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ABSTRACT: Sea spray is the largest aerosol source on Earth.
Bubble bursting mechanisms at the ocean surface create
smaller film burst and larger jet drop particles. This study
quantified the effects of particle chemistry on the depositional
ice nucleation efficiency of laboratory-generated sea spray
aerosols under the cirrus-relevant conditions. Cultures of
Prochlorococcus, the most abundant phytoplankton species in
the global ocean, were used as a model source of organic sea
spray aerosols. We showed that smaller particles generated
from lysed Prochlorococcus cultures are organically enriched

and nucleate more effectively than larger particles generated -/S:mi-Soluble
from the same cultures. We then quantified the ice nucleation Organic Partitioning Cell Lysing

efficiency of single component organic molecules that mimic
Prochlorococcus proteins, lipids, and saccharides. Amylopectin,
agarose, and aspartic acid exhibited similar critical ice saturations, fractional activations, and ice nucleation active site number
densities to particles generated from Prochlorococcus cultures. These findings indicate that saccharides and proteins with
numerous and well-ordered hydrophilic functional groups may determine the ice nucleation abilities of organic sea spray
aerosols.

1. INTRODUCTION directly as solid ice onto the surface of an INP. A thorough
The effects of atmospheric aerosols on cloud properties remain understanding of the types, sources, and atmospheric
the largest source of uncertainty in our understanding of the abundances of depositional INPs is lacking, leading to

climate system.' Aerosol-induced ice nucleation affects the
global radiative budget and hydrological cycle by influencing
cloud formation, lifetime, albedo, and precipitation efhi-
. 2-5 .

ciency.”~ Aqueous droplets freeze spontaneously via homoge-

inaccuracies in the representation of cirrus cloud formation

. 7
in climate models.
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Table 1. Particle Compositions and Sizes Tested for Heterogeneous Ice Nucleation Efficiency

category
inorganics
sodium chloride NaCl
synthetic seawater (SSW)
Pro99 cell culturing medium Moore et al. 2017
proteins and amino acids

bovine serum albumin

aspartic acid C,H,NO,
threonine C,HoNO,

arginine CeH 4,N,O,

protein mixture equal mass of above
lipids

oleic acid C5H3,0,
1,2-decanediol C1oH20,

elaidic acid C,5H3,0,

stearic acid C5H360,

lipid mixture equal mass of above
saccharides

amylopectin (CeHi605),

agarose (C1HuOm),
raffinose CisH3,046

trehalose CpH»On

carbohydrate mixture equal mass of above
Prochlorococcus culture

whole cell

lysed cell

film burst lysed cell

jet drop lysed cell

chemical makeup

NaCl, MgCl,, KCl, CaSO,, NaHCO,

particle diameter

g T,(0/70/90%RH,,)

polydisperse

polydisperse

polydisperse

200 nm

200 nm —11/-52/-93 °C
200 nm -33/-67/-101 °C
200 nm 6/—41/-87 °C
200 nm

200 nm —2/—46/-90 °C
200 nm —47/=77/-106 °C
200 nm —2/-46/-90 °C
200 nm —1/-45/-89 °C
200 nm

200 nm NA/63/-25 °C
200 nm NA/163/102 °C
200 nm 97/37/-63 °C
200 nm 64/27/-43 °C
200 nm

polydisperse

polydisperse

200 nm

500 nm

Inorganic components of sea spray aerosols (SSA) can only
activate as depositional INPs below —50 °C.*""" The organic
components of SSA exhibit several qualities of potentially
effective INPs, such as hydrophilic functionality and high
porosity from glassy state phase transitions.””~'* Organic
matter is released into bulk seawater by organisms through
either normal cellular activity or as a consequence of cell
lysis.'”~"7 This organic matter can include cell fragments,
viruses, vesicles, other biologically derived carbohydrates,
lipids, amino acids, and proteins.'®~>" Breaking waves entrain
air that scavenges hydrophobic or amphiphilic organic matter
as it rises to the surface as bubbles (TOC Figure).”””’ At the
surface microlayer, these bubbles develop a thin organically-
enriched film. Submicron fragments of the film are aerosolized
up to 20 cm above the ocean surface as the film bursts.”*
Larger and more inorganic jet droplets are ejected as the
depression rapidly fills with water.””> Microbial metabolisms
regulate the solubility of organic matter in the water column
and can also influence the organic mass fraction of SSA.*°

