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Ice nucleating particles (INPs) catalyze primary ice formation in Arctic low-level mixed-
phase clouds, influencing their persistence and radiative properties. Knowledge of the
abundance and sources of INP over the remote Arctic Ocean is scarce due to limited
data coverage, particularly in the Eurasian Arctic. This study presents summertime
measurements of INP concentrations in seawater, fog water and air from the ship-
based Arctic Century Expedition, exploring the Barents, Kara, and Laptev Seas, and the
adjacent high Arctic islands and archipelagos in August and September 2021. Heat
sensitivity tests of ambient aerosols revealed that heat-liable, biogenic INPs make up
the majority of Arctic INP populations at temperatures above —20 °C, and to a lesser
extent down to —25 °C. INP content in fog water is found to be similar to ambient
aerosol, indicating that INP in marine air could also act as cloud condensation nuclei.
Measurements of aerosolized INPs using an on-board sea-spray aerosol bubble tank
generator exhibit a positive correlation with ambient INP concentrations, but not with
INP abundance in seawater samples. INP concentrations in air derived from sea water
samples (using a NaCl conversion factor representative for the Arctic) were significantly
lower than those measured in ambient air or bubble tank experiments. INP
concentrations in bubble tank experiments positively correlated with the phosphate and
fluorescence signals in the water. This suggests an important role of the aerosolization
mechanism for preferentially partitioning biogenic INPs to the atmosphere.

1 Introduction

Ice nucleating particles (INPs) trigger primary ice formation in mixed-phase
clouds (MPCs), which modulate the cloud radiative and microphysical

“Institute for Atmospheric and Climate Science, ETH Zurich, Switzerland. E-mail: 1gy526462219@gmail.com;
zamin. kanji@env.ethz.ch

’Finnish Meteorological Institute, Helsinki, Finland

‘Department of Marine Biology and Oceanography, Institute of Marine Sciences (ICM, CSIC), Barcelona, Spain
+ Electronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4fd00160e

1 Now at: Laboratory for Microwave Spatial Intelligence and Cloud Platform, Deqing Academy of Satellite
Applications, Deqing, China.

94 | Faraday Discuss., 2025, 258, 94-119 This journal is © The Royal Society of Chemistry 2025


http://orcid.org/0000-0002-6894-1830
http://orcid.org/0000-0002-3549-1212
http://orcid.org/0000-0001-8610-3921
https://doi.org/10.1039/d4fd00160e
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4fd00160e
https://pubs.rsc.org/en/journals/journal/FD
https://pubs.rsc.org/en/journals/journal/FD?issueid=FD025258

Open Access Article. Published on 02 December 2024. Downloaded on 12/20/2025 2:52:32 AM.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online
Paper Faraday Discussions

properties.»” Accurate simulations of cloud properties in climate models require
a realistic representation of INPs.> The concentration of INPs influences the
number, size, and phase partitioning of hydrometeors in clouds, which in turn
affect the cloud albedo, lifetime, and might impact precipitation patterns. In the
Arctic, cloud cover impacts the regional energy balance while the amount of snow-
producing clouds affects the formation of sea ice. A scarcity of INP observations
limits our understanding of the abundance and sources of INPs in different
environments. The Eurasian Arctic Ocean is of particular interest because it could
be the source of highly active INPs.*

INPs can originate from terrestrial and marine sources. Mineral dust particles
are a significant terrestrial source, capable of initiating ice nucleation (IN) at
temperatures lower than approximately —15 °C.* Known sources of mineral dust
near the Arctic Ocean include the Arctic coasts of Greenland,® the Russia coast,*
glacial outwash plains in Svalbard,” and sandy deserts on Iceland.® Marine INP
sources in the Arctic Ocean are related to sea-spray aerosol (SSA), generated
through wave breaking and bubble bursting, which represents another crucial
source of INPs in the high-latitude Arctic Ocean.®** The production rate of SSA
varies with meteorological conditions (e.g., wind speed, and sea surface temper-
ature''?) and sea ice coverage.” Also both the abundance of different compo-
nents in seawater and the aerosolization process at the ocean-atmosphere
interface impact aerosol emission and partitioning.'>** In addition to inorganic
sea salt and sulfate, SSA contains marine biogenic aerosol, which can be
composed of particulate microbes, phytoplankton cell exudates,'®'” and dissolved
organic macromolecules'® released during phytoplankton blooms. These
components can be IN-active at temperatures as high as —5 °C.** It is hypothe-
sized that the emission of IN-active marine biogenic aerosol could coincide with
marine phytoplankton blooms and co-emission of biogenic aerosol precursors,
such as dimethyl sulfide (DMS) and chlorophyll-a.?*>* As the Arctic warms and sea
ice retreats, marine biological processes are likely to become more active which
could change the marine INP emission. Uncovering the sources and under-
standing the mechanisms of marine biogenic aerosol release into the atmosphere
is therefore needed for predicting the abundance of Arctic low-level MPCs in the
future.>*>*

In this work, we present ship-borne measurements of INP concentrations
(Nnp) sampled from different environments (seawater, fog water, marine air, and
air from a bubble tank generator) and related aerosol properties during the Arctic
Century Expedition in the summer of 2021 over the Barents, Kara and Laptev Seas
and the adjacent high Arctic islands and archipelagos in the Eurasian Arctic,
a region that has not been studied before.

