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HIGHLIGHTS

+ 12 mild pollution events have been identified investigating optical properties.

+ Biomass burning’s contribution accounted for 2% of the total concentration.

* Most of the events were detected during the fall.

+ The latest events in December may have been impacted by emissions from home heating.

ARTICLE INFO ABSTRACT

Keywords: Summer 2019 is remembered as one of the most intense biomass burning (BB) seasons on record for the
Biomass burning Northern Hemisphere. During the MOSAIC expedition, a smoke-dominated layer was identified in the upper
Aerosols troposphere over the North Pole region. The origin of this layer remains unclear, and no evidence has been
Optical properties found to indicate the intrusion of such particles into the Arctic Boundary Layer. The main aim of this work
\(/:\2‘13;?“11:;1 characterization was to evaluate if biomass burning events in the summer 2019 were detectable at Gruvebadet Atmospheric

Laboratory, close to Ny-Alesund (Svalbard Islands) during the second half of 2019. This paper proposes
an innovative approach to discriminate biomass burning events based on optical measurements combined
with chemical analysis and air mass back-trajectories. Monthly background values of optical coefficients
were defined using multi-annual (2018-2021) statistics and twelve possible events were identified. Source
apportionment through positive matrix factorization (PMF) identified that the biomass burning factor by PMF
accounted for only 2% of the total investigated concentration. The specific biomass burning tracers such as
levoglucosan and phenolic compounds were compared with optical measurements and with the PMF results.
Air mass trajectory analysis revealed that the early summer fires detected at Ny—f\lesund originated mainly
from North America, as also confirmed by the presence of BB factor of PMF, levoglucosan and also vanillic
species (softwood combustion tracers). In contrast, the chemical composition and air masses analysis of the
highest peak detected in early December suggested residential heating as plausible source, further amplified
by the onset of the harsh winter season and the expansion of the polar vortex towards mid-latitudes.

Ny-Alesund (Svalbard)

1. Introduction increase of warm waters entrance from the Atlantic into the Arc-
tic Ocean, northward advance of the treeline, permafrost thawing

The Arctic is a unique environment that is undergoing enormous and modification to the global atmospheric circulation (Serreze and
changes due to a rapid warming in the region (Boyer et al., 2022). Barry, 2011). In this fast-changing region, drier conditions and a gen-
It is clear from paleoclimate records and climate model projections eral increase in mean and maximum air temperatures contribute to

that this region is under enormous stress, which is carrying to an
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increased wildfire activity (Box et al.,, 2019), especially in Central
Siberia, Northern America, and Canadian boreal forests (Kharuk and
Ponomarev, 2017; Veraverbeke et al., 2017; Kasischke and Turetsky,
2006). What scientists typically considered ‘fire-resistant’ ecosystems
(peatlands, tundra bogs) are now frequently hit by wildfires (McCarty
et al., 2020). These are carbon-rich soils formed over thousands of years
and represent the most carbon-dense ecosystems on our planet - e.g., a
northern bog can contain up to ten times as much carbon as a boreal
forest (Witze, 2020). Fires cause extensive air pollution by emitting
large amounts of primary atmospheric aerosols (mostly black carbon
— BC and brown carbon — BrC) and other gaseous species (Evangeliou
et al., 2019). Secondary aerosols are also formed in the atmosphere by
chemical reactions involving sulfur dioxide, nitrogen oxides, and other
chemical species (Tomasi et al., 2017). Primary and secondary aerosol
particles interact with shortwave solar radiation differently depending
on their size and chemical composition (Igbal, 1983). Through the
absorption and scattering of solar radiation, biomass burning (BB)
aerosols can alter the surface energy budget, act as cloud condensation
nuclei, and change the cloud albedo (Tomasi et al., 2017). Aerosol
optical and chemical properties can strongly fluctuate seasonally as
meteorological conditions and sources (natural or anthropogenic, from
inside or outside the Arctic region) change in time (Quinn et al., 2008).
Shaw (1995) described the Arctic haze phenomenon, defining it as an
inflow of polluted air from middle latitudes or an uplift outside the
Arctic dominated by accumulation mode aerosols (size between 0.5-
2 pum) during winter and spring. Contrariwise, the Arctic troposphere
is relatively isolated during the summertime because of the absence
of diabatic-surface cooling and the disappearance of high continental
pressure (Shaw, 1995; Stohl, 2006). Thus, since the interactions of
aerosols with solar radiation are at their maximum during summer,
the concentration of light-absorbing aerosol can be very problematic,
having the potential to act as a positive feedback mechanism to the
Arctic amplification phenomenon (Gillett et al., 2004). The Arctic
region is experiencing an increase in biomass burning events, which
result in the release of aerosols into the atmosphere with significant
impacts on the environment (Stockwell et al., 2015).

