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Abstract

Bubble bursting at the ocean surface generates smaller film-burst particles and larger jet
drop particles that differ in composition. The chemical composition of sea spray aerosols
is an important parameter for the evaluation of their impact on the global climate system.
This study investigates the role of particle chemistry on the heterogeneous ice nucleation
potential of laboratory-generated sea spray aerosols. Cultures of Procholorococcus, a highly
abundant marine phytoplankton species, were used as a model source of organic sea spray
aerosols. Results show that smaller particles generated from the lysed Procholorococcus
cultures were organically enriched and effectively activated as ice nucleating particles at
warmer temperatures and lower supersaturations than larger particles. The role of chemical
composition in the activation of the particles was studied by measuring the nucleation abili-
ties of single component organic molecules that mimic proteins, lipids, and carbohydrates in
Procholorococcus. Amylopectin, agarose, and aspartic acid exhibited nucleation behaviors
similar to particles generated from Procholorococcus cultures. Therefore, carbohydrates and
proteins with numerous and well-ordered hydrophilic functional groups may determine the
ice nucleation potential of organic sea spray aerosols.
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1 Introduction

Atmospheric aerosols have a profound impact on climate by directly interacting with incoming
solar radiation, as well as by serving as the seeds that nucleate clouds (Haywood and Boucher,
2000). Atmospheric aerosols come from a wide variety of natural and anthropogenic sources and
have typical radii ranging from 0.001 to 10 micrometers (Haywood and Boucher, 2000). Regional
air quality and global climate are both impacted by the presence of these particles. Unlike
greenhouse gas emissions which have exacerbated the warming trends of climate change, aerosols
are predicted to have a net cooling effect on the climate (IPCC 2014). However, there exist
large uncertainties in the magnitude and the direction of the forcing that aerosol indirect effects
have on Earth’s radiation budget (IPCC 2014). The subjective confidence level of IPCC Fifth
Assessment Report was "low” for cloud adjustments due to aerosols (IPCC 2014). Understanding
aerosol-cloud relationships is vital to reducing the uncertainty present in climate models and
forecasts (IPCC 2014).

Atmospheric aerosol particles act as centers for water droplet or ice crystal nucleation.
Many types of particles found in the atmosphere act as cloud condensation nuclei, which are
the surfaces upon which water makes the transition from a vapor to a liquid to form a cloud
droplet. A small subset of the atmospheric aerosol population can induce ice formation at
conditions under which ice would not form without them (Hoose and Mdhler, 2012). Only
approximately one in 10° aerosol particles can act as these ice nucleating particles (INPs),
which are the foundation for the formation of ice crystals (Pruppacher and Klett, 2011; DeMott
et al., 2003; Rogers et al., 1988). Activated INPs can go on to form high-altitude tropospheric ice
clouds, referred to as cirrus clouds, and additionally contribute to mixed-phase cloud glaciation,
which are important factors in global climate (DeMott et al., 2003; Rossow and Schiffer, 1999).
The potential of different types of aerosols to act as INPs is not well documented (Hoose and
Mohler, 2012). Until empirical tests on nucleation ability are done, predicting which particles
will nucleate ice is impossible.

Temperature and saturation ratio with respect to ice are the main environmental factors
which determine the mechanism of ice nucleation (Hoose and Mdhler, 2012). Ice can form in
clouds without the presence of INPs through homogeneous freezing of water and solution droplets
at high ice supersaturation and at temperatures below -38°C (Koop, 2000). The specific onset
point of nucleation is a function of the water activity of the solution under consideration (Koop,
2000). Homogeneous freezing requires soluble components of a given aerosol to deliquesce, or
take up water below 100% relative humidity. After deliquescence occurs, the liquid water can
freeze spontaneously given the low temperatures.

