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ABSTRACT: Emissions from biomass burning (BB) occurring at
midlatitudes can reach the Arctic, where they influence the remote
aerosol population. By using measurements of levoglucosan and
black carbon, we identify seven BB events reaching Svalbard in
2020. We find that most of the BB events are significantly different
to the rest of the year (nonevents) for most of the chemical and
physical properties. Aerosol mass and number concentrations are
enhanced by up to 1 order of magnitude during the BB events.
During BB events, the submicrometer aerosol bulk composition
changes from an organic- and sulfate-dominated regime to a clearly
organic-dominated regime. This results in a significantly lower
hygroscopicity parameter κ for BB aerosol (0.4 ± 0.2) compared to
nonevents (0.5 ± 0.2), calculated from the nonrefractory aerosol
composition. The organic fraction in the BB aerosol showed no significant difference for the O:C ratios (0.9 ± 0.3) compared to the
year (0.9 ± 0.6). Accumulation mode particles were present during all BB events, while in the summer an additional Aitken mode
was observed, indicating a mixture of the advected air mass with locally produced particles. BB tracers (vanillic, homovanillic, and
hydroxybenzoic acid, nitrophenol, methylnitrophenol, and nitrocatechol) were significantly higher when air mass back trajectories
passed over active fire regions in Eastern Europe, indicating agricultural and wildfires as sources. Our results suggest that the impact
of BB on the Arctic aerosol depends on the season in which they occur, and agricultural and wildfires from Eastern Europe have the
potential to disturb the background conditions the most.
KEYWORDS: Arctic aerosol, Zeppelin Observatory, FIGAERO−CIMS, aerosol chemical composition, biomass burning, agricultural fires

1. INTRODUCTION
Biomass burning (BB), including wildfires, peatland fires, and
agricultural fires, are a source of aerosol particles and trace
gases to the atmosphere.1 These emissions contain a variety of
different compounds including organic compounds and black
carbon (BC).2 Wildfires have been reported to have become
more frequent during recent years.3

Particles released at the BB source undergo atmospheric
aging while being transported, which changes their physical
and chemical properties when measured at locations far away
from the source region.4 During transport, organic aerosols
become more oxidized and with that also more hygroscopic,
which has implications for their role as cloud condensation
nuclei (CCN).5 A common tracer used to identify BB aerosol
is C6H10O5, a signal that comes from anhydrous sugars such as
levoglucosan, which are released from cellulose combustion
and pyrolysis.6,7 The literature on its atmospheric lifetime
spans a broad range, from a few hours up to 26 days, and is
mainly determined by the hydroxyl radical (OH) concen-
tration.8−10

The remote environment of the Arctic is episodically
influenced by the transport of pollution from lower latitudes,
which includes emissions from BB.11,12 The archipelago of
Svalbard is part of the Arctic, for which BB aerosol is an
important source to the aerosol population.13−15 Levoglucosan
and BC have been used previously to investigate the BB
aerosol on Svalbard in the past. Based on one year of
concurrent levoglucosan and absorption coefficient measure-
ments at the Zeppelin Observatory (78.9°N, 11.9°E) on
Svalbard, Yttri et al.16 concluded that BC has also other
sources in addition to BB, as no “pronounced correlation” was
observed. At the same time, it was found that gas flaring
contributes 42% to the annual mean BC signal near the surface
in the Arctic.17 This is in contrast to findings by Winiger et
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al.18,19 reporting gas flaring as a minor source of Arctic BC and
a larger contribution from BB. However, the predominant
source region for BC has also been reported to be variable with
the season,13,17,19,20 where BB is the dominating source in the
summer and fossil fuel combustion in the winter.19 However,
BB in the winter can dominate Arctic BC levels as well with
emissions from residential wood burning.21 Organic BB tracer
compounds observed on Svalbard include levoglucosan,
vanillic, isovanillic, homovanillic, syringic, p-coumaric, ferulic
acid, and syring- and coniferyl aldehyde.14

Several studies have reported extreme BB events reaching
the Arctic, perturbing the Arctic background aerosol in
number, mass and composition.22−25 Stohl et al.22 reported
agricultural fires in Eastern Europe (Russia, Belarus, Ukraine)
reaching the Zeppelin Observatory on Svalbard in spring 2006.
They found more than 1 order of magnitude higher aerosol
mass loadings in the event compared to the background Arctic
aerosol and reported the highest BC concentrations ever
measured at that site until that time (hourly maximum of 0.85
μg m−3). In summer 2015, Alaskan fires reached Svalbard and
caused a 10 times increase in aerosol optical depth compared
to background conditions, resulting in a net cooling effect near
the surface.23,24 Observations from Russian fires reaching
Alaska in spring 2008 showed 260% larger mass of BC and
organics in BB aerosol compared to the background levels, as
well as a reduction in sulfate.25

Lathem et al.26 calculated the aerosol hygroscopicity
parameter κ to be 0.32 on average for summertime Canadian
Arctic background aerosol, which was higher than the average
κ (0.18) from fresh (active fires sampled from fresh boreal
forest fires in Canada) and aged (long-range transported from
Siberia measured in the high Arctic) BB aerosol particles,
indicating that the background aerosol is more hygroscopic.
While fresh and aged BB aerosol particles appeared to have
similar κ, Lathem et al.26 also reported a difference in the
aerosol number concentration: both the fresh and aged BB
aerosols showed concentrations above the Arctic background
conditions. When compared to the background conditions, this
concentration was higher for the fresh BB aerosol (up to 2
orders of magnitude) than for the aged BB aerosol (up to 1
order of magnitude). Among the landmass lying in the Arctic
region (north of the Arctic Circle), Svalbard is a region where
no wildfires occur. Hence, in contrast to the Canadian Arctic
or Alaska, the BB aerosol observed on Svalbard originates only
from long-range transport.
Several previous studies have investigated BB aerosol in Ny-

Ålesund on Svalbard, where both physical and chemical
properties have been addressed.14,15,27 However, most of these
studies focus only on one particular BB event.22,28 The
chemical composition of BB aerosol is often limited by rather
coarse temporal resolution, ranging typically from daily to
weekly samples, and thus BB events of short duration will be
smoothed.15,22 Also, molecular-level information about the
chemical composition of BB organic matter is rarely
available.14 In this study, we investigate the aerosol
concentrations and chemical composition of seven BB events
observed during the entire year of 2020 at the Zeppelin
Observatory, Svalbard, as part of the one-year long Ny-Ålesund
Aerosol Cloud Experiment 2019−2020 (NASCENT).29 We
focus on the differences between the events and how the
events compare to times without BB influence (nonevents). To
explain the difference, we combine the aerosol molecular-level
chemical composition data with data on their physical

properties and air mass back trajectories. Our results show
that the source region of the fires has a strong impact on the
observed aerosol properties, and that fires from Eastern
Europe, most likely a mixture of forest fires and agricultural
fires, had the highest potential to perturb the background
Arctic aerosol during 2020.

