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produced ice nucleating particles†
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The ocean provides a nearly continuous source of certain primary particles emitted as sea spray from

bubble bursting that are active as ice nucleating particles. They can impact ice formation, radiative

transfer and precipitation processes in regions overlain by supercooled clouds. However, factors

affecting their efficacy over time in the marine boundary layer are unresolved. One factor not previously

evaluated is the impact of photochemical aging on the ice nucleating ability of emitted particles. We

explore this factor for sea spray particles for the first time via measurements of aerosols produced in

a wave flume during a mesocosm experiment and using an oxidation flow reactor for exposing particles

to oxidation by hydroxyl radicals. It is found that any amount of aging (here from 3 to 8 days equivalent)

can often lead to degradation in ice nucleating particles concentrations, by factors of 2 to 5 times. By

using an aerosol concentrator to enhance collection of ice nucleating particles (INPs) from a continuous

flow chamber for offline analyses by transmission electron microscopy, atomic force microscopy, and

Raman spectroscopy, compositional and morphological analyses of particles on different days suggested

that so-called core–shell type sea salt INPs are particularly sensitive to oxidation. Raman libraries of the

compositions of sea spray produced INPs were augmented herein, but a comprehensive understanding

of the large range of INP compositions active at different temperatures remains elusive. Losses of

particles with diameters above 2 mm in the flow reactor prevented full assessment of oxidation impacts

at those sizes, and these losses secondarily confirmed supermicron sea spray as a predominant INP size

class. While mechanisms for oxidative losses remain to be resolved, results imply that these reduce the

ice nucleating activity of sea spray produced INPs by an equivalent temperature depression of ∼2 K

during times of solar insolation over oceans.
Environmental signicance

Over vast remote regions of the oceanic atmosphere, primary sea spray aerosol (SSA) emissions may provide the major source of ice nucleating particles (INPs) to
the atmosphere, providing control over the liquid versus ice phase, and, consequently, the radiative properties of extensive, cold stratiform clouds. Since SSA is
reactive under exposure to sunlight, oxidative radicals, and other trace gases, there is a need to understand the impact of oxidation on SSA INPs. The action of
atmospheric oxidation in reducing the ice nucleation activity of SSA INPs found in the present studies reinforces the centrality of the role of already limited SSA
INP emissions on supporting deep cloud supercooling over cold ocean regions, which limits solar radiation reaching the surface there.
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1. Introduction

The state in which a cloud exists in the atmosphere, as
composed of liquid or frozen droplets or both (so-called mixed-
phase), is important to both weather and climate due to its
impacts upon precipitation and radiative forcing.1 The sizes and
compositions of particles, in combination with cloud dynamics
that drive water vapor supersaturation at cloud base, controls
the number of droplets initially formed in a cloud. This droplet
number concentration can sometimes represent a major frac-
tion of all particles, especially those at sizes above a range from
about 0.06 to 0.14 mm, determined more by cloud supersatu-
ration than by aerosol composition.1–4 Clouds commonly
supercool below 0 °C and liquid droplets may persist as clouds
grow to altitudes where the homogeneous freezing temperature
for small cloud droplets is achieved (e.g., 235 K). The initiation
of the ice phase, and subsequently ice crystal concentrations
formed at more modest cloud supercooling are controlled by
a rare population of aerosol particles termed ice nucleating
particles or INPs for short.5 For emissions specically from the
oceans in the form of sea spray aerosols (SSA) produced by
bubble-bursting, the fraction of all particles emitted that are
INPs depends on temperature but can be typically 1 in 106 at 248
K and 1 in 108 at 258 K.6 On the basis of surface area normali-
zation of INP concentrations, oen termed the surface-active
site density (ns), ocean-emitted INPs are 103 to 104-fold less
efficient than mineral dust INPs.6,7 For this reason, INPs over
equatorial and mid-latitude ocean regions are posited to be
controlled by mineral dust transport versus marine INP emis-
sions,8,9 and hence the most likely place where marine emis-
sions may control INP budgets is over remote ocean regions
such as the central Southern Ocean.10

The composition of marine INPs appears to be dominated by
organic materials that are sourced from both particulate
organic carbon INPs (likely microbial) and from long-lived
dissolved organic macromolecules.11 We refer to these herein
as SSA INPs because they emanate from the emission of SSA in
the bubble-bursting process at the ocean's surface during wave-
breaking. The latter category of SSA INPs has been parameter-
ized by differentiating these common emissions from the more
episodically enhanced particulate INP emissions.7 Numerical
frameworks for encapsulating the totality of marine INP emis-
sions have been proposed, assuming heterotrophic bacteria and
marine biopolymer aggregates as target entities.12 While some
candidates for marine ice nucleating molecules and microbes
have been identied,11,13,14 it is likely those of greatest relevance
as INPs have not yet been characterized except in a large cate-
gory sense.15 Nevertheless, given the inferred organic makeup of
marine INPs, a question arises as to the lifetime of these INPs
under the action of atmospheric oxidation processes.

It is known that radical-initiated heterogeneous oxidation of
organic and inorganic matter can alter the composition, size,
density, optical properties and cloud activation properties (at
least as concerns hygroscopicity, which controls cloud
condensation efficiency) of atmospheric particles.16 Heteroge-
neous oxidation increases the oxidation state of particulate
1514 | Environ. Sci.: Atmos., 2023, 3, 1513–1532
carbon in pre-existing organic aerosols, but the amount of
particle-phase carbon can decrease with oxidation, due to
fragmentation reactions that form volatile gas phase products.17

In this manner, functionalization of organics is altered. For
oxidation occurring in the presence of reactive gases, conden-
sation on pre-existing aerosols may also occur.

These processes frame what can happen for sea spray aero-
sols, which encounter OH radicals in the daytime, resulting in
three distinct possible aerosol populations.18 Original (nascent)
SSA particles are modied via reactions in existing organic
coatings that include proteins, amino acids and phospholipids19

and condensation of biogenic volatile organic compounds and
their oxidation products to produce a population of aged SSA,
while the gas phase oxidation products may also produce a newly
nucleated population of secondary organo-sulfate marine aero-
sols. The combined population of aged nascent SSA and
secondary particles is commonly referred to as secondary marine
aerosols (SMA). Using oxidation methods similar to those we will
apply in this study, Trueblood et al. (2019) demonstrated through
Raman spectral data on aged sea spray particles that OH oxida-
tion reactions in the net signicantly lower the amount of
organic matter found in supermicron SSA particles during
phytoplankton bloom conditions.20 Direct evidence of fragmen-
tation reactions due to heterogeneous OH reactions with SSA
were identied. From a number standpoint though, SMA is
typically dominated by particles produced at sizes below 100 nm
providing a vital pathway toward the production of cloud
condensation nuclei in the marine boundary layer based on both
laboratory and eld studies.21,22

The impact of oxidation on SSA INPs has not yet been
investigated. It has been demonstrated that photochemical
processing of dissolved organic matter (DOM) over a period of
∼4–6 days decreases the INP content in freshwater suspensions,
inducing up to a 4 K decrease in the temperature where 50% of
DOM droplet suspensions freeze.23 However, it is unknown if
the responsible photomineralization process that converts
organic carbon to acidic molecules in freshwater also occurs for
what would be very different INPs from SSA in the atmosphere.
Since INPs are rare within the overall SSA aerosol population,
other organics could be involved that include surface active
materials, marine gel components, vesicles and viruses.24,25

There is no expectation that SMA produced from nucleation of
new particles, with mode sizes well below 100 nm, represent an
INP source for mixed-phase cloud conditions. In prior studies
investigating freezing of other secondary organic aerosols, such
as those formed from oxidation of a-pinene, any heterogeneous
freezing efficiency has been difficult to discern and freezing
primarily occurred within the range of relative humidity
conditions that lead to homogeneous freezing of dissolved
particles at temperatures below 235 K.26,27 Due to this evidence
for other secondary aerosol types, we will assume no involve-
ment pure secondary marine aerosols as INPs in our studies
focused at temperatures >243 K. In this study, we instead seek to
learn more about both the inuence of oxidation on SSA INPs
that may include altered organics (we will refer to this as “aged”
SSA), and to seek new information on these target organics. In
this effort, we presume to be focused on aged nascent SSA.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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2. Methods
2.1 Wave channel production of primary sea spray aerosols

The measurements reported herein were conducted as part of
the Sea Spray Chemistry and Particle Evolution (SeaSCAPE)
study, as detailed in Sauer et al. (2022)28 and shown in the
schematic of Fig. 1. The core facility for this study was the
Scripps Institution of Oceanography (SIO) wave channel, a 33 m
long and 11 800 L device that uses an electromagnetically driven
paddle and a submerged berglass beach located midway down
the channel to amplify waves to the point of breaking.28–30

