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Direct observation of Arctic Sea salt aerosol
production from blowing snow and modeling
over a changing sea ice environment

Ananth Ranjithkumar1,2,*, Eliza Duncan2, Xin Yang1, Daniel G. Partridge2,
Thomas Lachlan-Cope1, Xianda Gong3,4, Kouichi Nishimura5, and Markus M. Frey1,*

In the polar regions, there is significant model bias in the number concentrations and seasonality of sea salt
aerosol (SSA) due to the lack of understanding of aerosol sources associated with sea ice, which is hampering
accurate climate forecasts at high latitudes. Recently, SSA originating from the sublimation of blowing snow
has been directly observed to be an important source of aerosol particles in the Antarctic during winter/
spring, validating a mechanism proposed a decade ago. Here, we report in situ observations of coarse aerosol
production (particle diameter 0.5–20.0 mm) dominated by sea salt from blowing snow above sea ice during
winter/spring in the Central Arctic during the MOSAiC (Multidisciplinary drifting Observatory for the Study
of Arctic Climate) expedition from October 2019 to September 2020. Blowing snow conditions occurred
20–40% of the time during each of the months from December 2019 to April 2020, with a total of 26
blowing snow events. During blowing snow periods, coarse aerosol number concentrations increased often
by an order of magnitude compared to no-blowing snow periods. Mass fractions of sodium chloride in sub-
micron aerosol (particle diameter 0.01–0.625 mm) available during December 2019 and 10 m wind speed
showed a significant correlation (R = 0.61, P < 0.05), indicating that much of the aerosol observed during
storms is sea salt released by sublimating blowing snow. We use these observations to refine the current
model parameterization by considering the spatial and temporal variability of atmospheric and sea ice
conditions. Snow particle size distributions and snow salinities are expressed as a function of wind speed
and snowpack depth, respectively, which can be easily implemented into climate models. Validation of the
snow particle size distribution parameterization with previous polar winter observations showed agreement
in the Arctic (N-ICE2015 cruise, March 2015) above the threshold for drift and blowing snow, but a negative
bias in the Antarctic (Weddell Sea, June to August 2013). Updating the blowing snow mechanism in the
chemical transport model p-TOMCAT with wind-dependent snow particle size distributions results in 14%
more SSA produced and a slightly better correlation with MOSAiC observations of coarse aerosol (R = 0.28).
Significant increases in aerosol number concentration due to blowing snow sublimation are calculated by as
much as 70 cm�3 during the Antarctic winter and 50 cm�3 during the Arctic winter compared to a baseline
simulation with no blowing snow. Thus, taking into account SSA from blowing snow above sea ice will be
important to improve model predictions of polar aerosol and climate.
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1. Introduction
The Arctic climate system in polar regions has been
changing rapidly as a consequence of anthropogenic
activity (Overland et al., 2019), with some studies showing
surface temperatures increasing at 4 times the global aver-
age rate (Rantanen et al., 2022). Aerosol particles are an
integral part of the climate system and the polar regions
are particularly sensitive to changes in aerosol concentra-
tions (Carslaw et al., 2013; Pithan and Mauritsen, 2014).
Aerosol particles can affect the global energy balance by
directly absorbing or scattering solar radiation and indi-
rectly by their ability to act as cloud condensation nuclei
(CCN) and as ice nucleating particles (INP) and thereby
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impact cloudmicrophysics (Twomey,1977; Albrecht, 1989).
In the assessment of anthropogenic forcing, radiative
effects of aerosols have been identified as the largest source
of uncertainty in climate forecasts (Bellouin et al., 2020).

Primary sea salt aerosol (SSA) emissions over most of
the earth originate from wave breaking and bubble burst-
ing close to the ocean surface (de Leeuw et al., 2011) and
can scatter solar radiation and influence cloud properties
(O’Dowd et al., 1997; Quinn et al., 2002). In addition, SSA
is a large reservoir of various chemical compounds, such
as reactive halogens, particularly bromine (Fan and Jacob,
1992; Sander et al., 2003), which, after release, drive
springtime ozone and mercury depletion events in the
Arctic (Gao et al., 2022) and thus influence the oxidizing
capacity of the atmosphere (Yang et al., 2005; Yang et al.,
2020; Marelle et al., 2021). SSA is also used as an ice core
proxy for past sea ice conditions (Abram et al., 2013;
Levine et al., 2014) since there is strong evidence that sea
ice is a significant source of SSA. SSA concentration max-
ima are observed in the polar atmosphere during winter,
for example, in coastal Antarctica (Rankin and Wolff,
2003), East Antarctic Plateau (Legrand et al., 2016), and
Arctic (e.g., Rhodes et al., 2017), and ice core records from
the polar ice sheets show a factor of 2.5–4 increase in the
SSA deposition flux during glacial periods in comparison
to warmer interglacial periods (Wolff et al., 2003; Abram
et al., 2013), indicating SSA supply is highest when the sea
ice is at its seasonal or long-term maximum. Another
point of evidence for sea ice source of SSA is that tropo-
spheric SSA over the Antarctic coast is strongly depleted in
sulfate (SO4

2�) with respect to sodium (Naþ) in compari-
son to seawater (Wagenbach et al., 1998), so are frost
flowers in the sea ice zone (Rankin et al., 2000) and snow
on sea ice (Frey, et al., 2020). When sea ice brine cools
down to its eutectic point, precipitation of mirabilite
(Na2SO4 10H2O) starts to occur at temperatures less than
�6.4�C, and SO4

2� is removed from the liquid phase to
a larger extent than Naþ, resulting in fractionation leading
to liquid and solid phase SO4

2�:Naþ ratios that are dissim-
ilar to bulk seawater (Frey et al., 2020). Additionally, in the
polar regions, hydrohalite (NaCl�2H2O) can also precipi-
tate at colder conditions (approximately �23�C) (Hara
et al., 2012; Hara et al., 2017), further altering the chemi-
cal composition of the remaining brine relative to seawa-
ter. Frost flowers, which are highly saline, also exhibit
a similar sulfur depletion (Rankin et al., 2000), but past
studies have shown that frost flowers are not easily air-
borne and do not occur widely enough to produce large
enough concentrations of SSA (Roscoe et al., 2011; Hara
et al., 2017; Yang et al., 2017). A hypothesis that the sub-
limation of saline blowing snow could be the source of
this SSA (Yang et al., 2008) has recently been validated by
observations from the Weddell Sea during the Antarctic
winter (Frey et al., 2020), and its microphysical mecha-
nism is supported by laboratory studies (Závacká et al.,
2022; Vetráková et al., 2023).

Most CMIP6 climate models include only SSA originat-
ing from the open ocean and do not reproduce the
observed winter maxima of SSA concentration in the Ant-
arctic and Arctic (Huang and Jaeglé, 2017; Rhodes et al.,

2017; Yang et al., 2019; Lapere et al., 2023) due to the lack
of representation of wintertime sources of SSA over sea
ice. SSA can scatter solar radiation and act as CCN (Clarke
et al., 2006) and as INP (DeMott et al., 2016; Wagner et al.,
2018). Therefore, it is critical to accurately quantify SSA in
polar regions, to better estimate its impact on the radia-
tion balance, tropospheric halogen chemistry and on
inferring past sea ice extent from polar ice cores. Sea ice
sources of SSA include open leads (Chen et al., 2022), frost
flowers (Rankin et al., 2000), and salty blowing snow
undergoing sublimation (Yang et al., 2019), where the
latter has been found to dominate in Antarctic winter/
spring (Frey et al., 2020). Open leads will play an increas-
ingly larger role in a changing sea ice environment,
whereas frost flowers are less likely to get airborne and
therefore only play a minor role (Roscoe et al., 2011;
Huang and Jaeglé, 2017). The blowing snow SSA produc-
tion mechanism, where saline snow particles on the sea
ice are lofted into the atmosphere by turbulent winds
followed by sublimation and release of SSA, has been
implemented to date in the chemistry transport models
GEOS-Chem (Huang and Jaeglé, 2017; Gong et al., 2023),
p-TOMCAT (Legrand et al., 2016; Rhodes et al., 2017; Yang
et al., 2019), and WRF-Chem (Marelle et al., 2021) to inves-
tigate the impact of this newly identified SSA source on
high latitude near-surface sodium in aerosol and tropo-
spheric halogen chemistry. Implementation of the blow-
ing snow atmospheric process (Yang et al., 2008) into
these models improved the SSA comparison with observa-
tions, and the models were able to better simulate the
temporal and geographic variability of SSA concentration,
including the winter maximum at both Poles (Levine et al.,
2014; Huang and Jaeglé, 2017).

The snow particle size distribution and snow salinity
are important factors that influence the SSA production
mass flux (QSSA) from blowing snow (Yang et al., 2008).
The parameterization for the blowing snow mechanism in
a recent study using p-TOMCAT applies a fixed blowing
snow particle size distribution and snow salinity and does
not consider their temporal and spatial variability, and
thereby cannot resolve individual storms or different
snowpacks on first-year and multi-year sea ice (Yang
et al., 2019). The salinity of snow on sea ice in polar
regions is determined by several possible processes: (1)
the upward migration of brine from the sea ice surface
into the snowpack, driven by capillary action, (2) heavy
snow loading causing flooding of the ice floe and deliver-
ing seawater to the bottom of the snowpack, (3) highly
saline frost flowers contaminating the snow, and (4) atmo-
spheric deposition of SSA advected from the open ocean
or nearby sea ice sources (open leads, blowing snow, frost
flowers). The blowing snow model mechanism is subject
to uncertainties due to limited observations of salinity and
snow particle distribution.