Summer 2019 was remembered as one of the most intense burn-
ing seasons on record for the northern hemisphere, especially be-
cause of the spread of wildfires in Yacutia (Siberia) with an unprece-
dented magnitude and size, and a total burned area of three million
hectares (Voronova et al., 2020). In September 2019, the MOSAiIC
Expedition started with the German research icebreaker Polarstern
drifted through the Arctic Ocean for a year. Throughout the campaign,
researchers detected a persistent layer of aged wildfire smoke in the up-
per troposphere and lower stratosphere (UTLS) (Ohneiser et al., 2021).
Furthermore, Lidar observations conducted at Ny-Alesund revealed an
increase in the stratospheric aerosol optical depth (AOD) during the
summer period of 2019 (Engelmann et al., 2021). Ohneiser et al.
(2021) emphasized that the question of whether the fires in central
and eastern Siberia were the source of the smoke observed in the UTLS
over the North Pole region during the MOSAIC expedition still remains
unanswered. Engelmann et al. (2021) speculated that the smoke was
lifted by the so-called self-lifting process to the UTLS. Then smoke
particles became quickly distributed over large parts of the Northern
Hemisphere within a few weeks.

This paper aims to investigate if the biomass burning occurred
in summer 2019 was detectable at Ny—[o\lesund (Svalbard) within the
Arctic Boundary Layer. Aerosol sampling and measurements were per-
formed at Gruvebadet Atmospheric Laboratory (GAL), close to the
research village of Ny-Alesund, from mid-June to December 2019,
coinciding with MOSAIC’s report on the presence of a thick 10 km layer
of wildfire smoke. In this paper, we present an innovative multidisci-
plinary approach that combines aerosol optical properties with chemi-
cal characterization and source apportionment analysis throughout the
entire period to identify events attributable to wildfires. Furthermore,
we performed high-resolution back-trajectory analysis to determine the
origins of air masses reaching Svalbard lower troposphere.
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Fig. 1. View of Oscar II Land with the village of Ny-Alesund on the southern shore
of Kongsfjorden. The Gruvebadet Atmospheric Laboratory is marked with a red dot.
Retrieved from TopoSvalbard (https://toposvalbard.npolar.no/; accessed May 2023).

2. Materials and methods
2.1. Area of investigation

Observations of the atmospheric composition, with a particular
focus on aerosols, were carried out at the Ny-Alesund Research Sta-
tion, on the Spitsbergen Island of Svalbard. The station is placed
on the southern shore of Kongsfjorden, and the aerosol in situ mea-
surements, for both optics and chemistry, were made at the Gruve-
badet Atmospheric Laboratory (GAL, 78.91°N, 11.89°E; 61 m a.s.l, see
Fig. 1) located about 1 km south from the settlement. The location of
GAL ensures minimal anthropogenic influence of the village thanks to
the dominant wind’s regime, oriented along the north-west/south-east
direction (Mazzola et al., 2016).

2.2. Aerosol optical characterization

Aerosol optical properties have been measured at GAL using a
combination of different instruments since 2010. For our purposes, we
used measurements collected from January 2018 to December 2021
to describe the average seasonal changes and discuss the variability
during the investigated period (second half of 2019). During the pe-
riod 2018-2021 measurements were continuous along the year and
representative of both the cold and the warm seasons. A Radiance
Research’s M903 nephelometer was used to measure the light scattering
extinction coefficient (b,) at 530 nm, while the Particle Soot Absorption
Photometer (PSAP), also by Radiance Research, retrieved the amount of
light absorbed by the collected particles (b,) at three wavelengths (467,
530, and 660 nm). The nephelometer and PSAP measurements were
averaged hourly and corrected following Virkkula (2010). The meld
between b, and b, at 530 nm allowed the evaluation of Single Scattering
Albedo (SSA) at the same wavelength, which gives information about
scattering efficiency with respect to total extinction efficiency. In this
study it was derived as follows:

b b b

b b e}
bs+ba bext bext

s

SSA=

where the b, is the scattering coefficient, b, the absorption coefficient,
both at 530 nm, and b,,, the extinction coefficient given by the sum
of scattering and absorption. Furthermore, the b, at 467 and 660 nm
were used to calculate the Absorption Angstrém Exponent (AAE) that,
such as SSA, is an intensive property of particles which describes the
wavelength dependence in aerosol absorption and it is defined as:

by = bpA™*AE 2


https://toposvalbard.npolar.no/

S. Pulimeno et al.

where b,,, is the aerosol absorption coefficient, 4 represents the wave-
length, and b, a wavelength independent constant equal to the absorp-
tion coefficient at A = 1 pm. AAE usually decreases exponentially with
4 over the visible and near-infrared spectrum bands (Angstrom, 1929).
In this manuscript, the Angstrém parameter was retrieved as the slope
passing through two points. Specifically, it was defined as:

_ —log(b,(467)/b,(660))
AAE = 10g(467/660)

where b,(467) and b,(660) are the absorption coefficients at wavelength
467 and 660 nm respectively.

3)

Meteorological data were acquired from the Amundsen—Nobile Cli-
mate Change Tower (CCT), located about 2 km NW from Ny—;\lesund.
The CCT provides continuous profile of meteorological parameters at
four levels up to 34 m and, in this paper, data averaged every 30 min
at a height of 5 m were used for temperature, relative humidity, wind
speed, and wind direction (Mazzola et al., 2016).

