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Abstract. This study investigated the potential of cloud
seeding to mitigate extreme rainfall localization (i.e., over-
seeding) associated with mesoscale convective systems in
Japan. Using a numerical weather prediction model, we con-
ducted cloud seeding experiments by artificially increasing
ice nuclei concentrations in a double-moment microphysics
scheme for the heavy rainfall event in Hiroshima Prefec-
ture, Japan, in August 2014. We examined the sensitivity of
rainfall changes to altitude and area of the seeding. The re-
sults showed that seeding in the mid–upper troposphere (7.2–
8.6 km), where air temperature ranged from −22 to −12 °C,
resulted in the most pronounced changes in rainfall amount.
At these levels, high supercooled cloud water content and
strong updrafts favoured heterogeneous freezing, resulting in
a depletion of moisture and suppression of graupel growth.
The cloud seeding led to reduced rainfall within the heavy
rainfall region and increased rainfall downwind, demonstrat-
ing the hypothesized dispersal mechanism of “overseeding”.
Expanding the seeding to cover the upstream region of the
heavy rainfall area had a greater impact than increasing ver-
tical thickness of the seeding. The most effective seeding
configuration (24 km× 24 km area at 7.2 km) achieved an
11.5 % decrease in area-averaged 3-h accumulated rainfall
and a maximum reduction of 32 % in 3-h accumulated rain-

fall over the heavy rainfall region. Future work should con-
sider more realistic representations of seeding substance (i.e.,
transport, dispersion, and interactions) and explore a wider
range of rainfall events to generalize the applicability of this
approach.

1 Introduction

In recent years, frequency and intensity of extreme rainfall
events have been increasing, leading to devastating hydrom-
eteorological disasters worldwide (Fischer and Knutti, 2016;
Papalexiou and Montanari, 2019). These trends are projected
to worsen due to climate change, which is expected to fur-
ther enhance the frequency and intensity of extreme rain-
fall (Trenberth, 2011; Pfahl et al., 2017; Tabari, 2020). As
such, developing effective mitigation strategies for extreme
rainfall-induced disasters has become one of the most criti-
cal issues in the field of hydrometeorology/hydrology. Tradi-
tional hydrological measures to mitigate heavy rainfall dis-
asters include the construction of levees and dams to im-
prove flood safety levels, as well as the implementation of
land-use regulations and evacuation planning to reduce dis-
aster risks (Kreibich et al., 2015). Beyond these conventional
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strategies, there have also been attempts to directly modify
the heavy rainfall producing systems through weather modi-
fication techniques.

Weather modification techniques have historically been
developed primarily for rainfall enhancement applications,
aiming to augment rainfall mainly in arid and semi-arid re-
gions (Changnon and Towery, 1990; Bruintjes, 1999; Sil-
verman, 2010; Murakami, 2015; Dong et al., 2021). On the
other hand, weather modification studies and practices have
also been conducted with the aim of weakening the disas-
trous weather phenomena, mainly for hurricanes (Alamaro et
al., 2006; Klima et al., 2012). The most well-known histori-
cal attempts in this context were Project Cirrus (1947–1952)
and Project Stormfury (1962–1983) run by the US govern-
ment (Abe et al., 2025). These projects aimed to weaken
hurricanes by dispersing precipitation through cloud seeding,
which often involves the deliberate introduction of hygro-
scopic or ice-nucleating agents, such as silver iodide or dry
ice, into cloud systems to modify cloud dynamics and pre-
cipitation patterns. However, the effectiveness of the cloud
seeding was difficult to be validated scientifically, ultimately
leading to discontinuation of the project (Willoughby et al.,
1985).

Recent advancements in numerical modelling, computa-
tional power, and meteorological data availability have rein-
vigorated interest in research on extreme rainfall mitigation.
In Japan, the government has initiated the national project
named “Moonshot Research and Development Program”,
which aims to develop feasible technologies and actions
capable of suppressing extreme rainfall intensity by 2050.
This initiative has spurred active research efforts, particu-
larly those targeting a type of mesoscale convective systems
(MCSs), called “Senjo-Kousuitai”, which are frequently re-
sponsible for severe localized rainfall events in Japan (Kato,
2020; Hirockawa et al., 2020). Among emerging strategies,
cloud seeding with excessive amounts of seeding substances,
known as “overseeding”, has gained attention as a potential
approach to mitigate the severity of extreme rainfall events.
The physical basis of the overseeding concept and a review of
existing numerical cloud seeding studies conducted in Japan
are presented in Sect. 2.

Based on the above, this study systematically investigates
the effectiveness of cloud overseeding for mitigating local-
ized heavy rainfall associated with a MCS in Japan. Using
cloud-resolving numerical experiments, we examine the sen-
sitivity of rainfall responses to various seeding conditions.
The findings of this study provide a valuable foundation for
understanding the potential of cloud overseeding and the op-
timal conditions for effectively mitigating heavy rainfall in
convective systems.

2 Background

2.1 Concept of overseeding

The concept of overseeding was succinctly outlined in the
textbooks of Mason (1971) and Rogers and Yau (1989) and
nicely summarized in Durant et al. (2008), describing a sce-
nario in which introducing an excessive quantity of ice nu-
clei leads to the formation of a large number of small ice
crystals in convective clouds containing supercooled water
droplets. Such seeding practice is categorized as glaciogenic
seeding (Hashimoto et al., 2015). Under such conditions, the
competition for available moisture within the cloud becomes
intense, inhibiting the growth of individual ice crystals to
sizes sufficient for precipitation. When the concentration of
artificially generated ice crystals significantly exceeds nat-
ural levels, the rapid increase in the number of simultane-
ously growing precipitation particles can result in a substan-
tial reduction in their growth rates due to moisture depletion.
Furthermore, the freezing of supercooled water releases la-
tent heat, which strengthens the updraft and thereby reduces
the sedimentation velocity of precipitation particles. Conse-
quently, these processes would lead to a decrease in the size
and sedimentation velocity of precipitation particles at the
location of the overseeding, which may temporarily suppress
precipitation from the seeded cloud layer. Precipitation parti-
cles with reduced growth rates are likely advected downwind
by upper-level wind and eventually fall as precipitation in the
downwind region (i.e., redistributing rainfall over a broader
area). Such a dispersal mechanism has the potential to miti-
gate the localization of intense precipitation. The aforemen-
tioned concept of overseeding has also been discussed in re-
cent studies (Koloskov et al., 2010; Murakami, 2015; Ko-
rneev et al., 2022; Abshaev et al., 2022), leading to growing
interest in its potential for disaster risk reduction.

