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Abstract.

The role of secondary organic aerosol (SOA) in atmospheric ice nucleation is not well understood, limiting accurate predictions
of aerosol-indirect effects in global climate simulations. This article details experiments performed to characterize the ice
nucleating properties of proxy SOA. Experimental techniques in conditioning aerosol to glass transition temperatures (7g) as
low as -70 °C using a pre-cooling unit are described. Ice nucleation measurements of proxy organosulfates (i.e., methyl, ethyl
and dodecyl sulfates) and citric acid were performed using the SPectrometer for Ice Nucleation (SPIN) operating at conditions
relevant to upper tropospheric cirrus temperatures (-45 °C, -40 °C, -35 °C) and ice saturation ratios (1.0 < Sice < 1.6). Methyl,
ethyl, and dodecyl sulfates did not nucleate ice, despite dodecyl sulfate possessing a 7 higher than ambient temperature. Citric
acid nucleated ice heterogeneously at -45 and -40 °C (1.2 < Sice < 1.4), but required pre-cooling temperatures of -70 °C, notably
colder than the lowest published 7. A kinetic flux model was used to numerically estimate water diffusion timescales to verify
experimental observations and predict aerosol phase state. Diffusion modeling showed rapid liquefaction of glassy methyl and
ethyl sulfates due to high hygroscopicity, preventing heterogeneous ice nucleation. The modeling results suggest that citric
acid nucleated ice heterogeneously via deposition freezing or immersion freezing after surface liquefaction. We conclude
that T} alone is not sufficient in predicting heterogeneous ice formation for proxy SOA using the SPIN.

1 Introduction

Aerosol-cloud interactions have profound effects on Earth’s climate by modifying cloud properties such as formation, lifetime,
radiative forcing, and precipitation (Albrecht, 1989; Hansen et al., 1997; Twomey, 1974). However, these interactions remain
a large uncertainty in predicting future climate change (Myhre et al., 2014). Atmospheric ice nucleation contributes
significantly to this uncertainty due to indirect radiative effects such as mixed-phase cloud glaciation (Knopf and Alpert, 2023;
Lohmann and Feichter, 2005) and cirrus cloud formation (Gasparini et al., 2018; Hartmann et al., 2001). Ice nucleation also
contributes significantly to the hydrological cycle through efficient ice initiated precipitation processes (Lau and Wu, 2003;
Lohmann and Feichter, 2005). A more comprehensive understanding of atmospheric ice nucleation processes is critical in
accurately estimating aerosol-cloud interactions and predicting their effects on the atmosphere and global climate.
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Atmospheric ice formation occurs either homogeneously by spontaneously freezing solution droplets or heterogeneously by
forming on ice nucleating particles (INPs) (Koop et al., 2000; Pruppacher and Klett, 1997). Aerosol particles such as mineral
dust fulfill one of the traditional requirements of INPs; specifically, insolubility (i.e., a solid surface; Pruppacher and Klett,
1997; Vali et al., 2015). Secondary organic aerosol (SOA), or compounds selected as representative proxies, have demonstrated
heterogeneous ice nucleation despite many being water soluble (Baustian et al., 2013; Ignatius et al., 2015; Kasparoglu et al.,
2022; Kilchhofer et al., 2021; Murray et al., 2010; Schill et al., 2014; Schill and Tolbert, 2013; Wagner et al., 2010, 2012;
Wang et al., 2012; Wilson et al., 2012; Wolf et al., 2020). This discrepancy is best explained by variations in aerosol phase
state, where SOA in the atmosphere can exist as semisolid or a glass (Zobrist et al., 2008). A glass is formally defined by
having a viscosity equal or higher than 10'2 Pa s, but in the absence of direct viscosity measurements (Grayson et al., 2016;
Song et al., 2015) the glass transition temperature (7¢) can be used to estimate the transition from a semi-solid to solid/glassy
phase state (Koop et al., 2011). Determining 7, of atmospheric OAs is non-trivial and parameters such as relative humidity
(RH), mixing state, hygroscopicity, molar mass, and atomic oxygen-to-carbon (O:C) ratio have all shown to affect 7 of
complex aerosol mixtures (Derieux et al., 2017; Koop et al., 2011). These parameters also introduce complexity in experiments
that control Ty as an experimental variable in ice nucleation studies, especially RH, a parameter difficult to measure at low
temperatures.

Heterogeneous ice nucleation of SOA remains an active area of research (Knopf et al., 2018). Laboratory studies frequently
conclude semisolid or glassy SOA require higher ice supersaturations to activate ice under cirrus conditions than mineral dust,
i.e., they are comparatively poor INPs (Hoose and Mdhler, 2012). Numerous studies have determined that SOA formed by the
oxidation of select gas-phase precursors are homogeneous ice nuclei (Charnawskas et al., 2017; Ladino et al., 2014; Piedehierro
et al., 2021; Prenni et al., 2009; Wagner et al., 2017), exhibiting onset conditions close to or above the homogeneous freezing
threshold of aqueous droplets (Koop et al., 2000). A recent comprehensive study investigating the ice nucleating properties of
SOA formed from eleven biogenic precursors reached a similar conclusion (Kasparoglu et al., 2022) and recommended both
SOA and SOA-coated dust be treated as ice inactive entirely.

Despite SOA having lower ice active fractions and apparent departure from the traditional insolubility requirement of INPs,
aircraft measurements have reported tropical subvisible cirrus ice residuals (IRs) are predominantly sulfate-organic in
composition (Froyd et al., 2010). Moreover, the sulfate component of the IRs was highly neutralized, likely present as
ammonium sulfate. This can result in phase-separated particles, where ice formation is initiated by crystalline ammonium
sulfate submerged in an aqueous organic layer or by the glassy organic shell itself (Schill et al., 2014; Schill and Tolbert,
2013). For the IRs studied by Froyd et al., 2010 there was no statistically significant evidence that sulfate-rich particles
preferentially nucleated ice, suggesting the organic component must also be ice active. This study is not an isolated example,
numerous single particle mass spectrometry (Cziczo et al., 2004; Murphy et al., 1998, 2006, 2007) and bulk chemical
composition measurements (Jimenez et al., 2009) have frequently discovered an abundance of tropospheric aerosol are organic.
Evidence of these particles participating in cirrus formation in the atmosphere is also well documented by sampling IRs (Cziczo
et al., 2013; Cziczo and Froyd, 2014; Froyd et al., 2009). It remains unclear whether the higher number density of SOA
compensates for their poor ice nucleating efficiency.

Mechanistically, both deposition and immersion freezing modes apply to SOA. For glassy aerosol, the current consensus is
the deposition nucleation pathway occurs via active sites on the particle surface, a mechanism not possible for liquid particles.
One proposed mechanism that describes how SOA serve as deposition INPs is an extension of the model for pore-
condensational freezing (PCF) of mineral dust (Marcolli, 2014) or soot aggregates (Marcolli et al., 2021). SOA particles can
exhibit similar morphology after ice cloud processing or “freeze-drying” (Adler et al., 2013; Wagner et al., 2017), where SOA
droplets undergo homogeneous freezing then subsequent sublimation. This process forms a highly porous glassy surface
structure, enhancing deposition ice nucleation (Wagner et al., 2012). Therefore, for SOA that have undergone atmospheric
freeze-drying, depositional freezing of SOA can then be described analogously to the PCF model for mineral dust.
Furthermore, evidence of immersion freezing has also been observed for glassy SOA where water uptake proceeds ice
formation (Baustian et al., 2013). Phase-separated organic-sulfate aerosol have also demonstrated immersion freezing, where

2



&5

90

95

100

105

water diffuses through the liquid organic shell to nucleate ice on crystalline ammonium sulfate “islands” within the simulated
particle (Schill et al., 2014; Schill and Tolbert, 2013).

