
Size-Dependent Nascent Sea Spray Aerosol Bounce Fractions and
Estimated Viscosity: The Role of Divalent Cation Enrichment, Surface
Tension, and the Kelvin Effect
Paul R. Tumminello, Renee Niles, Vanessa Valdez, Chamika K. Madawala, Dilini K. Gamage,
Ke’La A. Kimble, Raymond J. Leibensperger, III, Chunxu Huang, Chathuri Kaluarachchi, Julie Dinasquet,
Francesca Malfatti, Christopher Lee, Grant B. Deane, M. Dale Stokes, Elizabeth Stone, Alexei Tivanski,
Kimberly A. Prather, Brandon E. Boor, and Jonathan H. Slade*

Cite This: Environ. Sci. Technol. 2024, 58, 19666−19678 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Viscosity, or the “thickness,” of aerosols plays a key
role in atmospheric processes like ice formation, water absorption,
and heterogeneous kinetics. However, the viscosity of sea spray
aerosols (SSA) has not been widely studied. This research explored
the relationship between particle size and viscosity of authentic SSA
particles through particle bounce, atomic force microscopy analysis,
and predictive viscosity modeling from molecular composition. The
study found that 40 nm SSA particles had estimated viscosities
around 104 Pa·s and bounce fractions three times higher than 100
and 200 nm particles with less than 102 Pa·s at a relative humidity
(RH) of 60%. Additional studies revealed the Kelvin effect and
particle density, influenced by particle size, have a greater impact
on size-dependent bounce fractions than changes in RH across
impactor stages. While changes in the level of surfactants can impact particle bounce, the increased viscosity in smaller SSA is
attributed to the formation of gel-like phase states caused by cation−organic cross-links between divalent calcium ions and organic
anions enriched in the smaller particles. This work shows the smallest gel-like SSA particles observed in the field are highly viscous,
which has implications for cloud formation, secondary aerosol growth, and pollutant transport in coastal environments.
KEYWORDS: SSA, gels, phase, viscosity, bounce, ELPI

1. INTRODUCTION
Sea spray aerosol (SSA), generated through wave breaking,
constitutes a significant portion of the global aerosol mass
load.1 SSA is a complex mixture of inorganic salts, organic
carbon (OC), and biological material, which varies with
seawater biological activity and particle size.2−11 The
composition and chemical mixing state of SSA impact visibility,
ice, cloud, fog formation, and air quality in marine environ-
ments.6,7,12−15

Aerosols adopt various phase states, or viscosities, depending
on properties such as their density,16,17 surface tension,11,18−20

chemical composition (i.e., molecular weight,21−24 oxygen-to-
carbon ratios (O/C),25−27 organic to inorganic ratios23,28−30),
and external environmental conditions such as relative
humidity (RH)31−33 and temperature.21,24,34,35 The particle
phase affects depositional ice nucleation,36,37 water uptake and
cloud condensation nucleus activity,8,38−40 and heterogeneous
reactivity.32,41

Single-particle atomic force microscopy (AFM) has shown
that more viscous or solid-like phase states exist in nascent

(i.e., freshly emitted) submicron SSA particles in samples
collected from a controlled wave flume in the presence of a
phytoplankton bloom.11 These more viscous states were
associated with a larger volume fraction of OC and more
core−shell-type particles. Another showed that nascent SSA
particles bounced/rebounded off a rigid surface at a higher
fraction, indicating the presence of more viscous nascent SSA
phase states during peak phytoplankton activity.42 Using a
mixed aqueous electrolyte/OC/water aerosol viscosity model,
the bouncier particles were attributed to a greater fraction of
higher molecular weight and less hygroscopic OC compo-
nents.42
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The composition of nascent SSA depends on particle
size.2,39 A study by Ault et al., 201339 showed the presence of
two distinct submicron nascent SSA populations�larger-sized
particles composed of NaCl cores coated in OC mixed with
cations such as Mg2+, and smaller-sized homogeneously mixed
particles composed of OC combined with cations and anions.
Macromolecules, including lipopolysaccharides (LPS), can
interact electrostatically in polyelectrolytes, forming colloidal
organic material, marine gels, and transparent exopolymer
particles (TEP) of varying sizes.43 Although emphasis has been
on their formation in surface water,43−45 marine colloids, gels,
and TEP are also found in SSA.46−49 Some studies have found
that TEP is more enriched with decreasing SSA size.46,47 Salter
et al. 201650 also showed SSA particles collected over the
North Atlantic region were increasingly enriched (relative to
Na+) in divalent Ca2+ with decreasing particle size, with
approximately 50% of the total inorganic ion mass and greatest
enrichment in 0.029−0.06 μm SSA from Ca2+, followed by K+,
Mg2+, SO4

2−, and Cl−.50 These divalent cations are especially
important in promoting the transfer of LPS in SSA4 through
cross-linking. The cation−organic cross-links form gel-like
phase states.49,51 The expected more viscous gel-like phase
states have important implications for particle water uptake
and reactivity. Previous research showed water uptake in SSA-
like mimics depended on the type of fatty acid and the identity
of the halide ion.52,53 Furthermore, Lee et al., 202154 showed
that divalent cation-driven LPS morphological changes kineti-
cally hindered heterogeneous reactions between gas-phase
HNO3 and SSA. Through the enrichment of cross-linking
divalent cations in smaller SSA particles, it is expected that
phase state will also vary with particle size. However, this has
not been demonstrated systematically for nascent SSA.

