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Abstract. Ice nucleation by atmospheric aerosols plays a central role in cloud microphysical processes, exerting strong
influences on Earth's radiation balance and precipitation formation. Among heterogeneous ice nucleation pathways, contact
freezing induced by aerosol-droplet collisions remains one of the least quantitatively constrained, largely due to the scarcity
of experimental approaches capable of directly probing impact-initiated freezing under controlled and reproducible conditions.
Here we present the Cold-stage system for Impact-initiated Contact freezing Experiments (C-ICE), a laboratory system
developed to enable controlled, repeatable, and size-resolved investigation of contact freezing triggered by particle-droplet
collisions. C-ICE combines a fixed supercooled droplet with a precisely conditioned aerosol jet, allowing particle size, number
concentration, collision geometry, and thermodynamic state to be independently characterized and experimentally constrained.
At the single-droplet level, freezing onset is identified using complementary optical criteria based on breath figure formation
and grayscale analysis. Application of C-ICE to silver iodide aerosols reveals sharp frozen fraction transitions over narrow
temperature intervals (=2 °C), with median freezing temperatures shifting systematically toward higher values from -12.6 °C
for 200 nm particles to -12.0 °C for 800 nm particles, and to -10.1 °C for the polydisperse aerosol. By integrating a theoretical
collision model with experimentally determined collision efficiencies, we constrain the collision efficiency of the C-ICE
system, enabling measured aerosol concentrations to be converted into effective particle collision rates onto the droplet. This
novel C-ICE system provides a robust method for quantifying impact-initiated contact freezing and advances process-level

understanding of contact freezing in clouds.

1 Introduction

Ice nucleation triggered by atmospheric aerosol particles plays a key role in cloud microphysical processes by regulating cloud

formation and development, further influencing radiative forcing and precipitation (Kanji etal., 2017; Knopf and Alpert, 2023;
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Chenetal., 2024). Ice nucleating particles (INPs) can initiate ice formation through several heterogeneous nucleation pathways,
including immersion freezing, contact freezing, deposition freezing, and condensation freezing (Murray et al., 2012; Knopf
and Koop, 2006; Lohmann et al., 2016). Among these pathways, contact freezing refers to ice formation that occurs when an
aerosol particle comes into contact with a supercooled liquid droplet or when nucleation is initiated at the air-liquid-particle
triple interface (Vali et al., 2015). Contact freezing has been reported to be more efficient than immersion or deposition freezing
(Pitter and Pruppacher, 1973; Hoose and Mohler, 2012; Fornea et al., 2009; Brooks et al., 2014; Hoffmann et al., 2013a; Collier
and Brooks, 2016). However, the quantitative differences between contact and immersion freezing temperatures vary widely,
with some studies reporting negligible differences (Nagare et al., 2016; Matthews et al., 2023). As a result, the overall
contribution of contact freezing to atmospheric ice formation remains poorly constrained (Ladino Moreno et al., 2013; Burrows
et al., 2022; Zhang et al., 2024).

Over the past several decades, the physical basis for contact nucleation has been debated. A key question is whether nucleation
is triggered by the force of particle-droplet collision or by the presence of a particle at the droplet-air interface (Fletcher, 1969;
Cooper, 1974; Durant and Shaw, 2005; Shaw et al., 2005; Fornea et al., 2009). In many cold-stage experiments, particles are
intentionally placed in contact with droplet edge, or evaporation is used to bring immersed particles into contact with the
interface (Durant and Shaw, 2005; Schiffman et al., 2025). These experiments are collectively referred to as surface-initiated
contact freezing. While such studies provide important insight into interfacial nucleation processes, they do not directly address
how particle-droplet collisions influence ice nucleation.

In contrast, if the physical basis for nucleation is the particle-droplet collision event, the nucleation event may be influenced
by collision dynamics, including particle size and relative velocity or pressure perturbations generated by the collision
(Hoffmann et al., 2013a; Yang et al., 2019). This process is referred to here as impact-initiated contact freezing. Despite its
potential importance, the role of collisions in initiating freezing remains difficult to isolate experimentally, as most existing
approaches do not explicitly control or quantify particle-droplet collision processes (Ladino Moreno et al., 2013). An
experimental method capable of directly probing collision occurrence and its influence on freezing temperature is therefore
needed.

A wide range of experimental approaches has been employed to study contact freezing, including wind tunnels (Pitter and
Pruppacher, 1973; Diehl et al., 2002), electrodynamic balance (EDB) systems (Svensson et al., 2009; Hoffmann et al., 2013b),
mixing cloud chambers (Langer et al., 1978; DeMott, 1995), and continuous flow cloud chambers (Schaller and Fukuta, 1979;
Ladino et al., 2011b). In these systems, particle-droplet interactions typically arise from transport-driven processes such as
diffusion, sedimentation, or turbulent mixing. Collision probability is not directly controlled and is often inferred indirectly
from freezing statistics (Ladino et al., 2011a; Nagare et al., 2015). Therefore, measured freezing efficiencies reflect a
convolution of collision processes and intrinsic nucleation activity, which complicates mechanistic interpretation.
Consequently, the significance of the collision remains uncertain.

From a theoretical perspective, the calculation of collision efficiency is straightforward and depends on multiple transport

mechanisms, including Brownian motion, inertial impaction, interception, thermophoresis, diffusiophoresis, and electric forces

2
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(Pruppacher and Klett, 2010). Classical collision theory predicts a pronounced minimum in collision efficiency for submicron
aerosol particles (typically ~0.1-1 um) collected by droplets, known as the Greenfield gap. In this regime, particles are too
large for efficient diffusive transport yet too small for inertial collection (Greenfield, 1957; Ladino et al., 2011a). Many
particles known to act as atmospheric INPs occur within this size range, causing particle sizes associated with efficient ice
nucleation to overlap with those associated with inefficient particle-droplet collision. Consequently, the number of effective
particle-droplet collisions may be limited, complicating the interpretation of contact freezing measurements when collision
processes are not explicitly constrained.

Here we introduce Cold-stage system for Impact-initiated Contact freezing Experiments (C-ICE), a laboratory system designed
to quantify impact-initiated contact freezing under controlled conditions. C-ICE combines a fixed supercooled droplet with a
conditioned aerosol jet, enabling directed and repeatable particle-droplet collisions. Aerosol size, number concentration, and
thermodynamic state are independently characterized. Freezing onset is identified at the single-droplet level using
complementary optical criteria based on breath figure formation and grayscale analysis. Breath figures refer to the condensation
patterns of water vapor that form on a surface cooled below the ambient dew point (Baker, 1922; Beysens and Knobler, 1986;
Bouillant et al., 2025). In addition, we provide a theoretically based collision model to quantify C-ICE measurements. In this
study, we apply C-ICE to silver iodide (Agl) aerosols to demonstrate its capability to resolve size-dependent freezing behavior
and to experimentally constrain collision efficiency under well-defined conditions. The C-I1CE system developed here provides
experimentally constrained insight into particle-droplet interactions and offers a potential pathway for improving the

representation of contact freezing in atmospheric models.