For December 2019 only, we present corrected Level 1 Aerosol Op-
tical Depth (AOD) data from AErosol RObotic NETwork (AERONET). At
Ny-Alesund, University of Valladolid and AWIPEV manage a solar—sky—
moon CIMEL-318T photometer for the retrieval of AOD at 6 different
wavelengths (440, 500, 675, 870, 1020, and 1640 nm) (Sinyuk et al.,
2020). Moon-photometers enable the measurements of lunar irradiance
and the derivation of AOD and other products also during night-time
(Roman et al., 2020; Gonzélez et al., 2020). AOD is a measure of
the amount of light scattering and absorption by aerosol particles
along the path of the light beam. Because of the Arctic haze phe-
nomenon, AOD in the Arctic is noticeably higher during winter and
spring rather than in summer (Tomasi et al., 2015). Because level 1
lunar-AOD data exhibited disturbance due to the presence of clouds,
we applied a correction procedure (more information will be provided
in Supplementary material)

2.3. Aerosol sampling and chemical characterization

Twenty-seven aerosol samples were collected from 16th June 2019
to 2nd January 2020 at the GAL. A multi-stage Andersen impactor
(TE-6000 series, Tisch Environmental Inc.) was used to collect aerosol
samples on six pre-combusted (4 h at 400 °C in a muffle furnace) quartz
fiber filters. The sampler accumulates particles with cut-off diameters
of 10 pm, 7.2 pm, 3.0 pm, 1.5 pm, and 0.95 pm on slotted filters and
< 0.49 pm on the backup filters. The frequency of sampling varied
from 6 to 10 days, for a total air volume of 9000 to 15000 m> per
sample. Field blanks were obtained using the same filters installed on
the sampler with the air pump switched off. Both samples and blanks
were wrapped in a double layer of aluminium foil and stored at —20 °C
until analysis.

Half of the filter was broken into small pieces and placed in a 50-
mL polyethylene vial (previously cleaned with ultrapure water into
ultrasonic batch for 30 min) with steel tweezers. The sample was
spiked with 50 ng of 13C-labeled internal standard mix of amino acids,
13¢C,-vanillic acid and '3C4-vanillin and 100 ng of !*Cg-glucose and
13C4-levoglucosan. Extraction was carried out in an ultrasonic bath for
30 min with 15 mL and 30 mL of ultrapure water for slotted and
back-up filters, respectively. The extract solution was filtered through
a 0.45 pm PTFE filter to remove particles and quartz fiber traces before
instrumental analysis. Previously validated methods were applied to
the aerosol samples to determine inorganic ions and organic acids
(methanesulfonic acid and C2-C7 carboxylic acids) (Barbaro et al.,
2017; Feltracco et al., 2021), monosaccharides, alcohol-sugars, lev-
oglucosan and its isomers, sucrose (Barbaro et al., 2015a), free amino
acids (Barbaro et al., 2015b), phenolic compounds (Zangrando et al.,
2016), and photo-oxidation products of a-pinene (Feltracco et al.,
2018).
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2.4. Source apportionment using positive matrix factorization

Positive Matrix Factorization (PMF) method (Paatero and Tapper,
1994) was used to identify the number of factors/sources and their
chemical profiles. The model uses data for all concentration and uncer-
tainty values for j species and i days. Data confidence can be maintained
by adjusting the uncertainties by real observations. For the current
analysis, the U.S. EPA version of PMF was used (EPA PMF 5.0), which
is based on the multilinear engine ME-2. In this study, the input dataset
was created by compiling the concentrations of the detected chemical
species (variables, n = 27) for each stage of the impactor (6 different
sizes) across 27 samples, resulting in a total of m = 6 x 27 = 162 cases.
This approach enables the allocation of different stages for assessing
the temporal evolution of the samples while considering particle size
distribution. The uncertainties in sample concentrations were assessed
by considering the relative standard deviation of each variable obtained
during the validation procedure. For the PMF application, an additional
10% uncertainty was incorporated for all species. Uncertainties in
the PMF results were determined using the bootstrap method. The
optimal number of factors was determined by analyzing the parameters
IM (maximum individual column mean) and IS (maximum individual
column standard deviation) derived from the scaled residual matrix,
along with Q-values (goodness-of-fit parameters). Specifically, for Q-
values, the optimal solution was identified at the point where the
curve’s slope exhibited a significant change. Conversely, for the IM and
IS parameters, as the number of factors increased to a critical value,
these parameters experienced a sharp decline. In this work, the values
of Q, IM, and IS indicated a reasonable solution corresponding to 5
factors.

2.5. Satellite data and back-trajectory analysis

Satellite-derived fire data were obtained from the Fire Information
for Resource Management System (FIRMS) active fire detection prod-
uct of the Moderate Resolution Imaging Spectroradiometer (MODIS)
instrument onboard the Terra and Aqua satellites. The data were ob-
tained from the online platform FIRMS (https://firms.modaps.eosdis.
nasa.gov; accessed March 2023) and cover the whole period from June
to December 2019. Satellites capture a snapshot of Earth’s surface
as they orbit. These images contain hotspots that correspond to the
center of pixels of approximately 1 km, flagged as containing thermal
anomalies. To measure the brightness temperature of a hotspot, which
is a measurements for the photons received by the spacecraft at a
specific wavelength, FIRMS uses the MODIS channels 21/22 and 31. In
this work we utilized the Fire Radiative Power (FRP) parameter from
the MODIS data to create maps of active fires for each identified BB
event. The FRP (W) represents the rate of radiant energy released by a
fire, and is a useful parameter to estimate the fire intensity and burned
area. By using the FRP data, we were able to accurately locate and
visualize the active fire spots.

