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ABSTRACT
In this study, we utilize aerosol mass spectrometer (AMS) and multi-angle absorption photometer (MAAP)
measurements to assess the most predominant source regions of various atmospheric aerosol constituents
transported to Eastern Finland. The non-refractory composition data from the AMS were measured during
three intensive measurements campaigns in autumn 2012, 2014 and 2016, whereas the continuous long-term
measurements on equivalent black carbon were conducted in 2012-2017. According to observations, the
highest concentrations of particulate organics, sulphate, ammonium and black carbon originated from
western parts of Russia and Eastern Europe, whereas Central Europe showed lesser contribution. In
addition, exceptionally high concentrations of sulphate and ammonium were associated with the Timan-
Pechora basin located in north-western Russia. Assumingly, this phenomenon could be linked to intensive
gas flaring activities taking place in the area. We also performed positive matrix factorization analysis of
organic fraction measured by the AMS. The trajectory analysis revealed increased concentration fields (CF)
for low-volatility oxygenated organic aerosol (LVOOA) and hydrocarbon-like organic aerosol (HOA) in the
same areas as for sulphate and ammonium. Meanwhile, the CF of semi-volatile oxygenated organic aerosol
(SVOOA) suggested a local origin. To summarize, our results suggest that Western Russia and Eastern
Europe are the most important source regions of several long-range transported aerosol constituents for
Eastern Finland. Besides influencing the air quality and aerosol chemical composition on a local scale, these
regions may also play a crucial role as the pollutants are transported further north, towards the vulnerable

Arctic region.

Keywords: trajectory analysis, aerosol mass spectrometry, black carbon

1. Introduction

Atmospheric aerosol particles comprise complex mixtures
of various organic and inorganic chemical constituents.
The aerosol chemical composition is a crucial factor
determining particles’ fate and role in the atmosphere,
and most notably, their impact on climate. Most of the
aerosol types present in the atmosphere tend to cool the
climate by reflecting the solar shortwave radiation back
to space. In addition, depending on the prevalent
meteorological conditions, particles of certain size and
chemical composition can act as condensation nuclei for
cloud droplets. Therefore, increasing the number of

*Corresponding author. e-mail: sami.romakkaniemi@fmi.fi

available cloud condensation nuclei (CCN) could poten-
tially lead to increase in cloud droplet concentration,
which directly increases cloud albedo (Twomey, 1974),
and initiates several potential feedback processes affecting
not only cloud microphysical properties but also thick-
1989;
Haywood and Boucher, 2000; Lohmann and Feichter,
2005; Quaas et al., 2020).

Some aerosol types, most importantly black carbon

ness and mesoscale cloud coverage (Albrecht,

(BC), are highly light-absorbing. BC originates from
incomplete combustion and is emitted to the atmosphere
together with several other gaseous and particulate pollu-
tants. It has been estimated that BC induces the second
most important anthropogenic climate forcing after CO,
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(Bond et al., 2013). BC affects the climate through vari-
ous mechanisms. First, it can directly absorb both the
incoming solar radiation and the radiation that is
reflected from the high albedo surface underneath (e.g.
snow or cloud layer). Second, BC may reduce the cloud
coverage and alter the cloud microphysics via so-called
semi-direct effects (Hansen et al., 1997, Koch and Del
Genio, 2010) and settle on snow decreasing the natural
surface albedo and reflectance (Hansen and Nazarenko,
2004; Flanner et al., 2007).

Although the climatic importance and role of BC are
well established, it still comes with a great uncertainty.
For example, BC particles cover a wide range of particle
sizes and mixing states even in the same air mass. The
pure primary BC particles may undergo condensation
and coagulation processes in the atmosphere, and thus,
can be coated with varying fraction of other organic or
inorganic compounds. These processes further alter the
light scattering and absorbing properties of BC particles
as well as their ability to act as CCN (e.g. Matsui et al.,
2018; Cappa et al., 2019).

The chemical composition of the ambient aerosol
depends on several different factors, such as remote emis-
sion sources, local emission sources and atmospheric
processes occurring between the source and receptor sites.
In this study, we investigate the role of long-range trans-
port on the aerosol chemical composition measured at
the Puijo station in Eastern Finland, a unique location
along the pathway connecting the continental Europe and
Arctic regions. We utilize aerosol mass spectrometer
(AMS) and multi-angle absorption photometer (MAAP)
measurements together with atmospheric air mass back-
trajectories in order to identify the source regions of vari-
ous organic and inorganic chemical species. AMS is a
state-of-the-art instrument capable of measuring the mass
concentrations of particulate organics, sulphate, ammo-
nium, nitrate and chloride species (Jayne et al., 2000). In
addition, the organic mass spectra measured with an
AMS can be used to resolve various multiple organic
aerosol (OA) factors corresponding to different aerosol
sources and processes.

