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Abstract

The ice nucleating ability of sea spray aerosols (SSA) has been explored in recent years due to
the abundance of SSA in the atmosphere. The role of SSA in ice nucleation extends to cirrus
clouds, due to processes that loft SSA to the upper troposphere. This is of special relevance
because of the frequent occurrence of cirrus in the atmosphere, their role in the Earth’s radiative
balance, and uncertainties regarding how aerosols may affect their formation and evolution. In
this study, a continuous flow diffusion chamber (CFDC) is used to investigate the ice nucleating
ability of size-selected particle distributions of SSA and its primary constituent sodium chloride
(NaCl) at temperatures < 235 K. Results show that above ~220 K, the majority of SSA and NaCl
particles fully deliquesce and freeze via homogeneous nucleation at or below water relative
humidities, RH,, of ~ 95%. However, below 220 K, the onset RH,, of freezing for NaCl and SSA
is much lower, at ~75%, where strong heterogeneous freezing of 10% of the aerosol population
occurs. Similar heterogeneous freezing behavior for NaCl and SSA aerosols, occurring near their

predicted deliquescence RH,, points towards SSA freezing at the lowest temperatures being
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controlled by the crystalline salts. Finally, calculations of ice nucleation active surface site
densities show that particle size does not dictate the efficiency of freezing for NaCl and SSA.
These results indicate SSA as a potentially significant source of ice nucleating particles at cirrus
temperatures, with the ability to contribute to cirrus-mediated climate impacts if sea spray

emission and transport scenarios change in the future.
1. Introduction

Cirrus clouds are ubiquitous and play a significant role in global radiative balance!=. Composed
entirely of ice at temperatures < 235 K, their formation in the atmosphere is controlled by upper
tropospheric dynamical processes and the interplay between two basic ice nucleation pathways,
homogeneous freezing and heterogeneous ice nucleation, which determines the size and number
of ice crystals, and consequently can determine the sign of the radiative effect of the clouds*>.
Homogeneous or spontaneous freezing of condensed water is the process that will ultimately
occur for the dissolved solute particles that constitute the major aerosol population capable of
acting as cloud condensation nuclei (CCN), unless heterogeneous nucleation on a more
specialized subset of aerosols intervenes to glaciate clouds before the relative humidity (RH) and
solute dilution conditions required for homogeneous freezing can occur®’ as discussed further
below. Heterogeneous freezing requires an ice nucleating particle (INP) that catalyzes a freezing
event by lowering the required energy in the activation process. Depending on environmental
factors such as temperature and relative humidity, heterogeneous freezing may proceed via
several different nucleation modes®. Firstly, immersion freezing is described by an INP
becoming “immersed” in an aqueous solution or water droplet, with the presence of the particle
surface initiating freezing. Often included in the immersion mode, as indistinguishable,
condensation freezing describes the simultaneous uptake of liquid water on an INP and freezing.
In contrast, deposition nucleation does not require any liquid water phase formation, instead
forming ice directly from the supersaturated vapor onto an INP. However, it has been posited
that this mechanism actually proceeds via a pathway of pore condensation freezing (PCF) in

cavities on the surface of an INP10-12,

Homogeneous freezing of nearly pure water in the form of dilute cloud droplets depends on

droplet size (volume) and temperature, but typically occurs by 235 K as clouds cool, and this
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temperature roughly brackets the highest temperature end of cirrus cloud formation. At lower
temperatures, solution droplets (unactivated CCN) formed when the RH exceeds that required
for deliquescence, will freeze according to the solution water activity and the ambient
temperature'®. As a consequence, relatively high ice supersaturation (SS;, equal to relative
humidity with respect to ice (RH;) minus 100%) must be achieved for homogeneous freezing to
occur'®. Heterogeneous nucleation via condensation/immersion freezing can occur across the full
range of tropospheric temperatures, primarily within dilute cloud droplets at higher temperatures
characteristic of mixed phase clouds, but progressively within more concentrated solution
droplets at the lower temperatures that are characteristic of cirrus clouds. Whereas a freezing
temperature can be stated to characterize where a particular ice nucleating particle type begins to
freeze strongly via immersion freezing in dilute cloud droplets at mixed phase cloud
temperatures, a water or ice relative humidity condition may be used to characterize the
conditions for heterogeneous cirrus nucleation, reflecting solute compositional impacts on

freezing!>-1°,

During cirrus cloud formation, both heterogeneous and homogeneous nucleation may be active,
or the former may dominate. The active nucleation mechanisms are determined by the number of
INPs, their freezing onset characteristics, and the maximum relative humidity achieved, the latter
of which depends on the strength and persistence of vertical motions that increase
supersaturation against water vapor consumption by growing ice crystals'’-2° Homogeneous
freezing will ensue when the RH; exceeds the homogeneous freezing threshold (140 — 150%,
depending on temperature)?!. Recent studies have attempted to group cirrus clouds in two
categories, liquid origin and in situ, that are based on their dominant formation mechanism and
the strength of vertical motions?>~2*, Liquid origin cirrus are driven by deep convection,
including contributions of heterogeneously frozen drops from the mixed phase regime and
homogeneously frozen droplets that persist to cirrus levels, while in situ origin cirrus form
entirely below 235K via homogeneous and heterogeneous nucleation. Liquid origin cirrus
generally contain high ice water content and ice crystal number concentrations, with the opposite
for clouds of in situ origin?. Both cirrus origins may occur under either fast or slow updraft
conditions that largely determine the nucleation mechanism, where the former scenario likely
leads to a dominance of homogeneous freezing and the latter proceeds via heterogeneous

