We thank RC1 and RC2 for their thorough reading of our manuscript and for their
valuable comments.

We provide detailed responses to all comments below; the responses are shown in
blue, and all revisions in the manuscript are highlighted in red.

Summary

This paper uses observations and modelling to discuss the impact of aerosols on cloud
properties at different heights within liquid, mixed-phase, and ice clouds. The main
finding is that an increase in aerosol concentration shifts the cloud droplet spectra
from bimodal to unimodal. | thought the authors did a good job of discussing and
explaining their figures and the mechanisms behind these aerosol-cloud interactions.
Most of my comments are about additional details needed in the Data and Methods
section and the way that Figure 3 is presented.

We thank the reviewer for the positive assessment of our study and for the
constructive comments. We also appreciate the reviewer’s suggestions regarding the
need for additional details in the Data and Methods section, as well as improvements
to the presentation of Figure 3. A detailed, point-by-point description of the revisions
is provided below.

Major Comments
¢ One of my main concerns with this paper is Fig. 3 and the claims drawn from it.
Presented with scatter points, | struggled to find most of the authors’ claims to be
evident from the figure, especially in panels b, ¢, i, j, k, and I. | would suggest
presenting these figures as bin-averaged line plots with error bars or shading to
represent variability in the observations to make the claims in Sect. 3.2 more
obvious from the figure. | really felt like | needed a line for each subset to be able
to compare and see/understand the patterns. Panels o and p in this figure are also
switched compared to all other rows.
o Additionally, it was difficult for me to keep track of rows and columns in Figs.
2 and 3, and it would be helpful to label these on the figures.

We sincerely thank the reviewer for the constructive suggestions regarding the
presentation of Figure 3 and the clarity of Figures 2 and 3. We agree that the original
scatter-point representation made it difficult to clearly identify the trends discussed in
Section 3.2.

Following the reviewer’s suggestion, we have revised Figure 3 to improve the
readability and interpretability of the results. Specifically, the scatter plots have been
replaced with bin-averaged vertical profiles based on the normalized cloud height (H).
For each aerosol condition and cloud phase, the observations were grouped into
vertical bins, and the mean value within each bin is now presented as a line. In addition,
shaded regions representing +1 standard deviation have been added to illustrate the
variability of the observations. These modifications make the vertical variations in
number concentration, effective diameter, spectral dispersion, and water content



more clearly visible and facilitate comparisons between high- and low-aerosol
conditions.

We have also carefully re-examined the panel arrangement and found that panels (o)
and (p) were inadvertently swapped in the original figure. This issue has now been
corrected in the revised manuscript.

Finally, to further improve the readability of Figures 2 and 3, we have revised the figure
legends. The updated figures and corresponding captions are provided below.
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Figure 3. Size distributions of cloud particles in different regions of the observed
clouds and aerosol size distributions below the clouds under varying aerosol
concentrations. Panels (a—b) show the droplet size distributions in warm clouds, and
(d—e) show those in mixed-phase clouds. Panels (g—h) present the ice crystal size
distributions in mixed-phase clouds, while (j—k) correspond to ice clouds. Panel (c),
(f), (i), and (I) show the aerosol size distributions below the clouds under high- and
low-aerosol concentration conditions, together with the mean spectrum. In panels
(a—b), (d—e), (g-h), and (j-k), the green, yellow, and purple curves represent the
cloud base, middle, and top, respectively. In panels (c), (f), (i), and (), the red and



blue curves denote high- and low-aerosol concentrations, respectively, and the black

curve represents the mean aerosol spectrum.
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Figure.4 Vertical distributions of different cloud particle characteristics. (a—d) water
cloud droplets, (e-h) mixed-phase clouds droplets, (i-I) ice crystals in mixed clouds,
(m—p) ice crystals in ice clouds. For each cloud type, the panels from left to right
represent number concentration, effective diameter, dispersion, and water content,
respectively.

* The data and methods section would benefit from more detail about the following:
o Aircraft observation platform and instruments:
=  What size droplets are measured by the CDP?
=  What meteorological variables are used from the AIMMS-207?
= Doesthe AE-33 need to be mentioned if no data from it is used in the rest
of the study (as far as | understood)?

We thank the reviewer for the valuable suggestion to provide more detailed
descriptions of the aircraft instruments used in this study. We fully agree that including
additional information improves the clarity and reproducibility of the methodology.
Accordingly, we have revised the Aircraft Observation Platform and Instruments
section to provide a more comprehensive description. First, we have clarified the
measurement size range of the Cloud Droplet Probe (CDP). The CDP measures cloud
droplet size distributions over an approximate diameter range of 2-50 um, using
multiple size bins to derive droplet number concentration, size distribution, and liquid
water content. For clarity, the key parameters of all instruments are now summarized
in a dedicated table. Second, the AIMMS-20 provides measurements of air
temperature, pressure, relative humidity, wind speed, wind direction, and vertical
velocity. Air temperature is used to distinguish cloud types, while both air temperature
and relative humidity are applied for quality control to identify and exclude anomalous
data. Third, we have reconsidered the inclusion of the AE-33 aethalometer. As the AE-
33 data are not directly used in the analyses presented in this study, we have removed
the description of this instrument from the revised manuscript to avoid potential
confusion and to maintain focus on the instruments relevant to the results.

