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The Arctic is sensitive to cloud radiative forcing. Due to the limited number of aerosols present throughout
much of the year, cloud formation is susceptible to the presence of cloud condensation nuclei and ice
nucleating particles (INPs). Primary biological aerosol particles (PBAP) contribute to INPs and can impact
cloud phase, lifetime, and radiative properties. We present yearlong observations of hyperfluorescent
aerosols (HFA), tracers for PBAP, conducted with a Wideband Integrated Bioaerosol Sensor, New Electronics
Option during the Multidisciplinary drifting Observatory for the Study of Arctic Climate (MOSAIC) expedition
(October 2019-September 2020) in the central Arctic. We investigate the influence of potential
anthropogenic and natural sources on the characteristics of the HFA and relate our measurements to INP
observations during MOSAIC. Anthropogenic sources influenced HFA during the Arctic haze period. But
surprisingly, we also found sporadic “bursts” of HFA with the characteristics of PBAP during this time,
albeit with unclear origin. The characteristics of HFA between May and August 2020 and in October 2019
indicate a strong contribution of PBAP to HFA. Notably from May to August, PBAP coincided with the presence
of INPs nucleating at elevated temperatures, that is, >—9°C, suggesting that HFA contributed to the “warm
INP” concentration. The air mass residence time and area between May and August and in October were
dominated by the open ocean and sea ice, pointing toward PBAP sources from within the Arctic Ocean. As
the central Arctic changes drastically due to climate warming with expected implications on aerosol-cloud
interactions, we recommend targeted observations of PBAP that reveal their nature (e.g., bacteria, diatoms,
fungal spores) in the atmosphere and in relevant surface sources, such as the sea ice, snow on sea ice, melt
ponds, leads, and open water, to gain further insights into the relevant source processes and how they might
change in the future.
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1. Introduction

The Arctic is experiencing accelerated climate change,
warming nearly 4 times faster than the global average—
a phenomenon known as Arctic amplification (Serreze and
Barry, 2011; Rantanen et al., 2022). Consequently, the
Arctic Ocean is witnessing a rapid decline in sea ice and
is projected to become practically ice-free for the first time
by the middle of this century (Fox-Kemper et al., 2021;
Kim et al., 2023). Multiple processes contribute to Arctic
amplification, the most prominent being the ice-albedo
feedback (Serreze and Barry, 2011). Importantly, clouds
also play a crucial role in Arctic amplification. Unlike in
lower latitudes, low-level clouds in the Arctic have a green-
house effect, intensifying warming for most of the year,
particularly during winter (Shupe and Intrieri, 2004; Wen-
disch et al., 2019).

Atmospheric aerosols strongly influence clouds. They
impact cloud formation by acting as cloud condensation
nuclei (CCN) or ice nucleating particles (INPs), which both
alter the lifetimes (Albrecht, 1989) and radiative proper-
ties of clouds (Twomey, 1991). The central Arctic cloud
regime is dominated by low-level mixed-phase clouds
(Morrison et al., 2012). Mixed-phase clouds are particularly
influential for the Arctic surface energy budget (Gregory
and Morris, 1996; Korolev et al., 2017). Because they have
low liquid water amounts, they are very sensitive to
changes in the CCN and INP populations (de Boer et al.,
2013; Solomon et al., 2018; Eirund et al., 2019). Hence,
understanding the availability of both CCN and INPs is
critical because their presence and ratio determine the
microphysical state of clouds and, thereby, their radiative
properties and probability to precipitate (Sotiropoulou
et al., 2019). Therefore, aerosols are crucial in shaping the
Arctic climate (Serreze and Barry, 2011; Pithan and Maur-
itsen, 2014).

Despite their significance, atmospheric aerosols and
their sources in the high Arctic remain poorly understood
(Schmale et al.,, 2021), leading to high uncertainties in
estimating aerosol-driven radiative forcing (Sand et al.,
2015; Szopa et al., 2021). Aerosols can originate from
anthropogenic and natural sources, possessing complex
and diverse characteristics that have distinct impacts on
the Arctic climate (Willis et al., 2018; Abbatt et al., 2019).
For instance, anthropogenic emissions strongly contribute
to the aerosol population during winter and spring
through the phenomenon known as Arctic haze. Its
annual occurrence involves the transport of air pollution
from lower latitudes into the Arctic and contains, among
other species, sulfates, particulate organic matter, and
black carbon (Stohl, 2006; Quinn et al., 2007). These aero-
sols accumulate due to less efficient removal processes
during this time of year (e.g., Barrie et al., 1981; Stohl,
2006).

Natural aerosols in the high Arctic arise from various
sources. Wildfire emissions originating from lower lati-
tudes can be transported to the high Arctic, resulting in
elevated black carbon concentrations during spring and
summer (Mahmood et al., 2016; Barrett and Sheesley,
2017; Creamean et al., 2018; Winiger et al., 2019). The
ocean is another strong contributor to natural aerosols.
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In summer, phytoplankton blooms lead to increased
dimethyl sulfide production, which undergoes oxidation
and produces secondary aerosol (Leck and Persson, 1996;
Park et al., 2018; Croft et al.,, 2019). Moreover, primary
sea spray aerosols (SSA) are directly emitted from the sea
surface by bursting bubbles, which release film and jet
drops (Blanchard, 1989; Leck and Bigg, 2005; de Leeuw
et al., 2011). Bubbles are mainly produced in wind-
driven whitecaps and breaking waves; however, the for-
mation of nonwind-induced bubbles is also possible
(Norris et al., 2011). Leads in the sea ice have also been
shown to be a source of locally generated SSA year-
round (Scott and Levin, 1972; Nilsson et al., 2001; May
et al., 2016; Chen et al,, 2022), including sea salt with
organic coatings from biological material, like sacchar-
ides, amino acids, and fatty acids originating from sea ice
algae and bacteria in the sea surface microlayer (SML)
(Kirpes et al., 2019). Sea salt aerosols can also be gener-
ated by sublimating blowing snow (Huang and Jaeglé,
2017; Frey et al,, 2020).

Primary biological aerosol particles (PBAP) are a subset
of natural atmospheric aerosols, which are directly emit-
ted into the atmosphere and contain complete or frag-
mented biological cells, for example, of algae, bacteria,
fungal spores, or pollen (Deepak and Vali, 1992; Després
et al., 2012; Frohlich-Nowoisky et al., 2016). PBAP can be
efficient INPs (Jayaweera and Flanagan, 1982; Pratt et al.,
2009; Kanji et al., 2017; Huang et al., 2021), initiating the
formation of ice crystals at temperatures above —15°C
(Poschl et al., 2010; Hoose and Mohler, 2012). They can
also act as a giant CCN, affecting the formation process,
lifetime, and optical properties of Arctic mixed-phase
clouds (Mohler et al., 2007; Orellana et al., 2011; Solo-
mon et al., 2018). PBAP originate from both marine and
terrestrial sources (Després et al., 2012). Various types of
PBAP, such as airborne pollen and bacteria, can originate
from terrestrial vegetation or can be suspended along
with other coarse-mode aerosols, such as dust, and trans-
ported to the high Arctic (Campbell et al., 1999; Wéry
et al.,, 2017). The SML contains biogenic organic com-
pounds and microorganisms like bacteria, algae, and viruses
that may be emitted with SSA (Leck and Bigg, 1999; Bigg
and Leck, 2008: Orellana et al., 2011; Patterson et al.,
2016).

Despite the harsh climatic conditions in the central
Arctic, several studies have demonstrated the presence
of various types of PBAP, including pollen, bacteria, and
fungi (e.g., Campbell et al., 1999; Cuthbertson et al., 2017,
Malard et al., 2018; Pusz and Urbaniak, 2021). While these
studies have provided valuable insights into the diversity
and potential sources of Arctic PBAP, they remain limited,
and more quantitative measurements are needed to
understand better the extent to which PBAP impact the
Arctic climate through modulating cloud phase (Burrows
et al., 2022). For example, the strength of marine PBAP as
a source in the Arctic is hypothesized to potentially
increase as retreating sea ice reveals more open water,
impacting phytoplankton bloom timing and locations and
the abundance of microorganisms in the SML (Wassmann
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and Reigstad, 2011; Arrigo and Van Dijken, 2015; Abbatt
et al., 2019).

Detecting and studying PBAP poses challenges due to
their small fraction in the atmospheric aerosol number
concentrations (Frohlich-Nowoisky et al., 2016). Most Arc-
tic PBAP studies rely on filter sampling with relatively low
time resolution and offline analysis. For example, Fu et al.
(2015) analyzed weekly collected filter samples from Feb-
ruary until June from the Canadian High Arctic at Station
Alert to measure the fluorescent properties of water-
soluble organic carbon (WSOC). They observed a transition
from humic-like to protein-like fluorescent particles from
winter to summer and suggested a shift from transported
aerosols to more local ones originating from sea-to-air
emissions. They also observed increased tracers of fungal
spores and pollen toward summer. More recently, Jung
et al. (2023) measured the fluorescent properties of
WSOC, also collected on filters, simultaneously with
marine biological parameters in the Arctic Ocean during
the summer of 2016. They found high fluorescence inten-
sities of protein-like components over the sea-ice-covered
areas compared to more humic-like components in coastal
regions. This indicates increased biological contribution
over sea ice. However, such offline measurements offer
relatively poor temporal resolution. This limitation makes
it difficult to establish associations between observed
PBAP and short-term, small-scale meteorological, or envi-
ronmental variables, hindering a deeper understanding of
PBAP sources.

