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ABSTRACT: The role of time-dependent freezing of ice nucleating particles (INPs) is evaluated with the
“Aerosol–Cloud” (AC) model in 1) deep convection observed over Oklahoma during the Midlatitude Continental
Convective Cloud Experiment (MC3E), 2) orographic clouds observed over North California during the Atmo-
spheric Radiation Measurement (ARM) Cloud Aerosol Precipitation Experiment (ACAPEX), and 3) supercooled,
stratiform clouds over the United Kingdom, observed during the Aerosol Properties, Processes And Influences on
the Earth’s climate (APPRAISE) campaign. AC uses the dynamical core of the WRF Model and has hybrid bin–
bulk microphysics and a 3D mesoscale domain. AC is validated against coincident aircraft, ground-based, and satel-
lite observations for all three cases. Filtered concentrations of ice (.0.1–0.2 mm) agree with those observed at all
sampled levels. AC predicts the INP activity of various types of aerosol particles with an empirical parameterization (EP),
which follows a singular approach (no time dependence). Here, the EP is modified to represent time-dependent INP activity by
a purely empirical approach, using our published laboratory observations of time-dependent INP activity. In all simulated
clouds, the inclusion of time dependence increases the predicted INP activity of mineral dust particles by 0.5–1 order of magni-
tude. However, there is little impact on the cloud glaciation because the total ice is mostly (80%–90%) from secondary ice pro-
duction (SIP) at levels warmer than about2368C. The Hallett–Mossop process and fragmentation in ice–ice collisions together
initiate about 70% of the total ice, whereas fragmentation during both raindrop freezing and sublimation contributes ,10%.
Overall, total ice concentrations and SIP are unaffected by time-dependent INP activity. In the simulated APPRAISE case, the
main causes of persistence of long-lived clouds and precipitation are predicted to be SIP in weak embedded convection and re-
activation following recirculation of dust particles in supercooled layer cloud.

KEYWORDS: Ice crystals; Ice particles; Secondary ice production; Clouds

1. Introduction

Ice particles in natural clouds affect radiative transfer, preci-
pitation, cloud lifetime, and electrification in the atmosphere
worldwide (Takahashi 1978; Cantrell and Heymsfield 2005;
Lohmann 2006; Kudzotsa et al. 2016; Phillips et al. 2020, hereaf-
ter Ph20). Generally, precipitation can be formed by two pro-
cesses (e.g., Yau and Rogers 1996): 1) the “warm-rain” process
in which water droplets collide and coalesce to form warm rain,
and 2) the “ice-crystal” process, which involves vapor growth of
ice particles forming snow (or “cold” graupel by riming) which
may melt to yield “cold rain.” The ice-crystal process may form
much of the surface precipitation globally (Field and Heymsfield
2015), even in the midlatitudes and tropics (Lau andWu 2003).

At temperatures warmer than about 2368C (Phillips et al.
2007, hereafter Ph07), primary ice is initiated by “heterogeneous
ice nucleation” from solid aerosol particles (APs) acting as ice
nucleating particles (INPs). A range of solid APs, such as dust,
insoluble organics, black carbon (soot), and primary biological
aerosol particles (PBAPs), may initiate primary ice by acting as
INPs (Hobbs and Locatelli 1969; DeMott 1990; Kanji et al. 2017,
hereafter Ka17; Patade et al. 2021).

Two approaches for representing heterogeneous ice nucle-
ation proposed so far are the “singular (time-independent)”
hypothesis and the “classical (time-dependent)” nucleation
theory. The singular hypothesis is an approximation based on
the assumption that ice nucleation is practically an instanta-
neous process occurring at deterministic temperatures on spe-
cific “active” sites (Levine 1950; Langham and Mason 1958;
Vali 1994, 2008) characterized by the lowest particle–ice inter-
facial energy and hence activation of ice takes place when its
characteristic temperature is reached (Niedermeier et al.
2011). According to the singular hypothesis, under the same envi-
ronmental conditions, microscopically identical INPs with the
same characteristic temperature nucleate all together. When
INPs are exposed to isothermal conditions, this hypothesis ne-
glects all time dependence, and any activation is assumed to hap-
pen at the start of the nucleation (Chen et al. 2008). Phillips et al.
(2008, hereafter Ph08, their Fig. 1) and Connolly et al. (2009) in-
novated the concept of the surface density of active sites among
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INPs, enabling the application of the singular hypothesis to any
size distribution of an aerosol species in cloudmodels.

Bigg (1953) proposed that nucleation is a stochastic process
with the freezing probability of a given drop depending on its
volume and rate of cooling. Carte (1959) and Dufour and
Defay (1963) further proposed that in a given interval of time,
all drops in a given monodisperse population have the same
probability of nucleation, either heterogeneously or homoge-
neously. Carte (1959) reinterpreted the results of Bigg (1953)
by proposing that this probability is proportional to the drop
volume. It follows that more immersed aerosol material in a
larger drop contains more of the most active INPs, which ex-
plains those observations of drop volume being proportional
to the freezing probability. However, below the 2368C level,
different drops contain different kinds of APs, and the freez-
ing probability of such drops cannot be the same (Vali and
Stansbury 1966). Vonnegut and Baldwin (1984) experimen-
tally observed that heterogeneous ice nucleation is mainly a
stochastic process. They studied the freezing of silver iodide
and observed that ice formation in supercooled clouds de-
pends not only on the characteristics of the individual silver
iodide particles but also on the probability of water molecules
coming together in the ice lattice on the solid surface. This
may take from several minutes to hours. Since ice nucleation
is a probabilistic process, at a given temperature it depends
on the surface area of the INP and on the time during which
any INP stays in a favorable environment (Chen et al. 2008;
Herbert et al. 2014). Modern laboratory observations have con-
firmed that the ability of INPs to nucleate ice depends on temper-
ature strongly, and on the surface area of the solid material
(DeMott 1990;Murray et al. 2012; Ervens and Feingold 2013).

Yet by assessing previous laboratory experiments in the lit-
erature, Vali (2014) concluded that the variations in the time
scale of exposure to ambient conditions (e.g., changes in the
cooling rate) cause only slight perturbations in the tempera-
tures of each INP compared to the range of all freezing tem-
peratures among the INP population. Thus, this implied that
time dependence can often be neglected. As ice nucleation is
strongly sensitive to temperature, the suggestion was that
numerical models can neglect time dependence (Vali 2014)
when cooling rates are sufficiently high (;1–2 K min21),
which corresponds to updraft speeds of about 1.5–3 m s21

(Ka17). However, this was not conclusively verified with
cloud simulations.

Our recent laboratory experiment by Jakobsson et al.
(2022, hereafter Jk22) quantified the time dependence of
freezing for immersed INPs from ambient aerosol samples
from the real troposphere. They observed an increment in active
INP concentrations by 70%–100% (70%–200%) for 2–10 h iso-
thermally. The maximum time dependence was for dust and
rural continental samples. These observations were the basis for
Jk22 to propose a method for including time dependence in
numerical models using various empirical types of parameteriza-
tions of INP activity (e.g., the EP).

Such laboratory experiments were argued a decade ago to be
consistent with the idea of continuous freezing of supercooled
cloud droplets being the largest source of ice in mixed-phase,
midlevel stratus clouds especially when there is little entrainment

of APs from the environment (Crosier et al. 2011, hereafter C11;
Westbrook and Illingworth 2013, hereafter WI13). C11 and
WI13 observed a case of long-lived, thin stratiform clouds over
the southern United Kingdom, by vertically pointing radar and
aircraft with quasi-steady precipitation for several hours. WI13
argued that since the vertical motions were weak (|w|, 1 m s21),
there was no possibility of significant mixing of environmental
INPs into the cloud layer. They further proposed that the cause
for this quasi-steady precipitation and the long lifetime of such
clouds is that the ice nucleation process is time dependent.

Another possible reason for quasi-steady ice concentrations
claimed to have been observed by WI13 is secondary ice pro-
duction (SIP). Aircraft (Hobbs et al. 1980; Lasher-Trapp et al.
2016, 2021) and modeling (Yano and Phillips 2011; Phillips
et al. 2017b; Zhao et al. 2021; Waman et al. 2022, hereafter
Wa22) studies of precipitating cold clouds have shown that
the observed number concentrations of the total ice particles
are typically about three or four orders of magnitude higher
than those of available active INPs (,1 L21) at temperatures
between 258 and 2258C. Since the lifetime of such deep con-
vective clouds is only about 60–90 min (e.g., Wa22) and SIP is
prolific, the time-dependent process of heterogeneous ice nu-
cleation might not be an important process of ice initiation by
comparison.

The objective of the present study is to investigate the pos-
sible role of the time dependence of INP activity in explaining
the observed ice concentrations in long-lived, precipitating
cloud systems, while accounting for all the alternative explan-
ations such as SIP. In this study, the time dependence is repre-
sented in our Aerosol–Cloud (AC) model following the
framework proposed by Jk22 that has been proven to be real-
istic for real tropospheric aerosols, as noted above. A range of
precipitating cloud types (deep convection, orographic and
thin midlevel stratiform clouds) observed by aircraft are con-
sidered in the present study.

2. Field campaigns and observations

The present study focuses on three different campaigns from
different locations and periods. These are 1) the Midlatitude
Continental Convective Cloud Experiment (MC3E) consisting
of deep convective clouds, 2) the Atmospheric Radiation Mea-
surement (ARM) Cloud Aerosol Precipitation Experiment
(ACAPEX) consisting of orographic clouds, and 3) the Aerosol
Properties, Processes And Influences on the Earth’s climate
(APPRAISE) campaign which observed supercooled long-lived
stratiform clouds. These are described as follows.

a. MC3E

The MC3E campaign was jointly conducted by the National
Aeronautics and Space Administration’s (NASA) Global
Precipitation Measurement program and the U.S. Depart-
ment of Energy’s (DOE) ARM program over north-central
Oklahoma, United States, between 22 April and 6 June 2011.
The case of a mesoscale convective system (MCS) consisting
of deep convective clouds observed during (0900 to 2400 UTC
11 May 2011) MC3E is analyzed here. The aircraft and ground-
based measurements and large-scale forcing (LSF) conditions
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of the MC3E campaign are described by Jensen et al. (2016).
The case involved a relatively warm cloud base (178C) with
cloud tops reaching up to the2608C level.

