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Abstract Here we report the ice nucleating temperatures of marine aerosols sampled in the subarctic
Atlantic Ocean during a phytoplankton bloom. Ice nucleation measurements were conducted on primary
aerosol samples and phytoplankton isolated from seawater samples. Primary marine aerosol samples
produced by a specialized aerosol generator (the Sea Sweep) catalyzed droplet freezing at temperatures
between −33.4 °C and − 24.5 °C, with a mean freezing temperature of −28.5 °C, which was signiﬁcantly
warmer than the homogeneous freezing temperature of pure water in the atmosphere (−36 °C). Following a
storm‐induced deep mixing event, ice nucleation activity was enhanced by two metrics: (1) the fraction of
aerosols acting as ice nucleating particles (INPs) and (2) the nucleating temperatures, which were the
warmest observed throughout the project. Seawater samples were collected from the ocean's surface and
phytoplankton groups, including Synechococcus, picoeukaryotes, and nanoeukaryotes, were isolated into
sodium chloride sheath ﬂuid solution using a cell‐sorting ﬂow cytometer. Marine aerosol containing
Synechococcus, picoeukaryotes, and nanoeukaryotes serves as INP at temperatures signiﬁcantly warmer
than the homogeneous freezing temperature of pure water in the atmosphere. Samples containing whole
organisms in 30 g L−1 NaCl had freezing temperatures between −33.8 and − 31.1 °C. Dilution of samples to
representative atmospheric aerosol salt concentrations (as low as 3.75 g L−1 NaCl) raised freezing
temperatures to as high as −22.1 °C. It follows that marine aerosols containing phytoplankton may have
widespread inﬂuence on marine ice nucleation events by facilitating ice nucleation.

