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Abstract. We analyzed long-term measurements of organic carbon, elemental carbon, and source-specific or-
ganic tracers from 2017 to 2020 to constrain carbonaceous aerosol sources in the rapidly changing Arctic. Ad-
ditionally, we used absorption photometer (Aethalometer) measurements to constrain equivalent black carbon
(eBC) from biomass burning and fossil fuel combustion, using positive matrix factorization (PMF).

Our analysis shows that organic tracers are essential for understanding Arctic carbonaceous aerosol sources.
Throughout 2017 to 2020, levoglucosan exhibited bimodal seasonality, reflecting emissions from residential
wood combustion (RWC) in the heating season (November to May) and from wildfires (WFs) in the non-heating
season (June to October), demonstrating a pronounced interannual variability in the influence of WF. Biogenic
secondary organic aerosol (BSOA) species (2-methyltetrols) from isoprene oxidation was only present in the
non-heating season, peaking in July to August. Warm air masses from Siberia led to a substantial increase in
2-methyltetrols in 2019 and 2020 compared to 2017 to 2018. This highlights the need to investigate the con-
tribution of local sources vs. long-range atmospheric transport (LRT), considering the temperature sensitivity
of biogenic volatile organic compound emissions from Arctic vegetation. Tracers of primary biological aerosol
particles (PBAPs), including various sugars and sugar alcohols, showed elevated levels in the non-heating sea-
son, although with different seasonal trends, whereas cellulose had no apparent seasonality. Most PBAP tracers
and 2-methyltetrols peaked during influence of WF emissions, highlighting the importance of measuring a range
of source-specific tracers to understand sources and dynamics of carbonaceous aerosol. The seasonality of car-
bonaceous aerosol was strongly influenced by LRT episodes, as background levels are extremely low. In the
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non-heating season, the organic aerosol peak was as influenced by LRT, as was elemental carbon during the
Arctic haze period.

Source apportionment of carbonaceous aerosol by Latin hypercube sampling showed mixed contributions
from RWC (46 %), fossil fuel (FF) sources (27 %), and BSOA (25 %) in the heating season. In contrast, the
non-heating season was dominated by BSOA (56 %), with lower contributions from WF (26 %) and FF sources
(15 %).

Source apportionment of eBC by PMF showed that FF combustion dominated eBC (70+2.7 %), whereas RWC
(22 +2.7 %) was more abundant than WF (8.0 2.9 %). Modeled BC concentrations from FLEXPART (FLEX-
ible PARTicle dispersion model) attributed an almost equal share to FF sources (51 £3.1 %) and to biomass
burning. Both FLEXPART and the PMF analysis concluded that RWC is a more important source of (¢)BC than
WEF. However, with a modeled RWC contribution of 30 4.1 % and WF of 19 £+ 2.8 %, FLEXPART suggests
relatively higher contributions to eBC from these sources. Notably, the BB fraction of EC was twice as high as
that of eBC, reflecting methodological differences between source apportionment by LHS and PMF. However,
important conclusions drawn are unaffected, as both methods indicate the presence of RWC- and WF-sourced
BC at Zeppelin, with a higher relative BB contribution during the non-heating season.

In summary, organic aerosol (281 = 106 ng m~>) constitutes a significant fraction of Arctic PMj, although
surpassed by sea salt aerosol (682 4= 46.9 ng m~3), mineral dust (613 368 ngm™3), and typically non-sea-salt
sulfate SOi_ (314 4 62.6 ngm—>), originating mainly from anthropogenic sources in winter and from natural

sources in summer.

1 Introduction

The Arctic is warming significantly faster than the rest of
the planet due to Arctic amplification (Serreze and Barry,
2011; Schmale et al., 2021). These rapid changes affect
atmospheric transport and the removal of Arctic aerosols
(Jiao and Flanner, 2016), aerosol relative source contribu-
tions (Heslin-Rees et al., 2020), vegetation, and the carbon
cycle (Kramshgj et al., 2016).

Long-range atmospheric transport (LRT) of air masses
from lower latitudes is an important driver of the Arctic
aerosol burden, since local emissions are relatively much
lower (e.g., Quinn et al., 2007). However, the importance
of LRT may be decreasing, since low-latitude anthropogenic
aerosol emissions are declining (Collaud Coen et al., 2020),
while high-latitude sources are increasing in importance.
These include, for example, increased wildfires (WFs) (Mc-
Carty et al., 2021), sea salt aerosol (SSA) (Heslin-Rees et
al., 2020), eolian mineral dust (MD) following glacial re-
treat (Groot Zwaaftink et al., 2016), and primary biolog-
ical aerosol particles (PBAPs) due to thawing permafrost
and Arctic greening (Myers-Smith et al., 2020), which is
also likely increasing biogenic volatile organic compound
emission rates and hence biogenic secondary organic aerosol
(BSOA) (Hallquist et al., 2009). These changes in sources
may also change Arctic aerosol physicochemical proper-
ties and hence their climate impact. Some PBAPs are effi-
cient ice-nucleating particles at high temperatures (Tobo et
al., 2019), while BSOA might act as cloud condensation nu-
clei or influence their activity (Riipinen et al., 2011) and
have negative feedback to the Arctic climate (Paasonen et
al., 2009). Given its relevance for the Arctic climate, there
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is a marked interest in exploring the concentration, activa-
tion temperature, composition, sources, origin, and season-
ality of Arctic ice-nucleating particles and cloud conden-
sation nuclei, as shown by Creamean et al. (2018, 2019,
2020, 2022), Hartmann et al. (2019, 2020), and Pereira Fre-
itas et al. (2023). The aerosol indirect effect is particularly
important in the Arctic, as mixed-phase clouds have a long
lifetime, possibly due to a lack of ice-nucleating particles
(Solomon et al., 2018); thus, changes in ice-nucleating parti-
cles are deemed more important than cloud condensation nu-
clei with regard to Arctic cloud radiative properties (Solomon
et al., 2018).

Understanding changes in local aerosol emissions and for-
mation, shifts in aerosol LRT, and thus alterations in aerosol
chemical composition are essential for understanding their
climate impact and the evolving Arctic environment. Long-
term observations are crucial to such an understanding. This
is especially true for carbonaceous aerosol (CA), though the
situation is somewhat more favorable for black carbon (BC),
as it has been a focus of attention due to its significant impact
on climate and albedo (Clarke and Noone, 1985; Pueschel
and Kinne, 1995; Hansen and Nazarenko, 2004; Elefteriadis
et al., 2009; Hirdmann et al., 2010). A second exception is
methane sulfonic acid (MSA) with a time series from 1977
at Alert (Sharma et al., 2019) and 1980 at Barrow (Quinn et
al., 2009), though its role in aerosol formation, growth, and
radiative forcing is still a matter of ongoing research (Hod-
shire et al., 2019).

Significant contributions to organic matter (OM) of
Eurasian origin to Arctic haze (AH) have been suggested
since the 1970s (Quinn et al., 2007), quantified mostly as a
residual fraction (Quinn et al., 2002) or from measurements
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of selected organic species (Li et al., 1993). Even short-
term, direct measurements of organic carbon (OC) or OM are
scarce (e.g., Hansen et al., 2014; Barrett et al., 2015; Ferrero
et al., 2019), limiting our understanding of even basic param-
eters such as seasonality, annual mean, or interannual vari-
ability. The nearly 2-year-long study of Ricard et al. (2002)
at Sevettjarvi (Finland) is one of three exceptions, though it
is at a latitude of < 70° N and hence not representative of the
high Arctic with, e.g., lower AH and more biogenic volatile
organic compounds in summer. Barrett and Sheesley (2017)
report 1 year of OC data at Barrow, whereas Moschos et
al. (2022) presented the most comprehensive study on Arctic
organic aerosol (OA) to this date, with up to 3 years of data
from eight Arctic sites.

OC levels are not useful in elucidating sources per se,
and supporting information is generally needed. For exam-
ple, elemental carbon (EC) (or equivalent black carbon, eBC)
demonstrates the presence of OC from fossil fuel (FF) com-
bustion and biomass burning (BB), essential to source ap-
portionment efforts and monitoring of the otherwise unper-
turbed Arctic atmosphere. Winiger et al. (2019) attributed
254+16% of EC to BB in winter and 42419 % in sum-
mer by radiocarbon (*C) analysis in their pan-Arctic study.
Further separation of BB into residential wood combustion
(RWC), WF, and agricultural waste burning requires the in-
clusion of satellite observations such as MODIS (Moderate
Resolution Imaging Spectroradiometer) (Giglio et al., 2003)
and transport modeling (Stohl et al., 2006), although season-
ality can be a useful qualifier. Stohl et al. (2013) pointed to
gas and oil industry flaring as a major source, contributing
42 % to the Arctic annual mean BC surface concentrations.
The '“C analysis by Barrett et al. (2015) shows that con-
temporary OC from biogenic emissions dominated in sum-
mer, while contemporary and fossil OC levels were approx-
imately equally large in winter. Moschos et al. (2022) used
positive matrix factorization (PMF) on spectral data derived
from water-soluble organic carbon extracts and analyzed of-
fline using an aerosol mass spectrometer. Their study identi-
fied three factors dominated by anthropogenic sources (oxy-
genated organic aerosol, Arctic haze, and primary organic
aerosol) and three factors associated with natural emissions
(methane sulfonic-acid-related organic aerosol, primary bi-
ological organic aerosol, and biogenic secondary organic
aerosol). These factors exhibited distinct seasonal patterns,
with the first three dominating in winter and the latter three
in summer.

Source-specific organic tracers identified in the Arc-
tic include levoglucosan, mannosan, and galactosan (e.g.,
von Schneidemesser et al., 2009; Fu et al., 2013; Zangrando
et al., 2013; Hu et al., 2013a; Yttri et al., 2014; Feltracco
et al., 2020), which are combustion products of cellulose
and hemicellulose serving to trace biomass burning emis-
sions (Simoneit et al., 1999). Sugars, sugar alcohols (here
glucose, fructose, trehalose, arabitol, and mannitol), and cel-
lulose are used for tracing PBAP (Graham et al., 2003; El-
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bert et al., 2007; Sanchez-Ochoa et al., 2007), with sugar
alcohols typically associated with yeast and fungal spores,
and sugars linked to pollen, fern spores, and other giant
bioaerosol (Graham et al., 2003). Cellulose, a primary com-
ponent of plant cell walls, is used to trace plant debris
(Sanchez-Ochoa et al., 2007). Sugars and sugar alcohols
have previously been detected in Arctic aerosol (e.g., Fu et
al., 2009a, 2013; Feltracco et al., 2020), but cellulose has
not been reported in these studies. Oxidation products of iso-
prene (e.g., 2-methyltetrols), monoterpenes (e.g., 3-methyl-
1,2,3-butane-tricarboxylic acid), and sesquiterpenes (e.g., 8-
caryophyllinic acid) are all BSOA species previously de-
tected in the Arctic aerosol (Fu et al., 2009b, 2013; Hansen
et al., 2014; Hu et al., 2013). Most studies measuring or-
ganic tracers in the Arctic have been limited to short time
periods or specific seasons, lacking a comprehensive under-
standing of the seasonal, annual, and interannual variability
in the sources and their impact on Arctic CA. Notable excep-
tions are the 1-year study of Hansen et al. (2014) and Yttri
et al. (2014), along with the multiseasonal investigation of
Feltracco et al. (2020).

