
RESEARCH ARTICLE

Characteristics and effects of aerosols during
blowing snow events in the central Arctic

Nora Bergner1 , Benjamin Heutte1, Ivo Beck1, Jakob B. Pernov1,2, Hélène Angot1,3,
Stephen R. Arnold4, Matthew Boyer5, Jessie M. Creamean6, Ronny Engelmann7,
Markus M. Frey8, Xianda Gong9,10, Silvia Henning7,Tamora James4,Tuija Jokinen5,11,
Gina Jozef12,13,14, Markku Kulmala5, Tiia Laurila5, Michael Lonardi1,
Amy R. Macfarlane15,16, Sergey Y. Matrosov13,17, Jessica A. Mirrielees18,
Tuukka Petäjä5, Kerri A. Pratt18,19, Lauriane L. J. Quéléver5, Martin Schneebeli20,
Janek Uin21, Jian Wang22, and Julia Schmale1,*

Sea salt aerosol (SSaer) significantly impacts aerosol-radiation and aerosol-cloud interactions, and
sublimated blowing snow is hypothesized to be an important SSaer source in polar regions. Understanding
blowing snow and other wind-sourced aerosols’ climate relevant properties is needed, especially during winter
when Arctic amplification is greatest. However, most of our understanding of blowing snow SSaer comes from
modeling studies, and direct observations are sparse. Additionally, SSaer can originate from multiple sources,
making it difficult to disentangle emission processes. Here, we present comprehensive observations of wind-
sourced aerosol during blowing snow events from the Multidisciplinary drifting Observatory for the Study of
Arctic Climate (MOSAiC) expedition in the central Arctic. High wind speed strongly enhances total aerosol
number, submicron sodium chloride mass, cloud condensation nuclei concentrations, and scattering
coefficients. Generally, the relative response of aerosol properties to wind speed enhancement is strongest
in fall when Arctic aerosol concentrations are lowest. Blowing snow events showed similar aerosol and
environmental properties across events, apart from occasions with high snow age (>6 days since last
snowfall). Coarse-mode number concentrations (>1 mm) are better explained by variability in wind speed
averaged over 12-h air mass back trajectories arriving at the MOSAiC site compared to local,
instantaneous wind speed, suggesting the importance of regional transport and consideration of air mass
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history for wind-driven aerosol production.These MOSAiC observations provide new insights into wind-driven
aerosol in the central Arctic and may help validate modeling studies and improve model parameterizations
particularly for aerosol direct and indirect radiative forcing.
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1. Introduction
The Arctic is rapidly changing in response to climate
change, experiencing surface temperature increases,
which are 3 to 4 times higher compared to the global
mean and lower latitudes (Rantanen et al., 2022, time
period 1979–2021). The accelerated warming, also
referred to as Arctic amplification, has profound implica-
tions for natural systems and humans locally and globally
(Hovelsrud et al., 2011; Schuur et al., 2015; Arctic Moni-
toring and Assessment Programme, 2021) and is most
pronounced in fall and winter (Rantanen et al., 2022). In
the Arctic, aerosols and clouds are key components mod-
ulating the surface radiation balance and thereby surface
temperatures (Shindell and Faluvegi, 2009; Li et al., 2022)
but current understanding of processes controlling their
distribution, properties, and radiation impacts are associ-
ated with large uncertainties (Carslaw et al., 2013, Willis
et al., 2018; Schmale et al., 2021). Aerosols can directly
affect the radiative budget by absorbing or scattering solar
radiation (aerosol-radiation interaction, ARI) or indirectly
by impacting cloud formation, lifetime, and radiative
properties due to their ability to act as cloud condensation
nuclei (CCN) or ice nucleating particles (INPs) (aerosol-
cloud interactions, ACI).

While mainly absorbing aerosol can lead to warming of
the atmosphere (Li et al., 2022) or reduce the surface
albedo upon deposition (Hansen and Nazarenko, 2004;
Doherty et al., 2010), scattering particles such as sea salt
aerosol (SSaer) and sulfate can induce a cooling effect by
reducing the amount of incoming solar radiation at the
surface (Charlson et al., 1992; von Salzen et al., 2022), with
higher scattering efficiency for accumulation and coarse-
mode particles (Seinfeld and Pandis, 2016). Most pan-
Arctic stations show absorption and scattering maxima in
winter and spring, and a minimum in summer (Schmeisser
et al., 2018). Clouds over pack ice in the central Arctic
typically exert a net warming effect due to the reemission
of absorbed longwave radiation to the surface (Curry et al.,
1996), except during a brief period in summer when the
reflection of shortwave radiation has a net cooling effect
(Shupe and Intrieri, 2004). The timing of the forcing may be
a relevant control of the amplitude and timing of sea ice
melt (Zhao and Garrett, 2014). In regions with a low base-
line aerosol concentration, such as the central Arctic during
certain seasons (e.g., fall, winter), cloud longwave emissivity
is sensitive to CCN concentrations, and an increase in aero-
sol number concentrations can amplify longwave emissivity
and surface warming (Garrett et al., 2002; Garrett and Zhao,
2006; Mauritsen et al., 2011). The presence of giant CCN
can also affect water vapor distribution and precipitation
formation (Feingold et al., 1999; Jensen and Nugent, 2017)

but its effects in the Arctic remain largely unknown. Cli-
mate models struggle to adequately represent aerosol and
cloud radiative effects in the Arctic particularly due to a lim-
ited understanding of aerosol sources and properties (Maur-
itsen et al., 2011; Taylor et al., 2019; Inoue et al., 2021; Wei
et al., 2021; Lapere et al., 2023; Solomon et al., 2023).

Arctic aerosol concentrations are governed by a strong
seasonality, dependent on varying emission sources and
transport processes, atmospheric stability and aerosol
removal efficiency (Croft et al., 2016; Willis et al., 2018).
During winter and spring, aerosol mass and number con-
centrations are typically high due to long-range transport
from lower latitudes of primarily anthropogenic emis-
sions, which accumulate in the stable atmosphere, also
referred to as Arctic haze (Mitchell, 1957; Quinn et al.,
2007). Aerosol lifetimes are typically longest during these
seasons due to low wet removal efficiencies (Croft et al.,
2016). With emission reductions at mid-latitudes particu-
larly between 1990 and 2000, negative trends have been
observed on a pan-Arctic scale for typical Arctic haze che-
mical species, such as sulfate and black carbon (Quinn
et al., 2007; Schmale et al., 2022). Summer is character-
ized by low aerosol mass concentrations and a higher
importance of local and regional sources, as long-range
transport is reduced due to the contraction of the Arctic
dome, and wet scavenging is more efficient (Stohl, 2006;
Willis et al., 2018). Aerosol number concentrations are
however high in summer, as new particle formation can
lead to high abundance of nucleation and Aitken mode
particles (Freud et al., 2017; Boyer et al., 2023). Fall typi-
cally shows very low aerosol mass and number concentra-
tions with less new particle formation than in summer,
limited long-range transport and efficient wet removal
(Croft et al., 2016; Freud et al., 2017). Many studies have
focused on anthropogenic aerosol sources since they make
up the dominant contribution to the aerosol budget in
winter and spring, but their decline leads to an emerging
interest in better understanding the natural Arctic aerosol
baseline, since their climate-relevant properties and
source processes remain poorly constrained (Schmale
et al., 2021).

SSaer is one of the most abundant natural aerosols
globally and is typically produced by wave breaking and
bubble bursting over the open ocean (de Leeuw et al.,
2011). In polar regions however, SSaer mass concentra-
tions peak in winter (Rankin and Wolff, 2003; Legrand
et al., 2016; Schmale et al., 2022) when the ocean is pre-
dominantly sea ice covered, and when boundary layer
heights are lower and aerosol removal slower. While some
of the SSaer can be long-range transported to polar
regions from the open ocean and marginal ice zone, the
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observed SSaer number concentrations and seasonality
cannot solely be explained by climate models with
open-ocean emissions (Huang and Jaeglé, 2017; Lapere
et al., 2023), which points to sources from the sea ice
region, such as open leads, frost flowers, and/or blowing
snow. SSaer from open leads has been observed from fall
to spring in the coastal Alaskan Arctic (Radke et al., 1976;
May et al., 2016; Kirpes et al., 2019; Chen et al., 2022), but
this process is unlikely to account solely for SSaer winter-
time maxima in the central Arctic pack ice, given mean
open-water fractions in Arctic sea ice of the order of 0.1%–
1% (von Albedyll et al., 2022; Lapere et al., 2024; von
Albedyll et al., 2024). Saline frost flowers have also been
hypothesized as a sea ice SSaer source (Rankin et al., 2000;
Rankin et al., 2002; Kaleschke et al., 2004), given the
depleted sulfate signature in Antarctic SSaer that is similar
to brine and frost flowers (Wagenbach et al., 1998), but
laboratory experiments have shown low emission efficien-
cies (Roscoe et al., 2011; Yang et al., 2017). Modeling
experiments indicate a minor importance of frost flower
SSaer emissions, but propose sublimating salty blowing
snow as an important source (Yang et al., 2008; Huang
and Jaeglé, 2017; Confer et al., 2023; Lapere et al., 2023),
recently confirmed by observations in the Antarctic (Gior-
dano et al., 2018; Frey et al., 2020). Including a blowing
snow SSaer source in numerical models results in better
agreement with measurements (Huang and Jaeglé, 2017;
Yang et al., 2019; Ranjithkumar et al., 2025). According to
current process understanding, saline snow can result
from upward brine migration into the snowpack, SSaer
deposition from leads or the open ocean (Domine et al.,
2004; Peterson et al., 2019), or salty, ocean-sourced “snow”
formed from sublimating sea ice (Macfarlane et al.,
2023a), with multiple processes contributing depending
on snow depth. When blowing snow occurs under high
wind speed, the sublimation of salty snow particles in
subsaturated air is thought to leave behind SSaer of
which the concentrations and size are thought to depend
primarily on snow salinity and snow particle size (Yang
et al., 2019).

