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ABSTRACT: Entrainment of subsaturated air into a cloud can influence its optical and microphysical properties in various
ways, depending on the droplet evaporation and turbulent mixing time scales. Previous experiments in the Pi convection-
cloud chamber have revealed that, given a fixed entrained air property, the mixing of entrained subsaturated air results in
complete evaporation of some cloud droplets, with the rest remaining unchanged. This is a signature of inhomogeneous
mixing. While comparing the results of entrainment with varying air properties, the mixing signature appears as if the sub-
saturated air is well mixed with the cloud to evenly reduce the droplets’ size. In other words, taken together, the experi-
ments appear to have the signature of homogeneous mixing. To explore these results in a greater depth, we conduct
large-eddy simulations combined with a bin microphysics scheme. Our results reproduce the similar signatures of inhomo-
geneous and homogeneous mixing, implying that LES can resolve the inhomogeneous mixing when the grid spacing is
smaller than the entrained air parcel. Additionally, we observe that increasing the aerosol injection rate enhances the
signature of inhomogeneous mixing, while coarser grid spacing diminishes it. Finally, the change in wall fluxes in response
to various entrained air properties confirms that the homogeneous signature seen in the analysis of an ensemble of simula-
tions is the result of various equilibrium states. This further strengthens the suggestion that the homogeneous mixing signa-
ture found in aircraft observations near the cloud top may result from combining entrainment events of different intensities,
possibly caused by various-sized eddies.

SIGNIFICANCE STATEMENT: Large-eddy simulation and size-resolved microphysics can resolve time scales for
turbulent mixing and evaporation and, therefore, are well suited for reproducing, extending, and interpreting the en-
trainment experiment in the Pi convection-cloud chamber. Our simulation results confirm (i) the inhomogeneous mix-
ing signature for an individual entrainment event and (ii) the appearance of homogeneous mixing in an ensemble of
entrainment episodes. Furthermore, we demonstrate that the inhomogeneous mixing signature is more pronounced in
a polluted cloud, but coarser grid spacing in simulations may compromise the accuracy of this signature. Last, the ho-
mogeneous mixing signature results from various equilibrium states established for different entrainment intensities
and adjusted wall fluxes, which are challenging to measure experimentally but can be easily analyzed in the simulations.
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1. Introduction

Entrainment of environmental air into a cloud plays an im-
portant role in cloud dynamics and microphysics. It affects the
lifespan of a cloud (e.g., Jiang et al. 2006; Ghonima et al.
2016), the height of the cloud top (e.g., Lilly 1968; Wood
2012), and the distribution of cloud droplet size (e.g., Latham
and Reed 1977; Warner 1973; Mason and Jonas 1974; Wang
et al. 2009; Jensen et al. 1985; Yum et al. 2015). These effects
impact cloud radiative properties, precipitation formation,
and ultimately the entire climate system. Despite its signifi-
cance, the relationship between turbulence dynamics and en-
trainment rate remains a major unresolved question in cloud

physics (e.g., Driedonks and Duynkerke 1989; Stevens 2002;
Wood 2012). Additionally, the way in which the entrainment
of subsaturated environmental air affects cloud microphysical
properties is under debate (e.g., Lu et al. 2011; Tölle and
Krueger 2014; Lehmann et al. 2009; Yeom et al. 2023).

The effect of entrainment of subsaturated environmental
air on droplet size distributions (DSDs) can be understood as
a combination of two extremes: inhomogeneous and homoge-
neous mixing. Inhomogeneous mixing occurs when the micro-
physical response time (tmicro), such as that for single droplet
evaporation or for phase relaxation, is significantly shorter
than the turbulent mixing time (tmix), leading to the complete
evaporation of all local droplets upon contact with the en-
trained subsaturated air (Baker et al. 1980). This manifests as
a reduction in the droplet number with no change in the shape
of the DSD. On the other hand, homogeneous mixing takes
place when tmix is much shorter than tmicro. In this case, all
droplets are exposed to the same subsaturated environment,
with the consequence that all droplets shrink, altering the
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shape of the distribution but not necessarily the droplet num-
ber concentration.

To study the entrainment mechanisms, one can measure
DSDs before and after an entrainment event. Ideally, meas-
urements are conducted in the same parcel of air, so that the
DSDs before and after mixing can be directly compared. This
approach, however, has been difficult to realize. Laboratory
experiments by Latham and Reed (1977) show the signature
of inhomogeneous mixing by comparing DSDs after an en-
trainment event to those calculated based on the assumptions
of a uniform and homogeneous mixing (e.g., Warner 1973;
Mason and Jonas 1974). Studies based on aircraft measure-
ments often diagnose the effect of entrainment on DSDs
based on the mixing diagram introduced by Jensen et al.
(1985). The type of mixing is inferred by measuring the prop-
erties of a cloud affected by entrainment and contrasting
them with the assumed initial state, which can be character-
ized by adiabatic liquid water content computed using the
cloud-base height and maximum measured number concen-
tration (e.g., Lehmann et al. 2009). Presumably, this aircraft
sampling approach captures entrainment events at various stages
of mixing (Haman et al. 2007). The signatures of both homoge-
neous and inhomogeneous mixing have been observed in aircraft
studies: some found more inhomogeneous mixing (Haman et al.
2007; Wang et al. 2009; Lu et al. 2011), some observed more ho-
mogeneous mixing (Jensen et al. 1985; Yeom et al. 2017), and
some detected signatures of both processes (Lehmann et al.
2009; Desai et al. 2021; Lu et al. 2023). The identification of sig-
natures of homogeneous versus inhomogeneous mixing using
aircraft data also depends on the instrument resolution and the
degree of averaging, so having higher spatial resolution is advan-
tageous (Haman et al. 2007; Beals et al. 2015). Distance from the
cloud top, as well as cloud-top conditions, also influences the de-
gree of inhomogeneity resulting from entrainment (Desai et al.
2021; Yeom et al. 2021, 2024).

Recently, Yeom et al. (2023) performed laboratory experi-
ments to investigate entrainment in the Pi convection-cloud
chamber (hereafter “the Pi chamber”; for details, see Chang
et al. 2016; Chandrakar et al. 2016). Consistent with previous
laboratory experiments by Latham and Reed (1977), they
found the signature of inhomogeneous mixing when compar-
ing DSDs immediately upstream and downstream of the entrain-
ment zone. However, when comparing DSDs from different
steady-state experiments, the signature was that of homogeneous
mixing despite the fact that the mixing appeared inhomogeneous
for each steady-state condition. This apparent contradiction in
the results from the laboratory may help to explain conflicting re-
sults from field campaigns.

