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1. CGControl Theory

Progress until FY2025

There are three hurdles in manipulating weather. First,
we need to find effective interventions, as an ill-planned
intervention may not produce the desired outcome. Secondly,
interventions must be feasible; weather, being large-scale,
may require enormous amounts of energy to control, while

there are also constraints on the energy we humans can expend.

Finally, the intervention must be computable; interventions
must be computed in the short time, before heavy rainfall
damage is predicted. Although the control theory can be
essential to overcome these three hurdles, the current

control theory has not dealt with such large-scale phenomena.

To clear these hurdles, two research tasks have been
established. Subject 1-1, Development of Feedback Control
Theory, extends the concept of feedback control and develops
intervention-design methods scalable for large-scale
weather fields. Subject 1-2, Development of Data-driven
Control Theory, develops weather control methods that use
Al techniques, ensemble prediction, and related data
technologies to identify effective intervention candidates
efficiently. Through these subjects, we are moving from
idealized atmospheric experiments toward more practical
weather fields, while aiming to demonstrate the feasibility
of mitigating heavy rainfall over land through offshore
rainfal| generation on a computational basis.

[Model Selection (Sub.1-1)]

Effective weather control research requires models both
tractable and representative of real atmospheric phenomena.
We adopted real atmospheric experiments within the SCALE
Regional Model, which offers both realism and usability and,
hence, is well-suited to advance our study.

’[Evaluation of Existing Gontrol Methods (Sub. 1-2)]

We evaluated a conventional weather intervention method
[Miyoshi and Sun, 2022] and showed, through comparison with
Model Predictive Control, that its reliance on the
prediction window leads to inherent l|imitations.

[Theory for Overcoming Large-Scale Challenges (Sub. 1-1)]
Meteorological phenomena are large-scale, making the
direct application of traditional control methods
computationally challenging. We have developed a fast
intervention calculation method based on convex optimization
By preparing perturbation analysis in advance, interventions
can be computed in a short time even in Ideal Atmospheric
Experiments with thousands of state dimensions (Fig.1). We
are also examining feedback-type computation in which the
degrees of freedom of intervention are restricted to reduce
sensitivity-analysis costs, while interventions are updated
according to the atmospheric state at each time step
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Fig. 1: Evaluation of convex optimization-based method

[Intervention Search via Expensive Optimization (Sub. 1-2)]
To reduce rainfall through weather control, many simulations
are needed; however, conventional methods struggle with high
computational costs. We applied Bayesian Optimization-based
Expensive Optimization to efficiently identify effective
interventions from limited trials, considering both one-
shot and sequential intervention settings. The reason for
the effectiveness of Bayesian Optimization lies in its
ability to select promising interventions based on the
results of previous simulations while also exploring new
possibilities. We are also studying approaches that use
physical information to narrow the search space and update
interventions based on future predictions. These results
suggest a pathway toward closed-loop weather control under
|imited computational resources (Fig.2).
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Fig.2: Intervention via expensive optimizations

3. Future plans

We aim to extend the developed weather control methods to
large-scale, more realistic simulations for mitigating heavy
rainfall over land under |imited computational resources.
We will compare the developed approaches in terms of
robustness, scalability, and efficiency, and advance real-
time Model Predictive Control based on forecast data to
demonstrate feasible rainfall mitigation.
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R&D Item

2. Deep Neural Network for Weather

Progress until FY2025

To achieve model predictive control of extreme
weather phenomena such as |inear precipitation bands,
it is effective to perform efficient numerical
experiments using fast and accurate data-driven
forecasting models. During 2025, we advanced our
data—-driven regional weather prediction model from a
deterministic to a probabilistic framework enabling
ensemble prediction. By introducing perturbations in
|latent space including the Bred Vector method and a
distribution-aware loss function, we significantly
improved ensemble spread growth and reduced
underestimation of extreme rainfall compared to
Gaussian noise perturbations

