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Impacts of aerosol particles on clouds, precipitation, and climate remain one of the significant
uncertainties in climate change. Aerosol particles entrained at cloud top and edge can affect cloud
microphysical and macrophysical properties, but the process is still poorly understood. Here we
investigate the cloud microphysical responses to the entrainment of aerosol-laden air in the Pi
convection-cloud chamber. Results show that cloud droplet number concentration increases and
mean radius of droplets decreases, which leads to narrower droplet size distribution and smaller
relative dispersion. These behaviors are generally consistent with the scenario expected from the first
aerosol-cloud indirect effect for a constant liquid water content (L). However, L increases significantly
in these experiments. Such enhancement of L can be understood as suppression of droplet
sedimentation removal due to small droplets. Further, an increase in aerosol concentration from
entrainment reduces the effective radius and ultimately increases cloud optical thickness and cloud
albedo, making the clouds brighter. These findings are of relevance to the entrainment interface at
stratocumulus cloud top, where modeling studies have suggested sedimentation plays a strong role in
regulating L. Therefore, the results provide insights into the impacts of entrainment of aerosol-laden air

on cloud, precipitation, and climate.

Aerosol-cloud interactions have been intensively debated in the past few
decades, but still remain one of the large uncertainties in global climate
models"”. Evidence indicates that aerosols can modify the microphysical
properties of clouds (e.g., cloud droplet number concentration (N,), liquid
water content (L), mean radius of droplets (r,,), etc.), resulting in a further
impact on cloud cover, precipitation, and lifetime of clouds’”. Increasing
aerosol number concentration is generally considered to offset climate
warming because it leads to an increase of N, and a decrease of r,,,, thereby
increasing reflection of sunlight back to space and slowing precipitation
droplet formation. However, the sign and magnitude of aerosol-induced
change in cloud microphysics are highly uncertain due to the complex
nonlinear interactions between aerosol and cloud under various thermo-
dynamic and dynamical conditions®’. Global climate models have diffi-
culties capturing such cloud and aerosol processes because they rely on
parameterizations of these processes that can be empirical and incomplete,
which causes large variations in the climate change predictions.
Stratocumulus clouds are of particular interest because of their role in
determining Earth’s climate. One of the primary controlling factors for
stratocumulus cloud properties is the entrainment of warm, dry air that
occurs at cloud top". The entrainment interfacial layer (EIL) where this

mixing occurs is small in vertical extent compared to typical cloud and
boundary layer thicknesses, and is highly variable and intermittent''™".
Entrainment also influences strongly on cloud microphysical properties for
cumulus clouds and even deep convection and it remains a key challenge to
represent in coarse resolution models'*"”. Entrainment-mixing influences
cloud microphysical properties differently depending on how the mixing
between cloudy and clear air proceeds'*™*'. Reduction in cloud liquid water
content L o N4 can occur through uniform reduction of the diameter of all
droplets, or in the other limit, can occur through the complete evaporation
of a subset of droplets leaving the remaining ones unchanged. These limits
are referred to as homogeneous and inhomogeneous mixing, respectively.

Not only does entrainment influence cloud properties, but details of
cloud microphysical processes turn out to be highly important in deter-
mining the strength of entrainment at stratocumulus cloud top. These
feedbacks strongly influence the way such clouds respond to changes in the
cloud droplet concentration and size through aerosol perturbations. Two
entrainment effects have been identified. The sedimentation-entrainment
effect results from smaller droplets having weaker sedimentation, and
therefore maintaining higher liquid water content within the cloud-top
entrainment region®””. The evaporation-entrainment feedback results
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from smaller droplets allowing for more efficient evaporation during cloud-
top entrainment™. As pointed out by Hoffmann et al.*, it depends on the
phase relaxation time, which in turn depends inversely on the number
concentration and mean radius of cloud droplets, resulting in time scales of
the order of 1—-10s. It is therefore challenging to resolve in a typical large
eddy simulation. Local (sub-grid scale) sedimentation effects are also unable
to be resolved. Consequently, experiments that fully resolve the evaporation
and sedimentation processes, such as those presented here, are of value for
understanding evaporation and sedimentation interactions during mixing,
even though the feedbacks to the entrainment rate itself are not included.

