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Atmospheric ice nucleating particles (INPs) can affect cloud radiative properties and lifetimes and thus
Earth's climate. Such particles may be emitted into the atmosphere from seawater via wave breaking
processes. Here, we perform an exploratory investigation on the ice nucleating properties of seawater
sampled on four days over a year (February, April, June, and November) from a coastal site near Aarhus
in Denmark. We use a cold stage instrument (droplet size: 1 ul) to probe immersion mode freezing
events. We find that bulk seawater contains INPs with Tsq values around —20 °C independent of the
month of sampling and INP concentrations ranging from 6 x 10° to 5 x 10° INP L™t in a temperature
range of —12 to —34 °C across all four samples. All samples displayed sensitivity to filtration (0.02 pm), as
indicated by a decrease in INP concentration (lowering of freezing temperature). The filtered April and
June samples froze at higher temperatures than the filtered November and February samples, which
could indicate a variation in the population of INPs (>0.02 um) over the year. Sea surface microlayer
samples did not show enrichment of INPs compared to bulk seawater. Our results are discussed in the
context of INP activity of seawater from other locations. While further studies are needed to understand
the nature and potential seasonality of seawater INPs, we confirm the presence of INPs in coastal Baltic
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Environmental significance

seawater that may contribute to atmospheric INP concentrations.

Ice nucleating particles (INPs) can initiate freezing in clouds and thereby influence cloud lifetime, radiative properties, precipitation patterns and ultimately

Earth’s radiative balance. Sea spray aerosols are a potential source of INPs. Understanding the presence and nature of INPs in sea spray aerosols is important for
assessing their global significance. This study investigates the presence of INPs in coastal Baltic seawater. Our results show the presence of INPs in four seawater

samples obtained over a year. Filtration experiments show that the main INPs in seawater samples from Ajstrup Beach are larger than 0.02 pm in size. In
addition, the size and composition of INP samples differ between samples from November/February and April/June, highlighting the need for further research

into seasonal variability of INPs in seawater.

Introduction

The formation of ice in atmospheric clouds influences precip-
itation, hydrological patterns,* cloud radiative properties and
lifetimes and thus Earth's total radiation budget and climate.>®
Ice crystals can form in the atmosphere from freezing of
supercooled cloud droplets of pure water at —38 °C via
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homogeneous nucleation; however, the presence of ice nucle-
ating particles (INPs) allows ice formation at warmer tempera-
tures.® Ice nucleation initiated by INPs can occur via deposition,
contact, condensation, or immersion freezing.'* Immersion
freezing, which is the focus of this study, is thought to dominate
ice formation in mixed-phase clouds," which are responsible
for most of the precipitation in mid-latitudes'** and are
important in the marine atmosphere.*®

Around 71% of Earth's surface is covered by seawater, where
wind-induced wave breaking represents a major source of
aerosol particles, also known as sea spray, to the atmosphere.*®
Sea spray aerosols (SSA) are a potential source of INPs in the
atmosphere, as shown by, e.g., DeMott et al.*

There are several different approaches to investigating the
potential of sea spray aerosols to act as INPs, as outlined by
Ickes et al.®* Since the chemical composition of sea spray
aerosols is coupled to that of the seawater it originates from,*
a first approach to investigating the ice nucleating activity of sea