In recent years, the development of new online meth-
ods using ultraviolet light-induced fluorescence (UV-LIF)
instruments has revolutionized the detection of PBAP
(Forde et al., 2019; Moallemi et al., 2021; Freitas et al.,
2022). These methods enable real-time measurement of
PBAP based on their fluorescence properties (Gabey
et al., 2010). UV-LIF methods detect fluorescent particles
containing biological fluorophores, such as the amino
acids tryptophan, phenylalanine, tyrosine, flavines, and
the co-enzyme nicotinamide adenine dinucleotide
(NADH) (Savage et al., 2017). However, potential inter-
ferences from nonbiological fluorescent aerosols (FA),
such as those generated by combustion or the presence
of humic-like substances (HULIS), can create challenges
in distinguishing PBAP from other FA (Pohlker et al.,
2012). Nonetheless, UV-LIF methods offer valuable
insights into the occurrence, processes, and contribution
of fluorescent PBAP, thanks to their high temporal
resolution.

UV-LIF instruments have been deployed in various
studies to estimate PBAP concentrations in polar and
remote atmospheric environments. For example, Crawford
et al. (2017) measured bio-FA concentrations at Halley VI
research station in Antarctica, finding a strong correlation
with wind speed. Moallemi et al. (2021) measured FA in
the Southern Ocean and associated them with PBAP, SSA,
and marine biological activity. Kawana et al. (2024) inves-
tigated marine biological indicators and FA, identifying
PBAP and correlating them with INP concentrations in the
North Pacific, Bering Sea, and Arctic Ocean. They found
that marine biology contributed to the sources of PBAP. In
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a long-term study in a Finnish boreal forest, Schneider
et al. (2021) used UV-LIF aerosol measurements to identify
biological particles. They found that specific biological
particles, namely, pollen and fungi, served as INPs. In
a recent study, Perring et al. (2023) measured FA as a proxy
of PBAP from an airplane above the Arctic Ocean in Sum-
mer 2017. They found no relationship between PBAP and
marine sources at low altitudes and attributed PBAP con-
centrations to terrestrial sources. Freitas et al. (2023) iden-
tified PBAPs using a UV-LIF instrument (multiparameter
bioaerosol spectrometer) at Zeppelin station in Ny-
Alesund, Svalbard, and found a relation to proteinaceous
INP concentrations at freezing temperatures >—15°C.
They found the highest PBAP concentrations between
10 3L "and 107" L' in summer.

Here, we report UV-LIF-based observations from the
Multidisciplinary drifting Observatory for the Study of Arc-
tic Climate (MOSAIC) expedition that provided an unprec-
edented opportunity to measure FA in the central Arctic
Ocean throughout an entire year. From October 2019 to
September 2020, the expedition aimed to study climate-
relevant processes in the sea ice, ocean, and atmosphere
and their interactions in the central Arctic (Shupe et al.,
2022). We present an overview of FA measured by a Wide-
band Integrated Bioaerosol Sensor, New Electronics
Option (WIBS-NEO, Droplet Measurement Technologies,
Longmont, CO, USA), referred to as the WIBS. We describe
the sampling methods, data sets, and instrumentation
(Section 2). Furthermore, we explore the annual cycle of
FA and investigate the factors that influence their charac-
teristics in Section 3.1 and subsections. To better under-
stand their variability, we categorize the data into 3
periods and analyze potential sources, including biological
and nonbiological factors, such as Arctic haze, wind-
induced aerosolization, and sea spray generation in the
subsequent sections. Additionally, we address the chal-
lenges associated with studying FA in the Arctic and dis-
cuss the potential implications of these measurements in
advancing our understanding of aerosol—cloud interac-
tions, specifically in relation to INPs. Lastly, we outline
future research directions and emphasize the importance
of complementary measurements alongside FA observa-
tions in the Arctic.

2. Methods

In this study, we utilize data collected during the MOSAIC
expedition, which involved the research icebreaker RV
Polarstern anchoring to an ice floe and drifting across the
Arctic Ocean. For more comprehensive information on the
expedition, as well as overviews of the atmospheric, oce-
anic, and ice observations, please refer to Shupe et al.
(2022), Rabe et al. (2022), and Nicolaus et al. (2022),
respectively.

2.1. Drift track

Figure 1 illustrates the drift track of RV Polarstern. The
start of the drift is marked with an “o0,” and the end is
denoted by an “x.” In October 2019, the beginning of the
drift, RV Polarstern was positioned at 85°N, 134°E, north
of the Laptev Sea and approximately 600 km away from
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Figure 1. Drift track of the research vessel RV Polarstern during the Multidisciplinary drifting Observatory for
the Study of Arctic Climate expedition. Colors indicate the 3 periods of the drift described in Section 3.1.2. Red
dashed lines indicate periods when the ship was in transit, which are excluded from the fluorescent aerosol data
analysis. The drift’s start (October 4, 2019) and the end (September 20, 2020) are marked with an “0” and an “x,”
respectively. Dates of period 1: From November 11, 2019, to April 30, 2020, and from September 1, 2020, to
September 20, 2020. Dates of period 2: From May 1, 2020, to August 31, 2020. Dates of Period 3: From April 10,
2019, to November 10, 2019. Dates of transit: May 19, 2020, to June 17, 2020, and August 4, 2020, to August 21,

2020.

Severnaya Zemlya. As the expedition progressed, the ship
drifted further northwest and reached 88°N, 56°E in Feb-
ruary 2020, before it drifted southwest and approached
the ice edge, reaching its southernmost drift position at
79°N, 2°W in the Fram Strait by the end of July 2020.
Three periods of the drift are color-coded in Figure 1.
These periods will be discussed in Section 3.1.2. The drift
was interrupted between May 16 and June 18, 2020, when
the ship traveled to Svalbard for crew exchange. From July
31 to August 21, 2020, the ship relocated to a new posi-
tion at 88°N, 104°E to initiate the final phase of the drift,
which concluded on September 20, 2020, at 89°N, 110°E.
The position of the RV Polarstern was tracked using a posi-
tion sensor on board the vessel, with data recorded at
a resolution of 1 s (Haas, 2020; Kanzow, 2020; Rex,
2020; Rex, 2021a, 2021b).

For this study, we excluded transit periods from the
analyses, encompassing periods when RV Polarstern was
in open water or breaking ice. Ice breaking and open
ocean transit can lead to the measurements of fluorescent
particles that would not represent the ice-covered ocean
environment that we focus on. The ocean began to freeze
up in early October 2019, while the onset of melt occurred
toward the end of May 2020 (Salganik et al., 2023).

2.2. Sampling location and instrumental setup

The WIBS instrument was part of a comprehensive set of
instruments housed in the Swiss container, located on the
ship's foredeck (Beck et al., 2022a). Ambient aerosol and
trace gases were sampled through 3 different sampling
inlets, where two of which are relevant in this context. The
first inlet, a whole air or total inlet, had an upper particle
size cutoff of 40 um (World Meteorological Organization,
2016). The second inlet, an interstitial inlet, had an upper
particle size cutoff of 1 um, allowing for the sampling
aerosols that did not activate in ground-touching clouds
or fog. A valve inside the container automatically switched
between the total and interstitial inlets hourly. This allowed
selected instruments, such as CCN counter, scanning mobil-
ity particle sizer, aerosol mass spectrometer (AMS), and
aethalometer to alternate their sampling between the 2
inlets. The sample flows through the inlets were maintained
at rates greater than 15 L/min for the total inlet and greater
than 16.7 L/min for the interstitial inlet. The inlets were
1.5 m above the container, corresponding to around 15 m
above sea level. The temperature and relative humidity in
the inlet lines were maintained at around 20°C and below
40% RH. For more detailed information regarding the aero-
sol instrumentation inside the Swiss container, please refer
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Table 1. Fluorescent particle type classification as defined in Perring et al. (2015), with corresponding

excitation-emission wavelength

Particle

Type Excitation Wavelength [nm] Emission Wavelength [nm] Associated Aerosol (Savage et al., 2017)

A 280 310-400 Bacteria and fungi

B 280 420-650 Wood smoke and polycyclic aromatic hydrocarbons
C 370 420-650 Pollen, fungi, and humic-like substances

AB 280 310-400, 420-650 Bacteria and fungi

AC 280, 370 310-400, 420-650 unknown

BC 280, 370 420-650 Wood smoke and polycyclic aromatic hydrocarbons
ABC 280, 370 310-400, 420-650 Fungi and pollen

to Heutte et al. (2023). Angot et al. (2022d) provide detailed
information on the trace gas measurements conducted in
the Swiss container.