2.2 Numerical overseeding studies in Japan

Although numerical investigations of cloud overseeding gen-
erally remain limited, a series of recent studies in Japan have
suggested its potential to influence peak rainfall intensity
during heavy rainfall events. Early studies using mesoscale
atmospheric models showed that excessively increasing ice
nucleus number concentrations within MCSs can reduce
maximum rainfall intensity and the spatial extent of heavy
rainfall (Suzuki et al., 2012; Onaka and Suzuki, 2014). In
these studies, overseeding was typically represented by arti-
ficially multiplying the ice nucleus number concentration by
large factors within cloud microphysics schemes.

Subsequent studies further examined the dependence of
rainfall mitigation on cloud developmental stage and seeding
strategy. Yokoyama et al. (2015) demonstrated that seeding
during the early stage of cloud development was more ef-
fective than seeding during the mature stage, as early-stage
seeding weakened vertical updrafts, leading to reductions in
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peak rainfall intensity. More recently, Nozaki et al. (2024)
showed that the effectiveness of cloud seeding strongly de-
pends on seeding location, timing, and environmental condi-
tions, with both mitigation and enhancement of rainfall oc-
curring under different configurations. In addition, studies
exploring more targeted seeding strategies, such as pinpoint
seeding, have suggested that focusing seeding on strong up-
draft regions may enhance mitigation efficiency (Yagi et al.,
2017; Sano et al., 2024). These studies reported reductions in
peak rainfall intensity on the order of 10 %–30 % under fa-
vorable conditions and underscored the importance of seed-
ing geometry and vertical placement.

Despite these advances, systematic comparisons of key
seeding parameters, including seeding altitude, horizontal
extent, and vertical thickness, remain limited, and their in-
fluence on the effectiveness of cloud seeding has not been
fully clarified. Moreover, the physical mechanisms by which
overseeding modifies microphysical growth pathways and in-
teracts with mesoscale dynamics – particularly the down-
wind redistribution of precipitation in organized convective
systems such as MCSs – remain insufficiently understood.
These limitations motivate the present study, which aims to
provide a more systematic and process-oriented assessment
of rainfall responses to cloud overseeding.

3 Materials and Methods

3.1 Target convective heavy rainfall event

This study focuses on the convective heavy rainfall event
that occurred around Hiroshima City, Japan, in August 2014.
The event produced extreme precipitation, exceeding a peak
hourly rainfall rate of 100 mm h−1 and 240 mm over a 3-h
period, leading to catastrophic flooding and landslides that
resulted in 75 fatalities and the destruction of 330 houses (Hi-
rota et al., 2016; Oizumi et al., 2020). This event was char-
acterized by an intense line-shaped rainband, approximately
100 km in length and 20–30 km in width (Fig. 1c). Such
quasi-stationary line-shaped rainbands, known as Senjo-
Kousuitai in Japanese due to their distinctive shape, have gar-
nered significant attention as they contribute to severe flood
disasters nearly every year in Japan (Kato, 2020). The back-
building type of strong multi-cell convective systems, which
initiated in the mountainous area in southwestern Hiroshima
Bay (Fig. 1), resulted in such line-shaped rainfall band (Kato,
2020; Oizumi, 2020). The warm and moist southern inflow
through the Bungo channel, where the convective instability
was quite high, with the orographic uplift, favored the initia-
tion of strong convection (Kato, 2020; Oizumi, 2020). An un-
stable atmospheric stratification associated with the cold core
of a cutoff low in the upper troposphere and abundant free-
tropospheric moisture played an important role in causing
deep convection and precipitation (Hirota et al., 2016). There
have been extensive studies on the mechanisms and natural

disasters associated with this rainfall event in Hiroshima in
2014 because this event represents the typical characteristics
of disastrous convective rainfall events in Japan (Wang et al.,
2015; Hibino et al., 2018). Thus, this event serves as a valu-
able case study for assessing the impacts of cloud overseed-
ing on disastrous convective rainfall events in the region. The
fact that such convective heavy rainfall events are projected
to intensify and increase under a future climate (Kawase et
al., 2023; Hiraga et al., 2025) further highlights the impor-
tance of understanding the effectiveness of cloud seeding for
such systems as a countermeasure. Our analysis mainly fo-
cused on the 3-h rainfall amount from 16:00 to 19:00 UTC
on 19 August 2014, which covers the intense rainfall during
the target event. We defined the “heavy rainfall region” as the
area where the 3-h rainfall accumulation exceeded 100 mm.
This threshold is commonly used to assess the risk of land-
slide disasters in Japan (MLIT, 2007).

3.2 Model and Data

This study used the Advanced Research version of the
Weather Research and Forecasting model (WRF), version
4.1.2, for numerical experiments. WRF is a fully compress-
ible and non-hydrostatic model that uses terrain-following
hydrostatic-pressure vertical coordinates and Arakawa C-
grid staggering spatial discretization for atmospheric vari-
ables (Skamarock et al., 2019). WRF has been widely used
to simulate quasi-stationary line-shaped rainfall (Kawano
and Kawamura, 2020; Nakanishi, 2024; Hiraga and Tahara,
2025; Tahara et al., 2025). The WRF dynamically down-
scales a given meteorological input over a configured nested
domain while solving nonlinear governing equations and pa-
rameterizing subgrid-scale processes such as microphysics,
boundary layer eddies, and cumulus clouds. In this study,
the configurations of the model domains and physics param-
eterizations basically followed Kita et al. (2016) and Oizumi
et al. (2020), who successfully simulated the same rainfall
event. A key distinction from these studies is the use of Mor-
rison 2-moment cloud microphysics scheme to employ the
cloud seeding experiment. The Morrison double-moment mi-
crophysics scheme (Morrison et al., 2005, 2009; Morrison
and Milbrandt, 2015) is a bulk microphysics parameteriza-
tion that predicts both the mass and number concentration
of hydrometeor species, allowing for a physically consis-
tent representation of cloud microphysical processes. This
scheme explicitly accounts for interactions with cloud con-
densation nuclei (CCN) and ice nuclei (IN), and includes
prognostic variables for cloud droplets, rain, ice, snow, and
graupel, enabling a detailed simulation of phase changes, in-
cluding freezing, condensation, evaporation, deposition, and
riming. Such capability makes it particularly useful for stud-
ies investigating the microphysical impacts of aerosol-cloud
interactions, cloud seeding, and extreme precipitation events.
The scheme has been widely implemented in cloud-resolving
models due to its balance between computational efficiency
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Figure 1. (a) WRF model domains: d01 (25 km), d02 (5 km), and d03 (1 km); (b) Three-dimensional distribution of WRF-simulated hy-
drometeors at 16:10 UTC on 19 August 2014; (c) Radar/Rain gauge-Analyzed Precipitation-based 3-h accumulated rainfall from 16:00 to
19:00 UTC on 19 August 2014; (d) WRF-simulated 3-h accumulated rainfall for the same period.