We also conducted research on intervention-based
forecasting to suppress heavy rainfall in data—-driven
prediction models. By guiding the sampling process of
a diffusion model with gradients, our method controls
the trajectory of the generative process rather than
directly perturbing atmospheric states, achieving
physically consistent interventions aligned with
atmospheric distributions

2. Outcome so far

We extended a Swin-Unet-based deterministic weather
mode!l to two probabilistic ensemble models: Swin-
Unet-BV, incorporating the BV  method, and
Probabilistic Swin-Unet, which introduces
perturbations within decoder layers. The latter
employs the Continuous Ranked Probability Score

107

(CRPS) as a loss function. Both models demonstrated
substantially enhanced ensemble spread across all
physical variables compared to conventional Gaussian
perturbations of initial conditions. Validation using
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Fig.1: Probability distribution of precipitation in 3-
24-hour forecasts for the Kyushu heavy rainfall event
a heavy rainfall event in the Kyushu region further
showed that incorporating the CRPS loss reduces the
underestimation of extreme precipitation relative to

the deterministic model (Fig.1).

We proposed a gradient—guided intervention method
for diffusion-based prediction models that steers the
sampling process toward desired atmospheric states
Unlike the existing methods such as AOWF, which
directly perturb atmospheric states, our approach
controls the generative trajectory, enabling
precipitation reduction while preserving physical
consistency. Numerical experiments on a heavy
rainfall event in the Kyushu region show that, whereas
conventional methods nearly eliminate the rainfall,
our approach shifts it southward (Fig.2). Further
evaluations across vertical structure, variable-wise

Standard
P~

f’/z..“ (( l.- ‘j]} ._
L{’jﬁ LR R -
A Eiﬂ/’) :
et

¥ ¢
PR v
3%

Fig.2: Intervention experiment for Kyushu heavy rainfall:
(left) pre-intervention, (center) Analysis of Optimal
Weather Forcing, (right) proposed method.

perturbations, latent-space trajectory deviation, and
mode| transferability demonstrate both effectiveness
and physical plausibility on extreme precipitation
cases in WeatherBench2.

3. Future plans

To enable large-scale ensemble data generation
across multiple scenarios at practical computational
cost, we will further optimize the previously
developed surrogate models for speed and memory
efficiency. This includes reducing model parameters
while maintaining accuracy through input variable
selection and extraction of effective subnetworks

For intervention prediction, we will develop
methods that minimize intervention magnitude using
adversarial perturbation techniques such as projected
gradient descent. We will also explore optimization
approaches with regularization that accounts for both
the magnitude and simplicity of interventions to
enhance real-world feasibility
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3. Dimensional ity Reduction

Progress until FY2025
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Fig.1: Conceptual illustration of necessary to guide

|atent space representation for the
evolution of meteorological fields

the trajectory of
weather away from a
scenario that leads to heavy rainfall over land and toward
a scenario in which heavy rainfall over the ocean reduces
the amount of atmospheric water vapor, thereby preventing
rainfal |-related disasters. However, if meteorological
data such as temperature, humidity, and wind direction are
handled exhaustively, the resulting data become extremely
high-dimensional, making prediction and control difficult
On the other hand, if similar meteorological fields evolve
into several typical patterns, then efficient control may
be possible by appropriately describing the “branching

Research and Development Item 3 aims to acquire the
essential low-dimensional degrees of freedom that are
important for weather control, namely l|atent-space
representations. To this end, we are pursuing three
approaches: reservoir computing, Koopman mode
decomposition, and landscape analysis

2. Outcomes to Date

In the reservoir computing approach, we developed methods
to extract and control low-dimensional structures related

points of fate” among these scenarios (Fig.1). Accordingly

to heavy rainfall. Using the temporary low-dimensional
structure of ensemble forecasts in chaotic systems, we
derived control inputs to avoid extreme events. We also
developed a bottom-up control method that dynamically
selects optimal interventions from |imited candidates (Fig
2). SCALE-RM experiments on the 2015 Kanto-Tohoku heavy
rainfal|l event suggested fractal-like sensitivity to small
intervention differences
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Fig.2: Method for reducing extreme events using limited local
interventions