Most of our understanding of Arctic SSaer sources and
blowing snow aerosols are based on modeling studies
(Yang et al., 2008; Huang and Jaeglé, 2017; Rhodes
et al., 2017; Yang et al., 2019; Lapere et al., 2024) with
only few direct observational studies. SSaer emissions
have been linked to blowing snow in Antarctica (Giordano
et al., 2018; Frey et al., 2020), where Frey et al. (2020)
show the first direct observations of SSaer from blowing
snow above sea ice from a cruise in the Weddell sea with
200–1,000 km distance to the open ocean. SSaer concen-
trations increased during and after storms, and similar
depletion in sulfate relative to sodium with respect to sea
water in bulk aerosol and snow on sea ice, show evidence
of a sea ice source. Near Utqia _gvik, Chen et al. (2022)
observed blowing snow to be over-predicted by the cur-
rent parameterization and measured the composition of
single particle fresh SSaer during blowing snow to be
consistent with sea spray aerosol emissions from local
open leads, with supermicron aerosol suggested to be
scavenged by the blowing snow. Gong et al. (2023)

show strong increases in fine-mode aerosol and
CCN concentrations with blowing snow during the
Multidisciplinary drifting Observatory for the Study of Arc-
tic Climate (MOSAiC) and estimated increased longwave
emission of þ2.3 W m�2 resulting in surface warming,
underlining the potential climate-relevance of blowing
snow SSaer. Ranjithkumar et al. (2025) show that a large
fraction of coarse aerosol (0.5–20.0 mm) concentrations
observed at 2 m above the sea ice from November 2019
to mid-May 2020 can be explained by sea salt originating
from salty blowing snow that undergoes sublimation. The
authors employed the chemistry transport model p-
TOMCAT to simulate total coarse-mode sea salt concentra-
tions (e.g., Yang et al., 2019) with and without blowing
snow, and improved the correlation with observations of
total aerosol using an updated blowing snow parameter-
ization, which considers variable wind speed and snow
salinity.

Despite these advances, many open questions regard-
ing Arctic wind-sourced aerosol remain. In this study, we
address the following questions: What are the aerosol
characteristics during blowing snow events (BSEs) in the
central Arctic, and which environmental parameters influ-
ence blowing snow and wind-sourced aerosol concentra-
tions? What are the impacts of high wind speed and BSEs
on aerosol size distributions, CCN, INPs, and optical prop-
erties, as a function of season, in particular in fall to
spring? When and where in the Arctic could wind-
sourced aerosol play a role for radiation and cloud
interactions?

To address these questions, we investigate year-long
observations during the MOSAiC drift experiment in the
central Arctic ocean from 2019 to 2020. Specifically, we
characterize wind-sourced aerosol during BSEs including
a case study and an overview of BSE characteristics of
aerosol properties and environmental conditions from fall
to spring. We further assess the aerosol size distributions,
scattering coefficients, submicron NaCl levels, and abun-
dance of CCN and INPs dependent on wind speed and
season. Finally, we discuss possible spatio-temporal cli-
mate impacts and comment on the use of the data and
findings for model evaluation.

2. Methods
2.1. MOSAiC expedition

This study is based on observations collected during the
MOSAiC expedition, which was designed to study the
changing Arctic climate system and the coupled atmo-
spheric, sea ice, ocean, and ecosystem processes. The pur-
pose of the expedition was to address knowledge gaps of
the central Arctic climate system and aims to improve
modeling capabilities through the wealth of data collected
over a full seasonal cycle, particularly during winter when
previous observations are most lacking. The German
Research Vessel (RV) Polarstern (Knust, 2017) was frozen
into the sea ice north of the Laptev Sea in October 2019,
and drifted across the Arctic Ocean following the Trans-
polar Drift route, trapped in the ice for most of the time
until September 2020. Freeze up occurred in 2019 before
the expedition started and the melt onset in late May
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2020 (Itkin et al., 2023). Overviews of the drift track and
measurements regarding the atmosphere, snow and sea
ice, and oceanography can be found in Shupe et al. (2022),
Nicolaus et al. (2022), and Rabe et al. (2022), respectively.
The diverse and interdisciplinary measurements in the
central Arctic make this dataset well suited to investigate
wind-sourced aerosol including potential controlling envi-
ronmental factors. The different variables used in this
study are described in the following sections and summa-
rized in Table S1.

2.2. Aerosol-related data

2.2.1. Aerosol concentrations and size distributions

In this study, we focus on coarse-mode aerosol (>1 mm
aerodynamic diameter da) but consider aerosol sizes
between 20 nm (electrical mobility diameter dm) and 16
mm (da). Coarse-mode aerosol size distributions were mea-
sured with an Aerodynamic Particle Sizer (APS model
3321, TSI Inc., USA) in the Swiss container on the P-deck
of RV Polarstern (overview of the ship in Shupe et al.,
2022) with an inlet height of 15 m above sea level. The
original APS diameters were adjusted based on experi-
ments with polystyrene latex spheres, and a correction
factor was applied per bin based on comparison with the
Wideband Integrated Bioaerosol Sensor—New Electronics
Option (WIBS NEO; Droplet Measurement Technologies,
Longmont, CO, USA), located on the same inlet (Beck
et al., 2024). This results in a particle range from 1.06 to
16.1 mm (da), and details of the comparison, correction,
and inlet systems are described in Heutte et al. (2023). In
this study, we refer to total concentrations from the APS as
coarse-mode aerosol concentration. Size distributions
from the Ultra-High-Sensitivity Aerosol Spectrometer
(UHSAS, Droplet Measurement Technologies Inc., USA)
were used for fine-mode particles (60–1,000 nm optical
diameter dopt) and measured in the Atmospheric Radia-
tion Measurement (ARM) Aerosol Observing System (AOS)
container (Uin et al., 2019) adjacent to the Swiss container.
To obtain merged particle number size distributions with
a diameter range from 60 nm to 8 mm (dopt), the UHSAS
and APS size distributions were merged by applying
a weighted average in the overlapping size bins (linear
weights decreasing to size distribution limits). We also use
data from the Scanning Mobility Particle Sizer (SMPS
model 3936; TSI Inc., USA), which measured size distribu-
tions between 10 and 500 nm (dm,, Boyer et al., 2023) and
which was also located in the AOS container.

2.2.2. Submicron particulate NaCl

Submicron NaCl levels were estimated from an Aerodyne
high-resolution time of flight mass spectrometer (HR-ToF-
AMS, referred to as AMS), for which the operation and
post-processing for MOSAiC is described in Heutte et al.
(2023). NaCl, a refractory species, cannot be quantitatively
detected by the AMS, but can be measured in combination
with non-refractory species (Salcedo et al., 2006). NaCl
mass concentrations were estimated using the AMS
23Na35Clþ signal multiplied by 51, following an approach
of Ovadnevaite et al. (2012). Since the calibration factor of
the AMS used in Ovadnevaite et al. (2012) is unlikely to be

identical to the AMS used during MOSAiC, our NaCl
signals are provided in arbitrary units (a.u.), as in Heutte
et al. (2025). We only assess submicron NaCl in fall and
spring as the AMS was not operational in winter (Decem-
ber–February).

2.2.3. CCN concentration and hygroscopicity

parameter kappa

CCN were measured in the ARM container on RV Polar-
stern using a Cloud Condensation Nuclei Counter (CCNC,
model CCN-100, Droplet Measurement Technologies,
Boulder, CO, USA) (Roberts and Nenes, 2005). Supersa-
turations were varied in hourly cycles from 0.12%,
0.27%, 0.54% to 0.76%, where we use CCN concentra-
tions for a supersaturation of 0.27% (which we refer to
as 0.3%) averaged by the mean to 10 min resolution in
this study. Supersaturations of 0.3% are relevant in the
Arctic (Motos et al., 2023). The bulk hygroscopicity param-
eter, kappa (k), is calculated following Petters and Krei-
denweis (2007):

k ¼ 4 A3

27 D3
crit ln

2Sc

where Sc is the critical supersaturation ratio, A is
defined as A ¼ 4 s a

w
Mw

R T rw
with the surface tension of water

in air s a
w
¼ 0:072 J m�2, temperature T ¼ 298.15 K, the

density of liquid water rw ¼ 997 kg m�3, the molar mass
of water Mw ¼ 18:015� 10�3 kg mol�1, and the gas con-
stant R ¼ 8.3145 J mol�1 K�1. Dcrit is derived from inte-
grating SMPS number concentrations from the largest size
bin and choosing the diameter where integrated concen-
trations match closest to CCN number concentrations at
a given supersaturation. As for CCN concentrations, we
use the hygroscopicity parameter at 0.3% supersaturation.