Experimental studies support the hypothesis that only SOA with a non-liquid phase state are heterogeneous INPs; however,
much of the literature is limited to highly oxygenated model compounds used as proxy SOA such as citric acid (Kasparoglu et
al., 2022; Murray et al., 2010), raffinose (Kilchhofer et al., 2021), or sucrose (Baustian et al., 2013). Studies of atmospherically
relevant SOA are challenging as they require a combination of multidisciplinary laboratory techniques necessary to generate
atmospherically relevant SOA from synthesized compounds or gas-phase precursors, constrain aerosol phase state, and
measure ice nucleation properties.

The objectives of this study are to: (1) develop a pre-cooling technique to control the phase state of acrosol, (2) investigate the
effects of different aerosol generation methods, (3) characterize the ice nucleating properties of proxy SOA and proxy SOA
constituents, and (4) use water-diffusion modeling to evaluate our observations. Developing and characterizing this
experimental framework is necessary for subsequent studies determining the ice nucleating properties of more atmospherically
relevant SOA. Citric acid has demonstrated the ability to nucleate ice heterogeneously (Kasparoglu et al., 2022; Murray et al.,
2010) and therefore was selected as a control compound for these experiments to validate the pre-cooling technique.
Additionally, methyl, ethyl, and dodecyl sulfate sodium salts were selected for investigation as proxy SOA constituents for
organosulfates (OS), a type of SOA generated via acid-driven multiphase chemistry (Iinuma et al., 2007b, a; Riva et al., 2015,
2016; Surratt et al., 2007, 2008; Lin et al., 2012) that have been identified as potential heterogeneous ice nuclei in ambient
measurements (Wolf et al., 2020). Both methyl and ethyl sulfate have been observed in ambient aerosol (Hettiyadura et al.,
2017, 2019) using hydrophilic interaction liquid chromatography with MS detection (Hettiyadura et al., 2015). Dodecyl sulfate
has also been measured in ambient aerosols with possible formation processes linked to photochemical reactions of diesel fuel
emissions with SOz (Blair et al., 2017). Previous studies have examined the hygroscopicity and cloud condensation nuclei
(CCN) activity of these compounds as proxy OS (Estillore et al., 2016; Peng et al., 2021; Ruehl et al., 2010; Zhang et al.,
2023); however, there is no literature describing their ice nucleating properties.
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110  Figure 1: Experimental schematic summarizing aerosol generation, particle size measurements, pre-cooling, filter collection, and ice
nucleation measurements. Alternate pathways for aerosol generation or filtering denoted by dashed line. See method sections for
full description of experimental design.

2.1 Materials

For these experiments, we selected four commercially available compounds: (1) citric acid in both regular (> 99.5 %, 791725;
115 Sigma-Aldrich) and anhydrous formulations (= 99 %, C0759; Sigma-Aldrich C0759), (2) methyl sulfate sodium salt (or methyl

sulfate, > 92 %, 318183; Sigma-Aldrich), (3) ethyl sulfate sodium salt (or ethyl sulfate, > 98 %, 901275; Sigma-Aldrich), and

(4) dodecyl sulfate sodium salt (or dodecyl sulfate, > 95 %, Sigma-Aldrich 8.22050). Diluted methanol solutions (MeOH, >

99.8 %, A412; Fisher Scientific) of the sodium salts were refrigerated until use. Additionally, control experiments included

aqueous solutions of ammonium sulfate (AS, > 99 %, A4915; Sigma-Aldrich) and ammonium bisulfate (ABS, > 99.99 %,
120 455849; Sigma-Aldrich).
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2.2 Experimental Temperatures

A pre-requirement for investigations of the ice nucleating properties of SOA is determining the range of temperatures and
conditions at which glassy conditions may be met. For the purposes of this study, a glassy phase state is inferred by observing
heterogeneous ice nucleation and/or maintaining a combination of temperature and RH below the 7 of each compound. SOA
uptake water via hygroscopic growth under humid conditions, forming an organic-water mixture where water acts as a
plasticizer (Koop et al., 2011). This water uptake due to RH effectively lowers the glass transition temperature of the pure
“dry” organic (Tg,org) to that of the organic-water mixture 7. The effect of RH on the 7 of SOA is explicitly defined using the
Gordon-Taylor equation (Eq. 1), assuming the increase in humidity will form spherical aqueous solution droplets (Derieux et
al., 2017; Gordon and Taylor, 1952; Koop et al., 2011):

1
1—-—w o) Tow + 77— Worol,
- (W ) _ ( org) gw kGT org g,org. (1)
g\Worg 1 ’

(1- Worg)Tg,w + k_GTWorg

where Ty, is the glass transition temperature of water, kg is the Gordon-Taylor constant, w,,., the organic mass fraction, and
Ty org s the dry glass transition temperature of the organic component (Table 1). Ty ,, was defined as -137.15 + 2 °C (Kohl et
al., 2005) with a constant value of kgr = 2.5 (Koop et al., 2011). To calculate w,,s, the mass concentration of water (my,o)

and organic particles (m,,g) are combined as a ratio (Eq. 2):
Worg = ——————; (2)

with my, o represented by a parameterization of hygroscopic growth (Eq. 3) (Derieux et al., 2017) using the hygroscopicity
parameter (k) (Petters and Kreidenweis, 2007):

Kpyym
,Dw1 org . 3)
Porg (E - 1)

where density of water (p,,) was defined as 1 g cm?, ¢ is 1.2 g cm™, and a,, is the water activity. For calculations of Wy,
the following hygroscopicity parameters (k) were selected: methyl sulfate [0.459 + 0.021], (Peng et al., 2021); ethyl sulfate
[0.397 £ 0.01], (Peng et al., 2021); dodecyl sulfate [0.135 + 0.017], (Petters and Petters, 2016); and citric acid [0.233 + 0.035],
(Rickards et al., 2013).