To study the entrainment mechanisms with numerical simu-
lations, direct numerical simulations (DNSs) can explicitly re-
solve the Kolmogorov scale of turbulence. Such simulations
have been conducted for limited Reynolds number (Re) be-
cause of the demanding computational cost (e.g., Abma et al.
2013; Kumar et al. 2013, 2014, 2018). Kumar et al. (2018) have
demonstrated that inhomogeneous mixing becomes more
prominent as the domain size increases. To perform DNS for
the Pi chamber domain, MacMillan et al. (2022) weakened
the gravitational acceleration to reduce the Rayleigh number

(Ra) from the order of 109 (as in the Pi chamber) to 106. The
reduced Re increases the Kolmogorov scale, allowing for a
coarser grid spacing. Chandrakar et al. (2023) performed
DNS and Lagrangian microphysics for a Ra at an order of
109, but the horizontal domain is smaller than the Pi chamber.
Both MacMillan et al. (2022) and Chandrakar et al. (2023)
successfully perform DNS with Lagrangian microphysics to
study the microphysical response to supersaturation fluctua-
tions but with corresponding sacrifices in the range of scales
represented (either due to limiting the domain size or increas-
ing the dissipation scales).

To simplify numerical simulations, in addition to reducing
the Ra and Re for the applicability of DNS (e.g., MacMillan
et al. 2022), one can use much coarser grid spacing and apply
a subgrid-scale (SGS) model for the unresolved turbulent
fluxes, which is large-eddy simulation (LES). Hoffmann et al.
(2019) use LES to simulate shallow cumulus clouds with a
grid spacing of 20 m. With such grid spacing, they use a linear
eddy model to represent the unresolved SGS turbulence ef-
fect and the Lagrangian cloud model to resolve the develop-
ment of DSDs. For the LESs of the Pi chamber with Ra; 109

and a grid spacing of ;3 cm1 (Thomas et al. 2019; Yang et al.
2022, 2023; Wang et al. 2024a), however, the simulations al-
ready resolve the main energy-carrying eddies and take into ac-
count the main tmix. Additionally, a bin microphysics scheme
simulates the condensation and evaporation of droplets of vari-
ous sizes, thereby accounting for tmicro. Although bin micro-
physics was found to suffer from numerical diffusivity in
simulating atmospheric clouds (Morrison et al. 2018; Grabowski
et al. 2019), Pi chamber simulations have shown agreement be-
tween bin microphysics and the Lagrangian approach which
does not suffer from numerical diffusivity (Grabowski 2020;
Yang et al. 2023). This is because of the relatively fine grid spac-
ing and the weak particle sedimentation velocity in the simula-
tion of the Pi chamber. Thus, the combination of LES, with
appropriate resolution or SGS treatment, and a bin microphys-
ics should be capable of modeling inhomogeneous mixing re-
sulting from entrainment. To verify this hypothesis and further
explore the experiment carried out in the Pi chamber (Yeom
et al. 2023), we employ LES with a bin microphysics scheme to
simulate the experiment and perform sensitivity tests. One criti-
cal aspect of this study is that the simulated domain, 4 m3, is
rather small, so the entrainment is resolved at the scale where
inhomogeneous mixing can be detected directly.

The rest of the paper is arranged as follows: section 2 intro-
duces the methods, including the setup of the LESs and the
implementation of an inlet to introduce the entrainment of
subsaturated air. Section 3 presents the results, and section 4
concludes this study. Appendix A explores the entrainment
signals at different depths from the top wall. Appendix B
shows the remaining DSDs not covered in section 3b. Last,
appendix C presents an additional DNS to explain the reason

1 The ;3-cm grid spacing with a Ra of ;109 is found to fall at
the lower end of the inertial subrange (Wang et al. 2024c), justify-
ing the use of an LES framework for this study. A coarser grid
spacing falls deeper into the inertial subrange but resolves less de-
tails of the flow.
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why supersaturation is higher near the bottom than at the top,
even without entrainment.

2. Methods

This study will analyze the steady states of clouds with a
constant inflow of subsaturated air. The velocity and tempera-
ture of the inflowing air are referred to as entrainment veloc-
ity and temperature. The simulations are performed to first
reach a steady state for the cloud, which is achieved by inject-
ing aerosols into the supersaturated domain driven by a moist,
warm bottom and a moist, cold top, as in the Pi chamber. Then,
the inlet on the top of the chamber is turned on to introduce
the subsaturated air until another steady state is reached. The
model setup and simulated objects are summarized in Fig. 1,
with details expanded in the following subsections.

a. Large-eddy simulation model

The simulations are conducted using the System for Atmo-
spheric Modeling (SAM), as described by Khairoutdinov and
Randall (2003). In this framework, the momentum equations
are resolved on an Arakawa C grid, primarily with a uniform
3.125-cm grid spacing in each direction with a domain size of
2 m 3 2 m 3 1 m. An additional set of runs with a grid spac-
ing of 6.25 cm is later carried out to test the sensitivity to grid
spacing (Table 1). The simulations employ an anelastic ap-
proximation, a 1.5-order turbulent kinetic energy (TKE) SGS
model, and a second-order central advection scheme. The ad-
vection of scalars, which includes temperature, microphysical
fields, and SGS TKE, is facilitated by a multidimensional posi-
tive definite advection transport algorithm (Smolarkiewicz
and Grabowski 1990). The eddy diffusivity for scalars within
the domain’s interior is calculated under the assumption of
a turbulent Prandtl number of 1, following the Reynolds
analogy (Kays et al. 1980). The boundary conditions for
velocities, temperature, and water vapor are determined using
the Monin–Obukhov similarity theory (MOST; Monin and
Obukhov 1954), with local near-wall velocity, temperature dif-
ference, and moisture difference as inputs in a cloud chamber.

Because buoyancy is parallel instead of normal to the side-
walls, the MOST applied to the sidewalls is assumed to be in
the neutral boundary layer. The roughness lengths for veloc-
ity, temperature, and moisture have been tuned to match the
DNS results (see details in Wang et al. 2024b). The MOST
has not been designed for application under convective condi-
tions without the mean horizontal flow, and wall modeling be-
neath intense convective flow is known to be challenging (e.g.,
Wang et al. 2023). However, Wang et al. (2024c) have per-
formed DNS to show that, while the local fluxes near the top
and bottom chamber walls modeled by MOST are not the
most accurate, the mean fluxes can be matched by tuning the
roughness length parameters. We therefore employ this ap-
proach in this study. The temperatures are 158, 208, and 258C
for the top, side, and bottom walls, respectively. To avoid the
complexity from side-wall humidity (Thomas et al. 2019), the
water vapor is saturated on all walls with respect to the wall

FIG. 1. A schematic of the model setup and simulated objects.

TABLE 1. Configuration for each simulation. The entrainment RH
is 65%. The listed entrainment velocities represent the observed
2w(nz) averaged over the area within the inlet and t5 60–90min. The
seven entrainment cases are carried out under four different conditions
to further explore the sensitivity to the aerosol injection rate and grid
spacing, resulting in a total of 28 simulations in this study. The seven
entrainment cases in the table are performed under four conditions:
1) Aerosol injection rate 5 0.15 cm23 s21; grid spacing 5 3.125 cm.
2) Aerosol injection rate 5 0.45 cm23 s21; grid spacing 5 3.125 cm.
3) Aerosol injection rate 5 0.90 cm23 s21; grid spacing 5 3.125 cm.
4)Aerosol injection rate5 0.45 cm23 s21; grid spacing5 6.25 cm.