Continuous breaking waves generate entrained bubbles that
have been shown to possess a similar size distribution and
residence time as those in the ocean.28 Sampling ports for
aerosol studies were located downstream from the breaking
waves. The system is sealed from all but minor contamination
with room air and supplied with particle-free air to ll the head
space over breaking waves.28 Primary SSA emissions were thus
isolated for analysis. Condensation particle counters were used
to measure total particles upstream and downstream of the
wave breaking point, and those upstream typically represented
no more than 2% of typical total SSA particle numbers of 250
cm−3.28 The wave channel was equipped with uorescent lights
to provide a light ux. While at a reduced level compared to the
ux of photosynthetically active radiation found over the open
ocean, it was sufficient for photosynthetic organisms to grow in
the seawater. Results herein are based around what was referred
to as bloom 3 during SeaSCAPE. For this bloom, the 33 m wave
ume was rst lled with seawater. Aer 1–3 days, during which
the seawater temperature equilibrated, nutrients were added.
The uorescent lights were operated for ∼15 h each day, to
simulate real diel patterns and drive biological activity that
Fig. 1 Schematic of experiment. Aerosols were produced from artificial b
the SIO wave channel.29 (Prather et al., 2013) Particles were sampled for
through an OFR, as described in the manuscript. The nascent sampling l
and IS filter. The OFR line was not dried until after particles passed through
and then by a single silica gel diffusion dryer for the IS filter and silica gel
instruments (ice spectrometer, CFDC) and analytical methods applied
described fully in the manuscript.

© 2023 The Author(s). Published by the Royal Society of Chemistry
resulted in growth and decay of the bloom. Wave-breaking
occurred throughout each mesocosm (day and night),
producing nascent aerosols and enhancing gas exchange. High
time-resolution instrumentation sampled continually, either
the nascent aerosols and gases or photochemically-processed
aerosols and gases. While not shown in Fig. 1, two oxidation
ow reactors (OFRs) were set up equivalently to sample both
aerosols and gases, with one feeding aerosol and CCN
measurements (not shown), and the other feeding INP
measurements and other offline collections of particles for
analytical methods (shown). Ozone was scrubbed following the
OFR using a carulite 200-lled diffusion drier (Ozone
Solutions).
2.2 Standard aerosol measurements

Aerosol size distributions of nascent SSA aer the wave
breaking position were measured using an aerodynamic
particle sizer (APS, Model 3321, TSI Inc) sizing from 542 nm to
20 mm (aerodynamic) and a scanning mobility particle sizer
(SMPS, Model 3938, TSI Inc) equipped with a DMA (DMA 3081,
TSI Inc) and a so X-ray Neutralizer (Model 3088, TSI Inc), sizing
particles from 25 to 705 nm.
2.3 Ice nucleation measurements

Online and offline INP measurements were made on both
nascent and OFR particle streams at different times, as shown
in Fig. 1. The online measurements served primarily for moni-
toring variations of INP concentrations over time during
a bloom at one temperature and for assessing changes in
concentrations under exposure to a variable daily set-point level
of oxidative exposure in the OFR. A low temperature, 243 K, was
each-induced breaking of waves and subsequent bubble generation in
INPs either through an inlet drawing only nascent SSA or first passed

ine used a large diffusion dryer prior to transit of particles to the CFDC
the OFR, whereupon ozone was scrubbed by a carulite diffusion dryer
and molecular sieve diffusion dryers for the CFDC. The ice nucleation
to substrate-collected INPs from the CFDC are also shown and are

Environ. Sci.: Atmos., 2023, 3, 1513–1532 | 1515
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chosen for this analysis to activate high numbers of INPs for
subsequent INP analytical collections, and this was further
assisted by an aerosol concentrator, as discussed below. Offline
measurements served a similar purpose in monitoring INP
concentrations over time using larger volumes of collected air,
which also allowed for obtaining INP concentrations versus
temperature, while sampling the nascent or OFR-processed
particle streams.

2.3.1 Continuous ow diffusion chamber. Online
measurements were made using a Colorado State University
(CSU) continuous ow diffusion chamber (CFDC),31,32 a verti-
cally-oriented, geometrically-cylindrical, ice-thermal diffusion
chamber exposing particles to nearly steady-state temperature
and relative humidity conditions at a ow rate of 1.5 L min−1

between two ice-coated walls. Sample air from the wave ume
passed rst through three diffusion driers (two silica gel and
one molecular sieve), then through a pair of matched single-jet
impactors to remove dry particles larger than 1.5 mm diameter
(50% aerodynamic cut-size diameter) before entering the
chamber. For this study, water supersaturation in the chamber
was typically held between 4 and 8% (or water relative humidity,
RHw, of 104 to 108%) to activate particles into water droplets,
emphasizing measurement of ice nucleation in the immersion
freezing mode for consistency with the offline immersion
freezing measurements.33,34 The CFDC residence time for ice
nucleation was ∼5 s, with an additional 2.5 s of exposure to
water subsaturated conditions to evaporate water droplets to
aerosol sizes, leaving ice crystals at sizes exceeding ∼4 mm as
measured by an optical particle counter (OPC).32 The same OPC
also measured aerosol particle concentrations at sizes larger
than about 0.3 mm. The temperature of the aerosol lamina,
which is sheathed in HEPA-ltered air, was set to 243 K for
SeaSCAPE. This was motivated by the expected relatively low
INP concentrations and because of the need to simplify the
range of parameters used while meeting objectives to collect
INPs for offline analyses. The CFDC sample ow was ltered
(HEPA) for 5 min of every 15 min to provide instrument back-
ground counts, quantifying low level frost emission during
operation.33 INP concentrations and condence intervals were
calculated based on a Poisson model for rates of detection of
INPs during ambient sample and surrounding ltered-air
periods. In this way, background correction and statistical
condence are folded into the initial analysis step.32

Collection of activated INPs was performed for analyzing the
impacts of oxidation on INP morphology and composition. Ice
crystals >3.8 mm (50% aerodynamic cut-size diameter) exiting
the CFDC chamber were collected onto various substrates for
analysis using a single jet impactor.35 Subsequent analytical
methods are described in the next subsection. To enhance
numbers of INPs collected for analyses, the nascent sample air
was sent through an aerosol concentrator prior to sampling by
the CFDC.36 The aerosol concentrator (MSP Corporation, model
4240) sampled via a 3/4′′ carbon-impregnated conductive tubing
line (transitioning to a custom-machined cone at the 4′′ entry to
the concentrator) from the wave ume at 250 lpm, and the
concentrated-ow at 1.5 lpm was drawn by the CFDC. Enhanced
concentrations occur primarily for particles at diameters
1516 | Environ. Sci.: Atmos., 2023, 3, 1513–1532
>500 nm, but with a size-dependent enhancement ratio
(concentration factor, or CF) up to particle diameters larger
than about 1 mm.37,38 Consequently, the benet of the concen-
trator for statistical sampling of INPs is somewhat counteracted
by the interactions of the size-variable CF with the uncertain
size distribution of sea spray produced INPs. The concentrator
necessarily emphasizes selection of particles with wet diameters
larger than 1 mm, and hence dry sizes above about 0.5 mm and
up to the dry cut-size of the CFDC upstream impactors.

While a CFDC is designed to easily accommodate water
vapor consumption by growing liquid droplets and ice crystals
for most situations encountered in the atmosphere, laboratory
simulations involving high CCN numbers activated at the high
water vapor supersaturations employed can ultimately tilt the
water balance toward consuming the supersaturation and
thereby impact INP activation, which is known to be sensitive to
the level of water supersaturation in the CFDC for artifactual
reasons.33 Using a variety of seed particles for initiating ice
formation at varied concentrations up to 107 cm−3, Levin et al.
(2016) determined correction factors for INP concentrations in
scenarios that involve high concentrations of seed particles.39

These corrections could be relevant for sampling from the OFR
in SeaSCAPE, since total particle numbers reached 80 000 cm−3

for some OFR settings,28 exceeding the ∼10 000 cm−3 threshold
where water vapor consumption impacts become evident in the
CFDC.39 At 80 000 cm−3, the INP underestimate could be up to
a factor of 3.39 However, that prior study investigated INP
underestimation using mineral and wildre aerosols as the
seeds, and none of those aerosol distributions (mode diameters
> 0.1 mm) were dominated by particles as small as SMA, with
a mode diameter at below 20 nm. For a particle with a diameter
of 10 nm and a hygroscopicity parameter of 0.1 as appropriate
for small organic aerosols, critical supersaturation for CCN
activation is 10%,40 much higher than values used in CFDC
processing. Further, losses of smallest particles in upstream
sample tubing and the CFDC inlet system will lead to
substantial losses of particles, >50% at 25 nm for one prior
study,41 and >80% at 15 nm in the same calibrations referenced
in that paper. Hence, it is unlikely that small mode SMA would
ever be activated as droplets in the CFDC, and so no INP
corrections were applied in this study. This is supported by
results on the few days when OFR exposure had no discernible
impact on INPs, as discussed later.