© 2025 The Author(s). Published by the Royal Society of Chemistry
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spray aerosols is to study INPs in seawater and sea surface
microlayer (SML) samples. Irish et al.** showed that INPs are
present in both SML and bulk seawater samples from the
Canadian Arctic Ocean using the droplet freezing assay tech-
nique. By performing heat and filtration treatments, they found
that the INPs were likely heat-labile biological materials (0.02—
0.2 um in diameter). Wilson et al.>* found that the ice nucleating
material in SML and bulk seawater samples from Arctic,
Atlantic, North Pacific, and coastal British Columbia seawater
was likely a biogenic material and <0.2 pm in diameter.
Measurements from the Gulf of Mexico by Ladino et al.** found
moderate INP concentrations ranging from 6.0 x 10" to 1.1 x
10° L' at temperatures below —16.5 °C in SML and bulk
seawater. Ladino et al. observed that the SML samples froze at
colder temperatures compared to bulk surface water. Ladino
et al.** also found INPs in SML samples from the Saanich Inlet,
off Vancouver Island, at concentrations higher than in the Gulf
of Mexico and suggest that coastal water from higher latitudes
freezes at higher temperatures than coastal water from more
southern latitudes. Studies by Hartman et al'® of Arctic
seawater and SML reported enrichment factors of 1-10 for the
majority of samples. Gong et al.” measured INPs in SML and
bulk seawater from Cabo Verde and found both enrichment and
depletion of the concentration of INPs in SML compared to bulk
water but with no clear trend in ice nucleation temperature.
Similarly, Li et al.® measured INPs in seawater sampled from
the Barents, Kara and Laptev Seas, finding no clear trend in INP
enrichment in SML compared to bulk seawater.

An additional way of studying INPs in sea spray is by per-
forming laboratory experiments where seawater is aerosolized,
and the aerosols emitted are tested for ice nucleating ability.
Ickes et al.?* performed aerosolization of Arctic SML samples
mixed with artificial seawater using a nebulizer and a sea spray
tank and measured INPs present in the aerosols formed. Wang
et al.>® and DeMott et al.”® performed mesocosm studies in a sea
spray tank and a wave channel elucidating the complexity of
water-air INP transfer in the presence of phytoplankton
blooms. Wolf et al.>® also linked INPs in sea spray aerosols with
the biological activity of seawater from the Florida Straits and
the eastern tropical North Pacific.

Despite increasing evidence that seawater is a significant
source of ice nucleating particles, our knowledge of the prop-
erties and concentrations of INPs in both the SML and bulk
seawater remains limited. Several regions of the world are also
understudied in this regard, for example with respect to spatial
and seasonal trends. To the best of our knowledge, no studies
have investigated INPs in seawater from the Baltic Sea. The
Baltic Sea in Northern Europe is enclosed by land and linked to
the North Sea via belts and straits. It is characterized by strong
gradients in salinity.”” Recent work by Zinke et al*® has
parameterized sea spray aerosol fluxes from the Baltic Sea. In
this study, we perform exploratory investigations to elucidate
the ice nucleating activity of coastal seawater sampled close to
Aarhus in Denmark, near the entrance to the Baltic Sea, where
the salinity is around 20 g kg™ '. Four samples were collected,
one in each season, and analysed with the drop freezing assay
technique.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Location of the sampling site (red dot, coordinates: 56°02'25"N,
10°16’16"E), Ajstrup Beach, Denmark. The map is created with the
MATLAB Mapping Toolbox (R2023b).

Materials and methods
Sampling details

Coastal seawater samples were collected from Ajstrup Beach in
Denmark (Fig. 1). Ajstrup Beach is a camping and vacation
house area located at the Bay of Aarhus, ~20 km south of the
city of Aarhus. Salinity in the bay area varies between approx. 13
and 26 g kg~ " and the sea surface temperature has been found
to vary from 0 to 22 °C over the year.”®

The sampling took place on November 15th, 2022 (autumn),
February 2nd, 2023 (winter), April 11th, 2023 (spring) and June
27th, 2023 (summer). Table S1} provides information from the
Danish Meteorological Institute on weather and seawater
conditions on sampling days.

All water samples were collected using a 250 ml BlueCap
bottle (borosilicate glass, Simax®) from the end of a wooden
pier, approx. 10 m from the coast. The bottle was lowered into
the water with the lid closed, then the lid was unscrewed by
hand at a depth of ~30 cm and then closed again underwater
before being recovered. These samples are referred to as bulk
water samples. The bottle was handled during pre-cleaning and
sampling with nitrile gloves. Equipment used for sampling
seawater was cleaned with ethanol and then Milli-Q water prior
to use and wrapped in tin foil. At the sampling site, the
equipment was again rinsed with Milli-Q water and then rinsed
with seawater 10 m downwind from the sampling site.