The importance of SSA as a source of depositional INPs
remains uncertain. Heterogeneous ice residuals from cirrus
altitudes near marine regions exhibit chemical signatures of
SSA.”” Organic SSA from North Atlantic sea surface
microlayer samples depositionally nucleated at relative
humidities 10—28% lower than inorganic SSA from subsurface
water samples.”> Various plankton species’ exudates are
effective INPs in the cirrus regime.””* Despite these findings,
the exact nature of the ice nucleation active organic
components of SSA remains elusive.

In this study, we explore the relationships between particle
chemistry and depositional ice nucleation efficiency. Nuclea-
tion efficiency is quantified by the temperatures and super-
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saturations required to initiate ice nucleation on one in 10* of
the measured aerosol particles, fractional activation, and ice
nucleation active site densities.””*° We employ cultures of the
marine cyanobacterium Prochlorococcus as a representative
source of marine organic matter and measure the ice
nucleation efficiency of laboratory-generated SSA over a
cirrus-relevant temperature and supersaturation range. These
cyanobacteria are among the most abundant organisms on
Earth, found in surface waters throughout the open ocean
between 40°N to 40°S and achieving concentrations up to 2.5
X 10° cells mL™", accounting for up to 50% of the chlorophyll
content in some 1‘egions.3l’32 We then investigate the
depositional ice nucleation ability of single component organic
particles composed of amino acids and proteins (aspartic acid,
arginine, threonine, and bovine serum albumin), lipids (stearic
acid, oleic acid, elaidic acid, and 1,2-decanediol), and
carbohydrates (amylopectin, agarose, trehalose, and raffinose)
representative of phytoplankton-derived organic matter.

2. METHODS

2.1. Chemical Representation. Chosen representative
constituents of natural seawater are listed in Table 1.
Representative inorganic components of SSA were NaCl
(>99.9%, Macron Chemical) and synthetic seawater (SSW;
Paragon Scientific). SSW contains the major inorganic salts of
natural seawater (NaCl, MgCl,, KCl, CaSO,, and NaHCO,).
Cultures of Prochlorococcus were used as model sources of
marine organic carbon. Three strains of Prochlorococcus
(MED4, MIT9312 and NATL2A, members of the HLI,
HLIL, and LLI clades, respectively) were grown as axenic
cultures in a natural seawater based PRO99 medium amended
with nutrients.*”** Cells were grown in a 13:11 light:dark
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incubator at 24 °C, attaining average concentrations of 5 X 108
cells mL™". Despite these elevated concentrations, we do not
expect the structure or composition of organic byproducts to
be altered.”” Some cell cultures were lysed by sonication for 5
min prior to aerosolization, while other cell cultures were not.

Single component organic particles were generated from
various compounds chosen to mimic proteins, lipids, and
saccharides found in natural SSA (Table 1)."*** Most organics
were size selected at 200 nm diameter prior to ice nucleation
analysis. Particles generated from lysed cells were also size
selected at 500 nm and sampled polydisperse. The protein
class was represented by bovine serum albumin (BSA; > 99%,
protease and fatty acid free), L-threonine (>99%), L-arginine
(>99%), and L-aspartic acid (>98). Lipids were represented by
stearic acid (>98.5%), oleic acid (>99%), elaidic acid (>98%,
Acros Organics), and 1,2-decanediol (>99%). Finally, the
saccharides were represented by amylopectin (>99%), b-
(+)-trehalose (>99%), p-(+)-raffinose (>99%), and agarose
(BioUltra >99.5%). Unless noted, chemical stocks were
obtained from Sigma-Aldrich. Mixtures of each class contained
equal proportions of components by mass.