and physical realism (Mohan et al., 2018; Huang et al.,
2020). Three computational domains with grid resolutions
of 25, 5 and 1 km were configured with a one-way nest-
ing approach (Fig. 1a). The third domain (d03), with a hor-
izontal resolution of 1 km, encompasses the Chugoku and
Shikoku regions of Japan including Hiroshima prefecture.
Previous studies suggested that the spatial resolution of 2 km
or higher is generally ideal for simulating quasi-stationary
band-shaped rainfall system (Kato et al., 2020), which is sat-
isfied in our domain configuration. Additional model settings
used in this study are summarized in Table 1.

The initial and boundary conditions for the WRF simu-
lations were from NCEP Global Data Assimilation System
(GDAS) FNL operational global analysis. The NCEP GDAS
FNL is available at 6-h intervals with a 0.25° horizontal res-
olution and 34 vertical levels. We used the Radar/Raingauge-
Analyzed Precipitation observation data (RA data) to ver-
ify the WRF-simulated rainfall. The RA data has been
widely used as ground-truth rainfall data to assess the ac-
curacy of simulated precipitation owing to its high accuracy
and spatial/temporal resolution (hourly and 1 km) (e.g., Mi-
namiguchi et al., 2018; Nakanishi, 2024; Hiraga and Tahara,
2025).

3.3 Experimental settings

The target heavy rainfall event was first simulated using
the configured WRF model to ensure its credibility of re-

producing the observed rainfall band (hereafter referred
to as the CTL run). The simulation successfully captured
the convective heavy rainfall, as confirmed by comparison
with RA-based observations (Fig. 1c versus 1d). The back-
building structure of deep convection was also well repre-
sented (Fig. 1b), supporting the use of this simulation as the
baseline for the overseeding experiments. We adopted the
spin-up time of 16 h for all the computations (i.e., the model
integration started at 00:00 UTC on 19 August 2014).

Next, we performed cloud overseeding experiments by
modifying the CTL run based on the concept of overseed-
ing to investigate the potential of the overseeding for mit-
igating the heavy rainfall. We represented cloud overseed-
ing in the numerical simulation by artificially increasing the
number of ice nucleus concentration, following Suzuki et
al. (2012), Yokoyama et al. (2015), and Nozaki et al. (2024).
In WRF v4.1.2, the number of ice nucleus concentration is
determined based on the Meyer’s formula within the Mor-
rison 2-moment cloud microphysics scheme (Meyers et al.,
1992).

nc = exp {−2.80+ 0.262× (273.15− T )}×β (1)

where nc is the number of ice nucleus concentration per kilo-
gram, T is air temperature in kelvin, and β is a unit less
multiplier which is introduced for seeding experiments. In
the WRF model, the Meyer’s formula triggers the freezing
of cloud droplets when the following conditions are met:
a cloud water mixing ratio greater than 10−14 kg kg−1 and
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Table 1. WRF physics parameterization settings used in the study.

Physics parameterizations

Cumulus convection (only d01) Kain–Fritsch (Kain, 2004)
Cloud microphysics Morrison 2-moment (Morrison et al., 2009)
Shortwave radiation RRTMG (Iacono et al., 2008)
Longwave radiation RRTMG (Iacono et al., 2008)
Planetary Boundary Layer MYNN 2.5 (Nakanishi and Niino, 2006, 2009)
Surface Layer Revised MM5 (Jimenez et al., 2012)
Land surface processes Noah-MP Land Surface Model (Niu et al., 2011; Yang et al., 2011)

Computational settings

Time step [s] 30/10/3.33 (d01 / d02 / d03)
Model integration period 00:00 to 19:00 UTC on 19 August 2014
Vertical layers 70 layers, with model top at 50 hPa
SST update frequency Every 6 h

an air temperature below −4 °C (i.e., deposition freezing).
In the present study, β is introduced as an artificial, unit-
less multiplier to represent an idealized overseeding con-
dition, in which the effective ice nuclei concentration in
the mixed-phase region is intentionally increased by sev-
eral orders of magnitude. This study adopted a large unit-
less multiplier (β = 1011). The modification of Meyer’s for-
mulation was implemented within the WRF physics module
module_mp_morr_two_moment.F. This type of representa-
tion has been commonly adopted in previous numerical stud-
ies to examine the limiting microphysical and dynamical re-
sponse of convective clouds to extreme glaciogenic seeding
(e.g., Suzuki et al., 2012; Yokoyama et al., 2015; Nozaki et
al., 2024). Such a large number of ice nuclei can be artifi-
cially generated using silver iodide (AgI) or dry ice (Fukuta
et al., 1971). The number of ice nuclei generated by AgI can
reach an exceedingly large value, ranging from 1010–1016

per gram of AgI (Murakami, 2015). Dry ice is known to pro-
duce an astronomically large number of ice crystals through
the deposition process (1013 per gram of dry ice) (Fukuta et
al., 1971; Murakami, 2015). The generation of such an ex-
treme concentration of ice crystals releases latent heat, po-
tentially invigorating updrafts in the mixed-phase clouds and
transporting large quantities of ice crystals upward. As such,
moisture depletion and inhibited droplet growth are expected
near the cloud top.