In November, surface water was collected with a BlueCap
bottle, which was filled while holding it horizontally at the
water-air interface. We refer to this sample as surface water. In
April and June, the sea surface microlayer was sampled using
the glass plate technique following the standard procedure of
Harvey and Burzell.*® We used a glass plate (1600 cm?) with
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Table 1 Seawater characteristics as obtained from the Environmental Portal website (https://miljoedata.miljoeportal.dk), Station ID 94400007
and reference ARH170006. Values are from the following dates: autumn 10-Nov-2022, winter 25-Jan-2023, spring 17-Apr-2023, and summer
23-Jun-2023. The water samples for this data were collected in the middle of Aarhus Bay (approx. coordinates 56°09'15.2”N 10°18'36.1”E) at 1 m
water depth. In parentheses is the seasonal average of three months with the standard deviation and each month includes 2 samples. Autumn is
September, October, and November; winter is December, January, and February; spring is March, April, and May; and summer is June, July, and
August. For a graphical representation of the seawater characteristics over the sampling period, see Fig. S1

Water temperature  Salinity Chlorophyll a Total nitrogen  Total phosphorus  Oxygen content

[°c] lgkg™] pH [hgL7'] [ng L7'] [ng L7'] [mg L]
Autumn  11.3 (13.2 + 4.1) 25.7(23.0+2.4) 7.9(8.14+0.1) 3.7(4.5+22) 230(233+21) 20 (25 + 4.4) 9.06 (9.0 %+ 0.5)
Winter 4.5 (4.75 £ 0.5) 27.4 (243 +4.2) 7.9(7.840.03) 1.5(2.6 £1.4) 270 (250 £ 10) 25 (26 + 1.8) 10.2 (10.0 & 1.2)
Spring 8.0 (6.05 + 1.9) 17.1 (21.4 £3.5) 8.0(8.0+0.04) 1.4(2.0£0.7) 170 (190 £22) 9.8 (12.6 & 3.5) 10.5 (10.4 £ 0.7)
Summer  20.6 (16.8 %+ 2.2) 19.1 (23.6 £2.9) 8.2 (8.140.06) 1.0 (1.1 £0.3)) 220 (185+£21) 11 (12.8 +2.3) 8.64 (8.6 + 0.3)

a plastic handle and a Teflon wiper (29 x 3.5 cm). Standing in
the water parallel to the wind direction, the plate was dipped
~29 cm into the water and slowly withdrawn (~4 s duration).
Then the water was allowed 2 s to drip off before the glass plate
was wiped and the sample collected in a BlueCap bottle. In
February, the weather did not allow for surface water sampling
because the surface was not calm enough. All samples were
stored at 4 °C until analysis, which took place on the day of
sampling or up to two weeks after.

Seawater composition

We do not have measurements of seawater characteristics at the
sampling site; however, Table 1 provides seawater characteris-
tics obtained from the Danish Environmental Portal in the
same month as the seawater samples collected for INP analysis
(closest available site). In parentheses are seasonal average
values from a total of six water samples per season. The dataset
is from water samples collected at 1 m depth in the middle of
Aarhus Bay (approx. coordinates 56°09'15.2"N 10°18'36.1"E),
which is around 4 km from the harbor of Aarhus and 15 km
from our sampling site at Ajstrup Beach. Fig. S1f shows
seawater characteristics over the full year in Aarhus Bay.

Salinity data in Table 1 are supported by a salinity
measurement of the June sample of 18 g kg™ measured using
a portable refractometer (WZ-221) and water activity measure-
ments of November and February samples from Ajstrup Beach.
See ESI Section S1.31 for details. Following the parameteriza-
tion by Tang et al.,* salinity can be determined from water
activity (average 0.9860 for November and 0.9855 for February),
resulting in salinities of 24.9 g kg™' and 25.5 g kg~ ' for
November and February, respectively. See Section S1.4 for
details. On this basis, it seems reasonable to conclude that
seawater salinities at the two sites (Ajstrup Beach and Aarhus
Bay) are thus similar.