Lack of long-term OA measurements limits knowledge
of Arctic aerosol mass closure. Furthermore, OA specia-
tion, needed for source attribution and for studying its im-
pact on cloud condensation nuclei and ice-nucleating par-
ticles is scarce. Here, we present 4 years of OC and EC,
organic tracer, and eBCgp and eBCpr measurements made
at the high Arctic Zeppelin Observatory (Ny-Alesund, Sval-
bard), providing multiyear insights to Arctic CA and the fun-
damental knowledge needed to understand changes in Arctic
cloud condensation nuclei and ice-nucleating particles and
hence the impact of a changing Arctic on regional and global
climate.

2 Experiment

2.1 Sampling site

The Zeppelin Observatory (78°5'N, 11°5"E; 472 m above
sea level, a.s.l.) is located on Mount Zeppelin on the 20 km
long and 10 km wide Brgggerhalvgya, 2 km south of the re-
mote Ny-Alesund settlement on the west coast of the Spits-
bergen island in the Svalbard archipelago (Norway; Fig. 1;
Platt et al., 2022). The 26 km long Kongsfjorden to the north-
east and the 88 km long Forlandet straight in the west sur-
round the peninsula. The observatory lies in the northern
Arctic tundra zone, surrounded by barren ground largely con-
sisting of bare stones and occasionally a thin layer of topsoil
with scarce ground vegetation, mostly growing on plains at
lower altitudes, as well as snowpacks and glaciers. There is
very little influence of emissions from the Ny-Alesund set-
tlement, as the observatory is typically above the boundary
layer.

The Svalbard climate reflects its high northern latitude
but is moderated by the North Atlantic Current, with sub-
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Europe

Figure 1. The Zeppelin Observatory located at Mount Zeppelin (472 ma.s.1.) close to the Ny—f\lesund settlement at Svalbard (78°54’0” N,
11°53’0” E) in winter (left panel) and summer (middle panel). The blue line on the map shows the Arctic Circle (66° N) (right panel). (Photo:

Ove Hermansen, NILU; map: Finn Bjgrklid, NILU).

stantially higher temperatures than at corresponding lati-
tudes in continental Russia and Canada, particularly in win-
ter. Hence, the Kongsfjorden basin is considered relatively
verdant due to its favorable microclimate, and ~ 180 plant
species, 380 mosses, and 600 lichens are registered on the
Svalbard archipelago (Vegetation in Svalbard, 2023). How-
ever, a short growing season (June to August), 4 months of
polar night, and 8 to 9 months of snow (Fig. 2) do not provide
optimal conditions for growth (Karlsen et al., 2014). Annual
precipitation in western Svalbard is around 400 mm.

The Zeppelin Observatory is part of many networks,
including the European Evaluation and Monitoring Pro-
gram (EMERP, https://www.emep.int/, last access: 31 January
2024), the Global Atmospheric Watch Programme (GAW,
https://public.wmo.int/en/programmes, last access: 31 Jan-
uary 2024), and the Arctic Monitoring and Assessment Pro-
gramme (AMAP, https://www.amap.no/, last access: 31 Jan-
uvary 2024) and is included in the EU infrastructure AC-
TRIS (Aerosols, Clouds and Trace gases Research InfraS-
tructure Network, https://www.actris.eu/, last access: 31 Jan-
uary 2024)

2.2 Sampling, handling, and storage of ambient aerosol
filter samples

We used a Digitel high-volume sampler (PM;q inlet, flow
rate of 666 L min~!, and filter face velocity of 72.1 cm s’l)
to obtain ambient aerosol filter samples. We placed the
sampling inlet 2m above the observatory roof and 7m
above ground level. We collected aerosol particles on pre-
fired (850 °C; 3h) quartz fiber filters (Pallflex Tissuquartz
2500QAT-UP; 150 mm in diameter) at a weekly time resolu-
tion. There was some variability in the sampling time, typi-
cally due to harsh weather conditions. We used a quartz fiber
filter behind quartz fiber filter (QBQ) setup to estimate the
positive sampling artifact of OC (McDow and Huntzicker,
1990). We shipped the filters in their respective filter holders,
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wrapped in baked aluminum foil, and placed them in double
ziplock bags. Before exposure and analysis, we stored the
samples in a freezer (—18 °C). For each 1.5 month of sam-
pling, we assigned one field blank, which was treated in the
same manner regarding the preparation, handling, transport,
and storage as the exposed filters, except that they were not
inserted in the sampler.

We collected the aerosol filter samples from 5 January
2017 to 4 January 2021, as part of the Norwegian national
monitoring program (Aas et al., 2020)

2.3 Measurement of OC and EC

We performed thermal-optical analysis (TOA) using the
Sunset Laboratory, Inc., OC / EC aerosol analyzer. We used
the transmission for charring correction and operated the in-
strument according to the EUSAAR-2 temperature program
(Cavalli et al., 2010). As part of the joint EMEP/ACTRIS
quality assurance and quality control effort, we regularly
intercompared the performance of the OC / EC instrument
(e.g., Cavalli et al., 2016).

2.4 Measurement of organic tracers

2.4.1 Monosaccharide anhydrides, 2-methyltetrols,
sugars, and sugar alcohols

We determined concentrations of monosaccharide anhy-
drides, sugar alcohols, 2-methyltetrols, monomeric, and
dimeric sugars in PM;jq filter samples using ultra-
performance liquid chromatography (UPLC) (Vanquish UH-
PLC, Thermo Fisher Scientific) in combination with Q Ex-
active™ Plus Orbitrap (Thermo Fisher Scientific) operated
in the negative electrospray ionization (ESI) mode, with a
resolution of 70 000 FWHM (full width at half maximum) at
200 Da.

We added an isotopically labeled internal standard to filter
punches (2 x 1.5 cm?) which were submerged in precleaned

https://doi.org/10.5194/acp-24-2731-2024
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Figure 2. Panels show monthly mean concentrations for 2017 to 2020 and box plots (mean, 25th, 50th, 75th percentiles, and interquartile
range (IQR)) for 2017 to 2020 at Zeppelin Observatory for (a) OC, (b) EC and EC / TC, (c) eBCpp, eBCpp, and eBCpp/eBC. (d) Ambient
temperature and days with snow on the ground. Concentrations in panels (a)—(c) are measured in the PMq size fraction.

tetrahydrofuran (THF) (2mL) in separate screw-neck am-
ber glass vials, which we subjected to ultrasonic extraction
(30 min). We transferred the solute to a centrifuge tube us-
ing pipetting and repeated this step twice. Afterward, we
evaporated the solute to 0.4 mL, spun it (10 min; 2000 rpm,
revolutions per minute), and transferred and evaporated it
to dryness in a screw-neck amber glass vial. The sample
volume was redissolved in 0.25 mL precleaned THF/Milli-
Q water (55 : 45) and placed in a Whirlmix before analysis.
The extraction procedure was equal to that of Dye and Yttri
(2005). We used two columns in series for separation (two
3.0mm x 150 mm HSS T3, 1.8 um; Waters Inc.), using iso-
cratic elution (Milli-Q; 18.2 M€2), and flushing with acetoni-
trile (high purity) at the end of the run. The Milli-Q water was
purified using an EDS-Pak Polisher containing activated coal
(Merck KGaA, Darmstadt, Germany) and a LC-Pak cartridge
(Merck KGaA, Darmstadt, Germany) containing reversed-
phase silica.

We identified all species based on the retention time and
mass spectra of authentic standards, using isotope-labeled
standards of levoglucosan, galactosan, mannitol, arabitol,
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trehalose, and glucose as recovery standards (Table S1 in
Yttri et al., 2021). The limit of detection (LOD) was 1
to 3pgm~> for the monosaccharide anhydrides, 1 pgm™>
for the 2-methyltetrols, 4 pgm~3 for the sugar alcohols,
6pgm~> for the dimeric sugars, and 8pgm~> for the
monomeric sugars.

2.4.2 Measurement of cellulose

We based the analysis of free cellulose on the saccharifica-
tion of cellulose and subsequently quantified the glucose pro-
duced, following the method by Kunit and Puxbaum (1996).
We switched the final detection of glucose from a photo-
metric method to HPAEC PAD (high-performance anion ex-
change chromatography with pulsed amperometric detec-
tion), similar to Qi et al. (2020). We extracted filter aliquots
with a citrate buffer (0.05 M citric acid) adjusted to pH 4 and
added thymol to a final concentration of 0.05 % to prevent
bacterial growth. We enhanced extraction by ultrasonic ag-
itation. We added enzymes (Trichoderma reesei cellulase;
Aspergillus niger cellobiase), which had been precleaned by
ultrafiltration to reduce glucose blanks, for saccharification.

Atmos. Chem. Phys., 24, 2731-2758, 2024
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We stopped saccharification (at 45 °C) after 24 h by heat-
ing the samples to 80 °C. We analyzed glucose on a Dionex
ICS-3000 equipped with a CarboPac MA1 column, using a
sodium hydroxide gradient reaching from 480 mM NaOH to
630 mM. We corrected the results with the free glucose con-
tained in the samples.

2.5 Radiocarbon measurements

We conducted '*C-measurements of total carbon (TC) and
EC by complete combustion of the untreated quartz fiber
filter and after removal of OC, respectively, using thermal—
optical analysis (760 °C; pure Oy) coupled with an online
measurement in an accelerator mass spectrometer (Agrios et
al., 2015). For a detailed description of the analytical method
and data processing, see Rauber et al. (2023).