2 Methods
2.1 Overview of the C-1CE experimental setup

The Cold-stage system for Impact-initiated Contact freezing Experiments (C-ICE) was developed to enable direct and
repeatable aerosol-droplet collisions under well-defined thermodynamic and flow conditions. The overall design of the system
is illustrated schematically in Fig. 1a, with a corresponding flow schematic shown in Fig. 1b. The symbols used throughout
this study are summarized in Table Al. This experimental setup integrates aerosol generation, environmental conditioning,
controlled particle-droplet impact, and optical detection of freezing. The C-ICE system provides flexibility to investigate

impact-initiated contact freezing across different particle types, particle sizes, flow rates, and collision conditions.
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Figure 1: Schematic of the Cold-stage system for Impact-initiated Contact freezing Experiments (C-1CE). (a) Conceptual illustration
of impact-initiated contact freezing. (b) Flow schematic of the C-ICE system. Aerosols are generated using a custom-built solid
aerosol generator with nitrogen as the carrier gas, followed by dilution and/or size selection using a differential mobility analyzer
(DMA). The aerosol stream then passes through a dehumidifier, which removes excess water vapor and stabilizes thermodynamic
conditions before the stream enters the cold-stage region. Particle number concentration and size distribution are monitored using
a condensation particle counter (CPC) and an optical particle counter (OPC). The conditioned aerosol is delivered through a custom-
designed nozzle to collide with a supercooled pure-water droplet placed on a hydrophobic glass substrate mounted on a temperature-
controlled cold stage. Freezing is triggered upon particle-droplet impact and recorded using a CCD camera.

A custom-built solid aerosol generator is used to produce a stable particle-laden airflow. The generated aerosol is subsequently
conditioned through dilution and/or size selection, allowing either polydisperse or monodisperse particle populations to be
delivered. Dilution is used to adjust particle number concentration, while size selection isolates particles within a defined size
range for targeted experiments. For size-selected experiments, a differential mobility analyzer (DMA, model 3080, TSI Inc.,
USA) is used to size-select aerosol particles with diameters up to 1.0 um. Following size selection, the aerosol flow is
dehumidified to remove excess water vapor and thermally conditioned using a double-jacketed flow tube. Temperature control
is achieved using a recirculating chiller (NESLAB ULT-80, Thermo Electron Inc., USA) with ethanol as the coolant, allowing
both the aerosol particles and the nitrogen carrier gas to equilibrate to the target temperature prior to collision. This conditioning
step minimizes unintended condensation in the collision region and ensures reproducible experimental conditions. Conditioned
aerosol particles are directed toward a single supercooled pure-water droplet (1 uL, UHPLC grade, Sigma-Aldrich Inc., USA)
pipetted on an Aquasil-treated hydrophobic glass substrate mounted on a temperature-controlled cold stage (model LTS350,
Linkam Inc., UK) (Fornea et al., 2009). The aerosol is delivered through a custom-designed nozzle, which defines the collision
geometry and velocity. The nozzle geometry and flow conditions are adjustable, enabling investigation of impact-initiated

contact freezing under different collision regimes. In this work, a nozzle orifice diameter of 0.8 mm, an aerosol flow rate of
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120 cm® min?, and a corresponding jet velocity of 4.0 m s were employed. This configuration ensures efficient particle
delivery to the target droplet, while the associated collision efficiency is quantified and discussed in Sects. 2.3 and 3.3.

Particle number concentrations and size distributions downstream of the conditioning unit are monitored in real time using a
condensation particle counter (CPC, model 3075, TSI Inc., USA) and/or an optical particle counter (OPC, model 1.108,
GRIMM Inc., Germany), ensuring that the monodisperse and/or polydisperse particle populations delivered to the target
droplet are well characterized. The cold stage is cooled at a rate of 1 < min‘?, while a charge-coupled device (CCD) camera
mounted on an optical microscope system (BX51M equipped with a 5x objective lens, Olympus Inc., Japan) continuously
records the droplet during cooling, capturing the entire contact freezing process. Once the droplet has fully frozen, the cooling
program and image acquisition are terminated, marking the completion of a single experimental run. The cold stage is then
allowed to return to room temperature, after which a new pure-water droplet (1 pL) is pipetted onto a freshly cleaned
hydrophobic glass substrate to initiate the next measurement. Solid aerosol particles are used as experimental samples; in this
study, silver iodide (Agl, 99.9% metals basis, Thermo Scientific Alfa Aesar) is employed as a representative test material.
Each experimental condition was repeated 30-50 times to ensure statistical robustness of the derived frozen fraction and
freezing temperatures. By combining controlled aerosol-droplet collisions with precise temperature regulation and optical
detection, C-ICE provides a quantitative experimental approach to investigate impact-initiated contact freezing and to constrain

the freezing efficiency of different INPs under controlled conditions.

2.2 Calculation of frozen fraction and uncertainty estimation

Each experiment in C-ICE employs a single freshly pipetted pure-water droplet, and experiments are repeated multiple times
under identical conditions. Accordingly, the freezing of each droplet and its associated freezing temperature are treated as
independent realizations of the same stochastic nucleation process. The total number of droplets (N,,.) therefore corresponds
to the number of repeated experiments conducted for a given set of conditions.

Consistent with common treatments of heterogeneous ice nucleation, we assume that contact freezing is promoted by a finite
number of active sites on the surface of INPs. Under the singular description of nucleation, the probability of freezing is
assumed to depend solely on temperature, while time is treated as an implicit experimental parameter determined by the
prescribed cooling protocol (Vali et al., 2015; Niedermeier et al., 2011). The frozen fraction at temperature T, f;..(T), defined

as the fraction of droplets that have frozen at temperatures warmer than or equal to T, is given by (Vali, 1971)

fice (T) =N (1)

where N¢(T) is the cumulative number of droplets that have frozen at temperatures warmer than or equal to T, and Ny, is the
total number of droplets measured under a given experimental condition.

To construct f;..(T), the measured freezing temperatures from repeated experiments were first sorted from warmest to coldest.
The frozen fraction was then evaluated on a discrete temperature grid spanning the observed freezing temperature range. Unless
otherwise stated, the grid spacing AT was selected adaptively to provide sufficient resolution while maintaining smooth and

5
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interpretable frozen fraction curves. Specifically, AT was constrained to be no smaller than 0.1 °C and to be an integer multiple
of 0.1 °C, and was chosen to yield at least 10 grid points across the temperature range whenever possible.

Uncertainty in the frozen fraction was quantified using the Wilson score interval for a binomial proportion, which provides
robust confidence intervals even for small sample sizes or proportions close to 0 or 1 (McCluskey et al., 2018; Gong et al.,
2020). This approach avoids the known limitations of the normal approximation and is therefore well suited for frozen fraction
analyses in this study (Agresti and Coull, 1998).

For a given temperature T, the Wilson score interval for f;..(T) at a specified confidence level is given by (Wilson, 1927)

z? fice(l = fice) , _2°
X + _l_ 7z ice ice +
flce ZNtot - \/ Ntot 4Nt20t (2)

72
Ntot

where z is the critical value of the standard normal distribution corresponding to the desired confidence level, e.g., z = 1.96

for a 95% confidence interval.