In the Koopman mode decomposition approach, we developed
a low-dimensional modeling method that represents nonlinear
meteorological dynamics through the temporal evolution of
observables (Fig.3). Warm-bubble simulations with SCALE-RM
showed that the method can extract compact models while
balancing accuracy and simplicity

Fig.3: Investigation of latent modes in meteorological fields
related to heavy rainfall.

In the landscape analysis approach, we built a workflow
combining PCA, manifold embedding, and geometric indicators

to analyze state transitions and scenario branching in
ensemble weather predictions. We also developed a
mathematical theory to evaluate controllability under
realistic control inputs (Fig.4)
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3. Future plan

From the next fiscal year onward, we plan to use the
insights obtained through the research conducted so far to
formulate more concrete methods for acquiring latent-space
representations of meteorological phenomena. We will also
apply these methods to more complex data, including real
meteorological data, verify their effectiveness, and advance
research toward the realization of practical weather control
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4. Data Assimilation

Progress until FY2025

To realize weather control, it is necessary to predict
how the weather will respond when control inputs are given
and to estimate when, where, and how we should add signals
to the atmosphere to achieve desirable weather. However,

In Item 4, we aim to develop a weather control computation
system that can simulate the impact of control inputs on
weather based on existing numerical weather prediction
systems and estimate optimal control inputs

In addition, we conduct the acceleration of prediction
and control computations. To achieve weather control, as
mentioned above, these computations must be completed before
a disaster occurs or before the appropriate timing for
control is missed. However, running numerical models used
for weather prediction generally requires significant
computational cost. With current computational resources and
mainstream computational algorithms, it is anticipated that
it would be difficult to complete these computations in a
realistic timeframe. Therefore, we will introduce surrogate
models and latent space representation techniques derived
from mathematical research and deep learning into the
prediction and control computation system. This will enable
the calculation of control inputs in a realistic timeframe
while evaluating effective elemental technologies for
weather control computation. We also aim to utilize quantum

to optimize model predictive control and data assimilation
calculations by mapping them to the Ising model and
accelerating computations through quantum annealing

2. Outcome so far
Since the project began in December 2023, we have focused
on developing a system capable of predicting the effects of

there is currently no system capable of handling these tasks

computers, which are a cutting-edge computational technology,

control inputs on the atmosphere. In FY2023, we selected
offshore structures as the control input and implemented
actuator functionality within a regional weather model so
that the effects of such structures could be simulated. We
used the SCALE model, developed by RIKEN (Nishizawa et al.

2015; Sato et al., 2015), and introduced the effects of
offshore structures on wind were represented by adding
additional resistance forces to the model’s surface layer

We prepared an environment to run simulations on the
supercomputer Fugaku and conducted experiments with and
without control to assess the impact of interventions by
comparing simulation results. In collaboration with Item 5

we selected a case study and focused on the heavy rainfall
event that affected the Kanto and Tohoku regions in
September 2015. Our experiments confirmed that the
instal lation of offshore structures generated a rainfal

area of approximately 20 mm (24-hour accumulated total) on
the leeward side of the structure. Sensitivity analysis on
the size of the structure showed that larger structures
resulted in increased rainfall directly downwind, but also
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a reduction in rainfall further downwind (Fig. 1)

