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Abstract. Mixed-phase clouds affect precipitation and radiation differently from liquid and ice clouds, posing
greater challenges to their representation in numerical simulations. Recent laboratory experiments using the Pi
Cloud Chamber explored cloud glaciation conditions based on increased injection of ice-nucleating particles. In
this study, we use two approaches to reproduce the results of the laboratory experiments: a bulk scalar mixing
model and large-eddy simulation (LES) with bin microphysics. The first approach assumes a well-mixed domain
to provide an efficient assessment of the mean cloud properties for a wide range of conditions. The second
approach resolves the energy-carrying turbulence, the particle size distribution, and their spatial distribution
to provide more details. These modeling approaches enable a separate and detailed examination of liquid and
ice properties, which is challenging in the laboratory. Both approaches demonstrate that, with an increased ice
number concentration, the flow and microphysical properties exhibit the same changes in trends. Additionally,
both approaches show that the ice integral radius reaches the theoretical glaciation threshold when the cloud is
subsaturated with respect to liquid water. The main difference between the results of the two approaches is that
the bulk model allows for the complete glaciation of the cloud. However, LES reveals that, in a dynamic system,
the cloud is not completely glaciated as liquid water droplets are continuously produced near the warm lower
boundary and subsequently mixed into the chamber interior. These results highlight the importance of the ice
mass fraction in distinguishing the mixed-phase clouds and ice clouds.

Vergara-Temprado et al., 2018) and precipitation efficiency

As one of the most uncertain components in numerical
weather predictions and climate models, clouds can con-
sist of mixed phases (i.e., containing both supercooled liq-
uid water and ice), making them more challenging to repre-
sent (e.g., Prenni et al., 2007; Storelvmo et al., 2008; Furtado
et al., 2016; Bodas-Salcedo et al., 2016; Vergara-Temprado
et al., 2018; Vignon et al., 2021; Morrison et al., 2012).
Mixed-phase clouds significantly affect the radiative budget
(e.g., Dong and Mace, 2003; Bodas-Salcedo et al., 2016;

(e.g., Miilmenstidt et al., 2015; Field and Heymsfield, 2015);
these influences differ from those of liquid water or ice
clouds (Korolev et al., 2017). Additionally, aerosols can act
as cloud condensation nuclei (CCN) or ice-nucleating par-
ticles (INPs), further complicating the properties of mixed-
phase clouds (e.g., Prenni et al., 2007; Tao et al., 2012;
Fan et al., 2017; Fu and Xue, 2017; Norgren et al., 2018).
As such, understanding the mechanisms by which a mixed-
phase cloud is maintained is crucial.
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An enduring challenge has been to understand how it is
possible for stratiform mixed-phase clouds to persist in near-
steady-state microphysical conditions despite the fact that
the supercooled liquid is in a metastable state (e.g., Fridlind
et al., 2007; Westbrook and Illingworth, 2013; Yang et al.,
2013; Ovchinnikov et al., 2014, 2011; Solomon et al., 2018;
Fu et al., 2019). Various factors contribute, including steady
forcing by radiative cooling or surface heating, maintaining a
source of ice through the steady generation of ice via stochas-
tic nucleation, and the entrainment of ice-nucleating particles
from above. A fundamental aspect is the strength of forcing
of supersaturation in a cloud and the amount of ice needed
to reduce the liquid-water supersaturation to less than zero
such that the Wegener-Bergeron—Findeisen process can oc-
cur (Korolev, 2007; Korolev et al., 2017). Thus, the relative
concentrations of cloud droplets and ice particles play a cen-
tral role in the glaciation or lack thereof within a mixed-phase
cloud.

Glaciation refers to the transition from a mixed-phase
cloud to an ice-only cloud. This transition occurs because,
under a given water vapor pressure, the supersaturation with
respect to ice is greater than that with respect to liquid water.
When the air is supersaturated with respect to ice and subsat-
urated with respect to liquid water, as ice and liquid particles
coexist, the ice gains mass from the droplets indirectly via the
deposition of vapor evaporated from the droplets. This mech-
anism is known as the Wegener—Bergeron—Findeisen process
(Wegener, 1911; Bergeron, 1928; Findeisen, 1938). Never-
theless, there is no consensus on the quantitative condition to
distinguish the mixed-phase and ice clouds (Korolev et al.,
2017). From a theoretical perspective, Korolev and Mazin
(2003) defined glaciation as the reduction of the mean su-
persaturation with respect to liquid to below zero. However,
in reality, fluctuations in supersaturation may still produce
droplets even when the mean value is below zero (Prab-
hakaran et al., 2020). In field measurements, the ice-phase
mass fraction, i.e., the ratio of ice mass to the sum of liquid
and ice mass, which varies between O and 1, is often used
to define the cloud phase (Korolev et al., 1998), but then the
thresholds to differentiate between liquid, mixed-phase, and
ice clouds become an important consideration. Many studies
use 0.9 as a threshold for the ice mass fraction to distinguish
between mixed-phase and ice-phase clouds (e.g., Korolev et
al., 2003; Field et al., 2004), yet there is no physical basis for
the value used (Korolev et al., 2017).