2. EXPERIMENTAL METHODS
2.1. FIGAERO−CIMS. The data used in this study were

collected at the Zeppelin Observatory, Ny-Ålesund Research
station,30 Svalbard, and were part of the NASCENT
campagin.29 The goal of NASCENT was to characterize the
microphysical and chemical properties of Arctic aerosol
particles and clouds during one entire year, details are
presented in Pasquier et al.29 Here, we present data covering
the entire year of 2020. The molecular-level chemical
composition of aerosols was measured by a filter inlet for
gases and aerosols (FIGAERO, Aerodyne Research Inc.)
coupled to a high resolution time-of-flight chemical ionization
mass spectrometer (CIMS, Aerodyne Research Inc.), hereafter
referred to as FIGAERO−CIMS.31,32 For the ionization, iodide
(I−)-adducts33 were used. The FIGAERO−CIMS continu-
ously cycled between its two modes: the gas phase measure-
ment mode with simultaneous particle collection on a
Polytetrafluoroethylene filter and the particle desorption
mode where a heated nitrogen flow (gradually increased
from room temperature to approximately 200 °C) thermally
desorbs the collected aerosol particles. The particle collection
time was 2.5 h. Every third sampling period was a background
sample (blank), where particles were passed through a second
filter upstream of the FIGAERO sampling filter. In this study,
we present data from when the FIGAERO−CIMS was
sampling behind a whole air inlet. This inlet follows the
recommendations for aerosol sampling in extreme environ-
ments34 and is similar to the whole air inlet described in
Weingartner et al.35 As such, the inlet has a heated head
(approximately 20 °C) to prevent freezing and samples
particles smaller approximately 40 μm. The particle inlet of
the FIGAERO−CIMS was connected to the whole air inlet via
stainless steel tubing (length: approximately 6 m, 4 LPM
sampling flow). For more details on the FIGAERO−CIMS
operation see Gramlich et al.36 and Siegel et al.37

The FIGAERO−CIMS data were processed using Tof-
ware38 (Aerodyne Research Inc.). The data were acquired at 1
s time resolution until mid February, thereafter at 2 s. For the
analysis, data were averaged to a time resolution of 30 s. The
ions detected by the CIMS were attributed their molecular-
level chemical composition by using a peak-fitting algorithm
provided by Tofware V3.2.0. The organic fraction obtained
from this identification comprises a total of 890 ions, which
were detected as iodide clusters. This includes molecules that
contain at least one carbon (C), hydrogen (H), and oxygen
(O) atom as well as those that contain additionally either one
sulfur (S) or one nitrogen (N) atom. From our analysis we
excluded in total 23 compounds that showed interference from
the gas phase (signal of a compound is highest right after the
switch from the gas to the desorption phase and does not
increase when the temperature starts to increase, see Figure S7
in Gramlich et al.36), and one compound that showed a clear
signal in the background, which results in a total of 866 ions
that we used to calculate FIGAERO Org.
The particle-phase signal from the FIGAERO−CIMS was

background corrected, meaning that the interpolated signal of
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two consecutive blanks was subtracted from the samples that
lie between the two blanks. The blank and the sample signals
themselves refer to the integrated signal during the desorption
period and have unit ion counts. We used a maximum
sensitivity of 22 ion counts s−1 ppt−1 per million reagent ion39

to obtain the respective mass concentrations in μg m−3 (see
Supporting Information Section S1). For levoglucosan, this
sensitivity is at the collisional limit,39 whereas for all other
compounds, this maximum sensitivity results in lower limits for
the mass concentrations. Lee et al.40 estimate the uncertainty
in these lower mass concentrations to be ±50%. A comparison
to levoglucosan derived from weekly offline filter samples of
particles smaller than approximately 10 μm (PM10) from the
measurement site (Figure S2b, data obtained from EBAS
database,41 https://ebas.nilu.no/, last access: 21 September
2022) shows a very good agreement (r2 = 0.5 for all the
available data, and even r2 = 0.9 when considering only the
biomass burning events (for their definition see Section 2.4),
excluding one outlier) with the FIGAERO−CIMS levogluco-
san signal. In our analysis, we use the levoglucosan signal
derived from the FIGAERO−CIMS.
2.2. Ancillary Instrumentation. The mass concentration

of equivalent black carbon (eBC) was obtained from a multi
angle absorption photometer (MAAP, Thermo Fisher
Scientific Inc., Model 5012, wavelength: 637 nm, 1 min,
sampling length: 762 cm (separated in two pieces: 22 mm i.d.
with a length of 528 cm and 1/2 in. i.d. with a length of 234
cm), 14.3 LPM sample flow). The eBC data used in this study
were calculated by correcting the eBC mass concentrations
reported by the MAAP (eBC@6.6 which uses the standard mass
absorption cross section (MAC) of 6.6 m2 g−1, MAC6.6) with
the site specific MAC value for Ny-Ålesund42 (10.6 m2 g−1,
MAC10.6). In addition, the differences of the wavelength of the
MAAP were accounted for by multiplying with a factor 1.05
(cor).43 This correction was made as follows:

= * *eBC eBC MAC /MAC cor@6.6 6.6 10.6

Information about the particle number and size distributions
was obtained from a differential mobility particle sizer (DMPS,
30 min average, electrical mobility diameter between 5 and 708
nm, sampling length: approximately 750 cm, sampling flow 2
LPM). The DMPS consists of two separate systems that
measure partly overlapping size ranges, which allows the
number size distribution to be combined.44 Each of the two
DMPS systems consists of a differential mobility analyzer
(DMA) and a condensation particle counter (CPC). One extra
small Vienna-type DMA (length 0.053 m) is used in
combination with a CPC (TSI Inc., Model 3010) for the
size range 5−57 nm, and one medium Vienna-type DMA
(length 0.28 m) is used with a CPC (TSI Inc., Model 3772)
for the size range 20−708 nm. A more detailed description of
these two DMPS systems can be found in Karlsson et al.44 The
aerosol number concentrations used in this study refer to the
integrated particle number from the DMPS. Both the MAAP
and the DMPS were behind the same whole air inlet as the
FIGAERO−CIMS.
A high resolution time-of-flight aerosol chemical speciation

monitor (ACSM, Aerodyne Research Inc., 10 min, sampling
length: 150 cm with 7.25 mm i.d., 1.25 LPM sampling flow)
was used for the nonrefractory particle bulk composition and
mass concentration of organics, sulfate, nitrate, and ammo-
nium.45 The chloride signal was below the detection limit

throughout the entire year. The aerodynamic lens for the
ACSM measured PM2.5 (particles smaller 2.5 μm) with a
capture vaporizer.46 The ACSM mass concentrations were
used to derive the hygroscopicity parameter kappa (κ, for
details on the calculation see Section S2 in the Supporting
Information), which indicates particles’ ability to act as cloud
condensation nuclei (CCN).
The particle mass concentrations of particles smaller than 1

μm (but larger than 180 nm, PM0.18−1.0, see Supporting
Information Section S3) and 10 μm (PM10) were obtained
from an optical particle size spectrometer (FIDAS, Fidas 200
E, Palas GmbH, 1 h average, size range 180 nm −18 μm, 4.8
LPM sampling flow). A schematic of all of the instruments
used in this study and their connection to the respective inlets
is available in the Supporting Information (Figure S3).
As the time resolution of the instrumentation varied between

1 min and 2.5 h, we averaged all data to the time resolution of
the FIGAERO−CIMS, i.e., 2.5 h. The limits of detection
(LODs) for all the species are listed in Table S2. To avoid
positive bias on the reported mass concentrations, we also
include values below the LODs.
2.3. Back Trajectories. Air mass back trajectories for this

study were calculated using the Hybrid Single-Particle
Lagrangian Integrated Trajectory model (HYSPLIT4) version
5.1.2.47 The meteorological data for the trajectories are based
on the Global Data Assimilation System (GDAS) by NOAA, a
reanalysis data set including surface and satellite observations
and balloon and aircraft data on a 1° by 1° grid. To obtain a
full picture of the air mass transport, we use trajectories above
and below the boundary layer.
The receptor site was set to Zeppelin Observatory at

