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Abstract Cloud seeding is considered a practical but unproved method to enhance precipitation or suppress
hail, due to insufficient knowledge of ice formation and evolution after seeding clouds with ice nucleating
particles. This study investigates the size effects on the immersion freezing of aerosol produced from
commercial silver iodide (Agl) containing flares at mixed-phase cloud temperatures from 243 to 267 K. Flare-
generated aerosol exhibited comparable ice nucleation ability (INA) to pure Agl particles in the size range of
200 and 400 nm. Non-Agl impurities reduced the INA of flare-generated particles <90 nm, which is lower than
pure Agl particles <40 nm. The critical mass ice-active site density of the generated aerosols (critical-n,,) was
derived, indicating the minimum mass of Agl particles required for efficient ice nucleation. The new
parameterization to predict critical-n,, can serve as a reference to optimize the effectiveness of cloud-seeding
materials for practical use.

Plain Language Summary Ice-forming aerosol is commonly added to clouds, expecting
precipitation enhancement via promotion of ice production. In this work, silver iodide (Agl) containing aerosol
was generated from commercial cloud-seeding products under different wind speed conditions. Its ice-forming
ability was studied at mixed-phase cloud temperatures. The lower size limit for effective ice-forming ability of
the cloud-seeding particles (90 nm) is higher than that of pure Agl particles (40 nm). The non-Agl components
produced by cloud-seeding products are hypothesized to decrease the ice-forming ability of smaller particles, as
the mass fraction of ice-nucleating Agl decreases. To estimate the minimum mass of Agl in a particle required
for efficient ice nucleation under cloud-seeding relevant conditions, we derived the critical ice-activated mass
fraction of the generated aerosols. These findings provide valuable insights into the optimization of cloud-
seeding practices for enhanced precipitation.

1. Introduction

Ice crystals are important constituents of cold clouds (temperature <0°C) because their number concentration and
size largely regulate cloud microphysics (Lamb, 2003) and impact cloud radiative properties and precipitation
(Lohmann et al., 2016). Ice formation in the atmosphere can be initiated by the homogeneous freezing of super-
cooled cloud droplets (Koop et al., 2000) or via heterogeneous nucleation aided by ice-nucleating particles (INPs)
(Cantrell & Heymsfield, 2005; Fletcher, 1970; Kanji et al., 2017; Murray et al., 2012). The presence of INPs lowers
the energy barrier for ice embryos to form and facilitates a phase change under conditions where the homogeneous
freezing rate is too low for freezing. If cloud droplets are artificially perturbed by the addition of INPs, the cloud
microphysical processes are expected to change. As such INPs are of specific interest in weather modification to
enhance precipitation (Rauber et al., 2019) or suppress hail (Dessens et al., 2016) by promoting ice production
under appropriate meteorological and cloud water conditions. Ambiguous conclusions on the efficiency of pre-
vious cloud-seeding projects (French et al., 2018; Friedrich et al., 2020; Kerr, 1982; Manton & Warren, 2011;
Pokharel et al., 2017; Rauber et al., 2019; Silverman, 2010) indicate that large uncertainties still exist in how INPs
work under different meteorological conditions to influence cloud microphysics. For glaciogenic cloud seeding to
work, the first step is to identify the ice nucleation ability (INA) of commercially available cloud-seeding aerosols.

Silver iodide (Agl) containing particles are widely used in cloud-seeding programs (French et al., 2018; Friedrich
et al., 2020; Kerr, 1982; Manton & Warren, 2011; Pokharel & Geerts, 2016; Pokharel et al., 2017; Rauber
etal., 2019; Silverman, 2010) due to its strong INA in the heterogeneous freezing regime (DeMott, 1995; Marcolli
et al., 2016; Nagare et al., 2016; Vonnegut, 1947; Vonnegut, 1949). Laboratory experiments have been conducted
to investigate the ice nucleation mechanism of pure Agl particles. The reason for its effect on ice nucleation is
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imputed to its surface properties, including lattice matches with ice (Davis et al., 1975; Palanisamy et al., 1986),
surface defects (Shevkunov, 2005, 2008), and surface charges (Edwards et al., 1962). Agl particles exhibit
varying INAs when initiating ice formation through different pathways, as reviewed by Marcolli et al. (2016). The
underlying mechanism behind the observed results is still debated.

