward area (west) of Asahikawa (Fig. 3.13). Liquid
water in the temperature range suitable for riming was critical for the graupel fall near the
ground; otherwise, snowfall was dominant. Therefore, we suggest that one choice for

training disdrometer data is a site that can experience the temperature range at the cloud
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altitudes during the observation period.
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Fig. 3.12. Left panels (a, c, e) show the composite of cases with G/S ratios of <0.3 and
right panels (b, d, f) show same as the left panels, but for G/S ratios of >0.3. (a, c, €)
Composite of (a) freezing rate (g kg™ day™?), (c) riming rate (g kg~ day™?), and (e)
liquid water mixing ratio (g kg™) in the vertical cross section zonally averaged over the
meridional band shown in Fig. 3.1d (observation site was at 43.083°N, which is marked
with a triangle in panel (a)). The reference for freezing and riming rates is below (c, d)
and that for liquid water mixing ratio is below (f). Contour shows air temperatures with

5 °C intervals.
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Fig. 3.13. Composite of (a) freezing rate (day?), (b) riming rate (day?), and (c) liquid

water mixing ratio (g kg™?) for the snowfall days at Asahikawa (observation site was at
142.347°E, marked by a triangle in panel (a)) due to cloud streaks in the vertical cross

section meridionally averaged over the zonal band shown in Fig. 3.1c.

3.6. Conclusion

We developed an evaluation method that uses machine learning techniques to

determine the precipitation particle types from size-fall velocity data observed by
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disdrometers. The method was applied to size-fall velocity data observed in winter.
Following KI20, we first determined the v-D relationship(s) based on the single or
mixed PDF estimate from a set of size-fall velocity data using the EM algorithm. We input
VSVD data (Katsuyama and Inatsu 2021) chunked into 1-h intervals; the VSVD was
installed at the Sapporo site in winter 2017/18. We input the resultant v-D relationships
into the SOM algorithm as the training data and we identified particle types by grouping
the nodes into graupel and snow aggregates in the 4 x 4 SOM configuration. The new
method enables us to automatically classify the precipitation particle types from
disdrometers’ data without any prior data.

The G/S ratio produced by the new method from the disdrometer’s data at
Sapporo was compared with that simulated by the model to show an application of the
new method. The model reproduced the difference in the G/S ratio between Sapporo and
Asahikawa, and the intra-seasonal variability of the G/S ratio. In the sensitivity test, we
suggested that the training data should include a variety of solid precipitation types. To
achieve this, we recommended using disdrometer data at a site with a temperature range
from —15 °C to —5 °C at cloud altitudes at which the graupel generation tended to occur
through riming processes. These sensitivity experiments demonstrated that our method
allows for arbitrary adjustments to the size and grouping of SOM maps.

In this study, we constructed a 4 x 4 SOM map for classifying graupel and snow
as an example of the application of our methodology. The 4 x 4 SOM map was suitable
for this classification. However, a larger SOM map would be ideal for classifying any
type of precipitation particle. Ideally, we require a sufficient number of observed particles
to obtain a stable estimate from the EM algorithm for each type of precipitation and

sufficient v-D relationship data estimated by the EM algorithm as input vectors of SOM
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map learning. This ideal case would enable more classifications of precipitation particle
types and better discussion of variations in dominant physical processes among nodes.
Nevertheless, in practical cases with limited data, the choice of SOM map size is restricted,
thereby limiting the types of precipitation particles that can be classified. Future research
could create an extensive reference SOM map if sufficient sample data became available.
Therefore, by applying our method to data from disdrometers around the world, including
traditional disdrometers, such as 2DVD, LPM, and the PARSIVEL disdrometer, it would
be possible to evaluate the characteristics of precipitation particles automatically in any
region and any season, understand precipitation trends, and potentially improve remote
sensing and meteorological models. These applications are possible because our method
gives the same results regardless of the kind of disdrometer used, provided that the
particle size and fall velocity are measured correctly.

The 2-moment bulk scheme used in Chapters 2 and 3 was evaluated cloud
microphysical processes of graupel. From the results in Chapters 2 and 3, it is concluded
that this scheme effectively reproduced graupel, which plays a crucial role in riming
growth and riming electrification. Therefore, in the next chapter, we utilized this scheme

to investigate the mechanisms of rapid increase in lightning preceding downbursts.

3.7. Appendix

3.7.A. Fraction of variance unexplained

To show the goodness of fit for each node of the SOM map, the fraction of
variance unexplained (FVU) is used to evaluate whether each node can explain the

learning data (Akinduko et al. 2016; Clark et al. 2016). This index is calculated as
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FVU; = VAR, /VAR,,:, where VAR; and VAR are the variances of the residuals and the
sample variance of the dependent variable in each node, respectively. Nodes with a high
FVU have a large amount of error and the fitting is poor. The FVU was high for node #00,
and we determined it as the error node. Node #15 also had a high FVU, probably because
it included all curves with a faster rate of decline than the node #15 curve. In contrast,

FVU was small for other nodes, suggesting successful classification.
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Fig. 3.A1. FVU for each node for the original SOM map (Fig. 3.2a).

3.7.B. Average number of particles for each node

Fig. 3.B1 shows the average number of particles in the learning data for each
node. The number of particles in the learning data was small for node #00 compared with

the required particle number of 2000 (Katsuyama and Inatsu 2020).
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Fig. 3.B1. Average number of particles for each node based on the training data: mean for

the period used in the G/S ratio calculation.