The aircraft platforms employed in this study include the modified King Air 350 (K350)
and Y-12 aircraft, both of which are operated by the Hebei Weather Modification Office
(HBWMO). Each platform was outfitted with an identical suite of observational
instruments, comprising a Cloud Droplet Probe (CDP, The CDP measured particle sizes
in the range of 2-50 um.), a Cloud Imaging Probe (CIP), a Passive Cavity Aerosol
Spectrometer Probe (PCASP-100). The 20 Hz Atmospheric Integrated Meteorological
Measurement System (AIMMS-20) primarily provided basic meteorological
parameters, including wind speed, wind direction, temperature, humidity, and air
pressure., and a Global Positioning System (GPS).
Table.1 Summary of airborne probes used in this study.
Instrument Measurement Number of Variables used in this study
range (um) channels

PCASP 0.1-3.0 30 Aerosol size distribution, aerosol




number concentration
Droplet size distribution, droplet
number concentration (Nc),

Cbp 2-50 30 effective diameter (Ed), spectral
dispersion, liquid water content
(LWC)

Ice particle size distribution, ice
crystal number concentration
(Nice), effective diameter, ice
water content (IWC)

CIP 25-1600 64

o Data processing:
= Can you be more specific or provide a map of where these flights took
place? What aerosol types are expected in this region (rural vs. urban)?
= All equations need to be numbered.

We thank the reviewer for the helpful suggestions regarding the description of the
observation region and the presentation of the equations. First, we agree that
providing more information about the geographical locations of the aircraft
observations would improve the clarity of the study. In the revised manuscript, we
have added a map showing the flight tracks. In addition, we have included a brief
description of the aerosol environment in the study region. Second, following the
reviewer’s suggestion, we have revised the manuscript so that all equations are now
numbered sequentially.

The aircraft observations were conducted over the North China Plain, with most
sampling flights located over Hebei Province, particularly in the region surrounding
Shijiazhuang (Figure 1). This area is characterized by a complex aerosol environment
influenced by both urban emissions and regional anthropogenic sources. Major
contributors include industrial emissions, traffic-related pollution, and secondary
aerosols such as sulfate, nitrate, and organic aerosols. In addition, rural and
agricultural activities contribute to regional aerosol loading, and the region is
occasionally affected by dust transport from northern China. Therefore, the observed
aerosol population represents a mixture of urban pollution aerosols and regional
background aerosols.
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Figure.1. Map of the aircraft flight tracks and observation region over the North
China Plain.

o Cloud phase determination:

=  What does “normal” mean in Line 150? Does this refer to a lognormal
distribution or continuous as opposed to piecewise?

= |seedetailsabout how the small and large size ranges are defined in Lines
166-167, but | think it should be defined before the fitting in Fig. 1 (Lines
151-156). Additionally, how many observations does the fit in Fig. 1
represent? How many days/flights are accounted for there? Are they for
all cloud phases?

We thank the reviewer for the careful reading of the manuscript and the helpful
suggestions.

First, the term “normal” used in Line 150 was a textual error and should refer to a
lognormal distribution. We have corrected this description in the revised manuscript
to avoid confusion.



Second, following the reviewer’s suggestion, we have moved the definition of the
small- and large-size aerosol ranges to the section describing the fitting method used
in Figure 1. The size classification is now introduced before the fitting procedure is
described, which improves the logical flow of the methodology.

Third, we have clarified the data source used for the aerosol spectrum fitting shown in
Figure 1. The aerosol size distribution displayed in Figure 1 represents observations
from a single aircraft flight, which is shown as an illustrative example of the piecewise
fitting method. For the parcel model simulations, however, the aerosol parameters
were not obtained from a direct average of aerosol spectra across flights. Instead, the
aerosol spectrum for each individual flight was first fitted using the piecewise
lognormal—Junge formulation, and the resulting fitting parameters were then averaged
across all available flights and across all cloud phases to obtain representative aerosol
parameters for the simulations.

Notably, in the model, the traditionally assumed lognormal aerosol distribution was
replaced with a piecewise spectrum fitted to in situ observations at the cloud base.
The aerosol size distribution was divided into small-particle and large-particle ranges,
separated by a cutoff diameter of 0.35 um, which provided the best agreement with
the observed spectra. In the small range, the distribution follows a lognormal function,
which can be expressed as follows:

»  Several details in the results would also benefit from more detail and motivation:
o lam not clear about how the high and low aerosol concentration groups (Line
174-175) or the different cloud layers are determined (Line 185).

We thank the reviewer for pointing out that the criteria used to classify aerosol
concentrations and cloud layers were not sufficiently clear in the original manuscript.
First, the classification of high and low aerosol concentration groups was based on the
observed aerosol number concentrations below the cloud base. Observations with
aerosol concentrations below 1000 cm™ were assigned to the low-concentration
group, whereas those greater than or equal to 1000 cm™ were classified as the high-
concentration group. This threshold was chosen to distinguish relatively clean
conditions from more polluted environments in the study region.

Second, the cloud layers were defined using the normalized cloud height (H), which
ranges from 0 at the cloud base to 1 at the cloud top. Based on this normalized height,
the cloud was divided into three layers: lower layer (H < 0.3), middle layer (0.3 < H <
0.7), and upper layer (H = 0.7). This normalization allows observations from different
flights and clouds with varying thicknesses to be compared within a consistent vertical
framework.

Environmental conditions at different altitudes influence physical and chemical
processes, thereby affecting the formation, growth, and dissipation of cloud particles.
In this study, clouds were divided into lower (0—0.3), middle (0.3-0.7), and upper (0.7—
1) layers based on normalized height, and the particle distributions were analyzed



within each layer. the clouds were stratified into lower, middle, and upper layers, and
the particle distributions were analyzed within each layer.

o | am unclear about the purpose of splitting data in column 3 of Fig. 2 into
separate distributions for both high and low aerosol concentration. It seems
this makes the “low concentration” line noisier, presumably because there is
less data. It may help to combine those or better motivate the split.
=  Fig. 2: It is not clear from the text or caption why there are two rows for

ice clouds. Column 3 is not described in the caption. The colors for cloud
top, middle, and base also need to be fixed in the caption to yellow, green,
and purple. Additionally, would it be possible to show values of spectral
width as calculated in the methods? This might be more intuitive than a
visual determination of spectral width (Line 184).