In this study, we report first observations in the Central
Arctic of coarse SSA produced by blowing snow during the
year-round MOSAiC (Multidisciplinary drifting Observatory
for the Study of Arctic Climate) 2019–2020 expedition. We
perform a sensitivity analysis to identify the most sensitive
parameters of the blowing snow parameterization. We use
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comprehensive measurements of the relevant parameters
undertaken during the MOSAiC 2019–2020 expedition to
improve the most recent model parameterization (Yang
et al., 2019). In climatemodels, the SSA from the open ocean
is parameterized as a function of the 10-mwind speed (Mon-
ahan et al., 1983; Gong, 2003), therefore, to maintain con-
sistency, in thisworkwe characterizeQSSA from sea ice also as
a function of the 10 m wind speed. This new parameteriza-
tion has been used in a recent study (Gong et al., 2023) and
the SSA from blowing snow is shown to contribute to a sur-
face warming of up toþ2.3 Wm�2 under cloudy sky condi-
tions in the Arctic winter. In this study, we document the
development and validation of this parameterization against
previous measurements in the Arctic (N-ICE 2015) (Graham
et al., 2017; Frey et al., 2019) and Antarctic (Weddell Sea)
(Frey et al., 2020) using the chemistry transport model
p-TOMCAT.

2. Methods
2.1. Mechanism for sea salt production from

blowing snow

Past work (Yang et al., 2019) explores 2 potential mechan-
isms for the formation of SSA from blowing snow, where
the evaporation rate is controlled by either the Kelvin
effect or the moisture gradient. In mechanism 1, the sub-
limation rate is controlled by the Kelvin effect where the
curvature of the snow crystals drives the initial stages of
the sublimation process under saturated conditions
(Jambon-Puillet et al., 2018). Mechanism 2 assumes that
the moisture gradient between the snow particles and
ambient air controls the water loss rate and therefore
must occur in a subsaturated layer (Cascajo-Castresana
et al., 2021). However, for mechanism 2 to produce results
that agree with observations, it is necessary to assume that
multiple SSAs are formed from a single blown snow par-
ticle, and in mechanism 1, this assumption is not neces-
sary. From a past study (Yang et al., 2019), both
mechanisms produce results comparable to observed
aerosol concentrations for particles whose diameter is
larger than 0.4 mm but deviates significantly for particles
smaller than 0.4 mm. We consider only mechanism 1 in
this study. We use the measurements from MOSAiC
described in the next section to improve the current
model representation.

2.2. Measurements

The main dataset used in this study is from the MOSAiC
expedition, which is, to date, the most extensive measure-
ment campaign in the Central Arctic (Shupe et al., 2022).
This is a year-long dataset that was collected as the
German research vessel (RV) Polarstern drifted in the Arc-
tic Sea ice. Figure 1 shows the MOSAiC ship drift track,
starting in October 2019 from 85�N, 136�E when the ship
was moored to a suitable ice floe (Krumpen et al., 2020).
For most of the expedition, the ship passively drifted in
the sea ice beside the ice floe, with a few exceptions which
included a short cruise between mid-May and mid-June
2020 to Svalbard (Norway) for crew exchange and a cruise
to relocate the ship back into the pack ice further north in
July 2020, after the ice floe led the ship into the marginal

sea ice zone. The instruments onboard the ship were
operational during both the passive drift phase and transit
phase of the expedition, except between June 3 and June
8 when the ship was in the territorial waters of Svalbard.
The expedition ended in September 2020, and most of the
measurements were obtained in the central Arctic Ocean
North of 80�N, within the pack ice. Table 1 summarizes
the observed parameters used in this study, including
instruments, data resolution and uncertainty, and location
where the measurements were collected during MOSAiC.

Other measurements used in this study include obser-
vations from previous sea ice expeditions during winter
and spring in the Arctic (N-ICE 2015, Frey et al., 2019;
Graham et al., 2019) and the Weddell Sea in the Antarctic
(Frey et al., 2020). The N-ICE2015 data were obtained from
instruments onboard the Norwegian RV Lance. The ship
was frozen into an ice pack north of Svalbard at 83�N,
22�E and allowed to drift with the ice from January to
June 2015 (Granskog et al., 2016). The Weddell Sea mea-
surements were collected during 2 consecutive Antarctic
expeditions onboard RV Polarstern in 2013. One expedi-
tion in winter between June 8 and August 12, 2013, and
another expedition in spring between August 14 and
October 16, 2013 (Frey et al., 2020).

Airborne snow particles were measured using an open
path snow particle counter (SPC-95, Niigata Electric Co.,
Ltd) (Nishimura et al., 2014; Frey et al., 2020) mounted on
the NOAA tower located at the Met City site (Table 1),
which was located between 300 and 600 m away from the
ship during the campaign (Shupe et al., 2022; Cox et al.,
2023). The SPC is a single-slit sensor with a laser diode,
which measures the number and size of snow particles.
The SPC near the surface was mounted within the salta-
tion layer, a layer just above the snow surface usually
several centimeters thick, at a mean height of 0.08 m
above the snow surface and reset whenever snow accumu-
lation or erosion was observed. The sampling area of the
SPC is maintained perpendicular to the wind direction, by
mounting it on a self-steering wind vane. Its sampling area
A has dimensions (2 � 10�3) m � (25 � 10�3) m and its
volume is (2� 10�3) m� (25� 10�3) m� (0.5� 10�3) m
(Frey et al., 2020). Snow particles passing through the
sampling area cause electric pulse signals, which are sent
to a transducer and a data logging system. The detected
particles are then classified into 1 of 64 mean particle
diameter classes ranging from 36 mm to 490 mm. Mea-
surement signals for the smallest diameter class (dp = 36
mm) have large uncertainties due to the instrument’s
detection limit, and the signal for the largest diameter
class (dp = 490 mm) displayed frequent spikes due to the
detection of large precipitating snow particles (Frey et al.,
2020). Therefore, measurements from these two size clas-
ses were not used. Particle counts at a sampling rate of 1
Hz are integrated into 1 min values and divided by the
sampling area to obtain the particle number flux F (m�2

min�1). The meteorological parameters wind speed (U)
from a sonic anemometer, temperature (T), and relative
humidity (RH) were also measured on the NOAA tower
located at the Met City (Table 1) (Cox et al., 2023). Using
F and the 2-m horizontal wind speed U2 m extrapolated to
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0.1 m assuming a logarithmic wind profile, we compute
the snow particle number density N46–478 mm = F/U.

A Compact Lightweight Aerosol Spectrometer Probe
(CLASP) was used to collect size resolved aerosol number
concentration measurements at 2 m above the sea ice
mounted on the NOAA tower at the Met City site (Table 1).
The CLASP is a closed path optical spectrometer that aspi-
rates sample air at a flow rate of 3 L/min (Hill et al., 2008;
Norris et al., 2008). Any variability that occurs is controlled
and recorded using the onboard electronics, so it can be
used to make corrections to the measurements. This orig-
inal instrument was improved upon (Norris et al., 2008;
2012) and deployed during this expedition. It measures
a 16-channel spectrum of aerosol sizes ranging from 0.5

mm to 20 mm at ambient humidity at a sampling rate of
10 Hz and then aggregated to 1-min averages. The instru-
ment was calibrated before and after the expedition.
Particle losses in thewalls of the inlet wereminimized using
a straight, short tube of 0.3 m in length (Hill et al., 2008;
Norris et al., 2008).We apply a power law pollution filter to
the aerosol number concentrations N as described in Beck
et al. (2022) to remove any pollution-influenced data
(*0.5% of the data, from December 2019 to May 2020).
The method filters the data based on the derivative of the
aerosol concentration, where higher derivatives represent
periods of contamination with high concentration variabil-
ity. The raw data from the CLASP are not significantly
affected by pollution, with aerosol number concentration

Figure 1. Spatial map of the measurement locations in the Arctic used in this study.
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maxima only as high as 130 cm�3, whereas pollution events
reported in the Arctic typically have aerosol concentrations
greater than 104 cm�3 (Beck et al., 2022).

Snow pit vertical profiles were sampled at least once per
week at various locations on the MOSAiC ice floe, and snow
salinity Sp was determined using a Salinity, Conductivity, and
Temperature sensor (YSI 30, YSI) (Macfarlane et al., 2023;
Table 1). Conductivity values were recorded and converted
into Sp using the Gibbs Seawater (GSW) Oceanographic Tool-
box (McDougall and Barker, 2011), which applies the algo-
rithm of the Practical Salinity Scale of 1978 (PSS-78) with an
extension to salinities less than 2 psu (Hill et al., 1986). We
also used salinity measurements reported in Confer et al.
(2023), which spans a time period from 2004 to 2017. This
dataset included measurements on first-year ice at Utqiagvik
(71.3�N, 156.6�W) from February 2010 to March 2011 (Ewert
et al., 2013). Krnavek et al. (2012) and Peterson et al. (2019)
also collected snow samples over first-year sea ice in the
Arctic Ocean between 70.2�N, 169.8�W and 89.99�N,

179.65�E during March–April 2004, 2005, 2007, April–May
2013, February 2014, and April 2014. The salinity measure-
ments we used from previous studies were taken over first-
year sea ice. However, due to insufficient information to
classify all data from the MOSAiC dataset into first-year and
multi-year sea ice, we combined all data without distinguish-
ing between ice types.