nucleation (albeit still debated in the literature). Meteorological scenarios where in situ cirrus
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may occur are synoptic scale systems (slow updraft) and gravity waves induced by jet streams,
mesoscale convective systems and anvils (fast updrafts)?>?*. One study inferred that cirrus have
predominantly heterogeneous nucleation origins based on the ice residuals (IR) that indicated the
presence of INPs and the lower saturation requirement for nucleation in sub-tropical and tropical
cirrus clouds®. However, the dominant process of cirrus formation remains more broadly

unresolved®, and likely varies depending on the particular aerosol and cloud dynamical scenario.

Despite significant efforts, the role of specific types of aerosol particles in the formation of cirrus
clouds remains highly uncertain?®. In limited and specialized in situ observations, particles such
as mineral dust and metallic particles have been noted to make up the largest fraction of IR in
cirrus clouds?>27-?8, Sea spray aerosols (SSA) also deserve attention in this regard due to their
abundance in the atmosphere?, and the fact that sea salt particles have been observed to make up
a significant fraction of the IR in cirrus clouds over ocean regions, where deep convection lofts
particles to the upper troposphere where they are detrained from the cloud itself and can persist
at high altitudes 2°?%3%, While it has been assumed that the role of SSA on impacting cirrus
formation would most likely come about via their dominant composition as soluble species!®,
their phase states when lofted to the upper troposphere could present scenarios where their action
as heterogeneous INPs should be considered. In the upper troposphere, SSA concentrations can
range between 10 and 10! pg m, based on in situ and satellite observations*!-*2, In terms of
relative abundance, SSA are more scarce than sulfate particles, which have been reported to
make up a large percentage of aerosols in the upper troposphere®*34. However, only a very small
fraction of sulfate particles freeze heterogeneously at these temperatures®>, and therefore any
heterogeneous freezing potential of SSA could prove significant. For example, in a case study of
Hurricane Nora, the authors speculated that marine aerosols generated and lofted in the deep
convective core seeded cirrus clouds over a spatially and temporally vast region®. Thus,

understanding the ice nucleating mode of SSA at cirrus temperatures deserves further attention.

SSA are generated during wave breaking by the bursting of small film and jet-drop bubbles at the
sea surface microlayer®’8, Their composition may broadly include organic materials such as

lipids, amino acids, saccharides, phytoplankton cell fragments, and inorganic sea salts**%°, While
dissolved, surface active, and particulate organic matter in SSA are known to serve as sources of

low concentrations of immersion freezing INPs in the mixed-phase cloud regime (>-38 °C)*., the
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propensity of these to freeze at cirrus temperatures still remains uncertain, especially since ice
nucleation modes there may be more varied. A number of studies have attempted to elucidate the
heterogeneous nucleation ability of SSA in cirrus conditions using commercially available

synthetic seawater products*?6

, and produced inconsistent results on whether the organic
material enhanced or suppressed nucleation. However, using Prochlorococcus as a source of
organic matter to mimic natural marine aerosols, polysaccharides and proteins were found to
potentially enhance the efficiency of SSA nucleation, whereas lipids were ineffective INPs*. Of
further consideration at cirrus temperatures, some previous studies have shown that soluble
organic material can exist in a glassy state*’. One study using citric acid tested the role glassy
aerosols may play in ice nucleation, and found that below 212 K a fraction of glassy aerosols can
freeze at relative humidities below those at which homogeneous nucleation would be expected*.
The ability of glassy aerosols to nucleate ice has largely been determined by the glass transition
temperature and hygroscopicity, both of which can be affected by chemical aging and size of the

particles®. Despite this freezing behavior of glassy aerosol, it is still assumed they would freeze

at low fractions similar to secondary organic aerosols>.

In the last decade, a number of studies have also investigated the inorganic components of SSA

for their role in ice nucleation*?#3-31-33

. As the major component of natural seawater, sodium
chloride (NaCl) has frequently been used as a proxy for sea spray aerosol®*. The pathway of ice
nucleation for NaCl has been found to be largely determined by the phase state of the salt
particles, where the mode of freezing is dependent upon the competition between deliquescence
and heterogeneous freezing*>#*°2, One study using the AIDA cloud chamber showed that both
anhydrous NaCl and NaCl dihydrate particles that were fully deliquesced froze via homogeneous
freezing above 225 K when exposed to high SS;. However, near their deliquescence point and
below about 225 K, NaCl particles formed an internally mixed liquid-solid phase with solid
crystalline remnants and froze via the immersion mode**. Particles below their deliquescence
relative humidities (DRH) remained solid and were reported to freeze via the deposition

modeSZ,S3

. These prior studies used different particles sizes (~0.7 — 10pum), and it is unclear how
size affected heterogeneous nucleation of NaCl particles. Finally, effloresced aqueous NaCl at
cirrus temperatures can form hydrated salts that have been reported to act as heterogenous
INPs>!2, One study using air mass trajectory analysis showed that hydrated salt particles may be
present 40—80% of the time at temperatures between 180 and 220 K when lofted from the
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boundary layer and detrained in deep convective anvils>2. The extent to which the organic
components or non-NaCl salt contents affect the ice nucleating ability of natural seawater has

received only limited attention in the current literature and remains uncertain.