Table 1 provides details about the optical probes mounted
on the Citation aircraft (Fig. 1a) which made measurements
of hydrometeor properties during the MC3E campaign. The
2D cloud (2DC) and high-volume precipitation spectrometer
version 3 (HVPS-v3) probes had shattering corrected tips
(Korolev et al. 2011, hereafter K11) while the cloud imaging
probe (CIP) had no such tips. The present study included
only concentrations of ice particles with maximum dimensions
larger than 200 mm (“NI200”) in the validation of ice number
concentrations. Moreover, droplet properties such as size,
concentrations, and liquid water content (LWC) were mea-
sured by the cloud droplet probe (CDP).

Figures 1b–d show the CIP images at various levels in con-
vective cloudy updrafts. From these images, it is evident that
the cloud-base regions were dominated by raindrops (about
0.2–1 mm in diameter, Fig. 1b) whereas abundant rimed ice
particles and relatively rare pristine ice crystals were observed
at about 278C level (Fig. 1c). It is also observed that with in-
creasing height, particle size increases and abundant aggre-
gates, and rimed ice particles (.1 mm) were present aloft
(Figs. 1c,d).

Figure 1e shows the observed profiles of dewpoint and air
temperature at 0300 UTC 10 May 2011. The convective avail-
able potential energy (CAPE) was about 3500 J kg21 (Fig. 1e),
which is mostly attributed to the moistening of the lower tro-
posphere from large-scale advection (Jensen et al. 2016).

b. ACAPEX

ACAPEX was conducted by DOE ARM to study aerosol–
cloud interactions in atmospheric rivers (ARs) of moisture in
the environment during wintertime storms (Leung 2016). The
case selected involves orographic clouds that brought signifi-
cant precipitation due to the landfall of an AR on the U.S.
West Coast (Northern California) on 7 February 2015 (1900–
2300 UTC).

Table 1 summarizes the aircraft and optical probes used to
sample the observed clouds. The DOE G-1 aircraft (Fig. 2a)
made passes between the Central Valley and Sierra Nevada
and sampled the low-level, postfrontal clouds in coordination
with the National Oceanic and Atmospheric Administration’s
(NOAA) Ron Brown research ship. Both the 2D spectrome-
ter (2DS) and HVPS probes had their tips corrected for

shattering (K11). The approach described above (section 2a,
NI200) is followed to compare the predicted ice concentrations
with the coincident aircraft observations. Several rain gauges
were deployed on the ground at stations within the study do-
main to measure the amount of surface precipitation.

Figures 2b–d show images from the 2DS probe in the
ACAPEX at various levels in convective cloudy updrafts. It is
observed that the cloud-base regions (;78C) were character-
ized by raindrops (about 0.2–1 mm in diameter, Fig. 2b). At
subzero levels warmer than 278C, mostly pristine ice crystals
together with rimed ice particles were observed. The average
ice particle size is observed to increase from the lower (278C)
to the upper half (2188C) of the mixed-phase region.

The observed APs are typically marine in origin (Fig. 2e).
The INPs were mainly marine while dust and soot were scarce
(Levin et al. 2019; Lin et al. 2022). The Ron Brown ship made
observations of atmospheric conditions such as temperature,
moisture, winds, aerosols, surface fluxes, and radiative fluxes
(Leung 2016). Figure 2f shows observed vertical profiles of air
and dewpoint temperatures at 1900 UTC 7 February 2015.
The LCL was located at about 953 hPa and the horizontal
wind speeds were relatively high (;10 m s21) throughout the
atmosphere.

c. APPRAISE

A case of supercooled stratiform clouds with embedded
convection was observed over southern England covering an
area of about 100 km in width on 18 February 2009 during the
APPRAISE campaign. The vertical extent of these clouds
was about 4 km and such cloudy conditions persisted in the
observed location near Chilbolton for more than a day with
continuous precipitation (C11; WI13). The U.K. BAe146
Facility for Airborne Atmospheric Measurement (FAAM)
aircraft flight track is shown in Fig. 3a which sampled these
clouds near the Chilbolton Facility for Atmospheric and
Radio Research (CFARR). The cloud base was at about
500 m above mean sea level (MSL) whereas the cloud top was
at 4.3 km MSL.

Figure 3c shows observed vertical profiles of air and dew-
point temperatures at 1100 UTC 17 February 2009. The hori-
zontal wind speeds were significantly weak (,5 m s21)
throughout the atmosphere up to the cloud top (;2138C).
There was an inversion (a temperature difference of about
48C) layer seen above the cloud top characterized by an ex-
tremely dry atmosphere aloft with relative humidity (RH) of

TABLE 1. Details of optical probes mounted on the sampling aircraft during the field campaigns and corresponding size range
considered in the present study.

Campaign Aircraft

Instruments used to measure cloud properties

Ice particles Size range (mm) Cloud droplets Size range (mm)

MC3E Citation 2DC 0.2–1.0
CIP 0.2–1.5
HVPS-v3 0.2–19.2

ACAPEX DOE G-1 2DS 0.2–1.28 CDP 2–20
HVPS 0.2–19.2

APPRAISE CFARR U.K. BAe146 2DS-128 0.1–1.28
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less than about 30%. Figure 3c reveals two distinct cloudy
layers. A saturated layer (;1.5 km vertical extent) was seen
at lower levels between 1000 and 850 hPa. Above the 850 hPa
level, the atmosphere was completely dry (RH , 50%) up to
the 700 hPa level. A thin (;400 m) layer of saturated air was
observed above the 700 hPa level, extending up to the cloud
top (;2138C). The system was anticyclonic (surface pressure
; 1020 hPa) and quasi steady, covering most of the United
Kingdom with quasi-steady precipitation for more than a day.

C11 and WI13 highlighted most of the features of the ob-
served system.

Although WI13 claimed that there was a quasi-steady state
of the glaciated cloud properties and snowfall, their radar
measurements and flights during the campaign did not follow
the motions in a Lagrangian sense. WI13 claimed there was
minimal cooling in cloud-top temperature (by about 1.5 K)
over Chilbolton for a period of more than a day. They further
hypothesized that this cooling of the cloud top might have

FIG. 1. (a) Profiles of geographical area, flight track of the Citation aircraft (thin black line), and the simulation do-
main (solid black box), as well as particle images in convective cloudy updrafts (w . 1 m s21) shown at (b) 178C
(cloud base), (c) 278C, and (d) 2168C levels from the CIP mounted on the Citation aircraft during the MC3E
campaign on 11 May 2011. (e) Observed vertical profile of the air (solid black line) and dewpoint (solid gray
line) temperature and moist adiabat (thin dotted line) for the MC3E case for the same day at 0300 UTC.
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increased active INPs. The radar used in WI13 was fixed at
one location and pointing vertically. Most of the aerosols
were marine in origin as the Hybrid Single-Particle Lagrang-
ian Integrated Trajectory (HYSPLIT) back-trajectory shows
the long-range transport over the study domain was mainly
from the North Atlantic Ocean (Fig. 3b) with a mixture of
continental APs from France.

In reality, the horizontal wind speed was about 3 m s21

southward in the lower troposphere, and this must have ad-
vected the sampled clouds by about 300 km in 24 h. This dis-
tance is far greater than the span of the aircraft flights and
radar sampling. Consequently, it cannot be ruled out that
there was substantial time evolution of cloud properties and
surface precipitation following the motion. The appearance of
a quasi-steady state is explicable in terms of an approximate
steady state of the synoptic-scale flow, combined with the
time evolution of cloud properties along parcel trajectories.

In fact, WI13 did not actually prove the quasi-steady state of
cloud properties following the air motion for more than a day,
given the aircraft flights.

Observations from the 2DS probe (Table 1) were corrected
for artificial shattering by applying corrections following Field
et al. (2006) and only particles larger than 100 mm (“NI100”)
were included in the plotted ice concentrations. However, K11
suggests that even after applying these corrections the uncer-
tainty due to the artificial shattering remains. Hence, we further
corrected the 2DS data (WI13, their Fig. 9) by multiplying all
measured ice concentrations by a factor of 0.253 inferred from
K11 (their Fig. 5, comparison of solid blue and red lines).

3. Description of AC model

The present study used AC which was created to represent
radiation (Geophysical Fluid Dynamics Laboratory radiation

FIG. 2. (a) Profiles of geographical area, flight track of the DOE-G1 aircraft (thin black line), and the simulation
domain (solid black rectangle), as well as particle images in convective cloudy updrafts (w . 1 m s21) at (b) 78C
(cloud base), (c) 278C, and (d) 2188C levels from the 2DS probe mounted of the DOE-G1 aircraft during the
ACAPEX campaign on 7 Feb 2015. (e) Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) back-
ward trajectory for 120 h showing the airflow from the North Pacific Ocean over the study domain (Sacramento,
California, United States) on the same day at 1900 UTC. (f) Observed vertical profile of the air (solid black line) and
dewpoint (solid gray line) temperature for the same day and time.
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scheme; Freidenreich and Ramaswamy 1999) interactively
with cloud properties and has a semiprognostic aerosol scheme.
AC treats cloud properties with a hybrid spectral bin–two-
moment bulk microphysics scheme (Ph07; Ph08; Phillips et al.
2009, 2013, hereafter Ph13, 2015, 2017a, 2018; Ph20). AC treats
the cycling of aerosols through clouds and changes inAP concen-
trations due to cloud and precipitation by a two-way aerosol–
cloud coupling, and tracks components of APs in the air
interstitially, immersed in clouds and in precipitation (Phillips
et al. 2009).

AC uses the dynamical core of the WRFModel and its soft-
ware infrastructure (Dudhia 1989; Skamarock et al. 2005).
AC treats turbulence using the Medium Range Forecast
(MRF) model planetary boundary layer (PBL) scheme which
resolves the vertical subgrid-scale fluxes (Hong and Pan 1996)
and uses some other standard WRF schemes such as for the
surface layer (Monin and Obukhov 1954) and dynamics. AC
has been used in previous studies (e.g., Phillips et al. 2017b;
Ph20; Patade et al. 2022; Wa22).