The characteristic median freezing temperature, Ts,, is defined as the temperature at which f;..(T) = 0.5, and is obtained by
linear interpolation between adjacent grid points on the frozen fraction curve. Note that the reported Ts, may differ slightly
from the median of the measured freezing temperatures due to discretization and interpolation, typically by 0.1 °C (Table S1).
This difference is smaller than the instrumental temperature uncertainty of the cold stage (%0.2 °C) and does not affect the
interpretation of the results. Both definitions are therefore effectively equivalent within experimental uncertainty.

The frozen fraction analysis adopted here is consistent with methodologies widely used in previous heterogeneous ice
nucleation studies (Zhang et al., 2022; Creamean et al., 2025; DeMott et al., 2025). By expressing freezing behavior in terms
of fi.e(T), ice nucleation activity can be quantified in a manner that facilitates direct comparison across different nucleation

modes, particle types, and experimental platforms.

2.3 Collision model and contributing physical mechanisms

To quantify collision probabilities in the C-ICE system, we developed a particle-droplet collision model tailored to the
dimensions and flow conditions of the C-ICE apparatus. In this study, the instrumental collision efficiency (CE) is defined as
the fraction of particles entering the nozzle jet that physically collide with the droplet under the prescribed experimental flow
and thermodynamic conditions. Operationally, CE is calculated as the ratio of the colliding particle flux to the total particle
flux transported by the nozzle jet.

Particle transport and collection, and hence collision efficiency, are governed by particle physicochemical properties and the
surrounding flow field (Pruppacher and Klett, 2010; Ladino Moreno et al., 2013). Brownian motion dominates the collection
of small particles, whereas inertial impaction and interception primarily govern collisions for larger particles (Slinn, 1977
Jung and Lee, 1998; Park et al., 2005). In addition, thermophoresis, diffusiophoresis, and electric forces may contribute

significantly to particle-droplet collisions when temperature gradients, vapor concentration gradients, or particle charging are

6
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present, respectively (Davenport and Peters, 1978; Andronache et al., 2006). Together, these six physical mechanisms act
concurrently to determine the total collision efficiency. Accordingly, the total instrumental collision efficiency, CE, is

expressed using an independent additive formulation:
CE=EBT+E1mp+EInt+ETh+EDf+EE (3)

where Egy, Ejmp, Eines Etny Epg, and Eg represent the contributions from Brownian motion, inertial impaction, interception,
thermophoresis, diffusiophoresis, and electric forces, respectively.
Specifically, the collision efficiency due to Brownian motion, Ep,., is calculated following Jung and Lee (1998), which is given

by

2/3 1/3
E, =2 (ﬁn> (1—a)(30 +4)71" %)

— "\ 4Pe ] + oK
where «a is the packing density, defined as the volume fraction of droplets. In the present experiments, particle-droplet
interactions are treated in the single-target-droplet limit, where a single stationary droplet is present as the collision target.
Therefore, droplet-droplet interactions are absent and the droplet packing density « is set to zero. Under this condition,
following Park et al. (2005), the group parameters J and K both reduce to unity. The parameter o is the viscosity ratio of water
to air, and Pe is the Peclet number, defined as Pe = DqU/Dg;ss, Where Dy is the droplet diameter, U is the particle approach
velocity at the moment of particle-droplet collision, and Dy is the particle diffusion coefficient, given by Dgis =
kgT,Cc/(3mud,). Here, kg is the Boltzmann constant, T, is the absolute temperature of air, u is the air viscosity, d;, is the
particle diameter, and C.. is the Cunningham slip correction factor, represented by
C.=1+2.493 A + 0.84iexp (—0.435 @> (5)

d, d, A
where 4 is the mean free path of air molecules.
For larger particles, inertial impaction becomes the dominant particle collection mechanism. The collision efficiency due to

inertial impaction (Ej,,,) is given following Calvert (1984) as

Stk )2 ©)

B = (e 4035
where Stk is the Stokes number, a dimensionless number characterizing the inertial response of particles relative to the carrier
flow, defined as
_ ppdpU

Stk =
18[1Dd

U]

with p,, denoting the particle density.
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Interception refers to the collection of particles that largely follow the airflow streamlines around the droplet but are captured
when their finite size brings them into contact with the droplet surface, and it is more effective for larger particles. Following

Jung and Lee (1998), the collision efficiency contribution due to interception (E;,;) is described as

_l—a( R 17/ R y? o
E’”f_]+aK{1+R+§(1+R) (3J+4)} ®)

where R = d,/Dy.

Thermophoresis arises when a temperature gradient exists between the particle-laden airflow and the droplet surface, driving
particles toward the colder region. Under such conditions, the collision efficiency contribution due to thermophoresis (Exy,) is
calculated following Andronache et al. (2006)

_4apy(2 + 0.6R,2 PN (T, - T)
Th = UD,

)

where T, and T are the absolute temperatures of air and droplet surface, respectively. R, is the droplet Reynolds number, B.
is the Prandtl number for air, and ay,, is the thermophoretic transport coefficient defined following Eq. (A3) in Andronache et
al. (2006).

Diffusiophoresis contributes to particle-droplet collisions when gradients in water vapor concentration are present near the
droplet surface, typically under subsaturated or weakly supersaturated conditions. The collision efficiency due to

diffusiophoresis (Ep ) is given by (Andronache et al., 2006)

0 0
4B(2 + 0.6R}*S}) (7%—5 - w)
S

T,
UD,

where S is the Schmidt number of water vapor in air, RH is the ambient relative humidity. p0 and p? are water vapor pressure

(10)

EDf =

at temperatures T, and T, and the coefficient g is given by Eq. (A4) in Andronache et al. (2006).
Electric forces, also referred to as electroscavenging, may enhance particle-droplet collisions when particles carry net electric
charge or when electric fields are present. Following Andronache et al. (2006), the collision efficiency contribution due to
electric forces (Eg) is expressed as
2 2

p, = 1Ky @
where K is the Coulomb constant, a, is an empirical parameter characterizing particle charging, and a = 0.83 x 107°.
Overall, Brownian motion, inertial impaction, interception, thermophoresis, diffusiophoresis, and electric forces jointly
determine the total instrumental collision efficiency, which is constrained to the physically meaningful range between 0 and 1.
Importantly, the CE discussed throughout this study characterizes the C-ICE instrumental configuration, namely a particle-
laden nozzle jet impinging on a supercooled droplet, and should not be interpreted as an atmospheric collision efficiency.
Unless otherwise specified, the term collision efficiency refers exclusively to this instrumental particle-droplet CE. Under the

controlled laboratory conditions of C-ICE, such particle-droplet collisions are theoretically predictable and experimentally

8
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controllable and repeatable, as demonstrated in the Results section below. This approach provides a foundation for interpreting
impact-initiated contact freezing measurements and for guiding future efforts to parameterize contact freezing in atmospheric
models.

