
# Reviewer 2

The authors sincerely thank the reviewer for the positive and encouraging evaluation of our work.
We appreciate the acknowledgment of the novelty and significance of our study. Point-by-point
responses are given below.

General Comment
The research topic is very relevant and interesting to the scientific community. However, the
paper has several concerns in data methods and lacking proper justification/reference. More
clarification is also required on the simulation setup, especially how aerosol spatial distribution
is initialized and perturbation is imposed. Another concern arises from the fact that in a real
LES simulation where environmental conditions are not identical at all points (as the domain
is very large), whether the LWP sensitivity of aerosol can be achieved?. There can be other
environmental factors also controlling this sensitivity (Nd – LWP relation). In a sensitivity
experiment, in general we keep all other parameters such as environmental conditions same for
all the forcing runs to ensure impact of aerosol forcing only. This is more suitable for an ideal
LES run.
Considering all these aspects, I feel that the paper is not suitable for publication in its present
form and a significant revision is required.

Ans: In this paper, we have used the available large-domain ICON-LES simulation from
the HD(CP)2 project. In the ICON-LES simulations, the aerosol perturbation is imposed
only through prescribed CCN fields, while the meteorology is kept identical across the paired
simulations. Following Costa-Surós et al. (2020), the CCN concentrations are provided as
temporally and spatially varying offline fields (time-varying 4D distributions) generated with
the regional coupled chemistry–aerosol model system COSMO-MUSCAT, and then read into
ICON-LEM. The control run uses a CCN representative of 2 May 2013, while the perturbed run
uses a CCN representative of peak European pollution around 1985.

We also agree that in a large LES domain, environmental heterogeneity and aerosol–meteorology
co-variability can influence the apparent Nd–LWP relationship. However, the experimental
design compares the control and the perturbed simulation with identical meteorological forcing,
differing only in the imposed CCN fields. Costa-Surós et al. (2020) showed that, even in
a large LES domain with substantial spatial variability, the aerosol signal can be quantified
using domain-wide, regime-conditioned statistics, rather than pointwise cloud matching. In
our analysis, we have used a similar methodology in which regime-conditioned statistics and
distribution-based metrics mitigate confounding meteorological factors while retaining the aerosol
signals imposed by the perturbation.

Specific comments:

L12-14: “stronger cloud-top heating and moisture sinks are simulated during negative LWP
sensitivity phases, particularly for high Nd in 2013, consistent with enhanced evaporation and
entrainment.”
Seems opposite statement as enhanced entrainment and evaporation leads to stronger cooling by
latent heat absorption.

Ans: Thank you very much for pointing this out.
We agree that the wording was unclear. Yes, entrainment-driven evaporation is associated
with latent cooling, not heating. However, in our diagnostics, Q1 is an apparent heating that
includes contributions from advection and vertical motion in addition to microphysical latent
heating/cooling. Therefore, during negative LWP sensitivity at high Nd (especially in the 2013
case), we mainly interpret it through the apparent moisture sink (Q2). The positive Q2 at
high Nd indicates dry-air entrainment and mixing, along with associated evaporation/dilution,
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consistent with the concurrent decrease in LWC/LWP. Any positive (or less negative) Q1 in
this regime is attributed to warming terms (e.g., warm-air advection/subsidence) offsetting
evaporative cooling, rather than evaporation causing heating.

The revised text is given below.

Specifically, during negative LWP sensitivity phases, stronger cloud-top drying (moisture sinks)
is simulated, particularly at high Nd in 2013, consistent with enhanced entrainment/mixing and
evaporation-driven cloud dilution.

L67-70: In this study, we aim to investigate the LWP sensitivity in a non-precipitating continental
cloud regime using high-resolution LES model simulation in numerical weather prediction mode,
with initial and boundary conditions for a real weather situation, and with interactive land
surface (Heinze et al., 2017; Costa-Surós et al., 2020).
Does it mean that two aerosol runs have different initial and boundary conditions?.

Ans: Again, thank you very much for pointing this out.
No. Both simulations use the same initial and boundary conditions for the real weather
case (including the interactive land surface and the same large-scale/lateral forcing). The
paired simulations differ only in the prescribed CCN fields used for droplet activation (aerosol
perturbation), while the meteorological setup is otherwise identical.

Amended manuscript text:

In this study, we investigate LWP sensitivity in a non-precipitating continental cloud regime
using high-resolution LES simulations in numerical weather prediction mode, with initial and
boundary conditions from a real weather situation and an interactive land surface (Heinze et al.,
2017; Costa-Surós et al., 2020). Aerosol–cloud interaction effects are quantified using control and
aerosol-perturbed simulations that differ only in the prescribed CCN fields for droplet activation,
while the meteorology is kept identical across the simulations. The following methodology section
describes the model setup and aerosol perturbation.