Selection criteria for samples subject to radiocarbon
analysis

We picked one-two filter samples for each month of the year
from samples collected from 2017 to 2018 to capture the sea-
sonal variability in the source composition (Table S3 in the
Supplement). No valid solution was found for the samples on
5-13 December 2017 when using the Latin hypercube sam-
pling (LHS) approach (Sect. 2.8), hence the low coverage for
December (6 %) compared to September (77 %). We pooled
two consecutive samples for the months of June, July, Au-
gust, September, October, and December to meet the LOD
(3 ugC) for EC. Moreover, we aimed for the front : back fil-
ter carbon content ratio > 3, but this criterion was not met for
one of the samples in June, September, and October and for
two samples in December.

We analyzed 14C_TC on both front and back filters, while
14C_EC was analyzed only on front filters. To measure *C—
EC, we used three circular punches (22 mm diameter) from
the filter sample aliquot (16.6 cm?). We used the remaining
front filter area (5.2 cm?) for *C—TC analysis, along with an
equivalent area of the back filter.

2.6 Measurement of the aerosol absorption coefficient
by multiwavelength Aethalometer

We obtained measurements of aerosol absorption coefficient
(Babs) using a seven-wavelength (370, 470, 520, 590, 660,
880, and 950 nm) absorption photometer (AE33 Aethalome-
ter, Magee Scientific) downstream of a PMjg inlet, yield-
ing equivalent black carbon (eBC) by normalization with
co-located EC measurements. We determined two eBC cate-
gories using a novel application of positive matrix factoriza-
tion (PMF) (Yttri et al., 2021). These categories were based
on the aerosol Angstr(zsm exponent (AAE), with one hav-
ing a low AAE (~ 1), resulting from efficient combustion
of mainly liquid fossil fuel, denoted eBCrp, and the other
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having a high AAE (~ 1.6), mainly associated with biomass
burning (eBCgp) and possibly residential coal combustion.

2.7 Auxiliary data

We downloaded concentrations of SOi_, Cl—, Na*, KT,
Mg?*t, Ca®*, Al, Fe, Mn, and Ti from the EBAS data
repository (https://ebas-data.nilu.no/, last access: 31 January
2024). Inorganic anions and cations were obtained using a
NILU (Norwegian Institute for Air Research) stacked fil-
ter unit (SFU) collecting aerosol particles on Teflon filters
(2 um pore; 47 mm Zefluor Teflon, Gelman Sciences). The
SFU has a downward-facing inlet that effectively reduces
the sampling efficiency for aerosol particles with an equiv-
alent aerodynamic diameter (EAD) larger than 10 pum (Groot
Zwaaftink et al., 2022). Elements were obtained from paper
filters (Whatman 41) using a high-volume air sampler, with
an inlet discriminating against aerosol particles with an EAD
larger than 3 ym.

We calculated sea salt (ss) aerosol (SSA) according to
Egs. (1)-(5), and mineral dust (MD) according to Egs. (6)
and (7). We assumed Al, Fe, Mn, and Ti to be associated
exclusively with mineral dust and present as Al,O3, Fe,O3,
MnO, and TiO, (Alastuey et al., 2016). Si data were not
available and thus estimated based on an empirical factor
(Eq. 7), which was assumed to be present as SiO5.

[SSA] = [Na™] +[CI™] + [ssKt] 4 [ssMg>*]

+ [55Ca?T] 4 [ssSO7 7] (1
[ssK*] = [Nat] x 0.037 (2)
[ssMg?*] = [Nat] x 0.12 (3)
[ssCa’t]=[Na*t] x 0.038 4)
[ssSO3~] = [Na*] x 0.252 (5)
[MD] = [SiO;] 4 [Al,03] 4 [Fe;03] + [MnO] + [TiO2]  (6)
[SiO5] = 2.5 x [ALO3] (7)

2.8 Source apportionment of carbonaceous aerosol by
Latin hypercube sampling

We used a Latin hypercube sampling (LHS) approach (Ge-
lenscer et al., 2007; Yttri et al., 2011b) for the source ap-
portionment of CA, using l4c, organic tracers, and OC and
EC measurements from 13 samples (Table S3) as input.
We quantified the following seven CA fractions: EC from
the combustion of biomass (ECpp) and fossil fuel (ECy),
OC from the combustion of biomass (OCpp) and from fos-
sil fuel sources (OCyr), primary biological aerosol particles
(OCpgap), being the sum of plant debris (OCppc) and fungal
spores (OCpps), and secondary organic aerosol (SOA) from
biogenic precursors (OCgspa). Our calculations were based
on similar equations and emission ratios (ERs) to those pre-
sented in Yttri et al. (2011b), except that we used 4C_EC to
calculate OCgp and ECpg. We have provided updated equa-
tions and ERs in Tables S1 to S2. At a remote site like Zep-
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pelin, where BB emissions originate from distant source re-
gions, "C-EC seems a better option for apportioning BB
emission than levoglucosan, assuming the significant deple-
tion of levoglucosan under such conditions. Calculated con-
centrations and fractions of the CA categories are presented
in Tables S3 and S4. The NH season was covered by 98d,
while the heating (H) season was covered by 54 d.

2.9 FLEXPART modeling

We calculated BC concentrations at Zeppelin using the La-
grangian particle dispersion model FLEXPART (FLEXible
PARTicle dispersion model) version 10.4 (Pisso et al., 2019).
FLEXPART released computational particles every 3 h for
the whole study period at the Zeppelin Observatory, which
were tracked backward in time. The model was driven
by ERAS (Hersbach et al., 2020) assimilated meteorologi-
cal analyses from the European Centre for Medium-Range
Weather Forecasts (ECMWF) with 137 vertical layers, a hor-
izontal resolution of 0.5° x 0.5°, and 1h temporal resolu-
tion. We kept the particles in the simulation for 30d after
release, sufficient to include most BC emissions arriving at
the site, given a typical BC lifetime of 1 week (Bond et
al., 2013). FLEXPART simulates the dry and wet deposition
of gases or aerosols (Grythe et al., 2017), turbulence (Cas-
siani et al., 2015), and unresolved mesoscale motions (Stohl
et al., 2005) and includes a deep convection scheme (Forster
et al., 2007). Footprint emission sensitivities were calculated
at spatial resolution of 0.5° x 0.5°. We assumed that BC has
a density of 1500 kg m~3, following a logarithmic size distri-
bution with an aerodynamic mean diameter of 0.25 ym and a
logarithmic standard deviation of 0.3 (Long et al., 2013).

The footprint emission sensitivities express the probability
of any release occurring in each grid cell to reach the receptor
site. When coupled with gridded emissions from any emis-
sion inventory, it can be converted to the modeled concentra-
tion at the receptor site. To derive the contribution to the re-
ceptor BC from different sources, we combined each gridded
emission sector (e.g., gas flaring and transportation) with the
footprint emission sensitivity. We used anthropogenic emis-
sions from the latest version (v6b) of the ECLIPSE (Eval-
uating the CLimate and Air Quality ImPacts of Short-livEd
Pollutants) dataset, which is an upgraded version of the pre-
vious version 5a, as described by Klimont et al. (2017). The
inventory (provided with a spatial resolution of 0.5° x 0.5
monthly) includes the following:

— industrial combustion (IND), with emissions from in-
dustrial boilers and industrial production processes;

— energy production (ENE), with combustion processes in
power plants and generators;

— residential (domestic) and commercial sector (DOM),
with combustion in heating, cooking stoves, and boilers
in households, public, and commercial buildings;
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waste treatment and disposal sector (WST), with emis-
sions from waste incineration and treatment;

— transport sector (TRA), with emissions from all land-
based transport of goods, animals, and persons on road
and off-road networks, including domestic shipping and
aviation;

— emissions from international shipping activities (SHP);
and

— gas flaring (FLR), with emissions from oil and gas fa-
cilities.

The ECLIPSEv6b dataset provides emission data at 5-year
intervals. These emissions are then interpolated to annual
emissions, according to the trend in geographical areas
considered in ECLIPSE (Klimont et al., 2017). The tem-
poral variation in the emissions of all sectors was pro-
vided by IIASA (Klimont et al., 2017). WF emissions were
adopted from the Global Fire Emission Dataset version 4.1
(GFEDv4.1). The product combines satellite information on
fire activity and vegetation productivity to estimate the grid-
ded monthly burned area and fire emissions, as well as scalars
that we can use to calculate higher temporal resolution emis-
sions. All data are publicly available for use in large-scale
atmospheric and biogeochemical modeling (van der Werf et
al., 2017). Emission factors to compute BC emissions are
based on Akagi et al. (2011). The spatial resolution of the
current version (v4) is of 0.25° x 0.25° (daily).

To distinguish between modeled BCyp and BCyr, we com-
bined contributions to receptor concentrations from (i) DOM
and WF and (ii) ENE, FLR, IND, WST, SHP, and TRA, re-
spectively.

3 Results and discussion

Monthly mean concentrations of OC, EC, and organic trac-
ers at Zeppelin Observatory are presented in Figs. 2 and 3
and annual and seasonal means in Table 1. Our study is the
first presenting eBCpp and eBCrr data (Fig. 2) derived from
multiwavelength Aethalometer measurements in the Arctic,
and we compare them with BCgp and BCgr data obtained
from the FLEXPART model (Table 3; Figs. 4 and S1 in the
Supplement) and with ECgp and ECgr data from the LHS
approach (Sect. 3.2.2) (Tables 4 and S3 to S4). CA source ap-
portionment by the LHS approach is presented in Fig. 5 and
Tables S3 to S4. We discuss our data according to the peri-
ods June to October, representing the growing season and the
non-heating season (NH season), and November to May, cov-
ering the non-growing season and the heating season (H sea-
son). These are obviously not absolute definitions. Phenom-
ena of high relevance to the Arctic aerosol, such as boreal
WF emissions, thus largely reside in the NH season, whereas
the accumulation of anthropogenic emissions from Eurasia
in winter and spring, known as AH, is part of the H season.

Atmos. Chem. Phys., 24, 2731-2758, 2024



2738

Comparison is made with Birkenes Observatory (southern
Norway), representative of the lowest CA levels in regional
background Europe (Yttri et al., 2021) (Tables S5 and S6),
with Ispra, a regional background site in the Po Valley (north-
ern Italy), one of Europe’s most polluted regions (Table 5S),
and the Trollhaugen Observatory (Antarctica) (Table S7).