To identify possible sources of BB particles reaching the sampling
site, we used the HYSPLIT model developed by the National Oceanic
and Atmospheric Administration (NOAA) Air Resource Laboratory.
HYSPLIT is a widely used tool for air mass trajectory analysis that can
be used to simulate the trajectory of air masses based on meteorological
data from the Global Data Assimilation System (GDAS). Using HYSPLIT,
and in particular Global Forecast System (GFS) data at 0.25 degrees, we
generated 240-h back-trajectory frequency plots for air masses arriving
at Ny-Alesund, with a time step of 1 h (24 trajectories per day). The
starting height of the trajectories was set at 50 m above ground level.
The back-trajectory frequency plots show the parts of back-trajectories
below the mixing height for different receptor locations. The plots
were generated by dividing the region of interest into a grid of cells
and counting the number of back-trajectories endpoints within the
boundary layer in each cell. The frequency provided information about
the potential areas of origin of the aerosol burning particles during
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extreme events. Overall, HYSPLIT back-trajectory analysis provided
valuable insights into the transport patterns of aerosol burning particles
during extreme events and helped us to identify the possible areas of
origin of these particles.

2.6. NAAPS transport model

To identify the origin of BB smoke and assess the concentration
of aerosols at Ny-Alesund, the Navy Aerosol Analysis and Predic-
tion System-Reanalysis (NAAPS-RA) has been employed. NAAPS is the
US Navy’s chemical transport model, operating at a spatial resolu-
tion of 1 x 1° with data updated every 6 h, providing information
on aerosol optical depth at 550 nm. This information is primarily
based on the Danish Eulerian Hemispheric Model (Witek et al., 2007).
The NAAPS model has the capability to characterize various types
of aerosols, including biogenic and anthropogenic particles, sea salt,
dust, and BB smoke. Specifically, in the case of BB smoke, it relies on
near-real-time satellite-based thermal anomaly data to construct smoke
source functions. In NAAPS reanalysis, additional orbital corrections for
MODIS-based emissions are applied, and a two-day maximum approach
(considering signals from the previous day and the present day) is
utilized to minimize orbital effects (Lynch et al., 2016). This approach
enables the accurate identification of the sources of BB smoke and
the assessment of aerosol concentration in Ny-Alesund, contributing
to a better understanding of aerosol transport and its impact on the
region. To gain a more in-depth knowledge of the aerosol plume’s
dynamics, please refer to the NAAPS animation provided at this link:
https://youtu.be/51XQU9HzSBU.

3. Results

The results section of this study provides a detailed analysis about
the optical and chemical properties of aerosols detected at Ny-Alesund
during the latter half of 2019. Our findings present insights into the
main characteristics, source areas, and transport of these events on the
local and regional atmosphere. Through the use of aerosol characteriza-
tion techniques, we have identified the optical properties and chemical
composition of these aerosols, allowing for a better event detection.

3.1. Optical properties and events detection

Identifying biomass burning events from aerosol optical properties
remains a challenge, particularly in the Arctic, where other sources
of aerosols, long-range transport, and particle aging processes can
further complicate the analysis (Kyro et al., 2013). While a well-defined
procedure for such identification is not available, previous studies have
attempted to identify wildfires using various aerosol optical parameters
(Markowicz et al.,, 2016; Stohl et al., 2013; Dall’Osto et al., 2019;
Zielinski et al., 2020). These studies typically rely on ground-based
measurements and air mass trajectory analysis to confirm the source
of aerosol particles. Scattering and absorption coefficients at 530 nm,
from January 2018 to December 2021, are shown in Figure S1. During
the winter-spring months, frequent episodes of high scattering and
absorption values were observed at Ny—;\lesund, with maximum values
of almost 48 Mm~! and 5 Mm~!, respectively, with events lasting from
a few hours to few days. In line with previous studies, the mean (and
median) value of b, and 5,(530) were found to be 3.63 (2.40) Mm~! and
0.22 (0.13) Mm™!, respectively. Specifically, Schmeisser et al. (2018)
reported similar annual statistical values of 4.35 (2.82) Mm~! and 0.18
(0.09) Mm~! for scattering and absorption coefficients at the same
location for years 2012-2014.

We obtained multi-annual monthly means of b, and b, from this
4-years time-series, which are presented in Fig. 2. There is a clear
seasonality for both parameters, consistent with findings from other
studies (Pandolfi et al., 2018; Schmeisser et al., 2018). Specifically,
aerosol scattering and absorption exhibit a significant peak during late
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Table 1
Means of 5,(530) at Ny-;\lesund, including 25th, 50th, and 75th percentile calculated
for each month from June to December based on 4-years of data (2018-2021).

