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Abstract. We provide the first systematic study of ice formation in idealised shallow clouds from collisions
of supercooled water drops with ice particles (mode 2). Using the University of Manchester bin microphysics
parcel model, we investigated the sensitivity of ice formation due to mode 2 for a wide range of parameters,
including aerosol particle size distribution, updraft speed, cloud-base temperature, cloud depth, ice-nucleating
particle concentration, and freezing fraction of mode 2. We provide context to our results with other secondary
ice production mechanisms as single mechanisms and combinations (rime splintering, spherical freezing frag-
mentation of drops (mode 1), and ice–ice collisions). There was a significant sensitivity to aerosol particle size
distribution when updraft speeds were low (0.5 m s−1); secondary ice formation did not occur when the aerosol
particle size distribution mimicked polluted environments. Where secondary ice formation did occur in simu-
lated clouds, significant ice formation in the shallower clouds (1.3 km deep) was due to mode 2 or a combination
which included mode 2. The deeper clouds (2.4 km deep) also had significant contributions from rime splintering
or ice–ice collisional breakup secondary ice production (SIP) mechanisms. While simulations with cloud-base
temperatures of 7 ◦C were relatively insensitive to ice-nucleating particle concentrations, there was a sensitivity
in simulations with cloud-base temperatures of 0 ◦C. Increasing the ice-nucleating particle concentration de-
layed ice formation. Our results suggest that collisions of supercooled water drops with ice particles may be a
significant ice formation mechanism within shallow convective clouds where rime splintering is not active.

1 Introduction

Ice crystals in clouds can significantly effect weather and cli-
mate (Elsom, 2001; Changnon, 2003; Field and Heymsfield,
2015; Púčik et al., 2019). Yet, the formation of ice crys-
tals, especially in mixed-phase clouds, is still not well un-
derstood. Where temperatures are sub-zero, yet warmer than
the homogeneous freezing temperature of water at −35 ◦C,
freezing of supercooled water drops can occur via the action
of ice-nucleating particles (INPs). However, INPs are rela-
tively rare in the atmosphere, typically falling between ice
crystal number concentrations (ICNCs) from 1× 10−4 L−1

to 1 L−1 at −10 ◦C (Kanji et al., 2017). In contrast, many
observations show enhancement in ICNCs, which are orders
of magnitude higher than those predicted by the action of
INPs, for a variety of clouds across the globe (e.g. Crawford
et al., 2012; Lloyd et al., 2015; Lasher-Trapp et al., 2016;
O’Shea et al., 2017). Secondary ice production (SIP), in-
volving the formation of ice from pre-existing ice crystals,
is often proposed to explain these higher observed ICNCs.
However, there are still many uncertainties within these SIP
mechanisms (e.g. see reviews by Field et al., 2017; Korolev
et al., 2020).
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While several SIP mechanisms exist, e.g. rime splinter-
ing, fragmentation of freezing drops, and ice–ice collisional
breakup, only rime splintering is widely implemented in nu-
merical weather prediction (NWP) models. Rime splintering,
also called the Hallett–Mossop process, is thought to occur
when supercooled water droplets accrete on ice particles and
splinter during freezing. Rime splintering is only active in a
narrow temperature range, between−3 and−8 ◦C, and when
supercooled water drop diameters of both / 13 and ' 24 µm
are present (Hallett and Mossop, 1974; Mossop and Hal-
lett, 1974; Mossop, 1978). Although rime splintering may
account for the differences between ICNCs from observa-
tions and those predicted from the action of INPs for some
mixed-phase clouds (e.g. Harris-Hobbs and Cooper, 1987;
Blyth and Latham, 1993, 1997; Phillips et al., 2001, 2005;
Crosier et al., 2011; Crawford et al., 2012; Taylor et al., 2016;
Huang et al., 2017a), there are also cases where it does not.
For example, rime splintering may be too slow to explain ob-
served ICNCs (Rangno and Hobbs, 1991; Sotiropoulou et al.,
2020, 2021), or clouds may have temperatures or drop size
distributions outside the range in which rime splintering is
active (Rangno and Hobbs, 1991, 2001; Fridlind et al., 2007;
Lawson et al., 2015). A recent study by Luke et al. (2021)
showed that radar observations of Arctic mixed-phase clouds
indicates that the freezing fragmentation of drops is more ef-
ficient at enhancing ICNCs than rime splintering.

Despite the preferential inclusion of the rime splintering
SIP mechanism in NWP models, it does not account for ice
enhancement in all mixed-phase clouds. Other SIP mech-
anisms may account for ice enhancement in mixed-phase
clouds, given the wider range of conditions in which they
are active. For example, in contrast to rime splintering, the
fragmentation of freezing drops can occur over a wider tem-
perature range, between 0 and−30 ◦C, with a drop size range
between 4 and 1000 µm (e.g. Table 1 of Korolev et al., 2020).
Recently, Phillips et al. (2018) described the fragmentation of
freezing drops as occurring via two modes. The first mode,
mode 1, occurred when drops froze due to the action of INPs
or ice particles smaller than the freezing drop and maintained
their symmetrical symmetry. Based on the available labora-
tory literature of drops in free fall only, Phillips et al. (2018)
found that the maximum number of fragments occurred at
a thermal peak of approximately −15 ◦C, with larger drops
(e.g. millimetre sized) forming more fragments than smaller
drops (e.g. sub-millimetre sized). From here on, we shall re-
fer to the freezing fragmentation of drops as mode 1, using
the classification described in Phillips et al. (2018). The sec-
ond mode described by Phillips et al. (2018), mode 2, oc-
curred when drops collided with larger ice particles, causing
fragmentation upon collision that disrupted the symmetrical
symmetry. Phillips et al. (2018) used theory to describe the
fragmentation due to a lack of laboratory experiments, and
we have recently shown proof-of-concept laboratory results
for the potential of mode 2 as a SIP mechanism (James et al.,
2021). Unlike rime splintering and mode 1, the theoretical

description of mode 2 does not have a thermal peak and in-
creases linearly with dimensionless energy and supercooling.
However, large experimental uncertainties exist around the
treatment of the number of secondary drops emitted per im-
pact with a more massive ice surface. Another SIP mecha-
nism, ice–ice collisional breakup, may also occur in mixed-
phase clouds. Experiments by Vardiman (1978) and Taka-
hashi et al. (1995) showed that the number of fragments in-
creased as a function of change in momentum or collisional
energy, respectively.

Various models include these additional SIP mecha-
nisms, sometimes alongside the rime-splintering mechanism
(Phillips et al., 2018; Sotiropoulou et al., 2020; Zhao et al.,
2021; Zhao and Liu, 2021; Georgakaki et al., 2022; Zhao and
Liu, 2022; Huang et al., 2022). For example, Sotiropoulou
et al. (2021) included the ice–ice collision breakup mecha-
nism in their Weather Research Forecasting model simula-
tions of summer clouds over the Antarctic coast. Their re-
sults suggested that ice–ice collisional breakup alone could
be responsible for observed ICNCs in Antarctic clouds, de-
spite including the rime-splintering mechanism in their sim-
ulations. Georgakaki et al. (2022) found that a combination
of ice–ice collisional breakup and external ice seeding could
account for the observed ICNCs in wintertime alpine mixed-
phase clouds observed during the Cloud and Aerosol Char-
acterisation Experiments campaign.

There is also increasing evidence suggesting that combi-
nations of multiple SIP mechanisms are more likely respon-
sible for ice enhancement in mixed-phase clouds. For exam-
ple, Sotiropoulou et al. (2020) modelled Arctic stratocumu-
lus clouds and modelled ICNCs only matched observations
when rime splintering and ice–ice collisional breakup were
combined. Phillips et al. (2018) showed that rime splinter-
ing, mode 1, and mode 2 were all required in parcel sim-
ulations of tropical maritime deep convection to match the
observed ICNCs. Combinations of SIP mechanisms are also
important on a global scale, as demonstrated in a study by
Zhao and Liu (2021), which showed that the combined ef-
fect of mode 1, mode 2, and ice–ice collisional breakup SIP
mechanisms triggered changes in the liquid–ice partitioning
and cloud radiative forcing.

While SIP can happen in a variety of clouds, in this pa-
per we will focus on idealised shallow convective clouds.
Shallow convective clouds are widespread across the globe,
but ice formation in cloud tops warmer than −10 ◦C is
still largely uncertain (Rangno and Hobbs, 2005; Blyth and
Latham, 1997; Hobbs and Rangno, 1990; Sun et al., 2010).
For example, Hobbs and Rangno (1990) showed that rapid
ice enhancement occurred within 15 min of the formation in
polar cumulus maritime clouds. While rime splintering was
ruled out as a SIP mechanism for being too slow, there was no
consideration of other SIP mechanisms. In shallow convec-
tive clouds across the Southern Ocean, SIP mechanisms may
account for ice enhancement (Huang et al., 2017b). While
rime splintering was suggested to be the cause of ice en-
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hancement in shallow aged wintertime cumulus cloud across
the UK, no other secondary ice mechanisms were considered
(Crawford et al., 2012).

In this paper, we present a bin microphysics investigation
of idealised shallow convective clouds. We focus on ice en-
hancement by the recently discovered mode 2 SIP mecha-
nism in shallow convective clouds and investigate its sensi-
tivity to initial aerosol size distributions, updraft speeds, INP
concentrations, cloud depths, and cloud-base temperatures.
To put the ice enhancement of mode 2 into context with the
other SIP mechanisms, we run simulations with rime splin-
tering, mode 1, and ice–ice collisional breakup separately,
as well as for all possible combinations, including mode 2.
The model used to explore this large parameter space is the
University of Manchester bin microphysics model (BMM;
e.g. Fowler et al., 2020), which is an update on the Aerosol–
Cloud–Precipitation Interactions Model (ACPIM; e.g. Con-
nolly et al., 2009, 2012, 2014; Simpson et al., 2014).

2 Model

2.1 Model description

All simulations in this paper used the bin micro-
physics model (BMM; https://github.com/UoM-maul1609/
bin-microphysics-model, last access: 8 May 2023), an
adapted version of the control model described in Fowler
et al. (2020), which was developed at the University of
Manchester. The bin microphysics model includes the acti-
vation of cloud droplets and condensation and/or deposition
from water vapour, collision and coalescence of water drops,
inertial impaction of aerosol particles, ice–ice aggregation,
riming, and secondary ice processes.

Aerosol particles are represented as multiple lognormal
modes of different chemical compositions (externally mixed
modes). Each externally mixed mode is described by an in-
ternal mixture that has the same chemical composition across
all sizes. The BMM is initialised by summing multiple log-
normal size distributions as follows:

dN
dln(Da)

=
NT

√
2π lnσg

exp

− ln2
(
Da
Da,m

)
2ln2σg

 , (1)

where N is the number density of aerosol particles, Da is the
aerosol particle diameter for the mode,NT is the total number
of aerosol particles in the mode, Da,m is the median aerosol
particle diameter for the mode, and σg is the geometric stan-
dard deviation of the logarithmic distribution.

The activation of cloud condensation nuclei is calculated
from the condensation of liquid water onto the aerosol par-
ticles with the equilibrium vapour pressure described by
κ–Kohler theory, where the size and hygroscopicity of an
aerosol particle is related by a single parameter, κ (Pet-
ters and Kreidenweis, 2007). The rate of drop growth via
diffusion takes into account mass accommodation through

modified diffusivity and conductivity terms (Jacobson, 2005;
Pruppacher and Klett, 2010). While the initial growth of
cloud drops occurs via the diffusional growth equation, later
growth to raindrops occurs via the collision–coalescence
process. Collision–coalescence growth is described by the
stochastic collection equation, which is solved using the
method of Bott (1998), and collisional efficiencies are calcu-
lated according to the Long (1974) kernel. The model treats
binned distribution for liquid particles and a separate binned
distribution for ice particles.

Homogeneous freezing from a supercooled water drop fol-
lows the method described in Koop et al. (2000). Heteroge-
neous freezing occurring via ice nucleating particles is cal-
culated using the DeMott et al. (2010) ice nucleation param-
eterisation, which requires knowledge of the aerosol particle
number density, with a diameter of ≥ 0.5 µm. The same pa-
rameterisation is used to describe the freezing of rain drops.
We first determine the number of aerosol particles with di-
ameter ≥ 0.5 µm, which is contained within a raindrop, and
multiply this by the number concentration of particles within
the same category. The number of active ice nucleating parti-
cles is then calculated using the DeMott et al. (2010) param-
eterisation. This is scaled by how many aerosol particles are
contained within the drop, thus giving the number of frozen
drops in that category.

Ice particle growth from the vapour is described using a
growth rate which takes into account mass accommodation
through modified diffusivity and conductivity terms (Jacob-
son, 2005). Once formed, ice particles grow according to the
model described in Chen and Lamb (1994). The ice parti-
cle bins carry properties that are averaged within a mass bin.
These properties are the aspect ratio of the ice crystals, the
volume of the crystals, the rime mass, and the number of ice
crystal monomers per ice particle. Ice–ice aggregation and
riming are also calculated using the method of Bott (1998),
which is modified to transport the extra properties discussed
above. The terminal velocity of ice particles is determined
from Heymsfield and Westbrook (2010), based on the mass
and shape of the ice particles.