2.3.2 Ice spectrometer (IS). Nascent particles and aged
particles from the OFR were also passed through a single silica-
gel diffusion drier and collected on lters for processing with
the CSU Ice Spectrometer (IS) instrument (Fig. 1). The concen-
trator was not used for any IS collections. The IS and its
experimental protocols, including cleaning of the Pall
aluminum inline lter holders and 0.2 mm pore diameter pol-
ycarbonate Nuclepore lters (and 10 mm pore backing lters),
have been described in numerous publications for processing
a diverse array of aerosols, including SSA.7,32,34 The device is
used to process water samples and aerosol suspensions for
measurements of immersion freezing INP temperature spectra.
In this study, suspensions of particles, as well as 20- and 400-
fold dilutions of the suspensions, were created from lter
© 2023 The Author(s). Published by the Royal Society of Chemistry
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samples following agitation in 7 mL of 0.1 mm-ltered deionized
water. Droplet (50 mL) arrays were cooled at 0.33 K min−1 and
the freezing of wells were identied from images through
a LabVIEW interface. Lowest measurable temperatures range
from 246 to 243 K. Blank corrections for INPs from the DI water
used for aerosol resuspension, determined for aliquots
distributed in the same array plates as daily samples, were
applied before conversion of data to cumulative INPs per
suspension water and per standard liter of air sampled.42 A
suspension from a clean lter was also tested and showed little
contribution, so corrections were not made for this potential
contamination factor (Fig. S1†). Condence intervals (95%) for
binomial sampling were calculated based on Agresti and Coull
(1998).43 Sample volumes for nascent and aged SSA were
approximately 1800 and 900 L, respectively, based on sampling
for 4 h at 6.5 sL min−1 for nascent collections and 2.5 h at 5.2
sL min−1 for OFR-processed particles. The lower ow for OFR-
passed SSA was required to keep the total ow through the
sample lines the same for sampling off both the nascent and
OFR lines, the latter being split between the IS lter and CFDC.
Considering sampled volumes of air, detection limits were
∼0.001 INPs per L.

For SeaSCAPE, IS lter samples of nascent SSA were intended
as PM10 collections, but this was modied by line losses. Using
the line physical dimensions and bends, calculated trans-
mission efficiency versus geometric particle size to the lter via
the nascent sample lines is shown in Fig. S2,† where it is seen
that 50% transmission was expected at 4 mm and 10% at 6 mm.
Transmission to the IS lters through the OFR line will be
discussed in the next section. The use of upstream impactors
for the CFDC necessarily created a size bias with the IS lter
collections when sampling on nascent lines. Whereas for the
CFDC the distribution was limited to aerodynamic diameter
below 1.5 mm (50% point), or a physical diameter below about 1
micron (Fig. S2†), the IS lters on the nascent line favored larger
particles since they included more of the full surface area and
volume mode of SSA (see next section).
2.4 Aerosol loss factors in the OFR and their implications for
this study

As a preface to ice nucleation results, it is also necessary to
discuss the inuence of aerosol losses that occurred in the
standard conguration of the PAM-OFR. Due to logistical
factors, calibrations to test for aerosol transmission losses
through the instrument as a function of particle size were not
possible until aer the campaign ended. To perform these tests,
tubing congurations and runs were reproduced as closely as
possible and total ow rate was matched to that used in
SeaSCAPE. Tubing downstream of the OFR in SeaSCAPE was
quite limited, so its impact on distributions sampled by the
CFDC and IS lter were not exactly simulated in the loss test.
Sea spray particles were generated with a Marine Aerosol
Reference Tank (MART), which uses a plunging water mecha-
nism and is intended to reproduce aerosol distributions that
mimic the wave ume and nascent SSA.42 Hence, we do not
expect any bias from using the MART for this calibration test.
© 2023 The Author(s). Published by the Royal Society of Chemistry
The calibration conguration and results are shown in Fig. S3
and S4,† respectively. The SMPS and APS data were merged by
converting the aerodynamic diameter of the APS to physical
diameter, and for this purpose dried SSA were assumed to be
spherical particles with a density of 1.8 g cm−3.44 There were not
signicant particle losses until sizes between 2 and 3 mm (50%
transmission at 2.8 mm, 10% transmission at 3.8 mm). This
means that the CFDC should have captured aerosols and INPs
without extra losses when using the OFR. However, at sizes >3
mm, signicant losses of aerosol surface area and volume occur,
which inuenced IS lter results presented here. With higher
transmission on the nascent line to the IS, much more aerosol
surface area and volume was captured in those samples
compared to sampling via the OFR. As surface area and volume
are known to bear relation to marine INP concentrations,7,45 the
use of the OFR was imperfect for studying the inuence of aging
on INPs that may reside at larger sizes and were captured by IS
lters on the nascent line. Discussion of results in subsequent
sections takes this consideration into account.

The consequence for these studies is that the CFDC data are
the primary data for demonstrating oxidation impacts, albeit
restricting analyses primarily to INPs active at 243 K (excepting
use of the cold-stage Raman). Nevertheless, this means that the
analytical studies should have had no bias other than the fact
that they emphasize particles generally smaller than 1.5 mm dry
aerodynamic diameter, a fortuitous decision for these studies.
The IS data, while intended to provide inference to oxidation
impacts across the full INP temperature spectrum, including
larger SSA, must be considered with more care. We discuss an
experiment of OFR transmission of INPs with the PAM lamps off
in the next section.
2.5 Analytical methods

A key feature of the design of the experiments as represented in
Fig. 1 was the concept to maximize collection of INPs from the
CFDC for physical and chemical analysis. Analyses of single
INPs included elemental composition and size/morphology by
scanning transmission electron microscopy/energy dispersive
X-ray spectroscopy (STEM/EDX), micro-Raman spectroscopy
with cold-stage capabilities for reactivating INPs, and atomic
force microscopy (AFM) for morphology and phase state. The
concept was that if the CFDC INP concentrations were 100 per
liter at 243 K (following the aerosol concentrator), collection
over a 5 hours period concentration would accumulate 45 000
INPs to a sample substrate for use in analysis. This would allow
potential statistical assessment of morphology, phase state and
elemental compositions active at 243 K. Reactivation of INPs in
the micro-Raman system provided for extended analysis of
compositions of INPs active at higher temperatures than could
be collected in sufficient quantities from the CFDC. A key
limitation to mention about the analytical studies is that they
are restricted to the sizes assessed by the CFDC, those below the
50% dry aerodynamic cutoff diameter of 1.5 mm.

2.5.1 Scanning transmission electron microscopy/energy
dispersive X-ray spectroscopy (STEM/EDX). For analysis of
CFDC-collected INPs by STEM/EDX, the CFDC ice crystal
Environ. Sci.: Atmos., 2023, 3, 1513–1532 | 1517
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impactor was tted with 3 mm, 200 mesh Ni or Cu support, C/
formvar coated grids (SPI Supplies, West Chester, PA). Grids
were stored clean and dry aer collection and subsequently
analyzed at CSU on a JEOL JEM-2100F 200 kV scanning trans-
mission electron microscope with an energy dispersive X-ray
spectrometer (Oxford Energy Max 80) system. Use of blank
grids (installed in CFDC, but not exposed to sample ow) and
obtaining background X-ray elemental spectra from particle-
free regions of sampled grids provided a means to set detec-
tion limits and exclude potential artifacts.32 Analysis of up to 50
particles from each grid was attempted, and particles were
categorized based on spatial mapping of their detected
elements and morphology. Categories were made to be as
equivalent as possible to the morphological categorizations of
the AFM analyses (see below). This included dried particles that
had NaCl cores with shells of other inorganic materials and
organic carbon (core–shell), rounded-morphology particles, and
irregularly shaped particles. These will be discussed further in
the Results section (3.3.1).