3.7.C. Range of simulated G/S ratio including 10 x 10 km area around the
Sapporo observation site
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Fig. 3.C1. Temporal variation of G/S ratio. The black and gray lines show the results of
the original and simulation, respectively. The gray shaded area for each day represents
the range of the maximum and minimum G/S ratio in a 10 %< 10 km area surrounding the
observation site.
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3.7.D. Sensitivity of the G/S ratio threshold
Figs. 3.D1-3.D3 show the frequency distributions of the G/S ratios in each

month obtained by using thresholds of 0.1, 0.2, and 0.3. The model reproduced the
frequency distributions of G/S ratio well with a threshold of 0.3. Changing the threshold
value to 0.2 and 0.1 resulted in large discrepancies between the model and the
observations, especially for the results in December with a threshold value of 0.1. These
discrepancies mainly originated from the model limitations. The model simulates the
solid precipitation for only three categories (i.e., ice, snow, and graupel) and it assumes a
single v-D relationship for each category. In contrast, the characteristics of solid
precipitation, such as shape, density, and v-D relationship, have larger variability than
those in the model, and it is impossible for the model to reproduce the variability of the
solid precipitation perfectly. The model limitations would make it difficult to reproduce
the small G/S ratio in Sapporo in December. Based on these results, the threshold value
of 0.3 was effective for separating the graupel-dominant precipitation considering the
model limitations. Detailed analyses based on the threshold value of 0.1 and 0.2 will

increase our knowledge for validating the model and will be conducted in future.
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Fig. 3.D1. (a, b) Normalized frequency of the observed G/S ratio at (a) Sapporo and (b)
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Asahikawa in (white) December, (gray) January, and (black) February. (c, d) Same as
(a, b), but for the simulation. A threshold of 0.1 was used.
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Fig. 3.D2. Same as Fig. 3.D1 but a threshold of 0.2 was used.
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Chapter 4. Transition of Dominant Cloud Microphysical Processes for
Increasing Lightning Preceding Downbursts in Multi-cell Convective

Clouds

4.1. Introduction

Solid and liquid particles in convective clouds grow mainly by collision
(Pruppacher and Klett, 1997), which is more efficient for growth than is deposition or
evaporation (Korolev, 2007). 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, 2017; List, 1961, 2014). The high-density solid particles produced by riming
significantly influence the precipitation distribution due to their large terminal velocity
compared to low-density solid particles, as their larger terminal velocities can lead to
more localized and intense precipitation. (Bennetts and Rawlins, 1981; Fovell and Ogura,
1988; Gilmore et al., 2004), and they 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 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 experiments (e.g., Takahashi, 1978; Saunders et al.,
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1991). Riming electrification occurs through the collision and rebound of rimed ice
crystals or graupel with ice or snow particles (Takahashi, 1978; Saunders et al., 1991),
and it is supported by sonde observations of charge distributions in convective clouds
(Takahashi et al., 1999, 2019; Rust, 1989; MacGorman and Rust, 1998) and remote-
sensing observations (Zheng et al., 2019; Brook et al., 1982; Kumyjian and Deierling,
2015). 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 weathers such as heavy rainfall, hailstorms,
downbursts, and lightning, which can be disastrous. By gaining a detailed understanding
of these cloud microphysical processes in mixed-phase convective clouds, it becomes
possible to improve predictive models and develop more effective early warning systems,
ultimately mitigating the impacts of such disasters.

To find a precursor of severe weathers that bring disastrous consequences, 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). 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 (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

understanding the relationship between severe weather and LJs; these include North
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Alabama Lightning Mapping Array (NALMA; Koshak et al., 2004; Goodman et al.,
2005), National Lightning Detection Network (NLDN; Orville, 2008), Earth Networks
Total Lightning Network (ELNTN; Heckman, 2014), LIghtning DEtection Network
system (LIDEN; Ishii et al., 2014), Lightning Map Array (LMA; Proctor, 1971),
Broadband Observation network for Lightning and Thunderstorm (BOLT; Yoshida et al.,
2014), Geostationary Lightning Mapper (GLM; Goodman et al., 2013), Meteosat Third
Generation Lightning Imager (MTG LI; Dobber and Grandell, 2014), and the lightning
mapping imager (Yang et al., 2017). 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 Advanced Radar for
Meteorological and Operational Research (ARMOR; Knupp et al., 2014) and KHTX
radar data, as well as total lightning data from NALMA. 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 ms™!

and the mixed-phase graupel mass
increased. Schultz et al. (2017) subjected the relationship reported by Schultz et al. (2015)
to statistical analysis and reported that updraft volume is a suitable condition for
triggering LJs. The relationship between updrafts and lightning frequency is well
established, as updrafts exceeding 10 ms™' lead 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. Deierling (2008) reported a
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tenfold difference in total lightning frequency for clouds with similar graupel masses, and
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 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 complicated
relationship among hydrometeors (including supercooled water, ice, snow, graupel, and
hail), riming growth, riming electrification, and other cloud microphysical processes
should be considered in order to comprehend 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 identify particle characteristics
within it using hydrometeor classification methods (Park et al., 2009; Dolan et al., 2013),

it struggles to accurately represent the coexistence of ice and liquid water particles, which
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is crucial in mixed-phase regions. Consequently, understanding the physical processes
within mixed-phase clouds—where riming growth and riming electrification either
coexist or conflict—is essential to clarify their mechanisms and advance our knowledge
of cloud microphysical processes and their effects on LJs.

Numerical studies using meteorological models have advantages for analyzing
mixed-phase clouds because simulating the latter in this way offers 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 (BLMs) (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 BLM, the
charge separation processes are calculated explicitly from the collision and rebound
processes between graupel and snow within cloud microphysical schemes based on
riming electrification (Takahashi, 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 BLMs
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 BLMs to examine the correlation between severe
weather and lightning activity. Luque et al. (2023) investigated the correlation between
severe weathers 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
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between hail and lightning activity such as an LJ.

The aim herein is to suggest a possible mechanism for an LJ, characterized 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 meteorological model coupled with a BLM.

4.2. Data and Methods

4.2.1. Target case

To achieve the aims of this study, idealized experiments were conducted
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 downbursts 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).
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Fig. 4.1. (a,b) Initial profiles for idealized experiment: (a) potential temperature (solid
line) and vapor mixing ratio (dashed line); (b) horizontal wind speed in x direction (dotted
line) and y direction (solid line), and zonal wind component in strong shear (SS)
experiment (dash-dotted line). (c) Model domain for the numerical experiments
(rectangular prism surrounded by blue lines) and location of initial the warm bubble (red
area).
4.2.2. 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 BLM (Sato et al., 2019). The BLM calculates the
charges of cloud hydrometeors as prognosis variables: the riming electrification is
calculated using a look-up table based on Takahashi (1978), and the flash origin density
(FOD) corresponding to flash frequency is calculated using the neutralized scheme by
Fierro et al. (2013); see Sato et al. (2019) for the details of the BLM. A two-moment bulk
cloud microphysical scheme (Seiki and Nakajima, 2014), the Smagorinsky-type sub-grid
model (Smagorinsky, 1963), and a Mellor-Yamada-type planetary boundary layer

scheme (Nakanishi and Niino, 2004, 2009) were applied, and the radiation was ignored.