To characterize aerosol particle chemical composition for
sub-micron aerosol particles, the Aerosol Chemical Specia-
tionMonitor (ACSM) (Ng et al., 2011) in theARMcontainer at
the bow of RV Polarsternwas used to quantify the concentra-
tions of sulfate, nitrate, ammonium, andorganic compounds
(Table 1). A pollution filter was used to flag pollution-
affected data similar to the approach by Gong et al. (2023)
and Beck et al. (2022). It is important to note that ACSM
measurements remain unaffected by pollutants like black
carbon, which the ACSM does not detect. As SSA is refractory
and cannot be reliably quantified by the ACSM, the total
mass concentration of sea salt in the size range of

Table 1. Overview of observed parameters, instrument details, and uncertainties during MOSAiC
(from October 2019 to September 2020) and used in this studya

Parameter Instrument Sampling Rate Uncertainty Reference

Snow particle number
concentration,
N46–478 (dp 46–478
mm, 64 size bins) (cm–3)

Snow particle counter (SPC-95,
Niigata Electric Co., Ltd) at
0.08 m and 10.0 m above the
snow surface

1 Hz *1% in number
concentration

Nishimura and Nemoto
(2005); Nishimura
et al. (2014); Frey
et al. (2020)

Aerosol number
concentration,
N0.5–20 (dp 0.5–
20mm, 16 size bins) (cm–3)

Compact Lightweight Aerosol
Spectrometer Probe (CLASP) at
2.0 m above the snow surface

10 Hz 1% in number
concentration;
10% in size bin
width

Hill et al. (2008); Norris
et al. (2012)

Mass concentration of
aerosol chemical species,
M10–625 nm (dp 10–625
nm) (mg m–3)b

Aerosol Chemical Speciation
Monitor (ACSM) at 12.0 m
above the snow surface

2 h–1 Limit of detection
(LOD) <0.2
mg m–3

Ng et al. (2011)

Snow salinity, Sp (psu) Salinity, Conductivity, and
Temperature sensor
(YSI 30, YSI)

1–2 times per
week

0.001–0.01 psu
(below 1.00
psu)

Macfarlane et al.
(2022); Macfarlane
et al. (2023); Frey
et al. (2020)

Wind speed, U (m s–1) Sonic anemometer (USA-1,
METEK) at 2.0, 6.0, and 10.0 m
above the snow surface

10 Hz 0.3 m s–1 Cox et al. (2023)

Temperature, T (˚C) PT1000 resistance thermometer
(WXT530, VAISALA) at 2.0, 6.0,
and 10.0 m above the snow
surface

1 Hz 0.3˚C Cox et al. (2023)

Relative humidity, RH (%) Capacitive HUMICAP R2 sensor
(WXT530, VAISALA) at 2.0, 6.0,
and 10.0 m above the snow
surface

1 Hz 5% (at 90–100%) Cox et al. (2023)

aThe snow particle counter, aerosol spectrometer, and meteorology sensors were mounted on the NOAA tower located at Met City
between 300 and 600 m away from RV Polarstern during the campaign (Shupe et al., 2022), and their measurements are reported at
1-min resolution. The ACSM was located in the ARM container onboard RV Polarstern, and snow pits were sampled at various
locations on the MOSAiC ice floe to determine snow salinity. Data coverage of each parameter throughout the year is reported in
Shupe et al. (2022).
bMass concentrations of non-refractory sub-micron aerosol species, including organics, sulfate, nitrate, and ammonium.
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10–625 nm (M10–625 nm) was derived as described in Gong
et al. (2023). Inbrief, weused theparticle size distributions to
derive the particle volume size distribution, which in turn
allows us to estimate the total particle volume. In these
calculations, we assumed a uniform shape factor of 1 and
a particle density of 1.6 g cm�3 to compute the total particle
mass. The mass of sea salt is then determined by subtracting
the mass of sulfate, ammonium, nitrate, and organics mea-
sured by the ACSM from the total particle mass. These data
are only available for a limited period between December 3,
2019, andDecember 12, 2019.Note that theACSMmeasures
sub-micron aerosol in the size range of 10–625nm, so it only
partially overlaps with the size range of the CLASP instru-
ment (0.5–20 mm).

2.3. Parameterization of SSA mass flux from

blowing snow and sensitivity analysis

The model framework described in Yang et al. (2008;
2019) computes mass flux of SSA from sublimating
blowing snow QSSA in units of kilograms per square meter
per second (kg m�2 s�1) as:

QSSA ¼ Qs

1000

ð1

0

ð1

0

f ðdpÞSpcðSpÞdðdpÞdðSpÞ; ð1Þ

where Qs is the bulk sublimation flux of suspended snow
particles in units of kilograms per square meter per sec-
ond (kg m�2 s�1), dp is the snow particle diameter, f (dp) is
the snow particle size distribution, Sp is the snow salinity
in practical salinity units (psu), approximately equivalent
to the weight of dissolved inorganic matter in grams per
kilogram of seawater, and cðSpÞ is the snow salinity prob-
ability distribution. Note that from Equation 1 we can also
directly derive particle number flux in units of particles
per square meter per second (m�2 s�1). The bulk sublima-
tion flux Qs is derived following the approach described
previously by integrating the local bulk sublimation rate
over the entire blowing snow column (Rogers and Yau,
1989; Déry and Yau, 1999; 2001) and modified to include
the impact of snow age (Yang et al., 2008):

Qs ¼ kA
0
Q

0

s
qbsalt
qb0

; ð2Þ

whereA
0
is an empirical snowage factor (Box et al., 2004).Q

0
s

is a normalized column integrated sublimation rate in units
of millimeter per day (mm d�1) (Rogers and Yau, 1989), k
(=1.1574�10�5) is a factor to convertQs intounits of kgm�2

s�1. qb0 is the blowing snow mixing ratio at the threshold
10-mwind speed, and qbsalt is the blowing snowmixing ratio
(kg/kg) in the saltation layer under ambient conditions com-
puted as:

qbsalt ¼ 0:385 1� Ut;10m

U10m

� �2:59

u�1
� ; ð3Þ

whereu� is the friction velocity,U10 m is the 10-mwind speed
(m s�1), andUt,10 m is the thresholdwind speed. An empirical
expression for Ut,10 m under dry snow conditions was previ-
ously derived based on observations from the Canadian prai-
ries as a function of ambient temperature Ta, and the

minimum threshold wind speed Ut0 (=6.9 m s�1), below
which no snow drift occurs (Li and Pomeroy, 1997):

Ut;10m ¼ Ut0 þ 0:0033ðTa þ 27:27Þ2: ð4Þ

The snow particle size distribution f(dp) is approxi-
mated by a two-parameter gamma probability density
function (PDF) (Budd et al., 1966) with shape and scale
parameter a and b, which are related to mean particle
diameter dp (=ab):

f ðdpÞ ¼
e�

dp
b da�1

p

baGðaÞ : ð5Þ

Previous modeling experiments demonstrated that SSA
production flux is sensitive to a (Yang et al. (2019). a
describes PDF skewness with low values indicating asym-
metric distributions with long tails from contribution of
larger snow particles observed near the surface and higher
values indicating more symmetric distributions higher up
in the atmosphere (e.g., Nishimura and Nemoto, 2005).
Snow age is also an important parameter that controls
how easily snow particles can be uplifted into the atmo-
sphere. Aged snow is thought to be more resistant to wind
mobilization (Li and Pomeroy, 1997) and requires a higher
threshold wind speed. Other important parameters are
roughness length (RL) influencing Ut,10 m, RHice impacting
snow particle sublimation flux, and snow salinity proba-
bility distribution cðSpÞ controlling SSA mass flux from
blowing snow (Equation 1). The sensitivity of QSSA to cðSpÞ
is explored below by shifting the mean value of cðSpÞ but
keeping the standard deviation constant.

We used Sobol’s algorithm for global variance sensitivity
to rank the model parameters based on the sensitivity of the
calculated SSA number flux from sublimating blowing snow.
SSA number rather thanmass flux is considered here due to
its importance for climate (e.g., Gong et al., 2023) and is
related to the SSA mass flux QSSA in Equation 1 by particle
density and volume. Sobol’s algorithm allows for the pertur-
bation of all parameters of interest over the parameter space,
decomposing the variance of model output into total var-
iances for the input parameters.We estimate the first order
and total Sobol’s indices (Saltelli et al., 2010), where the first
order Sobol Index, Si, for a parameter i determines the con-
tribution to the output variance of a single parameter (i) as:

Si ¼
VarðE½jjYi�Þ

VarðjÞ ; ð6Þ

wherej is themodel output andE½jjYi� is the expectation
of the output conditional on the parameter i. However, the
total Sobol Index ST, i also accounts for the interactions with
other input parameters and is calculated as:

ST; i ¼
VarðjÞ � VarðE½jjY8 j6¼i�Þ

VarðjÞ ; ð7Þ

where E½jjY8 j6¼i� is the expectation of the output
conditional on variation of all parameters excluding Yi.

Latin hypercube sampling was used to generate
a quasi-random sample of parameter values distributed
evenly over a sample space: partitioning the cumulative
density function for each parameter into evenly spaced
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regions and selecting a random sample from each sample
space to obtain random values across the full multidimen-
sional sample space. The total number of samples utilized
is determined by the formula Nsamples = 1000 * (k þ 2),
where “k” represents the seven input parameters, resulting
in 9,000 samples. The range of the parameters used for
this global sensitivity study is shown in Table 2. These
parameter ranges were chosen to account for the variabil-
ity encountered in the lower atmosphere in polar regions
based on past studies (King and Anderson, 1994; Andreas
et al., 2010; Yang et al., 2019; Frey et al., 2020; Wagner
et al., 2022; Confer et al., 2023).

2.4. Model setup

In this study, we use the chemical transport model
p-TOMCAT as detailed in Yang et al. (2019), which includes
a sea spray emission scheme at high latitude that accounts
for the influence of sea surface temperature on SSA pro-
duction (Jaeglé et al., 2011) and the snow salinity distri-
bution from the MOSAiC measurements (mean Sp = 0.19
psu and standard deviation = 8.7 psu) (Macfarlane et al.,
2023). SSAs from sea ice and open ocean are represented
in 21 size bins ranging from 0.02 mm to 12 mm. The
European Centre for Medium-Range Weather Forecasts
(ECMWF) produces 6 hourly reanalysis files for the
weather known as the ERA-interim reanalysis meteorolog-
ical data and realistic model precipitation fields (Legrand
et al., 2016), which are read into the model. The relative
humidity is also taken from the ERA-interim data. The
Hadley Centre Sea Ice and Sea Surface Temperature data-
set (Rayner et al., 2003) provided the monthly sea surface
temperatures and sea ice coverage for the model. In addi-
tion, to allow for maximum sea salt production rate, the
parameter of snow age is set to zero days (Yang et al.,
2019). The model has 31 vertical levels from the surface
up to *10 hPa, with a horizontal resolution of 2.8� �
2.8�. The p-TOMCAT model spin-up time of >1 year is used
to allow for equilibrium to be established.