1. Introduction
Pure cloud water droplets form ice crystals homogeneously at temperatures below −36 °C (Hoose & Möhler,
2012; Kanji et al., 2017; Vali et al., 2015). Certain types of aerosol particles, referred to as ice nucleating particles (INPs), can catalyze ice nucleation at lower supersaturations and warmer temperatures. The four
mechanisms of heterogeneous ice nucleation are deposition freezing, immersion freezing, condensation
freezing, and contact freezing (Hoose & Möhler, 2012; Kanji et al., 2017; Murray et al., 2012; Vali et al.,
2015). Contact nucleation occurs when a particle is in contact with the surface of the droplet and induces
freezing (Brooks et al., 2014). Immersion freezing occurs when an INP becomes immersed in a droplet
and subsequently freezes. Similarly, condensation freezing occurs when an INP becomes immersed in a
supercooled droplet and freezing occurs concurrently with droplet formation (Kanji et al., 2017). In contrast,
deposition freezing occurs when ice grows directly on the INP from the vapor phase.
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Over the North Atlantic Ocean, ice is present in both mixed phase and cirrus clouds (Mace, 2010).
Agreement between modeled immersion nucleation and satellite observations of ice water path are better
when primary marine aerosols are included as sources of INPs at mixed phase clouds temperatures (Yun
& Penner, 2013). Globally, a better understanding of cloud water phase is needed, particularly for mixed
phase clouds which form between −15 and −30 °C. For example, when the phase partitioning of cloud water
determined by six global climate models and satellite retrievals were compared, the distribution of cloud
phase according to temperature varied greatly (Komurcu et al., 2014). In the mixed phase cloud regime
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where phase is highly sensitive to the choice of ice nucleation scheme, none of the models predicted realistic
cloud phases.
Certain physical characteristics can increase the ice nucleating ability of aerosol particles. Increased particle
surface area may lead to warmer ice nucleation temperatures (Fletcher, 1969; Hoose & Möhler, 2012).
Hexagonal crystalline structures often act as INPs, facilitating freezing above the threshold for homogenous
freezing (Turnbull & Vonnegut, 1952). It was shown by Kiselev et al. (2017) that nucleation on hexagonal
structures such as K‐feldspar typically occurs on the surface of the hexagonal crystals and especially in
cracks. More recently, viscous liquids and glassy solids have been identiﬁed as effective INPs (Collier &
Brooks, 2016; Murray et al., 2010).
Of the many studies of immersion mode nucleation, a wide variety of aerosol may be described as moderately
effective INPs, facilitating freezing at temperatures between 5 and 15 °C warmer than the homogenous
threshold temperature (−36 °C) (Hoose & Möhler, 2012; Murray et al., 2012). Relatively few compositions
have been characterized as highly effective INP, catalyzing nucleation at temperatures at −5 °C and warmer.
Anthropogenic sources of INPs include soot particles and other industrial pollutants (Brooks et al., 2014;
DeMott, 1990), while natural INPs can come from a wider range of biological and abiotic sources (Kanji
et al., 2017; Schnell & Vali, 1975, 1976) including maritime air masses (Rosinski et al., 1986, 1987). Mineral
dusts, especially K‐feldspar, are very effective INPs with freezing temperatures as warm as −15 °C
(Atkinson et al., 2013). Biological aerosols with ice nucleation potential include pollen (Hader et al., 2014;
Pummer et al., 2012), diatoms (Alpert et al., 2011a, 2011b; Wilson et al., 2015), and bacteria (Failor et al.,
2017; Kim et al., 1987; Lindow et al., 1978; Maki et al., 1974). The bacteria Pseudomonas syringae is one of
the most effective known biological INPs, with nucleation observed at temperatures as warm as −1.8 °C
(Maki et al., 1974; Wex et al., 2015). Bacteria from several other taxa, including Lysinibacillus,
Xanthomonadaceae, Enterobacteriaceae, and additional members of Pseudomonadaceae, are also capable
of acting as biological INPs at temperatures between −2 °C and −8 °C (Failor et al., 2017; Kim et al., 1987;
Lindow et al., 1978). Growing interest in this topic has led to a number of observations on the ice nucleating
behavior of marine aerosols (Brooks & Thornton, 2018; Creamean et al., 2019; DeMott et al., 2016; Huang
et al., 2018; Irish et al., 2017, 2019; Ladino et al., 2016; McCluskey et al., 2017, 2018; Wilson et al., 2015).
Studies of phytoplankton as a source of primary marine aerosols indicate that many phytoplankton and
associated organic matter are sources of INPs in immersion and deposition mode (DeMott et al., 2016;
Knopf et al., 2011; Ladino et al., 2016; Wilson et al., 2015, Wolf et al., 2019). For example, the diatom
Thalassiosira pseudonana nucleated ice via immersion at temperatures of −23 °C and via deposition mode
at colder temperatures in a laboratory study (Alpert et al., 2011a). In another study, a green alga
(Nannochloris atomus) was observed to catalyze immersion ice nucleation at temperatures as high as −28
°C, whereas Emiliania huxleyi was a poor INP and did not catalyze immersion freezing. In contrast, in
deposition mode experiments both were active catalysts. Nannochloris atomus activated freezing below
−33 °C at ice saturation ratios as low as 1.21, and Emiliania huxleyi activated ice at ice saturation ratios as
low as 1.19 at temperatures of −23 °C and below (Alpert et al., 2011b). Early work on the ice nucleating ability of phytoplankton‐laden seawater was performed by Schnell and Vali (1976). In comparison, seawaters
devoid of phytoplankton did not act as INP and facilitate freezing. In another study, Fall and Schnell
(1985) surveyed 21 marine phytoplankton cultures and found that one culture, Heterocapsa niei PY‐5 facilitated freezing above −12 °C, whereas the rest of the cultures facilitated freezing between −19 to −21 °C. It
should be noted that these freezing surveys were conducted in buffered media and the presence of salt in the
droplets was not accounted for. Wolf et al. (2019) conducted a study on the deposition ice nucleation activity
of Prochlorococcus and individual compounds selected to represent the organic contents of Prochlorococcus.
The deposition nucleation efﬁciency of amylopectin, agarose, and aspartic acid were similar to aerosolized
Prochlorococcus cultures, suggesting that these components may in part determine the ice nucleation activity
of Prochlorococcus under cirrus cloud conditions.
In the natural environment, organic matter originating from phytoplankton reaches the atmosphere as a
part of sea spray aerosols that are produced by bubble bursting and wave action (Russell et al., 2010;
Wilson et al., 2015). The sea surface microlayer (SML) is the thin layer of ocean at the air‐sea interface, which
is operationally deﬁned as 1 to 1000 μm thick (Engel et al., 2017; Liss & Duce, 1997). Since the SML is selectively enriched in some classes of organic matter relative to the underlying water, it plays an important role
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in the introduction of INPs into the atmosphere (Aller et al., 2005, 2017; Chance et al., 2018; Cunliffe et al.,
2013; Hunter, 1997; Irish et al., 2017, 2019; Thornton et al., 2016; Zeppenfeld et al., 2019). Enhancement in
the concentrations of INPs active between −14 and −27 °C in the SML relative to bulk seawater have
been observed in some cases, including Arctic melt ponds and marginal ice zones, (Irish et al., 2019;
Zeppenfeld et al., 2019). However, enhancements in SML activity have not been observed in all sampling
periods (Irish et al., 2017).
As a phytoplankton bloom progresses, senescence may result in an accumulation of leaky cells, dead cells,
and fragments in the SML (Engel et al., 2017; Rahlff, 2019). Cell lysis can also result in a signiﬁcant release
of dissolved organic matter (DOM) into the water (Lenes et al., 2013; O'Dowd et al., 2015; Thornton, 2014).
DOM is operationally deﬁned as all organic materials that pass through a GF/F glass ﬁber ﬁlter, which have
an average pore size of 0.7 μm, and thus DOM includes small particulates. Heterotrophic bacteria and
archaea, while not a source of primary production, play an important role in the consumption and transformation of organic matter ﬁxed by phytoplankton and released into the water (Jiao et al., 2010; Kujawinski,
2011). In addition, processes such as sloppy feeding by grazers (Møller, 2007; Møller et al., 2003) and lytic
viral infections (Bettarel et al., 2005; Bratbak et al., 1993; Gobler et al., 1997) contribute signiﬁcant DOM
and particulate organic matter (POM) to the water column. It follows that phytoplankton blooms may emit
greater quantities of INPs during periods of bloom decline and collapse.
Measurements of INPs that isolate primary marine aerosols from the total aerosol population are uncommon (Ladino et al., 2016). Marine INP measurements that consider changes in plankton at different locations are also rare (Brooks & Thornton, 2018). Hence, the measurements presented in this study on
primary aerosols artiﬁcially generated from pristine waters of the North Atlantic Ocean, far removed from
coastal inﬂuences, help to ﬁll the gap in ice nucleation measurements. Further, an examination of ice
nucleation from isolated phytoplankton components of seawater was also performed to compare the ice
nucleating ability of aerosols to that of organisms in the ocean's surface waters. The central hypothesis of this
study is that phytoplankton, or organic matter aerosol derived from these organisms, represent a population
of particles which catalyze atmospheric ice nucleation. Second, the nucleating temperatures and freezing
efﬁciencies of marine INPs may vary depending on the organisms involved. Notably, Synechococcus is one
of the most abundant and ubiquitous phytoplankton groups, with a global distribution, except in the polar
oceans (Partensky et al., 1999; Flombaum et al., 2013), but its potential to facilitate ice nucleation is
unknown. The methods employed here enabled different phytoplankton groups, including Synechococcus,
to be isolated from the environment, and their propensities to contribute to atmospheric ice nucleation
processes by immersion freezing were determined. The sampled phytoplankton were representative of in
situ conditions, both in terms of assemblage composition and physiological status.

2. Measurements
Atmospheric aerosol and seawater samples analyzed in this study were collected in May 2016 onboard the
R/V Atlantis during the second NASA North Atlantic Aerosols and Marine Ecosystems Study (NAAMES
2) research cruise. The overarching goal of the series of four NAAMES cruises was to determine links
between the seasonal changes in phytoplankton populations and the production of marine aerosols
(Behrenfeld et al., 2019). Within the NAAMES framework, the speciﬁc objective of this study was to characterize sources and atmospheric ice nucleating potential of marine aerosols.
NAAMES 2 consisted of ﬁve sampling stations (Figure 1). The R/V Atlantis remained at Stations 1, 2, 3, and 5
for approximately 24 hr and at Station 4 for approximately 96 hr. Multiday sampling at Station 4 was
conducted to investigate changes in atmospheric aerosols in the context of the ecosystem responding to a
physical perturbation from a storm passing over the region (Graff & Behrenfeld, 2018). During 22 to 24
May, a low pressure storm system moved through the area causing ~9 m wave heights and a deep water
entrainment event (NOAA Ocean Prediction Center, http:opc.ncep.noaa.gov/Atl_tab.shtml). The ship
arrived on station on 24 May, immediately following the entrainment (Graff & Behrenfeld, 2018). Density,
salinity, and temperature were used to estimate the surface mixing layer depth. As discussed in detail by
Graff and Behrenfeld (2018), buoyancy frequency calculations and multiple mixed layer depth criteria indicated homogeneous physical properties to well below 200 m upon station occupation with rapid shoaling of
the mixed layer to less than 25 m within 24–48 hr of arrival. A proﬁling Seabird Navis BGCi ﬂoat and drifter
WILBOURN ET AL.
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Figure 1. Ship track and sampling locations for the second leg of the North Atlantic Aerosol and Marine Ecosystem Study
(NAAMES), which took place during May 2016. The ship stayed at each location for 24 hr with the exception of Station 4,
where it stayed for approximately 96 hr.