Cluster analysis is likely one of the most simplistic
tools for identification of geographical source regions and
source-specific chemical characteristics (e.g. Huang et al.,
2010; Hussein et al., 2014). In cluster analysis, a large
group of air mass trajectories are analytically divided into
distinct groups (i.e. clusters) for which the average com-
position or concentration can be calculated. However, as
the cluster analysis is purely analytical method, the aver-
aged compositions or concentrations can be somewhat
hard to interpret. For example, trajectories grouped into
one cluster may cover large areas with wide range of

geographical characteristics such as polluted urban sites,
relatively clean background areas or marine regions.

A more sophisticated alternative for cluster analysis is
provided by so-called source-receptor methods (e.g.
Ashbaugh et al., 1985; Stohl, 1996). In these methods, the
measured concentrations are assigned to individual air
mass trajectories and their spatial coordinates. Thereafter,
the spatial coordinates and their associated concentra-
tions can be averaged and illustrated as compound-spe-
cific concentration maps. In previous literature, these
analysis tools or their variants have been typically named
as potential source contribution function (PSCF) or con-
centration-weighted trajectory (CWT) methods. Even
though these methods have been utilized for more than
three decades in atmospheric sciences and pollution
research, only a few studies have tried to combine them
with AMS data (McGuire et al., 2014; Sun et al., 2018).
Although more studies have focused on BC (e.g. Babu
et al., 2011; Franke et al., 2017), none of these studies, to
our knowledge, have used long-term data covering several
years of measurements.

2. Methods
2.1. Measurement site

The Puijo measurement station is located on the top floor
the Puijo observation tower (62°54'34"N, 27°39'19"E) and
it resides approximately 224 m above the surrounding lake
level. Based on its surroundings, the Puijo station can be
characterized as a semi-urban measurement site. The east-
ern and southern side of the tower (0-215°) is covered by
residential areas of different sizes, but also, includes several
other local emission sources such as a paper mill in the
northeast, a heating plant in the south and the two main
roads crossing the area in south—north direction. By con-
trast, the western side of the tower (215-360°) is mainly
covered by woodland and water bodies. Due to its high
location, the measurement station has been typically uti-
lized in aerosol-cloud studies (e.g. Hao et al, 2013;
Vaisanen et al.,, 2016). However, the high location also
implies that all the local emission sources are located
roughly 200 m below the measurement altitude, and thus,
the measurement station is also well suitable for character-
ization of aerosols and their transportation from remote
areas. A more detailed overview of the station and its sur-
roundings can be found from previous literature (Leskinen
etal., 2012; Portin et al., 2014).

2.2. Non-refractory aerosol chemical composition

At Puijo, the bulk chemical composition of sub-micrometre
atmospheric aerosol particles was measured with an
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Table 1. The durations and AMS data coverages for the three
intensive measurement campaigns organized in 2012, 2014
and 2016.

Total duration AMS data
Campaign dates (hours) coverage (%)
28 September 2012-27 1330 91
November 2012
8 October 20144 641 95
November 2014
10 October 2016-29 1162 95
November 2016
All campaigns 3133 93
Aerodyne High-Resolution Time-of-Flight Mass

Spectrometer (hereafter referred to as AMS). Briefly, AMS
measured the non-refractory composition, i.e. the mass
concentrations of total organics, sulphate (SO,), nitrate
(NO3), ammonium (NHy4) and chloride (Cl) by applying
thermal vaporization and electron impact ionization.
Following the evaporation and ionization, AMS designates
the ion trajectory in the time-of-flight (ToF) analyser into
two modes. One is so-called V-mode, which defines the ion
trajectory moving in the ToF analyser in V-shape. The
other one is W-mode. Compared to W-mode, the V-mode
provides data with higher sensitivity but lower resolution.
A more comprehensive overview of the instrument, calibra-
tion and data analysis has been presented in previous litera-
ture (Jayne et al., 2000; DeCarlo et al., 2006; Canagaratna
et al., 2007). In this study, we utilize AMS data measured
during three intensive measurement campaigns. These three
campaigns organized during the autumn seasons in 2012,
2014 and 2016, are summarized in Table 1. To determine
the mass concentrations, the mass spectra in V-mode were
employed and the relative ionization efficiency (RIE) values
for organics, sulphate and nitrate were 1.4, 1.2 and 1.1,
respectively, for all three campaigns. For ammonium, RIEs
of 2.8, 3.5 and 2.3 and collection efficiencies of 0.4, 0.4 and
0.8 were applied for campaigns in 2012, 2014 and 2016,
respectively.