Entrainment
case

Entrainment
temperature

Entrainment
velocity

NOENT No entrainment No entrainment
ENT_208C_Slow 208C 0.90 6 0.11 cm s21

ENT_308C_Slow 308C 0.90 6 0.11 cm s21

ENT_208C_Mild 208C 3.08 6 0.30 cm s21

ENT_308C_Mild 308C 3.08 6 0.30 cm s21

ENT_208C_Fast 208C 6.08 6 0.74 cm s21

ENT_308C_Fast 308C 6.08 6 0.74 cm s21

WANG E T A L . 2019DECEMBER 2024

Brought to you by MICHIGAN TECHNOLOGICAL UNIVERSITY | Unauthenticated | Downloaded 12/18/24 04:50 PM UTC



temperatures. The velocity is initially still, and the tempera-
ture and water vapor mixing ratio are initially linearly inter-
polated between the bottom and top values. The buoyancy
quickly drives the still air to form a single-roll large-scale cir-
culation (LSC) within the chamber, with the updraft along
one sidewall or edge and the downdraft along the other side
of the chamber.

The microphysics scheme employed in this study is a haze-
enabled bin model, as described in Yang et al. (2023). This
model is based on the work of Chen and Lamb (1994) and has
been recently implemented into the SAM LES for cloud
chamber simulations (Yang et al. 2022, 2023, 2024). Specifi-
cally, monodisperse sea salt aerosol particles with a dry diam-
eter of 125 nm are injected in the chamber at a constant rate.
Dry aerosols become haze particles of equilibrium size at
90% relative humidity right after the injection. We resolve
the activation process by calculating the growth of haze particles
by condensation in the same way as cloud droplets. Droplet size
distribution is represented by 40 bins with a doubling-mass ratio
starting from 0.1 mm. Haze and cloud droplets are particles with
radii smaller and larger than 1.0 mm, respectively. The haze and
droplets are removed through deposition only on the bottom,
not on the top or sidewalls. The heat exchange through the re-
moval of falling droplets is not considered.

The aerosols are homogeneously injected within the do-
main (Thomas et al. 2019; Wang et al. 2024b), with the injec-
tion rate first set at 0.15 cm23 s21, which has been tuned to
produce a comparable probability density of number concen-
tration for both haze and droplets, as observed in Yeom et al.
(2023). To examine the interaction between the injected aero-
sols and the entrained subsaturated air, both of which affect
the microphysics regime (Chandrakar et al. 2016), we conduct
two additional sets of simulations with the aerosol injection
rates of 0.45 and 0.90 cm23 s21 (Table 1).

To compare cloud microphysical properties immediately
before and after the mixing of subsaturated air with the
cloudy air parcel following the LSC, we place virtual sensors
at the upstream and downstream areas with respect to the en-
trainment inlet. These locations of the virtual sensors are simi-
lar to those of the real sensors in the Pi chamber (Yeom et al.
2023). When recording the temporal fluctuations (as shown in
Figs. A1 and A2), the results are obtained from every time
step recorded in a specific grid cell. When showing the mean
microphysical properties (as presented later in Figs. 5, 6, 10,
and B1–B3), to enhance the robustness of the statistics, we av-
erage the results over the horizontally 3 3 3 grid cells and the
time period of t 5 60–90 min. Regarding the wind direction
near the entrainment inlet, Yeom et al. (2023) took advantage
of the fact that the LSC is mostly locked in place in the cham-
ber owing to the imperfect temperature distributions in the
panels, access ports, viewing windows, and the tilt of the top
and bottom surfaces (Anderson et al. 2021). In contrast, in
the idealized simulations without these interferences, the LSC
of the Rayleigh–Bénard convection naturally changes its ori-
entation over time (see the detailed review of the LSC orien-
tation variation in Ahlers et al. 2009, section VIII.A). To
control the orientation of the LSC and have the ability to
compare cloud microphysical properties immediately before

and after entrainment, we impose the following forcing term
in the prognostic equation for the vertical velocity component
as follows:

­w
­t

( )
LSC

5 F sin
zp
lz

( )
cos

xp
lx

( )
1 cos

yp
ly

( )[ ]
, (1)

where lx, ly, and lz are the x, y, and z lengths of the domain
and F 5 0.6 cm s21 is the scale of LSC forcing. Though it is
observed that the LSC still changes its direction occasionally,
it quickly reverts back to its preferred orientation, reaching a
steady state for analysis. This forcing mechanism ensures that
the LSC maintains a consistent direction for the majority of
the simulation time. Although this approach comes with a
trade-off of an increase in the total TKE by approximately
17% compared to the simulation without imposing the forc-
ing, other approaches, e.g., imposing a temperature difference
on opposite sides of the chamber (Huang and Zhang 2023;
Wang et al. 2024b), cause further changes to the scalar fields
in addition to the momentum field.

The configurations for all simulations are summarized in
Table 1. Specifically, we perform seven entrainment cases
(hereafter referred to as “cases”) to test the influences of vari-
ous temperatures and velocities of the entrained air, under four
different conditions (hereafter referred to as “conditions”), in-
volving various aerosol injection rates and grid spacings, result-
ing in a total of 28 simulations. Each case is named based on
whether entrainment is initiated, the temperature of the en-
trained air, and the entrainment velocity. The entrainment ve-
locity is induced by an imposed forcing, which is detailed in the
next subsection, at the highest grid level for nonzero vertical ve-
locity and within the area of the inlet. The “NOENT” case does
not involve any entrainment. The remaining cases are listed in
ascending order of entrained air temperature and vertical veloc-
ity. The relative humidity (RH) of the entrained air is set to
65%. For cases with an injection rate of 0.45 cm23 s21, an addi-
tional grid spacing of 6.25 cm is tested. All 28 simulations are
performed for a physical time of 90 min. Except for the
NOENT case, the inlet is opened at t 5 30 min, and the results
are averaged over the period from t5 60 to 90 min.

b. A pseudo inlet for subsaturated air

To introduce the subsaturated air into the cloud chamber
requires an open boundary condition for part of the top wall.
However, the local modification to the boundary condition is
not applicable to the model pressure solver that derives the
pressure field from a Poisson equation solved in the Fourier
space in SAM. The impracticability of creating a local inlet
in the Fourier space leads us to introduce a “pseudo inlet,”
which modifies the boundary conditions with the addition of
advection-based forcings for velocities, temperature, and wa-
ter vapor mixing ratio. We then let the pressure field adjust
accordingly, which may induce an adverse pressure gradient
force against the added velocity forcing, leading to a reduced
effective entrainment velocity and, subsequently, to an under-
estimated depth of the entrainment layer. In the real Pi cham-
ber, as subsaturated air is pumped in, the pressure within the
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chamber rises slightly, causing mass to leak out through un-
sealed regions, and thus, the local pressure resistance should
not be as strong. Nevertheless, we will later demonstrate that
the artificial inflow of subsaturated air in the model is suffi-
cient to investigate the cloud’s microphysical response to en-
trainment observed in the Pi chamber.