Lee et al. 202055 and Kaluarachchi et al. 202256 first
measured the size-resolved phase states and morphologies of
nascent SSA particles collected via impaction onto Micro-
Orifice uniform deposition impactor (MOUDI) stages. They
reported a trend toward more liquid-like particles with
increasing particle diameters greater than 100 nm. To our
knowledge, the phase states of nascent SSA particles with
diameters smaller than 100 nm have yet to be studied.
Although particles in the ultrafine size range contribute less to
the total SSA mass, they can dominate SSA number
concentrations and significantly impact the microphysical and
radiative properties of clouds.57

In this study, we determined the particle bounce fractions
and estimated viscosities of nascent SSA generated in a wave
flume mesocosm in the presence of wind. We did this as a
function of particle size, contrasting the Aitken mode (40 nm)
with the accumulation mode (200 nm). Size-dependent
nascent SSA phase states and morphologies of single particles
using AFM are also presented. The size-resolved nascent SSA
particle viscosities were estimated from average bulk aerosol
chemical properties, including O/C, molecular weight, OC and
inorganic mass fractions, and effective densities using a mixed
organic/aqueous electrolyte aerosol viscosity model.42,58−62

Independent of the chemical composition, the effects of
density, surface curvature, surface tension, and RH drops in the
impactor on the size-resolved particle bounce fractions are
described. This work highlights the importance of particle size
on nascent SSA phase states, which are crucial for under-
standing their atmospheric processing, cloud-forming potential,
and reactivity.

2. EXPERIMENTAL METHODS
2.1. CHAOS Experimental Description. This work was

conducted at the Scripps Institution of Oceanography (SIO, La
Jolla, CA) utilizing the Scripps Ocean Atmosphere Research
Simulator (SOARS) during the 2022 laboratory-intensive
characterizing atmospheric-oceanic parameters of SOARS
(CHAOS) campaign as part of a large collaborative study by
scientists in the National Science Foundation Center for
Aerosol Impacts on Chemistry of the Environment (NSF-
CAICE).63 The SOARS wave flume was filled with seawater
during a period of low biological activity [i.e., chlorophyll-a
(chl-a) concentrations <0.2 μg L−1] collected at the Scripps
Pier (La Jolla, CA; 32° 51′ 56.8″ N; 117° 15′ 38.48″ W),
prefiltered using sand trap filters and a 1 μm mesh filter to
remove bacterial grazers. Nascent SSA inside the wave flume
was generated by an air-backed paddle that generated breaking
waves in the middle of the channel, terminating on an artificial
beach to prevent reflective wave-breaking action. Using two
small fans, the wave flume headspace maintained slight positive
pressure to prevent room air contamination. Between changing
wind speeds, aerosol particle concentrations were measured
simultaneously inside the wave flume without SSA generation
(i.e., no waves) and in the surrounding room air. The
headspace was recirculated through HEPA and Carbon Clean
16 filters to scrub the remaining SSA and particulates, while a
freshwater sparging system cleaned the headspace of SSA
accumulation. This approach removed more than 95% of the
particles compared to room air.64 The example aerosol size
distributions in Figure S1 show significantly fewer aerosols in
the wave flume after filtering than ambient air outside the wave
flume at all measured sizes in the submicron range. Typical
room air concentrations were a few thousand particles cm−3

compared to ∼104 cm−3 in the SOARS headspace with winds
and waves and ∼102 cm−3 in the SOARS headspace while
filtering with winds. Wind was generated in the recirculatory
headspace of SOARS to simulate winds over the open ocean
using a dual fan setup with a 10 m extrapolated wind speed of
∼19 m s−1 (wind speeds were measured at 0.6 m height in
SOARS and extrapolated to a 10 m height value using
Gilhousen et al.).65 At these wind speeds, film, jet, and spume
drops are expected to contribute to SSA production.66 The
wave state at a wind speed of 19 m/s within SOARS was
described by Madawala et al., 2024.64 Because the wave
amplitude was fixed, the whitecap coverage within SOARS
cannot be compared directly to the open ocean. However, the
average whitecap coverage in Monahan and O’Muirchear-
taigh66 was used to calculate the wave field generated by the
paddle, showing similar coverage to that of an open-ocean
wave field in equilibrium with a wind speed of 18.5 m/s.66

Headspace air was recycled within the flume to minimize
outside contamination and concentrate the SSA particle load.
The headspace’s temperature (T) and RH were monitored
during the operation of SOARS and nominally at ∼25 °C and
∼85−90%, respectively.
2.2. SSA Sampling Apparatus. A diagram of the aerosol