3.1 Elemental carbon and organic carbon

The interannual variabilities in EC (34 %) and OC (38 %)
were comparable to SO?[ (40 %). Like OC, SO?[ can have
both primary or secondary sources, originate from LRT or
local emissions, and stem from natural and anthropogenic
sources. Notably, its time series spans back to 1991 (Platt
et al., 2022). The annual mean concentrations ranged from
6.5 to 16.3ng carbon (C)m~3 for EC and from 90.3 to
197ngCm™3 for OC. These levels are amongst the low-
est globally but still notably higher compared to Antarc-
tica (1.9ng ECm~3; 12.2ng OC m~?) (Table S7) (Rauber et
al., 2024). Particulate OC (OCp) had an estimated conserva-
tive concentration of 68.3 to 165ng C m™3 after accounting
for the positive sampling artifact (OCp). CA levels were par-
ticularly high in 2020 due to a major LRT episode in July
(Sect. 3.6.1), with EC and OC increased by factors of 1.6
and 1.9, respectively, compared to the mean of the previous
3 years. For SOi_, the increase in 2020 was only 1.25.

The annual mean concentration of OM (2814106 ng m~3)
was less than for sea salt aerosol, mineral dust, and even non-
sea-salt (nss) SOi_, although not for all 4 years considered

(OM > nss SO?[ for 2020) (Table 2).

Elevated EC concentration in the H season corresponds
with the AH phenomenon (Shaw, 1995) and is consistent to
that previously shown for eBC (Eleftheriadis et al., 2009) and
SO}[ (Quinn et al., 2007; Platt et al., 2022). However, three
of the four highest weekly EC concentrations occurred in the
NH season (Sect. 3.6). The mean EC concentration in the NH
season was 5 times lower than at the Birkenes Observatory
and close to 2 orders of magnitude lower than Ispra. EC in-
creased by a factor of 2 during the H season compared to the
NH season, due to more efficient transport of air masses to
the Arctic in winter (Ottar, 1989) and by AH accumulation in
winter and spring (Shaw, 1995). The EC level at Zeppelin in
the NH season was 8 times lower than at Birkenes and nearly
60 times lower than at Ispra.

OC levels at Zeppelin was 7 times lower than at the Nor-
wegian mainland both for the H and NH seasons. In the H
season, levels at Zeppelin were more than 50 times lower
than in the polluted Po Valley region, while slightly more
than 1 order of magnitude lower in the NH season.

OC seasonality (Fig. 2) was characterized by a dip in May
and June, which is a transition period between the elevated
levels seen for the AH period and the midsummer. Contem-
poraneous measurements of organic tracers (BB, BSOA, and
PBAP), EC, eBCpp, and eBCrf largely explained the sea-
sonality. EC was elevated throughout the AH period, point-
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ing to a dominant contribution of OC from the combustion
of FF and BB, whereas BSOA and PBAP tracers (except for
cellulose) did not start increasing until June. Note that Fu
et al. (2009b) found terpene oxidation products, such as 3-
methyl-1,2,3-butane-tricarboxylicacid (3-MBTCA) to be el-
evated compared to most isoprene oxidation products during
the AH period at Alert (Canadian Arctic) and that only iso-
prene oxidation products were measured in the present study.
Furthermore, results presented in Sect. 3.5 suggest a 25 %
BSOA contribution to CA, even in winter. The BB tracer
levoglucosan experienced a significant decrease from Febru-
ary to March, suggesting that OC from fossil sources became
more prominent as the AH period progressed. However, we
speculate that there was a substantial degradation of levoglu-
cosan, starting from the end of the polar night (15 February)
or as daylight hours increased, as no similar decrease was
observed for eBCgg. This degradation might be due to fac-
tors such as aerosol particle scavenging by low-level Arctic
clouds, which is known to peak in early spring for BC (Zieger
et al., 2023), and subsequent depletion by water-phase reac-
tions. BB, BSOA, and PBAP tracers typically peaked in July
and August, but whereas BSOA tracers decreased abruptly
in early fall, PBAP tracers persisted to late fall, whereas BB
tracers, EC, eBCpp, and eBCpF started increasing again to-
wards the end of the year.

Of the 10 highest OC concentrations, 8§ were observed in
the NH season, while for EC, 7 of the 10 highest concentra-
tions were observed in the H season. Low emissions within
the Arctic make OC, and EC, seasonality susceptible to LRT
episodes, and we find that the OC peak in the NH season is as
strongly influenced by LRT as is EC during AH. We discuss
three of these episodes in Sect. 3.6.

3.2 Biomass burning and fossil fuel combustion sources
3.2.1 Levoglucosan

Annual mean levoglucosan concentrations ranged from
0.335 to 0.919ngm™3, which is comparable to the annual
mean (0.680 ng m~3) reported for Zeppelin for March 2008
to March 2009 (Yttri et al., 2014). The interannual variability
was 40 %, similar to major aerosol constituents such as OC
and SOi_. In 2020, the annual mean was twice as high as the
mean of the previous 3 years, with an increase attributed to
elevated monthly means (~ 2ng m~>) in February, July, and
October (Fig. 3).

Increased levels and peak concentrations of levoglucosan
in the H season reflected RWC emissions, as shown by Yt-
tri et al. (2014). Increased levels in July and August were
not shown by Yttri et al. (2014), partly due to missing data,
although impact from wild and agricultural fires was pre-
dicted by modeling. In the present study, increased levels in
July and August were a hallmark of the levoglucosan time
series, pointing to the importance of WF emissions. FLEX-
PART model transport of modeled BC emissions also showed
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Figure 3. Panels show monthly mean concentrations for 2017 to 2020 and box plots (mean, 25th, 50th, 75th percentiles, and IQR) for
2017 to 2020 at Zeppelin Observatory for (a) levoglucosan and levoglucosan/mannosan; (b) 2-methylerythritol (2-MET) and 2-MT/2-MET;
(c) mannitol and arabitol and mannitol/arabitol; (d) fructose and glucose; (e) trehalose; and (f) cellulose. All variables are measured in the

PM size fraction.

a substantial influence of WF emissions for July and August
(2017 to 2020) (Fig. S1). The levoglucosan concentration in
the 2020 NH season was ~ 3 times higher than the average
of the 3 previous years, demonstrating a pronounced inter-
annual variability in WF influence at Zeppelin. The levoglu-
cosan to mannosan ratio (L / M) was lower for the NH sea-
son (4.8 £ 1.2) compared to the H season (7.5 = 1.9) (Fig. 3;
Table S6) and might reflect a shift from WF and agricultural
waste burning in the NH season to RWC in the H season. Our
findings correspond with L / M ratios below 5 in summer at
Gruvebadet (Ny-/o\lesund) (Feltracco et al., 2020). However,
we did not observe the very high L /M ratios, occasionally

Atmos. Chem. Phys., 24, 2731-2758, 2024

exceeding 40, that have been attributed to emissions from
crop residue burning in Asia during the spring.

3.2.2 ECpg and ECgf obtained from radiocarbon
measurements and LHS

Tracer-based LHS source apportionment found that BB was
the primary source of EC in all but one sample (Tables S3
and S4). On average, 61 = 15 % of EC was attributed to BB,
with this percentage varying by season, with 67 &5 % in the
NH season when EC levels were low and influenced by WF,
and 57418 % in the H season when RWC dominated. Our re-
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Table 2. Estimated annual mean concentrations (Egs. 1-7) of sea salt aerosol (SSA), mineral dust (MD), non-sea-salt sulfate (nss SOi_),
organic matter (OM = OC x2.2; Turpin and Lim, 2001), and elemental carbon (EC) at Zeppelin Observatory from 2017 to 2020 (units

in ng m™3).
SSA MD*  nss SO3~ oM EC
2017 730 559 381 265 11.6
2018 618 279 243 199 6.5
2019 697 477 283 225 12.5
2020 684 1136 349 434 16.3
Mean+SD  682+46.9 613+£368 314+62.6 281+106 12+4.0

* 3 um EAD size fraction (10 um EAD for other variables).

100
[ BCur/BC (Non-heating season)

B BCrw/BC (Heating season)
[ BCr#/BC (Non-heating season)
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50 4

Per cent (%)

254

2017 2018 2019 2020

Figure 4. eBC (PMF) (without diagonal lines) and BC (FLEX-
PART) (with diagonal lines) apportioned to biomass burning (BB)
and fossil fuel (FF) combustion according to the heating season and
non-heating season. BB is denoted wildfire (WF) in summer and
residential wood combustion (RWC) in winter. These figures refer
to the Zeppelin Observatory (2017 to 2020). For simplicity, we state
BC for all methods, while the correct term is eBC for PMF and BC
for FLEXPART.

sults showed a much higher BB fraction in the H season than
Winiger et al. (2019) for the H season from 2012 to 2013
(36 % to 39 %), whereas it matched that of the AH period in
2009 (57 21 %) (Winiger et al., 2015). The BB fraction in
NH season was slightly higher than the 58 % to 62 % range
for the NH season in 2013 (Winiger et al., 2019). Notably,
differences in the sample preparation and in '*C analytical
protocol should be considered, along with interannual vari-
ability, to seek an explanation for the observed differences.
The weekly maximum BB fraction of EC in February
2017 (81 %) was somewhat lower than the extremely high
(95 % to 98 %) daily BB fractions during AH at Zeppelin in
2009 (Winiger et al., 2015). Although no conclusive expla-
nation was given for the extreme values reported by Winiger
et al. (2015), it cannot be excluded that BB emissions can
dominate for an entire week. eBCgp apportioned by PMF
(Sect. 3.2.3) supports nearly exclusive (90 %) BB contribu-
tions for 24 h (Fig. S2) but not for an entire week (80 %)
(not shown). Notably, Kongsfjorden has around 20 cabins
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and a few research stations, and wood is used for heating
in these facilities when in use. Hence, emissions from these
sources cannot be excluded. The weekly minimum BB frac-
tion for January 2018 (21 %) was much lower compared
to the lowest percentage reported by Winiger et al. (2015)
(39 %). FLEXPART footprints for the February 2017 and the
January 2018 samples were similar, covering northwestern
Russia and northeastern Greenland (not shown) and provid-
ing no further insight to their extreme values, and thus “high-
lights the complexity of BC in the Arctic atmosphere, where
the generally low BC levels may be strongly influenced by
point sources or occasional combustion practices” (Winiger
et al., 2015).

3.2.3 eBC from biomass burning and fossil fuel
combustion obtained from PMF and FLEXPART
modeling

The eBC (sum of eBCgp and eBCgp) and EC time series
were similar, with enhanced levels during AH, a small in-
crease in midsummer, and a slight increase towards the end
of the year. FF was the major fraction of eBC annually
(70 £2.7 %), in the H season (71 2.7 %), and in the NH
season (67 6.7 %) (Table 3; Fig. 4).