2.2.4. INP measurements

Immersion-mode INP measurements were performed on
the Colorado State University cold plate from daily inte-
grated aerosol samples collected with the 4-stage Davis
Rotating-drum Unit for Monitoring cascading impactor
(DRUM model DA-400; DRUMAirTM) at an average flow
of 31.6 L min�1. In this study, we only show the total INP
concentrations (0.15 to > 12 mm da) at �20�C. INPs at
�20�C were detected year-round, whereas INPs at warmer
temperatures were only present in summer (Creamean
et al., 2022). A more detailed description of the sampling
and measurement set-up can be found in Creamean
et al. (2022).

2.2.5. Aerosol optical data

A nephelometer (TSI model 356) located in the AOS
container was used to measure total aerosol light scatter-
ing coefficients at 3 wavelengths (blue—450 nm, green—
550 nm, and red—700 nm) in 1 min time resolution.
Scattering coefficients were measured alternately for aero-
sol particle sizes <10 mm and <1 mm (da), by having an
impactor assembly on the nephelometer sampling line
that automatically switched between 1 mm and 10 mm
size cuts (Uin et al., 2019). We used the green wavelength
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for both scattering coefficient measurements in this study
and averaged them to 10 min time resolution using the
mean. If not directly indicated, the scattering coefficient
for aerosol size <10 mm is used. For scattering coefficients
for aerosol particles in the 1–10 mm size range, we linearly
interpolate both scattering coefficient measurements in
time and subtract the coefficients for <1 mm from those
measured at <10 mm.

The Scattering Angström exponent (SAE) is calculated
with

SAE ¼ logðssp 450 nm=ssp 550 nmÞ
logðl 450 nm=l 550 nmÞ

and describes how the scattering coefficient ssp; depends
on wavelength l, using the green and blue wavelengths.
Aerosol absorption coefficients, sap; were also measured
in the AOS container by a 3 wavelength Particle Soot
Absorption Photometer including the impactor assembly
described above, alternately sampling aerosol at <10 mm
and <1 mm (da). The absorption coefficients used in this
study are for the green wavelength and particles <10 mm.
The single scattering albedo (o) is calculated with

o ¼ ssp 550

ssp 550 þ sap 550

and indicates the relative light scattering versus light
extinction of the aerosol population.

2.2.6. Influence of local pollution

Aerosol measurements during MOSAiC were often influ-
enced by local research activities and stack emissions from
RV Polarstern (Beck et al., 2022). The local pollution influ-
ence needs to be filtered out to analyze ambient aerosol
concentrations. As coarse-mode aerosol concentrations are
less influenced by ship pollution, for which the size dis-
tribution peaks at around 30 nm, a pollution detection
algorithm by Beck et al. (2021) was applied to the total
coarse-mode concentration (Heutte et al., 2023). For mea-
surements that are more strongly influenced by local fresh
pollution including the UHSAS, SMPS, and optical data,
a stricter pollution mask based on condensation particle
counter measurements was used (Heutte et al., 2023). For
the AMS, a cosine similarity approach described by Dada
et al. (2022) was used to remove fresh pollution (Heutte
et al., 2023). The percentage of removed data is included
in Table S1.

2.3. Ancillary data

2.3.1. Meteorological data

In this study, we use 10 m wind speed measured with
a Metek u-Sonic3 Cage MP on a tower, which was located
on the sea ice approximately 500 m from RV Polarstern
(Cox et al., 2023). Time gaps were filled by calculating
10 m wind speeds from wind speed measurements at
39 m height on RV Polarstern (Schmithüsen, 2021a,
2021b, 2021c, 2021d, 2021e) assuming a neutral logarith-
mic wind speed profile and a roughness length of z0 ¼
5.6�10�3 m (Cox et al., 2023). Given that other wind speed
data are also used in this study (trajectory and ERA5 wind

speed as described in Section 2.3.4), we refer to the local
wind speed measurements as in situ wind speed.
Temperature and relative humidity with respect to liquid
water (RHw) were also measured at 10 m on the tower
with a Vaisala PTU307. RHw was converted into relative
humidity with respect to ice (RHice) following Hyland and
Wexler (1983) and Cox et al. (2023). Liquid equivalent
snowfall rates at approximately 170 m height were
retrieved based on Ka-band (approximately 35 GHz)
zenith-pointing radar (KAZR) measurements by Matrosov
(2024). Atmospheric boundary layer (ABL) heights were
retrieved from balloon-borne Vaisala RS41 radiosondes
every 6 hours based on a bulk Richardson number-based
approach (Jozef et al., 2023b).

2.3.2. Snowdrift density

An open-path Snow Particle Counter (SPC-95, Niigata
Electric Co., Nishimura and Nemoto, 2005; Nishimura
et al., 2014) measured the size distribution of airborne
snow particles (36–490 mm) at 0.1 and 10 m above the
surface at the wind speed measurement tower on the sea
ice (Ranjithkumar et al., 2025). The snow particle size
distributions were used to compute snowdrift density.
We mostly show the drift density from the lower SPC,
except in November where only data from the upper SPC
are available.

2.3.3. Snow properties

Snow salinity was measured approximately weekly from
snow pit profiles at multiple depths. The samples taken
with a snow density cutter of 100 cm3 volume were
melted and analyzed for practical salinity in ppt (parts per
thousand for mass) using a YSI 30 Salinity, Conductivity,
and Temperature sensor in the laboratory on RV Polar-
stern. Snow hardness shown in Figure S6 indicates the
median of the uppermost 3 cm of snow force profiles
measured with a snow micro penetrometer. More details
on measurement methods and locations can be found in
Macfarlane et al. (2023b).

2.3.4. ERA5 wind speed frequency and trajectory wind

speed

Frequency of wind speeds >9 m s�1 (high wind speed
threshold where aerosol concentrations are increased, Sec-
tion 3.3) was calculated for each month based on hourly
ERA5 (Hersbach et al., 2020) 10 m wind speed north of
60�N with a horizontal resolution of 0.25� for the years
2010–2020. Mean wind speed for trajectories arriving at
RV Polarstern were computed from 3-hourly displacement
of kinematic back-trajectories calculated using the Read-
ing Offline Trajectory Model (ROTRAJ) (Methven et al.,
2003). Large-scale velocity fields at the Lagrangian particle
positions are obtained from 3-hourly ERA5 reanalysis data
at a resolution of approximately 0.7�, using cubic
Lagrange interpolation in the vertical, followed by bilinear
interpolation in the horizontal, and linear interpolation in
time. Time periods with unphysical oscillations that could
be due to model artifacts were removed from the analysis.
Comparing the trajectory wind speed of time lag 0 at the
location of RV Polarstern (at an altitude just above the
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surface, 99% of surface pressure) with the in situ mea-
sured wind speed at 10 m shows good agreement in mag-
nitude (difference in mean wind speeds approximately
10%) and high correlation (rspearman ¼ 0.94, P <0.001;
we mainly use Spearman’s rank correlation coefficient
throughout the manuscript as it is less sensitive to outliers
and nonlinearity, and a significance level of 0.05).

2.3.5. Ground-based remote sensing

The 910 nm backscatter coefficients were measured by the
Vaisala CL31 ceilometer single backscatter lidar system on
the P-deck of RV Polarstern. The 532 nm backscatter coef-
ficient and lidar ratio are used from multiwavelength
polarization Raman lidar Polly (POrtabLe Lidar sYstem,
Engelmann et al., 2016) measurements, which were per-
formed in the OCEANET-Atmosphere container near the
Swiss container.

2.3.6. Sea ice extent

For a monthly overview of wind speed frequency over sea
ice, we use monthly averaged Arctic sea ice extent for the
MOSAiC campaign from the Sea Ice Index version 3 prod-
uct with a spatial resolution of 25 km � 25 km (Fetterer
et al., 2017), provided by the National Snow and Ice Data
Center (NSIDC). The product is derived from 2 passive
microwave-derived datasets (Near-Real-Time SMPS SSMIS
Daily Polar Gridded Sea Ice Concentrations and the Sea Ice
Concentrations from Nimbus-7 SMMR and DMSP SSM/
I-SSMIS Passive Microwave Data) and monthly sea ice
extent is based on when the grid cell’s sea ice concentra-
tion average is above 15%.

2.4. Blowing snow event definition

We base our definition of BSEs on Gong et al. (2023),
where blowing snow periods are identified when the snow
drift density at 0.1 m above ground exceeds 10 � 10�5 kg
m�3 and 10 m wind speeds are higher than the critical
wind speed of blowing snow initiation based on the
empirical model by Li and Pomeroy (1997), which is tem-
perature dependent. Since aerosol concentrations typically
peak and decay with a delay to blowing snow (Frey et al.,
2020), we extend the event duration by visual inspection
of the coarse-mode aerosol concentration and the time
they return to their baseline. Start and end times of BSEs
can be found in Table S2. Since in November 2019, snow-
drift density data are missing at 0.1 m, Gong et al (2023)
included the condition of snowdrift density at 10 m and
increased aerosol mass concentrations, which is also
applied here. Even though the initial event definition is
based on blowing snow, aerosol particles during BSEs can
also originate from other wind-driven sources such as
open leads, or be long-range transported and include
SSaer from the open ocean, or other aerosol sources
(e.g., anthropogenic emissions).We therefore often use the
more general term wind-sourced aerosol.