2 Methods

2.1 Campaign overview

The Arctic Century Expedition took place from 5th August to 6th September 2021,
starting and ending at the port of Murmansk, Russia. Fig. 1 shows the location of
experiments, instruments and samplers on board the research vessel (RV) Aka-
demik Tryoshnikov reported in this work. Detailed information on instrument
configurations and their functions in each sector is given in Table 1. For
measurements on the 1st deck, an aerosol generation bubble tank (BT) system for
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Fig. 1 Position of instrumentation on board of the RV Akademik Tryoshnikov (adapted
from vessel plans by the Arctic and Antarctic Research Institute). Height is provided relative
to the approximate water line in the front view (left panel), and distance from the ship's
bow in the top view (right panel). A SSA bubble tank generator was operated on the 1st
deck, online measurement equipment for aerosol characterization was located on the 2nd
deck, and aerosol sample collector and fog water sampler were installed on the 6th deck.

controlled SSA generation was set up. Inside the BT, aerosol is generated by
simulating the bubble-bursting mechanisms using water jets to create bubbles.
Water samples include 32 L seawater collected at 2 m depth with Niskin bottles
using a Conductivity-Temperature-Depth (CTD) rosette sampling system or
freshwater samples collected on land using sampling buckets (see sampled water
locations in Fig. 2). The SSA generated in the BT was collected on filters for Nixp
measurements, and characterized for the size distribution by a scanning mobility
particle sizer (SMPS) and an optical particle counter (OPC). Fresh and seawater
samples used for BT experiments were also filtered for biochemical analysis (see
Rocchi et al.> for details on BT experiments and analysis of biological variables).
On the 2nd deck, an aerosol container configured as a laboratory included
interval sampling of ambient aerosol by a liquid impinger (for INP analysis), and
continuous characterization of particle size distributions with an SMPS and an
aerodynamic particle sizer (APS). On the 6th deck, several fog water collectors
were installed next to a low volume PM,, filter sampler (LVS) (Table 1). The LVS
sampled ambient aerosol continuously for 12 h per filter along the ship track
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Table 1 Overview of instrumentation set-up on the RV Akademik Tryoshnikov during the
Arctic Century Expedition (for the onboard location, see Fig. 1)

On-board Temporal
location Instrument resolution Flow rate Function
1st deck CTD-rosette Station-based =~ — Seawater sampling
Aerosol Station-based @ — Aerosol generation
generator (BT) from sampled water
SMPS (BT- 4 min 0.6 Online particle size
aerosol) L min~* distribution (<0.6 um)
OPC (BT-aerosol) 55 2.83 Online particle size
L min~* distribution (>0.3 um)
Water filter Station-based @ — Water filtration for
biochemical analysis
BT aerosol filter 6-20 h 10 Aerosol collection on
L min~* filters for offline INP
analysis
2nd deck Impinger 3h 300 Aerosol collection in
L min " water for offline INP
analysis
SMPS 4 min 0.6 Ambient particle size
L min™* distribution (0.012-0.6
pm)
APS 4 min 1L min™? Ambient particle size
distribution (0.5-20
pm)
6th deck Fog water 6-12 h — Fog water collection for
collector offline INP analysis
LVS (PM,, inlet) 12h 38.3 Aerosol collection on
L min' filters for offline INP
analysis

during the campaign. The fog water and filters were analyzed for INPs in the
laboratory after the campaign. Additionally, several near-shore surface microlayer
(SML) and underlying subsurface seawater (SSW) samples were collected. The
locations of fog water, sea- and freshwater, SML and SSW samples are marked in
Fig. 2. Detailed experimental setups for sample collections and measurements are
described in the following section.

2.2 Sample collection

2.2.1 Ambient aerosol samples. From the aerosol container laboratory on the
2nd deck, ambient aerosols were collected (3 times a day for 3 hours) each into
15 mL ultra-pure water (W4502-1L, Sigma-Aldrich) using a high flow-rate
impinger (Coriolis® , Bertin Instruments, with a lower limit aerodynamic cut-
off size of 0.5 um) at a flow rate of 300 L min~". On the 6th deck, aerosol parti-
cles were collected onto 47 mm polycarbonate membrane filters (Whatman, 0.4
pm pore size) using the LVS (Model DPA14, Digitel) with a PM,, inlet. In the
following, these filter samples are referred to as LVS filters. The LVS inlet was
approximately 25 m above sea level. The operating flow rate was maintained at
38.3 L min~" for 12 hours sampling intervals. The sampling was temporarily
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Fig. 2 Map of water sampling locations during the Arctic Century Expedition. The gray
asterisks represent the ship's track (1 h interval) throughout the expedition.

halted when the wind direction was detected to originate from the ship's
chimney, in order to prevent contamination from exhaust emissions. The
impinger and LVS filter samples were stored at —20 °C on board and for transport
until they were used for the INP analysis after the campaign back at the laboratory
at ETH Zurich. During the campaign, a total of 75 impinger and 50 LVS filter
samples were collected.

2.2.2  Aerosol samples collected from BT. The BT aerosol generation system*®
was used to characterize aerosols produced from bubble bursting. The BT
consists of a 60 L stainless-steel cylindrical tank. For operation, the BT was filled
with 30 L of water collected either with the CTD-rosette (sea water) or on islands
(island run-off or freshwater). Water in the BT was circulated to the top via
a peristaltic pump and showered back to the water surface as plunging jets at
a flow rate of 12 L min . The spray aerosol forms at the water surface via bubble
bursting.** Particle-free air was supplied into the tank headspace at 60 L min~" to
prevent aerosol from concentrating (see Rocchi et al.>* for detailed experimental
setup). Two frequently regenerated diffusion dryers were used to dry the water
spray aerosol for particle size distribution measurements and filter collection.
47 mm polycarbonate membrane filters (Whatman, 0.4 pm pore size) were used to
collect aerosols generated from the BT. The sample flow rate was approximately
10 L min " for a duration of 6 to 20 hours. BT filters were stored frozen at —20 °C
until INP analysis was conducted back in the laboratory at ETH Zurich. The INP
concentration measured from ambient aerosols and aerosolization from BT were
not corrected for freezing point depression, following the representation of
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atmospheric immersion freezing occurring in dilute cloud droplets with water
activity ~ 1.