We conduct the following simulations:

1. “OO”: baseline simulation, where the only source of
sea salt in the model is from the open ocean (Jaeglé
et al., 2011).

2. “SI – Old Scheme”: baseline simulation þ SSA from
blowing snow based on the existing parameteriza-
tion with a fixed shape parameter (a = 2) for the
snow particle size distribution used in a recent study
(Yang et al., 2019).

3. “SI-New Scheme”: baseline simulation þ SSA from
blowing snow based on the new parameterization
developed in this study.

We use these simulations to show the impact of the
blowing snow on the seasonal mean and seasonal cycle of
the aerosol number concentration and sodium mass
concentration in polar regions (Section 3.4).

3. Results and discussion
3.1. Observations of snow particles and SSA from

blowing snow during MOSAiC

Here, we report snow particle number concentrations
N46–478 mm at 10 m from October 15, 2019, to December
1, 2019, and near the surface (*0.08 m) from December
2, 2019, to May 9, 2020, as well as coarse aerosol number
concentration N0.5–20mm at 2 m above the sea ice. We also
included measurements of fine aerosol number concen-
tration (dp 10–300 nm) and aerosol chemical composition
(for dp < 625 nm) in December 2019 described previously
(Gong et al., 2023). The statistics of the entire dataset
including U10 m (Figure 2) is summarized in Table 3.

During MOSAiC, sub- and super-micron aerosol parti-
cles were detected over the Arctic Sea ice during blowing
snow events. Our analysis focuses on the December 2,
2019, to May 9, 2020 (159 days) period, when all three
parameters (N46–478 mm near the surface 0.08 m, N0.5–20mm

at 2.0 m. and U10 m, are available. We defined blowing
snow events as periods lasting over 10 h when both the
10-m wind speed was above the threshold wind speed
predicted by Equation 4 (U10 m > Ut,10 m) and snow parti-
cles were detected by the SPC near the surface. There were
26 blowing snow events between December 2, 2019, to
May 9, 2020 (Figure 2; Figures S1–S16 and Table S1).
During June and July (data not shown), however, no blow-
ing snow was observed because warmer summertime tem-
peratures (mean T2 m 0.1�C) increased the threshold wind
speed Ut (mean 9.5 m s�1), and were often above 0�C,
leading to melt and reduced availability of mobile snow.
During the October–November 2019 period, 7 blowing
snow events were identified based on the SPC measure-
ments at 10 m (Table S2), which are not included in the
development of the parameterization described below.
The probability density distribution of U10 m during
MOSAiC shows that approximately 30% of the time
(*47 days between December 1, 2019, and May 9,
2020) U10 m exceeds the minimum drift threshold wind
speed of *6.9 m s�1 (Figure 3a; Equation 4) when snow
particles at higher concentrations are detected by the SPC
(Figure 3b). Note that Ut estimated with Equation 4 is
a simple function of air temperature, varied between
6.9 m s�1 and 9.9 m s�1 during the entire period. Snow
physical properties are more complex, and Ut may depend
on more factors such as snow age or salinity. Aerosol
particles in the size range from 0.5 mm to 20 mm

Table 2. List of parameters and their ranges used in
the sensitivity analysis

Parameter Minimum Maximum

Shape parameter, a 2 11

Temperature, T (˚C) –30 0

Relative humidity, RH (%) 60 100

Wind speed, U10 m (m s–1) 6.9 (=Ut0) 25

Roughness length, RL (m) 1e–5 1e–2

Mean salinity, Sp (psu) 0.1 10

Snow age, A’ (days) 0 30
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(N0.5–20 mm) are observed (Figure 3c), and their size and
volume distributions are characterized during blowing
snow and no-blowing snow periods (Figure 4a and 4b).

A log-log plot depicting the aerosol particle size distri-
bution during blowing snow and no-blowing snow periods
is shown in Figure 4a. The number density for aerosol
particles across the entire size range measured (dp =
0.5–20 mm) is significantly higher when there is blowing
snow, with less variability (indicated by the shaded region
representing the 99% confidence interval). We observe
more than an order of magnitude increase in the number

density for aerosol particles larger than 10 mm and
increases by a factor of 2–3 for particles smaller than
1 mm when there is blowing snow. The aerosol volume
distribution (Figure 4b) shows two modes, one between
1 mm and 2 mm and the other between 6 mm and 10 mm,
indicating that most of the aerosol mass resides in the
super-micron range as expected for SSA.

A bar chart (Figure 4c) of the monthly mean aerosol
number concentrations from December 2019 to April
2020 shows the seasonality and the impact blowing snow
has on aerosol number concentration, with the error bars

Table 3. A statistical overview of measurements during MOSAiC for the period from December 2, 2019, to
May 9, 2020, including snow particles at about 0.08 m and coarse aerosol at 2 m above the snow surface,
snow salinity, mass fraction of sea salt in sub-micron aerosol, and wind speed (see also Table 1)

Parameter Median
Interquartile Range
25th–75th Percentile Time Period

Snow particle number density, N46–478 mm

(dp 46–478 mm) (cm–3)
1.9 � 10–4 0–7.7 � 10–3 December 2, 2019, to May 9, 2020

(159 days)

Aerosol number density,

N0.5–20 mm (dp 0.5–20 mm) (cm–3)

1.8 1.0–3.1 October 15, 2019, to May 9, 2020
(207 days)

Snow Salinity, Sp (psu)
a 0.3 0.1–3.0 October 15, 2019, to May 9, 2020

Mass fraction of sea salt in sub-micron aerosol
particles (dp 10–625 nm) (%)b

52.2 26.1–67.0 December 2, 2019, to December 10,
2019 (10 days)

Wind speed, U10 m (m s–1) 5.5 3.7–8.1 October 15, 2019, to May 9, 2020
(207 days)

aSnow salinity measurements during MOSAiC were collected bi-weekly from snow pits of up to 40 cm snow depth (Macfarlane et al.,
2023); included are also additional measurements from previous Arctic campaigns during the 2004–2017 period documented in
Confer et al. (2023).
bEstimates based on chemical compositionmeasured with an Aerosol Chemical SpeciationMonitor (ACSM) (see text; Gong et al., 2023).

Figure 2. MOSAiC observations from October 2019 to May 2020. (a) 10-meter wind speed (U10 m) and threshold
wind speed for blowing snow (Ut,10 m), with U10 m in black symbols when U10 m > Ut,10 m and in gray symbols when
U10 m < Ut,10 m; (b) total snow particle number concentration N46–478 mm (dp 46–478 mm) near the surface (*0.08 m)
and total aerosol number concentration N0.5–20 mm (dp 0.5–20 mm) at 2 m.
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showing the 99% confidence interval of the mean.
Sub-micron particles (dp = 0.5–1 mm) during blowing snow
inDecember (*10 cm�3) aremore than double the number
concentration than when there is no blowing snow
(*4 cm�3). Similarly, super-micron aerosol number concen-
tration (dp = 1–20 mm) in December is nearly 7 times higher
when there is blowing snow. During the months of January,
February, and March, the sub-micron aerosol number con-
centration increased by factors of 1.1, 1.7, and 2.3, respec-
tively, while the super-micron aerosol number concentration
increased by factors of 2, 1.8, and 2.5, respectively, during
blowing snow periods. There is also a factor of 5 decrease in
the super-micron aerosol number concentration fromwinter
(December) to spring (March) during blowing snow periods.
In April, however, we observe more super-micron aerosol
during no-blowing snow periods. We speculate this could
be long range transport of aerosol by advection or increased
biological activity owed to the transition from winter to
spring. Thus, these observations emphasize the seasonality

of blowing snow and the impact it can have on the seasonal
cycle of atmospheric aerosol concentrationof large and small
particles.

As a case study, we pick two periods, one during the
Arctic winter phase (December 3–14, 2019; Figure 5) and
another during the spring phase (March 21–31, 2020;
Figure 6), to better understand the relationship between
U10 m, snow particle, and aerosol number concentrations.
For instance, from December 8, 2019, to December 12,
2019, the snow particle size spectrum shows a signal
(Figure 5b), which directly corresponds to the time when
the 10-m wind speed is above the threshold wind speed
(Figure 5a) and RHice <100% (Figure 5d). During the
same period, there is a corresponding increase in the
coarse aerosol size range (dp ranging from *0.4 mm to
8 mm) with number concentrations as high as 60 cm�3

(Figure 5c). Estimates based on ACSM observations indi-
cate that the sub-micron aerosol particles (dp =
10–625 nm) detected during that time are comprised of

Figure 3.Wind speed, snow particle, and coarse aerosol concentrations during MOSAiC (October 2019 to May
2020). (a) Probability density of the 10-m wind speed (U10 m) with the empirical minimum threshold wind speed for
blowing snow (=6.9 m s�1) shown as a vertical dotted red line, (b) scatter plot of the total snow particle number
concentration N46–478 mm at *0.08 m above the snow surface as a function of U10 m, and (c) scatter plot of the total
coarse aerosol number concentration N0.5–20 mm at 2 m above the snow surface as a function of U10 m. The color bars
indicate the density of the data points.
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up to 94% sea salt (Figure 5a). We also find a strong
correlation between U10 m and the proportion of sea salt
in sub-micron aerosol particles (R = 0.61, P < 0.05). This is
one example of how increased wind speed results in snow
being lofted from the surface and contributing under sub-
saturated conditions to the formation of SSA. The super-
micron aerosol particle chemical composition is not
measured by the ACSM, but it is likely dominated by sea
salt as well since the super-micron aerosol number concen-
tration peaks at the same time as the sub-micron aerosol
sodium chloride (NaCl) fraction (Figure 5c). ACSM data are
not available outside the December 3–12, 2019, period, but
we assume that sea salt contributes significantly to coarse
aerosol also during December 2019 to May 2020. Similarly,
during the spring period between March 26, 2020, and
March 30, 2020,whenU10 m>Ut (Figure6a), snowparticle
sizes as large as *500 mm are detected at concentrations
>103 cm�3 (Figure 6b). At the same time, as RHice dropped
to values below 100% (Figure 6d), coarse aerosol particles
(dp = 0.5–20 mm) increased to number concentrations as
high as 20 cm�3 (Figure 6c).