2.5. Blowing snow height estimates

Blowing snow height estimates are based on ceilometer
backscatter coefficients following a similar procedure as
described in Gossart et al. (2017) and Loeb and Kennedy

(2021). From the lowest usable bin (bin 5 at 45 m), the
algorithm checks whether the backscatter is higher than
the clear sky threshold, which was set to 25� 10�4 km�1

sr�1, the 99th percentile of bin 5 backscatter values of
clear sky time periods that were selected by visual inspec-
tion of daily ceilometer backscatter figures. It is similar to
the clear sky threshold reported in Gossart et al. (2017)
and Loeb and Kennedy (2021). The algorithm then checks
whether the backscatter is decreasing by testing whether
the bin 5 backscatter coefficient is larger than the average
backscatter coefficient of bins 6–8. If this condition is
fulfilled, the blowing snow height is set to the height of
the last bin that shows higher backscatter values than the
clear-sky threshold, or in case of precipitation, the height
of the bin where backscatter values increase again. During
precipitation, blowing snow height estimates sometimes
show repeatedly the same values due to the high back-
scatter signal. Blowing snow starts to occur in shallow drift
layers close to the surface, which may not be detected by
the ceilometer. Therefore, we only assess blowing snow
height estimates in case studies when we know BSEs are
occurring, and in precipitation free periods (identified by
the ceilometer backscatter data). Therefore, we do not
need to assess false positives, that is, blowing snow detec-
tion based on ceilometer profiles when no blowing snow
was observed.

3. Results and discussion
We present and discuss the results of our study in the
following structure: First, we provide a case study example
of a BSE to illustrate how properties are derived, followed
by a general overview of BSEs and their dependence on
wind speed. Next, we present a seasonal overview of
coarse-mode aerosols and BSEs, followed by an analysis
of the wind’s influence on aerosol properties, including
size distributions, optical properties, submicron NaCl, and
CCN and INP budgets. We conclude this section with an
Arctic-wide discussion of the climate effects of wind-
sourced aerosols, considering seasonal variations.

3.1. Blowing snow event-Case study November

10-12, 2019
The BSE from November 10–12, 2019 (Figure 1, all time
information provided in UTC) shows a typical evolution of
BSEs during MOSAiC. With increasing wind speed on
November 11, blowing snow emerges as seen in the drift
density enhancement. Aerosol number concentration also
rises and peaks with approximately 3.5 h delay compared
to the in situ wind speed maximum (Figure 1a), with the
delayed peak being a common feature of many BSEs and
typically in the order of a few hours (Figure S1) (Frey et al.,
2020). The snowfall and snowdrift maxima concurrent to
the wind speed maximum on November 11 afternoon
may scavenge some of the aerosol particles, contributing
to the delayed aerosol concentration increase (Frey et al.,
2020; Chen et al., 2022). Additionally, the decreased pres-
ence of airborne snow particles near the surface and the
RHice (at 10 m) decrease to below 100% (Figure 1b) likely
drive increased snow particle sublimation and therefore
maximum aerosol concentrations observed at this time
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(11 Nov 18:00). For this event, in situ wind speed (at 10 m)
and coarse-mode aerosol concentration (at 15 m) correlate
significantly (rspearman ¼ 0.86, P <0.001), and correlation is
even higher (rspearman ¼ 0.89, P <0.001) when accounting
for the time lag of 3.5 h. The total particle number of the
merged size distribution (0.06–1 mm dopt), the coarse-
mode aerosol number concentrations (1.06–16 mm da)
and the CCN concentrations follow each other closely,
suggesting a common source process across the whole size
range, likely blowing snow sublimation in this case. Open
leads could also contribute to enhanced aerosol concen-
trations but were likely less important during this event
with lead fractions <1% in a 50 km radius around RV Po-
larstern (Heutte et al., 2025), which is likely representative

for the larger surrounding since lead fractions were similar
on larger spatial scales and regions (Krumpen et al., 2021;
von Albedyll et al., 2024). In fact, some BSEs show a dif-
ferent evolution of fine and coarse-mode aerosol number
concentrations which are likely explained by the
co-occurrence of locally generated (blowing snow sublima-
tion and/or emission from leads) and long-range trans-
ported aerosol (e.g., anthropogenic pollution), which is
discussed in more detail in Heutte et al. (2025). Tempera-
tures during the event range from �30�C to �17�C with
RHice around saturation with super- and subsaturated per-
iods. Given the increased aerosol concentrations and
uncertainties of the RH measurement (approximately
5%), we would expect snow crystal sublimation to take

Figure 1. November blowing snow case study. Time series (in UTC) with (a) the snow drift density at 10 m, total
number concentrations from the merged size distribution (0.06–8 mm dopt) in black, cloud condensation nuclei (CCN)
at 0.3% supersaturation in yellow (first right axis), and coarse-mode (1.06–16.1 mm da) in magenta (inlet height 15 m),
in situ wind speed, and (b) temperature, relative humidity with respect to ice (RHice) at 10 m and snowfall rate at
170 m, (c) the scattering coefficient, the absorption coefficient, and Scattering Angström exponent (SAE) (right y-axis),
all for particles up to 10 mm with an inlet height around 18 m, and the submicron NaCl signals (�51). (d) Ceilometer
910 nm total backscatter including blowing snow height estimates (BLSN height, white triangles) and atmospheric
boundary layer height (ABL height, black crosses) and (e) Polly volume depolarization ratio (VDR). Atmospheric
profiles of time subset from November 11, 08:00 to 10:00 UTC (marked with red vertical lines in d and e) of (f)
median and interquartile range ceilometer backscatter, (g) Polly 532 nm backscatter, (h) Polly VDR. The red dashed
line in (f) marks the clear-sky threshold.
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place throughout the event. The scattering coefficient
closely follows the total aerosol concentrations while the
absorption coefficient stays at near zero values and the
SAE shows slightly lower values indicating primarily scat-
tering aerosols are present, consistent with coarse-mode
aerosol and NaCl (Figure 1c). In some cases (e.g., Figure S2),
also the absorption coefficient increases during the
event, which could be due to the concurrent transport of
absorbing aerosol, and/or reemission of previously depos-
ited absorbing aerosol (Heutte et al., 2025). Overall, this
November 2019 case study shows similar characteristics
in terms of meteorology and aerosol properties as
described by Frey et al. (2020) for the Southern Ocean and
for other MOSAiC events (Gong et al., 2023; Ranjithkumar
et al., 2025).

To assess if BSEs and wind-sourced aerosol can have an
impact on or interact with clouds, we examine the vertical
extent using ceilometer and lidar data. Concurrent with
elevated in situ wind speed and snow drift density, the
ceilometer backscatter is enhanced close to the surface
from November 10 evening to November 12 morning
(Figure 1d). Time periods with snowfall show increased
backscatter throughout the column as well as the pres-
ence of a low-level, likely mixed-phase cloud from Novem-
ber 11 afternoon to November 12 morning. Blowing snow
height estimates are more reliably interpretable without
precipitation, such as on November 11 from 08:00 to
10:00 (between the red lines, Figure 1d, e). The vertical
extent of blowing snow during this time reaches 135 m
(median, 125–145 m interquartile range, IQR). The
enhanced volume depolarization ratio (VDR, Figure 1e)
of the Polly lidar (Engelmann et al., 2016; Engelmann
et al., 2021) shows a similar temporal evolution and ver-
tical extent as the ceilometer backscatter, supporting the
assumption that the signal comes from blowing snow as
higher values indicate nonspherical particles such as ice
crystals. The high in situ wind speed makes other sources
of near surface ice crystals, such as diamond dust (which
forms under calm conditions), unlikely that could gener-
ate the same VDR and backscatter signals. The profiles of
the ceilometer backscatter (Figure 1f), the Polly backscat-
ter (Figure 1g), and the Polly VDR (Figure 1h) show
enhanced values up to a similar height range, decreasing
to a constant value at approximately 200 m. The cloud
base height from November 11 afternoon to November 12
morning lies above the estimated blowing snow height
(approximately 145–370 m based on ceilometer cloud
base heights) but is similar to the atmospheric boundary
layer height (195–375 m). On November 11, 22:53, the
atmospheric boundary layer height was 195 m with a ceil-
ometer cloud base height of 198 m at the same time. The
temperature profile is relatively constant up to 200 m
with an inversion above (Figure S3), indicating well-
mixed conditions and suggesting that the cloud could
be coupled to the surface. In this case, snow crystal resi-
dues, that is, aerosol particles, could be present above the
blowing snow height and within the entire boundary
layer, potentially influencing the cloud in this case.

Including the specific BSEs shown in the supplementary
information (Figures S2, S4, Section S2), the 3 different BSE

case studies show median blowing snow altitudes of 135 m
(125–145 m IQR), 145 m (125–155 m IQR), and 95 m
(85–155 m IQR), respectively (55–195 m minimum and
maximum in the considered time periods for all three
events), with similar VDR profiles (change in gradient
between approximately 145–195 m, therefore a bit higher
than the blowing snow heights but for VDR and backscat-
ter, no clear sky threshold was defined). The aerosol resi-
dues from blowing snow are expected to reach at least as
high as the blowing snow layer, but could likely be present
throughout the boundary layer in well-mixed stormy per-
iods (Jozef et al., 2023a), and thus, in the lower hundreds
of meters in the atmosphere where low-level clouds can
also be present. During MOSAiC, 16% of the cloud base
heights from November to April were below 200 m and
25% below 300 m (not shown), therefore within the alti-
tude range of possible blowing snow aerosol influence.