The cloud microphysical scheme represents cloud hydrometeors by the five categories of
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cloud, rain, cloud ice, snow, and graupel. The hail category is not treated by the model,
but the drag force accompanied with falling heavy solid hydrometeors can be reproduced
by heavy graupel. The calculation domain covered 180 km x 120 km in the x and y
directions, respectively, with 100-m horizontal grid spacing with doubly periodic
boundary conditions, and 100 vertical layers with gradually increasing layer thickness
from 10 m to 1578 m (the model top is 20.4 km) were used (Fig. 4.1c). The calculation
time was 90 min, and the output interval was 20 s. Rayleigh damping was imposed above

15,000 m, and a free-slip surface boundary was adopted.

The horizontally uniform initial vertical profiles of potential temperature, 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 4.2.1 (Guo et al., 1999) (Figs. 4.1a,b), and
the surface pressure was set as 992.8 hPa at the initial time. We conducted two
experiments to investigate the relationship between lightning activity and downburst. The
control (CTL) experiment was conducted using the initial vertical profiles of the original
sounding data (Guo et al., 1999). For the sensitivity experiment [strong shear (SS)
experiment], only the horizontal wind shear in the x direction was increased by 20% from

its vertical profile used in the CTL experiment (dash-dotted line in Fig. 4.1Db).

To trigger convection, a potential-temperature perturbation 8’ defined by Eq.
(4.1) based on Miyamoto (2021) was inserted at (x, y, z) = (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:
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(4.1)

T
Hwb COS(E vV lwbh + lwbz) , for v lwbh + lwbz < 1.0,
O, for 1.0 < \/ lwbh + leZ'

0'(x,y,2) =

where 8,,, is the amplitude of 6’, and we have lyp, = (Fwbh/Twbz)? and lypy =
(Twbz/Twbh )2, Where 7, and 7, are the horizontal and vertical distances from the
bubble center, respectively. In both experiments, we set 6,,, =4 K, rypn =4 km, and

Twbz — 1 km.

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

Various algorithms have been proposed for defining LJ: the 2¢ LJ algorithm for
the increase in lightning frequency every 2 min (Schultz et al., 2009, 2011; Farnell and
Rigo, 2017), and the Relative Increase Level algorithm for the Geostationary Lightning
Mapper, which calculates simple lightning frequency increments (Erdmann and Poelman,
2023). However, these LJ algorithms require thresholds for the target severe weather, and
these LJ 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 (PLI) corresponding to an LJ as an increase in lightning activity continuing for
at least 5 min preceding the occurrence of a downburst. This PLI definition is not
equivalent to those used in previous studies, which aimed to evaluate lead times and
warning accuracy for severe phenomena. The PLI defined in this study does not focus on

predictive accuracy but rather emphasizes the preceding relationship between lightning
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activity and downbursts. In addition, Shultz 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. Simulated graupel with the averaged particle
mass exceeded 50 mg was classified as heavy graupel in this study. The averaged particle
mass;, m, was calculated as my, = pQ, /Ny, where p,Qg4,and N, are respectively the

graupel density, mass mixing ratio, and number concentration predicted by the model.

4.2.4. 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 (W Q)iq) and the horizontal flux of the snow
number concentration (UNs), respectively. The quantities UNs and W Qy;q are defined
as

4.2
UNs = UnoriaNs, (42)

where Ns is the number concentration of snow and Uy,,;, 1s the absolute horizontal
wind velocity, and

WQiq = Wp(qr + qc), (4.3)
where qr and q. are the mixing ratios of rain and cloud water, respectively, and W 1is

the vertical wind velocity.
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The convection tilting angle ¢y, is calculated as

(4.4)

T T
@rire = arctan( ) (_E < Qe = E)

horiz

In this study, convection with @ > s defined as upright convection, that with

. . . . 5 .
Qriie < Z is defined as tilted convection, and that with Z< Qi < —m is defined as
tilt tilt
6 6 18

moderate tilted 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 convection, 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 as follows (Takemi, 2006):

H
2= J (—B)dz, (4.5)
0
0-6 Ry . |
B=g (T + (R—d) (@ —T) — qhyd), and (4.6)
AU = UhOI‘iZ,Z:H - UhOI‘iZ,Z=0' (47)

82



where g is the acceleration due to gravity, 8 is the potential temperature, g, is the
water vapor mixing ratio, qpy, 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 basic state defined as

domain-averaged variables.

4.3. Results

4.3.1. Representation of downbursts and increases in lightning frequency

First, we show the general characteristics of the simulated multi-cell convective
clouds. The snapshot of precipitation distribution in Appendix 4.6.A indicates 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. As well as the strong precipitation exceeding 100 mm h™' with
downdraft exceeding 10 m s™* near the altitude of 90 m, wind speeds exceeding 40 m s™
corresponding to a downburst occurred multiple times in both experiments (shown as the
black line in Figs. 4.2c and 4.2d). In this study, the first convective cloud initiated by the
warm bubble at the initial time (Eq. 4.1) was not considered when examining the multi-
cell convective clouds triggered by a cold pool, and therefore we analyzed the results after

24 min.

In the CTL experiment, the lightning frequency increased and reached a local
maximum at around 33.3 min (the red line in Fig. 4.2c), which is 14.7 min before the

downburst at 48 min (the black line in Fig. 4.2c). The sequence of increasing lightning
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frequency followed by a downburst was identified as the occurrence of a PLI
corresponding to an LJ based on its definition in Section 4.2.3. Furthermore, strong winds
exceeding 40 m s~ also occurred at around 61 min and 72 min (the black line in Fig. 4.2c),
but these downbursts were not preceded by increasing lightning frequency, corresponding
to downbursts without PLIs. These results indicate successful representation of long-
lasting multi-cell convection and downbursts with and without PLIs in the CTL

experiment.

