
































be important for the pH-dependent aqueous chemistry of marine aerosols due to contributions
to excess alkalinity.

4.2 Effect of SSA Composition on Ice Nucleation Potential

Amylopectin, agarose, aspartic acid, and the protein mixture most closely mimicked the nu-
cleation behavior of the lysed Prochlorococcus film burst particles. This trend suggests that
the presence of certain carbohydrate and protein molecules determine the heterogeneous ice
nucleation onset of natural sea spray.

Amylopectin and agarose are both polysaccharides and show a steep decline of supersatu-
ration at nucleation onset below -45'C. The large chain-building structure and atomic orientation
of these molecules may explain their ability to effectively act as INPs. Both of these molecules
have many exposed hydroxyl groups which can act as sites for hydrogen bonding with water
and other molecules. The liquid water which is attracted to these sites can form a critical ice
embryo, with the particle acting as an INP. The hydroxyl groups contribute to the surface area
of the particle which can act as a critical ice embryo (Graether and Jia, 2001). Unlike other
particles which bind to ice and inhibit further growth, the amylopectin and agarose present
large ice-nucleating surfaces. If a particle's molecular structure contains sequences which align
with ice lattice structure, a stable ice embryo can form, decreasing the activation barrier for ice
nucleation (Pummer et al., 2015).

Some other saccharide compounds may not act as INPs because they too readily adsorb
water (Peng et al., 2001; Chan et al., 2008). If a molecule attracts water and forms a thin liquid
coat, depositional freezing will not occur. Although there are no literature values for the water
adsorption qualities of raffinose and trehalose, the other tested carbohydrate compounds, they
may have formed a water coat, causing them to deliquesce and to be incapable of freezing de-
positionally. The deliquesence may explain why the carbohydrate mixture did not follow the ice
nucleation behavior of the good INPs but instead was nucleation-inhibited until values consistent
with homogeneous freezing. However, some particles generated from the carbohydrate mixture
did nucleate below homogeneous freezing values. Potentially these particles were predominantly
composed of the polysaccharides, which prevented deliquescence and allowed for depositional
nucleation.

Comparatively, the aspartic acid and protein mixture demonstrate a steep decline of su-
persaturation at nucleation onset below -42'C, reaching an Sice below 1.1 at -50'C. Aspartic
acid, like agarose and amylopectin, also has an exposed hydroxyl group. However, both threo-
nine and arginine, other tested nucleic acids, also have exposed hydroxyl groups. It is important
to consider atomic orientation as it relates to ice nucleation. Ice will only nucleate in specific
orientations and incompatible alignments will inhibit or prevent ice crystal growth. INPs have
molecular features, such as well-positioned and distanced hydroxyl groups, which contribute to
their ability to nucleate ice (Pandey et al., 2016; Graether and Jia, 2001; Pummer et al., 2015).
Aspartic acid's positioning of hydroxyl groups may contribute to its ability to nucleate ice. Un-
like for the carbohydrates, the protein mixture followed the good INP ability of the aspartic
acid, suggesting that the threonine and arginine did not limit the mixture with deliquescent
behavior (Chan et al., 2005).

Considering fractional activation, although they were all good INPs, more agarose and
amylopectin than aspartic acid activated at lower supersaturations. This finding suggests that

the polysaccharides played the largest role in causing the SSA to activate as INPs. The long-
chain polysaccharides have more hydroxyl sites, thousands per chain, which have the capability
and orientation to act as hydrogen bonding sites. The organic enriched film burst particles likely
rely on hydroxyl groups to act as sites upon which ice nucleation can occur.
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4.3 Broader Implications of SSA on Global Ice Nucleation

The chemical composition and properties of marine aerosol can have important consequences for
the climate properties of these particles. The partitioning of water-soluble and water-insoluble
organic matter and the diversity of molecules within the organic fraction is dependent on the
size of the particle (Facchini et al., 2008). Considering the multiple generation methods of
SSA, the organic composition of particles is therefore likely related to the mechanism of particle
generation: film burst or jet drop. Differences in organic enrichment can have impacts on the
ice nucleation properties of a particle. Wang et al. (2015) found a correlation between aliphatic-
rich species, or non-aromatic hydrocarbons, and concentrations of INPs in an experiment with
natural marine phytoplankton blooms. These aliphatic-rich organics were most likely aerosolized
via the bubble film burst mechanism. When testing a different bloom, there was no enrichment
of aliphatic species and no associated rise in INP concentration, suggesting that the presence of
these organic compounds was vital to the increase in concentration of INPs (Wang et al., 2015).

