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Anonymous Referee #1

Using WRF-Chem-SBM, the authors conduct a realistic short-term regional simulation and a
counterfactual one (same as the realistic one but without continental aerosols). They briefly showcase
the model is valid by comparing the control (realistic) simulation with some observations. Then they
use the pair of simulations conducted to study ACI. Ultimately, the results are mixed and show that
ACI is complex and regime-dependent. I think this is a fine manuscript overall: it is interesting,
relevant, and seems logical. I do have some concerns before publication (which I will ultimately

support) — for the recored, I concur with Reviewer 1's concerns, though I tried not to repeat them.

We sincerely appreciate your encouraging and constructive comments and suggestions, which have
greatly helped us improve the quality of this study. All of your comments have been carefully addressed
and the corresponding revisions have been incorporated into the manuscript. Our detailed point-by-
point responses are provided below (in blue).

General comments:

B An interesting detail in the experiment setup is disabling the radiative effects of aerosols and
clouds. That’s smart, but how much does it really impact the simulations here? Could this decision
be contextualized with prior studies and potentially by showing results where these effects are not
disabled? How about other confounding effects — of course, you didn’t choose to modify other
processes (the entropy of the system is different in the simulations). I would like the authors to
discuss this decision a little more, and maybe opine on what else could be done to get rid of
confounding factors/feedbacks

This approach (disabling the radiative effects of aerosols and clouds) has been commonly used
for separating ACI/ARI signals in modeling studies. For example, Liu et al. (2020) isolated the
significant enhancement effect of ACI on the extreme heavy rainfall event in Guangzhou in 2023
by turning ARI on/off in simulations. Wang et al. (2020) used similar ARI on/off sensitivity
experiments to analyze the impact of dust aerosols on radiative energy budget during a dust storm



and examined their role in the accumulation of primary pollutants over land and the formation of
secondary pollutants over the ocean. Zhao et al. (2025), by comparing sensitivity experiments with
ACI/ARI turned off against a baseline simulation, disentangled the contributions and mechanisms
of both ACI and ARI during a complex pollution episode...

In order to examine how this approach (disabling the radiative effects of aerosols and clouds)
impact the simulations, we have conducted the simulations tests (all tests use settings consistent
with the Control experiment except for radiation settings) in which cloud radiative effects
(Rad_CLD), aerosol radiative effects (Rad AER), and both aerosol and cloud (Rad ALL), are
turned on. The ECO regional average results are shown in Fig. R1. The radiative effects of aerosols
and clouds show minimal influence on the temporal trends of meteorology, aerosols, and clouds
(Figs. R1a—e). It is acknowledged that during specific periods, the radiative effects might alter N,
through influencing transport and deposition processes and modify cloud properties by affecting
meteorological and aerosol conditions. Their impact on the regional averages of Na, Ng, and CLWP
exceeds 20% at certain times. In terms of ACI signals (Figs. R1f-h), the cloud radiative effect
accelerates the increase of Ng with N, and the increase of CLWP with RH. In contrast, the aerosol
radiative effect opposes the radiative effect of clouds. The mutual offset between these effects
results in the Rad ALL test exhibiting the closest agreement with the Control experiment for these
two trends. Compared to these, the relationship between clouds and LTS exhibits weaker regularity.
The perturbation from ARI further increases the uncertainty, posing a significant challenge to
elucidating the influence of LTS on ACI. Overall, from the perspective of ACI analysis, the
quantitative deviations and enhanced qualitative uncertainty caused by ARI necessitate turning off
ARI in ACI simulations. We added this description to Section 3.3 of the manuscript.
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Figure R1. LTS (a), RH (b), Na (¢), Ng (d), CLWP (e), Ng versus N, (f), as well as CLWP versus LTS (g) and RH (h)
for the Control experiment and each radiative sensitivity experiment (Rad CLD: cloud radiative effects enabled;
Rad_ AER: aerosol radiative effects enabled; Rad ALL: both cloud and aerosol radiative effects enabled), showing

data averaged over ECO (RH is the column mean from the surface to 1300 m, and N4 and N, are in-cloud means).

This study kind of left me hopeless about the state of ACI research... While I was reading, I was
hoping for something in the conclusion section to offer guidance for future research and/or deeper
reflection on what all this means for the community at large. I only found something about higher
resolution and bigger domains in the final paragraph, but it seems that’s not going to really help,
right? Is this just a difficult problem that we are not going to solve well enough?

We regret bringing this feeling to you and are sorry for the misleading statement. In the revised
manuscript we have included more discussions and hope to make this clearer. Higher resolution
and bigger domains might help, but our point in this manuscript is that to call more attention from
the community to assess ACI under different meteorological conditions, our goal is to understand
the sensitivity of ACI to meteorology under different conditions and to analyze how ACI varies
with aerosols from a meteorology-centered perspective.

Numerous observational and modeling studies have investigated the mechanisms and impacts of



ACI (Saleeby et al., 2010; Bennartz et al., 2011; Ma et al., 2018; Jia et al., 2019, 2022; Guo et al.,
2022; Haghighatnasab et al., 2022), as well as their dependence on meteorological conditions
(Salma et al., 2021; Zheng et al., 2022; Liu et al., 2024) and aerosol properties (Reutter et al., 2009;
Hudson and Noble, 2014). While these efforts have substantially advanced our understanding of
ACI, several limitations remain. For instance, (1) bulk microphysical parameterizations may
distort ACI signals, quantitatively and even qualitatively; (2) quantitative and qualitative
conclusions derived from case studies may not hold under different conditions; and (3) analyses
of ACI sensitivity to individual factors are often confounded by co-varying influences, leading to
uncertainties in signal separation.