L85-87: The CCN concentrations in the model are prescribed as a spatially and temporally
varying distribution. The control simulation uses CCN concentrations as estimated for 02 May
2013 (Costa-Surós et al., 2020)., and for the perturbed simulation, CCN concentrations valid for
the year approximately 1985 were selected, in which the pollution level in Europe was at its
peak (Smith et al., 2011).
How did you consider aerosol perturbation for 1985?. Is it based on observations?

Ans: Thank you for this comment.
The 1985 CCN fields are not taken directly from observations; instead, they are obtained by
scaling the 2013 CCN fields using species-dependent scaling factors derived from emission ratios
following Genz et al. (2019). It is derived from emissions-based scaling rather than direct
observations.

The following text is now amended in the manuscript.

The 2013 CCN concentrations are generated from 2013 emissions using a regional coupled model
system (Wolke et al., 2004, 2012). The 1985 CCN concentrations are obtained by scaling the
2013 CCN concentrations with species-dependent factors derived from emission ratios following
Genz et al. (2019). A detailed description is provided in Costa-Surós et al. (2020).

L88 & L89 : Experiment date mismatch.

Ans: Thanks. Revised as suggested.

L95: “we have used the coarse-gridded data with a resolution of 1.2 km”
What is the impact of coarse-gridding in the analysis results?
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Ans: Thank you for this comment.
Yes, aggregating LES output to a coarser grid can affect diagnosed relationships by smoothing
sub-kilometre variability. To minimise these impacts, our analysis is regime-conditioned and
relies on cloud-only / cloud-core sampling (e.g., thresholds on LWC/Nd and cloud-top detection),
so the statistics are not dominated by diluted edge pixels. We also focus on distribution-based
metrics (e.g., conditional means and joint relationships) that are less sensitive to small-scale
positional noise than pointwise comparisons. Moreover, the 1.2 km coarse-grained HD(CP)2
products have been used extensively in prior work, which indicates that the main aerosol–cloud
sensitivities remain qualitatively robust after aggregation. In the HD(CP)2 framework, however,
only the coarsened products were retained due to the very large data volume of the native LES
output, so we could not repeat the analysis at finer aggregation scales for a formal scale-sensitivity
test. As a limitation, we acknowledge that some magnitude changes could occur at finer scales.

The amended text:

We have used the coarse-gridded data with a resolution of 1.2 km, a standard reduced-volume
product that has been used in previous studies and evaluations (Costa-Surós et al. 2020, Dipu et
al. 2022). Our results rely on regime-conditioned, cloud-only statistics that mitigate grey-zone
smoothing. While coarse-gridding may influence quantitative values, the qualitative sensitivities
remain robust.

L99: The cloud top is defined as the topmost level with Nd > 2 cm−3, which is further filtered
for cloud fractions equal to 1 (at the 1.2 km scale) and cloud optical thicknesses greater than 2.
Please give justification or references to support this cloud top detection method. I think Nd >
2 cm−3 is very low value to consider as cloud. Several studies reported cloud detection threshold
by LWC > 0.001 g/m3 or Nd > 10 cm−3. In this case, please check if Nd > 2 cm−3 satisfies to
the LWC criteria.

Ans: Thank you for this comment.
We agree that Nd >2 cm−3 alone could be too low, so the cloud top is not defined from Nd
only. In the revised manuscript, we clarify that the cloud top is identified as the highest model
level satisfying liquid-cloud conditions(LWC > 1 × 10−8 kg kg−1 and T > 268 K), and that
Nd > 2cm−3 is used only as an additional indicator to avoid selecting levels with vanishing
droplet number. For the analysis, we further restrict to fully cloudy coarse-grid columns (cloud
fraction = 1 at 1.2 km) and optically thick clouds (COT > 2), which reduces cloud-edge and
cloud contamination.

The revised text is given below.

The analysis is restricted to single-layered liquid clouds by excluding the clouds with a cloud-top
temperature below 268 K. Cloud top is diagnosed as the uppermost model level with liquid cloud
water present (liquid water content, LWC >1×10−8 kg kg−1). We additionally constrained Nd
> 2cm−3 and restricted the analysis to overcast and optically detectable clouds (cloud fraction
= 1 at 1.2 km cloud optical thicknesses, COT > 2) to minimise cloud-edge contamination.

L115: The cloud dilution ratio, which serves as a proxy for entrainment, is defined as the ratio
of the cloud effective radius to the adiabatic radius.
Provide justification or references to support this statement. As cloud dilution is generally
represented by the ratio of LWC to adiabatic LWC.
Now, for this case if LWC/LWCad Reff /Reffad

This simply means that mixing in the clouds is extremely inhomogeneous where evaporation is
rapidly adjusted to constant Reff . Further analysis to support this process is not provided by
using time scale analysis. Fig. 3 clearly shows that mixing is not extremely inhomogeneous as
indicated by rapidly decreasing Reff with decreasing Nd.