We also observe a temporal lag in the measurements,
with snow particles being detected first, followed by the
aerosol particle signal from the CLASP instrument
(Figure 5b and 5c and Figure 6b and 6c). The time lag
between the snow and aerosol number concentration
could be because of saturated conditions and scavenging
of the newly produced aerosol particles by larger snow
particles. During the initial period of the blowing snow
event in the early hours of December 8, 2019 (Figure 5d),
the relative humidity with respect to ice (RHice) is less than
100%. This suggests that scavenging by snow could be
causing the temporal lag between snow and aerosol par-
ticles. Figure 6d shows RHice > 100% from midday on
March 26, suggesting a lack of significant aerosol particle
production via sublimation during this period, and possi-
bly particle scavenging followed by deposition.

These are 2 examples of how blowing snow results in
the formation of coarse aerosol under subsaturated con-
ditions. Detailed time series plots for the entire December
2019–May 2020 period are included in the Supplemental
Material (Figures S1–S16). In the following sections, we

Figure 4. Coarse aerosol concentrations at 2 m during and outside periods of blowing snow. (a) Aerosol size
distribution during blowing snow (when U10 m > Ut,10 m and detection of snow particles close to the surface) and
no-blowing snow periods, with the shaded region representing the 99% confidence interval. (b) Aerosol volume
distribution during blowing snow and no-blowing snow periods, with the shaded region representing the 99%
confidence interval, and (c) monthly mean aerosol number concentration of sub-micron (dp 0.5–1.0 mm) and
super-micron (dp 1.0–20 mm) aerosol particles from December 2019 to April 2020 during blowing snow (filled
bars) and no-blowing snow periods (open bars). The error bars represent the 99% confidence interval.

Art. 13(1) page 10 of 27 Ranjithkumar et al: Sea salt aerosol production from blowing snow in the Arctic
D

ow
nloaded from

 http://online.ucpress.edu/elem
enta/article-pdf/13/1/00006/853563/elem

enta.2024.00006.pdf by guest on 06 February 2025



first identify the sensitivity of key climate variables to SSA
production from blowing snow and then use the entire
dataset to parameterize the process.

3.2. Sensitivity analysis

Both first order and total Sobol indices show that the
shape parameter a dominates the sensitivity of the param-
eterization and controls SSA number flux (Figure 7). The
first order Sobol Index for a (0.55) is significantly higher
than for any other parameter. Considering the total Sobol
indices to account for the interaction between parameters,
we find that a still dominates the sensitivity of the param-
eterization with a total Sobol Index value of 0.96. Note
that the previously observed range for a between 2 and 11
(Frey et al., 2020) is broad, reflecting a large range of
skewness in the blowing snow particle size distribution.
a has been shown to vary horizontally and vertically
throughout the atmosphere (Nishimura and Nemoto,
2005) but remains poorly constrained due to sparse mea-
surements. Due to the large sensitivity of the blowing
snow parameterization to a, better constraints from obser-
vations appear to be critical for model validation (Yang
et al., 2019), as well as climate model implementation and
projections.

SSA number flux is also sensitive to RHice, snow particle
diameter (dp), U10 m, and snow age with total Sobol indi-
ces between 0.1 and 0.2 (Figure 7). Roughness length RL
has been found to have small contribution to the model
sensitivity because it is only used to calculate the friction
velocity (u*), which in turn is used to calculate the salta-
tion layer blowing snow mixing ratio (qbsalt) in Equation 3.
Notably, SSA number flux is not sensitive to snow salinity
(Sp) in the range considered, though dry NaCl particle’s
size formed will be affected. This is in contrast to SSA mass
flux (in Equation 1), which has been shown to linearly
depend on snow salinity (Yang et al., 2008; 2019). This
motivates a parameterization of Sp as a function of a more
widely available parameter such as snow depth as done by
Confer et al. (2023) and in this study (see Section 3.5).

3.3. Threshold wind speed during MOSAiC

Observed and empirical threshold wind speeds calculated
with Equation 4 for the onset of drifting and blowing
snow during MOSAiC as well as N-ICE2015 and the Wed-
dell Sea are shown as a function of ambient temperature
at 2 m (Figure 8). Following the approach of Frey et al.
(2020), the onset of drifting or blowing snow is defined as
the moment when snow drift density m near the snow

Figure 5. Time series representations from the Arctic winter phase during MOSAiC (December 3–12, 2019). (a)
The 10-m wind speed (U10 m) alongside the threshold wind speed (Ut,10 m) (Equation 4; Li and Pomeroy, 1997), mass
fraction of sea salt in sub-micron aerosol particles (dp = 10–625 nm); (b) the size distribution of snow particles
(dN/dlogdp) within a diameter range of 46–478 mm at *0.08 m above the snow; (c) the size distribution of coarse
aerosol (dN/dlogdp) within a diameter range of 0.5–20 mm at 2 m above the snow; and (d) relative humidity with
respect to ice (RHice).
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surface exceeds a critical value mc (=0.0001 kg m�3). The
snow drift density is calculated as m = 4/3 price

Ð
Ns(dp)

(dp/2)
3 ddp with the density of ice rice (=917 kg m�3) and

the measured snow particle spectral number density Ns.
Choosing this particular value of mc reduced contributions
from noise. In addition, comparison with snow drift
densities observed at 10 m, when available, allowed to
exclude precipitation-only events and select particle
increases dominated by lofting from the surface.

During MOSAiC, the observed mean ±1s Ut,10 m for
drifting and blowing snow was 7.6 ± 2.1 (range 1.9–14.2)
m s�1 (Table 4). In general, most observed Ut,10 m values
during MOSAiC and also during N-ICE2015 and in theWed-
dell Sea fall within the ±1s range of predictions by the
empirical parameterization of Li and Pomeroy (1997)
(Equation 4; Figure 8). However, instances when observed
Ut,10 m values are outside the ±1s range indicate that the
true drift threshold wind speed can be significantly higher
(18% of all values during MOSAiC) or lower (13% of all
values during MOSAiC) than predicted (Figure 8). This is
merely a reflection of the limitations of Equation 4, since
other than temperature, salinity and snow grain morphol-
ogy may also influence bonding strength and wind energy
required for snow particle uplift. But we still consider Equa-
tion 4 a robust model to predict the onset of blowing snow.
It is worth to note that observed Ut,10 m values at the lower

end of the range overlap with onset wind speeds of sea
spray production generally considered to be 4 m s�1

(Monahan and O’Muircheartaigh, 1986). This makes source
attributionof aerosol to eitherblowing snoworopen leads at
wind speeds between 4 m s�1 and the empirical minimum
Ut,10 m of 6.9m s�1 at�27�C ambiguous (Chen et al., 2022).
Other parameters are required to disentangle relative
contributions from these 2 wind-driven aerosol sources.

3.4. Snow particle size distribution

The snow particle size distribution varies with altitude and
wind speed (Nishimura et al., 2014; Frey et al., 2020). For
instance, with an increase in wind speed, the mean diam-
eter of the blown snow particles increases, but with an
increase in altitude, the mean diameter of the snow par-
ticles decreases because of the gravitational settling of
larger particles. Therefore, the parameters a and b (Equa-
tion 5) should be a function of wind speed and altitude.
Using a constant value of the shape and scale parameter
does not accurately represent the size distribution of snow
particles under varying wind speeds. Using the MOSAiC
observations, we derive below a wind speed-dependent
expression for the values of a and b near the snow surface.

Using snow particle size distributions and 10-m wind
speed data at 1-min resolution, we fit a gamma distribu-
tion to the data to derive parameters a and b for every

Figure 6. Time series representations from the Arctic spring phase during MOSAiC (March 21–31, 2020). (a)
The 10-m wind speed (U10 m) alongside the threshold wind speed (Ut,10 m) (Equation 4; Li and Pomeroy, 1997); (b) the
size distribution of snow particles (dN/dlogdp) within a diameter range of 46–478 mm at*0.08 m above the snow; (c)
the size distribution of coarse aerosol (dN/dlogdp) within a diameter range of 0.5–20 mm at 2 m above the snow; and
(d) relative humidity with respect to ice (RHice).
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wind speed bin of width 0.1 m s�1 (Figure 9a). We notice
that the gamma distribution fit lies within the interquar-
tile range of the observations; however, the fit does under-
predict the mean diameter consistently across the entire
observational dataset. This is because fitting a gamma
distribution to observations produces a continuous size
spectrum, including particles below the SPC size detection
limit of 36 mm, thereby lowering the mean particle diam-
eter. Although the fit is within the interquartile range, it
does not capture the decreasing trend when U10 m is
between 5.7 m s�1 and 7.5 m s�1, that is, below the mean
observed threshold wind speed Ut,10 m of 7.6 m s�1

(Table 4). We hypothesize the reason for this large mean
diameter between 5.7 m s�1 and 7.5 m s�1 could be pre-
cipitation of large snow crystals or that this wind speed
range might correspond to a transitional wind speed
range where the dynamics of snow particle aggregation
change. At these wind speeds, there could be optimal
conditions for snow particles to collide and stick together,
leading to the formation of larger aggregates (Comola
et al., 2017). This aggregation mechanism could result in
an increase in mean particle diameter. As wind speeds
increase beyond this range, the higher turbulence and
shear might break apart these aggregated snow particles,
leading to smaller particle sizes. Additionally, the gamma
distribution, while adept at capturing size distributions of
suspended snow particles, may not account for these local-
ized aggregation effects. Therefore, the observed higher

mean diameter in this specific wind speed range could
be a result of enhanced snow particle aggregation and
depends on the snow composition and dynamics which
we don’t have information on, so we can only hypothesize.