2.3. Measurement of FA
We used a WIBS to measure FA. While we briefly describe
the WIBS here, a more detailed description of its prede-
cessor model, which shares the same measurement prin-
ciple, can be found in Gabey et al. (2010) and Savage et al.
(2017).

The WIBS sampled from the total inlet, operating with
a sample flow of 0.3 L/min and an internally generated
particle-free sheath flow of 2.1 L/min. The inlet line from
the total inlet to the WIBS was kept as straight and short
as possible (2.5 m), resulting in estimated losses at the
position of the WIBS from approximately 0% to approxi-
mately 4% for particles smaller than 3 um, from approx-
imately 4% to approximately 10% for particles between 3
and 5 um, and from approximately 10% to approximately
35% for particles between 5 and 10 pm (Heutte et al.,
2023). No transmission corrections were applied. The
WIBS functions as a single-particle instrument, using
a 635-nm laser to measure the optical diameter of aero-
sols ranging from 0.5 to 30 um (here, we report only up to
20 pm). The correct sizing of the instrument was verified
before deployment in the laboratory by measuring 1- and
3-um polystyrene latex spheres (PSL) for 1 h each. The
measurements of 1-um PSL showed a mode in the size
bin of 0.87-1.15 um, while the measurements of 3-um
PSL exhibited a mode in the size bin of 2.63-3.16 um. The
interaction of aerosols with the continuous 635-nm laser
beam triggers 2 sequential UV xenon flash lamps at 280
and 370 nm to excite the aerosols. Two wideband detec-
tors (FL1 and FL2) measure the emitted signal from the
excited aerosols (EA) in the wavelength ranges of 310—-400
and 420-650 nm, respectively. The excitation-emission
wavebands of the WIBS are designed to detect specific
biofluorophores, such as tryptophan (excitation wave-
length 280 nm and emission waveband 300-350 nm),
NADH (excitation wavelength 340 nm and emission wave-
band 420-530 nm), and riboflavin (excitation wavelength
350-500 nm and emission waveband 490-580 nm)
(Pohlker et al., 2012). Tryptophan is an amino acid found

in proteins and all biological cells, while NADH, a coen-
zyme, and riboflavin, also known as vitamin B2, are only
contained in metabolizing organisms (Pohlker et al.,
2012). There are also other biofluorophores with excita-
tion and emission wavelengths overlapping those men-
tioned above (Pohlker et al., 2012).

Combining the 2 excitation wavelengths with the 2
emission wavebands allows the classification of 7 different
fluorescent particle types using the notation introduced
by Perring et al. (2015). Type A particles are excited at
280 nm and detected solely at FL1, type B particles are
excited at 280 nm and detected solely at FL2, and type C
particles are excited at 370 nm and detected solely at FL2.
The remaining 4 types (AB, AC, BC, and ABC) result from
the combinations of these 3 types, as described in Table 1.
Note that each FA is assigned to only one of these 7
classes. It should be noted that FL1 becomes saturated
when the 370-nm flash lamp is triggered, rendering it
unable to contribute to the measurement.

Zero particle measurements using a high-efficiency par-
ticulate absorbing filter were conducted weekly for 1 h to
verify the zero point of the WIBS. Additionally, “forced
trigger” (FT) measurements were performed every 26 h
for 5 min. During these FT measurements, both flash
lamps were triggered without particles in the measure-
ment chamber to determine the background fluorescence.

Following the approach of Gabey et al. (2010), we
define FA as those whose fluorescence intensity exceeds
the mean FT fluorescence signal by 3 standard deviations
(o). Furthermore, following Savage et al. (2017), who
found that using a threshold of the mean FT signal plus
96 reduces the contribution of nonbiological aerosols
compared to FA, we employ this threshold to define
hyperfluorescent aerosols (HFA). It is important to note
that this method can also exclude biological aerosols that
do not fluoresce strongly enough. The total number of
particles triggering the UV flash lamps is called EA. The
maximum detectable excited particle concentration of the
WIBS is 466 cm ™. HFA is a subset of FA, and FA is a subset
of EA.

The WIBS data were processed using the WIBS IGOR
toolkit V1.36 (Droplet Measurement Technologies, Long-
mont, CO, USA). The processed data include a size-resolved
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number concentration calculated across 20 logarithmi-
cally equidistant optical diameter bins ranging from 0.5
to 20 um. We averaged the WIBS data over a 1-h time
window for our analysis. Data are available on PANGAEA
(Beck et al., 2023). The FT background fluorescence was
stable throughout the year. To account for a decline of less
than 10% between the first and the last FT measurements
during MOSAIC, we determined the FT background data
for each month individually.

2.4. Removal of polluted and

nonrepresentative data

The measurements in the Swiss container were regularly
affected by local pollution from the ship’s stack exhaust
and activities, such as snowmobiles and small diesel gen-
erators (Beck et al., 2022a). The exhaust emissions con-
tained fluorescent compounds like diesel soot and
polycyclic aromatic hydrocarbons (PAHs), which emit sig-
nals within the WIBS detection range (Savage et al., 2017).
In Section S1, we quantify the impact of local pollution on
FA. Figures S1 and S2 demonstrate that ship exhaust pre-
dominantly affects fluorescent types A, AB, and ABC. To
ensure accurate measurement of natural FA (biological
and nonbiological), it is crucial to exclude identified pol-
luted periods. We applied a pollution mask developed by
Beck et al. (2022a) based on the particle number concen-
tration data from a condensation particle counter (TSI Inc.,
Shoreview, MN, USA, Model 3025) installed in the Swiss
container (Beck et al., 2022b). By removing polluted per-
iods, we reduced the initial data set from 8,267 to 2,698
hourly data points, a 68% reduction. To focus on the Arctic
Sea ice environment, we excluded periods when the ship
was in transit, either in open water (191 h) or ice-breaking
(125 h). Zero particle measurements and periods not rep-
resentative of ambient conditions (e.g., when the sam-
pling inlet was opened briefly) were also excluded from
the data set. This resulted in a final data set of 2,298
hourly data points. Only days with a minimum of 8 h of
usable data were included for calculating daily averages.
The hours can be consecutive or randomly distributed
over 1 day.

2.5. Ancillary measurements
2.5.1. Atmospheric aerosol and trace gas
measurements
Equivalent black carbon (eBC) was measured using the
Aethalometer AE33 (Magee Scientific, Berkeley, USA) that
acquired data at a resolution of 1 s. The AE33 collects
aerosols on a filter tape and estimates the eBC mass con-
centration by measuring the light absorption coefficient at
7 wavelengths. Biweekly zero particle measurements were
conducted during the expedition. The data underwent
pollution and quality control and were subsequently aver-
aged to a 10-min resolution (Heutte et al., 2022), follow-
ing the procedure outlined in Heutte et al. (2023). In this
study, we used the hourly mean values of the signal at
880 nm as an indicator of Arctic haze (Boyer et al., 2023).
Submicron sodium chloride (NaCl) mass concentrations
were estimated with a time resolution of 3 min and are
derived from the measurements of a high-resolution time-
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of-flight AMS (Aerodyne Research Inc., DeCarlo et al.,
2006). The AMS measures the mass concentration and
chemical composition of nonrefractory aerosols (those
that evaporate at < 600°C) smaller than 1-pm vacuum
aerodynamic diameter. NaCl concentrations were esti-
mated based on the **Na*’Cl* fragment signal at the
mass-to-charge-ratio (m,/2) 58, and the obtained mass con-
centrations were multiplied by a factor of 51, following
the method proposed by Ovadnevaite et al. (2012). The
NaCl concentration provided is an estimate only because
the AMS cannot detect refractory aerosols without arti-
facts. NaCl concentration estimates were averaged to 1-h
resolution. The AMS calibration was conducted before and
during the expedition, and biweekly zero particle mea-
surements were performed throughout the expedition
(Heutte et al.,, 2023).

Particles were collected for offline measurements of
INP number concentrations over 4 different size ranges
(3-12 pm, 1.2-3 um, 340 nm-1.2 um, and 150-340 nm)
using a Davis Rotating-drum Unit for Monitoring (DRUM,
model DA-400, DRUMAIr) impactor. INPs were measured
using a cold plate freezing assay from Colorado State Uni-
versity and concentrations were calculated based on Vali
(1971). Further information is provided by Creamean et al.
(2022). The data have been published in Creamean et al.
(2022) and Creamean (2021). The DRUM instrument was
situated in the U.S. Department of Energy Atmospheric
Radiation Measurement program’s Aerosol Observing Sys-
tem (AOS) container, opposite the Swiss container on the
front deck of RV Polarstern. Please refer to Uin et al. (2019)
for a detailed overview of the AOS container. To ensure
representative measurements, a subset of INP samples
collected over 24 h were analyzed, providing one measure-
ment every third day. INP concentrations were recorded
down to a temperature of —29°C with 0.5°C temperature
intervals, employing an immersion-freezing method as
outlined in Creamean et al. (2022). For this study, we
excluded the smallest size bin of INPs and used the total
INP concentrations spanning the size range of 340 nm to
12 pm, which aligns best with the size range covered by
the WIBS.