3 Results and Discussion
3.1 Identification of impact-initiated contact freezing in C-ICE

Impact-initiated contact freezing requires that ice nucleation be triggered at the moment of physical contact between an aerosol
particle and a supercooled droplet. Accurate identification of the freezing moment is therefore essential for determining the
corresponding freezing temperature and for distinguishing contact freezing from other heterogeneous nucleation modes. In the
C-ICE system, freezing events are identified optically using two complementary and independent criteria: (i) the onset of
freezing is primarily identified by the appearance of breath figures (described below), and (ii) complete freezing is determined
from abrupt changes in the grayscale value of the droplet.

Figure 2 illustrates these optical signatures for a representative experiment with 200 nm Agl particles as the contact nuclei. In
Fig. 2a, freezing is monitored using the grayscale value of the droplet, calculated from the mean pixel intensity within a fixed
central droplet region shown in Fig. S1. Grayscale values range from 0 (black) to 255 (white), with larger values corresponding
to brighter images (Budke and Koop, 2015). Representative optical images corresponding to different stages of the experiment
are shown in Figs. 2b-2e, with black arrows linking each image to its corresponding temperature in Fig. 2a. While the droplet
remains in the supercooled liquid state (Figs. 2b and 2c), the droplet grayscale is nearly constant. A slight increase in grayscale
at-11.4 °C corresponds to the introduction of aerosol stream, which induces minor droplet oscillations or deformations without
freezing. At the onset freezing temperature (-12.2 °C; red dashed line; Fig. 2d), a small but detectable decrease in grayscale
occurs, preceding the much larger and abrupt change associated with complete freezing at -12.4 °C (blue dashed line; Fig. 2e).
The transient brightening observed immediately before complete freezing is attributed to an optical effect during rapid ice
propagation through the droplet. The shaded inset highlights the subtle grayscale response, demonstrating that the onset
freezing temperature can, in principle, be identified from grayscale analysis alone. Throughout this study, the onset freezing
temperature refers specifically to the temperature at which freezing is initiated in an individual droplet as a direct consequence
of an aerosol-droplet collision. This definition differs from that used in many previous studies, where “onset” often indicates
the highest temperature at which the first droplet freezes within an ensemble (i.e., the first non-zero point on a frozen fraction
curve) (Hoose and Mohler, 2012; Murray et al., 2012; Schill et al., 2014; Alsante et al., 2024).
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Figure 2: Optical identification of impact-initiated contact freezing in the C-1CE system. (a) Evolution of the grayscale value of a
single supercooled pure-water droplet as a function of temperature during an impact-initiated contact freezing experiment with 200
nm silver iodide (Agl) particles. The onset freezing temperature is indicated by the red dashed line, while the complete freezing
temperature is marked by the blue dashed line. The shaded inset highlights the sensitivity of the grayscale signal to the onset freezing
event. Representative optical images illustrating the evolution of the droplet during the experiment are shown in panels (b-€), with
the corresponding temperatures indicated in the upper-left corner of each image and linked to panel (a) by black arrows. (b)
Supercooled liquid droplet before introduction of the aerosol stream (-11.2 °C). (c) Liquid droplet during aerosol-droplet collisions,
showing localized breath figures associated with collision-induced vapor saturation in the wake region of the droplet (-11.8 °C). (d)
Onset of contact freezing, marked by the appearance of pronounced breath figures associated with freezing-induced thermal and
vapor perturbations (-12.2 °C). (e) Fully frozen droplet (ice phase; -12.4 °C). The two types of breath figures highlighted in panels
(c—e) represent distinct physical processes: those marked in orange arise from collision-induced vapor fields, whereas those marked
in red indicate condensation patterns generated by latent heat release during freezing. White arrows indicate the direction of the
aerosol stream. The image region used for grayscale analysis is shown in Fig. S1. The complete freezing process is provided in Movie
S1. The onset freezing temperature is defined as the temperature at which freezing is initiated in an individual supercooled droplet
as a direct consequence of an aerosol-droplet collision and is distinct from ensemble-based onset definitions commonly used in frozen
fraction analyses.

Breath figures provide a visually distinct and physically meaningful indicator of freezing onset. Breath figures refer to the
condensation patterns of water vapor that form on a surface cooled below the ambient dew point (Baker, 1922; Beysens and
Knobler, 1986; Bouillant et al., 2025). In the C-ICE system, they serve as a sensitive optical signal associated with local
thermal and vapor perturbations following particle-droplet interaction. Prior to freezing (Fig 2c), a locally saturated vapor

region forms on the leeward side of the droplet due to the aerosol stream impinging on the droplet coming from the upper-
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right direction in the field of view (white arrow). Water vapor condenses onto the slightly cooler hydrophobic glass substrate
in this region, producing localized breath figures that indicate ongoing aerosol-droplet interactions. These collision-induced
breath figures are highlighted by the orange annotations in Fig. 2. At the onset freezing temperature (-12.2 °C; Fig. 2d), a
second type of breath figure appears abruptly around the droplet perimeter, forming a distinct condensation ring highlighted
by the red annotations. This newly formed condensation pattern signals the initiation of impact-initiated contact freezing. A
direct comparison between conditions immediately before freezing and at freezing onset is provided in Fig. S2. Collision-
induced breath figures are already present at -12.1 °C during ongoing aerosol-droplet collisions, whereas the freezing-induced
condensation ring first appears at -12.2 °C. This comparison demonstrates that the secondary breath-figure pattern is
specifically associated with freezing initiation rather than with aerosol-droplet collisions alone. When freezing is triggered at
the particle-droplet contact site, the liquid-to-ice phase transition releases latent heat (Pruppacher and Klett, 2010; Harrison et
al., 2018). The resulting local perturbation of temperature and vapor fields (Biswas et al., 2025; Hazra et al., 2022) enhances
evaporation from the droplet surface and drives rapid condensation on the surrounding substrate. As freezing progresses, the
droplet transitions into a fully frozen ice phase (Fig. 2e). At this stage, the aerosol stream has already been terminated, and the
subsequent bulk solidification of the droplet releases additional latent heat, producing a broader condensation pattern. Because
the experimental cell is maintained under subsaturated conditions, these newly formed breath figures evaporate rapidly and
disappear within a short time. The complete freezing process is provided in the Supplement (Movie S1). In the present
experiments, breath figure formation is transient and spatially localized, only at the droplet surface rather than by large-scale
environmental cooling. This is an indication that condensation is locally induced by latent heat release associated with contact
freezing. As a result, breath figures provide a sensitive and physically meaningful optical signature of the onset of contact
freezing, directly linked to the initiation of the phase transition.