sampling setup can be found in Figure S2. Briefly, SSA was
sampled from the headspace at∼3/4 of the length of SOARS
following an equilibration time of 20 min for the nascent SSA
size distributions to reach a steady state in the SOARS
headspace. The particles, which exited the headspace up to
95% RH at a flow rate of 1LPM, were equilibrated to ∼55
(±5)% RH (nonefflorescing) through a silica diffusion drier
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before passing through a differential mobility analyzer (DMA)
(BMI 2100, Brechtel Inc.) for size selection (electrical mobility
classification). Aerosol particles were size selected by their
electrical mobility diameters across four distinct size bins (40,
60, 100, and 200 nm), with the average and max and min size
distributions during the study in Figure S3. The reason for the
large spread in the number concentration in Figure S3 (shaded
regions) is not entirely apparent. However, at the relatively
high wind speeds, we’ve noticed less stability in SSA number
concentrations compared to lower wind speeds, which we
hypothesize may be driven by secondary aerosol production,
e.g., from the secondary aerosolization from impaction of
spume droplets that have not achieved equilibrium in the
headspace. This would influence the total particle numbers,
but it is unclear if the specific mechanism generating the SSA
influences its physical properties with respect to the sizes
examined in this study, requiring additional analysis beyond
the scope of this study. The reported diameters were
considered wet or noneffloresced, which, according to the
SSA growth factors reported in Bertram et al. 2018,6 would
equate to dry sizes of 17, 26, 43, and 87 nm at 0% RH,
respectively. The SSA size distribution in Figure S3 exhibits a
significant fraction of nucleation and Aitken mode particles.
This is comparable to the ambient open ocean measurements
by Schwier et al., 201567 and Ovadnevaite et al., 2014,68 and
different from Prather et al., 2013,2 where SSA was generated
without winds. Given the low background aerosol concen-
trations within SOARS (i.e., <5% of ambient), as shown in
Figure S1, the higher SSA concentrations in this size range
than in Prather et al., 20132 cannot be attributed to
contamination. As described by Ovadnevaite et al., 201468,
the higher concentration of nucleation and Aitken mode SSA
particles in this study could be attributed to higher wind
speeds, leading to larger Reynolds numbers. Their study found
a greater SSA production flux in these size ranges at higher
wind speeds than in slower or no wind conditions. Addition-
ally, Schwier et al., 201567 suggested that the presence of
organic material at the surface is associated with the
production of particles in the nucleation and Aitken size
modes. The monodisperse aerosol stream was further diluted
with ∼19 LPM of HEPA-filtered room air while sampling with
two electrical low-pressure impactors (ELPI+; Dekati Ltd.)
that sampled simultaneously at a combined flow rate of 20
LPM. Utilizing two ELPIs in tandem enabled real-time
determination of SSA phase state and effective densities.69

The RH and T of the sample flow at the inlet of the two ELPIs
were monitored with an in-line sensor (Vaisala) and were
stable at a RH of ∼55 (±5)% and T of ∼27 (±2) °C, the same
as the conditions before size selection. This indicates that
particle size and phase state were unchanged during electrical
mobility classification.
2.3. Particle Bounce Analysis. A description of the ELPI,

its operation, and measurements of particle bounce fractions
are detailed in previous studies.42,60,62 Briefly, aerosols were
unipolarly charged at the inlet from a corona charger, and the
charged particles were detected with sensitive electrometers
based on their current (I) during collection across a 15-stage
electrically insulated cascade impactor. The relationship
between I and particle number concentration, N, is defined
as follows

I PneUN= (1)

where P is the penetration efficiency of particles through the
ELPI inlet, n is the average number of charges on the particle, e
is the elementary charge, and U is the volumetric flow rate.

This study used two ELPIs simultaneously, one prepared
with smooth Al-foil substrates that allowed particle bounce and
the other with sintered collection substrates coated with a thin
film of vacuum grease that inhibited particle bounce.60,62,70−73

Exemplary size distributions and comparisons between the
integrated currents of both ELPIs are shown in Figure S4 and
described in the Supporting Information. The Nascent SSA
bounce factors (BF) were calculated as defined in eq 2, where
I1+2foil and I1+2sintered represent the summed current from the
impactor filter stage (1) and the stage immediately preceding it
(2) for the Al-foil and sintered ELPI plates, respectively.
Including both bottom stages ensures that most of the current
resulting from bounced particles was accounted for, as some
bounced particles stopped bouncing in stage 2. Isintered refers to
the sintered ELPI current, and the denominator represents the
sum of the sintered ELPI currents from stages 3 to 14.42 The
currents were corrected for the presence of multiply charged
particles before calculating BF.69

I I

I
BF

n

1 2
foil

1 2
sintered

3
14 sintered= + +

= (2)

Currents were allowed to stabilize for 5 min before data
collection at a sampling rate of 1 Hz for each of the four size-
selected electrical mobility diameters (40, 60, 100, and 200
nm). Due to some noise in the currents measured at 1 Hz, the
BF values reported herein were determined from 30 s averaged
currents.
2.4. Single Particle Morphology and Phase State

Analysis with AFM. Freshly emitted SSA particles were
deposited onto silicon substrates (coated with hydrophobic
Rain-X) at ∼50% RH, using a MOUDI (MSP, Inc., model
125R) at a flow rate of 10 LPM. The SSA samples (volume−
equivalent diameter range of 0.04−0.2 μm) collected during
the wind speed condition at ∼10 m height above the water
level in SOARS (19 m/s) were selected to investigate the
physicochemical properties (i.e., morphology and phase state)
of individual SSA particles for comparison with the BF
measurements. Volume equivalent diameters, commonly
reported in AFM studies,11,55,74−78 refer to the diameters of
a sphere of the same volume as the particles measured with the
AFM, which can differ from aerodynamic diameter (measured
by the ELPI) or electrical mobility diameter (measured by the
DMA) depending on the particle’s shape, density, or electrical
charge. Reported diameters are specified according to how
they were measured and left as is. The relative distribution of
main morphologies (rounded and core−shell) and phase states
in two volume-equivalent size ranges, 0.04−0.1 μm and 0.1−
0.2 μm were compared.

