Comment:

This manuscript presents a clear numerical case study of cloud overseeding aimed at
reducing the localization of extreme rainfall during the August 2014 Hiroshima event. The
sensitivity tests of seeding height and seeding area are well organized, and the results
provide useful insight into when the model is most responsive. I recommend minor
revisions focused on adding clearer explanation and justification of real-world feasibility,
uncertainty, and the practical implications of increased rainfall downstream, so that readers
can interpret the findings appropriately.

Response:

We thank the reviewer for this positive and constructive evaluation of our manuscript. We
appreciate the recognition of the clarity of the numerical case study, the organization of the
sensitivity experiments, and the usefulness of the results in identifying conditions under
which the model is most responsive.

In response to the reviewer’s suggestions, we have revised our manuscript to improve the
clarity of the discussion on real-world feasibility, uncertainty, and the practical implications
of downstream rainfall increases, so that readers can more appropriately interpret the
findings. We believe these revisions have strengthened the manuscript while remaining
consistent with its mechanism-focused scope.

In our responses, the additional text introduced in the revised manuscript is indicated
in red.

Major comments

1. Feasibility and operational realism: Please expand the feasibility discussion so readers
can understand what real deployment could look like for the most effective configurations,
which occur in the mid- to upper troposphere and require a large horizontal footprint.
Clarify the assumed operational geometry (in cloud, cloud edge, or inflow) and the
plausible delivery platforms at the target altitude. Please also discuss practical constraints
near vigorous convection, including turbulence, icing, and flight safety, and how these
constraints limit where seeding can be performed.

Response:

We thank the reviewer for this important comment. We agree that clearer explanation of
real-world feasibility and operational realism is essential for the appropriate interpretation
of the results.



In the revised manuscript, we have expanded the discussion while maintaining the original
positioning of operational feasibility as a limitation, rather than attempting to resolve it
within the scope of this mechanism-focused study.

First, in Section 2.3 (Experimental settings), we clarified the interpretation of the prescribed
box-type seeding by adding the sentences below. We explicitly state that the fixed Eulerian
enhancement of ice nuclei represents an idealized, best-case configuration equivalent to
effective in-cloud delivery to the mixed-phase region, and should be regarded as an upper-
bound sensitivity experiment rather than a direct operational scenario.

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 underlying mechanisms of
overseeding, which should be regarded as an upper-bound sensitivity experiment rather
than a realistic operational implementation.

Second, in Section 4.3 (Limitations and implications for operationalization), we have added
a discussion clarifying that practical feasibility is constrained not only by forecasting and
observational uncertainties but also by flight safety near vigorous convection. We now
explicitly describe how 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, thereby limiting
realizable seeding geometry and coverage relative to the idealized configuration used in the
numerical experiments. We briefly note that future advances in alternative deployment
platforms, such as unmanned aerial vehicles (UAVs), may offer opportunities to reduce
human risk, while emphasizing that their practical viability remains highly uncertain due to
current technical and operational limitations. We further clarify that evaluating the real-
world feasibility of cloud seeding for heavy rainfall mitigation requires comprehensive
assessments that extend beyond meteorological and microphysical perspectives, including
engineering constraints, operational logistics, safety regulations, cost—benefit
considerations, and social and institutional acceptability.

In addition to forecasting and observational 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 hazardous
regions that are difficult for crewed aircraft to operate in (Henneberger et al., 2023; Kazim
et al., 2025), the practical viability of such approaches remains highly uncertain.



Ultimately, assessing the real-world feasibility of cloud seeding for heavy rainfall
mitigation requires not only meteorological and microphysical considerations, but also
comprehensive evaluations from multiple perspectives, including engineering constraints,
operational logistics, safety regulations, cost—benefit trade-offs, and social and institutional
acceptability. 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 research.