AC represents microphysical species as cloud liquid, cloud
ice (“crystals”), snow, graupel/hail, and rain. The total number

and mass (“two-moment approach”) mixing ratios of each of
these species are diffused and advected as bulk prognostic var-
iables in AC. The components of mass and number concentra-
tions of cloud ice and snow initiated in various processes
(heterogeneous and homogeneous freezing, four mechanisms
of SIP) are tracked by extra prognostic variables in AC. Solu-
ble APs such as ammonium sulfate, sea salt, and soluble or-
ganics (sO) initiate cloud droplets in AC at cloud base (Ming
et al. 2006) and at in-cloud levels far above cloud base from
the supersaturation resolved on the model grid, (“in-cloud
droplet activation”) (Ph07; Phillips et al. 2009).

Insoluble APs such as mineral dust (DM), soot (BC), and
five types of PBAPs (Patade et al. 2021, section 3.1 therein)
initiate primary ice in AC at levels warmer than 2368C
through heterogeneous ice nucleation. These insoluble APs
also initiate cloud droplets as they tend to have hydrophilic
coatings or are wettable. AC predicts the INP activity of these
insoluble APs with the EP [section 3a(1)] (Ph08; Ph13).
The EP represents all modes of INP activation (deposition
mode, freezing modes of contact, condensation, and immer-
sion) depending on the temperature, surface area mixing ratio

FIG. 3. (a) Profiles of geographical area, flight track of the BAe146 aircraft (thin black line), and the simulation do-
main (solid black box) during the APPRAISE campaign on 18 Feb 2009. (b) HYSPLIT backward trajectory for 120 h
showing the airflow from the North Atlantic Ocean region as well as from the continent (France) over the study do-
main (Larkhill, United Kingdom) in the APPRAISE case on the same day at 1900 UTC. (c) Observed vertical profile
of the air (solid black line) and dewpoint (solid gray line) temperature at 1100 UTC on the same day.
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of each AP type and supersaturation. Both inside-out and
outside-in contact freezing is treated.

AC forms ice homogeneously by two mechanisms. First,
spontaneous freezing of supercooled cloud drops and rain-
drops above about 2368C level forms ice depending on the
drop size. There is preferential evaporation of the smaller
cloud droplets in the size distribution that freeze later during
ascent through the layer of homogeneous freezing of cloud
liquid (about 2358 to 2378C), with a lookup table (Ph07).
Second, homogeneous aerosol freezing occurs at colder tem-
peratures as soon as a critical supersaturation is exceeded
with respect to ice. This critical supersaturation depends on
the temperature and size of APs (Koop et al. 2000; Ph07).

a. Time-dependent heterogenous ice nucleation in AC

1) PREVIOUS REPRESENTATION WITH EP IN AC
WITHOUT TIME DEPENDENCE

In AC, for the Xth (X 5 DM, BC, sO, and PBAPs) species
of APs that are or can become solid (section 3a), the EP gives
the number mixing ratio (nIN,X) of active INPs (Ph08; Ph13)
at the ambient temperature (T) and humidity (related to si),

nIN;X(T, Si, VX) 5
�‘

log(0:1mm)
{1 2 exp[2 mX(DX , Si, T)]}

3
dnX

d logDX

3 d logDX : (1)

For X5DM, BC, and sO,

mX 5 HX(Si, T)j(T)
aXnIN,1,*

VX,1,*

( )
3

dVX

dnX
∀T , 08C and

1 , Si # Swi : (2)

Here, VX is the surface area mixing ratio for the Xth AP spe-
cies, and mX gives the average number of activated ice em-
bryos per solid AP of size DX. The scarcity of heterogeneous
ice nucleation in subsaturated conditions is represented by
the empirically determined fraction HX, which is a function of
saturation ratio of water vapor with respect to ice (Si) and T,
varying between 0 and 1. The next term, j, is the temperature-
dependent fraction representing freezing of INPs immersed in
drops and also varies from 0 to 1 for temperatures between228
and 258C; Swi is the value of Si at exact water saturation Sw.
Also, dVX /dnX ’ pD2

X . The term nIN,1,* is the number of active
INPs per kg of air and represents the reference activity spectrum
(denoted by *) of the average concentration of INPs. Symbols
used in the present study are listed in the appendix (Table A1).
More details can be found in Ph08 and Ph13.

Also, for X5 FNG, PLN, BCT, and DTS,

mX 5 HX(Si, T)j(T) 3 MIN{[exp(2gXT) 2 1], 40}

3
1

vX,1,*
3

dVX

dnX
∀ T , 08C: (3)

Here, vX,1,* is the baseline coefficient of the group of Xth spe-
cies in the PBAP group. A different approach is followed to

predict the INP activity from algae. More details can be found
in Patade et al. (2021).

The number of ice crystals initiated (Dni) in a time step (Dt)
is incremented by

Dni 5 ∑
X
MAX(nIN;X 2 nX,a, 0) ;∑

X
DnX,a: (4)

Here, nX,a is the number mixing ratio of INPs from group X
that has already been activated.

Insoluble APs are internally mixed with various types of solu-
ble material (Clarke et al. 2004). When the sw reaches a critical
value, they form cloud droplets, and the insoluble part becomes
immersed in the droplet. A raindrop containing immersed INPs
may nucleate ice heterogeneously at subzero temperatures. The
number concentrations of INPs activated during heterogeneous
raindrop freezing (Ph08) during a time step (Dt) is

d[DnIN;rain(T, Si, VX)] ’ Dt MIN (w 2 y t)
T
z

, 0
[ ]

3
d
dT

{nIN;1,*[T, Swi (T)]}

3∑
X

aX dVX;rain

VX,1,*

( )
: (5)

Here, w is the vertical velocity, y t is the fall speed of raindrops,
and dVX,rain5 VX,rain dQr/Qr denotes the surface area mixing ra-
tio of INPs immersed in raindrops. Also, Qr is the mass mixing
ratio of rain. More details can be found in Ph08.

In summary, Eqs. (1)–(5) represent heterogeneous ice nu-
cleation with the singular approximation.

2) MODIFICATION OF EP TO INCLUDE TIME

DEPENDENCE OF INP ACTIVITY

Jk22 proposed an empirical approach relying on a temperature
shift [DTX 5DTX(t*)# 0] to represent the time-dependent
freezing of active INPs. This was based on their laboratory
observations during isothermal experiments over many
hours with drop populations (section 1). The temperature
input to the EP [section 3a(1)] representing heterogeneous
ice nucleation [Eqs. (1) and (7)] is modified by adding the
temperature shift for each AP type to represent the ob-
served time-dependent activation. More details are given by
Jk22 (their section 3.2.2).

According to Jk22, the temperature shift is

DTX(t*) 52AXt
*b; (6)

t* is the time since the parcel entered the glaciating part of a
cloud (the age of the cold parcel). Here, t* is estimated by
a passive tracer (Q) that decays exponentially with time
following the motion of any parcel in a cold cloud [T , 08C
and ice water content (IWC) . 1026 kg m23]. The evolu-
tion of Q is from numerical integration during the simula-
tion of

DQ
dt

5

2Q
tQ

∀T , 08C and IWC . 1026 kg m23

0 otherwise

:

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩ (7)
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Here, tQ is an arbitrary relaxation time and is set to 1800 s
throughout the simulation. For an adiabatic parcel, the analyt-
ical solution of Eq. (6) gives t*,

t* ’2tQ ln(Q/Q0): (8)

Outside of the cold cloud, Q 5 Q0 5 1 kg21 is prescribed ev-
erywhere. Effects on t* from dilution of actual simulated par-
cels are approximately represented by virtue of in-cloud
mixing and entrainment being treated in the numerical pre-
diction ofQ.

With this temperature shift [DTX(t*)], the time-dependent
number mixing ratio of active INPs (ñIN;X) in the Xth species
from Eq. (1) is

ñIN;X(T, Si, VX , t) 5 nIN;X{[T 1 DTX(t*)],
Si[T 1 DTX(t*)], VX}: (9)

Similarly, the time-dependent number mixing ratio of INPs
activated in heterogeneous raindrop freezing [d(DñIN;rain)]
from Eq. (5) is obtained by summing over each raindrop
size bin,

d[DñIN;rain(T, Si, VX)] 5 d(DnIN;rain{T 1 DTX(t*),
Si[T 1 DTX(t*)], VX}): (10)

b. SIP mechanisms represented in AC

AC initiates secondary ice by four types of SIP mechanisms
involving fragmentation. These four types are briefly described
below.

1) THE HALLETT–MOSSOP PROCESS

The Hallett–Mossop (HM) process involves the emission of
small ice splinters during the riming of supercooled cloud
droplets between 238 and 288C (Hallett and Mossop 1974).
The maximum splinter emission rate was observed at 258C
level and was 350 splinters per milligram of rime particle. This
process mainly requires a warm base because another condi-
tion is that the cloud droplets emitting splinters must be larger
than 24 mm in diameter (Mossop 1976). In AC, this depen-
dence is treated with a cloud-droplet size-dependent factor,
which is zero and unity for a mean droplet diameter less than
16 mm and greater than 24 mm, respectively. This factor is lin-
early interpolated in between. The factor multiplies the emis-
sion rate, together with another factor to represent the
temperature dependence.

2) FRAGMENTATION IN ICE–ICE COLLISIONS

The second mechanism by which AC forms secondary ice is
fragmentation in ice–ice collisions (Phillips et al. 2017a,b).
The formulation uses the principle of energy conservation to
treat all types of ice particle collisions. A small fraction of
the initial collision kinetic energy (CKE) is converted to cre-
ate the ice fragments. These collisions depend on the size of
the colliding ice particles, CKE, and temperature.

The formulation was modified considering a recent field cam-
paign during winter in northern Sweden (Vindeln; 64.208N,
19.718E) to observe the fragmentation of natural snowflakes im-
pacting an array of fixed ice spheres (Martanda 2022). The rime
fraction was seen to be better treated by a uniform value at all
sizes larger than 2 mm diameter and being linearly interpolated
to zero at 0.2 mm.

3) RAINDROP FREEZING FRAGMENTATION

The empirical formulation by Phillips et al. (2018) which ini-
tiates secondary ice during the freezing of drizzle/raindrops by two
modes is used in AC. In the first mode, there is quasi-spherical
freezing when a supercooled drop (0.05–5 mm diameter) collides
with a less massive ice particle or during heterogeneous raindrop
freezing due to immersed INPs. Secondary splinters form when
the outer ice shell breaks during freezing. In the second mode, col-
lisions between a raindrop and a more massive ice particle result
in the emission of secondary drops from a splash. Some of these
contain ice such that they freeze (Phillips et al. 2018; James et al.
2021).