A molecular force probe 3D AFM (Asylum Research, Santa
Barbara, CA) was used to image individual SSA at ∼20% RH
and ambient temperature (20−25 °C) and pressure as
described in prior studies.55,77,78 A custom-made humidity
cell was used to control RH to 60%. Prior to the AFM
measurements at a particular RH, a waiting time of at least 10
min was allocated to ensure the substrate-deposited SSA was in
thermodynamic equilibrium with surrounding water vapor at
the corresponding RH.7,11,76 Silicon nitride AFM tips
(MikroMasch, model CSC37, tip radius of curvature ∼10
nm, nominal spring constant 0.5−0.9 N/m) were used for
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AFM imaging and force spectroscopy measurements.76,79 As
described previously, the AFM AC (intermittent contact)
imaging mode was used to collect 3D height images of
individual SSA to determine their morphology and quantify
their volume−equivalent diameter.56,78 For morphological
analysis, approximately 40 individual particles were studied
for each sample type, and the relative abundance (i.e., average
with one standard deviation for a fraction of particles) of
identified main morphological categories (rounded, core−shell,
prism-like, rod, and aggregate) were examined within the size
range of 0.04−0.2 μm.

Since the total number of individual particles that can be
realistically studied with the AFM approach is somewhat
limited, a statistical analysis was employed to assess the
statistical significance of the AFM measurements. A detailed
description of the approach can be found elsewhere.56,80 Based
on the analysis, an average with one standard deviation for the
fraction of particles from each morphological type or one of
three phase states (solid, semisolid, and liquid) was
determined.

The phase state identification at 60% RH was conducted as
described previously.7,55 Briefly, AFM (i.e., force plots), under
ambient temperature (20−25 °C) and pressure, was performed
on individual particles at a particular RH by probing at the
shell region of core−shell and approximately at the center of
rounded particles. The maximum force of 20 nN and scan rate
of 1 Hz were used, and at least five repeated force plots were
collected for each particle at a particular RH. The collected
force plots were then used to quantify the viscoelastic response
distance (VRD, nm), which can be related to the 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 RH.55,58 A previously
reported framework based on the VRD and RID measure-

ments was then utilized to identify each particle’s phase state at
60% RH.7 Approximately 6−10 individual SSA particles of
each morphology type were investigated for the phase state
identification.
2.5. Organic and Sea Salt Mass Fraction via Thermal

Optical Analysis and High-Performance Ion Exchange
Chromatography with Conductivity Detection. SSA
particles were collected for offline chemical analysis using a
high-flow impactor (TSI model 129). Samples were collected
at a flow rate of 100 LPM within a RH range of 81−86%. The
impactor had three impaction stages with 50% cutoff
aerodynamic diameters of 25 μm (prefilter), 1 μm, and 0.25
μm. Particles collected in stages below 0.25 μm did not
generate sufficient mass for analysis. A 75 mm quartz fiber filter
was used for the prefilter, while 75 mm Al foil substrates were
used for the middle impaction stages. These impaction stages
were followed by a 90 mm quartz fiber after filter (<0.25 μm).
All substrates were baked at 500 °C for 18 h before sample
collection. After collection, samples were stored in prebaked
aluminum foil-lined Petri dishes at −20 °C.

A thermal optical analyzer (Sunset Laboratories, Forest
Grove, OR) measured OC.81 OC was defined as C evolved
from the filter before introducing oxygen. EC was not detected.
Organic matter (OM) was estimated by multiplying OC by 1.6
to account for water-soluble and water-insoluble OM mass.6,48

Inorganic ions were extracted using water-soluble extraction
as described in Shafer et al. 201082 and were measured via
high-performance ion exchange chromatography with con-
ductivity detection on a Dionex Aquionics DX-1000. Anions
were measured using a Dionex AS4A-SC/AG4A-SC column
set and ADRS 600 anion suppressor, while cations were
measured using a Dionex CS12A/CG12A column set and
CSRS 200 cation suppressor. Sea salt was estimated by
converting the measured sodium mass to sea salt mass using
the ratio of 3.26.83

Figure 1. BF box and whisker plot representing the median (red line), 25th and 75th quartiles (boxes), and maxima and minima (whiskers) for
size-selected nascent SSA during CHAOS. Modeled viscosity of nascent SSA assuming an OC/aqueous electrolyte aerosol mixture at an RH of
50%. Shaded region refers to a range of modeled viscosity due to molecular weight increases resulting from divalent cation complexation. The black
and green curves indicate the viscosities for the inorganic-rich and organic-rich phases of the nascent SSA, respectively.
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3. RESULTS AND DISCUSSION
3.1. Nascent SSA Phase State and Dependence on

Particle Size. The BF data for size-selected SSA particles
during CHAOS are presented in Figure 1, with time-resolved
BF data shown in Figure S5, and detailed statistics for each
median distribution are available in Table S1. These measure-
ments occurred on different days throughout the study, and
not all sizes were sampled on the same day, as shown in Figure
S5. However, the SSA was generated from the same ocean
water sample under relatively low phytoplankton abundance
([chl-a] < 0.2 μg L−1) and at the same wind speed on all
sampling days. While the particle composition is not expected
to differ significantly between measurement days under these
conditions, it is noted that variations in the organic mass
fraction could cause differences in the BF, as shown for
secondary organic aerosol particles when mixed with different
amounts of inorganic sulfate.60,84 This point is highlighted
further in the modeling results in Figure S9 that show a strong
dependence of viscosity on the aerosol organic mass fraction.
The presence of surfactants and differences in the fractionation
of inorganic ions in the particles, hygroscopicity of the organic
components, and molecular weight may also affect particle
viscosity and bounce, as shown in Figures S6−S10, and thus,
may cause some of the variability in the BF across different
measurement days. Days of overlap in the BF between 40 and
200 nm occurred on 8/9, 8/10, and 8/13, and between 40,
100, and 200 nm on 8/13 (Figure S5). There were 2 days of
overlap (8/17 and 8/18) between 60 and 200 nm, and 1 day of
overlap on 8/17 between 60, 100, and 200 nm.