We are also working on the development of methods to
estimate when, where, and how control should be applied in
order to realize desirable weather conditions. In FY2025,
we moved beyond the simplified atmospheric models that had
been used in our previous studies and implemented model
predictive control (MPC) within a realistic atmospheric
model. Since weather control must be conducted in
conjunction with weather prediction, we employed the

existing forecasting system SCALE-LETKF (Lien et al., 2015)
and named the developed system SCALE-LETKF-MPC
An example of applying this system to the August 2021
heavy rainfall event in Kyushu, Japan, is shown below. In
this experiment, weather control was applied within the blue
boxed region in Fig.2, with the aim of reducing
precipitation in the orange target region. Weather control
was implemented by introducing virtual offshore structures
into the model. As a result, compared with the case without
control, the total precipitation was reduced by
approximately 20% (Fig.3)
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Fig.2: Experimental setting for August 2021 case. (A)
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Fig.3: Precipitation amount in the targeting domain
(green) with and (black) without control. Solid and
broken line shows hourly and accumulated precipitation

respectively

3. Future plans

Future works include investigating the robustness of the
control method, optimizing control locations, and
accelerating the computations required to solve these
problems within real-time constraints.
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5. Weather Prediction

Progress until FY2025

Due to the recent progress of global warming, occurrence
of heavy rainfall is becoming more frequent in Japan as wel |
as various parts of the world. Against this background, the
project “Artificial generation of upstream maritime heavy
rains to govern intense-rain-induced disasters over land
(AMAGOI)” aims to reduce heavy rainfall on land downstream
by artificially enhancing heavy rainfall over the ocean.
Specifically, the idea is to generate rainfall upstream over
the ocean to reduce the water vapor that serves as the seed
for rain.

During the Baiu-season, the East China Sea upstream has
an environment conducive to the development of cumulonimbus
clouds due to evaporation from the warm sea surface and the

transport of large amounts of water vapor from the southwest

In fact, one can see that precipitation tends to develop
downstream, triggered by small islands west of Kyushu. Based
on these facts, Item 5 “Investigation of Effective
Intervention Operations for Generating Offshore Heavy Rain, ”
considers that it may be possible to generate and enhance
precipitation over the ocean with even a “small” human-
induced stimulus. The goal is to clarify in which situations
The goal is to investigate the feasibility of weather
intervention. This involves reproducing heavy precipitation
events with numerical weather models to test and confirm
the effectiveness of “realistic” meteorological
intervention methods.

2. Outcome so far

In this project, we conducted reproduction and
intervention experiments for various heavy rainfall events
For the Kyushu heavy rainfall event of 12-13 August 2021
we performed large ensemble simulations in which random

perturbations were added to the water vapor mixing ratio
below 300 m at 12 hours after model initialization.

To enable effective offshore rainfall-formation
interventions, it is necessary to identify in advance where
interventions are likely to induce precipitation changes
We therefore developed an intervention-effectiveness index
based on the inner product of precipitation differences and
lag-regression coefficients (Fig.1)

Using this index and sensitivity analysis, offshore
structures were placed at suitable locations and times to
promote offshore rainfall formation, resulting in a 5-8%
reduction in heavy rainfall intensity (Fig.2). Using the
Japan Meteorological Agency dataset of |inear precipitation
band events, we estimated that such effective intervention

cases occur about four times per year in Kyushu and Yamaguchi

We also examined overseeding using the WRF model for the
2014 Hiroshima, 2017 Northern Kyushu, and 2021 Northern
Kyushu heavy rainfall events. Seeding was represented by
modifying ice-nuclei concentrations. In all cases
precipitation was dispersed downstream, reducing localized
rainfal | peaks. To enable more realistic representation, we
also implemented a cloud microphysics scheme with prognostic
aerosols and modified it to support future seeding
exper iments

In addition, during the 2025-2026 winter season, we
conducted an aircraft-based cloud-seeding preliminary
experiment over Toyama Bay. Through this experiment, we
identified operational issues related to aircraft
coordination, seeding methods, and target-cloud selection
We also established an observation site in Nyuzen, Toyama
Prefecture, and conducted observations using a polarization
lidar, Doppler lidar, microwave radiometer, and other
instruments. These efforts have advanced both numerical and
field-based knowledge toward future weather—control
experiments around 2030
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Fig. 1: Relationship between rainfall in the target heavy-
rainfall area and earlier upstream rainfall. From left
to right, the panels show the relationships for rainfall
24, 18, and 12 hours earlier