3.2. Blowing snow event overview

In total, we identified 29 BSEs between November 2019
and May 2020 (Table S2), and Figure 2 provides an over-
view of the subset of 11 BSEs that were predominantly
unpolluted from RV Polarstern ship stack emissions
(Section 2.2.6). The overview matrix shows the relative
difference of the variable median during the event from
the baseline (difference of BSE and baseline divided by the
baseline). The baseline is defined as the median of the
variable in the time period including the 15 days before
and after the event, excluding the BSE itself and potential
adjacent BSEs. For the environmental variables, by defini-
tion, BSEs typically show enhanced wind speed and snow
drift density compared to the baseline. ABL heights are
increased during events, which is related to increased tur-
bulence and mechanical mixing during stormy periods
(Peng et al., 2023), leading to near neutral or weakly stable
boundary layer regimes during MOSAiC storms (Jozef
et al., 2023a). During all events, some snowfall occurs with
the majority of events showing an enhanced snowfall rate
compared to the baseline time period. Temperature and
relative humidity only change very little, but are typically
lower during the events.

For the aerosol observations, the majority of events had
an increase in sub- and supermicron aerosol number con-
centrations during BSEs. The enhancements are higher for
supermicron aerosol (relative differences between �0.57
and 15.74) and ultrafine aerosol (20–30 nm dm, relative
differences between �0.47 and 7.98) than for submicron
aerosol (relative differences between �0.48 and 1.78),
which is further discussed in Section 3.4. The pattern of
aerosol properties during BSEs is mostly explained by the
relationship of these variables to each other: BSEs are
expected to enhance mostly SSaer which is observed when
NaCl data are available; it is a scattering aerosol which
agrees with an increase in the scattering coefficient. Sea
salt is also a hygroscopic aerosol and a good CCN, in line
with higher k values and increased CCN concentrations
during the events, as also observed by Gong et al. (2023).
The stronger relative enhancement of supermicron
aerosol also shows in the reduction of the SAE during
BSEs. The relative enhancements are approximately
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proportional to each other, with positive correlation
coefficients of enhancement of aerosol, NaCl, CCN, scat-
tering, and k, and a negative correlation coefficient of
SAE enhancement with these variables (shown in the
correlation matrix in Figure S5). The stronger enhance-
ments of aerosol number concentrations, CCN, and the
scattering coefficient for the BSEs in November and
December compared to January through March events
could stem from higher NaCl enhancement in fall. This
could for example be reflected in higher hygroscopicity
enhancements in the November and December BSEs
(k relative difference between 0.55 and 1.65) compared
to the remaining months (k relative difference < 0.38).
The seasonally differing increase in NaCl concentration is
further discussed in Section 3.4.3.

Some variables show more inter-event relative differ-
ences, such as the absorption coefficient and INP concen-
trations, which are sometimes elevated or reduced.
Absorption coefficient increases could be due to long-
range pollution transport and reemission of deposited
aerosol (Heutte et al., 2025) and are likely due to submi-
cron aerosol, given the positive correlation of submicron
aerosol and absorption coefficient changes (Figure S5).
INP concentrations are not systematically increased but
could be enhanced due to sporadic long-range transport

of for example, mineral dust (Creamean et al., 2022), or
reemission of previously deposited aerosol.

Some events, primarily January 26–27 and March 6–7,
deviate from the dominant pattern, and despite enhanced
wind speed and snow drift density, median aerosol con-
centrations and related aerosol properties are reduced
compared to the baseline.What these events have in com-
mon is a prolonged time period without snowfall before
the event (Figure 2, Figure S6), >6 days for the January
26–27, case, and >7 days for the March 6–7, but <3 days
for all other BSEs. Snow metamorphism typically increases
snow bonding which leads to increased resistance to wind
transport (Li and Pomeroy, 1997), and the snow surface
shows a tendency to be harder with higher snow age
(Figure S6b). In addition, wind packing and wind crust
formation could also limit blowing snow. However, both
events show snow drift density which probably comes
from the freshly fallen snow during the event time period.
Possibly, fresh dry snow with low salinity is directly lifted,
with little contact and mixing with older, more saline
snow. The 2 events with lowest snow age before the event
show more than double the median aerosol concentra-
tions compared to the 2 events with highest snow age.
Yet, no significant correlation between snow age and aero-
sol concentration can be observed (Figure S5, Table S3).

Figure 2. Characterization of blowing snow events (BSEs). Overview of the relative difference between BSE (median
of variable during event) compared to the baseline (median of variable during event ± 15 days excluding BSEs)
calculated by (BSE � baseline)/baseline for wind speed (u), air temperature (T), relative humidity with respect to ice
(RHice), snowfall rate, boundary layer height (ABL height), snow drift density (snow drift), aerosol concentration in
different size ranges (20–30 nm dm, 0.06–1 mm, 1–8 mm dopt), submicron NaCl, the hygroscopicity parameter k at
0.3% supersaturation, the scattering coefficient, the scattering Angström exponent (SAE), cloud condensation nuclei
(CCN) concentrations at 0.3% supersaturation, and ice nucleating particle (INP) concentrations at �20�C. Red colors
indicate an enhancement of the respective variable during BSEs, blue colors a reduction. Bold cell numbers indicate
a statistically significant (P < 0.05) relative difference between the BSE and baseline distributions based on a Mann-
Whitney U test. Snow age (in h) indicates the time since the last snowfall >0.05 mm h�1 12 h before the event start.
Measurement heights of the different variables are provided in Table S1.
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The lack of significant correlation could potentially arise
from the small sample size, or the complexity and nonlin-
earity of snow metamorphism, affecting blowing snow
and aerosol emissions.

Given the importance of wind speed for coarse-mode
aerosol number concentrations, we further explored
whether the absolute values of local wind speed and
trajectory wind speed can explain the variability of
coarse-mode aerosol number concentrations (Figure 3).
The correlation coefficient of coarse-mode aerosol concen-
tration during BSEs with trajectory wind speed (12 h before
arrival at RV Polarstern) is higher (rspearman ¼ 0.63, P <
0.001) than with local wind speed (rspearman ¼ 0.52, P <
0.001), and applying a linear fit, trajectory wind speed
explains more variability in the coarse-mode aerosol num-
ber concentration (32%) compared to local wind speed
(14%). This supports a regional source area of wind-
sourced aerosol and suggests the importance of transported
upwind generated SSaer or blowing snow particles. BSEs are
associated with cyclonic systems (Rinke et al., 2021) with
typical radii of about 500–1,300 km in the central Arctic
(Valkonen et al., 2021). The highest correlation of coarse-
mode aerosol number concentration with 9–12 h trajectory
wind speed and a decline in the correlation coefficients for
longer lead times (Figure S7) suggest a primary influence of
a few hundred kilometers around RV Polarstern and there-
fore the sea ice covered area, as the distance to the sea ice
edge between November and April was >800 km most of
the time (Krumpen et al., 2021). This is consistent with the
typical residence time of coarse-mode aerosol in such air
masses (Seinfeld and Pandis, 2016). While the distance to
the open ocean is large, open leads can be present closer
to the location of RV Polarstern and contribute to SSaer
emissions. Other variables that likely influence blowing

snow occurrence and aerosol concentrations, including
temperature, snowfall rate, snow drift density, snow age,
and atmospheric boundary layer height, show only weak
to moderate correlations with aerosol concentrations.
A summary of correlation coefficients is provided in
Table S3.

3.3. Seasonal cycle of coarse-mode aerosol and

contribution of blowing snow events

The seasonal cycle of coarse-mode aerosol (1.06–16 mm da,
Figure 4a) shows low median number concentrations in
fall (0.19 cm�3 in October), increases during winter with
a peak in spring (4.15 cm�3 in April) and the lowest con-
centration in summer (0.14 cm�3 in August). The seasonal
evolution is in line with Arctic haze that peaks in spring
due to transport and accumulation of anthropogenic pol-
lution (Quinn et al., 2007; Tunved et al., 2013), which also
contributes to coarse-mode aerosol but at lower concen-
trations (Song et al., 2021). Compared to the seasonality of
accumulation mode particles during MOSAiC (Boyer et al.,
2023), coarse-mode aerosol concentrations peak later
(April instead of January). In contrast to the coarse-mode
aerosol number concentration in Svalbard from 2015–
2019 (Song et al., 2021) that were obtained by the same
model of aerodynamic particle sizer as during MOSAiC,
our observations show higher values from November to
April (by a factor of approximately 2.5–12) but compara-
ble or lower values from June to September (factor of
approximately 0.5–2.5). The higher values during polar
night are interesting, given that MOSAiC took place in
the central Arctic pack ice whereas Svalbard is located
much closer to open ocean (approximately 30 km)
where sea spray generation in the North Atlantic is known
to significantly influence the aerosol population

Figure 3. Wind dependence of coarse-mode aerosol number concentrations during blowing snow events
(BSEs). Scatterplot with median (blue line) and interquartile range (shading) of coarse-mode aerosol
concentrations during all BSEs against (a) in situ wind speed at RV Polarstern, and (b) trajectory wind speed 12 h
before arrival at RV Polarstern grouped into bins of 2.5 m s�1. The grey markers represent the underlying data. The
orange markers (right axis) correspond to the number of data points per bin, note that the small number of data
points for the smallest and largest bin make them less robust. The red line indicates a linear fit to the grey markers
with R2 showing the coefficient of determination (equal to rPearson

2). Other (nonlinear, stepwise linear) fits do not or
only marginally improve R2 (Figure S8, Figure S9). The correlation is unique to BSE periods and is not existent for non-
BSE periods during November–May, as elevated wind speeds were rarely observed outside of BSEs (Figure S10).
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(Heslin-Rees et al., 2020). Potentially, coarse-mode aerosol
concentrations during BSEs with number concentrations
typically ranging from 2 to 8 cm�3 (25th and 75th per-
centile, blue shading in Figure 4b) contribute to higher
aerosol concentrations during polar night compared to
Svalbard. However, we do not compare the same time
period which may contribute to this difference.