The pseudo inlet located at the top center has an inlet ra-
dius of 8.5 cm, identical to that in the Pi chamber experiments.
The boundary conditions for velocity and scalars within this
area are governed by the SGS model instead of the wall
model. For the SGS model for the grid points adjacent to the
pseudo inlet, it is assumed that at or beyond the top bound-
ary, the horizontal velocities are zero; the vertical velocity
matches that at the grid level adjacent to the top boundary;
and the temperature and moisture conditions follow those de-
scribed in Table 1. To replicate the inflow used in the experi-
ment by Yeom et al. (2023), we apply a forcing to the vertical
velocity at the grid level adjacent to the top boundary and
within the inlet area as follows:

Fw,inlet 5
went 2 w(nz)

Dtf ,w
, (2)

where w is the vertical velocity, nz indicates the grid level ad-
jacent to the top boundary, Dtf,w 5 Dz/went, and went denotes
the intended entrainment velocity. This forcing aims to re-
store w(nz) to the value of went, but the actual measured
w(nz) is weaker than went because of the adverse pressure gra-
dient force. Consequently, the entrainment velocities listed in
Table 1 represent the actual w(nz) values. For moisture and
temperature, we introduce the virtual advection terms to the
grid cells by the top boundary within the inlet area as follows:

ADVf,virtual 52w(nz)
fent 2 f(nz)

Dz
, (3)

where f represents either the temperature or water vapor
mixing ratio. The variable fent denotes either the temperature

listed in Table 1 or the corresponding water vapor mixing
ratio with an RH of 65%.

To illustrate the effects of the pseudo inlet, we use the re-
sults with the entrainment air of 308C, as depicted in Fig. 2.
The time series of w near the top center confirms the onset of
an inflow subsequent to the commencement of entrainment
(Fig. 2a). The temporal-averaged w near the top boundary
shows, in addition to the LSC, an updraft at the upwind edge
of the pseudo inlet area compensating for the downdraft
within the inlet (Fig. 2d). The temperature and RH data show
that turbulent fluctuations occasionally reach the entrained
value, and their mean values are closer to the entrained values
as the entrainment velocity increases (Figs. 2b,c).

3. Results

Figure 3 provides a visualization of the flow field, using the
ENT_208C_Fast case as an example. It displays snapshots of
three-dimensional isosurfaces and vertical slices of tempera-
ture and supersaturation. The LSC can be observed carrying
warm air upward from the near-left corner and cold air down-
ward from the far-right corner, in agreement with a single-cell
LSC observed in the Pi chamber. Subsaturated air is en-
trained at the central top region, with the downwind direction
pointing toward the far-right corner. As the scalar field within
the domain is not uniformly mixed, the sensor, while attempt-
ing to capture the local influence of the entrainment near the
top wall, is simultaneously influenced by the colder and drier
top boundary (as indicated by the blue color near the top in
Fig. 3b). In the following subsections, we will quantitatively
analyze the temporal evolution of domain-averaged proper-
ties, DSDs, and homogeneous/inhomogeneous signatures.

a. Evolution of domain-averaged properties

Here, we use RH and droplet liquid water content (LWC)
to illustrate the mean thermal and microphysical conditions
simulated in the chamber. The simulations start with a su-
persaturated environment (with temperature and moisture

FIG. 2. The time series (sampled every 30 s) measured near the center of the highest grid level of (a) w, (b) T, and
(c) RH from the three chosen cases: ENT_308C_Slow (blue line), ENT_308C_Mild (orange line), and ENT_308C_Fast
(green line), with an aerosol injection rate of 0.15 cm23 s21. (d) The w at the nz-1 level averaged over t 5 60–90 min
from the ENT_308C_Mild case, with the black dashed line indicating the edge of the pseudo inlet area.
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linearly interpolated between the warm, saturated bottom and
the cold, saturated top) and the constant injection of aerosols.
Condensation on aerosols forms cloud droplets, which consumes
RHand increases LWC, and the cloud droplets are eventually re-
moved by deposition so that a steady state is reached. As shown
in Figs. 4a and 4b, for an aerosol injection rate of 0.15 cm23 s21,
both RH and LWC reach a steady state within 20 min. After en-
trainment starts, the steady states of RH and LWC are reestab-
lished within another 10 min. This justifies using the results
averaged over t5 60–90min for subsequent analysis.

Figures 4c–h show that as the aerosol injection rate rises, the
time for both RH and LWC to reach steady states increases. At
t5 30 min, before entrainment begins, the RH is still slightly de-
creasing and LWC is slightly increasing for a higher aerosol injec-
tion rate. This is due to the reduced droplet size and settling
velocity (reflected by the increased LWC). However, after

entrainment begins, compared to the condition in which the
aerosol injection rate is 0.15 cm23 s21, the RH achieves a steady
state in a shorter period of time for aerosol injection rates of
0.45 and 0.90 cm23 s21. This shorter time may reflect the phase
relaxation time, which is proportional to NC22/3, where NC is
the droplet number concentration that increases with the aerosol
injection rate (Chandrakar et al. 2016). In some cases, the LWC
continues to increase slightly after the RH reaches a steady state
because of the reduced depositional removal with the smaller
droplet size, but the slightly increasing NC does not affect the
study’s conclusions.

b. Analysis of droplet size distributions

We place three virtual sensors in the upwind, central, and
downwind regions. The sensors are 7.8 cm from the top wall,
with the upwind and downwind sensors each located 15 cm

FIG. 3. Visualization of the flow fields featuring (a) three-dimensional isosurfaces of temperature and RH, (b) the
temperature field on a diagonal slice extending from (x, y) 5 (0, 0) to (x, y) 5 (2, 2 m), and (c) the RH field on
the same slice. The dashed lines above the top of the frames in (b) and (c) indicate the location of the pseudo inlet.
The snapshot is taken at t5 74 min from the ENT_208C_Fast case with an aerosol injection rate of 0.15 cm23 s21.
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from the horizontal center. The vertical location is where all cases
can detect the entrainment signals as explored in appendix A. To
examine the DSDs in different regions for each case, we use the
simulations with an aerosol injection rate of 0.15 cm23 s21 as an
example, as shown in Fig. 5. For comparison, the downwind
DSD of the NOENT case is plotted as a black dashed line. The
DSDs under the remaining three conditions can be found in
appendix B. In Fig. 5, each case reveals distinct peaks for haze
and droplets with comparable values, in line with the observa-
tions reported in Yeom et al. (2023). Given that the responses
of haze and droplets to entrainment vary in certain instances,
we use a cutoff diameter of 2 mm, roughly the critical size of
the injected sea salt aerosol, to differentiate between haze and
droplets hereafter. If not specified, the properties to which we
refer are for droplets only. However, when we refer to DSD,
we include the size distribution of both.