(78.9°N, 11.9°E) and a starting height of 490 m agl for 10
days. The duration of the BB events varies, and to increase the
representativeness of the air mass history origin simulations,
HYSPLIT was run in the ensemble setting. Instead of starting
only one trajectory, 27 trajectories were started with small
perturbations at the receptor site.
To connect the trajectory analysis with fire activity,

observations from the MODIS instrument measuring aboard
the two A-train satellites Terra and Aqua were taken. The
active fire product is reported on a 1 km pixel basis from the
MODIS instrument, which measures the emitted thermal
radiation at the time of the satellite overpass under cloud-free
conditions. Using the retrieval by Wooster et al.48 the fire
radiative power (FRP) for each pixel was derived. For this
study, the time periods of each event were filtered including
the 10 day back trajectories time stamps. To keep only those
fire events in our analysis that are very certain, the reported fire
events were filtered for confidence higher than 60%
(confidence level as reported in the data) and the FRP was
integrated on the 1 km grid cell. The data are provided by
NASA‘s Fire Information for Resource Management System.49

2.4. Biomass Burning Event Definition. The sources for
BC at the Zeppelin Observatory are biomass burning or fossil
fuel combustion (which includes burning of coal, oil, or gas).
The fraction of BC that can be attributed to BB varies
throughout previous studies, ranging from a few percent50 to
around half of the BB mass.21 For that reason, we chose to take
an additional BB tracer into account when identifying the BB
events, which is levoglucosan.51 The identification of the BB
events was established in two steps based on the time series of
levoglucosan and eBC (Figure S4). In step 1 (Figure S4a), we
identified the peak of the BB plume, and in step 2 (Figure S4b,
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c) we identified the start and the end time of the BB event. For
step 1 we identified the times when both levoglucosan and
eBC were equal to or exceeded the 97th percentile of a) the
entire respective month, or of b) 30, c) 60, or d) 90 data points
using a running percentile, corresponding to approximately 15,
30, and 45 days, respectively. The 97th percentile was chosen
to capture only extreme values. If levoglucosan and eBC were
at least equal to the 97th percentile for all a) − d), the event
was deemed as very certain (group 4), if the criterion was only
met for one of the calculations, it was grouped as least certain,
group 1.
In step 2 we calculated the difference between two

consecutive data points to the right and the left of the
identified peak of the BB plume from step 1, and we took the
first time point where the difference was closest to zero or
fluctuating around zero before and after the peak as the start
and end point, respectively. We did this for both eBC and
levoglucosan and took the time points where this condition
was true for both components. In Table 1 the list of identified

BB events during the NASCENT year of 2020 with their
respective start and end times as well as the certainty of the
event is given. All of the BB events reported in this study refer
to the respective time interval from the start until the end time
given in Table 1. All the data points outside these given time
intervals are classified as nonevents. The respective periods of
the events and the time series of levoglucosan and eBC are
presented in Figure 1.

3. RESULTS AND DISCUSSION
3.1. Overview of the Biomass Burning Events. In

Figure 1 we present the periods of the BB events (E1-E7)
during 2020 together with the time series of levoglucosan and
eBC mass concentrations and the bulk aerosol composition
and size. We note that for E2 there is no bulk composition data
from the ACSM available, and also for E1 the bulk
composition is only partly available. In addition, due to
instrumental issues, we are missing one additional BB event
that was reported for July 2020 in a recent study by Yttri et
al.52 and Freitas et al.53 The data in July only covers the first 3
days of the month.
The eBC mass concentrations are higher in the winter

months compared to the summer months, reflecting the
expected annual cycle of this species at the measurement
site.54,55 The annual mean of eBC (18.9 ± 35.0 ng m−3) is
lower than the reported average of long-term observations
(average 39 ng m−3, median 27 ng m−3) at the observatory
from 1998 to 2007.54 The lower eBC mass concentrations in
2020 compared to the period 1998−2007 agree with the
reported decreasing trend of eBC at the Zeppelin Observ-
atory.56 Levoglucosan shows a similar annual pattern to eBC,
although especially in September (during E6), levoglucosan
shows a more pronounced local peak than eBC. The annual
mean of the FIGAERO−CIMS levoglucosan mass concen-
tration is 1 ng m−3 (±2 ng m−3). This is in good agreement

Table 1. Overview of the times (in UTC) when the BB
events (E1-E7) started and ended, as well as the certainty of
the identification (4 most certain, 1 least certain). The times
given here refer to the start and end times of the
FIGAERO−CIMS sampling time of 2.5 h

BB Event
Number Event start time Event end time Certainty

E1 2020−01−20 22:53 2020−01−24 20:33 2
E2 2020−02−21 02:29 2020−02−24 07:30 4
E3 2020−04−15 00:04 2020−04−16 10:03 2
E4 2020−07−01 00:06 2020−07−03 17:36 1
E5 2020−09−16 11:31 2020−09−18 00:59 4
E6 2020−10−03 03:39 2020−10−10 00:38 4
E7 2020−11−02 09:08 2020−11−04 23:08 2

Figure 1. Overview of aerosol chemical and physical properties during 2020, and the periods of the BB events, indicated by E1-E7. Times when no
chemical composition data from the FIGAERO−CIMS are available are grayed out. (a) Bulk composition of nonrefractory organics, nitrate, sulfate,
and ammonium from the ACSM. There was no chloride observed with the ACSM, which is why it is not displayed here. (b) eBC and levoglucosan.
(c) Particle number size distributions from the DMPS as well as the corresponding particle number concentrations.
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with the annual mean of 0.9 ng m−3, reported for 2020 from
weekly offline filter samples at the Zeppelin Observatory by
Yttri et al.52 The annual mean of levoglucosan in 2020 is about
twice the amount reported for previous years (between 2017
and 2019 annual mean 0.5 ng m−3, March 2008 until March
2009 annual mean 0.7 ng m−3),16,57 highlighting the intensive
wildfire year in 2020 as reported by McCartney et al.58 Local
maxima in the time series of eBC and levoglucosan occur
during the event periods (E1-E7), as expected given that these
were used to identify the BB events.
Annual maximum mass concentrations of eBC, levoglucosan,

and organic aerosol are reached during E6 in October, with
0.3, 0.02, and 3.7 μg m−3, respectively, during the maximum of
this plume period. E6 was also the subject of a previous study,
where about half of the eBC mass at the Zeppelin Observatory
was attributed to originate from BB, and the other half from
fossil fuel.57 The reported eBC mass concentrations in this
previous study are similar to our values (around 0.4 μg m−3

during the maximum of the event, measured with an
aethalometer).
The period of E3 covers a similar time range as the warm air

mass intrusion event reported from the Arctic Ocean by Dada
et al.59 This event was associated with high sulfate and organic
mass loadings, increased ammonium and BC mass, as well as
both Aitken and accumulation mode particle numbers
observed over the Arctic Ocean,59 onboard the research vessel
Polarstern during the Multidisciplinary drifting Observatory for
the Study of Arctic Climate (MOSAiC),60 while the vessel was
located in the north−northwest of Svalbard. Air mass back
trajectories reported in Dada et al.59 show that the air passed
over Svalbard before reaching the icebreaker in a time period
identified as the second peak in their study, which overlaps
with our time period for E3. This indicates that the pollution
carried into the Arctic during warm air mass intrusions also
contains BB aerosol.
The particle number and size distributions during the year

follow the expected annual cycle at this measurement site, with
few accumulation mode particles (particles >60 nm in mobility
diameter) in the winter (mean January until March: 140 ± 100
cm−3; mean November until December: 48 ± 50 cm−3), and
additional numerous Aitken mode particles in the summer
time (mean May until June: 295 ± 505 cm−3).61 The
maximum concentrations during the year occur largely during
the summer months, when no BB events were identified. The
high number concentrations in May-June can be most likely
attributed to local sources that drive new particle formation.61