4) SUBLIMATION BREAKUP OF DENDRITIC SNOW

AND GRAUPEL

Secondary ice has been observed to form during the subli-
mation of dendritic snow and graupel (Oraltay and Hallett
1989; Dong et al. 1994; Bacon et al. 1998). This is represented
by the empirical formulation from Deshmukh et al. (2022) in
AC. If present, sublimational breakup can be a prolific SIP
mechanism in deep convective descent with a quasi equilib-
rium between emission and total sublimation of fragments
(Deshmukh et al. 2022; Wa22).

c. Experimental setup

All three cases (section 2) have been simulated by AC for a
3D mesoscale domain for the horizontal and vertical resolu-
tion of about 2 and 0.5 km, respectively, with an integration
time step of 10 s. A modeling study by Pauluis and Garner
(2006) revealed that this 2 km horizontal resolution ade-
quately represents the statistics of cloud properties and verti-
cal velocity in deep convective clouds. Little sensitivity to
alteration of this resolution was found.

The experimental design is as follows.

1) MC3E

The MC3E case (section 2a) is simulated with a domain of
80 km 3 80 km. The LSF tendencies of potential temperature
(u) and vapor mixing ratio (qy) were applied (Xie et al. 2014;
Jensen et al. 2016). These tendencies were updated hourly
and continuously interpolated over time between updates.
Lateral boundary conditions (LBC) are periodic in both
north–south and east–west directions. Convection is simulated
in an idealized way, in the sense that no attempt is made to
predict the exact locations of the cloud. Convection was initial-
ized by adding random perturbations (of up to 60.06 g kg21)
to the initial vapor mixing ratio in the PBL.

AC resolves nonbiological insoluble organics and five types
of PBAPs as separate species including fungi (FNG), bacteria
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(BCT), pollen (PLN), detritus (DTS), and algae (ALG)
(Patade et al. 2021, section 3.2 therein). It is parsimoniously
assumed that about 50% of the measured loading of total in-
soluble organics consists of PBAPs in the absence of coinci-
dent observations of this fraction. Since the loadings of these
five types were not measured in the MC3E, their ratio is
assumed to follow measurements from Amazonia (Patade
et al. 2021).

The Goddard Chemistry Aerosol Radiation and Transport
(GOCART) model is used to prescribe the initial mass con-
centrations of various APs such as ammonium sulfate, sea
salt, mineral dust, soot, soluble and insoluble organics for the
same month and location. The vertical profiles of each AP are
then rescaled by a constant factor to match with observations
from the Interagency Monitoring of Protected Visual Envi-
ronments (IMPROVE) located near the simulated domain.
Table 2 summarizes the aerosol mass mixing ratio for each
species observed at the ground.

2) ACAPEX

The case of orographic stratiform clouds observed during
the ACAPEX campaign (section 2b) has been simulated for a
horizontal area of 360 km 3 80 km. The simulation was per-
formed for 3 h (1915–2215 UTC 7 February 2015) and hourly
thermodynamic soundings from the Ron Brown ship were
applied. There were weak cells of embedded convection ob-
served and these were represented by initializing the simula-
tion with eight cold (about 258C) dry bubbles oriented in
a line parallel to the east and west boundaries. These cold

bubbles were each separated horizontally by 10 km and super-
imposed with many small warmer bubbles. Each cold bubble
had maximum temperature perturbations of about 23 K. The
same approach described in section 3c(1) is followed to obtain
the initial mass concentrations of APs (Table 2). LBCs are
open and periodic in the x and y directions, respectively.

Most of the length of the domain spanned the westernmost
mountains in the Sierra Nevada range. The x and y axes were
rotated by about 308 anticlockwise to orient the long edges of
the domain to be perpendicular to the mountain chain (Fig. 2a).
The western end of the domain was the Pacific coast. The eleva-
tion of the ground is represented in an idealized way as a func-
tion only of horizontal distance from the coast (Fig. 4).

3) APPRAISE

The case of supercooled, long-lived stratiform clouds ob-
served during the APPRAISE campaign has been simulated
for an area of 80 km 3 80 km. Random perturbations of
about60.8 g kg21 were added to the initial vapor mixing ratio
in the PBL to initialize convection. The simulation time is
48 h (0000 UTC 17 February–0000 UTC 19 February 2009),
with the first 24 h as a spinup time of the model. LBCs are pe-
riodic in both the x and y directions.

Hourly fifth-generation European Centre for Medium-
Range Weather Forecasts (ECMWF) atmospheric reanalysis
(ERA5) data are used to derive the temperature, pressure,
RH, and zonal (u) and meridional (y) wind in the x and y
directions. The LSF advective tendencies in u and qy were
applied to the simulation in view of the doubly periodic
boundary conditions. These tendencies were estimated from
the ERA5 dataset for every hour using

u
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( )
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5 2 u
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1 y
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, (12)

TABLE 2. Aerosol mass mixing ratios near the ground,
inferred from observations or from a global model, for various AP
species of AC for the case of MC3E (averaged for 9 and 12 May
2011), ACAPEX, both from the IMPROVE measurements, and
APPRAISE from the MERRA-2-GIOVANNI model monthly
(February 2009) mean values. PBAP measurements from Amazonia
(Patade et al. 2021) are used to partition the total PBAP mass
(assumed to be 50% of the coincident insoluble organic mass)
among the five PBAP groups according to the same ratio. None of
these groups was either observed or available from global models.

Aerosol species

Mass concentrations (mg m23)

MC3E ACAPEX APPRAISE

Ammonium sulfate 0.7 0.18 1.8
Sea salt 0.06 0.02 8.0
Mineral dust 0.17 0.030 8.7
soot 0.25 0.015 4.6
Soluble organic 1.36 0.28 1.24
Nonbiological insoluble

organics (50% of
insoluble organics)

0.17 0.011 0.14

PBAP (50% of insoluble
organics)
Fungi 0.17 0.0042 0.14
Bacteria 0.067 0.0014 0.055
Pollen 0.022 0.0018 0.018
Detritus 0.054 0.0033 0.024
Algae 4.3 3 1025 2.7 3 1026 3.58 3 1025

FIG. 4. Schematic picture of ground elevation represented in AC
for the simulated ACAPEX case.
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where v is the vertical velocity in pressure coordinates, a is
the specific volume, and Cp is the specific heat capacity of air
at constant pressure. The values of u and qy are nudged to-
ward observations for every hour in the lowest 2 km.

The GOCART model is used to prescribe the initial mass
concentrations of various APs (Table 2). The vertical pro-
files of each AP are then rescaled by a constant factor to
match with that from the Modern-Era Retrospective Anal-
ysis for Research and Applications version 2 (MERRA-2),
2D monthly mean data at the surface (;300 m MSL).
Corrections were applied to MERRA-2-derived mass con-
centrations of soot and soluble organics to match the pre-
dicted cloud condensation nuclei (CCN) activity spectrum
with previous maritime observations (e.g., Hoppel et al.
1990).

Furthermore, the initial 24 h are omitted from both the
MC3E and APPRAISE simulations. This is because layer
clouds advected into the study domain (in MC3E case; Jensen
et al. 2015) and slowly evolving (|w| , 1 m s21) stratiform
clouds (in APPRAISE case) cannot be well measured by
sounding arrays that may potentially bias the LSF tendencies.

4. Results from the control simulations from all
three cases

a. Model validation

1) MC3E

Figure 5 shows a comparison of the predicted filtered ice
concentration, NI200 from the control simulation (Table 3)

FIG. 5. Comparison of predicted ice number concentrations for particles of maximum dimension bigger than
200 mm (NI200) of all microphysical species (cloud ice, snow, and graupel/hail) from the control simulation of the simu-
lated MC3E case (full black lines) with coincident aircraft observations from the CIP (circles) and HVPS-v3 (upward-
pointing triangles) probes over cloudy convective (a) updrafts (w . 2 m s21), (b) downdrafts (w , 22 m s21), and
(c) stratiform (|w| , 2 m s21) regions. Numbers by observational data points indicate the total number of seconds for
which the aircraft sampled the cloud.

TABLE 3. List of simulations performed with AC.

Run performed Description

Control Including all four SIP processes and time-dependent heterogeneous freezing
No time-dependent INP Including all four SIP mechanisms and excluding time dependence of heterogeneous freezing
No dust from droplet evaporation Excluding contribution to mineral dust in the air from droplet evaporation from the control simulation
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with the coincident aircraft observations. In cloudy convective
regions (updrafts and downdrafts) and stratiform regions, the
predicted NI200 is on the order of about 10 L21 at most obser-
vational levels, the same order of magnitude as in the aircraft
data (Figs. 5a–c). Furthermore, in the dendritic regions of the
stratiform (Fig. 5b) and downdraft (Fig. 5c) regions, the
model agrees well with the observed NI200, differing by less
than615% from the aircraft observations at these levels.

Also, predictions of active CCN and INP concentrations,
cloud-droplet properties, rainfall rate, radar reflectivity, top
of the atmosphere radiative fluxes, and ascent statistics by AC
of this MC3E case have already been validated with coinci-
dent aircraft, ground-based instruments, and satellite observa-
tions in Wa22.

2) ACAPEX

Figure 6 shows a comparison of the control simulation with
the coincident aircraft and ground-based observations for the
simulated ACAPEX case. All predicted microphysical prop-
erties (Figs. 6a–e) were averaged conditionally over cloudy
convective updrafts (w . 1 m s21). Properties of cloud drop-
lets such as mean diameter (Fig. 6a), and LWC (Fig. 6b) are
in good agreement with observations from the CDP with
errors of less than about 40%.

The predicted value of NI200 in cloudy convective updrafts
has the same order of magnitude (about 10 L21) as observed
by the 2DS probe. The predicted distribution of updraft
speeds (Fig. 6d) and the domain-averaged surface precipita-
tion rate at Lake Tahoe (Fig. 6e) each differ by less than 30%
from the aircraft observations. Also, the difference between
predicted microphysical properties (Figs. 6a–c) and aircraft
observations at any level is less than that between the adja-
cent observational data points, signifying that the model
agrees adequately with the observations.

3) APPRAISE

For the control simulation of the APPRAISE case, pre-
dicted microphysical properties such as NI100 and cloud drop-
lets are compared with the aircraft (BAe146) observations
fromWI13.