The INAs of Agl-containing aerosols generated through different materials and methods were investigated and
showed distinct results (Davis et al., 1975; DeMott et al., 1983; Edwards et al., 1962; Marcolli et al., 2016). The
varied INAs are likely linked to the different physicochemical properties of the produced aerosols. Agl particles
exhibit modified INAs after mixing with other chemical components (Davis et al., 1975; DeMott et al., 1983;
Palanisamy et al., 1986). For example, an increase in INA has been observed for Agl particles after being mixed
with AgCl or NaCl (DeMott et al., 1983; Palanisamy et al., 1986). These results imply the importance of the
chemical composition of Agl-containing aerosols in altering their INAs. Particle size is another crucial charac-
teristic affecting the INA of Agl particles. Larger Agl particles have a higher probability of hosting an ice active
site on the surface and therefore nucleate ice more effectively compared to smaller particles at identical tem-
perature and relative humidity conditions (DeMott, 1995; Edwards et al., 1962; Marcolli et al., 2016). The INA of
Agl particles decreased significantly if sizes were <40 nm, attributed to the partial dissolution of Agl particles
immersed in the cloud droplet (Marcolli et al., 2016).

In realistic cloud-seeding operations, the chemical composition and size distribution of cloud-seeding aerosol are
determined by the composition of the seeding materials and the meteorological conditions where the seeding is
conducted. Commercial cloud-seeding products contain non-Agl components that enable activation of particles
into cloud droplets prior to freezing. These components have the potential to modify the chemical composition of
cloud-seeding aerosol during its formation, although their exact impact on the INA of Agl particles remains
unknown. The size distribution of the cloud-seeding aerosol is modulated by the encountered wind speeds,
potentially playing a role in determining its INA. Nevertheless, the size distribution of cloud-seeding aerosols
under varying wind speed conditions and the associated INAs have not been investigated so far. Other meteo-
rological conditions including temperature and relative humidity in regions where cloud-seeding aerosols are
deployed, will also influence their ice nucleation pathway and efficiency.

The above-mentioned results underscore the importance of the chemical nature and particle size in determining
the INA of cloud-seeding aerosol in realistic cloud-seeding operations, which is less investigated and poorly
understood. In this work, the immersion freezing of size-resolved Agl-containing aerosol was tested under mixed-
phase cloud temperatures (243 K < T < 267 K) using a custom-designed ice nucleation chamber. The cloud-
seeding aerosol was produced pyrotechnically from flares used in hail prevention programs in Switzerland un-
der different wind speed conditions to test the effect of wind speed on the particle size distribution to mimic when
flares are mounted on aircraft wings.

2. Methodology

The schematic of the experimental setup to generate the cloud-seeding aerosol, measure its size distribution and
INA at 243 K < T' < 270 K in the immersion freezing mode is shown in Figure S1 in Supporting Information S1.

