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Abstract

The role of multiple groups of primary biological aerosol particles (PBAPs) as ice nucleating particles (INPs), and of
ice formation processes such as time-dependent freezing of various INPs, and various secondary ice production
(SIP) mechanisms in overall ice concentration has been evaluated in a range of cloud systems by simulating them
numerically with the state-of-the-art ‘Aerosol-Cloud’ (AC) model in a 3D mesoscale domain. Also, the mechanisms
of aerosol indirect effects (AIEs) arising from anthropogenic INPs, and the responses to these AIEs from time-
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with AC are: events of summertime deep convection observed over Oklahoma, USA during the Midlatitude
Continental Convective Cloud Experiment (MC3E) in 2011 on 1) 11 May, and 2) 20 May, and wintertime 3)
orographic clouds observed during the Atmospheric Radiation Measurement Cloud Aerosol Precipitation
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term ‘ice enhancement’ (IE) ratio which is the ratio between the number concentration of total ice particles and active
INPs at cloud tops.

For both cases in MC3E, overall, PBAPs have little effect (+1-6%) on the cloud-liquid (droplet mean sizes, number
concentrations, and their water contents) properties, overall ice concentration, and on precipitation. AC predicts the
activity of various INPs with an empirical parameterization (EP). The EP is modified to represent the time-dependent
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time dependence of INP freezing causes little increase (about 10-20%) in the total ice concentration and ice from
all SIP.

Regarding SIP, in young developing convective clouds of MC3E (11 May), with tops > —15°C, the initial explosive
growth is from the fast HM process, creating IE ratios as high as 10°. By contrast, in mature convective clouds (tops
< —20°C), fragmentation in ice-ice collisions prevails, creating IE ratios of up to about 102-10°. Regarding AIEs from
INPs, increasing anthropogenic pollution is predicted to exert a net cooling in APPRAISE, and a strong net warming
in MC3E (11 May). Furthermore, these net AIEs are mainly from glaciated clouds. Overall, the contribution to the
AlEs from ice formation processes, such as time-dependent INP freezing and SIP, shows a high sensitivity with
respect to anthropogenic INPs (about 20-60% increase in net AlEs).

Also, two new indirect effects associated with ice initiation mechanisms are proposed here. These are, 1) the
‘SIP’ indirect effect, and 2) the ‘time-dependent INP’ indirect effect. It is predicted that in APPRAISE and MC3E,
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Popular Science Summary

This study on the ice phase of the clouds discovered that in continental conditions,
the ice nucleating ability of groups of PBAPs is relatively weak compared to mineral
dust and soot aerosols. The time-dependent freezing of available INPs is found to
have a minimal impact on the overall ice concentration in the simulated cloud
systems. Instead, a combination of various ice multiplication mechanisms plays a
key role in the quasi-steady ice formation and precipitation over several hours in
cloud systems that are convective. This study also revealed that in long-lived layer
clouds, recirculation and subsequent reactivation of dust particles, rather than time-
dependent INP freezing, is the main source for continuous ice nucleation and
precipitation. Also, it is the coordinated combination of various SIP that accurately
explains the observed discrepancy between the number concentrations of active
INPs and total ice particles. Moreover, this study also explains the role of various
SIP mechanisms in the observed dependency of ice enhancement ratio on cloud top
temperature in the different stages of the convective clouds. Additionally, this study
demonstrated that anthropogenically boosted solid APs can have a substantial
impact on cloud micro- and macrophysical as well as radiative properties. The
presence of extra INPs in the present-day conditions also causes perturbations in the
processes of ice formation (SIP and time-dependent INP freezing), affecting the net
solid aerosol indirect effects, mainly from glaciated clouds. This study also found
that the indirect effects of solid aerosols are strongly dependent on the cloud system.
For example, the inclusion of extra INPs predicts a net cooling of the climate system
from supercooled stratiform clouds and strong warming from deep convective
clouds.
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Populérvetenskaplig sammanfattning

Denna studie om molnmikrofysik upptickte att i kontinentala forhallanden &r
isnukleationsformagan hos grupper av PBAPs relativt svag jamfort med mineraliskt
damm och sotpartiklar. Den tidsberoende frysningen av tillgingliga INPs visade sig
ha en minimal paverkan pa den Gvergripande iskoncentrationen i de simulerade
molnsystemen. Istillet spelar en kombination av olika mekanismer for ismangfald
en nyckelroll i den kvasi-stabila isbildningen och nederbérden under flera timmar i
konvektiva molnsystem. Denna studie avsldjade ocksé att i langlivade skiktmoln
utan konvektion &r recirkulation och efterfoljande ateraktivering av dammpartiklar,
snarare dn tidsberoende INP frysning, den huvudsakliga kéllan till kontinuerlig
isnukleation och nederbord. Dessutom &r det den samordnade kombinationen av
olika SIP mekanismer som noggrant forklarar den observerade avvikelsen mellan
antalet aktiva INPs och totala ispartiklar. Vidare forklarar denna studie ocksa rollen
som olika SIP mekanismer spelar for den observerade beroendet av [E-forhallandet
pa molnens topptemperatur i olika stadier av konvektiva moln. Dessutom visade
denna studie att antropogent forstirkta fasta AP:er kan ha en betydande paverkan pa
molnens mikro- och makrofysiska samt stralningsméssiga egenskaper. Férekomsten
av extra INP:er under dagens forhallanden orsakar ocksé storningar i processerna
for isbildning (SIP och tidsberoende INP frysning), vilket paverkar de nettoindirekta
effekterna frén fasta aerosoler, frimst fran glacidrmoln. Denna studie fann ocksé att
de indirekta effekterna av fasta aerosoler &r starkt beroende av molnsystemet. Till
exempel forutsdger inkludering av extra INPs en nettoavkylning av klimatsystemet
fran underkylt skiktmoln och en kraftig uppvarmning fran djupa konvektiva moln.
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of dendritic snow and graupel (asterisks). All these concentrations are at temperatures warmer than (by 1
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Yo o T=Y T [ OSSPSR 70
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Abstract

The role of multiple groups of primary biological aerosol particles (PBAPs) as ice
nucleating particles (INPs), and of ice formation processes such as time-dependent
freezing of various INPs, and various secondary ice production (SIP) mechanisms
in overall ice concentration has been evaluated in a range of cloud systems by
simulating them numerically with the state-of-the-art ‘Aerosol-Cloud’ (AC) model
in a 3D mesoscale domain. Also, the mechanisms of acrosol indirect effects (AIEs)
arising from anthropogenic INPs, and the responses to these AIEs from time-
dependent INP freezing and SIP processes are investigated in the simulated clouds.
The cloud systems simulated with AC are: events of summertime deep convection
observed over Oklahoma, USA during the Midlatitude Continental Convective
Cloud Experiment (MC3E) in 2011 on 1) 11 May, and 2) 20 May, and wintertime
3) orographic clouds observed during the Atmospheric Radiation Measurement
Cloud Aerosol Precipitation Experiment (ACAPEX) on 07 February 2015 over
North California, and 4) supercooled layer clouds observed over Larkhill, UK,
during the Aerosol Properties, Processes And Influences on the Earth’s climate
(APPRAISE) campaign on 18 February 2009.

AC uses the dynamical core of the Weather Research and Forecasting (WRF)
model, modified Geophysical Fluid Dynamic Laboratory (GFDL) radiation scheme,
and hybrid bin-bulk microphysics scheme. AC is validated adequately with the
coincident aircraft, ground-based, and satellite observations for all four cases. AC
forms secondary ice through the Hallett-Mossop (HM) process of rime-splintering,
and fragmentation during ice-ice collisions, raindrop freezing, and sublimation of
dendritic snow and graupel. A measure of SIP is defined using the term ‘ice
enhancement’ (IE) ratio which is the ratio between the number concentration of total
ice particles and active INPs at cloud tops.

For both cases in MC3E, overall, PBAPs have little effect (+1-6%) on the cloud-
liquid (droplet mean sizes, number concentrations, and their water contents)
properties, overall ice concentration, and on precipitation. AC predicts the activity
of various INPs with an empirical parameterization (EP). The EP is modified to
represent the time-dependent approach of INP freezing in light of our published
laboratory observations. It is predicted that the time dependence of INP freezing is
not the main cause for continuous ice nucleation and precipitation in all simulated
cases. Rather, the main mechanism of precipitation formation is the combination of
various SIP mechanisms (in convection) and recirculation-reactivation of dust
particles (in APPRAISE layer cloud episode). Also, for all cases, the inclusion of
time dependence of INP freezing causes little increase (about 10-20%) in the total
ice concentration and ice from all SIP.
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Regarding SIP, in young developing convective clouds of MC3E (11 May), with
tops > —15°C, the initial explosive growth is from the fast HM process, creating IE
ratios as high as 10°. By contrast, in mature convective clouds (tops < —20°C),
fragmentation in ice-ice collisions prevails, creating IE ratios of up to about 10%-10°.
Regarding AIEs from INPs, increasing anthropogenic pollution is predicted to exert
a net cooling in APPRAISE, and a strong net warming in MC3E (11 May).
Furthermore, these net AIEs are mainly from glaciated clouds. Overall, the
contribution to the AIEs from ice formation processes, such as time-dependent INP
freezing and SIP, shows a high sensitivity with respect to anthropogenic INPs (about
20-60% increase in net AIEs).

Also, two new indirect effects associated with ice initiation mechanisms are
proposed here. These are, 1) the ‘SIP’ indirect effect, and 2) the ‘time-dependent
INP’ indirect effect. It is predicted that in APPRAISE and MC3E, both SIP and
time-dependent INP indirect effects form less than 30%, and more than 50% of the
net AIE, respectively.
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1. Introduction

1.1 Importance of Clouds: Weather and Climate
Perspective

Clouds are one of the influential manifestations of nature. A cloud is composed of
hydrometeors that can exist in either the liquid or solid (ice) phase. Cloud
hydrometeors form when water vapor condenses on the aerosol particles (APs). APs
are small particles (diameters between 0.5 nm and 10 um) suspended in the
atmosphere such as ammonium sulfate, sea salt, black carbon (soot), soluble and
insoluble organics, and biological particles (Lohmann et al., 2016; Warneck, 1999).
Clouds can be observed in different sizes and shapes. There are different types of
clouds, namely, 1) cirrus clouds which are generally composed of ice-crystals and
have a feathery, hair-like appearance at high altitudes, 2) cumulus clouds, appearing
as fluffy, cauliflower-shaped formations occasionally associated with precipitation,
3) nimbostratus clouds which are low or mid-level rain-bearing clouds characterized
by their dark or grey appearance.

Clouds and the associated rainfall are the most important yet least understood
components of the climate system (Boucher et al., 2013). Clouds cover about half
of the globe (Flossmann, 1998; Liou, 2002; Boucher et al., 2013; King et al. 2013)
and are considered one of the most crucial elements of Earth’s energy budget,
reflecting about 15% of the incident solar radiation to space (Boucher et al., 2013).
Clouds control the amount of incoming shortwave (SW) and outgoing longwave
(LW) radiation, thereby regulating the earth’s temperature, driving the global
hydrological cycle, and serving as a source/sink for atmospheric pollutants through
precipitation (Hartmann et al., 1992; Flossmann, 1998; Houghton et al., 2001;
Ramanathan et al., 2001; Lohmann, 2006; Boucher et al., 2013; Ervens, 2015;
Kudzotsa et al., 2016; Ryu and Min, 2022).

Cloud formation in the atmosphere occurs when an air parcel becomes saturated
with respect to water/ice. This typically takes place during the ascent of the air
parcel caused by various mechanisms. These mechanisms are:

1) Orographic lifting,

2) lifting along frontal boundaries,

3) surface-air convergence, and

4) surface heating and free convection.
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Also, depending on the presence of hydrometeors and their top temperature, clouds
can be classified as:

i.  liquid clouds are characterized by warmer tops (> 0°C) and consists of only
liquid particles. These clouds are also known as warm clouds.

il.  Mixed-phase clouds consist of both liquid and ice particles and their tops
can extend up to the —36°C level, and

iii.  Ice-only clouds form at levels colder than the —36°C and consist of only ice
particles. They can also form at temperatures as warm as 0°C, provided that
the ascent is weak enough (e.g., Westbrook and Illingworth, 2013 [hereafter
‘WI13°]).

Initiation of cloud hydrometeors occurs through processes known as homogeneous
and heterogeneous nucleation. However, the homogeneous nucleation of cloud
droplets from vapor is not feasible, as the supersaturation with respect to liquid
water (s,,) usually does not exceed 10% (Lohmann et al., 2016). By contrast,
heterogeneous nucleation of cloud droplets occurs at levels warmer than the —36°C
and in the presence of soluble aerosol particles (diameters about 1 um) such as
ammonium sulfate, sea salt, and soluble organics, depending on s,,. These APs are
referred to as cloud condensation nuclei (CCN) (Rogers and Yau, 1996; Lohmann
et al., 2016; Flossmann et al., 2018). Typically, CCN concentrations over continents
and oceans are on the order of about 10° and 10* cm™, respectively (Hobbs and
Radke, 1969; Pruppacher and Klett, 1997).

Once a cloud grows above the freezing level (< 0°C), it may contain both cloud
droplets and ice crystals. Mechanisms of ice initiation are fundamental for the
climate, as most of the global precipitation is chiefly associated with the ice phase
(Lau and Wu, 2003; Lohmann, 2006; Field and Heymsfield 2015). Yet, these
mechanisms are uncertain (Cantrell and Heymsfield, 2005; Field et al., 2017). The
initiation of ice crystals in the clouds at subzero levels is described below.

1.1.1 Ice Initiation in Clouds

Two phase transitions can initiate ice at subzero levels (Rogers and Yau, 1996;
Pruppacher and Klett, 1997). These are briefly described here.