Cold stage

A new cold stage at Aarhus University was used for INP analysis.
The cold stage is an implementation of the drop freezing assay
technique.*” The cold stage is described in detail by Mahant
et al.*® and has been developed as a low-cost portable experi-
mental set-up similar to the NC State Cold Stage.** Briefly, the
cold stage is composed of an experimental chamber, a camera

1016 | Environ. Sci.: Atmos., 2025, 5, 1014-1022

mounted on a stand above the chamber, an electronic control
box and a computer for data acquisition and control. The
experimental chamber is a 3D printed plastic box with ports on
each side for the continuous flow of nitrogen gas. Inside the
chamber is an aluminium plate placed on top of a Peltier
element (thermoelectric module) and underneath is a water
block (a plate with circulating cooling fluid). Between all three
mentioned parts is thermal paste to ensure efficient heat
transfer. A thermistor is placed into a small hole in the side of
the aluminium plate and thermal paste is used to ensure
contact between the thermistor and the metal surface.

During an experiment, four hydrophobic glass slides
(Hampton Research; HR3-215 22 mm siliconized) are placed on
top of the aluminium plate. An electronic pipette (Eppendorf
Xplorer®-4861000015) is used to place a minimum of 100 drop-
lets (Varop = 1 pL) onto the glass slides. The droplets are cooled
from 10 °C to —40 °C at a rate of 2 °C min~". The temperature
difference between the droplet and the temperature measured is
estimated to be <1 °C for the given cooling rate.**** Droplets are
monitored using a camera (IDA Imaging, 2592 x 1944 pixels)
with a frame rate of 0.5 frames s~ . Two key parameters obtained
from the experiments are: (1) the Ts, value, which is the
temperature at which half of the droplets are frozen and (2) the
cumulative INP concentration (Cpyp in units of INPs L~ " water) at
a given temperature, which is calculated using Vali's equation:*®

~In (Fur)

Cine ( T) = 7
rop

where Fy is the fraction of unfrozen droplets at temperature T
(supercooled) and Vg, is the volume of a single droplet.
Throughout this work, we refer to T (5 x 10> L") and T (10° L")
as the temperatures where INP concentrations are 5 x 10> L™
and 10° L', respectively. Ciyp (—20 °C) denotes the INP
concentration at a temperature of —20 °C.

Assuming that the seawater only consists of water and NacCl,
freezing point depressions are —1.6, —1.7, —1.1 and —1.2 °C for
salinities in Table 1 of the November, February, April, and June
samples, respectively, following Schwidetzky et al.*® The devia-
tion is due to the difference in salinity in the seawater sampled.
The data shown from this work have not been corrected for
freezing point depression.

Following Gong et al.” we define enrichment factors between
the sea surface microlayer (SML) and bulk seawater as

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Cinesm(T)
EF(T) = —————=
(7) Cinepui (T')

The enrichment of Cyp in the SML is indicated when EF > 1,
while depletion is indicated when EF < 1.

Test of water storage and handling

All bulk seawater samples were analysed for INP activity on the
day of sampling. We tested (February and April) whether
shaking the BlueCap bottle, by hand for 5 seconds, immedi-
ately before pipetting on the cold stage glass plate affected INP
concentrations. This test was performed to investigate whether
particles (e.g. larger suspended sediment) that would settle out
of the sampling volume (over a 24 hour period) affected the INP
activity of the sample. The seawater volume that was pipetted
onto the cold stage was taken from the top 0.5 cm of the glass
bottle. As can be seen in Table S3, the shaken and unshaken
values of T'(5 x 10> L") fall within 0.7 °C of each other and are
thus within an uncertainty of =1 °C based on plate heteroge-
neity.*® We therefore do not differentiate between shaken and
unshaken samples and use the combined dataset when avail-
able, if not otherwise stated. Furthermore, over a period of four
consecutive days after sampling, three of the bulk seawater
samples were analysed for INP activity every ~24 hours. Across
all four bulk seawater samples, no clear trend was observed in T
(5 x 10° L") with time after sampling. The T (5 x 10° L)
value was lower by up to ~2 °C in one case (November) for day
four compared to the day of sampling. A repeat measurement
of the November sample after two weeks showed a T (5 x 10°
L") value consistent with the value obtained on the day of
sampling. We conclude from these tests that storage at 4 °C on
a time scale of days does not systematically change the INP
activity of the seawater to a degree that can be resolved in our
system.