My,0 =

Modeled values of Tgorg for OS constituent proxies are calculated by their volatility (i.e., the saturation mass concentration),
with semi-empirical fitting (Zhang et al., 2019). The vapor pressure is estimated from the melting and boiling temperatures
(Myrdal and Yalkowsky, 1997). As boiling temperatures for the OS tested here are unknown, they were estimated using a
group contribution model where each functional group in the compound possesses a group contribution value derived from
fitting extensive experimental measurements of a large dataset of organic compounds (Ghasemitabar and Movagharnejad,
2016). For the selected compounds, we conducted experiments to simulate depositional ice nucleation relevant to upper
tropospheric cirrus cloud formation (-45 °C to -35 °C). Previous studies operated the SPectrometer for Ice Nucleation (SPIN)
at similar temperatures and ice supersaturations (Sice) (T =—46 °C; Sice = 1.3) to detect the ice nucleation of ambient isoprene
SOA (Wolf et al., 2020).
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2.3 Numerical Diffusion Modeling

Timescales of amorphous deliquescence (Mikhailov et al., 2009) were estimated using the kinetic multi-layer model of gas
particle partitioning of aerosols and clouds (KM-GAP, Shiraiwa et al., 2012), generated with the kinetic multi-layer meta
model generator (KM-MEMO, Berkemeier et al., in prep.). In the model, particles and their surrounding gas phase are
discretized into concentric and spherical gas, surface and bulk layers. The model considers the relevant mass transport fluxes
of water between these layers: gas diffusion, surface adsorption and desorption, surface-bulk transport, and bulk diffusion in
the organic matrix. Diffusion of water between two bulk layers is calculated based on the water activity that corresponds to
the average composition of the two layers. Layer numbers were increased until numerical convergence was achieved. The
resulting system of ordinary differential equations was solved using Matlab software (ode23tb). The model utilizes
temperature- and humidity-dependent parameterizations for the bulk diffusion coefficient of water in the organic matrix. For
citric acid solutions, we used a detailed parameterization of aqueous citric acid density and water diffusivity (Lienhard et al.,
2014), whereas for organosulfates, we relied on the method by (Berkemeier et al., 2014) to estimate diffusion coefficients
based on glass transition temperatures and hygroscopicity parameters. The method modifies an existing Vogel-Fulcher-
Tammann parameterization for the diffusivity of aqueous sucrose solutions at a given water activity (Zobrist et al., 2011) by
changing the Vogel temperature to an estimate based on glass transition temperature.

The numerical model is set up to mimic the conditions in the SPIN chamber, which means that an individual model run is
performed at constant temperature and RH. Particles entering the SPIN are assumed to be water-free, have a diameter of 0.225
pum, and glassy. For all four studied compounds, citric acid, methyl sulfate, ethyl sulfate and dodecyl sulfate, we explore a
large range of possible experimental conditions, characterized by temperatures between -65 °C and —25 °C (in increments of
0.5 K) and Sice between 0.8 and 1.7 (in increments of 0.01).

2.4 Aerosol Generation

OS proxies were atomized (Model 3076; TSI Inc., Shoreview, MN 3077) at a flow rate of 0.9 L min™! using compressed zero
grade air (Indiana Oxygen, Lafayette, IN). Each OS was dissolved in MeOH at a mass concentration of 1 mg/10 mL to match
the lowest solubility of methyl sulfate in MeOH. MeOH was selected as the atomizing solvent to minimize water content in
aerosol, and thus, limiting any potential hydrolysis of the OS proxies examined (Darer et al., 2011). Directly following
atomization, an Erlenmeyer vacuum flask was positioned to trap any condensed liquid. Atomization of control inorganic
sulfates were performed in an identical manner but as aqueous solutions.

Citric acid aerosol was generated using two techniques: (1) by atomizing citric acid in water at a mass ratio of 3.75 mg/10 mL
in an identical manner as for the OS proxies and (2) thermal generation. Thermal generation was selected as an alternative to
atomization to minimize aerosol liquid water content; MeOH atomization is not compatible with citric acid due to potential
esterification (Rissman et al., 2007). Thermal generation was achieved by heating 1 g of citric acid in a custom 1.27 cm outer
diameter glass flow tube with an ultra-high purity nitrogen carrier gas (UHP N2, Indiana Oxygen, Lafayette, IN) at a flow rate
of 0.1 L min!. Resistive heating tape was wrapped around the flow tube with temperature controlled using a variable
transformer (Type 3PN1010; Staco Energy Products) and monitored using a Type T thermocouple connected to a thermocouple
calibrator (CL3512A, Omega Engineering). Immediately following the heated flow tube, a 5-L glass volume was placed to
allow particle formation and growth via nucleation, condensation, and coagulation. All other aspects of particle generation
mirror the atomization technique as shown in Figure 1.

To the best of our knowledge, thermal nucleation of citric acid aerosol has not been performed extensively, and we find
conflicting literature surrounding the thermal behavior of citric acid. Melting (Twm) and initial decomposition temperatures (Tq)
using differential scanning calorimetry (heating rate of 5 °C min™!) for fine particles have been reported as Tm = 153 £ 0.2 °C,
Ta= 168 °C (Barbooti and Al-Sammerrai, 1986) and T = 160.8 £ 0.2 °C, Ta =202.7 °C (Reid et al., 2018), respectively. This
large difference in temperatures is further complicated by a reported slow thermal decomposition beginning at 148 °C
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(Barbooti and Al-Sammerrai, 1986). Initial experiments were conducted using a generating temperature of ~160 °C with later
experiments using temperatures below 148 °C to avoid any potential thermal decomposition.

For atomization techniques, polydisperse aerosol was dried using a desiccant diffusion dryer and immediately size selected by
a differential mobility analyzer (DMA, Model 3081A; TSI Inc., Shoreview, MN) to select 0.225 pm diameter aerosol particles
operating at a (10:1) sheath to sample flow ratio. This electrical mobility mode was selected to minimize the transmission of
doubly charged particles and maintain number concentrations of approximately 10* cm™. A desiccant gas drier was connected
to the sheath flow of the electrostatic classifier (Model 3082; TSI Inc., Shoreview, MN) and maintained a RH of 5% throughout
the entirety of each experiment. The monodisperse aerosol was then further dried using a diffusion dryer followed by a
Nafion™ dryer (Model MD-700-12S-3; Perma Pure LLC, Lakewood, NJ) operating at a nitrogen (3:1) purge to sample flow.
Purge gas containing MeOH was disposed into a desiccant gas dryer. For thermal generation techniques all drying steps were
identical; however, only polydisperse aerosol were sampled due to size selecting irregularities (see section 2.5). Immediately
following all drying steps, aerosol was sampled into a 10-L mixing volume by each instrument to maintain stable
concentrations throughout the experiment. Balance air provided to with ambient air was dried using a desiccant gas dryer and
Nafion™ dryer (Model PD-50T-12MSS; Perma Pure LLC, Lakewood, NJ).

2.5 Particle Size Distributions

A scanning electrical mobility sizer (SEMS, Model 2002; Brechtel Manufacturing Inc., Hayward, CA) determined particle
size distributions in 60 s intervals throughout the duration of the experiment and was operated at minimum sheath-to-flow ratio
of 10. Sheath flow was dried using a desiccant gas dryer and resulting RH was less than 5% for all experiments. Sample flow
was 0.25-0.3 L min'!. Total number density was calculated for each size distribution and 1 Hz data points interpolated through
the experiment with a cubic spline using R software. Thermally generated citric acid aerosol exhibited irregular behavior when
size selecting upstream, and we observed that the mode size was unstable due to static charging from the glass generation tube,
varying by approximately 0.070 um. Due to these problematic features, polydisperse thermally generated citric acid aerosol
was used.