The successful representation of downbursts with and without PLIs enabled us
to examine the mechanism contributing to PLI occurrence. We investigated heavy graupel
particles and charge separation as precursors of downbursts and lightning. Table 4.1
summarizes the times of maximum charge separation (shown in Fig. 4.2e) and local
maximum number concentration of heavy graupel particles around the time of local
maximum charge separation. In the CTL experiment, active charge separation occurred
at around 33.3 min (the pink line in Fig. 4.2e), which was attributed to the positive charge
separation of graupel around the height of 7000 m (the pink contour lines in Fig. 4.2a).
This active charge separation generated the large charge density of the hydrometeors and
resulted in increased lightning frequency (the red line in Fig. 4.2c). Before the downburst
at around 48 min, an increase in heavy graupel particles generated around the height of
4500m (the region filled with solid colors in Fig. 4.2a), was seen at 40 min, which was
8 min before the downburst (the purple line in Fig. 4.2c). 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 SS experiment, the vertical distribution of the active charge separation

area and the area of the active production of heavy graupel particles (Fig. 4.2b) were
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consistent with those in the CTL experiment (Fig. 4.2a), but the magnitude of the charge
separation was smaller than that in the CTL 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 separation and lightning frequency (36.6 min)

(Figs. 4.2b and 4.2f). This means that PLIs were absent in the SS experiment.

Table 4.1. Times of local maxima of charge separation amount and the number of heavy
graupel particles in CTL and SS experiments after 24 min from the initial time.
CTL exp.  SSexp.

Charge separation 33.3min | 36.6 min

Heavy graupel particle number 40.0 min ' 30.0 min
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Fig. 4.2. (a,b) Time series of region filled with solid colors represents accumulated
number of graupel particles exceeding 50 mg. (#), The red and blue contour lines show
accumulated positive and negative charge separations of graupel (mC), respectively. (c,d)
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. (e,f) Pink and blue lines represent accumulated positive and negative charge
separation of graupel. (a), (c), and (e) show the results for CTL experiment and (b), (d),
and (f) show the result for the SS experiment.
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4.3.2. Environment During PLIs and Active Generation of Heavy Graupel

Particles

Next, we investigate the environment during PLIs and the active generation of
heavy graupel particles to understand the differences in the physical mechanisms
contributing to active charge separation and active growth of such particles. To
investigate these mechanisms, we focus on the mixed-phase area, where liquid and solid

hydrometeors coexist in convective clouds.

Figure 4.3 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, with each panel showing a snapshot at the time of either active charge
separation (33.3 min in the CTL experiment and 36.6 min in the SS experiment) or active
growth of heavy graupel particles (40.0 min in the CTL experiment and 30 min in the SS
experiment). Fig. 4.3 enables consideration of the cloud microphysical and electrical
properties in the mixed-phase area, together with the zoom-in panels (Fig. 4.4). At the
time of active charge separation in the CTL 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 (138 km < x < 145 km,
5000 m <z <9000 m; Figs. 4.3a and 4.4a). 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 (orange and green hatching, respectively) coexisted, but snow and cloud ice
(blue hatching) were not seen over the area with production of heavy graupel particles

(purple hatching; 130 km < x < 132 km, 4500 m < z < 6000 m; Figs. 4.3b and 4.4b). The
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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 SS experiment indicated similar trends as in the CTL
experiment, such as the occurrence of charge separation (Figs. 4.3d and 4.4d; 135 km <
X <145 km, 6000 m < z < 9000 m) and the production of heavy graupel particles (Figs.

4.3c and 4.4c; 135 km < x < 142 km, 4000 m < z < 6000 m).
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Fig. 4.3. The x-z cross-sections for the results of accumulated over the y gridpoints where
a total hydrometeor mixing ratio exceeds 0.1 g kg™! and a 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 CTL
experiment and the snapshot at (a) 30.0 min and (b) 36.6 min in the SS experiment. The
orange hatches, green dots, and blue hatches respectively indicate 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 the accumulation. The black contours denote

air temperatures (°C). The yellow dashed box is a zoom-in domain of Fig. 4.4.
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Fig. 4.4. The zoom-in figure for the yellow dashed box in Fig. 4.3.

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. Figure 4.5 shows vertical cross-sections of charge
separation amount with streamlines at the times of active charge separation and active
growth of heavy graupel particles. It also indicates the areas with heavy graupel particles
(purple hatching), strong vertical velocity exceeding 25 ms™ (orange hatching), and
negative velocity in the x direction (green hatching). In the CTL experiment at the time
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of active charge separation (33.3 min), the area of active charge separation (138 km < x
< 145 km, 5000 m <z <9000 m) was located behind the convective area (Figs. 4.5a and
4.5b). In the area of active charge separation, the horizontal wind blew toward the area
with active riming electrification (green hatching in Figs. 4.5a and 4.5b; 140 km < x <
150 km, 6000 m < z < 8000 m) from the rear side of the convective cloud; 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
SS experiment (green hatched area in Figs. 4.5g and 4.5h; 140 km < x <150 km, 6000 m
< z < 8000 m), but the charge separation amount was smaller than that in the CTL

experiment.

In contrast, at the time of active growth of heavy graupel particles in the CTL
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 (Figs. 4.5c and 4.5d; x = 130 km) was located around the area with strong
vertical wind. However, that area was distinct from the area with updrafts exceeding
25 m st (132 km < x < 138 km) located behind it. 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 SS experiment, heavy graupel particles were produced in the area where

X =~ 142 km and 4000 m < z < 6000 m (Figs. 4.5e and 4.5f).

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
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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. Under this
environment, the charge separation by the riming electrification occurred actively (See

Appendix 4.6.B).

On the other hand, 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 environment where only graupel and liquid water coexisted was produced.
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. 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 PLIs, was formed by the horizontal wind from the rear side
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.
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separation averaged in the y direction and indicates where it exceeded 5 nC m™>. The thick
black line encloses the area where the total condensate averaged in the y direction

exceeded 10! gkg ™!, while the orange line indicates the area where the maximum vertical

1

wind speed in the y direction exceed 25 ms . 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 s™'), flowing from the
convective-cloud rear side in the x direction. (a—d) and (e—h) show the results from the
CTL and SS experiments, respectively. (a, b) and (c, d) show the results at 33.3 min and
40 min in the CTL experiment, respectively, and (e, f) and (g, h) show the results at

40 min and 36.6 min in the SS experiment, respectively.