Experimental details

Bulk seawater and surface or SML samples were divided into
aliquots and treated in three different ways before analysis of
INP activity using the cold stage: (a) untreated seawater samples
(referred to as the fresh samples), (b) filtered through a 0.02 pm
syringe filter (Whatman™ Anotop™, WHA68093022) (referred
to as the filtered samples) and (c) seawater treated with pelleted
activated charcoal and filtered twice by suction (filter with pore
size of 100 um), followed by filtration through a 0.02 um syringe
filter (referred to as the activated charcoal samples) following
the procedure of Nielsen and Bilde.”” In some cases (February
and April), the samples were heated to 70 °C while being treated
with activated charcoal. Table S31 provides an overview of the
experiments performed on the water samples collected from
each season. For reference, an artificial seawater sample using
Sigma Sea salt (Sigma-Aldrich, S9883, 55% Cl, 31% Na, 8%
SO4>7, 4% Mg, 1% K, 1% Ca, <1% other) and a homemade sea
salt mixture®” (Cl~, Na*, S0,>7, K*, Ca*", Br~, Mg>*, and NO;~
with mass contributions relative to Cl~ of 1, 0.56, 0.14, 1.7 X
1072 2.2 x 1073, 3.1 x 1073, 6.8 x 1072, and 2.6 x 10?3,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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respectively), both with a salinity of 20 g kg™ ', were also ana-
lysed. As a pure water reference, HPLC grade water (Sigma-
Aldrich 270733-1L, CAS-No: 7732-18-5) was filtered through
a 0.02 um syringe filter at the beginning and end of the period
(13th October 2022 and 7th July 2023). Figures show the
combined pure water dataset as a reference.

Results and discussion
Seawater ice nucleating particles

We first consider the freezing behaviour of seawater sampled
during February. Fig. 2a shows the frozen fractions of February
bulk seawater (blue) as a function of temperature compared to
an artificial sea salt solution with a salinity of 20 g kg™* (light
green) and the pure water reference (filtered HPLC water, grey).
Fig. 2b depicts the corresponding cumulative INP concentra-
tions versus temperature. Fig. 2 shows that the freezing
temperatures of bulk winter seawater are significantly warmer
than those of filtered HPLC water and artificial seawater,
leading to the conclusion that the bulk seawater contains INPs
that are active between —12 and —26 °C. As discussed above,
freezing behaviour across the large set of measurements on
different aliquots of the same bulk seawater sample (shaken,
unshaken, repetitions on different days) agrees well (see Table
S31), demonstrating the reproducibility of our measurements.

Similar information for the other samples is given in Table
S3.f No significant difference in INP concentrations was
observed between the fresh seawater sampled on four days from
different seasons in this study (see Fig. S107). Fig. 3a shows
a comparison of the INP concentrations at different tempera-
tures for bulk seawater sampled in this study (all seasons) with
bulk seawater samples from previous studies represented by
dashed boxes. All data in this figure are measured in the
immersion freezing mode with a cold stage instrument. While
a comparison of variability in the performance or detection
capabilities of the different freezing assays/instruments behind
Fig. 3a is beyond the scope of this work, we refer the reader to
the outcome of The Fifth International Workshop on ice
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Fig. 2 (a) The fraction of frozen droplets as a function of temperature
for February seawater sampled on February 2nd, 2023 (not shaken, see
Fig. S3t for all data), and analysed on four consecutive days (shades of
blue), and for reference filtered HPLC water (grey) and artificial sea salt
(light green). (b) Cumulative ice nucleating particle concentration as
a function of temperature for the same samples. Data are not cor-
rected for freezing point depression due to salt.
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previous studies of INPs (immersion mode measured with a cold stage instrument) in bulk seawater. The colour represents the INP concentration
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(triangle), March, April, and May (asterisk), and June, July, and August (circle). Studies are represented by the first author's surname and

correspond to the studies mentioned above for (a).