The use of onset freezing temperature is physically motivated. In immersion or deposition freezing experiments, grayscale-
based analyses typically identify the temperature of complete freezing, which reflects bulk solidification of the droplets and is
appropriate when nucleation occurs throughout the liquid or vapor phase (Kiselev et al., 2017; Thornton et al., 2023; Thompson
et al., 2025). In contrast, contact freezing is initiated at a localized site, such as the solid-liquid-air contact line or a region
experiencing a pressure perturbation during particle impact (Yang et al., 2019; Rosky et al., 2023). Once ice formation is
triggered, subsequent freezing of the bulk droplet proceeds spontaneously through rapid ice propagation. According to classical
descriptions of contact nucleation, the initial nucleation event determines the freezing outcome, whereas the subsequent ice
growth is governed by thermodynamic and kinetic processes that no longer depend on the triggering mechanism (Pruppacher
and Klett, 2010; Ladino Moreno et al., 2013; Wang et al., 2021; Kalita et al., 2023; Chu et al., 2024). In principle, the
temperature of complete freezing is not required to be lower than the onset freezing temperature. In practice, however, the cold
stage is operated at a constant cooling rate, leading to experimentally observed complete freezing temperatures that are
systematically slightly lower than the onset freezing temperatures. For the representative case of 200 nm Agl particles shown
in Fig. 2a, the difference between onset and complete freezing temperatures is only 0.2 °C. Statistical analyses of both

monodisperse and polydisperse particles further indicate that this temperature difference is consistently within 0.2-0.3 °C
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(Table S1), comparable to instrumental temperature uncertainty. Therefore, the onset freezing temperature provides a more
physically meaningful representation of the nucleation condition for impact-initiated contact freezing.

In this study, breath figure detection provides the primary operational criterion for identifying freezing onset at the single-
droplet level, while grayscale analysis provides an independent consistency check. This dual-criterion approach enables a
physically grounded definition of freezing temperature for impact-initiated contact freezing and establishes the basis for

subsequent frozen fraction analysis.

3.2 System performance and background freezing behavior

The performance and reliability of the C-ICE system were evaluated through a combination of background freezing
measurements, repeated impact-initiated contact freezing experiments, and simulations of the aerosol conditioning unit.
Together, these analyses establish the experimental credibility of the system, quantify the intrinsic background freezing
behavior in the absence of particles, and demonstrate that thermodynamic and flow conditions relevant to aerosol-droplet
collisions are well controlled and reproducible.

Figure 3 provides an assessment of experimental repeatability and background freezing behavior. Freezing temperature
distributions obtained from repeated experiments are shown for particle-free background and for 200 nm Agl particles (Fig.
3a). Background measurements were conducted by using particle-free nitrogen gas flow directed toward the supercooled
droplet under otherwise identical conditions. In the absence of particles, freezing occurs over a relatively broad temperature
range from -34.4 to -25.4 °C (T, = —28.8°C; n=21), reflecting stochastic background freezing of pure-water droplets. The
freezing temperature distribution of particle-free background is approximately unimodal and symmetric, indicating stable and
reproducible baseline behavior. In contrast, freezing induced by 200 nm Agl particles is sharply shifted to higher temperatures
and exhibits a much narrower and more concentrated spread (-13.9t0 -11.8 °C, Ts, = —12.6°C; n=31), consistent with efficient
and repeatable impact-initiated contact freezing. The upper bound of the background freezing distribution (-25.4 °C) represents
a conservative lower temperature limit for reliable C-ICE measurements. Above this temperature, freezing can be confidently
attributed to particle-induced processes. Below this temperature, overlap with stochastic background freezing makes attribution

increasingly uncertain.
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Figure 3: Freezing temperature distributions and frozen fraction for impact-initiated contact freezing in the C-ICE system. (a)
Distributions of freezing temperatures obtained from repeated experiments conducted under identical conditions for the particle-
free background (i.e., no aerosol particles present; grey; n = 21) and for 200 nm Agl particles (blue; n = 31). Histograms are shown
as relative frequencies, such that the sum of bin heights equals unity for each dataset. The solid curves represent Gaussian-smoothed
normalized histograms. Different bin widths are used to reflect the distinct temperature ranges and data densities of the two datasets
(2.0 °C for particle-free background and 0.5 °C for Agl). Vertical dashed lines indicate the median freezing temperature (Tsq) for
each condition. (b) Frozen fraction as a function of temperature for the particle-free background and 200 nm Agl particles. Shaded
regions represent the 95% confidence intervals calculated using the Wilson score method.

The corresponding frozen fraction curves shown in Fig. 3b further highlight the clear separation between background freezing
and particle-induced contact freezing. The background frozen fraction increases gradually with decreasing temperature and
reaches unity only at substantially lower temperatures, whereas the Agl frozen fraction transitions sharply over a narrow
temperature interval at much higher temperatures. The narrow confidence intervals derived using the Wilson score method
demonstrate that the observed differences are statistically robust. These results confirm that background freezing in C-ICE is
both weak and well characterized, providing a reliable reference for quantifying particle-induced contact freezing. Freezing
observed at higher temperatures is therefore attributable to aerosol-droplet interactions.

Beyond freezing statistics, controlled aerosol conditioning is essential for meaningful interpretation of impact-initiated contact
freezing measurements. Figure 4 presents simulations of the thermodynamic evolution of water vapor within the dehumidifier
section of the C-ICE system. This cylindrical dehumidifier simultaneously cools and dehumidifies the particle-laden airstream
as it passes through the 1.0 m long cooled section. Under representative operating conditions (25 °C inlet temperature, 10%
initial RH, and 1.5 L min™! flow rate), the gas temperature decreases smoothly toward the chiller setpoint (-15 °C), crossing
0 °C within 0.15 m of the inlet. As temperature declines, the saturation vapor pressure (Ps,;) correspondingly decreases while
absolute water vapor content (actual water vapor pressure, B,) remains nearly constant, leading to a continuous increase in RH
with respect to both liquid water (RH,,) and ice (RH;). Ice saturation (RH;=1) is reached at 0.23 m of the inlet, beyond which
excess water vapor is removed by deposition onto the cooled inner wall, resulting in effective dehumidification of the airstream.

At the outlet, the particle-laden airflow reaches a temperature closely matched to the cold-stage droplet, minimizing unintended
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condensation or frost formation in the collision region. This controlled thermodynamic state ensures that breath figure

formation arises from localized latent heat release during freezing rather than from background humidity fluctuations.
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Figure 4: Simulated evolution of the thermodynamic state of water vapor in the dehumidifier section of the C-ICE system. Shown
are the axial profiles of water vapor saturation pressure (P,,; dashed blue line), actual water vapor pressure (P,; solid light blue
line), inlet water vapor pressure (P,, ;,,; dotted blue line), gas temperature (solid orange line), and relative humidity (RH; with respect
to liquid water, RH,,, and with respect to ice, RH;; solid green lines) along the dehumidifier tube. The shaded light blue region
indicates the cooled section (length = 1.0 m), where the particle-laden airflow passes through the inner tube of a concentric double-
tube dehumidifier, while temperature control is provided by an ethanol-based coolant circulating in the outer jacket. The simulation
is performed for an inlet airstream at room temperature (25 °C) with an initial RH of 10% and a flow rate of 1.5 L min'. The chiller
is set to a working temperature of -15 °C. Reference temperatures are indicated by dotted orange lines.