2.6 Pre-Cooling Unit (PCU)

We obtained sampling temperatures relevant to the 7y of our proxy SOA using a custom-built PCU (Fig. 1). The borosilicate
chamber is a vacuum-jacketed flow tube (1.8 x 10 Torr) with an interior volume of 1 L and KF50 glass flange for inlet
connections. Prior to entering the chamber, aerosol pass through a diffusion dryer and inline NTC humidity temperature
transducer (HTM2500LF, TE Connectivity). Temperature and RH measurements within the chamber are obtained using both
a Type T thermocouple and additional thermistor sealed into the PCU by a KF50 flange. Cooling was achieved with an ultra-
low temperature recirculating chiller (Neslab ULT-95; Thermo Fisher). Supplemental cooling was provided by inserting a
low-temperature rigid coil probe (IP-100; PolyScience, Niles, Illinois) into the recirculating bath volume of the Neslab ULT-
95. We used a high-performance thermal transfer silicone polymer (Syltherm™ XLT, Dow Chemical) as the working coolant
for the system. After exiting the chamber, insulated conductive tubing connecting to the SPIN was also cooled to the same
PCU chamber temperature to prevent sample warming prior to ice nucleation experiments.

Calibrations of the PCU were performed with a simulated SPIN sample flow of 0.85 L min' UHP Na. The relationship between
PCU temperature to chiller setpoint demonstrated a linear response. RH measurements are not included below a chamber
temperature of -20 °C. Repeated calibration experiments of UHP Nz indicate this temperature limit is a more conservative
threshold for accurate RH measurements in comparison to the manufacturer specified limit of -40 °C. Manufacturer specified
uncertainties for low humidity applications (10 % or lower) are + 5 % and are consistent with UHP N calibration. Uncertainty
for the chamber Type T thermocouple is £ 1 °C or = 0.75 %, whichever is greater. Sensors are interfaced using a microcontroller
board (Arduino Mega) and retrieved using Python code with averaging performed to a sampling rate of 1 Hz.
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2.7 Ice Nucleation Measurements
2.7.1 SPectrometer for Ice Nucleation (SPIN)

Ice nucleation activity of proxy SOA species were determined using the SPectrometer for Ice Nucleation (SPIN; Droplet
Measurement Technologies, Longmont, CO). The SPIN is a continuous flow diffusion chamber (CFDC) that uses two flat
parallel plates 1 cm apart (Garimella et al., 2016; Rogers, 1988; Wolfet al., 2019, 2021). During operation, each plate is coated
with approximately 0.1 mm of ice, with temperature controlled by two independent refrigeration systems. Modifying
temperatures of each iced plate results in both a temperature gradient and supersaturation gradient with respect to ice (Murphy
and Koop, 2005). Aerosol are sampled into the chamber using a knife edge inlet and constrained to a laminar jet between two
sheath flows with a maintained sheath-to-sample ratio of approximately 9:1. This design enables the confinement of aerosol
within the lamina, allowing it to intersect a predetermined thermodynamic profile and simulate cloud conditions. Like other
CFDC-style instruments, particles enter an isothermal evaporative segment immediately upon exiting the main chamber. In
this evaporation section, the water vapor partial pressure is equivalent to the saturation vapor pressure over ice but subsaturated
with respect to liquid, causing droplets to evaporate via the Bergeron—Wegener—Findeisen process (Pruppacher and Klett,
1997). Our experiments were conducted to simulate depositional ice nucleation relevant to upper tropospheric cirrus cloud
formation (-45 °C, -40 °C, -35 °C; 1.0 < Sice < 1.6). These values were selected so conditions for water saturation,
heterogeneous ice nucleation, and homogeneous ice nucleation of solution droplets could be observed. For each temperature,
the lamina was kept isothermal throughout the chamber and Sic. increased from ice saturation to 1.6 at a rate of 0.015 min™! for
-45 °C and 0.024 min™! otherwise. Sice then decreased at the same rate back to ice saturation for each lamina temperature.

An optical particle counter (OPC) collected size (range of 0.5 to 15 pm), concentration, and scattering information on a particle-
by-particle basis for acrosol exiting the droplet evaporation section of the SPIN chamber using four optical detectors (Garimella
etal., 2016). Briefly, backscattering information is obtained using three detectors measuring the perpendicular (S1) and parallel
components (P1 and P2) of the polarized laser source. Backscattering optics for both S and P components have a detection
angle of 135° and a half angle of 20°. Particle sizing is achieved using a side scatter detector which measures total scattering
intensity. Particle size and concentration is recorded as both binned counts and, on a particle-by-particle basis as log-
normalized intensity of side scattered light, reported here log,,(Is;,.). The intensity counts obtained by each backscattering
detector are used to calculate a depolarization ratio for individual particles and allows classification between aspherical and
spherical particles (Nichman et al., 2016; Zenker et al., 2017). This is achieved by dividing the average intensities of the S and
P detectors for the SPIN (Eq. 4) and normalized with bounds 0 and 1.

25,
P, + P,

)

5 Si
SPIN = ==

P,
Background frost released from the iced chamber walls was measured by sampling particle-free chamber air through an
automatic filter valve upstream of the PCU. Frost counts were determined by summing particle counts larger than 2.5 pm for
particle-free conditions and applying a five-minute smoothed linear interpolation across the experiment duration. To maintain
conservative estimates of background frost, values were rounded up to the nearest whole number. Conversion to number
density for all size data and background frost was performed using the volumetric chamber sample flow.

Accurate particle measurements assume sampled aerosol are constrained within the lamina; however, non-ideal ‘lamina
spreading’ has been observed with continuous flow diffusion chambers such as the SPIN where aerosol positions extend
beyond the lamina (DeMott et al., 2015; Garimella et al., 2017, 2018). These aerosol experience supersaturations less than
required for activation and inadvertently lower the activated number density. Correction factors (CFs) to ice number density
for the SPIN instrument range from 1.4 to 9.5 (Garimella et al., 2017). For this study we applied a conservative CF of 1.4 to
all particle data.
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2.7.2 Particle Classification and Onset Conditions

Traditionally, activated ice concentration for CFDC style instruments is determined by applying an instrument-specific size
threshold (e.g. 2.5-5 um) on post-evaporative optical particle data (Rogers et al., 2001). This technique is primarily limited by
a phenomenon called water droplet breakthrough (WDBT), where droplets beyond a critical size will not evaporate to sizes
below the size threshold used in classification. As described in the previous section, depolarization can be used to distinguish
between aspherical (ice like) and spherical (droplet like) particles to mitigate WDBT and improve particle classification. In
this study, particles were classified using a supervised machine learning (ML) approach combining chamber and particle data
on an experiment-by-experiment basis.