We thank the reviewer for this helpful comment. The purpose of separating the data
in Column 3 of Figure 2 into high- and low-aerosol concentration groups was to
examine whether aerosol loading influences the shape of the particle size distributions
or primarily affects their number concentrations. Our intention was to demonstrate
that the overall distribution shape remains largely consistent under different aerosol
conditions, while the main difference lies in the magnitude of the number
concentration. To improve the clarity of the figure, we have revised it by adding the
average distribution derived from all observations.

First, we clarify that the two rows showing ice crystals in Figure 2 do not represent two
different types of ice clouds. Instead, one row corresponds to ice crystals in mixed-
phase clouds, while the other represents ice crystals in pure ice clouds. To avoid
confusion, we have revised the figure caption and the corresponding text to clearly
state this distinction.

Second, we have improved the figure caption by explicitly describing Column 3, which
presents the aerosol size distributions below the clouds under different aerosol
conditions.

Third, we have corrected the color descriptions in the caption to ensure consistency
with the figure, where yellow, green, and purple represent the cloud top, middle, and
base, respectively.

Finally, we agree that a quantitative representation of the spectral width improves the
clarity of the analysis. We have therefore added the calculated spectral width values
(as defined in the Methods section).

Figure 3. Size distributions of cloud particles in different regions of the observed clouds
and aerosol size distributions below the clouds under varying aerosol concentrations.
Figure 2. Size distributions of cloud particles in different regions of the observed clouds
and aerosol size distributions below the clouds under varying aerosol concentrations.
Panels (a—b) show cloud droplet spectra in warm clouds under high and low aerosol
loading, respectively; (d—e) show cloud droplet spectra in mixed-phase clouds; and (g—
h) show ice crystal spectra in mixed-phase clouds. Panels (j—k) present ice crystal



spectra in ice clouds. In each panel, yellow, green, and purple curves represent the
cloud top, middle, and base, respectively. Panels (c), (f), (i), and (l) show the
corresponding aerosol size distributions below the clouds under high- and low-aerosol
conditions, along with the mean distribution (black line).

Minor comments
e Line 13-15: Can you make it explicit that you are describing droplet size at
which number concentration peaks? As it reads right now, | was expecting to
see peak number concentration values.

We thank the reviewer for pointing out this ambiguity in the description. The intention
of this sentence was to describe the droplet sizes at which the number concentration
peaks occur, rather than the peak values of the number concentration itself. Following
the reviewer’s suggestion, we have revised the sentence to make this point explicit.

In liguid and mixed-phase clouds, droplet number concentration peaks occur at
droplet diameters of 5-7 um and 14-15 um, whereas ice and mixed-phase clouds
exhibit ice crystal peaks occur at particle sizes of about 125 and 1550 pum.

e Lines 16-17: Similarly, can “concentrations within the intermediate range” be
specified to mean intermediate droplet sizes? Unless this is referring to
something else.

We thank the reviewer for pointing out this ambiguity in the description. In the original
manuscript, the phrase “concentrations within the intermediate range” indeed
referred to particle number concentrations corresponding to intermediate droplet
sizes.

Following the reviewer’s suggestion, we have revised the sentence to explicitly
indicate that this expression refers to intermediate droplet size ranges, thereby
improving the clarity of the description and avoiding potential misunderstanding.

Regarding ice crystals, high aerosol loading enhance number concentrations at both
small and large sizes, whereas number concentrations at intermediate particle sizes
are lower than those under low aerosol loadings.

e Line 23-24: It looks like this sentence got cut off here.

This error has been corrected in the revised manuscript to ensure that the sentence is
now clearly and fully expressed.

e Line 28-31: You might consider rephrasing to say that when aerosols act as CCN and
IN, this results in modulation of cloud properties. Current phrasing makes it sound like
these are two separate processes.



We thank the reviewer for this helpful suggestion. Following the reviewer’s suggestion,
we have revised the sentence to clarify that when aerosols act as CCN and IN, they
modulate cloud microphysical properties, including droplet and ice crystal formation.
This revision improves the clarity and accuracy of the description.

Aerosols can act as cloud condensation nuclei (CCN) and ice nuclei (IN), thereby
influencing cloud microphysical properties by affecting the formation of cloud droplets
and ice crystals as well as cloud particle number concentrations, size distributions, and
liguid and solid water contents (Chen et al., 2019; Sun and Ariya, 2006).

e Line 49-50: Can you give a brief example of these significant findings?

We thank the reviewer for this helpful suggestion. In the original manuscript, the
phrase “numerous significant findings” was not accompanied by specific examples,
which may have reduced the clarity of the statement. Following the reviewer’s
suggestion, we have revised the sentence by adding brief examples of the findings
obtained from previous aircraft observations, such as insights into cloud microphysical
properties, aerosol—cloud interactions, and the vertical structure of clouds.

For example, in South China’s Guangxi region, Liu et al. (2025) analyzed nine aircraft
flights conducted in 2020 to investigate the diurnal variation of stratocumulus clouds
and the impact of aerosols on cloud microphysical properties. They found that aerosol
number concentration and cloud droplet effective radius exhibited the typical Twomey
effect and highlighted the important influence of boundary-layer height on the
microphysical structure. Based on 35 aircraft flights conducted over the North China
Plain during 2019-2021, Ke et al. (2025) further investigated the influence of
boundary-layer—cloud coupling processes on cloud microphysical variables.

. Line 54: It looks like there is an error with this reference.

This reference has now been corrected in the revised manuscript, and we have also
rechecked the reference list to ensure the accuracy and consistency of all citations.

e Line 69: Need to define E3SM.