2.1. Generation of Cloud-Seeding Aerosols

The Agl-containing aerosols were generated by igniting burn-in-place flares. The flare is a smaller and lower
mass customized version of the burn-in-place ZEUS flares provided by Cloud Seeding Technologies for
mounting on aircraft. The flares are composed of Agl (11.8%), iodine-containing compounds (15.3%) and other
materials (such as ammonium perchlorate, catalysts, and fuel binder). The exact composition cannot be disclosed
due to proprietary reasons. In each experiment, the investigated flare (7 mm in diameter) was fitted into the flare
holder and ignited electronically in a customized fireproof burning chamber (BUC, Figure S2 in Supporting
Information S1). The design of BUC is detailed in the supporting information (SI) (Figure S2, Text S1 in Sup-
porting Information S1). Note that the unique design of the 3D-printed flare holder creates high wind speed
conditions around flares (See Text S2 in Supporting Information S1 for working details), mimicking the wind
conditions when flares are mounted on aircraft wings. Flare acrosol was produced at wind speeds of 25 m s~ and
10 m s™', respectively. The generated aerosol was directed to a mixing tank after exhausting the first 20 s of
burning (with a total burning time of approximately 90 s), after the burning stabilized. The mixing tank allows
continued suspension of aerosol over a longer time for subsequent measurements of particle mass, size and ice
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nucleation by different instruments. Two different mixing tanks were used to study particles of different sizes (see
Text S3 in Supporting Information S1 for operational details).

2.2. Size Selection and Mass Measurement of Particles

The size distribution of the polydisperse aerosol particles was detected by a differential mobility particle spec-
trometer (DMPS) connected downstream of the tanks (see Text S4 in Supporting Information S1 for working
details). The DMPS selected the monodisperse aerosol of one size (Dp). The total number concentration of the
selected particles (Nyya1 paricies) €0tering the ice nucleation chamber was measured by a Condensation Particle
Counter (TSI Inc., CPC 3772) positioned in front of the chamber, with a flow rate of 1 L min~! (Figure S1 in
Supporting Information S1). The monodisperse aerosol was sampled by the ice nucleation chamber (Figure S1 in
Supporting Information S1). Occasionally, a centrifugal particle mass analyzer (CPMA, first generation, Cam-
bustion Ltd.) with a flow rate of 1 L min~" was connected to the monodisperse aerosol flow to measure the single-
particle mass (see Text S5 in Supporting Information S1 for working details).

2.3. Ice Nucleation Measurements Under Mixed-Phase Cloud Conditions

The INA of the cloud-seeding aerosol was measured by the combination of an immersion mode cooling chamber
(IMCA) (Liiond et al., 2010) and the Ziirich ice nucleation chamber (ZINC) (Stetzer et al., 2008), which has been
used previously to investigate the immersion freezing of cloud droplets (Liiond et al., 2010; Welti et al., 2019;
Welti et al., 2012). Monodisperse aerosol was dried and sampled into IMCA with a relative humidity of ~120%
with respect to water (RH,,) (Figure S1 in Supporting Information S1). The high RH,, was caused by the tem-
perature gradient (25 K) between the warm and cold walls of IMCA. The two vertically placed walls are lined
with wetted filter papers, whose temperatures are controlled by two recirculating thermostats (Lauda, RP290).
Particles activate and grow into cloud droplets (approximately 18~20 pm in diameter) within a residence time of
~10 s in IMCA and are then passed into the lower part of the IMCA where the temperature transitions (7 =273 K)
to that of ZINC. ZINC is also a vertically oriented parallel plate chamber with ice-coated inner walls. The walls of
ZINC are cooled to different temperatures to create a RH,, of 101%. The freezing fraction of droplets can be
detected at 233 K < 7' < 270 K for a fixed humidity in this case. The residence time of particles in ZINC is ~10 s.
The total flow rate within the IMCA-ZINC system was kept at 10 L min™" by an external pump (9 L min™" of
particle-free sheath air and 1 L min™" of aerosol flow). The number concentration of particles was detected in situ
by the Ice Optical Depolarization detector (IODE) (described in Nicolet et al. (2010)) mounted close to the exit of
ZINC (Figure S1 in Supporting Information S1). IODE differentiates ice crystals and cloud droplets by depo-
larizing polarized light in the case of aspherical ice crystals. The frozen fraction (FF) of droplets is calculated

based on the number concentration of ice crystals (V;

ice erystals) and droplets (Ny,,,..s) at the operational tem-

perature conditions, as indicated by Equation 1:

N, ice crystals

FF =

(1

N, ice crystals +N, droplets

A higher FF represents higher INA of the tested particles.