In Section 3.3 we discuss the properties during the BB events
in detail.
3.2. Chemical Characterization of BB Events. Figure 2

shows the difference in the average relative composition of the
bulk aerosol particles, between the nonevent times and BB
events in 2020. The relative aerosol composition shows the
largest difference for the contribution of eBC, organics, and
sulfate, whereas the fractions of nitrate and ammonium are
similar between the event and nonevent times. Comparing the
absolute mass concentrations between the events and the
nonevents reveals that the difference is most significant for
eBC and organics (Table S3). On average, the relative PM2.5
bulk composition of the events shows 69% (743.8 ± 1026.6 ng
m−3) of organics, 16% (169.1 ± 162.9 ng m−3) sulfate and 6%
(64.2 ± 80.5 ng m−3) of eBC, whereas the nonevents are
composed of only 50% of organics (274.1 ± 257.0 ng m−3),
and 3% (13.4 ± 17.7 ng m−3) of eBC, but 39% (211.7 ± 219.8

ng m−3) of sulfate. During BB episodes, the overall
composition changes from an organic and sulfate dominated
regime to a clearly organic dominated regime, where sulfate
still shows the second largest contribution. In addition, the
fraction of eBC is about twice as high in the BB events
compared with the rest of the year, while the average absolute
BC mass concentration is almost 5 times higher in the BB
aerosol. This suggests that BB is a dominating source for BC in
the Arctic, but the presence of BC during the nonevent times
also indicates that BB is not the only source of BC in this
region.13,19,21 Usually, the Arctic aerosol composition shows a
larger mass contribution of sulfate compared to organics,
although this is quite dependent on the season.62 Interestingly,
we observe organic particles as the largest contributor to PM2.5.
As our time series does not cover the entire year, with several
gaps also in the Arctic haze period, which is known for high
sulfate mass concentrations by long-range transport from
midlatitudes during winter and early spring,63 the difference of
our year to other years could be attributed to that.
Observations in northern Alaska from fires in Siberia and

Kazakhstan also reported elevated absolute BC (approximately
200 to 400 ng m−3), organic (approximately 10 to 15 μg m−3),
and sulfate (approximately 3 to 5 μg m−3) mass concentrations
during BB episodes in spring 2008,64 although no relative
contribution among the species were reported. These mass
concentrations are overall higher than the values observed in
our study, which might be related to the time scales
investigated (average over several events in our case vs two
specific events in spring 2008). Warneke et al.25 reported a
260% enhancement in absolute BC and organic aerosol mass
during BB events compared to the background signal during
Alaskan spring time 2008, while the sulfate mass was lower
than during non-BB conditions, with only 30% of the
background signal. In both relative and absolute terms, their
results of increased organics and BC and less sulfate are also
reflected in our BB events. In Section 3.6, we address the
impact of the changes in the bulk aerosol composition on the
aerosol hygroscopicity.
The chemical properties of the organic aerosol compounds

derived from the FIGAERO−CIMS during BB events
compared to nonevents are presented in Figure 3. Overall,
the Van Krevelen plot (Figure 3a, signal-weighted bulk H:C vs
O:C ratio plotted for each time point as well as averaged over
the individual BB events) does not reveal a clear difference
between the molecular-level composition of organic aerosol
particles in the BB plume compared to that in the rest of the
year. However, the H:C and O:C ratios corresponding to the
BB events suggest that carboxylic acids contribute to the BB

Figure 2. Bulk average relative and absolute composition of PM2.5
during nonevents (left) and BB events (right) in 2020, for eBC,
organics (Org), sulfate (SO4), nitrate (NO3), ammonium (NH4). The
numbers in parentheses state the mean absolute mass concentrations
and one standard deviation.
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aerosol. Carboxylic acids were found to be enriched in BB
aerosol particles in previous studies as well.65,66 Furthermore,
the average signal-weighted O:C ratio of the organics during
the BB events (0.9 ± 0.3, median 0.8) is similar to the average
of the rest of the year (0.9 ± 0.6, median 0.8). In addition, the
average signal-weighted number of carbon atoms (numC,
Figure 3b) during the BB events (7.3 ± 2.7, median 7.3) is
similar as the aerosol during the nonevents (6.9 ± 4.0, median
7.3) with no significant difference. A significant difference
(Table S4) between the BB aerosol and the non-BB influenced
aerosol is observed only for the average signal-weighted
number of oxygen atoms (numO), with numO = 4.8 ± 0.5
(median 4.8) for the BB aerosol and numO = 4.4 ± 1.2
(median 4.5) for the non-BB influenced aerosol. The higher
numO in the BB aerosol indicates more highly oxygenated
products in the measured BB particles.7 Despite the similar
values for the O:C ratio and numC between BB aerosol and
the rest of the year, respectively, the BB aerosol shows less

variation for each of these three properties. The higher
variation in the rest of the year could reflect the different
source contributions to the organic aerosol, such as an
increased contribution of marine aerosols, i.e., methanesulfonic
acid (CH4O3S), which has a high O:C ratio and is prevalent in
May and June.37 Moschos et al.67 reported O:C ratios from
two years (2017−2018) of offline Arctic filter samples analyzed
with an aerosol mass spectrometer (AMS) and positive matrix
factorization (PMF) that are overall lower (approximately 0.2
to 0.8),67 although they also show a large spread during the
year, similar to our results. However, Moschos et al.67 do not
report a BB factor-specific O:C ratio from the PMF. An
explanation for overall higher O:C ratios in our study could be
the different instruments used, as the FIGAERO−CIMS with
iodide as reagent ion is particularly sensitive for measurements
of oxygenated organic compounds;33,39 hence, the O:C ratios
are skewed toward higher O:C ratios. The O:C ratios reported
from offline iodide-FIGAERO−CIMS filter analysis collected

Figure 3. (a) Van Krevelen diagram with the average signal-weighted ratio of H:C and O:C, outliers removed. The gray dashed line shows
oxidation states (OS), and the gray solid lines indicate the location of different functional groups (e.g., carboxylic acids). (b) Average signal-
weighted number of oxygen atoms (numO) and carbon atoms (numC), outliers removed. Open triangles show the values during the entire BB
episodes. Filled triangles are the average values per BB event, and the error bars represent one standard deviation. Values in the nonevent times are
presented as gray circles.