2.2.3 Environmental water samples. A total of 21 fog water samples were
collected using the instruments shown in Fig. 3a. An array of 7 cactus-like collectors
were fixed by the white clamps and mounted on the railing at the 6th deck on
board. Once covered in fog, the fog water/frost deposits onto the sharp tips of the
“cactus” and drips down/melts into a glass bottle attached at the bottom.

To compare any enrichment of INPs between the sea surface microlayer (SML,
a sub-millimeter layer located at the interface between the ocean and atmosphere)
and subsurface water (SSW), seawater was sampled at the coastal regions (see
Fig. 2) accessed by a helicopter. Four SML samples were collected following the
procedure shown in Fig. 3b. A clean glass plate is repeatedly vertically submerged
and withdrawn from the sea surface to collect SML samples.”” The thin microlayer
film attached to the plate is then transferred into sample bottles using a Teflon
scraper to wipe down the glass plate. Four SSW bulk seawater samples were
sampled by directly submerging sample bottles to about 50 cm below the ocean
surface in parallel to the SML sampling.

For BT experiments, 30 L (of the sampled 32 L) of either sea or freshwater was
used for aerosol generation. The 13 seawater samples were collected from a depth

Fig. 3 (a) Fog water sample collector; (b) collection of SML.
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of 2~4 m using the uppermost Niskin bottle from a SEA-BIRD CTD rosette
sampling system. The 3 freshwater samples were collected using a plastic bucket
from an island river, island lake, and island runoff (at the shore of Pioneer Island,
October Revolution Island, and a lake on Cape Baranov, respectively, see Fig. 2).
2 L of each water sample was filtered to analyze biogeochemical variables.>® All
samples (fog water, SML and SSW, water filters, water filtrates, and unfiltered
water) were stored frozen at —20 °C until analyses.

Conductivity was measured prior to analyzing the INP concentrations for
seawater samples to account for the freezing point depression from dissolved sea
salt. The corrected freezing temperature was calculated according to Koop and
Zobrist,”® and following the procedure of Wilson et al.*

2.3 INP analysis with DRoplet Ice Nuclei Counter Zurich (DRINCZ)

Aqueous particle suspensions were used for immersion-mode INP analysis using
DRINCZ.* After frozen storage, impinger samples were allowed to melt at 4 °C
overnight before analysis. Membrane filter samples were immersed in 10 to 15 mL
ultra-pure water and agitated using a sonicator for 30 min to resuspend the
particles from filters into the water. Each liquid sample was pipetted into
a Polymerase Chain Reaction (PCR) tray with 96 aliquots of 50 uL and cooled in an
ethanol bath at 1 °C min~". Freezing events were detected optically from the
change in transparency of an aliquot upon freezing. INP concentration (Nip) was
derived from the frozen fraction of aliquots at each integer temperature following
Vali.*® For aerosol samples collected by impinger and LVS filters, Niyp is calcu-
lated as per volume of sampled air:

Nfrz(T):|
In|l—
|: Ntol

Valiquol Vﬂow

. Vwaler

Nivpaie(T) = — (1)
where Nip(T) is the INP concentration at temperature T, Ny,(7T) is the number of
frozen aliquots at temperature T, N, is the total number of aliquots (N, = 96),
Valiquot 18 the aliquot volume (Vajiquot = 50 UL). Viater is the total water volume of
the impinger sample or the volume of water used to suspend LVS filters, and Vg
is the sampled air volume, which is the product of the sampling flow rate and
sampling time. For the fog, fresh and seawater samples, Niyp is quantified as per
volume of sampled water:

i - X7

N,
NINP,water ( T) = —V—wt (2)
aliquot

The Nivp in fog water was converted to Nyyp in air:

NINP,air(T) = NINP,fog water(T) 'Ffog,air (3)

where Frog air is the liquid water content (LWC) of fog water in g m™> converted to
a volume of water in the air. For simplification, Fig.ir Was taken from fog layer
measurements of Costabloz et al.** who reported a LWC of 0.1 g m,;; ° for fog up
to 50 m above ground.*" The conversion factor from per volume of liquid to per
volume of air is Frogair = 1 X 10”7 Liog water Lair |

100 | Faraday Discuss., 2025, 258, 94-119 This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4fd00160e

Open Access Article. Published on 02 December 2024. Downloaded on 12/20/2025 2:52:32 AM.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online
Paper Faraday Discussions

Field blanks undergoing the same procedures as the samples were collected
every three days during the campaign. The Npp were corrected for the back-
ground of the blanks according to Vali,** by subtracting the differential INP
spectrum of the blanks from the samples. Based on the limit of detection (LOD)
from the collected sample volume and the purity of the nano-pure water, the
highest temperature for Nyyp detection was approximately —5 °C (above which
sampled air volumes are deemed too low to detect any INPs), and the lowest
temperature at which Nixp can be reliably reported is —25 °C (below which nano-
pure water initiates freezing). The overall uncertainty of the reported freezing
temperatures is £0.9 °C.>