The number concentrations of particles (0.5 ~ 25 pm) were also detected by an optical particle counter (OPC,
Lighthouse Remote 5,104) at the outlet of ZINC (Figure S1 in Supporting Information S1). An evaporation section
with RH; = 100% was attached downstream of IODE (Figure S1 in Supporting Information S1), forcing cloud
droplets to evaporate before counting by the OPC. Only particles>1.5 pm were defined as ice crystals. This threshold
size was the maximum size that droplets can reach at a temperature slightly above homogeneous freezing (~—34°C)
after shrinking in the evaporation section, determined by measuring the phase transition of dilute ammonium nitrate
droplets as a function of temperature. The activated fraction (AF) of aerosols was calculated by the ratio of the
number concentration of ice crystals (Nic, crysrai) determined by OPC and N,/ parsicies measured by CPC:

Nice crystals

AF = )

N, total particles
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The active site density per unit particle mass (n,,) can be estimated based on AF and the mass for a single particle
measured by CPMA (M, Hiranuma et al. (2015)) or calculated by the particle diameter (D)) and the particle

3
density (p) by assuming a spherical particle shape (M = %) in the case of pure Agl particles.

—In (1 — AF)

m 3)

1y (T) =

Similarly, the active site density per unit of particle surface (n,) can be estimated based on AF and the surface area
S = ﬂ'Dl,z) of spherical particles (Equation 4).

—In (1 — AF)

S 4)

ny (T) =

The temperature performance of the IMCA-ZINC system was tested and validated before being used (see more
details in Text S6 and Figure S5 in Supporting Information S1).

3. Results and Discussions
3.1. Size Distribution of Aerosols at Different Wind Speeds

Particle size distributions of the generated aerosols as a function of wind speed (1 ~ 70 m s™') was investigated as
a separate experiment using a wind tunnel (Table S1 in Supporting Information S1). According to Table S1 in
Supporting Information S1, particles of smaller size were produced under higher wind speed conditions. Addi-
tionally, it was shown that the size of the customized flare impacted the particle size distribution in a way that
smaller particles were created with reduced flare diameters. The original commercial flare has a diameter of
24 mm and is usually operated at a wind speed of 70 m s~ ! or even higher. The modal particle size generated under
this condition is 52 nm (Table S1 in Supporting Information S1). To be as close to the particle size in real seeding
conditions, the customized flare with a diameter of 7 mm (used in the present study) should be ignited at a wind
speed of 30 m s~ to obtain a similar mode size (52 nm, bold numbers in Table S1 in Supporting Information S1).
Such a high wind speed condition could not be reached within the burning chamber under our laboratory con-
ditions. The maximum wind speed of 25 m s™' surrounding the flare was achieved in the end which profits from
the unique design of the flare holder (Text S2 in Supporting Information S1).

The temporal evolution of particle size distribution generated at a wind speed of 25 m s~ was monitored by the
DMPS system (Figure 1). For comparison, the results obtained under a lower wind speed of 10 m s~ are also
depicted in Figure 1. In general, the sizes of the generated particles ranged from 60 to 700 nm and changed rapidly
within the first 10 min after tank filling (Figures la and 1c). Particles <30 nm were exclusively generated at a
wind speed of 25 m s™' (Figures 1a and 11c), which is attributed to the high dispersion due to higher wind speeds.
Smaller particles produced at higher wind speed are also observed in wind tunnel experiments (see Tabls S1 in
Supporting Information S1). Thereafter, the particle size distribution shifted to larger sizes and stabilized for both
applied wind speeds. The mode size reaches 400 ~ 500 nm with a few particles <100 nm. A narrower particle size
distribution was observed at a wind speed of 25 m s~ after being stable (300 ~ 700 nm, Figure 1b and Figure S6
in Supporting Information S1) compared to that at a wind speed of 10 m s~" (100 ~ 700 nm, Figure 1d and Figure
S6 in Supporting Information S1). The total number concentration of the particles decreased over time (Figure S7
in Supporting Information S1). Initially, particle coagulation plays a role in a shift of the size distribution to larger
sizes and reducing the total particle concentration. After 10 ~ 20 min, continued dilution and wall losses further
reduce the particle concentration. The coagulation also explained the larger particle size (>100 nm, Figure 1)
obtained within the tank compared to those measured by wind tunnel (~50 nm, Table S1 in Supporting Infor-
mation S1) under similar wind speed condition (~30 m s™"), where the particles are homogeneously distributed in
a continuous flow and have less chance to coagulate.