The investigation of mixed-phase clouds has relied on
field campaigns and numerical simulations (e.g., Curry et al.,
1997; Pinto, 1998; Korolev et al., 2003; Field et al., 2004;
Verlinde et al., 2007; Fridlind et al., 2012; Hill et al., 2014;
Ovchinnikov et al., 2014; Pinsky et al., 2018; de Roode et al.,
2019; Morrison et al., 2011). However, direct comparisons of
field measurements with numerical simulations are difficult
owing to the poorly constrained initial and boundary condi-
tions for models as well as the difficulties of measuring the
properties of mixed-phase clouds. The recent development
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of the Pi Cloud Chamber has provided well-defined bound-
ary conditions to produce steady convection clouds and fur-
nished detailed microphysical measurements (Chang et al.,
2016; Chandrakar et al., 2016), allowing for a better compar-
ison with numerical simulations (Thomas et al., 2019; Chen
et al., 2024). Experiments on mixed-phase clouds have also
been conducted by Desai et al. (2019) using the Pi Cloud
Chamber. Specifically, Desai et al. (2019) tested how many
INPs are needed to glaciate a mixed-phase cloud. They found
that the injection rate of INPs determines the ice water con-
tent and thus the ratio of ice to total water content. Their
measurements were shown to be consistent with the theoreti-
cal value of ice integral radius needed for glaciating a mixed-
phase cloud proposed by Korolev and Isaac (2003).

Guided by the laboratory experiments of Desai et al.
(2019), we employ two approaches to explore aerosol-
mediated mixed-phase cloud. First, we use a bulk scalar mix-
ing model (which is referred to as the bulk model in this
study) to solve for the domain-average properties. The bulk
model is similar to the scalar flux budget model (Thomas et
al., 2019; Yeom et al., 2023; Wang et al., 2024b; Chen et al.,
2024) or mean-field model (Shaw et al., 2023) applied in the
previous studies but includes both liquid and ice condensate
components. The efficiency of the bulk model is crucial, as
it provides quick results over a continuous range of input pa-
rameters. Second, we perform large-eddy simulations (LESs)
with bin microphysics for aerosols, liquid water droplets, and
ice crystals. Different from the bulk model, LES resolves
the dynamics of energy-carrying turbulence, and bin micro-
physics resolves the particle size distributions (PSDs), so
the combination provides more details of the mixing process
and PSD development. We will compare the model-produced
statistics with the measurements made by Desai et al. (2019),
alongside the theoretical value of ice integral radius proposed
by Korolev and Isaac (2003), and analyze quantities that are
challenging to measure in the laboratory. Lastly, we will ex-
plore how the ice mass fraction evolves in both modeling ap-
proaches when glaciation occurs.

The rest of the paper is organized as follows. Sect. 2 de-
tails the methods. Section 3 presents the results. Section 4
concludes the paper. Additionally, since the statistics of mi-
crophysical properties are based on the cutoff radius used in
the laboratory experiments, Appendix A explores the sensi-
tivity to the cutoff radius. Lastly, Appendix B provides some
examples to illustrate how the bulk model can be applied to
quickly evaluate an experiment setup.

2 Methods

2.1 The bulk scalar mixing model

The bulk model is composed of the budget equations for two
scalars (temperature and water vapor mixing ratio) and as-
sumes that they are well-mixed (uniform) within the domain,
which is a good assumption for Rayleigh—Bénard convection
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except very near the walls. In a rectangular cuboid chamber
domain, the budget equation for temperature is

dr 1 Ag L. Lg-~
_=_(FT,b+FT,t+_FT,s>+_C+—d, (H
dt h Ap Cp Cp
where T denotes temperature; Fry, Fr, and Fr g are the
temperature fluxes per unit area into the chamber at the bot-
tom, top, and side walls; /4 is the chamber height; Ay, is the
area of the bottom (also top) wall; Ay is the total area of the
side walls; ¢ is the net condensation rate for the growth of
droplets (kgkg~!s™!); d is the net deposition rate for the
growth of ice crystals (kgkg™'s™!); L is the latent heat of
condensation; Lq is the latent heat of deposition; and ¢, is
the heat capacity of air. The chamber height and wall areas in
our calculations are based on a domain of 2m x2m x 1 m,
which is the same as that used in Thomas et al. (2019) and
the LES setup in this study.

The fluxes are calculated using a bulk aerodynamic formu-
lation:

Frpy= W, —T), 2
Fro=V(T,—T), 3)
FT,s = Vs(Ts - T)v (4)

where Ty, Tt, and 75 are the bottom-, top-, and side-wall tem-
peratures, and V;, Vi, and V; are the effective eddy velocities
for bottom, top, and side walls, respectively. Following De-
sai et al. (2019), we set Ty, Tt, and Ts to 4, —16, and —12 °C,
respectively. Regarding the effective velocity, because the di-
rection of buoyancy is normal to the bottom and top walls,
a previous LES study of cloud chambers suggests that V; is
less than V4, and V; (Wang et al., 2024b). Here we assume that
Vo, =V,=4mms~! (estimated based on the Rayleigh num-
ber and Nusselt number according to Niemela et al., 2000),
and the velocity ratio of Vi to V4, is assigned a value of 0.42
based on the LES wall fluxes in this current study. Note that
this ratio was found to be 0.35 in Wang et al. (2024b), and
the larger value used here implies a slightly greater relative
influence of side walls compared to the bottom and top walls.

The budget equation for water vapor mixing ratio, gy, is
similar to that for T':

dgy 1 A

=% <qu,b + Fy+ A_ZF"”‘S) —¢—d, (3)

where Fy, v, Fy, t, and Fy, s are the corresponding water va-
por fluxes per unit area into the chamber. They are calculated
in the same way as those for temperature in Eqs. (2)—(4). The
values of ¢y at the walls are saturated with respect to liquid
(bottom) or ice (side and top walls). For the side walls, in
addition to being saturated, we will also test a side-wall wet-
ness of 0.30 (i.e., the boundary condition of g, corresponds
to a saturation ratio of 0.30 with respect to ice at the side-
wall temperature), which is used in the LES setup described
in Sect. 2.2.
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The condensation and deposition rates for uniform super-
saturation were derived by Korolev and Mazin (2003),

¢ = ﬂ471’ si&IN1 ©6)
0

and

~ P _

d = —4n si§iNiri, 7
o

respectively, where p is the air density, with the subscript
indicating whether the particle (p) is liquid (1) or ice (i). &
and &; are the condensation and deposition parameters, re-
spectively, which are functions of pressure and temperature
(Rogers and Yau, 1996).