2.3. Positive matrix factorization

Positive matrix factorization (PMF) analysis was per-
formed on the high-resolution mass spectra for all three
campaigns. The PMF techniques and its application to
the AMS data have been described in Paatero and
Tapper (1994) and Ulbrich et al. (2009), respectively. In
each campaign, the organic error matrices were processed
by applying the minimum error, down-weighting the m/z
44 relative signals, and down-weighting and removing the
other weak and bad signals, respectively. Then, the results

were evaluated with 1-6 factors and Fpeak varied from
—1 to 1 in steps of 0.1. After a detailed evaluation of
mass spectral profiles and time series of different OA fac-
tors, a three-factor solution was selected for the 2014 and
2016 campaigns and a four-factor solution was chosen
for the 2012 campaign. The mass spectra and time series
of factors 1 and 2 in the 2012 campaign resembled each
other, and thus, they were merged to generate a new fac-
tor. Ultimately, an improved three-factor solution is
reported for all three campaigns presented in this paper.

2.4. Black carbon

The BC concentrations at Puijo have been monitored
continuously since 2006 with a MAAP (MAAP Model
5012, Thermo Scientific). In MAAP, the particle sample
is collected onto a glass-fibre filter tape, after which the
optical absorption of the collected aerosol is determined
by measuring the transmittance across the filter and the
reflectance at two angles (130° and 165°) at 637 nm wave-
length. Finally, the derived absorbance of the accumu-
lated aerosol is inverted into equivalent black carbon
(BCe) concentration by assuming a constant mass absorp-
tion cross-section of 6.6m? g~!. In this study, we use
hourly averaged BCe data measured during the years
2012-2017. The data coverage during this measurement
period is approximately 85% with the only longer data
gap occurring in early 2016 due to instrumental issues.

2.5. Trajectory analysis

The ambient chemical composition data from both the
AMS and MAAP were averaged over 1-hour measure-
ment periods. Thereafter, 5-day back-trajectories arriving
at Puijo (fixed arrival altitude of 250 m) were calculated
for each measurement hour with the HYSPLIT4 atmos-
pheric transport and dispersion model (Stein et al., 2015).
In this study, we have used the meteorological input data
from the Global Data Assimilation System (GDAS) with
a horizontal resolution of 1°. These data have been
widely used in various HYSPLIT applications and pro-
vide a good compromise between spatial and temporal
resolution, accuracy and computational efficiency (e.g. Su
et al., 2015).

The 5-day back-trajectories calculated with the
HYSPLIT model consist of 121 hourly endpoints, which
describe the spatial coordinates of an air parcel that
arrives at the receptor site at the given time ¢t = #. First,
each of these endpoints is assigned an hourly averaged
concentration measured at ¢t = f.. Thereafter, the geo-
graphical area of interest is divided into 0.5° x 0.5° grid
cells and the gridded concentration fields (CF) are calcu-
lated by adapting the methodology reviewed and
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developed further by Stohl (1996). To summarize, the
CFs for individual chemical constituents are calculated
as:

N
Y ilogio(ex) X Tijk
N
Zk:ﬂi,j,k

where k is an ordinal index of an hourly data point, N the
total number of data points and respective trajectories, ¢
the measured concentration, and 7;jx the number of
hourly trajectory endpoints hitting the grid cell (i,j) for an
air mass trajectory that arrives the receptor site at ¢ = f.
Thereafter, the initial CFs are smoothed with a 9-point
average filter imposing a restriction that the gridded values
should remain within their 95% confidence intervals. The
smoothing process is repeated until the difference between
the two consecutive CFs is less than 1%. Ultimately, the
purpose of this kind of smoothing process is to diminish
the statistically insignificant small-scale variations in the
CFs without removing any real and significant structures
(Stohl, 1996).

One possible issue arising from this kind of approach
is so-called trailing effect. This can happen if the total
number of trajectory endpoints hitting a certain grid cell
is low but some of these trajectories also pass real source
regions elsewhere. This can lead to erroneous and mis-
leading grid values especially in the peripheral areas
where the trajectory density decreases. In order to tackle
this issue, we have applied a weight function Wj; to de-
emphasize grid cells with low trajectory density. Such
weight functions have been typically used together with
so-called PSCF methods. In these methods, absolute con-
centrations are replaced by binary values depending on
whether the measured concentration exceeds a certain
threshold value or not.