2.2. Aerosolization. Solutions of inorganics, cell cultures,
and single component organic compounds were aerosolized
using a glass frit bubbler (Figure S1 of the Supporting
Information, SI). We note the frit bubbler has been found to
both artificially enrich and deplete aerosols in organic
matter.”>*® Filtered lab air free of particles larger than 10
nm in diameter was passed through a sintered glass frit with
pore sizes between 4.0 and 5.5 um at a flow rate of 0.20 L
min~!, resulting in bubble sizes between 0.015 and 9.5 mm in
diameter (Figure S2). After generation, aerosols were dried to
a relative humidity of 15% by passing the particle stream
through three consecutive 43 cm diffusion dryers. Some
samples were size selected using a differential mobility analyzer
(DMA, Model 2002; Brechtel Manufacturing Inc., Hayward,
CA) with a sheath to sample flow ratio of 8.0 (Figure S3). The
sheath flow of the DMA was dried with desiccant to an RH of
less than 10%.

Figure 1 illustrates ambient size distributions from the
tropical South Atlantic Ocean,” the North Atlantic Ocean,*®
and the tropical North Pacific Ocean.’” Up to 90% of Aitken
mode (>110 nm diameter) particles in marine environments
can be of secondary origin, and would not be replicated using
the frit bubbler.** Also illustrated are this study’s and another’s
size distributions from a frit bubbler. Note that although SSA
has a significant size fraction above 1 um,*' we restrict our
analysis to the submicrometer range due to size sampling
constraints of our instrumentation. Our frit’s size distributions
generally demonstrate a bimodal size distribution with peaks at
200 nm (+88 nm) and 500 nm (+73 nm), with variability
representing the average standard deviation about the mode.
We tentatively assign these two modes as film burst and jet
drop particle production, respectively. Additional details about
bubble sizes, aerosol production, and flux™ compared with
other studies can be found in the SI

2.3. Chemical Characterization. The Particle Analysis by
Laser Mass Spectrometry (PALMS) instrument collected
compositional information on a particle-by-particle basis.
Aerosol particles were drawn into PALMS and collimated via
an aerodznamic inlet. Particle diameters ranged between 0.2—
1.5 um.*’ The carrier gas is pumped away under vacuum, yet
the residence time is short enough to minimize the loss of
volatile organic components from the particulate surface.**
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Figure 1. Submicrometer Aerosol Size Distributions (left axis) and
Production Fluxes (purple lines; right axis). Laboratory and field size
distributions show number concentrations of particles dN with
diameters between D and D+dD. Frit bubbler data for this study are
from synthetic seawater. Data from the Collins et al. 2014 frit bubbler,
Tropical South Atlantic, North Atlantic, and the Tropical North
Pacific are from sources 35, 37, 38, and 39, respectively. The particle
flux model parametrization is from source 42 assuming a wind speed

of 8 msh

Two continuous-wave 532 nm Nd:YAG laser beams spaced
34 mm apart measured particle velocity, which were converted
to vacuum aerodynamic diameter.”’ Particles were then
ionized using a 193 nm ultraviolet (UV) excimer laser. Atomic
and molecular ions were accelerated in a reflectron before
impacting a microchannel plate detector, allowing for an ion’s
time-of-flight to be converted to a mass to charge (m/z) ratio.
Either a positive or a negative mass spectrum is acquired per
particle. Particle ionization with the UV excimer is not
quantitative, but ionization of most atmospherically relevant
components can be demonstrated. The relative intensity of
peaks in a mass spectrum may reflect the orientation of the
particle relative to the UV laser beam, matrix effects, and
different ionization efficiencies of different components.*> To
qualitatively compare the organic carbon content of composi-
tionally similar particle assemblages, hundreds of particle
spectra were collected for each sample in order to correct for
these phenomena.