nucleation measurements®® for considerations on inter-
comparability between results from different instruments for
probing INPs. The concentration range detected in this study
(Aarhus Bay) roughly agrees with concentrations from Canadian
Arctic summer seawater reported by Irish et al* Compared to
samples from the Gulf of California (Cordoba et al** and
McCluskey et al.**) and the Gulf of Mexico (Ladino et al.?), we
find significantly higher INP concentrations and warmer
freezing temperatures. The lowest INP concentrations are
observed in the Mediterranean Sea (Trueblood et al.?) and the
largest range of INP concentrations, spanning more than four
orders of magnitude, is from Cabo Verde (Gong et al.”). The
world map, Fig. 3b, presents a comparison of studies investi-
gating INPs in bulk seawater measured in immersion freezing
mode with a cold stage instrument. The INP concentration
measured at —20 °C (Cinp (—20 °C)) is represented by colour and
seasons by symbols. In the literature, some data are corrected
for freezing point depression by salt and others are not and, in
some cases, it is unclear from the text. Thus, the figure should
be interpreted with care. Consistent with suggestions by Ladino
et al.,'* there seems to be an increase in Ciyp (—20 °C) with
increasing northern latitude, indicating a longitudinal gradient
in INP concentrations in seawater. This is also observed in
recent work targeting seawater in Baffin Bay.>® We notice that
three sampling sites (including this study) are at the coasts and
there is an overweight of summertime studies. Coastal sites can
have higher INP concentrations compared to bulk seawater,
likely due to terrestrial runoff, a pattern also observed in Arctic
areas.'”*

To investigate the physical size of the INPs, we filtered the
samples through a 0.02 um syringe filter to remove large
particles. Fig. 4 presents INP concentration as a function of
temperature for the February bulk sample before and after such
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filtration, showing a significant decrease in the freezing
temperature after filtration: the Cp (—20 °C) value for bulk
seawater decreases from 6.9 x 10° L™ to 1.5 x 10* L™" upon
filtration. The uncertainties shown for the INP concentration in
Fig. 4 represent 1 standard deviation. We estimate the uncer-
tainty in the temperature by finding the temperature at which
the INP concentration is equivalent to the highest and lowest
uncertainty. For the data presented in Fig. 4, this results in an
uncertainty ranging from 0.3 to 1.5 °C in the T, value.

A decrease in INP concentration upon filtration of seawater
was also observed by Irish et al,*® who found a significant
decrease in the freezing temperatures when Arctic summer
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Fig. 4 Cumulative INP concentration vs. temperature for February
bulk seawater, which has undergone different treatments. For refer-
ence, filtered HPLC water is included in grey. Squares show binned
data for a minimum of three consecutive runs on the same sample.
Vertical bars show +1 standard deviation of Cj\p within the bin. Data
are not corrected for freezing point depression due to salt.
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seawater samples (bulk and SML) were filtered through a 0.02
um filter but not when passed through a 0.2 um filter, sug-
gesting that the INPs were between 0.02 and 0.2 pm in size. Irish
et al.* suggested that the potential sources of INPs in their study
include ultramicrobacteria, viruses, phytoplankton exudates, or
bacteria exudates. Wilson et al.>* also concluded, upon filtration
of Arctic, Atlantic, North Pacific and coastal British Columbia
seawater through 0.02 and 0.2 pm filters.

To elucidate the chemical nature of the INPs present in the
seawater, the seawater samples were treated with activated
charcoal and/or heat treated. Activated charcoal is a hydro-
phobic material with an affinity for organic and non-polar
compounds and is thus expected to remove such components
from the seawater. Heat treatment can lead to denaturation of
biological ice nucleation sites.?® A change in INP concentration
at a given temperature after heating could thus be indicative of
ice nuclei of biological origin.” In this study, heat treatment
was not done systematically across samples and only to 70 °C
and in some cases in combination with active carbon treatment.
Our data (bulk February, Fig. 4) potentially suggest a small
effect of heating to 70 °C corresponding to a decrease in INP
concentration. Typically, samples are heated to 90 °C or higher
for such investigations.*® Thus, we cannot exclude that biolog-
ical ice active sites sensitive to heat at higher temperatures than
70 °C were still present in the seawater.