Changes in the marine system, such as ocean acidification and eutrophication resulting
from a lack of dissolved oxygen, may impact the chemistry of SSA. The molecular diversity
of the compounds which make up the organic component of SSA is linked to the presence of
marine bacteria and phytoplankton, which can vary in time and space (Cochran et al., 2017). In
addition, a mesocosm study performed by Galgani et al. (2014) suggests that ocean acidification
may impact the chemical composition of the ocean's surface microlayer. Changes include higher
concentrations of hydrophilic amino acids and lower concentrations of carbohydrates (Galgani et
al., 2014). Such changes in organic composition at the surface microlayer can impact bacterial
composition and concentration at the ocean surface by impacting pH and habitability. These
changes would impact the potential of SSA film burst particles to activate as INPs. Rapid shifts
in the conditions of the marine system resulting from anthropogenic impacts and emissions may
cause a range of impacts on a variety of climate-related processes, including ice nucleation (Wurl
et al., 2017).

Models demonstrate great uncertainties when it comes to ice nucleation by SSA. Although
models take differences in sub-micron and fine emissions into account, the importance of organic
matter enrichment in these models is still being defined (O'Dowd et al., 2008; Vignati et al.,
2009). Current models assume particles arising from sea spray to be internally mixed, meaning
the particles are chemically and physically homogeneous and reflect the average of all of the
components, inorganic and organic (Lesins et al., 2002). However, our data suggest that SSA
assemblages are less internally mixed than these models assume. It appears that the presence
of a specific organic compound in a particle can highly impact that particle's ability to nucleate
ice. Individual particle composition is important to consider in an externally mixed assemblage
of particles as each particle can demonstrate different properties, effecting characteristics such as
the ability to impact direct radiative forcing, as studied in Lesins et al. (2002) or ice nucleation.

Vergara-Temprado et al. (2017) demonstrates that global distribution of concentrations
of INPs are better aligned with ambient concentrations of feldspar and marine organic aerosols
than with theoretical descriptions of INPs by temperature or size. Similarly, Burrows et al.
(2013) found strong regional differences in the importance of INPs coming from marine and dust
sources. These studies suggest that INPs from different sources must be better understood in
order to effectively model the aerosol-cloud-climate system; treating all INPs as one assemblage
is imprecise and results in errors in climate sensitivity in models. This study attempted to
present a more cohesive view of INPs arising from SSA. A better understanding of the ambient
concentrations of the particles arising from sea spray with respect to chemical composition will
contribute to better modeling of the population of INPs. In addition, it is important to consider
that despite arising from the same source, film burst and jet drop particles demonstrated highly
disparate heterogeneous ice nucleation properties. In order to accurately represent the role of
SSA in global ice nucleation processes, models must begin to accommodate for the differences
in size and chemical composition of particles generated from the same source.
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5 Conclusion

In this study, we investigated the role of SSA chemical composition on heterogeneous ice nu-
cleation behavior. SSA particles were generated in a laboratory setting using the naturally-
abundant Prochlorococcus cyanobacteria as model source of marine organic matter. Particle
generation from a frit bubbler resulted in the production of two kinds of particles, which were
designated as smaller film burst particles and larger jet drop particles. The smaller film burst
particles were organically enriched compared to the larger jet drop particles, as confirmed by
mass spectrometry. The difference in chemical composition between the particles suggests fur-
ther differences between the particles' abilities to activate as INPs.

The heterogeneous ice nucleation potentials of the SSA and relevant carbohydrates, pro-
teins, and lipids were analyzed. Inorganic components were ineffective as INPs. Larger jet
drop particles from the lysed Prochlorococcus cultures acted as INPs below -49'C, while the
smaller film burst particles were effective INPs at warm temperatures and low supersaturations
at colder temperatures. Comparing the results of the SSA generated from lysed cell cultures to
pure organic molecules found that the large polysaccharides agarose and amylopectin as well as
aspartic acid (a nucleic acid) most closely mimicked the heterogeneous ice nucleation behavior of
film burst particles. Nucleation was initiated at high temperatures and low supersaturations for
colder temperatures for these molecules, suggesting an explanation for the good INP behavior
documented in film burst particles. However, other organic substances were moderate or poor
INPS. The presence and favorable orientation of hydroxyl groups in organic molecules appears
to be an important factor in considering ice nucleation potential of film burst SSA particles.

Future work in this area should focus on confirming the difference in and importance of
organic enrichment between different modes of SSA. Individual organic components, specifically
carbohydrate and protein substances, should be isolated from natural sea spray and have their
ice nucleation properties tested. Further data will help develop an understanding of the role SSA
play in the larger aerosol-cloud-climate system. In addition, field research and further laboratory
studies will establish how the nucleation behaviors of SSA may change as a result of the marine
impacts of Earth's changing climate.
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Diagram of the internal workings of the PALMS instrument. Adapted from Cziczo et al. (2006).
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