Numerous observational studies have focused on what type of mixing
mechanism occurs dominantly under the assumption that the impact of
entrained aerosols on clouds is negligible. However, in aerosol-laden
environments, entrained aerosols might be a pivotal factor in entrainment
processes due to their ability to act as cloud condensation nuclei (CCN)
(e.g., secondary activation of droplets), thereby influencing cloud
microphysical and radiative properties. Previous studies have suggested
that the secondary activation of droplets above cloud base could affect
significantly not only the cloud microphysical and radiative properties but
also cloud lifetime and precipitation efficiency”” . The entrained aerosols
could contribute a significant portion of total activation, which becomes
more important as aerosol concentration increases. Secondary activation
of droplets also can slow down the cloud droplet radius growth rate,
thereby making clouds brighter’. The recent work’ shows that
increasing aerosol concentration above an Arctic low-level cloud results in
a precipitation suppression due to less efficient collision-coalescence
process from an increase in cloud droplet number concentration and a
decrease in droplet size. As a result, the clouds have a high liquid water
content in high aerosol concentration simulations, which enhances
cooling at cloud top and drives strong vertical motions in the clouds. The
importance of the role of entrained aerosols is obvious for a better
understanding of cloud-aerosol interactions, but it is still difficult to find
direct evidence for the effects of secondary activation process across scales
in the observational studies due to the limitations of measurements.

Recently, we investigated the cloud microphysical responses to dif-
ferent entrainment conditions based on experiments conducted in the Pi
convection-cloud chamber?'. In those experiments, the entrained air did not
contain aerosol particles. When aerosol particles are entrained at the stra-
tocumulus cloud top, several key physical processes occur, significantly
influencing the formation, structure, lifetime, and radiative properties of the
cloud™. For example, some of the entrained aerosols serve as CCN, which
not only alters cloud droplet size distribution but also affects cloud lifetime
and precipitation efficiency. Quantifying the effects of entrained aerosol
requires a combination of observations and modeling studies to understand
the complex mechanisms of aerosol-cloud interactions.

To focus on the impacts of entrained aerosols on cloud properties
within the EIL at the stratocumulus cloud top, we have conducted experi-
ments in which aerosol particles are added to the entrained air. All con-
trollable parameters, such as temperature, flow rate, and relative humidity of
entrained air, are fixed at the same values for all experiments, but the sizes of
aerosol particles in the entrainment flow differ for each experiment. This
experimental design will not capture radiative cooling processes and related
feedbacks, but the results provide insight into the effects of entrained
aerosols on clouds, while avoiding complicating feedback from other
factors.

We begin by explaining the experiment setup in more detail and
then show the observational results, emphasizing the variations in cloud
droplet size distribution and then interpret adjustments of L in light of
simple models for the convection-cloud chamber. We describe a decrease
in the relative dispersion of droplet size distributions due to entrained
aerosols and also present integrated quantities such as cloud liquid water
content and cloud radiative properties for each experiment. Finally, we
discuss the atmospheric implications of these idealized laboratory
results, specifically for aerosol and sedimentation effects on cloud liquid
water content.

Results

Overview of experiment

Experiments for investigating the impacts of aerosols in entrained air on
clouds are conducted in the Pi chamber. This laboratory facility is able to
create a cloud through a temperature difference between water saturated top
and bottom plates (moist Rayleigh-Bénard convection). When the source of
cloud droplets from aerosol injected into the chamber is balanced by sub-
sequent sedimentation of cloud droplets, the steady-state in an individual
experiment is achieved and then sustained for hours (see the details of the
chamber in Chang et al.”).

Yeom et al. (2023)*' conducted entrainment experiments by injecting
dry and particle-free air through a temperature-controlled flange in the top
boundary. This study showed that cloud microphysical responses to
entrainment and mixing are different on microphysical and systemwide
scales. However, the impacts of the secondary droplet activation due to the
entrained air were not considered because the entrained air did not contain
aerosol particles.