Alternatively, heterogeneous ice nucleation requires preexisting INPs in order to occur
(Cziczo et al., 2013). Heterogeneous ice nucleation is thermodynamically assisted by the pres-
ence of INPs so that nucleation takes place at lower supersaturations or warmer temperatures
than are required for homogeneous ice nucleation (Vali et al., 2015). Ambient temperature,
relative humidity, and the physical and chemical properties of aerosol particles impact the con-
centrations of heterogeneous INPs in the upper troposphere (DeMott et al., 2003). Depositional
nucleation occurs when ice forms directly from water vapor onto INPs, a process which occurs
in cirrus clouds (Prupaccher and Klett, 2011). Other heterogeneous nucleation processes occur
in supercooled liquid environments, such as mixed-phase clouds. These modes include conden-
sation freezing, in which water vapor condenses on INPs at below freezing temperatures to form
a liquid droplet which freezes instantaneously; immersion freezing, in which INPs act as cloud
condensation nuclei and the formed droplet freezes when the temperature is lowered; and contact
freezing, in which a particle comes into contact with the supercooled water phase and induces
freezing (Prupaccher and Klett, 2011).

Like all aerosols, some INPs have natural sources, such as desert dust, pollen, or marine
plankton, whilc others have anthropogenic sources (Vali ct al., 2013). However, the largest



natural source of atmospheric aerosol by emissions is sea spray (Erickson and Duce, 1988). Sea
spray aerosols (SSA), which have total global emissions estimated to be 1-3x 10'¢ g per year,
exhibit a wide variety of chemical and physical properties. There are multiple modes of aerosol
production through sea spray, but two produce aerosol particles small enough to last in the
atmosphere: bubble bursting and jet drops. The particles generated in both of these production
methods can act as cloud condensation nuclei in the lower troposphere, and some as INPs if
they are transported into the upper troposphere (Feingold et al., 1999, Carrio et al., 2007).

Figure 1 shows an idealized view of SSA generation in the ocean. When particles are
produced through bubble bursting, bubbles created by cresting waves rise to the surface of the
water and pop, sending submicron pieces of the film of the bubble up to 20 centimeters into
the air (Blanchard, 1963). Meanwhile, jet drop formation occurs when the crater in the ocean
surface left by the bursting bubble fills, producing a central jet which ejects droplets which are
larger than the aerosols produced by bubble bursting. Both of these aerosol production methods
may result in the presence of marine organic matter in the atmosphere. For bubble bursting,
the bubbles typically have an organically-enriched film of small hydrophobic organics from lysed
cells and vesicles. When the bubble bursts, fragments of the organic film are ejected into the
atmosphere (Zhuang et al., 1993). In jet droplet aerosol formation, larger portions of cells and
vesicles can be sent into the atmosphere along with other inorganic components present in bulk
seawater (Bigg and Leck, 2008; Collins et al., 2014).
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Figure 1: Idealized schematic of SSA generation. Breaking waves entrain bubbles below the
sea surface. These bubbles take up organic matter which is present in the sea surface microlayer
and subsurface water. At the surface, the organically enriched film of the bubble bursts, resulting
in small film burst particles. The crater left by the popped bubble fills with subsurface water,
resulting in the discharge of jet drop particles.

Current research focuses mainly on the role of SSA as INPs through condensation and im-
mersion freezing (DeMott et al., 2016; Junge and Swanson, 2008). Limited data exist regarding
the role of deposition freezing for the same particles. SSA can homogeneously nucleate ice well
because the presence of salts allows the particle to deliquesce, taking up water before the relative
humidity reaches above 100%. Additionally, the porosity of organically enriched SSA may enable
these particles to nucleate ice depositionally (Adler et al., 2013). The increased porosity of the
aerosols in high-altitude clouds results from phase separation upon freezing followed by a glass



transition of the organic material. A porous structure can be preserved after ice sublimation
(Adler et al., 2013). The observed increase in ice nucleation efficiency of glassy organic particles
present in high-altitude clouds may be explained by the presence of the porous structures.