We use an exponential and logarithmic function
(shown in Equations 8 and 9) to parameterize a and b,
respectively, as a function of U10 m. The exponential fit for
a (R2 = 0.95; Figure 9b) and the logarithmic fit for b (R2 =
0.94; Figure 9c) are both statistically robust. We notice
that a is better constrained than past studies, with its
values ranging between 1.9 and 3.1 (Figure 9b). More-
over, the shape parameter a reaches a constant value of
*1.9 at wind speeds larger than 10 m s�1, while the scale
parameter b still increases with increasing wind speeds.
This phenomenon indicates that (i) the production and
the loss of small size blowing snow particles reach a steady
state when winds are strong enough (>10 m s�1) and (ii)
a further increase in wind speeds only generates large
particles, as both beta and mean diameter increase. The
above results imply that the production and loss rates of
blowing snow particles are determined by specific micro-
physical processes, which are not fully clear yet and
require future research. The parameterizations for a
and b are shown in Equations 8 and 9 (where U10 m >
5.7 m s�1):

a ¼ 11:58 � expð�0:428 � U10 mÞ þ 1:911 ð8Þ

b ¼ 37:97 � logð0:38 � U10 mÞ ð9Þ

Figure 7. Sensitivies of blowing snow model parameters. Computed (a) first order Sobol’s indices (Si) and (b) total
Sobol indices (ST,i) of parameters driving the SSA number flux from blowing snow using the respective parameter
ranges from Table 2.
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We validate the derived parameterizations Equations 8
and 9 against other available observations carried out with
the same instrument as in this study. Both particle size
range and bins detected are therefore the same as in this
study. Figure 10 shows observed and modeled mean snow
particle diameter as a function of wind speed for both the
N-ICE2015 campaign in the Arctic during March 1–17,
2015, and the Weddell Sea campaign in the Antarctic dur-
ing June 21–August 5, 2013 (from Frey et al., 2020). For the
comparison between observations and the parameteriza-
tion, we consider only data above the observed mean
threshold wind speeds Ut,10 m (vertical blue dashed lines

in Figure 10) when lofted particles are expected to domi-
nate over precipitating particles and not be affected by
aggregation processes discussed above. The parameteriza-
tion developed using the 8-month-long Arctic dataset from
MOSAiC matched well with the N-ICE2015 observations
also collected in the Arctic (Figure 10a). However, the
parameterization systematically underpredicts the Antarc-
tic measurements from the Weddell Sea, which show on
average around 1.5 times larger particle diameters than the
estimates (Figure 10b). Larger snow particle size at similar
wind speed in the Antarctic are likely due to environmental
conditions different to the Arctic, for example, differences

Figure 8. Threshold wind speed for drifting and blowing snow above sea ice at 10 m (Ut,10 m) as a function of
ambient temperature at 2 m (T2 m). Shown are 3- to 10-min means of observations in the Arctic (MOSAiC, N-ICE
2015) and Antarctic (Weddell Sea 2013, from Frey et al., 2020) centered on the time when the snow drift density m
near the snow surface exceeds a threshold of 0.0001 kg m�3 (symbols) with error bars indicating ±1 standard
deviation. Observations are compared to Ut,10 m predicted by the temperature-dependent parameterization of Li
and Pomeroy (1997) (solid line; Equation 4) with the dashed lines indicating the range of ±1 standard error.

Table 4. Snow drift threshold wind speeds above sea ice observed in the Arctic (MOSAiC, N-ICE2015) and
Weddell Sea, Antarctica

Location
T2 m (˚C)

Mean ±1s (Range)
Ut,10 m (m s–1)

Mean ±1s (Range)
N

(Number of Events)a

MOSAiC (October 2019–May 2020) –21.9 ± 8.2 (–34.0 to –0.2) 7.6 ± 2.1 (1.9 to 14.2) 85

N-ICE2015 (March 2015) –10.8 ± 6.5 (–20.1 to –2.8) 8.7 ± 3.0 (1.9 to 13.2) 24

Weddell Sea (June–July 2013)b –16.9 ± 5.4 (–23.4 to –7.6) 7.1 ± 2.6 (2.2 to 9.8) 10

aNumber of drift or blowing snow onsets as defined in Section 3.3. Note several drift onsets can occur during a blowing snow event
lasting >10 h (see definition in Section 3.1).
bFrom Frey et al. (2020).
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inmeteorology (temperature, relative humidity) and sea ice
underneath affecting snow grain metamorphism, and also
precipitation. During blowing snow conditions in the
Antarctic, precipitation did occur most of the time, likely
contributing large particles and increasing the mean
particle diameter near the surface (Frey et al., 2020), whereas
during Arctic winter periods with very little or no precipita-
tionoccurred,making it likely that older snowparticles at the
top of the snowpack were mechanically reduced in size over
the course of multiple drifting or blowing snow events.

In summary, the new parameterization of snow particle
size distributions during blowing snow conditions is
robust in the Arctic for wind speeds above the threshold
for drift and blowing snow.

From the sensitivity analysis in Section 3.2, we showed
that the blowing snow SSA number flux is most sensitive to
a. The parameterizations we developed in Equations 8 and
9 result in a better constraint on a, which now ranges
between 1.9 and 3.1 (Figure 9).We repeated the sensitivity
analysis by constraining a between 1.9 and 3.1 to

investigate the impact of the new parameterization on the
sensitivity rankings of the other parameters using their first
order (Figure11a) and total Sobol indices (Figure11b).We
note that the SSA number flux from blowing snow is now
most sensitive to 4 factors: relative humidity above ice
RHice, U10 m, snow age, and temperature. Therefore, these
factors are important to consider when implementing and
analyzing new model estimates of SSA number flux using
this parameterization.

3.5. Salinity probability distribution

Snow salinity Sp remains an important factor to consider
as it impacts SSA mass flux and influences the SSA size
distribution since the dry particle diameter of SSA gener-
ated by sublimation is a function of Sp to the power of 1/3
(Yang et al., 2008; 2019). Low snow salinity favors fine and
ultra-fine SSA production; on the other hand, high snow
salinity, for example, from frost flowers, will mostly form
large SSA. Since the salinity probability distribution c(Sp)
varies regionally and seasonally (Massom et al., 2001), the

Figure 9. Observed and modeled mean snow particle diameters at *0.08 m above the snowpack on sea ice.
(a) Mean diameter of snow particles as a function of the 10-m wind speed (U10 m). The black symbols represent
observations, with the shaded black regions illustrating the interquartile range. The dotted red line indicates estimates
of dp (=ab) based on fitting a gamma distribution to observations and using Equations 8 and 9. (b) Estimates of shape
parameter a with an exponential curve fit as a function of wind speed (from Equation 8) and (c) estimates of scale
parameter b with a logarithmic curve fit as a function of wind speed (from Equation 9).
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modeling of SSA from blowing snow requires characteriz-
ing a representative snow salinity probability distribution.
Figure 12 shows snow salinity as a function of snow

depth (where 0 cm represents the snow–sea ice interface)
with values from past studies in blue (Krnavek et al., 2012;
Ewert et al., 2013; Nandan et al., 2017; Peterson et al.,

Figure 10. Meandiameter of snowparticles at*0.2mabove the snowpack on sea ice as a function of 10-mwind
speed (U10 m) at othermeasurement locations.The bold black lines and shaded areas represent the mean diameter
and interquartile range, respectively, from observations (a) in the Arctic during March 1–17, 2015 (N-ICE2015) and (b)
in the Weddell Sea, Antarctica during June 21–August 5, 2013 (from Frey et al., 2020). The bold dotted blue lines
represent the mean observed threshold wind speeds for drifting and blowing snow during the respective campaigns:
8.7 m s�1 for N-ICE2015 and 7.1 m s�1 for the Weddell Sea measurements (Table 4). The dotted red lines represent
the estimate of mean snow particle diameter dp (=ab) using the parameterizations shown in Equations 8 and 9.
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2019; Confer et al., 2023) and in green from the MOSAiC
campaign (Macfarlane et al., 2023). High salinities occur in
snow that is very close (0–5 cm) to the snow–sea ice
interface and keep decreasing further away from this
interface due to the decreasing efficiency in the upward
migration of brine into the snowpack (Figure 12).

The snow that is lofted from the surface during a blowing
snow event will have a certain salinity distribution, which
depends on the thickness of the snow layer lofted from the

surface and the total depth of the snowpack. As an example,
assuming a total snowpack depth of 20 cm and lofting of
the top 5 cm of snow, we characterize its salinity distribu-
tion in Figure 13.We use the Kolmogorov–Smirnov test to
evaluatewhether the distribution can bedescribed by a nor-
mal distribution, where P< 0.05would denote a good fit. In
Figure 13, the distribution has a P value of less than 0.05,
a mean Sp of 0.09 psu, and standard deviation of 4.8 psu,
which corresponds to a Sp 95% confidence interval ranging
from 0.004 to 2.1 psu (Table 4).

To illustrate how the snow salinity Sp distribution
would change with the amount of snow lofted from the
surface, we fit normal distributions to observed Sp.Table 4
lists the parameters of the normal distribution fits (P <
0.05) for the top 5 cm, 10 cm, 15 cm, and 20 cm of snow,
and respective distributions are illustrated in Figure 14.
We note that the distribution has the smallest mean

Figure 11. Sensitivies of blowing snow model
parameters. (a) The first order and (b) total Sobol
indices of parameters driving the SSA number flux
from blowing snow using the respective parameter
ranges from Table 2, except now constraining a and
b with the new parameterization (Equations 8 and 9).