In all overseeding experiments, the unitless multiplier in
Meyer’s formulation was applied at every model time step
(every 3.33 s in d03) from 16:00 to 19:00 UTC on 19‘August
2014. The overseeding experiments followed the steps out-
lined below:

1. We first conducted the overseeding experiment at a loca-
tion aligned with the long axis of the line-shaped rainfall
band, where deep convection occurred in the CTL sim-
ulation (Fig. 2a). This location was determined based
on a detailed examination of vertical cross-sections of

hydrometeors within the convective system. At this site
with 6 km× 6 km area shown in Fig. 2a, overseeding
was performed across eight distinct vertical layers to in-
vestigate the sensitivity of rainfall changes to the seed-
ing height. The selected layers satisfied the conditions
under which Meyer’s formula is activated, aligning with
the concept of overseeding into supercooled clouds: a
cloud water mixing ratio greater than 10−14 kg kg−1 and
an air temperature below−4 °C. Each vertical layer cor-
responds approximately to 5.7, 6.4, 7.2, 7.9, 8.6, 9.3, 10,
and 10.7 km from the ground surface (corresponding in-
dices of model vertical layers are 20, 22, 24, 26, 28, 30,
32, and 34 from the surface as 0, respectively), covering
the different heights of supercooled clouds to the top. As
shown in Fig. 2, the designated seeding locations cover
the deep convection during the early back-building de-
velopment phase (Fig. 2b), back-building sustained to
ending phase (Fig. 2c), and late rainfall localization
phase (Fig. 2d).

2. Subsequently, we aimed to enhance the effectiveness
of overseeding in order to induce further modifica-
tions in rainfall. To this end, the seeding area was
expanded by broadening the horizontal extent up-
stream. The intention was to perform overseeding on
the early-phase convection to suppress the growth of
precipitation particles there, which could influence
the subsequent development of the convective system,
given that the target event was of the back-building
type. The expanded areas correspond to the total of 8
cases: 9 km× 9 km, 12 km× 12 km, 15 km× 15 km,
18 km× 18 km, 21 km× 21 km, 24 km× 24 km,
27 km× 27 km, and 30 km× 30 km. During this hori-
zontal area expansion experiment, the vertical seeding
height remained fixed at 7.2 km, which was found to be
the most effective layer in step (1).
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3. Additionally, we conducted experiments in which the
vertical thickness of the seeded layer was increased,
considering that the effectiveness of seeding depends
on the vertical level of injection. Specifically, the verti-
cal layer thickness was set to 1 layer (at approximately
7.2 km), 3 layers (at approximately 6.8–7.6 km), and 5
layers (at approximately 6.4–8.0 km), respectively. In
this thickening experiment, the horizontal seeding loca-
tion was kept the same as in the original configuration
shown in Fig. 2.

Table 2 summarizes the experimental design. Upon identify-
ing the effective overseeding conditions, their feasibility is
discussed in terms of the required amount of seeding mate-
rials. The imposed enhancement of ice nuclei within a fixed
Eulerian box represents an idealized configuration equivalent
to effective in-cloud delivery to the mixed-phase region. This
setup is intended to identify favorable conditions and under-
lying mechanisms of overseeding, which should be regarded
as an upper-bound sensitivity experiment rather than a real-
istic operational implementation.

4 Results

4.1 Overseeding experiments with different vertical
layers

Our experimental design, which increased the concentration
of ice nuclei in the microphysics scheme, successfully rep-
resented the anticipated processes associated with overseed-
ing. Figure 3 illustrates the impact of seeding at the 7.2 km
level on hydrometeor profiles. At and above the vertical level
where seeding was performed, the ice mixing ratio signif-
icantly increased, while the cloud water mixing ratio de-
creased, implying enhanced heterogeneous freezing (Fig. 3a
and b). The enhanced heterogeneous freezing led to the re-
lease of latent heat and an associated increase in updraft in-
tensity, as shown in the arrows in each panel, which in turn
contributed to the vertical transport of ice nuclei to higher
atmospheric layers. This process led to competitive mois-
ture uptake and subsequent depletion at and above the seed-
ing layer (Fig. 3b). The depletion of cloud water and the
presence of numerous ice crystals generally inhibit the rim-
ing process, thereby reducing the formation and growth of
larger hydrometeors such as graupel (Fig. 3c). An increase
in ice mixing ratio and decreases in both cloud water and
graupel mixing ratios at the seeding location and its near
downwind were consistently observed throughout the seed-
ing period (Fig. S1 in the Supplement). The changes initiated
at the seeding location were eventually propagated down-
wind. By 17:50 UTC (Fig. 3d and e), localized reductions
in cloud water and graupel mixing ratios near the seeding
area were evident, with corresponding increases observed ap-
proximately 100 km downwind. This spatial pattern supports
the hypothesis that seeding-induced moisture depletion in-

hibited hydrometeor development near the source, promot-
ing downwind transport by the prevailing winds and sub-
sequent development of particles. As a result, the rainwa-
ter mixing ratio significantly decreased in the heavy rain-
fall region in the CTL run (∼ 80 km) and increased down-
wind (∼ 100–120 km), facilitating the dispersion of localized
heavy rainfall over a broader area (Fig. 3f). Overall, our anal-
ysis above clearly demonstrates that the experiment success-
fully reproduced the anticipated processes and outcomes as-
sociated with overseeding.

Figure 4 illustrates the changes in 3-h accumulated rain-
fall resulting from seeding at different vertical layers (5.7,
6.4, 7.2, and 10 km). The results of the seeding at the other
vertical layers are shown in Fig. S2. Although differences
among the seeding heights were not significant, seeding near
the middle of the tested layers (e.g., at 7.2 km; Fig. 4b) tended
to reduce rainfall more and over a broader area. In Fig. 4b,
the pattern of rainfall change is characterized by a decrease
in the heavy rainfall region (i.e., >100 mm in 3-h accumu-
lation in the CTL run) and an increase downwind (north-
east), which is consistent with our hypothesis, despite the rel-
atively small reduction in rainfall within the heavy rainfall re-
gion, indicated by the black perimeter (an average change of
−3.3 mm; −2.3 %). The effects of overseeding accumulated
over time, highlighting that the changes were not achieved in-
stantaneously (Fig. S3). The change in rainfall became more
pronounced after 17:00 UTC.