Figure 4. (a) Ratio of levoglucosan to eBC, (b) ratio of eBC to PM0.18−1.0, (c) average absolute signals of BB tracer compounds identified with the
FIGAERO−CIMS, for all the individual BB events (E1-E7), and for the nonevent times. The error bars show one standard deviation. The whiskers
in the box plots show the 9th and 91th percentile, the horizontal lines are the median values, the diamonds the mean values, and the boxes show
quantiles according to Tukey’s method.
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during the summertime High Arctic show O:C values of 0.55−
0.81, in good agreement with our FIGAERO−CIMS ratios.68

To further analyze the chemical composition of the BB
events we present in Figure 4 the ratio of the two tracer
compounds used to identify the BB events, levoglucosan to
eBC (Figure 4a), the ratio of eBC to PM0.18−1.0 (Figure 4b),
and the average absolute signal of several other organic BB
tracer compounds identified with the FIGAERO−CIMS for
each event, as well as the respective values for the rest of the
year (nonevents) (Figure 4c). The levoglucosan to eBC ratios
(Figure 4a) are on the same order of magnitude as the
levoglucosan/EC ratios (between 0.01 and 0.06) observed by
Winiger et al.21 at the Zeppelin Observatory in winter 2009,
although their data covers only January until beginning of
March, which are similar times of the year as our events E1 and
E2. The ratios during the BB events are similar to the
conditions without BB influence, with the exception of the
events in July (E4) and September (E5), where a higher
levoglucosan to eBC ratio is caused by an enhanced mass of
levoglucosan. For these two events the ratios are significantly
higher than for the nonevent times (p = 2e-4 (E4) and p =
0.02 (E5) at 95% confidence level, Table S5). The majority of
the events show no significant difference from the rest of the
year. This could indicate that eBC and levoglucosan have
similar source regions; however, the enhanced ratio for E4 and
E5 driven by enhanced levoglucosan mass suggests that the
atmospheric lifetime of levoglucosan might be more impacted
by the atmospheric conditions than BC. Based on the different
atmospheric removal processes for BC (wet removal)69 and
levoglucosan (wet removal and chemical degradation),8,9,70 it
would be expected that levoglucosan is degraded to a larger
extent in the summer compared to the winter, which seems
contractionary to our observations. As the size of the particles
plays a role for wet removal71 it is also possible that the BC is
incorporated in the larger particles (prevalent in E1−E3, E6,
and E7, see Section 3.4) and the levoglucosan in the smaller
particles (prevalent in E4 and E5, see Section 3.4), which
results in a more efficient removal of BC and a less efficient
removal of levoglucosan in the summer (E4 and E5).72

However, other factors could have influenced the observed
ratios as well, such as the type of fuel burnt and if the fire was
smoldering or flaming.73,74 As such, the higher contribution of
organic material in form of levoglucosan during E4 and E5
could indicate smoldering fires, whereas during the remaining
events the larger contribution of eBC might suggest flaming
fires.74 As our observations are quite far away from the
potential source region of the fires (Section 3.6), the air mass
for each event might have experienced different atmospheric
conditions during transport, which include varying amounts of
oxidants to which the air mass was exposed during the time of
transport and could explain the different ratios as well.
With exception of the least certain event E4 (Table 1), the

median of the ratio eBC/(PM0.18−1.0) is higher for all
remaining BB events compared to the nonevent times (Figure
4b). A significantly higher ratio than for the nonevent times is
observed for the majority of the events (E2, E3, E6, E7, Table
S5). This significant difference between the events and the
nonevents indicates that BB can serve as the main source of
BC in the Arctic, in line with previous findings,19,21 although
additional other sources of BC are possible, such as gas flaring
or residential emissions.17

With the FIGAERO−CIMS, we identified several known
organic BB tracer compounds. In addition to levoglucosan

(indicative for burning of cellulose; the isomers mannosan and
galactosan are also BB tracers7), these tracers are vanillic
acid7,14,65,75−77 (C8H8O4, detected as IC8H8O4

−, indicative for
conifers and deciduous wood as biomass source but also
observed from the burning of rice, maize, and wheat straws),
homovanillic acid14,65,75,76 (C9H10O4, detected as IC9H10O4

−,
indicative of deciduous and conifer wood burning; has the
same molecular formula as syringaldehyde, another BB tracer
compound indicative of angiosperm as biomass source,
although rather unlikely to be detected with the idodie-
FIGAERO−CIMS33), hydroxybenzoic acid7,75 (C7H6O3,
detected as IC7H6O3

−, indicative of grassland as biomass
source, and has been observed in wheat crops,78 but also in
smoldering aerosol from pine and debris77), nitrophenol75,79

(C6H5NO3, detected as IC6H5NO3
−), methylnitrophenol75,79

(C7H7NO3, detected as IC7H7NO3
−), and nitrocatechol75,79

(C6H5NO4, detected as IC6H5NO4
−). The last three have been

observed in particles from burning of rice, maize, and wheat
straws.75 Their average absolute mass concentrations during
the different BB events and in nonevent times are presented in
Figure 4c. The absolute signal of the sum of all tracer
compounds is similarly low in events E4 and E7 and highest in
event E6. For E4 and E7, the sum of the BB tracer mass
contribution appears to be even lower than for the nonevent
times. This reflects the low certainty of these two periods being
BB events (Table 1). In fact, E7 shows significantly lower mass
concentrations for all BB tracers compared to the nonevent
times of the year (Table S5). A similar behavior is observed for
E4; however, only for three of the BB tracers. The highest
absolute mass concentrations of the BB tracer compounds are
observed for those events with the highest certainty (E2, E5,
and E6). Notably, significantly higher absolute mass concen-
trations for all BB tracer compounds compared to the
nonevent times are only found for E2 and E6 (Table S5).
Among all the BB tracers, levoglucosan makes up the largest
absolute signal in all events and also during the nonevent
times. This might be related to our method used, where
levoglucosan is detected at the collisional limit.39 It could also
be related to the overall long atmospheric lifetime of
levoglucosan and that it is emitted in much larger quantities
than the other BB tracer compounds.75,80 In contrast to the
other events, E2 and E6 show elevated signals of hydrox-
ybenzoic acid, nitrophenol, methylnitrophenol, and nitro-
catechol. In addition, all of these four tracers show significantly
higher absolute mass concentrations during E2 and E6
compared to the nonevent times (Table S5). Furthermore,
during these two events, also the vanillic and homovanillic acid
signals are higher than in the other events. The presence of
these two tracer compounds could indicate burning of
conifer76 and deciduous65 tree species, e.g., from wildfires, or
if wood is used in the heating season, as a residential heating
source.21 The presence of hydroxybenzoic acid, vanillic acid,
nitrophenol, methylnitrophenol, and nitrocatechol indicates
the burning of grassland, which might be related to agricultural
fires burning wheat, maize, and/or rice.75,78 E3 shows
significantly higher mass concentrations compared to the
nonevent times as well, but only for two of the BB tracer
compounds, vanillic and homovanillic acid (p = 0.04 and p =
0.02, respectively, Table S5). Hence, also for this event,
wildfires and/or residential heating might be a source of the
measured BB signal. For the remaining events (E1, E5), all of
the BB tracer compounds show no significant difference to the
nonevent times, suggesting that these events might be BB
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events with weaker BB properties. At least for E1, this would
explain why it was grouped with a lower certainty (Table 1).
3.3. Number Size Distributions of BB Events. For all of