This study addresses these issues by: (1) use of high-resolution spectral bin microphysics
modeling to better represent realistic ACI processes; (2) selection of a case exhibiting significant
co-variations in meteorology, aerosols, and clouds to support a relatively comprehensive analysis;
and (3) examination of ACI responses to the co-variation of different meteorological factors and
of meteorological factors and aerosols, enhancement of ACI signal detectability through large N,
differences between Control and Clean experiments, and improvement of meteorological
consistency and signal robustness via four-dimensional data assimilation and the disabling of ARI.
This study helps to clarify the mechanisms behind the nonlinear variation of ACI with
environmental conditions and reduces the associated uncertainties.

Regarding SBM specifically, are you not willing to release the code? Has the code not been
released before? Beyond the code, I invite the authors to reflect on whether SBM is the right tool
here (this is similar to Reviewers 1’s first general comment, but specifically about SBM). It is not
readily clear to me if using SBM is better or worse than using a bulk scheme (MG2, P3, etc.)

SBM is currently incorporated in the WRF model but remains uncoupled with online aerosols, and
WRF-Chem’s online aerosol—cloud module only supports bulk microphysics schemes. Dr. Jiwen
Fan’s team has developed a coupled version that integrates SBM with online aerosols, which is
referred to as the WRF-Chem-SBM model. Researchers should contact Dr. Jiwen Fan for the code.

The differences between bin and bulk treatments of cloud microphysics lead to large discrepancies
in their simulations of ACI under the same dynamic and thermodynamic conditions (Fan et al.,
2016). Both methods have their own advantages and limitations. The main advantage of bulk is
its low computational cost, which makes it suitable for large domains and long-term simulations.
However, due to (1) difficulties in accurately handling the CCN budget (Fan et al., 2012), (2)
reduced sensitivity to aerosols caused by the adoption of the saturation adjustment approach, and
(3) simplified treatment of the conversion from cloud water to rainwater and of hydrometeor fall
velocities, bulk cannot guarantee the accuracy of ACI signals (Khain et al., 2015; Fan et al., 2016).
The bin method also has some limitations, such as (1) being computationally expensive, usually
applicable only to relatively small domains for short time periods, and (2) its accuracy being
constrained by our theoretical understanding of cloud microphysics. Nevertheless, bin is



physically more realistic, and relevant evaluations have shown that bin outperforms bulk in
reproducing cloud-rain structures and resolving ACI (Khain et al., 2015). This is also the main
reason why we chose SBM. Additionally, our subsequent study will step forward on the effects of
aerosol size distribution and chemical composition on ACI under different meteorological
conditions, the bin-based treatment of CCN size and composition in SBM would be essential. We
have added this clarification in the third paragraph of the Introduction.

Comments I wrote while reading the manuscript:

L10: you can remove “quite” here (or you can keep it)

Removed.

L14: What’s being driven? The clouds’ existence or some specific property thereof?

Cold advection and updraft variations drive the qualitative effects of aerosols on cloud properties
including Ng, CER, CLWP, and cloud lifetime. The description has been updated to: "under winter
monsoon background, the qualitative influence of aerosols on cloud properties is modulated by
variations in updrafts and cold advection (characterized by LTS) driven by atmospheric circulation that
co-varies with aerosol concentrations ".

F2: I would personally plot na and CLWP on log scale and I would ensure the same axis is used (so
that the reader can see how much lower Na and CLWP will be in the clean case)

We have redrawn Figure 2, with each subplot presenting a comparison between two experiments for a
single variable.

T1: You might as well also list the microphysics you’re using (SBM)...

We have added.

L189: I would say this more precisely — you’re trying to avoid feedbacks into the states, right? See
my first general comment

Yes, we have revised it to the more precise expression "To avoid interference from aerosol and cloud
radiative feedback on ACI signals, aerosol and cloud radiative effects are disabled in the simulations"
Additionally, as noted in our response to your first general comment, we have provided a more detailed



justification for this in Section 3.3 regarding the robustness of the simulated signals.

L196: Can you say more about this assimilation method?

We have added the description of the assimilation method in the final paragraph of Section 2.2.

L208: I don’t really see the “positive impact” — in general, what do you mean by “positive” here?
Like improvement compared to observations? Second, I don’t see any significant movement in F3.
The results are pretty good anyway, so it seems the assimilation made little difference and it wasn’t
needed. .. But either way, I think discussing the assimilation is confusing because the results look pretty
decent without it (so there’s no reason for it)

Sorry for misleading, here we wish to express that assimilation generally improves simulated

meteorological fields. We have revised the descriptions in the revised manuscript.

Figure 3 in the revised manuscript shows that assimilation enhances simulations of some
meteorological elements but also widens the gap between simulations and observations in many
vertical layers. Based on this, the statement of the overall "positive" effect lacks conviction. We revised
this paragraph to clarify that, from the perspective of vertical profiles, assimilation both increases and
decreases the observation-simulation differences in meteorological elements, and we used the clear
improvement in the observation-simulation correlation shown in Figure S3 to demonstrate its overall
enhancing effect.

This statement is required for evaluating meteorological field simulations and elucidating assimilation
effects. Additionally, the role of assimilation in ensuring consistency of meteorological conditions
across different experiments and improving the robustness of simulated ACI signals is also briefly
noted here.

L217: Define “Control NoDA” somewhere before you use it; [ assume you mean control without data
assimilation, right?

Yes. We have added the definition of “Control NoDA” in the first paragraph of Section 3.2 and in the
figure caption of Figure 3.

L252: That’s good, I like the fact that you did this. Question though: did you also do the experiment
with the aerosol/cloud radiation effects enabled? Did you see anything interesting? I guess I am asking
if you could tell us precisely what you got out of disabling these effects ...

Thank you for this comment. We conducted sensitivity tests with cloud (Rad CLD), aerosol
(Rad_AER), and both (Rad ALL) radiation effects enabled to quantify their impacts on ACI, as



detailed in our response to your first general comment and illustrated in Figure R1.

Overall, radiation effects exert minor influence on the trends of ECO meteorological-aerosol-cloud
variations, but they do impact short-term changes during some periods. During these periods, the
regional average changes in Na, Ng, and CLWP induced by radiation effects can exceed 20%. On the
ACI signal, in quantitative terms, the cloud radiation effect accelerates the increase of Nq with N, and
the increase of CLWP with RH, whereas the aerosol radiation effect acts in opposition. Qualitatively,
ARI increases the uncertainty in the relationship between LTS and ACI.