Compared to filtering alone, our data indicate (although
within uncertainties) a further small decrease in freezing
temperature when the sample is exposed to activated charcoal
and heating, followed by filtering (T, decreases from —31.9 to
—33.5 °C for the February sample). Since a similar effect was
also observed in the absence of heating, specifically in
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Fig. 5 Freezing curves, represented by box plots, for bulk seawater
samples from each season either fresh, after filtration, or after treat-
ment with activated charcoal (and heated for February and April
samples). Each box includes cumulative data from minimum 3 repli-
cates. The upper and lower limits of the box represent the 1st and 3rd
quartiles (25th and 75th percentiles) and the median (Tso value) is
displayed as a horizontal line inside the box. The diamonds and stars
represent the average freezing temperature of the sample at an INP
concentration of 5 x 10° or 10° L™, respectively. Data are not cor-
rected for freezing point depression due to salt. The dashed black
horizontal line across the graph indicates the Tso value of the HPLC
water blank with shading representing the 25% and 75% quartiles and
the boxplot shown on the left side.
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November surface water and June bulk water (most
pronounced), it suggests removal of INPs with affinity for acti-
vated charcoal in the size fraction below 0.02 um. Such an effect
seems hard to explain and warrants further study.

Fig. 5 shows results of cold stage experiments for fresh,
filtered and activated charcoal treated bulk seawater from all four
samples. The diamonds and stars represent the average freezing
temperature of the sample at an INP concentration of 5 x 10> or
10° L7, respectively. As previously noted, the freezing tempera-
tures for the freshly sampled bulk seawater samples are very
similar between the four samples in different seasons (see
Fig. S10t). The data in Fig. 5 are not corrected for freezing point
depression, but even after such correction, the results are similar
(Tso within —1.3 °C for fresh samples). Recent experiments by
Moore et al.** measured similar ice nucleating activity in August
2022 for bulk coastal seawater samples from San Diego, consis-
tent with previous measurements from the same location.” They
attribute changes in the airborne INP concentrations to changes
in wind speed and wave-breaking rather than changes in
seawater chemical and biological characteristics.

Interestingly, the filtration treatment (0.02 um filter) results
in a significant decrease in INP activity for all four samples, but
in particular for November and February, despite the total INP
concentrations being comparable. While single days cannot
represent an entire season, this suggests that studies of sea-
sonality could be interesting, as the seawater contains a larger
fraction of INPs that are removed by filtration (0.02 pm) in the
November and February samples compared to April and June.

During November, April and June, the surface water or SML
was sampled. A box plot is shown in Fig. S11t for the surface
and SML samples. In all cases, the T, values of freshly sampled
bulk and SML/surface water are similar within 2 °C. Enrichment
factors are 0.98, 0.31, and 0.42 for November, April and June,
respectively (see Table S4t). Enrichment factors below 1 indi-
cate a depletion of INPs on the surface compared to the bulk
seawater. However, given the proximity to the coast and the
weather conditions (wind speed at or above 4 m s~ ' and wind
gusts in some cases above 8 m s~ ' from model estimates from
DM]I, see Section S1.17), the water mass was likely well-mixed
during sampling with no difference between surface and bulk
(30 cm below the surface). While we do not know the nature of
our INPs, the low EFs found in this study could be consistent
with studies by Rahlff et al.,*> who showed that enrichment of
bacteria in the SML occurred only below wind speeds of 4 m s *
in the Baltic Sea. Similarly, Sun et al** found that for wind
speeds <6 m s~ there is an accumulation of gel particles in the
SML, which decreases at wind speeds >8 m s~'. Other studies
found varying enrichment factors for INPs in SML samples
relative to bulk seawater. Irish et al.*® reported that less than
half of their SML samples from the Canadian Arctic had warmer
freezing temperatures than bulk seawater for samples from
both 2014 and 2016 and attributed this finding to yearly varia-
tion in the properties of SML related to oceanic conditions.
Trueblood et al.® found no significant enrichment of INPs in
SML compared to bulk seawater samples from the Mediterra-
nean Sea. Measurements from the Gulf of Mexico by Ladino
et al.”> showed colder freezing temperatures for SML samples
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compared to bulk water. Studies by Wilson et al.** measured
INPs in bulk seawater and SML samples from the Arctic and
Atlantic Oceans and found that SML samples consistently froze
at higher temperatures than subsurface water. The SML was
sampled using the rotating drum technique. Trueblood et al.,?
Irish et al.,** and Ladino et al.* used the glass plate technique to
sample the SML as done in this study. It is possible that the
technique used for sampling the SML could influence the
collection efficiency of INPs: as suggested by Ickes et al.,*” it may
be because the glass plate used for SML sampling does not have
a strong affinity for INPs and this needs to be further
investigated.