In the study presented herein, the ice nucleating ability at temperatures below 235 K of particles
generated from natural seawater is examined. We probe the freezing behaviors of lab-generated
aerosols using a continuous flow diffusion chamber (CFDC)!6°-¢ that has been modified to
reach temperatures below 200 K. We compare the ice nucleation characteristics of natural
seawater-derived particles to pure NaCl particles, and explore whether particle size impacts ice
nucleation efficiency. The experimental design and aerosol generation and characterization are
discussed in Section 2. Results showing fractional freezing conditions for NaCl and natural
seawater particles, and the atmospheric implications are discussed in Sections 3 and 4,

respectively.
2. Methods
2.1 CFDC setup

Ice nucleation experiments were conducted with a CFDC at Colorado State University (CSU)

based on previously described designs!6-56-8

modified to measure ice nucleation at temperatures
from 240 K to 190 K. The CFDC consists of two concentric cylinders, which are coated in a thin
layer of ice. The inner and outer walls of the chamber are held at different temperatures,
producing gradients in both temperatures and water partial pressure. This can be used to create
relative humidity conditions above saturation with respect to either ice or water>>. Sheath air
flow is inserted into the column allowing sample flow to enter the column and remain in a
narrow, central lamina flow. Calculations are carried out to determine temperature and
supersaturation conditions experienced by aerosol within the instrument. These calculations are
based on those of Rogers (1988), but modified to more accurately represent instrument geometry
and prevent breakdown of calculations at low temperatures and flow rates. A full derivation of
the current calculations and discussion of measurement uncertainties can be found in the

Supporting Information. Prior to nucleation experiments, the column is chilled to 246 K and

filled temporarily with deionized water to produce the ice coating along the column walls.
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Some modifications to the physical design and mode of operation were made to the low
temperature CFDC as compared to its previous configuration. First, flow rates were reduced
through the 1.51 m chamber (Figure 1), resulting in longer residence time of aerosols to promote
activated ice crystal growth. The residence time is increased by operating at lower flow rates of 1
LPM, sample flow and 4 LPM, sheath flow (volumetric flows measured at column conditions,
not ambient) than have been used in the past, where typically a 10:1 sheath to sample flow ratio
has been used. This additional residence time is helpful because ice crystal growth slows with
decreasing temperature, as water partial pressures decrease for a given SS;, and final aerosol size
is used to distinguish between frozen and unfrozen aerosol, as discussed in Section 2.3.
Additionally, the bottom section of the column has been plumbed to allow for operation either as
an evaporation section (constant temperature walls, RH; ~ 100% or slightly above), or as an
additional growth section (walls held at the same temperature throughout the chamber).
Evaporation sections are useful in situations at > 235 K where positive water supersaturations
(SSw, equal to RH,, — 100%) are required to activate water droplets prior to immersion freezing
by a small subset of the particles. In that case, the evaporation section at low SS; causes water
droplets to evaporate toward liquid aerosol sizes while ice crystals continue to slowly grow, such
that only ice crystals sustain sizes far exceeding aerosol sizes and are thus detected as nucleated
particles. Under the low temperature conditions of this study, however, the growth region is held
below water saturation, where particles achieve at most haze sizes, so an evaporation section is
not required. For all experiments described here, the bottom section of the column is used as
additional growth section, allowing for extra residence time at growth conditions. This extra
growth time allows for clearly distinguishing the nucleated ice crystal mode from the aerosol

mode optically, as discussed later.

A second, and minor change to the laboratory CFDC configuration is the use of two ultra-low
temperature circulating bath chillers (Thermo Scientific ULT-95) to control the fluid circulated
to inner and outer walls of the chamber, extending the effective operating range beyond the
~211 K lower lamina temperature achieved in past studies. The bath fluid used is a low
temperature, low viscosity, high thermal conductivity silicone oil (Syltherm XLT, Dow). This
allows for lower temperature operation with very stable temperatures and negligible gradient

across a given wall of the instrument.
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Figure 1. Diagram of the setup for SSA and NaCl generation, size selection, and flow
configuration for CFDC experiments. Note, dashed and dotted lines indicate the pathway during
experiments when selecting for 150 nm and 600 nm aerosols, respectively, and solid lines
indicate the shared pathway for both aerosol sizes.

Finally, the sample and sheath air drying systems were modified from standard desiccant drying
systems to cold traps. For low temperature operation, standard desiccants such as silica gel and
molecular sieves do not provide sufficient drying. Molecular sieves, for example, can dry
ambient air to a RH of ~1%. At 25 °C, this corresponds to a vapor pressure of about 0.31 mbar.
If this same air mass is cooled to -65 °C this corresponds to a SS, of ~3200%, which would
prevent meaningful instrument operation. Although such instant cooling and high SS,, are an
extreme scenario, to avoid this problem, cold traps are installed in both the sheath and sample
lines submerged in the cold wall chiller bath. These traps are simple coils of copper tubing, 3.4
and 2.2 m long for the sheath and sample traps, respectively. The bath is a few degrees colder
than the cold inner wall of the instrument, which is always colder than the temperatures the
aerosol experience within the instrument. The trap will force the RH to ice saturation at the trap
temperature, which will always be a lower vapor pressure than ice saturation under aerosol
conditions in the growth region of the instrument. Hence all sample and sheath air entering the
instrument will remain below ice saturation upon cooling. One additional consideration with this

approach is that incoming sample air should be allowed to warm between the cold trap and
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introduction into the growth chamber to allow for transport of residual water off the aerosol
particles. Given the small mass of aerosol relative to air, the effect on RH of water evaporating

from the aerosol is negligible.
2.2 Description of aerosol generation and phase state