By disabling aerosol and cloud radiation effects in our simulations, we avoid the quantitative shifts
and heightened qualitative uncertainty in ACI signals caused by ARI, thereby enabling a more accurate
analysis of how meteorological conditions influence ACI across different environments.

L264: replace “is the containing of continental aerosols” with “is using continental aerosols”

Replaced.

F5: good job on this figure :) just remind the reader the sampling frequency/averaging of the data in
the caption

Thank you. We have reviewed and revised all figure captions to ensure that the data processing
methods for each figure are appropriately described.

F9: I am not sure what this figure is showing exactly. Can you explain it more in the text? What are
you trying to show us?

Figure 9 presents the synergistic variation of cloud properties under two pollution regimes in response

to meteorological and aerosol conditions.

Previous analyses of cloud property variations with meteorological conditions, based on nearly 2000-
fold differences in N, between the two pollution regimes, demonstrated how ACI varies with dynamic
and atmospheric humidity conditions. In Section 4.2, we further analyze the role of meteorological
conditions in ACI under different environments, primarily based on Figure 9. Specifically, we focus
on three issues: (1) what role do meteorological conditions play in ACI variations with aerosols? (2)
How much impact can changes in meteorological conditions exert on ACI under given aerosol
conditions? (3) How does the sensitivity of ACI to meteorological and aerosol conditions change with
environmental variations?

We have revised both the text and paragraph structure of Section 4.2 to provide a clearer discussion
centered around Figure 9.



F10: As Reviewer 1 indicated, be careful with how you define the units.

Thanks for the reminder. We have corrected the data in Figure 10 and changed the figure to size
distribution plots with dN/dlogD (cm™) as the vertical axis.

F11: Consider reworking this figure so that the majority of it is not white space (same for F9)

We have redrawn Figures 9 and 11, adjusting the axes to minimize excessive blank space.
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Anonymous Referee #2

Review of ‘How meteorological conditions influence aerosol-cloud interactions under different
pollution regimes’

This study uses WRF-Chem to simulate marine liquid clouds near the Eastern China Ocean during a
selected winter period. The experiments are designed to examine aerosol effects on cloud and
precipitation by comparing clean versus polluted scenarios. Results show that aerosols extend cloud
lifetime in moist conditions but shorten it in dry conditions. In the polluted regime, continental aerosols
lead to higher Nd and CLWP and smaller CER, while precipitation responses are mixed overall. Under
the clean regime, aerosol activation is efficient and responses are clearer with supersaturation. In
polluted conditions, clouds exhibit mixed responses tied to different cloud processes, reflecting
regime-dependent ACI sensitivity.

While the overall narrative and logic read fine, I found multiple occasions where the interpretation and
discussion are rather vague or misleading. As such, I have questions and comments on technical and
interpretive details. The comments below include several general comments and more specific
comments, laid out in the narrative sequence when reading the manuscript.

We deeply appreciate the reviewer’s constructive comments and useful suggestions. We have carefully
considered the concerns regarding interpretation and discussion, and have refined the manuscript
accordingly. Our detailed point-by-point responses are provided below (in blue).

General Comments

In the Introduction, please situate this work within prior LES efforts (WRF-SBM, WRF-Chem, SAM,
etc.) over the East China Ocean and synthesize what they concluded about ACI. Then clarify the
remaining gap and why a chemistry-aware framework is needed here: specifically, what does WREF-
Chem capture that a physics-only perturbation of aecrosol number in WRF/WRF-SBM cannot? Because
much of your analysis emphasizes dynamical/thermodynamic linkages, please consider discussing
how chemical pathways modify those linkages and how your design advances beyond prior ‘simple
number-perturbation’ studies.

We conducted a review on the ACI modeling studies over the East China Ocean and found that
although ACI is a research hotspot, there are not many studies with the research area set in the East
China Ocean, and most are based on a chemistry-aware framework. For example, Saleeby et al. (2010)
used a cloud-resolving model to explore the response of cloud and precipitation microphysics to
aerosols, while Bennartz et al. (2011) and Guo et al. (2022) used WRF-Chem to investigate the impact
of continental pollution on ECO cloud microphysics and the impacts of anthropogenic and sea salt
aerosols on a heavy rainfall event, respectively. These studies pointed out the increase of Ng and the
decrease of precipitation caused by continental aerosols, as well as the reduction of Ny and the increase
of CER due to large particles suppressing the activation of small particles. In our study, the analysis of



the effects of continental aerosols generally agrees with the former, but by tracing ACI under different
environments, we pointed out cases in which continental aerosols lead to enhanced precipitation. As
for the latter, we did not separately analyze the impacts of large and small particles, but the revealed
suppression of small particle activation by a large number of medium-sized droplets under high

supersaturation, resulting in a decrease of Nq and an increase of CER, is similar to their findings.

We broadened our review objectives and, based on relevant ACI modeling studies, explained why a
chemistry-aware framework is needed. Through physics-only perturbation of aerosol, related studies,
on the basis of the well-established fundamental theories of ACI, explored the dependence of aerosol
activation on aerosol properties and meteorological conditions (Reutter et al., 2009; Tang et al., 2024),
the variation of the Twomey effect with cloud dynamics and pollution levels (Andrejczuk et al., 2014;
Prabhakaran et al., 2023; Tang et al., 2024), as well as the variation of rapid adjustments with cloud
properties (Heikenfeld et al., 2019; Jiang et al., 2023; Prabhakaran et al., 2023; Tang et al., 2024). This
method effectively isolates the influence of external factors (such as large-scale dynamics, radiation,
chemical processes, and emissions), diagnoses the response of cloud microphysics to aerosols, and
deepens the understanding of ACI. However, studies based solely on physics-only perturbation of
aerosol have certain limitations, for example: (1) difficulty in reproducing the spatiotemporal variation
of aerosol properties (such as concentration, size distribution, and chemical composition), which may
lead to distortion of activation simulations (George et al., 2015; Hodzic et al., 2023); (2) the absence
or inaccuracy in treating aerosol-related physical processes (such as resuspension, wet deposition, and
thermodynamic and dynamic changes induced by aerosols) may result in quantitative or even
qualitative biases in ACI signals (Ahmadov, 2016; Briant et al., 2017); (3) difficulty in direct
comparison with observations, leading to insufficient verifiability of the results.