First, preliminary classification was performed on particle data using empirically determined optical classification parameters
Sspin and log; o (Isi,e) (see Sect. 2.7.1), following a similar procedure conducted by Garimella et al. (2016). These parameters
were determined using known ice nucleating control compounds (AS and ABS) to generate five classes: aerosol, droplet, ice,
water uptake, and unclassified. WDBT was observed for both AS and ABS at experimental temperatures of -35 °C.
Homogeneous freezing of ABS aerosol corresponded to a distinct increase of dgp;y and plateaued above a dgpy of 0.4.
Heterogeneous freezing of AS coincided with a nearly identical profile of dgpy. Unlike AS, ABS did not show ice formation
below temperatures necessary for homogeneous freezing (i.e., -35 °C, see Sect. 3.1.1 for further detail). Droplet breakthrough
of AS showed a distinct decrease in dgpyy as activated particles transitioned from the ice phase to droplets, with ABS shifting
from a low dgppy to about 0.2. Combining these observations, dgpyy values of 0.4 or 0.16 were used to first categorize data
into ice, droplet, or acrosol/water uptake classes, respectively (see Figure 2). Aerosol/water uptake were grouped together on
a dgpry basis, but additional classification was performed using log;o(Lsi,e) and Siq (see Table S1). Water uptake was a
particularly important class for all organic aerosol examined (see Sect. 3.3). Unclassified aerosol was defined by particles not
meeting the dgpry and log,, (i) classification criteria for any class.

09+ (b) : (b)

0.7+ =1

0.6 - Temperature (°C)
Ice Ice 45
0.5 -

6SPIN

-40

0.4 B -35

Droplet Droplet

0.2+ =1

0.1 | Aerosol/Water Uptake —| Aerosol/Water Uptake

0.0 T T T T T T T T T T

Sice Sice

Figure 2: Optical scattering profiles obtained by the SPIN OPC for control experiments with 0.3 pm electrical mobility diameter
ammonium sulfate (AS) panel (a) and ammonium bisulfate (ABS) panel (b) aerosol at three experiment lamina temperatures. Dashed
lines correspond to experimental temperatures that correspond to homogeneous freezing (-40 °C and -45 °C, 0.3 pnm diameter
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aqueous solution droplets; Koop et al., 2000) or water saturation (-35 °C). Shaded regions indicate the estimated phase of aerosol
exiting the SPIN chamber.

Following preliminary classification, supervised machine learning (ML) using a support vector machine (SVM) classifier was
applied using the classification and regression training (caret) R package (Kuhn, 2008). The procedure consisted of the
following steps: (1) generating a subset of SPIN experiment data with known particle type, (2) data partitioning, (3) data pre-
processing, (4) SVM classifier training and cross-validation, and (5) application of model to uncategorized data. First, a subset
of SPIN data was generated consisting of preliminary class (ice, droplet, water uptake), thermocouple measurements,
calculated lamina values, flow rates, OPC size distribution data, and OPC particle-by-particle scattering data. Data partitioning
was then performed to obtain a randomized 80:20 training to testing ratio of this data subset. Next, pre-processing was
performed using principal component analysis (PCA) for dimension reduction and to lower computational cost. Approximately
11 principal components were selected that explained 95 % of the variance for each dataset. A SVM classifier with a radial
basis function kernel was then applied to the training data. The performance of the classifier was evaluated with k-fold cross
validation implemented with ten folds and was repeated three times to check for overfitting. Model accuracy was evaluated
against the testing dataset. Finally, the highest performing model was applied to the original dataset to classify any
uncategorized particles not captured by the preliminary classification described above. This classification technique was
applied on an experiment-by-experiment basis i.e., citric acid at a PCU temperature of -70 °C was run separately from citric
acid at a PCU temperature of 20 °C.

Activated fractions were obtained by dividing the background frost corrected number density of particles classified as ice by
the interpolated total number density entering the chamber. For experiments using polydisperse citric acid, particles smaller
than 0.1 um were omitted from the total number density calculation and treated as ice inactive (Vali, 1966). Ice activation
onset conditions for each experiment were defined as the first temperature and Sice combination where particle activation
fraction exceeded 0.5 %.

3 Results

Table 1: Summary of citric acid experiments performed. Columns from left to right indicate the following: tested compound,
generation method, glass transition temperature of the pure organic, PCU chamber temperature, class of activated particles by the
SPIN OPC, activation onset ice supersaturation for either ice nucleation or droplet breakthrough, onset temperature for either ice
nucleation or droplet breakthrough, PCU chamber RH, inlet of PCU RH, geometric mean diameter of size distribution, geometric
standard deviation of size distribution, and total particle concentration entering the SPIN. See Table S2 for all tabulated results.

Compound Generation Method Teorg (°C) PCU Class Onset Sice  Onset PCU PCU Dypg Og CPC (n cm™)
Temperature Temperature  RH Inlet (pm)
0 (°C) (%) RH(%)

citric acid, anhydrous 145 (°C), 0.1 L min!  -13+10 -704+1.1 Ice 1.23+£0.08 -45+04 - 0+5 0.123  1.64 16909

citric acid, anhydrous 145 (°C), 0.1 L min! -13+10 -70+1.1 Ice 1.26 £0.08 -40+0.4 - 0+5 0.14 1.68 13586

citric acid Atomizer -13+£10 -65.7+1.1  Ice 1.38+0.1 -40+0.4 - 0+5 0221 1.25 9572

citric acid Atomizer -13+£10 -65.7+1.1  Ice 1.39+0.1 -45+04 - 0+5 0222 1.26 8692

citric acid, anhydrous 145 (°C), 0.1 Lmin"' -13+10 -70.3+1.1  Droplet 1.48+0.13 -35+0.5 - 0+5 0.167 1.73 11284
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citric acid, anhydrous 140 (°C), 0.1 L min' -13+10 -30+1.1 Droplet 1.49+0.13 -35+0.5 - 0+5 0321 2 5806

citric acid Atomizer -13+£10  233+1 Droplet 1.44+0.13 -35+0.5 0£5 05 0204 1.3 14547
citric acid Atomizer -13+£10  234+1 Droplet 1.5+0.11 -40+04 0£5 05 0.199 13 8955

citric acid Atomizer -13+10 -659+1.1 Droplet 1.52+0.15 -35+0.5 - 0+5 0.22 1.24 12842
citric acid Atomizer -13+£10  232+1 Droplet 1.57+0.13 -46+0.5 0£5 05 0202 1.3 12045

3.1 Control Experiments
3.1.1 Sulfate Salts

ABS demonstrated homogeneous ice nucleation within the homogeneous freezing regime (Cziczo and Abbatt, 2001; Koop et
al., 2000). Additionally, crystalline AS nucleated ice heterogeneously (Abbatt et al., 2006), and homogeneous freezing was
not observed for the Sice and temperatures tested. For ABS aerosol, droplet breakthrough and homogeneous freezing was
proceeded by the onset of a feature classified as water uptake (see Table S2). In addition to the classification parameters
described in Sect. 2.7.2, a distinct particle size increase from 0.3 pm to 1.5 pm for low Sice (1-1.3) was observed. Ice activation
onsets for ABS occurred at Sice lower than the expected homogeneous freezing thresholds (see Fig. 2) due to a combination of
measurement uncertainty in Sice and neutralization of ABS to AS (Abbatt et al., 2006). This neutralization effect is particularly
noticeable for post-calibration ABS measurements (see Table S2) where “aged” ABS (sampled several months later) resembled
the ice onset conditions for crystalline AS.