2.2 Secondary ice parameterisations

Four SIP mechanisms are included in the model. These are
the rime-splintering mechanism (RS), collisional breakup of
ice particles during collision (CB), droplet shattering dur-
ing symmetrical freezing (M1), and droplet shattering dur-
ing asymmetrical freezing (M2). Their parameterisations are
given below.

2.2.1 Rime splintering (RS)

We use a modified version of the RS parameterisation given
by Reisner et al. (1998). This parameterisation is based on
laboratory experiments by Hallett and Mossop (1974), who
of rimed ice around −5 ◦C.
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Table 1. Parameters used to identify the surface of the ice category that go into the Eq. (3) and are used in conjunction with Table 1 of
Phillips et al. (2017). DS is the diameter of the smaller colliding particle, RFS is the rime fraction of the smaller colliding particle, RFL is
the rime fraction of the larger colliding particle, ρL is the density of the larger colliding particle, and 8S is the aspect ratio of the smaller
colliding particle.

Collision type DS (m) RFS RFL ρL 8S
(kg m−3)

Graupel with graupel or hail 5× 10−4 to 5× 10−3 0.5≤ RFS < 0.9 ≥ 0.5 – –
Hail with hail – ≥ 0.9 > 0.9 – –
Dendrites with any ice particle 5× 10−4 to 5× 10−3 < 0.5 – < 400 < 1
Spatial planar with any ice particle 5× 10−4 to 5× 10−3 < 0.5 – ≥ 400 < 1

dNRS

dt
= 350× 106

×

(
dmr

dt

)
× fRS(T ), (2)

where dNRS
dt is the splinter production rate due to RS, dmr

dt
is the riming rate, and fRS(T ) is the temperature-dependent
function of RS that has a maximum of unity at T =−5 ◦C
and zero at T <−2.5 and T >−7.5 ◦C.

2.2.2 Ice–ice collisional breakup (CB)

We use the parameterisation derived by Phillips et al. (2017),
which is based on the energy conservation principle, and re-
lates collisional kinetic energy with ice particle habits.

NCB = αA

(
1− exp

{
−

[
CK0(CB)

αA

]γ})
, (3)

where α is the equivalent spherical surface area of the smaller
colliding particle (α = πD2, where D is the diameter of the
smaller colliding particle). A represents the number density
of the breakable asperities in the region of contact, C is the
asperity–fragility coefficient, and γ is a parameter related to
riming intensity. K0(CB) is the collisional kinetic energy cal-
culated by the following:

K0(CB) =
1
2

(
m1m2

m1+m2

)
(v1− v2)2, (4)

where m1 and m2 are the mass of the colliding ice particles,
and v1 and v2 are their fall speeds.

Three types of collisions were identified, including grau-
pel or hail with hail or graupel, hail with hail, and snow or
ice crystals (dendritic or spatial planar) with any ice particle.
The terms A, C, and γ are dependent on the type of collid-
ing pairs (details of which can be found in Table 1 of Phillips
et al., 2017). In the BMM, we implement the parameterisa-
tion by distinguishing between the type of ice particle using
the modelled density, rime mass, and aspect ratio, details of
which are given in Table 1.

2.2.3 Freezing fragmentation of drops: mode 1 (M1)

We use the parameterisation derived by Phillips et al. (2018),
who compiled the available laboratory data on the freezing
fragmentation of drops. If fragmentation occurred, then two
size regimes were identified, namely small fragments, which
had smaller diameters but a larger number of fragments, and
large fragments, which had larger diameters but smaller num-
ber of fragments. Phillips et al. (2018) found that M1 was
most efficient around −15 ◦C. The parameterisations for the
total number of fragments (NM1T) and number of large frag-
ments (NM1L) are given below:

NM1T = F (D)�(T )
[

ζη2

(T − T0)2
+ η2

+βT

]
(5)

NM1L =min

{
F (D)�(T )

[
ζBη

2
B

(T − TB0)2
+ η2

B

]
,NT

}
, (6)

where ζ , η, β, ζB , ηB , T0, TB0 are parameters taken from
Phillips et al. (2018) which were derived from fitting the
Lorentzian function to the laboratory data. F (D) and �(T )
are interpolation functions for the onset of fragmentation,
and T is the freezing temperature of the drop.

2.2.4 Freezing fragmentation of drops: mode 2 (M2)

We use the parameterisation derived by Phillips et al. (2018)
from theory and based on the assumption that fragmentation
is controlled by the ratio of collision kinetic energy (K0) and
initial surface energy, also referred to as dimensionless en-
ergy (DE). For M2 fragmentation to occur, the drop diameter
must be greater than 0.15 mm, and the mass of the drop must
be less massive than the ice particle. First, K0 and DE are
calculated as follows:

K0 =
1
2

(
mdmi

md+mi

)
(vd− vi)2 (7)

DE=
K0

γlπD
2
d
, (8)

where md and mi are the mass of the drop and ice, respec-
tively, vd and vi are the velocity of the drop and ice particle,
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respectively, Dd is the diameter of the drop, and γl is the
surface tension of liquid water which is set as a constant of
0.073 J m−2.

Then, the number of fragments per drop accreted due to
M2 (NM2) is calculated as follows:

NM2 = 38(T )×[1− f (T )]×max(DE−DEcrit,0) , (9)

where 8 is the probability of any drop in the splash con-
taining ice. f (T ) is the temperature-dependent mass frac-
tion of a drop frozen by the end of stage 1 freezing (f (T )=
−cwT/Lf), with cw the specific heat capacity of liquid water
and Lf the latent heat of freezing. DEcrit is the critical value
of DE for onset of splashing (∼ 0.2). We used the experimen-
tally determined 8 value of 0.3 (James et al., 2021).

3 Method

3.1 Initial conditions

The model is run using an initial relative humidity of 0.95
and an initial altitude of 900 m. The parcel of air ascends
at a constant updraft speed and the depth of the cloud is
controlled by setting the updraft speed to zero after a pre-
defined time (tw). All simulations run for a total of 8000 s
(133.3 min), and for each sensitivity the SIP mechanisms,
RS, CB, M1, and M2 were investigated individually and
as combinations. We ran all possible combinations of SIP
mechanisms, which gave a total of 15 simulations for each
sensitivity investigated, in addition to a control simulation
with no SIP mechanisms. The combinations are given in Ta-
ble A1.

3.2 Investigated sensitivities

A summary of the sensitivities investigated in this paper is
given in Table 2, and further details are given below.

3.2.1 Cloud depth, updraft speed, and tw

The following two cloud depths were investigated: a shal-
lower cloud with a depth of 1.3 km and a deeper cloud with a
depth of 2.4 km. To maintain the desired cloud depth, the up-
draft speed was set to zero after tw was reached. For the shal-
lower clouds, this was at 2600, 650, and 130 s for updraft
speeds of 0.5, 2, and 10 m s−1, respectively. For the deeper
clouds, this was at 5000, 1250, and 250 s for updraft speeds
of 0.5, 2, and 10 m s−1, respectively.

3.2.2 Aerosol size distribution

The following two aerosol size distributions were investi-
gated: a “natural” aerosol size distribution and a “near-city”
aerosol size distribution. Natural and near city refer to a
study by Van Dingenen et al. (2004), which compiled data
on aerosol measurements in Europe between 1996–2001. A

Figure 1. Aerosol particle size distribution for a natural aerosol size
distribution (a) and a near-city aerosol size distribution (b), based
on three lognormal size distribution fits provided by Crooks et al.
(2018) to describe each aerosol size distribution and based on sum-
mertime afternoon measurements from Van Dingenen et al. (2004).

natural aerosol size distribution refers to measurements taken
from sites> 50 km from a large pollution source, such as a
city or motorway. A near-city aerosol size distribution refers
to measurements taken from sites between 3–10 km from a
major pollution source. We use three lognormal size dis-
tribution fits provided by Crooks et al. (2018) to describe
each aerosol size distribution, based on summertime after-
noon measurements from Van Dingenen et al. (2004). Details
of these fits are provided in Table 3 and plotted as aerosol
particle size distributions in Fig. 1. For all simulations, we
used an aerosol size bin range from 10 nm to 3 µm. For the
aerosol, we used 60 particle size bins and a further 80 bins
for the cloud and precipitation to balance the resolution and
computational expense, considering that a total of 1162 sim-
ulations were performed. Ammonium sulfate was the only
chemical composition investigated. It has a molecular weight
of 132.14 g mol−1, a density of 1.77 g cm−3, and a κ value
of 0.61.

3.2.3 Cloud-base temperature

Two initial cloud-base temperatures were investigated, in-
cluding a warmer cloud base of 7 ◦C and a colder cloud base
of 0 ◦C. For the shallower cloud simulations, clouds with a
warmer cloud base had cloud-top temperatures of−1 ◦C, and
clouds with a colder cloud base had cloud-top temperatures
of −9 ◦C. For the deeper cloud simulations, clouds with a
warmer cloud base had cloud-top temperatures of−9 ◦C, and
clouds with a colder cloud base had cloud-top temperatures
of −19 ◦C. The initial starting pressure for the warmer cloud
base (7 ◦C) was set to 90 781 and 90 271 Pa for the colder
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Table 2. Sensitivities investigated in idealised shallower (1.3 km) and deeper (2.4 km) clouds. See Sect. 3.2.2 for the details of the aerosol
size distribution.

Sensitivity Shallower cloud Deeper cloud
(1.3 km) (2.4 km)

Aerosol size distribution Natural, near city Natural, near city
Cloud-base temperature (◦C) 0, 7 0, 7
Updraft speed (m s−1) 0.5, 2, 10 0.5, 2, 10
INP concentration ×0.1, ×1, ×10 ×1
M2 8 0.001, 0.01, 0.1, 0.3, 0.5 0.3
M2 DEcrit 0.2, 3, 6 0.2

Table 3. Lognormal size distribution fits for the natural and near-city aerosol size distributions. Fits were obtained from Crooks et al. (2018),
based on summertime afternoon measurements presented in Van Dingenen et al. (2004). Ni is the total number density (cm−3), di,m is the
median diameter (nm), and lnσi is the standard geometric mean deviation.

Aerosol size Mode A Mode B Mode C

distribution NA DmA lnσA NB DmB lnσB NC DmC lnσC

Natural 185 26 0.44 1364 85 0.47 276 246 0.32
Near city 2938 13 0.66 3989 32 0.69 1356 123 0.54

cloud base (0 ◦C). Figures S1 and S2 in the Supplement show
the temperature profiles as functions of simulation time for
the shallower and deeper clouds, respectively.

3.2.4 M2 Φ and DEcrit

The M2 parameterisation depends on both the probability
of the splash containing ice (8) and the onset of splashing
(DEcrit), as shown in Eq. (9). Both of these parameters are
determined on experimental studies and present a source of
uncertainty. Therefore, we individually investigated the M2
8 and DEcrit for shallower clouds, with an updraft speed of
2 m s−1 for both natural and near-city aerosol size distribu-
tions and warmer and colder cloud bases.

4 Results

The results section is organised as follows. The shallower
(1.3 km) convective cloud results are split into two main
sections, based on the aerosol size distribution. Section 4.1
gives the results for simulations using the natural aerosol
size distribution for cloud-base temperature, updraft speed,
INP concentrations, and M2 8 and DEcrit parameter sensi-
tivities. Section 4.2 gives the results for the same sensitivi-
ties in Sect. 4.1 but for simulations using a near-city aerosol
size distribution. The deeper (∼ 2.4 km) convective cloud is
also split into two main sections, based on aerosol size dis-
tribution. Section 4.3 gives the results for cloud-base tem-
perature and updraft speed sensitivities for a natural aerosol
size distribution, and Sect. 4.4 gives the results for the same
sensitivities for simulations using a near-city aerosol size dis-
tribution.

4.1 Shallower cloud: natural aerosol size distribution

4.1.1 Sensitivity test: cloud-base temperature and
updraft speed

We performed simulations using a natural aerosol size dis-
tribution for two cloud-base temperatures, 7 and 0 ◦C, and
three updraft speeds, 0.5, 2, and 10 m s−1. The SIP mecha-
nisms, RS, CB, M1, and M2, were investigated individually
and for all possible combinations. We also performed a con-
trol simulation with no SIP mechanisms.

For the warmer cloud-base simulations with updraft
speeds of 0.5 and 2 m s−1, the control ICNCs were relatively
constant at 6× 10−4 and 2× 10−3, respectively. The simu-
lation with an updraft speed of 10 m s−1 had a peak maxi-
mum at 92 min of 0.09 L−1. In contrast, the control ICNCs
of the colder cloud-base simulations exhibited a maximum
peak at approximately 91, 93, and 99 min for updraft speeds
of 0.5, 2, and 10 m s−1, respectively. The maximum ICNCs
were 0.4, 1.3, and 1.6 L−1 for updraft speeds of 0.5, 2, and
10 m s−1, which is approximately 2–3 orders of magnitude
greater than their corresponding warmer cloud-base simula-
tions. For reference, Fig. S3 shows the ICNCs of the con-
trol simulations for a natural aerosol size distribution for both
cloud-base temperatures and all updraft speeds.