1.1.1.1 Homogeneous Ice Nucleation

In homogeneous nucleation (Fig. 1a), an ice crystal forms from the freezing of
supercooled liquid droplets without any aerosol activity under sufficiently high
supersaturation with respect to ice (s;) (Rogers and Yau, 1996; Pruppacher and
Klett, 1997; Murray et al., 2010). Homogeneous ice nucleation occurs at levels
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colder than —36°C, where a chance collision of vapor molecules leads to the
formation of a stable ice embryo. An ice crystal can be formed homogeneously
through two types.

The first type involves ice initiation through the spontaneous freezing of
supercooled cloud drops/raindrops, and APs at temperatures colder than —36°C,
depending on droplet size. The second type of homogeneous ice nucleation is the
homogeneous freezing of solution droplets, which occurs at colder temperatures as
soon as s; exceeds the critical supersaturation (Koop et al., 2000; Phillips et al.,
2007). Homogeneous freezing of cloud droplets/raindrops and solution droplets
mainly occurs in deep convective and cirrus clouds, respectively.

(a) Homogeneous ice
nucleation (T < —=36°C)

(b) Heterogeneous ice nucleation (0 > T > —36°C)

Q.

Contact

4

Condensation/
Immersion

Deposition

. Vapor ‘ INP

Cloud droplet . Ice-crystal

Figure 1. Schematic representation of (a) the homogeneous and (b) various modes of heterogeneous ice nucleation
processes.
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1.1.1.2 Heterogeneous Ice Nucleation

Heterogeneous ice nucleation involves the formation of an ice crystal due to the
activity of solid APs at subzero levels (DeMott, 1990; Rogers and Yau, 1996;
Phillips et al., 2008; Murray et al., 2010, 2012; Kanji et al., 2017). These solid APs
are commonly referred to as ice nucleating particles (INPs) and are relatively rare
in the atmosphere, with typical concentrations between 10° and 1 L' at
temperatures near —10°C (DeMott et al., 2003; Lasher-Trapp et al., 2016). Active
sites on the surface of such INPs are required for ice nucleation to occur at
temperatures warmer than —36°C. They are scarce and efficiently absorb water
molecules, thus reducing the energy barrier for the formation of ice embryos.

There is a wide variety of sources of INPs in the atmosphere, both natural and
anthropogenic. Natural sources include deserts, oceans, volcanic eruptions, and the
emission of vegetation debris. Similarly, anthropogenic sources are biomass
burning, deforestation, and industrial activities (Kanji et al., 2017). A range of solid
APs originating from these sources such as dust (mineral and soil), insoluble
organics, soot, and primary biological aerosol particles (PBAPs), which include
pollen, bacteria, detritus, algae, fungi, and plant fragments, phytoplankton, lichens
may initiate primary ice by acting as INPs (Hobbs and Locatelli, 1969; DeMott,
1990; Phillips et al., 2009, 2013; Kanji et al., 2017; Flossmann et al., 2018; Patade
et al., 2021). The chemical composition and concentrations of INPs vary
significantly across the globe, and they can significantly alter the microphysical and
radiative properties of clouds (Phillips et al., 2003; Cantrell and Heymsfield, 2005;
Lohmann 2006; Kudzotsa et al., 2016).

Various heterogeneous nucleation processes (Fig. 1b) can lead to the formation of
the first ice crystal above the freezing level (Vali, 1985; DeMott et al., 1983;
Pruppacher and Klett, 1997; Lohmann, 2006). These processes include:

i.  Deposition ice nucleation (Fig. 1b) occurs in an environment supersaturated
with respect to ice. In this mode of ice nucleation, water vapor taken up by
the INP surfaces can directly transform into an ice phase without any
intermediate liquid phase (Kanji et al., 2017). This requires a relative
humidity with respect to ice (RH;) exceeding 100% in the ambient air.
Deposition nucleation could be significant in high-level clouds (e.g., cirrus)
(Cziczo et al., 2013). However, in mixed-phase clouds, this mode of ice
nucleation is less significant as the INPs are first expected to be activated
as cloud droplets (Ansmann et al., 2008; Field et al., 2006).

ii.  Contact freezing in which the ice particle forms upon contact between an
active INP and a supercooled droplet (Fig. 1b). There are two ways by
which the ice can be nucleated through contact freezing, 1) ‘outside-in’ in
which the INP outside of the droplet collides with it, and 2) the freezing of
a droplet occurs when a pre-existing INP touches the droplet surface from
within the droplet (Shaw et al., 2005; Fornea et al., 2009).
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iii.  Condensation/Immersion freezing involves an INP becoming immersed in
a cloud droplet, typically at warmer temperatures (> 0°C), and then
initiating the ice phase once the droplet reaches subzero levels (Fig. 1b).

In mixed-phase clouds, heterogeneous ice nucleation mainly occurs through
deposition, condensation, and immersion freezing while contact nucleation makes a
minimal contribution to the total heterogeneous ice formed (Phillips et al., 2007;
Ansmann et al., 2008; WI13).

The ice nucleation ability of all INPs varies significantly depending on their type
and concentration in the environment. Mineral dust is generally considered the most
important type of INP, and its ice nucleation onset can occur at subzero temperatures
as warm as —10°C (Hoose and Mohler, 2012; Phillips et al., 2013; Kanji et al.,
2017). Furthermore, the activity of dust INPs increases with increasing surface area
(Phillips et al., 2008; Kanji et al., 2017).

PBAPs, emitted from land vegetation and oceans (Després et al., 2012), initiate ice
at temperatures as warm as —2°C (Patade et al., 2021). Additionally, incomplete
combustion of fossil fuels can produce soot, which can also play an important role
in ice formation. However, it has been argued that soot is not a significant
contributor to heterogeneous ice formation, especially from freshly emitted fossil
fuel combustion (Koehler et al., 2009; Bond et al., 2013). Moreover, a modelling
study by Schill et al. (2020) demonstrated that soot, from biomass burning, is a
minor contributor to INP on the global scale. By contrast, a strong correlation was
observed between soot concentrations and in-cloud ice concentrations for thin wave
clouds over Wyoming, which were affected by biomass burning (Twohy et al.,
2010).

Several previous studies have proposed that the heterogeneous ice nucleation can
be: 1) time-independent and, 2) time-dependent in nature (Levine, 1950; Langham
and Mason, 1958; Vali and Stansbury, 1966; Vonnegut and Baldwin, 1984; Vali,
1994, 2008; Jakobsson et al., 2022 [hereafter ‘JK22°]). These are described below.

Time Independent Heterogeneous Ice Nucleation

The time-independent approach of INP activation assumes that ice nucleation is an
instantaneous process and occurs at deterministic temperatures at specific ‘active’
sites (Vali 1994, 2008), resulting in identical INPs nucleating all together. These
active sites are characterized by the lowest particle-ice interfacial energy and hence
activation takes place at higher temperatures almost instantaneously (Niedermeier
et al.,, 2011). Under isothermal conditions, this hypothesis assumes no time
dependence, and any INP activation occurs at the onset of the nucleation (Chen et
al., 2008).
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Time Dependent Heterogeneous Ice Nucleation

At levels warmer than —36°C, the drops may contain different types of impurities
(APs), and the freezing probability of such drops may vary (Vali and Stansbury,
1966), as later observed experimentally by (Vonnegut and Baldwin, 1984). At a
given temperature the freezing probability depends on the surface area of the INP
and the time for which an INP remains in the favorable environment (Chen et al.,
2008; Murray et al., 2012).

Welti et al. (2012) observed that the immersion freezing mode of INP activation
exhibits time dependence, which is the basis for WII3 to propose the time
dependence of INP freezing being the main source for continuous ice nucleation and
precipitation in supercooled stratiform clouds. However, their hypothesis was not
supported by any modelling evidence, and the relative importance of the time
dependence of INP freezing is not yet well understood. Vali (2014) assessed various
laboratory studies and concluded that the time-dependent approach of INP freezing
is less important and it can be neglected from numerical models, especially for
systems with high cooling rates (about 1-2 K min™") corresponding to ascent speeds
up to about 3 m s (Kanji et al., 2017). Nevertheless, this was not conclusively
verified with modelling simulations.

1.1.2 Ice Multiplication in Clouds

Previous aircraft studies of natural convective clouds with tops warmer than —36°C
(Mossop, 1985; Hobbs et al., 1980; Harris-Hobbs and Cooper, 1987; Cantrell and
Heymsfield, 2005) have observed that the number concentrations of ice particles
often exceed the number concentrations of INPs by about 10? to 10* orders of
magnitude. It is further observed that the discrepancy in the observed number
concentrations of INPs and ice particles remains (Ladino et al., 2017) even with the
processing algorithms (Field et al., 2006) and modified optical probes (Korolev et
al., 2011) that eliminates possible biases caused by artificial shattering (Field et al.,
2017).

Therefore, it has long been proposed that, following initial primary ice nucleation,
some mechanisms must exist at subzero temperatures (> —36°C) that can enhance
the number concentrations of ice particles. These mechanisms are known as ice
multiplication or secondary ice production (SIP) mechanisms (Hobbs, 1969; Hallett
and Mossop, 1974 [hereafter ‘HM’]; Vardiman, 1978; Oraltay and Hallett, 1989;
Takahashi et al., 1995; Lohmann et al., 2016; Phillips et al., 2017a; Miltenberger et
al., 2020, 2021; Deshmukh et al., 2022). SIP processes form new ice particles in the
presence of pre-existing (primary) ice without requiring the activity of INPs (or
homogeneous freezing) (Field et al., 2017) under suitable conditions. Furthermore,
the SIP processes must involve precipitation, since wave clouds (e.g., Eidhammer
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et al., 2010) and layer clouds (WI13) too thin to precipitate are seen to have little
ice enhancement.

The degree of enhancement in the number concentrations of ice particles due to ice
multiplication can be defined using the term called ‘ice enhancement’ (IE) ratio.
This ratio represents the average number concentrations of ice particles to the
number concentrations of active INPs at any in-cloud level (Hobbs et al., 1980;
Pruppacher and Klett, 1997). There is a range of possible SIP processes proposed
so far that depends on temperature, vertical velocity, and particle size distributions,
these are:

1.1.2.1 The Hallett-Mossop process of Rime-splintering

The HM process of rime-splintering is an important ice multiplication process in
mixed-phase clouds and is the most studied SIP process among all SIP mechanisms
known so far. HM (1974) observed that during the riming of supercooled cloud
drops (diameters > 24 pum), numerous ice splinters break away for temperatures
between —3 and —8°C. The rate of splinter production during riming of a
supercooled drop is maximum at about —5°C and for an updraft speed of about 2.7
m s™' (HM 1974, their Fig. 2).

The HM process is temperature-dependent because at subzero temperatures warmer
than —3°C, supercooled droplets do not form an ice shell while at temperatures
colder than —8°C, ice particle growth becomes rapid and hence the internal pressure
is not sufficient to break the ice shells (Griggs and Choularton 1983; Mason 1996).
According to the theory proposed by Griggs and Choularton (1983), between —3
and —8°C, pressure built up inside the freezing droplet during its accretion on a large
ice particle. This pressure is later released by a crack in the outer frozen shell,
releasing an unfrozen freezing liquid that eventually freezes and forms secondary
ice.

The HM process is widely studied, evident with both observational and
experimental (Harris-Hobbs and Cooper, 1987; Blyth and Latham 1993; Rangno
and Hobbs 2001; Crosier et al., 2011 [hereafter ‘C11’]; Heymsfield and Willys
2014; Patade et al., 2016) and modelling studies (Phillips et al., 2003, 2005; Huang
et al., 2017; Miltenberger et al., 2020, 2021; Lasher-Trapp et al., 2021; Gayatri et
al., 2022; Waman et al., 2022, 2023a [hereafter ‘Wa22’ and ‘Wa23a’]) (Fig. 2).
Furthermore, several numerical modelling studies have shown that the HM process
and raindrop freezing fragmentation (Sec. 1.1.2.3) dominates the overall ice
concentrations typically in young convective clouds with tops warmer than —20°C,
creating IE ratios as high as 10° (Wa22; Wa23a) in such clouds. However, a recent
laboratory study by Hartmann et al. (2023) found no substantial activity of SIP via
the HM process.
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Apart from the HM process, many alternative ice multiplication mechanisms must
exist in clouds that can cause explosive growth of ice crystal concentrations,
typically at levels colder than —8°C. These mechanisms are discussed below.

1.1.2.2 Fragmentation during Ice-Ice Collisions

Langmuir (1948) proposed that SIP may occur during the collision between ice
particles. This hypothesis was later verified by several field and laboratory studies
(Hobbs and Farber 1972; Vardiman 1978; Takahashi et al., 1995, reviewed by
Phillips et al., 2017a, b). Production of ice-crystal splinters during ice-ice collisions
depends on ambient temperature with a maximum at about —15°C (Takahashi et al.,
1995). This can be mainly attributed to the formation of fragile, vapor-grown
branches on rimed ice particles in the dendritic regimes.

Fragmentation in ice-ice collisions was also studied theoretically by Hobbs and
Farber (1972), Yano and Phillips (2011), Yano et al. (2016), and Phillips et al.
(2017a, b). A theoretical formulation proposed by Phillips et al. (2017a) is based on
the principle of energy conservation. The formation of secondary fragments during
ice-ice collisions depends on the sizes and relative fall velocities of the colliding ice
particles, ambient temperature, and riming intensity of ice particles (Korolev and
Leisner 2020). Several modelling studies (Fridlind et al., 2017; Sotiropoulou et al.,
2021; Zhao et al., 2021; Patade et al., 2022; Wa22; Wa23a) found that fragmentation
in ice-ice collisions is a prolific SIP mechanism in the simulated cloud systems (Fig.
2).

The HM process is predicted to prevail in relatively young clouds (tops warmer than
—15°C). By contrast, fragmentation in ice-ice collisions prevails at longer times in
clouds causing an explosive growth of ice crystal numbers (IE ratios ~ 10°-10%) in
their mature stage (Yano and Phillips, 2011; Wa22; Wa23a).