the BB events, the average particle number size distribution
shows a peak in the accumulation mode (Figure 5). This peak
is also the maximum in the distribution (peak occurs between
approximately 80 and 140 nm), except for E4, where the
maximum number is found at smaller sizes in the Aitken mode
(at approximately 35 nm). If wet removal during the transport
of the air mass is minimal (negligible clouds and precipitation),
aerosol particles originating from long-range transported aged
BB events are expected to have number size distributions
dominated by the accumulation mode,2,81 where previous
studies in the Arctic reported sizes between approximately 100
and 200 nm.22,72,82 Hence, the presence of accumulation mode
particles in our BB events largely follows the expectations. The
aerosol number size distribution at the Zeppelin Observatory is
well-known and follows a very distinct annual cycle, where
Aitken mode particles dominate the number in the summer,
and are less abundant in the winter.61 This annual cycle is also
reflected in the monthly nonevent averages. The dominating
Aitken mode particles in E4 indicate that new particle
formation (NPF) occurred during the air mass transport and
most likely also shortly before the arrival at the Zeppelin
Observatory.83,84 Therefore, the air mass observed in E4 was
probably a mixture of BB aerosol and local emissions, which is
in agreement with this event being identified as being the least
certain (Table 1). Similarly, NPF and mixture of different air
masses could also explain the contributions from Aiken mode

particles in the other BB events in the summer half, E3 and E5.
Among all BB events, the lowest particle number in the
accumulation mode occurs for E7. As the accumulation mode
contributes most to the mass concentration in the submicron
range, this lowest number could explain why also the lowest
absolute BB tracer mass concentrations are observed for this
event.
As expected,22,26 compared to the nonevent times, the BB

events show a higher number of accumulation mode particles
for E2, E3, and E6. However, for the remaining events, this
number is similar (E1, E5) or even lower (E4, E7). This might
be a result of wet removal occurring along the air mass
transport,61 where the CCN active accumulation mode is
effectively removed.71 Hence, in July (E4) and November (E7)
the lower number of accumulation mode particles during the
BB events compared with the rest of the month might be
related to wet removal during transport. We address this
further in Section 3.6.
3.4. Impact of BB on Arctic Aerosol Mass and

Number. The influence of the BB events on the absolute
mass loadings of PM0.18−1.0 and PM10 and the absolute number
of aerosol particles compared to the rest of the respective
months is presented in Figure 6. In February and October, the
median PM0.18−1.0 (Figure 6a) between the BB plume and the
rest of the month shows the largest difference. In both cases,
PM0.18−1.0 during the BB episode is significantly higher (Table
S6) than the nonevent times of the month. During the event in
February (E2), the PM0.18−1.0 median is twice as high as that
during the rest of the month, 3.5 (mean 3.3 ± 0.7 μg m−3) and

Figure 5.Mean number size distributions of the different BB events (solid line) and the average number size distributions of the months where the
BB events occurred but for the nonevents period (dashed). The diameter (D) refers to the mobility diameter from the DMPS.
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1.8 μg m−3 (mean 2.1 ± 1.2 μg m−3). The event in October
(E6) shows even higher mass enhancements in PM0.18−1.0.
Here, the PM0.18−1.0 median during the BB event is 1 order of
magnitude higher than during the rest of the month, 3.1 (mean
2.9 ± 2.5 μg m−3) and 0.3 μg m−3 (mean 0.3 ± 0.2 μg m−3).
This difference is significant at the 95% confidence level with a
p-value of 3e−5 (Table S6). During a BB event reaching the
Zeppelin Observatory in spring 2006, 1 order of magnitude
higher PM0.18−1.0 concentrations were observed as well;22

however, during this event, the values reported reached 29 μg
m−3 as a daily mean and covered the polluted Arctic haze
season. The difference between the BB events and the
nonevent times for the larger PM10 particles (Figure 6b) is
not as pronounced through all the events compared to
PM0.18−1.0. However, similar to PM0.18−1.0, the concentrations of
PM10 show a significant (p = 1e−3 at 95% confidence level,
Table S6) mass enhancement for the event in October, where
the median value is 6.5 μg m−3 (mean 11.1 ± 13.5 μg m−3)
during the BB event and only 0.9 μg m−3 (mean 1.4 ± 1.4 μg
m−3) for the rest of the month.
While the main components transported during the BB

events consist of organic and black carbon, which are mainly
contributing to the submicron fraction,5,85 the main contrib-
utors to the larger coarse mode fraction have a different source
and consist of, e.g., sea salt and mineral dust. Sea salt and
mineral dust can be chemically analyzed neither with the
ACSM nor with the FIGAERO−CIMS, as they do not
evaporate at the temperatures used in the instruments. The
difference in size of the source particles could explain why the
impact of BB on PM0.18−1.0 is larger than on PM10. Groot

Zwaaftink et al.57 reported similarly high mass concentrations
(mean PM2.5-PM10 6.3 μg m−3) at the Zeppelin Observatory
during the event in October (E6). They found high mass
concentrations of mineral dust elements and suggested that
mineral dust was responsible for the high mass concentrations.
Their model results indicate that the origin is most likely dust
form Eurasia. It could be the same reason for the similar levels
of PM10 during E7.
The majority of the BB events show, as expected, higher

numbers of particles compared to the rest of the respective
months (Figure 6c), especially the events in February (E2) and
October (E6). For both events, the difference in number is
significant at the 95% confidence level between the BB event
time and the times outside the BB event (Table S6). In
February, the median during the BB event is about twice as
high as during the nonevent times, approximately 500 (mean
452 ± 132 cm−3) and 200 cm−3 (mean 198 ± 77 cm−3).
Similar to the results of the mass concentrations, the number
concentration also shows a median that is 1 order of
magnitude higher during the BB event (approximately 350
cm−3, mean 301 ± 210 cm−3) in October (E6) compared to
the rest of the month (approximately 50 cm−3, mean 84 ± 74
cm−3). The enhanced number and PM0.18−1.0 during E2 and E6
is likely caused by the increase in accumulation mode particles,
as observed from the number size distributions in Section 3.3.
Up to 1 order of magnitude higher numbers of aerosol particles
compared to Arctic background conditions were also reported
for aged BB aerosol particles in the Canadian Arctic summer
2008.26 For E3, the mass concentrations of PM0.18−1.0 showed
no significant difference (at 95% confidence level, p = 0.2,
Table S6), and the same can be observed for the number
concentration of this event (p = 0.2, Table S6). Nevertheless,
the median for E3 shows an enhancement in number
compared to the rest of the month, approximately 330 cm−3

(328 ± 114 cm−3) during the BB event and 200 cm−3 (mean
237 ± 262 cm−3) during the rest of the month. This
concentration during the BB event is on the same order of
magnitude as the number of Aitken and accumulation mode
particles observed the day after on the research icebreaker
Polarstern59 located in the north−northwest of Svalbard at that
time measuring atmospheric parameters as well, e.g., aerosol
particle number concentrations.60

Overall, a statistically significant difference between the
individual events and the rest of the months for all three
parameters (PM0.18−1.0, PM10, and number concentration) was
observed only for the events in February (E2) and October
(E6). This supports the grouping of these events in the highest
certainty level (Table 1).
3.5. Impact of BB on Arctic Aerosol Hygroscopicity.