Ans: Thank you for this comment.
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We agree that “cloud dilution” (as a proxy for entrainment/mixing) is most consistently quantified
using thermodynamic dilution of condensate, i.e. the ratio of in-cloud liquid water to its adiabatic
reference, rather than using a microphysical size ratio such as Reff /Reff,ad. In particular, Reff

responds not only to dilution/entrainment but also to collision–coalescence, sedimentation,
activation/CCN changes, and precipitation removal, so it is not a unique proxy for entrainment.
Therefore, in the revised manuscript, we removed the definition of cloud dilution based on
Reff /Reff,ad. and replaced Eq. (3) with a standard adiabaticity (sub-adiabatic fraction) based
on the liquid water path:

fad = LWP
LWPad

Here, LWPad is computed following the common adiabatic parcel approximation,

LWPad = 1
2 γad H2,

where γad is the vertical gradient of adiabatic liquid water content and H is cloud depth.

L119: LWC unit should be g/m3

Ans: Thanks for pointing this out. Revised as suggested.

L130: “However, the LWP distribution shows relatively small shifts towards higher LWP in the
1985 simulation compared to 2013 (Fig. 1b)”
From the figure it seems an insignificant change in the LWP PDFs. This result clearly indicates
that aerosol perturbation has no clear impact (positive) on LWP sensitivity.
The analysis related to Nd – LWP joint probability distribution is valid for both low and high
CCN cases and produces a similar relation with slight shift. This relation does not produce a
LWP sensitivity to aerosol perturbation as similar relation is valid for low and high CCN cases.
This relation arises due to spatial variability in aerosol and other environmental conditions.
Therefore, it is difficult to understand how aerosol alone impacts LWP in this case.

Ans: Thank you for this comment.
We agree that Fig. 1b shows only a small shift in the LWP PDF in the 1985 simulation compared
to 2013, implying that the domain-mean LWP response is modest in this case. This does not
imply that the aerosol perturbation is insignificant, because the domain includes multiple cloud
states, competing sink processes, and dynamical adjustments can offset microphysical LWP
increases, leaving only a small net shift in the bulk distribution. The aerosol signal is most
evident in the microphysical state, as the higher prescribed CCN in 1985 causes a pronounced
rightward shift in droplet number, with Nd increasing from 100 cm−3 (2013) to 300 cm−3 (1985).
We therefore quantify aerosol effects primarily using regime conditioned Nd–LWP statistics and
their temporal evolution, rather than relying on the LWP PDF. Moreover, the two simulations
have identical meteorological forcing and initial conditions, and differ only in the prescribed
CCN, so the diagnosed differences in Nd and conditional Nd–LWP behaviour reflect the aerosol
perturbation rather than differing environmental conditions.

The revised text is given below.

The contrasting response of the Nd and LWP to the aerosol perturbation suggests that higher
droplet activation alone does not directly translate into proportional increases in bulk water
content, highlighting the importance of compensating microphysical and dynamical processes
(e.g., entrainment/mixing and cloud dilution) that can offset LWP increases.

L145: It is not clear how the transition point of regime shift (positive to negative) is moved
to higher side in 1985 case. It is only the aerosol change or the temperature change of global
warming is also associated.

Ans: Thank you for this comment.
The shift of the transition point to higher Nd in 1985 is not due to global warming. The two
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simulations have identical meteorological forcing and initial conditions; only the prescribed CCN
field differs. Therefore, the shift in the transition point reflects the aerosol-driven shift in the
droplet activation. The transition from positive to negative LWP sensitivity occurs when the
cloud dilution exceeds the precipitation suppression. In the 1985 case, the aerosol perturbation
shifts cloud droplets to higher Nd, so the transition point of the negative-sensitivity is also shifted
to higher Nd, indicating an aerosol-driven activation shift rather than a temperature-driven
climate change effect.

The following text is added for clarification.

Since the two simulations have identical meteorological forcing and initial conditions, and differ
only in CCN, the shift in the transition point is attributed to the aerosol perturbation rather
than thermodynamic warming.

L151: “The cloud dilution ratio, which is defined as the ratio of Reff to the adiabatic Rad serves
as a proxy for entrainment mixing. Values close to 1 indicate adiabatic clouds, while lower values
suggest dilution.”
This statement is not correct. To detect adiabatic clouds, liquid water dilution ratio (LWC/LWCad)
is best suited. The dilution ratio shown presented in this study depends on mixing type (homo-
geneous vs. inhomogeneous). For example, in case of extreme inhomogeneous mixing, this ratio
(Reff /Rad) will be close to 1, even if strong dilution mixing occurred.