operated by the University of California, Santa Barbara were deployed immediately prior to the ﬁrst
conductivity, temperature, and depth (CTD) cast and used to track the position of the water mass. Drifter
reports (hourly) and ﬂoat reports (every 7 hr) were used to position the ship in the same water mass for
the full 4 days.
This event changed the composition of surface waters available for aerosol production. When strong physical
disturbances such as this occur in the ocean waters, phytoplankton communities can be abruptly vertically
redistributed over depth. This results in an immediate change in the concentration and composition of the
phytoplankton community of the surface layer. Second, the phytoplankton respond to their new environment by making rapid physiological adjustments. Speciﬁcally, changes in the availability of sunlight needed
for photosynthesis cause phytoplankton to modify their photoacclimation state, resulting in observable
changes in the chemical composition of the surface waters through changes in pigments and macromolecules. Graff and Behrenfeld (2018) observed signiﬁcant increases in both phytoplankton biomass and chlorophyll concentrations in the upper 25 m of seawater at Station 4 over a period of 4 days. These increases,
however, did not occur at the same rate, indicating unbalanced growth of different cellular constituents
(Shuter, 1979). It follows that changes in both the total biomass and the composition of marine aerosol
ejected from these water may occur as well and that these changes may affect ice nucleation.
2.1. Primary Marine Aerosol Collection
Aerosol samples were collected with the Sea Sweep aerosol generator on every sampling day at each station.
The Sea Sweep, built at NOAA's Paciﬁc Marine Environmental Laboratory (PMEL), is an aerosol generator
designed to replicate primary marine aerosol emissions by bubble bursting mechanisms (Bates et al., 2012).
It cannot be said for certain whether the Sea Sweep aerosol generator which we use in this study generated
jet drops or ﬁlm drops. Compressed air was pumped through two coarse stainless steel frits 0.75 m below the
ocean surface, causing bubbles to burst at the surface within the sealed hood of the Sea Sweep apparatus.
Aerosol‐laden ﬂow leaving the Sea Sweep was transported at 1000 L min−1 via tubing (5.1 cm inner diameter) to a laboratory van on the 02 deck of the ship where the ﬂow was distributed to a suite of instruments,
including a PIXE impaction sampler used to collect samples for evaluation of the aerosols as INPs. The main
WILBOURN ET AL.
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sample line (16.7 VLPM) was directed to our instrumentation through a 1 ± 0.2 μm sharp‐cut cyclone (SCC
2.229 PM1, BGI Inc., Waltham, Massachusetts). An aliquot of ﬂow, 1 VPLM, was drawn to the PIXE impaction sampler by a diaphragm pump downstream of the impactors. Size‐sorted aerosol samples were collected
on combusted aluminum foil disks (25 mm diameter) inside PIXE sampler with the L1 and three stages
installed to limit the size range to 0.06 to 1 μm diameter, representative of submicron aerosols with the
potential to reach the upper troposphere and nucleate ice.
Each sample was collected for approximately 2 hr and immediately frozen at −80 °C, shipped to Texas A&M
University on dry ice, and again stored at −80 °C until ice nucleation analysis. All samples were analyzed
within 12 months of collection. We note that the time from generation to impaction was less than 20 s, which
was insufﬁcient time for secondary aerosols to form. Hence, the Sea Sweep aerosol samples were considered
primary marine aerosols (Bates et al., 2012). Primary marine emissions are known to have complex compositions, including contributions from both salt and organic compounds (Barbaro et al., 2019).
The total number of aerosol particles produced by the Sea Sweep was counted using a condensation particle
counter (TSI, Inc. Model 3010). Number size distributions were obtained by combining mobility distributions measurements from two Differential Mobility Particle Sizers (DMPS) and applying a data inversion
algorithm according to the method of Stratmann and Wiendensohler (1996). In addition to Sea Sweep measurements, the concentration of ambient aerosol sampled directly from an open air inlet was continuously
measured by a second TSI 3010 condensation particle counter. Sample air was drawn through an inlet 18
m above the sea surface to the ambient particle counter which was housed in the laboratory van beside
instruments sampling the Sea Sweep output. Between stations, the Sea Sweep was removed from the water
for travel and was ﬂushed with ﬁltered air before sampling and between each sampling period. Since hours
lapse between measurements, any aerosol remaining in the Sea Sweep apparatus and the supply line from
the Sea Sweep to the instruments had sufﬁcient time to settle. Bates et al. (2012) found that when sampling
air inside the Sea Sweep at times when air was not running to the frits, aerosol counts were less than 20 particles per cubic centimeter. Thus, it is possible, though unlikely, that any aerosol from previous a station
sampling periods contaminated samples from a subsequent station.
2.2. Seawater Phytoplankton Cell Collection
Phytoplankton were obtained from surface seawater samples in the surface mixed layer collected via Niskin
bottles attached to a CTD rosette on 27 May 2016, the fourth day of Station 4, which represents a stable mixed
layer in bloom conditions (Graff & Behrenfeld, 2018). A cell sorting ﬂow cytometer (BD Inﬂux, Becton
Dickinson Biosciences) was used to enumerate, classify, and isolate microalgal groups (Graff et al., 2012,
2015; Graff & Behrenfeld, 2018). Cells were sorted based on ﬂuorescence emissions at 692 and 530 nm,
and forward and side‐scattering intensity. The size ranges 0.5–1, 1–3, and 3–50 μm corresponded to three
groups of microorganisms: Synechococcus, photosynthetic picoeukaryotes, and photosynthetic nanoeukaryotes (Graff et al., 2015; Sieburth et al., 1978). The ﬂow cytometer was calibrated daily with ﬂuorescent beads
(Spherotech, SPHEROTM 3.0 μm Ultra Rainbow Calibration Particles) (Graff & Behrenfeld, 2018). In
addition to Synechococcus, Prochlorococcus is often an abundant cyanobacterium in the open ocean
(Flombaum et al., 2013), though generally at lower latitudes in the North Atlantic Ocean than sampled during NAAMES 2 (Baer et al., 2017). Prochlorococcus was not present at Station 4 (Graff & Behrenfeld, 2018),
therefore, no Prochlorococcus sample was produced for the INP analysis. For each sample, approximately 0.2
ml of sheath ﬂuid (30 g L−1 NaCl solution (Graff et al., 2012) was enriched with cells in the speciﬁed size
range to a concentration of approximately 50 cells μL−1. We note that photosynthetic picoeukaryotes and
nanoeukaryotes are larger than the upper limit of Sea Sweep aerosols collected by the impactor (1 μm
diameter). Nevertheless, they are potential sources of INPs because their cells may leak, lyse, or fragment
causing the internal materials and cell fragments to be emitted to the atmosphere (Lenes et al., 2013;
O'Dowd et al., 2015).
The sorted seawater samples were stored at −80 °C until ice nucleation analysis at Texas A&M University. In
addition, ﬂow cytometry was used throughout the cruise to quantify concentrations of microorganisms
in bulk waters collected from the cast of the CTD rosette at the shallowest collection depth (5 m). Samples
were immediately passed through the ﬂow cytometer, with between 6,000 and 10,000 cells counted
per sample.
WILBOURN ET AL.
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2.3. Immersion Mode Ice Nucleation Experiments
Ice nucleation measurements were conducted using a custom ice microscope apparatus built and operated at
Texas A&M University (Brooks et al., 2014; Collier & Brooks, 2016; Fornea et al., 2009). The well‐established
method is described in detail in our earlier work (Fornea et al., 2009) and is outlined brieﬂy here. The major
components of the apparatus were an Olympus optical microscope (Model BX51M), sealable Linkam cooling stage (LTS 350), and a digital camera (Q‐Imaging Micropublisher 5.0 RTV). Accuracy in temperature
control was maintained to within ±0.1 °C by the Linkam stage throughout freeze‐thaw cycles from +5 to
−40 °C. With this setup multiple ice nucleation data points were determined for each sample.
To set up an experiment, the aluminum foil impaction stage containing a Sea Sweep aerosol sample was
placed on a hydrophobic glass microscope slide for support. In this study, experiments were conducted in
immersion mode, in which a 2.0 μL drop of HPLC‐grade water (VWR) was pipetted onto the center of
the impaction stage and directly on top of the potential INPs, which are visible as a small circular spot.
In the case of the sorted phytoplankton samples, a 2.0 μL droplet containing sorted organisms was placed
directly on a silanized glass microscope slide pretreated with a 1% AquaSil solution (Pierce Chemical
Company). The sample was then sealed into the stage and cooled at a rate of 1 °C min−1 from 0 to
−40 °C. Photographs of the droplet were taken at 400X magniﬁcation every 6 s (corresponding to a
0.1 °C temperature change). Once the stage reached −40 °C it was heated at a rate of 5 °C min−1 until
it reached 5 °C, where the temperature was held for 1 min to ensure complete melting of the droplet.
This cooling and warming process was repeated 25 times on the same sample to observe multiple ice
nucleation events.
To prevent droplet evaporation throughout the experiment, a humidiﬁed ﬂow was generated by combining a
ﬂow of saturated nitrogen from a glass bubbler containing ultrahigh purity (UHP) water (0.01 lpm) and
a ﬂow of dry nitrogen (0.6 lpm). A hygrometer (EdgeTech DewPrime II, Model 2000) was used to monitor
the dew point. Maintaining a dewpoint at approximately −39 °C was optimal for preventing droplet evaporation while ensuring that condensation did not form inside the Linkam stage. In the case of impactor samples
collected on aluminum foil substrates, such as the Sea Sweep samples here, the dewpoint must not exceed
this setting or condensation onto the foil will occur. Measurements collected with any evidence of condensation were excluded from the data set, resulting in less than 25 cycles in a data set.
After the experimental run, the charge‐coupled device camera images were analyzed on a frame‐by‐frame
basis to visibly determine the freezing temperature. All measurements reported in this study met the following quality control criteria: (1) a freezing point was observed during a minimum of three freeze‐thaw cycles
for the same sample, (2) freezing was clearly observed at a discrete temperature for each observation (i.e., in
a single charge‐coupled device image), (3) the droplet did not visibly change size, and (4) no condensation
was observed adjacent to the droplet on the slide.
The ice nucleating temperature of microorganisms sorted with a ﬂow cytometer was measured from samples collected at Station 4 on Day 4. These samples were representative of the smaller phytoplankton (<50
μm diameter). It is well known that the presence of salt in water extends the temperature range of liquid
water to colder temperatures (Bodnar, 1993). Some previous ice nucleation studies (Irish et al., 2017;
Wilson et al., 2015), have adjusted the reported ice nucleating temperatures for salt concentration using
the AIM model according to the water activity of the salt solution in equilibrium with ice (Koop &
Zobrist, 2009). However, a recent study showed that the nucleating temperatures predicted for some
compositions are inconsistent with laboratory measurements (Whale et al., 2018). Therefore, rather than
make adjustments based on theory, we performed a series of dilutions to measure changes in
concentration directly.
Assuming uniform distribution of organisms in the sorted samples (in 30 g L−1 NaCl), we estimate that
each 2 μL droplet contained approximately 100 cells. Each sample was then diluted with UHP water to
the following NaCl concentrations: 15, 7.5, and 3.75 g L−1, resulting in particle counts of 50, 25, and 13
cells, respectively, per 2 μL droplet. Further dilutions were not performed as it was determined that there
was a signiﬁcant possibility that droplets at lower dilutions would contain no cells. Particles were not
visible in the microscope photos; therefore, it was not possible to conﬁrm estimated particle counts in
the drops.
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2.4. Seawater Pigment Analysis
Samples for pigment analysis were collected from the 5 m Niskin bottle on the rosette. High Performance
Liquid Chromatography (HPLC) was used to quantify individual phytoplankton pigments (Hooker et al.,
2005; Van Heukelem & Thomas, 2001). HPLC provides a precise measurement of chlorophyll a concentration in the surface water, coupled to measurements of accessory pigments that may be used as biomarkers
for speciﬁc groups of phytoplankton. Casts were made between 8:00 and 9:00 a.m. (local time), with the
exception of the cast at Station 1, which was made at 12:20 p.m. For pigment analysis, a known volume of
sample (1 to 3 L) was ﬁltered with combusted GF/F ﬁlters and stored at −80 °C until analysis at the NASA
Goddard Space Flight Center Ocean Ecology Laboratory (Greenbelt, Maryland). Pigments were extracted
in methanol and analyzed on a 4.6 × 150 mm HPLC Eclipse XDB column using an Agilent RR1200 HPLC
system (Agilent Technologies). In addition, vertical proﬁles of chlorophyll a concentration with depth were
made for the upper 200 m using samples collected from the Niskin bottles on the CTD rosette. These water
samples were ﬁltered, extracted with 90% acetone, and chlorophyll a concentrations were measured using
a Turner Designs AU‐10 ﬂuorometer according to the methods outlined in Mueller et al. (2002).