Aerosol measurements and size distributions were obtained using a combination of a differential
mobility analyzer (DMA, TSI model 3071A), a condensation particle counter (CPC, TSI model
3010), and an aerodynamic particle sizer (APS, TSI model 3321). In this study, natural seawater
(SW) collected from the Scripps Pier in La Jolla, CA was used for SSA generation. The seawater
was stored in the dark and flown at room temperature to CSU. It was then filtered through a 0.22
um sterile PES filter to sterilize the seawater to prevent any microbial growth and remove
additional insoluble material such as dust and sand that may be present. Following filtration, it
was again stored in the dark until use. For comparison, we used a 3.5% by weight NaCl (certified
ACS, Fisher Chemical) solution prepared with deionized water to mimic the salt content of
seawater. Aerosols were generated using a B&F Medical Aeromist Nebulizer and dried at room
temperatures using a silica gel diffusion dryer followed by a molecular sieve dryer. Particles
were then size selected at either 150 nm or 600 nm using the DMA, operated with a
sheath(sample) flow of 10(2) and 4(1) LPM,, respectively. Aerosol concentrations were diluted
to achieve concentrations in the range of 100 — 500 cm, and depending on the aerosol size, the
configuration of the dilution tank and DMA was rearranged to control aerosol flow into the
DMA. For example, for 150 nm particles the dilution tank was located upstream of the DMA,
and the opposite for 600 nm (Figure 1). An additional molecular sieve dryer was required after
the dilution tank for 600 nm particles as the sheath air contained small amounts of water vapor
and would build up ice in the cold trap during experiments. Finally, particles size selected at 600
nm were passed through a 2.5 pm aerodynamic impactor before entering the CFDC, in order to
limit larger particles that would have made discerning small, activated ice crystals difficult at the

slow growth rates present at cirrus temperatures.

Previous studies have shown that two crystalline structures can form via efflorescence of NaCl,
i.e., anhydrous NaCl and NaCl dihydrate (NaCl « 2H»0), where the former is the stable phase
above ~273 K and the latter below ~273 K>°. For this study, since NaCl particles are dried
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beyond their efflorescence RH of ~45% at room temperature, it is assumed the particles entering
the CFDC have an anhydrous NaCl structure®® (see trajectory phase state diagram, Figure 2).
Although injection of the seed particles into the CFDC system occurred at temperatures below
273 K, dry NaCl particles remained below the eutectic®® and thus likely retained the anhydrous
NaCl form, compared to scenarios where some aqueous particles that effloresced below 252 K
formed NaCl « 2H,0%2. Therefore, we discounted the possibility that the experimental results
reflected sampling of NaCl « 2H;O in this study. The structure of the SSA particles is more
complex to characterize at low temperatures. Aerosols that include organic material have been
shown to form a highly porous glassy state after phase separation and drying at cold
temperatures that may enhance heterogeneous ice nucleation®-%2. Additionally, it is possible for
small amounts of other salts (i.e., magnesium and calcium) in SSA to precipitate prior to the

NaCl contents®.
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Figure 2. Expected trajectory and phase state of the NaCl and SSA particles for CFDC
experiments. Cyan and orange dashed lines are the expected deliquescence and efflorescence
lines, respectively, for NaCl based on the parameterization of anhydrous NaCl and extrapolated
to cirrus temperatures®®. The long dashed black line follows the path of aerosol particles as
through drying, cooling, and CFDC scans at different temperatures. The blue circle represents
aqueous NaCl and SSA solution, gray hexagons represent effloresced aerosols, and the light blue
circles with embedded hexagon represents deliquesced particles. Lines indicating ice saturation
and predicted homogeneous freezing conditions are also denoted. The gray hatched region
indicates ice supersaturated conditions with dry aerosols, and the dotted region represents
conditions where aerosol particles experience ice supersaturated conditions and relative
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humidities that exceed their deliquescence point.

Figure 3 shows the combined size distributions from the SMPS and APS for SSA and NaCl after
drying but before size selection. The blue diamonds denote SMPS data with a measurement
range of 12 — 615 nm and cyan circles denote APS data with a measurement range of 520 nm —
20 um. The black solid line represents the best fit line averaged for 4 separate scans from the

SMPS and APS. APS measurements were converted to true diameter from aerodynamic diameter

Dt=Da\[% (1)

where Dy is the true diameter, D is the aerodynamic diameter, y is the dynamic shape factor, and

using equation (1):

pp is dry particle density. For dynamic shape factor, we used 1.08 and 1.05 for NaCl and SSA,
respectively® and estimated particle densities for SSA and NaCl of 2.2 g m=, and 2.16 g m™
respectively. The resulting corrections shifted APS data towards slightly smaller sizes. In
general, the distributions of both SSA and NaCl had peaks ~100 nm. The SSA distribution
indicated an increase in number concentrations of particles < Ium of almost five times that
obtained for NaCl, and also showed a broader distribution of particles > 1 pm, consistent with

previous studies using a similar method combining SMPS and APS data for SSA%%-¢7,
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Figure 3. Combined particle size distributions for (a) NaCl and (b) SSA particle by combining
measurements from a SMPS (blue diamonds) and an APS (cyan circles). The solid black line is
the best fit from four measurement scans from the SMPS and APS.