2.4 Heat treatment of INP samples

Macromolecules originating from biological species (e.g., bacteria and phyto-
plankton) typically comprised of proteins can effectively catalyze ice nucleation®
and are heat labile. Heating effectively unfolds the proteinaceous structure,
degrading their IN ability.**** In the post-campaign heat treatment, liquid
samples extracted from the 50 LVS filters were subjected to 95 °C for 20 min. After
cooling to room temperature, the samples were redistributed to PCR trays for INP
analysis using DRINCZ. By comparing the IN activity before and after heating, it is
possible to assess the contribution of heat-labile species to the INP population,
which is a proxy to indicate the presence of biological INPs.*

2.5 Particle size distribution

In the aerosol container laboratory on the 2nd deck, the size distribution of
submicron ambient aerosol was measured using an SMPS (Model 3938, consist-
ing of a 3082 classifier, a 3081 long differential mobility analyzer, and a 3787
Condensation Particle Counter, TSI Inc.). The SMPS operated at a sampling flow
rate of 0.6 L min~" with a sheath-to-sample ratio of 10 : 1, covering a size range of
approximately 12 to 600 nm in electrical mobility diameter. A charge correction
was applied to account for the misclassification of larger particles carrying
multiple charges. Concurrently, the size distribution of coarse-mode particles
(ranging from approximately 0.5 to 20 pm in aerodynamic diameter) was moni-
tored using an APS (Model 3321, TSI Inc.) at a flow rate of 1 L min~". Both the
SMPS and APS were synchronized to a time resolution of 4 minutes to ensure
aligned size distributions. The electrical mobility diameters obtained from the
SMPS and aerodynamic diameters from the APS were converted to volume-
equivalent diameters, assuming an average particle density of 2 g cm 2.7

To monitor the aerosol size properties generated from the BT experiments,
particle size distribution measurements were conducted using a combination of
an SMPS and an OPC (Model GT-526S, MetOne). Two diffusion dryers filled with
silica gel were used to dry the particles before entering the SMPS and the OPC. The
SMPS was configured the same as in the aerosol container. The OPC provided 6-
binned particle count in optical diameter (i.e., >0.3 pm, >0.5 pm, >1 um, >2.5 pm,
>5 um and >10 pm) to extend the range of size distributions.

2.6 Chemical composition analysis

Inductively coupled plasma-optical emission spectrometry (ICP-OES, Model 5100,
Agilent Technologies) was used to detect 11 selected elements (Al, Ca, Cl, Fe, K,
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Mg, Mn, Na, P, S, Si) in the 75 aerosol suspension samples collected by the
impinger. The impinger samples were diluted by a factor of 10 with 2% HNO;
solution prior to the chemical analysis. Quality control was established by the
measurement of blank samples and standard reference materials of each element
processed in parallel (see details of experimental protocols in Gilli et al.*®). The
resulting elemental concentrations for Cl, Fe, Mn, and K were below the LOD and
thus are not discussed. The remaining elements were analyzed in this work,
including P, S, and joint classes of AlSiCa and NaMg, representing dust and sea
salt components, respectively, according to the standards introduced in Hir-
anuma et al.*’

A total of 16 water samples (13 seawater + 3 freshwater) used for BT experi-
ments were collected (including water filters, water filtrates and unfiltered water)
for subsequent quantification of a series of biogeochemical variables, including
chlorophyll-a (Chl-a), fluorescence, glucose, dissolved organic carbon (DOC), total
dissolved nitrogen (TDN) and inorganic components, e.g., nitrate (NO;z ), phos-
phate (PO,*7) and silicate. For Chl-a measurements, the sample was extracted
from filters using 90% acetone for photometric analyses. Fluorescence was
measured with a fluorescence probe installed on the downward cast of the CTD-
rosette. Samples for DOC and TDN were collected in combusted glass ampoules
(8 h, 500 °C) and subsequently acidified with 85% phosphoric acid, heat sealed
immediately, and stored at 4 °C in the dark until analysis by applying the high-
temperature catalytic oxidation method.*® More detailed analytical procedures
are described in Rocchi et al.>® and von Jackowski et al.*

2.6.1 Back trajectory analysis and sea ice conditions. Back trajectories of air
parcels were computed to identify the origin of the air masses. Two-day (48 h)
backward trajectories were calculated with the Lagrangian analysis tool
LAGRANTO**** using the three-dimensional wind fields from the hourly ERA5
reanalysis (5th generation of ECMWF atmospheric reanalysis of the global climate
covering the period from January 1950 to the present, Hersbach et al**) inter-
polated on a regular horizontal grid of 0.5° horizontal spacing. The trajectories
started at hourly intervals along the ship track and were selected at sea level
(approximately 1000 hPa). To analyze the origin of the INPs, air parcels showing
surface precipitation below the air parcel position >0.1 mm h™" were removed
along each trajectory. During these situations INPs are expected to be removed
and, thus, source contributions are neglectable. Additionally, ERA5 hourly data
with a 30 km grid on sea ice coverage was used to characterize the sea ice
conditions.