2.5.2 Micro-Raman spectroscopy of INPs. Following Mael
et al. (2019; 2021), micro-Raman spectroscopy was used to
provide insights on functional groups and chemical species
within individual particles, with a special focus on re-activation
of INPs.46,47 The primary contribution of these cold-stage Raman
studies was to be able to focus on the onset freezing tempera-
tures and compositions of INPs that activate at much higher
temperatures than could be assessed by the CFDC and its
associated TEM collections. The reason is that the substrate
collected all INPs activating at a nominal temperature of 243 K
from the CFDC, but over hours of operation. With between 10
000 and 100 000 INPs collected via use of the aerosol concen-
trator over periods up to 5 h, and a typical order of magnitude
decrease of SSA INP concentrations per 5 K warming,6 it was
thus possible to assess INPs activating to perhaps as warm as
263 K. Nascent and aged SSA INP collections from the CFDC
were collected onto quartz discs (Ted Pella, 16001-01) coated
with Rain-X to promote hydrophobicity. Nascent samples were
collected during SeaSCAPE phytoplankton bloom 3 on four days
and aged samples three other days spanning the study period.
These samples were dehydrated and returned to ambient
temperature following collection. For analysis, substrates were
placed at ambient relative humidity into an environmental cell
(Linkam, LTS 120). The cell was coupled to a micro-Raman
spectrometer (Horiba, LabRAM HR Evolution) for spectral
analysis.44 Using the 100× SLWD objective, Raman spectra of
30–90 particles per substrate were collected between 400 and
4000 cm−1 with ve, nine-second exposures averaged per scan.
Spatial coordinates of the vertices of the substrate were recor-
ded along with the x and y coordinates of particle spectra with
unique and distinguishable spectral features. Following this,
water uptake/loss and freeze/thaw cycles were conducted on 100
mm2 subsections of the substrate. Visually assessing one
subsection of the substrate, the RHw within the cell was
increased to 90% by altering the ratio of dry to humidied N2

owing into the cell, leading to water uptake and formation of
droplets on the impacted particles. Once hydrated, ice nucle-
ation measurements within the subsection were made by
1518 | Environ. Sci.: Atmos., 2023, 3, 1513–1532
decreasing the temperature in the cell and visually assessing the
phase state of the particles. Once the rst clear optical change
consistent with ice formation occurred, the temperatures and
coordinates of the rst particles to freeze were noted (as were
any other particles freezing before 250 K), aer which the
temperature and relative humidity was returned to 298 K and
0%, respectively, constituting one water uptake/loss and freeze/
thaw cycle. Once dehydrated and returned to ambient temper-
ature, Raman spectra of the noted freezing particles were
collected. Additional water uptake/loss and freeze/thaw cycles
were repeated across the substrate within each 100 mm2

subsection for all samples. Accounting for all freezing events,
average onset freezing temperature could be determined for
each sample, for both nascent and aged SSA INPs. Raman
spectra could also be obtained to assess INP compositions/
types. We will focus most discussion of results on INPs identi-
ed to freeze at >250 K, as below this temperature it was
necessary to separate INP freezing from other particles that
froze adjacent to them following ice growth on the substrate.

2.5.3 Single particle atomic force microscopy (AFM)
measurements of the morphology and phase state of INPs.
Morphology and phase state of CFDC-collected nascent and
aged INPs were determined using atomic force microscopy
(AFM) measurements. The sample analytical methods as
applied for total SSA measurements reported for SeaSCAPE in
Kaluarachchi et al. (2022) were applied for this study.48 Collec-
tions of INPs in the CFDC used the same single jet impactor
device as used for TEM and micro-Raman studies, but hydro-
phobically coated (Rain-X) silicon substrates (Ted Pella, Inc.)
were substituted for the up to 5 h collections. The substrates
were stored in clean Petri dishes and kept inside a laminar ow
hood (NuAire, Inc., NU-425-400) at an ambient temperature (293
to 298 K) and pressure prior to AFM measurements. Focused
AFM analyses guided collections on 08-07-2019, when both
nascent and aged INPs were collected on AFM substrates for
analysis over the volume-equivalent diameter range of 0.1–1.0
mm. This day represented the peak of heterotrophic bacteria
concentrations, following the peak of chlorophyll-a (Chl a) on
08-03-2019 during the third SeaSCAPE phytoplankton bloom.

A molecular force probe 3D AFM (Asylum Research, Santa
Barbara, CA) was used to image individual INPs at ∼20% RHw

and ambient temperature (293 to 298 K) and pressure following
Lee et al. (2019; 2020).49,50 A custom-made humidity cell was
used to control RHw, and phase state measurements were then
collected at 20% and 60% RHw. For each RHw value, a waiting
time of at least 10 min was given prior to each AFM measure-
ment to ensure the substrate-deposited particles were in the
thermodynamic equilibrium with surrounding water vapor.49

These RHw values were selected as a benchmark based on
previous phase state studies on sucrose that show solid-to-
semisolid and semisolid-to-liquid phase transitions at ∼20%
and 60% RHw, respectively.51,52 Silicon nitride AFM tips (Mik-
roMasch, model CSC37, tip radius of curvature ∼10 nm,
nominal spring constant 0.5–0.9 N m−1) were used for AFM
imaging and force spectroscopy measurements. AFM AC mode
imaging was used to collect height images of individual parti-
cles to determine their morphology, and quantify the volume-
© 2023 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ea00060e


Paper Environmental Science: Atmospheres

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
de

 s
et

em
br

e 
20

23
. D

ow
nl

oa
de

d 
on

 2
0/

10
/2

02
4 

11
:5

4:
01

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
equivalent diameter, as described in prior studies.49,51 Approx-
imately 50 individual particles were studied for each sample
type (nascent and aged) accumulated for the different collection
days, and the relative abundance (i.e., average with one stan-
dard deviation for fraction of particles) of identied main
morphological categories (rounded, core–shell, prism-like,
core–shell with inclusions, and aggregate) were compared
between two nascent and aged samples.

For phase state identication, AFM force spectroscopy (i.e.,
force plots) were determined for individual INPs at ambient
temperature (293 to 298 K) and pressure by probing at the
shell region of core–shell, at the shell and inclusion regions of
core–shell with inclusions, and approximately at the center of
prism-like and rounded particles. A maximum force of 20 nN
and scan rate of 1 Hz was used, and at least ve repeated force
plots were collected for each particle at a particular RHw. The
collected force plots were then used to quantify the visco-
elastic response distance (VRD, nm), which can be related to
viscoelastic nature of a solid (higher VRD values generally
correspond to lower viscosity), and the relative indentation
depth (RID, ratio of the indentation depth over the particle
height) for an individual particle at a particular RHw.51,53 A
previously reported framework, based on the VRD and RID
measurements, was then utilized to identify the phase state of
each particle at ∼20% and 60% RHw.52 Approximately 10 or
more individual particles for each morphology type from both
samples were investigated.

Since the AFM approach is limited to a nite number of
particles, a statistical analysis to assess statistical signicance
of the AFM measurements was employed. In particular, proba-
bility distribution curves associated with the likelihood of
sampling one of the ve particle morphology types, or one of the
three phase states, were generated using the Markov chain
Monte Carlo method.54,55 To generate these distributions,
a “true” population of 10 000 particles was generated with the
number of particles of a given type equal to the measured value
for a given sample type or a phase state. A random sampling
Fig. 2 Timelines of typical daily CFDC measurement cycles, here for
a temperature of 243 K and nominal water supersaturation of 6%. INP con
circles and confidence intervals) and OFR (gold triangles and confidenc
CFDC OPC are plotted (black x's and confidence intervals) as 10 min aver
1.5 mm. The grey shaded region indicates the period of use of the aeroso
OFR without lamps powered in (a) and with the lamps on in (b), simulati

© 2023 The Author(s). Published by the Royal Society of Chemistry
without replacement of 10 000 sub-populations of actual
number of particles from the true distribution was then per-
formed, and the results yielded the probability distributions for
each particle type. Next, by tting the probability distribution
plots into the Gaussian equation, an average with one standard
deviation for fraction of particles from eachmorphological type,
or one of three phase states was determined.
3. Results and discussion
3.1 Characteristic action of oxidation on INPs

3.1.1 CFDC results. Two daily timelines of CFDC
measurements over the course of the bloom experiment are
shown in Fig. 2. The two examples include the only day within
SeaSCAPE bloom 3 when the OFR was operated with the lights
off, due to concerns regarding particle losses that arose during
the study. The shared use of the OFR only permitted one
experiment of this type with the CFDC and IS lters toward the
end of bloom 3, shown in Fig. 2a. An experiment with the lamps
operating to simulate 8 days of equivalent oxidative processing
is shown in Fig. 2b. Measurements with the CFDC always began
with a period of sampling nascent INPs, followed by a period
sampling the line through the OFR, sometimes bookended with
a second nascent sample, a period sampling nascent INPs via
the aerosol concentrator to facilitate collections of INPs (CFDC)
for offline analyses, followed by a nal period measuring
nascent particles without the concentrator. Aerosol and INP
concentrations in Fig. 2a conrm that there were no inherent
losses involved in use of the OFR prior to CFDC measurements,
consistent with the absence of losses of particles in its size
range noted in the MART calibration test (Section 2.4). Further,
aerosol concentrations from the CFDC OPC at optical dry sizes
between 0.5–1.5 mm were the same whether sampling through
the OFR with lamps on (Fig. 2b) or off (Fig. 2a). Possible size-
sorting enhancement of aerosol concentrations at specic
sizes entering the CFDC was noted (Fig. S5†) when using the
OFR versus the nascent sample line. The source of this is
(a) August 6, 2019 and (b) August 8, 2019. All measurements are at
centrations (1 min) are distinguished for periods sampling nascent (blue
e intervals) sample streams. Aerosol concentrations measured by the
ages of particles with dry equivalent spherical diameters between 0.5–
l concentrator. The two dates are distinguished by the operation of the
ng 8 days of atmospheric aging.
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unknown but must involve the mixing and passage of air within
the OFR. The consequence was enhanced aerosol concentra-
tions of more than 2 times in the dry size range from about 1 to
1.4 mm. This appears to have had no other detrimental effect on
the INP results. Fig. 2b then demonstrates the impact of
oxidation during an experimental day with the OFR lamps on,
and a consequent loss of INP freezing efficiency (e.g., a degra-
dation of INP concentrations, all else being equal). A dramatic 3
to 15-fold reduction of INPs is noted in comparison to Fig. 2a,
and this occurs despite no signicant impact on aerosol
concentrations.