In general, the aerosol generated at a wind speed of 25 m s~ was close to that produced under cloud-seeding wind
conditions and thus was used for further ice nucleation measurements. Particles with distinct D,, of 90 nm, 200 and
400 nm were selected. The 90 nm particles were the smallest selectable and detectable particle size due to the
rapid coagulation of smaller particles within the chamber. In addition, particles with a diameter of 200 and 400 nm
were selected which represent the typical size range of the generated accumulation mode aerosol.
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Figure 1. The temporal evolution of the number fraction (N (%)) of particles with different D, measured at wind speeds of
25ms”! (panels a and b) and 10 m s (panels ¢ and d). Data for the first ~16 min (panels a and c) and up to 150 min after the
start (panels b and d) are shown. “Time after start” represents the duration following the start of filling of the tank with
aerosol.

3.2. INAs of Flare-Generated Aerosols

The FF of the particles as a function of temperature is shown in Figure 2. Error bars in Figure 2 indicate the
uncertainties of FF, representing the deviation of FF at a given temperature for misclassifying a particle as an ice
crystal versus a droplet in about 3,000 particles. Considering the uncertainties, FF of 200 and 400 nm particles are
comparable at identical temperatures (244 K < T' < 267 K), while a lower FF was observed for 90 nm particles.
This can also be observed by considering the temperature at which each particle size reaches a FF = 1. For the
90 nm, FF ~ 1 was reached at T =~ 253 K but for the 200 and 400 nm particles, FF =~ 1 was reached at 258 K
(Figure 2a). This is expected because larger particles have a higher probability of containing an ice-active site
with increasing particle surface and Agl mass. The lower INA of 90 nm flare-generated particles may be also
attributed to some particle dissolution. As reported by Marcolli et al. (2016), Agl particles of smaller size would
undergo dissolution after being immersed in cloud droplets, which leads to the erosion of the particle surface and
reduction of its INA. They estimated a partial dissolution of 0.04% for 200 nm particles versus 38% for 20 nm
particles, resulting in reduced INA for the latter. In our case, the dissolution for flare-generated particles is ex-
pected to be higher because of the overall lower Agl content of flare (~11.8% of the flare mass) resulting in a
smaller mass of Agl in our cloud droplets compared to pure Agl particles immersed in a cloud droplet of the same

size.
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Figure 2. FF as afunction of the temperature of flare-generated aerosols from this work (panel a) compared to those of similar
sizes from Marcolli et al. (2016) (panels b, ¢ and d). Stars represent flare-generated particles and diamond symbols represent
the pure Agl particles generated from a Agl-water suspension (Marcolli et al., 2016). “Time after start” represents the
duration following the start of filling of tank with aerosol.