Ans: Thanks for pointing this out.

In the revised manuscript, we have updated the cloud dilution ratio (equation 3) with adiabaticity,
which is defined as the ratio of LWP to adiabatic LWP (LWPad)

fad = LWP

LWPad

Where LWPad=1
2γadH2, where γad is the vertical gradient of adiabatic LWC, and H is the cloud

depth

L171: “Notably, the 2013 simulation exhibits a stronger negative slope than 1985, highlighting
more rapid LWP depletion”. . . . If I understood correctly, stronger entrainment-evaporation
feedback should occur in high aerosol loading case. But here, the response is opposite.

Ans: Thank you for this comment.
Enhanced entrainment–evaporation feedback under higher aerosol loading is not expected to
be monotonic. Also, the magnitude of negative LWP sensitivity depends strongly on the
thermodynamic state and on whether the cloud regime is dilution-dominated. In the 1985
simulation, the LWP transition point is shifted to higher Nd and delays the onset of the depletion
regime. While the diagnosed negative Nd–LWP slope is smaller because the net drying/depletion
is weaker on average (consistent with greater moisture retention and later occurrence of positive
Q2; explained later in the text). Thus, the 2013 simulation exhibits a steeper negative slope
because the cloud regime enters drying/entrainment-driven depletion more readily, leading to
more rapid LWP loss.

The following is the revised text with clarifications.

Notably, the 2013 simulation exhibits a steeper negative slope than the 1985 simulation, indicating
more rapid LWP depletion. Although the transition to negative LWP sensitivity shifts to higher
Nd in 1985, the magnitude of the negative slope is smaller than in 2013. The steeper negative
slope in 2013 suggests that the cloud field enters drying/entrainment-driven depletion more
readily, leading to more rapid LWP depletion. In contrast, the 1985 perturbation primarily
shifts the transition to higher Nd and delays the onset of the depletion regime. Importantly,
higher aerosol loading does not necessarily imply a more negative Nd–LWP slope. The strength
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of the negative LWP sensitivity is state-dependent and depends on whether the clouds are in a
dilution-dominated (entrainment–evaporation) state.

L245: “The analysis clearly indicates that aerosol perturbations and aerosol levels have a
significant impact on the LWP sensitivity and associated processes.” This is not really reflected
in the presented results. The aerosol perturbation impact on LWP sensitivity is not significant,
However, more microphysical and thermodynamical response is found.

Ans: Thank you very much for pointing this out.

We agree that the domain-wide LWP response to the aerosol perturbation is modest in this
case and that the most pronounced signals appear in the microphysical and thermodynamic
diagnostics. We therefore revise the text, and it is given below.

The analysis shows that the aerosol perturbation induces a clear microphysical and thermody-
namic response and modulates the regime-conditioned Nd–LWP sensitivity, while the change in
the bulk LWP distribution remains modest.

L247: “The observed positive tendency in Q1 for negative LWP sensitivity could be due to warm
entrainment, which leads to evaporation of cloud droplets”. Entrainment is generally associated
with downward motion in cloud top. This should bring colder air inside the cloud?

Ans: Again many thanks pointing this out.
Entrainment at the cloud top does not imply that cold air is brought into the cloud. In
stratocumulus and shallow convective clouds, entrainment primarily involves the mixing of
free-tropospheric air above the inversion into the cloudy layer. That air is typically warmer and
drier than the cloudy boundary-layer air. The entrained air is incorporated mainly through
turbulent mixing, and the resulting mixture becomes subsaturated, which promotes cloud droplet
evaporation and LWP depletion. This can be further explained by the apparent heating Q1 and
the moisture sink Q2. The apparent heating Q1 includes contributions from advection and vertical
motion in addition to microphysical latent heating/cooling. Therefore, during negative LWP
sensitivity at high Nd (especially in the 2013 case), we mainly interpret it through the apparent
moisture sink (Q2). The positive Q2 at high Nd indicates dry-air entrainment and mixing, along
with associated evaporation/dilution, consistent with the concurrent decrease in LWC/LWP.
Any positive (or less negative) Q1 in this regime should be attributed to warming terms (e.g.,
warm-air advection/subsidence) offsetting evaporative cooling, rather than evaporation causing
heating.

The following text is added for clarification.

Here, entrainment refers to turbulent mixing of relatively warm, dry free-tropospheric air across
the inversion into the cloud-top layer, which promotes subsaturation and evaporation. Since Q1
is an apparent heating residual that includes advection and vertical motion, its sign reflects the
net balance of warming and evaporative cooling rather than evaporation alone.
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