We thank the reviewer for pointing out this oversight. In the revised manuscript, the
abbreviation E3SM has now been defined as the Energy Exascale Earth System Model

Christensen et al. (2023) compared observed CCN concentrations and
airborne/ground measurements with E3SMv1(Energy Exascale Earth System Model)
simulations to assess aerosol impacts on cloud properties and radiative forcing in low-
level clouds.

e Line 105 and 108: | would not refer to the number concentration within



individual size channels as a “distribution.” Additionally, do you have a
reference for this Ni equation or can you describe it in a bit more detail? This
is not a conversion | have seen before.

We thank the reviewer for this helpful comment. We agree that referring to the
number concentration within individual size channels as a “distribution” was not
accurate. In the revised manuscript, this wording has been corrected to “number
concentration density” to more precisely describe the physical quantity in each size
channel.

In addition, we have clarified the definition of the N; equation in the Methods section.
The equation describes the number concentration density per size interval, which is
calculated using the particle counts in each channel, the sampled air volume, and the
width of the corresponding size bin. To improve clarity, we have provided a more
detailed description of the variables used in the equation and included an appropriate
reference to support the calculation method.

The number concentration per size interval for each size channel of the CDP, CIP,
and PCASP instruments was calculated as follows:

n;
1000V;Ar;

where N; represents the number concentration density of the i-th channel for
each instrument (cm™-um™),n; is the number of particles in the i-th channel, V; is
the sampled volume for the i-th channel (L), and Ar; is the bin width of the i-th
channel (um).

Ni=

e Line 117: “Channel” is repeated twice.

We thank the reviewer for pointing out this typographical error. The repeated word
“channel” has been corrected in the revised manuscript.

e Sections 2.3 and 2.4 have the same title.

We thank the reviewer for identifying this issue. The duplicate section title was caused
by an editing oversight. The title of Section 2.4 has been corrected in the revised
manuscript.

e Line 167: Critical diameter usually refers to the size needed for CCN activation.
Is that the same way it’s being used here?

We thank the reviewer for pointing out this potential source of confusion. In the
original manuscript, the term “critical diameter” was intended to represent the cutoff
size used to separate small and large aerosol particles in the analysis. However, we
agree that this term is commonly used to refer to the critical activation diameter for
CCN, which may lead to misunderstanding.



To avoid confusion, we have revised the wording in the manuscript by replacing
“critical diameter” with “cutoff diameter”, clearly indicating that this value represents
the threshold used to divide small and large aerosol size ranges, rather than the critical
activation diameter for CCN.

e Line 171: Can you specify what environmental conditions you’re referring to
here?

We thank the reviewer for pointing out that the environmental conditions referred to
in Line 171 were not clearly specified in the original manuscript. In the revised
manuscript, we have clarified the environmental background of the observation region,
including the general aerosol and meteorological conditions over the North China Plain
and Hebei Province, where the aircraft observations were conducted. This additional
description provides context for the environmental conditions influencing the
observed cloud microphysical properties. The relevant information has been added to
the Methods section (Section 2.2) of the revised manuscript.

This area is characterized by a complex aerosol environment influenced by both urban
emissions and regional anthropogenic sources. Major contributors include industrial
emissions, traffic-related pollution, and secondary aerosols such as sulfate, nitrate,
and organic aerosols. In addition, rural and agricultural activities contribute to regional
aerosol loading, and the region is occasionally affected by dust transport from
northern China. Therefore, the observed aerosol population represents a mixture of
urban pollution aerosols and regional background aerosols.

e Line 179: Are these aerosols actually measured “in” cloud, or should this
maybe be “below?”

We thank the reviewer for pointing out this ambiguity. In this study, the aerosol
measurements used for classification were taken below the cloud base, rather than
within the cloud.

The original wording was intended to describe the aerosol conditions associated with
the observed clouds, but the expression “in cloud” was misleading. In the revised
manuscript, we have corrected this wording to “below the cloud”.

e Line 247: Can you elaborate a bit on what you mean by saying the CCN
concentration is “insufficient?”

We thank the reviewer for pointing out that the phrase “insufficient CCN concentration”
was not sufficiently clear in the original manuscript.

In this context, “insufficient CCN concentration” refers to conditions in which the

available cloud condensation nuclei are relatively low compared with the amount of

water vapor and supersaturation in the cloud environment. Under such conditions,

fewer aerosol particles are activated into cloud droplets, which leads to lower droplet



number concentrations and larger mean droplet sizes due to reduced competition for
water vapor.

e Line 272: Before describing the finding from Fig. 6 can you explain what is
plotted and what you’re trying to assess with it?

We thank the reviewer for this helpful suggestion. We agree that the original
manuscript did not clearly introduce the purpose and content of the figure before
discussing the results.

In the revised manuscript, the figure has been updated and is now presented as Figure
7. We have added a brief description before presenting the results to clarify what
variables are shown and the objective of the analysis.

Figure 7 shows the responses of key cloud microphysical parameters simulated by the
parcel model to increasing aerosol concentration. The figure is intended to assess how
variations in aerosol loading influence droplet number concentration, effective
diameter, and spectral dispersion during cloud development.

e Line 272-275: 1 do not understand the claim that effective diameter and spectral
dispersion both increase as aerosol concentration increases but then they
decrease. From this figure | see a levelling-off, but it is not obvious to me that
either quantity is decreasing.

We thank the reviewer for this helpful comment. We agree that the original
description may have overstated the decreasing tendency of effective diameter and
spectral dispersion at high aerosol concentrations.

In most cases shown in the figure, both effective diameter and spectral dispersion
initially increase with increasing aerosol concentration and then tend to level off. Only
in some specific cases, such as when the large-particle concentration is set to 100, a
slight decrease can be observed. Therefore, the overall behavior is better described as
an initial increase followed by a stabilization, rather than decrease.

e Fig. 7: Might it make more sense to present and label the middle row as
supersaturation? Also, VMR is undefined.