2.4. Ice Nucleation. The SPectrometer for Ice Nuclei
(SPIN; Droplet Measurement Technologies, Boulder, CO)
quantifies the nucleation efficiency of INPs.*® SPIN consists of
two flat parallel plates, separated by 1.0 cm and coated with 1.0
mm of ice, whose temperatures are controlled independently.
The temperature and ice saturation ratio (S,.) that the aerosol
lamina experienced was controlled by varying the temperature
gradient between the two walls. SPIN operated in a
temperature (—40 < T < —60 °C) and supersaturation (1.0
< Sie < 1.5) regime relevant to cirrus cloud formation. The
lamina ;.. was raised isothermally at a rate of 0.02 per minute
by increasing the wall temperature gradient to homogeneous
nucleation, then lowered isothermally at an equal rate to ice
saturation.*® Due to slight heterogeneities in wall temperatures,
the temperature and supersaturation in the SPIN aerosol
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Figure 2. Particle mass spectra. Characteristic negative spectra are shown for (a) synthetic seawater particles (shown for a 200 nm particle), (b)
Prochlorococcus culture medium particles (shown for a 200 nm particle), and (c) 200 nm and (d) SO0 nm particles generated from a lysed
Prochlorococcus (NATL2A) culture. Peaks associated with organic carbon ions are highlighted in red.
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Figure 3. Average organic carbon signal intensity is shown for culture medium, SO0 nm, and 200 nm particles from a lysed Prochlorococcus
(NATL2A) culture. Organic carbon is defined as the sum of C,H,O,N, peak integrals divided by total ion signal, with 1 <w <4 and 0 <x,y,z <4
in whole number increments. Signal intensity is shown for all particles of the same type and only particles exhibiting an organic carbon signal. Error

bars represent one standard deviation in signal variability.

lamina vary. The uncertainty in the average lamina conditions
can be calculated using thermocouple measurements on each
wall.*” Aerosol particles are fed into the chamber in a lamina
flow of about 1.0 L min~

about 9.0 L min™*

! supplemented with a sheath flow of

. However, turbulence at the inlet causes
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particles to spread outside the centerline lamina. We quantified
the fraction of particles within the lamina over the conditions
considered in this experiment (Figure S4). As particles outside
the lamina experience a lower supersaturation and are less

likely to activate, a correction factor between 1.86 and 7.96 is
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Figure 4. Ice supersaturation at the onset of ice nucleation is depicted for (a) inorganics and culturing media, (b) proteins, (c) lipids, (d)
saccharides, and (e) Prochlorococcus cultures. The point of nucleation onset is defined as when 1 in 10* particles nucleate ice, correcting for
spreading outside the SPIN lamina (Figure S4). Solid lines indicate substances nucleated heterogeneously, while dashed lines indicate nucleation
was indistinguishable from homogeneous nucleation (Koop et al. 2000; Source 82) due to uncertainty in SPIN lamina conditions.* Data points
represent the average of two or more replicate experiments. Representative error bars indicate a standard deviation of certainty in the SPIN aerosol

lamina conditions

applied to fractional activation data derived assuming all
particles are constrained to the lamina,***’

An optical particle counter collected side scatter and laser
light depolarization data on a particle-by-particle basis (Figure
SS). Activated particles between 0.50 and 15 um were
detected. A machine learning algorithm was then trained
using four optical parameters to categorize particles by phase.*’
Fractional activation was calculated by dividing ice concen-
trations assigned by the machine learning output to total
particle concentrations measured by a condensation particle
counter (CPC, Model 1700; Brechtel Manufacturing Inc.,
Hayward, CA) running in parallel to SPIN. For SPIN
experiments on polydisperse particle streams, an impactor
with a 1 gm diameter cutoff was used.

Frost occasionally sheds from the iced walls, contributing to
a background ice particle concentration. With proper SPIN
setup, a background of less than 10 per L of sample air can be
achieved.*® This is below the threshold ice concentration used
to determine the onset of ice nucleation for all experiments
considered here (see the SI section for a derivation of this
detection limit).