The robustness of the dehumidifier performance across a wide range of operating conditions is further demonstrated in Fig.
S3, which shows simulated profiles of gas temperature, flow velocity, and Reynolds number (R,) for flow rates ranging from
120 to 2000 cm® min~". In all cases, the flow remains well within the laminar regime throughout the cooled section (R, <
2300). At the same time, the gas temperature approaches the coolant setpoint within a relatively short axial distance, even at
the highest flow rates. These results confirm that the dehumidifier provides stable laminar flow and sufficient cooling capacity
across the full experimental range.

Taken together, the results presented in Figs. 3, 4, and S3 demonstrate stable and reproducible system performance.
Background freezing is well constrained and clearly separated from particle-induced events, while aerosol conditioning ensures

controlled thermodynamic and flow conditions prior to collision.

3.3 Experimental constraints on collision efficiency in C-ICE

Quantifying the collision efficiency (CE) between aerosol particles and the target droplet is essential for interpreting impact-
initiated contact freezing measurements in the C-ICE system. The number of particles that physically collide with the droplet

is governed by the particle-droplet collision efficiency, which depends on particle properties, flow conditions, and experimental
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geometry. In this section, we combine a physically based collision model with experimental constraints to derive a system-
specific CE for the C-ICE configuration.

Figure 5 shows the modeled CE as a function of particle diameter, separated into contributions from six physical mechanisms:
Brownian motion, inertial impaction, interception, thermophoresis, diffusiophoresis, and electric forces. Consistent with
classical particle-droplet collection theory, Brownian motion is expected to dominate at small particle sizes, whereas inertial
impaction becomes increasingly important at larger sizes. The total CE is calculated as the sum of these individual mechanisms
under the experimental conditions of a particle-laden airstream with a flow rate of 120 cm® min, a droplet surface temperature
of -15 <C, an air temperature of -14.9 <C, and a RH; of 90%. Electric effects are parameterized using an empirical charging
coefficient a,;, which characterizes particle charge effects. The value of a, ranges from 0 (electrically neutral particles) to 7
(highly electrified environments such as thunderstorms); a representative value of a, = 0.1 is adopted here (Andronache et
al., 2006). The modeled results show that at smaller diameters (d, < 0.2 um), Brownian motion dominates the collision
process, resulting in increasing CE with decreasing particle size. At larger diameters, inertial impaction and interception
become increasingly important, producing a rapid rise in CE toward unity. Thermophoresis and electric forces contribute
weakly under the present conditions, while diffusiophoresis is several orders of magnitude smaller than other mechanisms and
is not visually distinguishable on the scale of Fig. 5. The combined effect of these mechanisms produces a characteristic U-
shaped CE-diameter relationship, with a minimum at submicron sizes (approximately 0.15 um) and a sharp increase toward
unity for supermicron particles. This feature corresponds to the well-known Greenfield gap, a regime in which particles are
too large for efficient Brownian motion yet too small for inertial impaction to be effective (Greenfield, 1957; Ladino et al.,
2011a). In this size range, neither diffusive nor inertial collection mechanisms dominate, and interception remains weak,
leading to minimal particle-droplet collision probabilities.

Although this model captures the expected behavior qualitatively, the Greenfield gap regime corresponds to particle sizes for
which the predicted CE is very low and therefore sensitive to uncertainties in flow geometry, particle trajectories, and weak or
unresolved collection processes. Unfortunately, this size range is important for particle-droplet interactions in the atmosphere
(Ladino Moreno et al., 2013). To better constrain the model, we therefore derive experimental lower-bound CE values from
contact freezing measurements using monodisperse Agl particles of 200 and 800 nm diameter. To do so, we assume a single

effective particle-droplet collision during a short temperature interval is sufficient to trigger a contact freezing event.
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Figure 5: Modeled collision efficiency (CE) for aerosol-droplet collisions in the C-ICE configuration as a function of particle diameter.
Individual contributions from Brownian motion (Eg,., dashed blue line), inertial impaction (E,,, dashed orange line), interception
(E e, dashed green line), thermophoresis (Ey, dotted red line), diffusiophoresis (Epf, dotted purple line), and electric forces (Eg,

dotted brown line) are shown together with their combined total collision efficiency (CE, solid black line). Under the present
experimental conditions, the contribution from diffusiophoresis is several orders of magnitude smaller than the other mechanisms
and is therefore not visually distinguishable at the scale of the figure. Black circles represent experimentally measured collision
efficiencies of 200nm and 800nm Agl particles, shown as the median with interquartile range (25-75%).

In the experiments, the cold stage cools at a rate of 1 < min, corresponding to a time interval of At = 6 s for a temperature
decrement of 0.1 <C. The aerosol flow rate (Q) is maintained at 120 cm® min™, and the particle number concentration (N, qrticie)
downstream of the conditioning unit is continuously monitored using a CPC. For each experiment, particle concentrations are
deliberately kept low to minimize the number of particles colliding with a single droplet and to allow robust estimation of
collision efficiency from freezing statistics.

Under these conservative conditions, the experimentally inferred collision efficiency can be estimated as

1
At - Q - Npgreicte

This estimate represents a lower bound on the true collision efficiency, as it assumes that exactly one effective collision is

CEeyp = (12)

required to trigger freezing within the considered time interval. Accordingly, CE.y, is not an intrinsic property of the system
but a conservative lower-bound estimate under the specified experimental conditions.

Using this approach, experimentally inferred median collision efficiencies of 0.04 for 200 nm Agl (0.03-0.07, 25-75%;
mean=0.05; n=29) and 0.10 for 800 nm Agl (0.07-0.15, 25-75%; mean=0.11; n=32) are obtained (shown as black symbols in
Figs. 5 and 6; Table S2). These values substantially exceed the corresponding pure model predictions (9.7x10° for 200 nm
and 0.01 for 800 nm), indicating that the theoretical formulation underestimates collision probabilities under the specific

thermodynamic conditions of C-ICE. Compared with previous studies, Nagare et al. (2015) inferred collision efficiencies of
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0.13 for 200 nm Agl and 0.07 for 400 nm Agl using the CoLlision Ice Nucleation CHamber (CLINCH), in which ~80 pm
droplets sediment through an aerosol-filled chamber. Although the magnitudes are broadly comparable, direct quantitative
comparison is complicated by substantial differences in droplet size, flow geometry, particle-droplet relative velocity, and
residence time between the two systems. In another laboratory experimental configuration, Ardon-Dryer et al. (2015) reported
CE values ranging from 0.015 to 0.09 under high RH conditions (8843%) using the Massachusetts Institute of Technology
Collection Efficiency Chamber (MIT-CEC).
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Figure 6: Experimentally constrained collision efficiency for the C-1CE system. The pure model prediction assuming only physically
resolved collection mechanisms (CE,,;,, dashed black line), the upper bound assuming unit collision efficiency (CE,,,, = 1, dashed
blue line), and the best-estimate collision efficiency (CE ., solid orange line) constrained by experimental results for 200 nm and
800 nm Agl particles are shown as a function of particle diameter. Black circles indicate experimentally inferred collision efficiencies,
shown as the median with interquartile range (25-75%).