3. Results and Discussion
3.1. Phytoplankton Bloom After a Storm
Station 4 was occupied for approximately 96 hr. Temperature and chlorophyll a depth proﬁles measured
each day at Station 4 are shown in Figure 2. Chlorophyll a concentrations were consistent with reestablishment of a phytoplankton bloom following storm‐driven mixing. Temperature measurements showed warming of surface waters over the 4 days, resulting in a distinct thermocline from the surface to 25.5 m at Station
4 on Day 3 (Figure 2c), which increased in depth to 49 m on Day 4. On Day 1, chlorophyll a concentration
was relatively constant (approximately 0.5 mg m−3) throughout the epipelagic zone (Figure 2a). Surface
chlorophyll a concentration increased to a maximum of 1.9 mg m−3 at 13.6 m depth on Day 4 (Figure 2d).
For more details on bloom reestablishment processes and the phytoplankton response to the mixing event
that occurred at this station and phytoplankton activity, see Graff and Behrenfeld (2018).
3.2. Primary Marine Aerosols as Ice Nucleating Particles
For each Sea Sweep aerosol sample, the droplet sample setup underwent a series of up to 25 freeze‐thaw
cycles. Due to issues of condensation on the aluminum substrates used to collect ﬁeld samples, some experimental runs contain fewer data points than obtained in previous laboratory studies conducted on silanized
glass microscope slides (Brooks et al., 2014; Collier & Brooks, 2016; Fornea et al., 2009). Ice nucleation
measurements on HPLC‐grade water droplets on the aluminum substrates used in the PIXE impactor were
performed to test for any inﬂuence of the substrate on freezing temperatures. The average nucleation
temperature was 33.5 ± 2.0 °C, in agreement with the water droplet freezing on the silanized glass slides.
The ice nucleation results are summarized in Figure 3 and Table 1.
Mean freezing temperatures ranged from −24.5 ± 0.9 °C on Day 4 of Station 4 to as low as −33.4 ± 1.2 °C on
Day 3 of Station 4. Similar to our previous studies, a fairly high degree of variability was observed from one
freezing event to the next, with individual freezing events occurring at temperatures as high as −21.4 °C and
as low as −35.4 °C. The mean freezing temperature of Station 4 was −25.1 °C. The freezing temperature on
the fourth day on Station 4, −24.5 ± 0.9 °C, was the warmest and was statistically different (at the 95%
conﬁdence limit) from the three days prior (Days 1–3). The Station 4 Day 4 freezing temperature was also
the highest mean temperature observed throughout the cruise and was statistically different at the 95% conﬁdence limit than the mean freezing temperature for all days at other stations with the exception of Station 2,
−26.2 ± 1.2 °C.
To determine the concentration of ice‐active aerosols (those that freeze) relative to the total sample concentration, the probability of freezing, or fraction frozen, was calculated as
PðT Þ ¼