3. RESULTS AND DISCUSSION

3.1. Chemical Interpretation of Sea Spray Aerosol.
Representative negative PALMS spectra are shown for SSW,
PRO99 culture medium, and 200 and 500 nm particles
generated from a lysed culture of Prochlorococcus in Figure 2.
Red peaks indicate the detector signal from organic carbon
signatures. The SSW spectrum exhibits inorganic ion peaks
expected from seawater excimer fragmentation, including two
isotopes of chlorine (m/z = 35 and 37) and clusters of sodium
and chlorine. The oxygen ions may result from gaseous
adsorption to the particle surface within the vacuum. The
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culturing medium shows a weak carbon signature, potentially
from the added organic chelating agent EDTA.* Spectra from
200 nm particles aerosolized from lysed Prochlorococcus
(NATL2A) cultures typically exhibit robust organic carbon
signals. Organic nitrogen (CN™ m/z = 26 and CNO™ m/z =
42) may result from the ionization of amine functional groups,
and the phosphorus signals (PO, m/z = 63; PO;~ m/z = 79;
and PO,” m/z = 95) may result from the ionization of
phospholipids or from phosphate backbones of nucleic acids.
500 nm particles aerosolized from the same lysed culture
exhibit a lower organic carbon, nitrogen, and phosphorus
signal. The oxygen and hydroxyl signals (m/z = 16 and 17) in
lysed cell culture spectra are enhanced relative to the SSW and
culturing medium spectra. This may be due the ionization of
carboxyl and hydroxyl functional groups.

The average organic carbon signals across hundreds of
negative mass spectra for three aerosol types are shown in
Figure 3. Organic carbon is defined as the integral-sum of
C,H,O,N. peaks divided by total ion signal, where 1 <w < 4
and 0 < x, y, z < 4. Peaks known to coincide with inorganic
signatures are excluded. The fraction of particles exhibiting an
organic carbon signal and the average signal for particles
exhibiting organic carbon signatures are also shown in Figure
3. The aerosolized culturing medium produced the fewest
carbon containing particles between the three samples,
followed by 500 nm and then 200 nm particles from lysed
Prochlorococcus cultures. The mean organic carbon signal for
the culturing medium is statistically lower at the 99%
confidence interval than that of the 500 nm lysed cell culture
particles (p = 4.1 X 1077). The S00 nm lysed cell culture
particles in turn exhibit a lower organic carbon signal than the
200 nm lysed cell culture particles (p = 1.1 X 107'*¥). We also
measured the organic content of polydisperse particles
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200 nm particles from lysed Prochlorococcus cultures.

generated from whole Prochlorococcus cultures. Prochlorococcus
cells are small enough (500—700 nm) where they can be
sampled with PALMS. However, these spectra show very little
organic signal relative to the lysed cell culture particles (0.01 +
0.005/—0.002, with uncertainties representing a standard
deviation above and below the mean). We therefore conclude
that whole cells were not efficiently aerosolized with the
bubbler.

We hypothesize that this compositional disparity results
from differing mechanisms of aerosol particle formation. The
culturing medium contains a dilute fraction of soluble
organics” which are aerosolized and ionized along with
inorganic salts to yield a weak organic carbon signal. The 200
nm particles aerosolized from lysed Prochlorococcus cultures
could be organically enriched because they are aerosolized
from organically-enriched films of bubbles, a hypothesis
supported by previous studies.”’ > The larger 500 nm SSA
particles could then exhibit a lower organic signal because they
are generated from subsurface water via the jet drop
production mechanism.”® These results indicate that the ice
nucleation efficiency of SSA may be size dependent, with
smaller organically enriched particles nucleating at lower ice
supersaturations than larger inorganic particles.

3.2. Depositional Ice Nucleation Onset. The ice
saturation at the onset of ice nucleation—termed critical
supersaturation—for inorganic, protein, lipid, saccharide, and
Prochlorococcus culture particles is shown in Figure 4. The
onset of ice nucleation is defined as one in 10* particles
activating for a period of 10 s after correcting for aerosol
spreading outside the lamina (Figure S4). Each data point
represents the average onset conditions of at least two replicate
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experiments. Representative error bars indicate a standard
deviation of uncertainty in SPIN lamina conditions."’