We thank the reviewer for this helpful suggestion. We agree that presenting the
middle row as supersaturation provides a clearer and more physically meaningful
interpretation of the results.

In addition, we acknowledge that the abbreviation VMR was not defined in the original
manuscript. This has now been corrected, and VMR is explicitly defined as the water
vapor mixing ratio in both the figure caption and the main text.
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concentrations, and the vertical coordinate Hdenotes the normalized cloud height.



Review for “Regulation of Cloud Particle Spectra and Vertical Structure by Sub-Cloud
Aerosols: Insights from Aircraft Observations and Numerical Simulations” by Liu et al.

Summary:

This study examines the impact of sub-cloud aerosol concentrations in different size
ranges on cloud particle properties in liquid, mixed-phase, and ice clouds. The
introduction and data sections are well-written. The numerical simulations are
particular insightful and lend useful context to the process-level hypotheses made by
the authors. The inclusion of the adiabatic cloud model in addition to analyzing flight
data from numerous flights across hydrometeor phases is commendable and a step
beyond studies that solely use either observational or modeling datasets.

That said, | have major concerns about the presentation and discussion of observations
shown in Figure 2 and 3. More context on the flights (such as flight maps; context on
where different phases were sampled), dataset classification (definitions of upper and
lower layers, examples/highlights of an individual case or two), and objective analysis
back by figures (see some brief comments on figure 2, 3) are sorely needed before the
results are properly reviewed. In its current form, | am struggling to properly evaluate
the conclusions drawn by the authors given the discrepancy between the figures and
some of the text and the difficulty in examining the figures.

| recommend the authors rework the discussion and presentation of Figures 2 and 3
significantly before the manuscript can be considered for publication. In addition,
there are some minor comments provided below.

We sincerely thank the reviewer for the careful evaluation of our manuscript and for
the constructive comments. We appreciate the reviewer’s recognition of the strengths
of the study, particularly the combination of aircraft observations and adiabatic cloud
parcel model simulations, which helps provide process-level insight into aerosol—cloud
interactions.

We also fully acknowledge the reviewer’s concerns regarding the presentation and
interpretation of Figures 2 and 3, as well as the need for clearer descriptions of the
flight context and dataset classification. Following these suggestions, we have made
several substantial revisions to improve the clarity and robustness of the analysis.
Specifically, we have:

1. Added a map showing the aircraft flight tracks and observation regions, providing
clearer geographical context for the measurements and indicating where different
cloud phases were sampled.

2. Clarified the classification methods used in the analysis, including the criteria for
high and low aerosol concentration groups and the definitions of normalized cloud
layers (upper, middle, and lower).

3. Revised Figures 2 and 3 to improve their readability and interpretability, including
clearer labeling, improved captions, and more explicit explanations in the text.

4. Expanded the discussion to better connect the observational evidence with the
conclusions drawn in the study.

We believe that these revisions significantly improve the clarity of the figures and the



transparency of the methodology, allowing the results and conclusions to be more
clearly evaluated.
Detailed responses to each specific comment are provided below.

Major comments:
Abstract:

* The authors compare particle size/number in the upper and lower parts of
the cloud layer. Firstly, “upper” and “lower” need to be defined objectively.
Secondly, while differences in particle diameters are quantified, differences in
droplet number concentration and spectral width (defined as ‘broader size
distributions’) are not. From these results, it follows that the liquid/mixed-
phase hydrometeor mass was considerably higher under high aerosol loading
conditions? This should be clarified.

We sincerely thank the reviewer for the careful and constructive comments. We agree
that improving the clarity of the abstract and the key figures (Figures 2 and 3) is
essential for clearly presenting the results and supporting the conclusions. Following
the reviewer’s suggestions, we have made several substantial revisions to the
manuscript.

We have clarified the definitions of “upper” and “lower” cloud layers. In the revised
manuscript, cloud layers are objectively defined using the normalized cloud height (H),
where H = 0 corresponds to the cloud base and H = 1 corresponds to the cloud top.
The cloud was divided into three layers: lower layer (H < 0.3), middle layer (0.3 < H <
0.7), and upper layer (H 2 0.7).

We thank the reviewer for this helpful comment. Particle number concentration,
spectral dispersion, and water content are mainly used to support the interpretation
of the vertical variation in effective diameter, which represents the primary focus of
this study. Therefore, these variables were not explicitly quantified in the abstract.
Nevertheless, we acknowledge their importance for a comprehensive interpretation.
In the revised manuscript, we have provided a more detailed analysis of number
concentration, spectral dispersion, and water content in Section 3.2.

Under high sub-cloud aerosol loading, effective droplet diameters in the lower
part(H<0.3) of liquid and mixed-phase clouds are 2.4 and 2.8 um larger, respectively,
than those in the upper part (H>0.7).

In addition to number concentration and effective diameter, the liquid water content
(LWC) also exhibits distinct vertical variations under different aerosol conditions
(Figures 4d and h). Under high-aerosol conditions, LWC in the lower layer is higher than
that in the upper layer by approximately 0.37 g m3, which is consistent with the
vertical variations in spectral dispersion and effective diameter described above. A
similar vertical structure is observed in mixed-phase clouds; however, LWC is further
influenced by phase transition processes. Under high-aerosol conditions, LWC in the
upper layer is lower than that in the lower layer by approximately 0.26 g m=.



» The authors should specify here if the quantitative comparisons are based
solely on aircraft data or numerical simulations also.

We clarified that the quantitative comparisons in the abstract are based primarily on
aircraft observational data, while the adiabatic parcel model simulations are used to
interpret the underlying physical mechanisms.