We are studying how chemical composition of SSA impacts the ability of these aerosols
to act as INPs. A continuous flow diffusion chamber is used to study how particles related to
the marine cyanobacteria Prochlorococcus activate as INPs. Prochlorococcus is one of the most
widespread and abundant marine primary producers and is used as a representative source of
organic SSA (Flombaum et al., 2013). In addition, we use a single particle mass spectrometer to
investigate how the chemical composition of SSA impacts ice nucleation potential. Ice nucleation
potential is the likelihood of a particle to nucleate ice under certain conditions and is character-
ized by temperature and supersaturation at nucleation onset. By exposing the lysed cells and
analogues of Prochlorococcus’s organic components to a range of tropospherically-relevant tem-
peratures and ice supersaturations consistent with heterogeneous freezing, we begin to determine
the ice nucleation potential of laboratory-generated SSA.

2 Methods

2.1 Chemical Representation and Culturing of Procholorococcus

Inorganic components of SSA were replicated using solutions of NaCl (>99.9%, Macron Chem-
ical) and synthetic seawater (SSW; Paragon Scientific). The major inorganic salts of natural
seawater (NaCl, MgClz, KCI, CaSOy4, and NaHCO3) are present in SSW. Particles of single
component organics were generated from compounds representative of proteins, lipids, and car-
bohydrates found in natural SSA. Proteins were 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%), and 1,2-decanediol (>99%). The carbohydrates were represented by amylopectin
(>99%), D-(+)-trehalose (>99%), D-(-+)-raffinose (>99%), and agarose (>99.5%).

The phytoplankton Prochlorococcus was used to represent the sources of organic carbon
in the global ocean. One of the most abundant marine cyanobacteria, Prochlorococcus are found
across many ocean regions in global mean abundances of 2.9 x 10?7 cells (Flombaum et al.
2013). The organisms are typically found in the upper water column, making them suitable for
this study’s interests in the organic components of the ocean surface microlayer (Flombaum et
al.,, 2013). To grow cultures of the phytoplankton, two strains of phenotypically distinct high-
light adapted Prochlorococcus (MED4 HLI and MIT9312 HLII) and one strain of a low-light
adapted ecotype (NATL2A LL) were cultured axenically, or free from the presence of other
organisms. The culturing occurred in a natural seawater based PRO99 liquid medium with a
13:11 Light:Dark incubator at 24°C (Moore et al., 2007). The cultures were harvested in the
late exponential growth phase. In order to mechanically break apart the cells, some cell cultures
were lysed by immersion in a pulsing sonicator for five minutes before aerosolization.

2.2 Instrumentation
2.2.1 Aerosol Generation - Frit Bubbler

A bubbler allows for the generation of aerosols by bubbling filtered air through sintered glass into
a solution. The rate of the airflow and the sinter pore size determine the size of the bubbles. It
is not always possible to examine SSA in its natural state, so the bubbling method is one way to
simulate seawater aerosolization in a laboratory setting. A wave tank is another aerosolization
method. Our wave tank was constructed using a large flat-bottomed flask attached to a 0.5 -
5 Hertz shaker table. Splashing motions create aerosol particles, yet the total concentration of
particles produced is an order of magnitude less than with the bubbler.



The employed generation method for this study had to accurately recreate the production
of aerosols through both the film burst and jet drop modes. Figure 2 shows size distributions of
SSA collected from field studies in the North Atlantic Ocean (Koponen et al. 2002), the tropical
Atlantic Ocean (Atmospheric Radiation Measurement Climate Research Facility, 2014), and the
tropical North Pacific Ocean (Marine Atmospheric radiation measurement Global energy and
water cycle experiment cloud system study pacific cross section intercomparison Investigations
of Clouds (MAGIC) campaign (Lewis et al., 2012)). Overlaid are size distributions from this
study’s particle generation using a frit bubbler, a wave tank, and from the Scripps Institute
for Oceanography (SIO) Hydraulics Laboratory generation using a wave tank (Stokes et al.,
2013). The bubbler was able to most accurately recreate the size distribution, and likely the
chemistry, of natural SSA. We attribute the bimodality of the size distributions to the film burst
particle (100-200 nm) and jet drop particle (400-600 nm) production mechanisms (Wang et al.,
2017). The wave tank method was not able to recreate the two desired mechanisms and did not
show a bimodal distribution which is seen in natural SSA. Out of the tested methods of aerosol
generation, the bubbler most accurately recreated the size distribution of the natural SSA. We
therefore used the bubbler to aerosolize cultures of Prochlorococcus.
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Figure 2: Size distributions of particle concentration versus particle diameter for field
and laboratory data. Field measurements are reported from the Tropical South Atlantic (Ko-
ponen et al., 2002), Tropical Pacific (Lewis et al., 2012), and the North Atlantic (Atmospheric
Radiation Measurement Climate Research Facility, 2014). Wave tank data are reported from the
Scripps Institute for Oceanography Hydraulic Lab Wave Tank (Stokes et al., 2013). Reproduced
from Wolf et al. (submitted).