No group of particles with similar chemistry exhibited

uniform temperatures and supersaturations at the onset of ice
nucleation. All substances nucleated homogeneously above
—43 °C. Particles generated from NaCl, synthetic seawater,
and culturing medium activated homogeneously until hetero-
geneous nucleation initiated around —SS °C (Figure 4a).
Below —58 °C, these particles again nucleated homogeneously.
This pattern is likely due to the kinetic competition between
depositional nucleation and deliquescence, the latter of which
leads to homogeneous freezing.'”>* These results agree with
previous studies that found marine derived inorganics to be
moderately effective to poor depositional INPs at temperatures
below —50 °C.5~"
The critical S, of some pure organic compounds decreased
at colder temperatures (Figure 4b—d). Aspartic acid likely
determined the nucleation behavior of the protein mixture,
which initiated nucleation at an S, of 1.04 at —50 °C (Figure
4b). Threonine and BSA nucleated at moderate (1.27—1.36)
ice supersaturations below —50 °C. Arginine nucleated
homogeneously across all temperatures. Amylopectin and
agarose were effective heterogeneous INPs at temperatures
below —46 °C, while the smaller saccharides trehalose and
raffinose nucleated homogeneously across all temperatures
(Figure 4d). The saccharide mixture nucleated homogeneously
as well. On average, the critical S, of lipids exhibited the
weakest response to temperature (Figure 4c). The lipid
mixture and 1,2-decanediol exhibited a modest decrease in
critical S;,, nucleating at an S;., of 1.21 and 1.27 around —54
°C and =56 °C, respectively.
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The onset of ice nucleation was characterized for two to
three strains of Prochlorococcus and averaged at each temper-
ature (Figure 4e). Particles aerosolized from whole cell cultures
nucleated homogeneously until —48 °C, below which they
nucleated depositionally near an S;., of 1.28. 500 nm particles
aerosolized from lysed Prochlorococcus cultures and size
selected using the DMA exhibited a weak critical S, response
to temperature, likely due to the deliquescence of their
inorganic components. These particles nucleated homoge-
neously until —49 °C, below which they likely nucleated in the
deposition or deliquescent freezing modes™ between an S;., of
1.32 and 1.36. Polydisperse and 200 nm particles aerosolized
from lysed Prochlorococcus cultures nucleated heterogeneously
below —44 °C. The 200 nm particles in particular were very
effective heterogeneous INPs, nucleating at an S, of 1.12
below —50 °C. The 200 nm particles within the polydisperse
stream likely determined the critical S, of the polydisperse
aerosol assemblage, as these two samples exhibited statistically
indistinguishable critical S;., within two standard deviations of
uncertainty (95% confidence intervals) in SPIN lamina
conditions between —40 °C and —50 °C. These results
expand upon previous findings, which found that aerosolized
samples of the North Atlantic microlayer nucleated at a
warmer temperature of —40 °C but at an S;., comparable to the
200 nm lysed Prochlorococcus particles.”” Another study
demonstrated that exudates from the diatom T. pseudonana
exhibited a higher critical S,., than our Prochlorococcus particles
between —44 °C and —60 °C.**

The smaller particles generated from lysed Prochlorococcus
are likely more effective INPs because they are organically
enriched (Figure 3). On the basis of previous studies, we
speculate that these organic substances may provide a
hydrogen-bonding template to lower the activation energy of
ice nucleation. Amylopectin, agarose, and aspartic acid
exhibited critical supersaturation-temperature responses (3.5,
1.8, and 3.7% S, K', respectively), that most closely
mimicked the slope of 200 nm lysed Prochlorococcus particles
(3.0% Si. K'). These polysaccharides and proteinaceous
molecules have multiple hydrogen bonding moieties, specifi-
cally hydroxyl groups. Molecular modeling on known INPs
suggests hydroxyl groups hydrogen bond with water molecules
and align them into a critical ice embryo,”® which may explain
the effectiveness of amylopectin and agarose as depositional
INPs. Incompatible hydroxyl orientation can hinder nucleation
by inhibiting the growth of an ice crystal embryo sufficiently
large to overcome the free energy of nucleation.””*® This may
explain why some hydrogen bond forming molecules, such as
threonine, arginine, and BSA, are ineffective INPs. Substances
that deliquesce or adsorb water are also precluded from
depositionally nucleating. Although the hygroscopic growth of
raffinose and trehalose is not reported in the literature, many
oligosaccharides readily adsorb water vapor on their sur-
face.””®® This process forms a thin film of liquid water that
prevents ice deposition on the particulate surface.