How are the cloud responses different if aerosol particles are in the
entrained air? To answer this question, we add aerosols of different sizes in
entrained air as shown schematically in Fig. 1. The temperatures of the top,
sidewall, and bottom surfaces of the main portion of the chamber are set to
12 °C, 20 °C, and 28 °C, resulting in an unstable temperature difference of
AT=16"°C and a mean temperature of 20 °C. The moist Rayleigh-Bénard
convection conditions are held for a few hours, and then NaCl particles, size
selected at 130 nm, are injected at a constant rate to achieve the steady-state
cloud condition (called “Background”). Once steady-state cloud conditions
have been achieved, air is injected into the cloudy region through the
entrainment zone. The temperature, relative humidity, and flow rate of
entrained air are fixed at 30°C, 20%, and 20 liters per minute (LPM),
respectively, for all entrainment experiments. However, the sizes of NaCl
particles (50, 130, and 300 nm) contained in entrained air are different for
different experiments. The cloud reaches another steady state, different than
the background condition for a given entrainment condition (i.e., the size of
aerosol particles in entrained air). The important thing to note is that the
injection rate of entrained aerosols is the same as that of the background
cloudy condition. This is not typical, but it is occasionally observed in
marine stratocumulus clouds™. We measure cloud droplet size distributions
at one fixed measurement position after each steady-state cloudy condition
is achieved under different entrainment conditions.

One of the key advantages of these experiments under controlled
conditions is that we can explore directly how the cloud microphysical
properties change due to the secondary droplet activation. In this respect,
the experiments presented here can provide valuable implications for
understanding the impacts of aerosols on clouds, precipitation, and climate.

Effect of Aerosols in Entrained Air on Droplet Size Distributions
Figure 2 shows the non-normalized and normalized mean droplet size
distributions for each steady-state condition. All droplet size distributions
show a bimodal shape with two peaks. These peaks are related to haze and
cloud droplets, respectively. Compared to the background condition that
represents the steady state cloudy condition without entrainment, the
droplet size distribution of aerosol-free condition (with the entrainment, but
not containing aerosol particles) is slightly shifted to smaller sizes because
the entrained dry air not including aerosol particles just evaporates the
droplets. Such behavior is consistent with a homogeneous mixing response.
However, due to high temperature gradient (16 K), the magnitude of a shift
to smaller sizes is smaller than 10 K experiments in Yeom et al.*', even
though the relative humidity of entrained air is lower in these experiments.
The mean supersaturation from a scalar flux-budget analysis” is about 5.5%
in the cloud-free condition. Such high supersaturation is a result of strong
boundary fluxes relative to entrainment flux, which supports the small shift
to smaller sizes.

The changes in droplet size distributions from the background
condition are dramatically different when the entrained air contains
aerosol particles. The number concentrations of haze and cloud
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Fig. 1 | An overview of the experiment. The tem-
peratures of the top, sidewall, and bottom surfaces
are set to 12 °C, 20 °C, 28 °C, respectively. The
temperature and flow rate of entrained air are 30 °C
and 20 liters per minute (LPM) for all experiments.
For the background cloudy condition, NaCl parti-
cles, size selected at 130 nm by the Differential
Mobility Analyzer (DMA), are injected at a constant
rate (100,000 ¢ at 2 LPM). Additionally, different
sizes of NaCl particles (50, 130, 300 nm) selected by
the DMA are injected through entrainment zone at
the same rate. The black and blue circles represent
aerosol particles and droplets, respectively. The
direction of large scale circulation in the chamber is
shown with red and blue curved arrows.
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Fig. 2 | Mean droplet size distributions under each steady state cloudy condition.
a Nonnormalized and b normalized mean droplet size distributions under each
steady state cloudy condition. Background represents the steady state cloudy con-
dition without entrainment; Aerosol-free represents the steady state cloud under
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30 °C and 20 LPM entrained air condition without aerosols; 50 nm, 130 nm, and
300 nm indicate the steady state clouds under 30 °C and 20 LPM entrained air
condition with the different sizes of aerosols (50 nm, 130 nm, and 300 nm).