Observations show that in liqguid and mixed-phase clouds, droplet number
concentration peaks occur at droplet diameters of 5-7 um and 14-15 um, whereas ice
and mixed-phase clouds exhibit ice crystal peaks occur at particle sizes of about 125
and 1550 um.

= Please review ACP submissions guidelines for authors at
https://www.atmospheric-chemistry-and-
physics.net/policies/guidelines_for_authors.html. State importance and
implications of the results in the abstract. The abstract ends abruptly with a
result statement.

Following the ACP author guidelines, we revised the abstract to include a brief
statement of the broader significance and implications of the results.

These results improve our understanding of aerosol—cloud interactions and provide
important constraints for their representation in weather and climate models.

The two key figures in section 3 need some work to be better interpretable:

Figure 2: This figure needs better labels and an explanation of why two rows represent
ice clouds. The discussions in text refer to upper and lower layers of clouds whereas
the labels indicate “low, mid, high”?

For Figure 2, we improved the labeling and revised the caption to clearly explain the
structure of the figure. The two rows showing ice crystals represent ice crystals
observed in mixed-phase clouds and those in pure ice clouds, rather than two different
types of ice clouds. This clarification has been added to the caption.
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Figure 3. Size distributions of cloud particles in different regions of the observed
clouds and aerosol size distributions below the clouds under varying aerosol
concentrations. Figure 2. Size distributions of cloud particles in different regions of
the observed clouds and aerosol size distributions below the clouds under varying
aerosol concentrations. Panels (a—b) show cloud droplet spectra in warm clouds
under high and low aerosol loading, respectively; (d—e) show cloud droplet spectra
in mixed-phase clouds; and (g—h) show ice crystal spectra in mixed-phase clouds.
Panels (j—k) present ice crystal spectra in ice clouds. In each panel, yellow, green, and
purple curves represent the cloud top, middle, and base, respectively. Panels (c), (f),
(i), and (l) show the corresponding aerosol size distributions below the clouds under
high- and low-aerosol conditions, along with the mean distribution (black line).

Figure 3:
= This forms a key figure in the authors’ analysis and interpretation of the
aerosol impacts on particle distributions. As such the panels are very noisy



and it is difficult to objectively analyse the results and their claims. Maybe a
binning approach would be better — bin data over the upper, mid, and lower
layer of the cloud profile?

For Figure 3, we agree that the original scatter plots contained substantial variability
and were difficult to interpret. Following the reviewer’s suggestion, we adopted a
binning approach based on normalized cloud height, grouping the observations into
vertical bins and displaying the mean values for each bin, which significantly improves
the clarity of the vertical trends. In the revised manuscript, the original Figure 3 has
been updated and is now presented as Figure 4, as shown below.
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Figure.4 Vertical distributions of different cloud particle characteristics. (a—d) water
cloud droplets, (e-h) mixed-phase clouds droplets, (i-I) ice crystals in mixed clouds,



(m—p) ice crystals in ice clouds. For each cloud type, the panels from left to right
represent number concentration, effective diameter, dispersion, and water content,
respectively.

= Line 208: Apart from maybe panel m, I'm really struggling to see how high
aerosol conditions have higher particle concentrations. In fact, near cloud
base, panel a shows low droplet concentrations near cloud base under
conditions of high aerosol concentrations.

We thank the reviewer for carefully examining the figure. After rechecking the original
plotting script, we found that the color assignment for the high- and low-aerosol
conditions in panel (a) was inadvertently reversed when adjusting the color scheme to
make the figure color-blind friendly. As a result, the curves representing the two
aerosol regimes were displayed incorrectly, which led to an apparent contradiction
with the description in the text.

This issue has now been corrected in the revised figure. After fixing the color
assignment, the particle number concentrations under high-aerosol conditions are
generally higher than those under low-aerosol conditions, consistent with the
interpretation provided in the manuscript.

= Line 210: I'm struggling to see this claim represented in Fig. 33, e. In fact, | see
the opposite trend in Fig. 3a as blue colors representing low aerosol
concentration conditions have lower values near cloud top.

We thank the reviewer for carefully examining the figure. As mentioned in the
response to the previous comment, we identified an error in the color assignment of
panel (a) when adjusting the figure to a color-blind-friendly scheme. The curves
representing high- and low-aerosol conditions were inadvertently reversed, which
caused the apparent inconsistency between the figure and the description in the text.
This issue has been corrected in the revised figure. After correcting the color
assignment, the vertical variations in Fig. 3a and 3e are consistent with the
interpretations presented in the manuscript.

= Line 216: | don’t see an increase in Ed with height for low aerosol
concentrations.

We thank the reviewer for this helpful comment. The apparent inconsistency arises
from the same issue noted above, namely an error in the color assignment introduced
when the figure was adjusted to a color-blind-friendly scheme. In the original figure,
the curves representing high- and low-aerosol conditions were inadvertently reversed,
which affected the visual interpretation of the vertical variation in effective diameter
(Ed) under low-aerosol conditions.

This issue has now been corrected in the revised figure. After correcting the color
assignment, the vertical variation of Ed under low-aerosol conditions is consistent with



the corresponding description in the manuscript.

=  Panels o, p should be reversed as dispersion is in column 3 in the preceding
rows.

We appreciate the reviewer for identifying the panel ordering issue. The positions of
panels (0) and (p) were inadvertently reversed in the original figure. This has now been
corrected in the revised manuscript so that the variables are consistently arranged
across all rows.

Minor comments:
Abstract:
=  Please maintain consistency in terminology. Authors use the terms “sub-cloud
aerosol loading”, “low-aerosol conditions”, and “sub-cloud aerosol
concentrations”, in three consecutive sentences to mean the same thing (I
assume).