3 Results and discussion

3.1 INPs in different Arctic environments

3.1.1 INPs in the ambient air. The contribution of heat-labile and stable INPs
to the Nyyp at different temperatures in the ambient air during the Arctic Century
2021 campaign was tested by heating the washing water of LVS filter samples.
Fig. 4a presents the cumulative INP spectra of each LVS filter sample before and
after heating it to 95 °C for 20 min. The overall Niyp was reduced by approximately
one order of magnitude for all samples at all temperatures after heating. The
degradation of Nyyp is most pronounced at temperatures higher than —15 °C.
Fig. 4b shows that the reduction in Nyyp above —15 °C is close to 100%, indicating
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Fig. 4 (a) Ambient INP concentration measured from LVS filters as a function of
temperature with and without heat treatment. The light-shaded data points show indi-
vidual measurements, and the dark data points in blue and red are median N,yp before and
after heat treatment, respectively. The lower and upper bound of whiskers are the 25% and
75% quantiles of the observations. (b) Boxplot showing the contribution of heat-degrad-
able INPs. The lower and upper bounds of the boxes indicate the 25% and 75% quantiles of
Ninp, @and the horizontal line within the boxes represents the median value. The whiskers
have a length of 1.5 x IQR (interquartile range), and individual points are outliers.

a high abundance of heat-labile, IN-active proteins or biological macromolecules
in all samples.**** These results support previous findings'®**-*¢ that biological
INPs are a significant source of INPs over the Arctic Ocean. Several samples
exhibit a lower reduction in Nyyp at 7'< —20 °C, suggesting an increasing fraction
of heat-resistant INPs towards lower temperatures, such as larger aggregates of
ice-nucleating macromolecules or mineral dust.*”

3.1.2 INPs in fog water. Fog can act as an intermediate reservoir in the
atmospheric lifecycle of INPs, potentially influencing the distribution and avail-
ability of INPs for cloud formation.* Fig. 5 shows the cumulative spectra of Nyyp
measured from a total of 21 fog water samples collected in the current study.
Overall, the Npp measured from fog water is in the middle range of the
concentration measured for ambient INPs. This is in contrast to previous findings
that showed enrichment of INPs in fog water®>*** attributed to INP scavenging by
fog droplets. The larger surface size of fog water droplets relative to ambient
aerosols can enhance the scavenging of INPs from the ambient air through
collision and coagulation. Additionally, the relatively slow dissipation of fog
provides an extended residence time of INPs within the fog droplets,* leading to
a concentrated population of INPs in the fog water compared to the ambient air. It
is surprising that we don't observe this enrichment for more samples. This can be
explained by the calm conditions present during fog, where the flux of INPs from
the ocean to the boundary layer is low, or could indicate that our assumption of
the fog water content is too low. However, derived Nyyp from the “fog20” sample
matches the concurrently sampled ambient INP concentration (shown in pink
triangles) quite well. This is also true for the lowest INP measured in the “fog15”
sample when compared to the ambient INP from the LVS samples (shown in
brown triangles). The overlap of Nyyp in fog water and LVS filter samples indicates
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Fig. 5 Cumulative INP spectra of fog water samples compared with ambient INP
concentration measured from LVS filters. N\yp in fog water was derived by converting to
Ninp in air using a fog water content of 0.1 g Mair > (Costabloz et al.,3 see Section 2.3 for
details). The error bars show the 95% confidence intervals derived following Agresti and
Coull.*® The triangles represent the Nyyp measured by the LVS concurrently with “fogl5”
and "fog20".

that a particular enrichment of INPs in fog water compared to fog-free air was not
observed. The match in INP concentrations shown between ambient and fog
water for “fog15” and “fog20” indicates that INPs are also cloud condensation
nuclei. The observed Nyynp from filters therefore represent Niyp that could be active
in MPCs where INP first have to act as cloud condensation nuclei before triggering
immersion freezing.

Ninp in the fog water varies by a factor of 5 to 10 at T < —15 °C. The variation
becomes larger at warmer temperatures, primarily due to the higher uncertainty
from the low number of active INPs at higher temperatures. However, this vari-
ation is constrained compared to Niyp in ambient aerosol. One reason for the
lower variability in Nyyp could be that ambient air is often influenced by long-
range transport of INPs from diverse sources, which results in a larger natural
variability in Niyp depending on the atmospheric conditions in the boundary layer
and air mass history. Also enhanced random dilution could broaden the Nyxp. The
ambient Nyyp was positively correlated (moderate to strong) with Npp in
concurrent fog water samples (results shown in Table A1 in the ESIt), which
suggests that their sources overlap but some differences still exist. In particular,
the highest correlation was observed for Nyyp at —20 °C. At these temperatures,
mineral dust (from long-range transport) is IN-active or heat resistant silicates
from biogenic sources could contribute to both INPs in fog water and ambient
INPs. The lower correlation at higher temperatures suggests different dominant
INP sources at these temperatures for ambient and fog water samples.
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The sample “fog20” (Fig. 5) exhibited the highest Nyyp compared to the other
samples. To better understand the characteristics of this sample, we plot the 2
days air mass backward trajectories for the high (“fog20”) and low (“fog15”) Ninp
samples in Fig. 6 together with the sample collection period and location. For
“fog20”, the ship traveled in the middle of Severnaya Zemlya and the North
Siberia Peninsula during the sampling period where local terrestrial sources of
INPs are in the vicinity of the ship-track (see pink “fog20” trajectory in Fig. 6). The
air mass history indicates that the North Siberia Peninsula could provide terres-
trial INP active at high temperatures (below —6 °C) via long-range transport even
when the ship moved away from land. Considering the season of the measure-
ments (August/September), thawing permafrost could be one source of INPs.>***
In addition, mineral dust from the coast of the North Siberia Peninsula and fluvial
sediment input into the ocean from the many Siberian rivers could be re-
suspended from the ocean surface® and contribute to the high Nyp in sample
“fog20”. In contrast, for the low-Ninp sample “fog15”, the ship was located north
of Franz-Josef Land, spending some time within the pack-ice. The air masses
originated from the central Arctic a region completely covered by sea ice, which
besides INP released from sublimating blowing snow, lacks significant sources of
INPs.