Exploratory statistical analysis was performed to test the
association of bulk seawater freezing characteristics, including
T(5 x 10° L"), T (10° L"), Cnp (—20 °C) and Ts, values, with
chlorophyll a, phosphorus, nitrogen, and oxygen content in the
same month (data obtained from https://
miljoedata.miljoeportal.dk, see Table 1 and Fig. S1t) as well
as the seawater temperature. Note that the data from https://
miljoedata.miljoeportal.dk are based on water sampled at
a nearby site at 1 m depth, while the INP samples were
obtained at 30 cm depth. Selection criteria for inclusion of
parameters in the analysis were that the seasonal variation of
the parameter must be above 10%. Thus, for the fresh bulk
seawater, only the Ciyp (—20 °C) parameter was included. A
correlation matrix and corresponding correlation plots are
shown in ESI Section S4.7 This analysis shows a negative
correlation (R in the range of —0.6 to —1) between INP
freezing temperature for the filtered and activated charcoal
treated seawater and concentration of nutrients, in particular
phosphorus; i.e., the freezing temperature of filtered seawater
is lower at high nutrient concentration. The fresh seawater
Cine (—20 °C) values show similar negative correlation with
the nutrient concentrations. The chlorophyll a concentration
can be used as an indicator for the abundance of
phytoplankton in water. The chlorophyll a concentration is
higher in autumn and winter compared to spring and
summer and we observe a potentially weak negative
correlation (R in the range of —0.59 to —0.67) between the INP
freezing temperature of filtered and the
concentration of chlorophyll a. In addition, a positive
correlation is observed between the filtered seawater (all
parameters) and the seawater temperature.

seawater

Conclusions

In this exploratory study, the ice nucleation activity of seawater
was investigated for the first time from a coastal site near Aar-
hus, Denmark. The measurements were performed in immer-
sion freezing mode with a cold stage instrument. The
concentration of INPs ranged from 6 x 10> to 5 x 10° INP L™ " in
a temperature range of —12 to —34 °C. The results showed that
the measured INPs in fresh bulk seawater had Ts, values of
approx. —20 °C and there was little variation across samples
from four different months (February, April, June and
November). Filtration of the seawater samples (0.02 pm filter)
resulted in a significant decrease in freezing temperature for all
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four samples and the decrease was largest for the November and
February samples. These results are consistent with other
studies also observing a decrease in freezing temperatures upon
filtration with a 0.02 pm filter. Our data suggest that the main
INPs in seawater samples from Ajstrup Beach are larger than
0.02 pm in size. Furthermore, the size and composition of INP
samples differ between November/February and April/June,
which could potentially indicate a seasonal trend. Exploratory
investigations suggested that the freezing temperature
decreased further when the seawater was treated with activated
charcoal and in some cases heated to 70 °C. This effect was
observed for all samples, both with and without simultaneous
heating and warrants further investigation.

No enrichment of INPs was observed in the sea surface
microlayer or surface water samples compared to the bulk
seawater.

Comparison with results obtained from the literature
demonstrates interesting differences in immersion freezing INP
concentrations in seawater, suggesting an increase in Cyyp (—20
°C) with increasing northern latitude, consistent with previous
studies.

In this work, we have studied the INP activity of seawater
collected at the coast, which might be affected by terrestrial
runoff. In the future, it would be interesting to analyse seawater
sampled in a gradient from the shore. The results of this study
call for future work clarifying differences in INP concentrations
in seawater at different locations around the world, at different
distances from the shore and during different seasons.
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