1.1.2.3 Fragmentation during Raindrop Freezing

SIP may also occur during the shattering of freezing drizzle or raindrops. Several
laboratory studies (Johanson and Hallett 1968; Takahashi and Yamashita 1969,
1970; Pruppacher and Schlamp 1975; Leisner et al., 2014; Wildeman et al., 2017;
Keinert et al., 2020) and aircraft observations (Rangno 2008; Lawson et al., 2015;
Korolev et al., 2020) have observed fragmentation during droplet freezing (Fig. 2).
During raindrop freezing, liquid may get trapped inside an ice shell which may break
once the excess pressure built up during freezing exceeds the threshold value,
emitting spikes and fragments of secondary ice.

Based on published laboratory observations of drops in free-fall, Phillips et al.
(2018) proposed an empirical formulation of SIP during raindrop freezing. They
proposed two modes of fragmentation during raindrop freezing. The first mode
involves fragmentation during freezing of spherical (0.05-5 mm) drizzles or
raindrops. In this mode, the collision of a supercooled drop with a less massive ice
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particle initiates quasi-spherical freezing of a drop, which can also be seen during
the heterogeneous freezing of raindrops (due to immersed INP). During freezing,
the outer ice shell may eventually break, generating fragments of secondary ice. The
second mode involves non-spherical freezing when a supercooled raindrop collides
with a more massive ice particle, which emits a secondary splash of droplets that
eventually freeze to form secondary ice (Phillips et al., 2018; James et al., 2021).
Fragmentation during raindrop freezing depends on the ambient temperature and the
sizes of colliding hydrometeors.

1.1.2.4 Fragmentation during Sublimation

Another possible source of SIP is fragmentation during the sublimation of ice
particles, such as dendritic snow and graupel, in subsaturated cloudy regions, as
evident in laboratory studies (Fig. 2) by Oraltay and Hallett (1989), Dong et al.
(1994), and Bacon et al. (1998) (Table 1). Oraltay and Hallett (1989) observed that
the dendritic ice crystal partially sublimates and generates secondary ice splinters
when RH; is below 70%. These laboratory studies were the basis for Deshmukh et
al. (2022) to propose a formulation for fragmentation during the sublimation of
dendritic snow and graupel.

Fragmentation during sublimation depends upon particle size and shape, fall
velocity, ambient air temperature, and RH; (Deshmukh et al., 2022) and can be
significant in deep convective descents (w < —2 m s™') (Deshmukh et al., 2022;
Wa22) creating IE ratios of about 10.

Table 1. Summary of the laboratory studies of SIP during sublimation of ice particles.

Study T (°C) RH; (%) |Ventilation speed (m s™) Particle habits
Oraltay and Hallett 1989 —17to —15 <70 0.1t00.2 Dendrites

Dong et al., 1994 —18to -5 50t0 90 |about 1 Rimed ice and needles
Bacon et al., 1998 —-30to 0 85t0 100 |- All ice particles

Apart from these four processes (Sec. 1.1.2) of SIP, two more ice multiplication
mechanisms were proposed (Korolev and Leisner, 2020) that are thought to produce
secondary ice in clouds. These are,

i.  the activation of pre-existing INPs in the transient supersaturation of falling
droplets (Chouippe et al., 2019; Prabhakaran et al., 2019, 2020), and

ii.  fragmentation due to thermal shock at the droplet-ice particle interface
cause to the release of latent heat during droplet freezing (Dye and Hobbs
1968). The breakup of an ice crystal may also occur without any change in
the freezing drop or when the drop is cracked.

Regarding (i), there are reasons to doubt it being prolific, since as soon as the

humidity goes well above water saturation any solid INP activates as a cloud droplet,
with any subsequent freezing being temperature-dependent and independent of

33



ambient humidity. Arguably regarding (ii), this mechanism is already active in
observed raindrop-freezing in lab experiments of drops in free-fall, since many of
these used a cloud of ice crystals in the cloud chamber to induce freezing by
collision with the supercooled drops. Hence it is already treated in the scheme by
Phillips et al. (2018).
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Figure 2. Flowchart showing the aircraft (asterisks) and modelling (plus) evidence of SIP processes active in various

cloud systems such as convective clouds (CC), supercooled layer clouds (

), nimbostratus clouds (NStC), mixed-

phase clouds (M-P), shallow cumulus (SC), Antarctic stratocumulus (AnSt), Arctic stratocumulus (AcSt), deep

convective clouds (DCC), orographic clouds (OC), tropical marine cumulus (TMC), maritime mixed-phase (MM-P), and

Arctic mixed-phase clouds (AcM-P).
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Figure 2 summarizes aircraft and modeling evidence of SIP processes that are found
to be active in different cloud systems.

1.1.3  Processes of Precipitation Formation

The microphysical processes of clouds can greatly affect precipitation (Takahashi
and Kawano 1998; Grabowski et al., 1999) which is an important component of the
global hydrological cycle (Field and Heymsfield 2015). Precipitation formation
mainly occurs through two distinct processes (Rogers and Yau 1996; Rauber et al.,
2000). These are, 1) the warm rain, and 2) the ice crystal process. Both of these
processes can co-exist and are briefly described here.

1.1.3.1 Warm-rain (Collision-Coalescence) Process

Once nucleated, a droplet can grow by diffusion of water molecules from the vapor
onto its surface, which can only grow cloud droplets up to a few micrometers in size
(Rogers and Yau, 1996). Hence, condensation alone cannot grow cloud droplets to
a precipitable size. The mechanism responsible for precipitation formation in warm
clouds is known as the collision-coalescence, or warm-rain process (Gao et al.,
2021). In this process, cloud droplets of different sizes collide and stick together and
form larger drops of precipitation size which may fall with higher terminal velocity
collecting more and more cloud droplets serving positive feedback of collision-
coalescence whereas droplet breakup limits the growth of droplets.

Typically, a warm-based cloud (> 10°C) of about 2-3 km depth has sufficient
updrafts, liquid water, and a lifetime to sustain collision-coalescence growth. The
warm rain process occurs in both shallow and deep convective clouds. In
thunderstorm and mesoscale convective systems (MCS), the warm rain process is
the source of condensed water (cloud droplets) to precipitable water (drizzle and
raindrops) (Gao et al., 2021). The warm-rain process can be significant in tropics
and subtropics for shallow clouds (Lau and Wu, 2003; Field and Heymsfield 2015)
and is greatly affected by loadings and properties of APs (Dagan et al., 2015).

1.1.3.2 Ice crystal Process

Another mode of precipitation formation associated with cold clouds is the ‘ice
crystal’ process in which ice crystals formed during nucleation grow to form snow
following vapor diffusion or aggregation. Aggregation involves the collection of ice
crystals. It is dominant at dendritic levels (—12 to —17°C), where particles are
stickiest (Rogers and Yau, 1996; Phillips et al., 2015). Snow formed during vapor
diffusion or aggregation may rime to form graupel which may subsequently melt to
form ‘cold’ rain (Rogers and Yau 1996). Prolonged riming of ice crystals can result
in hail formation. The ice crystal process of precipitation can significantly
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contribute to surface precipitation globally (Field and Heymsfield 2015), especially
in the tropics and midlatitudes (Lau and Wu 2003).

Furthermore, in mixed-phase clouds, snow may form through the Bergeron-
Findeisen process. This is a special type of ice crystal process involving the
evaporation of supercooled cloud liquid and is chiefly active in mixed-phase clouds,
where supercooled liquid and ice coexist. In such clouds, saturation vapor pressure
over supercooled liquid is higher than that over ice. This variation in saturation
vapor pressures between liquid and ice leads to the growth of ice crystals at the
expense of supercooled droplets.

Figure 3 shows a schematic of a convective cloud in its mature stage (top colder
than —36°C), summarizing the microphysical processes described in Sec. 1.1.1-
1.1.3. It shows the droplet activation through heterogeneous nucleation of soluble
APs at levels near cloud-base, heterogeneous (0 to —36°C) and homogeneous ice
nucleation (< —36°C), possible SIP processes, and the warm rain and ice crystal
processes of precipitation formation active in such convective clouds.
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Figure 3. Schematic of a deep convective cloud with its top reaching well above the —36°C level (mature stage)
illustrating initiation of cloud hydrometeors, warm rain and ice crystal process of precipitation formation, and
mechanisms of SIP.

1.1.4 Radiative Importance of Aerosols and Clouds

Clouds can enhance the planetary albedo by reflecting the incoming SW radiation.
Also, they can exert a greenhouse effect by trapping outgoing LW radiation. The
net effect of these SW and LW components of radiation is known as the cloud
radiative effect (CRE). On the global scale, at the top of the atmosphere (TOA), by
enhancing the planetary albedo, clouds exert an annual SW CRE of about —50 W
m? (Boucher et al., 2013). Also, clouds exert a net annual LW CRE of about +30
W m™ (Boucher et al., 2013). Hence, on the global scale, clouds cause a net cooling
of the present-day climate system (Yli-Juuti et al. 2021), with an effective CRE of
about —20 W m™. However, the SW and LW CRE depend on the altitude, type, and
optical properties of the clouds. For example, high-level clouds (e.g., cirriform) emit
less outgoing LW radiation to space because they are colder than the mean emitting
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level of the troposphere, thus exerting a strong greenhouse warming of the surface.
It arises from the strong dependency of the emitted radiative flux on temperature by
the Stefan-Boltzmann law (Liou, 2002). Also, such high-level clouds cause a
cooling or warming, depending on whether they are thin or thick. Optically thick
mid-level clouds can cause either a warming or a cooling (Sotiropoulou et al., 2021).

The global anthropogenic aerosol loading has significantly increased in the present
day compared to pre-industrial times (Haywood and Boucher, 2000; Lohmann and
Fiechter, 2005; Takemura, 2012) and is considered an important driver of climate
forcing (Boucher et al., 2013). Anthropogenic APs can greatly influence the
radiative budget of Earth’s atmosphere through direct reflection/absorption of
incoming SW and emission/absorption of outgoing LW radiations, known as the
direct effect.

In their indirect effect, APs can modify the radiative impacts of clouds on Earth’s
radiation budget by altering their microphysical, macrophysical, and hence radiative
properties (Twomey, 1974; Flossmann, 1998; Haywood and Boucher, 2000; Penner
et al., 2004; Cantrell and Heymsfield, 2005; Gettleman et al., 2012; Wang et al.,
2014; Kudzotsa et al., 2016; Wa22). A case study by Romakkaniemi et al. (2012)
over Germany has shown that in polluted conditions, aerosol indirect effects (AIEs)
dominate, whereas locally, their direct effects are more significant. The change in
net radiative flux at the TOA due to changes in APs loading is defined using the
term called radiative forcing (Kudzotsa et al., 2016; Lohmann, 2006).

In its first indirect effect, known as the cloud albedo-emissivity effect (Twomey
effect) (Twomey, 1974; Charlson et al.,, 1992; Lohmann and Lesins, 2002;
Lohmann, 2006; Boucher et al., 2013; Kudzotsa et al., 2016b), APs can alter the
cloud microphysical structure by acting as CCN or INPs, thereby changing their
reflective properties and influencing cloud albedo. Anthropogenic activity can also
modify the lifetime of the cloud through precipitation efficiency, affecting its 3D
extent. This associated aerosol indirect effect is known as the [lifetime effect
(Albrecht, 1989; Lohmann, 2006; Kudzotsa et al., 2016).

High aerosol loading in Earth’s troposphere leads to an increased number of cloud
hydrometeors of smaller sizes, resulting in greater reflection of incoming SW
radiation and causing net cooling (Lohmann and Feichter, 2005; Christensen et al.,
2016). APs can absorb incident radiation, resulting in net heating which may
increase the evaporation of cloud hydrometeors, known as the semi-direct effect of
aerosols (Lohmann and Fiechter, 2001; Johnson et al., 2004; Hill and Dobbie, 2008;
Koch and Genio, 2010).

Previous modelling studies (Young et al., 2019; Miltenberger et al., 2021; Wa22)
have shown that SIP can affect the radiative properties of clouds by modifying their
microphysical and macrophysical structure. Increased SIP activity enhances cloud
glaciation rate, thereby reducing cloud cover (Phillips et al., 2017a; Wa22; Wa23b)
allowing more solar radiation to reach the earth’s surface.
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1.2 Importance of Cloud-Resolving Models

The significance of clouds extends beyond their impact on the hydrological cycle or
their interaction with radiation. In fact, clouds play a crucial role by releasing latent
heat during phase transitions, emerging as a dominant source of energy for
atmospheric motions that span over a few mm to thousands of kilometers. Clouds,
along with the microphysical, dynamical, and radiative processes associated with
them, can occur over a few tens to a few hundred kilometers. Cloud-Resolving
models (CRMs) are the state-of-the-art tool to study clouds and associated processes
due to their ability to simulate clouds at finer spatial (about a few km) and temporal
(about a few seconds) scales. Some important features of CRMs are.

i.  CRMs explicitly resolve individual clouds and their microphysical
processes that allow a more accurate and realistic representation of the
processes such as cloud formation, growth, and dissipation. These processes
are crucial for understanding precipitation patterns and CRE.

ii.  CRMs allow simulations of small-scale (e.g., single clouds) as well as large-
scale (thunderstorm and squall lines) processes with a spatial resolution
finer than about 2-3 km (Khain and Pinsky 2018).

iii.  These models can explicitly resolve cloud-scale processes and hence an
efficient tool to provide better forecasts of short-term weather events.

iv. CRMs provide a more accurate representation of the microphysical
processes of the clouds, and their interaction with aerosols and radiation,
hence are a powerful tool in atmospheric and climate research.