Admittedly, the 48 hours time frame with 0.5° spatial resolution is appropriate
for tracking air mass movements from nearby sources but may not capture the

Sea ice coverage (%)

_’7

20 40 60 80 100

72°N-~
3

Franz-Josef "\ 2

69°N-
Siberia

- Novaya

66°N-— e Zemlya
o
Murmansk
30°E 60°E 90°E

Fig. 6 2 Day backward trajectories from the ship location at sea level. The black asterisks
represent the ship's track throughout the entire expedition. The percentage of sea ice
coverage is shown in gray scale. Back trajectories covering the fog sampling period,
starting from the ship's location at sea level, are launched every 3 hours, with the points
along the trajectory indicating hourly intervals. The solid thick lines and arrows indicate the
ship's movement during the overlapping period where “fogl5” and “fog20” were collected
from 06:00 to 18:00 on 17th August 2021 close to the ice edge north of Franz-Josef Land,
and 18:00 on 31st August 2021 to 06:00 UTC on 1st September 2021 in between Sev-
ernaya Zemlya and Siberia, respectively.
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influence of long-range transport or finer-scale variability. As a limitation, longer
trajectories (e.g., 72-96 hours) could provide insights into potential distant
sources but may introduce uncertainties in Arctic regions due to rapid changes in
meteorological conditions. Additionally, while the trajectory analysis offers
insights into general air mass origins, it does not allow for precise attribution of
specific INP sources, especially in complex regions where terrestrial and marine
influences converge.

3.1.3 INPs in seawater. To understand the relative abundance of INPs in
different layers of seawater, Niyp in SML and SSW samples were measured. For
samples 2 and 3 collected east of Severnaya Zemlya in the Laptev Sea, no differ-
ence was found in Nyyp between the SML and SSW samples. For sample 04
(SML_04 vs. SSW_04 in Fig. 7) the Nyyp was slightly higher in the SML than SSW.
Overall, samples 02, 03, and 04, which were collected in the same region showed

Samples from current study Literature data

® SML_01 [] SML (Gong et al., 2020, Cape Verde)
O SSW_01 i1 SSW (Gong et al., 2020, Cape Verde)
® SML_02 [] SML (Wilson et al., 2015, Arctic Ocean)
O SSW_02 1 SSW (Wilson et al., 2015, Arctic Ocean)
SML_03 [0 SML (Wilson et al., 2015, Atlantic Ocean)
SSwW _03 i1 SSW (Wilson et al., 2015, Atlantic Ocean)
@ SML_04 SML (Irish et al., 2017, Arctic Ocean)
O SSW _04 SSW (Irish et al., 2017, Arctic Ocean)
10’
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Fig. 7 Cumulative INP spectra of sea surface microlayer (SML) and subsurface seawater
(SSW) samples. Error bars show the 95% confidence intervals. Literature data'®®* of
previous measurements of Njyp in seawater at different locations are shown for
comparison. The freezing temperatures for seawater N,yp are corrected for freezing point
depression.
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very similar Nyyp. Previous studies, e.g. ref. 10, observed that the SML is enriched
in organic material from biological components of the ocean and is more IN-
active than SSW. Observations in the European Arctic and North Atlantic Ocean
showed that Niyp correlated with organic material in SML. However, the sampling
conditions of the SML and SSW can influence the results. In our samples, Nixp
was higher in the SSW than SML for sample 01 collected east of Wiese Island in
the Kara Sea. During the collection of SML_01 and SSW_01, it was observed that
water was very turbid due to outflow of sediment from the nearby Wiese Island.
More sediment was present in sample SSW_01 than SML_01, explaining the
higher Nyyp in SSW_01 than SML_01. In the previous studies of Gong et al.,*® both
an enrichment and a decline of INPs in the SML compared to SSW were observed
in Cape Verde. On the other hand, Irish et al.** did not find enrichment in the SML
compared to SSW from Arctic Ocean samples. There is no universal INP enrich-
ment in the SML, despite it being rich in organic components. The different
results from past studies and the varied results in our 4 samples can be attributed
to the limited number of samples for a given sampling condition. Specifically, the
frequency of marine biological activity (e.g., a phytoplankton bloom) in different
ocean layers,'** uncertain mixing of the sea surface,**” ocean state (e.g., wind
speed**** and sea surface temperature®®*°), all affect the SML partitioning process
leading to a variable enrichment factor of INPs in the sampled SML. Production of
SSA is typically associated with strong wind speeds, white cap formation, and
wave breaking.'**® As such these conditions represent turbulent conditions where
the SML and SSW are significantly more mixed than in calmer conditions. To
quantify the INP flux from the ocean, aerosolization of the ocean surface water is
necessary (see Section 3.2), but assuming the sources are only from the surface-
rich microlayer may lead to biases, especially for SSA production in coastal
areas where sediments are re-suspended with the SSA.>?