2.2.2 Aerosol Generation - Atomizer

The atomizer also produces aerosol from a solution. Compressed air draws bulk liquid from a
reservoir as a result of the Bernoulli effect. The high-velocity air breaks apart the liquid solution
and the resulting droplets are suspended to form an aerosol. By varying the pressure of the
compressed air or the dilution ratio of the solution, one can modify the resulting particle size
distribution. (Baron and Willeke, 2001) The aerosolization method is typically used in the case
when a given solution cannot be aerosolized using the bubbler because of its viscosity.



2.2.3 SPectrometer for Ice Nuclei

The SPectrometer for Ice Nuclei (SPIN; Droplet Measurement Technologies, Boulder, CO) is a
continuous flow diffusion chamber (CFDC) instrument (described in Rogers, 1988) for studying
the ice nucleation properties of aerosols. SPIN quantifies the concentrations of ice nucleating
particles by controlling the temperature and relative humidity to which aerosol particles of
interest are exposed (Garimella et al., 2016). Particles enter SPIN through an inlet and then
pass between two walls coated with approximately 1 mm ice and separated by 1 cm. A sheath
flow of about 9 liters per minute (Ipm) constrains a laminar particle flow of 1 Ipm to the center
of the chamber. As shown in Figure 3, the walls are held at different temperatures to cause
water vapor and heat to diffuse from the warmer wall to the colder wall. The magnitude
of the temperature gradient determines the degree of ice supersaturation, with the maximum
in supersaturation occurring near the center of the chamber (Rogers, 1988). For a typical
experiment, the supersaturation within SPIN changes at a rate of approximately 2% relative
humidity with respect to ice per minute. A full air and water flow diagram of SPIN can be
found in the Appendix.

Within the chamber, some INPs will nucleate ice while other particles will pass through
unactivated. Particles then enter the evaporation section of the instrument which is held at ice
saturation. Here, ice particles stay as ice but liquid water is evaporated from droplets which have
not nucleated ice. At the bottom of SPIN is an Optical Particle Counter which outputs data
about the size and polarization properties of the individual particles which pass through it. The
values of the polarization properties describe whether a particle has nucleated ice or has remained
unactivated. Garimella et al. (2016) describes a constructed machine learning algorithm which
trains on the four polarization parameters to create probability density functions for ice crystals,
water droplets, and unactivated aerosols. Individual particles can then be classified into their
respective phases.
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Garimella et al. (2017) describes the tendency for particles within a CFDC instrument
to spread outside the center lamina, where ice supersaturation is greatest. Through timed
pulse experiments under conditions comparable to the ones being tested, the fraction of aerosols
constrained to the center lamina were calculated. Figure 4 shows the fraction of aerosols in
the lamina flow as a function of the ice saturation ratio in SPIN at five different temperatures.
In the ideal case, when all particles are constrained within the laminar flow, all of the data

Figure 3: Representation of an idealized CFDC. A
flow of particles passes between two ice-coated walls which
are held at different temperatures. The difference in tem-
perature between the two walls results in water vapor and
heat diffusion from the warm wall to the cold wall. Super-
saturation exists at a mazimum near the centerline of the
chamber. The particle flow is between two sheath flows
along the walls, restricting the particles to the supersat-
uration mazimum at the central lamina. Figure adapted

from Garimella et al. (2017).