However, cloud processes remain as one of the largest sources of uncertainties in
numerical weather and climate models (Boucher et al., 2013). These uncertainties
may arise either from the complete absence or a lack of accurate representation of
the cloud microphysical processes. The present study, using the state-of-the-art
numerical model, closes the knowledge gaps related to the following aspects:

i.  Importance of various biological particles in initiating ice.

ii.  The role of time dependence of INP freezing in overall ice formation and
precipitation.

iii.  Evolution of various ice multiplication processes with clouds.

iv.  How anthropogenically increased solid APs influence the cloud radiative
properties.
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The present work addressed a range of research questions, associated with the ice
phase of the clouds, using a CRM model. These include the elucidation of the role
of 1) various PBAPs, 2) time-dependent INP freezing in initiating the overall ice,
and 3) the relative importance of various SIP mechanisms in different stages of the
convective clouds, and 4) effects from solid aerosol pollution on the radiative
properties of the simulated clouds. The present study also evaluates the impact from
ice formation processes such as SIP and time-dependent INP freezing on the net
AlEs, in the simulated clouds. Also, two new indirect effects, associated with these
ice formation processes, are proposed here. These are, 1) the ‘SIP’ indirect effect,
and 2) the ‘time-dependent INP’ indirect effect.

The structure of the thesis is as follows. Sections 2 and 3 describe the proposed
research questions and hypotheses, Sec. 4 provides details of the numerical model
used, as well as the cases of storms. Section 5 describes the case setup, and
modifications made in the numerical model, along with various sensitivity tests
performed. Section 6 summarizes the results and conclusions. Finally, Sec. 7
describes the key findings.
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2. Scientific Hypotheses and
Research Questions

As discussed in Sec. 1, the ice phase in clouds greatly controls precipitation and
hence the hydrological cycle and water availability. Also, the interaction between
radiation and ice particles can affect climate patterns and temperature distributions
by changing the energy balance of the Earth-atmosphere system. Ice particles can
also affect the microphysical properties of cloud hydrometeors by altering their
sizes, water contents, and number concentrations as well as cloud optical properties
by controlling the rates of the processes such as vapor growth, accretion,
aggregation, riming, and ice multiplication. Furthermore, the ice phase can
significantly alter the cover, age, and lifetime of the clouds through precipitation
formation.

Hence, the overarching goal of the present study is to elucidate the fundamental
processes and mechanisms that govern the formation and evolution of ice phase in
clouds, including both primary and secondary ice production using the Weather
Research and Forecasting (WRF) based Aerosol-Cloud (AC) model, which is a
state-of-the-art CRM with a 3D mesoscale domain. Furthermore, the indirect effects
of various solid aerosols via glaciated clouds have also been studied. Moreover, the
present study also investigates the impact on the simulated indirect effects from ice
formation processes such as time dependence of INP freezing and SIP.

The research questions and hypotheses of the present study are as follows.

A. How important are various species of PBAPs in initiating ice, controlling
precipitation, and altering the microphysical structure of the simulated
continental convective storm?

Hypotheses:

i.  PBAPs can be one of the significant types of INPs and can greatly
alter the cloud properties such as mass and number concentrations of
ice particles.

ii. ~ PBAPs can significantly alter precipitation efficiency and radiative
properties of the clouds.
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B. Is the time dependence of INP freezing the main source for continuous ice
nucleation and precipitation in a range of cloud systems?

Hypotheses:
i.  Time dependence of INP freezing is the main cause for the observed
ice concentrations in a range of cloud systems simulated numerically.

ii.  Time dependence of INP freezing is the main mechanism for
continuous ice nucleation and precipitation in the simulated cloud
systems.

C. How are SIP mechanisms dependent on cloud-top temperature in a
continental convective storm? How do various SIP processes differ in
relative importance during the evolution of convective clouds?

Hypotheses:

i.  Various SIP processes can form the observed ice particle number
concentrations in the simulated clouds.

ii.  The evolution of various SIP processes is dependent on the time and
cloud-top temperature in the simulated clouds.

iii.  The aircraft observed classic dependency of the IE ratio is dependent
on cloud top temperature.

D. How do anthropogenically increasing solid APs affect the micro-,
macrophysical and radiative properties of the simulated clouds compared
pre-industrially? Can time dependence of INP freezing and SIP cause any
impact on the predicted indirect effects from solid aerosols?

Hypotheses:

i.  Anthropogenically induced INPs can significantly alter the micro-
and macrophysical properties of the simulated clouds.

ii.  Anthropogenic emission of INPs can exert a strong indirect effect via
glaciated clouds.

iii.  Time dependence of INP freezing and SIP can significantly affect the
radiative properties of the clouds.
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3. Aims and Objectives

The research questions addressed in the present study are.

44

1.

To understand the relative importance of a range of biological particles in
initiating ice and their effects on the microphysical and macrophysical
properties in the simulated continental deep convective clouds.

To modify the empirical parametrization in AC to represent the time-
dependent approach of INP freezing, using our published laboratory
observations of time-dependent INP activity. This objective further
investigates the role of the time dependence of the INP freezing process in
initiating the observed ice concentrations in a range of cloud systems while
accounting for all SIP processes.

To investigate the role of various SIP processes in overall ice formation in
the simulated continental deep convective clouds. This study also explains
the possible cause for the aircraft observed classic dependency of the IE
ratio on cloud top temperature in the simulated clouds.

To study the mechanisms for the indirect effects from ice nucleus aerosols
via glaciated clouds. To investigate the impact from time-dependent INP
freezing and SIP on the simulated indirect effects.



These objectives are discussed in four separate papers that are.

3.1 Paper1

The Influence of Multiple Groups of Biological Ice Nucleating Particles on
Microphysical Properties of Mixed-phase Clouds Observed during MC3E.

3.2 Paper2

Effects from Time Dependence of Ice Nuclei Activation for Contrasting Cloud
Types.

3.3 Paper3

Dependencies of Four Mechanisms of Secondary Ice Production on Cloud-Top
temperature in a Continental Convective Storm.

3.4 Paper4

Mechanisms for Indirect Effects from Solid Aerosol Particles on Continental Clouds
and Radiation.
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4. Description of Numerical Model
and Field Campaigns

To address the objectives described in Sec. 2, various observed cloud systems have
been simulated with the AC model. These are 1) the Midlatitude Continental
Convective Cloud Experiment (MC3E) consisting of deep convective clouds, 2) the
Atmospheric Radiation Measurement (ARM) Cloud Aerosol Precipitation
Experiment (ACAPEX) characterized by orographic clouds, and 3) the Aerosol
Properties, Processes, and Influences on Earth’s climate (APPRAISE) consisting of
supercooled long-lived stratiform clouds (Sec. 4.2). A brief description of AC is
provided below:

4.1 Model Description: Aerosol-Cloud model

The present study used the AC model. AC uses the dynamical core and software
infrastructure of the Weather Research and Forecasting (WRF) model (Dudhia
1989; Skamarock et al., 2008) to represent aerosols and clouds with hybrid spectral
bin-two-moment bulk microphysics, semiprognostic aerosol, and interactive
radiation schemes (Phillips et al., 2007, 2009, 2013, 2015, 2017a, b, 2020). AC uses
the WRF schemes of the planetary boundary layer ([PBL], Troen and Mahrt, 1986;
Hong and Pan, 1996), subgrid-scale mixing, dynamics, and surface layer. AC has
been used in many previous studies (e.g., Kudzotsa et al., 2016a, b, Phillips et al.,
2017b, 2018, 2020; Patade et al., 2021; Wa22a; Gupta et al., 2023; Wa23Db).

AC represents microphysical species as cloud-liquid and ice (‘crystal’), snow,
graupel or 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
variables in AC. Mass and number concentrations of ice, initiated through various
processes (heterogeneous and homogeneous freezing and SIP) are tagged with
prognostic, passive variables in AC. These tagging tracers do not interact with any
process in AC. AC initiates cloud droplets by soluble APs, such as ammonium
sulfate, sea salt, and soluble organics, at cloud-base (Ming et al., 2006) and at in-
cloud levels (Phillips et al., 2007, 2009).

In AC, heterogeneous ice nucleation is governed by a total of eight APs, including
mineral dust, soot, insoluble organics, and five PBAPs such as fungi, bacteria,
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detritus, pollen, and algae (Patade et al., 2021, 2022). AC predicts the INP activity
of these APs from the ‘empirical parameterization (EP)’ (Phillips et al., 2008, 2013).
The EP encapsulates all modes of INP activation (Sec. 1.1.2.2) as well as
heterogeneous raindrop freezing. The EP depends on the temperature, the surface
area mixing ratio of each AP, and supersaturation.

No direct measurements of PBAPs were made during the field campaigns of the
simulated clouds. The EP (Phillips et al., 2008, 2013) rather assumed that about 50%
of the insoluble organics are biological in origin. The basis for this assumption is
previous observational studies of biological particles (Matthias-Maser and Jaenicke
1995; Matthias-Maser et al., 1999, 2000) which reported that biological particles
form about 20-30% of the total APs. Furthermore, Jaenicke (2005) observed that
about 50% of the total APs are cellular particles. These studies were the basis for
Phillips et al. (2008, 2013) to consider about 50% of the insoluble organics as
biological in origin. The section below provides a brief description of the original
EP representing the time-independent approach of heterogeneous ice nucleation
(Phillips et al., 2008, 2013).

4.1.1 Representation of Original EP in AC

In AC, for given aerosol species (X = dust, soot, soluble organics, and PBAPs), the
EP gives the number mixing ratio (n;y x) of active INPs (Phillips et al., 2013) at
temperature (T),

[o0]

nw e (T, Soy Q) = f {1 — exp[—px Dy, S, T} X
log [0.1 pm]

dny
dlogDy

X dlogDy

D
Where,

axyn * dQ
X ”V'l'>>< X forT < 0°Cand1 < S <S§Y

dny

Wy = Hy (Si,T)f(T)<

'QX,l,*

(2)

Here, )y is the surface area mixing ratio for a given X. The average number of
activated ice embryos per insoluble AP of size Dy is given by py. The scarcity of
heterogeneous ice nucleation in subsaturated conditions is represented by the
empirically determined fraction, Hy which is the function of saturation ratio with
respect to ice (S;) and temperature (T), and it varies between 0 and 1. ¢ is the
temperature-dependent fraction representing freezing of INP immersed drops and it
varies from 0 to 1 for temperatures between —2 and —5°C. S} is the S; at water
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saturation. dQy/dny ~ mDZ. The term Ny 1+ 1s the number of active INPs per
kilogram of air and represents the reference activity spectrum of the average
concentration of INP. More details are from Phillips et al. (2008, 2013).

Also, insoluble APs may be internally mixed with various soluble APs (Clarke et
al., 2004). When the saturation ratio with respect to water (S,,) reaches the critical
value, such soluble APs can form cloud droplets, and the insoluble part then
becomes immersed in the droplet. The raindrop with immersed INPs in it may
nucleate heterogeneously at subzero temperatures to form ice. The equation that
gives the number concentration of INPs activated during heterogeneous raindrop
freezing (d(Any rqin)) (Phillips et al., 2008) for time-step At is,

. ar
(At rain(T, S Q) = At min|(w —v,) <, 0] x
d AQx rain
a7, 5 (D)) B (gtzetn) ©

Here, w is the vertical velocity, v, is the fall speed of raindrops and dQy ,.qin =
Qx rain dQ;/Q; denotes the surface area mixing ratio of INP immersed in a

raindrop. Also, Q, is the mass mixing ratio of the raindrop. More details can be
found in Phillips et al. (2008).

The number of ice crystals initiated (An;) in a time step (At) is incremented by,
An; = Yx MAX(nyyx — Ny q,0) = ZXAnX,a “4)

Here, ny 4 is the increment of the number mixing ratio of INPs from group X that
has been activated.

In summary, Eqs (1)-(4) represent heterogeneous ice nucleation without time
dependence.

AC forms ice homogeneously in two ways. The spontaneous freezing of
supercooled cloud drops/rain and APs above the —36°C level forms ice.
Homogeneous aerosol freezing occurs as soon as the critical supersaturation
exceeds. This critical supersaturation depends on the temperature and size of the AP
(Phillips et al., 2007).

AC forms secondary ice by four types of ice multiplication mechanisms which are
briefly described in Sec 1.1.2. More details of these mechanisms can be found in
Phillips et al. (2001, 2003, 2005, 2007, 2017a and b, 2018), Deshmukh et al. (2022),
and Wa22.

Furthermore, AC uses our own implementation of the Geophysical Fluid Dynamics
Laboratory (GFDL) radiation scheme (Friedreich and Ramaswamy, 1999) in which
scattering of SW and LW radiation depends on the effective and generalized
effective size of cloud-liquid and cloud-ice. The GFDL radiation scheme used in
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AC takes mean sizes of cloud droplets and ice crystals as inputs to calculate the SW
and LW fluxes at model levels. This scheme does not predict the direct effect of
aerosols.

4.2 Field Campaigns

4.2.1 MC3E

The MC3E campaign was carried out in north-central Oklahoma, collectively by the
U.S. Department of Energy (DoE) and ARM climate research facility, and the
National Aeronautics and Space Administration’s (NASA) Global Precipitation
Measurement (GPM). It made observations for a total of 15 data missions focusing
on and around the DoE ARM Southern Great Plains (SGP) Central Facility (CF).
MC3E took place from 22 April to 6 June 2011 and involved the collection of data
from airborne and ground-based measurements (Jensen et al., 2016).

4.2.1.1 Airborne Measurements

During MC3E, the University of North Dakota (UND) Cessna Citation II jet aircraft
(Fig. 4a) carrying a standard suite of meteorological instruments together with
precipitation, cloud microphysical and liquid and total water content probes (Table
2) made measurements of in-cloud microphysical properties at levels between about
4 and 8 km. The liquid properties (liquid water content [LWC], droplet sizes, and
number concentrations) were measured by the cloud droplet probe (CDP) whereas
the sizes and number concentrations of ice particles were measured by the 2D cloud
(2DC) probe, cloud imaging probe (CIP), and High volume precipitation
spectrometer (HVPS-v3). The Combined Spectrum uses particle size distribution of
2DC or CIP merged with HVPS3. The Citation aircraft flew a total of 15 science
flights.

Table 2. Details of the optical probes mounted on the sampling aircraft during the field campaigns and corresponding
size range considered in the present study.