Lastly, for uniform supersaturation and no curvature or so-
lute effects on particle growth, the mean equilibrium radii
(the mean particle radii of the distribution achieved as the in-
crease and growth of particles are balanced by loss through
sedimentation) for droplets and ice crystals are given by
Krueger (2020):

n= N 1, )]
_Var(3),
FIZT”’ 9

which are defined in terms of the corresponding mode radii:

1
A= <@>4, (10)

1
. [ si&h\*
= ( I ) , (11

where k| = (,op/,ol) 1.19 x 108 m~1 s~ ! is the coefficient of
Stokes drag (Rogers and Yau, 1996). We assume that ice par-
ticles are spherical and that p; =900 kg m—3.

We solve for the equilibrium values of temperature and
water vapor using Eqgs. (1) and (5) given specified number
concentrations of droplets and ice, N| and N;. Specifically,
we set Nj as 25 cm™—3, as measured in Desai et al. (2019) be-
fore the existence of ice, and vary N;j to mimic the effect of
injecting ice-nucleating particles at various rates in the lab-
oratory chamber. The temperature weakly affects & and &;.
The chamber height, particle density, radius, and supersatu-
ration combine to determine the equilibrium mean radii of
the droplets and ice particles according to Eqgs. (8) and (9).
Combined with supersaturations over liquid and ice, we can
also calculate the condensation and deposition rates using
Egs. (6) and (7), which then influence the temperature and
water vapor mixing ratio values. Their equilibrium values are
obtained by iteration.

Atmos. Chem. Phys., 24, 10245-10260, 2024
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2.2 Large-eddy simulation with bin microphysics

Following the previous LES studies on the Pi Cloud Cham-
ber (Thomas et al., 2019, 2023; Yang et al., 2022, 2023;
Wang et al., 2024b, a), we use the System for Atmospheric
Modeling (SAM; Khairoutdinov and Randall, 2003) for the
simulations, but in this case we extend it to include ice mi-
crophysics. In SAM, the velocity equations are solved on an
Arakawa staggered C-grid (Arakawa and Lamb, 1977). The
velocity is advected using a second-order central scheme and
dissipated by the turbulent kinetic energy (TKE) subgrid-
scale model (Deardorff, 1980). The scalars are solved at the
centers of the grid cells, advected by a multidimensional pos-
itive definite advection transport algorithm (Smolarkiewicz
and Grabowski, 1990), and diffused with a turbulent Prandtl
number of 1 (i.e., Reynolds analogy; Kays et al., 1980).

The domain is 2m x 2m x 1 m with a uniform grid spac-
ing of 3.125cm in all directions, which falls within the in-
ertial subrange according to the direct numerical simulations
performed at similar Reynolds numbers (Wang et al., 2024c).
The velocity boundary conditions are for a solid (no slip and
no penetration). The surface shear stress, sensible heat flux,
and moisture flux are solved based on Monin—Obukhov sim-
ilarity theory. The roughness lengths for velocity, tempera-
ture, and moisture are set to 0.75, 0.46, and 0.57 mm, re-
spectively, as explored and detailed by Wang et al. (2024b).
Temperature boundary conditions follow the specifications
of the bulk model and the experimental setup (Desai et al.,
2019), with the bottom wall, top wall, and side walls be-
ing kept at 4, —16, and —12 °C, respectively. Regarding the
wetness, the bottom wall is saturated with respect to liquid
water, and the top wall is saturated with respect to ice. The
side walls are complex, as they are partly ice-covered and
partly clear (e.g., windows) in the actual Pi Cloud Chamber.
Previous LES studies of the Pi Cloud Chamber (Thomas et
al., 2019; Wang et al., 2024b) tuned the side-wall wetness to
match the supersaturation inferred in the laboratory. In this
study, we tune the side-wall wetness with respect to ice and
aerosol injection rate to match the droplet size and number
concentration measured by Desai et al. (2019).

In order to match the steady-state diameter of 15.5 um
and number concentration of 25cm™> as observed in the
Pi Cloud Chamber by Desai et al. (2019), we perform sim-
ulations with various combinations of CCN injection rates
and side-wall wetness. The CCN, e.g., NaCl, are homoge-
neously and continuously injected within the domain. Each
simulation runs for 20 min, and averages of the last 5 min are
used for analysis. Note that these simulations do not contain
ice; they are only used to determine the setup for the later
mixed-phase simulation that explores the glaciation mecha-
nism. Figure 1 demonstrates that SAM LES can achieve a di-
ameter of 15.3 um and a number concentration of 25.1 cm™3
when the CCN injection rate is 10 cm ™3 min~! and side-wall
wetness is 0.30. These CCN injection rate and side-wall wet-
ness values are thus used for the mixed-phase simulation. For
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comparison, in the Pi Cloud Chamber experiment by Desai
et al. (2019), if the CCN were evenly distributed throughout
to the entire cylindrical chamber, their CCN injection rate
would be 12.7 cm™3 min~!.