For both cloud-base temperatures, the maximum cloud
drop number concentration (CDNC) for simulations with
updraft speeds of 0.5, 2, and 10 m s−1 was 400, 900,
and 1200 cm−3, respectively, and these maximums occurred
within the first few minutes of the simulations. The CDNCs
decreased gradually, by a factor of 2–3, throughout the simu-
lations. There was no observable difference between the con-
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Figure 2. Ice enhancement against simulation time for a shallower (1.3 km) cloud with a natural aerosol size distribution. Warmer refers to
cloud-base temperatures of 7 ◦C, and colder refers to cloud-base temperatures of 0 ◦C. The dashed grey lines indicate the threshold time at
which the updraft was turned off. Plots are annotated to indicate the processes that were active.

trol simulations and simulations with SIP mechanisms. For
reference, Fig. S4 shows the CDNC for all simulations with
a natural aerosol size distribution.

Figure 2 shows the ice enhancement (i.e. the difference
between the SIP ICNC and control ICNC) as a function of
the simulation time for a shallower convective cloud with a
natural aerosol size distribution. The initial updraft speed re-
mained constant until a threshold time (tw) and was depen-
dent on the updraft speed and then set to zero to simulate a
cloud at the desired depth. In Fig. 2, tw is represented by a
dashed line at approximately 21, 11, and 2 min for updraft
speeds of 0.5, 2, and 10 m s−1, respectively.

For all updraft speeds with a warmer cloud base,
ice enhancement occurred in simulations with M2
(i.e. M2, M1+M2, M2+CB, RS+M2, M1+M2+CB,
RS+M1+M2, RS+M2+CB, and RS+M1+M2+CB).
For each updraft speed, the ice enhancement profiles were
identical for all simulations with M2, indicating that only
M2 was active in the warmer cloud-base simulations. An ice
enhancement peak was observed at 99 min for the simulation
with updraft speeds of 0.5 m s−1 and shifted to 111 and
118 min for simulations with updraft speeds of 2 to 10 m s−1,
respectively. Simulations with updraft speeds of 0.5 m s−1

showed further ice enhancement at the end of the simulation.
For all updraft speeds, the maximum ice enhancements were
similar, at around 23 L−1.

For simulations with a colder cloud base and updraft
speeds of 0.5 m s−1, ice enhancement occurred in simula-
tions in which RS, M2, or CB was present. Simulations
with M2 and without M1 (i.e. M2, RS+M2, M2+CB,
and RS+M2+CB) exhibited one ice enhancement peak
at 99 min, with a maximum of 22 L−1. There were inter-

action effects for combinations of SIP mechanisms. Sim-
ulations with M1 and M2 (i.e. M1+M2, RS+M1+M2,
M1+M2+CB, and RS+M1+M2+CB) had one ice en-
hancement peak, with a maximum of 33 L−1 at 96 min. Indi-
vidually, the RS and CB SIP mechanisms were only slightly
active, with maximum ice enhancements between 0.1 and
0.2 L−1, and the M1 SIP mechanism was not active.

For simulations with a colder cloud base and updraft
speeds of 2 and 10 m s−1, ice enhancement occurred in
simulations in which M2 or CB was present. Simulations
with M2 and without M1 (i.e. M2, RS+M2, M2+CB,
and RS+M2+CB) exhibited one ice enhancement peak
at 111 and 118 min for updraft speeds of 2 and 10 m s−1,
respectively. The maximum ice enhancement was approxi-
mately 23 L−1, similar to the simulations with updraft speeds
of 0.5 m s−1. Again, there were interaction effects for com-
binations of SIP mechanisms. Simulations with M1 and
M2 (i.e. M1+M2, RS+M1+M2, M1+M2+CB, and
RS+M1+M2+CB) had ice enhancements of ∼ 31 L−1

for simulations, with updraft speeds of 2 and 10 m s−1 oc-
curring at 109 and 118 min, respectively. Simulations with
CB, except for M2 (i.e. CB, M1+CB, RS+CB, and
RS+M1+CB), were only slightly active, with maximum
ice enhancements between 0.4 and 1 L−1, and the M1 and
RS SIP mechanisms were not active.

4.1.2 Sensitivity test: initial INP concentration

We used the DeMott et al. (2010) INP parameterisation
scheme to initiate ice formation in the BMM. To test the sen-
sitivity of the INP parameterisation scheme to ice enhance-
ment, we multiplied the initial INP concentrations by 0.1
and 10. For reference, Fig. S5 shows the control ICNCs for
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Figure 3. M2 ice enhancement against simulation time for three INP concentrations (×0.1, ×1, and ×10) for a shallower (1.3 km) cloud
with a natural aerosol size distribution. Warmer refers to cloud-base temperatures of 7 ◦C, and colder refers to cloud-base temperatures of
0 ◦C.

the INP concentrations over different cloud-base tempera-
tures and updraft speeds.

Figure 3 shows the ice enhancement for M2 simulations
with INP concentrations of ×0.1, ×1, and ×10. The M2 ice
enhancement profiles of the warmer cloud-base simulations
were similar for all the INP concentrations. For all updraft
speeds, there was a small offset between the maximum ice
enhancement peaks of approximately 1 min between ×0.1
and ×1 INP concentrations and a further 1 min between ×1
and ×10 INP concentrations. The maximum ice enhance-
ment for all the INP concentrations was between 11 and
15 L−1, with the ×10 INP concentration having the highest
enhancement and ×0.1 the lowest enhancement.

For the colder cloud base with updraft speeds of 0.5 m s−1,
the ×1 INP and ×10 concentrations peaked at similar
times, and the ×0.1 INP concentration peaked last. The
×1 INP concentration had the highest ice enhancement. The
×0.1 and ×10 INP concentrations had similar maximum ice
enhancements, approximately 10 L−1 less than the ×1 INP
concentration. However, compared to the×1 INP concentra-
tion, the ×10 INP concentration had a broader ice enhance-
ment profile. For simulations with updraft speeds of 2 and
10 m s−1, the ×1 INP concentration had the highest ice en-
hancement, followed by the ×0.1 INP concentration. Very
little ice enhancement occurred in the simulations with the
×10 INP concentration.

In addition to ice enhancement due to M2, ice enhance-
ment occurred due to CB and M1+M2. The M1+M2 sim-
ulations followed similar ice enhancement trends to the M2
simulations (see Fig. S6). However, the CB simulations fol-
lowed different ice enhancement trends (see Fig. S7). There
was a non-linear effect on ice enhancement due to INP con-

centration in simulations with a colder cloud base. For ex-
ample, in simulations with updraft speeds of 0.5 m s−1, the
×10 INP concentration had the highest ice enhancement, fol-
lowed by the ×1 INP and then the ×10 INP concentrations.
However, in simulations with updraft speeds of 2 m s−1, the
×1 INP concentration had the highest ice enhancement, with
little to no ice enhancement from the×10 and×0.1 INP con-
centrations. In simulations with updraft speeds of 10 m s−1,
the×10 INP concentration had the highest ice enhancement,
followed by the ×1 and ×0.1 INP concentrations.

4.1.3 Sensitivity test: M2 freezing fraction (Φ)

The M2 parameterisation given in Eq. (9) requires the frac-
tion of secondary drops that will freeze, which is denoted as
8. We used a value of 0.3, based on our recent laboratory
measurements (James et al., 2021). To test the sensitivity of
ice enhancement to8 during M2 simulations, we ran simula-
tions for warmer and colder cloud bases with natural aerosol
size distribution and updraft speeds of 2 m s−1, using the fol-
lowing 8 values: 0.5, 0.1, 0.01, 0.001, and 0.0001. The re-
sults are plotted in Fig. 4.

For the warmer cloud-base temperatures, as the value of8
decreased from 0.5 to 0.3, the maximum ice enhancement de-
creased by∼ 8 L−1. When the value of8 decreased from 0.3
to 0.1, the maximum ice enhancement decreased by∼ 9 L−1.
Where 8 had values≤ 0.1, very little to no ice enhancement
was observed with concentrations between 0–4 L−1. Com-
pared to lower values of 8, higher values of 8 had earlier
maximum ice enhancement peaks. For example, ice enhance-
ment occurred 1 min earlier for 8 values of 0.5 compared to
8 values of 0.3 and 5 min earlier for 8 values of 0.5 com-
pared to 8 values of 0.1.
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Figure 4. M2 ice enhancement against simulation time for six
8 values (0.5, 0.3, 0.1, 0.01, 0.001, and 0.0001) for a shallower
(1.3 km) cloud with natural aerosol size distributions and updraft
speed of 2 m s−1. Warmer refers to cloud-base temperatures of 7 ◦C,
and colder refers to cloud-base temperatures of 0 ◦C.

For the colder cloud base, decreasing the value of 8
from 0.5 to 0.3 reduced the maximum ice enhancement by
10 L−1. When the values of 8 decreased from 0.3 to 0.1, the
maximum ice enhancement decreased by ∼ 13 L−1. When
8 was between 0.1 and 0.01, the maximum ice enhancement
decreased by 9 L−1. There was very little to no ice enhance-
ment when 8 had values of 0.001 or below. Similar to the
warmer cloud-base simulations, lower values of 8 delayed
the maximum ice enhancement for the colder cloud bases.

4.1.4 Sensitivity test: M2 DEcrit

The M2 parameterisation given in Eq. (9) requires the onset
of splashing, which is denoted as DEcrit. We used the value
of 0.2 given in Phillips et al. (2018), based on laboratory data
of drops colliding on roughened copper hemispheres from
Levin et al. (1971). To test the sensitivity of ice enhance-
ment to DEcrit during M2 simulations, we ran simulations
for warmer and colder cloud bases with natural aerosol size
distribution and updraft speeds of 2 m s−1, using the follow-
ing DEcrit values: 0.2, 3, and 6. The results are plotted in
Fig. 5.

For the warmer cloud-base temperatures, as the value of
DEcrit increased from 0.2 to 3, the maximum ice enhance-
ment decreased by ∼ 6 L−1. When the value of 8 increased
from 3 to 6, the maximum ice enhancement decreased by
∼ 4 L−1. Compared to higher values of DEcrit, lower val-
ues of DEcrit had earlier maximum ice enhancement peaks.
For example, ice enhancement occurred ∼ 2 min earlier for
DEcrit values of 0.2, compared to DEcrit values of 3, and
6 min earlier for DEcrit values of 0.2, compared to DEcrit val-
ues of 6.

Figure 5. M2 ice enhancement against simulation time for three
DEcrit values (0.2, 3, and 6) for a shallower (1.3 km) cloud with
natural aerosol size distributions and updraft speed of 2 m s−1.
Warmer refers to cloud-base temperatures of 7 ◦C, and colder refers
to cloud-base temperatures of 0 ◦C.

For the colder cloud base, increasing the value of DEcrit
from 0.2 to 3 reduced the maximum ice enhancement by
11 L−1. When the values of DEcrit increased from 3 to 6, the
maximum ice enhancement decreased by ∼ 7 L−1. Similar
to the warmer cloud-base simulations, lower values of DEcrit
delayed the maximum ice enhancement for the colder cloud
bases.

4.2 Shallower cloud: near-city aerosol size distribution

4.2.1 Sensitivity test: cloud-base temperature and
updraft speed

Similar to the natural aerosol size distribution, we performed
simulations using a near-city aerosol size distribution for
two cloud-base temperatures, 7 and 0 ◦C, and three updraft
speeds, 0.5, 2, and 10 m s−1. The SIP mechanisms, RS, M1,
M2, and CB, were investigated individually and for all pos-
sible combinations. We also performed a control simulation
with no SIP mechanisms.

For the warmer cloud-base simulations, the maximum
control ICNCs were 3× 10−4, 2× 10−3, and 0.01 L−1 for
updraft speeds of 0.5, 2, and 10 m s−1, respectively. For
the colder cloud-base simulations, the maximum control IC-
NCs were 0.3, 1, and 1.5 L−1 for updraft speeds of 0.5,
2, and 10 m s−1, respectively. For reference, Fig. S8 shows
the ICNC of the control simulations for a near-city aerosol
size distribution.

For both cloud-base temperatures, the maximum CDNC
for simulations with updraft speeds of 0.5, 2, and 10 m s−1

was 100, 900, and 2100 cm−3, respectively. These maxima
occurred within the first few minutes of the simulations. For
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Figure 6. Ice enhancement against simulation time for a shallower (1.3 km) cloud with a near-city aerosol size distribution. Warmer refers
to cloud-base temperatures of 7 ◦C, and colder refers to cloud-base temperatures of 0 ◦C. The dashed grey lines indicated the threshold time
at which the updraft was turned off. Plots are annotated to indicate the processes that were active.

both cloud-base temperatures, in the simulations with updraft
speeds of 0.5 m s−1, the CDNC remained constant through-
out the simulation; hence, there was no active collision–
coalescence process (and therefore no strongly active sec-
ondary ice production). In simulations with a warmer cloud-
base temperature and updraft speeds of 10 m s−1, the CDNC
decreased sharply, almost to zero, for all simulations around
80 min. For simulations with a warmer cloud-base temper-
ature and updraft speeds of 2 m s−1, this decrease occurred
at around 90 min in simulations with M2. For simulations
without M2, this occurred around 95 min. Sharp drops in the
CDNC, almost to zero, also happened in simulations with a
colder cloud base and updraft speeds of 2 and 10 m s−1 at
around 90 and 80 min, respectively. For reference, Fig. S9
shows the CDNCs for all SIP mechanism simulations with a
natural aerosol size distribution.