To reconcile model predictions with experimental constraints, we construct and compare three CE scenarios in Fig. 6, including:
(i) a model-based minimum (CE,,;,), defined as the theoretical model prediction without experimental adjustment; (ii) an
idealized upper bound (CE,,., = 1), assuming all particles collide with the droplet; and (iii) an observation-constrained best
estimate (CEp.s:). The CEp,s; curve is constructed by imposing an empirical lower envelope based on the experimentally
inferred median CE values at 200 nm and 800 nm (0.04 and 0.10, respectively), using linear interpolation between these sizes
and constant extrapolation outside this range, while retaining the model prediction where it exceeds the empirical constraint.
This formulation ensures that CE,,,; does not fall below experimentally supported values and avoids unphysical suppression
of collision efficiency at larger particle sizes. As shown in Figs. 6 and S4, the experimentally inferred CE,,; fall between
CE i and CE,,,,- The constrained efficiency increases from 0.04 at 200 nm to 0.10 at 800 nm, consistent with the increasing
contribution of inertial impaction and interception at larger particle sizes. Importantly, CE,.,; provides a smooth and physically
consistent transition across the particle size range, reconciling model behavior with observed freezing responses. The resulting
CEp.s: 15 subsequently used to convert measured aerosol number concentrations and size distributions into effective particle

collision rates onto the droplet, enabling a quantitative interpretation of frozen fraction measurements. This conversion is
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particularly important for polydisperse aerosols, for which particle-droplet collision frequencies depend strongly on particle

size.

3.4 Frozen fraction of Agl aerosols

The frozen fraction behavior of Agl aerosols measured in C-ICE as a function of particle size is summarized in Fig. 7. Figure
7a shows the frozen fraction as a function of temperature for monodisperse Agl particles (200 and 800 nm) and for the
polydisperse Agl aerosol. All three cases exhibit sharp frozen fraction curves over relatively narrow temperature intervals,
confirming the high ice nucleation efficiency of Agl by impact-initiated contact freezing.

Clear differences are observed among the three particle populations. For monodisperse Agl, the 800 nm particles froze at
slightly higher temperatures (-12.7 to -11.5 °C, Ts, = —12.0°C; n=34) than the 200 nm particles (-13.9 to -11.8 °C, T5y =
—12.6°C; n=31) (Table S1). The polydisperse aerosol exhibits freezing at still higher temperatures and over a broader interval
(-11.1 to -9.2 °C, Tso, = —10.1°C; n=50), reflecting contributions from coarse-mode particles. In addition, monodisperse
particles show steeper frozen fraction slopes than the polydisperse case, indicating a more narrowly defined freezing threshold.
These differences persist under identical thermodynamic and flow conditions, demonstrating that they cannot be attributed to
background freezing or experimental instability. Instead, the systematic shift in frozen fraction curves with particle size
highlights the sensitivity of impact-initiated contact freezing to particle properties and particle-droplet interaction dynamics.
The underlying mechanism is not explicitly resolved by the present experiments. However, larger particles may promote
freezing through a combination of increased contact area, greater collision momentum, and a higher probability of containing
active nucleation sites, all of which have been proposed as factors contributing to enhanced contact freezing efficiency (Ladino
Moreno et al., 2013). While the present dataset is limited to two monodisperse sizes and one polydisperse population, the
results provide direct evidence for a potential particle-size dependence of contact freezing behavior, consistent with previous
observations for mineral dust particles (Hoffmann et al., 2013a). Importantly, these results demonstrate that C-ICE enables

size-resolved constraints on contact freezing under controlled collision conditions.

2
] 10
1.0 (@) b Ag, polydisperse (25-75%)
TT ( ) = Agl, polydisperse (median)
» 1 & Agl, 200 nm (median, 25-75%)
081 % 10 & Agl, 80D nm (median, 25-75%)
©
[
2 5 0
gO.B- g 10
< 8
c
: s . 7
804 S 10" :
L @
o
2]
= -2
Q.21 =—&— Agl, 200 nm =10
=& Agl, 800 nm g
=@=Agl, polydisperse w
4 -3
0.0 10 "3 "0 1
-16 -14 -12 -10 -8 10 10 10

Temperature (°C) Particle diameter (um)

18



475

480

485

490

495

500

505

https://doi.org/10.5194/egusphere-2026-3946
Preprint. Discussion started: 28 July 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

Figure 7: Frozen fraction and effective particle collision rate for Agl aerosols under controlled collision conditions in the C-ICE
system. (a) Frozen fraction as a function of temperature for monodisperse Agl particles with diameters of 200 nm and 800 nm, and
for the polydisperse Agl aerosol. Shaded regions represent the 95% confidence intervals calculated using the Wilson score method.
(b) Effective particle collision rate onto the target droplet for the same experiments shown in panel (a), expressed as the number of
particles colliding with the droplet per second. The collision rate is calculated by combining measured aerosol number
concentrations (from CPC and OPC measurements) with the experimentally constrained collision efficiency (CEp.s;) and the aerosol
flow rate (120 cm® min). Following the discussion in Sect. 3.3, the effective particle collision rate shown here should be regarded as
a conservative lower bound. Results for the polydisperse Agl aerosol are summarized as the median (solid purple line) with the
interquartile range (25-75%; shaded). For size-selected aerosols (200 nm and 800 nm), the median values and interquartile ranges
are shown as markers with error bars.

To help interpret the differences among the frozen fraction results, Fig. 7b presents the effective particle collision rate onto the
target droplet, expressed as the number of particles colliding with the droplet per second. Rates are calculated from measured
aerosol number concentrations (CPC and OPC) combined with the experimentally constrained collision efficiency CEj.s;
(Sect. 3.3) and the known aerosol flow rate. For the monodisperse cases, particle number concentrations are derived from
DMA-selected aerosols, which represent a narrow size bin. In contrast, the polydisperse case is characterized using OPC
measurements with size bins spanning several hundred nanometers, representing a broader size range. As a result, the
comparison between monodisperse and polydisperse particle rates is not strictly equivalent and should be interpreted with this
difference in mind. Despite differences in aerosol number concentration between experiments, the median effective particle
collision rate is identical for the two monodisperse cases, with values of 0.17 s for both 200 nm and 800 nm Agl. The
corresponding mean rates are 0.20 s and 0.29 s, respectively (Table S3), providing a robust basis for comparison under
comparable effective collision conditions. In contrast, the polydisperse aerosol produces substantially higher collision rates
over much of the size range. Submicron particles alone contribute on the order of ~10 collisions per second, far exceeding the
monodisperse cases, and additional contributions arise from coarse-mode particles (~1 collision per second). The higher
effective collision rate increases the probability that the droplet encounters active Agl particles within a given temperature
interval, which likely contributes to the higher freezing temperatures observed for the polydisperse aerosol. At the same time,
the broader freezing temperature range and more gradual frozen fraction curve are more directly attributable to the broad
particle size distribution, because particles of different sizes can differ in collision efficiency, contact area, momentum, and
probability of containing active nucleation sites. Particle number concentrations and size distributions are shown in Figs. S5
and S6 and Table S4. Thus, the frozen fraction curve reflects both particle ice-nucleating properties and the size-dependent
collision rate, with the curve width influenced by the spread of particle sizes and the curve position mainly influenced by the
frequency of effective particle-droplet encounters and associated freezing responses.