The bin-microphysics model applied here is developed by
The Hebrew University of Jerusalem group (Khain et al.,
2004) and has also been employed in studying the Pi Cloud
Chamber experiment (Thomas et al., 2019, 2023; Yang et
al., 2022; Wang et al., 2024b). Both droplets and ice crys-
tals are represented by 33 mass-doubling bins. Their fall
speeds mainly follow the Stokes law for diameters smaller
than 40 um (Rogers and Yau, 1996, Sect. 8.a). Collision—
coalescence and the collision involving ice are disabled, as
the timescale analysis indicates that the sedimentation time is
much shorter than the collision time in such a domain (Chan-
drakar et al., 2016; Shaw et al., 2020). The ice crystals are
assumed to be spherical, owing to their short lifetime in the
Pi Cloud Chamber (Desai et al., 2019). Although the smallest
droplet and ice crystal in the bin microphysics have diame-
ters of approximately 2 um, we set the cutoff radius to 3.5 ym
to calculate the microphysical properties for analysis for ac-
curate comparison with the results measured in the Pi Cloud
Chamber by Desai et al. (2019).

To avoid the uncertainties associated with ice nucleation
and considering that Desai et al. (2019) used highly effi-
cient ice-nucleating particles (Snomax; Lukas et al., 2022),
we inject the smallest ice that the bin microphysics can re-
solve (roughly 2 um in diameter) directly in the LES. The ice
is injected into the central top four grid cells to mimic the
spreading of Snomax from a port in the top of the Pi Cloud
Chamber. We perform the whole simulation for 90 min, dur-
ing which the initial 20 min are without ice injection and only
with aerosol injection, allowing the supercooled droplets to
reach a steady state. Subsequently, the ice injection rate is
gradually increased every 10 min in the following sequence:
0.5,1.5,3.0,5.0,7.5, 10.0, and 15.0cm™> min~"!. These val-
ues represent the rate of ice injection per minute averaged
over the entire domain. The flow reaches a new equilibrium
roughly within 5 min, so we take the temporal average of the
final 5 min of each 10 min interval to assess the droplet and
ice PSDs. Note again that this mixed-phase simulation, per-
formed for 90 min, differs from the multiple 20 min liquid-
phase simulations previously used to determine the CCN in-
jection rate and side-wall wetness.

Additionally, to be able to compare with the bulk scalar
mixing model and to be relevant to the atmospheric condi-
tions, we will mainly focus on the relatively well-mixed re-
gion far from the walls (though the domain is not completely
mixed). Specifically, the near-wall regions have a sharp gra-
dient in temperature and humidity due to the strong fluxes
from the wall; thus, they display different physical charac-
teristics than the center of the chamber. Therefore, we will
exclude the near-wall region (within 6.25 cm from the walls)
when computing flow properties.

https://doi.org/10.5194/acp-24-10245-2024
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Figure 1. LES results without ice for tuning the CCN injection rate and side-wall wetness to match the diameter (a) and number con-
centration (b) from the experiments. Each data point represents a steady-state result of one simulation. The dashed red lines represent the

observations in the Pi Cloud Chamber that we aim to match.

2.3 Theoretical threshold of ice integral radius to
glaciate a mixed-phase cloud

Desai et al. (2019) proposed a theoretical condition for the
ice integral radius in order for a mixed-phase cloud to ex-
ist. This condition on the integral radius is analogous to that
derived by Korolev and Mazin (2003) in terms of critical
updraft velocity. Specifically, Eq. (4) in Desai et al. (2019)
(which is analogous to Eq. 4 in Korolev, 2007) demonstrates
the condition of ice integral radius for a mixed-phase cloud
as

1 S1,0

Niri < —_,
"' =47 D1 s;

12)

where D is the molecular diffusion coefficient; t; is the tur-
bulent mixing time for the flow properties to relax to an equi-
librium state (without considering microphysical processes);
51,0 1s the supersaturation achieved with respect to liquid wa-
ter under the same boundary conditions but without droplets
(i.e., no aerosols) and ice, which requires an additional simu-
lation to determine; and s;" is the liquid-water supersaturation
deficit that exists at the ice-saturation level, which is calcu-
lated as

ei—e S —48l
el Si+1’

s =—

13)

where e; and ej are the saturation vapor pressures for ice and
liquid water, respectively.

Most of the values in Eq. (12) can be obtained from the
bulk model or LES output. D is interpolated from Table 7.1
in Rogers and Yau (1996) using the mean temperature. To ob-
tain s1,0, the bulk model simply solves Egs. (1) and (5) with-
out condensation and deposition terms, resulting in a steady-
state s1,0 of 5.6 % (when side-wall wetness is 0.30) or 19 %
(when side walls are saturated). For LES, an additional moist
simulation with side-wall wetness of 0.30 is conducted with-
out ice and CCN, resulting in a steady-state 51,0 of 5.97 %.
Regarding t; for the bulk model, Egs. (1)—(5) are rearranged
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as follows:

dp 1 AV

dp _ 1 ( g+t AVy, ) (14
dr Tt 24+ AV

where ¢ represents 7 or gy, A = Ag/Ap =2 for the stud-
ied domegrl, V=V;/V, is 0.42 in this study, and 7 =
h/[(24+ AV)V,]|=88.0s. For LES, the abovementioned
moist simulation, which has already reached a steady-state g
(gv.1), is performed for an additional 10 min with the wetness
of all walls reduced by 20 % to approach a new steady state
(gv,2)- The time taken to reach gy 2 4(qv,1 —¢qv,2)/e is used as
7. for LES, which is 85.7 s. For comparison, the values used
in Desai et al. (2019) are 510 =3.1 % and 7y =61.2s.