Finally, the impact of the aerosol concentrator on INP and
total particle concentrations is also noted in Fig. 2. Aerosol
concentrations at sizes larger than 0.5 mm increased by a typical
factor of 20 times, referred to as the concentration factor (CF).
The value of CF reected changes in aerosol emissions and sizes
over the course of the phytoplankton bloom experiment,
ranging from 5 to 20 on different days. This may be understood
to be a consequence of the size-dependent concentrating
characteristics of the device. Fig. S6† shows the CF value
interpreted from the full aerosol size distribution measured by
the CFDC OPC, where CF ranges from ∼10 for a dry aero-
dynamic particle diameter of ∼0.4 mm, up to a maximum value
of about 150 for a dry diameter of 1.5 mm, the latter value
consistent with previously published values and also with the
maximum CF for the input ow rate of 230 L min−1 lpm and
output of 1.5 L min−1.32 The pre-impactor cut size of 1.5 mm is
also evident in the count distributions in Fig. S6,† roughly
separating aerosol (to the le) and particles that grow to ice
sizes (to the right), for which the “dry” calculation of size is of
course not valid (i.e., they were actually larger than 2–3.5 mm). In
the absence of a uniform CF over all sizes, we consider the
analytical studies of collected INPs to be representative for the
classes of INPs in the size range above 0.5 mm, but we do not
analyze for actual size-dependent compositions and OFR
impacts that may exist.
Fig. 3 INP data demonstrating particle loss impacts on IS temperature s
2019, in (a), which was quantified by linear regressions and used to predic
for data on August 7, 2019. Oxidation loss of INP activity is indicated in (b
occurred when the OFR lamps were operated.

1520 | Environ. Sci.: Atmos., 2023, 3, 1513–1532
3.1.2 IS results. Results of inline lter IS measurements of
INPs in the experiment with OFR lamps off on August 6, 2019
are shown in Fig. 3a. The IS spectra were seen to lose many of
their INPs aer passing through the OFR, implying both that
there are many INPs at sizes larger than the 3 mm effective dry
particle cut-size of the OFR and that inline lter OFR
measurements require these losses to be taken into account.
Correction is clearly T-dependent in this single test of OFR
losses, which likely reects the size and temperature-dependent
efficiency of marine INPs. Using linear regressions on the INP
data from nascent and OFR lights-off conditions, a loss ratio
was determined that was then applied uniformly for all IS-OFR
measurements to determine the proportion of INP loss attrib-
utable only to physical losses in the OFR. We must note,
however, that the use of a single calibration of particle and INP
losses may not represent daily differences that might occur, for
example, due to relative humidity changes in the wave channel
head space, or changes in the size distribution of produced
particles and/or INPs. Therefore, we expect imperfect attribu-
tion of OFR oxidation impacts using IS data, represented as an
increment on INP reduction aer physical losses (Fig. 3b).
August 7 was the date of the largest additional decrement of INP
activity, motivating its use here as an idealized example.
However, as shown in Fig. S7†OFR impacts were sometimes not
easily discernible from the large reduction (10× at 248 K) pre-
dicted due to physical OFR losses. As we will show in the next
section, this made IS sampling from the OFR particle stream
less conclusive and useful toward understanding oxidation
impacts on larger particles that the CFDC did not interrogate.

As mentioned, a secondary result of signicance from the
noted loss of INPs in the OFR is that it indicates that inline IS
lter collections during this particular phytoplankton bloom
mesocosm were dominated by INPs at dry particle diameters
larger than the CFDC upstream impactor cut-size (1.5 mm
aerodynamic). This is not surprising and mimics the conclu-
sions from prior experiments wherein jet and lm drop emis-
sions of INPs were isolated to show that supermicron SSA INPs
pectra when passing through the OFR with the lamps off on August 6,
t physical particle losses during lamps-on OFR operation, as done in (b)
) by the yellow shading of the additional decrement of INP activity that

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Proximal (in time) data from the same days of SeaSCAPE, from
the CFDC operating near 243 K and IS INP temperature spectra. The
CFDC data are averaged over the periods of nascent sampling each
day. The error bars indicate 90 and 95% confidence intervals for the
CFDC and IS data, respectively.
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can dominate over INP contributions from the submicron
range.45 Further proof is evident when comparing the IS and
CFDC INP concentrations on days when both methods sampled
Fig. 5 Timeline of oxidation impacts as inferred from CFDC INP data at 2
INP concentrations for nascent (filled circle points) and oxidized INPs
indicated below each experimental day. Uncertainties are 90% confidenc
IS measurements. For the CFDC data, a decremental impact on INP co
decremental impact of particle losses alone (open circles), based on the
inferred decrement (yellow shading) or (paradoxical) increase (red shading
results are indicated by open triangles (white fill). Other events over the co
(a and b).21

© 2023 The Author(s). Published by the Royal Society of Chemistry
nascent INPs, shown in Fig. 4. Although the two data streams do
not have an overlapping temperature regime of measurement,
there is a clear low bias of CFDC INPs compared to IS INP
concentrations, exemplied by the disconnect of the projected
trend of IS data toward 243 K and the CFDC data collected there.
This discrepancy is not always seen in ambient marine air, nor
in some previous wave ume studies,6,56 but has been noted as
a feature of CFDC and immersion freezing data at these
temperatures in other sampling scenarios.31

3.2 Summary of oxidation impacts on INP number
concentrations

A comprehensive summary of all CFDC and IS data for nascent
versus OFR treatments is compiled in Fig. 5. The caption of
Fig. 5 details the symbol notation used.

The CFDC timeline of daily average INPs at 243 K from
nascent and oxidized particle streams (dry particles below 1.5
mm aerodynamic diameter) demonstrates clear impacts of
oxidation that range from nearly none on July 29 to a 5-factor
degradation on July 24, the rst day of measurements aer fresh
water was added to the wave ume (Fig. 5a). Equivalent days of
oxidation, as per calibrations done during the study, were 3.2,
4.6, 6.0, and 7.9 d, but are labeled to the nearest full day of
43 K (a) and IS INP data at 248 K (b). Results are shown as daily average
(filled triangle points), with (closest integer) days of equivalent aging
e intervals for CFDC data and 95% binomial confidence intervals for the
ncentrations is indicated by the yellow shaded region. For IS data, the
lamps-off calibration experiment on August 6 is used to estimate the
) in concentrations attributable to oxidation. On August 6, the no lamps
urse of the bloom are indicated with text along the timelines for panels

Environ. Sci.: Atmos., 2023, 3, 1513–1532 | 1521
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Fig. 6 Compilation of the ratio of INPs remaining following oxidation,
computed as INPs through the OFR divided by INPs from nascent SSA
sampling, with uncertainties added in quadrature. Uncertainties are
much larger for the differencing method required to determine this
ratio using the IS data corrected for OFR particle losses. Results, and
these uncertainties may be grossly underestimated in this case.
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oxidation in Fig. 5. Full one-minute CFDC data, including times
on the aerosol concentrator, are shown in Fig. S8.† While the
impact of changing oxidation on any given day could not be
determined because only one oxidation setting was possible per
day during these studies, no obvious relationship is notable.
Average losses were a factor of 2.0 for the bloom series (standard
deviation bounds from 1.3 to 4.1). These are strong losses, yet
ones that could be difficult to discern in association with day
versus nighttime sampling in the eld because they fall within
the temporal range of variability of INPs from nascent emis-
sions over the course of a bloom. Events over the course of
bloom 3 are noted in the timeline, using both panels to indicate
all relevant natural changes or interventions. While nutrients
were initially added to stimulate a natural phytoplankton
bloom, the experiment was later spiked with a concentrated
bloom that was produced by taking water from the channel and
promoting a bloom in an external tank under natural sunlight.
Peak Chl a ensued shortly aer that spiking (“tank addition”) of
the bloom. Heterotrophic bacteria maximized about 4 days
following peak Chl a, but also within a day of a needed cleaning
of the wave ume walls to remove accumulated biolms back
into the ume water. Oxidation losses were thus greatest on
three occasions: with the fresh seawater, following the tank
addition and peak Chl a, and following wall cleaning and peak
heterotrophic bacteria. Also emphasized in Fig. 5a is the fact
that total INP concentrations were unchanged when sampling
from the OFR without lamps powered on August 6.