Figure 12. Relationship between snow salinity Sp and
snow depth, where the datum (=0 cm) represents
the snow–sea ice interface. Included are observations
from MOSAiC expedition as green symbols (Macfarlane
et al., 2023) and from past Arctic studies as blue
symbols (Krnavek et al., 2012; Ewert et al., 2013;
Nandan et al., 2017; Peterson et al., 2019; Confer
et al., 2023).

Figure 13. The probability density function for snow
salinity Sp measurements and fitted normal
distribution for the top 5 cm of snow (measured
from the snow–air interface). Fitting a normal
distribution results in a mean ± 1s of 0.09 ± 4.8
psu, with a 95% confidence interval of 0.00–9.7 psu
(Table 5).

Table 5. Parameters of a normal distribution fit to
snow salinities Sp observed during MOSAiC (Macfar-
lane et al., 2023) as a function of snow layer thick-
ness potentially lofted from the surface during
storms (measured from the air–snow interface)

Snow Layer
Thickness
(cm)

Mean
Sp (psu)

Standard
Deviation
s of Sp
(psu)

95% Confi-
dence Inter-

val
of Sp (psu)

N sam-
ple size

5 0.09 4.8 0–9.7 107

10 0.14 7.1 0–14.2 234

15 0.25 8.9 0–17.8 547

20 0.48 11.2 0–22.4 834
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salinity for the top 5 cm of snow, and the thicker the layer
of snow lofted the higher the mean salinity, which
increases by 15% (for 10 cm), 41% (for 15 cm), and 69%
(for 20 cm). For the simulations presented in the following
sections, we utilize the salinity distribution derived from
the entire MOSAiC dataset (mean ± 1s = 0.19 ± 8.4 psu)
(Macfarlane et al., 2023). The distribution is illustrated in
the histogram shown in Figure 14.

3.6. Applying the new SSA flux parameterization

in p-TOMCAT

We implement the new parameterization from Equations 8
and 9 into the chemistry transport model p-TOMCAT and
compare it to measurements made during the MOSAiC
expedition. Figure 15 shows the comparison between the
MOSAiC observations and model simulations for aerosol
number concentrations in the size range of 0.4–12 mm.The
simulation with just the open ocean scheme (green line)
does not capture the trend. However, the model simula-
tions that include blowing snow aerosol source over sea ice
capture the peaksmuch better. Overall, the simulation with
the new scheme (SI-New Scheme) produces approximately
14% more particles than the old scheme (SI-Old Scheme)
along theMOSAiC drift track.The OO schememodel output
in comparison to observations exhibits a negative correla-
tion coefficient of �0.07, suggesting a weak inverse rela-
tionship to observations over sea ice. In contrast, comparing
the SI-New Scheme and SI-Old Scheme model outputs to
observations reveals a positive correlation, with correlation
coefficients R of 0.28 and 0.23, respectively, with the SI-
New Scheme correlating slightly better. Comparing the sim-
ulated new scheme and measured sub- (0.4–1 mm) and
super-micron (1–12 mm) aerosol number concentration,
we estimate correlation coefficients to be 0.26 and 0.25,
respectively. The new blowing snow scheme developed in
this studywas also applied in a past study (Gong et al., 2023)
using GEOS-Chem (for particles in the size range of 0.01–1
mm), which also showed improvements in correlation coef-
ficient from 0.43 (simulation with only SSA from open
ocean) to 0.53 (simulation with the new blowing snow
scheme). Overall, including the blowing snow scheme
improves agreement with observations, albeit with low

Figure 14. The snow salinity Sp distribution for the
entire snowpack observed during MOSAiC
(Macfarlane et al., 2023) and normal Sp
distribution fits for different layer thicknesses of
snow potentially lofted from the surface during
storms (top 5–20 cm) (Table 5).

Figure 15. Observed and modeled aerosol number concentrations during MOSAiC. Comparison between
observed total aerosol number concentration N0.5–20 mm (black line) and model predictions of coarse aerosol for
similar size bins (green line: only open ocean sourced SSA; blue line: open ocean and sea ice sourced SSA using
the old parameterization after Yang et al. [2019]; red line: open ocean and sea ice sourced SSA using the new
parameterization from this study).
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correlation coefficients. Low R values are not surprising
because the p-TOMCATmodel only computes SSA, whereas
coarse aerosol observed in the 0.5–20 mm size range also
contains contributions fromnon-SSA particles, in particular
during Arctic haze periods in winter. Though the model’s
performance has improved by including blowing snow
schemes, there is still room for research to refine themodel
to improve its reliability in predicting observed data in
polar regions over sea ice.

We also compare the seasonal cycle between the model
simulations and observations of sodium mass concentra-
tion at various polar research stations in the Arctic (Alert,
Barrow, Summit) and Antarctic (Palmer, Neumayer, Halley,
Kohnen, Concordia) as shown in Figure 16. We note that
the OO parameterization cannot replicate the seasonal
cycle of the sodium mass concentration. The simulations
with blowing snow are much better at reproducing the
seasonal cycle, like at Alert in the Arctic, albeit

Figure 16. Comparison of the sodium mass concentration between the observations at several polar research
stations and model simulations. Green line: SSA only from open ocean, red line: SSA from open ocean and blowing
snow using the old parameterization after Yang et al. (2019), and blue line: SSA from open ocean and blowing snow
using the new parameterization from this study. The mass concentration of modeled SSA is for particle diameters
0.02–10 mm.
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underpredicting the Na mass concentration by a factor of
3 in February. At Antarctic research stations like Kohnen,
the blowing snow simulations are within the standard
deviation of the measurements, unlike the OO parameter-
ization. The new blowing snow scheme from this study
does produce a higher sodium concentration, which is
expected since the scheme was shown to produce more
SSA particles in comparison to Yang et al. (2019)
(Figure 18).

Figure17a shows a seasonalmeanof the aerosolnumber
concentration from blowing snow using the new parameter-
ization during the Antarctic winter (June, July, and August

[“JJA”]) and Figure 17b for the Arctic winter (December,
January, and February [“DJF”]). The contour plot
(Figure 17a) shows that there is around a maximum
increase of *70 cm�3 aerosol number concentration close
to the surface up to 900 hpa in the Antarctic during winter.
During Arctic winter, the aerosol number concentrations
close to the surface increase by as much as*50 cm�3. The
summertime increase in aerosol number concentration in
the polar regions is moderate, going as high as 10 cm�3 in
the Antarctic summer (Figure 17b). These values are consis-
tent with some of the observed boundary layer aerosol mea-
surements in the Antarctic at high wind speeds (>15 m s�1),

Figure 17. Contour visualization of the difference in total aerosol number concentration (cm�3) (N) between
a simulation with the new blowing snow parameterization (N(blowing snow scheme þ open ocean sea spray)) and one
without blowing snow (N(open ocean sea spray)). (a) Seasonal mean during June, July, and August and (b) seasonal
mean during December, January, and February. The aerosol number concentration of modeled SSA is for particle
diameters of 0.02–10 mm.

Figure 18. Change in aerosol number concentration between the new parameterization with wind speed-
dependent a and b when compared to parameterization in a past study with fixed values of a and b
(Yang et al., 2019). (a) Seasonal mean during June, July, and August, and (b) seasonal mean during December,
January, and February.
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where number concentrations range between 10 cm�3 and
100 cm�3 (Hara et al., 2014).

The new parameterization for a and b has also been
compared to parameterizations from past studies where a
(=2) and b (=70) are fixed (Yang et al., 2019). The differ-
ence between the seasonal mean in the aerosol number
concentration between these two parameterizations is
shown in Figure 18. The new parameterization produces
more particles, with wintertime aerosol number concen-
tration in the Antarctic increasing by up to 30 cm�3 and in
the Arctic increasing by up to 10 cm�3, in comparison to
the Yang et al. (2019) scheme. Given the pristine nature of
polar regions, a small change in aerosol number concen-
tration can have a substantial impact on the radiation
balance, and this study motivates the need to include this
mechanism in general circulation models to better char-
acterize polar aerosol and improve climate projections and
aerosol radiative forcing estimates.

Thus, the new scheme has been shown to produce
more aerosol particles than the old blowing snow scheme
and is able to reproduce the sodium seasonal cycle much
more accurately that the open ocean simulations. The
difference in aerosol concentration estimated by the new
scheme can have a significant effect on climate in the
pristine polar regions, whose radiation balance is very
sensitive to changes in aerosol concentration.

4. Conclusions
We analyzed in situ measurements above the sea ice of
snowparticle size distributions, coarse aerosol number con-
centrations, snow salinity, and meteorology during the
MOSAiC expedition 2019–2020. During the December
2019–May 2020 period, a total of 26 blowing snow events
occurred, covering about 20–40% of time per month sub-
ject to blowing snow conditions. Blowing snow led to
increases in coarse aerosol number concentrations by up
to an order of magnitude compared to no-blowing snow
periods. Available observations of particle NaCl mass frac-
tion indicate that sea salt contributed significantly to total
observed coarse aerosol. A sensitivity analysis showed that
the total SSA number flux from blowing snow is most sen-
sitive to shape factora of the snowparticle size distribution.
Weused theMOSAiCmeasurements to characterize the SSA
that originates via the sublimation of blowing snow and to
further constrain the snow particle size distribution para-
meters.The snowparticle distribution varies as a function of
wind speed following a 2-parameter gamma distribution.
We developed exponential and logarithmic parameteriza-
tions for shape and scale factor a and b as a function of the
10-m wind speed, which both show a high correlation with
the measurements with R2 values of 0.95 and 0.94, respec-
tively. Values of b increased with increasing wind speed,
whereas awas found to range between 1.9 and 3 approach-
ing a constant value of *1.9 at wind speeds >10 m s�1.
Comparison to other polar observations showed that the
new parameterization of snow particle size distributions
during blowing snow conditions is robust in the Arctic for
wind speeds above the threshold for drift and blowing
snow. We implement the updated parameterization into
the chemistry transport model p-TOMCAT. Including