3 Results

3.1  The bulk scalar mixing model

The results (mean temperature, water vapor mixing ratio,
condensation or deposition rate, supersaturation, mean parti-
cle radius, number concentration, water content, and ice inte-
gral radius) predicted by the bulk model are plotted in Fig. 2.
The ice-phase-related properties are represented by blue col-
ors, the liquid-phase-related properties are displayed in red
colors, and the line styles differentiate the side-wall wetness.

Glaciation occurs in the bulk model when the supersatu-
ration over liquid decreases to zero, which occurs when N;
increases to 3 to 10cm™> (depending on the sidewall wet-
ness, SW). Before complete glaciation, the deposition rate
increases (Eq. 7) while the condensation rate decreases. The
net effects of the heat released due to deposition and con-
densation result in a slight increase in temperature (Egs. 1)
and a slight decrease in the supersaturation with respect to
both ice and liquid water (Fig. 2d). The decrease in super-
saturation also reduces the radii of droplets and ice crystals
(Egs. 8-9; Fig. 2e) and eventually lowers the condensation
rate to zero (Eq. 6; Fig. 2c) as the supersaturation over lig-
uid becomes negative. Glaciation occurs when droplets can
no longer form, which is indicated by zero values in conden-

Atmos. Chem. Phys., 24, 10245-10260, 2024
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Figure 2. Results of the bulk model for (a) temperature, (b) water vapor mixing ratio, (¢) condensation and deposition, (d) supersaturation,
(e) mean radius, (f) water content (WC), (g) number concentration, and (h) ice integral radius under various side-wall wetness values (SW,
with the solid line representing saturated side walls and the dashed line representing a SW of 0.30). Blue colors indicate ice properties,
whereas red colors represent liquid properties. The purple lines in panel (h) denote the glaciation threshold suggested by Korolev and Mazin
(2003) for various side-wall wetness values. The LES results are mapped for comparison (markers with uncertainty bars representing Sth
to 95th percentiles of the spatial distribution) except for panel (c), as 3D condensation and deposition data are not output in the LES. The
corresponding ice injection rates for the mapped LES data are indicated at the top of the panels as shown in Fig. 4.

sation rate, supersaturation over liquid, droplet radius, and
liquid water content (Fig. 2c, d, e, f), although the droplet
number concentration is assumed to be constant in the bulk
model (Fig. 2g). Without replenishment from droplet evapo-
ration, the water vapor is more rapidly depleted, approaching
saturation with respect to ice and enhancing the decrease in
ice crystal size (Fig. 2b, d, e).

As the number of ice crystals increases to compete for wa-
ter vapor, each ice crystal obtains less water vapor for growth,
leading to an increase in the total mass but a decrease in the

Atmos. Chem. Phys., 24, 10245—-10260, 2024

mean size. The trends in supersaturation and water contents
agree with Fig. 7 in Korolev and Mazin (2003). Addition-
ally, the ice integral radius for glaciation predicted by Ko-
rolev and Mazin (2003) matches those predicted by the bulk
model (Fig. 2h), as both approaches assume a well-mixed
cloud. Specifically, taking the solid lines in Fig. 2 as an ex-
ample (where the side walls are saturated), the liquid is de-
pleted as N; reaches 10 cm™3 (Fig. 2e, f), and the ice integral
radius also reaches the value predicted by Korolev and Mazin
(2003) at this N; (see the intersection between the blue and

https://doi.org/10.5194/acp-24-10245-2024
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purple lines in Fig. 2h). When the side-wall wetness is re-
duced, glaciation occurs earlier because of the reduced su-
persaturation with respect to liquid water due to lower vapor
fluxes from the walls.

For comparison, the LES results, which will be discussed
in detail later, are mapped onto the bulk-model results. LES
agrees well with the bulk model in temperature, water vapor
mixing ratio, supersaturation, and ice properties (Fig. 2a, b,
d-f, h). However, the bulk model predicts that the mixed-
phase cloud can be completely depleted because the do-
main is always well-mixed. In contrast, LES predicts that
the mixed-phase cloud is not completely glaciated because
the domain is not well-mixed, so some regions can remain
liquid-saturated even though the mean liquid supersaturation
is negative.