Compared with physics-only perturbation of aerosol, the chemistry-aware framework can effectively
address the issues of accuracy in aerosol treatment and verifiability. Based on the chemistry-aware
framework, related studies have conducted extensive quantitative and qualitative research on ACI
(Saleeby et al., 2010; Bennartz et al., 2011; Liu et al., 2020; Guo et al., 2022; Haghighatnasab et al.,
2022), providing strong support for our understanding of the impacts of aerosols on clouds and the
influencing factors of ACI under factual scenarios. However, these studies also have some limitations:
(1) compared to physics-only perturbation of aerosol, their ACI analyses introduce external
interferences such as radiation and aerosol-induced meteorological changes; (2) analyses of ACI
sensitivity to individual factors are often confounded by co-varying influences, leading to uncertainties
in signal separation; (3) quantitative and qualitative conclusions derived from case studies may not
hold under different conditions; and (4) bulk microphysical parameterizations may distort ACI signals,
both quantitatively and qualitatively. In this study, we controlled the uncertainties arising from the
above issues from the perspectives of technical approaches, experimental design, and analytical
methods: (1) avoidance of ARI interference in ACI analyses through disabling radiative effects in
simulations and ensuring consistency of meteorological conditions across experiments through four-
dimensional data assimilation; (2) examination of ACI responses to the co-variation of different
meteorological factors and of meteorological factors and aerosols and enhancement of ACI signal



detectability through large N, differences between Control and Clean experiments; (3) selection of a
case exhibiting significant co-variations in meteorology, aerosols, and clouds to support a relatively
comprehensive analysis; and (4) use of high-resolution spectral bin microphysics modeling to better
represent realistic ACI processes. These efforts help to deepen the understanding of the impacts of
meteorological conditions on ACI and further constrain the uncertainties of ACI.

We added the reasons for selecting WRF-Chem-SBM in the third and fourth paragraphs of the
Introduction, and provide a detailed description of our design in Section 3.3.

Subsection 3.2, ‘Experiment setup’, should be moved into the WRF-Chem description or at least earlier
in Section 3, preferably before Figure 2.

It has been moved to Section 2 as Subsection 2.2.

If I am understanding correctly, the middle columns in both Figs. 4 and 5 are from the Control
experiment. If so, please clarify why the spatial distributions for Nd and CLWP in Fig. 5 differ
noticeably from those in Fig. 4 (e.g., an empty area in Fig. 4 but not in Fig. 5, etc.), and why
precipitation also exhibits subtle differences. Please ensure consistent sampling/calculation for region
maps like these.

Yes, the middle columns in Figures 4 and 5 are both from the Control experiment.

The difference arises because Fig. 4 employs simulated data that is spatio-temporally matched with
observational data. The specific procedures are as follows: 1) as stated in the first paragraph of Section
2.3, when evaluating simulation data, interpolation of simulation/observation data was performed
following the principle of resolution from high to low. MODIS cloud data (1 km resolution) have a
higher spatial resolution than the simulation (2.4 km), while IMERG precipitation data (0.1° resolution)
have a lower resolution than the simulation. Therefore, MODIS cloud data were interpolated to the
model grid, while simulated precipitation was interpolated to the IMERG grid. 2) As described in the
second paragraph of Section 2.3, observational and simulated data were matched for the evaluation.
Specifically, a simulated value at a given grid point and time step was considered valid only if a
corresponding valid observational value was available at the same location and time. If no valid
observations were available at a grid point throughout the entire study period, that location was left
blank in the figure.

The simulated values used in Fig. 4 underwent the above processing steps. This rigorous matching and
masking procedure explains the noticeable differences between the data presented in Fig. 4 and the
study-period averages shown in Fig. 5. Additionally, since IMERG has a resolution of 1 day, Figure 4
shows the cumulative precipitation from February 2 to 4, while Figure 5 displays the cumulative
precipitation for the entire simulation period (from 12:00 on February 1 to 00:00 on February 5). We
have noted this in the caption of Figure 4.



When describing figure results, please also list a plain-number expression alongside the scientific
expression to help intuitive interpretation. For instance, at L402: At sub-moderate supersaturation
levels (...)’ include the normal expressed percentage values (<10-0.9% — <~0.12%)).

We have added plain-number expressions alongside all scientific expressions.

Please carefully revisit whether the cited supporting figures actually show and support the associated
statements. Some cases are included in detail comments below.

We have made revisions based on your specific comments and carefully reviewed and modified the
entire manuscript to ensure that cited supporting figures support the associated statements.

Specific Comments
L47. You may want to narrow the statement down to ‘satellite observation...’ given the reference cited.

Here we aim to express the general limitations of observations, including retrieval uncertainties,
instrument errors, and interference from the radiative effects of aerosols and clouds, thereby
introducing the need for the integration of simulation models. The original citation only supported
uncertainty in satellite retrieval and interference from radiation, which was insufficient. We added a

cited statement regarding instrument errors.

L62. Please include a brief description of the following sessions of the manuscript.

We added a brief description of the sections at the end of the first section.

L.96. What is the uncertainties of this Nd retrieval compared with the in-situ observation.