Month 25th Mean 50th 75th
June 0.03 0.11 0.06 0.14
July 0.03 0.14 0.08 0.17
August 0.04 0.16 0.10 0.21
September 0.02 0.09 0.06 0.13
October 0.02 0.07 0.04 0.09
November 0.04 0.14 0.10 0.19
December 0.07 0.23 0.15 0.28

winter-spring, which coincides with the Arctic haze phenomenon, due
to the effective transport from the lower latitudes (Gilardoni et al.,
2023). The monthly averages of b, between February and April ranged
from 4.74 to 6.04 Mm~!, representing the highest values observed.
Conversely, the summer months exhibited minimum values of approxi-
mately 2.44-2.57 Mm~! for this parameter. Similarly, 5,(530) displayed
the highest values during late-winter and early-fall months, ranging
from 0.32 to 0.40 Mm~!, while the summer months exhibited the mini-
mum values in the range of 0.09-0.15 Mm~!. Throughout our study, we
found that a log-normal frequency distribution accurately fits the data
for both coefficients. Interestingly, the mean values were consistently
higher than the median for all months. As a way to establish a baseline
for our analysis, the multi-annual monthly statistics were evaluated
(thus including the 5th, 25th, 50th, 75th, 95th percentile, and mean)
in order to identify the most appropriate monthly background values
for each coefficient (Fig. 2). Table 1 shows the statistical values for the
months of June-December, as they were used to assess the anomalies
for the same period of 2019. Selecting a background value is crucial
to accurately assess the contribution of BB events to the observed
aerosol properties. In this work, the 50th percentile has been used as
the background value for b, during the identification of events, since it
helps to minimize the influence of extreme values and outliers.

We focused on events that exceeded the 50th percentile of the
reference month for at least 12 h per day and for a minimum of
two consecutive days. This criterion has been adopted to differentiate
extreme wildfire events from short-term absorption spikes that may
originate from local sources or transient events. By using this criterion,
identify 12 long-lasting BB events and ensure that they were not merely
artifacts caused by short-term variability in the measurements (Table
S1).

3.2. Aerosol chemical composition and PMF analysis

Biomass burning tracers, such as levoglucosan, its isomers and
phenolic compounds were determined in the aerosol samples collected
at GAL from mid-June to the end of December 2019 with low tem-
poral resolution (6-10 days) compared to optical measurements (1 h).
Moreover, other chemical tracers (inorganic ions, organic acids, free
amino acids and sugars) were investigated to perform a complete
characterization of aerosol and to identify their sources.

The most abundant species (Table S2) were sulphate (40%), chloride
(23%) and sodium (21%), while ammonium (4%), magnesium (3%),
calcium (3%) and nitrate (3%) were below 5%. All other investigated
species are below 1%. Sodium, chloride, and magnesium are the main
components of the sea spray source (Giardi et al., 2016), whereas
non-sea salt fraction of Ca?* and SOi‘ represented 72% and 86%,
respectively. The contributions of the non-sea-salt fraction of Ca?* and
SOi‘ were calculated for the difference between their concentrations
and the sea salt values obtained using the Ca**/Na™ ratio in seawater
(0.038 w/w) and the SOff/Na+ ratio (0.252 w/w). The particle size
distribution of major ions (Figure S3a) confirmed the local sources
of sea salt components because Na*, CI- and Mg>* were mainly dis-
tributed in the coarse mode. The most abundant species was sulphate
and several sources can emit this ion. The sea-salt sulphate (ss — SOZ‘)
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Fig. 2. Monthly box-and-whisker plots of b, and b,(530) obtained from hourly data over the period 2018-2021 at Ny-Alesund. Each plot shows the 5, 25, 50 (median), 75, and

95th percentiles, as well as the mean value (cross) for each month.

contributed minimally (14+7%) to the sulphate budget and exhibited
an increase during the winter period, whereas the main sources were
attributed to anthropogenic sources due to the atmospheric oxidation
of SO, (Udisti et al., 2016). In fact, we evaluated also crustal com-
ponents and the sulphate contribution from marine phytoplanktonic
activity as suggested by Udisti et al. (2016) but these contributions
are lower considering the total non-sea-salt sulphate (Figure S3b). The
phytoplanktonic contribution has an increase during the summer period
linked to the algal bloom (Becagli et al., 2019).

The total median concentration of carboxylic acids is 4 ng m~3 and
C,-oxalic acid (48%) and acetic acid (21%) are the most abundant
carboxylic acids. The sugars composition is dominated by levoglucosan
(32% of the total median concentration of sugars), glucose (19%),
mannitol (16%) and arabitol (11%), two tracers of fungal spores. The
median concentration of L-free amino acids is 202 ng m~3, with L-
arginine (36%) of the total median concentration of 20 ng m~> with
the only presence of D-alanine and D-aspartic acid. Finally, the main
components of organic acids are the phenolic compounds with vanillin
moieties, the main products of the combination of softwood, and two
photo-oxidation products of a-pinene (cis-pinonic and pinic acids).

The comparison of aerosol concentrations reconstructed by the PMF
and those measured showed that the PMF can reconstruct the data with
a slope of 0.99 and an R? of 0.91. The profile of each factor, in terms of
concentrations (bars) and in terms of percent of species (black points),
the temporal trend and the particle size distribution of each factor are
shown in Fig. 3.

The first factor (F1) describes 51% of the total investigated concen-
tration, and it is mainly characterized by saline ions. Na* and CI-, that
are recognized as specific tracers of sea salt aerosol (O’Dowd et al.,
1997), suggest that this factor represents the sea spray component.
Moreover, the particle size distribution (Fig. 3C) defines that this first
factor is mainly distributed on the coarse mode, confirming a local
marine source of this type of aerosols. The general trend of sea salt
factor (Fig. 3B) shows an increase starting in autumn due to more
frequent cyclonic system. Sea salt emissions from sea-ice due to blowing
snow reach their maximum in December (Huang and Jaeglé, 2017).