3.2 Large-eddy simulation with bin microphysics

To provide a comprehensive view of the flow within the
domain, Fig. 3 presents a snapshot at =50 min, illustrat-
ing how the LES captures the detailed processes of turbu-
lence mixing in this dynamic system. This demonstrates that
the chamber is in fact not perfectly well mixed, in spite of
the success of the bulk model. The large-scale circulation
in the chamber forms a single roll, characterized by an up-
draft of warm air (indicated by the red-to-yellow isosurface
in Fig. 3a-b and the red shading in Fig. 3c—d) and a down-
draft of cold air on the opposite side of the domain (see the
deep blue shading in Fig. 3c—d). The updraft region exhibits
a higher supersaturation during the mixing process, result-
ing in an increase in the liquid water and ice water contents
above the warm updraft (indicated by the purple-to-white
isosurface in Fig. 3a with the contour in Fig. 3c and the blue-
to-white isosurface in Fig. 3b with the contour in Fig. 3d,
respectively). As the warm updraft mixes with the cold air
near the chamber’s top wall, the liquid water and ice water
contents gradually decrease. On the downdraft side, the su-
persaturation is lower compared to the updraft side, because
the temperature difference between the side walls and top
wall is less than that between the side walls and the bottom
wall. Note that in the absence of any horizontally asymmet-
ric forcing, the direction of the large-scale circulation varies
over time, as also demonstrated by observational studies in
the Pi Cloud Chamber (Anderson et al., 2021) and numerical
simulations (Huang and Zhang, 2023; Wang et al., 2024b).
Figure 4 presents the time series of the flow properties
(temperature, water vapor mixing ratio, supersaturation, par-
ticle number concentration, particle mean radius, water con-
tent, ice mass fraction, and ice integral radius) averaged over
the domain, excluding the regions within 6.25 cm from each
wall. The shaded areas show the 5th to 95th percentiles of the
spatial distributions to indicate the variability of the proper-
ties within the domain. Figure 4a shows that the tempera-
ture increases slightly with the ice injection rate because of
the enhanced heating from ice deposition. This increase is
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more pronounced after + =40 min, corresponding to an ice
injection rate of 3.0 cm 3 min~!, which is illustrated more
clearly in Fig. 2a. Additionally, the simulated mean temper-
ature before injecting ice is close to the observed value of
—6.7°C reported in Desai et al. (2019). The water vapor
mixing ratio shows a slight decrease after + = 50 min, corre-
sponding to an ice injection rate of 5.0 cm ™3 min~! (Fig. 4b),
and this trend agrees with the bulk model (Fig. 2b). Figure 4c
demonstrates that the supersaturation with respect to liquid
and ice decreases with the increasing injection of ice. The
rate of decrease accelerates after + =40 min, when the mean
supersaturation with respect to liquid falls below zero. After
t = 50 min, most of the domain starts to become subsaturated
with respect to liquid (i.e., most of the uncertainty range also
falls below zero). All of these observations are related to the
occurrence of glaciation during r = 40-60 min. The ice injec-
tion rate during t = 50—-60 min is 5.0 cm > min~!, consistent
with the Snomax injection rate that causes glaciation in Desai
et al. (2019).

When ice is first injected into the domain at ¢t =20 min,
the droplet number concentration slightly increases at first
because of a slowdown in droplet sedimentation due to the
reduced droplet size (Fig. 4d, e). During # = 30—40 min, the
droplet number concentration remains similar to that during
t =20-30 min. After t = 40 min, the droplet number concen-
tration starts to drop rapidly because the mean supersatura-
tion with respect to liquid falls below zero (Fig. 4c). Dur-
ing t = 50—-60 min, when most of the domain is subsaturated
with respect to liquid (Fig. 4c), the number concentration of
droplets still exceeds that of ice crystals. However, ice crys-
tals are consistently larger than the droplets (Fig. 4e), and
the total mass of ice already exceeds that of droplets after
t =40min (Fig. 4f). In fact, the ice mass fraction reaches
0.9 during t =50-60 min (marked by the dashed black line
in Fig. 4g), which is the glaciation threshold suggested by
Korolev et al. (2003) and used in the analysis of Desai et al.
(2019).

Although the mean ice mass fraction exceeds 0.9 after
t =50 min, the ice integral radius has exceeded the theoret-
ical threshold suggested by Korolev and Mazin (2003) af-
ter t =40 min (Fig. 4h), when the mean supersaturation with
respect to liquid is already below zero (Fig. 4c) and when
the rate of increase in temperature has already accelerated
(Fig. 2a). During = 45-50 min, the ice mass fraction ranges
from 0.36 to 0.80 with a mean value of 0.61, lower than the
suggested threshold of 0.9. Regarding this, one may recon-
sider the threshold of ice mass fraction to define glaciation.

Unlike the laboratory-measured PSDs where distinguish-
ing small-sized droplets and ice is challenging, LES allows
us to examine the PSDs of droplets and ice separately. When
ice is injected, the peak in total PSD (red curve in Fig. Sa—
b) that corresponds to the mode peak in the droplet size
distribution (Fig. 5¢) disappears, and another peak emerges
(blue curve in Fig. 5a-b) which corresponds to the ice mode
(Fig. 5d). This ice mode peak shifts to the left as the ice injec-
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Figure 3. A snapshot at = 50 min showing the large-scale circulation and its effect on the distribution of flow properties within the chamber.
The 3D isosurfaces (a-b) depict warm air at 7 = —6 °C (red-to-yellow color), liquid water content (purple-to-white color in panel a), and ice
water content isosurface (blue-to-white color in panel b). Gradient colors represent different heights, with lighter colors indicating distance
closer to the chamber top, to enhance the 3D visualization. The isosurfaces are opaque, causing some warm air isosurfaces to be obscured
by the liquid water and ice crystal isosurfaces. The central slices of panels (a)—(b) at y = 1 m are displayed in panels (c)—(d), respectively,
with shading indicating temperature and contour lines representing liquid water content (c) or ice water content (d). The solid contour lines
indicate above-average values, whereas dotted contour lines indicate below-average values.

tion rate increases. Owing to the numerical diffusion of the
bin-microphysics scheme that artificially broadens the PSDs,
the total PSDs do not display two distinct peaks simultane-
ously as observed by Desai et al. (2019). However, the sepa-
rate PSDs in LES reveal the decrease in droplet size with the
increase in ice (cf. Fig. Sc, d), qualitatively agreeing with the
observation by Desai et al. (2019).