3.2 Ocean-atmosphere partitioning of INPs

From the isolated experiments of different water samples in the BT, we distin-
guish the abundance of INPs generated by spray aerosolization of the water
samples based on the sampling location. Fig. 8 shows the INP spectra of aero-
solized particles from the BT experiments (Nyyp pr). Overall, freshwater samples
that were collected from rivers and lakes on islands (labeled as “Island water
bodies”) and seawater samples collected close-to-islands produced higher aero-
solized Nyyp compared to seawater samples farther away from land (see Fig. 8)
supporting strong terrestrial INP sources. The “island water bodies” showing the
lowest freezing temperature (Land_075BIS) was sampled on Pioneer Island in the
bay in brackish waters as revealed by the intermediate salinity level (see Table A3
in the ESIT). The Land_080 sample was a seawater sample directly in contact with
land. Given the highest INP concentrations were observed for samples with zero
and high salinity (Land_078 and Land_080, respectively), the contact to land
appears to control the INP concentrations observed rather than the salinity level.
The influence of salinity is further discussed in later sections. From the seawater
samples collected at different locations, Niyp gr Was highest for samples obtained
close to islands. For seawater samples, reduced Ninppr Was associated with
increased sea ice coverage, i.e., Ninp st produced from samples collected in the
open ocean contained more INPs than samples from within the MIZ/ice pack.
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Fig. 8 Cumulative INP spectra for BT-generated particles, classified according to the
sampling location. “Island water bodies” indicates water collected from island rivers and
lakes, "MilliQ" denotes a reference experiment with pure water. All other categories are
seawater samples. "Close to island” indicated that the ship location was less than 15 km
from the coastline.

In Fig. 9 the Ninp,pr, ambient Niyp (from LVS filters) and Niyp in air derived
from the SML and SSW samples are shown. To convert the Nyyp in the SML and
SSW samples to that in air, a factor of 10~ '° was used that represents the ratio of
NaCl in the atmosphere to that in seawater for the Arctic.®* First, we note that the
BT-generated INPs overlap strongly with the ambient measurements. This
suggests that the ambient INP has strong local sources from the seawater. Due to
increased mixing and dilution in the ambient, it is also expected that Ninppr
would be biased higher in the BT than in the ambient as seen in Fig. 9. Secondly,
the Npnp derived for SML and SSW are much lower than those measured in
ambient air and in the BT. This strongly supports the fact that the aerosol
production mechanisms that occur at the sea surface (and in the BT) are
responsible for preferentially partitioning INPs to the airborne phase. Modeling
the bubble or jet bursting process at the sea surface is crucial to capture the true
flux of INPs from the ocean to the atmosphere since the enrichment of airborne
INPs cannot simply be represented by the mass transfer of NaCl.

3.3 Correlations of Nyp with SSA size and bio-chemical seawater properties

Fig. 10 shows the correlation between a selection of variables measured from the
BT experiments during the Arctic Century campaign. Spearman rank correlation
coefficients were calculated due to the unknown distribution of each investigated
parameter. Notably, Niyp g negatively correlates with salinity, reflecting INP-rich
island water bodies. In addition, weak to moderate correlations were found
between Npppr and seawater temperature (Tgeawater)- This could be a purely
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Fig.9 Atmospheric Njnp as a function of temperature measured from ambient air by LVS
filter with the PM,q inlet (gray shaded area), BT-aerosol collected on filters (red), and Ninp
derived from SML (green) and SSW (blue) samples, respectively. The factor used to convert
Ninp in the SML and SSW samples to concentration in air is 109,53

latitudinal or seasonal effect. However, higher water temperature is reported to
boost marine biological productivity by lowering the activation energy of
enzymes,® thereby increasing the emission of IN-active marine biogenic aerosol.

Concentrations of several components were measured for the water samples
used in the BT experiments. Fig. 10 shows some overall positive and significant
correlations were found between Ninp gr and chl-a (except T = —15 °C), fluores-
cence and phosphate. Although neither of these components is reported to be IN-
active, their abundance is a tracer of promoted marine biological activity, from
which IN-active organics and biogenic exudates can originate. Recently it was
shown that fluorescent particle concentrations are a good predictor for INPs of
dust and biological origin.®® No clear correlation between Niyppr and DOC was
found in contrast to McCluskey et al.*® who suggested that a positive correlation is
indicative of sub-0.2 um DOC components acting as marine INPs. Strong corre-
lations were also not observed between Ninp gr and TDN and NO; . A significant
and moderate correlation was found between Ninp g and silicate concentration. A
biological origin of silicate in the ocean from marine diatoms and microalgae
with siliceous cells has been reported (e.g., Thalassiosira pseudonana) to be IN-
active.” Another possibility for the positive correlation with silicate is the pres-
ence of dust-type INPs. Cornwell et al.** showed in a laboratory study that the
seawater doped with dust can be re-aerosolized with retained IN activity and
added to the atmospheric INP populations during bubble bursting. This pathway
of INP transfer could be responsible for the relatively high Niyp aerosolized from
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Fig. 10 Spearman rank correlation matrix of variables measured from the BT experiments
during the Arctic Century campaign, with the coefficients shown in each box. The cross-
correlated parameters are N\yp gt Mmeasured at three selected temperatures (T = —10, —15
and —20 °C); the salinity and temperature of water samples (Tseawater) Used for BT
experiments; and quantity of nutrients and biological and terrestrial source indicators
measured from the water samples, including chlorophyll-a concentration, fluorescence,
concentrations of glucose, dissolved organic carbon (DOC), total dissolved nitrogen
(TDN), nitrate (NO3™), phosphate (PO47) and silicate. Additionally, the number concen-
tration of aerosolized particles with diameters >0.5 um measured from the OPC (n > 0.5), n
< 0.3 and n < 0.05 measured from SMPS were cross-compared. The asterisks represent
results with statistical significance (p < 0.05). Smoothed time stamps (in minutes) were
applied to different data sets for correlation analyses.