Previous modeling studies indicate that WF is the primary
source of Arctic BC during summers (Stohl et al., 2013;
McCarty et al., 2021). The 'C EC measurements support
this for Zeppelin but not for other high Arctic observato-
ries (Table 4; Winiger et al., 2019). In our study, 27 %—
42 % of eBC was attributed to WF emissions in the NH sea-
son, which is lower than previous findings. Our estimate as-
sumes that all eBCgp in the NH season comes from WF
emissions (eBCwg) and from residential wood combustion
emissions (eBCrwc) in the H season. Neither eBCwg nor
eBCrwc dominated on a monthly basis (Fig. S3), although
they came close in October 2017, July 2020, and October
2020, accounting for 46 % to 48 %. The annual contribution
of eBCwp to eBC was estimated to be 5.4 % to 12 %, while
eBCrwc contributed 20 % to 26 %, highlighting that RWC is
a larger source of eBC compared to WF.

Atmos. Chem. Phys., 24, 2731-2758, 2024
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Figure 5. Source apportionment using the LHS approach (Sect. 2.8). Panels show monthly mean concentrations and relative contributions
for samples collected in 2017 to 2018 at Zeppelin Observatory for (a) biogenic secondary organic aerosol (OCggpoa) and OCggoa /TC;
(b) primary biological aerosol particles (OCpgap), being the sum of fungal spores (OCpgs) and plant debris (OCpgc), and OCpgap/TC;
(c¢) biomass burning (OCggp, OCggp/TC) and fossil fuel sources (OCgg, OCgg/TC); and (d) fossil fuel (ECgg, ECFr/TC) and biomass
burning (ECgg, ECgp/TC).

Table 3. Annual, heating season, and non-heating season contributions of BB and FF to eBC (PMF) and BC (FLEXPART). BB is denoted
RWC in the heating season and WF in the non-heating season. Heating season and non-heating season contributions of levoglucosan are
included. This refers to Zeppelin Observatory from 2017 to 2020. The unit is percent (%).

2017 2018 2019 2020 Mean+SD  Mean £ SD
PMF FLEXPART PMF FLEXPART PMF FLEXPART PMF FLEXPART PMF FLEXPART
Annual
eBCpr/eBC 71 54 68 47 73 53 67 50 70+£2.7 51+3.1
eBCpp/eBC 29 46 32 53 27 47 33 50 30+2.7 49+3.1
Heating season
eBCpr/eBC 73 59 67 51 73 58 70 57 71+2.7 56+3.6
eBCrwc/eBC 27 41 33 49 27 42 30 43 29427 44+3.6
Non-heating season
eBCpr/eBC 65 43 72 35 73 41 58 37 67+6.7 39+3.3
eBCwr/eBC 35 57 28 65 27 59 42 63 33+6.7 61+3.3
Seasonal/annual
eBCgr H-s/eBCFF 71 73 80 80 78 79 75 74 77+1.8 77+3.8
eBCrg_NH-s/ eBCrp 23 27 20 20 22 21 25 26 23+1.8 23+3.8
eBCrwc/eBCgB 69 58 83 68 78 65 65 55 74+8.2 62+6.0
eBCwr/ eBCpp 31 42 17 32 22 35 35 45 26+8.2 38+6.0
Seasonal/annual
eBCgg y—s/eBC 55 39 54 38 56 42 50 37 54+2.8 39+24
eBCfgr NH-s/eBC 16 14 14 9 16 11 17 13 16+1.2 12+2.3
eBCrwc/eBC 20 27 26 36 21 31 22 28 22427 30+4.1
eBCwp/eBC 8.9 20 54 17 6.1 16 12 22 8.0+£2.9 19+2.8

Note: eBC is the equivalent black carbon; FF is the fossil fuel; BB is the biomass burning; H-S is the heating season; NH-S is the non-heating season; Levo is the levoglucosan; WF is the wildfire;
and RWC is the residential wood combustion. For simplicity, we state eBC for both PMF and FLEXPART methods, while the correct term is BC for FLEXPART.
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Table 4. BB and FF fractions of BC (monthly weighted) obtained by different approaches (PMF, FLEXPART, and Radiocarbon; LHS)
for non-heating season and heating season. Means are based on identical time periods (see Table S3). JJASO is for June to October, and

NDJFMAM is for November to May.

Methodology Annual ‘ NH season (JJASO) ‘ H season (NDJFMAM)

BCpg/BC BCpr/BC | BCgg/BC BCgr/BC | BCgg/BC BCgp/BC
PMF 27414 73414 31+11 69411 | 25+16 75416
FLEXPART 4545 5545 48+18 52418 | 42410 58410
Radiocarbon, LHS 61+15 39415 67+5 33+5 | 57418 43+18

Note that for simplicity we state BC for all methods, while the correct term is eBC for PMF, BC for FLEXPART, and EC for Radiocarbon,

LHS.

FLEXPART predicted an almost equal share of BC from
BB and FF annually, whereas BCgg (56 & 3.6 %) dominated
in the H season and BCgg (61 £3.3 %) in the NH season
(Table 3), similar to results found in Stohl et al. (2013). For a
direct comparison, BCwr (and BCrwc) was calculated simi-
larly from FLEXPART BCgp output as eBCwp from eBCgp
by PMF; i.e., BCwr equals all BCgp in the NH season,
whereas BCrwc equals all BCgp in the H season. Compar-
ing this proxy BCwr with the FLEXPART-modeled BCwr
provided a ratio of 0.97 to 1.09 for 2017 to 2020, indicating
that the BCwgr proxy is a sound approximation. With 16 % to
22 % of BC attributed to WF and 27 % to 36 % to RWC an-
nually (Fig. 4; Table 3), FLEXPART concludes, in the same
way as PMF, that RWC > WF but suggests higher percent-
ages for WF and RWC fractions.

Neither PMF nor FLEXPART seem to fully reflect the pre-
dominant role of BC from WF above 50° N, which McCarty
et al. (2021) suggest are larger than the emissions from an-
thropogenic residential combustion, transportation, and flar-
ing combined. In 2020, 56 % of the BC emissions north of
65° N were attributed to open biomass burning by McCarty
et al. (2021), whereas 12 % (PMF) and 22 % (FLEXPART)
of (e)BC was attributed to WF at Zeppelin for 2020 in the
present study. Spatial variability and vertical distribution of
the emissions might explain part of the discrepancy, as might
midlatitude emissions below 65° N, being less influenced by
WE. Vertically resolved BC concentrations in the Arctic in
spring and summer, based on aircraft measurements, show a
decrease with increasing altitude (Juranyi et al., 2023), but
this remains yet to be confirmed for BC from WF.

For the BB tracer levoglucosan, the fraction observed in
the NH season (36 % to 64 %), corresponding to the WF frac-
tion, was higher than seen for both eBCwr (17 % to 35 %)
(PMF) and BCwr (32 % to 45 %) (FLEXPART). However,
the degradation of levoglucosan during LRT and lack of rep-
resentative (e)BC /levoglucosan ERs for a vast number of
fuel categories, vegetation types, and combustion conditions
implies considerable uncertainty in deriving the RWC / WF
(e)BC split using this technique.

Comparing PMF results to the few samples subjected to
14C measurements and source apportionment by tracer-based

https://doi.org/10.5194/acp-24-2731-2024

LHS showed that these two approaches were on opposite
ends of the scale, with FLEXPART in between (Table 4). Ra-
diocarbon measurements and LHS estimated a BB fraction
twice as high as the PMF approach, but all three methods
agreed on a higher BB fraction in the NH season than in the
H season. Notably, BB and FF fractions of eBC derived from
PMF were more aligned with those from radiocarbon mea-
surements at Zeppelin in 2012 to 2013 (Winiger et al., 2019)
and with fractions derived from levoglucosan measurements
at Zeppelin in winter 2008 to 2009 (Y'ttri et al., 2014). How-
ever, interannual variability makes such a comparison indica-
tive only. Consideration of methodological differences is es-
sential. Crucial steps of '*C—EC measurements include pre-
venting EC loss during OC removal and avoiding OC mix-
ing with the minor EC fraction, thus impacting its mod-
ern vs. fossil fuel signature. The advancements in the an-
alytical approach used in this study (Rauber et al., 2023)
specifically aimed to improve these critical steps. Addition-
ally, eBC derived from Aethalometer measurements provides
no information on the age of carbon undergoing combus-
tion but reflects the wavelength dependence of the absorp-
tion linked to the combustion condition (Garg et al., 2016).
Consequently, the eBCgr factor obtained by PMF could also
contain emissions from combustion of biofuels, observed as
modern carbon by '#C measurements. Conversely, emissions
from coal combustion might contribute to the eBCpp factor.
Terms like liquid fuel instead of fossil fuel and solid fuel
instead of biomass burning could be more appropriate, but
we maintain the notation for comparability with '*C-based
apportionment and Aethalometer model studies (Sandradewi
et al., 2008). Applying the Aethalometer model approach
with an Angstr;zsm exponent pair of (1,2) (Sandradewi et
al., 2008) and (0.9, 1.68) (Zotter et al., 2017), yields annual
eBCgp contributions of 32 % and 29 %, supporting our more
novel PMF approach (27 £ 14 %) (Table 4). Furthermore, we
note that the Angstrgz)m exponents obtained from the PMF
(1, 1.6) are consistent with the distribution of Angstr;zsm ex-
ponents observed at various sites across Europe (e.g., To-
bler et al., 2021). Despite the differences in the estimated
contribution size from biomass vs. fossil fuel sources be-
tween '*C—EC measurements and eBC by PMF, important
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conclusions drawn are unaffected. For instance, both meth-
ods indicate the presence of residential wood combustion and
wildfire-sourced black carbon at Zeppelin, with a higher rel-
ative BB contribution during the non-heating season.

Nearly exclusive (90 %) contributions to eBC were seen
for both eBCgp and eBCrp for periods of 24h (Fig. S2;
upper left panel). This corresponds with 24 h '*C—EC data
from Zeppelin dominated (EC fi, > 95 %) by contemporary
carbon (Winiger et al., 2015) and 14C_EC data dominated
(EC fir > 95 %) by fossil carbon observed at other high Arc-
tic sites (Winiger et al., 2019). Exclusive contributions were
most frequent for eBCrr and seen for 1.1 % of the dataset
compared to 0.1 % for eBCpp. Hence, with a few exceptions,
eBCgp and eBCgp co-appear.