The IS INP data timeline at 248 K (Fig. 5b) shows both
similarities and differences with the CFDC timeline of nascent
data and oxidation impacts. The dominant impact of the non-
oxidative particle losses in the OFR for the particle size range
that the IS lter captures is made clear by the proximity of the
loss-corrected values to those found when the OFR was turned
on. The single experiment on which these losses are based is
indicated by the white-lled triangle on August 6 in Fig. 5b.
Based on particle loss measurements (Fig. S4†), the IS lters
should have collected particles up to at least 8 mm equivalent
spherical diameter on the nascent line (6.5 mm larger than the
CFDC cut-size), and up to 5 mm on the OFR, but with a 50% cut
size for transmission at 3 mm. This denes the likely dominant
size range for IS INPs as between about 2 and 8 mm, centered on
the surface and volume modes of SSA. While condence cannot
be placed in the IS results for dening oxidation-induced
changes in INPs in this size range, small but potentially
signicant decremental impacts of oxidation were noted
through comparing OFR particle loss-corrected INPs and OFR
measurements aer the tank addition period. This period
directly follows the OFR no-lamps experiment on August 6. The
time of weakest oxidation impacts for particles assessed by the
CFDC (July 29 to July 31; Fig. 5a) is indicated as a zero to slightly
positive oxidation impact period for the corrected IS results
(Fig. 5b). The most discrepant period of oxidation impacts in IS
data is seen for the period at the beginning of the bloom
experiment following fresh seawater addition, where large
reductions are seen in the CFDC data and no or positive impacts
in the IS results. We are not able to determine the reliability of
these results.
1522 | Environ. Sci.: Atmos., 2023, 3, 1513–1532
Fig. 6 summarizes the timeline of ratios of OFR to nascent
INP concentrations by both measurement methods. It is inter-
esting that, excepting the 26th of July, the IS ratios trend with
the CFDC ratios. Three of the 9 days of IS samples on and off the
OFR show enhancements, but uncertainties are very large, such
that only the 26th of July can be stated to above a ratio of 1 with
signicance (p < 0.05). However, it is interesting that the best
agreement of IS and CFDC oxidative losses (measured for the
CFDC, predicted for the IS) occurs in the few days aer the
physical loss test was performed (August 6). Clearly, this exer-
cise could be improved through daily operation of the OFR with
and without lights, but this was not practically possible during
SeaSCAPE.
3.3 INP analytical results

On most days only one collection of INPs could be accommo-
dated using the CFDC ice crystal impactor, and this was nor-
mally during the use of the aerosol concentrator (Fig. 2), to
improve collection and identication statistics. In a few cases,
substrate collections were also made for AFM or Raman anal-
yses during the periods using the OFR when ice crystal residue
number was much lower. No STEM samples were collected
during the OFR periods.

3.3.1 Scanning transmission electron microscopy analyses
of nascent INPs. Two dates of STEM collections were selected
for analyses based on the timeline of results seen in Fig. 5. July
25 was a date of strong inferred oxidation impacts following the
OFR, while July 30 was during the period of most limited OFR
impacts on CFDC-measured INPs. For categorization of these
data, we used composition and morphology, as documented by
images shown in Fig. S9.† Categories were, (1) “core–shell”
particles that possessed a dominant NaCl core, coatings of
oxidized Mg, Ca and S salts, and inferred trace amounts of C, N,
Si and K; (2) irregular particles of similar compositions but
© 2023 The Author(s). Published by the Royal Society of Chemistry
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decient or lacking in Cl; (3) round particles including small
amounts of NaCl, Si and oxidized salts; (4) rod-like particles of
more limited composition such as sulfates. Color-contrast
imagery of elemental phases assisted this analysis, as shown
in detail in Fig. S9.† For compositing purposes, we considered
irregulars and rods together as an irregular category. It was
difficult to determine the prism-like category identied in AFM
categorizations (see Section 2.5.3). These could be part of the
irregular and rod-like category in TEM data, but this was
unclear.

Morphology pie charts and exemplary black and white
images of these particles are shown for the two study dates in
Fig. 7. The distinguishing factor between July 25 and July 30 was
the proportion of all SSA INPs that were of the core–shell type
dominating on July 25, while most INPs were of the irregular
type on July 30. Absent images of INPs aer the OFR, a general
conclusion might be that the category most inuenced by
oxidation processes are particles with core–shell morphology,
presented as large NaCl cores with surrounding salts and
organic material.

3.3.2 Micro-Raman spectroscopy of re-activated nascent
and aged INPs. Raman substrates were available for selected
days during the phytoplankton bloom study, as listed in Table 1.
An example of how these experiments were done is represented
in Fig. 8. First, a dry Raman spectrum was recorded as shown in
Fig. 8a (T = 293 K). This spectrum, with two peaks at 2900 and
2970 cm−1, and minimal Raman peaks in other spectral
regions, was identied. It is consistent with previous results for
Fig. 7 Estimates of INP particle type proportions based on limited (nu
nascent CFDC-collected INPs (on the two dates indicated). Three basic
white bars below each image are scaled at 1 mm.

Table 1 Ice nucleation onset temperatures for nascent and aged INPs iso
measurements per sample indicated)

Date
Nascent ice nucleation
onset temperature (K)

07-26-19 253.9 � 2.3 (N = 3)
07-28-19 252.8 � 1.0 (N = 5)
07-31-19 255.0 � 1.6 (N = 10)
08-04-19 253.4 � 4.5 (N = 16)
08-08-19 a

Average 253.8 � 1.0

a Indicates no substrate samples were collected from the CFDC.

© 2023 The Author(s). Published by the Royal Society of Chemistry
siliceous material which was detected as a major class of SSA57

and SSA INPs11 in a previous wave ume campaign. This is the
predominant Raman spectral type attributed to diatomaceous
cellular material. The relative humidity was then increased to
drive condensation and formation of a microdroplet, as seen in
Fig. 8b. The corresponding spectrum shows the appearance of
a broad O–H Raman stretch centered around 3410 cm−1,
indicative of liquid water. Once a droplet formed, the temper-
ature was decreased until freezing occurred, as seen in Fig. 8c;
in this case freezing occurred at T= 252 K. This phase transition
was accompanied by the characteristic spectral shi of the main
Raman O–H stretching peak from 3410 to 3140 cm−1 and the
appearance of two shoulders at 3255 and 3360 cm−1, indicating
the formation of ice.47,58 This analysis was repeated on a single
particle basis for over 50 particles.

Many of the same types of particles identied in McCluskey
et al. (2018)11 were also identied in SeaSCAPE analyses. These
include three INP types that dominated INP residuals that
refroze at temperatures >250 K. A rst type was low signal
particles assumed to be dominated by NaCl, which is Raman
inactive. Trace organics could also be present, which could be
the source for ice nucleation since NaCl freezes only ca. 225 K
for 3–5 mm diameter droplets.47,59 A second type was siliceous
material, including other biologically-derived particles con-
taining lipids (lipopolysaccharides and fatty alcohols), many
similar to ones identied in McCluskey et al. (2018) to be active
as INPs at 243 K.11 Additionally, soot-like INP spectra were
observed during SeaSCAPE. These results were determined
mbers of particles analyzed are listed for each date) TEM analyses of
types are categorized based on details in the manuscript and ESI.† The

lated by the CFDC (with numbers of “first freezers” included in the onset

Aged ice nucleation onset temperature (K)

a

252 0.4 � 1.3 (N = 4)
a

251.7 � 2.2 (N = 4)
251.6 � 1.2 (N = 5)
251.8 � 0.2

Environ. Sci.: Atmos., 2023, 3, 1513–1532 | 1523
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Fig. 8 Example images (top) and Raman spectra (bottom) of an approximately 1.5 mm-sized particle isolated through the CFDC and passed
through the cold-stage water uptake and ice nucleation process. From the (a) initial dry particle (pink spectrum) through (b) wet particle (blue
spectrum) following increased relative humidity and water droplet formation, and finally (c) frozen particle (black spectrum) after ice nucleation.