Campaign Aircraft Instruments mounted on the aircraft to measure cloud properties
Ice particle Size range (mm) | Cloud droplet Size range (um)
MC3E UND Citation 2DC 0.2-1.0
(11 and 20 May) 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 UK 2DS-128 0.1-1.28
BAel146
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4.2.1.2 Ground-based measurements

The radiosonde array deployed at 6 sites over a 300 km x 300 km area (Jensen et
al., 2016) was used to measure the temperature, humidity, and wind properties.
Radiosonde observations (Vaisala RS92-SGP) were conducted four times daily to
quantify the diurnal cycle of various atmospheric state variables of the environment
surrounding the ARM SGP site. The sounding frequency was increased to eight
times per day when aircraft operations were occurring based on forecasted
convective conditions.

During the MC3E campaign, the spatial variability of moisture, surface heat, and
momentum fluxes were measured by the instrumentation included in extended SGP
facilities covering an area of about 150 km x 150 km. Measurement of surface
precipitation was done with 16 rain gauge pairs placed within a 6 km radius of the
SGP CF. Continuous measurements of aerosols, atmospheric gases, meteorological
conditions (e.g., temperature, precipitation, wind), and clouds were conducted by
the dedicated instrumentation suite deployed at the ARM SGP CF.

The CCN number concentrations were measured by a CCN counter (DMT) at seven
levels of supersaturation (Jefferson, 2011; Uin, 2022) at Lamont, Oklahoma
whereas no measurements of INPs were made during the MC3E campaign. Large-
scale forcing (LSF), surface heat, and moisture fluxes were derived from a
constrained variational analysis approach (Jensen et al., 2016).

The case considered here is a line of convective clouds observed during MC3E on
11 May 2011. These clouds had warm bases near 17°C at about 1.5 km altitude
above mean sea level (MSL). The ground level was about 350 m MSL. The
convective line, a type of an MCS consisted of different cloud types, most of which
were deep convective (e.g., cumulonimbus) with typical cloud depths of 9-13 km
and stratiform clouds. Figure 4a shows the study domain. Figure 4b shows the
profiles of air and dewpoint temperature on 11 May at 12:00 UTC derived from AC.
The lifting condensation level (LCL) was at about 870 hPa (17°C) and the predicted
convective available potential energy (CAPE) was about 2200 J kg (Fig. 4b),
which is mostly attributed to the moistening of the lower troposphere from large-
scale advection (Jensen et al., 2016). The horizontal wind speed is relatively high
(> 15 m s™') throughout the atmosphere.

Figure 4(c-e¢) shows images of ice particle habits from the CIP, mounted on the
Citation aircraft (Fig. 4a), at various levels in convective cloudy updrafts (w > 1 m
s™). These profiles show that the levels near the cloud base are mostly dominated
by raindrops (0.2 to 1 mm, Fig. 4c). Furthermore, the higher levels (—7 to —18°C)
are observed to be dominated by aggregates and rimed ice particles (Fig. 4d-e)
whereas, pristine ice crystals are relatively less at these levels.
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Figure 4. (a) Profiles of geographical area, flight track of the UND Citation aircraft (thin black line) and the simulation
domain (solid black box), (b) the vertical profile of the air (solid blue line) and dewpoint (solid black line) temperature,
and moist adiabat (dotted red line) on 11 May 2011 at 12:00 UTC. Also shown are the ice particle habits in convective
cloudy updrafts (w > 1 m s*') at (c) 17°C, (d) —7°C, (d) —18°C from the CIP mounted on the UND Citation aircraft during

the MC3E campaign on the same day.

Also, another case of a squall line was observed on 20 May 2011 (00:00-24:00
UTC), in which convection was triggered by a flow of moisture from the Gulf of
Mexico (Jensen et al., 2016; Patade et al., 2022). The main convective event was
observed between 10:30 and 11:00 UTC, with a peak precipitation rate of about 6
mm hr', followed by widespread stratiform precipitation. The instruments
described above were used to measure the properties of these clouds. The bases of
the clouds were at about 20°C whereas their tops were extending up to the
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tropopause level (about —60°C). More details about soundings, LSF, and other
meteorological conditions are from Patade et al. (2022).

4.2.2 ACAPEX

ACAPEX was a multiagency field campaign designed to understand the effects on
the amount and phase of precipitation associated with atmospheric rivers (AR) from
aerosols from local pollution and from long-range transport (Leung 2016).
ACAPEX was carried out between 12 January and 8 March 2015 as a part of
CalWater-2015. The CalWater-2015 project included four aircraft: 1) DoE
Gulfstream-1 (G-1), 2) NASA ER-2, and the National Oceanic and Atmospheric
Administration (NOAA) 3) G-1V, and 4) P-3 aircraft. The DoE G-1 aircraft sampled
clouds between the Central Valley and Sierra Nevada jointly with the NOAA Ron
Brown ship. The Ron Brown ship made measurements of temperature, humidity,
winds, and radiative and surface fluxes and was carrying the ARM Mobile Facility
2 (AMF2) which made the measurements of aerosols and clouds.

The CDP and 2D spectrometer (2DS) and HVPS probes (Table 2) mounted on the
DoE G-1 (Fig. 5a) aircraft respectively measured the liquid and ice properties of the
ACAPEX clouds. Furthermore, the surface precipitation was measured with rain
gauges deployed on the ground at several locations. The case analyzed here involved
orographic clouds with embedded convection that brought significant precipitation
over the US west coast (Northern California) due to the landfall of an AR on 7
February 2015 (19:00-23:00 UTC).

Figure 5(b-d) shows images of hydrometeor habits observed in the ACAPEX
campaign from the 2DS probe at various levels in the cloudy convective updrafts
(w > 1 m s). From these profiles, it is evident that the levels near the cloud base
were dominated by raindrops (0.2 to 1 mm, Fig. 5¢). Furthermore, mostly pristine
ice particles were observed at subzero levels warmer than —7°C whereas, levels
above —7°C were mostly dominated by aggregates and rimed ice particles.

The Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) backward
trajectory plotted for 120 hrs shows that over the study domain, APs are mainly
marine in origin (Fig. 5e) whereas, dust and black carbon were less (Levin et al.,
2019; Lin et al., 2022). The profiles of the air and dewpoint temperatures from AC
are shown in Fig. Se. From this profile, it can be seen that the LCL is at about 10°C
(930 hPa), and the wind speeds were observed to be relatively high (about 10 m s™)
throughout the atmosphere whereas, the CAPE is relatively low (500 J kg™).
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Figure 5. (a) Profiles of geographical area, flight track of the DoE G-1 aircraft (thin black line) and the simulation domain
(solid black box), and the ice particle habits in convective cloudy updrafts (w > 1 m s™') at (c) 7°C, (d) —=7°C, (d) —18°C
from the 2DS probe mounted on the DoE G-1 aircraft during the ACAPEX campaign on 07 February 2015. Also shown
are the (e) HYSPLIT backward trajectory for 120 hrs showing the airflow from the North Pacific Ocean over the study
domain (Sacramento, California, USA) and (f) the vertical profile of the air (solid blue line) and dewpoint (solid black
line) temperature and moist adiabat (dotted red line) on the same day at 19:15 UTC.

4.2.3 APPRAISE

APPRAISE was carried out in the winter 2009 over the southern UK to study the
microphysical processes associated with liquid and ice-phase formation in mixed-
phase frontal clouds. A case analyzed here was anticyclonic (surface pressure 1020
hPa) consisting of the episodes of: 1) weak embedded convection (00:00-12:00
UTC), and 2) layer clouds (12:00-24:00 UTC) on 18 February 2009 during the
APPRAISE campaign (C11; WI13; Wa23a) and covering an area of more than 100
km in width (C11; WI13). The observed cloud base was at about 6°C whereas the
cloud top was quasi-steady throughout the day (cooling by about 1.5 K), extending

53



up to —15°C (Fig. 6f). Both the episodes of the APPRAISE clouds were observed
to precipitate throughout the day (C11; WI13).

The 2DS and CDP probes (Table 2) mounted on the Chilbolton Facility for
Atmospheric and Radio Research (CFARR) BAe-146 aircraft (Fig. 6a) carried out
the measurements of ice and liquid properties of the APPRAISE clouds near the
CFARR. To validate the AC predicted ice concentrations (> 0.1 mm), corrections
are applied to the observations from the 2DS probe by multiplying all measured ice
concentrations (WI13, their Fig. 9) by a factor of 0.253 following Korolev et al.
(2011, their Fig. 5).

Figure 6(b-e) shows particle habits observed from the 2DS probe on 18 February
2009 between levels —4.3 and —11.7°C in convective cloudy regions (adopted from
C11). These images show the majority of rimed ice particles at about —7°C level
whereas the levels near cloud top (—12°C, Fig. 6¢) were dominated mostly by
pristine ice crystals such as plates and aggregates. The lower levels (—4.3°C, Fig.
6b) were dominated by small columns. This was the basis for C11 to propose the
activity of SIP through the HM process in the episode of weak convection of the
APPRAISE clouds.

Figure o6f illustrates the profiles of the air and dew-point temperatures on 18
February 2009 at 00:00 UTC derived from AC. The predicted horizontal wind
speeds are significantly weak (< 3 m s') and are south-westerly in the lower
troposphere. Levels above the cloud top show a temperature inversion (temperature
difference of about 4°C) layer characterized by extremely low relative humidity (RH
< 50%). For APPRAISE, as reported by WI13 and Wa23a, for the layer cloud
episode, two distinct cloudy layers are seen: 1) a saturated layer at levels between
about cloud-base and 1.2 km, and 2) a thin, supersaturated layer at levels above 2.5
km extending up to 4 km. These two layers are separated by a subsaturation layer
(about 1 km thick). The majority of APs were marine in origin with a mixture of
continental aerosols from various parts of Western Europe. C11, WI13, and Wa23a
provide more details of the observed system.
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Figure 6. (a) Profiles of geographical area, flight track of the BAe 146 aircraft (thick black line) and the simulation domain
(solid black box) during the APPRAISE campaign on 18 February 2009, and particle images at (b) —4.3°C, (c) —6.9°C,
(d) —9.3°C and, (e) —11.7°C from the 2DS probe mounted on the BAe146 aircraft (adopted from C11), Each image strip
is approximately 12.8 mm long and 1.28 mm wide. Also shown are the (f) vertical profile of the air (solid blue line) and
dewpoint (solid black line) temperature at 00:00 UTC for the same day and, (g) HYSPLIT backward trajectory for 120
hrs showing the airflow from the North Atlantic Ocean region as well as from polluted regions such as France over the
study domain (Larkhill, UK).
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5. Methodology

Four cloud cases (Sec. 4.2) were simulated with AC for a 3D mesoscale domain
(Sec. 4.1) to address the research questions outlined in Sec. 2. All these cloud cases
are simulated in an idealized manner, wherein no attempt was made to estimate the
precise cloud locations. The horizontal (along x and y directions) and vertical
resolution of the simulation domain are about 2 and 0.5 km respectively, and the
model integration time step is about 10 sec. For the simulated APPRAISE and
MC3E (both 11 and 20 May 2011) clouds, the lateral boundary conditions are
periodic in both x and y directions. On the other hand, for the ACAPEX case,
boundary conditions are open and periodic in x and y directions, respectively. The
model top was at about 16 km for the MC3E and ACAPEX simulations, and about
8 km for the APPRAISE case.

Regarding the simulation period, during MC3E, an MCS observed on 11 May 2011
is simulated for 72 hours from 10 May 00:00 to 13 May 00:00 UTC whereas a squall
line observed on 20 May 2011 is simulated for 48 hours between 20 May 00:00 and
21 May 00:00 UTC. Also, a case of supercooled layer clouds observed during
APPRAISE is simulated for 48 hours from 17 February (00:00 UTC) to 19 February
2009 (00:00 UTC). Furthermore, a case of orographic clouds in ACAPEX observed
on 7 February 2015, is simulated for 3 hours from 19:15 to 22:15 UTC.

More details about the domain set-up for these simulated cases are from Patade et
al. (2022), Wa22, and from Wa23a.

A brief description of the model set-up, modifications made in the scheme of the
heterogeneous ice nucleation process, and the sensitivity tests carried out for each
paper (Sec. 3) is provided below:

5.1 Paper 1

The Influence of Multiple Groups of Biological Ice Nucleating Particles on
Microphysical Properties of Mixed-phase Clouds Observed during MC3E.

To study the influence from various groups of PBAPs on the micro- and
macrophysical properties of the convective storm, a case of deep convective clouds
observed during the MC3E campaign on 20 May 2011 (Sec. 4.2.1) was simulated
with AC.
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The EP proposed by Phillips et al. (2008, 2013) initiates ice via the activity of APs
such as mineral dust, soot, soluble organics, and PBAPs. However, this EP did not
resolve the individual groups of PBAPs. Based on the field observations from
Amazonia, Patade et al. (2021) proposed an empirical formulation to predict the INP
activity of five types of PBAPs including 1) fungi, 2) bacteria, 3) pollen, 4) algae,
and 5) plant/animal detritus. This empirical formulation is an extension of the
original EP (Phillips et al., 2008, 2013) (Sec. 4.1.1), and is based on the observed
properties of PBAPs such as their sizes, biological composition, number
concentrations, and ice nucleating ability. Furthermore, it is dependent on
parameters such as 7, S;, and the surface area mixing ratio of a given aerosol species.
More details are from Patade et al. (2021, 2022).

5.2 Paper 2

Effects from Time Dependence of Ice Nuclei Activation for Contrasting Cloud
Types.

To estimate the effects from time-dependent INP freezing on overall ice
concentration in clouds, three cloud cases (Sec. 4.2) have been simulated with AC
(Sec. 4.1). These include 1) supercooled layer clouds observed during APRPAISE
on 17 February 2009, 2) orographic clouds with embedded convection observed on
7 February 2015 during ACAPEX, and 3) deep convective clouds observed during
MC3E on 11 May 2011.

To evaluate the role of time-dependent freezing of various INP species (Sec. 4.1),
the original EP (Sec. 4.1.1; Phillips et al., 2013; Patade et al., 2021) was modified
by a purely empirical approach in light of the laboratory observations of time
dependence by JK22. The modifications made in the original EP (Sec. 4.1.1) to
represent the time-dependent approach of INP freezing are described below.