3.1.2 Citric Acid

Results for citric acid experiments are summarized in Table 1 and illustrated in Fig. 3. For both atomization (citric acid) and
thermal generation (citric acid, anhydrous) techniques, heterogeneous ice nucleation was observed only at the lowest attainable
PCU temperatures (~ -70 °C) and required temperatures at or below -40 °C within the SPIN. Homogeneous freezing was not
observed regardless of the generation technique or operating temperatures of the PCU. For experiments in which only droplet
formation occurred, citric aerosol exhibited water uptake like ABS. Water uptake of citric acid generated via an atomizer
exhibited a large variation in onset conditions with no discernable relationship. Notably, the onset of water uptake for
anhydrous citric acid occurred at Sice = 1 for all the SPIN temperatures examined (see section 5.3 for interpretation of this
result).

3.2 Organosulfate (OS) Proxies

Model estimates of the Tgore for methyl, ethyl, and dodecyl sulfates were -83 + 38 °C, -83 £ 34 °C, and 73.85 £ 13 °C
respectively. Heterogeneous ice nucleation was not observed for any commercial OS proxy compounds tested for any PCU
operating conditions. Droplet formation occurred at or above water saturation for all experimental temperatures (see Table S2
for compilation of OS proxy results) with a notable absence of homogeneous freezing (see discussion for interpretation of this
result). For all OS proxy compounds, particle size increased prior to water saturation with a distinct increase in dgp;y to 0.15,
which was stable until droplet formation was observed. The onset of this water uptake required higher Sice for low temperature
PCU operation (~ -70 °C) and was observed for both methyl and ethyl sulfates at all experimental temperatures. Additionally,
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we found no evidence of any OS commercial standards being degraded by MeOH using RPLC/ESI-HR-QTOFMS analysis of
375 filter samples (see supplement for additional details).

Droplet Breakthrough Water Uptake

Pre-Cooling

W 20°C

@ 30°C

A oc

@ citric acid (Murray et al. 2010)

@ citric acid (Kasparoglu et al. 2022)

Compound
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L methyl sulfate
@ ethyl sulfate

dodecyl sulfate

citric acid (Murray et al. 2010)
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citric acid (Kasparoglu et al. 2022)

Temperature (°C)

Figure 3: Thermodynamic onset conditions for ice, droplet breakthrough, and water uptake observed for all ice nucleation

experiments conducted, including comparison to relevant literature. Shapes correspond to pre-cooling temperature setpoint or

reported literature values. Black dashed line is the homogeneous freezing threshold of 0.1 pm diameter solution droplets (Koop et

al., 2000) with shaded region indicating uncertainty in a,, of + 0.025 (Koop, 2004). Solid black line is water saturation with dotted
380 gray lines denoting equivalent lines of various liquid saturation ratios.

3.3 Liquefaction Timescales and Ice Nucleation Regimes

For each of the resulting model runs (7371 iterations to encompass conditions in the SPIN chamber), we derive characteristic
timescales for the partial and full liquefaction of particles from the full model output. We define the partial liquefaction of
particles (see discussion for analysis in the context of hygroscopic growth onset) as the point where particle volume has

385 increased by more than 5 % due to water uptake. Full liquefaction is defined as the point where no model layer can be
characterized as glassy anymore due to water uptake, i.e., the composition-dependent glass transition temperatures (Eq. 1) of
each model layer is reduced below the chamber temperature. Table 2 shows a subset of the timescales for full liquefaction for
Sice = 1 and three different temperatures.

390 Table 2: Full liquefaction timescales (s) for selected temperatures and Sic. = 1 as determined by the numerical diffusion model. Empty
cells indicate that full liquefaction did not occur in the simulations (up to 1000 s of experiment time).

Temperature (°C) Citric Acid (s) Dodecyl Ethyl Sulfate Methyl Sulfate
Sulfate (s) (s) (s)

45 - - 0.215 0.185

-40 - - 0.098 0.098

-35 145.8 - 0.055 0.060

For each temperature, we interpolate the model results to find the ice supersaturations at which (i) the full liquefaction timescale
coincides with a characteristic residence time in the chamber of 10 s and (ii) the partial liquefaction timescale coincides with
12
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a characteristic nucleation time of 0.1-1 s (Garimella et al., 2017). These sets of conditions represent the boundaries for three
ice nucleation regimes (Berkemeier et al., 2014):

1. Deposition Freezing - If the partial liquefaction timescale is above the characteristic residence time (i.e., 10 s),
particles do not take up water in the SPIN and thus can only nucleate ice in the deposition freezing mode.

2. Homogeneous Freezing - If the partial liquefaction timescale is below the characteristic nucleation time (i.e., 0.1-1
s), particles liquefy in the SPIN before heterogeneous freezing can occur and only nucleate ice in the homogeneous
freezing mode.

3. Immersion Freezing - Between these boundaries, particles spend considerable time exhibiting a core-shell
morphology in the SPIN and thus may be able to nucleate ice in the immersion freezing mode.

Among the compounds evaluated, only citric acid exhibits liquefaction timescales favorable for ice nucleation within the SPIN,
as evident from a comparison of simulated liquefaction timescales and measured ice onsets of citric acid in Fig 4. The lowest
temperature and humidity at which ice nucleation was observed for anhydrous citric acid (-45 °C, Sice = 1.23) coincides with
the point at which the model suggests partial liquefaction to occur (dashed line in Fig. 4). The highest temperature and humidity
at which ice nucleation was observed for anhydrous citric acid (-40 °C, Sice = 1.26) is at or near the point for which the model
suggests full liquefaction to occur, depending on the assumed characteristic nucleation time of 1 s (Fig. 4a) or 0.1 s (Fig. 4b).
We interpret such ice activation onsets between partial and full liquefaction conditions as immersion freezing. Dodecyl sulfate
did not show significant water uptake at the temperatures and humidities for which ice nucleation could be expected, while
methyl and ethyl sulfates equilibrated rapidly with the humidity in the SPIN, irrespective of temperature.

citric acid

citric acid, anhydrous

citric acid (Murray et al. 2010)
@ citric acid (Kasparoglu et al. 2022)

Sice

@ Liquid
A Glassy

=== Full Liquefaction (1 s) 1 = Ful Liquefaction (0.1 s)

= = Partial Liquefaction (10 s) = = Partial Liquefaction (10 s)

T T T T T T T T T T T T
-70 -60 -50 -40 -30 -20 -70 -60 -50 -40 -30 -20

Temperature (°C) Temperature (°C)

Figure 4: Thermodynamic onset conditions for citric acid ice nucleation and relevant literature as well as humidity-induced phase
transitions calculated with the diffusion model. Magenta colored line indicates the modeled partial liquefaction timescale (10 s
characteristic residence time of the SPIN) where particle volume has increased by more than 5 % due to water uptake. Orange lines
indicate two modeled full liquefaction timescales where citric acid is expected to be fully liquefied within 1 s (a) or 0.1 s (b) after
entering the SPIN. Shapes correspond to aerosol phase state as reported in literature or defined using methods described above (e.g.
PCU temperature lower than 7. and ice nucleation observed below homogeneous freezing threshold). Black dashed line is the
homogeneous freezing threshold of 0.1 pm diameter solution droplets (Koop et al., 2000) with shaded region indicating uncertainty
in a,, of = 0.025 (Koop, 2004). Solid black line is water saturation with dashed gray lines denoting equivalent lines of various liquid
saturation ratios. Shaded yellow region indicates expected droplet breakthrough regime within the SPIN.
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4 Measurement Uncertainties
4.1 Glass Transition Temperature