points would form a horizonatal line at 1.0. However, the fraction of particles in the lamina
is much lower than 1.0 at the given temperatures and total flow of 9.8 L min-1. As particles
outside the lamina experience a lower supersaturation and are unlikely to activate, a correction
factor between 1.86 and 7.96 should be applied to fractional activation data derived assuming all
particles are constrained to the lamina. A correction factor is calculated by taking the inverse
of the fraction of particles in the lamina at a specific temperature and supersaturation.
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Figure 4: Particle lamina spreading in SPIN. The fraction of particles constrained to the
SPIN aerosol lamina (fiam) as a function of ice saturation ratio (Sice) is represented across
temperatures relevant to this study (-56 to -42°C). One standard deviation in variability is rep-
resented by the shaded regions and points represent individual measurements. A correction factor
for fractional activation is obtained by taking the inverse of fium at a specified temperature and
Sice. Adapted from Wolf et al. (submitted).

2.2.4 Particle Analysis by Laser Mass Spectrometry

The Particle Analysis by Laser Mass Spectrometry (PALMS) instrument is a single particle mass
spectrometer described in detail by Thomson et al. (1997) and Cziczo et al. (2006). Aerosol
particles are drawn by vacuum into PALMS, with a typical size sampling range between 0.1-1.5
micrometers (Cziczo et al., 2006). A fraction of the indrawn particles is sized by two 532 nm
neodymium yttrium aluminum-garnet lasers using the particle transit time between the two
laser beams. A 193 nm excimer laser then vaporizes and ionizes the particles and the atomic
and molecular ions travel into a time of flight mass spectrometer which records their mass-
to-charge ratio. Since multiple charges are rare with the PALMS excimer laser, the resulting
mass-to-charge ratios are equivalent to particle mass. The spectrometer collects either positive
or negative ion spectra for the particles (DeMott et al., 2003). Particle ionization within PALMS
is not quantitative, meaning that individual particles from the same stream may show widely
contrasting chemical compositions. Therefore, large numbers of spectra have to be collected in
order to perform statistical analysis on the chemical composition of particles. A full schematic
diagram of PALMS can be found in the Appendix.



2.2.5 Differential Mobility Analyzer

A Differential Mobility Analyzer (DMA; Brechtel Manufacturing Inc., Hayward, CA) uses the
electrical mobility of particles to guide particle size-selection. A particle’s electrical mobility is
primarily a function of its size and charge and is used to measure the ability of a particle to
travel across an electric field. Within the DMA, aerosols pass through a neutralizer which gives
the stream of aerosols a known electrostatic charge distribution. The stream of charged particles
then travels through sheath air (5-8 lpm) and enters into an electric field (0-6000 V). Changing
the electric field strength and the sheath air flow rate allows for the separation of particles of a
particular electrical mobility, and therefore of a known size range.

2.2.6 Condensation Particle Counter

A Condensation Particle Counter (CPC; Brechtel Manufacturing Inc., Hayward, CA) is used to
count aerosols when they are too small to be detected using traditional optical techniques. The
working liquid (typically butanol) rests on top of a heated saturation block, generating a high
vapor content of the solution in the chamber. The particles entering the CPC come into contact
with the vaporized working liquid and then enter a cooled chamber, in which the difference
in temperature results in supersaturation. The supersaturation causes the particles to act as
condensation nuclei and to grow in size as they attract the vapor. The grown particles can then
be detected by shining a light emitting diode through the sample and detecting and recording
light scattering. The greater the difference in temperature between the heated chamber and the
cooled chamber, the smaller the particles that can be counted.

2.3 Experimental Setup

Figure 5 shows a schematic of the experimental setup for a typical experiment. Initially, particles
were generated with either a bubbler or an atomizer with a flow of 1.3 Ipm provided by dry
nitrogen air. The aerosol stream was further dried by passing through driers which uptook
excess water from the particles. The stream then passed through the DMA, which size-selected
particles. Particles thought to result from film burst generation were size selected at 200 nm, jet
drop particles at 500 nm, and pure organic molecules at 100 nm. Because a large concentration
of particles is necessary for there to be ice nucleation with these organic materials, the DMA may
not work as effectively on a single-particle basis and therefore potentially allowed some doubly-
charged large particles through. In addition, in some cases in which aerosol generation was low,
a polydisperse (non-size selected) distribution of aerosols was necessary. In these polydisperse
cases, the DMA was not used to size-select the generated particles.