The studies evaluated the Ny retrievals against in-situ observation, and found that the Ng retrievals
perform well for relatively homogeneous, optically thick and unobscured stratiform clouds under high
solar zenith angle conditions (Grosvenor and Wood, 2014; Bennartz and Rausch, 2017; Jiaetal., 2021).
At very thin cloud, the retrievals suffer from large uncertainties arising from instrument errors and
other sources of reflectance error for COT and CER (Zhang and Platnick, 2011; Sourdeval et al., 2016),
we thus exclude the data for transparent-cloudy pixels (i.e. COT < 5), as described in Section 2.4.

We added this description in Section 2.3.

L99. Please specify the (approximate) local hour of Terra overpasses over ECO.



It passes over ECO at approximately 03:00 UTC, which corresponds to around 11:00 local time. We
have added notes here.

L111. Please specify the matching logic (e.g., whether the WRF output at the nearest time step or an
average over surrounding times was used). For a given WRF grid cell, approximately how many
MODIS L2 records were averaged?

The matching utilizes the nearest time step of WRF output. During the study period, the number of
valid MODIS records varies across grid cells, with the averaged value for each cell corresponding to
0 to 6 records. This description has been added to the fourth paragraph of Section 2.4.

L.126. How much uncertainty will these two different modeled Nd derivations introduce into the later
ACI analysis? Can you show a comparison of calculated/simulated Nd vs. directly output Nd?

Based on the results of the Control experiment, we present the Ng values derived from both the
empirical formula calculation and the direct model output (Fig. R2).

Physically, the model-output Ny is the result of precise calculations from the model’s prognostic
equations and is highly consistent with meteorological, aerosol, and other cloud properties. In contrast,
the Nq calculated using the empirical formula is employed to enable comparison with satellite data on
the same basis, but its physical consistency and accuracy are inferior to the model-output values. In
terms of overall magnitude, because a relatively loose criterion (CIWC = 0 and CLWC > 0) was
adopted for identifying liquid-phase cloud layers in the simulations, many tenuous clouds that would
not be detected by satellites were included in the in-cloud mean calculation. Consequently, the model-

output Ngq is, on average, one order of magnitude lower than that calculated using the empirical formula.

Regarding uncertainty, after dividing the empirically calculated Ng by 10 to offset the systematic
numerical difference between the two Ny, the two show similar variations at high COT (Figs. R2a—c).
However, for optically thin clouds (COT < 5.0), the empirical formula tends to overestimate Ng, a
finding that aligns with the evaluation of satellite Ng retrievals cited in Section 2.3 and is consistent
with the rationale for the MODIS data screening criteria. The use of empirically derived Ny introduces
substantial uncertainty into the associated ACI analysis. Specifically, for clouds with Ng < 1000 cm™,
this can amplify or reduce ACI signals directly related to Ng by factors ranging from 2 up to more than
10, with the impact increasing as Ng decreases (Fig. R2f, 1, and 1). Given the large uncertainties
introduced by the empirical formula in ACI analysis, the model-output Nq is used for the analyses
based on simulation results. We have added this note to the third paragraph of Section 2.4.
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Figure R2. In-cloud mean Ny (Control experiment) derived from direct model output (left column) and empirical formula

(Eq. (1) in the main text, middle column), along with the ratio of (b) to (a) divided by 10 (right column), as functions of
COT and CER (a—c), LTS and RH (d—f), N, and LTS (g—i), and N, and RH (j—1). The data processing method is the same
as that used in Fig. 6.

L.141. Please specify the lat/lon range of the red box.

The ECO region in this study spans longitudes 123.03—126.24°E and latitudes 30.41-33.14°N. We

added this note where we first defined the simulated ECO domain in Section 2.2.



L152. Is there a specific reason for selecting 1300 m? Also, how does the model cloud-top height
compare with the satellite CTH?

Since this study focuses on liquid-phase clouds, which typically reside at low altitudes, using column-
averaged meteorological variables cannot accurately capture the influence of meteorological fields on
ACI. Therefore, we adopted the column-averaged value of the lower atmosphere. The specific choice
of 1300 m corresponds to the mean height of the model’s 16th layer (counting from the surface upward),
as layers 1-16 encompass over 97% of cloud droplets across all experiments. The meteorological
conditions within this range are most closely linked to ACI in the liquid-phase clouds studied.

In Section 3.2, we added evaluations of simulated CTH and cloud top temperature (CTT). The
simulated and observed CTH show strong correlation (r = 0.83) in spatial distribution. However, due
to differences in cloud-top detection methods between the model and MODIS, as well as limitations
in the model’s ice-phase parameterization (many MODIS liquid-cloud samples exhibit CTT below -
30°C, while the simulated liquid clouds have a minimum CTT of -7°C. Under the model’s
parameterization, only mixed-phase or ice-phase clouds exhibit lower CTT values), the model
underestimates CTH by an average of 53.71% compared to MODIS.

L.152. Please correct me if I’'m wrong, but by eye are LTS and RH exactly the same between the
Control and Clean regimes, or are the differences too subtle to visualize?

We have redrawn Figure 2 so that each subplot presents a comparison between two experiments for a
single variable, thereby more clearly illustrating the variations of individual variables between them.
As shown in the new Figures 2a and 2b, the LTS and RH from the two experiments exhibit general
consistency in both magnitude and temporal evolution. This aligns with our intended outcome; i.e., by
assimilating observations and turning off radiative effects, external factors are minimized, thereby
ensuring that the differences in ACI between the two experiments arise primarily from the influence
of continental aerosols.

At a more detailed level in the new figures, slight discrepancies are observed in the mean values and
uncertainty ranges of LTS and RH between the two experiments, which are attributed to feedback from
aerosol—cloud interactions on the meteorological fields.

L154. Do the variables shown in Fig. 2 represent domain means or cloud-sample means?

Fig. 2 represents domain means. We have added the note "averaged over ECO" to the figure caption.

L.155. This ‘dominant-factor transition’ statement needs physical-mechanism support. Otherwise, omit
it and reframe as a description of wind direction (as in the next sentence), or simply state that the
domain was impacted by cold-air advection from the northwest.



We have revised this sentence to the relatively rigorous description “Changes in atmospheric
circulation alter the meteorological conditions over ECO, as characterized by variations in LTS.” to

ensure coherence with the surrounding context.