0.1
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Fig.2: Rainfall distribution without intervention and
changes caused by installing offshore obstacles. Rainfall
shows the ensemble-mean total during the simulation
period. Red boxes indicate obstacle locations, and
dashed/solid |ines show the original heavy-rainfall areas

3. Future plans

We will extract more than ten heavy rainfall cases from
reanalysis and satellite precipitation data and apply the
intervention-effect index to statistically evaluate
meteorological conditions favorable for effective
intervention and the occurrence frequency of potential
intervention cases. We will also conduct the 2026-2027
winter field experiment over Toyama Bay
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6. Engineering

Progress until FY2025

Weather intervention to prevent damage from heavy rainfall
has never been tackled in human history, and is by no means
an easy task, even with the cutting-edge technologies. Even
if it is feasible, it requires careful consideration of
safety and ethical issues. One method currently proposed is
microwave atmospheric heating technology (see Fig.1), in
which microwaves are irradiated to a certain point in the
sky to promote atmospheric heating and induce the formation
of raining clouds away from densely populated areas. It is
essential to repeatedly run simulations on a computer prior
to engineering indoor and outdoor experiments to fully
confirm whether this technique is effective from

meteorological and societal viewpoints
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Fig. 1: Schematic of microwave-induced atmospheric heating

The feasibility of microwave atmospheric heating is
verified through studies based on numerical simulations. In
FY2024, we carried out numerical simulations to study
whether or not it is technically feasible to artificially
induce raining clouds by microwave atmospheric heating

2. Outcome so far

Microwave atmospheric heating utilizes the microwave

in the
in the

absorption by water vapor and oxygen molecules
atmosphere, as well as cloud water and rainwater

atmosphere. The figure shows the results of a simulation of
atmospheric heating using microwave absorption by water
vapor molecules as an example. In the calculation, a weather
state characteristic over ocean around Japan are assumed
with a microwave emitter with 1 megawatt power and an antenna
gain of 40 dB
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Fig.2: (Top-left) The atmospheric heating rates in

gradation (unit: °C/hour) for an emitter at the origin
(lower left corner). (Bottom-left) The heating rate at
specific altitudes (0, 0.5, 1.0, 1.5 and 2.0 km). Top-
and bottom-right present the simulation with a second
emitter installed at x=1 km

Fig.2 (top-left) shows that a high heating rate (yellow)
is expected in the vicinity of the emitter, but the heating
rate rapidly decreases with distance from the emitter (blue)
The heated area is somewhat expanded if a second emitter is
installed at x=1 km (top-right). To visualize this more
quantitatively, Fig.2 (bottom) depicts its cross section at
an altitude of 0.5 km, implying a heating of about 1° G per
hour directly above the radiator (x=0). This value is
comparable to the latent heating released in cumulonimbus
clouds. It is hence theoretically possible to induce rain
clouds by microwave heating

Fig. 3 shows the simulated evolution of a heated air parcel
for different moisture environments. The air begins to

Height [km]

ascend rapidly at some point when the environment is very
moist, implying the onset of raining clouds. Otherwise the
air simply oscillates around a nearly constant height
without evolving into clouds. It follows that the potential
of microwave heating as a trigger of rain formation depends
largely on how moist the ambient atmosphere is
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Fig.3: Time evgldtion of a heated air parce{ gor three
different vapor mixing ratios. (Left) Water vapor band
(22 GHz). (Right) Oxygen (60 GHz) band.