A 0.3 Ipm stream of the size-selected particles then traveled through the CPC, providing
a total count of the number of particles of all sizes. SPIN sampled the remaining 1.0 slpm of
the particle stream. From the CPC and SPIN data, the fractional activation of particles which
activated as INPs was calculated. In order to obtain chemical composition data, the stream of
size-selected particles could also be sent to PALMS at a flow rate of 0.3 lpm.
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Figure 5: Schematic of the typical experimental setup. 1.3 lpm of dry lab air entered the
frit bubbler, which contained the solution to be aerosolized. The resulting particle stream passed
through the DMA, which size selected the appropriately-sized particles. 0.3 lpm of the stream
passed to the CPC, where the total number of particles were counted. The remaining 1.0 lpm of
the stream passed through to SPIN. Alternatively, the flow from the DMA could travel directly
to PALMS.

3 Results

3.1 Chemical Composition of SSA Samples

Characteristic negative PALMS mass spectrometry spectra for synthetic seawater (SSW), the
Prochlorococcus culturing medium (Pro99), and 200 and 500 nm particles from lysed Prochloro-
coccus cultures are shown in Figure 6. The spectrum for SSW shows large peaks at ion
mass/charge (m/z) ratios of 35 and 37, corresponding to chlorine isotopes. Most of the ion
peaks in the SSW spectrum are inorganic in nature. There is very little carbon signal in the
SSW, and that which may be present is indistinguishable as a signal in the background noise
from the spectra.

Overall, the culturing medium ion spectrum resembles that of the SSW. The limited carbon
(peak at Co” m/z = 24) present in the culturing medium may relate to chelating agents used to
keep metallic nutrients suspended in the solution (Moore et al., 2007). However, the culturing
medium shows reduced sulfate and sulfite ion signals compared to the SSW.

In contrast, the spectra of the lysed and aerosolized Prochlorococcus cultures show strong
ion signals corresponding to carbon-containing compounds. The 200 nm film burst particles
demonstrate strong carbon signals (C" m/z = 12, 13; Cy” m/z = 24, 25; CN" m/z = 26, CNO"
m/z = 42, 44; and C4 m/z = 48). Meanwhile, the 500 nm jet drop particles showed lower
carbon, phosphorus (POy” m/z = 63; PO3” m/z = 79; and PO4” m/z = 95), and nitrogen (NO-
m/z = 26) signals. Nitrogen is found in amine functional groups while phosphorus is present in
the phosphate backbones of nucleic acids and headgroups of phospholipids. The nitrogen and
phosphorus present in the jet drop particles may result from the ionization of these biochemical
components.

10
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Figure 6: Particle mass spectra. Negative characteristic spectra from PALMS are shown for
synthetic seawater, Prochlorococcus culturing medium (Pro99), and 200 and 500 nm particles
lysed Prochlorococcus cultures.

Carbon and chlorine ion signal comparisons from over 750 PALMS spectra are shown for
Prochlorococcus culturing medium and 200 and 500 nm particles from lysed Prochlorococcus
cultures in Figure 7. The carbon signal is expected to correlate to organic mass fraction while
the chlorine signal corresponds to inorganic components of the sample. The carbon ion signal
for the culturing medium is low to zero in almost every sample. However, the aerosols generated
from the lysed cultures, especially the 200 nm particles, demonstrate a larger signal of carbon.
As the signal of the organic carbon increases in the samples, the signal of the inorganic chlorine
decreases.