5.2.1 Modification to original EP in AC to Represent Time
Dependence of INPs

An experimental study by JK22 quantified the time dependence of INP activity in
freezing mode. They considered various aerosol classes such as rural continental,
continental polluted, continental pristine, combustion dominated, mineral dust
influenced and marine dominated. JK22 observed an increment in INP
concentrations by 70 to 100% (70 to 200%) over the period of 2 to 10 hours and the
maximum time dependence for dust and rural continental samples.

JK22 proposed the temperature-shift (ATy = ATx(t*) < 0) approach to represent
the time-dependent freezing of active INPs. The original EP (Sec. 4.1.1),
representing heterogeneous ice nucleation, was modified by adding the temperature
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shift for each AP to represent a time-dependent approach of INP freezing, following
JK22 (their Sec. 3.2.2).

The temperature-shift is (JK22),
ATy (t") = —Axt™” (5)

Here, 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 (7 < 0°C
and ice water content [IWC] > 10 kg m™). The evolution of Q is from numerical
integration during the simulation of:

=@ VT < 0°Cand IWC > 1076 kg m™3
dQ e

= (©)

dt

0 otherwise

Here, 7, is an arbitrary relaxation time and is set to 1800 seconds throughout the
simulation. For an adiabatic parcel, the analytical solution of Eq (6) gives t*,

£ ~ —1qIn(Q/Qo) (7)

Outside of the cold cloud, Q = Q, = 1kg™! is prescribed everywhere. Effects
ont” from dilution of actual simulated parcels are approximately represented by
virtue of in-cloud mixing and entrainment being treated in the numerical prediction
of Q.

With this temperature-shift (ATy (t*)), the time-dependent number mixing ratio of
active INPs (fi;y x) in the X-th species from Eq (1) is,

iy x (T, S, Qx, t) = nyy x ((T + ATx(t*)): Si(T + ATy (t")), Qx) (8)

Similarly, the time-dependent number mixing ratio of INPs activated in
heterogeneous raindrop freezing (d(Afy rqin)) from Eq (4) is obtained by
summing over each raindrop size bin,

d (AﬁIN,rain(T: Si' QX)) =d (AnIN,rain(T + ATX(t*)'Si(T +
AT (7)), ) ) ©)

More details can be found in JK22 and in Wa23a.
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Two simulations were performed to evaluate the role of the time dependence of INP
freezing in forming overall ice in the simulated clouds. These are, 1) the control run
which includes time-dependent INP freezing, all SIP mechanisms, and
homogeneous ice nucleation, and 2) the ‘no time-dependent INP’ run in which time
dependence of INP freezing is excluded from the control run. Additionally, one
more sensitivity test (‘no dust from droplet evaporation’) was carried out in order to
analyze the mechanisms responsible for the continuous nucleation of ice in the
episodes of the simulated APPRAISE clouds (Wa23a). In this test, the contribution
to dust particles in the air is excluded from droplet evaporation from the control run.
More details are from Wa23a.

5.3 Paper 3

Dependencies of Four Mechanisms of Secondary Ice Production on Cloud-Top
temperature in a Continental Convective Storm.

Aircraft observations of young, ascending cumulus clouds over Miles City,
Montana, USA by Hobbs et al. (1980, their Fig. 25) showed the classic dependency
of IE ratio on cloud-top temperature. They observed a classic peak in IE ratio at a
characteristic cloud-top temperature of about —12°C. However, the SIP mechanisms
responsible for this classic dependency were unknown at that time. In this paper, an
attempt was made to analyze the causes for this classic dependency by simulating a
similar event of convective clouds observed during MC3E on 11 May 2011 (Sec.
4.2.1), partly using tagging tracers (Sec. 4.1).

Here, the IE ratio is defined as the ratio of the number concentrations of the average
non-homogeneous ice (total homogeneous ice minus total ice from cloud ice and
snow) at any in-cloud level to that of INPs active at cloud-top. In this study, young,
developing cumulus clouds were sampled using the cloud-top algorithm (Wa22,
their appendix A). The predicted age of these clouds is between 5 and 30 min. More
details are from Wa22,

5.4 Paper 4

Paper 4 involved the study of the net AIEs from ice-nucleating aerosols. Also, the
impact from the time dependence of INP freezing and SIP on the predicted net AIEs
is investigated. This is achieved by performing a series of sensitivity tests with AC
for the simulated APPRAISE and MC3E (11 May) clouds. This involved
modifications in the control run to create various perturbation simulations. The
control run (Table 3) here is referred to the simulation that includes time-
dependence of heterogeneous ice nucleation (Sec. 5.2.1), homogeneous freezing,
and all four SIP processes (Sec. 1.1.2). This control run is simulated for the present-
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day as well as pre-industrial solid aerosol conditions. Furthermore, both present-day
and pre-industrial simulations have been performed with the present-day
thermodynamic conditions to eliminate any radiative forcing arising from changing
thermodynamic forcing.

In the pre-industrial simulation, solid aerosols are prescribed with an adjustment
factor derived from a modelling study of the global distribution of APs from the pre-
industrial (1850) to future projection (2100) by Takemura (2012). They reported
that the present-day soot concentration is a factor of about 2.5 higher compared to
1800 and is the most affected AP among all solid APs due to anthropogenic
activities. Furthermore, in present-day conditions, Takemura (2012) reported a
factor of about 1 increase in mineral dust particle concentrations relative to 1800
whereas, no significant change is seen in soluble organics and biological particles.

To estimate the albedo-emissivity and lifetime indirect effects of solid aerosols in
the simulated supercooled, mixed-phase layer clouds (APPRAISE) and convective
storm (MC3E), various sensitivity tests have been performed following the
techniques used in Kudzotsa et al. (2016b). These sensitivity tests are classified as
Tests A and B predict the net albedo-emissivity and lifetime indirect effect,
respectively for a targeted cloud type. Kudzotsa et al. (2016b) and Wa23b gives
more details about these sensitivity tests. However, they are briefly described below.

Table 3. Description of the simulations performed for the simulated APPRAISE and MC3E cases. Each simulation is
performed with the present-day and pre-industrial aerosol conditions.

Simulation Description

Control Includes time dependent INP freezing, all SIP and homogeneous freezing
No SIP Excludes all SIP processes from the control run

No time dependent INP Excludes time dependent INP freezing from the control run

5.4.1 Net Indirect Effects from Anthropogenic Solid Aerosols

A. Test A: The Total and Albedo-Emissivity AIE

The total or net (Q,,.¢) AlE is the difference in net radiative fluxes at the TOA (at
the model top) between the present-day (Qprgspay) and pre-industrial (Qprginp)
run, simulated in the control environment (Gettleman et al., 2012; Lohmann, 2006;
Kudzotsa et al., 2016b).

Qnet = QPRESDAY - QPREIND (10)

The albedo of a given cloud is strongly dependent on the mean sizes of cloud
hydrometeors (cloud-liquid and ice-crystal), and changing aerosol conditions due to
anthropogenic activity can significantly alter the mean sizes of these cloud particles,
giving rise to albedo-emissivity AIE. To evaluate the albedo-emissivity AIE of a
targeted cloud type, two model runs are performed with two calls to the radiation
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scheme. The first call is an active call, in which properties of hydrometeors, such as
sizes and number concentrations, are dependent on aerosol loading. By contrast, the
second call is a passive call, which means hydrometeor properties are independent
of changes in aerosol loading. This passive call does not alter the microphysics of
the simulation. This is achieved by creating temperature and vertical-velocity-
dependent look-up tables of mean sizes and/or number concentrations of cloud
droplets and ice crystals. These look-up tables are designed from the control
simulation. The same look-up tables have been used for both the control and pre-
industrial simulations.

The difference in the net radiative fluxes at the TOA between the control and pre-
industrial runs predicted from the first calls gives the Q,,.¢. Furthermore, if the same
approach is applied to the second calls of both the control and pre-industrial
simulations, a hypothetical net radiative flux (Qne jire) can be estimated, which is
the total lifetime AIE. Finally, the albedo-emissivity AIE is given by subtracting

Qnet_life from Qnet .

Qnet_alb = Qnet — Qnet_life (1)

If the approach discussed above is applied to a targeted cloud type, then the
corresponding albedo-emissivity AIE can be estimated. For example, to estimate the
albedo-emissivity indirect effect of glaciated clouds, the cloud-droplet and ice
crystal mean sizes are defined using look-up tables in glaciated clouds. Similarly,
the albedo-emissivity AIE of ice-only clouds is predicted by prescribing the mean
sizes of these hydrometeors in ice-only clouds. At a given time step in the
simulation, a grid point is said to be ice-only when it has zero cloud-liquid and non-
zero cloud-ice mass mixing ratios. On the other hand, above the freezing level (0°C),
model grid points containing non-zero cloud-liquid and/or cloud-ice mass mixing
ratios are identified as glaciated clouds.

B. Test B: The lifetime AIE
1.  Lifetime AIE for Glaciated Clouds

The lifetime indirect effect for a targeted cloud type is estimated by eliminating the
responses of the corresponding microphysical processes using the look-up tables of
the mean sizes and/or number concentrations of cloud hydrometeors. For example,
to estimate the lifetime effect of glaciated clouds, indirect effects from liquid-only
clouds are prohibited by using the look-up tables of the mean sizes and number
concentrations of cloud-liquid in the microphysical processes such as collision and
coalescence, auto-conversion, sedimentation as well as radiative properties.
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The difference in the TOA net radiative fluxes between the present-day and pre-
industrial runs performed with look-up tables for these microphysical processes and
with passive second calls to the radiation scheme gives the net radiative flux without
any indirect effects from water-only clouds at levels warmer than 0°C (Qnyp_gic)-
Finally, subtracting the Qg gic (test A) from Qpyp gic gives the estimate of the
lifetime indirect effects from glaciated clouds (Qyife_gic)-

ii.  Lifetime AIE for Ice-only and Mixed-phase Clouds

To estimate the lifetime indirect effects from ice-only clouds, the responses of the
aerosol-dependent microphysical processes of ice-only clouds are eliminated from
the present-day and pre-industrial simulations by using the look-up tables of ice
crystal number concentrations and sizes. Yet, responses of microphysical processes
to changes in aerosol loading are allowed in mixed-phase and liquid-only clouds.
The microphysical processes associated with ice-only clouds are auto-conversion of
cloud-ice to snow, sedimentation of cloud-ice, aggregation of graupel and cloud-
ice, and aggregation of cloud-ice with snow. Additionally, the passive second call
to the radiation scheme is used with the same look-up table for ice-only clouds to
eliminate their albedo-emissivity effect.

The difference in the TOA net radiative fluxes between the present-day and pre-
industrial simulations, performed using the look-up tables for these microphysical
processes and radiative properties in ice-only clouds, gives a hypothetical net
radiative flux for liquid-only and mixed-phase clouds (Qnyp net 1ig mix)-
Subtracting Qpnyp net iiq mix from the Q. determined in Test A gives the net
indirect effects from ice-only clouds (Qpet jce)- Finally, subtracting Qgp jce from
Qnet_ice gives the lifetime indirect effects from ice-only clouds (Qyife ice)-

Furthermore, the indirect effects from mixed-phase clouds are determined by
subtracting the indirect effects of ice-only clouds from those of glaciated clouds.

5.4.2 SIP and Time dependent INP freezing Indirect Effects

To estimate the effects on the net AIEs predicted above (Sec. 5.4.1, Tests A and B),
arising from SIP and time-dependent INP freezing, two perturbation simulations are
performed by altering the control simulations (Table 3). These are 1) a ‘no SIP’ run
in which SIP is completely prohibited from the control simulation, and 2) a ‘no time-
dependent INP’ run in which time dependence of INP freezing is prohibited from
the control run. These simulations are carried out for the present-day as well as pre-
industrial solid aerosol conditions. In these simulations, the indirect effects for each
cloud type are estimated by repeating Tests A and B described above (Sec. 5.4.1).
Note that separate lookup tables for particle mean sizes and number concentration
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are used to perform ‘no SIP’ simulations. These lookup tables are temperature and
vertical velocity dependent and are designed from the present-day ‘no SIP’
simulation. However, the same look-up tables for particle mean sizes and number
concentrations from the present-day control run are used to perform ‘no time-
dependent INP’ simulations. Finally, by subtracting the AIEs from ‘no SIP’ and ‘no
time-dependent INP’ runs from the net AIEs predicted in the control run, gives the
‘SIP’ and ‘time-dependent INP’ indirect effects.
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6. Results and Discussion

The study presented here addresses a broad range of research questions in the field
of ice microphysics such as, 1) the role of different groups of biological particles in
initiating overall ice concentration, and altering the micro- and macrophysics of the
clouds (Paper I), 2) the importance of time dependence of INP freezing in initiating
overall ice concentration in various cloud systems and its role in precipitation
formation (Paper II), 3) dependency of various SIP mechanisms on cloud-top
temperature and their evolution in a convective storm (Paper III), and 4) indirect
effects from anthropogenically increased solid aerosols and impacts on these AIEs
from ice formation processes in the simulated deep convective and supercooled
layer clouds (Paper 1V).

Such a broad analysis of various ice formation processes and radiative responses of
clouds is only made possible with AC which is a state-of-the-art numerical model
(Sec. 4.1). AC is designed in the WRF model framework and predicts both number
and mass mixing ratios (double-moment approach) of cloud microphysical species
such as cloud-liquid, cloud-ice, rain, snow, graupel/hail. Furthermore, AC has a
semi-prognostic aerosol scheme and uses the GFDL radiation scheme interactively
with cloud properties. AC provides a special advantage to track the number and
mass mixing ratios of cloud-ice and snow initiated from various processes
(heterogeneous and homogeneous nucleation and all four mechanisms of SIP) by
prognostic variables known as tagging tracers (Sec. 4.1).