In this study, we have calculated the endpoint-weighted
CF as

CF;; = (1)

CF;j = Wij x 10 )

where W;j is the arbitrary weight function

15 if Ti, j > Tavg
L — Ti,j .
I/V"J J S if Ti,j< Tavg (3)
Tavg

and 7, is the average number of trajectory endpoints
per grid cell. Previously, Nicolds et al. (2011) applied a
similar formulation when assessing the source areas of
PM; 5
Mediterranean. That said, there exist no consensus about
what kind of weight functions should be preferred. For
instance, Begum et al. (2005) and Hwang and Hopke
(2007) formulated the weights as four-step functions and
used threshold limits of roughly 2t,,, and 3t,,, for W;j;

various constituents over the south-western

< 1. However, they also used a trajectory set much
smaller compared to ours justifying the usage of non-con-
tinuous weight function. To assess the potential influence
of different weight function formulations, we also tested
four-step functions with threshold limits of 1t,,, and
27,ve. In the end, this did not significantly affect the con-
clusions of our analyses as the grid cells that were most
strongly influenced by the weighting function, were in
remote and marine areas and had generally low initial
CF values.

Applicability of an arbitrary weight function W;;, how-
ever, influences the interpretation of the obtained CF.
This stems from the fact that besides the variability in
measured concentrations, the final grid values also reflect
the likelihood that an air mass crossing a certain source
area is transported to the receptor site. Thus, the
obtained CFs are strongly site specific and should not be
generalized for larger geographical areas with divergent
air mass transportation patterns. In addition, it has been
estimated that the relative uncertainties associated with
individual air mass trajectories can be up to 15%-30% of
the travel distance (https://www.arl.noaa.gov/hysplit/hys-
plit-frequently-asked-questions-fags/faq-hgl1/, last visited
11 June 2020). In this study, we assume that these uncer-
tainties are normally distributed along the trajectory path
and the resulting errors in CFs converge towards zero
when the number of trajectory endpoints is high enough.

3. Results and discussion
3.1. Non-refractory chemical composition

Figure 1 plots the chemical composition measured at the
Puijo station during the three intensive measurement
campaigns (Table 1). Overall, the hourly averaged total
non-refractory mass concentrations measured with the
AMS varied mainly between 0.2 and 13.8pug m~—>, and
during each campaign, organics were the most abundant
chemical species averaging up to 45% of the total aerosol
mass. Meanwhile, the inorganic fraction was mainly
dominated by SO, (32%), followed by NH, (10%) and
NO; (6%). The chloride concentrations were negligible
throughout the three campaigns, and thus, Cl has been
omitted from further trajectory analyses. For comparison,
the BCe concentrations measured with MAAP varied
between 0 and 1.2pg m > reaching the campaign-aver-
aged mass fractions between 6% and 8%.

Figure 2 illustrates typical air mass transportation
pathways and the frequency of potential source regions
during the three measurement campaigns. Although the
campaign-averaged chemical composition showed only
minor differences between different years, the trajectory

density maps reflect some year-to-year variation.
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Apparently, western air masses with marine contribution
were, for the most part, observed during the 2012 cam-
paign. By contrast, eastern air masses with potential
source contribution from western and north-western parts
of Russia were more predominant during the two latter
campaigns, whereas air masses crossing the central parts
of Europe were roughly equally frequent throughout the
three campaigns. In general, the southern air masses are
associated with low-pressure fronts crossing Finland in
west—east direction. These relatively warm and humid air
masses are favourable for cloud formation and therefore,
characteristic for cloud events observed at Puijo. This
may in turn influence the particle composition and meas-
ured concentrations through cloud processing and pre-
cipitation scavenging. For example, during the 2016
campaign, approximately 70% of all the observed cloud
events were associated with central European air masses.
The endpoint-weighted CFs of organics, SO4, NO3 and
NH, are presented in Fig. 3. As could be expected, all
four compounds show higher CF values over continental
Europe compared to marine regions. However, while
NO; shows elevated concentrations over relatively large
areas in Central Europe and western parts of Russia, the
three other constituents — organics, SO, and NH, -
appear more definite and areas with increased concentra-
tions are easier to locate. Another notable feature that
differentiates these three constituents from NOj is the hot
spot appearing over the Timan-Pechora basin in north-
western Russia. Interestingly, this is also the region where
the endpoint-weighted CF of SO, reaches its’ maximum
values. The Timan-Pechora basin is one of the biggest
petroleum production regions in Russia and therefore,
associated with intensive gas flaring activities (e.g. Stohl