Fig. 9 Representative spectra #1, 2, and 3 from Fig. S10† (red) and the corresponding model system spectra (blue) for NaCl, PDMS, and black
carbon to which these bear close similarity.
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through comparison of INP residual spectra to model systems
following Mael et al. (2021),58 as documented in the ESI.†
Results are shown in Fig. 9. While soot is used as the reference
here, we note its similarity to the spectra of humic-like-
substance (HULIS) spectra as reported by Deng et al. (2016).60

Combustion soot is generally regarded as a very poor INP, and
hence attribution in this case would be surprising.61 The full set
of common spectra are shown in Fig. S10 and S11,† while
additional single spectra and further discussion can be found in
Mael (2021).62 Finally, it was observed that these dominant INP
spectral types all froze over a range of temperatures >250 K,
implying that factors other than composition (morphology,
size) or secondary inuence of unresolved organics could be
important for freezing. The same was noted for more unique
spectra active >250 K, such as two nearly identical INPs that had
signatures of a long chain fatty acid and a similar fatty alcohol
(Fig. S12†) and three that aligned with amino acids, L-trypto-
phan, L-phenylalanine, and L-tyrosine (Fig. S13†).
1524 | Environ. Sci.: Atmos., 2023, 3, 1513–1532
Many other INPs with unique Raman spectra were found,
especially for those refreezing below 250 K. These could not be
identied through model systems or existing library compari-
sons, although they could possibly be associated with biological
species/components, pointing out again the rare nature and
complex compositions of marine INPs that conspire to make
them difficult to characterize. Due to many unidentied
spectra, we do not attempt to state a partitioning of INP types as
a function of temperature. Many different and unique INPs are
emitted in SSA, dependent on water biology and chemistry, and
these may not have unique freezing temperatures due to other
factors, such as particle size. This makes specic attribution
and parameterization based on composition quite difficult.
Nevertheless, this study has added to a library of marine INPs
for future identication. As an additional result from inspecting
Raman spectra collected across all substrates (Fig. S10 and
S11†), there was no obvious increase in oxygenation of the aged
INPs compared to nascent INPs in the micrometer size range
© 2023 The Author(s). Published by the Royal Society of Chemistry
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analyzed by confocal Raman spectroscopy. This could be due to
low signal and the relative insensitivity of Raman spectroscopy
compared to other vibrational techniques or due to the loss of
smaller, oxygenated species to the gas-phase.

The cold-stage micro-Raman data also provided insights
into average ice nucleation onset freezing temperatures, which
are reported for all nascent and aged INP collections for
Raman analyses in Table 1. The particle density on each
substrate collected from the CFDC ranged from 0–15 particles
per 100 mm2, this variation depending on the number of INPs
activating at 243 K (nominal) in the CFDC at the given bloom
stage, and the time available for collection. The ice nucleation
onset temperatures reported for each date are based on 3 to 16
particles identied as rst freezers per viewing area, accu-
mulated over the entire substrate at the Raman cold-stage
temperature set-points. We note again here that because
these onset temperatures are much warmer than the CFDC
operating temperature, not all subelds contained a particle
that froze before the end temperature range of the environ-
mental cell (246 K) was reached. Most interesting, as shown in
Table 1, is a suppression in ice nucleation onset temperature
by ca. 2 K in the particles that were aged in the PAM-OFR. For
nascent SSA INPs typically a 2× increase in INP concentration
per 1 K cooling is observed. Thus, a 2 K temperature
suppression measured in the cold-stage micro-Raman experi-
ments is roughly comparable to a 4× reduction in INP
Fig. 10 (a) Selected illustrative AFM 3D-height images of five main morp
core–shell with inclusions) identified for both INP and INP-OFR samples
particles (%) from each morphological category between INP and INP-OF
(N = 50 for each sample) had similar volume-equivalent diameter range

© 2023 The Author(s). Published by the Royal Society of Chemistry
concentration at a given temperature. While data are limited,
this change agrees reasonably well with the noted 2–5 times
reductions in INP concentrations occurring for aged INPs in
CFDC and IS measurements. Additionally, this small change
in ice nucleation onset temperature agrees with earlier studies
of the impacts of aging on freezing of organic and biological
particles with oxidants and atmospheric gases (ozone and
nitric acid).46,63

3.3.3 Relative distribution of morphologies of nascent and
aged INPs via AFM. Fig. 10a shows representative AFM 3D-
height images of ve main morphologies observed for nascent
and aged INPs. For each sample type, the characterized particles
were within the volume-equivalent diameter range of 0.1–1.0
mm. Morphological categorization was performed qualitatively
as described previously.49,50,53,64,65 Nascent INPs displayed ve
unique morphologies including: prism-like, core–shell,
rounded, aggregate, and core–shell with inclusion, while INPs
following oxidation had only core–shell, prism-like, and aggre-
gate morphologies for particles assessed.

Fig. 10b shows an average with one standard deviation for
the fraction of particles from each morphological category for
both INP and INP-OFR samples. For each sample type, core–
shell was the most abundant, followed by prism-like. Compared
to nascent INPs, INP-OFR (aged INPs) had a higher abundance
of core–shell (∼40% versus ∼66%), and a signicant reduction
of rounded (∼8% versus ∼0%) and core–shell with inclusion
hological categories (prism-like, core–shell, rounded, aggregate, and
. The maximum height range is 400 nm for each image. (b) Fraction of
R samples. For each sample type, the characterized individual particles
of 0.1–1.0 mm.

Environ. Sci.: Atmos., 2023, 3, 1513–1532 | 1525
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(∼10% versus ∼0%) particles. The statistical probability distri-
bution analysis (Fig. S14†) was utilized to assess the relative
distribution of each morphology type for a theoretical pop-
ulation of 10 000 particles from nascent and aged INP pop-
ulations. Based on this analysis, we establish a statistically
signicant difference in the relative abundance for core–shell
morphology. Specically, for both INP and INP-OFR categories,
the probability of obtaining core–shell particles was signi-
cantly higher than for other morphologies. Furthermore, the
fraction of core–shell particles under oxidation (INP-OFR) was
larger and signicantly different from the nascent INPs. That is,
the observed increase in the relative abundance of core–shell
morphology in the INP-OFR population is a statistically signif-
icant observation despite the nite number of individual
particles studied here for each sample.
Fig. 11 Relative distributions of the solid, semisolid, and liquid phase stat
and INP-OFR (panel B). For each sample, the characterized individual pa
equivalent diameter range of 0.1–1.0 mm.

Table 2 Summary of sample type for core–shell particles, the average w
and liquid shells at 20% and 60% RHw, and viscoelastic response distanc

Sample type RHw Solid (%) Semisolid (%

INP 20% 45 � 20 55 � 24
60% 27 � 9 73 � 22

INP-OFR 20% 17 � 9 83 � 11
60% 7 � 3 89 � 10

1526 | Environ. Sci.: Atmos., 2023, 3, 1513–1532
These ndings may, as a corollary, suggest a signicant
reduction of ice nucleating ability for rounded and core–shell
with inclusion particles following heterogeneous oxidation, or
they may simply reect that the proportion of core–shell parti-
cles is greater following oxidation impacts on all INP types.
There are a few explanations for this result. First, heterogeneous
oxidation can change the viscosity of organic matter in parti-
cles,66 which in turn could facilitate phase segregation of
organic and inorganic components within the particle, leading
to the formation of more core–shell particles inside the PAM-
OFR.28 Second, and alternately, gas phase molecules produced
during the heterogeneous oxidation17 could condense onto the
particle surface resulting in formation of more core–shell sea
spray particles in the PAM-OFR.28 Either process is consistent
with the limited TEM analyses which suggested oxidation
impacts were stronger when core–shell particles were the
es at 20% and 60% RHw for the shell region of core–shell INP (panel A)
rticles (N = 11 for INP, and N = 30 for INP-OFR) had a similar volume-

ith one standard deviation of fraction of particles with solid, semisolid,
e (VRD) and VRD range for the semisolid shells

) Liquid (%) VRD (nm) VRD range (nm)

0 2.4 � 1.8 0.8–5.5
0 3.6 � 2.4 1.0–6.8
0 3.6 � 2.2 1.1–10.3
4 � 1 5.0 � 5.9 0.8–29.0

© 2023 The Author(s). Published by the Royal Society of Chemistry
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dominant nascent INPs types. The TEM results do not support
that the balance toward core–shell types following oxidation
was created by a stronger loss of other types (rounded and
inclusion types). Future studies using model aerosol systems
should be carried out to better understand these loss processes.