droplets (N, and N,) increase significantly because the aerosol con-
centration inside the chamber increases by approximately a factor of
two. The shapes of these droplet size distributions are shifted to
smaller sizes than in the aerosol-free entrainment condition—spe-
cifically, note the right tail of the distributions. The normalized
droplet size distributions for the 50, 130, and 300 nm cases are almost
identical in shape, but the overall number concentration is lower for
the 300 nm case compared to the other two cases. We do not have a
rigorous explanation for this behavior, but we expect that it may be a
result of kinetically-limited activation and growth of large 300-nm
saltaerosols™. Ongoing experiments and comparisons with a detailed
microphysics model should shed more light on this interesting
possibility.

Response of Liquid Water Content L: Theory Versus Observed

Our common understanding is that L inevitably decreases when entrain-
ment of warm and dry air occurs'”""**"*, Consistent with that expectation, L
decreases in the aerosol-free entrainment case due to the evaporation of
droplets. However, L increases significantly when the entrained air contains
aerosol particles. Such behavior apparently contradicts the expected reduc-
tion of L due to entrainment. The behavior is illustrated in Fig. 3 by the data
points corresponding to the background and four different entrainment
cases. Consistent with the size distributions in Fig. 2a, the droplet con-
centration is higher in the cases with entrained air containing aerosol par-
ticles. And the liquid water content is as much as 50% greater in the aerosol-
laden entrainment cases compared to the background, and about a factor of 2
larger than the case with aerosol-free entrainment. This behavior can be
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Fig. 3 | Cloud droplet number concentration (N,) versus liquid water content (L)
for all experiments. Mean and standard error of N, and L are denoted for each
condition. Each line is a best-fit power law with exponent of 2/3 based on mean
values of N and L of Background and Aerosol-free conditions, respectively. The
dashed line represents the mean value of L under the Background condition, which
serves as a reference to distinguish two regimes based on the aerosol number con-
centration in the entrained air.

understood qualitatively as suppressed droplet sedimentation removal
resulting from the smaller cloud droplet diameters when aerosols are added
with the entrained air (cf. Fig. 2b). We provide an overview of a quantitative
comparison here, and return to a more detailed treatment in the discussion.

A theoretical model of the microphysical properties in a convection-
cloud chamber can be developed by considering mass and number balances
for cloud droplets”*. For the “fast microphysics” regime that is relevant
under relatively high-aerosol conditions, the model predicts L is propor-
tional to the number concentration of injected aerosols (N %3)38. This
assumes that all injected aerosols become cloud droplets, but of course it is
more complicated for more polluted clouds in the real chamber experiments
because some portion of aerosol particles is not activated to form cloud
droplets and remain as haze droplets. As an approximation, we can use N,
instead of Nj,; for the liquid water scaling, as has been shown to be consistent
with Pi Chamber measurements™. The result allows us to understand why L
increases significantly when entrained air contains aerosol particles, as
illustrated by the curves in Fig. 3, which represent power laws with exponent
2/3, passing through from the data points for the background conditions
(black) and for aerosol-free-entrainment conditions (magenta). L of the
aerosol-free condition decreases from the background condition because
droplets are evaporated due to dry air entrainment and then the cloud
reaches the new steady-state with lower L. It is intriguing to note that the
three data points for entrainment with aerosol (50, 130, and 300 nm) reside
reasonably close to the 2/3 scaling law extended from the data point for
aerosol-free entrainment. The L values of those three cases are all sig-
nificantly smaller than the predicted L scaling from the background con-
dition, but they are larger than the background condition itself.