L162. ...inhibiting updraft (Fig. S1i)

Thanks for the reminder. We've added it.

L163. I wouldn’t say ‘rapid’ given the wind speed isn’t significantly faster than in the LTS < 17

scenario.

We have changed it to “...due to intense condensation caused by the advection of northwestern low-
level cold air...”.

L171. ‘low-pollution’ might be misleading, try ‘moderate’ or ‘relatively low’, given that ‘clean’ is used

later.

We have changed it to “relatively low-pollution”.

L.172. That is an ultraclean condition; I would like to see the corresponding Nd.

We have added Ng to Figure 2 and its corresponding description.

L173. Which case? Are you referring to the polluted or clean case as reflecting typical variations in
the joint field over your study region? Please clarify. I recommend retuning this paragraph so the
message is tied more tightly to this particular study if you want to keep these general statements.

The term "case" here denotes the ACI across both the Control and Clean experiments during the study
period. It captures the clear variations in meteorological conditions, the distinct aerosol changes within
each experiment, and the significant aerosol differences between the two simulations—collectively
representing typical variations in aerosols and meteorological fields. Our previous statement was not
sufficiently clear. We have revised this paragraph to the more precise and contextually relevant
statement “As mentioned above, the shift in meteorological conditions over ECO during the simulation
period, the distinct aerosol variations in each experiment, the significant aerosol differences between
the two experiments, and the resulting disparities in cloud properties—both within each experiment
and between them—collectively provide abundant samples for ACI analysis. This robustly supports
the comprehensiveness of the study”.



L211. It looks like the Control has larger error bars (and slightly more outliers) than Control NoDA,
especially for the wind components. I recognize the better correlation in Fig. S2; however, can you
quantify mean bias or RMSE between these two and observations to support your statement?

The impact of assimilation on the NMB and RMSE between observations and simulations varies across
meteorological elements, with both positive and negative effects observed. These two metrics do not
sufficiently support the claim of an "overall positive impact".

We have revised our previous statement regarding the "overall positive impact" based on the vertical
profiles in Figure 3, as it lacked rigor. The updated text acknowledges that, from the perspective of
statistics at each vertical level, data assimilation improves the simulation of some meteorological
elements while also exacerbating model-observation discrepancies in many cases. The overall
enhancing effect of assimilation is instead supported by the clearly improved model-observation
correlation demonstrated in Figure S3. Additionally, we briefly note here (with a detailed explanation
provided in Section 3.3) that assimilation helps maintain meteorological consistency between

experiments, to assist in illustrating the necessity of assimilation.

L.240. Please also note in the caption that the lower subpanels are for the red-box domain.

We have added the note indicating the domains corresponding to the subpanels in the figure caption.

L297. If you only present counts in Fig. 6m-o, I would not call it ‘occurrence frequency’, which usually
meant for depict fraction or percentage. Suggest just use ‘counts’ or ‘samples’. Or maybe you can get
the actual fractional frequency of occurrence of clouds.

We have replaced "frequency" with "counts" in the relevant figures and their corresponding
descriptions.

L301. Do you have a physical explanation for the increased cloud lifetime at the high-LTS tail (>24
K), which also corresponds to the lowest RH? I wonder if entrainment mixing is inhibited, given that
Nd (CER) is comparatively lower (larger) at that tail.

Thank you very much for this comment. We compared the entrainment intensity of the Control
experiment between LTS > 24 K and LTS < 24 K conditions (Fig. R3a), and between the Control and
Clean experiments under LTS > 24 K conditions (Fig. R3b) under relatively dry conditions (RH <
80%), to explain the increased cloud lifetime at the high-LTS tail (>24 K). By adapting the
methodology of Jia et al. (2019) and refining it based on model outputs, we defined the entrainment
intensity as the difference in CLWC between the layers immediately below (non-entrainment zone)
and above (entrainment zone) the vertical layer with maximum CLWC in clouds with CLWP > 1 g-m’
2, divided by the maximum CLWC (i.e. (CLW Cnon-entrainment — CLW Centrainment) / CLW Cinax).
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Figure R3. Frequency distribution histograms and fitted curves of entrainment intensity for liquid-cloud samples (CLWP >
1 g'm) under relatively dry conditions (RH < 80%), showing comparisons between environments with LTS = 24 K and
LTS <24 K (a, from Control experiment), and between Control and Clean experiments within the LTS = 24 K environment
(b).The entrainment intensity is defined, following Jia et al. (2019) with refinements based on model outputs, as (CLW Cpon.
entrainment — CLW Centrainment) / CLW Cnax , Where the non-entrainment and entrainment zones are the layers immediately below
and above the level of maximum CLWC in clouds with CLWP > 1 g-m™.The histograms are obtained by first assigning
liquid-phase cloud samples under different conditions to entrainment intensity intervals according to their corresponding
entrainment intensity, and then calculating, for each interval, the relative frequency of samples with respect to the total
number of samples. The curves represent fitted distributions of these frequencies to better highlight the differences in

entrainment intensity under different conditions.

The results align with your inference: entrainment intensity consistently decrease both in high-LTS
environments compared to low-LTS conditions and in Control relative to Clean experiments under
high-LTS regimes. This demonstrates that stable atmospheric conditions and enhanced cloud
development driven by continental aerosols suppress the weakening of clouds by entrainment,
ultimately prolonging cloud lifetime. We have added this analysis at the end of the second paragraph
in Section 4.1.

L335. It will not be intuitive to say ‘more large droplets,” since the 75th percentile of CER under
Control is still largely smaller than under Clean. Consider: ‘collision—coalescence at lower levels can
produce large droplets.’

We have changed it to “The enhanced vertical development of low-level clouds (below 1500 m), as
shown in Figs. 8e-h and S9g-1, strengthens collision-coalescence (producing large droplets)...”