To address the research questions and to test the hypotheses described in Sec. 2,
four cloud systems have been simulated using AC for a 3D mesoscale domain.
These include events of summertime deep convection observed over Oklahoma,
USA during the MC3E campaign on 1) 11 May 2011 and on 2) 20 May 2011, and
wintertime 3) orographic clouds with embedded convection observed during the
ACAPEX campaign over California on 7 February 2015, and 4) supercooled
stratiform clouds observed on 17 February 2009 over Larkhill, UK during the
APPRAISE campaign.

A striking feature of AC is that it adequately predicts the observed filtered ice
particle number concentrations at all sampled levels in all four simulated cases. The
reason for this adequate validation of ice particle number concentrations is mainly
the general realism of the representation of all four SIP mechanisms in AC.
Furthermore, other cloud properties such as LWC, cloud droplet mean sizes and
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number concentrations, surface precipitation, TOA radiative fluxes, and radar
reflectivity have also been validated adequately with the coincident observations
from aircraft, ground-based instruments and from satellite for the simulated cases.
It is further predicted that all these validated microphysical and macrophysical
properties differ by less than £30% from the coincident observations in all the
simulated cloud systems.

A brief summary of results and discussions from each paper are given below:

6.1 Paper 1

The Influence of Multiple Groups of Biological Ice Nucleating Particles on
Microphysical Properties of Mixed-phase Clouds Observed during MC3E

In this objective, the role of various groups of PBAPs as INPs is investigated in a
simulated squall line observed on 20 May 2011 during MC3E. This is done by
modifying the original EP (Phillips et al., 2013) in light of the formulation proposed
by Patade et al. (2021), which is based on the field observations of various groups
of PBAPs from Amazonia. The groups of biological particles analyzed here include
fungal spores, pollen, bacteria, animal and plant detritus, and algae.

In the simulated MC3E clouds, it is predicted that the ice nucleus activity of all
PBAPs forms only about 1% of the overall active INPs (Fig. 7a, b). The overall
weakness of the simulated activity of PBAP INPs can be attributed to their low
concentrations compared to other INPs over the study domain.
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Figure 7. Predicted number concentrations of activated INPs from various PBAP species such as fungi (squares),
bacteria (circles), pollen (asterisks), detritus (stars), and algae (backward pointing triangles) along with dust (forward
pointing triangles) and black carbon (upward pointing triangles) as well as the total INPs, conditionally averaged for (a)
convective (Jlw| >1 m s™), and (b) stratiform (Jlw| <1 m s™') regions in the simulated squall line observed during the
MC3E (20 May 2011) campaign. Also shown is the relative contributions to the total ice concentrations from active INPs
(squares), ice from homogeneous (pluses) and from various SIP processes such the HM process (circles), and from
fragmentation during ice-ice collisions (backward pointing triangles), raindrop freezing (stars), and sublimation of
dendritic snow and graupel (green line). All these quantities (a-d) from advective tagging tracers for the given process

and are conditionally averaged for the (c) convective (lw| > 1 m s™), and (d) stratiform (lw| < 1 m s™') regions (adopted
from Patade et al., 2022).

The conclusions from the validated simulation of a squall line from MC3E are as
follows:

i.  Regarding INP activity, at subzero levels warmer than —12°C, the overall
INP concentration is chiefly (about 70-80%) from soot and mineral dust
INPs. On the other hand, at levels colder than —12°C, soot INPs initiate
about 95% of the total INP concentrations (Fig. 7a, b).

ii. At subzero levels warmer than —36°C, primary ice and SIP (through the
HM process and fragmentation in ice-ice collisions) are predicted to initiate
about 1% and 99% of the overall ice concentration respectively (Fig. 7c, d).
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iii. ~ Each PBAP group has different ice nucleation properties in terms of their
efficiency of nucleating ice and onset temperatures.

iv.  Processes of ice initiation such as heterogeneous and homogeneous ice
nucleation and SIP have the least sensitivity with respect to PBAP INPs
(Fig. 7c, d).

In summary, it is predicted that the groups of PBAPs predict the modest ice nucleus
activity in the simulated convective storm. It is instead predicted that, in such
continental convective clouds, the active INP number concentrations of mineral dust
and soot are higher by about 1 (at —15°C) and 2 (—30°C) orders of magnitude than
PBAP INPs. A more detailed discussion is from Patade et al. (2022). To conclude,
PBAPs cause no significant change in the predicted microphysical and
macrophysical properties of the simulated MC3E clouds.

6.2 Paper 2
Effects from Time Dependence of Ice Nuclei Activation for Contrasting Cloud Types

This paper investigates the role of time-dependent heterogeneous ice nucleation in
overall ice initiation in the simulated summertime deep convection (MC3E, 11 May
2011), and wintertime orographic clouds with weak embedded convection
(ACAPEX) and supercooled stratiform (APPRAISE) clouds. This is achieved by
modifying the original EP in AC (Phillips et al. 2013) in light of the formulation
proposed for time-dependent INP freezing by JK22, as discussed in Sec. 5.2.
Furthermore, properties such as the mean sizes and number concentrations of cloud
droplets, their LWC, and number concentrations of ice particles larger than 200 pm
(in ACAPEX and MC3E), and 100 pm (in APPRAISE) predicted from the control
simulations of the simulated cloud cases have been validated adequately with the
coincident aircraft and ground-based measurements.

For all the simulated cases (MC3E, ACAPEX, and APPRAISE), it is predicted that
the overall ice concentration is mostly dominated by various SIP mechanisms (Fig.
8b, d, f). By contrast, the inclusion of time-dependent INP freezing in the control
runs of the simulated cases initiates about half an order of magnitude (in
APPRAISE), and about 10% (in ACAPEX and MC3E) more ice particles. This is
mostly due to the activity of dust and soot APs (10-50% increase, Fig, 8a, c, e),
which is consistent with the previous laboratory observations (Wright et al., 2013;
JK22).
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Figure 8. (left) The predicted number concentrations of active INPs conditionally averaged over stratiform regions
(lw] <1 ms™)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
nonhomogeneous ice, heterogeneously nucleated ice (PRIM-ICE; forward-pointing triangles) is also shown in the right
column (adopted from Wa23a).
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The conclusions of this paper are as follows:

i.

ii.

iil.

1v.

V1.

Vil.

In the convective updrafts of ACAPEX and MC3E, at subzero levels
warmer than —36°C, SIP (through the HM and fragmentation in ice-ice
collisions) contribute about 80% (in ACAPEX, Fig. 8d) and 99% (in MC3E,
Fig. 8b) to the overall ice concentration. While in their convective
downdraft regions, fragmentation in sublimation form about 20-40% of the
total ice concentration at these levels.

For the simulated supercooled layer clouds in APPRAISE, the inclusion of
time dependence in the control run predicts an increase of about 30% in the
overall ice concentrations (Fig. 8f).

In the episode of weak embedded convection, at subzero levels (> —15°C),
the SIP activity (through the HM process and fragmentation in ice-ice
collisions) initiates about 75% of the overall ice concentration.

By contrast, in the layer cloud episode of such clouds, the overall ice
concentration is mostly dominated by heterogeneously nucleated ice (about
80% of the total ice concentration) whereas, in such clouds, the SIP activity
is relatively weak, initiating only about 20% of the overall ice
concentration. This is mainly due to relatively weak vertical velocities (few
cm s') and low water contents of cloud-liquid and ice-crystals in such
clouds.

Also, in the layer cloud episode, it is further predicted that droplets falling
from the upper cloudy layer (—7 to —15°C) in the subsaturation region (0 to
—7°C) evaporates and releases dust particles embedded in them. These dust
particles form about 45% of the total dust mass in the subsaturated region.
These dust particles, following weak vertical motions, may reactivate and
nucleate ice once they reach the upper mixed-phase cloudy layer (=7 to
—15°C).

This reactivation following the recirculation of dust particles in such long-
lived layer clouds is predicted to happen over 1-2 hours, which is less than
the time (> 10 hours) required for time-dependent INP freezing to alter the
predicted overall ice concentration appreciably.

Hence, in the long-lived layer cloud episode of APPRAISE, the
recirculation and reactivation of dust particles is the main source for
continuous ice nucleation and precipitation production, and not the time
dependence of INP freezing, as claimed by WI13.

To conclude, for the simulated cases (APPRAISE, ACAPEX, and MC3E), this
paper suggests that, the presence of time dependence cause only a slight increase,
by about 10-30%, in the overall ice concentration. In ACAPEX and MC3E, and in
weak embedded convection episode of the APPRAISE, SIP is the main source for
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the quasi-steady state of ice formation and precipitation. However, in the layer cloud
episodes of APPRAISE, reactivation following the recirculation of dust INPs is the
main cause of continuous ice nucleation and precipitation. This recycling of INPs is
consistent with previous studies such as those by Fan et al. (2009) and Raatikainen
et al. (2022). Hence, the time dependence of INP freezing can be neglected in
numerical simulations of natural clouds. More details are from Wa23a.

6.3 Paper 3

Dependencies of Four Mechanisms of Secondary Ice Production on Cloud-Top
temperature in a Continental Convective Storm.

In this paper, the dependency of various SIP mechanisms (Sec. 1.1.2) on cloud top
temperature and their evolution with time in the simulated continental deep
convection (MC3E 11 May 2011) have been studied. A measure of SIP is defined
using the term known as the IE ratio which in the present study is defined as the
ratio between the number concentrations of the total non-homogeneously nucleated
ice and active INPs. Based on this metric, the development of convective clouds to
become cumulonimbi is expected to exhibit a corresponding evolution in the overall
intensity of ice multiplication (Sec. 1.1.2). Also, the activity of various SIP
mechanisms is predicted to evolve with the age of the clouds. It is predicted that in
the simulated deep convection (MC3E), at subzero levels warmer than —36°C, the
overall ice concentration is chiefly from SIP (about 80-95% of the total ice).
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Figure 9. (a) Conditionally averaged (w > 2 m s™") predictions of concentrations of the active INPs (diamonds), primary
ice (crosses), total nonhomogeneous ice (total ice from cloud ice and snow minus total homogeneous ice) (right-pointing
triangles) as a function of cloud top temperatures and ice concentrations from various SIP processes tracked using
tagging tracers such as the HM process (circles) and fragmentation during ice-ice collisions (stars), raindrop freezing
(upward-pointing triangles), and sublimation of dendritic snow and graupel (asterisks). All these concentrations are at
temperatures warmer than (by 1 to 7°C) the cloud top. All the terms are the geometric means of non-zero values. Also
shown is a profile of (b) the predicted IE ratio as a function of cloud top temperature for convective cloudy updraft
regions (w > 2 m s™') of the simulated MC3E (11 May 2011) clouds sampled using the cloud-top algorithm (Wa22,
Appendix A).
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The conclusions of this paper are as follows:

i.

il.

iil.

1v.

Vi.

Vil.

viii.

In the simulated deep convection (MC3E), the IE ratios are typically
between 10 and 10° and are dependent on cloud-top temperatures (Fig. 9b).
Furthermore, these IE ratios are mostly dominated by young developing
convective turrets with top temperatures between —4 and —20°C.

Also, the simulated IE ratios are between 10 and 10° for cloud tops between
0 and —30°C with a peak (10%) at about —10°C and a minimum (about 50)
at cloud tops of about —20°C. These predicted IE ratios are consistent with
the previous aircraft study of a summertime continental convective storm
by Hobbs et al. (1980) who reported a peak in IE ratio at cloud-top of about
—12°C.

For such deep convection with relatively warm bases (17°C), in young
developing convective clouds (with tops warmer than —15°C), the HM
process of rime-splintering is predicted to dominate (about 70%) the overall
ice concentration (Fig. 9a), creating IE ratios as high as 10°. By contrast,
fragmentation in ice-ice collisions prevails in typically less young
convective clouds with tops colder than —20°C, contributing more than 80%
of the overall ice concentration there with IE ratios of about 10?-10° (Fig.
9b).

In convection (updrafts and downdrafts), SIP from fragmentation in ice-ice
collisions prevails and forms more than 70% of the total ice concentrations.
In downdrafts, fragmentation during sublimation is the second most
dominant mechanism of ice multiplication, creating an IE ratio of about 10?,

The simulated IE ratios increase with increasing convective ascent or
descent and decrease with decreasing cloud top temperatures down to
—22°C.

During the evolution of the simulated storm, in typically young convective
turrets (tops > —15°C), the initial explosive growth of ice concentrations is
mainly from the fast HM process of rime-splintering which is consistent
with Yano and Phillips (2011).

According to their order of importance in initiating total ice in young
developing convective clouds, the HM process can be ranked as the first,
fragmentation during ice-ice collisions as the second, during raindrop
freezing as the third, and during sublimation as the fourth most prolific SIP
mechanism.

In mature convective clouds (tops < —40°C), fragmentation in ice-ice
collisions is the first most prolific SIP process whereas the HM process is
the second, raindrop freezing fragmentation is the third, and fragmentation
during sublimation is the fourth important SIP process.
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To summarize, this study adequately predicts the observed (Hobbs et al., 1980)
classic dependency of IE ratio on cloud top temperature in young, developing
convective clouds observed during MC3E (11 May 2011). In the simulated storm,
the IE ratio peaks (~ 10%) at a characteristic cloud top temperature of about —10°C,
which is consistent with the observations by Hobbs et al. (1980). It is further
predicted that SIP (through the HM process of rime-splintering and fragmentation
in ice-ice collisions) is the main cause for the explosive growth of ice
concentrations, accounting for this pattern of IE ratio. This study also highlights that
the age of the cloud, as it goes through its lifecycle, is of paramount importance for
the relative balance of activities among various SIP mechanisms. More details are
from Wa22.

6.4 Paper 4

Mechanisms for Indirect Effects from Solid Aerosol Particles on Continental Clouds
and Radiation.

This paper investigates the mechanisms of the AIE from INPs in the simulated
wintertime supercooled layer clouds during APPRAISE (18 February 2009) and
summertime deep convective clouds during MC3E (11 May 2011). It is predicted
that, in both cases, the inclusion of anthropogenic solid APs causes a decrease in the
mean sizes of cloud droplets and ice crystals by about 15-30% at all cloudy levels
whereas their number concentration increases by the same fraction. Also, for
APPRAISE, anthropogenic INPs cause an increase of about 1% in the surface
accumulated precipitation, mainly from the ice-crystal process (about 10% increase)
being boosted.