The hygroscopicity parameter κ provides a parameter to
indicate the ability of aerosol particles to act as CCN.86 The
lower the value, the less hygroscopic the particles. κ values for
the BB events and the rest of the year are shown in Figure 7
(see also Figure S5 where only data points above LOD were
included). As described (Section 2.2) κ was calculated based
on the ACSM mass concentrations. As the ACSM does not
measure sodium chloride, which has a high hygroscopicity,86

the reported κ values are underestimated. The average κ value
for the BB events (0.4 ± 0.2, median 0.4) is slightly lower
compared to the nonevents (0.5 ± 0.2, median 0.5). A
statistical t test with a 95% confidence level results in a p-value
of 3 e−5, indicating that the events and the nonevents are
significantly different (Table S7). As presented in Section 3.2,

Figure 6. (a) PM0.18−1.0 and (b) PM10 concentrations, as well as (c)
number concentrations for the BB events and nonevents in the
respective months. The mass concentrations in (a) and (b) refer to
particles larger than 180 nm only, while the number concentrations in
(c) cover particles in the size range 5−708 nm. The horizontal lines in
the boxes show the median, and the diamonds show the mean values.
The whiskers show the 9th and 91th percentile, and the boxes show
quantiles according to Tukey’s method. Note: All concentrations are
presented as absolute concentrations, i.e., the event data was not
corrected for the nonevent values.
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the BB events show a lower relative contribution of sulfate than
the nonevent times, and a higher relative contribution of
organics. Since inorganic compounds have a higher hygro-
scopicity (0.7−0.9) than the organics (0.07),86 the difference
in relative sulfate concentration can explain the lower
hygroscopicity in the BB event episodes. Compared to κ
during summertime BB aerosol measured over the Canadian
Arctic in 2008 (0.2 ± 0.1 based on chemical composition) by
Lathem et al.,26 our mean κ value is overall higher, but lies
within one standard deviation of Lathem et al.26

The median (average) κ of the entire year (including both
BB events and the nonevent times) is 0.5 (0.5 ± 0.2). This
value is similar to what was reported by Zab́ori et al.87 (κ =
0.5) and Zieger et al.88 (mean κ = 0.6) from the Zeppelin
Observatory, when using the bulk aerosol chemical composi-
tion (from offline filter samples) for the calculation and
humidified nephelometer measurements, respectively. How-
ever, at other Arctic sites lower κ values have been reported,
e.g., 0.2−0.4 (Villum, Greenland),89 0.4 (mean value, Arctic

Ocean),90 and 0.1−0.3 (Canadian Arctic).26 In accordance
with our study, sea salt was not considered in these studies.
This difference could be related to the more marinely
influenced location of the Zeppelin Observatory compared to
other Arctic locations, by which more hygroscopic material
reaches the Zeppelin Observatory. Overall, the κ values
observed for the BB events and the rest of the year suggest
that marine-derived material contributes to larger fractions at
the Zeppelin Observatory compared to other Arctic sites,
during both BB events and during parts of the year that are not
influenced by BB. Nevertheless, the influence of BB results in a
significantly lower hygroscopicity than for the rest of the year
at our measurement site. This indicates that the impact of BB
on the hygroscopicity depends on the background conditions
of the measurement site.91

3.6. Potential Fire Source Regions. To further under-
stand the observed differences and similarities in chemical and
physical properties of the individual BB events, we present the
air mass history analysis based on ensemble HYSPLIT back
trajectories for 10 days, above and below the boundary layer
height, in Figure 8. The main transport regions are similar
when using only trajectories inside the boundary layer (Figure
S6) and when the back trajectory time is extended to 20 days
(Figure S7). The influence of precipitation along the transport
is shown in Figure S8. With the fire radiative power (FRP), we
also show the intensity and location of active fires. We note
that MODIS might not have observed all fire active regions
during our events;92,93 hence, the presented fire regions might
be an underrepresentation of the actual fire activity. Overall,
2020 was a year with more intensive fires year-round when
compared to the previous two decades (2001−2020,
Supporting Information, Section S8). As such, also the
individual BB events in 2020 were on average more intensive
(higher FRP) than the previous two decades.

Figure 7. Hygroscopicity parameter κ for the BB events and the rest
of the year (nonevents), based on the PM2.5 nonrefractory mass
concentrations measured with the ACSM. The horizontal line shows
the median, and the diamonds show the mean. The whiskers show the
9th and 91th percentile, and the boxes show quantiles according to
Tukey’s method.

Figure 8. Ten day back trajectories and fire activity for the individual BB events. The given start and end times refer to the start and end times of
the trajectories. The transport probability indicates how likely the air mass originates from the specific region. With the fire radiative power, the
strength of the fire is indicated, where higher values indicate more intensive fires. The red triangle shows the location of the Zeppelin Observatory.

ACS Earth and Space Chemistry http://pubs.acs.org/journal/aesccq Article

https://doi.org/10.1021/acsearthspacechem.3c00187
ACS Earth Space Chem. XXXX, XXX, XXX−XXX

J

https://pubs.acs.org/doi/suppl/10.1021/acsearthspacechem.3c00187/suppl_file/sp3c00187_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsearthspacechem.3c00187/suppl_file/sp3c00187_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsearthspacechem.3c00187/suppl_file/sp3c00187_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsearthspacechem.3c00187/suppl_file/sp3c00187_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsearthspacechem.3c00187/suppl_file/sp3c00187_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.3c00187?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.3c00187?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.3c00187?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.3c00187?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.3c00187?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.3c00187?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.3c00187?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.3c00187?fig=fig8&ref=pdf
http://pubs.acs.org/journal/aesccq?ref=pdf
https://doi.org/10.1021/acsearthspacechem.3c00187?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


For the BB events in January (E1), February (E2), and
November (E7), there were fewer and less intense fires
detected than for the events in April (E3), June (E4),
September (E5), and October (E6). For these three events
(E1, E2, and E7), there was some fire activity detected near the
Black Sea and in the southwest of Canada. However, for E1,
the back trajectories do not pass over the active fire source
regions during 10 days. Even when assuming 20 days of air
mass transport before arrival on Svalbard the trajectories seem
to have passed mainly areas without fire activity, with a low
transport probability over a small fire area in western Canada
(Figure S7). Furthermore, among the chemical and physical
properties (Sections 3.2−3.4) of this event, no significant
difference to the non-BB influenced times were observed for
any of the properties. This suggests that E1 experienced only a
weak influence of BB aerosol and explains why this event only
has a low certainty (Table 1). For E7, the trajectories touch
some of the Canadian fires, but the trajectory information also
shows precipitation along this transport path (Figure S8). This
results in most likely a dominating transport from the Barents
Sea region. The precipitation along the transport path for E7
could also explain the weak BB chemical and physical
properties of this event (Sections 3.2−3.4). For E2, the air
mass trajectories suggest the influence of fires near the Black
Sea over Ukraine, Romania, and Bulgaria, with possible
additional influence of anthropogenic emissions from the
eastern part of Europe. The complexity of the possible sources
influencing the aerosol composition for these three events (E1,
E2, E7) is increased by the fact that the air mass origin for all
three events points partly to the region near the Russian Arctic
coast, known to be a source of air pollution and namely BC
from gas flaring activity.17 In agreement with that, the largest
eBC mass concentrations of all of our BB events occurred for
those three events (see Figure 1). Since the air mass measured
during E2 had contact with some fires near the Black Sea (an
area frequently showing fire activity on an annual base,94

Supporting Information, Section S8) but also spent time over
the northeastern parts of Europe, the elevated BB tracer
compounds vanillic, homovanillic, hydroxybenzoic acid, nitro-
phenol, nitrocatechol, and methylnitrophenol as discussed in
Section 3.2 indicate that E2 has been influenced by additional
sources from agricultural fires and also from residential heating
using wood. This is in agreement with previous studies
reporting residential wood burning as a source of BB at
Zeppelin in the winter.13,21. The significant difference of E2 to
the nonevent times in its chemical and physical properties also
suggests this BB event to have a strong impact on the Arctic
background conditions.
For the remaining events (E3−E6), MODIS detected fires

mainly across Russia and Eastern Europe, which are typical
source regions for fire and BC emissions reaching the Zeppelin
Observatory.20,95 The potential fire source regions cover areas
that show frequent fire activity, where on average approx-
imately 10−50 km2 are burnt every year.94,96 For the event in
April (E3), there are several intensive fires detected over a
large area in Eastern Europe (covering the area east of the
coast of the Adriatic Sea until the most southwestern part of
Russia)�a region that is known for its highest fire activity in
April and May.96 The trajectories show transport from this
source area, although the strongest transport pathway occurs
from northern Scandinavia and also covers the Kola Peninsula,
which is known for high sulfur emissions from smeltering.97