Nf
;
No

(1)

where N0 is the total number of unfrozen water droplets (including the initial unfrozen droplet and
subsequent thawed droplets) and Nf is the number of water droplets frozen at temperature, T (Brooks
WILBOURN ET AL.
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Figure 2. Daily chlorophyll a and temperature depth proﬁles in the upper 200 m of the water column at Station 4.
Chlorophyll a is plotted with a dashed line, while surface seawater temperature is plotted with a solid line. Panels (a)
through (d) represent Days 1–4 of Station 4, respectively. Temperature was measured by the CTD thermometer and
chlorophyll a by ﬂuorescence after extraction of pigments with 90% acetone from samples collected in Niskin bottles at all
available CTD depths.

et al., 2014; Collier & Brooks, 2016; Shaw et al., 2005). The fraction frozen for each sample is shown in
Figure 4. In cases when multiple samples were available, all individual data points were compiled into a
single data set and the fraction frozen was derived from the compilation. Broadly speaking, the aerosols
available to act as INPs were the least efﬁcient nucleators (characterized by the lowest fractions frozen)
on the ﬁrst three days at Station 4. In contrast, the most effective nucleators, with the highest fraction
frozen at nearly all temperatures, were observed on Day 4 of Station 4. At the warmest observed droplet
freezing temperature, −21.4 °C, freezing was only observed for Station 5. At the intermediate temperature
of −25 °C, the fraction frozen for Station 4 Day 4 was 0.69, whereas the fraction frozen for both Days 2
and 3 was 0.0.
The mean ice nucleation temperatures for Stations 1–5 indicate that marine sources produce moderately efﬁcient INPs in general agreement with recent marine INP measurements in other locations (DeMott et al.,
2016). The range in freezing temperatures is narrower than reported in other marine INP studies (DeMott
et al., 2016; Wilson et al., 2015), perhaps because the Sea Sweep generates exclusively primary marine aerosol with no local secondary aerosol and no continental aerosol inﬂuences. Some previous measurements on
aerosols classiﬁed as marine INPs have observed freezing at higher temperatures than observed here, −27.5
to −6 °C (DeMott et al., 2016). However, it was later noted that all measurements above −12 °C were collected from onshore sampling sites in Puerto Rico and are likely inﬂuenced by continental sources of
INPs (Brooks & Thornton, 2018). Highly effective marine INPs with immersion freezing temperatures as
warm as −5 °C were also observed in aerosol samples collected over the Bering Sea, albeit for much larger
aerosols (3 to >12 μm diameter) than sampled in the current study (Creamean et al., 2019). In
WILBOURN ET AL.
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comparison, we observed freezing at −21.5 °C and below for Sea Sweep
samples (0.06 μm to 1 μm diameter). While the reason for this difference
cannot be determined for certain, a clear difference is the size of the aerosol tested as potential INP. An additional contributing factor may be regional differences in the composition of the marine aerosols available to act
as INPs. The possibility also exists that a low concentration of large aerosols with high ice nucleation potential were present during NAAMES but
not sampled with our technique. In a separate study (Mason et al., 2016),
the ice nucleation propensity of aerosols collected in the Labrador Sea and
several continental locations in a range of sizes between 0.1 and 10 μm
diameter were determined. Supermicron aerosol samples which
nucleated ice at temperatures of −15 °C or colder represented a signiﬁcant
fraction of the total observed INP.
For reference, the aerosol concentrations and size distributions observed
during Sea Sweep deployment are discussed in the supporting informaFigure 3. Mean immersion ice nucleation temperatures for Sea Sweep aero- tion and Figure S2. It should be noted that the absolute concentration of
aerosols generated by the Sea Sweep varies with instrument operation
sol samples are shown as open circles. Error bars represent the pooled
standard deviation. For comparison, the nucleation temperature on a ﬁeld
and does not provide a measure of ambient aerosol concentration or size
blank (precleaned Al foil PIXE substrate) is shown as a solid circle).
distribution. Over the course of the campaign, Sea Sweep aerosol concentrations generated by the Sea Sweep were 2.3–17.2 times greater than
ambient aerosol concentrations, with the highest concentrations produced at Station 2. By comparison,
the size distributions and mean diameters of generated aerosols were much more consistent than concentrations. Given that the high INP freezing temperatures on Station 4 Day 4 do not coincide with high aerosol
loading on the impaction stage or a change in generated size distribution, we conclude that the warmer
observed nucleation temperature is likely due to a change in aerosol composition rather than a sampling
artifact. In addition, the ambient aerosol concentration was relatively low on Station 4 Day 4, indicating that
the warmer freezing temperatures did not coincide with an increase in aerosol concentration.
To compare changes in INP activity with the composition of the underlying seawater, we ﬁrst inspected the
time series of INP freezing temperatures and the corresponding time series of daily mean chlorophyll