3.3. Fractional Activation. Ice nucleation initiates at a
critical supersaturation followed by a generally increasing
fractional activation as S, rises (Figure S5). Another graphical
representation of this data is depicted in Figure S6. We chose
to depict fractional activation at —46 °C because this was
warmest temperature at which at least one compound from
each organic class nucleated heterogeneously. Although
average SPIN ice backgrounds are subtracted from the
fractional ice activation data, occasional frost shedding from
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the SPIN ice walls can sometimes temporarily increase the
apparent fractional activation.”® The reported fractional
activation takes into account the correction factor derived
from Figure S4. Inorganics show no activation until
homogeneous freezing is reached (S, = 1.42). Nearly 100%
of hygroscopic particles nucleate ice in the homogeneous
freezing regime when the upper limit of fractional activation,
derived from the upper correction factor, is applied. Aspartic
acid is the only amino acid or protein exhibiting heterogeneous
nucleation at this temperature, initiating nucleation at an ;. of
1.22. Lipids are ineffective INPs, with 1,2-decanediol and
stearic acid exhibiting a high S,. at onset (1.35 and 1.39,
respectively). Agarose and amylopectin exhibited a low critical
S initiating activation at 1.17 and 1.19, respectively. The
critical S, and fractional activation of mixtures generally
resembled those of their most effective component. Mixed
carbohydrate particles, however, exhibited lower fractional
activation likely due to the deliquescence of raffinose and
trehalose. These deliquesced particles would be precluded
from undergoing depositional ice nucleation. Finally, poly-
disperse and size-selected 200 nm particles from lysed
Prochlorococcus cultures were effective depositional ice nuclei,
activating at a low S;,. and reaching the highest fractional
activation (f,, = 0.1) of all tested substances.

The fractional activation for organically enriched 200 nm
Prochlorococcus particles most closely matches the fractional
activation for amylopectin and agarose. These three substances
exhibit a rapid increase in fractional activation once their
respective critical S;.. are reached. This phenomenon has been
observed for several organic aerosol systems, indicating that
particles of these substances may be relatively uniform in
factors that affect ice nucleation efficiency, such as composition
or surface morphology.'**"*>

Interpreting the fractional activation data reveals that
polysaccharides and proteins may be important in determining
the ice nucleation efficiency of SSA, whereas lipids are
generally ineffective depositional INPs under the considered
conditions. One factor that may explain the INP ability of
these substances is their phase state. Studies have indicated
that organic particles can undergo glassy phase transitions that
affect their ice nucleation efficiency.*”®* We have calculated
the glass transition temperature (Tg) of single component
organic compounds based on DeRieux et al. 2018.°> The T,
values are listed in Table 1 at three relative humidities with
respect to water (RH,,). Note that 70% RH,, approximately
corresponds to S, = 1.0, whereas 90% RH,, approximately
corresponds to homogeneous freezing in the considered
temperature range.

Aspartic acid, amylopectin, and agarose all exhibit T, values
at or well above the conditions considered in this study. This
indicates that these particles are sufficiently viscous to prevent
full deliquescence, which may explain their ability to nucleate
heterogeneously in this regime. 1,2-Decanediol has the lowest
T, of the lipid-like compounds, yet also exhibited the lowest
average critical supersaturation among the lipids between —42
°C and —56 °C. Trehalose and raffinose are also glassy at these
conditions, yet do not depositionally nucleate. Glassy phase
transitions can therefore not fully explain the depositional
nucleation ability of all tested organic compounds. One reason
may be that the particles do not fully undergo glassy state
phase transitions due to the short time scales over which
particles experience a change in RH and temperature upon
entering SPIN.
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A second factor that may explain the ice nucleation ability of
certain compounds is their capability to hydrogen bond with
and retain water molecules in the initial critical ice embryo.
Among the tested amino acids, aspartic acid has the most
amine and carboxylic acid groups that can act as hydrogen
bond donors. Agarose and amylopectin both form helical
structures that order thousands of hydroxyl moieties per
molecule.® This suggests organic molecules with large
numbers of hydrogen bonding sites may éProvide a template
able to initiate ice embryo formation.””°® These substances
may therefore be more effective depositional INPs than
molecules lacking the requisite chemistry. Not all molecules
with hydrophilic functional groups nucleated heterogeneously.
Trehalose, raffinose, threonine, arginine, and BSA did not
exhibit heterogeneous ice nucleation behavior. To nucleate ice
in deposition mode, particles must not absorb liquid water, and
the orientation of the hydrogen bonding template must match
the crystallographic structure of ice.