The second factor (F2), loaded for 30% of the total investigated
concentration, is called “sulphate and long range compounds” because
sulphate is the most abundant species but other organic compounds
with long range transport sources are well represented in this factor.
For example, photo-oxidation products of a-pinene (cis-pinonic and
pinic acids), glycolic and maleic acids and also levoglucosan are in-
cluded in this factor (Fig. 3A). It consists mainly of fine aerosols and
does not show a seasonal trend in the considered period.

The third factor (F3) describes the 12% of the total concentration
estimated by PMF, and it loads with methanesulfonic acid (MSA),

carboxylic acids and pinonic acid (Fig. 3A). These species are the
secondary photo oxidation products, mainly distributed on the fine
particles (Fig. 3C). Moreover, Fig. 3B well shows that these species
have higher concentration until the end of July, which then drops
dramatically.

The fourth factor (F4), loaded for 5%, is characterized by arabitol
and mannitol, with also glucose and L-free amino acids. This factor
represents the biogenic emission from fungal spores, occurred during
the summer period (Fig. 3B) and it is mainly distributed on the coarse
fraction (Fig. 3C).

Finally, the last factor (F5) represents the “biomass burning contri-
bution” because levoglucosan characterizes it, with also a contribution
of L- and D-free amino acids and oxalic acid. This factor is mainly
distributed on the fine particles suggesting a source of atmospheric
long-range transport. For the aim of this work this is the most important
factor, but it loads only for 2% of the total investigated concentration.

4. Discussion

Fig. 4 shows in situ surface optical observations for the period
June-December 2019, plotted as daily averages. Despite some data
gaps, our analysis reveals variable values of b, and b,, at all wave-
lengths, throughout most of the season. These values contrast with
the relatively stable b, and b, coefficients observed during September
and October 2019, which are consistent with values reported by other
authors (Zielinski et al., 2020). Specifically, b, was found to be around 2
Mm~!, while b, was lower than 0.07 Mm~!. In Fig. 4, it can be observed
that between June and September, AAE values typically fell within
the range of 1 to 2, displaying relatively limited variation. During this
period, there was also a decrease in the SSA value. In contrast, in the
months from October to December, higher and more widely dispersed
AAE values were observed, while the SSA value remained relatively
stable at around 1.

After comparing such observations with multi-annual monthly
means values determined through the procedure described in Sec-
tion 3.1, twelve events were detected by the analysis of aerosol optical
parameters (Table S1).

A careful analysis revealed that from the middle of June, when
also chemical analysis was performed, only narrow peaks of b, were
detected until the end of July. However, data were missing for about
two weeks from the end of June to the beginning of July. Despite
the missing data, Figure S2 shows that 5,(530) levels exceeded the
monthly background value of June and July (0.03 Mm~', see Table 1)
for two periods, June 19-22 and July 29-30, with peaks reaching about
0.6 Mm~! and 0.5 Mm~™!, respectively. Based on the back-trajectory
frequency plots (Figure S4), the first episode is plausibly linked to
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Fig. 3. Results of Positive Matrix Factorization (PMF); (A) source profiles where bars identify the species in ng m~ that mainly characterize each factor (F1 — sea salt input; F2
— sulphate component and long range compounds; F3 — secondary products; F4 — fungal spores; F5 — biomass burning) profile while the points describe the percent of species;
(B) factor contributions during the sampling period; (C) particle size distribution of each factor.
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the mid-June fires that occurred in the Canadian provinces of Alberta
and Saskatchewan as well as in the northeastern regions of the United
States. Considering the chemical analysis of wildfire tracers, aerosol
seems not affected by BB events during June, probably due to the
intensity of fires or weak transport processes.

For the late July event the air masses appear to have originated from
both Canada and Alaska. From the end of July to the beginning of Au-
gust, the wildfire afflicted mainly the North America and Siberia. The
back-trajectories analysis showed that air masses weakly come from
North America and then remain steady over the Svalbard archipelago.
According to the wind direction analysis conducted using data from

CCT (not shown), during this period a significant portion of air masses
sampled at GAL was found to come from the E and NE (town center).
This suggests that the pollution event observed in early August may be
attributed to a local source of pollution. However, Fig. 5 reports a value
of almost 50 ng m~3 for factor 5 by PMF, and spikes in the levoglucosan
trend (almost 0.25 ng m~3), vanillin (VAH, 0.05 ng m~3), vanillic acid
and acetovanillone (VA and VAC respectively, approximately 0.003 ng
m™3). The presence of such wildfire tracers, which are specific markers
of conifer fires, seems to point out a long-range transport rather than
a local influence despite the air masses being stable over the Svalbard
archipelago. Furthermore, LIDAR measurements at Ny-Alesund indicate
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a strong increase in the upper troposphere and lower stratosphere
AOD in August 2019, suggesting the occurrence of long-range transport
processes (Ohneiser et al., 2021).