We thank the reviewer for pointing out this inconsistency. In the revised manuscript,
we have standardized the terminology and now consistently use “sub-cloud aerosol
loading” when referring to aerosol conditions below the cloud base.

= |s there a difference between “mixed-phase clouds” and “ice clouds” on line
21?

We thank the reviewer for pointing out this ambiguity. In the original sentence, the
phrase “both cloud types” refers specifically to liquid clouds and mixed-phase clouds.

= |s the full stop before “at low aerosol concentrations” intended?
We thank the reviewer for identifying this punctuation issue. The full stop before “at
low aerosol concentrations” was not intended. It has been removed in the revised
manuscript and the sentence has been corrected accordingly.
Line 14-15: Please specify radius or diameter.
We thank the reviewer for this helpful suggestion. In the revised manuscript, we have
clarified that the particle size referred to in this sentence corresponds to particle
diameter.
In liguid and mixed-phase clouds, droplet number concentration peaks occur at
droplet diameters of 5-7 um and 14-15 pm, whereas ice and mixed-phase clouds

exhibit ice crystal peaks occur at particle sizes of about 125 and 1550 pum.

Line 17: Please rephrase and/or break sentence into two parts, it is hard to understand.



Following the reviewer’s suggestion, the sentence has been rewritten and divided into
two shorter sentences to improve clarity.

Under high sub-cloud aerosol loading, effective droplet diameters in the lower part of
liguid and mixed-phase clouds are 2.4 and 2.8 um larger, respectively, than those in
the upper part. The lower cloud layers also exhibit higher droplet number
concentrations and broader size distributions.

Line 50: Can the authors list a couple of the findings corresponding to these citations?

We thank the reviewer for this helpful suggestion. In the revised manuscript, we have
added brief descriptions of the main findings from the cited studies in this section to
provide clearer context for the referenced work.

In China, aircraft-based cloud observations, which have been conducted since the
1960s, have become fundamental data sources, yielding numerous significant findings
(Changetal., 2019; Fengetal., 2021; Wang et al., 2014; Zhao et al., 2018). For example,
in South China’s Guangxi region, Liu et al. (2025) analyzed nine aircraft flights
conducted in 2020 to investigate the diurnal variation of stratocumulus clouds and the
impact of aerosols on cloud microphysical properties. They found that aerosol number
concentration and cloud droplet effective radius exhibited the typical Twomey effect
and highlighted the important influence of boundary-layer height on the microphysical
structure. Based on 35 aircraft flights conducted over the North China Plain during
2019-2021, Ke et al. (2025) further investigated the influence of boundary-layer—cloud
coupling processes on cloud microphysical variables.

Line 54: “Jae et al. (Yeom et al. (2025)” needs to be corrected.
Thank you for identifying this reference error. The citation has been corrected.

Line 76: Some of the uncertainties, specifically those the authors intend to address in
this work should be mentioned here.

We thank the reviewer for this helpful suggestion. In the revised manuscript, we have
expanded this section to highlight the remaining uncertainties in previous studies,
particularly regarding the vertical variations of cloud microphysical properties under
different aerosol conditions. We have also clarified the specific aspects that this study
aims to address, including the relationships between sub-cloud aerosol concentrations
and cloud particle characteristics in different cloud phases.

Despite these advances, the effects of aerosols on cloud microphysical properties
remain uncertain. It is still unclear whether higher aerosol concentrations necessarily
lead to higher cloud particle number concentrations and smaller effective diameters.



Moreover, it remains an open question whether aerosol impacts differ among clouds
of different phase states. In this study, we combine extensive aircraft observations
from 16 flights over the North China Plain between 2019 and 2021 with results from
an adiabatic cloud model to systematically investigate the spectral distributions,
vertical structures, and aerosol-induced responses of cloud particles across clouds of
different phase states.

Line 87: There needs to be consistency in the information provided for different probes
— please provide size range, number of bins (channels), range of particle sizes used in
the study, uncertainty estimates if available, for each probe. Also please delineate
between primary measurement and derived quantities. Perhaps a table with all these
details might be suitable.

We thank the reviewer for this helpful suggestion. In the revised manuscript, we have
provided a more consistent description of the aircraft probes used in this study.
Specifically, we now include the measurement size range, number of channels, and the
particle size ranges used in the analysis for each probe.

Following the reviewer’s recommendation, we have also added a summary table that
compiles the key information for each probe to improve the clarity and readability of
this section.

Table.1 Summary of airborne probes used in this study.

Measurement Number of ) ) )
Instrument Variables used in this study
range (um) channels
PCASP 0.1-3.0 30 Aerosol size distribution,. aerosol
number concentration

Droplet size distribution, droplet

number concentration (Nc),
Cbp 2-50 30 effective diameter (Ed), spectral
dispersion, liquid water content

(LWC)

Ice particle size distribution, ice

cip 25_1600 64 crystal number concentration

(Nice), effective diameter, ice
water content (IWC)

Line 98: I'm very confused on how many flights were used in this study because the
introduction states 21 flights, then here the authors state 35 flights but the paragraph
ends with a total of 29 flights, and Table 1 describes “sorties” which are not defined
yet and there are only 16 sorties with multiple sorties on a single date.

We appreciate the reviewer’s careful reading and for pointing out the inconsistencies
in the description of the flight numbers. After rechecking the dataset, we found that
the number 21 flights mentioned in the introduction was incorrect and has been
corrected in the revised manuscript.



In this study, a total of 16 aircraft flights with cloud observations were used in the
analysis. However, during some flights, observations were conducted in different
locations and encountered different cloud types, which were treated as independent
cases in the analysis. After applying quality control and filtering procedures to avoid
counting mixed-phase and ice clouds from the same cloud cluster within a single flight,
the dataset resulted in 29 independent cloud cases used in the statistical analysis.