Despite passing over this high sulfur emission region, the bulk

composition does not show the largest absolute contribution of
sulfate to this event (Figure 1). Nevertheless, a signature from
wildfires or wood combustion in residential wood burning was
found in the BB tracer compounds (namely, vanillic and
homovanillic acid), as described in Section 3.2. Hence, for E3,
the BB aerosol might have had its origin in wildfires or
residential wood burning in Eastern Europe.
During the event in July (E4), several intensive fires were

detected along the northeastern coast of Russia, and a few
further toward Europe in the western part of Russia. Despite
the high fire activity along the northeastern coast of Russia,
which has been a very unlikely area for fires to occur in the past
decades,94,96 the transport from this region to the Zeppelin
Observatory seems to be negligible. However, this region could
be an important BB source region for other regions of the
Arctic. The trajectories show two transport pathways: one over
the Arctic Ocean and one from the fire areas in central Russia.
Along the transport path from the latter, there was
precipitation occurring (Figure S8). That leaves the path
from the Arctic Ocean as probably the main source region,
which could explain the dominating Aitken mode observed for
this event, and the low absolute BB tracer signals that were not
significantly different than for the nonevent times or even
significantly lower (Section 3.2).
During the event in September (E5), the trajectories show a

dominating transport path along the eastern coast of
Greenland, partly passing over the western coast of Greenland,
as well. MODIS did not detect any fire activity on Greenland,
and the trajectories do not pass over any other region that
shows fire activity. The month of September is not yet the start
of the heating season in the northern hemisphere; hence,
domestic heating is also unlikely as a source for the observed
event. This raises the questions why the levoglucosan mass
concentrations for this event are overall high, and why the eBC
mass is relatively much lower, as reported in Section 3.2. As
mentioned earlier, the levoglucosan signal dominating over
eBC might have manifold reasons: it could be a result of
smoldering fires dominating over flaming fires, different fuel
types that were burnt in the different fire regions at different
times of the year at different atmospheric conditions, or
different removal processes (Section 3.2). In the past, MODIS
has detected fire activity on Greenland.98 However, it is
possible that the fires potentially occurring on Greenland in
mid-September 2020 were covering only a small area, were
burning rapidly, or were comprising only low-intensity fires.
These are fires known to not be detected well by MODIS,92,93

which would explain why this event (E5) was associated with a
certainty of 4 (see Table 1) when using the chemical
composition information for the identification of the events.
For the event in October (E6), several intensive fires were

detected in the eastern part of Europe, north of the Black Sea.
According to the trajectories, the main transport to the
Zeppelin Observatory was from this intensive fire area, where
the air was passing over large parts of Scandinavia as well.
These fires could be arising from agricultural fires, as identified
in an event reaching the Zeppelin Observatory in 2006 from
the same source area, causing extreme values in BC, aerosol
mass concentrations and trace gases at the measurement site,22

similar to our observations on the aerosol properties from E6.
Groot Zwaaftink et al.57 also investigated the episode of our E6
and mention forest fires in Ukraine and southern Russia as
source regions. This region is also known for burning of crop
land, such as wheat,99 which could explain the observed BB
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tracers hydroxybenzoic acid, nitrophenol, methylnitrophenol,
and nitrocatechol (Section 3.2). In addition, the mentioned
forest fires by Groot Zwaaftink et al.57 and the start of the
heating season in Scandinavia during this event in October
could explain the elevated levels of vanillic and homovanillic
acid observed among the BB tracer compounds (Section 3.2).

4. CONCLUSIONS
We investigated the chemical and physical characteristics of BB
aerosol particles during 7 BB events, reaching the Zeppelin
Observatory on Svalbard during the NASCENT year in 2020−
a year that has been identified as an extreme year of wildfire
activity above 60 °N.58 In addition to a higher relative and
absolute eBC contribution in the BB aerosol, the fire
influenced aerosol also showed on average a significant
contribution of organic matter compared to the rest of the
year and a reduction in sulfate mass. This resulted in fewer
hygroscopic aerosol particles during the BB events. A
FIGAERO−CIMS allowed us to obtain details about the
molecular-level chemical composition of the organic matter,
which did not reveal a clear difference in the O:C and number
of carbon and oxygen atoms between the particles in the BB
plume compared to the rest of the year but was composed of
mainly carboxylic acids. Two of the investigated BB events
(one in February, one in October) showed a significant
enhancement in aerosol particle number by up to 1 order of
magnitude when compared to the monthly background levels.
Based on the observed BB tracer compounds hydroxybenzoic
acid, nitrophenol, methylnitrophenol, and nitrocatechol,
combined with air mass origin back trajectories, the source
region for these two events pointed toward grassland burning
in Eastern Europe, probably from agricultural land. In addition,
the observed signal of vanillic and homovanillic acid as BB
tracer compounds suggests a mixture of wildfire emissions
along the air mass transport.
Our results show a significant difference between the BB

aerosol and the rest of the year for all BB tracer compounds
and for all physical parameters (PM0.18−1.0, PM10, number
concentration) at times when the air mass origin was attributed
to originate from Eastern Europe (E2 in February and E6 in
October). The BB events in the rest of the year showed a less
pronounced impact and were likely transported from Siberia.
These results suggest that the source region but also the season
in which the events occur determines the impact of the BB
events in the Arctic, where Eastern European BB might have a
larger impact than Siberian BB activity. Despite no significant
difference in the molecular-level chemical composition
between the BB events and the rest of the year, our
observations underline the relevance of molecular-level
information needed to trace the source regions of BB aerosol
reaching the Arctic. For BB aerosol to reach the Arctic, fire
activity and transport of the BB-influenced air to the Arctic
region are required. The transport pattern observed during the
BB events are largely similar to previous investigations of
transport of BC to the Zeppelin Observatory.20,30 Hence, the
larger impact of Eastern European BB on the Arctic aerosol
compared to Siberian BB events could be related to the
prevalent meteorological conditions in the different seasons,
which favor transport from regions further south in the winter
and shift further north in the summer time.58,100 These
conditions include also removal process along the transport
path, where wet removal becomes an efficient sink for Arctic
aerosols in the summer.20,95,101 As transport from the Eurasian

region has become more frequent in the past decade,102

agricultural fires and forest fires from this region could be an
important source for Arctic aerosols in warmer and drier future
atmospheric conditions. The eBC mass concentrations in 2020
were also the highest in the Eastern European fires, which has
large implications for Arctic warming when the transport
occurs in the spring time,103 as enhanced transport of the
absorbing BC particles to the Arctic leads to deposition of
those particles on the snow and ice50 and decreases its albedo
and thereby accelerates the warming. In addition, the reduced
hygroscopicity of the BB aerosol in combination with the
enhanced number of particles can have implications for the
cloud formation ability in the Arctic and thereby also impact
the future of the Arctic warming.
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