BSEs occur almost a third of the time from November to
mid-May during MOSAiC (Figure 4b, c), and the drop in
occurrence between mid-March and mid-May could be due
to various factors, such as reduced snowfall and lower wind
speed, warmer temperatures and snow conditions less prone
to drifting. Median monthly coarse-mode number concentra-
tions decrease between 5% and 35% when excluding BSEs
in the monthly median (blue vs. grey line in Figure 4a), with
higher relative decreases in fall and winter. The reduced IQR
in periods without BSEs (maximum IQR of 5.9 cm�3

including BSEs vs. 3.1 cm�3 without BSEs) suggests that
BSEs contribute also considerably to coarse-mode aerosol
concentration variability. Reductions of coarse-mode aerosol
number concentrations during periods without BSEs are
however upper-limit estimates as some BSEs coincide with
long-range transport (Gong et al., 2023; Heutte et al., 2025)
and coarse-mode aerosol originates from a mix of local and
transported sources. As indicated in the previous sections,
coarse-mode aerosol number concentrations show a clear
dependency on wind speed (Figure 4d). Since coarse-mode
number concentrations already start to increase for moder-
ate wind speeds, we define the thresholds of <4 m s�1 for
low wind speed, and >9 m s�1 for high wind speed (Frey
et al., 2020; Chen et al., 2022) and use them to group data of
high and low wind speed periods in the following sections.

From the high temporal resolution time series and the
aerosol seasonal cycles including and excluding BSEs, we find

Figure 4. Seasonal cycle of coarse-mode aerosol number concentrations. (a) Seasonal cycle of coarse-mode
aerosol total concentration (1.06–16 mm da) including and excluding blowing snow events (BSEs). The line shows
median monthly concentration, the shading the interquartile range. The percentages describe the relative decrease of
coarse-mode aerosol concentrations when excluding BSEs, calculated by (coarse-mode total conc.� coarse-mode total
conc. excluding BSEs)/coarse-mode total conc. for each month. The monthly distributions with and without BSEs
differ significantly from November–May based on a Mann-Whitney U test. (b) 1 h averaged time series of coarse-mode
total concentration, in situ wind speed and (c) the snow drift density at 10 m in November 2019 and at 0.1 m from
December 2019 to May 15, 2020. The blue shaded area corresponds to the BSEs. (d) Median and interquartile range of
coarse-mode aerosol total concentration from October to May as a function of in situ wind speed, grouped into bins of
2.5 m s�1. The points indicate the number of data points per bin (right y-axis), note that the small number of data
points for the largest bins make them less robust.
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that high in situ wind speed and BSEs have an episodic, but
notable contribution to the overall aerosol budget, with
likely stronger contribution in the central Arctic compared
to observations by Song et al. (2021) in Svalbard in winter.

3.4. Wind influence on aerosol properties

Given the dependence of aerosol concentration on wind
speed during BSEs (Sections 3.1–3.3), we assessed aerosol
size distributions, optical properties, CCN and INPs, and
submicron NaCl more generally as a function of wind
speed including seasonal differences.

3.4.1. Aerosol size distributions

High wind speed leads to enhanced aerosol number con-
centrations across the whole size range in fall (Septem-
ber–November) and winter (December–February), and for
most parts of the size distribution also in spring (March–
May; except between around 100–300 nm) as shown in
Figure 5a (Figure S11 includes the IQR and summer for
comparison). In fall, the aerosol number concentrations
are overall lower than in the other seasons (in line with
Creamean et al., 2022), but high wind speed leads to
almost a doubling for most parts of the size distribution.
In spring, the increase of aerosol number concentrations
from low to high wind speed is smaller (maximum abso-
lute increase of 19 cm�3 at 64 nm), which can be
explained by elevated springtime background aerosol con-
centrations during Arctic haze. As shown in Gong et al.
(2023), BSEs lead to large increases in fine-mode aerosol
concentrations but the largest relative enhancements
occur in the coarse-mode (Figure 5b). Relative enhance-
ments are largest across most sizes for fall, second-largest
for winter, and smallest for spring. For all seasons, relative
enhancements particularly increase for particle sizes

>400 nm. Overall this shows that wind speed introduces
coarse-mode particles but also increases fine-mode aero-
sol, even in the absence of BSEs (Figure S11).

The larger increases across the whole size distribution
in fall and winter indicate a higher contribution of
wind-sourced aerosol in these seasons. Increased number
concentrations for all sizes have also been observed by
Frey et al. (2020) in the Weddell sea over sea ice. In con-
trast, Chen et al. (2022) compared size distributions dur-
ing blowing snow and non-blowing snow time periods
during springtime in Utqia _gvik, Alaska. They found
enhancements in the Aitken mode, but lower supermicron
(dopt) particle concentrations during blowing snow peri-
ods, suggesting that supermicron SSaer could be scav-
enged by blowing snow via electrophoretic attraction.
Potentially, different conditions in the coastal Arctic influ-
ence the emission and scavenging of supermicron parti-
cles compared to the central Arctic, such as the presence
of leads nearby in the coastal areas.

3.4.2. Optical properties

In addition to impacting clouds, aerosols can directly
interact with radiation by absorption and scattering. ARI
depends on the aerosol chemical composition, size, and
number concentrations. As discussed in Section 3.4.1,
higher wind speeds correspond to increased total aerosol
number concentrations, especially for the coarse-mode
particles. The wind dependence is evident for supermicron
aerosol (Figures 6a, 4d) but less clear for submicron
aerosol for moderate to high wind (5–15 m s�1), poten-
tially related to a higher aerosol baseline and smaller rel-
ative increase in particle concentration. Similar to the
aerosol number concentrations, the total scattering coef-
ficient for aerosol separated into <1 mm and <10 mm also

Figure 5. Particle number size distributions during high and low wind. (a) Median particle number size
distributions (dopt) for the categories high (>9 m s�1) and low (<4 m s�1) wind speed for each season
(September–November, SON; December–February, DJF; March–May, MAM). Percentages indicate the percentage of
time the condition is met during the respective season. (b) Relative difference calculated by dividing the difference of
high and low wind speed median aerosol size distributions by the low wind median particle size distributions for each
season from (a), where a relative difference of 1 indicates a 100% increase compared to the low wind speed
concentrations. The shading denotes the 95% confidence intervals of bootstrapped relative differences (calculated
by resampling high and low wind categories with replacement 1,000 times). Note that the “hump” at around 600 nm
is not an actual mode but arises from the merging of the UHSAS and APS size distributions.
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increases with higher wind speed (Figure 6b). For higher
wind speed (approximately 11–15 m s�1), including
supermicron aerosol in the scattering coefficient measure-
ment enhances the scattering coefficient by a factor of
approximately 1.5, showing that even though supermi-
cron aerosol is two orders of magnitude lower in concen-
tration than submicron aerosol, it strongly contributes to
the scattering. The generation of scattering aerosol from
blowing snow could impact radiative transfer in fall and
spring, when twilight and daylight are present. We discuss
the potential of a direct scattering effect of blowing snow
aerosol in Section 3.5.

3.4.3. Submicron NaCl and seasonal wind speed

dependence

The aerosol generated with high wind speed is hypothe-
sized to primarily consist of SSaer from blowing snow
and/or open leads (Yang et al., 2008; Huang and Jaeglé,
2017; Frey et al., 2020; Chen et al., 2022). Since chemical
composition information for supermicron aerosol is not
available, we estimated submicron NaCl levels using the
AMS (Section 2.2.2) and compared them with coarse-
mode aerosol concentrations. This is feasible, since wind-
sourced aerosols span all size ranges (see Section 3.4.1).
Submicron NaCl signal and total coarse-mode aerosol
number concentrations show high correlations, and a lin-
ear fit can explain 79% of the variability in fall (Figure 7a)
and 64% in spring (Figure 7b). This supports the

assumption that both total coarse-mode aerosol and
submicron NaCl are generated by high wind speeds and
suggests that coarse-mode aerosol is at least partially com-
posed of sea salt particles. The explained variability is
better in fall than in spring, and the slope is also higher
in fall (0.03, in arbitrary units per number concentration)
compared to spring (0.01, in arbitrary units per number
concentration). We discuss potential reasons for the sea-
sonal difference below.