Figure 6 shows the ice enhancement as a function of
simulation time for a shallower (1.3 km) convective cloud
with a near-city aerosol size distribution. The vertical
dashed line represents tw and is dependent on the updraft
speed. For simulations with updraft speeds of 0.5 m s−1,
no significant ice enhancement was observed for any SIP
mechanism or combination due to the lack of a strong
collision–coalescence process for this case. For simulations
with a warmer cloud base and updraft speeds of 2 and
10 m s−1, ice enhancement occurred in simulations with M2
(i.e. M2, M1+M2, M2+CB, RS+M2, M1+M2+CB,
RS+M1+M2, RS+M2+CB, and RS+M1+M2+CB).
For both updraft speeds, the ice enhancement profiles were
identical for all simulations with M2, indicating that only M2
was active. Both updraft speeds exhibited one ice enhance-
ment peak, which shifted to higher simulation times as the

updraft speed increased from 79 to 88 min for updraft speeds
of 2 and 10 m s−1, respectively. A further ice enhancement
occurred in simulations with updraft speeds of 2 m s−1 to-
wards the end of the simulation. For both updraft speeds,
the maximum of the ice enhancement peak was similar, at
around 17 L−1. However, the ice enhancement, which oc-
curred towards the end of the simulations with updraft speeds
of 2 m s−1, was approximately 50 L−1 more.

For simulations with a colder cloud base and updraft
speeds of 2 and 10 m s−1, ice enhancement occurred in simu-
lations with M2 or CB. Simulations with M2 and without M1
(i.e. M2, M2+RS, M2+CB, and RS+M2+CB) exhib-
ited one ice enhancement peak at 98 and 104 min for updraft
speeds of 2 and 10 m s−1, respectively. The maximum ice en-
hancement was similar for both updraft speeds, at around
29 L−1. There was an interaction effect in simulations with
M1 and M2 (i.e. M1+M2, RS+M1+M2, M1+M2+CB,
and RS+M1+M2+CB). Compared to the M2 simula-
tions, these simulations had higher ice enhancements of
44 and 38 L−1 for simulations with updraft speeds of 2 and
10 m s−1, respectively, which occurred slightly earlier at
97 and 103 min. Simulations with CB and without M2
(i.e. CB, M1+CB, RS+CB, and RS+M1+CB) were only
slightly active, with maximum ice enhancements between
0.4–1 L−1, and the M1 and RS SIP mechanisms were not
active.

4.2.2 Sensitivity test: INP concentration

Figure 7 shows the ice enhancement for M2 simulations with
INP concentrations of ×0.1, ×1 and ×10. For reference,
Fig. S10 shows the ICNCs from the control simulations. No
ice enhancement occurred in simulations with updraft speeds
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Figure 7. M2 ice enhancement against simulation time for three INP concentrations (×0.1, ×1, and ×10) for a shallower (1.3 km) cloud
with a near-city aerosol size distribution. Warmer refers to cloud-base temperatures of 7 ◦C, and colder refers to cloud-base temperatures of
0 ◦C.

of 0.5 m s−1. For warmer cloud-base simulations with up-
draft speeds of 2 and 10 m s−1, the M2 ice enhancement pro-
files were similar for all the INP concentrations, exhibiting
one ice enhancement peak and, for the simulations with up-
draft speeds of 2 m s−1, a further increase towards the end of
the simulation. There was a small offset between the max-
imum ice enhancement peaks of approximately 1 min be-
tween ×0.1 and ×1 INP concentrations and a further 1 min
between×1 and×10 INP concentrations. The maximum ice
enhancement of the peak between 80–90 min was between
15–20 L−1, with the×10 INP concentration having the high-
est enhancement and the ×0.1 having the lowest enhance-
ment. For the colder cloud base (0 ◦C) with updraft speeds of
2 and 10 m s−1, the×1 INP concentration had the highest ice
enhancement, followed by the ×0.1 INP concentration. Very
little to no ice enhancement occurred in the simulation with
×10 INP concentration.

In addition to M2 ice enhancement, ice enhancement oc-
curred due to CB and M1+M2. The M1+M2 simulations
followed similar ice enhancement trends to the M2 simula-
tions (see Fig. S11). The CB simulations followed different
trends (see Fig. S12). For the warmer cloud bases, a very
slight ice enhancement due to CB occurred in the simulation,
with updraft speeds of 10 m s−1 and a ×10 INP concentra-
tion. For the colder cloud base, slight ice enhancements due
to CB occurred in simulations with updraft speeds of 2 and
10 m s−1. Very little ice enhancement occurred in the simu-
lations with updraft speeds of 0.5 m s−1. In simulations with
updraft speeds of 2 m s−1, the ×1 INP concentration had the
highest ice enhancement, with little to no ice enhancement
from the ×0.1 and ×10 INP concentrations. In simulations
with updraft speeds of 10 m s−1, the ×10 INP concentration

had the highest ice enhancement, peaking at around 75 min.
The ×1 INP concentration peaked later, at around 110 min,
with little to no ice enhancement from the ×0.1 INP concen-
trations. Hence, the clouds exhibited some sensitivity to INP
concentrations when INP concentrations were high.

4.2.3 Sensitivity test: M2 Φ parameter

Figure 8 shows the M2 ice enhancement against simulation
time for six 8 values, 0.5, 0.3, 0.1, 0.01, 0.001, and 0.0001,
for shallower clouds with a near-city aerosol size distribu-
tion. Similar to simulations with a natural aerosol size dis-
tribution, little to no ice enhancement occurred when the
8 value decreased below 0.1 for both cloud-base tempera-
tures. In general, where ice enhancement occurred (8≥ 0.1),
higher values of 8 had earlier maximum ice enhancement
peaks compared to lower values of 8.

4.2.4 Sensitivity test: M2 DEcrit

Figure 9 shows the M2 ice enhancement against simulation
time for three DEcrit values, 0.2, 3, and 6, for shallower
clouds with a near-city aerosol size distribution. In general,
lower values of DEcrit had earlier maximum ice enhancement
peaks compared to higher values of DEcrit. The maximum ice
enhancement peaks were greater for lower DEcrit values.

4.3 Deeper cloud: natural aerosol size distribution

4.3.1 Sensitivity test: cloud-base temperature and
updraft speed

We performed simulations using a natural aerosol size dis-
tribution for two cloud-base temperatures, 7 and 0 ◦C, and
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Figure 8. M2 ice enhancement against simulation time for six
8 values (0.5, 0.3, 0.1, 0.01, 0.001, and 0.0001) for a shallower
(1.3 km) cloud with near-city aerosol size distributions and updraft
speed of 2 m s−1. Warmer refers to cloud-base temperatures of 7 ◦C,
and colder refers to cloud-base temperatures of 0 ◦C.

Figure 9. M2 ice enhancement against simulation time for three
DEcrit values (0.2, 3, and 6) for a shallower (1.3 km) cloud with
near-city aerosol size distributions and updraft speed of 2 m s−1.
Warmer refers to cloud-base temperatures of 7 ◦C, and colder refers
to cloud-base temperatures of 0 ◦C.

three updraft speeds, 0.5, 2, and 10 m s−1. Similar to the shal-
lower clouds presented in Sect. 4.1 and 4.2, we investigated
the SIP mechanisms RS, CB, M1, and M2 individually and
for all possible combinations. We also performed a control
simulation with no SIP mechanisms.

For reference, Fig. S13 shows the ICNC of the control sim-
ulations for natural aerosol size distributions. The warmer
cloud-base temperature simulations had maximum control
ICNCs of 0.7, 1, and 2 L−1 for updraft speeds of 0.5, 2, and

10 m s−1, respectively. The colder cloud-base temperature
simulations had maximum control ICNCs of 3, 5, and 8 L−1

for updraft speeds of 0.5, 2, and 10 m s−1, respectively. Fig-
ure S14 shows the CDNCs for all simulations. The maximum
CDNCs for simulations with updraft speeds of 0.5, 2, and
10 m s−1 were approximately 420, 1000, and 1300 cm−1.

Figure 10 shows the ice enhancement as a function of sim-
ulation time for a deeper (2.4 km) convective cloud with a
natural aerosol size distribution. The initial updraft speed re-
mained constant until a threshold time (tw) that was depen-
dent on the updraft speed, after which it was set to zero to
simulate a cloud at the desired depth. In Fig. 10, tw is repre-
sented by a dashed line at approximately 83, 21, and 4 min
for updraft speeds of 0.5, 2, and 10 m s−1, respectively.

For simulations with a warmer cloud base and updraft
speeds of 0.5 m s−1, ice enhancement occurred in simu-
lations with RS or M2 active. Simulations with RS and
M2 (i.e. RS+RS, RS+M1+M2, RS+M2+CB, and
RS+M1+M2+CB) exhibited one ice enhancement peak
at 71 min, with a maximum ice enhancement of 223 L−1.
Simulations with RS and M1 (i.e. RS+M1, RS+M1+CB,
RS+M1+M2, and RS+M1+M2+CB) also had one ice
enhancement peak at 71 min, with a maximum ice enhance-
ment of 316 L−1. Simulations with M2 and without RS or
M1 exhibited two ice enhancement peaks at 77 and 111 min,
with maximums of 20 and 76 L−1. Simulations with M1 and
M2 and without RS (i.e. M1+M2 and M1+M2+CB) also
had two ice enhancement peaks at 76 and 109 min, with max-
imums of 25 and 152 L−1. Individually, the M1 and CB SIP
mechanisms were not active.

For simulations with a warmer cloud base and updraft
speeds of 2 and 10 m s−1, ice enhancement occurred in
simulations with M2 and CB and all combinations of
these SIP mechanisms. Simulations with M2 and without
M1+M2 or M1+M2+RS (i.e. M2, RS+M2, M2+CB,
RS+M2+CB, M1+M2+CB, and RS+M1+M2) ex-
hibited two ice enhancement peaks at 57 and 102 min for
updraft speeds of 2 m s−1 and 56 and 112 min for updraft
speeds of 10 m s−1. The maximum ice enhancement for the
first peak was 29 L−1 for simulations with updraft speeds of
2 and 10 m s−1, respectively, and 68 and 57 L−1 for the sec-
ond ice enhancement peak. A higher ice enhancement oc-
curred in the M1+M2 and RS+M1+M2 simulations. The
first peaks had maximums of 44 and 46 L−1 at 55 min. The
second peaks had maximums of 123 and 91 L−1 at 101 and
112 min for updraft speeds of 2 and 10 m s−1. On their own,
the RS, M1, and CB SIP mechanisms were only slightly
active, with maximum ice enhancements between 0.1 and
0.7 L−1.

For simulations with a colder cloud base and updraft
speeds of 0.5 m s−1, ice enhancement occurred in simula-
tions with M2 or CB active. Simulations with M2 and with-
out M1 or CB (i.e. M2 and RS+M2) had one ice enhance-
ment peak at 86 min, with a maximum of 27 L−1, and a fur-
ther ice enhancement towards the end of the simulation. Sim-
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Figure 10. Ice enhancement against simulation time for a deeper (2.4 km) cloud with a natural aerosol size distribution. Warmer refers to
cloud-base temperatures of 7 ◦C, and colder refers to cloud-base temperatures of 0 ◦C. The dashed grey lines indicated the threshold time at
which the updraft was turned off. Plots are annotated to indicate the processes that were active.

ulations with M1 and M2 (i.e. M1+M2, RS+M1+M2,
M1+M2+CB, and RS+M1+M2+CB) had similar pro-
files but with higher maximum ice enhancements of 41 L−1.
Simulations with M2 and CB (i.e. M2+CB, RS+M2+CB,
M1+M2+CB, and RS+M1+M2+CB) had two over-
lapping peaks at 87 and 125 min, with ice enhancements of
31 and 40 L−1. Simulations with CB and without M1 or M2
(i.e. CB and RS+CB) exhibited ice enhancement towards
the end of the simulation, with maximum values of∼ 67 L−1.
Simulations with CB and M1 and without M2 (i.e. M1+CB
and RS+M1+CB) exhibited an ice enhancement peak to-
wards the end of the simulation at 122 min, with a maximum
ice enhancement of 67 L−1. Individually, the M1 and RS SIP
mechanisms were not active.

For simulations with a colder cloud base and updraft
speeds of 2 m s−1, ice enhancement occurred in simulations
with M2 or CB active. All active SIP mechanisms exhib-
ited one ice enhancement peak. The M2 and RS+M2 sim-
ulations had a maximum ice enhancement peak at 95 min
of 60 L−1. Simulations with M1 and M2 and without CB
(i.e. M1+M2 and RS+M1+M2) had slightly higher ice
enhancements of 82 L−1. Simulations with CB and without
M2 (i.e. CB, M1+CB, RS+CB, and RS+M1+CB) had
a maximum ice enhancement peak of 103 L−1 at 93 min.
Simulations with M1, M2, and CB (i.e. M1+M2+CB
and RS+M1+M2+CB) had an ice enhancement peak at
89 min of 136 L−1. Simulations with M2 and CB and without
M1 (i.e. M2+CB and RS+M2+CB) had an ice enhance-
ment peak of 124 L−1 at 90 min. Individually, the RS and M1
SIP mechanisms were not active.