Finally, in Fig. 6, we examine the cross section of the
cloud and vapor fields at the end of each ice injection rate
period. Overall, the supersaturation with respect to liquid
(represented by the shading) decreases as ice increases (rep-
resented by the isoline), consistent with the domain-mean
trend in Fig. 4c. The high ice water content (represented by
the solid isoline) rises up from the near-bottom region with

Atmos. Chem. Phys., 24, 10245—-10260, 2024

high supersaturation (representing the updraft regions) and
extends to the core region with low supersaturation. How-
ever, regardless of the intensity of the ice injection rate, the
near-bottom region always exhibits positive supersaturation
with respect to liquid, resulting from the strong water va-
por flux from the bottom. Due to this heterogeneous nature
in supersaturation, although the domain-average properties
may present the characteristics of ice clouds, liquid water is
never completely depleted (as also shown in Figs. 4-5), and
the determination of glaciation requires a threshold. The sur-
viving liquid droplets are not represented by the bulk model,
which assumes an always well-mixed cloud, a concept that
is unlikely to be exactly true in either the cloud chamber or
atmospheric clouds.
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Figure 4. The time series of (a) temperature, (b) water vapor mixing ratio, (¢) supersaturation, (d) particle number concentration, (e) particle
mean radius, (f) water content (WC), (g) ice mass fraction, and (h) ice integral radius. The shaded areas show the 5th to 95th percentiles of
the spatial distribution to represent the uncertainties. The uncertainties for the total values (gray lines) are not displayed in panels (d) and (f)
to optimize the clarity of the plot. The dashed black line in panel (g) indicates the previously applied glaciation threshold (i.e., ice mass
fraction > 0.9). The dashed purple line in panel (h) represents the theoretical condition, according to Eq. (12), below which the mixed-phase

clouds are hypothesized to exist. The time series display periods of different ice injection rates, with the injection rate increasing from 0 to

15cm™3 min~!, as shown at the top of the panels.

4 Conclusion and discussion

In this study, we applied two approaches to reproduce the
laboratory study of the glaciation of mixed-phase clouds,
which was conducted in the Pi Cloud Chamber by Desai et
al. (2019). The first approach is a bulk scalar mixing model,
which determines the equilibrium values of two well-mixed
flow quantities within the chamber (temperature and water
vapor mixing ratio), given the top-, bottom-, and side-wall
temperatures; side-wall wetness; and cloud ice and cloud
droplet number concentrations. The second approach is LES
with bin microphysics, which resolves the main turbulent
mixing within the chamber to provide more detailed insights
into the glaciation process. In the LES approach, the same
chamber boundary conditions used for the bulk model are
imposed, but the particle injection rates are specified instead
of the equilibrium particle number concentrations. These two
numerical approaches enable us to study the liquid and ice
properties separately (and spatially in the LES approach),
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which is challenging to do in the laboratory, while also being
capable of exploring a broad parameter space economically
(especially with the bulk model).

The calculations over a wide, continuous range of ice
concentration provided by the bulk model reveal distinctive
trends in flow quantities with the increase in ice concentra-
tion before and after glaciation occurs. Specifically, after a
mixed-phase cloud is glaciated, there is no evaporative cool-
ing, resulting in a more prominent temperature increase in
response to the increased ice concentration. The water vapor
mixing ratio decreases due to the deposition of ice. In a fully
glaciated state, as the ice concentration increases to a higher
level, the increased temperature and decreased water vapor
mixing ratio lead to substantially lower supersaturation, re-
sulting in a reduced average size of ice crystals. The trend
of reduction in mean ice size is steeper than that before the
cloud is glaciated. Such changes in trends are also observed
in the LES results, although, unlike in the bulk model, the
liquid water is never completely depleted in the LES.

Atmos. Chem. Phys., 24, 10245-10260, 2024



10254

Liquid+Ice
_ 0308 9
T —— Ice Injection = 0.0 cm~3 min~1
g_ 0.25 - Ice Injection = 3.0 cm~3 min~!
20.20 . — lIce Injection = 5.0 cm~3 min~!
@ \ — lce Injection = 15.0 cm™3 min~t
8 0.151
>
£ 0.101 !
¥ |
8005 !
E I
< 0.00 i =
0 5 10 15 20 25 30
r(um)
Liquid

dNy/dr (cm~3 um~1)

0 5 10 15 20 25 30
r(um)

A. Wang et al.: Glaciation of mixed-phased cloud from bulk model and LES

Liquid+Ice

100

dN/dr (cm~3 pm™1)
S

(d)

N
o

=
U

dN;/dr (cm~=3 um~1)
o =
wn o

o
o

15 20 25 30
r(um)

o
ol |
=
o

Figure 5. (a) The probability density function of the PSDs, including both ice and droplets (normalized by the particles larger than the cutoff
radius of 3.5 um), (b) the size distribution of drop and ice, (c) the droplet size distribution, and (d) the ice size distribution. The dashed red
lines represent the cutoff radius of 3.5 um. Panel (a) can be compared with the probability density shown in Desai et al. (2019), and panel (b)

reveals the total amount that liquid (c) and ice (d) contribute.

The LES results reveal that, when the mean supersatura-
tion with respect to liquid is below zero, the trends in temper-
ature and supersaturation behave similarly to the bulk model
and that the mean ice integral radius reaches the theoretical
threshold, which indicates that glaciation can occur. How-
ever, the ice mass fraction has a mean of 0.61 at this time,
which is significantly less than the suggested threshold of
0.9. When the supersaturation with respect to liquid within
most of the domain is below zero, the ice mass fraction in-
creases to approximately 0.9. Even with the ice injection rate
increased by a factor of 3 (from 5 to 15c¢cm™> min~!), the
liquid water content is not fully depleted. This is due to the
strong water vapor flux near the bottom wall that sustains
the locally supersaturated environment and maintain droplets
there. Thus, having a correct threshold of the ice mass frac-
tion for glaciation that reflects this locally heterogeneous na-
ture of supersaturation fields turns out to be important.