11
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Figure 7: Carbon and chlorine ion signal comparisons of lysed Prochlorococcus cul-
tures. Comparisons of ion signals organic carbon (ion m/z of 12, 13, 24, 25, 26, 28, 38, 42,
44, and 48) and chlorine (ion m/z of 35 and 37) are shown for >750 samples of Prochlorococcus
culturing medium (Pro99) and 200 and 500 nm particles from lysed Prochlorococcus (NATL2A)

cultures.

Figure 8 shows carbon and chlorine ion signal comparisons of water samples collected
from the Straits of Florida in March 2018. The particles generated from the water sampled from
the organically enriched sea surface microlayer demonstrate stronger carbon signals than those
generated from the water sampled from the subsurface, two meters down. These results correlate
to those shown in Figure 7. The smaller particles suspected to form from bubble bursting at
the ocean surface, where the sea surface microlayer exists, have more organic carbon than the
larger particles formed from the jet drop mechanism, which aerosolizes subsurface water. This
comparison suggests that the laboratory analogue to seawater using Prochlorococcus and the two
SSA generation mechanisms employed in this study were effective in mimicking the chemical

composition natural seawater.
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Figure 8: Carbon and chlorine ion signal comparisons of field samples. Comparisons
of ion signals organic carbon (ion m/z of 12, 13, 24, 25, 26, 28, 38, 42, 44, and 48) and chlorine
(ion m/z of 35 and 37) are shown for samples of a) sea surface microlayer and b) subsurface
water collected from the Straits of Florida.
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3.2 Ice Nucleation Properties of Organic Components

The supersaturation with respect to ice (Sice) at the onset of ice nucleation for inorganic, protein,
lipid, carbohydrate, and Prochlorococcus particles is shown in Figure 9. The onset of nucleation
is defined as when 1 in 10* particles activated as an INP. Correction for the lamina spreading in
SPIN (Figure 5) was implemented. Each condition was replicated at least twice and the points
represent the average of the trials conducted at that temperature. The black line corresponds to
homogeneous nucleation, as defined in Koop et al. (2000), the S;ce at which ice crystals nucleate
due to chance aggregation of liquid molecules. None of the groups of particles followed uniform
patterns of nucleation and all of the tested samples nucleated homogeneously above -43°C.

The inorganic particles generated form SSW and from the culturing medium solution
primarily activated homogeneously. Some heterogeneous nucleation occurred around -55°C but
particles again nucleated homogeneously below -58°C. Kong et al. (2018) provides an explanation
for this phenomenon. Between -55 and -58°C, depositional freezing and deliquescence compete
kinetically. Deliquescence leads to homogeneous freezing; however, between these temperatures,
deposition nucleation is more favorable, even for purely inorganic substances (Kong et al., 2018).
Other studies which tested the heterogeneous nucleation abilities of inorganic substances found
similar results (Schill and Tolbert, 2014; Ladino et al., 2016).

Particles generated from proteins and amino acids demonstrated two modes of nucleation.
The protein mixture (a combination of all of the tested protein substances in equal parts) and the
aspartic acid were effective heterogeneous INPs. As the temperature got lower, the S;c. required
to activate the particles lowered as well. The critical ice saturations for aspartic acid and the
mixture were similar, suggesting that aspartic acid determined the nucleation potential of the
mixture. Meanwhile, the threonine and bovine serum albumin did not activate heterogeneously
until below -47°C while the arginine solely activated homogeneously.

Some carbohydrates followed a similar pattern to the aspartic acid. Particles produced
from two polysaccharides (amylopectin and agarose) were effective INPs below -46°C while
the oligosaccharide samples only nucleated homogeneously. The particles generated from lipids
generally weakly nucleated ice below homogeneous freezing conditions. Oleic acid and the lipid
mixture nucleated ice at Sjce values of 1.21 and 1.27 at approximately -56 and -54°C, respectively.