Figure 7a shows adequate agreement of predicted CCN
with previous studies such as Twomey and Wojciechowski
(1969), Hoppel et al. (1990), and Jennings et al. (1998), in
view of the spread of these observations. The number concen-
trations of cloud droplets (Fig. 7b), LWC (Fig. 7c), and NI100
(Fig. 7d) are all validated adequately with the coincident air-
craft observations. The observed ice concentrations have been
corrected for the shattering bias as noted above (section 2c).
No in situ measurements were reported at levels below 3.6 km
as the BAe146 aircraft mainly carried out measurements near
cloud-top regions.

A distinct feature of the APPRAISE clouds is that they
consisted of episodes of 1) weak embedded convection
(;0000–1200 UTC) (“weak embedded convection episode”),
and 2) supercooled, long-lived layer clouds (;1200–2400 UTC)
(“long-lived layer-cloud episode”), as evident from the observed
radar reflectivity (Figs. 7e,f). Our simulation predicts these clouds

adequately (Figs. 7g,h). Figure 7e shows adequate agreement
of predicted radar reflectivity for the episodes of weak embed-
ded convection with observations from the 3 GHz Doppler-
polarization radar (1219–1221 UTC; C11). In these weak
convective cells, the observed and predicted reflectivity val-
ues are between 7 and 30 dBZ. A time–height profile of the
simulated radar reflectivity (Fig. 7f) is compared with the
35 GHz vertically pointing radar (adopted from C11) lo-
cated at Chilbolton (Fig. 7i). At 1200 UTC 18 February 2009,
the observed reflectivity is between210 and 3 dBZ for altitudes
between 2.5 and 3.8 km, over Chilbolton. The domainwide av-
erage of the predicted reflectivity at this time and altitude
mostly varies between about 210 and 5 dBZ (Fig. 7g). Both
observed (Figs. 7e,f) and predicted cloud tops were at about
4 km (Fig. 7g).

b. Other analyses of control simulations

1) CLOUD-MICROPHYSICAL QUANTITIES

Figures 8a and 8b show the vertical profiles of water contents
of various microphysical species for the simulated MC3E, and
ACAPEX cases in the stratiform regions (|w| , 1 m s21). A
distinct feature of the simulated MC3E and ACAPEX cases
is that the “ice-crystal process” is the dominant process of
precipitation formation at all subzero levels. In both MC3E
and ACAPEX cases (Figs. 10a,b), liquid water is predicted
to dominate the cloud condensate at levels between the
cloud base and 258C, yet at levels between 258C and cloud
top is dominated mostly by snow, graupel, and cloud ice
(Figs. 8a,b; also Figs. 2, 3 in the online supplement). The
presence of abundant snow, graupel, and cloud-ice mass along
with strong vertical velocities (w . 1 m s21, Fig. 8c) and rela-
tively strong wind shear (Fig. 8d) is predicted to enhance SIP
through various mechanisms (section 3b). Similar results are pre-
dicted in the updraft and downdraft regions (not shown here).

By contrast, in the APPRAISE clouds, the ice-crystal
process is predicted to be less active. This can be mainly at-
tributed to relatively less liquid and ice hydrometeors mass
(Fig. 8c) and weak vertical velocities (|w| ; 1 m s21,
Fig. 8d). However, C11 observed that in the episodes of
weak embedded convection (;0000–1200 UTC, Fig. 7g),
SIP (through the HM process) was mainly active. On the
other hand, WI13 observed that in the episodes of long-
lived supercooled layer clouds, heterogeneous ice nucleation is
the most prolific ice initiation mechanism (Figs. 7e,f). WI13
further hypothesized that time-dependent freezing of available
active INPs is the source for continuous ice nucleation and
precipitation in such supercooled, long-lived layer clouds.
We will test this hypothesis with different sensitivity tests in
section 5.

2)RECIRCULATION OF DUST PARTICLES INTO

SUPERCOOLED LAYER CLOUDS (APPRAISE)

Figure 9 shows the time–height profiles of various micro-
physical properties for the APPRAISE case (also see Fig. 1 in
the online supplement). From Figs. 9a and 9b, it is evident
that liquid and ice coexist at all levels in the episodes of weak
embedded convection (;0000–1200 UTC) of the simulation
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(Figs. 7e,g). As the simulation advances in its second half
(;1200–2400 UTC), supercooled layer clouds are seen (Figs. 7f,h).
These clouds are characterized by a thin (;400 m vertical ex-
tent) cloudy layer (Fig. 9a) at levels between the cloud top

(2138C) and 278C. Below 278C, the atmosphere is subsatu-
rated (RH , 70%) up to about 08C (Fig. 9g). At levels
warmer than 08C, the air was saturated with respect to water
(Figs. 3c and 9a). This water-saturated layer at lower levels

FIG. 6. Conditionally averaged predictions from the control simulation of the simulated ACAPEX case over re-
gions of convective cloudy updrafts (w . 1 m s21) for (a) mean cloud droplet diameter (solid black line) and
(b) LWC (solid black line) from the control simulation compared with the CDP observations (circles). (c) 2DS-measured
ice concentrations for particles . 0.2 mm (NI200) compared with the predicted ice concentrations (.0.2 mm) for all
microphysical species (cloud ice, snow, and graupel/hail) in such updrafts. (d) Histogram of predicted vertical velocities
(w . 1 m s21) with observations from the DOE G-1 aircraft and (e) predicted surface precipitation rate (mm h21) from
the control simulation with observations from a rain gauge located at Lake Tahoe, California, United States. Standard
errors of observational samples are shown as error bars in (a)–(d). Numbers by observation data points in (a)–(c) indicate
the time in seconds for which the aircraft sampled the cloud at that level.
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resulted in the formation of boundary layer stratiform clouds
(;1 km thick) lasting about a day. By contrast, in the early simu-
lation hours (0000–1200 UTC), the atmosphere was nearly satu-
rated. Furthermore, these predicted weak convective and
supercooled layer clouds are characterized by an ascent speed of
about 1 m s21 and less than 0.6 m s21 (Fig. 9i), respectively, with
continuous precipitation over several hours (Fig. 9h).

Consequently, we analyze how the quasi-steady state is
maintained in the fixed domain for supercooled layer clouds
over several hours. Figure 9a shows a layer of mixed-phase
cloud continuing for about half a day between 278 and
2138C. It is predicted that cloud droplets from this mixed-
phase layer fall, and the smaller of these droplets may evapo-
rate once they enter the region subsaturated with respect to
both liquid and ice (Fig. 9g), releasing dust particles embed-
ded in them. Moreover, at cloud-top levels, dust INPs initiate
ice crystals and some of these crystals may grow to snow fol-
lowing vapor diffusion or aggregation. These ice (crystals and
snow) particles may fall and some of them may sublimate
away once they reach the subsaturation region. It is predicted
that in the subsaturated environment, evaporation of droplets
and sublimation of snow releases dust particles embedded in
them, which form about 45% and 10% of the total dust mass,
respectively, there. This is evident from Fig. 9c which shows
that in the subsaturated environment, the upward mass flux
[;10211 kg m22 s21 (a particle flux of about 104 m22 s21)] of
dust particles in the air is higher by about a factor of 5 than in
the cloudy layer (e.g., near cloud top, Fig. 9e). This can be
mainly attributed to evaporation of cloud droplets at subsatu-
rated levels (08 and 278C, Fig. 9g), that releases dust particles
embedded in them followed by an ascent in weak vertical mo-
tions (e.g., turbulence or weak convective cells), as simulated
by AC.

5. Results from sensitivity tests in the simulated clouds

To evaluate the role of time dependence for heterogeneous
ice nucleation, various sensitivity tests have been performed
with AC (Table 3). These involved perturbation simulations
from altering the control run in each of the three cases. Com-
parison with the control simulation revealed the effects from
each prohibited process of ice initiation.

a. Role of time dependence of INP activity in overall
ice production

Figure 10 shows the predicted number concentrations of
active INPs, total and primary ice, and ice from various SIP
processes in the stratiform regions (|w| , 1 m s21) with time-
dependent INP activity prohibited (the “no time-dependent
INP” run) for all three cases (section 2). These are compared
with the three corresponding control runs that include this
time dependence. These components of ice concentration
were tracked by tagging tracers (section 3). Average number
concentrations of active dust INPs are predicted to increase by a
factor of 2 for the deep convective case (MC3E) and by about
0.5–1 order of magnitude for both layer-cloud cases (APPRAISE
and ACAPEX), depending on the level (Figs. 10a,c,e) with inclu-
sion of time dependence.

Also, active soot INPs show a similar sensitivity. However,
active dust INPs are the most sensitive out of all the simulated
INP species in this regard and have the maximum effect on the
overall primary ice initiation. The same order-of-magnitude
(0.5–1) increase is predicted also for the tagged concentrations
of heterogeneously nucleated ice at colder levels (,278C)
(Figs. 10a,c,e). The greater time dependence of INP activity in
the layer-cloud cases (ACAPEX and APPRAISE) is due to
longer lifetimes of such clouds with weaker ascent (Houze
2014), allowing more time for INPs to activate than in the con-
vective case (MC3E).

In the APPRAISE control simulation of mixed-phase layer
clouds in a frontal system, most of the primary ice is initiated
by dust and soot INPs near cloud top (2138C). The fractional
increase in number concentrations of dust INPs from inclu-
sion of time dependence has a maximum of about an order of
magnitude at about 268C (Fig. 10e). Yet the total ice concen-
tration in such stratiform clouds is predicted to increase by
only a factor of 2 between 248 and 288C in the control run
relative to the “no time-dependent INP” run (Fig. 11f).

The weakness of this overall response of the cloud glacia-
tion in APPRAISE is due to various SIP mechanisms, espe-
cially through the HM process and fragmentation in ice–ice
collisions. Between 08 and 278C, SIP mechanisms are pre-
dicted to create an ice enhancement (IE) ratio as high as 102

in the control run, greatly suppressing the response to time
dependence of primary ice. However, in such thin clouds
(APPRAISE, ;3 km in depth), SIP is less active than in the
other two simulated cases (section 4b). At levels colder than
2108C where the heterogeneous ice nucleation occurs, there
is an IE ratio of only about 3. This weak SIP is nevertheless
sufficient again to reduce the response of total ice concentra-
tions to the boosting of primary ice from time dependence of
freezing INPs, with only a doubling of total and secondary ice
concentrations.