In spring, elevated submicron NaCl levels were
observed, when coarse-mode aerosol was not likely asso-
ciated with local fresh sea spray emissions during May
12–13, 2020 (circled in Figure 7b), when large leads were
open and visually observed in the immediate vicinity of
RV Polarstern (Figure S12). The lower correlation but
higher slope during this time period (0.02, Figure 7b)
could indicate more submicron SSaer emissions from the
local leads than from blowing snow, since sea spray has
a dominant number concentration mode typically below
200 nm (Clarke et al., 2006; Quinn et al., 2015; Chen et al.,
2022). Given the higher slope between NaCl and coarse-
mode particles in fall compared to spring (Figure 7a), the
May 12–13 observation can also potentially point to
a more dominant influence from leads in fall. In addition,
blowing snow could potentially generate larger particles
than sea spray production. We test this hypothesis by
comparing the median size distribution during all BSEs,
during a BSE from December 2–6 and from May 7–9, with

Figure 6. Wind dependence of aerosol number concentrations and optical properties. (a) Median (line) and
interquartile range (shading) aerosol number concentrations for submicron and supermicron aerosol (dopt) of the
merged particle size distribution and (b) the total scattering coefficient for sub- and supermicron aerosol, as a function
of in situ wind speed (grouped into bins of 2.5 m s�1). The number of data points for each bin of the upper subfigures
are given in (c), note that the small number of data points for the largest bins make them less robust.

Bergner et al: Characterization of aerosols during blowing snow events in the Arctic Art. 13(1) page 13 of 27
D

ow
nloaded from

 http://online.ucpress.edu/elem
enta/article-pdf/13/1/00047/871228/elem

enta.2024.00047.pdf by guest on 11 April 2025



the event from May 12–13 (Figure S13). The size distribu-
tion from May 12–13 shows lower particle concentrations
for diameters >2–3 mm compared to BSEs, but higher
particle concentrations between 1 and 2 mm. However,
further comparisons are needed, as other aerosols are
likely present at the same time, and mixing heights and
size-dependent removal rates likely vary across the events
and influence the observed concentrations.

Investigating the relationship between wind speed
and submicron NaCl (Figure 7c , Figure S14), we
observe that for the same wind speed, submicron NaCl
levels are higher in fall compared to spring (e.g., for 12–
13 m s�1: 0.16 a.u. in fall vs. 0.06 a.u. in spring). This
could contribute to the higher slope of submicron NaCl
versus coarse-mode particle number concentrations in
fall (Figure 7a), and as also observed during the spring
local lead event (Figure 7b). Snow salinities during
MOSAiC also tend to be higher in fall and early winter
than in spring (Figure S15, mean salinity in October–
December 3.4 ppt compared to 1.9 ppt in March–May),
which could likely be related to the salinity changes of
sea ice with age and thickness (Cox and Weeks, 1974;
Vancoppenolle et al., 2009), or chemical transformation
processes particularly active in spring (e.g., Abbatt et al.,
2012, Giordano et al., 2018).

We also compare the in situ wind speed dependence
for fall, winter, and spring of different aerosol properties
(Figure 8). While coarse-mode aerosol concentration
increases for fall, winter, and spring with high wind speed,
the concentrations are generally higher in spring, likely
due to higher Arctic haze background concentrations in
springtime, apart from concentrations at wind speed
>15 m s�1 in fall. To minimize the influence of Arctic haze,

we assess small Aitken mode particles (20–30 nm dm),
since they can also be produced by blowing snow
sublimation (Yang et al., 2019; Heutte et al., 2025) or sea
spray (Clarke et al., 2006; Myers et al., 2021; Xu et al.,
2022). These ultrafine particles show stronger wind
dependence in fall (Figure 8d), which would be consistent
with higher fall SSaer emissions. Including slightly larger
particles (20–60 nm dm) shows a similar pattern, but
a slightly smaller difference between fall and spring, likely
due to the more significant Arctic haze influence in the
larger size range (Figure S16). Also, the supermicron scat-
tering coefficient shows a stronger dependence on wind
speed in fall than in spring (Figure 8b), likely because of
the salty coarse-mode aerosol generation with wind and
the absence of the Arctic haze signal. On the contrary, it is
smaller in spring and also less dependent on wind speed,
which we interpret is due to the Arctic haze and lower
availability of coarse-mode sea salt (with the assumption
that supermicron NaCl shows a similar pattern as submi-
cron NaCl). We also observe a dependence of the super-
micron single scattering albedo (o) on wind speed in fall
and winter (Figure 8c), whereas in spring there is no
correlation and o values are generally high, again likely
due to Arctic haze. The submicron scattering coefficients
behave similarly against wind speed in fall, winter, and
spring (up to 13 m s�1, Figure 8e), except that the base-
line is higher in winter and spring due to haze. The sub-
micron o is higher in fall and lowest in winter and
increases in all 3 seasons with increasing wind speed
(Figure 8f). This suggests that submicron aerosol in fall
is more strongly influenced by SSaer, a highly scattering
aerosol component, but less so in spring and winter dur-
ing haze. Overall, we find that wind-generated particles

Figure 7. NaCl levels and coarse-mode aerosol. Correlation of coarse-mode aerosol total concentration and
submicron NaCl levels for fall (a) and spring (b), when AMS data were available (all data have a time resolution of
10 min). The red circle in b indicates a high wind speed event on May 12–13, 2020 with extensive open leads around
RV Polarstern. R2 is the coefficient of determination (equal to rPearson

2) of the linear regression between the coarse-
mode total concentration and submicron NaCl signal (�51). In (b), the linear fit is performed separately for the event
with open leads (May 12–13) and the remaining data. (c) Median (line) and interquartile range (shading) submicron
NaCl (AMS-based) as a function of in situ wind speed (grouped into bins of 2.5 m s�1) for fall (October-beginning
December, given the limited data availability of the AMS, we use all available data and include some days of December
for fall) and spring (March–May). The colored points indicate the number of data points in each bin for fall and spring,
respectively (right y-axis).
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have a stronger influence on submicron and supermicron
scattering coefficients and o in fall. During spring and
partly also in winter, the influence of wind-generated
particles is distinguishable but less significant because
of Arctic haze.

Comparing the seasonal wind speed dependence of
Aitken mode (20–30 nm dm in Figure S17, 20–60 nm
dm in Figure S18) and accumulation mode particles
(100–500 nm dm in Figure S19) during MOSAiC to other
pan-Arctic stations (Figure S20) reveals large variability,
indicating that pan-Arctic stations are not necessarily rep-
resentative of the central Arctic regarding wind-sourced
aerosol, possibly due to geographical location, source
regions (i.e., distance to sea ice edge, open ocean, number,
and size of leads), and atmospheric transport patterns.
More details are provided in Section S3.4.

3.4.4. Influence on CCN and INPs

The climatic impact of aerosols largely depends on their
influence on clouds, such as acting as CCN or INPs. Similar
to the aerosol size distribution, CCN number concentrations
are increased under high wind speed conditions with larger
increases in fall compared to winter and spring where the
smaller difference between high and low wind speed is likely
due to haze conditions (Figure 9a). Since SSaer is an effec-
tive CCN, the CCN increase during high wind speed is con-
sistent with the NaCl increase shown in Section 3.4.3
meaning that NaCl is likely an important contributor. The
CCN baseline is lowest in fall with a median concentration of
16 cm�3 at 0.3% but 90 cm�3 at high wind. In clean con-
ditions such as the Arctic in fall and early winter, cloud
droplet number concentrations and cloud radiative forcing
are sensitive to CCN concentrations (Garrett et al., 2002;

Garrett and Zhao, 2006; Mauritsen et al., 2011) and increased
CCN concentrations could increase the long-wave emissivity
of clouds and lead to surface warming. Indeed, Gong et al.
(2023) estimated a net radiative forcing during cloudy days
of þ2.3 W m�2 surface warming averaged from November
to April by including a blowing snow source of SSaer in
a global atmospheric transport model. Yet, this warming may
differ from fall to spring, with likely larger contributions of
blowing snow and wind-sourced CCN in fall and early winter.

In line with increased CCN concentrations and
increased NaCl levels, which is hygroscopic (k ¼ 1.1;
Zieger et al., 2017), the hygroscopicity parameter
k increases during high wind in all seasons (Figure 9c).
The increase in k is largest in fall and winter and we
hypothesize that this is due to the observed low k values
of polar night haze when photooxidation is limited and
the more hygroscopic secondary aerosol species (e.g., sul-
furic acid, ammonium sulfate, oxygenated organics) may
not yet play an important role for haze aerosol (Moschos
et al., 2022; Schmale et al., 2022). Once sunlight is back,
haze aerosol becomes more hygroscopic, and k values
increase.