Henneberger, J., Ramelli, F., Spirig, R., Omanovic, N., Miller, A. J., Fuchs, C., ... &
Lohmann, U. (2023). Seeding of supercooled low stratus clouds with a UAV to study

microphysical ice processes: an introduction to the CLOUDLAB project. Bulletin of the
American Meteorological Society, 104(11), E1962-E1979.

Kazim, M., Azzam, R., Burger, R., Wehbe, Y., Zweri, Y., Seneviratne, L., & Werghi, N.
(2025). Unmanned aircraft systems for precipitation enhancement: Advancements,
challenges, and future prospects. Atmospheric Research, 108333.

These additions are intended to provide readers with clearer operational context and
uncertainty, while reinforcing the interpretation of the present results as upper-bound
sensitivity experiments rather than immediately actionable operational guidance.

2. Targeting constraints in real experiments: Please describe limitations that arise from
limited control over seeding location and timing in practice. In particular, discuss whether
the reported optimal 24 km by 24 km case depends on perfect targeting of evolving
upstream convective cells and how sensitive the conclusions might be if seeding must be
restricted to smaller areas, shorter durations, or locations and timings offset from
convective cores due to forecast and nowcast uncertainty.

Response:

We thank the reviewer for this insightful comment regarding targeting constraints in
practical seeding operations.

The sensitivity experiments presented in this study were designed to explicitly examine
how rainfall responses depend on the spatial extent and placement of seeding, particularly
with respect to upstream convective cells. In Section 3.2, we systematically compare
seeding areas of 6 km x 6 km, 12 km % 12 km, and 24 km x 24 km, and show that
restricting seeding to smaller areas results in substantially weaker mitigation of localized
heavy rainfall. This comparison indicates that the reported optimal 24 km % 24 km case



reflects conditions under which seeding successfully influences upstream convective
development.

In addition, the analysis of divided seeding configurations in the Supplementary Material
(Figures S7 and S8) demonstrates that seeding applied only to part of the upstream region is
less effective than seeding over the full 24 km x 24 km area. These results highlight the
sensitivity of the seeding impact to the ability to capture evolving upstream convective
cells.

With respect to targeting accuracy in time and space, the experiments are conducted using
retrospective simulations in which the evolution of the convective system is known a priori.
We added discussion in Section 4.3 (Limitations and implications for operationalization),
saying that such conditions differ fundamentally from real-time operations, where forecast
and nowcast uncertainty would limit precise control over seeding location, duration, and
timing. These constraints imply that the effectiveness achieved in the optimal 24 km x 24
km configuration should be interpreted as an upper-bound sensitivity result, and that
reduced effectiveness can be expected if seeding must be applied over smaller areas, shorter
durations, or locations offset from convective cores in practice.

Second, consideration of practical feasibility from an operational perspective is lacking.
The present study prescribes cloud seeding within regions where deep convection and
supercooled liquid water are known to exist, based on retrospective simulations. This
design was intentionally adopted to prioritize the examination of whether the hypothesized
overseeding processes occur and to clarify their underlying physical mechanisms under
well-understood conditions, rather than to assess real-time operational implementation.
From an operational perspective, however, careful consideration 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 forecast uncertainty. At the same
time, designing analyses to assess operational feasibility must accurately reflect these
forecasting and observational conditions and is inherently case- and location-specific. [...]
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 research.

This interpretation is consistent with the study’s emphasis on identifying favorable
conditions and underlying mechanisms, rather than on prescribing operational seeding
strategies.



3. Physical meaning of the seeding method: Please provide additional justification for
representing overseeding by multiplying the ice nuclei concentration in the Meyers
formulation by a very large factor within a fixed box. Readers will benefit from a direct
statement of what magnitude of ice number enhancement is actually produced in the seeded
volume during the seeding period (for example, typical and peak values). This would
clarify how the chosen multiplier relates to a plausible range of effective ice nuclei
increases and how strongly the results depend on this choice.

Response:

We thank the reviewer for this comment regarding the physical meaning and justification of
the seeding representation.