Also, the contribution from the warm rain process to the surface precipitation is
weakened by about 8%, mainly due to the relatively small sizes of cloud droplets.
By contrast, for MC3E control runs, the inclusion of anthropogenic INPs predicts a
decrease of about 1.5% in the surface precipitation due to the corresponding
weakening in the precipitation from the warm rain and ice crystal processes, for the
reasons noted above. This aerosol sensitivity of the precipitation also significantly
alters the extents and optical thicknesses of the simulated clouds. For both cases, the
inclusion of anthropogenic INPs causes an increase of about 1-3% in the horizontal
and volumetric extent whereas their optical thicknesses increase by about 4% (in
APPRAISE) and by 30% (in MC3E) due to weakened removal of condensate by
precipitation.

In both simulations, anthropogenically increased solid aerosols significantly affect
the net AIE, mainly from glaciated clouds (about 80% of the net AIE) whereas
liquid-only clouds contribute only about 20% to the net AIE (Fig. 10a-d). In
APPRAISE (layer-clouds) the net AIE is a cloud albedo indirect effect (cooling)
since precipitation is so weak. By contrast, in MC3E (deep convection), the net AIE

72



is chiefly from the lifetime effect (warming). Furthermore, this study also analyses
the impact on the simulated AIEs from ice initiation processes such as SIP and time-
dependent INP freezing.
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Figure 10. Net aerosol indirect effects at the TOA from solid aerosols on glaciated clouds predicted from Tests A and
B (Sec. 5.4) from the control simulations of (a) APPRAISE and (c) MC3E cases. Corresponding changes in the
shortwave and longwave components of radiation, unconditionally averaged over the whole domain, at the TOA, are
shown for (b) APPRAISE and (d) MC3E cases. Here, abbreviations: GLC-AIE= Glaciated Clouds AIE, GLC-ALB-AIE=
Glaciated cloud Albedo-Emissivity AIE, GLC-LIFE-AIE= Glaciated Cloud Lifetime AIE (Adopted from Wa23b).

The conclusions of this study are as follows:

1)

1.

il.

iii.

For supercooled layer clouds in APPRAISE, at the TOA:

In the control run (Fig. 10a), anthropogenic solid APs exert a net cooling,
with a net AIE of about —0.4 W m™ which is dominated by the albedo-
emissivity AIE from glaciated clouds (—0.3 W m™). This is mainly because
increased reflectivity of such clouds due to more numerous cloud droplets
and ice crystals, as discussed above.

Furthermore, this net cooling is mostly due to more reflection (—0.24 W m”
%) of downward SW flux to space from optically thick liquid-only and
mixed-phase clouds. Moreover, being optically thinner, ice-only clouds
allow more LW (—0.3 W m™) radiation to leave the climate system at the
TOA (Fig. 10b).

By contrast, the lifetime AIE (—0.018 W m™) from such clouds is relatively
low (about 5% of the net AIE), chiefly due to the weakness of precipitation
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1v.

il.

iil.

1v.
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from such thin layer clouds. This causes a weaker aerosol sensitivity of their
horizontal and volumetric extents and of the surface precipitation than in
the microphysical properties of these clouds.

Also, artificially prohibiting SIP from such clouds has only a slight impact
(about a 2% decrease) on the net AIE from anthropogenic solid aerosols.
This is because of the relative weakness of SIP processes in such clouds
(Wa23b).

Furthermore, in such layer clouds, when time-dependent INP freezing is
prohibited, the net AIE from anthropogenic solid APs is weakened to about
65% of its control value (—0.4 W m). This weakening is chiefly from the
artificially increased reflection of the incoming SW flux from liquid-only
(—0.26 W m?) and mixed-phase (—0.2 W m?) clouds as they become
optically thicker in the present-day condition.

For summertime deep convection (MC3E, 11 May 2011), at the TOA:

In the control run, anthropogenic solid APs exert a net warming (4.5 W m’
%) of the climate system (Fig. 10c) and is mainly from the lifetime AIE from
glaciated clouds (4.3 W m™). This net warming from such deep convective
clouds is consistent with a previous modelling study by Fan et al. (2012).

Also, this net AIE is chiefly because the inclusion of anthropogenic INPs
causes mixed-phase clouds to be less extensive, allowing more downward
SW flux (5.5 W m™) to enter the climate system (Fig. 10d). Also, these
clouds are optically thicker, causing more partial emission of LW flux (7 W
m™) to the surface, and less emission of outgoing LW radiation to space
(Fig. 10d). But overall, the solar warming by mixed-phase cloud changes
are more important, as longwave effects cancel out partially among cloud
types in MC3E.

In such deep convective clouds, by artificially prohibiting SIP,
anthropogenic INPs cause a sharp decrease (by 52%) in the net warming
predicted (2.2 W m™) in the control run (4.5 W m™). Also, without SIP, the
overall AIE (2.2 W m™) is mainly dominated by the lifetime AIE from
glaciated clouds (7 W m). Also, both with and without SIP, anthropogenic
INPs cause mixed-phase clouds to grow less extensive (by about 3%),
allowing more downward SW flux (6-9 W m™) to enter the climate system.

Also, when time dependence is artificially prohibited from such deep
convective clouds, extra INPs cause a weak climate warming (1 W m?),
which, when time dependence is included, would increase by 80% (4.58 W
m?). This is chiefly from a decrease of about 105% in the net AIE from
glaciated clouds, due to the inclusion of extra INPs, when time dependence
is prohibited from the control run.



v.  When time dependence is artificially prohibited from the simulated deep
convection, ice-only clouds become less horizontally extensive, allowing
more SW flux to enter the climate system (2.3 W m™?). However, this
warming from ice-only clouds is canceled out by more reflection of
incoming SW flux (—2.2 W m™) to space from mixed-phase clouds due to
a higher mass of cloud condensate in the upper half of the mixed-phase
levels.

vi. By contrast, when time dependence is included in the control run, extra
INPs cause a decrease by about 10% in both horizontal and volumetric
extent of mixed-phase clouds, allowing more incoming SW radiation (6 W
m?) to enter the climate system. Also, being optically thicker in the present-
day condition, these clouds cause more absorption of outgoing LW flux (7.5
W m?).

vii.  However, with time dependence, in the presence of extra INPs, SW
warming from mixed-phase clouds prevail. This is mainly because the net
LW warming from mixed-phase clouds is canceled out by a net LW cooling
(—6 W m™) from ice-only clouds, as they are optically thinner (Wa23b).

Additionally, this paper proposes two new indirect effects that are associated with
ice formation processes. These are, 1) the ‘SIP’ indirect effect, and 2) the ‘Time-
dependent INP’ indirect effect. Table 4 below summarizes the net AIE and indirect
effects from ice initiation processes such as time dependent INP freezing and SIP.
It is predicted that for layer clouds in APPRAISE, both SIP and time-dependent INP
indirect effects are weak, forming about 0.25% and 30% of the net AIE. By contrast,
for deep convective clouds in MC3E, both SIP and time-dependent INP indirect
effects form about 50-80% of the net AIE.

Table 4. The net AIE for the simulated APPRAISE and MC3E clouds and the indirect effects from ice initiation processes
such as SIP and time dependent INP freezing.

Indirect effect (W m?)
Simulation from ice initiation process
Net AIE - -
SIP Time dependent INP freezing
APPRAISE —0.4 —0.0005 -0.13
MC3E 4.58 2.4 3.6

To conclude, this paper found that at the TOA, increasing anthropogenic pollution
of solid aerosols causes a moderate cooling of the climate system via supercooled
stratiform clouds. In such wintertime layer clouds, more reflection of SW flux (from
liquid-only and mixed-phase clouds) contributes about 60% to the net cooling.
Furthermore, in such wintertime layer clouds, more emission of outgoing LW flux
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to space, from less extensive and optically thinner ice-only clouds, form about 40%
of the net cooling.

On the other hand, from summertime deep convective clouds in MC3E,
anthropogenically emitted solid APs cause a strong warming of the present-day
climate system which is mainly dominated by more SW flux (about 80% of the net
warming) entering the climate system. Furthermore, for both cases, the net AIE has
a higher aerosol sensitivity from glaciated clouds. This is also true for AIEs
predicted in the absence of ice initiation processes such as SIP and time dependent
heterogeneous ice nucleation. Also, for MC3E, the inclusion of anthropogenic INPs
causes mixed-phase clouds to exert both SW and LW warming. This is because,
being optically thicker in the present-day condition, they reflect more incoming SW
radiation to space, causing solar warming at the TOA. Also, these clouds, at
relatively lower levels (> —36°C) in the atmosphere, cause more emission of LW
radiation to space than to the surface, hence LW warming of the present-day climate
system at the TOA (Fig. 10d).

Generally, since they are cold, high-level clouds (e.g., cirriform) contribute to
greenhouse warming as they re-emit less LW flux to space than the clear-sky
atmosphere, causing a net LW warming of the troposphere and surface. This is
explicable in terms of Stefan-Boltzmann law which states that the amount of energy
radiated by an object is proportional to the fourth power of its temperature (Liou,
2002). However, for MC3E, the inclusion of anthropogenic INPs causes high-level
clouds to allow more emission of LW flux to space (—6 W m?, Fig. 10d) at the
TOA. This is because for high-level clouds in MC3E, the inclusion of anthropogenic
INPs causes a decrease of about 20% in the overall ice concentration. This is
explicable in terms of less upwelling of cloud droplets at cirriform levels (levels
colder than —36°C), due to weaker ascent (about 5%) and hence less homogeneous
freezing. This reduction in the number concentrations of ice particles in such high-
level clouds allows more emission of LW flux to space, despite being relatively
colder than pre-industrially. This is because the cloud emissivity is reduced, with
less absorption of outgoing LW radiation lost to space. In short, with lower cloud
emissivity, the greenhouse warming effect of the high-level clouds is weakened,
causing an LW cooling of the troposphere. Also, being optically thicker in the
present-day conditions (Wa23b, their Fig. 3h), such high-level clouds reflect more
incoming SW radiation to space, resulting in a net solar cooling (—2 W m?).

Finally, this study concludes that anthropogenically boosted solid aerosols can
significantly affect the micro- and macrophysical and hence the radiative properties
of glaciated clouds. Also, SIP and time-dependent INP freezing can have a higher
(up to 80% change) aerosol-sensitivity of the simulated net AIEs. More details are
given by Wa23b.
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7. Key Findings

e In continental conditions, the ice nucleus activity of PBAPs is weak
compared to the relative activities of other INPs such as mineral dust.

e The time dependence of heterogeneous ice nucleation has a negligible
contribution to the overall ice concentration in the simulated cloud systems.

e Both MC3E and ACAPEX clouds involved deeper clouds (tops as cold as
—36°C) with more intense precipitation through ice crystal process, driving
more vigorous SIP.

e For APPRAISE, when weak embedded convection was present, various SIP
processes are responsible for the quasi-steady ice formation and precipitation
over long periods of many hours in the wintertime stratiform clouds.

e Inlayer cloud episode of APPRAISE, SIP is relatively weak and reactivation
following recirculation of dust particles is the main source for the observed
continuous ice nucleation and precipitation and not the time dependence of
INP freezing.

e The concerted combination of various SIP processes adequately explains the
observed discrepancy between the number concentrations of the available
active INPs and the total ice particles in the simulated clouds.

e The dependency of IE ratio on cloud top temperature in different stages of
the convective clouds is strongly dependent on various SIP mechanisms. In
young developing convective clouds, the rapid glaciation is mainly from the
relatively fast HM process whereas in mature convective clouds,
fragmentation in ice-ice collisions prevails over longer times.

e In APPRAISE and MC3E, anthropogenically increased solid APs, through
their INP and CCN activity, can significantly affect the micro- and
macrophysical and hence radiative properties. Also, for such clouds, the
presence of ice formation processes such as SIP and time dependent INP
freezing has a great impact on the simulated net AIEs (about 50-80%
increase).

e For the simulated APPRAISE clouds, the net AIE is about —0.39 W m™.
Also, the SIP and time-dependent INP indirect effects are about —0.0005
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and —0.13 W m™ respectively. For deep convective clouds in MC3E, the net
AIE is 4.58 W m™ whereas the SIP and time-dependent INP indirect effects
are about 2.4 and 3.6 W m? respectively.

Thus, for deep convection, both SIP and time dependence of INP activity act
together to amplify the indirect effect from anthropogenic solid APs, which
is predominantly solar warming from mixed-phase clouds becoming less
extensive as precipitation from the ice crystal process intensifies, exhibiting
the lifetime effect.

This study disproved the hypothesis that PBAP INPs can greatly affect the
micro- (Sec. 2A[i]) and macrophysical (Sec. 2A[ii]) properties of the
simulated MC3E clouds. Also, in the simulated clouds (APPRAISE, MC3E,
and ACAPEX), the hypothesis that the time dependence of INP freezing
forms the overall ice concentrations (Sec. 2B[i]) and is the main cause for
the quasi-steady state of ice nucleation and precipitation (Sec. 2BJii]) are
disproved.

For MC3E clouds, the hypothesis that various SIP processes can form the
observed number concentration of ice particles in the simulated clouds is
verified (Sec. 2C[i]). Also, the hypothesis that the evolution of various SIP
processes strongly depends on the cloud-top temperature is verified (Sec.
2CJii]). This study also numerically verified the aircraft observed classic
dependency of IE ratio on cloud-top temperature in convective clouds (Sec.
2(Cliii]).

Moreover, the hypothesis that anthropogenically increased solid APs, via
glaciated clouds, can significantly alter the micro-, macrophysical and
radiative properties of the simulated clouds is verified in the present study
(Sec. 2D[i, ii]). It is also verified that SIP and time dependence of INP
freezing can greatly alter the radiative properties of the simulated clouds
(Sec. 2DJiii]).
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