For simulations with a colder cloud base and updraft speed
of 10 m s−1, an ice enhancement occurred towards the end of

the simulation, where M2 or CB was active. The M2 and
RS+M2 simulations had a maximum ice enhancement of
40 L−1 at the end of the simulation. Simulations with M1
and M2 and without CB (i.e. M1+M2 and RS+M1+M2)
had a slightly higher ice enhancement of 61 L−1 at the end
of the simulation. Simulations with CB and without M2
(i.e. CB, RS+CB, M1+CB, and RS+M1+CB) had an
ice enhancement of 51 L−1 at the end of the simulation. Sim-
ulations with M2 and CB (i.e. M2+CB, RS+M2+CB,
M1+M2+CB, and RS+M1+M2+CB) had an ice en-
hancement peak at 131 min of 80 L−1.

4.4 Deeper cloud: near-city aerosol size distribution

4.4.1 Sensitivity test: cloud-base temperature and
updraft speed

For reference, Fig. S15 shows the ICNC of the control sim-
ulations for a near-city aerosol size distribution. The warmer
cloud-base temperature simulations had maximum control
ICNCs of 0.3, 1, and 2 L−1 for updraft speeds of 0.5, 2, and
10 m s−1, respectively. The colder cloud-base temperature
simulations had maximum control ICNCs of 7, 10, and
12 L−1 for updraft speeds of 0.5, 2, and 10 m s−1, respec-
tively. Figure S16 shows the CDNCs for all simulations.
The maximum CDNCs for simulations with updraft speeds
of 0.5, 2, and 10 m s−1 were approximately 100, 1200, and
2400 cm−1.

Figure 11 shows the ice enhancement as a function of sim-
ulation time for a deeper (2.4 km) convective cloud with a
near-city aerosol size distribution. The vertical dashed line
represents tw and is dependent on the updraft speed. For
simulations with updraft speeds of 0.5 m s−1, no signifi-
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Figure 11. Ice enhancement against simulation time for a deeper (2.4 km) cloud with a near-city aerosol size distribution. Warmer refers to
cloud-base temperatures of 7 ◦C, and colder refers to cloud-base temperatures of 0 ◦C. The dashed grey lines indicated the threshold time at
which the updraft was turned off. Plots are annotated to indicate the processes that were active.

cant ice enhancement was observed for any SIP mechanism
or combination. For simulations with a warmer cloud base
and updraft speeds of 2 and 10 m s−1, ice enhancement oc-
curred in simulations with M2 or CB active. Simulations
with M2 and without M1 (i.e. M2, RS+M2, M2+CB, and
RS+M2+CB) exhibited two ice enhancement peaks. The
first peaks occurred at 49 and 55 min for simulations with
updraft speeds of 2 and 10 m s−1, respectively, and the sec-
ond peaks at 85 and 91 min. The maximum ice enhancement
for the first peak was 33 and 39 L−1 for simulations with
updraft speeds of 2 and 10 m s−1, respectively, and 71 and
80 L−1 for the second ice enhancement peak. For M2+M1
and M2+M1+RS simulations, higher ice enhancements
occurred. Maximums of 47 and 139 L−1 for simulations with
updraft speeds of 2 m s−1 and 59 and 138 L−1 for updraft
speeds of 10 m s−1 are given. Individually, the CB, RS, and
M1 SIP mechanisms were only slightly active.

For simulations with a colder cloud base and updraft
speeds of 2 m s−1, ice enhancement occurred in simulations
with M2 or CB. All active SIP mechanisms exhibited one
ice enhancement peak. The M1+M2+CB simulation had
a maximum ice enhancement of 142 L−1 at 85 min. The
M2+CB, RS+M2+CB, and RS+M1+M2+CB simu-
lations had maximum ice enhancements of 136 L−1. Simu-
lations with M1 and M2 and without CB (i.e. M1+M2 and
RS+M1+M2) had maximum ice enhancements of 101 L−1

at 90 min. The M2 and RS+M2 simulations had a maximum
ice enhancement peak at 91 min of 60 L−1. Individually, M1
and RS SIP mechanisms were not active.

For simulations with a colder cloud base and updraft
speeds of 10 m s−1, ice enhancement occurred in simu-
lations with M2 or CB. Individually, M1 and RS SIP

mechanisms were not active. The M2 and RS+M2 sim-
ulations exhibited one ice enhancement peak at 110 min
of 46 L−1. The M1+M2 and RS+M1+M2 simula-
tions had ice enhancements of 88 L−1 at 108 min. The
M2+CB and RS+M2+CB simulations had an ice en-
hancement of 64 L−1 at 112 min. The RS+M2+CB and
RS+M1+M2+CB simulations had an ice enhancement
peak of 69 L−1 at 105 min. The CB and RS+CB simulations
a maximum ice enhancement peak of 40 L−1 at 120 min.
The M1+CB and RS+M1+CB simulation had two over-
lapping peaks with similar maximum ice enhancements of
28 L−1 between 100 and 120 min.

5 Discussion

In our simulations, ice enhancement occurs after the
collision–coalescence process, which takes time to initiate
due to drop growth, usually within the latter half of the
simulations (> 60 min). The lifetime of shallow convective
clouds is variable. For example, Öktem and Romps (2021)
showed that shallow cumulus clouds forming over the South-
ern Great Plains in the USA over an observational period of
3 years had lifetimes from as little as 30 min to over 9 h,
with shorter-duration clouds occurring in the spring. There
have been observations of rapid ice enhancement within shal-
low convective clouds (e.g. Rangno and Hobbs, 1991; Hobbs
and Rangno, 1990). Collision–coalescence is key for the
initiation of ice enhancement within our simulations, and
there are several processes which may accelerate collision–
coalescence that are not modelled. For example, entrainment
of dry air may cause inhomogeneous mixing and preferential
growth of larger drops during ascent (e.g. Baker et al., 1980;

Atmos. Chem. Phys., 23, 9099–9121, 2023 https://doi.org/10.5194/acp-23-9099-2023



R. L. James et al.: A bin microphysics parcel model investigation of secondary ice formation 9113

Table 4. Summary of active SIP mechanisms. ↑ indicates a SIP mechanism or SIP mechanism combination at which significant ice enhance-
ment occurred.

Cloud Updraft Active SIP mechanism
speed

(m s−1)

Shallow 0.5 M2↑
Natural 2 M2↑
Warm 10 M2↑

Shallow 0.5 RS, M2↑, CB, M1+M2↑
Natural 2 M2↑, CB, M1+M2↑
Cold 10 M2↑, CB, M1+M2↑

Shallow 0.5 –
Near city 2 M2↑
Warm 10 M2↑

Shallow 0.5 –
Near city 2 CB, M2↑, M1+M2↑
Cold 10 CB, M2↑, M1+M2↑

Deep 0.5 RS↑, M2↑, RS+M1↑, RS+M2↑, M1+M2↑
Natural 2 RS, M1, M2↑, CB, M1+M2↑
Warm 10 RS, CB, M1, M2↑, M1+M2↑

Deep 0.5 M2↑, CB↑, M1+M2↑, M1+CB↑M2+CB↑
Natural 2 M2↑, CB↑, M1+M2↑, M2+CB↑, M1+M2+CB↑
Cold 10 CB↑, M2↑, M1+M2↑, M2+CB↑

Deep 0.5 –
Near city 2 RS, M1, M2↑, CB, M1+M2↑
Warm 10 RS, M1, M2↑, CB, M1+M2↑

Deep 0.5 –
Near city 2 M2↑, CB↑, M1+M2↑, CB+M2↑, RS+M1+M2↑
Cold 10 M2↑, CB↑, M1+M2↑, M1+CB↑, M2+CB↑, M1+M2+CB↑

Telford and Chai, 1980) or turbulence (e.g. Pinsky et al.,
2008; Grabowski and Wang, 2013; Chen et al., 2018) See
Morrison et al. (2022) for more discussion of these processes.

Table 4 shows a summary of active SIP mechanisms and
combinations in the idealised shallow convective clouds in-
vestigated. Overall, M2 is a significant contributor to ice
enhancement, both individually and in combination with
other SIP mechanisms, for most idealised shallow convective
clouds. The exception is clouds with a near-city aerosol size
distribution and updraft speeds of 0.5 m s−1. There were also
several clouds for which other SIP mechanisms significantly
contributed to ice enhancement. Rime splintering occurred
in the deeper cloud with a warmer cloud base, with a natural
aerosol size distribution and updraft speeds of 0.5 m s−1, and
ice–ice collisional breakup occurred for some deeper clouds
with colder cloud bases.

To understand the prevalence of the M2 SIP mechanism,
we first consider why the other SIP mechanisms may not
have been as active. For RS to be active, according to the RS
parameterisation scheme used in the BMM, the cloud must
have temperatures between−2.5 and−7.5 ◦C. This rules out

the shallower clouds with warmer cloud bases, as the cloud
tops are too warm, with temperatures of −1 ◦C. The tem-
perature region is only one requirement of the RS mech-
anism. In addition, the cloud drops must been sufficiently
large and have a broad size distribution. Drop size distribu-
tions are broadest in simulations with lower updraft speeds
(see Figs. S17–S20). Compared to deeper clouds, shallower
clouds have a narrower drop size distribution; hence, we only
observe ice enhancement due to RS in the shallower idealised
clouds with a natural aerosol size distribution and colder
cloud base with updraft speeds of 0.5 m s−1. While RS was
active for the deeper clouds with warmer cloud bases for all
updraft speeds due to the overall broader drop size distribu-
tion within the RS temperature region, only the lower updraft
speeds of 0.5 m s−1 had significant ice enhancement due to
RS. This is due to the increased residence time in the RS
temperature region for the simulations with the lowest up-
draft speed.

In contrast to RS, there is no narrow temperature region
restriction for the M1 SIP mechanism. However, it does have
a thermal peak for fragmentation around −15 ◦C and a min-
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Figure 12. The number of fragments due to mode 1 for drop di-
ameters of (a) 60 µm, (b) 150 µm, and (c) 1 mm. Shallower refers
to clouds with a depth of 1.3 km, and deeper refers to clouds with a
depth of 2.4 km. Warmer refers to cloud-base temperatures of 7 ◦C,
and colder refers to cloud-base temperatures of 0 ◦C.

imum drop diameter requirement of 50 µm (Phillips et al.,
2018). Where nucleation occurs due to ice particles, these ice
particles must be less massive than the drop. Furthermore,
the fragmentation was greater in larger drops compared to
smaller drops (see Fig. 12). For the shallower clouds with
warmer cloud bases, no fragmentation occurred for any drop
sizes given in Fig. 12, due to the relatively warm cloud tops
of −1 ◦C. For the shallower clouds with colder cloud bases
and the deeper clouds with warmer cloud bases, the cloud
tops had temperatures of −9 ◦C. Some of the largest drops
that formed in these simulations were approximately 1 mm,
where, according to Fig. 12c, fragmentation at −9 ◦C would
still result in very few fragments. While the deeper clouds
with colder cloud bases have some part of the cloud at the
thermal peak of −15 ◦C (see Fig. S2), this occurs relatively
early on in the simulations when most drop diameters were
below the minimum diameter threshold of 50 µm. Further-
more, these clouds remain at −19 ◦C for most of the sim-
ulation, away from the thermal peak, resulting in very few
fragments.

Similar to M1, CB also has a thermal peak for fragmen-
tation around −15 ◦C for collisions of graupel with graupel
or hail and hail with hail. Collisions of dendrites with any ice
particles and spatial planar ice habits with any ice particle are
not temperature dependent, according to the Phillips et al.
(2017) parameterisation. The BMM can resolve ice habits
based on aspect ratio, according to Chen and Lamb (1994),
and as indicated in Table 1, an aspect ratio of < 1 and bulk
density of < 400 kg m−3 defines dendrites, and an aspect ra-
tio of < 1 and bulk density of ≥ 400 kg m−3 defines spatial
planar ice habits. Both aerosol size distributions of the shal-
lower clouds have average aspect ratios close to or above 1
(see Figs. S21 and S22). This suggested that any CB occur-

ring in the shallower clouds was temperature dependent. CB
was only slightly active in the colder cloud-base simulations,
with cloud tops of −9 ◦C, which is away from the thermal
peak of −15 ◦C, and the ice collision frequency, initial ki-
netic energy, and rime fraction will also determine the degree
of ice enhancement. For the deeper clouds, the warmer cloud
bases had aspect ratios> 1, suggesting columnar habits (see
Fig. S23), and cloud tops of −9, therefore suggesting little
ice enhancement from CB. However, significant ice enhance-
ment from CB occurred in the deeper clouds with colder
cloud bases, where the aspect ratio value is < 1 (plates; see
Fig. S24) and cloud tops are −19 ◦C. The aspect ratio for
the natural aerosol size distribution with updraft speeds of
0.5 m s−1 dropped below 1 in the latter half of the simula-
tion; hence, ice enhancement from CB occurred towards the
end of the simulation.