This study illustrates how the bulk model and LES can
be useful tools to reproduce, interpret, and extend the ex-
periments conducted in the Pi Cloud Chamber. The results
of both approaches generally agree with the experiment by
Desai et al. (2019). The agreement with a rigorous, well-
characterized laboratory experiment strengthens confidence
that these modeling approaches can successfully represent
the physics in naturally occurring mixed-phase clouds, such
as long-lived Arctic stratus. In particular, the derived thresh-
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old for stable coexistence of supercooled liquid and ice is
consistent with both measured and modeled clouds (Korolev,
2007; Desai et al., 2019). The study therefore improves the
understanding of the glaciation in turbulent, mixed-phase
clouds. Above certain concentrations of ice, the microphys-
ical properties may follow the trend of a purely ice cloud,
as predicted by the bulk model and confirmed by the LES
results. However, liquid cloud droplets may persist in the lo-
cally supersaturated region before they are mixed by turbu-
lence and evaporated. In the atmosphere, liquid droplets in
mixed-phase clouds may be maintained by cloud-top (radia-
tive) cooling as well as by a water vapor flux from cloud
base, even though the bulk cloud properties may resemble
those of an ice cloud. Thus, a lower ice mass fraction than
0.9 may be considered to distinguish ice clouds from mixed-
phase clouds. For instance, when a cloud exhibits an ice mass
fraction of 0.7, its temperature and supersaturation may be
more sensitive to the addition of INP than those in a mixed-
phase cloud with an ice mass fraction of 0.5.

In addition, challenges remain in accurately simulating the
cloud chamber environments. The side-wall wetness can in-
fluence the amount of ice number concentration needed to
glaciate the cloud, but measuring wall wetness is challeng-
ing in the laboratory. Although LES can match the mean
droplet radius and number concentration to determine the
initial and boundary conditions, the resulting temperature is
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lines indicate below-average values, alongside supersaturation with respect to liquid (indicated by shading), observed at the end of each time
period. Red shading represents supersaturation, while blue shading indicates subsaturation. For clarity of the isolines, the increments are
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lower than that measured in the laboratory. One possible rea-
son is the differing roughness lengths on the frozen and liquid
water-covered surfaces, and the modeling approach to near-
surface turbulence in a convective flow is challenging in itself
(e.g., Wang et al., 2020, 2023, 2024c). Furthermore, the bin-
microphysics scheme suffers from numerical diffusion and
leads to broader widths of droplet and ice distributions com-
pared to those observed in the laboratory. As a result, the
total particle distribution cannot distinguish the two distinct
particle size peaks as observed. The recent decade has seen
an increasing application of the Lagrangian particle method
(e.g., Shima et al., 2009; Li et al., 2017, 2022; Chen et al.,
2021; Yang et al., 2023). The method either tracks super-
droplets or individual real particles in a Lagrangian frame
and therefore does not have numerical diffusion problems.
It is recognized as a better way to physically represent the
evolution and transportation of cloud particles, and we ex-
pect that may become even more important when collisional
growth is considered. In summary, reducing these numerical
and instrumentation uncertainties to provide more accurate
comparisons between models and laboratory experiments is
a continuous effort.

https://doi.org/10.5194/acp-24-10245-2024

Appendix A: Sensitivity of LES result to cutoff radius

This study uses a cutoff radius of 3.5um for analyzing
droplets and ice crystals to compare the results with those
observed by Desai et al. (2019). However, the smallest ra-
dius in the bin microphysics is 2 um, which may yield more
accurate results when compared with the theoretical values.
Thus, Fig. Al presents the results obtained by reducing the
cutoff radius to 2 um (i.e., using the output of the bin micro-
physics directly). The most significant change occurs in the
droplet number concentration and radius (compare the dash-
dotted lines to the solid lines in Fig. Alb, c). This is because
most droplets are near the smallest end when they are nearly
evaporated (Fig. 5c). However, due to the small size of those
droplets below 3.5 um, their inclusion almost does not affect
the liquid water content or the resulting ice mass fraction.
Since most of the ice crystals are larger than the cutoff radius
(Fig. 5d), the impact on the ice properties is negligible.
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Appendix B: Sensitivity to temperature difference
and mean temperature revealed by the bulk model

As the bulk model has been shown to agree with LES in terms
of trend changes, this study illustrates how the bulk model
can be utilized as a powerful tool to quickly examine the po-
tential influences from the experimental setup. Here, the side
walls are saturated. To minimize additional uncertainty, the
side-wall temperature is set to the mean of the bottom and
top walls, T,. We set Ty, to be —6 or —4 °C, respectively.
Additionally, we specify the temperature difference between
the bottom and top, AT, to be either 20 or 24 K.

Atmos. Chem. Phys., 24, 10245—-10260, 2024

Figure B1 shows that increasing the temperature differ-
ence between the bottom and top walls results in higher su-
persaturation for both liquid and ice (Fig. B1d), thus enhanc-
ing the condensation and deposition rates (Fig. Blc). This
leads to increased liquid and ice water contents (Fig. Ble—f)
and a higher temperature (Fig. Bla). Although the consump-
tion of water vapor through condensation and deposition is
intensified, the water vapor mixing ratio still increases due
to its higher average value at the saturated walls with an in-
creased temperature difference. These overall effects delay
the glaciation. When the mean temperature is raised, both the
mean temperature and the water vapor mixing ratio increase.
This causes the supersaturation for ice to decrease. Interest-
ingly, the supersaturation with respect to liquid is slightly
lower initially (compared to the cases when temperature dif-
ference is 20 K), but the supersaturation drops with the in-
crease in ice at a lower rate, thus leading to delayed glacia-
tion.
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