3.3 Biogenic secondary organic aerosol —
2-methyltetrols

The 2-methyltetrols (here the sum of 2-methylerythritol
and 2-methylthreitol) are primarily formed from the acid-
catalyzed multiphase chemistry of isoprene epoxydiols
(IEPOX) (Surratt et al., 2010; Lin et al.,, 2012; Cui et
al., 2018), which are important low-NO, oxidation products
of isoprene (Paulot et al., 2009), the biogenic volatile organic
compound (500 TgCyr~!) emitted in the highest amount
globally (Williams and Koppmann, 2007), and an important
source of BSOA (Hallquist et al., 2009; Noziere et al., 2015).
Their low-level presence in the Arctic has been demonstrated
in only a few studies covering a few months (e.g., Fu et
al., 2009b). We discuss their level, seasonality, sources, and
LRT vs. local formation over 4 consecutive years.

The 2-methyltetrol concentrations at Zeppelin were at the
lower range of those reported in Europe (Ion et al., 2005;
Kourtchev et al., 2005, 2008a, b), North America (Cahill et
al., 2006; Xia and Hopke; 2006; Cui et al., 2018), South
America (Claeys et al., 2010), and Asia (Fu et al., 2010)
and consistent with levels observed at Alert in the Cana-
dian Arctic (Fu et al., 2009b). The duration of the elevated
2-methyltetrol concentrations during the peak of the interan-
nual cycle at Zeppelin appears quite like that at the Birkenes
Observatory (southern Norway) 2300 km further south. With
an onset in June and peak concentrations in July and Au-
gust, the time series at Zeppelin is delayed by half a month
compared to Birkenes (Fig. 6 in Yttri et al., 2021), although
concentrations drop by mid-October at both sites. The an-
nual mean 2-methyltetrol concentration was 3 times lower at
Zeppelin compared to Birkenes in 2017 and 5 times lower in
2018. In 2019, the 2-methyltetrol level at Zeppelin increased
by a factor of 3 compared to 2017 to 2018 and in 2020 by a
factor of 9, and thus for 2020, the annual mean at Zeppelin
(1.15ng m~3) was nearly twice as high as the highest annual
mean seen at Birkenes (0.610ng m™3 in 2018).

The atmospheric lifetime of isoprene is < 4h, whereas
the lifetime of 2-methyltetrols is unknown (Wennberg et
al., 2018) and the amount attributed to formation from lo-
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cally emitted isoprene vs. LRT 2-methyltetrols remains an
open question. The 2-methyltetrol level at Birkenes increases
by nearly a factor of 20 when leaves unfold in May (Yttri et
al., 2021). Consequently, the effect of leaves unfolding 0.5 to
1.5 months earlier in continental Europe (the leaves of Betula
pubescens unfold 2.1 d later at 100 km along a south to north
transect in Europe; Rotzer and Chmielewski, 2001) does not
seem to have an influence, suggesting that the 2-methyltetrol
level largely reflect local formation. At Svalbard, there are no
forests and hardly any trees, but still there is vegetation (in-
cluding mosses and lichens) that emits isoprene that can have
emission rates that are considerably higher than those ob-
served at southern latitudes (Kramshgj et al., 2016). Circum-
polar land masses are situated further away from Zeppelin
than continental Europe from Birkenes, thus local formation
of 2-methyltetrols might be important also at Svalbard. Ma-
rine sources of isoprene cannot be excluded, particularly in
remote marine areas (Liakakou et al., 2007), although macro
algae seem to favor dimethyl sulfide (DMS) formation rather
than isoprene in the Arctic (Dani and Loreto, 2017). Fur-
thermore, time series of 2-methyltetrols and MSA at Zep-
pelin (Sharma et al., 2012) do not co-vary, suggesting a non-
marine origin of 2-methyltetrols.

The increased 2-methyltetrol level at Zeppelin in 2019
to 2020 occurred during summer. From 30 June to 11 Au-
gust 2020, weekly mean concentrations ranged from 5.9 to
28 ngm~3 for 4 out of 6 weeks, being up to 5 times higher
than the highest weekly mean at Birkenes (5.6ngm™3) for
2017 to 2018. We recognize that levoglucosan was elevated
(1.0 to 6.0ngm™3) for these 4 weeks and that air masses
were influenced by WF emissions in western Russia (Fig. 6;
Sect. 3.6.1). We are left speculating how WF might have
augmented 2-methyltetrol levels. Isoprene emissions are en-
hanced by increased temperature, and a fire plume provides
favorable conditions for BSOA formation and aerosol sur-
face area for condensation. Notably, 2-methyltetrols are semi
volatile (Lopez-Hilfiker et al., 2016) and at high OA loadings
increased partitioning to the aerosol phase will occur. Fur-
thermore, transport time was short (Fig. S3), which is favor-
able concerning the potential degradation of 2-methyltetrols.
Increased formation from local isoprene emissions is likely,
as ambient temperature at Zeppelin was unprecedentedly
high in this period (see Sect. 3.6.1 and Fig. 6 for details).
The elevated 2-methyltetrol concentration (3.7 ng m™3) seen
for the warm period in the beginning of July 2019 was not
nearly as high as for July and August 2020 and levoglucosan
(0.04ng m~3) was not increased.

The 2-methyltetrols (here ngCm™3) contributed up to
0.34 % to OC monthly in the NH season in 2019 and 0.56 %
in 2020, being clearly higher compared to the 2 previous
years (0.14 % and 0.23 %), which in turn was higher than
the highest monthly mean values at Birkenes (0.09 % and
0.12 %). Compared to rural central Europe (0.68 % in June)
(Ion et al., 2005) and boreal forest Finland (0.88 % in the
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July to August transition) (Kourtchev et al., 2005), the high-
est contributions at Zeppelin in 2020 are slightly lower.

Multiyear time series of 2-methyltetrols are rare, partic-
ularly in areas with low-NO, concentrations (Noziere et
al., 2011; Cui et al., 2018). We find that the NH season
drop in the 2-methylthreitol to 2-methylerythritol ratio was
much more pronounced at Birkenes (0.36 £0.11) than at
Zeppelin (0.54£0.12) (Table S6). A NH season drop is
also observed the Hyytidld observatory (boreal forest Fin-
land) (Kourtchev et al., 2005). Elevated ratios were observed
at Zeppelin in July (0.83) and August (0.70) 2020 when
influenced by WF emissions, being substantially higher
compared to July—August (0.45+0.04) of previous years.
With the exceptions mentioned, the mean ratio for the NH
season at Zeppelin agrees with the upper range (0.25 to
0.58) reported by others (Claeys et al., 2010). This re-
lates to the formation mechanism of 2-methyltetrols out-
lined by Bates et al. (2014), which shows a 1 :2 relation-
ship between cis-B-IEPOX and trans-B-IEPOX, accounting
for > 97 % of observed IEPOX, and which are the precursors
of 2-methylthreitol and 2-methylerythritol, respectively. No-
tably, 2-methyltetrols can also result from the degradation of
IEPOX-derived organosulfates through hydrolysis of tertiary
ones (Darer et al., 2011); however, these species were not
measured in the present study.

There are studies suggesting a biological (enzymatic) ori-
gin of 2-methyltetrols, as there is an enantiomer excess of
both 2-C-methyl-D-erythritol and 2-C-methylthreitol (Noz-
iere et al., 2011; Gonzalez et al., 2014; Jacobsen and Anthon-
sen, 2015). If the 2-methyltetrol formation was exclusively
abiotic, resulting from atmospheric oxidation of isoprene
(Claeys et al., 2004), then there would be a racemic mix-
ture of the 2-methyltetrols. This is consistent with the known
production of the 2-methylerythritol D-form by plants, al-
gae, and microorganisms (Anthonsen et al., 1976, 1980;
Dittrich and Angyal, 1988; Ahmed et al., 1996; Duvold
et al., 1997; Sagner et al., 1998; Enomoto et al., 2004).
Consequently, it can be questioned if 2-methyltetrols are
exclusive tracers of BSOA from atmospheric oxidation of
isoprene; e.g., a 30% to 67 % biological contribution was
calculated for May to December for the Aspvreten site
(Sweden) (Noziere et al., 2011). Unfortunately, the analy-
sis done in the present study does not allow for a proper
investigation of a potential biological contribution. Cabhill
et al. (2006) argued for a biological source based on the
correlation between 2-methyltetrol and the PBAP tracers
of glucose (r> =0.732) and fructose (r*>=0.644) for 11
samples. At Zeppelin, 72 for 2-methyltetrols vs. fructose
(0.951), glucose (0.946), and arabitol (0.801) appears ele-
vated in the NH season but drops substantially (r> = 0.052—
0.437) when excluding the extreme values in July and Au-
gust 2020. At Birkenes, the correlation was non-existent
(r? =0.000-0.025). Source apportionment of CA by PMF
at Birkenes showed that the factor explaining 94 % of the 2-
methyltetrols explained only 6 % of the PBAP tracers and
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that the factor explaining 89 % of the PBAP tracers ex-
plained only 2.5 % of the 2-methyltetrols (Yttri et al., 2021).
Hence, statistics do not argue for a common source of 2-
methyltetrols, or a fraction of 2-methyltetrols, and PBAP
tracers. Further, 2-methylerythritol vs. 2-methylthreitol cor-
related highly both at Zeppelin (r> = 0.971) and at Birkenes
(r? = 0.889), suggesting one dominating source (abiotic sec-
ondary formation), corresponding to findings by El-Haddad
et al. (2011). However, potential mechanisms by which bi-
ologically formed 2-methyltetrols are released to the atmo-
sphere are not known; thus, a biological contribution cannot
be excluded.

3.4 Primary biological aerosol particles

The interest in PBAP has grown over the last 2 decades,
with rising awareness of its contribution to the OA bud-
get (e.g., Waked et al., 2014; Yttri et al., 2021; Moschos et
al., 2022) and as a source of warm ice-nucleating particles,
which are deemed more important than cloud condensation
nuclei regarding Arctic cloud radiative properties (Solomon
et al., 2018). We address a handful of PBAP tracers, dis-
cuss their levels, seasonality, and sources, including cellu-
lose, measured in Arctic aerosol for the first time.