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. Figure 4.6 shows the horizontal wind flux of snow number
concentration against the total number of heavy graupel particles (Figs. 4.6a and 4.6¢)
and the positive charge separation of graupel (Figs. 4.6b and 4.6d). The heavy graupel
particles existed predominantly when the horizontal flux of snow number concentration
was small (UNg < 1072 m~2 s~1) (Figs. 4.6a and 4.6¢). The timing of this small UNg is
synchronised with that of the generation of heavy graupel particles in the CTL experiment
but not in the SS experiment (Figs. 4.7a—4.7d). In contrast, charge separation of graupel
occurred in the area where the horizontal flux of snow number concentration was active
(> 10”7 m~2 s1) (Figs. 4.6b and 4.6d). The frequency of this area of large UNg showed
a good correspondence with the temporal variations of positive charge separation of
graupel in both experiments (Figs. 4.7e-4.7h). Additionally, the negative charge
separation of graupel exhibited a similar feature (not shown), although it was weaker than
the positive charge separation. These results indicate that charge separation was large

when the horizontal wind from the rear side of the convective cell was strong.
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Fig. 4.6. Time series of distribution of summation of each variable with snow number

2571 for grid cells where each variable exists after

concentration horizontal flux (m™
24 min from the initial time for (a,b) the CTL experiment and (c,d) the SS experiment.

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.
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Fig. 4.7. Time series of quantities related to mass flux convection for (left) the CTL and
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Figure 4.8 shows the vertical flux of liquid water W @Q;;,, which contributed to
the production of heavy graupel particles. Heavy graupel particles tended to form during
periods when WQy;, ranged of 0-15 gm™%s™* (e.g., Fig.4.8a: 40 min; Fig. 4.8c:
30 min and 78 min). In contrast, charge separation of graupel occurred in the area of small

WQyq (0-5 gm™2s™1) (Fig. 4.8b: 33 min; Fig. 4.8d: 36 min). These results suggest that
heavy graupel particles were produced in areas with little supply of solid particles by

horizontal winds and a large supply of liquid water from the lower layers.

96



Absolute value of
charge separation of graupel

90.0
70.0
(#) (mC)
50.0
100000
8000
90000
80000 7000
60000 (b) 5000
0 5 10 15

—_
c

e

~— 50000 20
[¢)] 4000
E

|_

40000
70.0

. 90.0
3000
30000 (d)
. 20000 2000
10000 1000
. 0 70.0 0
. 50.0
30.0 30.0
: 0 1 0 5 10 15 2
D

Number of heavy graupel particles
(min)
90.0

50.0
0 5 10 15 20 0
_2 —_
WQ g (gm™*s

Fig. 4.8. As Fig. 4.6 but for time series of distribution of vertical liquid water flux

(gm2s7 1),

97



4.3.3. Formation of Mixed-phase Area Suitable for Growth of Graupel and

Riming Electrification

As described above, the CTL and SS experiments both reproduced the downburst,
but only the CTL experiment offered the PLI corresponding to the LJ event. The
characteristics of convective cells exhibiting active charge separation and those producing
heavy graupel particles differed in each experiment. This difference was originated from
the supply to the mixed-phase area of solid particles from the surroundings from lower
layers, bywind circulation (Figs. 4.6 and 4.8). In this subsection, we discuss the conditions
required for PLI occurrence. According to the analyses in Section 4.3.2, 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 PLI
occurrence. Analyses along 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 present study did not cope with a squall-line
system, multi-cell convection is created by the cold pool produced by the convection by
the previous generation. Thus, we can discuss PLI as LJ occurrence in multi-cell

convection according to the tilting of the convection.

Figure 4.9 shows the horizontal distribution of the vertical winds at altitudes of
5000 m and 7000 m, when active charge separation and active growth of heavy graupel
particles, respectively, were seen in both experiments. At the time of active charge
separation in the CTL experiment (33.3 min; Figs. 4.9a and 4.9b), the large vertical
velocity around the leading edge at z = 5000 m was located around x = 136 km, y = 32
km (shown as the crossing point of the dashed lines in Figs. 4.9a, 4.9b), and that at z =

7000 m was distributed around x = 140 km, y = 34 km (Fig. 4.9b). These results indicate
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that the convection was tilted when charge separation was active. In contrast, the large
vertical velocity was located in the same location (x = 131 km, y = 32 km) at both z =
5000 m and 7000 m when the heavy graupel particles were much generated, shown as the
crossing point of the dashed lines in Figs. 4.9c and 4.9d. Upright convection was
generated during the active growth of heavy graupel particles. Note that the vertical
velocity at x = 137 km, y = 28 km in Figs. 4.9a and 4.9b and x = 134 km, y = 27 km in
Figs. 4.9c and 4.9d was negligible, because updrafts in old convective cell are weaker

than those in the new cell at the leading edge of the cold pool.

Figure 4.10 shows the convection tilt angle ¢y as defined in Section 4.2.4. In

the CTL experiment (Fig. 4.10a), the area with active riming electrification (140 km < x

< 150 km, 6000 m < z < 9000 m) predominantly exhibited tilted convection (@¢;;; < %).

In such a case, the horizontal transport of snow particles and riming electrification were
dominant in the convective cell resulting in PLI occurrence. On the other hand, in the

mixed-phase area with heavy-graupel production (around x = 130 km, 4500 m < z <6000
m in Fig. 4.10b), most of the convection was upright (@ > %n), and this led to an

environment with a large 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 SS experiment, the area of strong updraft was located in the area (x = 136
km, y = 25.5 km) when the heavy graupel particles were much generated (Figs. 4.9¢, 4.9f),
which is similar to the CTL experiment (Figs. 4.9c, 4.9d). At the time of active charge

separation in the SS experiment, the difference in the updraft area between z = 5000 m
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and z = 7000 m was small (Figs. 4.9g, 4.9h) compared with the tilting in the CTL

experiment.

In the SS experiment, before the time of active charge separation, upright
convection became dominant (30.0 min); this promoted the production of heavy graupel
through riming (Fig. 4.10c), and the downburst followed it (34.3 min; Fig. 4.2d).
Subsequently, at 36.6 min, the tilted convection led to the formation of a mixed-phase
area suitable for riming electrification. As a result, charge separation attained its peak

(Fig. 4.10d), 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.