2.5.2. Meteorological data

Meteorological data are at 1-min time resolution and were
collected aboard RV Polarstern (Shupe et al., 2022). Wind
direction and speed measurements were obtained at
a height of 39 meters above sea level (m.a.s.l.) using
a 2D sonic anemometer (Thies Clima) installed on the
vessel's main mast. Temperature readings were recorded
at 29 m.a.s.l, using a Vaisala HMP155 thermometer, while
pressure data were obtained from a Setra B270 barometer
at 29 m.a.s.l. (Schmithuesen, 2021a, 2021b, 2021¢, 2021d,
2021e).

2.5.3. Other data

Sea water samples for chlorophyll a (Chl-a) analysis were
extracted from a seawater intake at a depth of 11 m and
filtered onto 0.7-um glass fiber filters (grade GF/F). The
filters were stored frozen at —80°C until analysis at the
Alfred Wegener Institute after the expedition. Multiple
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samples per week were homogenized and extracted in
90% acetone overnight before being analyzed with a fluo-
rometer (TD-700, Turner Designs, USA) to detect Chl-
a fluorescence-derived concentrations (Knap et al., 1996).

Daily thermal infrared satellite images, taken by the
Moderate Resolution Imaging Spectroradiometer, were
derived by the University of Trier and used to identify
leads in the ice. The lead fraction product was calculated
at a spatial resolution of 12.5 km?, as described by Reiser
et al. (2020). The data represent a 1 * 1-degree grid box
around RV Polarstern and cover the period between
November 2019 and April 2020 (Willmes et al., 2023).

Daily averaged melt pond fractions in a 1* 1 degree
grid box around RV Polarstern were identified using opti-
cal imaginary from the Sentinel-3 satellite at a spatial
resolution of 12.5 km?* (Istomina, 2020). The melt pond
fraction data are available between May and August 2020.

The size distribution of airborne snow particles ranging
from 36 to 490 um was measured by an open-path snow
particle counter (SPC-95; Niigata Electric Co., Ltd) and
used to compute snowdrift density (snow mass per vol-
ume of air). Two SPCs were set up at nominal heights of
0.1 and 10 m above the snow surface on a mast on the ice
floe to which RV Polarstern was moored. Data are available
from Frey et al. (2023). Blowing snow events were classi-
fied according to Li and Pomeroy (1997).

2.6. FLEXPART simulations

To identify the source regions of air masses, we utilized
aerosol tracer simulations performed at the University of
Vienna using the FLEXPART v10.4 Lagrangian particle dis-
persion model (Pisso et al., 2019). These simulations spe-
cifically focused on the aerosol tracer SO4*~ and
considered both wet and dry deposition of aerosols. The
simulations used the hourly ERA5 meteorological reana-
lysis data with a spatial resolution of 0.5° x 0.5°. In the
simulations, a cluster of 100,000 particles was released
every 3 h at the position of RV Polarstern and traced
backward for 7 days. The resulting residence time of air
masses (footprints) over the geographic grid of the lowest
100 m of the atmosphere was then used to investigate the
source regions of air masses on specific days. The model
outputs for the entire expedition can be accessed at
https.//img.univie.ac.at/webdata/mosaic. Additionally, the
relative contribution of particular surfaces, such as the
ocean, ice, Greenland, North America, North Asia, and
Europe, is calculated. In the case of ice, the relative con-
tribution is directly proportional to the fraction of sea ice
cover over the geographical grid encountered by the air
masses. The ocean represents the ice-free ocean contribu-
tion in this article. This analysis allowed us to visualize the
influences from different regions throughout the year.

3. Results and discussion

3.1. Annual cycle of FA

Figure 2 shows the monthly mean concentrations of EA,
FA, and HFA (Nga, Nia, and Nyga) throughout the MOSAIC
campaign in panels (a)—(c). It also includes the fractions of
FA and HFA in relation to EA (fra and fyra) and the ratio of
NHFA to N]:A (fHFA/FA)- NEAy N]:A, and NHFA exhibit the typlcal
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annual cycle of Arctic coarse and accumulation aerosols
with higher concentrations during the Arctic haze season
(November to April) and lower values in October 2019 and
between June and September 2020 (e.g., Song et al., 2021;
Boyer et al., 2023). The highest monthly median values
(lower and upper quartiles) for Npa and Nyga were 173
(118, 229) L' and 13 (8, 18) L™, respectively, occurring
in January. The lowest monthly median (lower and upper
quartiles) values for Nia and Nypa were 1.3 (0.6, 2.9) and
0.3(0.1,0.8) L™, occurring in August. This indicates that FA
and HFA observed between November and April are likely
influenced by the Arctic haze, which includes nonbiological
FA like black carbon (Savage et al., 2017). The relationship
between FA and Arctic haze is discussed in Section 3.2.
Taketani et al. (2022) observed Ny, using a WIBS-4, in the
Northwest Pacific, the Bering Strait, and the Arctic Ocean
from a research vessel between August and October 2016.
They found a mean Ny, of 680 + 580 L™! at latitudes >
70°N, which is higher than our observations.

The fra and fiyra are consistently higher between June
and October than between November and May (Figure 2d
and e). The maximum values for fz and fi;z4 were 0.18 and
0.1, respectively, occurring in June 2020. The minimum
values were 0.03 and 0.0016, respectively, occurring in
April and May. This suggests that FA and HFA do not
represent a constant subset of the EA throughout the year,
but various sources and processes lead to substantial var-
iability. In addition, from June to October, both fi;rs and
fra demonstrated larger variability with high-fraction out-
liers, as indicated by larger interquartile range values and
noticeable differences between mean and median values
compared to the period from November to May. Con-
versely, the fractions are more stable during the November
to April period, with fewer high-fraction events, resulting
in more minor variability and higher similarity between
mean and median values. Further details regarding the
variability of FA measurements during different campaign
periods are discussed in Section 3.1.2. The highest fiyra
found by Taketani et al. (2022) was observed in September
in the Bering Strait in the range of 0.15-0.25. This is
comparable to our highest observations in summer.

Figure 2f shows fira/ra, Which remains relatively sta-
ble at around 0.08 between November and April and
peaks at 0.7 in June. The strong differences in fira/ra
values between the November—April and June—August
periods suggest varying sources of FA and HFA throughout
the year in the Arctic, with HFA being more strongly influ-
enced by biological sources, which is consistent with pre-
vious studies (Savage et al., 2017; Moallemi et al., 2021).
Since HFA are less influenced by nonbiological sources
than FA and are better suited to describe biological aero-
sols, we focus mainly on HFA in this study.

3.1.1. Fluorescence type contributions

The contribution of different types of FA throughout the
year can provide insights into their potential sources.
Figure 3a shows the annual cycle of HFA type contribu-
tions to the total HFA concentration. It reveals distinct and
somewhat opposing patterns of fluorescence types: Types
B and BC are most prominent between November and
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Figure 2. Annual cycle of excited, fluorescent, and hyperfluorescent aerosol concentrations and fractions.
Monthly boxplots of number concentrations of excited (Nga, a), fluorescent (Nga, b), and hyperfluorescent (Nia, €)
aerosols as well as of their fractions of Nga (fra and fura, d and e) and the ratio fypa/ra (f). The red dots show the
monthly mean values. The boxes cover the interquartile range and show the median values as vertical lines, and the
whiskers show the 2.5th and 97.5th percentile. Each month's hourly average data points are shown in brackets.

April and in September, while types A and AB appear more
pronounced from May to August. Type ABC is most pro-
nounced in July and August and also contributes in Sep-
tember and December. Type AC is absent throughout the
year, and type C contributes only little to the HFA in
general and not at all in June. Comparing the fluorescence
type contributions (Figure 3) and number concentration
(Figures 2 and S3) from October, they appear more sim-
ilar to those from June to August than those from

November to April and September. Note that the October
measurements were obtained in 2019, while the Septem-
ber samples were measured in 2020. Differences in sam-
pling location (85°N, 130°E in October 2019 and 88°N,
120°E in September 2020) and environmental factors,
such as the predominant air mass origin and algal bloom
presence, could contribute to the distinct characteristics of
the data in October 2019. Further discussion on this
observation is provided in Section 3.5.
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Figure 3. Annual cycle of fluorescence type contributions to hyperfluorescent aerosols (HFA), compared to
selected ancillary data. Monthly mean values (October 2019-September 2020) of different fluorescence type
contributions to HFA (a). Each type corresponds to a specific excitation-emission wavelength combination, as in
Table 1. The black line in (a) shows the monthly mean equivalent black carbon (eBC) concentrations. Panel (b) shows
the monthly mean global radiation (in gray, left y-axis) and Chl-a concentrations from 11 m below the sea surface (in
orange, right y-axis). The melt onset was around May 25, 2020, and the freeze-up was around September 8, 2020
(Salganik et al., 2023). Panel (c) shows the lead and the melt pond fractions. Panel (d) shows fga of all types (left axis)
and the INP concentration at —9°C (right axis, in red). Please see Figure S3 for the absolute concentrations of
fluorescent FA and HFA types and Figure S4 for higher time resolution data of the ancillary data (panels c—e here).