We investigate the physical mechanisms underlying the
pronounced seeding effect observed at the 7.2 km level com-
pared to other altitudes. As shown in Fig. 5, early changes
in ice mixing ratio varied depending on the seeding height.
Seeding at a relatively low altitude (5.7 km) did not produce
a substantial increase in ice mixing ratio at the seeding lo-
cation, indicating limited seeding effectiveness. In contrast,
seeding at middle altitudes (7.2 and 8.6 km) led to a notable
enhancement in both ice mixing ratio and updraft strength,
reflecting a strong seeding effect. At a further higher seed-
ing altitude (10 km), the impact was weakened, with smaller
changes in ice mixing ratio observed. To further examine
the mechanisms underlying the height-dependent differences
in seeding impacts, we investigated the background atmo-
spheric conditions. Figure 6 presents vertical cross-sections
of air temperature, cloud water mixing ratio, and vertical ve-
locity. The seeded altitudes where large increases in ice water
mixing ratio were observed (7.2–8.6 km), exhibited air tem-
peratures ranging from−12 °C to−22 °C during the seeding
period. The lowest analyzed layer (5.7 km) showed tempera-
tures between−4 and−6 °C, while the highest layer (10 km)
exhibited temperatures below −30 °C. Both the cloud wa-
ter mixing ratio and vertical velocity peaked near the mid-
tropospheric levels, particularly at 7.2 km, within the cumu-
lus cloud cell, whereas values were lower in the upper and
lower layers. Overall, Fig. 6 suggests that seeding at the
mid-tropospheric levels (around 7.2 to 8.6 km) effectively
introduced seeding material into a region characterized by
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Table 2. Experimental design.

Aims and objectives Experimental settings

Step (1) To evaluate whether the implemented seeding
methodology produces the hypothesized overseeding
effects To investigate the sensitivity of rainfall
responses to changes in seeding altitude

Seeding with 6 km× 6 km area at the following vertical
heights (model vertical layer#): 5.7 km (layer 20),
6.4 km (layer 22), 7.2 km (layer 24), 7.9 km (layer 26),
8.6 km (layer 28), 9.3 km (layer 30), 10 km (layer 32),
10.7 km (layer 34)

Step (2) To enhance the effectiveness of overseeding by
expanding the horizontal extent of the seeding area
upstream * Supplement examines the effectiveness of
dividing the seeding area into upstream and downwind
(north-east) regions.

Seeding at 7.2 km over the following horizontal
extents: 9 km× 9 km, 12 km× 12 km, 15 km× 15 km,
18 km× 18 km, 21 km× 21 km, 24 km× 24 km,
27 km× 27 km, and 30 km× 30 km

Step (3) To enhance the effectiveness of overseeding by
increasing the vertical thickness of the seeding layers

Seeding with 6 km× 6 km area at the following vertical
layers: 1 layer (at approximately 7.2 km), 3 layers (at
approximately 6.8–7.6 km), and 5 layers (at
approximately 6.4–8.0 km)

Figure 2. (a) WRF-simulated 3-h accumulated rainfall with the path for vertical cross sections (red line and points), horizontal extent of
cloud seeding (white dashed square), heavy rainfall region (> 100 mm in 3 h; black outline), and 850 hPa wind vectors at 16:20 UTC; (b)–(d)
vertical cross sections of cloud water mixing ratio (QCLOUD; gray contours) and rainwater mixing ratio (QRAIN; blue contours) at different
times, with cloud seeding locations indicated at each specified altitude (red squares). In (c), the numbers after Z indicate the model layers
and heights where cloud seeding occurs.

the presence of large amount of supercooled water droplets
and strong updrafts. This likely enhanced freezing processes,
leading to heterogeneous ice formation not only at the seeded
layer but also in the layers above.

4.2 Experiments to enhance the overseeding impacts

The results obtained in Sect. 3.1 demonstrated that the em-
ployed overseeding method successfully produced the in-
tended overseeding effects, leading to rainfall responses con-
sistent with our hypothesis. However, the resulting impacts
were relatively modest, with the best case showing an aver-
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Figure 3. (a)–(c) Differences between the seeding experiment (6 km× 6 km at 7.2 km altitude) and the control (CTL) run in ice mixing
ratio (QICE) [kg kg−1], cloud water mixing ratio (QCLOUD) [kg kg−1], and graupel mixing ratio (QGRAUP) [kg kg−1] at 16:20 UTC on
19 August 2014; (d, e) differences in QCLOUD and QGRAUP at 17:50 UTC on 19 August 2014; (f) difference in rainwater mixing ratio
(QRAIN) [kg kg−1] at 18:20 UTC on 19 August 2014. The percentage change shown in each panel represents the cross-sectional average
change in hydrometeors in the displayed extent.

Figure 4. (a)–(c) Differences in 3-h accumulated rainfall between
the seeding experiments (6 km× 6 km at each height) and the con-
trol (CTL) run from 16:00 to 19:00 UTC on 19 August 2014. The
black outline denotes areas where the 3-h accumulated rainfall ex-
ceeds 100 mm in the CTL run.

age reduction of−3.3 mm (−2.3 %) within the heavy rainfall
region. Therefore, the subsequent experiments were designed
to amplify the effects of overseeding on rainfall.

The impact of seeding on rainfall was considerably en-
hanced when the seeding area was expanded by broadening
the horizontal extent upstream. Figure 7 presents the changes
in 3-h accumulated rainfall resulting from seeding over the

extended upstream areas (i.e., dashed-line boxes in Fig. 7a–
f). Overall, the expansion of the seeding region led to more
pronounced changes in rainfall, consistently characterized by
a reduction in the heavy rainfall region and an increase in
rainfall downwind. Although the cases with expanded seed-
ing areas further increased rainfall downwind, such as seed-
ing over 24 km× 24 km (Fig. 7e), this increase did not lead
to a notable expansion of the heavy rainfall region relevant
to landslides. A comparison of Fig. 7g and h clearly illus-
trates this behavior, characterized by a reduction in localized
intense rainfall and a downwind expansion of precipitation
without the development of new heavy rainfall regions.

Namely, expanding the seeding area was shown to be ef-
fective in preventing the localization of rainfall by promot-
ing its dispersion over downwind. Among all cases shown
in Fig. 7, the case of seeding over 24 km× 24 km led to
the largest reduction in area-averaged 3-h accumulated rain-
fall within the heavy rainfall region (−16.3 mm; −11.5 %).
Interestingly, further expansion of the seeding area beyond
24 km× 24 km did not lead to additional changes in rainfall,
suggesting the existence of an optimal seeding configuration.