Fig. 11 and Table 2 show the relative distribution of phase
states for the shell region of core–shell particles from INP and
INP-OFR samples, at 20% and 60% RHw. A total of 11 and 30
individual core–shell particles were studied for nascent and
aged samples, respectively. A statistical probability distribution
analysis was also utilized to assess the relative distribution of
solid and semisolid phase states between the two sample types
(Fig. S15†). At 20% RHw, nascent INPs showed an approximately
even relative abundance of solid and semisolid shells, and as
RHw increased to 60%, the relative abundance of semisolid
shells increased. In contrast, core–shell aged INPs primarily had
semisolid shells at 20% RHw, and as RHw increased to 60%, the
majority of shells remained semisolid, while ∼4% of the shells
turned into liquid. Additionally, at both RHw values, the nascent
INPs had the highest abundance of core-shells with solid shells
in comparison to aged INPs. The VRD values collected on
semisolid shells of core–shell particles from INPs and INP-OFR
are listed in Table 2. Briey, the VRD values measured on aged
INP shells are noticeably higher than those of the nascent INPs,
which is likely indicative of lowered shell viscosity following
heterogeneous oxidation. Previous study has shown that
heterogeneous oxidation generally leads to the formation of
more soluble and oxygenated products,66 and hence the
increased abundance of semisolid shells with likely lower
viscosity in INP-OFR particles could be due to the presence of
more oxygenated chemical species in the shells of core–shell
particles. Recent studies of the effects of atmospheric aging
processes on nascent SSA core–shell morphologies showed that
aging resulted in the formation of more water soluble and
oxygenated shells.67 Nevertheless, we note that this result
appears to be inconsistent with conclusions based on the
Raman spectra, which showed no apparent difference in
oxygenation between aged and nascent INPs. This difference
could be due to size effects as the AFM analyses were conducted
on submicron sized particles, whereas the Raman analyses were
on larger supermicron sized particles. More likely, as discussed
above, the relative insensitivity of Raman spectroscopy to detect
these changes in oxygenation may be the reason for this
difference.

The phase state of the other main morphologies at 20% and
60% RHw were investigated by probing at the approximate
center of prism-like and rounded particles, and at the shell and
inclusion regions for core–shell with inclusion particles. Prism-
like particles from the INP and INP-OFR samples were
predominantly solid at 20% RHw and showed an approximately
even relative abundance of solid and semisolid phase states at
60% RHw. At both 20% and 60% RHw, rounded INPs were
primarily solid, while core–shell with inclusion INP had semi-
solid shells and solid inclusions. Note, larger VRD values
observed for the semisolid aged INPs relative to semisolid
nascent INPs likely indicates lower viscosity of the shells as
a result of aging, which suggests formation of more soluble
© 2023 The Author(s). Published by the Royal Society of Chemistry
shells, consistent with our previous studies on nascent and aged
SSA.67

4. Conclusion

INP concentrations from nascent SSA from wave-breaking in
a laboratory wave ume and following exposure of the same
particles to OH radicals in an OFR to simulate atmospheric
aging over periods of 3 to 8 days, indicated losses of INPs
(degradation of INP number concentrations) in the range of 2 to
5 times were found. These losses over atmospherically relevant
time scales occurred for INPs active over a range of tempera-
tures down to at least 243 K. These oxidative losses based on
online INP measurements could not be conrmed with con-
dence through offline immersion freezing measurements using
collected lters because of strong losses of supermicron parti-
cles in the OFR, and so the need remains to explore the role of
oxidation processes on supermicron mode INPs. As a secondary
result of particle losses in the OFR, these studies conrm the
expected dominance of supermicron SSA INP emissions found
to emanate from jet drop emissions. Nevertheless, through
measurements of INPs collected in real-time from a CFDC
operating at ∼243 K, and then re-activated in a cold-stage
Raman system at temperatures as high as 263 K, a depression
in freezing onset equivalent to ∼2 K was identied for aged SSA
INPs in the sub-1.5 mm dry aerodynamic size range. This aligns
with the 2–5 times losses measured in the CFDC, in consider-
ation of previously measured temperature dependence of SSA
INP concentrations at >243 K.11 We may note that this degra-
dation in ice nucleation activity for organic SSA INPs under
oxidation is comparable to results previously reported for
freshwater dissolved organic matter acting as INPs.23 The
magnitude of these oxidation losses may be dwarfed by the
spread in INP concentrations found in atmospheric studies over
oceans and elsewhere but may be at the root of some of the
measured atmospheric variability, and nevertheless represent
the rst such measurements.8,9,68 This deserves more laboratory
and eld study, for example in high latitude regions where polar
night eliminates many oxidation processes.

Through combining enhanced collection of activated INPs
with a variety of analytical techniques, new insights were gained
into INP compositions and on which subtypes are most
impacted by oxidation processes. While analytical studies of
INPs collected at ∼243 K could not establish if one or more
types of INPs are compromised by heterogeneous oxidation in
a detrimental way, overall highest impact was particularly
associated with days when the largest proportion of INPs were
those that contained NaCl cores with inorganic salts and
organic carbon surrounding them, which was most oentimes
themajor aerosol type. On a day with especially strong oxidation
impacts on sub-1.5 mm aerodynamic diameter (spherical-
equivalent, dry size) particles measured by the CFDC, STEM/
EDX analyses showed a dominance of this INP type from
nascent SSA. On a day without observable oxidation impacts,
likely due to the biochemical state of the water and its surface
microlayer during the mesocosm-induced bloom, nascent INPs
were dominated by irregular particles without a dominant
Environ. Sci.: Atmos., 2023, 3, 1513–1532 | 1527
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STEM/EDX salt signature. AFM analyses contrasting the
morphologies of nascent and aged INPs indicated statistically
signicant increases in the relative abundance of core–shell
morphology INPs following oxidation, but these particles were
also shown to have transitioned to more semi-solid phase states
that may not favor ice nucleation. The loss or lower abundance
of round and irregular INPs following aging in AFM results may
appear in contradiction to STEM analyses indicating that these
types dominated nascent INPs on days without oxidation
impacts. However, it must be recalled that these are propor-
tional analyses. No STEM collections were made for aged
particles due to an emphasis on sharing those collection times
for Raman and AFM analyses. We conclude that it is the prev-
alence of core–shell INPs in the rst place that is most associ-
ated with oxidation–induced reduction of INP concentrations.

Based on AFM analyses of INP phase states before and aer
oxidation, it might be inferred that the observed reduction in
INP concentrations due to heterogeneous oxidation could be
related to the increase of core–shell particles with semisolid
shells (at both 20% and 60% RHw) and likely lower viscosity in
INP-OFR sample, compared to the INP sample where more solid
shells (with likely higher viscosity) were observed. Whether the
responsible oxidation impacts occur on the original organic
shells or via condensation of material from the gas phase
cannot be discerned. Further, changes in organic functionali-
zation could not be discerned in Raman studies, as no
discernible changes in oxidation states were observed between
nascent and aged INPs. As well, how any change in particle
functionalization and phase state translates to impacts on
immersion freezing in more dilute condensed water within
activated cloud droplets (as in the CFDC) remains to be
understood in future studies.

The most novel and challenging studies used the enhanced
collection of particles activated in real-time at 243 K which were
reactivated across a range of temperatures using the cold-stage
micro-Raman device to focus on compositional types of INPs.
Despite these efforts, results conrmed that INP compositions
in SSA remain difficult to describe in a simplistic manner. While
some similar types of INPs were found in this study as in prior
wave ume studies that were focused only at 243 K, such as
siliceous material and fatty acids or alcohols, a wide range of
other entities were identied that included soot (or HULIS),
amino acids, hydrates and aliphatics. These have greatly
augmented Raman spectral libraries of SSA INPs. Nevertheless,
it was not possible to attribute proportions of INP types quan-
titatively as a function of temperature because of a preponder-
ance of INP spectral compositions that were low signal (likely
NaCl) or unidentied. Results also conrmed that even indi-
vidual compositions do not necessarily always have unique
freezing temperatures, possibly indicating the role of other
factors such as size, morphology and interactions with inor-
ganic content.

The results of this study promote future experiments that
can explore oxidative impacts on the full SSA particle size
distribution. When extending studies to temperatures of most
relevance to mixed-phase clouds, which we attempted here via
concentration of collected INPs, experiments may always
1528 | Environ. Sci.: Atmos., 2023, 3, 1513–1532
involve size biases when employing OFR instruments, unless
special modications are made to ameliorate particle losses.
Studies employing smog chambers could be explored for
learning more about the typical degradation of INP efficiency
that occurs under oxidation by OH radicals. Other spectral
methods, including single particle TOFmass spectrometry, may
ultimately assist the effort to relate these INP changes to aerosol
composition changes. Finally, these measurements also
promote the need for insightful atmospheric measurements
using an OFR or smog chambers and using varied solar cycles to
gain understanding of the role of oxidation following emission
of SSA INPs over remote ocean regions. Such data do not pres-
ently exist from eld measurements.
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