Table 1
Pooled Mean Freezing Temperatures and Pooled Standard Deviation for Sea Sweep Aerosol Samples at Each Station
Station
number

Date

Lat.

Long.

Station 1

18 May

Station 2

20 May

Station 3

22 May

Station 4,
all days
Station 4,
Day 1
Station 4,
Day 2
Station 4,
Day 3
Station 4,
Day 4
Station 5

24−27
May
24 May

56°20′
25.56″
53°33′
3.84″
50°16′
36.54″
47°40′
0.72″
47°40′
0.72″
47°40′
0.72″
47°40′
0.72″
47°40′
0.72″
44°13′
32.88″
N/A

46°3′
37.80″
42°15′
25.08″
43°51′
58.20″
39°9′
55.86″
39°9′
55.86″
39°9′
55.86″
39°9′
55.86″
39°9′
55.86″
43°27′
59.10″
N/A

Impactor
substrate
a

WILBOURN ET AL.

25 May
26 May
27 May
29 May
N/A

No. of
samples

No. of ice nucleation
temp. data points

Mean nucleation temp.
(°C) and standard deviation

2

22

−28.0 ± 1.5

2

16

−26.2 ± 1.2

2

15

−28.0 ± 2.0

7

47

−25.1 ± 1.5

2

9

−29.5 ± 3.0

1

3

−31.5 ± 0.9

2

6

−33.4 ± 1.2

2

29

−24.5 ± 0.9

2

10

−27.1 ± 2.6

9

60

−33.5 ± 2.0

a

Due to limited sample availability, mean and standard deviation were not pooled in this case.

9 of 17

Journal of Geophysical Research: Atmospheres

10.1029/2019JD030913

Figure 4. Fraction frozen (fraction of independent observations of sample freezing as a function of temperature). Each
data set represents the fraction frozen for a single day of sampling.

concentrations in Figure 5. In Figure 5a, the fraction of sea sweep aerosols frozen by the moderate temperature of −25 °C or warmer are shown. For comparison, the concentration of chlorophyll a is shown in
Figure 5b. Concentrations of chlorophyll a varied substantially throughout the cruise, ranging from 0.39
to 3.47 mg m−3 with the highest values observed at Station 3 and lowest on the ﬁrst day of Station 4. No relationship between chlorophyll a and fraction frozen (>25 °C) was evident in the data. There are several studies that have looked for a relationship between chlorophyll a concentration and INP production, and a
consistent relationship was not reported across these studies (DeMott et al., 2016; Irish et al., 2019;
McCluskey et al., 2017). In a mesocosm study, a positive relationship was found between chlorophyll a concentrations and INP concentrations at −26 and −30 °C but not at warmer temperatures (DeMott et al., 2016).
McCluskey et al. (2017) report a lag between the highest INP concentrations active between −15 and −25 °C
and chlorophyll a concentrations. In contrast, Irish et al., 2019 did not ﬁnd a clear link between INP concentrations and chlorophyll a concentrations measured in the SML and bulk seawater in the Canadian Arctic.
However, the possibility remains that certain components such as small phytoplankton are injected into the
atmosphere and remain there long enough to induce freezing events. This subset of smaller marine organisms (<50 μm diameter) includes a widely abundant single celled cyanobacteria, Synechococcus, as well as
photosynthetic picoeukaryotes, and photosynthetic nanoeukaryote cells.
3.3. Community Composition
The concentrations of Synechococcus, picoeukaryotes, and nanoeukaryotes in sea water collected at 5 m
depth during the daily CTD casts (taken between 8:00 am and 12:20 p.m. local time) were determined by
ﬂow cytometry (Figure 6) and, collectively, represent the smaller chlorophyll‐containing cells observed
during the project. A complex and variable concentration of other chlorophyll‐containing organisms were
present as indicated by HPLC pigment data, discussed in the supporting information. The phytoplankton
measured by ﬂow cytometry (<50 μm diameter) at the ﬁrst four stations were dominated by picoeukaryotes
in term of abundance, ranging from 52% during Station 3 to 85% during Day 4 of Station 4. Synechococcus
concentrations increased from 2.76 × 106 L−1 on Day 1 of Station 4 to 9.24 × 106 L−1 on Day 4, while picoeukaryotes increased from 1.17 × 107 ml−1 to 9.13 × 107 L−1, and nanoeukaryotes increased from 5.17 × 105 to
3.68 × 106 L−1. However, on Station 5, Synechococcus dominated in terms of abundance, with concentrations
WILBOURN ET AL.
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Figure 5. Changes in INP properties and phytoplankton biomass with sampling station. (a) The fraction of droplets frozen
−3
at −25 °C or warmer. (b). Surface (5 m depth) chlorophyll a concentrations (mg m ), measured with High Performance
Liquid Chromatography (HPLC) from samples collected at 5 m during CTD casts made between 8:00 and 9:00 a.m. local
time, with the exception of Station 1, which was made at 12:20 p.m.