The changes in rainfall accumulation due to the seeding
practices are summarized as histograms for a quantitative
comparison (Fig. 8). Seeding over the 24 km× 24 km area
led to predominantly negative changes in 3-h rainfall within
the heavy rainfall region with the largest reduction reaching
45.4 mm (−32.0 %). The seeding over 24 km× 24 km also
mitigated the increase in rainfall within the heavy rainfall re-
gion (shown in the green dashed line in Fig. 8a–c) compared
to the cases of seeding over 6 km× 6 km and 12 km× 12 km,
highlighting its promising result for preventing rainfall lo-
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Figure 5. Differences between the seeding experiment (6 km× 6 km at each altitude) and the control (CTL) run in ice mixing ratio (QICE)
[kg kg−1] at 16:20 UTC on 19 August 2014. The percentage change shown in each panel represents the cross-sectional average change in
hydrometeors in the displayed extent.

Figure 6. Vertical cross-sections of air temperature (left column), cloud water mixing ratio (middle column), and vertical velocity (right
column) at 16:20 UTC (upper row), 16:50 UTC (middle row), and 18:00 UTC (bottom row) on 19 August 2014 in the CTL run.

https://doi.org/10.5194/nhess-26-1287-2026 Nat. Hazards Earth Syst. Sci., 26, 1287–1303, 2026



1296 Y. Hiraga et al.: A case study of mesoscale convective system in Japan

Figure 7. (a–f) Differences in 3-h accumulated rainfall between the seeding experiments (different spatial extent at 7.2 km altitude) and
the control (CTL) run from 16:00 to 19:00 UTC on 19 August 2014; (g, h) 3-h accumulated rainfall in the CTL run and seeding run
(24 km× 24 km at 7.2 km altitude).

calization. However, our evaluation over the extended anal-
ysis domain (131.8–132.8° E, 34–35° N) shows that the
24 km× 24 km seeding configuration induced greater rain-
fall increases further downwind (up to 23.7 mm; 310.5 % in
Fig. 8f), compared to the 12 km× 12 km case resulting in a
smaller maximum increase of 18.45 mm (241.8 %; Fig. 8e).
Despite such increases downwind, reductions in extreme 3-
h rainfall remain dominant, indicating that the seeding pri-
marily mitigates the localization of extremes rather than sim-
ply shifting comparable hazards downwind (Fig. 8f). In fact,
seeding over the 12 km× 12 km area already resulted in a
meaningful mitigation of rainfall within the heavy rainfall re-
gion (e.g., minimum of 12.3 % reduction in the heavy rainfall
region). Balancing the trade-off between rainfall suppression
in heavy rainfall regions and enhancement in downwind ar-
eas is critical for the practical design and implementation of
cloud overseeding strategies.

Our analysis of the physical mechanisms underlying the
rainfall changes revealed that further expansion of the seed-
ing area captured upstream convective cells, subsequently
enhancing the overall impact of seeding. As shown in the left
and middle columns of Fig. 9, expanding the seeding area
to 9 km× 9 km and 12 km× 12 km did not lead to noticeable
enhancement in the changes of ice and graupel mixing ra-
tios, compared to the seeding area of 6 km× 6 km (Fig. 3).
In contrast, seeding over the 24 km× 24 km area triggered

overseeding conditions in further upstream region at 40–
60 km, leading to enhanced hydrometeor changes within the
upstream convective cell (right column; Fig. 9c and f). Such
early changes in hydrometeors gradually propagated down-
wind with vertical oscillations, as illustrated at 16:40 UTC
(Fig. 9g–i). Capturing the upstream convective cell in the
24 km× 24 km seeding case eventually resulted in a stronger
change in graupel mixing ratio by 17:50 UTC, with enhanced
reduction in the heavy rainfall region (around 80 km) and in-
creased accumulation downwind (around 100–120 km), rela-
tive to cases that failed to influence the upstream cell (Fig. 9j–
l).

Such seeding practices influence the structural characteris-
tics of convective cells, leading to observable modifications
in their organization and intensity. Figure 10 shows the 3-
D distribution of the ice number concentration and cloud
water mixing ratio in the CTL (left column) and seeding
(right column) runs. At earlier times following the seeding
(at 16:30 UTC), a significant increase in ice number concen-
tration (on the order of 106 kg−1) was observed at the seed-
ing location (Fig. 10a and b). Such an increase in ice num-
ber concentration corresponds to a reduction in the cumulus
cloud top height – defined as the altitude at which the cloud
water mixing ratio exceeds 0 kg kg−1 – as well as a decrease
in the cloud water mixing ratio within the region of heavy
precipitation. By 17:50 UTC, a significant increase in both
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Figure 8. (a)–(f) Histograms of 3-h accumulated rainfall differ-
ences between the seeding runs and the control (CTL) run. Panels
(a, d) correspond to the 6 km× 6 km seeding at 7.2 km altitude; (b,
e) to the 12 km× 12 km seeding at 7.2 km; and (c, f) to the 24 km×
24 km seeding at 7.2 km. The left column shows differences over
the heavy rainfall region, while the right column shows differences
over the broader region from 131.8 to 132.8° E and 34 to 35° N.

cloud water mixing ratio and its distribution density due to
seeding became evident in the downwind region (Fig. 10c
and d). Meanwhile, a reduction in cloud water mixing ratio
can be observed in the original heavy rainfall region. This
clearly illustrates a shift in intense cumulus cloud develop-
ment from the heavy rainfall region to the downwind area.