Model estimations of 7g.org for the selected OS proxies are based on their melting temperature, boiling temperature, and semi-
empirical fitting. Unlike melting temperature, the boiling temperature for the OS proxies is not readily available and requires
interpretation from their chemical composition. This process inherently introduces model uncertainties into the calculation for
Teorg. Furthermore, applying the Gordon-Taylor equation (Eq. 1) to calculate the 7y for binary mixtures combines model
uncertainty with measured uncertainties in hygroscopicity parameter (x) and RH. Uncertainties of the 7g.org Were calculated
based on the procedure described in Section 2.2 and shown in Table 1. Experimentally, intrinsic instrument limitations exist
for measuring RH at low temperatures. For example, chamber RH at dry conditions (<5 %) is absent due to sensor limitations,
leaving any inference in acrosol phase state dependent on whether ice nucleation was observed. Additionally, calibrations with
high purity nitrogen have shown a high correlation between reported humidity and thermistor temperatures below -20 °C,
furthering the uncertainty when calculating 7 using measured chamber RH.

4.2 Ice Nucleation Measurements

Uncertainties in ice nucleation measurements for the SPIN instrument can be broadly defined as non-ideal lamina behavior,
inhomogeneities of the chamber conditions, or particle detection in the OPC (Garimella et al., 2017). In this study, uncertainties
in interpolated lamina position (Kulkarni and Kok, 2012) and chamber inhomogeneities were combined using propagation of
errors (Taylor, 1997). The resulting uncertainty in lamina Sice and temperature are calculated for every time interval during the
experiment. Reported uncertainty for both onset temperature and Sice are the calculated error at which the activation threshold
was first met or exceeded. For this study, particle classification was performed using empirically derived parameters from
compounds with known ice nucleating properties. An additional parameter used when distinguishing between droplets and ice
is whether water saturation has been met. This introduces a bias only in the conditions we expect to observe droplet onset, not
in classification of droplet breakthrough on a particle-by-particle basis.

5 Discussion
5.1 Implications of Aerosol Generation and Conditioning

Our results demonstrated that there are limitations in using 7 alone in predicting the heterogeneous ice nucleating properties
of SOA proxies. Citric acid exhibited this for both generating techniques. First, atomizing citric acid solutions introduces a
significant challenge in ice nucleation measurements as extreme drying techniques must be implemented to reduce the
plasticizing effect of water (see Eq. 1). It has been estimated that at 5 °C the sample RH must be below 10 % to obtain glassy
conditions (Kasparoglu et al., 2021). A study that successfully nucleated ice with citric acid utilized similar experimental
methods which required extreme drying measures consisting of four diffusion dryers in series and a liquid N2 trap (Kasparoglu
et al., 2022). For all citric acid experiments performed (excluding the liquid citric acid experiments), PCU conditions were at
or well below this threshold; however, heterogenous ice nucleation was only observed at PCU temperatures near -70 °C.
Experiments conducted at -30 °C, below the lowest published 7 org 0f citric acid (-13 £ 10 °C) (Murray, 2008), did not nucleate
ice using atomization. These results were identical to thermally generating citric acid aerosol from anhydrous citric acid,
despite being considered a dry technique for heating temperatures below the decomposition temperature (Barbooti and Al-
Sammerrai, 1986; Wyrzykowski et al., 2011). Furthermore, predicting heterogeneous ice nucleation using 7, was unsuccessful
for dodecyl sulfate, an OS proxy purposefully selected as a positive control due to a high Tgorg of 74 + 13 °C. For a PCU RH
of 5% (highest RH due to measurement error) the Tg(worg) of dodecyl sulfate is 70.1 £ 12.8 °C, much warmer than measured
PCU temperature of 20.7 + 1 °C. This result, in addition to liquefaction timescales exceeding the particle residence time of
SPIN, confirms that dodecyl sulfate remained glassy for all ice nucleation experiments.
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Explanations for this inconsistency are not well understood but have been observed for atmospherically relevant biogenic SOA
(Kasparoglu et al., 2022). Timescales in reaching equilibrium RH for certain SOA (Ingram et al., 2017) may not be sufficient
for experimental designs with low residence times, which prevents a liquid to glass phase transition from occurring. Accuracy
of RH measurements for experiments pre-cooling to low Tgor is also a source of uncertainty as encountered in these
experiments, further obfuscating the expected phase state prior to testing ice nucleating properties. Even among effective INPs,
such as feldspars, the ice nucleating properties vary significantly. This was succinctly summarized as “not all feldspars are
equal” by Harrison et al. (2016). Analogously, we attribute a similar characterization to SOA: not all glasses are equal.

5.2 Ice Nucleating Properties

Homogeneous freezing was not observed for any proxy SOA or proxy SOA constituents tested in this study, despite being
observed for ABS using the same operating conditions in SPIN. Instead, droplet formation was frequently observed (Fig. 3) at
or above water saturation. This result is consistent with observations that organic material inhibit homogeneous freezing of
aqueous solution droplets (Murray, 2008), requiring much higher Sice than expected (Kasparoglu et al., 2022). Particles that
activated as droplets in the SPIN exited the evaporation section with diameters > 2.5 um, a size threshold frequently used to
distinguish ice from droplets. We emphasize that using a traditional size cutoff was not a reliable method classify ice in these
SPIN measurements.

Heterogeneous nucleation was only observed for citric acid aerosol conditioned to approximately -70 °C (Table 1), indicating
that the PCU was effective in inducing a glassy phase state. The onset temperature for both thermally and aqueously generated
citric acid aerosol occurred at temperatures ~ 20 °C warmer than found in the CSU-CFDC (Kasparoglu et al., 2022) or AIDA
chamber (Murray et al., 2010), but at a similar onset Sice (Fig. 3). Additionally, we observed the onset of heterogeneous ice
nucleation of citric acid required lower Sice for thermally generated aerosol than aqueously generated. We theorize thermal
generation of citric acid produces a glassy aerosol consisting of lower water content and thus a more viscous phase state. This
would imply the aerosol population would contain increased activation site density (Vali et al., 2015) for particles. An
additional factor that likely contributes to the lower onset conditions is the broader size distribution entering the SPIN since
no size selection was conducted for this generation method due to static charging. This would lead to an increased total particle
surface area for thermally generated citric acid and consequently a higher number of activation sites.

The absence of heterogenous ice nucleation for both methyl and ethyl sulfates is consistent with particles exhibiting a liquid
phase state. The lowest attainable PCU temperature was -70 °C, warmer than the Ty org of methyl and ethyl sulfates (-83 + 38
°C and -83 £ 34 °C, respectively). Furthermore, even if these particles obtained a glassy phase state, rapid particle liquefaction
would occur in the SPIN owing to their high hygroscopicity (Section 3.3), preventing the observation of heterogenous ice
nucleation. The low Tgorg of these OS proxy constituents is likely due to a lack of functionalization (e.g., hydroxyl, carboxyl,
hydroperoxyl and carbonyl groups) that many other known atmospheric OS exhibit (Surratt et al., 2008, 2010). These
additional functional groups significantly increase 7y (Zhang et al., 2019), in contrast to the proxy constituents tested which
only contain one sulfate functional group. This limits our conclusions from broadly characterizing atmospheric OS as ice
inactive; moreover, our results supplement the finding of Wolf et al. (2020) that only highly functionalized OS are
heterogeneous ice nuclei.