The agreement with the fast-microphysics scaling implies the follow-
ing. First, the effect of evaporation reduces points to a common N, — L
contour in Fig. 3 because the entrained dry air properties are the same for all
experiments. Second, due to the addition of aerosol particles from entrained
air, liquid water is apportioned differently. In essence, the competition
between cloud droplets becomes more intense when the aerosol con-
centration is increased, resulting in a decrease of mean droplet size. Smaller
cloud droplets have longer residence times because the efficiency of sedi-
mentation decreases. Under steady-state conditions, the observed L is

strongly influenced by the droplet residence time and as a result, the clouds
influenced by entrained aerosol retain more liquid water. According to the
theoretical estimation, the change in L due to entrained aerosols would be
different depending on the aerosol properties (e.g., number concentration).
In Fig. 3,both N, and L gradually increase from the aerosol-free condition as
the aerosol number concentration in the entrained air increases. This
behavior can be understood by considering two regimes, using the mean
liquid water content of the background condition as a reference. When the
aerosol concentration in the entrained air is low, the liquid water content
remains lower than the background value because the evaporation effect
from dry air entrainment is still more important than the sedimentation
effect. In contrast, when the aerosol concentration in the entrained air
increases, the liquid water content becomes larger than the background
value, indicating that the sedimentation effect has become the dominant
factor. Exploring the response of L depending on the aerosol properties in
the entrained air will be the focus of future work.

Relationship Between Relative dispersion and Cloud Droplet
Number Concentration

The changes in the spectral shape of the size distribution of cloud droplets
due to the aerosol particles in entrained air are evident as shown in Fig. 2.
Variation in the spectral dispersion of cloud droplet size distribution can be
represented by the relative dispersion

€= (1)

where r,, is the mean radius of cloud droplets and o, is the standard
deviation of cloud droplet size distribution. € is of relevance to the
indirect aerosol effect (Twomey effect) and influences the calculation
of the effective radius (r,) frequently used in climate models”™*.
However, there is no clear agreement regarding whether the the cooling
effect as predicted by the Twomey effect is enhanced or suppressed
depending on the variation of e with increased aerosol loading. To
better understand how the dispersion effect modifies the Twomey
effect, the dispersion offset (DO) is defined as the ratio of dispersion
effect to aerosol indirect effect:

3dinp

DO = —
0 dinN_’

)

where 8 is the effective radius ratio and is positively dependent on ¢,
assuming a gamma distribution™"**". If the correlation between € and N, is
negative under similar L conditions, the dispersion offset is positive, indi-
cating that the dispersion effect enhances the cooling.

Here we consider the dispersion effect resulting from dry air entrain-
ment with aerosol particles. Figure 4 shows the relationships between r,,, and
0,,and N and ¢ for all experiments. Compared to the background condition,
r,, and o, slightly decrease in the aerosol-free case due to the evaporation of
cloud droplets. However, all values of ¢ for the aerosol-free condition
increase because r,,, decreases more than g,. When the entrained air contains
aerosol particles, both ,,, and 0, decrease simultaneously. The values of € also
decrease with the increase of N, because the reduction of ¢, is larger than 7.
Such behavior is consistent with the positive dispersion offset scenario for
enhancing the cooling of the Twomey effect. The entrained dry air evapo-
rates the cloud droplets and entrained aerosol particles make the competi-
tion between droplets for water vapor more intense relative to the aerosol-
free condition. Therefore, the entrainment containing aerosol particles
causes not only a decrease in mean droplet size but also a narrowing of the
cloud droplet size distributions, which can make the droplet residence time
longer and the droplet settling speed slower, respectively. As a consequence
of these effects, the important thing to note is that the dispersion effect due to
the high number concentration of low dispersed cloud droplets can enhance
the cooling effect on the climate.
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Fig. 4| Variation in the spectral dispersion of cloud droplet size distribution. a Relationships between mean radius of cloud droplets (r,,) and standard deviation of radius
(0,) for all experiments. b The relationships between cloud droplet number concentration (N,) and relative dispersion (¢) for all experiments.

Implication for Cloud Brightening

The cloud radiative properties such as r,, cloud optical thickness (7), and
albedo (A,) are changed significantly via the modification of cloud micro-
physical variables (e.g., number concentration, size, and spectral shape of
distribution). Figure 5 shows that the clouds reach a new steady state with
higher N, Nj,, and L as dry air including aerosol particles is entrained into
the chamber. We now explore how the radiative properties of these cloud are
changed by entrained aerosol particles, which provides insight into aerosol
indirect effects.