Whereas the evaluation of events in the summer period was quite
straightforward, during autumn the constrains of our approach seem to
minimize some episodes. In particular, throughout the period August—
December 2019, discernible spikes were observed that could potentially
suggest the occurrence of biomass burning events. Nonetheless, the
established criteria (exceeding the 50th percentile for at least 12 h) for
identifying events were not satisfied by these observations and conse-
quently, these spikes were not included in our analysis. The majority of
the events identified using our approach mainly occurred during the fall
and early-winter months. During the late summer — early fall, aerosol
scavenging along the pathways from lower latitudes to the Arctic
decreases compared to previous months, leading to a more efficient
transport of polluted air masses and the consequent increase in aerosol
scattering and absorption coefficients (Gilardoni et al., 2023; Garrett
et al., 2011). This may account for the high number of events identified
between September and December 2019 in our study. Moreover, Figure
S4 shows an evident change of atmospheric transport regime, mainly
from North America during the summer period to North Europe and
Russia during autumn and early-winter.

In general, the increase in the aerosol absorption coefficient was
not accompanied by a proportional increase in the scattering coef-
ficient. This behavior indicates a shift towards a higher fraction of
absorbing particles, likely caused by the presence of BB aerosols in the
atmosphere. Accordingly, the SSA exhibited a decrease, with values
dropping below 0.90 from an average background value of 0.95. In
agreement with prior studies, there is a strong correlation between
BB emissions and an increase in the aerosol absorbing coefficient at
all wavelengths (Eck et al., 2003; Markowicz et al., 2016; Zielinski
et al., 2020). The AAE values during the duration of the events are
also consistent with the expected values of a burning event, with values
tending to lay between 1 and 1.5. (Markowicz et al., 2016). For most of
the events identified, the analysis of the aerosol optical properties alone
appears to trace them back to the presence of particles attributable to
fires, even if additional chemical information is needed to confirm this
source.

In general, the mode of representing back trajectories based on
frequencies (Figure S4) makes the main sources more legible when
dealing with a large number of trajectories, as in our case. However,
this type of graph emphasizes converging areas because, unless there is
a prevailing current throughout the period, it is evident that as one
moves away from the arrival point, the paths diverge. This implies
that the frequency density decreases as one moves away from the
source region, which is why a logarithmic scale was used. It is also the
reason why the highest values are generally observed at the receptor
site, which is furthermore always within the Planetary Boundary Layer
(PBL). This discussion suggests that there might have been regions
through which only a few trajectories passed, but they could have
been significant in terms of collected material. However, such regions
were not revealed by the frequency graph, and this could have been
particularly true for the events that occurred on 19-22 June, 29-30
July, and 09-10 August. An animation has been created by merg-
ing daily NAAPS-RA smoke AOD distribution plots to illustrate the
smoke transport path from June to December 2019 (https://youtu.
be/51XQU9HzSBU). The NAAPS-RA data reveal a noteworthy increase
in AOD in the Arctic, spanning from mid-June to early September.
Fires originating in Siberia, Canada, and Alaska were identified as
the sources responsible for the transported BB smoke, as measured
at Ny-Alesund, specifically on July 29-30 and during all the episodes
recorded in August. Since the beginning of September no discernible
active hot spots have been recorded. The PMF analysis was performed
including major ions, MSA, carboxylic acids, levoglucosan, arabitol and
mannitol, glucose, L- and D-amino acids and pinic and pinoic acids.
Na*, Cl-, and Mg>* are originated by sea spray; conversely, Ca**, K*,
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Fig. 5. Trends of factor 5 by PMF, levoglucosan, phenolic compounds in PM,, samples,
and scattering and absorption coefficient at 530 nm (Mm~™!) collected at GAL from June
to December 2019. The shaded vertical stripes refer to the event reported in Table S1.

and SO}“ have relevant contributions from other sources, especially
crustal aerosol and anthropogenic/biogenic emissions (Amore et al.,
2022). MSA is originated by the atmospheric oxidation of dimethyl
sulphide (DMS), emitted by phytoplankton (Udisti et al., 2016), while
carboxilic acids are considered secondary organic aerosol (SOA) and
they can have several sources, as recently demonstrated by Feltracco
et al. (2021). A limited number of sugars are included in the PMF analy-
sis to reduce the noise during the modeling: arabitol and mannitol were
selected as fungal spore’s tracers, glucose is a biogenic compound but it
is not specific as tracer, while as already pointed out levoglucosan is the
key indicator for biomass burning emissions. The source apportionment
approach gave a reasonable solution with five factors.

Fig. 5 shows the comparison between aerosol optical properties and
chemical analysis. In particular, the fifth factor of PMF, attributed to BB
contribution, and wildfire tracers, such as levoglucosan and phenolic
compounds, are included in the Fig. 5. There is a good agreement
between optics and chemistry for the events occurred at the end of
July and the beginning of August. The elevated values observed in
absorption and scattering align well with the peaks in PMF and the
chemical analysis of aerosol samples collected at GAL. As depicted in
Fig. 5, PMF factor 5 struggles to fully capture the peak associated with
BB in December, primarily due to its low factor loading, which is only
2%. Nonetheless, the events identified in early December were of par-
ticular interest owing to their very high measurements in both optical
properties and chemical composition, along with the timing of their
occurrence. The presence of BB events is substantiated by chemical
tracers, with the most prominent peaks observed in levoglucosan (3
ng m~3) and vanillic acid (0.003 ng m~3), both of which are specific
markers of combustion.