3.1.2. Three characteristic periods

Based on the distinct patterns of Nypa, fura, and HFA
fluorescence types, we divided the annual cycle into 3
periods, as indicated on the x-axis in Figure 4.

Period 1 (November 2019—April 2020 and September
2020) covers the Arctic Haze season and is characterized
by relatively high Nija (median of 7 L), low fiyra (0.003)
(Figure 2), and the dominance of type B (46%), with the
remaining type contributions as follows: type A: 19%, type
C: 5%, type AB: 12%, type BC: 15%, and type ABC: 3%
(Figure S5). Despite the low fira values in period 1, occa-
sional events with fyga reaching values as high as 0.05
occurred, and these events (bursts) had a distinct compo-
sition of fluorescence types compared to the average of
period 1. In total, we identified 5 events (numbered in
Figure 4), where the criteria for an event are (i) fyga is
larger than the 90th percentile of fya in period 1 and (ii)
the sum of fractions of types A, AB, and ABC must exceed
0.5 (see Section S3 for more details). The average high-f 4
burst duration was around 12 h. We discuss the events in
Section 3.3. Overall, period 1 can be characterized by
a steady level of HFA, dominated by type B, occasionally
interrupted by events with higher frs and strong type A
and AB contributions.

Period 2 (May 2020-August 2020) is characterized by
relatively low median Nyga (1.9 L), high median fyga
(0.012), and the dominance of types A and AB. It corre-
sponds to the Arctic summer season, where we observed
the lowest concentrations of EA (Figure 2). However,
despite the lower aerosol number concentration, the rel-
ative difference between Ng4 and Ny was smaller, com-
pared to period 1, causing the higher proportions of fia.
As depicted in Figure 4, the daily variations of HFA fluo-
rescence types were more diverse and exhibited higher
variability compared to period 1. The occurrence of days
with high fyga in period 2 appeared to be of longer dura-
tion than the period 1 events, contrasting the relatively
stable fluorescent background nature of period 1, which
was only occasionally interrupted by events. The predom-
inant HFA types in period 2 were A (54%) and AB (32%)
(Figure S5). The variability and the overall higher fira
suggest that the sources of HFA in period 2 differ from
the Arctic haze background in period 1 and may be more
similar to the high-f;zs events observed in period 1.

Period 3 (October 2019) stands out due to the distinct
fluorescence properties of aerosols in combination with
the absence of solar radiation and ongoing freeze-up. Dur-
ing this period, there was low Nyga (1.4 L"), but a high
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Figure 4. Daily fraction of hyperfluorescent aerosols (HFA; 114 days), separated by fluorescence types. Daily
mean fraction of HFA (fura) to excited aerosols. Each bar is split based on the contribution of the different
fluorescence types. The y-axis is split to enlarge the lower concentrations. Note that the x-axis labels do not
represent every single bar in the figure and that the time series contains gaps due to missing or polluted data.
Missing days experienced ship pollution beyond the threshold of 8 h with valid data points per day, as defined in
Section 2.4, and are hence not considered. The dates are in chronological order and start in October 2019. The
numbers indicate identified events of relatively high fira, as discussed in Section 3.3. The height of the bars
corresponds to their fraction. The right y-axis in the lower panel shows the HFA concentration (Nyga), indicated by
black crosses. The 3 periods are highlighted in the x-axis: period 1 in red, period 2 in blue, and period 3 in gray. Periods
2 and 3 show similarities in terms of fluorescent type contributions but are discussed separately as period 3 was
during the polar night in 2019 and period 2 was during the polar day in 2020. A similar figure, including all gaps, is

provided in the SI, Figure S6.

frira of 0.012, dominated by types A (51%) and AB (28%)
of the HFA (Figure S5). The type composition and figa
were more similar to period 2 and distinct from Septem-
ber 2020, which falls under period 1. In contrast to period
2, this period occurred in a different geographical region
(Figure 1) and in a time without sunlight. After November
10, fura sharply decreased from 2% to 0.2%, initiating
period 1 (Figure 4).

3.2. Anthropogenic influence on FA in winter

and spring

In the central Arctic, FA abundance can be driven by a vari-
ety of sources, for example, anthropogenic versus biogenic
and long distance versus local, and different production
mechanisms. This and the following sections investigate
different sources and emission processes of FA.

Figures 2c and 3a indicate a covariance between eBC
mass concentration and Ny and the type composition of
HFA, as well as specific fluorescence types, particularly
type B. To further explore the connection between eBC
and HFA, we conducted a correlation analysis between
hourly eBC and HFA measurements (Figure 5). We
observed a strong correlation between eBC and Nypa dur-
ing period 1 (Spearman rank r = 0.85) and moderate
correlations during periods 2 (r = 0.49) and 3 (r =
0.36). Among all fluorescence types, Nyra, g and Niga, sc
exhibited the highest correlations with eBC in all periods,
with r; = 0.88 and rzc = 0.83 in period 1, r3 = 0.7 and rp¢
= 0.67 in period 2, and rz = 0.44 and rgc = 0.36 in period
3. An ambient aerosol study conducted in an urban area

by Yue et al. (2022) showed that types B and BC are
strongly associated with nonbiological fluorescent parti-
cles, such as combustion emissions and secondary organic
aerosols. The presence of eBC is considered a characteristic
feature of Arctic haze (Quinn et al., 2007; Bond et al.,
2013; Schmale et al.,, 2022; Boyer et al., 2023). Typically,
Arctic haze peaks in late winter (Barrie, 1986; Schmale
et al., 2022). However, during MOSAIC, we observed an
unusually early peak of eBC in January. This early peak has
been attributed to a strong positive anomaly of the Arctic
Oscillation, which increased the transport of air masses
from lower latitudes into the central Arctic (Rinke et al.,
2021; Boyer et al., 2023). Our observations of type B con-
tributions to FA and HFA reflect this with high values in
January (Figure S3).

We conclude that types B and BC are likely influenced
by anthropogenic sources, consistent with the findings of
Hernandez et al. (2016) and Yue et al. (2022), who sug-
gest that atmospheric measurements, in which type B is
a dominant fluorescence type, have nonbiological inter-
ferences. Type B has also been associated with biomass
burning and PAHs, typically emitted from anthropogenic
sources, by Savage et al. (2017). Both PAHs and emissions
from domestic wood combustion are known and signif-
icant contributors to Arctic haze (Halsall et al., 1997;
Stohl et al., 2013). Our bubble-bursting experiments with
seawater indicate that sea spray and dissolved organic
matter might also be related to type B (SI Section 4,
Figure S12), and their contribution to period 1 cannot
be ruled out.
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Figure 5. Correlation between black carbon and selected hyperfluorescent aerosol (HFA) concentration in
3 periods. The total HFA concentration (Nyga, @) and that of type B (Nyra, B, b), and type BC (Nyka, e, C) against
equivalent black carbon (eBC) concentrations for all 3 periods (period 1—p 1 in blue, p 2 in orange, and p 3 in green).
Spearman correlation ranks are provided for each period and each HFA type.

3.3. Potential contribution of biological sources to
FA events in winter and spring

The 5 high-fye4 events in period 1 (Sections 3.1.2 and S3)
are characterized by high type A contribution (Figure 4),
while period 1 is generally dominated by type B FA. The
origin of air masses during the events is similar to other
days in period 1 (see Figure S7). Figure S7 indicates that
land sources minimally influenced the events, while the
influence of ice and open ocean on the air masses was
most prominent. This suggests that air from within the
central Arctic pack ice and ocean can contain relatively
high fractions of—potentially biological—fluorescent type
A particles, even during period 1. Size distributions of
fluorescent type A and other types might provide an addi-
tional indication of the origin, since PBAP, and in partic-
ular bacteria, can be found in the size range of <1 pm to
roughly 3 pm with the WIBS (Hernandez et al., 2016;
Savage et al., 2017). The mean size distributions of EA and
all HFA types during each event are shown in Figure S8,
and a combined mean size distribution of all events is
shown in Figure S9. The size distributions during the
events in period 1 show considerable variability, whereas
the size distributions during events 2—4 show a mode in
type A HFA around 2-3 pum. Event 5 shows a strong mode
of HFA of type ABC between 0.8 and 2 pm. This may
support the potential biological origin of FA during the
events. Only event 1 shows a strong mode of types B and
BC at sizes >1 um, which might indicate a potential
anthropogenic influence.