Different forms of particles generated from Prochlorococcus cultures were tested for their
ice nucleation abilities. Jet drop (500 nm) particles demonstrated the lowest ice nucleation
potential of the particles generated from cells, nucleating homogeneously until -49°C, below
which they nucleated between S;.. values of 1.32 and 1.36. Particles generated from whole cells
nucleated homogeneously until -48°C with only slightly more ability to nucleate heterogeneously
than jet drop particles. Meanwhile, the film burst (200 nm) particles demonstrated effective
INP properties below -44°C. At -50°C, the film burst particles activated at Sijce = 1.12. The
polydisperse stream of particles demonstrated highly efficient INP properties. The behavior of
the film burst and the polydisperse samples follow similar patterns between -40 and -50°C.
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Figure 9: Onset of ice nucleation. The supersaturation with respect to ice at the onset of ice
nucleation is shown for a) inorganics and culturing media, b) proteins, c) lipids, d) carbohydrates,
and e) cultures of Prochlorococcus. Amylopectin, agarose, aspartic acid, and the protein mizture
ezhibited nucleation behaviors similar to the smaller particles generated from Prochlorococcus
cultures. Reproduced from Wolf et al. (submitted).

The fractional activation as a function of Sjce at -46°C is shown in Figure 10. Fractional
activation demonstrates what percentage of particles have activated as ice at a given temper-
ature. Higher fractional activation at lower ice supersaturation suggests the substance to be a
good INP. The possible underactivation of particles due to lamina spreading is accounted for
using the correction factor determined from Figure 5.

Particles derived from inorganics are ineffective INPs, demonstrating no activation until
homogeneous conditions are reached. Aspartic acid is the only individual protein sample which
exhibits heterogeneous nucleation. The protein mixture follows a similar trend. Lipids as a
whole demonstrate high Sjce upon nucleation onset. Agarose and amylopectin demonstrated
strong heterogeneous nucleation potential; however, the carbohydrate mixture did not. This
idiosyncrasy is atypical, as the mixtures usually follow the potential of the most effective com-
ponent. For the cells, the film burst and polydisperse particles exhibited strong heterogeneous
nucleation potential, activating at Sic. values of 1.2 and 1.18, respectively.
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Figure 10: Fractional ice activation. The fraction of particles activated as ice as a function
of Sice is shown for the experiments run at -46°C. Inorganics are poor INPs while aspartic acid,
the protein mizure, agarose, and amylopectin effectively activated as INPs. The smaller particles
produced from Prochlorococcus also demonstrated strong ice nucleation abilities. Reproduced from
Wolf et al. (submitted).

4 Discussion

4.1 SSA Formation Mechanism Impact on Chemical Composition

The compositional differences between the film burst and the jet drop particles suggests that the
differences in generation of the two particle types result in different values of organic enrichment.
The synthetic seawater and culturing medium have very little organic content, reflected by the
low organic signal of aerosols generated from these solutions (Figure 7). Meanwhile, both of the
particle types generated from lysed Prochlorococcus cells contain organic material. The smaller
film burst particles are more organically enriched than the larger jet drop particles. The organic
microlayer across the ocean surface from which film burst particles arise contains more organic
material which is relevant for ice nucleation than the deeper subsurface water from which jet
drop particles form (Wilson et al., 2015).

The organic components present in the jet drop and film burst particles cannot be identified
directly, only in terms of relative abundance. However, the relative organic enrichment of the
film burst particles demonstrates that the different modes of generation are important in creating
distinguishing differences within particles considered bulk SSA. Overall, the different sizes and
compositions of these particles suggests that SSA generation must be considered and replicated
accurately when testing the ice nucleation properties of natural sea spray aerosols in a laboratory
setting. The organic enrichment of film burst particles may also be important in contexts outside
of ice nucleation. For instance, Salter et al. (2016) suggests that calcium enrichment in SSA may



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 Sjce 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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Appendix A
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Air and water flow diagram of the SPIN chamber. Adapted from Garimella et al. (2016).
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Appendix B

YAG Timing |

Excimer Beam

Puates / Scatter ' d Gnd Detector YAG Laser

‘p‘ A Excimer Laser

N

YAG Monitor Knite Edge Profiler  Excimer Attenuation Filters
Photodiode

Diagram of the internal workings of the PALMS instrument. Adapted from Cziczo et al. (2006).
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