To put these results in context, previous research on
biogenic SOA suggested a BF of ≤0.2 represents liquids, 0.2 ≤
BF ≤ 0.8 are semisolids (or mixture of liquids and solids), and
those with a BF of ≥0.8 are solids or glasses.33 In our previous
study, during similar periods of low chl-a abundance as in this
study, polydisperse nascent SSA exhibited a BF of ∼0.2,
resembling liquids from viscosity estimates.42 In the same

study, a BF of ∼0.8, resembling semisolids, was observed
during a high biological activity period ([chl-a] > 10 μg L−1).

The particles selected based on an electrical mobility
diameter (dm) of 40 nm exhibited a median BF (red line) of
approximately 0.29, indicating that around 29% of the 40 nm
particles bounced upon sampling. 70% of the SSA particles
sampled at 40 nm (the difference between the 95th and 25th
percentiles) in repeated measurements on different days
exhibited a BF akin to semisolid SOA particles (i.e., BF >
0.2). In contrast, up to 25% of the SSA population (25th
percentile) sampled at 40 nm over repeated measurements on
different days (Figure S5) adopted a BF resembling that of
liquid SOA particles (i.e., BF ≤ 0.2), occurring on 8/11.

SSA particles with dm = 60 nm had a median BF of
approximately 0.06, roughly four times less than the 40 nm
SSA particles, driven by the measured low BF at this size on 8/
16 and 8/17. In this case, the 75th percentiles indicate a BF of
<0.2 (indicative of liquid-like particles), while only approx-
imately 15% of the SSA population at this size, sampled over
repeated measurements, displayed a BF of >0.2, occurring on
8/18. As larger SSA particles were sampled, BF decreased, with
a median BF of ∼0.05 for dm = 100 nm (8/13 and 8/17 in
Figure S5) and ∼0 for dm = 200 nm (8/9, 8/10, 8/13, 8/17,
and 8/18 in Figure S5). Larger SSA particles in these size
ranges also demonstrated less variability in BF, as evidenced by
the narrow gap between the 25th and 75th percentiles,
suggesting a more uniform population of mostly liquid-like
SSA particles in this size range. This analysis highlights a
pronounced size dependence on the SSA phase state, with
larger particles increasingly exhibiting a liquid-like character.

Single particle analysis of the morphology and phase states
of the nascent SSA was conducted using AFM to compare with
bounce measurements. Individual SSA particles were catego-
rized into two distinct size ranges: 40−100 nm and 100−200
nm in volume equivalent diameter. The rounded morphology
(depicted in Figure 2A) was predominately observed for

Figure 2. (A) Selected representative AFM 3D-height images at 20% RH of two main SSA morphological categories (core−shell and rounded).
(B) Relative distributions of semisolid and liquid phase states at 60% RH for shell regions of core−shell particles and rounded SSA at two volume-
equivalent diameter ranges of 0.04−0.1 and 0.1−0.2 μm at 19 m/s wind speed condition. Note that no solid particles were observed. (C) Average
and one standard deviation of the fraction of particles (%) from five main morphological categories at two selected volume−equivalent diameter
ranges of 0.04−0.1 and 0.1−0.2 μm at 19 m/s wind speed condition.

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.4c04312
Environ. Sci. Technol. 2024, 58, 19666−19678

19670

https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c04312/suppl_file/es4c04312_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c04312/suppl_file/es4c04312_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c04312/suppl_file/es4c04312_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c04312/suppl_file/es4c04312_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c04312/suppl_file/es4c04312_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c04312/suppl_file/es4c04312_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c04312/suppl_file/es4c04312_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c04312/suppl_file/es4c04312_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c04312/suppl_file/es4c04312_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c04312/suppl_file/es4c04312_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.4c04312?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.4c04312?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.4c04312?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.4c04312?fig=fig2&ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.4c04312?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


particles in the 40−100 nm size range (as shown in Figure
2C), while the core−shell morphology (also shown in Figure
2A) was more prevalent in particles sized 100−200 nm (as
illustrated in Figure 2C). As depicted in Figure 2B,
morphologically dependent phase state analysis revealed that
the shells of core−shell particles in both size ranges at 60% RH
were predominately liquid, while rounded SSA was mostly
semisolid. Considering the higher occurrence of rounded
particles in the smaller size range, a primarily semisolid phase
state of the nascent SSA would be anticipated, consistent with
the observations from size-selected bounce factor analysis of
the bulk aerosol population. As the particle diameter increased
to 100−200 nm, this analysis indicates a shift toward a greater
prevalence of liquid-like core−shell particles, mirroring the
trends observed in BF with increasing size.

It is important to note that the core−shell morphology
particle shown in Figure 2A, derived from offline AFM analysis,
may not represent the particle’s morphology during the online
bounce measurements. Collected particles for offline AFM
analysis were dried to 0% RH in the cell, below the
efflorescence RH of sea salt, then rehumidified to 60% RH,
below the deliquescence RH. The bounce measurements were
performed at ∼55% RH, and therefore did not experience the
same RH gradient as the particles within the AFM cell.
Therefore, only the phase states of the liquid-like organic shell
of core−shell particles (blue region of the particle in Figure
2A), expected to equilibrate to the ambient RH, were
compared with rounded morphology particles.

