Review of “Why Is Height-Dependent Mixing Observed in Stratocumulus?”

This manuscript investigates entrainment—mixing processes in stratocumulus using the Explicit Mixing
Parcel Model (EMPM). By emulating virtual aircraft measurements, the authors argue that the frequently
observed transition from inhomogeneous mixing (IM) near cloud top to homogeneous mixing (HM) within
cloud depth is essentially a collective behavior of multiple parcels sampled at the same height, experiencing
distinct entrainment-mixing—evaporation histories, rather than reflecting the true local mixing mechanism.
The study compares bulk versus local perspectives, introduces isobaric mixing simulations, and provides a
discussion on the implications for interpreting both aircraft and LES data. The topic is highly relevant to
the cloud physics community, and the work provides some insight into entrainment—mixing interpretation.
However, the revisions are needed to clarify assumptions, better explain contradictory perspectives, and
explicitly define terms such as “near cloud top.” With these improvements, the paper will be a valuable
contribution to the literature.

Response: We thank the reviewer for recognizing the value of our work to the cloud physics community
and for providing constructive suggestions. We have revised the manuscript according to the comments,
and these changes have greatly improved its clarity and completeness. Detailed responses to each comment
are provided below.

Major comments:

1. CCN concentration in entrained air: The manuscript assumes that the entrained dry air is CCN-free. This
is a strong simplification, since in reality entrained air frequently contains at least some aerosols that can
serve as CCN. I strongly encourage the authors to either (a) perform additional sensitivity experiments with
non-zero CCN concentration, or (b) explicitly discuss how this assumption may bias their results and
conclusions. Without such treatment, the applicability of the EMPM findings to real stratocumulus
environments remains limited.

2. Descending velocity after entrainment: A uniform descent rate of -1 m s-1 is imposed. However, the
actual descent speed is likely to vary with entrainment fraction (EF), local turbulence intensity, and
thermodynamic structure. The authors should justify this choice more thoroughly and, ideally, include
sensitivity tests with varying descent rates. A clear discussion of this limitation is necessary to describe
how robust the reported IM—HM transition is under different dynamical conditions.

Response to comments 1 and 2:

We thank the reviewer for these constructive and insightful suggestions. In response, two additional
sensitivity experiments have been conducted and incorporated into the revised manuscript:

(1) a CCN-Entrained-Air experiment, in which the entrained air contains dry aerosols from the free
atmosphere that can act as CCN; and

(2) a Reduced-Velocity experiment, in which the parcel descends more slowly (0.5 m s™') to assess the
influence of vertical velocity on the mixing process.

The model configurations for the new sensitivity experiments are summarized in Table 1, and the
corresponding results are presented in Figure 5. Both additional experiments, together with the other
sensitivity tests, show a consistent transition from inhomogeneous mixing (IM) near the cloud top to
homogeneous mixing (HM) deeper within the cloud, like the control case. However, each new experiment
also exhibits distinct features. The inclusion of CCN in the entrained air enhances HM characteristics near
the cloud top through the activation of new small droplets and increased vapor competition, while a reduced
descent rate also accelerates homogenization near the cloud top by extending the effective mixing—
evaporation time. These results further confirm the robustness of the IM—HM transition in stratocumulus
simulated by the EMPM model.



Tablel — Model Configuration

Parameter Control Dry Entrained Air Tir:rt:irecnecde CCN E:itrrained T/ee?(;f:;
Domain Length (m) 20m
CCN Concentration (cm™3) 80
Cloud Top Height (m) 950
Aerosol Size Distribution Monodisperse
Initial solute mass (kg) 0.1122*10-17
Initial aerosol radius (m) 0.216*10%
Type of aerosol NaCl
Eddy Dissipation Rate (m2s3) 0.0025 0.0025 0.01 0.0025 0.0025
Entrained air temperature (K) 285.77 288 285.77 285.77 285.77
Entrained air water vapor (g/kg) 8.6 7.9 8.6 8.6 8.6
Entrained CCN in the dry air N N N Y N
Vertical Air Velocity (ms™) +1 +1 +1 +1 +0.5

Table 1: Model configurations for the control, dry and turbulent simulation experiment.
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Figure 5: Same as Figure 4, but for the four sensitivity experiments: (a)—(b) correspond to the Dry-
Entrained-Air experiment; (c)—(d) to the Enhanced-Turbulence experiment; (e)—(f) to the CCN-
Entrained-Air experiment; and (g)—(h) to the Reduced-Velocity experiment.



Line 151: “...In addition to the control case, four sensitivity simulations were conducted to evaluate the
robustness of the experimental design. The Dry Entrained Air experiment represents the scenario in which
the entrained air is drier. Specifically, the model setup is the same as the control one except the entrained
air property is using the parcel at 20m above cloud top experiencing adiabatic descent to cloud top. The
selection of the distance of the entrained parcel from cloud top is arbitrary and it does not affect the
conclusions of this study. The Enhanced Turbulence experiment simulates stronger turbulent environment
with EDR set to 0.01 m*s™. The CCN-Entrained Air experiment allows the entrained air containing dry
aerosols entrained from free atmosphere. The properties and concentrations of the entrained aerosols are
identical to those initially specified within the parcel. Finally, the Reduced Velocity experiment represents
parcels subjected to a smaller vertical velocity than in the control case. A complete summary of the model
configurations for these sensitivity experiments is provided in Table 1...”