By contrast, in the MC3E and ACAPEX clouds, no signifi-
cant change in total ice concentrations is predicted from the
inclusion of time dependence. This too can be attributed to
various SIP processes dominating total ice initiation in both
the simulated cases at all levels warmer than the 2368C
isotherm. Both cases involved deeper clouds with more in-
tense precipitation through ice-crystal process driving more
vigorous SIP. Vertical profiles (Figs. 10b,d) of average con-
centration of ice particles from various initiation processes re-
veal that all SIP (section 3) initiates more than 99% and 90%
of total nonhomogeneous ice (not from homogeneous freez-
ing) at most levels warmer than the 2368C in MC3E and
ACAPEX, respectively. At levels colder than 288C, fragmen-
tation in ice–ice collisions is the most prolific (.75% of the
total nonhomogeneous ice concentration) SIP mechanism in
both cases (MC3E and ACAPEX). The HM process is also
active at temperatures between 238 and 288C, contributing
about 85% to the total nonhomogeneous ice but only at these
levels. Furthermore, fragmentation during raindrop freezing
and sublimation together is predicted to contribute ;10% to
the total nonhomogeneous ice initiated at levels colder than
2158C. In the ACAPEX simulation, fragmentation during
sublimation is the second most dominant SIP mechanism in
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FIG. 7. (a) The CCN activity spectrum predicted by AC (solid black line) for the simulated
APPRAISE case (18 Feb 2009) for the environment at about 100 m MSL from the prescribed
vertical profiles of size distributions of various aerosol species. This is compared with maritime
measurements made by Twomey and Wojciechowski (1969) (open circles), Hoppel et al.
(1990) (pentagram), and Jennings et al. (1998, the geometric mean of observations shown in
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downdraft regions (not shown here) in both cases. Similar re-
sults are predicted in the updraft and downdraft convective
regions separately as for the stratiform regions for each of the
simulated MC3E and ACAPEX cases (not shown here).

Regarding the time evolution at the lowest subzero levels
(228 to 2108C) in layer cloud, Fig. 11 shows concentrations
of ice particles conditionally averaged over all stratiform
cloudy regions in the first 3 h after the onset of convection.
Regarding the two deeper cloud cases (MC3E and ACAPEX),
at times less than about 15 (in MC3E, Fig. 11a) and 40 min (in
ACAPEX, Fig. 11b) after the onset of ice, the HM process is
the only prolific SIP mechanism, creating IE ratios of about 102

during these times. The HM process is the most prolific SIP
mechanism throughout the lifetime of the ACAPEX layer
clouds. Later, as the deep convective cloud tops ascend through
the mixed-phase region, fragmentation in ice–ice collisions be-
comes the most prolific SIP mechanism eventually in MC3E,
creating IE ratios as high as 103 (Figs. 11a,b). This illustrates
how fragmentation in ice–ice collisions tends to be slower
but more persistent and prolific than the HM process in
deep convection (Wa22, their Fig. 18). The ice concentra-
tions in the simulated MC3E and ACAPEX cases reach
their maxima after about 20 min, then become quasi steady
for the rest of the lifetime of the clouds. Fragmentation dur-
ing raindrop freezing and sublimation is predicted to form
only about 5% of the total nonhomogeneous ice concentra-
tions in all three cases.

Regarding these lower levels in the thin APPRAISE layer
clouds (Fig. 11c), the HM process is predicted always to pre-
vail (.150 min) in overall ice concentrations, creating sus-
tained IE ratios as high as 102. About 40 min after the onset
of convection, heterogeneous ice nucleation become the sec-
ond most prolific type of ice initiation but forms only about
10% of the total nonhomogeneous ice concentrations be-
tween 40 and 100 min. Fragmentation in ice–ice collisions is
active but has such a slow rate of explosive growth, owing to
lack of ice precipitation, that it only contributes appreciably
to the SIP at much longer times than those plotted (Fig. 11c).

Figure 12 shows a budget of ice particles initiated by various
processes of ice initiation represented in AC (sections 3a and
3b), showing their contribution to the total ice at levels warmer

than the 2368C in the control and “no time-dependent INP”
simulation (pie charts). The budget analysis shows that in all
simulated cases (MC3E, ACAPEX, and APPRAISE), the
number of heterogeneously nucleated ice crystals initiated in-
creases by about 30% with a maximum of 45% (in APPRAISE)
in the control simulation relative to the “no time-dependent
INP” run (Fig. 12a).

The budget analysis also indicates that in all three simulated
cases, SIP dominates overall ice production. In the APPRAISE
clouds (Figs. 12a,b), fragmentation during ice–ice collisions
and sublimation together with the HM process, are predicted
to produce about 80% more fragments than those from
heterogenous ice nucleation. In the MC3E (Figs. 12c,d) and
ACAPEX simulations (Figs. 12e,f), fragmentation during ice–
ice collisions and sublimation together initiate more than 95%
of the total fragments implying an IE ratio of about 103. The
budget analysis suggests that fragmentation in sublimation
accounts for most of the fragments, creating IE ratios as high
as 102. However, vertical profiles of tagging tracers (Fig. 10)
reveal that fragmentation in sublimation is less prolific than
fragmentation in ice–ice collisions (at levels colder than
2158C) and the HM process (between 238 and 288C levels).
This is mainly attributed to the total sublimation of the vast
majority (.80%) of fragments initiated during the fragmenta-
tion in sublimation while descending.

To summarize, in all the simulated cases (MC3E, ACAPEX,
and APPRAISE), the overall ice initiation is mostly dominated
by various SIP mechanisms. Little effect (,0.01%) on overall
ice concentrations is predicted to arise from time-dependent
INP activity.

b. Sources of quasi-steady precipitation in
APPRAISE clouds

As discussed in sections 4a and 4b(1), our simulation for
the APPRAISE case predicts two types of episodes during
the evolution of the entire cloud system. First, weak embed-
ded convection episode consisting of thermals with ascent of
up to 1 m s21 (section 4a). Second, long-lived layer-cloud epi-
sode, partly from convective outflow of the first episode, for
which the stratiform ascent is only a few centimeters per
second (section 4a). Both the episodes are predicted to be

$−
their Fig. 1; upward-pointing triangle). Comparison of predicted (b) droplet number concen-
trations (solid black line), (c) LWC (solid black line) with observations from the CDP, and
(d) ice number concentrations for particles of maximum size dimension . 100 mm (NI100) of
all microphysical species (solid black line) with aircraft observations (circles) from the 2DS
probe (adopted fromWI13 and corrected following K11), conditionally averaged for the strat-
iform regions (|w| , 1 m s21). (e) Snapshot of the simulated radar reflectivity for the
APPRAISE case compared with the observations from (g) 3 GHz Doppler-polarization radar
at the CFARR ground site, which performed a range–height indicator scan along the 2538
(adopted from C11) for the episodes of weak embedded convection, and (f) a time–height
profile of the simulated radar reflectivity during the episodes of supercooled, long-lived layer
clouds compared with the observations from (h) the 35GHz vertical pointing radar at the
CFARR (adopted from C11). (i) Schematic diagram showing a view of the simulation domain
(black box), the location of the vertically pointing 35 GHz cloud radar (black cross) and the
area scanned by 3GHz Doppler-polarization radar located at CFARR ground site (yellow circle).
Error bars in (b)–(d) are standard errors of observational samples.
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precipitating continuously over several hours (Fig. 9h).
However, ice initiation mechanisms influencing precipita-
tion are predicted to differ between both types of episodes,
as follows.

1) ICE INITIATION DURING THE WEAK EMBEDDED

CONVECTION EPISODE

Figure 13 shows the total ice concentration (black lines)
with time-dependent activity prohibited in the stratiform re-
gions (|w| , 1 m s21) of the weak embedded convection

episode (;0000–1200 UTC, section 4a) in comparison with
the control run. In such clouds, the inclusion of time depen-
dence causes only a slight increase (;30%) in the overall ice
concentrations in the control simulation. This is because SIP
is predicted to initiate about 75% of the total ice concentra-
tion at all subzero cloudy levels over several hours there. A
similar extent of SIP was observed by C11 (their Fig. 11), at-
tributing it to the HM process. In the control simulation, the
HM process (238 to 288C) and fragmentation in ice–ice colli-
sions (,288C) contribute about 75% and 80%, respectively,

FIG. 8. The predicted water contents of cloud liquid (squares), cloud ice (asterisks), snow (upward-pointing trian-
gles), and graupel (circles) in the stratiform regions (|w| , 1 m s21) from the control simulations of the (a) MC3E,
(b) ACAPEX, and (c) APPRAISE cases. Also shown are (d) a vertical velocity histogram and (e) a profile of vertical
wind shear from the control simulation of the APPRAISE (solid line), ACAPEX (dashed line), and MC3E (dotted
line) cases.
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FIG. 9. Time–height profiles of the domain-averaged water contents of
(a) cloud liquid, (b) total ice (cloud ice 1 snow 1 graupel), and (c) upward and
(d) downward fluxes of the mass mixing ratio of dust particles in the air, and
downward mass flux of dust mixing ratio in (e) cloud, and (f) precipitation,
and (g) relative humidity with respect to water from the control simulation of
the APPRAISE case between 0000 and 2400 UTC 18 Feb 2009. Also shown are
the (h) precipitation rate, and (i) a vertical velocity histogram for the regions of
weak convective cells (solid line) and supercooled layer clouds (dotted line)
from the same simulation. All the quantities in (a)–(f) are plotted in log scale.
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to the total ice concentration (Fig. 13, grayscale lines) during
this episode. However, heterogeneously nucleated ice forms
only about 10%–20% of the overall ice concentrations (Fig. 13)
at these levels.