land-sourced freshwater or seawater samples collected approaching islands (see
Fig. 8) that are often rich in suspended sediments due to the fluvial outwash.
Ninp,sr is negatively correlated with particle concentrations n > 0.5 aerosolized
from the water samples, indicating that the absolute loading of SSA (dominated
by NaCl) does not determine the abundance of aerosolized INPs (supporting the
conclusions from Fig. 9) and emphasizes that Njyp cannot always be predicted by
aerosol number concentration®® like parameterizations for dusty or highly
polluted atmospheres.®~** However, the negative correlation between Niyp sr and
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n < 0.3 and n < 0.05 do not support that finer aerosol mode could be used as
predictors for INP concentrations. The absence of a positive correlation with
aerosol number concentration of different size ranges strengthens our conclusion
that Nyp cannot always be predicted by aerosol number concentrations in
agreement with studies elsewhere in the Arctic and other remote regions.’**"*
Combining the correlation analyses of Nixp gt With biological indicators (i.e., Chl-
a, fluorescence, PO,*") and silicate, we infer that the aerosolization processes at
the water-air interface preferentially partitions the IN-active species to the aerosol
phase and that the composition (phosphate, silicate) and fluorescence informa-
tion are crucial to predict INP concentrations.*

The relative abundance of INPs in different samples taken simultaneously
including ambient air (impinger samples), seawater samples (CTD seawater), and
BT-aerosolized SSA are shown in Fig. 11. The comparison reveals insignificant
correlations between Nyyp in ambient air and the coincidentally sampled seawater
(Fig. 11a). In contrast, a statistically significant correlation was found between
airborne (Ninpambient) and BT-aerosolized (Nippr) INP concentrations at the
selected freezing temperatures (Fig. 11b). Niyppr are present in higher concen-
trations compared to ambient INPs by about an order of magnitude due to the
absence of dilution in the BT-aerosolized air. The positive correlations suggest
that the BT experiments simulate a realistic aerosolization process at the sea-air
interface, and the seawater can be a considerable source of INPs in the Arctic
Ocean. The data from Fig. 11b suggest that SSA is a source of INPs, but the
absence of a positive correlation with Niyp derived from seawater in Fig. 11a
suggests otherwise. This additional support is that the missing factor for water
samples is the aerosolization process that enriches INPs in the air, which cannot
simply be accounted for by the flux of SSA from water to air. The mechanisms of
INP aerosolization at the ocean-air interface could be impacted by several com-
pounding factors, e.g., an enrichment of INPs at the sea surface microlayer,*
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Fig. 11 Comparisons between ambient Njp measured from impinger samples and
coincident N,yp measured from (a) seawater and (b) BT-aerosol filters. The dashed lines
indicate the linear regression in the logarithmic scale, and only the statistically significant (p
< 0.05) r values (correlation coefficients) are shown in the figure. The correlation coeffi-
cients of all data are given in Table Al.{
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dissolved species and their abundance,*”** biological productivity,'®** sea surface
temperature,””* wind speed,” and sea ice concentrations.>®

4 Conclusions

This study presents summertime observations of Nyjyp and aerosol related prop-
erties over the Barents, Kara, and Laptev Seas in the Eurasian Arctic from August
to September 2021. Variability in Nyyp is highly influenced by local sources, and to
some extent meteorological conditions, and potentially long-range transport. A
series of online and offline measurements were applied to investigate the INP
abundance in seawater, fog, and ambient air to understand the sources of the INP
and production mechanisms.

The majority of ambient aerosol samples collected on LVS filters were prone to
degradation in INP concentration after heating to 95 °C for 20 min, indicating the
presence of proteinaceous or biogenic INPs that are heat-labile. By comparing
Nivp in the ambient air to other environments, similar Nyyp was observed in fog
water compared to ambient air, indicating INPs are not enriched in fog water and
are likely cloud condensing nuclei. INPs in fog should be considered in studies of
INP distribution and availability due to its role as an intermediate reservoir and
for the formation of ice fogs in the atmospheric lifecycle of INPs. No clear trend
was observed for INP enrichment in the SML compared to SSW, which is both in
agreement with and in contrast to previous studies. The frequency of marine
biological activity, such as phytoplankton blooms, fluvial input of sediment INPs,
along with the variability in sea surface mixing and ocean state, could influence
the abundance of INPs in different ocean layers.

A comparison of Nyyp in the SML, SSW and CTD seawater samples to in situ
aerosol measurements from a BT system and ambient INPs from the LVS filters
reveals that the bubble-bursting mechanism is important in transferring INPs
from the ocean to the atmosphere. The abundance of INPs in the BT-sprayed
aerosols showed a dependence on the composition of water components, with
terrestrial freshwater possessing higher Nyyp compared to seawater samples. In
accordance, a reduced Nyyp g Was associated with a longer distance to land or an
increased sea ice coverage where the subsurface seawater samples were
collected. Based on the correlation analyses between Npyppr and biological
activity, this study supports the important role of marine biogenic aerosol as
a source of INPs in the remote Arctic Ocean far from terrestrial sources. Our
results highlight key relationships, such as the strong correlation between INP
abundance and local biogenic factors (e.g., chlorophyll and fluorescence
signals). These correlations suggest that integrating real-time biological activity
data, especially during phytoplankton blooms, could improve model parame-
terizations of Arctic INP emissions. Lastly, other effects may be present in
addition to the composition during the SSA generation and INP partitioning in
the ocean and atmosphere, including the enrichment of IN-active materials in
the sea surface microlayer, sea ice coverage, advection, and mixing in different
ocean layers.

Data availability

The data in this article are available at https://doi.org/10.3929/ethz-b-000717415.
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