Line 406: “...In the CCN-Entrained-Air experiment (Fig. 5e, f), the normalized 73 values for each
normalized number concentration are smaller than those in the control case, indicating a more pronounced
reduction in droplet size. This feature reflects a stronger HM tendency under CCN entrainment, consistent
with previous findings that activation of entrained CCN broadens the droplet size distribution toward
smaller droplets and amplifies the characteristics of homogeneous mixing (Lim and Hoffmann, 2023; Luo
et al., 2022). In the Reduced-Descent experiment, the mixing diagram (Fig. 5g) shows a stronger HM
characteristics at 5 m below cloud top, accompanied by a greater reduction in droplet radius. This arises
because the slower descent velocity allows droplets to remain longer near the cloud top compared to the
control one, thereby experiencing longer mixing-evaporation time. An interesting feature of this case is that
the fitted lines at the two sampled heights (red and blue) are closely aligned, suggesting small evolution of
droplet properties with depth from 50 m to 200 m. This behavior indicates that the environment has nearly
reached a homogeneous mixing state, as the reduced descent rate effectively extends the available mixing-
evaporation time, allowing the system to equilibrate more rapidly toward HM conditions...”

Line 422: ““...Overall, despite variations in the thermodynamic and dynamic properties of the entrained air,
all simulations consistently exhibit an IM signature near the cloud top and a transition toward HM within
the cloud, with an increasing degree of HM deeper into the cloud layer. These model-based results align
well with aircraft observations in stratocumulus clouds (Yum et al., 2015; Yeom et al., 2021), providing a
robust basis for the more detailed analysis presented in the following section...”

3. The local perspective suggests HM near cloud top transitioning to IM deeper in cloud, whereas the bulk
view shows the opposite. This apparent contradiction is central to the study but is not explained clearly
enough.

Response: We want to thank the suggestion. We have included more discussions on the local versus bulk
perspective in the revised manuscript:

Line 538: ““...The HM—IM transition observed from the local perspective appears to contradict the mixing
behavior suggested by the bulk perspective. We propose that this inconsistency arises from the differing
analytical perspectives. The local perspective indicated in Fig. 6 follows the continuous evolution of
individual parcel, revealing the “true” mixing processes. While the bulk perspective captures a "snapshot"
of an ensemble of parcels, each with distinct entrainment and mixing histories. At cloud top, the entrained



air is configurated to replace the cloudy air and instantaneously reduce the droplet number. Immediately
following entrainment, parcels with large EF experience larger reductions of droplet number, while
evaporation is not yet active enough to reduce droplet size. Thus, a collection of multiple parcels with
different entrainment events generates an IM signature. As the parcel, as simulated within the model domain,
descends deeper into the cloud, mixing with dry air continues and evaporation becomes efficient, leading
to a reduction in droplet size. As a result, parcels with larger EF experiencing stronger evaporation and this
results in a more pronounced decrease in droplet size and number. Consequently, a collection of parcels
with different EFs tends to exhibit a HM signature deeper into the cloud...”

Line 617: “...Finally, it is noted that this study primarily aims to explain the IM—HM transition within cloud
as observed from the bulk perspective. We do not attempt to draw conclusions about the local (e.g. parcel-
based) mixing state within cloud. The local mixing behavior can vary depending on the model configuration
and analysis approach, and it is strongly influenced by the timescale over which droplet properties (i.e. size
and number) adjust following entrainment. For instance, in real cloud parcels may briefly dwell near the
cloud top before descending, and the inferred local mixing characteristics therefore depend on this residence
time. A longer dwell time near cloud top would permit greater vapor—droplet interaction at cloud top,
potentially altering the local mixing signature with depth. A detailed investigation of these time-dependent
local mixing processes is beyond the scope of this study...”

A related issue is that in several analyses (e.g., Figs. 4-6), the term “near cloud top” is used without a
quantitative definition. Since the results depend sensitively on how close the sampling is to the inversion,
the lack of a clear threshold (e.g., within 5 m or 10 m below cloud top) makes the interpretation appear
ambiguous.

Response: We want to thank the reviewer’s suggestion. We have explicitly defined the “near—cloud-top
region” in the revised manuscript.

Line 351: “...In this study, the “near—cloud-top region” is defined as the layer within 10 m below the cloud-
top height (950 m)...”

Minor comments:

Ensure that Sc is always defined as stratocumulus upon first use and then used consistently.2. Lines
17 and 78: “IH” seems to be a typographical error and should be corrected to ‘IM”.
Response: Correction has been made, we thank the reviewer for the careful comment.

3. Line 187: What is the accommodation length 2um? Please explain it.

Response: Eq. 2 is adapted from (Jeffery and Reisner, 2006; Eq.3). In the original paper, a is described as
“an accommodation length introduced for analytic convenience.” We have retained this original description
in our manuscript.

Line 270: “...a is the accommodation length taken as 2 um, which is introduced for analytic convenience
(Jeffery and Reisner, 2006)...”

4. Figures 4-6: Clear annotations (e.g., “IM-like” vs. “HM-like”) on the fitted lines might be helpful to
understand these diagrams.
Response: The suggested corrections have been added to the figure caption in the revised manuscript.
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