Figure 4 shows the fraction of different sized particles predicted to be present after size selection
at 150 and 600 nm with the DMA. For SSA (NaCl), a +1 charge represents 74% (76%) of the
sample after applying the fractional contributions of the monodisperse aerosol population for 150
nm, and 86% (92%) for 600 nm, based on their respective size distributions. Larger, multiply-
charged particles were present in sufficient numbers that we must consider their effects in
detection of frozen particles, as discussed below, and explicitly account for their contributions to

aerosol surface area, as discussed in Section 3.
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Figure 4. The fraction of particles represented by a given DMA multiplet, ranging from charges
of +1 up to +6 for a monodisperse aerosol distribution of (a) 150 nm and (b) 600 nm particles.

2.2 Ice nucleation detection

For detection of ice, an optical particle counter (OPC) located immediately downstream of the
CFDC column detects particle sizes. Aerosol particles that do not freeze or deliquesce will not
change size appreciably. Frozen particles, however, will grow rapidly, only constrained by the
rate of diffusional growth and residence time in the instrument. To distinguish between frozen
and unfrozen particles, we introduce a size bin cutoff in OPC response. This size cutoff is
determined by analyzing the distribution of seed particles from the OPC against the distribution
of particles at conditions where a high frozen fraction was observed, and is different for 150 nm
and 600 nm particles but identical between temperatures. The size bin cutoff is chosen such that
no ice nucleation is detected for NaCl samples at higher temperatures where ice nucleation is not

expected to occur. This approach essentially accounts for impacts of larger multiply charged
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particles passing through the DMA, ensuring that those large particles are not counted as frozen

particles unless they have actually frozen.
3. Results

For ice nucleation experiments, the procedure for the CFDC involves “scans”, while sampling
the aerosol stream, where RH,, and RH; increase over time at a quasi-steady laminar temperature,
which is achieved by incrementally increasing the outer wall temperature (Tow) while holding
the inner wall temperature (Trw) constant. Once a fraction of ice of 10% is reached, the Trw is
stepped down 5 K and the Tow is decreased incrementally until the fraction of ice is < 0.1%. The
cycle is generally repeated 4 — 6 times until temperatures reach < 220 K. For each aerosol type
and size, two CFDC scans were conducted, one beginning at ~228 K and one at ~223 K, totaling
eight experiments. The time series in Figure 5 represent scans for 150 nm NaCl particles at
different temperatures producing different freezing results. For example, Figure 5a shows two
subsequent CFDC scans that began at 228 K and 223 K. In the first case, there was no ice
formation until the SS; reached nearly 50%, and there was a sudden increase in the number of ice
particles (Figure 5a, cyan line). This scan illustrates a case of homogeneous freezing, where no
ice is formed until the SS;reaches the homogeneous freezing threshold and nearly all the aerosol
particles freeze. A similar trend was observed as RH was increased again beginning at 223 K,
where in this particular case the SS; reached even higher values (~55%) before ice formation
began. This observation is consistent with results from expansion chamber experiments using
anhydrous NaCl particles starting at 235 K*2, wherein particles passed their DRH and
subsequently froze via homogeneous freezing. In addition, the ~5% increase in RH, between 228
and 223 K follows closely with the expected homogeneous freezing conditions for fully

dissolved particles'.
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Figure 5. CFDC time series for NaCl experiments at (a) ~228 K and 223 K, and experiments at
(b) ~218 K and 214 K. Red line indicates temperature and blue and green lines indicate water
and ice supersaturations, respectively. Black and cyan lines indicate the number of particles from
the CPC and ice nucleating particles, respectively.

For CFDC scans of NaCl starting at colder temperatures (Figure 5b), ice nucleation behavior was
considerably different. In the first scan starting at 218 K, ice formation was observed at SS; as
low as 30%, with a gradual increase in the number of ice particles with increasing SS; up to ~40%
before RH was reset to a lower value. Note the scans reset when the temperature (red line)
dropped 5 K, and produced a modest increase in supersaturations due to the Trw decreasing faster
than the Tow. The second scan starting ~214 K showed a similar trend and SS; only reached 38%
before the ice fraction reached 10% and the RH was brought back down. This SS; was well
below the highest SS; that was reached during scans at warmer temperatures. These cases
illustrate NaCl freezing through an apparent heterogeneous nucleation process since the onset of

freezing occurred at ~30% SS;, well below the threshold expected for homogeneous freezing.
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The ice nucleating behavior of SSA for 150 nm particles produced very similar trends as

observed for NaCl (see Supporting Information).