In each case, moving from the upwind to the downwind
regions, the peak NC decreases}a trend that is more pro-
nounced with stronger entrainment velocities and higher en-
trainment temperatures. Although the NC decreases, the
peak diameter remains similar, which is a characteristic in-
dicative of inhomogeneous mixing as reported in Yeom et al.
(2023). However, the NC of haze does not consistently de-
crease in the downwind region. The NC of haze shows a sim-
ilar trend only when the aerosol injection rate is as high as
0.90 cm23 s21 (see appendix B).

Our focus to this point has been on a comparison of the
DSD immediately before the entrainment zone to the DSD

immediately afterward. This comparison shows little changes
in the DSD shape, which is indicative of inhomogeneous
mixing. However, Fig. 5 also allows a comparison of the
DSDs among the different steady-state experiments. A careful
examination of the differences in DSDs between the NOENT
case and the entrainment case in each of the six panels shows
that an increase in the entrainment velocity and/or an in-
crease in the temperature of the entrained air leads to a de-
crease in the mean droplet size and an increase in NC. The
comparison between the DSDs with entrainment and NOENT
(or between DSD with different entrainment conditions)
seems to indicate homogeneous mixing. These changes in
the mean droplet diameter and NC will be analyzed further
below.

While comparison of the DSDs among the different entrain-
ment conditions points to homogeneous mixing, it is important
to note that these are not DSDs representing the response of
the cloud before and after a mixing event. DSDs from the
different experiments represent the steady-state response of
the cloud to a particular set of fluxes, which include vapor
from the chamber surfaces and subsaturated air from the
entrainment inlet. If, for example, the entrainment velocity
increases, the steady-state microphysical properties of the
cloud adjust to the new, drier conditions with a decrease in
the mean droplet size. (Somewhat counterintuitively, this can
lead to an increase in the droplet concentration because the
residence time of the smaller droplets is longer owing to the
reduced fall velocity.)

FIG. 4. Time series of domain-averaged (a),(c),(e),(g) RH and (b),(d),(f),(h) droplet LWC. The droplet LWC does
not include the haze component.
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c. Evaluation of mean liquid water content, droplet
diameter, and number concentration

The mean properties calculated in this section only consider
droplets with sizes larger than 2 mm (see the red dashed line
in Fig. 5), and the discussion first focuses on the results with
an aerosol injection rate of 0.15 cm23 s21. Figure 6a reveals
that in the ENT_208C_Slow and ENT_308C_Slow cases (rep-
resented in dark and light green), the changes in NC from up-
wind to downwind regions are relatively small. This suggests
that the reduction in LWC is mostly due to a decrease in the
droplet size, a signature of homogeneous mixing. As the en-
trainment velocity increases, the reduction in NC also intensifies,
but the variation in the droplet size remains similar, implying an
enhanced characteristic of inhomogeneous mixing. This trend
can be quantified by the slopes of the virtual lines connecting the
upwind and downwind data points (Table 2).

As noted above, when comparing different steady-state ex-
periments, the reduction in droplet size becomes significant as
the entrainment velocity and temperature increase. The drop-
let concentration even increases because the smaller droplets
settle more slowly, reducing deposition removal. As the state
of the system adjusts to the balance of fluxes, the cloud micro-
physical properties may have the signature of homogeneous

mixing. When the domain average is considered, the rela-
tionships between the droplet size and liquid water content
display a roughly linear pattern (represented by the cross-
markers in Fig. 6). This pattern indicates a balance among
evaporation, turbulent mixing, and deposition removal.

Figure 7 displays the spatial distribution of the tempo-
rally averaged D and LWC for an aerosol injection rate of
0.15 cm23 s21. In most areas across all cases, the variation
in D largely follows the pattern of LWC. This suggests that
the majority of the domain (i.e., the volume of the chamber)
undergoes homogeneous mixing. Evidence of inhomogeneous
mixing is apparent only near the entrainment region when the
entrainment velocity is sufficiently strong.

d. Enhancement of inhomogeneous mixing by pollution

Inhomogeneous mixing becomes more significant as tmicro

decreases. Given that the evaporation time is proportional to
the square of the droplet diameter (Yau and Rogers 1996),
simulations with higher pollution levels (i.e., increased aero-
sol injection rates), which result in smaller mean droplet
sizes (Chandrakar et al. 2016), are expected to show a stron-
ger signature of inhomogeneous mixing. This is confirmed in
Figs. 6b and 6c (cf. Fig. 6a) and Table 2, where an increased

FIG. 5. Upwind, central, and downwind DSDs, measured at z5 92.2 cm, for the simulations with an aerosol injection rate of 0.15 cm23 s21.
The downwind DSD for the NOENT case (shown as a black dashed line) is included for comparison. The red dashed line indicates the
cutoff diameter used to distinguish between droplets and haze.
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aerosol injection rate results in a more pronounced reduc-
tion in the liquid water content at the downwind region,
while the droplet size remains relatively constant in each en-
trainment case. In some cases, the downwind mean droplet
size even increases, possibly because larger droplets evapo-
rate later while small droplets have already evaporated.

Figure 8 shows the spatial distribution of D and LWC for
each case with an aerosol injection rate of 0.45 cm23 s21. Ex-
cept near the entrainment inlet, the LWC is higher in the up-
wind region and lower in the downwind regions of the LSC.
Although D also exhibits higher values in the upwind region
and lower values in the downwind regions of the LSC, an ad-
ditional peak appears in the center of the domain. This peak
in D represents an increased signature of inhomogeneous
mixing across the domain because the variation of D starts to
deviate from the typical variation pattern of LWC.

The signature of inhomogeneous mixing dominates across
the domain when the aerosol injection rate is increased to
0.90 cm23 s21. Figure 9 reveals that while the LWC still fol-
lows the pattern of the LSC, the variation in D is dependent
solely on the distance from the walls, not on the LSC. This
spatial deviation between theD and LWC patterns is also evi-
dent even in the absence of entrainment, as demonstrated by
the wall effects in Fig. 9a.

To further explain the spatial distribution of D without en-
trainment, we compare the supersaturation (defined as RH-
100%) and the DSDs in the NOENT cases with three aerosol
injection rates. Figure 10 shows how the supersaturation

FIG. 6. Mean droplet diameter cube vs LWC in each case (differentiated with colors) at upwind, central, and downwind regions (differ-
entiated with markers). The gray contour line represents the droplet number concentration (cm23), calculated as NC 5 6LWC/(rwpD

3),
where rw 5 1 g cm23 is the density of liquid water. Note that the real mean number concentration depends on DSD and may differ from
the value calculated assuming a single size. The results are averaged over t5 60–90 min.