Given that expanding the seeding area to include upstream
convective cells was found to be effective, this study further
explored a hypothetical scenario: seeding applied solely in
the upstream region. We divided the 24 km× 24 km square
shown in Fig. 7 into two 12 km× 12 km subdomains, with
one covering the upstream and the other covering the down-
wind. Here, the upstream square was designed to encompass
the upstream convective cell shown in Fig. 9c. As a result,
seeding applied solely in the upstream or downwind region
was less effective in terms of 3-h rainfall changes compared
to seeding over the full 24 km× 24 km area (Supplementary
Materials; Figs. S7 and S8). This finding highlights the im-
portance of capturing convective cells over a broader spa-
tial extent. Moreover, increasing the vertical thickness of the
seeding layers was generally found to be less effective than
expanding the horizontal extent of the seeding area. This
experiment is shown in Figs. S7 and S8. Starting from the
baseline case of seeding over a 6 km× 6 km area at a height
of 7.2 km, we increased the vertical thickness of the seed-

ing layer from 1 to 3 and 5 vertical layers. As a result, the
differences in the average changes in rainfall accumulation
over the heavy rainfall region were minimal:−3.0,−2.5, and
−2.8 mm for vertical layer thicknesses of 1, 3, and 5 layers,
respectively. This finding suggests that expanding the hori-
zontal extent of the seeding area may be more effective than
increasing the vertical thickness of the seeding layer. Further
investigations involving a wider range of seeding settings and
different MCS events are necessary to generalize this result.
Such experiments are left for future work.

5 Discussion and concluding remarks

5.1 Discussion of the findings

This study designed numerical cloud overseeding experi-
ments following previous studies (e.g., Nozaki et al., 2024),
in which the ice nucleus concentration was artificially in-
creased in Meyer’s formula within the Morrison double-
moment microphysics scheme. Overall, our experiment suc-
cessfully demonstrated the hypothesized seeding effects (i.e.,
overseeding): the introduction of a large number of ice crys-
tals into supercooled clouds, subsequent moisture depletion
and strengthening of the updraft, and the resulting tempo-
rary suppression of precipitation from the seeded cloud layer
with precipitation being dispersed downwind. It should be
noted that changes in convective system development due to
seeding are highly non-linear and strongly influenced by at-
mospheric chaos, making it difficult to simply interpret the
propagation and extent of seeding impacts. Thus, it is impor-
tant to note that our findings from the seeding experiments
may be significantly influenced by atmospheric chaotic be-
havior, including various factors beyond the direct and intu-
itive impacts of seeding.

Our findings indicate that the effectiveness of seeding
varies with the vertical layer at which it is applied. This sen-
sitivity to seeding altitude is consistent with previous stud-
ies (Onaka and Suzuki, 2014; Yokoyama et al., 2015; Sano
et al., 2024). A pronounced reduction in rainfall over the
heavy rainfall region was observed when seeding was con-
ducted near altitudes of 7.2–8.6 km, where air temperatures
ranged from −12 to −22 °C, and conditions were charac-
terized by high cloud water mixing ratios (i.e., supercooled
water) and strong updrafts. This temperature range corre-
sponds to an atmospheric layer often deficient in natural ice-
forming nuclei and has been identified as an effective tar-
get region for cloud seeding (Grant and Elliott, 1974). Our
finding is generally in agreement with the results of Sano
et al. (2024), who reported a greater impact of seeding in
the lower layer (4.61–8.19 km) compared to the higher layer
(8.19–11.44 km). While our findings are generally consistent
with previous studies in terms of hydrometeor behavior and
the reduction of localized heavy rainfall, those studies did
not explicitly address the analysis of downwind dispersion of
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Figure 9. (a)–(c) Differences between the seeding experiment (9 km× 9 km, 12 km× 12 km, and 24 km× 24 km at 7.2 km height) and the
control (CTL) run in ice mixing ratio (QICE) [kg kg−1] at 16:20 UTC on 19 August 2014; (d)–(f) Same as a-c but for graupel mixing ratio
(QGRAUP) [kg kg−1]; (g)–(i) Same as (d)–(f) but at 16:40 UTC on 19 August 2014; (j)–(l) Same as (d)–(f) at 17:50 UTC on 19 August 2014.
The percentage change shown in each panel represents the cross-sectional average change in hydrometeors in the displayed extent.

rainfall and its mechanism. This study clearly demonstrated
the hypothesized overseeding mechanism, whereby rainfall
in the original heavy rainfall region is dispersed downwind
in a quantitative way. Consideration of such downwind rain-
fall increases is critical for designing seeding experiments in
practical applications.

Our analysis revealed that expanding the horizontal extent
of the seeding area in the upstream direction induced more
pronounced changes in rainfall accumulation than increas-
ing the vertical thickness of the seeding layer. The case of
seeding over 24 km× 24 km resulted in the largest reduction
in 3-h accumulated rainfall (−45.4 mm; −32.0 %) as well
as the area-averaged 3-h accumulated rainfall (−16.3 mm;
−11.5 %) within the heavy rainfall region. The main dif-
ference between seeding over the expanded area and seed-
ing over the smaller area was the appearance of seeding ef-
fects in upstream convective cells, which ultimately led to
more pronounced changes in the distribution of hydromete-
ors along the target MCS. Our best results on rainfall reduc-

tion are comparable to, or even exceed, those reported in re-
cent numerical modeling studies aimed at mitigating heavy
rainfall through seeding (Nozaki et al., 2024; Sano et al.,
2024), suggesting the high sensitivity of the targeted MCS
to seeding. Further investigations involving a wider range
of seeding configurations and different MCS events are nec-
essary to generalize the observed rainfall changes resulting
from the overseeding experiment, underscoring the impor-
tance of continued research in this field.

5.2 Required amount of seeding substances in practical
applications

The overseeding experiment led to a substantial increase in
ice number concentration, reaching values on the order of
106 per mass (kg−1) (Fig. 10). Here, we perform a sim-
ple estimation of the required amount of seeding substances
based on the best case (seeding over 24 km× 24 km at 7.2 km
height) to discuss the feasibility of our experiments. Al-
though the primary objective of this study was to identify
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Figure 10. (a), (b) Three-dimensional distribution of WRF-
simulated hydrometeors (QNICE: Ice number concentration [kg
−1]; QCLOUD: Cloud water mixing ratio [kg kg−1]) at 16:30 UTC
on 19 August 2014, for the control (CTL) run and the
24 km× 24 km seeding run; (c, d) same as (a, b) but at 17:50 UTC
on 19 August 2014.

effective conditions for cloud seeding to mitigate the local-
ization of heavy rainfall, such an estimation is expected to
provide an opportunity for discussing the feasibility of cloud
seeding in real-world settings.