On the other hand, M2 does not have a strict temperature
region or thermal peaks like RS, M1, and CB; instead, it in-
creases linearly with dimensionless energy and supercooling
(Phillips et al., 2018). However, the drop diameter must be
greater than 0.15 mm and the ice particle more massive than
the drop. Therefore, M2 takes time to become active in the
simulated clouds due to the requirement of large drops and
ice particles; hence, ice enhancement due to M2 occurred
more in the latter half of the simulations.

While M2 is the most prevalent SIP mechanism respon-
sible for ice enhancement in our simulations, there is still a
large uncertainty in the M2 freezing fraction (8). Before we
studied M2 in the laboratory (James et al., 2021), the theoret-
ical work of Phillips et al. (2018) suggested that a reasonable
value of 8 would be 0.5. The results from our laboratory
study suggested that the value of 8 was closer to 0.3, given
the limitations of the experimental set-up used. The results
from our sensitivity tests on the M28 values in Figs. 4 and 8
show only a small difference in ice enhancement between
using these two 8 values, and it is approximately 10 L−1.
However, ice enhancement was more significantly affected
when values of 8≤ 0.1 were used, with little to no ice en-
hancement observed in values of8 below 0.01. Phillips et al.
(2018) suggested that, based on a study by Latham and War-
wicker (1980), “8 must be somewhere between about 0.01
and 1, with the range 0.1–1 seeming more likely than 0.01”.
If this is correct, then even with the lower 8 value of 0.1, ice
enhancement values would not be trivial. For the examples
shown in Figs. 4 and 8, the ice enhancement was close to
10 L−1 for the colder cloud-base simulations and 4 L−1 for
the warmer cloud-base simulations.

Other uncertainties in the M2 parameterisation include the
critical value for onset of splashing (DEcrit). For splashing to
occur, the dimensionless energy must be greater than DEcrit.
Phillips et al. (2018) estimated a value for DEcrit of ∼ 0.2,
based on room temperature experiments of colliding drops
by Low and List (1982), and acknowledged that this was a
source of uncertainty. The equation used to describe the num-
ber of secondary liquid drops was further constrained, using
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laboratory experiments by Levin et al. (1971). These experi-
ments consisted of 2.5 mm drops impacting on a rough cop-
per sphere at room temperature. The number of secondary
drops formed in collision experiments is sensitive to the ge-
ometry and impact material; hence, the expression used to
describe the number of liquid fragments presents another
source of uncertainty. We increased the DEcrit by factors
of 10 and 30 to demonstrate the sensitivity of M2 ice en-
hancement on the DEcrit, as shown in Figs. 5 and 9. When the
DEcrit was increased by factors of 10 or 30, the ice enhance-
ment decreased compared to the stated DEcrit in Phillips et al.
(2018), but ice enhancement still occurred. Despite the un-
certainties within the M2 parameterisation, and in agreement
with Phillips et al. (2018), it is more erroneous not to include
M2 within simulations. Our laboratory experiments strongly
suggest that the M2 SIP mechanism could be active (James
et al., 2021), and further laboratory studies into this mecha-
nism will help reduce the uncertainties listed.

In simulations with near-city aerosol size distributions and
updraft speeds of 0.5 m s−1, no SIP mechanisms were ac-
tive. In these clouds, the CDNCs remained constant at ap-
proximately 100 cm−3, which is considerably lower than the
corresponding natural aerosol size distribution simulations.
In addition to the low CDNCs, the drop size distribution
in these clouds was significantly narrower than in simula-
tions with a natural aerosol size distribution (see Figs. S14
and S16). Usually, we expect a more active collision–
coalescence process in simulations with lower updraft speeds
due to the activation of fewer aerosol particles resulting in
fewer cloud drops. However, this result demonstrates the im-
portance of the aerosol size distribution and updraft speed.
In the near-city aerosol size distributions, activation only oc-
curs in aerosol particles with> 400 nm diameter, whereas
in the natural aerosol size distributions, activation occurs
in aerosols> 250 nm. A narrow range of aerosol activation
sizes results in a narrower drop size distribution that sup-
presses the collision–coalescence process, which will prevent
or hinder most of the SIP mechanisms investigated.

The effect of the aerosol particle number, size, and hygro-
scopicity on activation of cloud condensation nuclei has been
investigated by Reutter et al. (2009) under pyro-convective
conditions. They linked the ratio of the pyro-convective
aerosol particle number concentration and updraft speed to
cloud drop formation by noting three distinct regimes: an
aerosol-limited regime, an updraft regime, and an aerosol-
and updraft-sensitive regime. Aerosol particle concentrations
strongly determined the CDNC in the aerosol-limited regime.
Updraft speed strongly determined the CDNC in the updraft-
limited regime. A combination of aerosol particle concentra-
tions and updraft speed determined the aerosol- and updraft-
sensitive regime. In the updraft-limited regime, the CDNC
is strongly dependent on the updraft speed. In general, these
regimes are not specific to the pyro-convective conditions of
Reutter et al. (2009) (e.g. Gunthe et al., 2009), but the val-
ues used to define the boundaries between these regimes are.

In fact, Reutter et al. (2009) suggested that shallow convec-
tion over polluted regions is more likely to be updraft lim-
ited, whereas shallow convection in moderately polluted air
is more likely to be aerosol and updraft sensitive. We appear
to see something similar with the two aerosol size distribu-
tions used with the near-city aerosol size distribution, with
updraft speeds of 0.5 m s−1 potentially in an updraft-limited
regime and the natural aerosol size distribution with updraft
speeds of 0.5 m s−1 potentially in the aerosol- and updraft-
sensitive regime.

As SIP mechanisms rely on the presence of pre-existing
ice particles, such as those formed via the action of INPs, we
need to consider how the initial concentration of ice particles
affects SIP. In our study, we varied the initial INP concen-
trations. For the warmer cloud bases, where SIP mechanisms
were active for either aerosol size distribution, there was a
linear effect on INP concentrations, such that the ×0.1 INP
had the lowest ice enhancement and the ×10 INP had the
highest ice enhancement. Phillips et al. (2003) also observed
results for which increasing the initial INP increases the SIP
ICNC, due to rime splintering in their case, using a bulk mi-
crophysics model for deep convective clouds. However, for
the colder cloud bases, there was a non-linear effect, with
the ×10 INP concentration reducing or even suppressing ice
enhancement. The effect of increasing the INP concentration,
which in turn decreases SIP ICNC, has been observed before.
For example, simulations using a 1-D column model with bin
microphysics of shallow wintertime cumulus clouds showed
that when the INP was multiplied by 100, the RS mecha-
nism was turned off due to the Wegener–Bergeron–Findeisen
(WBF) process (Crawford et al., 2012). Figures S25 and S26
show the liquid and ice water contents for M2 simulations
with a natural aerosol size distribution, respectively, with
extended simulation runtimes, demonstrating that the WBF
process also occurred in our colder cloud-base simulations.
However, the WBF process occurred earlier, with a different
profile, in the ×10 INP concentration simulation compared
to the ×1 or ×0.1 INP concentration simulations, as initially
there was a higher ice water content in the simulations that al-
lowed more water vapour to condense onto the ice suppress-
ing the coalescence process, hence reducing SIP; however,
for the ×0.1 and ×1 INP simulations, coalescence occurred
earlier due to the lower ice water content allowing SIP for-
mation, which increased the ice enhancement.

These results are important, as increasing the INP con-
centration does not always increase ICNC, especially given
the uncertainty within the DeMott et al. (2010) INP param-
eterisation. We also note that as these are idealised clouds,
the DeMott et al. (2010) INP parameterisation works ade-
quately as a global ambient representation of aerosol parti-
cles. However, the DeMott et al. (2010) INP parameterisation
is not suitable for marine environments, and the aerosol par-
ticle size dependency may be less sensitive at temperatures
warmer than −15 ◦C, which is the temperature region of our
idealised clouds. How best to parameterise INPs is an active
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area of research (e.g. see review by Burrows et al., 2022) and
beyond the scope of this work.

Several studies have included M2 in their simulations,
although usually combined with M1 (Phillips et al., 2018;
Sotiropoulou et al., 2020; Qu et al., 2020; Zhao et al., 2021;
Zhao and Liu, 2021; Georgakaki et al., 2022; Zhao and Liu,
2022; Huang et al., 2022; Karalis et al., 2022), which is
equivalent to our M1+M2 simulations. For our idealised
cloud conditions, the contribution from our M1+M2 sim-
ulations appears to be derived from the M2 aspect. In fact, it
is only when we combine M1 with M2 that we see any sig-
nificant ice enhancement from M1. On its own, M1 was not
a strong ice enhancement mechanism in our idealised shal-
low convective clouds. In contrast, Phillips et al. (2018) (see
their Fig. 6) showed that in their simulation of a deep trop-
ical maritime convective cloud with temperatures between
0 and −20 ◦C, over 90 % of the ice came from M1 and M2,
of which M1 contributed to approximately double that of M2.
M1 was more significant in Phillips et al. (2018) simulations
compared to M2, probably due to simulation temperatures
which covered the thermal peak of M1 at −15 ◦C. As shown
in Fig. 12, very few fragments were formed away from the
thermal peak. Most of our simulations were warmer than
the thermal peak, and the deeper clouds with colder cloud-
base temperatures of 0 ◦C only briefly had temperatures near
the thermal peak early on in the simulation (see Fig. S2b).
Similar results were also observed by Qu et al. (2020), who
modelled similar deep tropical maritime convective cloud
conditions that Phillips et al. (2018) simulated. Zhao et al.
(2021) simulated four types of Arctic mixed-phase clouds
based on Atmospheric Radiation Measurement Mixed-Phase
Arctic Cloud Experiment observations. They showed that ap-
proximately 80 % of all ice particles came from M1 in their
single-layer boundary layer stratus simulations. The largest
contribution of M2 came from the transition simulations, but
this only contributed a small fraction compared to M1. Other
studies which modelled the M2 SIP mechanism with the M1
SIP mechanism did not provide a breakdown of the contri-
bution from M1 and M2 (Zhao and Liu, 2021, 2022; Huang
et al., 2022; Karalis et al., 2022). Two studies found that M2
combined with M1 was not an effective SIP mechanism in
the simulated conditions (Sotiropoulou et al., 2020; Geor-
gakaki et al., 2022). Sotiropoulou et al. (2020) stated that
this was due to their thermodynamic conditions with rela-
tively cold cloud-base temperatures, and Georgakaki et al.
(2022) stated that this was due to the drops being too small
to initiate M1+M2 in their simulated conditions.

6 Conclusions

We summarise our key results as follows.

– No SIP mechanisms were active in simulations with a
near-city aerosol size distribution and updraft speeds of
0.5 m s−1, indicating a significant sensitivity of ice en-

hancement within these simulated clouds to the aerosol
particle size distribution when updraft speeds are low.

– Across all simulations where SIP mechanisms were ac-
tive, M2 was the most prevalent SIP mechanism, espe-
cially for shallower clouds. While M2 was still preva-
lent in the deeper clouds, there were cases where RS or
CB contributed significantly to ice enhancement in the
colder cloud bases.

– Ice enhancement from M2 was particularly sensitive to
the freezing fraction value (8).

– There was a high sensitivity to INP concentration at the
highest INP concentrations (×10), which delayed the
collision–coalescence process and hence ice enhance-
ment.

Our results suggest that M2 may be a significant ice en-
hancement mechanism in shallow convective clouds where
large drops are present, especially when cloud tops are
warmer than −15 ◦C, at the thermal peak of M1 and M2.
It may also be significant for clouds for which large drops
do not reside within the RS region. However, there are still
many areas within the M2 parameterisation that need to be
addressed via further laboratory work, as detailed in James
et al. (2021), a theme which can be applied to all SIP param-
eterisations. Our results also show that the parameterisation
of INPs can have an effect on SIP mechanisms, and certainly
with modelling studies, these should be varied.

Appendix A

Table A1. List of SIP combinations.

List of SIP combinations

RS
M1
M2
CB
RS+M1
RS+M2
RS+CB
M1+M2
M1+CB
M2+CB
RS+M1+M2
RS+M2+CB
RS+M1+CB
M1+M2+CB
RS+M1+M2+CB
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Appendix B

Table B1. List of symbols.