a blowing snow aerosol source resulted in a significant
increase in wintertime aerosol number concentrations in
polar regions compared to the open ocean-only simula-
tions, with increases as high as 70 cm�3 in the Antarctic
and 50 cm�3 in the Arctic. When compared to the old
scheme, the new parameterization produced 14% more
aerosol particles along the MOSAiC cruise track, captured
trends in coarse aerosol number concentrations during
MOSAiC slightly better, and was also able to reproduce the
seasonal cycle in sodium concentration across several polar
research stations. Thus, this scheme helps model the SSA
production from blowing snow more accurately than past
studies and adds new knowledge to improve our under-
standing of aerosol particles in polar regions.This study will
inform future modeling work in polar regions, which needs
to account for blowing snow as a significant source of aero-
sol particles, especially in winter and early spring. The pris-
tine nature of polar regions renders its atmosphere highly
sensitive to perturbations in aerosol concentration. Incor-
porating this new SSA scheme into a climate model would
be the next step in our research, and implementation of this
parameterization using the UK Earth System Model will be
part of a future study. This will improve quantifying the
sweeping impacts of blowing snow on both polar and
global climate.
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Rabe, B, Loose, B, Ellen, D, Rolf, G, Allison, F,
Wieslaw, M, Annette, R, Ronald, K, Gunnar, S,
Manfred, W, Andreas, H, Marius, H, Verena, M,
Stephan, F, Antonia, I, Katharina, W-T, Bjela, K,
Dirk, M, Julia, R, Peter, G, Daniela, R, Thomas, K,
Anne, M, Christian, H, Torsten, K, Frank, RR,Vla-
dimir, S, Vladimir, S, Alexander, M, Stefan, S,
Thomas, W, Karsten, W, Antje, B. 2021. MOSAiC
extended acknowledgement. Zenodo. DOI: https://
doi.org/10.5281/zenodo.5541624.

Norris, SJ, Brooks, IM, de Leeuw, G, Smith, MH, Moer-
man, M, Lingard, JJN. 2008. Eddy covariance mea-
surements of sea spray particles over the Atlantic
Ocean. Atmospheric Chemistry and Physics 8(3):
555–563. DOI: http://dx.doi.org/10.5194/acp-8-
555-2008.

Norris, SJ, Brooks, IM, Hill, MK, Brooks, BJ, Smith, MH,
Sproson, DAJ. 2012. Eddy covariance measure-
ments of the sea spray aerosol flux over the open
ocean. Journal of Geophysical Research: Atmospheres
117(D7): D07210. DOI: http://dx.doi.org/10.1029/
2011JD016549.

O’Dowd, CD, Smith, MH, Consterdine, IE, Lowe, JA.
1997. Marine aerosol, sea-salt, and the marine sul-
phur cycle: A short review. Atmospheric Environment

31(1): 73–80. DOI: http://dx.doi.org/10.1016/
S1352-2310(96)00106-9.

Overland, J, Dunlea, E, Box, JE, Corell, R, Forsius, M,
Kattsov, V, Olsen, MS, Pawlak, J, Reiersen, LO,
Wang, M. 2019. The urgency of Arctic change. Polar
Science 21: 6–13. DOI: http://dx.doi.org/10.1016/j.
polar.2018.11.008.

Peterson, PK, Hartwig, M, May, NW, Schwartz, E,
Rigor, I, Ermold, W, Steele, M, Morison, JH,
Nghiem, SV, Pratt, KA. 2019. Snowpack measure-
ments suggest role for multi-year sea ice regions in
Arctic atmospheric bromine and chlorine chemistry.
Elementa: Science of the Anthropocene 7: 14. DOI:
http://dx.doi.org/10.1525/elementa.352.

Pithan, F, Mauritsen, T. 2014. Arctic amplification dom-
inated by temperature feedbacks in contemporary
climate models. Nature Geoscience 7: 181–184. DOI:
http://dx.doi.org/10.1038/ngeo2071.

Quinn, PK, Miller, TL, Bates, TS, Ogren, JA, Andrews, E,
Shaw, GE. 2002. A 3-year record of simultaneously
measured aerosol chemical and optical properties at
Barrow, Alaska. Journal of Geophysical Research:
Atmospheres 107(D11): AAC 8-1–AAC 8–15. DOI:
http://dx.doi.org/10.1029/2001jd001248.

Rankin, AM, Auld, V,Wolff, EW. 2000. Frost flowers as
a source of fractionated sea salt aerosol in the polar
regions. Geophysical Research Letters 27(21):
3469–3472. DOI: http://dx.doi.org/10.1029/
2000GL011771.

Rankin, AM,Wolff, EW. 2003. A year-long record of size-
segregated aerosol composition at Halley, Antarc-
tica. Journal of Geophysical Research: Atmospheres
108(D24): 4775. DOI: http://dx.doi.org/10.1029/
2003jd003993.

Rantanen, M, Karpechko, AY, Lipponen, A, Nordling,
K, Hyvärinen, O, Ruosteenoja, K, Vihma, T, Laak-
sonen, A 2022. The Arctic has warmed nearly four
times faster than the globe since 1979. Communica-
tions Earth & Environment 3: 168. DOI: https://doi.
org/10.1038/s43247-022-00498-3.

Rayner, NA, Parker, DE, Horton, EB, Folland, CK, Alex-
ander, LV, Rowell, DP, Kent, EC, Kaplan, A. 2003.
Global analyses of sea surface temperature, sea ice,
and night marine air temperature since the late
nineteenth century. Journal of Geophysical Research:
Atmospheres 108(D14): 4407. DOI: http://dx.doi.
org/10.1029/2002jd002670.

Rhodes, RH, Yang, X, Wolff, EW, McConnell, JR, Frey,
MM. 2017. Sea ice as a source of sea salt aerosol to
Greenland ice cores: A model-based study. Atmo-
spheric Chemistry and Physics 17(15): 9417–9433.
DOI: http://dx.doi.org/10.5194/acp-17-9417-2017.

Rogers, RR,Yau, MK. 1989. A short course in cloud physics.
Burlington, MA: Butterworth Heinemann.

Roscoe, HK, Brooks, B, Jackson, AV, Smith, MH,
Walker, SJ, Obbard, RW, Wolff, EW. 2011. Frost
flowers in the laboratory: Growth, characteristics,
aerosol, and the underlying sea ice. Journal of Geo-
physical Research: Atmospheres 116(D12): 301. DOI:
http://dx.doi.org/10.1029/2010JD015144.

Ranjithkumar et al: Sea salt aerosol production from blowing snow in the Arctic Art. 13(1) page 25 of 27
D

ow
nloaded from

 http://online.ucpress.edu/elem
enta/article-pdf/13/1/00006/853563/elem

enta.2024.00006.pdf by guest on 06 February 2025

http://doi.org/10.1080/01431168608954716
http://dx.doi.org/10.1007/978-94-009-4668-2_16
http://dx.doi.org/10.1002/2017GL074506
http://dx.doi.org/10.1080/02786826.2011.560211
http://dx.doi.org/10.1080/02786826.2011.560211
http://dx.doi.org/10.1098/rsta.2005.1599
http://dx.doi.org/10.1002/2014JD021686
https://doi.org/10.5281/zenodo.5541624
https://doi.org/10.5281/zenodo.5541624
http://dx.doi.org/10.5194/acp-8-555-2008
http://dx.doi.org/10.5194/acp-8-555-2008
http://dx.doi.org/10.1029/2011JD016549
http://dx.doi.org/10.1029/2011JD016549
http://dx.doi.org/10.1016/S1352-2310(96)00106-9
http://dx.doi.org/10.1016/S1352-2310(96)00106-9
http://dx.doi.org/10.1016/j.polar.2018.11.008
http://dx.doi.org/10.1016/j.polar.2018.11.008
http://dx.doi.org/10.1525/elementa.352
http://dx.doi.org/10.1038/ngeo2071
http://dx.doi.org/10.1029/2001jd001248
http://dx.doi.org/10.1029/2000GL011771
http://dx.doi.org/10.1029/2000GL011771
http://dx.doi.org/10.1029/2003jd003993
http://dx.doi.org/10.1029/2003jd003993
https://doi.org/10.1038/s43247-022-00498-3
https://doi.org/10.1038/s43247-022-00498-3
http://dx.doi.org/10.1029/2002jd002670
http://dx.doi.org/10.1029/2002jd002670
http://dx.doi.org/10.5194/acp-17-9417-2017
http://dx.doi.org/10.1029/2010JD015144


Saltelli, A, Annoni, P, Azzini, I, Campolongo, F, Ratto,
M, Tarantola, S. 2010. Variance based sensitivity
analysis of model output. Design and estimator for
the total sensitivity index. Computer Physics Commu-
nications 182(2): 259–270. DOI: http://dx.doi.org/
10.1016/j.cpc.2009.09.018.

Sander, R, Keene, WC, Pszenny, AAP, Arimoto, R,
Ayers, GP, Baboukas, E, Cainey, JM, Crutzen, PJ,
Duce, RA, Hönninger, G, Huebert, BJ, Maenhaut,
W, Mihalopoulos, N, Turekian, VC, Van Din-
genen, R. 2003. Inorganic bromine in the marine
boundary layer: A critical review. Atmospheric Chem-
istry and Physics 3(5): 1301–1336. DOI: http://dx.
doi.org/10.5194/acp-3-1301-2003.

Shupe, MD, Rex, M, Blomquist, BG, Persson, PO,
Schmale, J, Uttal, T, Althausen, D, Angot, H,
Archer, S, Bariteau, L, Beck, I, Bilberry, J, Bucci,
S, Buck, C, Boyer, M, Brasseur, Z, Brooks, IM, Cal-
mer, R,Cassano, J,Castro,V,Chu,D,Costa, D,Cox,
CJ, Creamean, J, Crewell, S, Dahlke, S, Damm, E,
de Boer, G, Deckelmann, H, Dethloff, K, Dütsch,
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