100



CTL (5000 m, 33.3 min) CTL (7000 m, 33.3 min)

T
(a) Direction of muti-cell clouds (b) |
04 | 04 |
I 1
| i
035 | 035 I.ug
__________ *;__-\ i1t o D ___________.i_'_,‘g'___r_-________
03 b 0.3 P &
| > ) gl
1 I‘=;‘!P‘iﬁ
025 | 0.25 e a2
| i
0.2 ' 0.2 !
13 14 15 13 14 15
Bk CTL (5000 m, 40.0 min) oAl CTL (7000 m, 40.0 min)
.4 T .45, T
() | d
04 | 04 i ’
~ : R e
N 035 }_"' e 0.35 )~ %
S _j; ...... R — . £
v ol MR s 03 GO, ‘
1 - \ g
= H l-’ * {
>E< 0.25 ! 0.25 : .
| 1
| }
02 ' i :
= 13 14 15 02 13 14 15
B ous SS (5000 m, 30.0 min) 0.45 SS (7000 m, 30.0 min)
45 . 45 4
Q (6)  Direction of muti-cell clouds () !
g | |
3 s )| |
;g 0.35 i . 0.35 ’Eg'
4 4
>, 03 \ﬁ o 03 " e

__________ A S S Bt
025 Wiee 57 il i m ““““““

0.2 0.2

13 14 15 13 14 15
ol SS (5000 m, 36.6 min) —_ SS (7000 m, 36.6 min)
45— 45—
(9) (h)1
04 | 37
i i -
I | K
s I S A e S b N B s O T e S
17 e | & A~
03 T o3[ ! BT e
[P o | -
| = i 1‘5{)._ :
02s{ | P 028 sl
| i
0.2 ! !

-
w

14 1.5

1.4 15 02 1.3
x direction (km X 10%)
I l I I [ (m s~ )
15 20 25

-25 =20 -15 -10 -5 0 5 10

Fig. 4.9. Snapshot at 33.3 min for the CTL experiment at altitudes of (a) 5000 m and (b)
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101



(LM: local maximum) CTL (33.3 min, LM of charge separation)

_ . = 11000 -

— o ) _ -(b-)— 7'""“.'“,'"—_:'7_’: i : Flg. 4. 10-
S Vertical

distribution of

14000
1200017
10000 ":
8000

60001

wind tilting

angle @y
averaged in y

4000

2000

1 . . R E 16 1.7

CTL (40.0 mi direction.
Blue, yellow,
and red
represent
tilted,
60001
A soof | moderate, and
(0] 1:6 : 1.7Z 40007 1.3 ) . - uprlght
-g SS (30.0 min, LM of large graupel) .
= 11000 convection,
z 140001 I\
100004 - . 1
| i » respectively,
- > 90004
100001 k- based on @y;j;.
8000 > T ST | | T
ool The data are
6000 7
. | ; shown over the

area where the
total

e 4000
s 17

SS (36.6 min, LM of chai
11000

condensate

O e RO

10000

averaged in the
y direction
exceeds 10 g
kg !. The

black lines and

4000

17

x-direction (km x 10%) . 4 the gray

1.3

[ Tilting(@ir; < 30): ™ Moderately tilted (30 < @y < 50): "= Upright: (50 < ¢,;;,) ™ |  streamlines

indicate the
temperature profile and the y-direction-averaged wind streamlines, respectively. (a, c)
and (e, g) show the results from the CTL and SS experiments, respectively. (a) and (¢)
show the results at 33.3 min and 40 min in the CTL experiment, respectively, and ()
and (g) show the results at 40 min and 36.6 min in the SS experiment, respectively. The
yellow dashed box in (a, c, e, g) is the area that is enlarged in (b, d, f, h).

102



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 is elucidated 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 bring
tilted convection. Figure 4.11 shows time series of the frequency of C/AU > 3. In the
CTL 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 represented a high frequency exceeding 15 ms™ (black line in
Fig. 4.11b). Therefore, tilted convection could create an environment suitable for riming
electrification, leading to PLI occurrence. Environments suitable for tilted convection
with C/AU > 3 were also observed at 45 min and 65 min (Fig. 4.11a). The cold-pool
intensity after 47.6 min was weaker than that at 26 min (Fig. 4.11b), 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 by C/AU data 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 convection during 30—40 min (Fig. 4.11a) tended
to be generated. This environment formed a continuous supply of liquid water from the
lower levels with a less of a supply of solid-phase particles from the rear, and it was

suitable for producing heavy graupel. Moreover, in the C/AU~1 environment, although
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the cold-pool intensity became weak after the timing attaining the local maximum of
charge separation, multiple downbursts occurred when the convection was upright and
suitable for active growth of heavy graupel in the CTL experiment (61 min, 72 min;

Fig. 4.2c).

In the SS experiment, even when the cold-pool strength was comparable to the
CTL experiment (Fig. 4.11b), C/AU tended to take smaller values because the vertical
shear (AU) is larger. As a result, around the local maximum at 26 min simulated in the SS
experiment, the frequency of C/AU > 3 (Fig. 4.11a) 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 can propose the following conditions for PLI occurrence. 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 PLI occurrence. On the other hand, in
cases where only upright convection occurs, while heavy-graupel production is more
likely, downbursts can still occur. However, riming electrification occurs less likely,
implying that an 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.

104



CTL: SS:

C/AU >3

0.031

(a)

o.oz-/\\ /\
0.011 /\/\A J\/\/ sl
0.0

>
(@)
c 0
g 3 50.0 70.0 90.0
8 0.25 C >15m/s (min)
\C 0.2— (b)
0.154/
0.14
0.05 m— e
O- Y Y
50.0 70.0 90(.%“)
Time (min)

Fig. 4.11. Time series of normalized frequencies of (a) C/AU >3 and(b) C > 15ms!
after 24 min. The black and gray lines are the results of the CTL and SS experiments,

respectively.

4 4. Discussion

The model simulated well a PLI corresponding to an 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 in the lightning and no PLI

occurred when the vertical wind shear was larger.

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 to 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 riming electrification

mechanism.
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In contrast, when convective clouds with no PLIs 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 characteristic
suggests that an environment with a limited supply of solid particles enhances the growth

of heavy graupel.

The conditions required for PLI occurrence were examined by analyzing the
transition of cloud microphysical properties, the tilting of convection, and the strength of
the cold pool according to the RKW theory. Our analyses clarified that the transition from
a tilted convection cell triggered by a strong cold pool to an upright convection cell is
required for PLI occurrence. 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 PLI. 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 differences in cloud microphysical properties among convective cells
caused by the transition of convective conditions were interpreted using a zero-
dimensional box model (Appendix 4.6.B). In this model, experiments were conducted

under various conditions: the -15SI experiment, representing a mixed-phase region at low
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temperatures with solid particles (snow and cloud ice) supply characteristic of tilted
convection conducive to charge separation; the -5n0SI experiment, simulating high
temperatures without solid particles supply, suitable for the production of heavy graupel
associated with upright convection; and two sensitivity experiments, -5SI and -15n0Sl.
The results showed that charge separation in the -15SI experiment was most active in
these experiments, while heavy graupel in the -5noSI experiment was most efficiently
produced. Furthermore, in the sensitivity experiments with different temperature and
solid particle supply settings, both charge separation and heavy graupel production were
relatively less efficient. These results indicate that variations in convective conditions led
to differences in the mixed-phase area conditions within convective cells. These
differences, in turn, resulted in distinctions in charge separation and heavy graupel

production.