A microwave beam is, however, very narrow in the vicinity
of the emitter. Fig.4 shows the microwave beam width, with
smaller values indicating a narrower heating region. Even
in the atmosphere at a distance of 1 km from the emitter,
the beam width is about 40 m. Considering that the scale of

cumulonimbus clouds can be several kilometers, heating is
spatial ly Microwave FOV FWHM
limited to a "
E150
very small =
area. This ¥'®
fact casts 3 %
doubt on the 0 ] 3 3 7 .
feasibility distance [km]
of microwave Fig.4: The beamwidth changing with the
heating. distance from the emitter

3. Future plans

This research is terminated at the end of FY2025. In addition
as other means of intervention, we have begun examining
offshore structures and advanced cloud seeding
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Progress until FY2025

In this research item, we continuously identify legal barriers
to the experimentation and implementation of weather control
measures. Relying primarily on literature reviews, it examines
legislation related to disaster countermeasures and associated
theoretical trends. The goal is to develop both (a) a legal
framework that reflects the unique conditions of weather control
initiatives and (b) a compensation mechanism to address any
negative externalities. Specifically, the following themes are
addressed (cf. Table 1):

1. Survey of dam operation regulations for the development of
implementation standards.

2. Review of the current legal status of potential entities for
implementing weather control.

3. Analysis of current status and issues of the U.S. National
Flood Insurance Program (NFIP).

4. Investigation of public perceptions regarding river safety.

5. Consideration of compensation systems relevant to weather
control measures, including the necessity of such a system
(Table 1).

Based on these investigations, the project seeks to develop an
action plan to resolve legal challenges associated with weather
control efforts.

2. Outcome so far

1. We examined dam operation regulations in order to develop
standards for weather control, focusing primarily on how the
target of control (floods) is defined, how the means available
for control (flood regulation capacity) are determined according
to the season, and other considerations relevant to the
implementation of control measures (such as irrigation needs).

2. To identify potential implementing entities, we selected

several national administrative organizations and compared and
analyzed their roles within Japan’ s current disaster
countermeasures legislation.

3. The NFIP was analyzed as a policy tool designed to incentivize
land-use regulation as a means of mitigating flood risks. We
revealed that the NFIP, which had been grappling with financial
difficulties and the dilemma of affordability, transitioned to
a new approach called “Risk Rating 2.0” — which combines
measures to mitigate sudden changes while reflecting actual risk
in premium rates. We further clarified that this U.S. example,
which shifted to a market-based, risk-reflective system, serves
as an important model for the future design of Japan’ s weather
control system.

4. As a preliminary investigation into the feasibility of weather
control, we analyzed |itigation records to determine what actions

by river authorities have been chal lenged as illegal by residents.

This inquiry reveals two primary types of claims: (a) those
alleging delays or failures in implementing river improvement
projects, even though they are aware of the existence of
financial and social restrictions, and (b) those contesting the
adequacy of existing flood control infrastructure.

b. We clarified that the Act on Launching Spacecraft and Launch
Vehicle and Control of Spacecraft in Japan, which applies to
activities utilizing advanced science and technology, imposes
strict liability and unlimited liability on operators — a fact
that should be taken into account when establishing legislation
for weather control. We also revealed that it is difficult to
provide adequate relief for damages resulting from weather
control operations under Japan’ s existing national compensation
system, and that the need to establish a compensation system
specifical ly for weather control is undeniable. We also attempted
to clarify the potential physical and property damage, drought
damage, and impacts on agriculture, forestry, and fisheries that
could result from weather control.