Furthermore, these findings align with the work of
Kaluarachchi et al., demonstrating that individual SSA particles
with volume equivalent diameters ranging from 100 to 600 nm
became more semisolid as their diameter decreased at the peak
of an induced phytoplankton bloom.56 Our analysis extends
this understanding, indicating that SSA particles exhibit
increased viscosity even at smaller sizes, down to 40 nm
without a phytoplankton bloom. Several factors could
influence the observed trend in BF with particle size, including
size-dependent changes in the particle composition,2,39,85

morphology,11,56 and liquid water content.21,22,30,86,87 In the
following sections, we examine the different factors influencing
this trend.

3.2. Role of Density and OC across Different Sizes.
Particle density (ρ) plays a critical role in governing the kinetic
interactions during an aerosol’s rebound from a rigid
surface.88,89 Due to their greater mass, particles with larger ρ
but equal volume possess relatively greater kinetic energy upon
impact.24,88 If this additional kinetic energy for particles with
higher ρ is preserved, particles with greater density are
expected to exhibit higher rebound energy and bounce more,
provided that the outgoing rebound potential energy exceeds
the energy lost to particle deformation and surface adhesion
interactions.59−62 To evaluate this, we calculated the effective
density (ρe) using the relationship between electrical mobility
and aerodynamic diameters outlined in the Supporting
Information. Importantly, Rostedt et al., 2009 demonstrated
good agreement between bulk ρ and aerosol ρe for both
organic and inorganic aerosol compounds.90

As shown in Figure 3, ρe (circles) showed a decreasing trend
with increasing particle diameter, ranging from approximately
1.5 g cm−3 for particles with dm = 40 nm to around 1.0 g cm−3

for particles with dm = 200 nm, reflecting the trend observed in
BF with increasing particle size. Since the ELPI size cutoffs are
based on aerodynamic diameter, assuming a particle density of
1.0 g cm−3, a calculated ρe > 1.0 g cm−3 indicates a deviation
between the measured aerodynamic diameter and the initially
size-selected dm.

The ρe of the 40 nm nascent SSA are comparable to those
typical of OC-based aerosols or mixtures with higher density
salts (1.5 g cm−3),91,92 whereas the ρe of 100 and 200 nm
nascent SSA were lower (∼1.0 g cm−3). This shift may be
attributed to an increasing presence of hygroscopic NaCl with
increasing size (i.e., less OC), consequently increasing the
liquid water mass fraction in larger SSA particles.2,56 The OC
and inorganic salt content in SSA have important impacts on
its density, and is expected to vary depending on the particle’s
size, wind speed, and biological activity. Greater OC content is
expected to transfer into smaller SSA particles in regions with
high biological activity and low wind speed.93 This may lead to
the smallest particles exhibiting a density more like the OC in
the particles. The sea surface layer can be disrupted at higher
wind speeds, leading to lower OMF in SSA.93 This may lead to
the particles developing a density more like the inorganic salt

Figure 3. (A) Calculated effective densities for each size selected population and (B) size-resolved organic mass fractions (OMF) obtained for sub-
and supermicron nascent SSA populations during this study (red) compared to size-resolved OMF reported in Lee et al. 202055 obtained during
the peak of an induced phytoplankton bloom.
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transferred into the particles. As discussed in Salter et al.,
201650, the fractionation of inorganic salts in SSA differs with
particle size. Average values of supermicron (1−25 μm) and
submicron (0.25−1 μm) SSA OMF collected during CHAOS
are depicted in Figure 3B (red bars). The average and standard
deviation in OMF was 0.02 ± 0.01 for 1−25 μm SSA and 0.06
± 0.03 for 0.25−1 μm SSA based on an analysis of three
collection days (8/15, 8/16, and 8/17), indicating that OMF
increased with decreasing particle size. Differences in OMF
between days are in the Supporting Information (Table S2).
Although there were no compositional measurements in a size
range comparable to our BF measurements, we can reasonably
approximate from the OMF reported by Lee et al., 2020 (as
depicted in Figure 3B in gray)55 that the OMF continued to
increase in particles smaller than 0.25 μm in diameter. Despite
the good agreement in OMF between this study and Lee et al.,
202055 in the size range between 0.25 and 1 μm, it is worth
noting that the SSA OMFs determined by Lee et al., 202055

were collected during the peak of an induced phytoplankton
bloom ([chl-a] ∼ 5 μg L−1) in the absence of winds. In
contrast, this study collected particles without an induced
phytoplankton bloom ([chl-a] < 0.2 μg L−1) in the presence of
winds and a wind speed of U10 = 18.9 m s−1. Although
parametrizations exist for SSA OMF as a function of particle
size, wind speed, and [chl-a], they are based on SSA
composition measurements over biologically active North
Atlantic regions.48,93 How well this parametrization represents
the SSA produced from SOARS with relatively low [chl-a] in
the seawater remains unclear. However, under the exper-
imental conditions here, the parametrization in Gantt et al.,
201193 yields an OMF estimate of <0.05 for 40 nm SSA, which
is significantly less than expected given the agreement between
the measured OMF in this study and that from Lee et al.,
202055 in overlapping size ranges. The reason for this
discrepancy is not fully understood, but it is noteworthy that
in addition to chl-a, seawater particulate OC (SW-POC) and
colored dissolved and detrital organic material (CDM) affect
the OMF in SSA, and the apparent lag time between their
concentrations in seawater and when organic components
become transferrable in SSA also means that the OM in SSA is
not necessarily in phase with the organic components in
seawater.94