The difference between convective cells with active riming and those with active
riming electrification is consistent with observations and laboratory experiments on the
growth environment of wet-growth hail and the characteristics of charge separation.
Emersic et al. (2010) reported that during the early stages of thunderstorm 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 can be supported by previous

studies. Several studies reported that not only extremely strong updrafts but also moderate
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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 the findings in Ushio et al. (2003)
and Salinas et al. (2022). They reported 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 bubble.” The insights gained from this study align
with findings from previous numerical and observational research on tilt 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).

4.5. Conclusion

This study was aimed to propose the possible mechanisms and required
conditions for LJs in multi-cell convection focused on riming growth and riming
electrification, which are good indicators of downburst and lightning, respectively. To
achieve this, we conducted idealized experiments focused on multi-cell convective clouds
using a meteorological model coupled with a BLM that explicitly calculates lightning and
graupel growth processes. The experiments were conducted using sounding data from a

case of multiple downburst events with lightning.

In this study, through the analysis focused on graupel in a mixed-phase area, the
convective cell can be categorized into the following four patterns as illustrated
schematically in Fig. 4.12 according to the relationship between the strength of the cold

pool (C) and the vertical shear of the horizontal wind (AU).
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1. When C/AU > 1 and the cold pool is strong, the convection tends to tilt and updrafts
are strong. This environment forms a tilted convective cell with an abundant supply of
solid particles by the horizontal wind from the rear side of the convective cell

corresponding to a rear inflow jet, contributing to riming electrification (Fig. 4.12a).

2. When C/AU > 1 and the cold pool is weak, the convection tends to tilt and updrafts
are relatively weak. This environment forms a convective cell with a limited supply of
solid particles contributing to riming electrification. In this environment, the lightning is

less active as well as the growth of heavy graupel particles (Fig. 4.12b).

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. 4.12c).

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. 4.12d).

From our analyses, we suggest that an LJ occurs when a convective cell
transitions in the sequence of Fig. 4.12a to Figs. 4.12c or 4.12d from one convection to
the next in multi-cell convection. 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. Additionally, LJ events originating from the transition of

convective cells are not expected in isolated convective clouds; this is consistent with the

109



observation that multi-cell convective clouds are associated more with LJ events than are

isolated convective clouds (Rigo and Farnell, 2022).
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Fig. 4.12. 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) diagram whether an LJ occurs preceding a downburst, driven by the
regeneration of individual convective cells determined by C/AU and updrafts. (e)
Represents a pattern where an LJ occurs preceding a downburst; (f) a downburst occurs

without preceding lightning activity; and (g) lightning occurs without resulting in a

downburst.
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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 requires the need for further studies and
combined observations of hydrometeor identification and wind velocity fields to fully
understand the complexities of mixed-phase transitions in convective clouds. In addition,
treating them 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.
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4.6. Appendix

4.6.A. Snapshots of precipitation and model bottom wind speed

To confirm the general characteristics of the simulated convective clouds, the

distribution of precipitation and winds were represented (Fig. 4.A1).
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Fig. 4.A1. Snapshots of precipitation (shaded area) and wind speed in the model bottom
layer (counter). The snapshot time are (a) 27 min, (b) 34 min, (¢) 47 min, and (d) 60 min

from the initial time.

4.6.B. 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
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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
4A1, 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 = 7000 m at the
time of active charge separation in the CTL 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 CTL experiment (at 40.0 min) to test the riming growth.
Note that the influence of the selection of density and pressure on these sensitivity
experiments 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. 4.3a
and active graupel production (=5 °C) in Fig.4.3b in Section 4.3.2. 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 4.B2.

Fig. 4.B1 shows the time series of each variable. For the graupel mixing ratio
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(Fig. 4.B1a), 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 (Figs.
4.B1b and 4.Blc). When ice and snow were present (i.e., experiments -5SI and -15SI),
particles rebounded actively during graupel-snow collisions when the temperature was
low (Fig. 4.B1d). In addition, the number of graupel particles decreased more effectively
in the experiments with higher temperature (Fig. 4.Ble), 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. 4.B1d). In such conditions, the graupel particles tend to stick more
effectively, and so they become heavy (Fig. 4.Blc) and their number concentration
becomes small (Figs. 4.B1b and 4.Ble).

Without snow and ice (i.e., experiments -5noSI and -15n0SI), the graupel
number and weight were small and large, respectively (Figs. 4.B1b and 4.Bl1c), and the
graupel easily became heavy (Fig. 4.Blc).

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.

115



Table 4.B1. Initial values for sensitivity experiments using zero-dimensional collection

process.

Variable Value Unit

Temperature -15/-5 °C
Density (p) 0.708 kg m~3

Pressure 548 hPa
pQy 6.372 X 1073 kg m~3
pQ 1.070 x 107> / 0.0 kg m~3
p0; 4.404 x 1075 /0.0 kg m~3
pQ, 2.266 x 1073 kg m~3
pQ. 3.394x 1073 kg m~3

N, 5133.0 m~3

N, 4248.0/0.0 m~3

N; 62304 /0.0 m~3

N, 19824.0 m~3

N 198240.0 m~3

a

Table 4.B2. Names of all zero-dimensional experiments.
Snow and cloud ice = No snow and cloud ice
High temperature (=5 °C) -5SI -5noSI
Low temperature (—15 °C) -15SI -15n0SI
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Fig. 4 B1. 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 -5n0SI), 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 -
15S]), respectively.
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Chapter 5. General Summary

In this doctoral dissertation, idealized numerical experiments were conducted
using a meteorological model coupled with a bulk lightning model (BLM) that explicitly
calculates lightning processes to investigate the mechanism of the rapid increase of
lightning activity preceding downbursts in mixed-phase clouds. The results of the
simulation indicate that the transition of the dominant cloud microphysical process in
each convection cell, depending on the characteristics of the tilt of the convection, is
important for the mechanism (Chapter 4). To evaluate the cloud microphysics schemes,
which have an important role in occurrences of lightning and downbursts, the model was
evaluated through comparisons with observational data, including in situ measurement
by disdrometers and satellite observation (Chapter 2). To extend the evaluation using
disdrometer observation data for one winter season i.e., 3 months, an automated
classification method for types of precipitation particles based on v-D distribution was

developed utilizing machine learnings (Chapter 3).