In contrast to CCN, INP concentrations show no
significant difference (based on a Student’s t test) between
high and low wind speed conditions in each season, as
shown in Figure 9b for INP concentrations at �20�C. This
result does not depend on size nor temperature (�7.5�C
to �25�C), even though springtime �25�C INP concentra-
tions appear slightly higher during high wind speed.
While there are individual high wind speed periods
with enhanced INP concentrations, most BSEs do not
show a systematic increase in INPs, suggesting that
blowing snow is not a major source mechanism for

Figure 8. Seasonal wind dependence of different aerosol properties. Median (line) and interquartile range
(shading) of different variables as a function of in situ wind speed (grouped into bins of 2.5 m s�1) for fall
(September–November, SON), winter (December–February, DJF), and spring (March–May, MAM) including (a)
coarse-mode aerosol total number concentration, (b) the scattering coefficient for particles of 1–10 mm (da), the
single scattering albedo (o) for particles of 1–10 mm (da), (d) 20–30 nm (dm) total number concentration, (e)
the scattering coefficient for particles <1 mm (da), and (f) the o for particles <1 mm (da). The colored points
indicate the number of data points in each bin and variable for fall, winter, and spring, respectively (right y-axis).
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freezing temperatures above �25�C according to these
observations. Higher time resolution INP data could
help to better identify potential correlations between
INP concentration and wind speed. Here, only every
third day has been analyzed for INPs. SSaer is a good
CCN but can also act as INP, particularly in combination
with organic material (DeMott et al., 2016; Alpert et al.,
2022), even though SSaer is typically considered less
effective than continental INP sources. While typical

INPs such as mineral dust and primary biological
particles or other impurities can be present in the snow
(Boetius et al., 2015) and transported dust likely con-
tributed to higher INP concentrations in winter (Crea-
mean et al., 2022), reemission of deposited INPs with
wind speed is unlikely a dominant pathway based on
the available data. Beck et al. (2024) observed increased
hyperfluorescent aerosol with high wind speed but the
fluorescence type associated with bacteria, a potential
INP proxy, did not increase during blowing snow.

3.5. Potential climate-relevant impacts of

wind-driven aerosol and recommendations

for model evaluation

Wind-sourced and blowing snow aerosol and their
contributions to CCN and scattering are relatively
short-lived events (lasting from hours to days), but they
occur on average once per week between November and
mid-May (Section 3.3) and particles can be transported
further away, possibly impacting the surface energy bal-
ance downwind. The estimated longwave effect of BSEs
by Gong et al. (2023) demonstrates that these short-
lived events could have a significant climatic impact.
In addition to ACI, wind-sourced aerosol could also lead
to ARI, and both aerosol climate effects likely vary
throughout the seasons. Figure 10 summarizes these
potential climate impacts and related processes, with
additional details in Section S4 including Figure S21 and
Figure S22. In fall (Figure 10a), sea ice extent is at its
minimum but expands as the season progresses. Given
the climatologically high cloud coverage (Wang et al.,
2021) and low aerosol number concentrations, ACI from
increased CCN concentrations could be particularly
important in fall and lead to enhanced cloud longwave
emission. ARI could occur in early fall or in southern
sea ice regions where daylight is present. In winter
(Figure 10b), the area of frequent high wind over sea
ice is largest (Figures S23, S24) but due to the lack of
daylight, wind-sourced aerosol may primarily affect ACI,
despite an increased aerosol concentration related to
long-range transport in comparison to fall. ARI would
only be possible in southern sea ice regions in late
winter. In spring (Figure 10c), sea ice extent reaches
its maximum and the area of frequent high wind
remains high (Figures S23, S24). With an abundance of
daylight, springtime could be the season where the pos-
sibility of a direct radiative effect of wind-sourced aero-
sol may be most relevant. Spring is also typically
associated with the peak of Arctic haze (Schmale et al.,
2022), yet the specific contributions of wind-sourced
aerosol to ARI and ACI compared to Arctic haze remain
to be quantified.

To further assess the climate effect of wind-sourced and
blowing snow aerosol, model experiments are needed but
require adequate representation of the source processes
and resulting aerosol concentrations and properties. We
suggest that our data can be primarily used to constrain,
and evaluate modeling efforts. Given that the aerosol
observations contain a mixed signal from various sources,
we cannot unambiguously provide an SSaer or blowing

Figure 9. CCN, INP, and hygroscopicity dependent on
wind speed and season. (a) Boxplots of CCN
concentrations at 0.3% supersaturations for the
categories high (>9 m s�1) and low (<4 m s�1) in situ
wind speed for fall (September–November), winter
(December–February), and spring (March–May). The
mean CCN concentration is indicated with a triangle.
(b) INP concentrations for the same categories as in a.
(c) The hygroscopicity parameter kappa (k) for 0.3%
supersaturation for the same categories as in a and b.
The annotated numbers for CCN and k boxplots
indicate the relative enhancement of median values
from low to high wind, for example, an enhancement
of 4.54 indicates 454% higher concentrations compared
to low wind speed.
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snow aerosol size distribution. However, the relative
increase in different sizes between high wind and low
wind (Figure 5b) could be compared to model size
distributions including and excluding the blowing snow
process. We suspect that the size distribution during high
wind in fall (Figure 5a) has the highest contributions of
SSaer given that the aerosol number concentration is
lowest (Heutte et al., 2025), and could be compared to

the modeled SSaer size distribution. Coarse-mode aerosol
emissions due to blowing snow could currently be under-
estimated as compared to leads (Lapere et al., 2024), given
that we see more coarse-mode number concentration
increases during BSEs than a local lead event (Section
3.4.3). While we report NaCl levels in arbitrary units,
having applied the calibration factor by Ovadnevaite
et al. (2012), the values should provide an order of

Figure 10. Schematic of potential climate impacts of blowing snow and wind-sourced aerosol for fall, winter,
and spring. (a) Fall: lower sea ice extent, low Arctic haze aerosol, transition from polar day to polar night !
wind-sourced aerosol could be most important for aerosol-cloud interaction (ACI), aerosol-radiation interaction
(ARI) possible in the south. (b) Winter: high sea ice extent, Arctic haze aerosol increasing, polar night ! wind-
sourced aerosol could be important for ACI, only limited ARI possible in the south. (c) Spring: high sea ice extent,
highest Arctic haze aerosol concentrations, daylight abundant ! wind-sourced aerosol could be important for both
ARI and ACI. The schematic is not to scale.
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magnitude estimate for submicron NaCl mass concentra-
tions (in mg m�3) which can be compared to modeled
submicron SSaer mass concentrations (Figures 1 and 7).
Additionally, relative changes in CCN number concentra-
tions or bulk hygroscopicity could be compared to our
observed changes for different seasons (Figure 9).

4. Conclusions
In this study, we presented an overview of wind-sourced
aerosol and specific aerosol properties as well as BSEs in
the central Arctic from fall 2019 to spring 2020 based on
measurements collected during the MOSAiC campaign.
Our main findings can be summarized as follows:

– High wind speed and BSEs strongly enhance total
aerosol concentrations, both fine-mode and coarse-
mode particles, submicron NaCl and CCN concentra-
tions, as well as bulk hygroscopicity, but not INP
concentrations based on the available data. Poten-
tial longwave cloud forcing effects as reported in
Gong et al. (2023) may be especially relevant in fall
when generally the aerosol number concentration
is low.

– SSaer concentrations and scattering properties react
more strongly to wind speed in fall compared to
spring, which may be related to higher contribution
of open ocean sea spray, or shallower snowpacks and
therefore higher salinities of the snow subject to
drift in fall and early winter. Higher temporally
resolved measurements of snowpack salinity,
blowing snow salinity, and continuous NaCl mea-
surements would be beneficial to further investigate
this relationship as well as the influence of open
leads across seasons.

– Increased coarse-mode aerosol number concentra-
tions during high wind speed strongly enhance the
scattering coefficient (factor 1.5) and potential
impacts on radiative transfer are possible in fall in
southern sea ice regions, but more likely in spring
when daylight is more abundant. The possible influ-
ence on radiative transfer has so far not been
assessed, and requires further investigations to
quantify a potential effect, particularly during the
haze season.

– BSE properties during MOSAiC are similar across all
events with stronger relative aerosol enhancements
in fall. Few BSEs with little/no enhancement
compared to the baseline are likely related to older
snow age (>6 days) before the BSEs. We can explain
32% of the coarse-mode aerosol variability by con-
sidering the 12 h trajectory wind speed, suggesting
the importance of regional transport and consider-
ation of air mass history prior to arrival at RV Polar-
stern. There is a weaker dependence on in situ wind
speed, which explains only 14% of coarse-mode
aerosol variability.

– Several cases show evidence of blowing snow heights
reaching altitudes of up to almost 200 m and wind-
sourced aerosol is likely present up to even higher
altitudes in well-mixed boundary layers. Given the

high occurrence of cloud base heights below 300 m
during MOSAiC, cloud influence of SSaer from blow-
ing snow is expected.

The observations indicate that wind-sourced aerosol,
such as sea spray aerosol and blowing snow SSaer, and
the blowing snow process frequently occur in the central
Arctic, and that this natural aerosol source likely has
climatic relevance. Yet, further investigations are needed
to quantify direct and indirect radiative effects as a func-
tion of season and their dependence on snow and sea ice
properties. Quantifying the abundance of blowing snow
versus sea spray aerosol and targeted measurements of
lead and blowing snow emission fluxes could help to dis-
entangle source contributions. This could help to further
constrain the current natural aerosol baseline, and more
quantitatively assess possible changes with climate
change. Arctic amplification is highest in winter, and given
the decline in anthropogenic aerosol, wind-sourced aero-
sol climatic effects will likely gain importance.
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