In this study, the justification of the seeding method is based on the resulting ice number
concentrations actually produced in the simulations, rather than solely on the choice of the
artificial multiplier itself. As described in the caption and discussion of Figure 10, the
seeding experiments produce an increase in ice number concentration on the order of 10°
kg™ at the seeding location during the active seeding period (e.g., at 16:30 UTC). This
value represents the typical magnitude of enhancement achieved in the most effective
cases.

To evaluate whether such ice number concentrations are physically plausible, we further
relate them to known properties of intense glaciogenic seeding materials. Dry ice is known
to generate an extremely large number of ice crystals through deposition freezing, on the
order of 10" kg™! per gram of dry ice (Fukuta et al., 1971; Murakami, 2015). Based on this
established relationship, we estimated the amount of dry ice required to produce the
simulated ice number enhancement, as presented in Section 4.2, resulting in an order-of-
magnitude estimate of approximately 3,240 kg for a 3-hour seeding operation. This
estimation provides the basis for our discussion of the practical realism and limitations of
the seeding experiment. Therefore, the magnitude of ice number enhancement, its physical
plausibility, and its implications for real-world feasibility are discussed explicitly in Section
4.2.

In contrast, Section 2.3 focuses on clarifying the modeling rationale of the seeding
implementation. In response to the reviewer’s comment, we revised Section 2.3 (shown
below) to more clearly explain that applying a large artificial multiplier to the Meyers
formulation within a fixed box is intended to represent an idealized overseeding condition,
designed to isolate the microphysical and dynamical response of convective clouds to



extreme increases in ice nuclei, rather than to simulate the detailed transport and dispersion
of seeding materials or a specific operational release rate.

Next, we performed cloud overseeding experiments by modifying the CTL run based on the
concept of overseeding to investigate the potential of the overseeding for mitigating the
heavy rainfall. We represented cloud overseeding 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 Morrison 2-
moment cloud microphysics scheme (Meyers et al., 1992).

n. = exp{—2.80 + 0.262 x (273.15 - T)} x B8 (1)

where n. is the number of ice nucleus concentration per kilogram, 7 is air temperature in
kelvin, and f is a unit less multiplier introduced in this study. 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'* kg kg'! and an air temperature below —
4°C (i.e., deposition freezing). We artificially increased the number of ice nucleus
concentration by adopting a large unitless multiplier (8=10'"). This type of representation
has been commonly adopted in previous numerical studies to examine the limiting
microphysical and dynamical response 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 artificially generated using silver iodide (Agl) or dry ice (Fukuta et al.,
1971).

Together, these clarifications connect the numerical implementation, the resulting ice
number concentrations, and the subsequent feasibility discussion in a consistent framework.

4. Downstream impacts and net-hazard framing: Because the mechanism redistributes
rainfall downstream, the results should be discussed in a net-hazard context. Please add a
concise diagnostic or justification showing whether overall extremes are reduced rather
than shifted. At minimum, report whether the domain-wide maximum 3-hour rainfall
increases or decreases in the seeded runs and how the area exceeding key thresholds
changes when computed from each seeded run, not only using the control-defined heavy-
rainfall mask.

Response:



Thank you for this important comment. We agree that the results should be interpreted in a
net-hazard context, given that the overseeding mechanism redistributes rainfall
downstream.

To address this point, we examined rainfall changes over an extended analysis domain
(131.8°E—132.8°E, 34°N-35°N), which encompasses not only the heavy-rainfall region
defined in the control run but also the downstream area where rainfall increases were
observed. This analysis is presented in Figures 8d—8f. In particular, Figure 8f shows the
distribution of 3-hour rainfall differences over the extended area for the most effective
seeding case (24 km x 24 km). The results indicate that negative rainfall differences
dominate, with a minimum change of —45.43 mm and a maximum increase of +23.69 mm
in 3-hr accumulation, suggesting that the overall extremes are reduced rather than simply
shifted downstream.