3.3. Estimated Size-Dependent Viscosities of Nascent
SSA from Bulk Molecular Properties and the Role of
Divalent Cation Enrichment and Potential Gel For-
mation. Figure 1 shows the modeled viscosities for each size-
selected nascent SSA population in three phases: a well-mixed
homogeneous OC/aqueous electrolyte particle phase (blue), a
purely OC phase (green), and a purely aqueous electrolyte
phase (black). The aqueous electrolyte particle phase in the
model was predicted from a mixture of H2O, NaCl, and
CaCO3. Their proportions within the particle phase and
relative to the OC-rich phase were allowed to vary with particle
size in the model, with more details on this and the viscosity
calculations provided in the Supporting Information. Our
viscosity calculations for SSA indicate that increasing particle
size leads to a 100× greater predicted liquid water volume due
to the higher fraction of hygroscopic inorganic salt in the
largest particles.

For the mixed phase, we predicted a log10 η (Pa s) of ∼4 for
the 40 nm SSA, suggesting semisolid characteristics21 and
resembling that of other organic aerosols, such as simple
saccharides like sucrose and levoglucosan.95,96 The viscosity

decreased for larger particles, with log10 η (Pa s) decreasing to
around 1.8 for the 100 and 200 nm SSA particles. This
estimated viscosity closely aligns with our previous prediction
of nascent SSA viscosity during a period of low biological
activity,42 as well as the reported viscosity for a 1:2 NaCl and
sucrose mixture.95

This reduction in estimated viscosity may stem from a
decrease in less hygroscopic OC mass in favor of more
hygroscopic inorganic salt with increasing particle size.
However, the mechanism behind this is not fully understood.
We hypothesize that divalent cations such as Ca2+ and Mg2+,
which are enriched in smaller SSA particles, may engage in
cation-mediated coadsorption with OC material, such as
deprotonated fatty acids and lipopolysaccharides, with limited
interactions with monovalent Na+ or K+.4,5,54 This coad-
sorption could drive more OC into smaller SSA particles,
representing a process similar to forming TEP or hydro-
gels.45,97−99 TEP and hydrogels are viscous polymeric materials
primarily comprised of organic macromolecules held together
by ionic and hydrophobic bonds with dissolved OM.43 They
can assemble in seawater as larger macrogels, reaching sizes of
a few meters, or as small as micro- and nanogels, ranging from
several micrometers to single nanometers in size, which then
transfer into SSA. For instance, Meng and Liu demonstrated
enhanced rates of TEP formation in Ca2+-enriched environ-
ments compared to Na+ concentrations in a laboratory study
using AFM.99 Additionally, studies have shown greater
enrichment of TEP in increasingly smaller SSA particles.43,46,47

As Ca2+ is more enriched in the smaller SSA particles,
electrostatic interactions between Ca2+ and the dissolved OM
could form these more viscous and bouncier gel particles.

In our model, we simulate the effects of hydrogel formation
on SSA viscosity by estimating that for each Ca2+ ion, there are
two organic anions bound to it (more details of this calculation
are in the Supporting Information). Electrostatic interactions
between polyanions and divalent cations are thermodynami-
cally favorable during hydrogel formation, with the initial step
being the cross-linking of two organic anions with a divalent
cation. This initial assembly step of the gel results in a doubling
of the molecular weight. This theoretical viscosity adjustment
is most significant for the 40 and 60 nm populations, where we
estimate, based on a previous study, that 50% and 10%,
respectively, of the total inorganic ion mass is Ca2+.50 For
example, in the 40 nm population, while the initial average OC
molecular weight was set to 250 g mol−1 in the model, the
binding of 50% of the inorganic mass fraction to organic
molecules increases the average molecular weight to
approximately 300 g mol−1. This increase in molecular weight
due to complexation with Ca2+ in 40 nm nascent SSA
significantly raises the estimated viscosity of the OC-rich phase
(illustrated in green in Figure 1) and, consequently, the mixed
OC/aqueous electrolyte phase (depicted by the blue trace in
Figure 1). This enhancement in the viscosity of the mixed SSA
particles with decreasing size due to complexation is
showcased in the blue shaded region of Figure 1, which
shows in the absence of any complexation, 40 nm SSA particles
have an estimated log10 η of ∼2.5, whereas, with complexation,
they have an estimated log10 η of ∼4, better reflecting the
observed sharp increase in BF with decreasing particle size. As
depicted by the black trace in Figure 1, only a minor increase
in viscosity, from log10 η ∼ 0.6 to log10 η ∼ 0.8, as the particle
size decreases from 60 to 40 nm, can be attributed to the
weaker water solubility of CaCO3 compared to NaCl. The
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effects of varying ratios of CaCO3/NaCl on the estimated
viscosity are shown in Figure S8.