3.4.1 Sugars and sugar alcohols

Annual mean concentrations of sugars and sugar alcohols
were 1 to 2 orders of magnitude lower at Zeppelin compared
to Birkenes, reflecting the modestly vegetated Arctic and that
PBAP mainly have a local origin (Samaké et al., 2019). This
contrasts with the factors for 2-methyltetrols (< 5), which are
secondarily formed species with a stronger regional charac-
ter but might also relate to the temperature sensitive high flux
of biogenic volatile organic compounds for Arctic vegetation
(Kramshgj et al., 2016). Higher levels of primary biologi-
cal organic aerosol (PBOA) at Gruvebadet (50 ma.s.l.), 1 km
south of Ny-Alesund, compared to the Zeppelin Observatory
(472ma.s.l.) (Moschos et al., 2022), indicate a local contri-
bution associated with the more verdant lower altitude areas.
However, maximum concentrations of sugars and sugar al-
cohols were observed for the LRT episode 22-27 July 2020
(Sect. 3.6.1), explaining 29 % of the annual sugars and sugar
alcohols loading. We are left speculating about the LRT frac-
tion of PBAP vs. that of local origin, but LRT likely makes
a larger contribution to PBAP in the Arctic than for more
vegetated southerly biomes.

All species experienced a modest increase in June, co-
inciding with the onset of the growing season, but evolved
differently after that, suggesting a mixture of sources, high-
lighting the importance of measuring a broad spectrum of
PBAP tracers. Arabitol and mannitol were elevated through-
out summer before successively declining towards the end
of the year, and fructose and glucose started decreasing im-
mediately after the peak level in July, whereas trehalose ex-
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perienced comparable levels from July to November. Snow
cover can be decisive for PBAP levels (Yttri et al., 2007a, b)
and probably more so for the non-forested Arctic. However,
our data do not explicitly demonstrate an influence of the
snow cover, e.g., the seasonality of trehalose (and cellulose;
Sect. 3.4.2).

The composition of sugars and sugar alcohols at Zeppelin
(Table 1) and Birkenes (Table S5) varied, reflecting differ-
ent biomes. Glucose was the most abundant sugar, regardless
of the season, at Zeppelin. At Birkenes, glucose dominated
only in winter, while arabitol and mannitol were more promi-
nent in summer. Trehalose levels were comparable or slightly
higher than arabitol and mannitol at Zeppelin but lower at
Birkenes. Samaké et al. (2020) showed how only a few gen-
era of fungi and bacteria were responsible for the sugar and
sugar alcohol containing PBAP in PMjy filter samples at
a rural site in France and that these were associated with
leaves rather than soil material. This strong association be-
tween sugars and sugar alcohols and vegetation likely explain
the very low levels of these PBAP tracers at Zeppelin com-
pared to Birkenes. Samaké et al. (2020) point to the fungus
Cladosporium sp. when explaining ambient aerosol levels of
arabitol, mannitol, and trehalose, as do Yttri et al. (2007b)
for Birkenes. The annual mean mannitol to arabitol ratio
was comparable between Zeppelin (1.1 £ 0.5) and Birkenes
(1.0£0.0) (Table S6) and to values reported for the Nordic
countries (Yttri et al., 2011a). Mannitol and arabitol were
highly correlated in the NH season (r> = 0.983) when lev-
els were elevated, and the mannitol to arabitol ratio variabil-
ity was minor, suggesting one common source dominating.
However, four samples with a mannitol to arabitol ratio > 3
in the April to May transition could indicate influence from
another source. Mannitol is considered the most abundant
naturally occurring polyol, which is present and produced in
a wide range of living organisms (Tonon et al., 2017) and
accounts for 25 % of the dry weight of macroalgae for cer-
tain parts of the year (Horn et al., 2000); however, our data
for Zeppelin suggest that fungal spores are decisive for ara-
bitol and mannitol present in the Arctic aerosol. Assuming
all mannitol was associated with fungal spores, their carbon
content contributed 0.5 +0.2 % to OC annually when apply-
ing the lower OC / mannitol ratio (5.2) of Bauer et al. (2002),
whereas the highest monthly mean was seen for September
(1.5+ 1.2 %). The contribution reached 5 % for only two of
the weekly samples. Using the higher OC / mannitol ratio
(10.8) would double these estimates.

Glucose is a building block of natural dimers and polymers
and a ubiquitous primary molecular energy source and thus
an important PBAP. Small amounts of glucose are present
in RWC emissions (Nolte et al., 2001) and are increased
in air masses influenced by forest fire smoke (Medeiros et
al., 2006). Notably, 9 of the 10 samples highest in glucose
were also highly increased with respect to levoglucosan and
were all collected in the NH season (Table S8), demon-
strating WF as an important source of glucose brought to
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the Arctic by LRT. A largely similar finding was made for
the other sugars and sugar alcohols. Previous studies do not
seem to link fungal-related sugars and sugar alcohols (ara-
bitol, mannitol, and trehalose) with WF emissions (e.g., Ta-
ble 5 in Medeiros et al., 2006) or with RWC emissions;
e.g., levoglucosan and sugar alcohols end up in different fac-
tors in PMF studies (Waked et al., 2014; Yttri et al., 2021).
This might partly be due to lack of correlation between lev-
oglucosan and sugar alcohols for an entire dataset. Indeed,
low correlations between levoglucosan and sugar alcohols
(rl%lH season < 0-423; rfl season < 0.056) were obtained consid-
ering the entire dataset for Zeppelin, although the data pre-
sented in Table S8 clearly demonstrate a connection between
WF and sugar alcohols.

We estimated a 7 %—15 % contribution of PBAP to OC an-
nually, using an OC to PBAPry,cers emission ratio (ER) of
14.6 2.1 (Groot Zwaaftink et al., 2022), derived from mea-
surements in the boreonemoral zone (Yttri et al., 2021), keep-
ing in mind that such an ER would be site specific.

3.4.2 Cellulose

Cellulose was the most abundant organic tracer analyzed
(annual mean concentration of 1.6+ 0.4 ng m_3), but lev-
els were much lower than in rural areas of continental Eu-
rope (annual mean of 16.3-284 ng m_3) (Sénchez-Ochoa et
al., 2007; Brighty et al., 2022), likely due to the sparse veg-
etation at Svalbard. The highest monthly means were seen
for June followed by October, but there was no pronounced
seasonality for cellulose as seen for the other PBAP trac-
ers (Sect. 3.4.1). This corresponds with findings made by
Sanchez-Ochoa et al. (2007), who pointed to a minor season-
ality “with higher winter levels than expected”, and that of
Puxbaum and Tenze-Kunit (2003), who associated increased
cellulose levels in spring with “seed production and repulsing
of other cellulose containing plant material” and “production
of leaf litter” in the fall. High wind speed might be a driv-
ing force for generation and entrainment of cellulose contain-
ing aerosol particles that is more pronounced in winter, and
particularly in the harsh Arctic climate, but possibly limited
by snow cover. In the recent study by Brighty et al. (2022),
a clear seasonality was shown, with increased levels in the
summer and fall at French and Swiss rural sites.

Size distribution measurement of cellulose is limited and
inconclusive, with the highest concentrations reported both
for the fine (Puxbaum and Tenze-Kunit, 2003) and the coarse
mode (Yttri et al., 2011b; Brighty et al., 2022). Lack of com-
parable seasonality between nearby sites indicates that lo-
cal sources dominate (Brighty et al., 2022), but with a cer-
tain fraction associated with fine aerosol, LRT is a possi-
bility. Cellulose did not correlate with other PBAP tracers
or levoglucosan, corresponding to the findings by Brighty
et al. (2022), but this does not exclude co-emission (see
Sect. 3.4.1). A minor fraction (0.08 %) of RWC emissions
was attributed to cellulose in a combustion study by Schmidl
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et al. (2008), but we found no strong connection between the
samples highest in cellulose and levoglucosan, whereas we
did for the other PBAP tracers and levoglucosan, or between
cellulose and the other PBAP tracers (Table S8). The lack of
resemblance between cellulose and other PBAP tracers and
BB aerosol should be explored further.

Cellulose (here ng C m—3) made a 1.040.3 % contribution
to OC annually, corresponding to the lower range reported
for rural background sites along an east—west transect across
Europe (0.7 %-3.9 %) (Sdnchez-Ochoa et al., 2007) but sub-
stantially lower compared to French (3.2 +2.4 %) and Swiss
(5.9 4.4 %) rural background sites (Brighty et al., 2022).

The contribution of plant debris (here ng C m~3) was es-
timated from cellulose (Puxbaum and Tenze Kunit, 2003;
Yttri et al., 2011a, b) as a 2.0£0.6 % contribution to OC
annually and thus somewhat higher than for fungal spores
(0.5 %—1.1 %). On a monthly basis, 4 % to 6 % contributions
were observed in all seasons. Weekly samples (n = 23) with
a high (5 % to 12 %) plant debris contribution were associ-
ated with low OC levels (mean 53 ng C m~3; 22th percentile).
Plant debris and OC were correlated (2 = 0.707), suggest-
ing that plant debris is a driver of observed OC levels at low
concentrations. We did not observe a similar feature for fun-
gal spores.

3.5 Source apportionment of carbonaceous aerosol by
Latin hypercube sampling

Source apportionment of CA (here TC) by the LHS approach
showed that natural sources dominated in the NH season
(85 %) and anthropogenic in the H season (73 %), assuming
all biomass burning emissions originated from WF in the NH
season and from RWC in H season (Fig. 5). Even without at-
tributing BB emissions to WF, natural sources still dominated
in the NH season (60 %).

BSOA (56 %) was the major natural source in the NH sea-
son, followed by WF (26 %) and PBAP (3.2 %). Compared
to previous studies (Yttri et al., 2011a, b), we found a lower
PBAP fraction, which we attributed to the less vegetated Arc-
tic environment. Note that the LHS approach underestimates
the PBAP fraction by only accounting for fungal spores and
plant debris, thus apportioning a part of PBAP to BSOA (Yt-
tri et al., 2021). The PBAP fraction increased to 11 % when
using an OC to PBAPryycers emission ratio (ER) of 14.6+2.1
(Groot Zwaaftink et al., 2022) including the sum of arabitol,
mannitol, glucose, and trehalose. Note that this ER was ob-
tained from measurements in the boreonemoral zone and was
thus more representative of LRT than local PBAP sources.

RWC (46 %) was the major fraction in the H season,
followed by FF (27 %) and BSOA (25 %), whereas PBAP
(1.4 %) was negligible, even when considering the upper es-
timate (2.7 %) obtained using the ER by Groot Zwaaftink
et al. (2022). The absence of 2-methyltetrols in winter in-
dicated that BSOA was formed from oxidation of mono- and
sesquiterpenes and dimethyl sulfide, which seem more abun-
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dant in the Arctic winter than oxidation products of isoprene
(Fu et al., 2009b; Sharma et al., 2012). Further, modeling
studies suggest that increased condensation may explain win-
tertime BSOA (Simpson et al., 2007), which might be partic-
ularly relevant for the low Arctic temperatures.