of 6.01 × 107 L−1, while concentrations of picoeukaryotes and nanoeukaryotes were relatively low, at 2.64 ×
107 and 3.02 × 106 L−1, respectively.
Over the course of the 4 days on Station 4, there was less than a 5% difference in the relative proportions of
Synechococcus, picoeukaryotes, and nanoeukaryotes. For each organism type, the biggest increases were
between Days 3 and 4. Over this period, the fraction of droplets frozen
by −25 °C increased from 0.11 on Day 1 of Station 4 to 0.69 on Day 4
and chlorophyll a (determined by HPLC) rose from 0.39 mg m−3 on Day
1 to 1.28 mg m−3 on Day 4.
Both the increase in total cell concentration and the increase in picoeukaryote concentration paralleled the increase in INP activity (represented
by the fraction frozen at −25 °C (Figure 5a) between Days 3 and 4 of
Station 4). However, moving to Station 5, the picoeukaryote concentration
dropped along with the reduction in fraction frozen, while the
Synechococcus increased to the highest observed concentration throughout the cruise (Figure 6). The groups isolated here represent a possible
source of INPs. Synechococcus (0.5–1 μm cell diameter) may be present
in the Sea Sweep samples as a whole organism. In contrast picoeukaryotes, and nanoeukaryotes (size ranges of 1–3 and 3–50 μm diameter,
respectively) would not be sampled by the Sea Sweep. Additional sources
such as heterotrophic bacteria and other organic material in the water
may also be part of the primary marine aerosols produced over
the seawater.
Figure 6. Bulk water cell concentrations sorted using the rapid sorting ﬂow
cytometer (BD Biosciences Inﬂux Cell Sorter). Bulk water was taken from
the 5 m Niskin bottle taken by CTD cast. Picoeukaryotes (1–3 μm) are
represented in orange, nanoeukaryotes (3–50 μm) in green, and
Synechococcus (0.5–1 μm) by blue.

WILBOURN ET AL.

3.4. Phytoplankton Cell Samples as Ice Nucleating Particles
Next, we consider the ice nucleation temperatures of the cytometer‐sorted
seawater components Synechococcus, picoeukaryotes, and nanoeukaryotes individually. Pooled mean freezing temperatures and pooled
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standard deviations for sorted sea water samples are summarized in
Figure 7 and Table 2.

Figure 7. Mean immersion ice nucleation temperatures for sorted seawater
samples. All samples were collected on Day 4 of sampling at Station 4 and
sorted by the ﬂow cytometer. Synechococcus is represented by blue diamonds, picoeukaryotes by orange triangles, and nanoeukaryotes by green
circles, with error bars representing the pooled standard deviation. For
−1
comparison 30 g L NaCl sheath ﬂuid is indicated as a purple square.
Synechococcus, picoeukaryotes, and nanoeukaryotes had the following size
ranges, respectively: 0.5–1, 1–3, and 3–50 μm diameter.

Among the 30 g L−1 NaCl samples, the warmest freezing occurred at
−33.1 ± 1.0 °C for the Synechococcus samples, but there was no statistical
difference between the three types of organisms in 30 g L−1 NaCl (95%
conﬁdence level). The temperature of homogeneous nucleation of pure
water on a silanized glass microscope slide has been identiﬁed at −33.1
°C ± 0.6 °C standard deviation in our apparatus. In all three cases, we
observed near‐homogeneous freezing temperatures, suggesting only weak
ice‐nucleating properties of the microorganisms. However, the implications of these results in 30 g L−1 NaCl are inconclusive since the presence
of the NaCl may inhibit nucleation relative to pure water. For comparison,
ice nucleation of the sheath ﬂuid into which organisms were collected (30
g L−1 NaCl in deionized water supplied by the Barnstead deionized water
system used on the ship) were also conducted. This sheath ﬂuid was used
for collection and storage of all Synechococcus, picoeukaryotes, and
nanoeukaryotes. The sheath ﬂuid froze at −32.4 + 1.0 °C, which is slightly
higher than expected for salt water but can be attributed to the presence of
trace amounts of organics present in the deionized water source.

Figure 7 shows that overall trends toward warmer freezing temperatures
were observed for each class of microorganism as salt content and cell
concentrations decreased. The only exception was that the 3.75 g L−1
NaCl samples containing picoeukaryotes had a slightly lower freezing
temperature than the 7.5 g L−1 NaCl containing picoeukaryote samples. The increase in freezing temperature varied between microorganism type, with the nanoeukaryotes showing the largest change from −33.8
± 1.5 °C at 30 g L−1 NaCl to −22.1 ± 0.9 °C at 3.75 g L−1 NaCl. Freezing data from each of the three groups
of phytoplankton (Synechococcus, nanoeukaryotes, and picoeukaryotes) showed a statistically signiﬁcant
difference (95% conﬁdence interval) between the 30 g L−1 NaCl data and the 3.75 g L−1 NaCl data.
Additional dilutions were not conducted due to the lack of available sample and a concern that as salt content approaches that of pure water the microorganisms may lyse. It should be noted that lysing due to the
dilutions performed here cannot be ruled out.

The approximate salt content of freshly formed sea spray is 30 g L−1 NaCl. However, during cloud formation,
atmospheric particles rapidly uptake water and become more dilute. Assume that a sea spray droplet
contains an initial NaCl mass of 10−19 kg (Wallace & Hobbs, 2006) and that the droplet activates as a cloud
condensation nucleus (CCN), followed directly afterward by immersion freezing of the CCN. In this case, the
droplet would have a radius of 0.15 μm at the point of immersion freezing (Lohmann et al., 2016; Wallace &
Hobbs, 2006), and the salt content would be reduced to approximately 1.1 g L−1 NaCl. In a saturated marine
environment, the majority of sea spray droplets will be diluted to at least this level. However, not all of the
droplets will freeze immediately. Unfrozen droplets will continue to grow and dilute and may freeze,
provided that they contain adequate INP. Conversely, an exception can occur, when the initial sea spray particles are larger than the activation diameter, ice nucleation may occur without any dilution. In summary,
sea spray droplets may be present in a broad range of dilutions, with the majority diluted to 1.1 g L−1 and
lower NaCl concentrations.
Therefore, of the experiments conducted in this study, the freezing temperatures of samples at 3.75 g L−1
NaCl may be considered as a lower limit to the temperature which needs to be reached for actual marine
drops (containing the identiﬁed microorganisms) to freeze. At 3.75 g L−1 NaCl, Synechococcus, picoeukaryotes, and nanoeukaryotes samples froze at −23.0 ± 0.2, −25.2 ± 0.6, and −22.1 ± 0.9, respectively. These
temperatures are well above the temperature of homogenous freezing, −36 °C. Assuming the trend in ice
nucleation temperatures observed in our measurements continues, further dilution of the salt would allow
freezing to occur at warmer temperatures. Thus, we conclude that marine aerosols containing
Synechococcus, picoeukaryotes, and nanoeukaryotes in dilute salt solution are modestly effective INPs.
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Table 2
Pooled Mean Freezing Temperatures and Pooled Standard Deviations for Flow Cytometer Sorted Sea Water Samples