To elucidate the ice nucleating behaviors of differing aerosol sizes, Figure 6 shows the ice
fraction of 1% and 10% freezing in T — RH,, space for both sizes of SSA and NaCl at
temperatures < 230 K. The fraction freezing is based on ice concentrations divided by total CPC
counts rather than OPC counts. Using the CPC provided a more reliable total aerosol count since
the OPC may not have captured the smallest aerosols that were not deliquesced, particularly for
the 150 nm experiments. Results using total aerosol counts from the OPC can be found in the
Supporting Information. The color and shape of markers indicate the size and ice active fraction
of the particles, where open markers denote 150 nm and filled denote 600 nm particles. Black
solid and dashed lines denote ice saturation and the predicted homogeneous freezing threshold'?,
respectively. The majority of NaCl particles froze near the homogeneous freezing line above 222
K. The 10% ice fraction observations above the homogeneous freezing line were within the
range of uncertainties for the RH,, calculations (4%)°%. Below 222 K there was a large decline in
the required RH,, for 1% and 10% ice frozen fractions for both aerosol sizes shown in Fig. 6a.
For example, 1% freezing for both 150 and 600 nm NaCl particles occurred at ~80% RH,, at 218
K, significantly lower than the 95% RH,, observed at 225 K. The onset of freezing for both sizes
also occurred within proximity (~1-3%) to the DRH line for anhydrous NaCl extrapolated to
lower temperatures®® (dashed cyan line). In general, our NaCl freezing results agreed well with
results from previous lower temperature studies, all of which observed a shift from homogeneous

freezing to heterogeneous nucleation as temperature decreased below 225 K#24443,
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Figure 6. Ice fractions for (a) NaCl and (b) SSA generated particles. Blue and red markers
denote 10% and 1% frozen fraction, respectively, where filled markers represent 600 nm
particles and open markers for 150 nm particles. The dashed cyan line represents the predicted
deliquescence for NaCl®, and was lowered by ~0.7 RH,, for SSA. Black solid and dashed lines
denote ice saturation and expected homogeneous freezing!?, respectively.

Similar to NaCl, SSA showed a transition from homogeneous freezing to heterogeneous
nucleation (Figure 6b). However, the temperature at which this transition was observed, ~217 K,
was nearly 5 K lower than observed for NaCl. Ice fractions of 1% and 10% below 215 K were
observed 1-3% RH,, lower than for NaCl particles at the same temperature. In general, SSA
heterogeneous freezing at a 10% ice fraction aligned above the extrapolated DRH line, which
was lowered by ~0.7% RH,, for SSA, similar to the observed DRH in a previous study using
synthetic seawater at low temperatures*?, and 1% freezing conditions aligned below the DRH
line, within RH,, uncertainty. This ice nucleating behavior of SSA demonstrating freezing onsets
at slightly lower RH than NaCl has been shown in previous studies*>**, one of which used

synthetic seawater and another that used a 1:1 synthetic sea salt and sucrose mixture. However,
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those studies differed on the inferred mode of heterogeneous freezing: the former attributed
findings to possible deliquescence and immersion freezing since freezing occurred at the point
where the liquid—solid transition was expected to initiate, and the latter inferred deposition
freezing well below the DRH as the active mechanism. Particle sizes were different in those

studies than used in this work, employing polydisperse distributions or supermicron particles.

Previous studies focusing on heterogeneous nucleation have used the ice nucleation active
surface site density (n;) as a parameter to determine the ice nucleation efficiency of aerosol
particles for a given temperature and SS;, normalized by the surface area’*>%°, Therefore, we
calculated ns for SSA and NacCl for both aerosol sizes, as shown in Figure 7. Average surface
area concentrations per particle (S,) for both aerosol sizes also accounted for DMA multiply-

charged particles using equation 2.

Sq = L'6=1(7T NiDpiz)/Ziﬁ=1 N; (2)

In Eq. 2., Vi denotes the number concentration for each diameter with i positive charges, and Dp;
is the expected diameter with 7 positive charge. Values of ns were then calculated by dividing the
number of ice particles (Nice) by the product of S, and the total number of aerosols from the CPC
(Na) as shown in equation 3.

ng(T,SS;) = ~ice 3)

SaNg

The inclusion of N, serves as a scaling factor for S, to the aerosol concentrations used in the
experiments, since S, was based on the generated size distributions, in which the aerosol
concentrations were higher (Figure 3) due to the lack of dilution. In this manner, S, still accounts
for multiplet distributions and can be applied to the Nice and N, during experiments. While it is
possible that the largest multiply charged particles freeze first due to thermodynamic
considerations, that is both beyond the scope of the ns framework and unsupported by our

experimental data.

Figure 7 shows ns magnitudes for SSA and NaCl, where circles represent 150 nm particles and
squares represent 600 nm particles for 1% ice fraction. Magnitudes of ns for 10% ice fraction can

be found in the Supporting Information. In general, SSA and NaCl particles produced very
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416  similar (within a factor of 5) ns magnitudes for each aerosol size, and the data suggested that

417  higher ns magnitudes were required for smaller particles to produce the same frozen fraction. The
418  upper limit of 600 nm rs magnitudes of ~1 x 10'° m2 also agreed well with previous 7

419  calculated values for 800 nm particles*?. The most interesting feature of these results is the fact
420 that ice onset was nearly the same regardless of the ns values. Or, alternately, a strict association
421  with total particle surface area would have suggested that freezing onsets for the 600 nm

422  particles would occur for the same 7, values as for 150 nm particles. This result implies that the
423  ns concept was not relevant for ice nucleation for SSA in our study, either because features

424  controlling freezing were not consistently distributed as a function of size or through a different
425  mechanism. In other words, the process driving freezing of SSA particles at low temperature
426

occurred with the same efficiency regardless of the aerosol size or apparent geometric surface
427  area.
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particles, respectively. The black solid line indicates ice saturation and the dashed line represents
expected homogeneous freezing conditions!?.