Additional measurements of the BF of atomized mixtures,
consisting of equal ratios of common fatty acids found in SSA
(lauric acid, myristic acid, palmitic acid, and stearic acid) with
various individual inorganic salts (NaCl, KCl, MgCl2, and
CaCl2) are shown in Figure 4. In all cases, except for the
aerosol mixtures with CaCl2, the BF indicated semisolid
particles at an RH of 50%. In these experiments, the particles
did not effloresce. The BF values ranged from 0.3 for the fatty
acid mixtures with KCl and MgCl2 to an average of 0.5 to 0.7
for the pure fatty acid mix and fatty acid mixture with NaCl.
Notably, the mixture with CaCl2 displayed a BF statistically
indistinguishable from 1, suggesting highly viscous or solid-like
aerosols.

The higher BF observed in the fatty acid particle mixtures
with CaCl2 underscores the potentially significant role of Ca2+
in forming more viscous phase states of SSA when mixed with
organic molecules as opposed to other cations.54,97,100 It is
worth noting that the pH of the atomizer solution exceeded
the pKa of the various fatty acids, indicating they were in their
deprotonated forms upon atomization. Subsequently, the
polyanions could then form ionic bonds with the cations
responsible for gel formation. While other cations like Na+, K+,
and Mg2+ interact electrostatically with the organic anions in
solution, the complexation of Ca2+ is expected to be more
favorable due to its relatively smaller hydration shell compared
to Mg2+ and higher valency compared to Na+ or K+.43

These findings highlight the critical role of gel formation in
modulating the size-dependent viscosity of SSA. However, it is
essential to consider various factors in the viscosity model,
including the organic and inorganic mass fractions, type of
aqueous electrolyte, molecular weight, particle density, and
hygroscopicity, which are likely to vary with particle size,
seawater biological activity, location, and season in the real
marine atmospheric environment. Modeling studies on the
sensitivities in the estimated SSA viscosity to changing OC
molecular weight, κ, Ca2+/Na+ ratios, and OMF can be found
in the Supporting Information (Figures S6−S9). Furthermore,
differences in the BF with size could be impacted by
differences in the particle’s surface tension and the evaporative
water losses in the particles from the Kelvin effect (i.e.,

increasing surface curvature with decreasing particle size) or
changes in the RH due to the pressure drops in the impactor.
The Supporting Information explores these effects in more
detail, and the effects of changing surface tension and particle
size of single- and binary-component aerosols representing
different nascent SSA constituents are explored in Figure S10.

Moreover, particle morphology should be considered. As
illustrated in Figure 1, viscosities can vary widely, ranging from
log10 η of <1 for the inorganic salt portion to a log10 η between
∼2 and ∼4 for the well-mixed OC/aqueous electrolyte
particles and even extending to a log10 η > 6 for the pure
OC portion. According to the morphologies and phase states
described in Figure 2, the smaller 40 and 60 nm SSA particles,
which exhibited more rounded and semisolid phase states,
would likely be representative of the modeled well-mixed OC/
aqueous electrolyte particles. In contrast, 100 and 200 nm
particles, which showed a mixture but a more significant
fraction of core−shell than rounded particles, might exhibit
different viscosities within the same particle.
3.4. Atmospheric Implications. Understanding how the

phase state of SSA changes with size is important for
comprehending atmospheric processes, particularly ice and
liquid cloud formation. More viscous aerosol particles can
serve as better surfaces for heterogeneous freezing and ice
nucleation.36,101−103 This was recently demonstrated by
Mehndiratta et al., 2024,103 showing poorly soluble fatty
alcohols, estimated to be semisolids (>102 Pa·s) near their
onset freezing temperature, freeze heterogeneously at warmer
temperatures. On the other hand, larger particles tend to
activate into cloud droplets at lower supersaturations and form
ice at lower temperatures.23,96,104

The smaller, more viscous, nascent SSA particles measured
in this study may have extended atmospheric lifetimes with
respect to coagulation losses resulting from the reduced
coagulation rates of viscous aerosols, though typically, SSA
number concentrations in the open ocean are relatively low, so
coagulation is less important.105 However, the viscous medium
can extend lifetimes and long-distance transport of toxins and
other anthropogenic contaminants from the ocean to locations
further inland.41 Conversely, more efficient nucleation of
viscous SSA particles into ice or liquid water cloud droplets
could reduce expected atmospheric lifetimes.106,107 Impor-

Figure 4. Bounce fractions of atomized aerosol particles comprised of a mixture of fatty acids (FA: lauric acid, myristic acid, palmitic acid, and
stearic acid) and individual chloride salts (NaCl, KCl, MgCl2, and CaCl2). The data are the mean of ten replicate measurements for each, and the
error bars represent one standard deviation from the mean. The experiments were conducted under nonefflorescing 50% RH. The horizontal
dashed lines delineate bounce fractions common to liquid, semisolid, and solid secondary organic aerosol particles.33
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tantly, the smaller particles possess larger surface area-to-
volume ratios, which could accommodate more adsorbed toxic
material on their surfaces.108 The semisolid nature of the
smallest particles observed here may act as a buffer for these
contaminants, shielding them from photochemical and
oxidative processes that might otherwise remove them from
the atmosphere before they are deposited in human
lungs.25,109,110 Furthermore, Kruse et al., 2024111 showed
that the particle’s viscosity can affect the molecular detection of
aerosol components by extractive electrospray ionization,
suggesting that components in smaller SSA may be more
difficult to extract than in larger SSA.

In this study, we estimated the viscosity of freshly emitted
SSA with respect to size at a constant RH. However, nascent
SSA particles may change in physical state and chemical
composition over time through aging,112 potentially modulat-
ing viscosity. Further investigations into the viscosity of aged
SSA are needed to understand better how their phase states
evolve in the atmosphere.
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