Assuming that an increase in ice number concentra-
tion on the order of 106 kg−1 occurs uniformly through-
out the seeding-applied location – represented by a box of
24 km× 24 km× 500 m (approximately the thickness of one
vertical layer) – the total number of generated ice particles
within the seeding volume can be estimated as follows:

24000 (m)× 24000(m)× 500(m)× 0.58
(

kgm−3
)

× 106
(

kg−1
)
= 1.8× 1017 (2)

where air density at the height of 7.2 km is approximately
0.58 kg m−3.

Here, assuming the use of dry ice as the seeding substance,
and given that dry ice is known to generate an extremely
large number of ice crystals – approximately 1013 particles
per gram – the total mass of dry ice required can be estimated
as 1.8× 104 (g) (i.e., 18 kg). This can be regarded as a rough
estimate of the amount of dry ice required to produce the ob-
served increase in ice number concentration at a single time
step. The total amount needed for a 3-h seeding operation
would depend on the frequency of seeding application nec-
essary to maintain a consistent enhancement in ice number
concentration throughout the period. For instance, assuming

seeding is performed once every minute over a 3-h period
(i.e., 180 times), the total required amount of dry ice would
be 18× 180= 3240 kg. The feasibility of deploying such a
large quantity of dry ice – considering the requirements for
storage, transport, and in-flight distribution – must be care-
fully evaluated in conjunction with aircraft specifications and
operational constraints. We limited our analysis to a rough
estimation to obtain the order of magnitude of the required
amount of seeding substance. This estimate is intended to
provide a foundation for more comprehensive evaluations in
future studies.

5.3 Limitations and implications for operationalization

This study is subject to three main limitations, as outlined
below.

First, this study represented cloud seeding by simply
modifying the ice nucleus concentration using the double-
moment microphysics scheme, which reflects the seeded
condition instantaneously within a specified spatial extent.
Most cloud seeding efforts have primarily targeted drought
mitigation, and the effectiveness of seeding in modifying
rainfall patterns within mesoscale convective systems re-
mains insufficiently demonstrated. In this context, this study
focuses on assessing the feasibility of mitigating rainfall lo-
calization through simple adjustments to aerosol concentra-
tions. However, such an implementation does not account for
the advection/diffusion of seeding substances and their sub-
sequent changes and interactions with hydrometeors. Thus,
our findings may include the effects of unrealistic behav-
ior of ice nucleus. To address this limitation, future studies
should consider performing an overseeding experiment using
a scheme that explicitly represents the transport, dispersion,
and mixing of seeding agents within the atmosphere. Such
a scheme would allow for a more realistic simulation of the
spatial and temporal evolution of seeding materials, includ-
ing their interaction with local thermodynamic and dynamic
conditions. For instance, Xue et al. (2013a, 2013b) developed
silver iodide cloud seeding parameterization scheme imple-
mented in the WRF model. Guo et al. (2024) employed an
effective approach to represent seeding substance dispersion
and interaction, which utilizes the WRF-Chem module cou-
pled with an aerosol-aware microphysics scheme (Thomp-
son and Eidhammer, 2014). Explicitly representing such pro-
cess would help capture not only the direct microphysical ef-
fects of cloud seeding but also the secondary responses as-
sociated with aerosol-cloud-precipitation interactions. Fur-
thermore, the seeding location and its temporal movement
could be designed to more realistically represent operational
seeding practices, such as actual aircraft flight trajectories.
Such design is closely related to the model configuration
including model grid size. Integrating these advancements
in both seeding methodology and implementation strategy
would enhance the realism and applicability of numerical ex-
periments.
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Second, consideration of practical feasibility from an op-
erational perspective is lacking. The present study prescribes
cloud seeding within regions where deep convection and su-
percooled liquid water are known to exist, based on retro-
spective simulations. This design was intentionally adopted
to prioritize the examination of whether the hypothesized
overseeding processes occur and to clarify their underly-
ing physical mechanisms under well-understood conditions,
rather than to assess real-time operational implementation.
From an operational perspective, however, careful consider-
ation of practical feasibility is essential. Demonstrating such
feasibility would first require a comprehensive assessment
of the current forecasting environment in Japan, including
the accuracy of MCS predictions, observational constraints
such as data availability and latency, and the capability to
determine appropriate seeding extent and timing under fore-
cast uncertainty. At the same time, designing analyses to as-
sess operational feasibility must accurately reflect these fore-
casting and observational conditions and is inherently case-
and location-specific. In addition to forecasting and observa-
tional uncertainties, practical feasibility is also constrained
by flight safety near vigorous convection. Strong turbulence,
icing hazards associated with abundant supercooled liquid
water, and lightning activity typically restrict crewed aircraft
operations to the cloud edge or inflow region rather than the
convective core. While advances in alternative deployment
platforms, such as unmanned aerial vehicles (UAVs), may
offer new opportunities to reduce human risk and access haz-
ardous regions that are difficult for crewed aircraft to operate
in Henneberger et al. (2023) and Kazim et al. (2025), the
practical viability of such approaches remains highly uncer-
tain. Ultimately, assessing the real-world feasibility of cloud
seeding for heavy rainfall mitigation requires not only mete-
orological and microphysical considerations, but also com-
prehensive evaluations from multiple perspectives, including
engineering constraints, operational logistics, safety regula-
tions, cost–benefit trade-offs, and social and institutional ac-
ceptability. Because such comprehensive assessments extend
beyond the scope of the present mechanism-focused study,
these operational considerations are explicitly identified here
as limitations and are left as important topics for future re-
search.

Third, the robustness of the simulated rainfall responses is
subject to uncertainty arising from internal model variabil-
ity and atmospheric chaos. The present analysis is based on
single realizations for each seeding configuration, and the
resulting rainfall changes reflect the response of a highly
nonlinear convective system to a prescribed perturbation.
While the physical consistency of the simulated microphysi-
cal responses supports the proposed overseeding mechanism,
the magnitude and spatial pattern of rainfall changes may
be influenced by internal variability inherent to convective-
scale simulations. From this perspective, ensemble simula-
tions would be essential for a more rigorous assessment of
robustness. By considering multiple realizations with per-

turbed initial conditions, ensemble approaches can help re-
duce chaotic variability that is not directly related to seed-
ing and thereby more effectively isolate the direct signal at-
tributable to the seeding perturbation. Such analyses would
allow a clearer quantification of the robustness of both the
sign and magnitude of rainfall changes relative to internal
variability.
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