These findings are notable, as large parts of period 1
are characterized by the absence of sunlight, as depicted
in Figure 3b, and generally expected low biological activ-
ity (Wassmann and Reigstad, 2011; Berge et al.,, 2015).
Nevertheless, Berge et al. (2015) reported unexpectedly
high biological activity without photosynthetic produc-
tion in a fjord of Svalbard. Algal and bacterial communi-
ties, as well as remnants of their past activities, are known

to exist in the ice in winter (Junge et al., 2004; Olsen et al.,
2017; Thiele et al., 2022; Torstensson et al., 2023). These
microorganisms could potentially be released into the
atmosphere from open leads or ridging events, providing
a local PBAP source. Fernandez-Méndez et al. (2018) dis-
covered high algal accumulation in first-year-ice ridges in
the Arctic Ocean northwest of Svalbard. This led to signif-
icantly higher biomass concentrations than typically
found in undeformed (level) ice. While there is, hence,
evidence that microorganisms are present in the ocean
and the sea ice in the central Arctic during period 1, to
the best of our knowledge, there are currently no studies
available that investigate the process of microorganism
aerosolization from the ice and in particular ridges into
the atmosphere, which would provide further evidence
supporting this specific mechanism. Moreover, the mar-
ginal ice zone with open water could be another source.
Our data also cannot exclude longer range transport from
midlatitudes responsible for episodic “bursts” of type A
fractional contributions.

Another potential source of the HFA during these
events may arise from precipitating and sublimating ice
crystals, liberating PBAPs, which previously acted as INPs.
These PBAPs could potentially originate from regions at
lower latitudes and have been transported into the central
Arctic. However, this hypothesis requires further
investigation.

3.4. The influence of wind speed on FA

The Arctic experiences high wind speeds, particularly in
winter, and during the MOSAIC year several abnormally
strong storms were observed (Rinke et al., 2021; Shupe
et al., 2022). Wind-induced aerosol generation could,
therefore, be a relevant contribution to FA abundance.
In Figure 6, we show that Ny, increases with increasing
wind speed, while fy;4 decreases. Two mechanisms related
to wind speed could potentially influence the HFA:
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Figure 6. Investigation of the influence of wind speed on excited aerosols (EA) and hyperfluorescent aerosols
(HFA). The number concentration of EA (Nga, a—) and of HFA (Nyga, d—f) concentrations and the fraction of HFA
(fura, g—i) against wind speed for all 3 defined periods. The interquartile range is presented in the shaded areas.

(i) blowing snow and (ii) SSA generation from leads, poly-
nyas, and open ocean. In this section, we discuss these 2
mechanisms and laboratory-based bubble-bursting experi-
ments explicitly conducted to aid the interpretation of the
fluorescence data (Section S4).

Snow accumulates on sea ice, and under high wind
speeds, snow grains can be lifted into the atmosphere
(blowing snow), subsequently sublimating, leaving behind
snow impurities in the form of aerosols. Those are sug-
gested to be primarily sea salt particles (Frey et al., 2020).
Focusing on period 1, which coincides with favorable con-
ditions for blowing snow and exhibits sporadic events of
high-fi;ra, we compared fira and relative contributions of
all types during period 1 under blowing snow and non-
blowing snow conditions. We observe that blowing snow
does not enhance fiz (Figure S10), and the type composi-
tions are comparable between blowing snow and non-
blowing snow periods (Figure S10b). Additionally, only
one of the high fyra events in period 1 occurred at the
same time as blowing snow was observed, suggesting that
the events with high fa in period 1 were not induced by
blowing snow.

About the second mechanism, high wind speeds can
release SSA from leads and polynyas (Scott and Levin,
1972; Nilsson et al., 2001; Leck et al.,, 2002; May et al.,
2016; Kirpes et al.,, 2019), as well as the open ocean, con-
tributing to fluorescent particle concentrations (Santander
et al., 2021). SSA includes organic-dominant particles, sea
salt with varying amounts of organic material, and micro-
organisms (Prather et al.,, 2013). Emission of SSA is ampli-
fied at wind speeds above 5 m/s (de Leeuw et al,, 2011,
Quinn et al., 2015) when waves start to break, with SSA
emissions further increasing with wind speed for both
open water and leads (Nilsson et al., 2001). Therefore,

given suitable environmental conditions (i.e., sufficient
marine biological biomass), higher wind speeds could
enhance marine PBAP generation. We observed an
increase in the number of Ng4 and Nyga with higher wind
speeds in all periods (Figure 6). This was also observed in
comparable studies over open ocean environments
(Kawana et al., 2021; Moallemi et al., 2021; Kawana
et al,, 2024), suggesting a possible association between
HFA and SSA generation.

To investigate the potential contribution of SSA to HFA
during the MOSAIC campaign, we used the estimated par-
ticulate NaCl concentration measured by an AMS as
a tracer for SSA and examined its relationship to Nyga
(Figure S11). The type B HFA and the estimated NaCl
concentrations were correlated weakly in period 1
(r = 0.14), more strongly in period 2 (r = 0.74), and
moderately in period 3 (r = 0.48). The positive correlation
with type B is consistent with our bubble bursting exper-
iment (see description in Section S4): In the laboratory
experiment, we investigated the fluorescence properties
of nascent SSA using Baltic Sea water, which demonstrated
that SSA was predominantly detected as type B (Figure
S12). The fact that type B dominates the FA in filtered
seawater (Figure S12b) indicates that type B is also asso-
ciated with fluorescent dissolved organic matter. The rel-
atively weak correlation of type B with NaCl in period 1
could be due to the association of fluorescent type B with
Arctic haze, which was dominant during period 1. This
highlights the limitation of the WIBS in distinguishing
different aerosol sources if they have similar fluorescent
properties. It is also important to note that SSA from Baltic
Sea water likely has different properties and composition
than SSA emitted from the high Arctic Ocean. The Baltic
Sea has a lower salinity (our sample had a salinity of 6 g/L)
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than the Arctic Ocean, which has a salinity of approxi-
mately 31-35 g/L (Hoppmann et al.,, 2022; Rabe et al.,
2022; Schulz et al., 2023), and the salinity level is known
to influence the fluorescent properties and emission of
SSA (Mostofa et al., 2013; Zinke et al., 2022). There are
further differences regarding water temperature and
microbiology (microorganism types and activity), where
the latter is not well quantified. These differences have
an impact on the bubble-bursting process itself as well
as on the composition of the SSA and the resulting fluo-
rescent signal. There is, hence, a need for further bubble
tank experiments with high-Arctic seawater.

Figure S11d shows that HFA type C correlated moder-
ately with NaCl in all 3 periods (r = 0.61, r = 0.69, and
r=0.47). Type C FA have been associated with HULIS, but
typically fluoresce only weakly (Savage et al., 2017; San-
tander et al., 2021). Thus, and because type C HFA only
contributed little to the SSA in our laboratory experiment,
it is unclear what causes the correlation between type C
HFA and NaCl.

The above discussions referred to the observation that
Nyra increased with wind speed. However, fijra decreased
with increasing wind speed (Figure 6g—i), indicating that
while stronger winds are a source of HFA, they are a stron-
ger source of EA. In other words, higher enrichment of
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HFA is found under lower wind speed conditions. Section
3.7 discusses the possible release mechanisms of HFA
under low-wind conditions.

3.5. Biological influence on FA in summer and fall
Periods 2 and 3 exhibit dominant contributions from fluo-
rescence types A and AB, previously associated with bac-
teria, fungal spores, and algae (Perring et al., 2015; Savage
et al., 2017). Building on this prior knowledge and in the
absence of airborne measurements of bacteria, fungal
spores, and algae, we investigate 2 aspects more thor-
oughly to establish the link between observations and
potential biological sources: (i) the FA size distribution
and (ii) the co-occurrence of INP that are active at elevated
temperatures. Biological particles have characteristic sizes
(>0.5 pum) (Poschl et al., 2010; Huffman et al., 2012;
Frohlich-Nowoisky et al., 2016), and warm INP are typi-
cally associated with PBAP (Després et al., 2012; Hartmann
et al,, 2020; Huang et al., 2021).

Figure 7 shows the period-averaged particle size distri-
butions of EA, FA, and HFA (panels a—c), of HFA,, HFAug,
and HFAagc (panels d—f), and the fractions of HFA,, HFAg,
and HFAgc (panels g—i). During all 3 periods, the number
size distributions of EA, FA, and HFA show a near-
monotonic decrease with size (Figure 7a—c). However,
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Figure 7. Size distributions of excited aerosols (EA), fluorescent aerosols (FA), and hyperfluorescent aerosols
(HFA) concentrations and of the fractions of HFA. Size distributions of EA (brown), FA (blue), and HFA (orange)
particle concentrations (a—c), of the concentrations of hyperfluorescent types A (blue), AB (gray), and ABC (purple)
(d—f), and of hyperfluorescent fractions of type A (blue), type AB (gray), and type ABC (purple) (g—i) in all 3 periods. The
lines and the shaded areas show the mean values and the standard deviation, respectively. The concentrations were

normalized to the bin with the highest concentrations.
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looking at the size distributions of HFAA, HFA4g, and
HFAugc (Figure 7d-f), we observe monotonic decreases
of HFA, and HFAag in period 1, while HFAppc plateau
between 1 and 8 um. Periods 2 and 3 differ from period
1 in that the size distributions of HFAxg show a distinct
mode below 1 pm. Furthermore, period 2 shows another
distinct mode of HFAAg and HFA, between 2 and 3 pum.
While HFA, do not show a mode in period 3, the small
mode around 1 pum of HFA,g is also observed. The fyp4 of
types A, AB, and ABC in Figure 7g—-i also show the mode of
HFA. and HFAsp between 2 and 3 pm in period 2 and
a mode around 1 um in period 3.