Topics

Key Findings

Implications for
Institutional

Clarifying the

Design

Foundations for

Dam operation definition for floods formulating
regulations and the operational implementation
criteria standards
Comparison of the
. authorities and roles . .
Entities for . . Entity selection and
. . of existing disaster . )
implementing authority design
countermeasures
agencies
Flood Confirmation of the ) )
s ) Risk-reflective
Insurance transition to Risk compensat ion system
Program Rating 2.0 in the US P Y
Public Clarifying expected Ensuring social

perceptions

Compensation
systems

standards for safety

Confirming the limits
of remedy under the
existing systems

acceptance

Consideration of a
specialized
compensation system

Table 1: Legal Issues Surrounding Weather Control

3. Future plans

MOONSHOT

RESEARCH & DEVELOPMENT PROGRAM

Building on the above findings, we plan to further investigate
the identified issues and to work on developing the above action
plan. This will involve analysis of relevant laws, judicial
precedents related to water-related disasters, international
treaties, and special provisions governing indemnity contracts.
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8. Damage Estimates

Progress until FY2025

In this research item, we develop a methodology for
estimating the effect of weather control on reducing
economic damage (Fig.1). Specifically, we are
developing; 1) a flood and inundation simulation
model for the entire Japan for calculating the
inundation area and its depth in the cases with and
without weather control; 2) an exposure asset
database based on various statistical data and a flood
economic damage estimation model based on inundation
depth and exposure information, and 3) a risk
estimation model of landslide disasters triggered by
heavy rainfall events. In FY2025, we newly started 4)
developing the scenarios for implementing weather
control in the actual society.

Flood damage DETEGEET T Risk
calculation estimation calculation

., Flood House Affected
G “inundation damage population wy/ control
S0Y model [ scenario
S TRl
g

I 1 » w/o control
I /' \scenario
{}

Corporate

property
- direct damage
- indirect damage

.
/ Damage amount

ouses in Japan 7 simulation based on heavy
facilities and factories tain disasters after 2019

Quantifying damage
reduction effects

Fig.1: Quantification of the effect of weather
control on reducing economic damage

2. Outcome so far
1) Disaster Data Development for Model Regions (8-1)
In FY2025, Kyushu was selected as the model region
MLIT flood damage statistics were integrated to
organize inundation frequency and losses by river
system and inundation mechanism. Inundation-area data
from public sources, including GSI and MLIT, were
linked to heavy-rainfall events, and representative
events were screened for reproduction analysis. With
4-1 and 8-2, the 2021 northern Kyushu heavy rainfall
event was analyzed using weather—control model
experiments. Changes in flood inundation and economic
damage with and without intervention were estimated
confirming consistency among rainfall change,

inundation scale, and damage (Fig.2)
2) Economic Damage Estimation Workflow (8-2)

An integrated framework and workflow were developed
for economic damage estimation. The model provides
one-stop estimates of human damage, private fixed-
asset damage, and indirect losses, including business
interruption and lost profit. A benchmark
reproduction test for the 2015
Kinugawa River flood showed
that mean estimated damage was
within 70-90% of observed
values. Further parameter
tuning is needed, but benchmark
performance was favorable. The
team also contributed to

wControl — woControl

analysis of the 2021 northern
Kyushu weather-control
experiment (Fig.2)

Fig.2: Inundation
Depth Change

3) Hybrid Model for Slope Failure (8-3)

For rainfal |-triggered slope failures
probabilistic-statistical and physical models were
evaluated using the Hiroshima heavy rainfall case
The improved statistical model achieved ROC-AUC =
0.73, where 1 indicates high accuracy and 0.5 random
prediction. Sensitivity analysis of the physical
mode!| identified soil and geological conditions as
key factors. Relationships between the two model
outputs were then developed to expand applicability
through hybridization
4) Natural Disaster Timeline Study (8-4)

Timeline cases for past natural disasters in Japan
including floods, sediment disasters, and storm
surges, were collected and organized by hazard type
region, and meteorological conditions. Based on these
cases and existing warning systems, preliminary
timelines were drafted for residents, public agencies
and weather—control operators. Their timing was also
compared with stages of assumed weather control, such
as cloud seeding

3. Future plans

For the flood inundation and economic damage
estimation model, reproduction calculations of
inundation areas and damage amounts will be conducted
for major past flood events across Japan. For the
slope failure model, the range of target cases will
be expanded for further validation. For social
implementation scenarios, timelines for residents,
public agencies, and weather-control operators wil
be developed in model regions, assuming the use of
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9. RRI & Ethics