Microphysical properties in the Pi Chamber are closely representative
of those that would exist in a stratocumulus cloud***. The radiative prop-
erties of a cloud, including optical thickness 7 and albedo A, depend on the
effective radius ., as mentioned above. This can be calculated as the ratio
between the third and second moment of the cloud droplet size distribution.
By using this, T and A¢ are calculated as™*

h
T:i/ P 4, 3)
2pw o Te
and
A= T
C_)/—FT (4)

where p,, is water density; p is air density; g; is liquid water mixing ratio; y is
assumed to be 13.3, which depends on the degree of forward scattering for
overhead sun”’. The g; inside the clouds is not uniform. However, we assume
that g; is constant from 0 to 10 m for comparison, as the thickness of the
entrainment interfacial layer is typically on the order of several tens of meters.

As shown in Fig. 5d, all values of r, in the aerosol-free, 50, 130, 300 nm
cases decrease from the background condition, but the enhancement of
aerosols increases N,, resulting in a much stronger decrease of r, in those
cases. As a result, 7 and A, increase significantly for the 50, 130, 300 nm cases
(Fig. 5e, f). Interestingly, the case of 130 nm shows the highest values of N, L,
7,and A.. The comparison between 50, 130, and 300 nm cases might imply an
additional role of entrained aerosol size, in addition to concentration, for
determining cloud optical properties™*. In the cases with 50 nm and 300 nm
aerosols entrained into a background cloud containing aerosols of 130 nm,

the difference in efficiency of activation of small versus large aerosol particles
may lead to somewhat lower cloud droplet concentrations compared to the
case when both background and entrained aerosols are 130 nm. This
apparently is secondary to the most significant influence on droplet size and
liquid water content that are driven primarily by the increase in total aerosol
injection rate. There are slight differences between three cases, but the effects
of aerosol particles in entrained air are prominent and imply that the
enhancement in N, due to entrained aerosols can make clouds brighter and
more reflective. The nonlinear scaling of L is important to this conclusion,
and its relevance to atmospheric clouds will be discussed in the next section.

Discussion

The experimental results reported here provide evidence for the impacts
of entrained aerosol particles on cloud top microphysical properties. The
addition of aerosols through entrained air increases N, and decreases 7,,,,
which leads to narrower cloud droplet size distributions and brighter
clouds. This result is generally consistent with the scenario expected from
the first aerosol-cloud indirect effect (Twomey effect) for a constant L.
However, in these experiments, L increases significantly as shown in Fig. 3.
This response to entrainment is surprising, and as mentioned already,
such behavior can be understood as suppression of droplet sedimentation
removal due to the smaller cloud droplet diameters when aerosols are
added with the entrained air. When is this type of sedimentation effect of
relevance in natural clouds?

Over the last few decades there has been a growing recognition of
the role droplet sedimentation plays in the response of clouds to
entrainment. Considine and Curry” recognized that the strong seg-
regation of clear and cloudy air inherent to a high-Peclet-number
system like cloud droplets in air, typically referred to as inhomoge-
neous mixing, can be overcome through droplet sedimentation. Spe-
cifically, sedimentation transports cloud droplets from cloudy regions
to clear-air regions during the mixing process. Later, using large eddy
simulation, it was recognized that sedimentation can also play a sig-
nificant role in removing liquid water from the entrainment interfacial
layer (EIL) at the top of stratocumulus clouds, thereby influencing the
evaporative cooling at cloud top™”*. Such sedimentation effects can
have a similar magnitude of influence on entrainment strength as
processes directly involved in turbulence production, like velocity
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Fig. 5 | Cloud microphysical and radiative
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shear™. To draw a connection to this work, the idealized cloud chamber
experiments presented here can be envisioned as representing the
cloud-top, EIL where sedimentation of cloud droplets directly influ-
ences the amount of liquid water. To make more rigorous connections,
we consider the details of how sedimentation and liquid water are
connected in a convection-cloud chamber.