In Chapter 2, three microphysics schemes were evaluated through comparison
with observational data, including in situ observations from a disdrometer: VSVD,
focusing on snowfall in Hokkaido. The results showed that the 2-moment bulk scheme,

which is usually used for BLM, accurately reproduced the observed values.

In Chapter 3, we developed an objective evaluation method using a machine
learning approach to classify precipitation particle types based on particle size-fall
velocity data observed by the disdrometers used in Chapter 2. This method was applied
to v-D data observed during the winter season in Hokkaido. Following K120, we first used

the EM algorithm to estimate a single or a mixed probability density function (PDF) from
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the size-fall velocity data with the v-D relationship. The estimated v-D relationship was
used as input vectors to create a SOM map. The SOM map enabled the classification of
graupel and snow from the observational data. The evaluation of the cloud microphysics
scheme in Chapters 2 and 3 showed that the 2-moment bulk scheme well-reproduced

mixed-phase clouds.

Chapter 4 aimed to investigate the mechanisms and necessary conditions for the
increase in lightning activity preceding downbursts in multicell convective clouds by
focusing on riming growth and riming electrification, which are required for downbursts
and lightning, respectively. To achieve this, idealized experiments using a meteorological
model coupled with BLM were conducted. The results successfully simulated the
precursor lightning increase (PLI), which corresponds to a lightning jump before the
downburst. When lightning activity increased preceding a downburst, strong updrafts
generated by a strong cold pool resulted in the tilted convection, leading to the
development of horizontal winds from the rear of the convective cell. The horizontal wind
from the rear side supplies solid particles, such as snow and ice, in the mixed-phase area
of the convective cell. This influx of solid particles formed an environment in which
graupel, liquid water, and snow coexist, thereby establishing conditions conducive to
charge separation through the riming electrification, and active lightning. If the upright
convection, suitable for the downburst, is generated after the tilted convection with active
lightning, the downburst occurs after the rapid increase of the lightning. This transition is
observed as lightning increase preceding downburst. We therefore revealed that the
transition of convection cells from tilted to upright convection under specific vertical
wind shear and cold pool intensity conditions is important for the rapid increase in

lightning activity preceding downbursts.
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The transition of convective tilts influence changes in the dominant cloud
microphysical processes within the mixed-phase regions of convective cells. The changes
provides valuable insights into the mechanisms driving the increase in lightning activity
preceding severe weather events such as strong winds, hail, and heavy rainfall. In future
works, the relationship between the convective environment and the microphysical
properties in the mixed-phase area of multicell convective clouds, as derived from this
numerical study, could be validated through observational studies. For example, particle
classification using radar observations (e.g., Hydrometeor Classification Algorithm; Liu
and Chandrasekar, 2000; Park et al., 2009; Kouketsu et al., 2015) and three-dimensional
wind field measurements (e.g., Gao et al., 2004; Cha and Bell, 2023) have the potential

usage for validation.

Moreover, the evaluation of simulations and their comparison with
observations, as conducted in Chapters 2 and 3, is crucial for the utilization of
meteorological models. The evaluation of cloud microphysics schemes using in-situ
observational data, including disdrometer data, conducted in Chapter 2 is particularly
important. Cloud microphysics schemes are also used in the global cloud-system
resolving model or convective permitting model such as Nonhydrostatic ICosahedral
Atmospheric Model (NICAM: Tomita and Satoh, 2004; Satoh et al., 2014), ICOsahedral
Nonhydrostatic (ICON: Giorgetta et al., 2018; Zangl et al., 2015), and Model for
Prediction Across Scales (MPAS: Skamarock et al., 2012). Therefore, the evaluation of
cloud microphysics schemes across different climatic zones and cloud systems is
important in global cloud-resolving simulations (Roh and Satoh, 2014; Roh et al., 2020;
Seiki and Roh, 2020). For further improvement in the accuracy of the models, it is

necessary to conduct further evaluation focusing on the variations in cloud microphysical
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properties at higher spatiotemporal resolution and across diverse precipitation systems.

The novel precipitation particle classification method developed in Chapter 3,
which combines the EM algorithm and SOM, is useful for evaluating the cloud
microphysical properties in diverse precipitation systems. This new method enables the
automatic classification of precipitation particles from disdrometer data, even without
prior datasets of the v-D relationship. In future studies, with sufficient and long-term v-D
data (e.g., Multidisciplinary drifting Observatory for the Study of Arctic Climate
expedition; Matrosov et al., 2022), it will be possible to create a comprehensive SOM
reference map. Therefore, by applying this method to disdrometer data from around the
world, including traditional disdrometers such as 2DVD (Kruger and Krajewski, 2002),
LPM (Angulo-Martinez et al., 2018), and PARSIVEL (Lo6ffler-Mang and Joss, 2000;
Battaglia et al., 2010), it will become possible to automatically evaluate the characteristics
of precipitation particles across different regions and seasons. This will enhance the
understanding of precipitation patterns and could contribute to the improvement of
meteorological models. Such applications are feasible because the same results can be
obtained regardless of the disdrometer used if particle size and fall velocity are accurately

measured.

This doctoral dissertation indicates that numerical studies using meteorological
models can promote the analysis of cloud microphysical characteristics in mixed-phase
clouds, and more robust analyses can be achieved by integrating observational studies.
Future studies are expected to provide a deeper understanding of the microphysical
properties of mixed-phase clouds through high spatiotemporal resolution numerical
simulations that represent both homogeneous and heterogeneous mixing of liquid and

solid particles (Korolev and Milbrandt, 2022). Additionally, from the perspective of
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various types of solid particles, more advanced cloud microphysics schemes have been
developed (e.g., the Predicted Particle Properties (P3) bulk microphysics scheme;
Morrison and Milbrandt, 2015), which express solid particles as a single category by
explicitly calculating prognostic variables related to solid particle shapes, such as riming
fraction and aspect ratio. Thus, to more deeply understand the microphysical and
electrical properties involved in the mixing of liquid and solid particles in various mixed-
phase clouds, further development of meteorological models and bulk lightning models

is necessary.
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