Our source apportionment results for Zeppelin align with
findings from rural background sites in Europe (e.g., Gelenc-
sér et al., 2007; Genberg et al., 2011; Gilardoni et al., 2011;
Glasius et al., 2018; Yttri et al., 2011b), where RWC dom-
inates during the H season and BSOA dominate in the NH
season. Rerunning the analysis, using levoglucosan instead
of "*C—EC for apportionment of BB emissions, lowered the
contribution from WF in the NH season from 26 % to 4.4 %.
However, the contribution from natural sources remained
consistent, as BSOA accounted for the modern carbon re-
distributed from WE. In the H season, the contribution from
RWC decreased from 46 % to 8.9 %, making BSOA (62 %)
and natural sources (64 %) the major fractions, even in the
H season. Hence, the choice of tracer (Ievoglucosan vs. e
EC) would lead to different results and conclusions for Zep-
pelin.

3.6 LRT episodes outside the AH period

LRT episodes are decisive for CA levels and seasonality ob-
served at Zeppelin. We analyzed in detail the three episodes
with the highest weekly means of OC, which also had three
of the four highest weekly means of EC (Figs. 6 to 8). All
these episodes had air masses originating from NW Eurasia.

3.6.1 Episode 1 (22 to 27 July 2020) — WF, BSOA, and
PBAP

In the transition from July to August 2020, CA lev-
els were high, with peak concentrations from 22-27 July
(2172ng C m~3 for OC and 59 ng C m~ for EC). These lev-
els were the highest in 4 years of observations, explaining
21 % of the annual OC loading but only 7 % of EC. Howeyver,
levels were still lower than the record-high concentrations
(3.5ugCm™3 for OC and 0.24ugCm™3 for EC) observed
in the April to May transition 2006, caused by emissions
from wild and agricultural fires in Eastern Europe (Stohl et
al., 2007). All tracers (except cellulose) experienced max-
imum values during this episode, but 2-methyltetrols, glu-
cose, fructose, and arabitol were the most elevated when
compared to the long-term annual mean and to the enhance-
ment seen for OC. The FLEXPART footprint clearly shows
an influence from WF in the Khanty—Mansi district (west-
ern Russia) (Fig. 6), corroborating to the high levoglucosan
concentration (6.0ngm™3). Source apportionment by PMF
attributed 55 % of eBC to BB, whereas FLEXPART calcu-
lated 62 %, with WF (95 %) as the totally dominating frac-
tion. Flaring was the dominating fossil fuel source category
according to FLEXPART, explaining 58 % of BC from fossil
fuel sources.
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The plume transport time from the source region to the
Zeppelin Observatory was short, at fewer than 7d for 67 %
of eBC observed at Zeppelin 25 to 27 July (Fig. S3), whereas
on average only 30 % of the observed eBC reaches the Arc-
tic station after such short time. This might have contributed
to the high level of 2-methyltetrols, which are indicated to
have short atmospheric lifetimes (Yttri et al., 2021), in addi-
tion to the arguments raised in Sect. 3.3. Certain PBAP, such
as fungal spores (Bauer et al., 2002; Yttri et al., 2007b), are
small enough to be transported over long distances, even be-
tween continents (Prospero et al., 2005), and pyroconvection
might bring larger-sized PBAP to altitudes that enable LRT
(e.g., Groot Zwaaftink et al., 2022). PBAP contributed 14 %
of OC, using the OC to PBAPrracers ER by Groot Zwaaftink
et al. (2022).

The high CA level coincided with a prolonged period
(24 to 29 July) of high temperatures, which were unprece-
dented since temperature measurements were initiated at
Zeppelin (1998), caused by intrusions of warm air masses
from Siberia;i.e., T > 10 °C for 111 consecutive hours, mean
T =14.5+1.5°C, and Tvax = 18.2 °C. A disproportionally
strong warming of the Arctic compared to the midlatitudes
could create an important pathway of pollution to the Arc-
tic (Stohl et al., 2007), and as for the LRT episode in spring
2006 (Stohl et al., 2007), emissions from WF at lower lati-
tudes were essential in the deterioration of Arctic air quality
also in July 2020.

https://doi.org/10.5194/acp-24-2731-2024

3.6.2 Episode 2 (28 September to 6 October 2017) — a
bit of everything

Air masses with a history over southwestern Russia and
eastern, central, and northern Europe (including Scandi-
navia) (Fig. 7) increased the OC (549 nng’3) and EC
(52ngCm~3) concentrations at Zeppelin to levels corre-
sponding to 14 % of their annual loading. Source appor-
tionment by the LHS suggested that BSOA (57 %) and BB
(32 %) dominated CA (Table S4). Certain PBAP tracers (ara-
bitol, mannitol, and trehalose) were enhanced beyond that of
OC, reflecting the seasonal peak in fungal spores, but PBAP
contributed only 3% to CA (Table S4). An upper estimate
of 13 % was obtained using the OC to PBAPTracers ER by
Groot Zwaaftink et al. (2022). PMF apportioned 47 % of
eBC to BB, comparing well with FLEXPART (51 %) (as-
cribing 62 % of BB to WF) and LHS (58 %). FLEXPART
apportioned the majority of BC from FF combustion to traf-
fic (55 %). The mean ambient temperature during the episode
was enhanced compared to the long-term mean, as seen for
all three episodes described.

3.6.3 Episode 3 (2 to 10 October 2020) — wildfires and
mineral dust

This episode (Fig. 8) was studied by Groot Zwaaftink et
al. (2022), combining surface and remote sensing observa-
tions and transport model simulations to understand its origin
and development, whereas we in the present study focused
on its carbonaceous aerosol content. Briefly, the EC level
(78ng Cm~3) was the highest in 4 years of observations,
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whereas the OC level (818 ng C m—3) was much lower than
observations made during the July 2020 (Sect. 3.6.1) episode,
explaining 15 % and 13 % of the annual EC and OC load-
ing, respectively (Fig. 9). Levoglucosan (5.0ngm™3) was
the only organic tracer elevated beyond that of OC, sup-
porting FLEXPART calculations pointing to WF emissions
in Ukraine and southern Russia as being one of two ma-
jor sources of air pollution for this episode. Source appor-
tionment of eBC by PMF indicated an almost equal share
of eBC from BB (52 %) and FF combustion (48 %), as does
FLEXPART (BB =57 % and FF =43 %), with the majority
of BB attributed to WF (72 %), while traffic was the ma-
jor FF category (52 %). Mixing with mineral dust emissions
from central Asia en route caused a mineral dust level of
1.9-2.6 ugm3, likely explaining the presence of carbonate
(20ngCm~3; 100ng CO§_ m~3). Before entering the Arc-
tic, the polluted air masses deteriorated the air quality in
a large part of northern Europe, giving PMj¢ levels around
100 uygm—3 and the same aerosol particle chemical signature
as described for Zeppelin. These levels violate EU air quality
guidelines, which have daily mean limit values for PM( of
50pugm=3.

4 Implications

Lack of long-term OA measurements has been a limitation
for understanding Arctic aerosol mass closure. Furthermore,
OA speciation needed for source attribution and for studying
the impact on cloud condensation nuclei and ice-nucleating
particles is scarce. Our 4-year study at Zeppelin Observatory
at Svalbard shed light on some of these topics, demonstrating
that OA is a significant fraction of the Arctic PM¢ aerosol
particle mass, though less than sea salt aerosol and mineral
dust, as well as typically non-sea-salt SO?[. LRT episodes
in the non-heating season dominated by natural emissions
and their impact on OA levels, seasonality, and composi-
tion received particular focus, showing that WFs also con-
tribute to high BSOA and PBAP levels in the Arctic envi-
ronment. The fraction of OA attributed to local sources vs.
LRT is uncertain, particularly when experiencing intrusions
of warm air masses from Siberia, as certain Arctic vegetation
species have highly temperature sensitive biogenic volatile
organic compounds emission rates. Arctic CA shares the
same feature as CA in source regions in the mid latitudes
(e.g., Gelencsér et al., 2007), i.e., natural sources, particu-
larly BSOA, dominating in the non-heating season and an-
thropogenic emissions, predominantly RWC, in the heating
season. The 9-fold increase in 2-methyltetrols observed for
2020 could be a harbinger of CA from natural sources in-
creasing in the Arctic.

Contrary to both previous (Stohl et al., 2013; Winiger et
al., 2019) and present (this study) modeling and radiocar-
bon studies, PMF did not predict WF as the major source
of eBC at Zeppelin Observatory in the non-heating season.
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However, the predominant role of BC from WF emissions at
northern latitudes stated by McCarty et al. (2021) was nei-
ther reflected by PMF nor by FLEXPART for 2017 to 2020.
This calls for an investigation of whether the stated increase
in BC from WF emissions for 2010-2020 at northern lat-
itudes (McCarty et al., 2021) is reflected at Arctic ground
level. Up to 2 decades of stored multiwavelength Aethalome-
ter data for Arctic observatories, combined with the outlined
PMF approach, enables such a trend study. Additionally, a
pan-Arctic investigation is encouraged for studying the spa-
tial variability in eBCpp and eBCrp, facilitated by the inex-
pensive, high time resolution multiwavelength Aethalometer
measurements that are widespread across the Arctic observa-
tories (EU Action on Black Carbon in the Arctic, 2019). In-
creased anthropogenic activity such as shipping oil and gas
exploration in the Arctic, warrants further separation of eBC
from FF combustion, which can be attempted using addi-
tional high time resolution data as input to our analysis. This
appears particularly important for the flaring source, sug-
gested by modeling to contribute 42 % to the annual mean
BC surface concentration in the Arctic (Stohl et al., 2013),
which remains to be confirmed by observations.

Our study shows a wide variability amongst different
methods in apportioning BC according to FF and BB, war-
ranting further investigation for a reliable abatement of
sources relevant for BC in the Arctic. Still, the high time res-
olution observational signal of eBC from BB and FF com-
bustion derived from Aethalometer measurements provide a
hitherto unused tool important for assessing Arctic BC.

Continuation of the actual time series at Zeppelin Obser-
vatory is suited for revealing potential changes in the relative
source composition of Arctic CA, be it from altered transport
or changes in emissions. It is of special interest to monitor
the frequency and magnitude of WF, how BSOA and PBAP
concentrations develop, and if FF emissions change from in-
creased anthropogenic activity in the polar region.
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