TABLE 2. The upper part of the table shows the condition and
corresponding panels in Fig. 6 and the lower part of the table shows
the slopes of the virtual lines connecting upwind and downwind data
points in Fig. 6 (mm3 m3 mg21). A shallower slope implies a more
pronounced inhomogeneousmixing. (a)–(d) The panels in Fig. 6.

Figure 6 (a) (b) (c) (d)

Aerosol injection rate (cm23 s21) 0.15 0.45 0.90 0.45
Grid spacing (cm) 3.125 3.125 3.125 6.25
ENT_208C_Slow 30.7 21.15 22.08 2.11
ENT_308C_Slow 103.5 22.25 20.70 2.96
ENT_208C_Mild 28.8 0.99 20.17 0.93
ENT_308C_Mild 37.5 20.67 20.81 0.72
ENT_208C_Fast 27.1 0.81 20.47 1.11
ENT_308C_Fast 15.8 20.23 20.28 0.75
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following the LSC is affected by the wall fluxes: The supersat-
uration is the highest near the bottom of the updraft (see the
reason explored in appendix C), decreases when the air parcel
ascends by the sidewalls, slightly increases again by the top
wall to the downdraft region, and then decreases again when
the air parcel descends. The NC peak is the highest at the
base of the updraft (sensor 1 in Figs. 10d–f) and decreases in
the less-saturated near-wall regions as the parcel moves with
the LSC. The NC peak reaches its lowest values at sensor 5
for the aerosol injection rates of 0.15 and 0.45 cm23 s21 and
roughly at sensors 6 and 7 for the aerosol injection rates of
0.90 cm23 s21. When the aerosol injection rate is 0.15 cm23 s21

(Figs. 10a,d), the wall fluxes affect DSD in a way similar to the
homogeneous mixing with the entrained subsaturated air.
When the aerosol injection rate is 0.45 cm23 s21 (Figs. 10b,e),
the change of the droplet size is reduced, showing more similar-
ity to the inhomogeneous mixing signature. When the aerosol

injection rate is 0.90 cm23 s21 (Figs. 10c,f), the NC variation ex-
hibits almost no change in the droplet size, a signature of inho-
mogeneous mixing. However, such a signature is caused by the
less-saturated near-wall regions instead of the entrainment of
subsaturated air.

The sensor at the center (sensor 9 in Fig. 10) has relatively
low supersaturation. The likely reason is that this part of the
domain is farthest from the boundaries and is most well
mixed. Mixing in the presence of gradients forces the super-
saturation in this flow, so being well mixed and far from
boundaries suggests weak forcing. When the aerosol injection
rate is 0.15 cm23 s21 (Figs. 10a,d), sensor 9 detects the highest
NC across all sizes, possibly because the small droplets do not
grow (owing to the low supersaturation), while it catches the
larger droplets falling from the updraft (revealed by Fig. 6a).
When the aerosol injection rate is 0.90 cm23 s21 (Figs. 10c,f),
the small droplets (D ; 4 mm) near the center are fewer in

FIG. 7. Diagonal slice of the droplet diameter (represented by shading) and LWC (indicated by contour lines; the
thick line corresponds to a value of 44 mg kg21), averaged over t 5 60–90 min in each clean simulation. The red
markers denote the upwind and downwind locations of sensors that record the data presented in Figs. 5 and 6.
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number than other locations because of the deactivation by
low supersaturation, but the central region may still capture
the large droplet falling from the updraft, resulting in a higher
mean droplet diameter there (Fig. 9a).

e. Reduced inhomogeneous mixing signature with
rougher grid spacing

Inhomogeneous mixing can be captured by LES with fine
grid spacing owing to its ability to resolve energy-carrying ed-
dies and the mixing carried by them. However, LES grid spac-
ing is supposed to fall in the inertial subrange instead of to
resolve the inhomogeneous mixing process. As most LES
SGS mixing is assumed to be homogeneous, an increase in
grid spacing may reduce the observable signature of inhomo-
geneous mixing. This hypothesis is supported by a comparison
between Figs. 6b and 6d (as quantified in Table 2, columns b
and d), where the reduction in droplet size in the downwind

region becomes more apparent as the grid spacing increases
from 3.125 to 6.25 cm for most cases (the only exception is the
ENT_208C_Mild case). Note that the DNSs with similar Re
and Ra performed by Wang et al. (2024c) demonstrate that
both 3.125 and 6.25 cm fall within the inertial subrange.

The spatial distribution of D and LWC shows that the big
picture of the patterns is similar with both grid spacings of
3.125 and 6.25 cm (cf. Fig. 11 to Fig. 8). The peak of D at the
center of the domain, which signifies the increase of inhomo-
geneous mixing, is still present with a grid spacing of 6.25 cm.
Thus, at least in this study, the sensitivity of inhomogeneous
mixing signature to grid spacing is relatively local and detailed;
the big pattern is not sensitive to grid spacing.

f. The response of systems as revealed by wall fluxes

As discussed above, the signature of homogeneous mixing
is a result of the system relaxing to a different steady-state

FIG. 8. As in Fig. 7, but for the cases with an aerosol injection rate of 0.45 cm23 s21, and the thick contour line now
represents a value of 80 mg kg21.
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condition for given, constant boundary fluxes (Yeom et al.
2023). While measuring boundary fluxes is challenging in the
real Pi chamber, LES can easily output these fluxes for analy-
sis. Figure 12 illustrates the wall (including the side, top, and
bottom walls) heating and evaporation rates, which are the
sensible heat flux and moisture flux, respectively, multiplied
by the wall areas excluding the inlet area.

The heating rate shows that the walls function as heat sinks
to balance the latent heat released by condensation, the latent
heat absorbed by evaporation owing to the entrainment, and
the extra heat carried by the entrained air (Figs. 12a,c,e,g).
Specifically, as the entrained air temperature remains at the
mean of the walls (208C), the cooling effect of the wall de-
creases because of the additional evaporation cooling (see the
green, blue, and red lines in Figs. 12a,c,e,g). When the en-
trained air is warmer (308C), the walls’ cooling effect intensi-
fies to offset the extra heat (see the light green, light blue, and
pink lines in Figs. 12a,c,e,g).

The evaporation rate indicates that when the entrained air
is 208C, the walls function as moisture sources (Figs. 12b,d,f,h)
to balance the water vapor that is condensed and removed by
deposition. Increasing the entrainment velocity enhances the
total wall evaporation rate. However, when the entrained air
rises to 308C and keeps an RH of 65%, the entrained water va-
por mixing ratio (;17.9 g kg23) exceeds the saturation values at
the top wall (;10.8 g kg23) and sidewalls (;14.9 g kg23), caus-
ing the total condensation rate on the top and sidewalls to ex-
ceed the evaporation rate on the bottom wall. Therefore, an
increased entrainment velocity enhances the total wall conden-
sation rate.