Idealized models of the microphysical properties existing in a
convection-cloud chamber show that the liquid water content is largely
determined by the supersaturation forcing, and by the droplet removal rate
through sedimentation’*. The sedimentation rate, in turn, depends on the
square of the droplet diameter (assuming Stokes drag), and as a result,
higher aerosol concentrations that lead to smaller cloud droplet diameters
result in clouds with higher liquid water content. This is consistent with
observed behavior in the cloud chamber’”". Following Shaw et al.*, a
solution for liquid water content can be obtained for the fast microphysics
limit, in which the cloud droplet phase relaxation time is much less than the
time scale for replenishment of the supersaturation field. This limit is
generally valid for stratocumulus clouds”. A mass budget for the
convection-cloud chamber requires that the condensation rate is equal to

the precipitation rate. Assuming the time scale for removal of mass is equal
t0 L/, Where T, = H/vy, vy = k” is the Stokes terminal fall speed, and H is
the chamber height. Therefore

4 Lv(r)
3 ?—I = npAnrés, (5)

np 37T

and in steady state the supersaturation is

-1
S=so<1+?> , (6)

c

where 7, is a turbulent mixing time and 7, = (47D'nr)”" is the phase
relaxation time, with D' being a modified diffusion coefficient’’. In the fast
microphysics limit, typically valid even for moderate cloud droplet con-
centrations, this can be approximated as s = s,7./7;, which implies

S
s OC—, (7)
nr
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Fig. 6 | A schematic illustration of the droplet
sedimentation removal within the entrainment
interfacial layer (EIL) under different entrain-
ment conditions. The mean size of cloud droplets
and their settling speeds are shown schematically for
entrainment of dry air that contains aerosols (right)
or does not (left). The addition of aerosols in
entrained air leads to increased cloud droplet
number concentration (N,), decreased mean dia-
meter of droplets (D,,,), and increased residence time
scale (7,). As a result, the droplet sedimentation is
suppressed and liquid water content (L) increases
within the EIL when the entrainment flow contains

Entrainment
(Aerosols)

Entrainment
(No aerosol)

Ne 1 D | (Tres 1)
l

Sedimentation |

|
L1

aerosols.

i Sedimentation

where we have defined § =s,/7, as a rate at which supersaturation is
replenished through turbulent mixing. Note that this is exactly analogous to
the expression for quasi-steady supersaturation in a parcel rising at speed w,
for which s & w/(nr). Plugging Equation (7) into Equation (5) and simplifying
leads to a conveniently compact expression for liquid water content:

®)

Its proportionality with 7,.; = H/v;(r) has the important implication that
liquid water content scales with droplet radius as L ~ 72 This result can be
further simplified by considering a number budget with the injection rate of
aerosols 7, equated to the cloud droplet residence time due to sedi-
mentation. Then droplet radius can be eliminated and a scaling law L
nlzn/ ® is obtained™. This is the expression underlying the curves in Fig, 5.

Extending this argument to the EIL at the top of a stratocumulus cloud
is possible because of similar fundamental processes existing in a
convection-cloud chamber. As shown schematically in Fig. 6, sedimentation
is one of the most important sink mechanisms of L within the EIL. The
sedimentation flux out of the EIL strongly depends on cloud droplet size.
The addition of aerosols through entrainment could tend to increase cloud
droplet number concentration and decrease the mean diameter of droplets.
As a result, the removal of droplets through sedimentation is suppressed,
which leads to an increase of L within the EIL. This is consistent with
previous simulation results that L in the entrainment zone can be enhanced
if neglecting droplet sedimentation in the model’.

In this hypothetical scenario, L within the EIL could continuously
increase due to the suppression of droplet sedimentation. However, this
increase of L within the EIL in natural clouds may enhance the evaporative
cooling of mixtures of cloudy and entrained air and cloud-top radiative
cooling because of the high number concentration of small droplets, making
it easier for the entrained air to sink*’”’. Consequently, entrainment
develops through the enhancement of turbulence associated with buoyancy
reversal. However, such feedback does not exist in the Pi Chamber because
the entrainment rate is fixed during the experiments.