4. Discussion and atmospheric implications

It is clear from this study that SSA generated from natural seawater can initiate heterogeneous
nucleation, and the similarities between NaCl and SSA for both aerosol sizes indicate that the
freezing behavior may be dominated by the crystalline salts. The freezing behavior of NaCl and
SSA as well as the ns calculations from this study indicate that the size of lofted salt particles
may not be an important factor for initiating heterogeneous nucleation. Based on our results,
regardless of the surface area and site density, conditions supporting the onset of freezing for
SSA and NaCl particles remained largely the same. The higher n; values for 150 nm particles at
the same freezing onsets as 600 nm particles clearly violate the concept of active site density,
and suggest it is not applicable for NaCl and SSA. Instead, these results suggest little to no size
dependence on the heterogeneous freezing behavior of SSA and NaCl, but rather dependence on

the particle composition and thermodynamic conditions.

It remains difficult to determine what mode of freezing is controlling the onset of heterogeneous
nucleation, and the reason for the abrupt onset below a certain temperature threshold that differs
between SSA and NaCl particles. Deposition nucleation could be inferred since most of the SSA
particles begin to freeze (in 1% frozen fraction) at RH,, below DRH. However, the steeper onset
of freezing (between 1 and 10% frozen fraction) occurs around the DRH line, with a higher onset
RH,, for NaCl particles versus SSA. Therefore, it appears more likely that freezing nucleation is
occurring somehow during initial water uptake by the crystalline salts, as opposed to classical
deposition nucleation. The lower freezing onset of SSA may also be attributable to the additional
calcium and magnesium salts, which have lower deliquescence points>*, allowing for partial
deliquescence at lower RH,, than for the NaCl core. In addition, while assuming a dry crystalline
phase state for NaCl and SSA, previous studies have shown that even after efflorescence, SSA

54,60,70

particles may retain up to 5-10 wt% of residual water , which may point towards SSA with

coexisting solid and liquid phases freezing heterogeneously via the immersion freezing mode.

We consider two possible pathways for heterogeneous freezing for NaCl and SSA at cirrus

conditions, as outlined in Figure 8. We simplify the discussion by including only 150 nm data.
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The immersion freezing mode is depicted as a required Aay with respect to the ice line, following
previous application of the water activity concept of homogeneous freezing to the heterogeneous
freezing of mixtures of dissolved or partially dissolved particles!>¢, It is possible to set a
constant Aay, and thus nucleation rate, to align more or less with the data (short dashed line, with
uncertainties indicated by the blue shading). For classical immersion freezing, the temperature
threshold could be understood as the impact of the kinetic competition between full
deliquescence and freezing, where at higher temperatures, deliquescence would occur at
progressively lower RH,, values with respect to the onset RH,, for freezing, favoring full
dissolution and homogeneous freezing. The long black dashed lines in Figures 8a and 8b indicate
the transition point between homogeneous and heterogeneous freezing for NaCl and SSA,
respectively, near the intersection of the lower bound of the immersion freezing envelope and the
DRH line. While conceivable, this immersion freezing framework appears to fail in not
explaining why the freezing behavior is independent of particle size and surface area. Only if the
microcrystalline structure of the 150 nm particles were substantially different than 600 nm

particles could immersion freezing, controlled by external surface areas, be at play.

On the other hand, PCF is a potential mechanism that might be insensitive to particle size or
surface area, explaining the existence of both the onset of heterogeneous freezing with
decreasing temperature, and the RH,, onsets at a given temperature. In Figure 8, the solid green
line represents the parameterized RH,, for expected condensation of liquid water ina 11.5 nm
pore!?, relevant to onset conditions of PCF, and the intersection of this condition with the DRH
boundary becomes the controlling factor in governing the onset conditions of freezing. We note
that the transition point between homogeneous and heterogeneous freezing does reasonably align
with the intersection of the PCF (for the pore size chosen) and the DRH lines. If the PCF RH,, is
above the DRH at a particular temperature, the pore freezing site is likely to be dissolved before
it can activate heterogeneous freezing. If PCF RH,, is below DRH, freezing may occur prior to
dissolution. Additional interactions between the PCF and immersion freezing processes are not

considered here.
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Figure 8. Conceptual diagram illustrating the competition between immersion freezing and pore-
condensation freezing (PCF). The solid green line indicates the parameterized RH,, for the onset
of condensation into a 11.5 nm pore!?. The dashed cyan line indicates the deliquescence relative
humidity (DRH) for NaCl, extrapolated to cold temperatures, and shifted towards slightly lower
RH,, for SSA. The dashed black line indicates a constant Aa,, with uncertainties represented by
the shaded blue region. The long dashed black line indicates the intersection of the PCF and
DRH lines, indicative of the transition from homogeneous to heterogeneous nucleation.