INP composition

NaCl content
−1
(g L )

Particle concentration
(cells per droplet)

No. of
samples

No. of
ice nucleation
data points

Mean nucleation temp.
(°C) and standard deviation

Synechococcus
Synechococcus
Synechococcus
Synechococcus
Nanoeukaryotes
Nanoeukaryotes
Nanoeukaryotes
Nanoeukaryotes
Picoeukaryotes
Picoeukaryotes
Picoeukaryotes
Picoeukaryotes
Sheath ﬂuid

30
15
7.5
3.75
30
15
7.5
3.75
30
15
7.5
3.75
30

100
50
25
13
100
50
25
13
100
50
25
13
0

5
2
1
1
6
1
2
1
4
1
1
1
3

74
26
13
15
92
7
19
6
93
6
23
25
45

−33.1 ± 1.0
−30.2 ± 0.5
−27.0 ± 1.1
a
−23.0 ± 0.2
−33.8 ± 1.5
a
−30.4 ± 1.0
−26.2 ± 1.0
a
−22.1 ± 0.9
−31.8 ± 1.1
a
−27.6 ± 1.7
a
−24.4 ± 2.1
a
−25.2 ± 0.6
−32.4 ± 1.0

a

Due to limited sample availability, mean and standard deviation were not pooled in this case.

These freezing temperatures fall within the range of the freezing temperatures of the Sea Sweep aerosolized
samples collected at the same time (freezing temperatures of −33.4 to −24.5 °C).
Flow cytometer sorting provides a limit on the size of organism considered, with an upper limit of ~50 μm
(nanoeukaryotes). In a previous ice nucleation study conducted in the Canadian Arctic, samples of bulk
sea water and the sea surface microlayer were ﬁltered through PTFE ﬁlters with 10, 0.2, and 0.02 μm pore
sizes (Irish et al., 2017). In the unﬁltered bulk water and microlayer samples, a wide range of freezing temperatures were observed, with peak temperatures signiﬁcantly higher than those observed in our study.
While the possibility that larger organisms present at Station 4 also possess the physical properties conducive
to nucleate ice, it is less likely that they will be present in the atmosphere due to low abundance in the ocean
and their higher settling velocities. In fact, observations of sea spray diameters include particles ranging from
0.1 to 100 μm diameter (Blanchard & Woodcock, 1957), but the mean diameter is small (0.1 μm) (Clarke
et al., 2006). In the Irish et al. (2017) study, the freezing capacity of many (though not all) samples was signiﬁcantly reduced after ﬁltration, suggesting that the majority of INPs were between the sizes of 0.2 and 0.02
μm. While the possibility cannot be ruled out entirely, it is unlikely that larger particles and/or organisms
represent a major unsampled marine INP source in our study.

4. Conclusions
At present, global coverage of INP measurements lack data from many locations. Our measurements
indicate that North Atlantic aerosols have ice‐nucleating temperatures between −22.4 and −35.4 °C,
broadly consistent with the ice‐nucleating properties of marine aerosol sampled in other clean marine
locations (DeMott et al., 2016; Irish et al., 2017, 2019; McCluskey et al., 2017; Wilson et al., 2015). In
addition, this study provides marine INP measurements coordinated with detailed biological sorting by
ﬂow cytometry.
Using a ﬂow cytometer we separated particles based on both ﬂuorescence and size to isolates different
groups of phytoplankton from the bulk water and other particles such as detritus. Ice nucleation measurements on these samples indicate three speciﬁc categories of phytoplankton (Synechococcus, picoeukaryotes,
and nanoeukaryotes) are moderately effective INPs. The ice nucleating activity of these three isolated types
was observed to be very similar. Given that the cyanobacterium Synechococcus is one of the most abundant
and ubiquitous phytoplankton taxa in surface waters of the ocean (Flombaum et al., 2013), it may have widespread inﬂuence on marine ice nucleation and mixed phase cloud formation. Our measurements also
demonstrate that the ability of freshly generated spray aerosol to initiate freezing at warm temperatures is
counterbalanced by the presence of sea salt until dilution by atmospheric water uptake occurs.
WILBOURN ET AL.
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Our Sea Sweep aerosol measurements are the ﬁrst series of INP measurements conducted on aerosol samples collected over the course of the reestablishment of a phytoplankton bloom after storm induced deep
mixing. Interestingly, the daily mean freezing temperature and concentration of particles frozen at −25 °C
or warmer were both signiﬁcantly elevated on the fourth day of observations at a ﬁxed sampling site
(Station 4), in parallel with the reestablishment of a phytoplankton bloom. At Station 4, the warmest
INP freezing temperatures were observed when the phytoplankton biomass was greatest, both in terms
of chlorophyll a concentrations measured with HPLC from samples taken at 5 m depth (Figures 5b and
S1) and the abundance of small (<50 μm diameter) phytoplankton enumerated by ﬂow cytometry.
However, at Stations 1 to 3, higher chlorophyll a was observed while INP freezing temperatures were relatively colder, which indicates that biomass alone is not a driver of atmospheric ice nucleation. In contrast,
the contribution of small phytoplankton (particularly picoeukaryotes) was relatively low at Stations 1 to 3
(compare Figures 6 and S1).
Mayol et al. (2014) estimated aerosolization rates of microorganisms from the North Atlantic Ocean during
summer to be 9 to 100 prokaryote cells m−2 s−1 and 0.01 to 0.1 eukaryote cells m−2 s−1. Revisiting our central
hypothesis, our results indicate that marine phytoplankton contribute to an effective population of atmospheric INPs. Moreover, our results suggest that smaller chlorophyll‐containing cells (<50 μm) may be
key contributors to freezing in atmospheric droplets.
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