Progress until FY2025

e To promote scientific and technological progress
in harmony with society, thereby fulfilling the
public’ s trust and expectations, we organized a
public workshop (Fig.1 and Fig.2).

e We interviewed environmental ethicists in Japan
and abroad about recent trends in the ELSI of
weather control technologies

e We identified important ELSI issues through a
survey of the ethics of geoengineering in
contemporary environmental ethics.

2. Outcome so far

e Using ELSI issues as a starting point, we
proceeded to identify key ELSI issues in weather
modification research. To make use of these
findings, we conducted a public workshop to
survey public opinion on key ELSI issues in
weather modification ethics.

3. Future plans

e Conducting workshops on public perceptions
regarding the implications of ELSI issues.

e Based on mind maps, the selection of ELSI issues
that require particular consideration when
conducting weather modification research and
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R&D Item

1 0. Environmental Monitoring

Progress until FY2025

This project promotes public communication
necessary for the realization of weather control,
leveraging information science. By utilizing deep
learning  and visual information processing
technologies, we aim to accelerate research on
weather intervention through four-dimensional (4D)
visualization of the processes behind local heavy
rainfall and the effects of weather intervention.
This visualization system will also contribute to the
project’ s outreach promotions.

By FY2025, we constructed a four—-dimensional
visualization system integrating ray marching and
neural fields for qualitative analysis of weather
intervention effects. The introduction of ray
marching and optimization of VRAM transfer processing
achieved over 30 times higher data processing
efficiency than conventional approaches. Moreover,
temporal interpolation techniques based on advection
modeling with neural fields enable smooth time-series
visualization.

2. OQutcome so far
(1) High-Precision Advection Modeling Using Neural

Fields

In FY2025, we developed an advection modeling
technique based on an interpolation method using
neural fields with geometric transformations. The
proposed method models spatiotemporal advection from
grid-point data generated by numerical weather models
and performs spatiotemporal interpolation, achieving

higher accuracy (RMSE:0.70km/10min) than conventional
linear interpolation methods (RMSE:0.92 km/10min). In
particular, we successfully reduced the model size
from 100.7MB for a |linear interpolation model
constructed from down sampled original data to 1.0MB
as presented in Fig. 1.
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Fig. 1: The advection data used for interpolation and
the relationship between spatial resolution and
interpolation accuracy

(2) Advanced Visualization of Weather Intervention
Effects Using Ray Marching (Task 10-2)

To eliminate the discontinuities observed in
conventional point-cloud-based visualization, we
introduced a ray marching method implemented with
custom shaders in Unity. As shown in Fig.2,
atmospheric components could be represented as
spatially continuous and smooth volumetric data
facilitating qualitative comparison before and after
weather intervention. Furthermore, through runtime
resampling and optimization of VRAM transfer
processing, we achieved more than 30 times
improvement in data processing efficiency compared
with conventional methods. This demonstrated the
feasibility of real-time processing for large-scale
four-dimensional datasets on the order of 64GB

Fig.2: 4D volume visualized with custom shader.
(The heavy rainfall in Hiroshima in August 2014)

3. Future plans

In FY2026, we will advance the integration of the
developed technologies and apply them to diverse case
studies. First, we will further enhance the 4D
visualization system integrating neural-field-based
advection modeling and ray marching. In collaboration
with meteorological researchers, we will obtain high-
resolution numerical simulation data and improve
temporal interpolation quality to realize more
natural weather intervention simulations. Using this
system, we will visualize multiple intervention
scenarios, including cloud seeding and ground-wind
control, and conduct multifaceted evaluations of
weather control effects

In addition, we will expand outreach activities
through the application of the system to
observational radar data, the publication of
demonstration videos
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