These results indicate that the implemented seeding redistributes precipitation in a manner
that mitigates the localization of extreme rainfall, without introducing new hazardous
extreme accumulations in the downstream region at comparable magnitudes. While
downstream rainfall increases do occur, their magnitude remains smaller than the
reductions within the original heavy-rainfall region.

We note that we did not focus on domain-wide extrema over the full model domain, as such
large-scale statistics are strongly influenced by atmospheric chaos and may obscure the
localized response directly attributable to the seeding perturbation. Instead, we focused on a
physically relevant regional scale aligned with the convective system of interest.

Based on these analyses, the manuscript concludes that the implemented seeding
configuration reduces the hazard associated with localized extreme rainfall in a net-hazard
sense, rather than merely displacing extremes downstream.

To clarify the point above, we added the following sentences to explain Figure 8:

[...] However, our evaluation over the extended analysis domain (131.8°E-132.8°E, 34°N—
35°N) shows that the 24 km % 24 km seeding configuration induced greater rainfall
increases further downstream (up to 23.7 mm; 310.5% in Figure 8f), compared to the 12 km
x 12 km case resulting in a smaller maximum increase of 18.45 mm (241.8%; Figure 8e).
Despite such increases downstream, reductions in extreme 3-hr rainfall remain dominant,
indicating that the seeding primarily mitigates the localization of extremes rather than
simply shifting comparable hazards downstream (Figure 8f).



5. Uncertainty and robustness: The manuscript notes strong nonlinearity and sensitivity to
atmospheric chaos, but the results are interpreted mainly from single realizations. Please
add a short justification for how robust you expect the sign and magnitude of the rainfall
changes to be relative to internal model variability for this convective case. If additional
ensemble simulations are not feasible, clearly state this limitation and adjust wording so
conclusions are framed as conditional sensitivity results.

Response:

We appreciate your insightful comment. In response to this comment, we added a third
limitation in Section 4.3 (shown below), clarifying that the present results are based on
single realizations and are therefore subject to internal model variability associated with
convective chaos. We now explicitly state that ensemble simulations would be required to
assess robustness by averaging out chaotic variability and isolating the direct seeding
signal, but that such simulations are left for future studies due to significant computational
demand.

Third, the robustness of the simulated rainfall responses is subject to uncertainty arising
from internal model variability 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 microphysical 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 simulations would be essential for a more rigorous assessment of
robustness. By considering multiple realizations with perturbed initial conditions, ensemble
approaches can help reduce chaotic variability that is not directly related to seeding and
thereby more effectively isolate the direct signal attributable 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.

Minor comments

6. Clarify the seeding time protocol in the model: whether the multiplier is applied
continuously at each model time step from 16:00 to 19:00 UTC, or applied intermittently.

Response:

Thank you for pointing out this issue. We have added the following sentence in Section 2.3
(Experimental settings) to clarify the time step used in the seeding experiments:



In all overseeding experiments, the unitless multiplier in Meyer’s formulation was applied
at every model time step (every 3.33 seconds in d03) from 16:00 to 19:00 UTC on 19
August 2014.

7. For reproducibility, consider providing the specific code modification location where the
multiplier is applied, as well as the key namelist settings used for these experiments.

Response:

Thank you for pointing out this issue. We have included the following sentence in Section
2.3 to clarify where we have made the modification to implement seeding practices:

The modification of Meyer’s formulation was implemented within the WRF physics
module module mp _morr _two _moment.F.

Furthermore, we have added the important computational settings in Table 1 for clarifying
our namelist settings:

Physics parameterizations

Cumulus convection (only dO1) Kain—Fritsch (Kain, 2004)

Cloud microphysics Morrison 2-momnet (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 MMS5 (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 hours

8. Check the following typos:
- “Morrison 2-momnet” in Table 1 (should be “2-moment”)
Response:

Revised as suggested.

- “upper raw, middle raw, and bottom raw” in the Figure 6 title (should be “row”
Response:

Revised as suggested.

- “folloing” in Table 2 (should be “following’)
Response:

Revised as suggested.