Nevertheless, in both the control and no time-dependent
INP case, ice crystals nucleated heterogeneously at levels
near cloud top may become snow by vapor diffusion. This cre-
ates a positive feedback of ice multiplication by fragmentation

FIG. 10. (left) The predicted number concentrations of active INPs conditionally averaged over stratiform regions
(|w| , 1 m s21) from mineral dust (solid line with open circles), soot (solid line with asterisks), and PBAP (solid line
with squares), and concentrations of heterogeneously nucleated ice (PRIM-ICE, forward-pointing triangles) for the
(a) MC3E, (c) ACAPEX, and (e) APPRAISE cases. The same information is shown with dotted lines for the “no
time-dependent INP” run. (right) The concentrations of total nonhomogeneous ice (total cloud ice and snow minus total
homogeneous ice; solid line with squares) and various tracer terms defining SIP processes such as fragmentation during
sublimation (FSB; solid line with asterisks), ice–ice collisions (FIIC; solid line with pentagrams) and raindrop freezing
(FRF; solid line with upward-pointing triangles), and the HM process (HM; solid line with open circles) for the (b) MC3E,
(d) ACAPEX, and (f) APPRAISE case, respectively. The same information is shown with the dotted lines for the “no
time-dependent INP” run. To compare the number concentrations of heterogeneously nucleated ice and total nonhomoge-
neous ice, heterogeneously nucleated ice (PRIM-ICE; forward-pointing triangles) is also shown in the right column.
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in ice–ice collisions for up to several hours, causing a peak pre-
cipitation rate of about 0.3 mm h21 at the surface (Fig. 9h) from
the ice–crystal process. Hence, SIP (through the HM process
and fragmentation in ice–ice collisions) is predicted to be the
main source for the persistence of the weak embedded convec-
tion episode of the simulated APPRAISE clouds, which is also
shown schematically in Fig. 14a.

In summary, during the weak embedded convection epi-
sode, this ice multiplication is promoted by the coexistence of
cloud ice, snow, and graupel in proximity (Fig. 8c) and rela-
tively strong vertical velocities (|w|; 1 m s21, Fig. 9i).

2) ICE INITIATION DURING THE LONG-LIVED

LAYER-CLOUD EPISODE

In this section, focus is given to the duration of the simulation
when weak convection is absent and there are only persistent
long-lived layer clouds (;1200–2400 UTC, Fig. 7f) as observed
by WI13. Our simulation approximately reproduced the quasi-
steady state of the cloud top (Fig. 7h) for the long-lived layer-
cloud episode which is consistent with the observations byWI13.
The same is true for precipitation (Fig. 9h). WI13 proposed that

in such layer clouds, time-dependent freezing of available INPs
is themain cause for continuous ice nucleation and precipitation.

In the long-lived layer-cloud episode, the inclusion of time de-
pendence is predicted to increase the overall ice concentrations
by only about 30%at levels near the cloud top (298 to2138C) in
the control simulation relative to the “no time-dependent INP”
run. In this episode, heterogeneously nucleated ice and SIP
(Fig. 15a) forms about 80% and 20% of the overall ice con-
centrations, respectively, at all subzero levels in the control
simulation. A similar extent of heterogeneous ice was observed
by WI13. However, contrary to the claim by WI13, time-
dependent INP freezing would not be the cause for continuous
ice nucleation and precipitation in such layer clouds, as it causes
only a slight increase (;30%) in the overall ice production.

It is instead predicted that the recirculation of dust APs
[section 4b(2)] is the main cause for the persistence of ice nu-
cleation and precipitation in the long-lived layer-cloud epi-
sode. It is evident from Figs. 9c–f that dust APs that become
free in droplet evaporation in the subsaturated environment
(08 to 278C, Fig. 9a) reach the saturated cloudy layer (278 to
2138C, Fig. 9a) following weak vertical motions and can

FIG. 11. Domain-averaged distributions with respect to time of the number concentrations of total nonhomogene-
ous ice (total ice from cloud ice and snow minus total homogeneous ice; squares), primary ice (forward-pointing trian-
gles), and ice (cloud ice 1 snow) from tagging tracers of various SIP processes such as fragmentation during sublima-
tion (SBF; asterisks), raindrop freezing (RFF; upward-pointing triangles), and fragmentation during ice–ice collisions
(FIIC; pentagrams), and from the HM process (HM; circles) from the control simulation of (a) MC3E, (b) ACAPEX,
and (c) APPRAISE cases. These concentrations are averaged for vertical velocities |w|, 1 m s21 at temperatures be-
tween 228 and 2108C. The same information is shown with dotted lines for the “no time-dependent INP” run. Time
displayed is for the time after the first onset of ice.
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reactivate and nucleate ice there. Also, there is a significant
downward flux of dust APs from levels above the cloud top
(Fig. 9d) which again can initiate ice once a water-saturated
cloudy layer is reached.

This reactivation following recirculation of dust APs
(Fig. 14b) from the subsaturated environment is predicted to

occur over a time scale (in-cloud dust mass concentration di-
vided by the upward dust mass flux from below) of 1–2 h,
which is much less than the time required (.10 h) for their
INP activity to increase by about a factor of 10 according to
the laboratory observations (Jk22). Furthermore, during this
recirculation and reactivation, some of the hydrometeors may

FIG. 12. (left) Bar charts showing a comparison of the budget of the number of ice crystals initiated from primary
ice and SIP processes between the control and “no time-dependent INP” run for the (a) APPRAISE, (c) MC3E, and
(e) ACAPEX cases. Shown are the sources of homogeneously nucleated ice (“HOM”), total ice from all ice initiation
processes (TOTAL-ICE), heterogeneous ice nucleation at temperatures warmer than 2308C (“PRIM-WARM”) and
colder than 2308C (“PRIM-COLD”), and various SIP mechanisms active. These are fragmentation during raindrop
freezing (“Raindrop freezing frag”), ice–ice collisions (“Frag ice–ice collisions”) and sublimation (“Sublimation
frag”), and the HM process (“Hallett–Mossop”). (right) The same information is shown (excluding “HOM” and
“TOTAL-ICE”) with the pie charts for the simulated (b) APPRAISE, (d) MC3E, and (f) ACAPEX simulations.
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survive long enough and enter the liquid cloudy layer (1.2–
0.3 km) leading to light precipitation in the form of drizzle
or ice (Fig. 14b), as observed by WI13.

This is also evident from Fig. 15b which shows that in the
long-lived layer-cloud episode, the overall ice concentration

decreases by about an order of magnitude in the “no dust
from droplet evaporation” run relative to the control simula-
tion. Hence, in such layer clouds (APPRAISE), it is predicted
that reactivation following recirculation of dust APs is the
main cause for the observed quasi-steady state of ice nucle-
ation (WI13) over several hours, and not time-dependent
freezing of available INPs.

6. Summary and conclusions

Three cloud cases have been simulated numerically with
AC to investigate the effect from time-dependent INP activity
on the total ice concentration. These are 1) an MCS consisting
of deep convective clouds observed in MC3E over Oklahoma,
United States, on 11 May 2011 (Wa22), 2) orographic stratiform
layer clouds with embedded convection observed in ACAPEX
over Northern California, United States, on 7 February 2015,
and 3) thin, mixed-phase, supercooled stratiform clouds ob-
served in APPRAISE on 18 February 2009 over the southern
United Kingdom. All these simulations are validated ade-
quately with coincident aircraft and ground-based observations.
In all three simulated cases, cloud droplet properties such as
mean droplet sizes, concentrations (in MC3E), and LWC differ
no more than 40% from the coincident aircraft observations at
most of the sampled levels where data are available.

A striking conclusion is that the filtered ice concentrations
(NI100 and NI200) predicted by AC are also validated ade-
quately at all sampled levels, differing by less than about a
factor of 3 from the aircraft observations, in all three simu-
lated cases. This is true for both the convective (ACAPEX
and MC3E only) and stratiform regions of each case. The gen-
eral realism of representations of all four SIP mechanisms
(section 3b) in AC is the reason for the adequate validation of

FIG. 13. Predicted number concentrations, during the weak em-
bedded convection episode, of primary (forward pointing triangles)
and total nonhomogeneous ice (total cloud ice and snow minus to-
tal homogeneous ice) from the control (squares) and “no time-
dependent INP” (diamonds) run. Also shown are the ice particle
number concentrations from various tracer terms defining SIP pro-
cesses such as fragmentation during sublimation (FSB; asterisks),
raindrop freezing (FRF; upward pointing triangles), and ice–ice
collisions (FIIC; pentagrams), and the HM process (HM; circles).
All quantities are conditionally averaged over the stratiform re-
gions (|w| , 1 m s21), in APPRAISE clouds (;0000–1200 UTC
18 Feb 2009).

FIG. 14. A schematic of the APPRAISE clouds representing the sources of quasi-steady precipitation from the control simulation in the
(a) weak embedded convection episode (;0000–1200 UTC) and (b) long-lived layer-cloud episode (;1200–2400 UTC) on 18 Feb 2009.
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the number concentration of ice particles. Hence, there is no
discrepancy between the observed and predicted ice concen-
trations as reported in some previous modeling studies (e.g.,
Fridlind et al. 2007, 2017; reviewed by Field et al. 2017).

Moreover, the vertical profiles of tagging tracers plotted for
the control and “no time-dependent INP” runs reveal that the
total ice concentrations in all the simulated clouds are mostly
driven by ice formed in various SIP processes in all three
cases. This is consistent with some previous studies (e.g., Lawson
et al. 2015; Lasher-Trapp et al. 2016, 2021; Sotiropoulou et al.
2020; Qu et al. 2023). In all simulated clouds of the present study,
fragmentation in ice–ice collisions contributes about 75%–95%
to the total ice at most levels warmer than about 2308C. At lev-
els between 238 and 288C, the HM process initiates most of
the ice particles (;70%) in the ACAPEX and APPRAISE
simulations.

The budget analysis shows that the time dependence of
INP activity makes no significant contribution (,10%) to the
total number concentrations of ice particles initiated from all
the processes in orographic and MCS clouds warmer than
the2368C level (MC3E, ACAPEX). In such clouds, fragmen-
tation during ice–ice collisions (in updraft and stratiform
regions) and during sublimation (in downdrafts only, counting
fragments that survive) initiates more than 70% of the total
ice particles. Consequently, the time dependence of INPs has
little effect. In the case of the APPRAISE clouds, overall,
the time dependence of INP activity is predicted to contrib-
ute about 30% of the total number of ice particles initiated,
while SIP mechanisms active in such clouds initiate 70% of
the total ice particles.

The conclusions of the present study are as follows:

1) Generally, for the total ice in precipitating clouds, the
inclusion of time dependence is predicted to initiate about
10% of the total ice warmer than the 2368C level,

whereas SIP mechanisms active in such clouds initiate
more than 90% of the total ice at these levels in the mixed
phase region (08 to 2368C).