It is important to emphasize that the effective particle collision rates shown in Fig. 7b represent conservative lower-bound
estimates, because CEj,.; is constructed as a lower envelope constrained by experimental measurements at 200 nm and 800
nm (Sect. 3.3). In addition, the calculation assumes that a single effective collision within a given temperature interval is
sufficient to trigger freezing, and does not account for multiple ineffective collisions or partial contacts. Consequently, the true

particle-droplet collision rates are likely higher than those reported here.
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The frozen fraction results for Agl in this study are broadly consistent with previous contact freezing measurements. Submicron
Agl particles (200 nm) are observed to initiate freezing at temperatures near -12 °C, in agreement with earlier studies from the
CLINCH chamber (Nagare et al., 2016). However, the frozen fraction curves obtained with C-ICE exhibit a much sharper
transition, with freezing occurring within a narrow temperature interval of ~2 °C. In contrast, chamber-based studies often
report freezing over a substantially broader temperature range, extending to much lower temperatures (~-35 °C). Moreover,
Marcolli et al. (2016) summarized numerous studies showing that Agl exhibits strong mode dependence, with reported contact
freezing temperatures varying widely with particle size (surface area), droplet size, and experimental configuration. For
example, Schiffman et al. (2025) recently reported surface-initiated contact freezing for large Agl particles (~380 pum) with a
mean freezing temperature of -5.4 £1.1 °C, substantially warmer than the submicron aerosol results reported here. Earlier
experimental studies similarly reported median freezing spanning from approximately -5 °C to -25 °C, depending on droplet
size, aerosol loading, and flow conditions (Gokhale and Goold, 1968; Sax and Goldsmith, 1972; Langer et al., 1978; DeMott,
1995; Nagare et al., 2016).

These differences do not indicate inconsistency among studies, but instead reflect fundamental differences in particle size,
collision regime, droplet size, and thermodynamic control. Chamber experiments inherently convolve nucleation efficiency
with collision statistics governed by turbulence, residence time, and stochastic droplet-particle encounters. Surface-initiated
studies emphasize interfacial attachment with minimal inertia. In contrast, C-ICE imposes directed and repeatable particle-
droplet impacts under well-defined conditions. As a result, the frozen fraction curves more directly reflect the temperature-
dependent nucleation response following effective collision.

In conclusion, C-ICE enables size-resolved quantification of impact-initiated contact freezing under controlled conditions. The
measurements produce frozen fraction curves with sharper transitions than those typically reported in chamber-based studies,
reflecting the well-defined collision conditions. While Agl serves as a benchmark INP, the method is readily extendable to
other aerosol types and size ranges. This provides a quantitative basis for constraining contact freezing parameterizations and

for isolating the role of collision dynamics in aerosol-cloud interactions.

4 Conclusions

This study establishes the Cold-stage system for Impact-initiated Contact freezing Experiments (C-ICE) as a quantitative
experimental system for controlled, repeatable, and size-resolved investigations of impact-initiated contact freezing. By
combining a fixed supercooled droplet with a precisely conditioned aerosol jet, C-ICE enforces well-defined particle-droplet
collisions while independently characterizing aerosol size, number concentration, and thermodynamic state. Freezing onset is
identified at the single-droplet level using complementary optical criteria based on breath figure formation and grayscale
analysis. This allows collision-triggered freezing to be distinguished from complete freezing and from procedural blank events.
Background measurements show that spontaneous freezing is weak and reproducible and define a conservative operating

window (T > -25.4 °C) in which particle-induced freezing is clearly separated from droplet-only freezing. Application to Agl
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aerosols reveals sharp frozen fraction transitions over narrow temperature intervals, with systematic shifts toward higher
temperatures for larger particle sizes and for polydisperse populations. These results indicate a potential size effect in freezing
behavior, although additional measurements across a wider size range are needed to establish a quantitative relationship. By
integrating a physically based collision model with experimentally inferred lower-bound collision efficiencies, we derive a
system-specific and experimentally constrained collision efficiency (CE,.s;) for C-ICE. This provides a physically
interpretable link between measured aerosol concentrations and the effective particle collision rate onto the droplet, allowing
frozen fraction measurements to be interpreted under collision-controlled conditions.

These results have broader implications for contact freezing and aerosol-cloud interactions. The steep frozen fraction curves
observed here highlight the importance of explicitly controlling and quantifying particle-droplet collisions when interpreting
contact freezing data. More generally, frozen fraction measurements reflect not only intrinsic ice nucleation activity, but also
particle size, collision probability, and interaction dynamics. The ability to impose repeatable and size-resolved collision
conditions provides a pathway for constraining contact freezing parameterizations with reduced ambiguity. Extending C-ICE
to other INP types, droplet sizes, and flow conditions will enable systematic investigation across particle types and scales,

providing physically grounded constraints for representing contact freezing in cloud microphysical models.

Appendix A

Table Al. List of symbols

Agl Silver iodide
C. Cunningham slip correction factor
CCD Charge-coupled device
CE Collision efficiency
CEpest Experimentally constrained best-estimate collision efficiency
CEexp Experimentally inferred collision efficiency
CEpax Collision efficiency assuming unit collection efficiency
CEnin Collision efficiency predicted by the physical model
C-ICE Cold-stage system for Impact-initiated Contact freezing Experiments
CPC Condensation particle counter
Dy Droplet diameter
Daifs Particle diffusion coefficient
dp Particle diameter
DMA Differential mobility analyzer
EDB Electrodynamic balance
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EGUsphere\

Eg, Collision efficiency due to Brownian motion
Eps Collision efficiency due to diffusiophoresis
Eg Collision efficiency due to electric forces
Eimp Collision efficiency due to inertial impaction
Ene Collision efficiency due to interception
Eth Collision efficiency due to thermophoresis
fice(T) Frozen fraction at temperature T
INPs Ice nucleating particles
K Coulomb constant
kg Boltzmann constant
A Mean free path of air molecules
U Air viscosity
N¢(T) Cumulative number of droplets frozen at temperatures > T
Nparticte Particle number concentration
Neot Total number of droplets
OPC Optical particle counter
pd Water vapor pressure at temperature T,
p? Water vapor pressure at temperature T
Pe Peclet number
P, Prandtl number of air
Pgat Saturation vapor pressure
P, Actual water vapor pressure
Pyin Inlet water vapor pressure
R, Reynolds number
RH Ambient relative humidity
RH; Relative humidity with respect to ice
RH,, Relative humidity with respect to liquid water
Pp Particle density
Se Schmidt number of water vapor in air
Stk Stokes number
Tso Median freezing temperature
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T, Absolute temperature of air
T Absolute temperature of droplet surface
UHPLC Ultra-high-performance liquid chromatography

Viscosity ratio of water to air

Aerosol flow rate

) Particle approach velocity at the moment of particle-droplet collision
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