Fig. 6 presents a detailed view of the aerosol optical properties for
the early December events. With a high temporal resolution of 1 h,
it was possible to identify two different episodes: the first occurring
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between December 1 and 3, and the second between December 7 and
12. It can be observed that the scattering and absorption coefficients
remained relatively stable until the beginning of December (around
2.3 Mm~! for b, and 0.06 Mm~! for b, at 530 nm). During both these
events, the SSA exhibited a significant decrease dropping to values close
to 0.90. On the other hand, AAE provided limited information due to
the scarcity of data and the presence of scattered values. Nevertheless,
during the two early December episodes, the AAE values appear to
be in the range of 1.3 and 1.7, indicating a potential contribution
of biomass burning to the aerosol mix. The intensity of these events
during December were considered anomalous, and it may suggest a
local influence from Ny-Alesund. However, to verify this hypothesis,
we referred to Figure S5, which includes the AOD trend measured
by the CIMEL photometer installed at the AWIPEV observatory. In
Figure S5, it can be observed that data were not available for the
first early-December event (December 1 to 3). However, for the second
event, an increase in AOD was evident across all wavelengths. The AE
values, which ranged between 1 and 1.5, suggest the presence of fine-
mode aerosol particles, such as those originating from biomass burning.
During both these episodes, the air masses were transported towards
Svalbard from Russia, as revealed by the air mass back trajectory
analyses. Given the high contribution of other wildfire tracers, such
as vanillic compounds, coniferyl aldehyde (CAH), syringic acid (SyA),
syringaldehyde (SyAH) and acetosyringone (SyAC) (as shown in Fig. 5),
it is probable that the early December episodes were caused by a
mixture of sources. MODIS data-derived images reveal the presence of
active fires in southern Russia, Georgia, and Azerbaijan. Nonetheless,
the intensity and duration of these fires were inadequate to account for
the high values observed in both the physical and chemical properties
of the aerosols. Corroborating this, the NAAPS-RA did not highlight
any active fires resulting in BB smoke influence during December.
Thus, besides biomass fires, we propose an additional contribution from
domestic heating. Additional information about the vertical aerosol
structure during these events, and a comparison with Zeppelin station
(managed by Norwegian Polar Institute and located on the Zeppelin
mountain at 472 m a.s.l. at Ny-Alesund) could provide new insight into
this matter.

5. Conclusions

Although the MOSAIC campaign provided evidence of a thick
aerosol layer in the UTLS with a clear wildfire smoke signature, the
hourly mean values of b, b,, SSA, and AAE obtained near the ground-
level at GAL from mid-June to the end of December 2019 did not
exhibit any notable peak events. The analysis of the measurements
highlighted the seasonality of aerosol optical properties, showing that
b, ranges mainly from 0 to 25 Mm~! throughout the investigated
period, and b,(530) values were mainly lower than 0.03 Mm~! in
summer (for background) and appreciably higher during the winter—
spring period (up to 0.07 Mm~! in December). While the SSA time
series is consistent with the trend we expected, with an average of
0.95 that drops and stays around 0.90 with the arrival of highly
absorbing particles like BB-ones, the AAE trend is often too scattered to
derive useful information, with only some exceptions when it assumes
values in line with BB particles between 1 and 1.5. The investigation
of aerosol optical properties provided the identification of 12 mild
pollution events. The back-trajectory analysis indicated that the air
masses predominantly originated from North America between June
and August. Subsequently, a change in atmospheric circulation patterns
led to a shift in the source area towards the Euro-Asian continent.

Chemical characterization of each event was carried out, together
with a positive matrix factorization analysis, allowing for the identi-
fication of five different factors. The PMF analysis indicates that sea
salt is the major contributor in the coarse fraction of aerosol (51%),
while long-range atmospheric transport and anthropogenic sulphate
deeply contribute (31%) to the fine mode. Secondary organic aerosols,
including MSA and small organic acids, were predominantly observed
in the fine particles during the light period. Conversely, another factor
identified through PMF analysis exhibited fungal spore markers, with
higher concentrations found in the coarse particles during the summer
season. During the summer season, the notable presence of biogenic
particles, including free amino acids and organic acids, was observed
in both the coarse and accumulation modes. Further investigation is
warranted to explore the potential role of these findings in cloud for-
mation. The final factor (F5), representing the contribution of biomass
burning, accounted for only 2% of the total investigated concentration.
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It primarily consisted of specific biomass burning tracers, including
levoglucosan, L- and D-free amino acids, and oxalic acid. This factor
was predominantly associated with fine particles, indicating long-range
transport.

Back-trajectory analysis, combined with MODIS data, revealed a
weak correlation between active fires and optical and chemical mea-
surements, implying the presence of highly aged particles (i.e., over 10
days old) over Svalbard from November to December. This finding is
consistent with the existence of a layer of aged plume over the North
Pole region during the same period as observed during the MOSAiC
campaign (Engelmann et al., 2021; Boyer et al., 2022). Moreover,
the latest events identified in December may have been influenced by
emissions from home heating, given the onset of the winter season and
the southward expansion of the polar vortex.

The primary outcome of this paper is the establishment of a multi-
disciplinary approach that integrates optical and chemical data with
back-trajectory analysis. The synergy between optical and chemical
measurements can effectively distinguish biomass burning events, even
if any alteration in the evaluation criteria will inevitably impact the
number of detected events. Therefore, careful consideration must be
given to the selection and manipulation of these parameters to ensure
accurate identification of wildfires.
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