The PCF framework is most broadly consistent with our measurements, with the competition
between PCF and DRH controlling the freezing onset temperature (Figure 8) and the availability
of sufficient pore sites explaining the lack of surface area dependence on freezing (Figures 6, 7,
S5, S6). SSA and NaCl particles produced from drying of aqueous solutions are suspected to be
highly porous, with observations of supermicron single particles suggesting that SSA is even
more likely to form porous aggregates than NaC1’!:2, In addition, dry submicron NaCl aerosols
were found to retain more water at low RH,, than could be explained by solid crystalline NaCl

morphologies’!. That study states that their analysis is consistent with porous NaCl particles
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containing NaCl solution (rather than adsorbed water), although the exact morphology could not
be identified. Another study examined water uptake in pores filled with soluble material, which
may be similar to the water uptake behavior of pores formed in soluble material’. Freezing
behavior of solution filled pores will depend not only on pore size but also solution
concentration!3#7, At sufficiently low temperatures, however, it seems reasonable to expect that
if a sufficiently large pore activates and fills with solution it will subsequently freeze. In this
regime, pore size is the controlling factor on the RH,, where freezing occurs. Further work is
needed to constrain aerosol morphology, pore thermodynamics (filling behavior, solution

concentrations), and kinetics.

In this study we found that particles produced from natural SW spray froze via heterogeneous
nucleation at conditions similar to those reported in previous studies*>**. We have demonstrated
the ability to replicate and augment heterogeneous freezing results of NaCl particles and SSA
from the AIDA cloud chamber* in easily conducted scans using a CFDC. An advantage to this
instrument and the scanning procedure employed is that the nature of the CFDC allows for study
of particle response over a full profile of RH,, up to water saturation for any temperature (i.e., the
limitations imposed by ice formation depleting water vapor in an expansion cloud chamber do
not exist), which allows for studies relevant to cirrus cloud ice nucleation over a wide range of
environmental conditions. The method could be extended to measurements on ambient particles,
for which there exists a dearth of data for freezing behaviors at these temperatures and

humidities.

Our results illustrate the potential of SSA to be a significant source of INPs in the cirrus regime.
For both aerosol sizes, up to 10% of the SSA population froze below 80% RH,, at temperatures <
225 K. SSA concentrations in the upper troposphere range from 104 10! ug m=, and assuming
a density of 2.2 g cm™ %, the upper and lower bounds of 150 and 600 nm particles could be in the
range 10! — 10* L'!. Since average ice crystal number concentrations in cirrus clouds range
between 0.01 — 10 L'! depending on latitudinal location?!*274, the projected population of SSA-
derived INPs would represent a significant source of heterogeneous INPs for cirrus clouds. In the
absence of significant numbers of other efficient INPs, such as mineral dusts, one could expect
SSA to be strongly competing or dominating ice formation. In addition, size distributions of SSA

above 4 km were found to be dominated by sizes < 400 nm?!. Therefore, the aerosol sizes chosen
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in this study may be more representative of the sizes of SSA active in the cirrus regime as
opposed to previous studies that used aerosols 800 nm or larger*>#44, These results represent a
strong case for explaining the observations of SSA as a cirrus INP in previous studies of cirrus
IR over the tropical and subtropical oceans®. Although that study concluded that the dominant
sources of cirrus INPs were mineral dust and metallic particles, the flights that took place over
the ocean were located predominantly downstream of major sources of dust and pollution, and
SSA still made up substantial fractions of IR when in direct competition with efficient INPs like
mineral dust. It is unclear what fraction of IR would be sea salts if flights occurred over more

pristine ocean regions, and this may warrant future exploration.

When discussing SSA as a source of heterogeneous INPs it is important to address the origin of
the cirrus, liquid versus in situ origin, as this could determine by which nucleation mechanism
SSA would initiate freezing (i.e., homogeneous versus heterogeneous freezing). SSA in liquid
origin cirrus would likely remain as aqueous solutions and initiate homogeneous freezing.
However, SSA may be present at cirrus levels in effloresced crystalline structures and initiate
heterogeneous nucleation to form in situ origin cirrus. There are a number of different scenarios
where the latter case may occur. Firstly, SSA is lofted to cirrus temperatures via deep convective
updrafts and detrained in anvils, specifically in the tropics where cirrus are most frequently
observed’>. However, it would require the SSA particles to encounter dry air and effloresce;
understanding how often this particular scenario occurs is beyond the scope of this study.
Secondly, warm conveyor belts associated with lofting of air in frontal systems are known to be

the most frequent source of in situ cirrus??%}

, which may occur over some ocean regions and
bring SSA to high altitudes and lower temperatures. An example of this scenario may be large
storm tracks over the Northern Atlantic where in situ origin cirrus can be present ~70% and >

50% of the time above 200 hPa or below 220 K777, respectively.

We have shown that SSA have the potential to initiate heterogeneous nucleation at temperatures
below 220 K. It is known that cirrus clouds have the potential to warm or cool the atmosphere
depending on their formation mechanism and origin type. Heterogeneous nucleation of SSA
would drive the formation of the in situ origin type cirrus, that are shown to produce a net
positive radiative forcing??. This illustrates a potentially significant indirect effect of SSA in the

cirrus regime. Since SSA concentrations are strongly modulated by sea-surface temperatures’®,
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as well as surface winds, changes in SSA generation and lofting to the upper troposphere may
represent an important aerosol-cloud interaction that should be studied in assessing atmospheric

response in a warming future climate.
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Full derivation and measurement uncertainties for CFDC calculations, additional figures
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