The immersion freezing of flare-generated particles can be compared to those reported for Agl particles by
Marcolli et al. (2016) (Figures 2b—2d). The Agl particles produced by Marcolli et al. (2016) can be approximated
as pure Agl particles since the dissolved KNO; by-products was washed out before using the Agl particles for ice
nucleation experiments (see more details in Nagare et al. (2015)) and will be used as a reference here. Similar to
flare-generated particles, the FF of pure Agl particles shows a size-dependent INA below 50 nm (Figure 2d). Agl
particles with sizes of 40 and 50 nm reach FF = 1 at 260 K, whereas 30 nm AgI particles reach FF ~ 1 at ho-
mogeneous freezing temperature (7 = 235 K). Therefore, the critical size for Agl particles to nucleate ice effi-
ciently is 40 nm, where the full INA potential (FF ~ 1) is reached before homogeneous freezing temperature. The
pure Agl and flare-generated particles show excellent agreement in FF for the 200 and 400 nm size particles
(Figures 2b and 2c). The INA of 90 nm flare-generated particles is lower than 40 nm but higher than 30 nm pure
Agl particles (Figure 2d). The flare-generated particles contain other soluble components to promote droplet
activation before freezing in real-world cloud-seeding operations. In particular, non-Agl components like
ammonium perchlorate, and volatile compounds were produced upon burning. These impurities can either form
non-Agl particles or condense onto the Agl particles such that a flare particle may not be composed entirely of
Agl. At certain particle size, the ratio of Agl to non-Agl components would become critical to assessing the INA
of flare-generated particles. Our results indicate that the critical size for flare-generated aerosol to nucleate ice
efficiently is 90 nm, which includes sufficient Agl fraction comparable to that of 40 nm pure Agl particles
(Figure 2d). Flare-generated particles <90 nm would have reduced INA due to an insufficient Agl content and the
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Figure 3. The change in particle mass over time measured by CPMA (a) and the derived critical ice active mass density of
flare-generated particles (critical-n,,) (b). The solid line in (b) shows the parameterization to predict the critical-n,,, valid for
245 K < T < 267 (K).

increased partial dissolution, as evident by the significant decrease in INA observed for 30 nm Agl particles. In
contrast, the effect of the non-Agl components on the INA of larger flare-generated particles (200 and 400 nm) is
minor (Figure 2d), as their INA is similar to that of pure Agl > 50 nm from Marcolli et al. (2016). In general, if the
Agl content in flare-generated particles is higher than an equivalent 40 nm pure Agl particle (Figures 2b and 2c),
their full ice nucleation potential is reached. We therefore recommend that cloud-seeding operation with aerosol
from such burn-in-place flares should prioritize particles >90 nm. Moreover, effective cloud-seeding materials
should contain a minimum Agl mass equivalent to 40 nm Agl particles to achieve the highest possible INA
comparable to pure Agl particles.

DeMott (1995) investigated the INA of aerosols originating from burning Agl-acetone—ammonium iodide—water
solutions in a propane flame. An appreciably lower freezing ability was observed for 30 and 70 nm particles
compared to the 90 nm flare-generated particles in the present study and pure Agl particles (30 ~ 50 nm (Marcolli
et al., 2016),) (Figure S8 in Supporting Information S1). The varied INAs of Agl-containing aerosols among
studies, are evidence that the production method will impact the glaciogenic seeding ability of the particles that
depend on the size and composition of the materials being used to generate the Agl aerosols. The characteristics of
the additives and how they interact with the Agl particles will modify the INA of the generated aerosols. We
cannot study the chemical composition of the flare-generated particles because of proprietary concerns. This may
introduce uncertainty in estimating the critical Agl mass of flare-generated particles. To quantify the influence of
non-Agl components on the INAs of cloud-seeding aerosols, further chemical characterization is required to
identify their mass and mixing state with Agl. Nevertheless, we have found the flares used here have the closest
INA to those of pure Agl particles, and thus could be effective for glaciogenic cloud seeding research and
applications.