Symbol Description Value and units

A Number density of the breakable asperities in the region of contact –
cw Specific heat capacity of liquid water 4200 J kg−1 K−1

C Asperity fragility coefficient –
Da Diameter of aerosol particle m
Dd Diameter of drop in mode 2 m
Da,m Median aerosol particle diameter of mode m
Di,m Median aerosol particle diameter of modes A, B, or C nm
Ds Diameter of the smaller colliding particle in ice–ice collisional breakup m
DE Dimensionless energy –
DEcrit Critical value of dimensionless energy for onset of splashing 0.2 (unless otherwise stated)
f Mass fraction of a drop frozen by the end of stage 1 freezing –
fRS Function of rime splintering –
F Interpolation function for the onset of fragmentation –
K0(CB) Collisional kinetic energy at impact J
Lf Specific latent heat of freezing 3.3× 105 J kg−1

mr Mass of rime kg
m1, m2 Mass of colliding ice particles kg
md Mass of drop in mode 2 kg
mi Mass of ice particle in mode 2 kg
N Number density of aerosol particles kg−1

NCB Number of ice particles due to ice–ice collisional breakup –
Ni Total number density of aerosol particles of modes A, B or C cm−3

NM1T Total number of ice particles due to mode 1 –
NM1L Total number of large ice particles due to mode 1 –
NM2 Number of ice particles per drop accreted due to mode 2 –
NRS Number of ice particles due to rime splintering –
NT Total number of aerosol particles of mode kg−1

RFL Rime fraction of the larger colliding particle –
RFS Rime fraction of the smaller colliding particle –
t Time s
T Freezing temperature of water drop ◦C
T0 Value of T at maximum of Lorentzian function for Eq. (5) ◦C
TB0 Value of T at maximum of Lorentzian function for Eq. (6) ◦C
v1, v2 Fall speed of colliding ice particles m s−1

vd Fall speed of drop in mode 2 m s−1

vi Fall speed of ice particle in mode 2 m s−1

w Updraft speed m s−1

α Equivalent spherical surface area of the smaller colliding particle m2

β Parameter in Eq. (5) K−1

βB Parameter in Eq. (6) K−1

γ Parameter related to riming intensity –
γl Surface tension of liquid water 0.073 J m−2

ζ Intensity of Lorentzian function in Eq. (5) –
ζB Intensity of Lorentzian function in Eq. (6) –
η Half-width of Lorentzian function in Eq. (5) ◦C
ηB Half-width of Lorentzian function in Eq. (6) ◦C
κ Hygroscopicity parameter 0.61
ρL Density of the larger colliding particle kg m−3

σg Standard geometric deviation of the logarithmic distribution –
σi Standard geometric deviation of the logarithmic distribution of modes A, B, or C –
8 Probability of any drop in the mode 2 splash containing ice 0.3 (unless otherwise stated)
8s Aspect ratio of the smaller colliding particle –
� Interpolating function for the onset of fragmentation –
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2022).

Supplement. The supplement related to this article is available
online at: https://doi.org/10.5194/acp-23-9099-2023-supplement.

Author contributions. RLJ and PJC conceived the original study.
PJC developed the model code. RLJ performed the simulations,
analysed the data, and wrote the paper. PJC and JC contributed to
scientific discussions and provided comments on the paper.

Competing interests. The contact author has declared that none
of the authors has any competing interests.

Disclaimer. Publisher’s note: Copernicus Publications remains
neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Financial support. This research has been supported by the Nat-
ural Environment Research Council (grant no. NE/T001496/1).

Acknowledgements. We thank Alexey Kiselev and the anony-
mous reviewer, whose comments helped improve the quality of this
paper, and Corinna Hoose as editor.

Review statement. This paper was edited by Corinna Hoose and
reviewed by Alexey Kiselev and one anonymous referee.

References

Baker, M. B., Corbin, R. G., and Latham, J.: The influence of en-
trainment on the evolution of cloud droplet spectra: I. A model
of inhomogeneous mixing, Q. J. Roy. Meteorol. Soc., 106, 581–
598, https://doi.org/10.1002/qj.49710644914, 1980.

Blyth, A. M. and Latham, J.: Development of ice and precipitation
in new mexican summertime cumulus, Q. J. Roy. Meteorol. Soc.,
119, 91–120, https://doi.org/10.1002/qj.49711950905, 1993.

Blyth, A. M. and Latham, J.: A multi-thermal model of cumulus
glaciation via the Hallett–Mossop process, Q. J. Roy. Meteorol.
Soc., 123, 1185–1198, https://doi.org/10.1002/qj.49712354104,
1997.

Bott, A.: A flux method for the numerical solution of the stochastic
collection equation, J. Atmos. Sci., 55, 2284–2293, 1998.

Burrows, S. M., McCluskey, C. S., Cornwell, G., Steinke, I.,
Zhang, K., Zhao, B., Zawadowicz, M., Raman, A., Kulkarni,

G., China, S., Zelenyuk, A., and DeMott, P. J.: Ice-Nucleating
Particles That Impact Clouds and Climate: Observational and
Modeling Research Needs, Rev. Geophys., 60, e2021RG000745,
https://doi.org/10.1029/2021RG000745, 2022.

Changnon, S. A.: Characteristics of Ice Storms in the United States,
J. Appl. Meteorol., 42, 630–639, https://doi.org/10.1175/1520-
0450(2003)042<0630:COISIT>2.0.CO;2, 2003.

Chen, J.-P. and Lamb, D.: The Theoretical Basis for the Parame-
terization of Ice Crystal Habits: Growth by Vapor Deposition,
J. Atmos. Sci., 51, 1206–1222, https://doi.org/10.1175/1520-
0469(1994)051<1206:TTBFTP>2.0.CO;2, 1994.

Chen, S., Yau, M. K., and Bartello, P.: Turbulence Effects of
Collision Efficiency and Broadening of Droplet Size Dis-
tribution in Cumulus Clouds, J. Atmos. Sci., 75, 203–217,
https://doi.org/10.1175/JAS-D-17-0123.1, 2018.

Connolly, P., Möhler, O., Field, P., Saathoff, H., Burgess, R.,
Choularton, T., and Gallagher, M.: Studies of heterogeneous
freezing by three different desert dust samples, Atmos. Chem.
Phys., 9, 2805–2824, https://doi.org/10.5194/acp-9-2805-2009,
2009.

Conolly, P. J.: Bin-microphysics Model, GitHub [code], https:
//github.com/UoM-maul1609/bin-microphysics-model (last ac-
cess: 14 August2023), 2023.

Connolly, P. J., Emersic, C., and Field, P. R.: A laboratory investi-
gation into the aggregation efficiency of small ice crystals, At-
mos. Chem. Phys., 12, 2055–2076, https://doi.org/10.5194/acp-
12-2055-2012, 2012.

Connolly, P. J., McFiggans, G. B., Wood, R., and Tsiamis, A.: Fac-
tors determining the most efficient spray distribution for ma-
rine cloud brightening, Philos. T. Roy. Soc. A, 372, 20140056,
https://doi.org/10.1098/rsta.2014.0056, 2014.

Crawford, I., Bower, K. N., Choularton, T. W., Dearden, C., Crosier,
J., Westbrook, C., Capes, G., Coe, H., Connolly, P. J., Dorsey,
J. R., Gallagher, M. W., Williams, P., Trembath, J., Cui, Z.,
and Blyth, A.: Ice formation and development in aged, win-
tertime cumulus over the UK: observations and modelling, At-
mos. Chem. Phys., 12, 4963–4985, https://doi.org/10.5194/acp-
12-4963-2012, 2012.

Crooks, M., Connolly, P., and McFiggans, G.: A parameterisation
for the co-condensation of semi-volatile organics into multiple
aerosol particle modes, Geosci. Model Dev., 11, 3261–3278,
https://doi.org/10.5194/gmd-11-3261-2018, 2018.

Crosier, J., Bower, K. N., Choularton, T. W., Westbrook, C. D., Con-
nolly, P. J., Cui, Z. Q., Crawford, I. P., Capes, G. L., Coe, H.,
Dorsey, J. R., Williams, P. I., Illingworth, A. J., Gallagher, M. W.,
and Blyth, A. M.: Observations of ice multiplication in a weakly
convective cell embedded in supercooled mid-level stratus, At-
mos. Chem. Phys., 11, 257–273, https://doi.org/10.5194/acp-11-
257-2011, 2011.

DeMott, P. J., Prenni, A. J., Liu, X., Kreidenweis, S. M., Petters,
M. D., Twohy, C. H., Richardson, M. S., Eidhammer, T., and
Rogers, D. C.: Predicting global atmospheric ice nuclei distribu-
tions and their impacts on climate, P. Natl. Acad. Sci. USA, 107,
11217–11222, https://doi.org/10.1073/pnas.0910818107, 2010.

Elsom, D.: Deaths and injuries caused by lightning in the United
Kingdom: analyses of two databases, Atmos. Res., 56, 325–334,
https://doi.org/10.1016/S0169-8095(00)00083-1, 2001.

Atmos. Chem. Phys., 23, 9099–9121, 2023 https://doi.org/10.5194/acp-23-9099-2023

https://github.com/UoM-maul1609/bin-microphysics-model
https://github.com/UoM-maul1609/bin-microphysics-model
https://doi.org/10.48420/c.6238311.v2
https://doi.org/10.5194/acp-23-9099-2023-supplement
https://doi.org/10.1002/qj.49710644914
https://doi.org/10.1002/qj.49711950905
https://doi.org/10.1002/qj.49712354104
https://doi.org/10.1029/2021RG000745
https://doi.org/10.1175/1520-0450(2003)042<0630:COISIT>2.0.CO;2
https://doi.org/10.1175/1520-0450(2003)042<0630:COISIT>2.0.CO;2
https://doi.org/10.1175/1520-0469(1994)051<1206:TTBFTP>2.0.CO;2
https://doi.org/10.1175/1520-0469(1994)051<1206:TTBFTP>2.0.CO;2
https://doi.org/10.1175/JAS-D-17-0123.1
https://doi.org/10.5194/acp-9-2805-2009
https://github.com/UoM-maul1609/bin-microphysics-model
https://github.com/UoM-maul1609/bin-microphysics-model
https://doi.org/10.5194/acp-12-2055-2012
https://doi.org/10.5194/acp-12-2055-2012
https://doi.org/10.1098/rsta.2014.0056
https://doi.org/10.5194/acp-12-4963-2012
https://doi.org/10.5194/acp-12-4963-2012
https://doi.org/10.5194/gmd-11-3261-2018
https://doi.org/10.5194/acp-11-257-2011
https://doi.org/10.5194/acp-11-257-2011
https://doi.org/10.1073/pnas.0910818107
https://doi.org/10.1016/S0169-8095(00)00083-1


R. L. James et al.: A bin microphysics parcel model investigation of secondary ice formation 9119

Field, P. R. and Heymsfield, A. J.: Importance of snow to
global precipitation, Geophys. Res. Lett., 42, 9512–9520,
https://doi.org/10.1002/2015GL065497, 2015.

Field, P. R., Lawson, R. P., Brown, P. R. A., Lloyd, G., West-
brook, C., Moisseev, D., Miltenberger, A., Nenes, A., Blyth, A.,
Choularton, T., Connolly, P., Buehl, J., Crosier, J., Cui, Z., Dear-
den, C., DeMott, P., Flossmann, A., Heymsfield, A., Huang, Y.,
Kalesse, H., Kanji, Z. A., Korolev, A., Kirchgaessner, A., Lasher-
Trapp, S., Leisner, T., McFarquhar, G., Phillips, V., Stith, J., and
Sullivan, S.: Secondary Ice Production: Current State of the Sci-
ence and Recommendations for the Future, Meteorol. Monogr.,
58, 7.1–7.20, https://doi.org/10.1175/AMSMONOGRAPHS-D-
16-0014.1, 2017.

Fowler, K., Connolly, P., and Topping, D.: Modelling the effect of
condensed-phase diffusion on the homogeneous nucleation of
ice in ultra-viscous particles, Atmos. Chem. Phys., 20, 683–698,
https://doi.org/10.5194/acp-20-683-2020, 2020.

Fridlind, A. M., Ackerman, A. S., McFarquhar, G., Zhang, G., Poel-
lot, M. R., DeMott, P. J., Prenni, A. J., and Heymsfield, A. J.: Ice
properties of single-layer stratocumulus during the Mixed-Phase
Arctic Cloud Experiment: 2. Model results, J. Geophys. Res.-
Atmos., 112, D24202, https://doi.org/10.1029/2007JD008646,
2007.

Georgakaki, P., Sotiropoulou, G., Vignon, E., Billault-Roux, A.-C.,
Berne, A., and Nenes, A.: Secondary ice production processes in
wintertime alpine mixed-phase clouds, Atmos. Chem. Phys., 22,
1965–1988, https://doi.org/10.5194/acp-22-1965-2022, 2022.

Grabowski, W. W. and Wang, L.-P.: Growth of Cloud Droplets in
a Turbulent Environment, Annu. Rev. Fluid Mech, 45, 293–324,
https://doi.org/10.1146/annurev-fluid-011212-140750, 2013.

Gunthe, S. S., King, S. M., Rose, D., Chen, Q., Roldin, P., Farmer,
D. K., Jimenez, J. L., Artaxo, P., Andreae, M. O., Martin, S.
T., and Pöschl, U.: Cloud condensation nuclei in pristine tropi-
cal rainforest air of Amazonia: size-resolved measurements and
modeling of atmospheric aerosol composition and CCN activity,
Atmos. Chem. Phys., 9, 7551–7575, https://doi.org/10.5194/acp-
9-7551-2009, 2009.

Hallett, J. and Mossop, S. C.: Production of secondary ice
particles during the riming process, Nature, 249, 26–28,
https://doi.org/10.1038/249026a0, 1974.