The net impact of entrained aerosol-laden dry air on L within the EIL
depends on the competition of radiation cooling, feeding of undiluted cloud
from below, entrainment-induced evaporation, and droplet sedimentation.
We may speculate based on our experimental findings, therefore, that the
presence of aerosols in the free troposphere will have a tendency to break up
the stratocumulus clouds by strengthening the evaporation-entrainment
feedback. Searching for evidence of this in stratocumulus observations or
LES would be of interest.

We conclude by acknowledging that the sign and magnitude of aerosol-
induced effects on clouds are sensitive to environmental conditions as well as
energy/water budget constraints’*°, Substantial effort has been made to

improve the understanding of aerosol-induced effects depending on envir-
onmental regimes. However, the variability in the real atmospheric cloud
conditions causes large uncertainty regarding the relative importance among
multiple aerosol effects across the spatial and temporal scales. The results
reported here are from one specific cloud scenario, in which dry air con-
taining aerosols is entrained into a cloud, and further suggest the need for
research on how entrained aerosol properties (e.g., aerosol number con-
centration) affect cloud microphysical properties. Especially in the context of
the EIL at stratocumulus cloud top, in which cloud droplet sedimentation
from the top layer is known to play an important role, this aerosol entrain-
ment effect has the potential to strongly influence not only the microphysical
properties of the cloud, but the overall cloud dynamics through evaporative
and radiative cooling. This set of idealized laboratory results can therefore
shed light on the understanding of cloud-aerosol interactions, especially with
regard to the cloud responses to entrainment of dry air containing aerosols.

Methods

Experiment set-up and data

As described in Fig. 1 in the main text, the moist Rayleigh-Bénard con-
vection conditions with AT =16 °C were held for a few hours to ensure
stable temperatures across all surfaces and then NaCl particles, size selected
at 130 nm using a Differential Mobility Analyzer (DMA), were injected at a
constant rate (100,000 cm > at 2 LPM) for the background condition. Once
a steady-state cloud condition of the background were achieved, we first
measured background cloud droplet size distributions with a Welas-2000
optical particle counter covering a diameter range of 0.583 to 40.679 pm,
prior to the entrainment events. The size of NaCl particles in entrained air
was also selected at 50, 130, or 300 nm by a DMA for different entrainment
experiments. The injection rate of NaCl particles through the entrainment
flange was almost the same as the background condition. The temperature,
humidity, and flow rate of entrained air were fixed at 30 °C, 20%, and 20
LPM, respectively. This flow rate corresponds to an entrainment velocity of
1.5cms ™", which is comparable to that in the real atmosphere”. For the
measurements of cloud droplet size distributions as well as interstitial and
residual particles, we sampled the air at a flow rate of 7 liters per minute. The
excess air was diverted through another tube. Five samples are obtained for
each steady-state condition achieved by different entrainment conditions,
and each sample was measured for 100 s.

Haze and cloud droplets

The critical diameter of the aerosol (d,) is generally used to divide into haze
(d<d,)and cloud (d > d,) droplets from the size distribution of the droplets.
We used 130 nm NaCl particles for the background cloud condition and
three different sizes (50, 130, and 300 nm) of NaCl particles in the entrained
air. The critical diameters of these NaCl particles are roughly 1, 2, and 6 yum,
respectively. In an environment condition where aerosols of two different
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sizes are mixed, it is difficult to distinguish between haze and cloud droplets
based on size alone because the size ranges of haze and cloud droplets can
overlap. Figure S1 shows the cloud (N,) and haze (Nj,) droplet number
concentrations depending on different values of d, for all experiments. As
the critical diameter increases, N, decreases, and N}, increases. The trend is
the same for all experiments because the the number concentration with
different critical diameters is just scaled down and up. Therefore, we decided
to use d,. = 2um, the critical diameter of the 130 nm NaCl particles used in the
background condition, as a threshold to distinguish between haze and cloud
droplets.

Data Availability
Data required to reproduce figures have been deposited in Digital Com-
mons (https://doi.org/10.37099/mtu.dc.all-datasets/56).
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