In addition, the term “sortie” has now been explicitly defined in the revised manuscript
to clarify that it refers to an individual aircraft mission during the field campaign.

The corresponding descriptions in the manuscript and Table 1 have been revised to
ensure consistency throughout the paper.

Table 1: Previously, it was mentioned that data from two flight platforms were used
but Table 1 only lists K350 flight sorties?

We thank the reviewer for pointing out this potential confusion. The observational
dataset includes 35 flight sorties conducted by two different aircraft platforms.
However, after data screening and quality control, only the observations from the K350
aircraft were selected for the analysis presented in this study.

Therefore, Table 1 lists only the K350 aircraft sorties used in the analysis. Observations
from the other aircraft platform were used only as supporting information and were
not included in the statistical analysis.

Line 105: “number concentration distribution” is awkward, | believe you mean to say
the “number distribution function”, which is a term used in previous studies using
airborne cloud probe datasets.

We thank the reviewer for this helpful suggestion. We agree that the phrase “number
concentration distribution” was not sufficiently clear. In the revised manuscript, we
have replaced this expression with “number concentration per size interval” to more
accurately describe the particle number distribution derived from the probe
measurements.

The number concentration per size interval for each size channel of the CDP, CIP,
and PCASP instruments was calculated as follows:

n;
1000V;Ar;

where N; represents the number concentration density of the i-th channel for
each instrument (cm™3-um™),n; is the number of particles in the i-th channel, V; is
the sampled volume for the i-th channel (L), and Ar; is the bin width of the i-th
channel (um).

Ni=

Line 117: should “n;” be replaced by “N; times delta r;”? and does d; not represent
the central diameter for the ith size channel as stated previously? “droplet diameter”
is misleading given that the diameter for individual droplets is not estimated.



We thank the reviewer for this careful and helpful comment.First, “n;” in the equation
represents the particle counts recorded in the i-th size channel by the probe, which
are used to calculate the number concentration per size interval. Therefore, “n;” is the
directly measured quantity and is not replaced by “N; times delta 7;”.

Second, we confirm that di presents the central diameter of the i-th size channel, as
defined by the probe bin configuration. To avoid ambiguity, we have clarified this
definition in the revised manuscript.

Finally, we agree that the phrase “droplet diameter” may be misleading because the
probes measure particle counts within predefined size bins rather than estimating the
diameter of individual droplets. we have modified the wording to refer to the bin-
center diameter of each size channel, defined as the midpoint between the upper and
lower bounds of the size bin.

Line 118: what is the value of n?

We thank the reviewer for pointing out that the definition of the parameter n was not
clearly stated. In the revised manuscript, we have clarified that n represents the
number of particle size channels used in the calculation, which is 30 in this study. This
definition has been explicitly added in the Methods section.

Line 125: mention that m is the number of channels? What is the value of m?

We thank the reviewer for pointing this out. In the revised manuscript, we have
clarified that

m represents the number of particle size channels used in the calculation, and its value
is 60 in this study. This definition has been explicitly added in the Methods section.

Line 128: the parameter “effective radius” was defined much earlier in a study by
Hansen and Travis, 1974, which may be an appropriate reference here. Again, the
authors may want to maintain consistency across the equations (this is the first
equation that has the i subscript for the Greek symbol for summation).

We thank the reviewer for this helpful suggestion. In the revised manuscript, we have
added the reference to Hansen and Travis (1974) when introducing the definition of
the effective radius. In addition, we have revised the equations to ensure consistent
notation throughout the manuscript, including the use of the summation index in the
equations.

Line 141: The authors need to define N, and N_i first. The acronym “N;” has already
been used as a variable in an equation above, so | recommend using “N;..”. Was there
no “N;..” threshold used to define liquid clouds? Why not include LWC and IWC as
determinates of cloud phase? For an ice cloud threshold for temperature, | would
imagine that for values up to 5 C, there may be some mixed phase segments. Please



clarify.

We thank the reviewer for these helpful comments. First, we agree that the definitions
of N.and N; should be introduced more clearly. In the revised manuscript, we have
explicitly defined N_as the droplet number concentration and N;..as the ice crystal
number concentration when they first appear in the text. To avoid confusion with the
previously defined N; representing the number concentration in the i-th size
channel, the notation N;..has been adopted throughout the manuscript.

Second, regarding the cloud phase classification, the identification of liquid, mixed-
phase, and ice clouds in this study is based on particle number concentration
thresholds combined with temperature conditions. In addition, liquid water content
(LWC) and ice water content (IWC) are derived from the observed particle size
distributions rather than directly measured. Therefore, in this study, cloud phase
classification is based solely on number concentration and temperature thresholds.
Finally, we clarify that the temperature threshold used in this study is -5 °C, rather
than +5 °C. This threshold, together with particle observations, is used to distinguish
ice clouds from mixed-phase clouds.

Line 143: Sections 2.3 and 2.4 have the same heading, please adjust appropriately.

The duplicated section heading has been corrected in the revised manuscript, and the
section titles have been adjusted accordingly.

Technical corrections:
Line 56: ( 2025) -> (2025). Similar error repeats throughout the manuscript. Please edit
following the journal’s recommended format.

The citation format has been corrected throughout the manuscript in accordance with
the ACP formatting guidelines, including the correction from “( 2025)” to “(2025)” and
similar inconsistencies elsewhere in the text.

Line 61: do you mean ice nucleating particle concentrations?

Yes, the intended meaning here is ice nucleating particle (INP) concentrations. We
have clarified this terminology in the text to explicitly refer to ice nucleating particles.

Line 69: Please define E3SM as was done for other models.

E3SM has been defined at its first occurrence as the Energy Exascale Earth System
Model, consistent with the treatment of other model names in the manuscript.

III

Line 117: “channel” is written twice.



The duplicated word “channel” has been removed.