3.4. Environmental Implications. Chemical analysis of
ice residuals from marine cirrus indicates a substantial fraction
of ice residuals bear SSA signatures.”” Our results suggest that
select organic components of SSA may be a source of efficient
INPs for cirrus ice nucleation. To further investigate the
similarities in ice nucleation efficiency between pure organic
components and Prochlorococcus derived particles, we calcu-
lated the ice nucleation active site densities (ng) for each size
selected compound by dividing activated INP concentration
(n;) by surface area concentration (s,):

SA Sa (1)

where f;.. is fractional activation, and s, is the surface area of a
single particle. To describe ng as a function of a single variable,
temperature (in K) and S, are combined into a single
thermodynamic variable xg,:

Xperm = (273.15 = T) + (S,

1ce

— 1) x 100 (2)
Values of ng(T, Si.) as a function of xyen, for single
component and Prochlorococcus derived particles are detailed
in the SI. Those compounds which most closely matched the
ng(T, S,.) values for 200 nm lysed culture particles were
aspartic acid, 1,2-decanediol, and amylopectin from the
protein, lipid, and carbohydrate classes, respectively (Figure
S§7). Our analysis demonstrates that the organic components of
SSA bear comparable ng values to other common INPs, such as
soil and mineral dusts under the considered conditions (Figure
6).""*However, we note that our choice of aerosolization
technique may have produced organically enriched particles
relative to natural SSA, so we caution that the ng isoline in
Figure 6 may depict a lower estimate of Si..

These results suggest that the depositional ice nucleation
efficiency of natural SSA may be determined by the presence of
hydrophilic and macromolecular compounds found in in the
marine microlayer. Likely candidates include polysaccharides,
lipopolysaccharides, and proteins.*”’*”® Our results also
suggest that events which enrich the sea surface organic
microlayer, such as phytoplankton blooms and subsequent cell
lysis by predation, may transiently increase emission rates of
SSA INPs.”°Furthermore, these results highlight a potential
shortcoming of parametrizations that use surface chlorophyll
concentrations as a 9predictor of SSA organic mass fraction and
INP efficiency.””~"” In oligotrophic regions where Prochlor-
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Figure 6. Comparison of ice nucleation active site density
parametrizations for 200 nm lysed Prochlorococcus culture particles,
amylopectin, aspartic acid, 1,2-decanediol, black carbon, and desert
dust (Ullrich et al. 2017; source 69), Kaolinite (Welti et al. 2009;
Source 70), hematite (Hiranuma et al. 2014b; Source 71), Arizona
test dust (ATD; Steinke et al. 2015; Source 72), and soil dust (Steinke
et al. 2016; Source 73). For clarity, only the ng = 10' m™ isolines are
illustrated and uncertainties are omitted. Uncertainties in this study’s
parametrizations can be derived from Figure S7.

ococcus dominates, surface chlorophyll abundance is a poor
indicator of aerosol organic carbon content because most
carbon fixation occurs at depths greater than those retrievable
by satellite sensors.”” Organic matter is transported from these
depths to the surface by eddy diffusion, wave breaking, and
bubble scavenging.”*"~**

Further research should isolate polysaccharides and proteins
from natural seawater samples to confirm the ice nucleation
abilities of these components. These data will establish how the
nucleation efficiency of SSA may respond to factors that affect
organic composition and stoichiometry like ocean eutrophica-
tion, stratification, acidification, and temperature change. We
hypothesize that the changing chemical composition of marine
aerosol particles may affect their depositional ice nucleation
ability.
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