Previous studies have identified a size mode around 2—
3 pm, attributing it to biological particles (Poschl et al.,
2010; Després et al., 2012; Huffman et al., 2012; Freitas
et al.,, 2022). Santander et al. (2021) demonstrated the
presence of such a mode in aerosolized marine bacterial
isolates. In Figure S13, we show example fluorescence
microscopy maps from 3 dates in November 2019 and
June 2020 to support the occurrence of >1.15-pum fluores-
cent particles in the size range detected by the WIBS with
an independent method in both periods 1 and 2; note that
these images do not show the presence of soot. As dis-
cussed in Section S5, this method has previously been
used to identify biological material in ambient aerosols
(Pohlker et al., 2012) and in bubble-bursting aerosol from
water impacted by an algal bloom (May et al., 2018). In our
bubble tank experiment, we also identified a mode con-
sisting of type A particles within the 0.8-3.5 pm and of
type AB particles within the 1-3 pm size range when
examining filtered seawater supplemented with bacteria
(Figure S14). These findings suggest an association
between HFA and PBAP in periods 2 and 3. Bacteria can
be smaller than 1 pm (Frohlich-Nowoisky et al., 2016) and
have also been observed at sizes <1 um in a laboratory
study with a WIBS (Hernandez et al., 2016). However, the
strength of the fluorescence depends on the size of a par-
ticle, with larger particles showing higher intensity
(Figure 7g—i) since they can contain more fluorophores
(Savage et al., 2017). Figure 7d—f shows that HFA,
concentrations were highest at sizes <1 pm. Thus,
PBAPs might also contribute to the type A aerosols at
smaller sizes.

The environmental conditions in period 2 promote the
sources and mechanisms involved in PBAP production and
support our findings. The highest fyra values from the
entire campaign during June and July coincided with peak
solar radiation and seawater Chl-a concentration, indicat-
ing increased marine biological activity in the study area
(Figures 2 and 3c). Solar radiation enhances marine bio-
logical activity, including phytoplankton blooms and sub-
sequent bacterial growth (Niebauer, 1991; Perrette et al.,
2011). This is consistent with the larger numbers of bac-
teria and phytoplankton cells observed in surface waters
in the summer of 2020 compared to the rest of the drift
(Figure S15a and b). Phytoplankton blooms with associ-
ated elevated bacterial counts in the Arctic can lead to
enhanced aerosolization of cells (Feltracco et al., 2021).
Moreover, long-range transport of aerosols from lower
latitudes into the Arctic is limited during summer
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(Schmale et al., 2011; Willis et al., 2018), and the primary
source of aerosols becomes the central Arctic itself (Stohl,
2006). Period 2 starts after the Arctic haze (period 1) has
vanished, and less anthropogenic influence is supported
by the lower correlation between eBC and Nyga, as
depicted in Figure 5. These conditions suggest that HFA
in period 2 could be influenced by local, marine sources.
This is in agreement with findings from Kawana et al.
(2024), who found positive correlations between marine
aerosol sources and FA in the Bering Sea and the Arctic
Ocean. In contrast, Perring et al. (2023) conducted the
measurements of biological FA from an airplane over the
ocean and sea ice around Utqiagvik in Alaska and
observed no relationship between ocean biological activity
and HFA. Using back trajectories, they attributed the FA to
terrestrial sources. This finding differs from ours, as it
appears that our measurements are more strongly influ-
enced by marine sources. A potential reason for the dif-
ferent findings could be the difference in sampling
altitude. The atmospheric boundary layer in the Arctic can
be strongly stratified; hence, aerosol composition and
sources can change with altitude. It might also be an
indication that the fluorescence signal from terrestrial
sources is stronger than that of marine sources, as Perring
et al. (2023) see overall higher FA concentrations than we
do. Our measurements were most of the time conducted
further away from terrestrial sources than in Perring et al.
(2023); hence, we might have captured more specifically
marine signatures, which otherwise might have been over-
whelmed by terrestrial sources. From Figure S7, we see
that the air masses in our study were most influenced
by open ocean and ice. However, occasional small contri-
butions from land surfaces cannot be ruled out, as
depicted in Figure S7.

Despite the similar type contributions to periods 2 and
3 (dominant types A and AB, Figure S5), the size distribu-
tions of HFA in period 3 (Figure 7c, f, and i) do not show
a mode between 2 and 3 pm. Instead, there is a mode
<1 pm of HFA concentrations of type AB and a mode
around 1 pm of fyra of types A and AB. This suggests that
period 3 had a different biological source of aerosols, that
is, biological material that differs from period 2, but that is
detected as types A and AB. This is potentially caused by
seasonality in biological production. Period 3 occurred
during fall with minimal solar radiation and the freeze-
up in progress. According to Figure 1, RV Polarstern was
located in the northern part of the Laptev Sea, approxi-
mately 320 km from the ice edge on October 1, 2019, and
this distance increased to about 1,000 km by the end of
the month due to the ongoing freezing process (Krumpen
et al., 2021). Air masses during period 3 came mainly
from the open Laptev Sea (Figure S16). Also, Chl-
a measurements show elevated concentrations (up to
0.75 pgL™ ") in November during MOSAIC (Figure S4) com-
pared to later in the season, indicating the previous occur-
rence of a fall bloom. The Laptev Sea receives nutrient
inputs from rivers in Siberia, which can enhance net pri-
mary production of biomass (Terhaar et al., 2021), espe-
cially if enhanced vertical mixing in fall transports these
nutrients to the surface. Ardyna et al. (2014) found that
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fall phytoplankton blooms increased by 70% between
2007 and 2012 in this region, compared to the period
between 1998 and 2001. This means that the emission
and transport of biological particles from previous fall
blooms lasting through November in the region could
be responsible for our observations of type A fluorescence
particles during period 3.

In addition to explaining elevated FA concentrations,
timing and strong seasonality in biological production
could explain the differences in observed size distribu-
tions based on the type of phytoplankton communities
and the presence of bacteria. While larger phytoplankton
species are known to dominate Arctic blooms, small phy-
toplankton can be more efficient in thriving in nutrient-
and light-limited conditions and thus may survive longer
in the fall and dominate beyond the productive bloom
phase in the high Arctic summer (Raven, 1998; Vader
et al., 2015). Piwosz et al. (2013) discovered picoeukar-
yotes (1-3-pum sized eukaryotic phytoplankton) in Arctic
first-year ice and confirmed their ability to survive in the
winter in sea ice. Moreover and perhaps more likely, given
the fall bloom was already decaying during period 3, bac-
teria, which are also in the size range of 1 um (Frohlich-
Nowoisky et al., 2016), are expected to be present in
higher relative proportions given they consume the
phototrophic biomass independent of light availability.
Despite lower total counts of bacteria and phytoplankton
compared to period 2, the ratio of smaller bacteria to
larger phytoplankton cells during period 3 is 2 orders of
magnitude higher than during summer (Figure S15c).
Hence, a shift from phytoplankton to bacterial cells could
explain the observed size distributions. Note that we
observe a relative enrichment around 1 um in the fraction
of HFA particles of types A and AB during period 3 on top
of an elevated absolute concentration of HFA at this size
compared to period 2 (Figure 7). This discussion high-
lights the challenge of attributing specific sources to HFA
types, and more detailed information about the composi-
tion of the HFA is necessary to conclude their sources.
However, it can be concluded that different types and sizes
of HFA, and likely PBAP, are present at other times of the
year, indicating different source types.

3.6. HFA and warm INP

Several studies have indicated that PBAP are prominent
INPs at warmer temperatures, typically above —10°C
(Després et al., 2012; Hartmann et al., 2020; Huang
et al., 2021). Irish et al. (2017) found INPs activated at
temperatures as high as —14°C in Canadian Arctic seawa-
ter and SML and associated the INP activity with biological
microorganisms. In a recent study, Kawana et al. (2024)
demonstrated that INPs were best correlated with FA of
types AB and ABC in samples collected over the North
Pacific Ocean, the Bering Sea, and the Arctic Ocean in the
autumn of 2019. The authors attributed types AB and ABC
in FA to marine biogenic sources. Hence, the INP observa-
tions from MOSAIC can provide additional evidence sup-
porting the association of observed HFA types with marine
PBAP. Freitas et al. (2023) also found PBAP concentrations
related to INP concentrations above —15°C in Ny-Alesund.
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They identified PBAPs at an emission wavelength corre-
sponding to type A HFA of the WIBS-NEO.