Taking these two results together, we see that the micro-
physical properties of the cloud are a result of the totality of
the fluxes in the system. If any of the fluxes change (e.g., an in-
crease in the flux of subsaturated air through entrainment),
the system response [with a time scale on the order of tens
of seconds to minute (Yeom et al. 2023)] results in new

FIG. 9. As in Fig. 7, but for the cases with an aerosol injection rate of 0.90 cm23 s21, and the thick contour line now
represents a value of 100 mg kg21.
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microphysical properties. If drop size distributions from be-
fore the flux adjustment and afterward are compared, the sig-
nature can be reminiscent of homogeneous mixing (see Fig. 4
in Yeom et al. 2023). However, we make the distinction here
that inhomogeneous and homogeneous mixing are properly
understood as comparisons of air masses immediately before
and after mixing.

4. Conclusions and discussion

The impact of entrainment on cloud microphysical proper-
ties can manifest as either homogeneous or inhomogeneous
mixing signature. Previous laboratory experiments with the Pi
chamber by Yeom et al. (2023) showed signatures of locally
inhomogeneous mixing for individual entrainment experi-
ments and homogeneous mixing when analyzing an ensemble
of experiments with different entrainment velocities and tem-
peratures. The mechanisms behind the response of cloud
droplets to mixing depend on the turbulent mixing and drop-
let evaporation time scales, which can be resolved using LESs
and bin microphysics, respectively. Thus, we employ LESs
and bin microphysics to show the feasibility of such methods,
confirm the observations from the Pi chamber, and explore
the phenomena in greater depth.

Reproducing the Pi chamber experiments using LES presents
two main technical challenges. The first challenge is to guide

the LSC to accurately capture the upwind and downwind re-
gions of the entrainment zone. This is addressed by imposing a
wavy forcing on the vertical velocity. The second challenge is to
create an input for entrainment. We handle this by employing a
pseudo inlet method that introduces a forcing for vertical veloc-
ity with additional advection terms for the scalars. Our results
affirm that subsaturated air is introduced into the domain with
a reasonably shaped plume.

Upon successfully incorporating the LSC and entrain-
ment mechanisms into the model, our study provides several
important insights. When the aerosol injection rate is set at
0.15 cm23 s21 and the entrainment velocity is slow, entrainment
displays characteristics of locally homogeneous mixing. As the
entrainment velocity increases, the signature of local inhomoge-
neity is enhanced, but the overall mixing across the entire do-
main appears to be largely homogeneous. When the aerosol
injection rate is increased, domain-wide mixing becomes more
inhomogeneous, which intensifies the local inhomogeneous mix-
ing near the entrainment inlet. Even without entrainment, the
near-wall regions with high variations in supersaturation can
lead to a similar signature of inhomogeneous mixing caused by
entrainment. Coarsening the grid spacing slightly reduces the ev-
idence of local inhomogeneous mixing, yet the overall pattern
across the domain aligns with that of a finer grid spacing. Last,
variations in the entrainment velocity and temperature can shift
the balance between droplet size and liquid water content,

FIG. 10. (a)–(c) The supersaturation (with black arrows indicating the direction of LSC) and (d)–(f) the DSDs in the NOENT cases
with various aerosol injection rates averaged over t 5 60–90 min. The locations of the DSDs in (d)–(f) correspond to those in (a)–(c). As
in Fig. 5, the red dashed lines in (d)–(f) separate haze and droplets. (e),(f) Since the focus is on the cloud droplets, we allow the haze–
droplet part of the distribution to exceed the y axis limits, thereby enabling better visualization of variations in the cloud-droplet
distribution.
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signifying globally homogeneous mixing, which is consistent
with the findings of Yeom et al. (2023). LESs further show that
the heating and evaporation rates of the walls adjust in response
to various entrainment velocities and temperatures, confirming
that the globally homogeneous mixing signature results from
comparing the microphysical properties in different equilibrium
states, rather than from comparing the properties of an air mass
immediately before and after entrainment.

These results can be interpreted in the context of the time
scales identified in prior works, namely, the droplet evaporation
time scale and the turbulent mixing time scale. An advantage of
the experimental setup is that the scales for entrainment and
the entire chamber are clearly defined, removing some of the
ambiguity present in full-cloud measurements and simulations.
Additionally, the work of Yeom et al. (2023) and that presented
here suggest a shift in perspective from transient response to
mixing to the comparison of steady states achieved from relaxa-
tion to steady entrainment with constant velocities and temper-
atures. This shift in perspective allows for the emergence of

“locally inhomogeneous” versus “globally homogeneous” per-
spectives. Comparing steady states is a different assessment to
the problem compared to the traditional focus on the transient
response part of the problem.

Although the qualitative observations made using LES are
reasonable and align with the results of the Pi chamber ex-
periments, it is essential to consider some uncertainties within
this study. First, the depth of entrainment reached is approxi-
mately 8–15 cm from the top wall in LES, which is shallower
than 25 cm observed in the Pi chamber. This discrepancy
could be attributed to the overestimation of diffusion in LES
and the adverse pressure gradient force under the pseudo in-
let. The overestimated diffusion also implies that the inhomo-
geneous mixing signature may be underrepresented. Second,
to orient the LSC, the overall turbulent kinetic energy is in-
creased by approximately 17%. This increase in the resolved
turbulent mixing might also reduce the turbulent mixing time
compared to that in the Pi chamber. Third, the aerosols are
injected homogeneously into the domain in the simulations,

FIG. 11. As in Fig. 8, but for the simulations with a rougher grid spacing (6.25 cm).
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whereas they are injected from a single inlet in the real
chamber. Thomas et al. (2023) have shown that the point in-
jection of aerosols may broaden the resulting DSD, but this
influence may be lessened with a higher aerosol injection
rate. In the less polluted case, a broader DSD with increased
droplet sizes may increase evaporation time and further en-
hance the inhomogeneous mixing signature. Last, while this
study demonstrates that a combination of LES and bin mi-
crophysics can capture the signature of inhomogeneous mix-
ing, it also reveals the sensitivity of these results to the grid
spacing.