Studies that have recommended both SOA and SOA-coated dust be treated as ice inactive typically identify ice onset near or
above the homogeneous freezing threshold of aqueous droplets (Kasparoglu et al., 2022; Koop et al., 2000). Furthermore,
Kasparoglu et al. (2022) argued that the onset conditions for experiments that have identified heterogeneous ice nucleation of
SOA (Ignatius et al., 2015; Wang et al., 2012) may in fact be homogeneous freezing if a more restrictive parameterization of
homogeneous freezing based on aqueous sulfuric acid droplets (Schneider et al., 2021) was applied. We caution that applying
a sulfuric acid homogeneous freezing parameterization on SOA is of limited relevance due to the large difference in
hygroscopicity. Biogenic SOA formed from various precursors or different oxidizing conditions in the laboratory setting are
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less hygroscopic than sulfuric acid. Recently, a globally representative hygroscopicity parameter of organic aerosol systems
(%org) was determined to be 0.12 +0.02 (Pohlker et al., 2023). This is significantly less than that of sulfuric acid using either
the growth factor (x = 1.19) or CCN derived (x = 0.9) form (Clegg et al., 1998; Petters and Kreidenweis, 2007).

5.3 Water Uptake and Particle Morphology

Experiments where proxy SOA only participated in droplet formation exhibited antecedent features classified as water uptake.
In the absence of aerosol growth fraction measurements via a humidified tandem differential mobility analyzer, we are unable
to conclusively refer to this water uptake as hygroscopic growth. Therefore, we cautiously suggest this rapid growth of particles
from diameters < 0.5 pm to 1.5 pm using the SPIN OPC is hygroscopic growth occurring within the SPIN chamber. We
observed rapid particle growth for all proxy OS and citric acid. Similar features have been observed in experiments where
longifolene and o-pinene SOA systems with and without sulfate uptake water at low Sice (Charnawskas et al., 2017). The
scattering profile obtained by the SPIN OPC for all organics that grew due to water uptake was nearly identical and distinct
from the aerosol, ice and droplet classes identified using supervised ML. The onsets for water uptake varied among compounds
and pre-cooling temperature. Anhydrous citric acid water uptake occurred immediately upon entering the SPIN (Sice~ 1). This
result is expected as large particles from the polydisperse population produced during generation grew via water uptake to the
detection limits of the SPIN OPC more readily than size selected particles. Citric acid experiments by atomization did not
exhibit this feature, instead onset of water uptake varied greatly between PCU and SPIN temperatures. Water uptake for methyl
and ethyl sulfates conditioned at or below 7 org using the PCU occurred at higher Sice than those sampled at ambient temperature
(Fig. 3). We propose this offset between onset of water uptake is related to decreased water diffusion for highly viscous or
glassy particles (Berkemeier et al., 2014; Koop et al., 2011; Price et al., 2013; Zobrist et al., 2011).

Numerical diffusion modeling substantiates our observation of water uptake within the SPIN chamber and extends our results
to infer the morphology of particles. Modeling results show that particle morphology upon rapid humidification as experienced
in the SPIN shifts from an initial amorphous or semi-solid state towards full liquefaction. According to the diffusion model,
methyl and ethyl sulfates are never glassy for more than a few milliseconds in the SPIN, which is consistent with the absence
of heterogeneous ice nucleation. In contrast, dodecyl sulfate may not take up any water due to its high 7gorg and comparably
low hygroscopicity. Citric acid, on the other hand, has properties that favor the formation of core-shell morphologies in the
temperature range —55 and —30 °C, but this behavior is also highly dependent on ice supersaturation. Around —45 to —40 °C,
the core-shell morphology persists in the important range of Sice between 1.3—1.4, where heterogeneous ice nucleation of glassy
aerosols is typically observed. Thus, the ice nucleation observed in this study could involve immersion freezing on partially
deliquesced glassy aerosols. This is consistent with observations that phase-separated organic-sulfate aerosol nucleate via
immersion freezing, where sulfate islands nucleated ice despite being covered in a liquid organic layer (Schill and Tolbert,
2013).

6 Conclusions

Ice nucleation experiments were conducted at conditions relevant to upper tropospheric cirrus formation (-45 °C, -40 °C, -35
°C; 1.0 < Sice < 1.6) for proxy constituents of atmospheric SOAs. Generated aerosol was pre-cooled to conditions near or below
their corresponding 7, to test the hypothesis that phase state of SOA influences heterogeneous ice nucleation. Primary
conclusions of this study are as follows:

1. Ice nucleation of the proxy constituents of atmospheric OS examined are not heterogeneous ice nuclei in the
temperature and supersaturation range considered here. We suggest that the sulfate functional group of OS aerosol
itself is not critical to ice nucleation. Instead, the acid-catalyzed multi-phase chemistry driven by sulfate produces
highly functionalized OS aerosol that are effective INPs as identified in ambient measurements.
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Pre-cooling of dodecyl sulfate and citric acid below the estimated or published 7y (74 + 13 °C and -13 + 10 °C
respectively) in the pre-cooling unit did not result in heterogeneous ice nucleation. From this, we conclude that 7,
alone is not a sufficient condition for SOA to be considered INPs using the SPIN. Commonly, laboratory techniques
using continuously generated aerosol to measure ice nucleating properties rely on using 7 as a metric to infer whether
the aerosol phase is glassy, with confirmation of a glassy state being the detection of heterogenous ice formation.

Diffusion modeling provides novel insight in the ice nucleation mechanisms for SOA and highlights experimental
limitations when using CFDCs. Applied to the SPIN, we determined glassy particles liquefy within the instrument at
certain timescales. Using diffusion modeling, we have determined the SPIN induces three conditions on glassy SOA:
full liquefaction leading to deactivation, partial liquefaction requiring ice nucleation via immersion freezing, and
deposition freezing when no liquefaction occurs.

Size thresholds used in traditional CFDC experiments to classify ice are insufficient in effectively characterizing the
ice nucleating properties of SOA. We note an absence of any homogeneous freezing for proxy SOA experiments;
rather, we observed evidence of water uptake proceeding droplet formation as confirmed using scattering information
from the SPIN OPC. Particles classified as droplets frequently exceeded the 2.5 um size threshold, demonstrating a
nominal size cutoff as being unreliable in quantifying the ice nucleating properties of SOA.

Despite many laboratory studies concluding SOA are broadly either entirely ineffective or even inhibitory to atmospheric ice
formation, aircraft data has repeatedly confirmed a major fraction of cirrus cloud IRs contain organic matter (Froyd et al.,
2010). Our measurements indicate that further experiments are needed to investigate ice nucleation of SOA, with careful
consideration of aerosol generation techniques and efficacy of ice nucleation measurements. Ultimately, obtaining
parameterizations necessary to fully capture the role of SOA in cirrus cloud formation requires further research investigating
the interaction between aerosol phase state and heterogeneous ice nucleation of atmospherically relevant organic aerosol.
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