3.3. Critical Mass Activated Fraction (Critical-n,,) and Its Atmospheric Application

The change in mass for particles of fixed size over time is shown in Figure 3a. Since the decay in 90 nm
particle number concentration occurred rapidly, the particle mass could not be detected. The 90 nm particle
mass was calculated by the particle density derived from the measured average mass of 200 nm particles
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assuming a spherical shape. The averaged particle mass with respect to the particle size is given in Table S2 in
Supporting Information S1. The increase in particle mass over time (Figure 3a), confirms that by-products
formed during the burning process were able to condense onto the Agl particle surfaces or smaller particles
coagulated. Larger particles (200 and 400 nm) present a larger surface area but a smaller surface-to-volume
ratio compared to smaller particles (90 nm). As a result, the ratio of the condensed by-products to Agl
would be larger in smaller particles. As shown in Figure 3a, larger particles exhibit a mass ~150 times higher
than smaller particles after tank filling. This also explained why the condensation of by-products on larger
particles did not lead to a reduced INA as observed with smaller particles, owing to the insufficient mass of by-
products relative to Agl. The inhomogeneous chemical composition of flare-generated particles at different size
and its impact on ice nucleation can also be seen in Figure S8 in Supporting Information S1 from the estimated
mass ice active site density of particles (n,,) calculated by Equation 3 and the surface ice active site density of
particles (n,) calculated by Equation 4, where different n,, and n, values were observed for particles of varying
sizes. If particles had the same composition as a function of size, their INA should scale with surface area or
mass and the normalized #n,, or n, values should fall onto a single curve, as observed by Welti et al. (2009) for
illite clay particles (200 ~ 800 nm).

From Figure S9 in Supporting Information S1 we can see that 90 nm particles give the highest INA of flare-
generated particles is determined by a minimum effective Agl mass (equivalent to 40 nm Agl particle),
above which larger particles (200 and 400 nm) or more Agl do not increase their INA. If n,, was derived based
on the total mass of flare-generated particles, the ability of flare to produce INPs would be underestimated.
Similarly, if n,, is scaled to masses above 40 nm AgI particle which do not additionally improve the INA, the n,,
would also be underestimated. Based on these findings, we derive the critical ice active mass density (critical-
n,,) from the measured flare-generated FF and the critical mass of 40 nm pure Agl particle (0.19 fg, calculated
with a Agl particle density of 5.66 g cm™) required for efficient ice nucleation (Equation 3). The critical-n,,, of
all considered sizes can be fit by a curve that parameterizes the number of ice crystals produced per gram of
seeding material. The new parameterization is displayed in Figure 3b, with a coefficient of determination (R?) of
0.72. The substantial coefficient indicates the empirical data obtained aligns well with the values predicted by
the proposed parameterization. The parameterization provides the expected ice crystal number produced per
mass of seeding material as a function of seeding temperature, provided each seeding particle contains a
minimum of 40 nm Agl. This parameterization has the potential to serve as a reference to optimize the pro-
duction and efficiency of cloud-seeding materials in practical use. We note that in this work we only report on
and support our data on the INA of the flare-generated aerosol, which is the first step for cloud seeding to be
successful. The evolution of the seeded cloud, its dynamics and microphysics must be considered and researched
further for various desired outcomes.

4. Conclusion

The INA of cloud-seeding aerosol was measured under mixed-phase cloud conditions (243 K < T < 267 K).
The Agl-containing aerosol was produced by commercially available burn-in-place flares at a high wind speed
(25 m s™"), mimicking the aerosol generation process in real-world aircraft cloud-seeding operations. The flare-
generated aerosols have comparable INA to pure Agl particles in the sizes of 200 and 400 nm. The non-Agl
impurity produced from the same process lowers the INA of particles <90 nm, where the Agl mass is likely
less than that of 40 nm pure Agl particles. If cloud-seeding particles in modes of 50-60 nm are produced due to
high aircraft wind speeds, these particles will likely not contain enough Agl within them to achieve the full
potential of glaciogenic seeding. Favoring flare-generated particles >90 nm is suggested to reach the full ice-
seeding potential of the aerosol. For other cloud-seeding materials to reach a good INA, it is essential to include
a minimum Agl mass equivalent to 40 nm AgI particles. The critical-n,, of the generated particles was esti-
mated by normalizing the obtained FF with the mass of 40 nm Agl particles. Critical-n,, of all considered
particle sizes agree well with each other and its temperature dependence can be described by a new parame-
terization valid for temperatures ranging from 245-267 K. This parameterization provides the minimum mass of
Agl particles needed to produce the said ice crystal density. It holds significant potential in guiding the pro-
duction and optimization of commercial seeding products.
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