L.336. Have you checked cloud fraction and sample size vertically? In the Increase scenario, the ~3
km samples appear fewer (narrower spread), so precipitation enhancement may stem from different
cloud layers (and not only from ‘vertical development of the cloud layer’). If so, please make this clear.

It would help to examine vertical cross-sections of clouds (Nd, CER, N, etc.) for both scenarios to
confirm. Since Fig. 4 suggests regional clustering for Increase /Decrease samples, a SW-NE slice
could work, please consider this.



Since the cumulative precipitation shown in Fig. 5 exhibits an east-west distribution pattern, its zonal
variation provides a relatively clear basis for stratified precipitation analysis. We therefore generated
vertical cross-sections (Fig. S9) with dimensions of height and longitude, where values at each
longitude coordinate represent the mean across all latitudinal grids at that longitude.

From the cross-sections of CLWC and RWC, it is clear that precipitation originates from different
cloud layers. We revised this paragraph to "the enhanced vertical development of low-level clouds
(below 1500 m) strengthens collision-coalescence (producing large droplets), and, coupled with a
substantial increase in droplet numbers in the Ng¢-limited relatively high-level clouds (above 1500 m),
collectively drives the pronounced rise in Nr and RWP across all levels with liquid-phase cloud".

Figure 8. The legends (e.g., Increase/Decrease CER) are misleading. Consider renaming to clearer
identifiers, e.g., CER (increased-precip samples).

We have changed the legends to “...increased/decreased-precip samples”.

L364. The correlation is significant but moderate; what message is this intended to convey? Because
you did not show the relative vertical position of 950 hPa cold-air advection versus the cloud layers,
the physical interplay is not determinate. I guess you can remove this...

We have removed this sentence.

L365. Can you remind me where did you show the Na relationship to LTS? Are you referring to Fig.
9a? And please add the support figure indentifer to this two statements.

Based on the covariation between LTS and N, in Figure 2 and the circulation changes under different
LTS states in Figure 1, we demonstrate the overall consistency between LTS and N, over ECO during
the winter monsoon in the Control experiment. This statement is repeated here to maintain paragraph
continuity, but the absence of identifiers and corresponding explanations makes these assertions appear
abrupt. And, the discussion here is referring to Column 2 of Fig. 9.

We have revised and added the identifier for the supporting figure in these statements. This paragraph
has been moved to the end of the second paragraph in Section 4.2 to enhance the structural clarity of
the description related to Figure 9.

Figure 10. Please clarify the units in panel (a). The in-cloud Na magnitudes in both experiments seem
to far exceed the number concentrations shown previously (e.g., Figs. 2, 5). If you are showing an
aerosol size distribution, the y-axis should be dN/dlogDp (cm™).

Also, what is the relationship between activated aerosol Naa and cloud-droplet Nd in the model outputs?



Please elaborate.

Thank you for the reminder. We have corrected the data in Figure 10 and changed the figure to size
distribution plots with dN/dlogD (cm™) as the y-axis.

In WRF-Chem-SBM, each cloud droplet corresponds to an activated aerosol particle, meaning Ng and
Naa are equivalent in total quantity. Figure 10b shows the spectral distribution of cloud droplets through
the variation of Ng across different bins, while Figure 10a displays the activation efficiency of aerosols
by comparing Na and Naa of the four aerosol bins. We have added this explanation to the caption of
Figure 10 and included an identifier in the corresponding text.

L.369. Fig. 10b provides limited support for this statement (no CLWP/RLWP shown). Please elaborate
and/or provide a clear reference.

We have added the reference "(Figs. 9e-f, i-j and g-r)" here.

L377. At least CER and RWP do not increase steadily with RH. Please provide statistical support for
‘stronger sensitivity,’ e.g., correlations or regression slopes of cloud properties vs. LTS/RH.

We have revised "steadily increasing" to "generally increasing" (as correlations of CER and RWP with
RH being 0.46 and 0.67, respectively).

We have added a statistical analysis of correlations between cloud properties and LTS/RH (Table R1)
to support the statement of "stronger sensitivity", and revised the corresponding content in the
manuscript.

Table R1. Correlations between cloud properties (shown in Fig. 9) and LTS or RH (correlations are calculated after

averaging cloud property values across all N, coordinates for each corresponding LTS or RH value).

RH LTS
Property Clean Polluted Clean Polluted
r p r p r p r p
CER 0.46 <0.01 0.96 <0.01 0.86 <0.01 0.15 0.13
CLWP 0.81 <0.01 0.75 <0.01 -0.54 <0.01 -0.34 <0.01
RWP 0.67 <0.01 -0.14 0.16 0.18 0.07 -0.50 <0.01
logio(Na/Na) 0.59 <0.01 0.89 <0.01 -0.33 <0.01 0.28 <0.01

log1o(CLWP/N,) 0.58 <0.01 0.70 <0.01 -0.14 0.18 -0.82 <0.01
log1o(RWP/N,) 0.65 <0.01 0.70 <0.01 0.22 0.03 -0.36 <0.01




L.379. Please elaborate. If activation ratio, CLWP, and RWP largely increase with Na across RH ranges,
how is ‘greater sensitivity’ exhibited?

We have used the correlations presented in Table S1 to demonstrate that under the polluted regime,
CER, Na/Na, CLWP/N,, and RWP/N, all exhibit higher sensitivity to RH (on average over 46.98%
higher) compared to the clean regime. This contrasts with the behavior of CLWP and RWP, which
show slightly and significantly lower sensitivity to RH, respectively, than under the clean regime, due
to interference from their dependence on N. caused by these collision-coalescence-dominated cloud
properties.

We have revised the statement in this section (the third paragraph of Section 4.2) based on the statistics.

L.380. Regarding the ‘manner’ of cloud vs. Na being similar to high LTS (I presume Fig. 9b, 9f, etc.):
would that mean cloud properties are largely impacted by aerosol loading rather than environmental
parameters? If so, what ‘dominated role’ is cold-air advection playing? You have not established a
strong physical relationship between cold advection and cloud (a correlation between column-mean
Na and 950 hPa temperature is not enough). If you want to discuss the physical role of cold advection,
at least show the vertical dependence of cloud properties on it. Please elaborate and provide figure
support.