2) In all three cases, for INP activity, including time depen-
dence is predicted to have more impact for mineral dust
and soot APs than for the other INP APs. This is consis-
tent with the previous laboratory observations (Wright and
Petters 2013; Herbert et al. 2014; Jk22). The INP activity of
mineral dust and soot is predicted to increase by a factor
of about 10 and 5, respectively, in the control simulation
compared to the “no time-dependent INP” run at temper-
atures between 258 and 2258C. The least (only a factor
of 2) increase is seen for PBAP groups from the inclusion
of the time-dependent INP activity.

3) Specifically, in the simulated MCS (MC3E) system,
(i) Overall, enhancement by a factor of up to about 4

(from dust APs) is seen in heterogeneously nucle-
ated ice, whereas the total ice concentration is pre-
dicted to increase by only a factor of about 2 at
levels colder than 2158C in all cloudy regions in
the control run relative to the “no time-dependent
INP” run.

(ii) Regarding SIP, in updrafts, the HM process contri-
butes about 30% to the total ice concentration at
levels between 238 and 288C, while this contribu-
tion is less (,10%) in the convective downdraft and
stratiform regions. In the convective updraft and
stratiform regions, fragmentation in ice–ice collisions
is the most prolific SIP mechanism at levels colder
than 288C and initiates about 80% of the total ice at
those levels. Fragmentation during sublimation is mostly
active in stronger downdrafts (w,25 m s21), initiating
more than 15% of the total ice. All this SIP is far less
sensitive to time-dependent INP activity than is primary
ice itself.

FIG. 15. During the long-lived layer-cloud episode of the APPRAISE case, conditionally averaged predicted num-
ber concentrations of the (a) total nonhomogeneous (total cloud ice and snow minus total homogeneous ice) ice from
the control (squares) and “no time-dependent INP” (diamonds) run, heterogeneously nucleated ice (forward-pointing
triangles), and various tracer terms defining SIP processes such as the Hallett–Mossop process (HM; circles), and frag-
mentation during ice–ice collisions (FIIC; pentagrams), sublimation of dendritic snow and graupel (FSB; asterisks),
and raindrop freezing (FRF; upward-pointing triangles), over the stratiform regions (|w| , 1 m s21). Also shown
are the total concentrations of nonhomogeneous ice from the (b) control (squares), “no time-dependent INP”
(diamonds), and “no dust from droplet evaporation” (circles) simulations of the same clouds.
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4) In the case of orographic (ACAPEX) clouds,
(i) Concentrations of heterogeneously nucleated ice are

about half an order of magnitude higher in the con-
trol simulation relative to the “no time-dependent
INP” run in all cloudy conditions. The same is true
for the number concentrations of active dust INPs.
However, no change is seen in the total ice concen-
tration when the time dependence of INP activity
is included.

(ii) The HM process is the most prolific SIP mechanism
at levels between 238 and 288C and initiates more
than 80% of the total ice concentration there in all
cloudy conditions. In convective updrafts, fragmen-
tation during ice–ice collisions contributes about
50% to the total ice concentration at levels colder
than 2158C. While in convective downdrafts, frag-
mentation in sublimation is predicted to be more
prolific and initiates about 40% of the overall ice
concentration at these levels. Again, in this case, SIP
acts to dampen the sensitivity of time dependence of
INP activity.

5) In thin, long-lived mixed-phase stratiform (APPRAISE)
clouds,
(i) Overall, the total ice concentration is predicted to be

about a factor of 3 higher, while the heterogeneously
nucleated ice is about an order of magnitude higher,
at all subzero levels when time dependence of INP
activity is included.

(ii) In the weak embedded convection episode, SIP
(through the HM process and fragmentation ice–ice
collisions) forms about 75% of the total ice concen-
tration at all subzero levels, whereas in the long-lived
layer-cloud episode, heterogeneously nucleated ice
dominate (;80%) overall ice concentration.

(iii) In the long-lived layer-cloud episode, it is predicted
that the evaporation of droplets in the subsaturation
region (08 to 278C) releases dust APs embedded in
them, which forms about 45% of the total dust mass
there. These released dust APs reactivate and nucle-
ate ice once the mixed-phase cloudy layer (278 to
2138C) is reached following weak vertical motions.
Furthermore, dust APs from levels above the cloud
top also initiate ice once a saturated cloud layer is
reached (Fig. 9d).

(iv) This recirculation and reactivation of dust particles
in the long-lived layer-cloud episode is predicted to
happen over 1–2 h, which is much less than the times
required for time-dependent INP freezing to alter
the simulated ice concentrations appreciably (.10 h,
Figs. 9 and 10).

(v) Hence, the recirculation of dust APs back into the
cloud from the subsaturated environment is the
main reason for the simulated persistence of ice initi-
ation and precipitation production in the long-lived
layer-cloud episode, and not time-dependent freez-
ing of available INPs, as claimed by WI13.

6) During the evolution of the simulated clouds (section 2)
for tops warmer than 2158C in the stratiform regions

(|w| , 1 m s21), the initial (times , 20 min) explosive
growth of numbers of ice crystals is from the fast HM
process. Immediately after 20 min, this explosive growth
is continued by fragmentation in ice–ice collisions,
which prevails over a longer period. The effect of time
dependence remains similar throughout the simulation.

In the simulated MC3E and ACAPEX clouds, SIP is pre-
dicted to dominate the overall ice concentrations at all levels
colder than 2368C, whereas heterogeneously nucleated ice
makes a negligible contribution (,1%) to the total ice con-
centration at these levels. This is mainly attributed to the rela-
tively shorter lifetime of such clouds (60–90 min) and the
presence of abundant large drops, snow, and graupel particles
(Fig. 8) in association with strong convective ascent and de-
scent (|w| . 1 m s21) in such clouds, which favor SIP at these
levels.

By contrast, in the APPRAISE simulation of a thin layer cloud,
the weakness and shallowness of the ascent (|w| , 1 m s21,
Fig. 8d) causes less abundance (,10% of the total ice par-
ticles) of large snow and graupel particles than the other two
(MC3E and ACAPEX) cases. Nevertheless, SIP is still pre-
dicted to prevail in overall ice initiation in the episodes of
weak convection of this case (APPRAISE), albeit less prolifi-
cally than in the other two cases, and initiates about 75% (HM
process and fragmentation in ice–ice collisions) of the total ice
at all subzero levels there. Generally, treatment of ice initia-
tion through various SIP processes has some uncertainty due
to the incompleteness of laboratory studies (e.g., Field et al.
2017) and depends upon various parameters such as particle
sizes, vertical velocities, temperature, and hydrometeor fall
speed. Hence, the relative roles of various SIP processes in
forming high ice concentrations differ among contrasting
cloud types.

The present study generally finds little effect from time-
dependent ice nucleation on the total ice concentration in a
range of cloud types (deep convective, orographic, and long-
lived stratiform clouds). In the case of thin, stratiform clouds
(APPRAISE) there is at most a doubling of the average con-
centration of ice particles at levels colder than 288C from the
inclusion of time dependence. Thus, time dependence alone
cannot predict the observed steady state of such clouds. It is in-
stead predicted that in the weak embedded convection episode
of the APPRAISE clouds, SIP (through the HM process and
fragmentation in ice–ice collisions) is the main source for quasi-
steady state of ice formation and precipitation. On the other
hand, in the long-lived layer-cloud episode of the APPRAISE
clouds, the recirculation of dust particles (Fig. 14b and Fig. 15b)
is predicted to be the main cause for continuous ice nucleation
and precipitation.

In our simulation of summertime deep convection (MC3E)
and wintertime orographic clouds (ACAPEX) with some
weak embedded convection extending above the 2368C level,
SIP is predicted to initiate about 70%–80% of the total ice at all
levels below this level, whereas primary ice only contributes less
than 1.5%, implying an IE ratio of about 103. In such clouds,
the effect of time-dependent ice nucleation on total ice is
predicted to be the least. These more convective (MC3E
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and less so for ACAPEX) clouds are characterized by typi-
cally shorter lifetimes (,90 min) due to stronger vertical
motions, suppressing the modest effects from the time de-
pendence of INP activity, relative to the APPRAISE
clouds. In the simulated wintertime long-lived (;24 h) strat-
iform clouds (APPRAISE), the weakness of ascent and
shallowness of cloud depth together support less precipita-
tion and hence less SIP, with an IE ratio of only about 10.

To conclude, it is the combination of various SIP mecha-
nisms, interrelated by positive feedbacks of ice multiplication
(section 3b), that accurately explains the observed difference
between the orders of magnitude of the measured concentra-
tions of INPs and ice particles in the simulated cases. Frag-
mentation in ice–ice collisions and the HM process are
especially pivotal to cloud glaciation. The present study sug-
gests that time-dependent INP activity can be neglected in nu-
merical simulations of clouds, as it has the least impact on the
total number of ice particles out of all the ice initiation pro-
cesses treated. This is consistent with previous laboratory
studies (Vali 2014; Ka17; Jk22). Time dependence of INPs
cannot explain either the observed ice enhancement in any of
the cases of natural clouds studied here or the observed per-
sistence of precipitation of the simulated layer clouds.
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APPENDIX

List of Symbols Used in this Paper

Table A1 provides a list of symbols used in the present
study along with their units and descriptions.

TABLE A1. Symbols used in the present study along with their units and descriptions.

Symbol Description Unit

AX Proportionality constant for a power law dependence of temperature shift on time K s2b

DX Diameter of a given aerosol species mm
HX Fraction reducing INP activity at warm T and low si for various groups of aerosols in X }

ni Number m.r. of ice crystals generated from EP kg21

nIN,1,* Background-tropospheric reference activity spectrum number m.r. for water saturation kg21

nIN,rain Number mixing ratio of rain’s activated INP kg21

nIN,X Number m.r. of X INP species from the EP kg21

nX Number mixing ratio (m.r.) of APs in group X (not depleted by ice nucleation while
inside the cloud)

kg21

nX,a Number of aerosols in group X lost by ice nucleation kg21

ñIN;rain Modified nIN,rain representing time dependence INP activity kg21

ñIN;X Modified nIN,X representing time dependence INP activity kg21

Q Passive clock tracer kg21

Q0 Value of Q outside of the cold cloud (set to unity) kg21

Qr Raindrop’s mass mixing ratio kg kg21

Si Saturation ratio with respect to ice }

Swi Value of Si at exact water saturation }

Sw Saturation ratio with respect to water }
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