Harris-Hobbs, R. L. and Cooper, W. A.: Field Evidence Support-
ing Quantitative Predictions of Secondary Ice Production Rates,
J. Atmos. Sci., 44, 1071–1082, https://doi.org/10.1175/1520-
0469(1987)044<1071:FESQPO>2.0.CO;2, 1987.

Heymsfield, A. J. and Westbrook, C. D.: Advances in the
Estimation of Ice Particle Fall Speeds Using Laboratory
and Field Measurements, J. Atmos. Sci., 67, 2469–2482,
https://doi.org/10.1175/2010JAS3379.1, 2010.

Hobbs, P. V. and Rangno, A. L.: Rapid Develop-
ment of High Ice Particle Concentrations in Small
Polar Maritime Cumuliform Clouds, J. Atmos.
Sci., 47, 2710–2722, https://doi.org/10.1175/1520-
0469(1990)047<2710:RDOHIP>2.0.CO;2, 1990.

Huang, Y., Blyth, A. M., Brown, P. R. A., Choularton, T. W.,
and Cui, Z.: Factors controlling secondary ice production in
cumulus clouds, Q. J. Roy. Meteorol. Soc., 143, 1021–1031,
https://doi.org/10.1002/qj.2987, 2017a.

Huang, Y., Chubb, T., Baumgardner, D., deHoog, M., Siems, S. T.,
and Manton, M. J.: Evidence for secondary ice production in

Southern Ocean open cellular convection, Q. J. Roy. Meteorol.
Soc., 143, 1685–1703, https://doi.org/10.1002/qj.3041, 2017b.

Huang, Y., Wu, W., McFarquhar, G. M., Xue, M., Morrison, H., Mil-
brandt, J., Korolev, A. V., Hu, Y., Qu, Z., Wolde, M., Nguyen,
C., Schwarzenboeck, A., and Heckman, I.: Microphysical pro-
cesses producing high ice water contents (HIWCs) in tropical
convective clouds during the HAIC-HIWC field campaign: dom-
inant role of secondary ice production, Atmos. Chem. Phys., 22,
2365–2384, https://doi.org/10.5194/acp-22-2365-2022, 2022.

James, R., Crosier, J., and Connolly, P. J.: A bin-microphysics parcel
model investigation of secondary ice formation in an idealised
shallow convective cloud, University of Manchester [data set],
https://doi.org/10.48420/c.6238311.v2, 2022.

Jacobson, M. Z.: Fundamentals of Atmospheric Mod-
eling, in: 2nd Edn., Cambridge University Press,
https://doi.org/10.1017/CBO9781139165389, 2005.

James, R. L., Phillips, V. T. J., and Connolly, P. J.: Secondary ice
production during the break-up of freezing water drops on im-
pact with ice particles, Atmos. Chem. Phys., 21, 18519–18530,
https://doi.org/10.5194/acp-21-18519-2021, 2021.

Kanji, Z. A., Ladino, L. A., Wex, H., Boose, Y., Burkert-
Kohn, M., Cziczo, D. J., and Krämer, M.: Overview of
Ice Nucleating Particles, Meteorol. Monogr., 58, 1.1–1.33,
https://doi.org/10.1175/AMSMONOGRAPHS-D-16-0006.1,
2017.

Karalis, M., Sotiropoulou, G., Abel, S. J., Bossioli, E., Georgakaki,
P., Methymaki, G., Nenes, A., and Tombrou, M.: Effects of
secondary ice processes on a stratocumulus to cumulus tran-
sition during a cold-air outbreak, Atmos. Res., 277, 106302,
https://doi.org/10.1016/j.atmosres.2022.106302, 2022.

Koop, T., Luo, B., Tsias, A., and Peter, T.: Water activity as the de-
terminant for homogeneous ice nucleation in aqueous solutions,
Nature, 406, 611–614, https://doi.org/10.1038/35020537, 2000.

Korolev, A., Heckman, I., Wolde, M., Ackerman, A. S., Fridlind, A.
M., Ladino, L. A., Lawson, R. P., Milbrandt, J., and Williams,
E.: A new look at the environmental conditions favorable to
secondary ice production, Atmos. Chem. Phys., 20, 1391–1429,
https://doi.org/10.5194/acp-20-1391-2020, 2020.

Lasher-Trapp, S., Leon, D. C., DeMott, P. J., Villanueva-Birriel,
C. M., Johnson, A. V., Moser, D. H., Tully, C. S., and
Wu, W.: A Multisensor Investigation of Rime Splintering in
Tropical Maritime Cumuli, J. Atmos. Sci., 73, 2547–2564,
https://doi.org/10.1175/JAS-D-15-0285.1, 2016.

Latham, J. and Warwicker, R.: Charge transfer accom-
panying the splashing of supercooled raindrops on
hailstones, Q. J. Roy. Meteorol. Soc., 106, 559–568,
https://doi.org/10.1002/qj.49710644912, 1980.

Lawson, R. P., Woods, S., and Morrison, H.: The Microphysics of
Ice and Precipitation Development in Tropical Cumulus Clouds,
J. Atmos. Sci., 72, 2429–2445, https://doi.org/10.1175/JAS-D-
14-0274.1, 2015.

Levin, Z., Hobbs, P. V., and Taylor, G. I.: Splashing of wa-
ter drops on solid and wetted surfaces: hydrodynamics and
charge separation, Philos. T. Roy. Soc. A, 269, 555–585,
https://doi.org/10.1098/rsta.1971.0052, 1971.

Lloyd, G., Choularton, T. W., Bower, K. N., Crosier, J., Jones, H.,
Dorsey, J. R., Gallagher, M. W., Connolly, P., Kirchgaessner, A.
C. R., and Lachlan-Cope, T.: Observations and comparisons of
cloud microphysical properties in spring and summertime Arc-

https://doi.org/10.5194/acp-23-9099-2023 Atmos. Chem. Phys., 23, 9099–9121, 2023

https://doi.org/10.1002/2015GL065497
https://doi.org/10.1175/AMSMONOGRAPHS-D-16-0014.1
https://doi.org/10.1175/AMSMONOGRAPHS-D-16-0014.1
https://doi.org/10.5194/acp-20-683-2020
https://doi.org/10.1029/2007JD008646
https://doi.org/10.5194/acp-22-1965-2022
https://doi.org/10.1146/annurev-fluid-011212-140750
https://doi.org/10.5194/acp-9-7551-2009
https://doi.org/10.5194/acp-9-7551-2009
https://doi.org/10.1038/249026a0
https://doi.org/10.1175/1520-0469(1987)044<1071:FESQPO>2.0.CO;2
https://doi.org/10.1175/1520-0469(1987)044<1071:FESQPO>2.0.CO;2
https://doi.org/10.1175/2010JAS3379.1
https://doi.org/10.1175/1520-0469(1990)047<2710:RDOHIP>2.0.CO;2
https://doi.org/10.1175/1520-0469(1990)047<2710:RDOHIP>2.0.CO;2
https://doi.org/10.1002/qj.2987
https://doi.org/10.1002/qj.3041
https://doi.org/10.5194/acp-22-2365-2022
https://doi.org/10.48420/c.6238311.v2
https://doi.org/10.1017/CBO9781139165389
https://doi.org/10.5194/acp-21-18519-2021
https://doi.org/10.1175/AMSMONOGRAPHS-D-16-0006.1
https://doi.org/10.1016/j.atmosres.2022.106302
https://doi.org/10.1038/35020537
https://doi.org/10.5194/acp-20-1391-2020
https://doi.org/10.1175/JAS-D-15-0285.1
https://doi.org/10.1002/qj.49710644912
https://doi.org/10.1175/JAS-D-14-0274.1
https://doi.org/10.1175/JAS-D-14-0274.1
https://doi.org/10.1098/rsta.1971.0052


9120 R. L. James et al.: A bin microphysics parcel model investigation of secondary ice formation

tic stratocumulus clouds during the ACCACIA campaign, At-
mos. Chem. Phys., 15, 3719–3737, https://doi.org/10.5194/acp-
15-3719-2015, 2015.

Long, A. B.: Solutions to the Droplet Collec-
tion Equation for Polynomial Kernels, J. Atmos.
Sci., 31, 1040–1052, https://doi.org/10.1175/1520-
0469(1974)031<1040:STTDCE>2.0.CO;2, 1974.

Low, T. B. and List, R.: Collision, Coalescence and Breakup
of Raindrops. Part I: Experimentally Established Coalescence
Efficiencies and Fragment Size Distributions in Breakup,
J. Atmos. Sci., 39, 1591–1606, https://doi.org/10.1175/1520-
0469(1982)039<1591:CCABOR>2.0.CO;2, 1982.

Luke, E. P., Yang, F., Kollias, P., Vogelmann, A. M., and
Maahn, M.: New insights into ice multiplication using remote-
sensing observations of slightly supercooled mixed-phase clouds
in the Arctic, P. Natl. Acad. Sci. USA, 118, e2021387118,
https://doi.org/10.1073/pnas.2021387118, 2021.

Morrison, H., Lawson, P., and Chandrakar, K. K.: Observed
and Bin Model Simulated Evolution of Drop Size Distri-
butions in High-Based Cumulus Congestus Over the United
Arab Emirates, J. Geophys. Res.-Atmos., 127, e2021JD035711,
https://doi.org/10.1029/2021JD035711, 2022.

Mossop, S. C.: Some Factors Governing Ice Parti-
cle Multiplication in Cumulus Clouds, J. Atmos.
Sci., 35, 2033–2037, https://doi.org/10.1175/1520-
0469(1978)035<2033:SFGIPM>2.0.CO;2, 1978.

Mossop, S. C. and Hallett, J.: Ice Crystal Concentration in Cumulus
Clouds: Influence of the Drop Spectrum, Science, 186, 632–634,
https://doi.org/10.1126/science.186.4164.632, 1974.

Öktem, R. and Romps, D. M.: Prediction for Cloud Spacing Con-
firmed Using Stereo Cameras, J. Atmos. Sci., 78, 3717–3725,
https://doi.org/10.1175/JAS-D-21-0026.1, 2021.

O’Shea, S. J., Choularton, T. W., Flynn, M., Bower, K. N.,
Gallagher, M., Crosier, J., Williams, P., Crawford, I., Flem-
ing, Z. L., Listowski, C., Kirchgaessner, A., Ladkin, R. S.,
and Lachlan-Cope, T.: In situ measurements of cloud mi-
crophysics and aerosol over coastal Antarctica during the
MAC campaign, Atmos. Chem. Phys., 17, 13049–13070,
https://doi.org/10.5194/acp-17-13049-2017, 2017.

Petters, M. D. and Kreidenweis, S. M.: A single parameter
representation of hygroscopic growth and cloud condensa-
tion nucleus activity, Atmos. Chem. Phys., 7, 1961–1971,
https://doi.org/10.5194/acp-7-1961-2007, 2007.

Phillips, V. T., Patade, S., Gutierrez, J., and Bansemer, A.: Sec-
ondary Ice Production by Fragmentation of Freezing Drops:
Formulation and Theory, J. Atmos. Sci., 76, 3031–3070,
https://doi.org/10.1175/JAS-D-17-0190.1, 2018.

Phillips, V. T. J., Blyth, A. M., Brown, P. R. A., Choularton,
T. W., and Latham, J.: The glaciation of a cumulus cloud
over New Mexico, Q. J. Roy. Meteorol. Soc., 127, 1513–1534,
https://doi.org/10.1002/qj.49712757503, 2001.

Phillips, V. T. J., Choularton, T. W., Illingworth, A. J.,
Hogan, R. J., and Field, P. R.: Simulations of the glacia-
tion of a frontal mixed-phase cloud with the Explicit Micro-
physics Model, Q. J. Roy. Meteorol. Soc., 129, 1351–1371,
https://doi.org/10.1256/qj.02.100, 2003.

Phillips, V. T. J., Andronache, C., Sherwood, S. C., Bansemer, A.,
Conant, W. C., Demott, P. J., Flagan, R. C., Heymsfield, A.,
Jonsson, H., Poellot, M., Rissman, T. A., Seinfeld, J. H., Van-

reken, T., Varutbangkul, V., and Wilson, J. C.: Anvil glacia-
tion in a deep cumulus updraught over Florida simulated with
the Explicit Microphysics Model. I: Impact of various nucle-
ation processes, Q. J. Roy. Meteorol. Soc., 131, 2019–2046,
https://doi.org/10.1256/qj.04.85, 2005.

Phillips, V. T. J., Yano, J.-I., and Khain, A.: Ice Multiplication by
Breakup in Ice–Ice Collisions. Part I: Theoretical Formulation, J.
Atmos. Sci., 74, 1705–1719, https://doi.org/10.1175/JAS-D-16-
0224.1, 2017.

Pinsky, M., Khain, A., and Krugliak, H.: Collisions of Cloud
Droplets in a Turbulent Flow. Part V: Application of Detailed
Tables of Turbulent Collision Rate Enhancement to Simula-
tion of Droplet Spectra Evolution, J. Atmos. Sci., 65, 357–374,
https://doi.org/10.1175/2007JAS2358.1, 2008.

Pruppacher, H. R. and Klett, J. D.: Microphysics of Clouds
and Precipitation, in: 2nd Edn., Springer, Dordrecht,
https://doi.org/10.1007/978-0-306-48100-0, 2010.
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