Regarding the comment on "mean cloud properties are largely impacted by aerosol loading rather than
environmental parameters", we acknowledge that the results in Figure 9 do show a significant influence
of N on cloud properties, with the rate of change in cloud properties with respect to N, often exceeding
that with respect to meteorological factors in many conditions. Our original intention was to use the
broadly consistent variation of cloud properties with Na across both RH and high-LTS perspectives to
illustrate the dominant role of cold-air advection associated with high LTS in ACI under winter
monsoon background. However, we recognize that this variation is substantially influenced by Na,
making our previous assertion of a "dominated role" insufficiently rigorous. Accordingly, the statement
has been revised to summarize the regulatory role of meteorological fields on ACI, as demonstrated in
Figure 9. Specifically, the shift from convection-dominated regimes at low LTS to cold advection-
dominated regimes at high LTS modulates the qualitative impact of aerosols on cloud properties under
polluted conditions, while the level of RH governs the quantitative effect of aerosols on cloud
development.

Regarding the physical relationship between cold advection and clouds, Section 3.1 demonstrates the
synchrony among high LTS, strong cold advection, and high N, in the Control experiment through
atmospheric circulation and N, variations corresponding to different LTS levels. Section 4.1 further
illustrates the association of cloud development in the Control experiment and the enhancement effect
of continental aerosols on clouds with cold advection through cloud property variations with LTS. This
association exists only in the Control experiment. In the Clean experiment, which lacks continental

aerosols, high values of Ng and CLWP instead mainly appear under low LTS.



Furthermore, our argument in Section 4.1 regarding the dominant role of cold advection was also
insufficiently rigorous, and we have revised it to “In the Clean experiment, high Nqg and CLWP occur
more frequently in low-LTS environments dominated by updrafts, compared to high-LTS conditions.
In contrast, the Control experiment shows a significantly higher frequency of high N¢ and CLWP under
high-LTS conditions, resulting from the combined effects of substantial continental aerosol transport

associated with winter monsoon and strong condensation, as described in Section 3.1”.

L392. The RWP sharply decrease with Na (> 10-0.4) under low supersaturation, which reflects the
precip suppression effect of aerosol, please spell it out.

We have changed this sentence to “When N, exceeds 104 (~0.40) cm™, further increases in N, under
low supersaturation cause CER to rapidly decrease to around 15 pum, thus suppressing precipitation,
while high RWP appears only under high supersaturation”.

L406. ~0.16% supersaturation is not necessarily ‘high’ condition.

Due to the substantial depletion of supersaturation by aerosols, although this supersaturation is not
high in absolute terms, it represents a relatively high value among all Control samples. We have
attached this note to the text and changed “high supersaturation” to “relatively high supersaturation”.

L.407. ~0.01% supersaturation is fairly low, again, describing the supersature with a normal expression
of number will give the reader more sense.

We have revised this to “relatively moderate supersaturation” and provided normal expressions
alongside these scientific expressions.

L410. As above, please further explain the physical basis for cold-advection dominance. This
statement is somewhat misleading: updraft strength has limited direct relationship to aerosol
concentrations. Please specify which cloud process is dominated by updraft under low-aerosol
conditions and how that dominance is dampened under high-aerosol conditions. In which experiment
would cold-advection effects be more effective?

Yes, updraft strength cannot be directly attributed to aerosol concentrations. Our intended argument
was based on the co-variation between LTS and N, over ECO under winter monsoon background, as
described in Section 3.1. Specifically, lower N, generally corresponds to lower LTS, where cloud
processes are dominated by updrafts, while higher N, is associated with higher LTS, a regime in which
updrafts are suppressed and cloud processes are governed by cold-air advection. However, our initial
statement was somewhat ambiguous in conveying this reasoning. To clarify, we have revised the
relevant paragraph to repeat the pattern of the Control experiment presented in Section 3.1: increasing



LTS is accompanied by rising Na, weakening updrafts, and strengthening cold-air advection. This
interpretation is further supported by the decrease in temperature advection and vertical wind speed

with increasing Na in the Control experiment, as shown in Figure R4.
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Figure R4. Variations of vertically weighted mean temperature advection (ADV, calculated as — (U Z—i + VZ—)T})) and

vertical wind velocity (W) from the near-surface to 1300 m with column-averaged N, over ECO (the value in the figure

represents the ECO average).

The significant impact of the synchronous intensification of cold advection and Na on ACI is only
evident in the control experiment corresponding to the polluted regime. In the clean experiments
without continental aerosols, the variation in N, shows no clear correlation with cold advection. We
have revised this paragraph based on the comment.

L411. Provide statistical evidence or figure support for “At moderate Na, both updrafts and cold
advection are weak...”

We have added statistical support for it (Fig. S10) and revised the sentence to "moderate N,
environments experience neither sufficiently strong cold advection nor sustained updrafts (as the

average variations of temperature advection and vertical wind speed with N, in ECO, shown in Fig.
S10)".

L.449. You may wish to point out that the extensions of cloud lifetime (actually cloud frequency in this
study; Fig. 6) at low and high LTS arise from different physical reasons: low LTS/vigorous updrafts
invigorate frequent cloud hydrometeors, whereas high LTS/stronger subsidence maintains the cloud
layer.

Many thanks for this comment. We have revised the conclusion and the corresponding statement in the
second paragraph of Section 4.1. For example, the sentence in the conclusion has been changed to
“Continental aerosols extend cloud lifetime (actually cloud sample counts in this study) in moist
environments, with this enhancement strongest under low and high LTS conditions, corresponding to



vigorous updrafts (invigorating frequent cloud hydrometeors) and strong cold advection (causing
intense condensation and maintaining cloud), respectively”.

L482. I would like to see a revised Conclusions section after you address the main-text comments.

We have revised the conclusion.
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