Finally, this work sheds light on the simulations and meas-
urements of atmospheric clouds. The dependence of the inho-
mogeneous mixing signature on grid spacing implies that
LESs of the atmospheric boundary layer may underestimate
this mechanism. Specifically, if the entrained subsaturated air
blob is larger than the LES grid spacing and the evaporation
time is short enough, the blob can evaporate the droplet
within the engulfed grid cells before mixing with the sur-
rounding air parcels, thereby resolving the inhomogeneous
mixing mechanism. However, blobs smaller than the grid
spacing can only be addressed by appropriate SGS ap-
proaches. Additionally, the different wall fluxes causing the
homogeneous mixing signature among various steady states
confirm that the environment will respond according to the
varying entrainment flux. This strengthens the connection to
stratocumulus clouds with spatially varying entrainment ve-
locities and temperatures at cloud top, as suggested by
Yeom et al. (2023): an aircraft sampling at constant height
will tend to observe a signature of homogeneous mixing if
averaged over many large eddies with varying entrainment
fluxes.
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window of 200 s.
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APPENDIX A

Measurement of Entrainment Depth via Temperature
Fluctuation

To examine how far into the chamber the entrained air
can penetrate, we place two virtual sensors. The horizontal
locations of the two sensors are each 15 cm from the inlet
center, one in the upwind and the other in the downwind
regions. We vary the heights of the virtual sensors to detect
entrainment signals, represented by the first to fourth col-
umns in Fig. A1. The signals appear differently in different
cases. Figures A1a–d show that, without entrainment (i.e.,
case NOENT), the temperature statistics are affected by
the top cold wall, revealed by the left tail of the histograms.
As the air parcel moves from the upwind to the downwind
regions, the mixing with the cold air contacting the top
wall increases, so the distribution in the downwind region
slightly shifts to the left. When the entrainment air has the
temperature of the average of the top and bottom walls
(cases ENT_208C_… ; Figs. A1e–p,), the temperature is
closer to 208C in the downwind region. When the entrain-
ment air is warmer than the domain (case ENT_308C_… ;
Figs. A1q–ab), the temperature in the downwind region is
higher than in the upwind region.

Regarding the depths at which the entrained air can
reach, when the entrainment temperature is 208C, the en-
trainment signal is slightly detectable at roughly 14 cm
from the top (cf. Figs. A1h, l, p to d). When the entrain-
ment temperature is 308C, the influence of entrained air is
detectable down to approximately 8, 11, and 14 cm from
the top (Figs. A1r, w, ab), reaching shallower depths com-
pared to the 208C cases owing to stronger buoyancy effects.

However, these depths are all shallower than the 25-cm
depth detected in the real Pi chamber. This discrepancy
may be attributed to the entrainment resistance caused by
the pressure gradient force, or to the LES schemes that
might overestimate the diffusion, like SGS models and ad-
vection schemes (e.g., Bou-Zeid et al. 2005; Wang et al.
2021).

In an effort to identify potential reasons for these dis-
crepancies, we conduct an additional dry simulation, guided
by the settings outlined in the supporting information of
Yeom et al. (2023). Specifically, the temperatures are set to
208, 258, and 308C for the top, side, and bottom walls, re-
spectively, with all walls kept dry. The entrained dry air is
maintained at 408C with a mild velocity. The sensors in the
upwind and downwind regions are each positioned 8 cm
from the center of the inlet. The result of this simulation is
presented in Fig. A2. The entrainment reaches roughly 10 cm
from the top wall, still shallower than 15-cm depth detected by
Yeom et al. (2023) for the dry experiment.

To further explore the reason for the shallower penetra-
tion of entrainment, we only examine the upwind region,
where the numerical schemes can influence but the pressure
gradient resistance does not affect. In the dry experiment
conducted in the Pi chamber, as indicated in the supporting
information of Yeom et al. (2023), the temperature fluctua-
tion in the upwind region can reach approximately 238C at
z 5 85 cm (see Fig. S1 in Yeom et al. 2023), whereas our
LES model only shows a decrease to just below 248C at
z 5 89 cm (Fig. A2c). Although this cannot exclude the in-
fluence of the adverse pressure gradient force, this confirms
the overestimation of diffusion from the numerical schemes
in LES.
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FIG. A1. Temperature fluctuations at upwind (blue) and downwind (orange) regions at (from left to right) four different heights and
(from top to bottom) seven cases. The statistics were derived from time series data collected between t 5 60–90 min by virtual sensors set
in the simulation to record the temperature at each time step.
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APPENDIX B

The Droplet Size Distributions for Other Conditions

Figures B1–B3 serve as an extension of section 3c to
present the DSDs for the three remaining conditions not
displayed in Fig. 5.

FIG. A2. As in Fig. A1, but for the dry simulation to be compared with that in the Fig. S1 in the supporting information of Yeom et al. (2023).

FIG. B1. As in Fig. 5, but for the conditions of the aerosol injection rate5 0.45 cm23 s21 and grid spacing5 3.125 cm.
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FIG. B2. As in Fig. 5, but for the conditions of the aerosol injection rate5 0.90 cm23 s21 and grid spacing5 3.125 cm.
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APPENDIX C

The Higher RH near the Lower Surface Revealed
by DNS

From the supersaturation distribution revealed in Fig. 10,
an extended question is as follows: Why does the updraft
contain higher supersaturation than the downdraft, even with-
out entrainment? Upon mixing with the air from the interior
of the domain, the supersaturation near the bottom increases
because of the high moisture, and the supersaturation
increases near the top because of the low temperature. How-
ever, the diffusivity for moisture is higher than the diffusivity
for temperature (i.e., Prandtl number is lower than Schmidt
number; e.g., Hickey et al. 2000), causing the supersatura-
tion near the bottom to exceed that near the top. When
the higher diffusivity for moisture is considered in the wall
model, the roughness length for moisture is higher than
that for temperature (Brutsaert 1982; Garratt 1994; Wang
et al. 2024b).

To confirm this reasoning, we perform an additional moist
DNS without microphysics. Following Wang et al. (2024c),
we use SAM to perform DNS by replacing the SGS model
with molecular viscosity and the wall model with explicit
molecular dissipation. The Prandtl number is 0.72 and the

Schmidt number is 0.62, the same as those used in Chandrakar
et al. (2022). The domain is 1 m 3 1 m 3 1 m with uniform
512 grid cells in each direction, resulting in a uniform grid
spacing of ;2 mm, same as Wang et al. (2024c). However,
unlike Wang et al. (2024c), here the sidewalls are solid
and no penetration. The temperatures for the top, bottom,
and sidewalls are 282, 294, and 288 K, respectively. All walls
are saturated. The simulation is performed for 10 min, reach-
ing the steady state within 2 min. To exclude any other artifi-
cial influence, we do not apply the pseudo inlet and LSC
forcing for the DNS.

A snapshot of the supersaturation field is presented in
Fig. C1. The result shows that, even without entrainment,
cloud microphysics, and wall models, the supersaturation near
the bottom is higher than that near the top. Specifically, the
supersaturation adjacent to the bottom is nearly zero before
the air mixes with the environment. After mixing with air
from the interior of the domain, the supersaturation in-
creases and reaches its maximum at the edges of the plumes
near the bottom because of the more efficient diffusion
of high moisture than high temperature. With further mix-
ing with the ambient air, the moisture and temperature
(and thus the supersaturation) approach the domain-average
values.

FIG. B3. As in Fig. 5, but for the conditions of the aerosol injection rate5 0.45 cm23 s21 and grid spacing5 6.25 cm.
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