The monthly average number concentration of INP
freezing at temperatures above —9°C (warm INPs) appears
to exhibit a covariation with fyra of types A and AB, as
depicted in Figure 3d. Figure 8 shows the average fira
and fluorescence type composition of HFA for samples
collected on days when the warmest INPs detected were
at temperatures above —9°C, between —9°C and —15°C,
and below —15°C. Aerosol samples collected with warm
INPs (>9°C) had an fyra approximately 7.5 times larger
than the average fyra for samples collected with colder
INPs (<—15°C). Moreover, the fluorescence types of HFA
associated with warmer INP samples were dominated by
types A and AB, whereby these types only play a minor
role for samples associated with colder INP. The data cor-
responding to the warmer than —9°C bin primarily came
from period 2, while the other colder 2 sample bins
included data from both periods 1 and 2. This further
strengthens the hypothesis that HFA of types A and AB
is likely related to PBAP.

We only find a covariance of fira With warm INP but
not with Nyga directly. For example, Nyga are approxi-
mately 3 times more abundant in May than in June (Fig-
ure S3), where roughly a factor of 10 higher warm INP
concentrations are found in June (Figure 3d). Therefore,
our observations can only use warm INP abundance as
a surrogate for the presence of biological particles rather
than establishing a quantitative relationship between FA
and INP abundance. However, the covariance between fyz4
and warm INP does not seem to be a coincidence since
similar observations were made over the Southern Ocean
(Figure S17). Unfortunately, the potential reasons for this
still inconclusive behavior cannot be revealed here
because this would require more detailed measurements
of the nature of PBAP and warm INPs. For example, it is
conceivable that WIBS type A measurements in May and
June cannot distinguish between PBAP, which have signif-
icantly different ice nucleating abilities.

3.7. Potential emission mechanisms in the central
Arctic Ocean

While we explained the nature of sources previously, we
focus here on potential release mechanisms. Given that
frra decreases with increasing wind speed (Figure 6), but
strong biological contribution (as approximated by type A
presence) occurs mainly during high fyr4 days (Figure 4),
the investigation of the HFA release mechanisms under
low wind conditions is necessary.

FA may be generated from bubbles bursting under low
wind speeds. Bubbles can form even without high wind
speed in leads in the central Arctic Ocean (Norris et al.,
2011). Potential mechanisms such as bubble nucleation
from the mixing of cold and warm water, resulting in
decreased gas solubility, respiration by algae and phyto-
plankton populations, or the release of bubbles trapped in
melting ice. Another potential source of bubbles is
described by Fernandez-Méndez et al. (2014), who
found oxygenated bubbles produced by algae during
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Figure 8. Fluorescence type contributions to ice nucleating particles (INPs). Comparison of the absolute
hyperfluorescent aerosol (HFA) fractions (fyra), split into different fluorescence types (a) and relative type
contributions to the HFA (b) during the Multidisciplinary drifting Observatory for the Study of Arctic Climate
(MOSAIC) Expedition at 3 different INP temperature regimes: for days where the warmest observed INPs were
colder than —15°C, where they were between —15°C and —9°C, and where INPs warmer than —9°C were
observed. The numbers in the parenthesis represent the number of hourly average HFA data points within each
bin. The different fluorescent particle types are explained in Table 1 in Section 2.3.

photosynthesis. This process depends on light and is there-
fore limited to the period between March and September.

The release of PBAPs via bubble bursting requires areas
where (i) water and air are in direct contact and (ii) micro-
bial organisms are present. During MOSAIC, period 2
exhibited such conditions (Figure S18). It featured the
largest melt-pond fraction (Webster et al., 2022), and,
starting from the beginning of June, the ship frequently
encountered large areas of open water and leads. Melt
ponds form on the surface of sea ice due to melting snow
and ice (Webster et al., 2022). They can consist of either
freshwater or a mixture of fresh and salty water if the
pond'’s base is connected to the underlying seawater (Hor-
ner et al., 1992; Kramer and Kiko, 2011). Melt ponds con-
tain microorganisms like microalgae or bacteria (Serensen
et al., 2017) and can be the hot spots of biological activity
(Hancke et al., 2022). Melt ponds have been suggested to
potentially influence the atmospheric aerosol properties,
particularly that of INPs (Creamean et al., 2022). However,
the mechanisms by which microorganisms from melt
ponds are transported into the atmosphere are not yet
well understood, As discussed above, it can be speculated
that bubble bursting, even in the absence of high winds,
could release aerosols from melt ponds.

Freshwater from melting snow can form thin layers on
the seawater surface in leads. The interface between the
meltwater layer and seawater may contain a high biomass
layer, as Smith et al. (2023) observed during the MOSAIC
expedition. This biomass could contribute to PBAP being
ejected into the atmosphere during bubble bursting. How-
ever, biomass in the meltwater layer itself can be low

because microorganisms from seawater are not well
adapted to the freshwater (Mirrielees et al., 2022; Smith
et al., 2023). Consequently, the meltwater layer is believed
to impede the exchange between the ocean and the atmo-
sphere, including the emission of PBAP (Smith et al.,
2023). However, as meltwater layers form only for specific
periods in some of the lead systems (Salganik et al., 2023),
direct emission of FA into the atmosphere from high bio-
mass water may still occur in some lead systems, for exam-
ple, during mixing events (Smith et al., 2023).

These findings highlight the complexity of processes
occurring at the ocean—atmosphere interface during sum-
mer, and further investigations are necessary to under-
stand the release mechanisms and the significance of
melt ponds, meltwater layers, and open leads as a source
of atmospheric PBAP and INP in the central Arctic Ocean.

4, Conclusions

We presented the annual cycle (October 2019-September
2020) of FA and HFA from the data collected with the
WIBS during the MOSAIC expedition in the central Arctic
Ocean. We assessed various properties of FA and HFA,
including number concentrations and fluorescence types,
throughout the year and used ancillary measurements
from the same expedition to investigate potential sources
and release mechanisms of FA. The strong annual cycles in
HFA suggest that they do not represent a constant fraction
of total atmospheric aerosols through the year but vary as
a function of emission sources and transport patterns. We
found 3 distinct periods. Period 1 (November 2019—April
2020 and September 2020) was characterized by relatively
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high Ny, low fyra, and the dominance of type B, mostly
linked to Arctic haze. Interestingly, there were distinct
bursts of several hours length with high-fyg4. Period 2
(May 2020—-August 2020) is characterized by relatively low
median Nypa, high median fyr4, and the dominance of
types A and AB, pointing toward significant biological
contributions. Period 3 (October—November 2019) stands
out due to high fyra dominated by types A and AB in
combination with the absence of solar radiation and ongo-
ing freeze-up. Our study shows that the WIBS is sensitive
to anthropogenic aerosol sources, which likely affect fluo-
rescence types B and BC, as evidenced by the correlation of
eBC with these types, particularly in period 1. HFA of types
A, AB, and ABC were associated with biological sources
and are present throughout the year in the Arctic lower
atmosphere. This notably includes the dark winter
months, where such particles were present during 5 spe-
cific events. These findings point toward the presence of
airborne microbial organisms in the Arctic winter. They
could be emitted directly from the water, ice or snow, or
originate from sublimating ice crystals during precipita-
tion. These hypotheses warrant further investigations.

In summer as well as autumn, marine microbial activity
is likely responsible for higher fractions of HFA and their
strong relationship to INPs freezing at warm temperatures
(—9°C). Interestingly, we observed a dominant mode of
the HFA size distribution (2—3 um) in summer and a smal-
ler mode in autumn, concurring with the usual succession
in Arctic marine microbiological communities. We suggest
that bubble bursting at low-wind conditions could pro-
mote high fyg4 under the low-wind conditions character-
istic for summer.

In winter, the typical high wind speed conditions lead
to higher absolute FA and HFA concentrations, but to
smaller fractions of fluorescent particles, indicating that
wind does not enrich but rather dilutes the fractional
contribution of fluorescent particles. Moreover, the type
composition of FA and HFA during blowing snow condi-
tions is not significantly different from nonblowing snow
conditions during period 1 (dominant type B), which
might indicate that previously deposited airborne parti-
cles are resuspended.

While our study suggests several potential seasonal
source mechanisms of HFA, the exact processes remain
to be revealed and require targeted field studies including
the measurements of specific tracers for airborne biolog-
ical and fluorescent particles. For example, the measure-
ments of FA could be made on-site with sampled water
from leads or melt ponds in a bubble chamber, or even
directly above the water surface in floating chambers,
together with analyses (e.g., DNA sequencing) of the
microorganisms contained therein. Additional simulta-
neous measurements of the composition of microorgan-
isms in the ice, snow, and SML and vertically resolved
throughout the lower atmosphere would provide insight
into which of the microorganisms are exchanged locally
and which might be transported over long distances. This
could be used to establish a mechanistic link between
individual marine microorganisms and FA. Combining this
detailed analysis with INP measurements bears a high
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potential to narrow down the sources of local central Arc-
tic INP.

In light of rapid climate change in the Arctic and its
impact on sea ice, melt ponds, biological activity, and
other factors relevant to Arctic PBAP, it is indispensable
to shed further light on the nature and sources of these
particles that can strongly influence the sensitive and
important Arctic low-level mixed-phase cloud regime.
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