et al., 2013; Huang et al., 2015). It is also worth to high-
light that the predominant source regions of organics are
rather similar to those of NHy and SO,. This observation
suggests that a large fraction of total organics measured
at Puijo could originate from long-range transport. This
is supported by the fact that vegetation emissions and
biogenic SOA (secondary organic aerosol) formation are
heavily temperature dependent and tend to decrease at
lower temperatures (Goldstein et al., 2009; Paasonen
et al., 2013; Hellén et al., 2018). Hence, the anthropo-
genic fraction of SOA increases during autumn season in
all those areas where temperatures decrease. In Finland,
the vegetation emissions and local biogenic SOA forma-
tion are low during autumn season, which could partially
explain why majority of organics seems to originate from
distinct remote sources.

For comparison, Fig. 4 plots the modelled surface air
concentrations of total PM,s and the three inorganic
aerosol constituents (SOy4, fine mode NO5; and fine mode
NH,). These results from the EMEP MSC-W model are
averaged over September, October and November 2016
by using on the monthly data readily available for down-
load from the Norwegian Meteorological Institute (http://
emep.int/mscw/mscw_moddata.html, last visited 11 June
2020). The best overall agreement between the endpoint-
weighted CFs and modelled surface air concentrations is
achieved with NOj;. With SO4 and NH,4, however, the
results already start to look quite different. Similar to
NOs, these two compounds reach their maximum surface
air concentrations over relatively vast areas in Central
Europe, whereas concentrations associated with western
and north-western Russia are more localized, and in gen-
eral, considerably lower. This is interesting because the
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Spatial distribution of trajectory endpoints during the three intensive measurements campaigns. The logarithmic colour scale

illustrates the total number of trajectory endpoints in each 0.5° x 0.5° grid cell.

trajectory-based CFs suggest the opposite with the high-
est concentrations being associated with western parts of
Russia. In addition, the Timan-Pechora basin that was
clearly identifiable from the CFs does not stand out when
looking at the modelled surface air concentrations.
However, this would make sense if the increased sulphate
and ammonium concentrations were associated with gas
flaring activities. Due to the high temperature of the flar-
ing plumes, the pollutants may ascend to the free tropo-
sphere, allowing them to be transported over long
distances. In addition, it is worth pointing out that
according to Fig. 2, the trajectory densities did not differ
significantly between eastern and central European
regions. This implies that the contradiction between the
model results and CFs cannot be solely explained by the
prevalence of eastern air masses during measurement
period, ie. by the appliance of weight function W;;.
Interestingly, the EMEP emissions also highlight the

strong SO, emissions originating from the Western
Balkan countries. In our endpoint-weighted CFs, how-
ever, one can see relatively high concentrations of organ-
ics, SO4, NH; and NOj over South-Western Romania.
Speculatively, these values could be either coincidental or
slightly misplaced due to the low trajectory endpoint
density over these peripheral areas.

Riuttanen et al. (2013) studied the atmospheric trans-
port of particulate matter and trace gases to the SMEAR
IT station in Hyytidld, southern Finland. In the case of
SO,, they did not manage to reproduce the EMEP emis-
sion fields. Instead, they observed much lower contribu-
tion from southern and south-western sectors compared
to south-eastern domain. Similarly, Heikkinen et al.
(2020) reported relatively high concentrations of SO, and
SO, for south-eastern winds, especially, during the winter
season. These elevated concentrations were also associ-
ated with high wind speeds suggesting a potential



TRAJECTORY-BASED ANALYSIS OF ATMOSPHERIC PARTICULATE MATTER 7

Organics

W x 10°F (ug m?)

W x 10°F (ug m)

W x 10°F (ug m)

[ —_ .

0 0.1 0.2 0.3 0.4

Fig. 3.

contribution from long-range transport. In general, these
results are analogous to our observations with particulate
SO4. Riuttanen et al. (2013) speculated that one possible
explanation behind the discrepancy between the EMEP
emissions and CFs could have been wet removal. As we
pointed out earlier, southern air masses travelling over
Central Europe are indeed more likely to be affected by
cloud formation and wet removal before their arrival at
Puijo. Therefore, these factors could at least partially
explain why Central Europe seems to have less significant
contribution to measured concentrations compared to
eastern regions.

On the other hand, cloud droplet activation can alter
the particle composition via cloud processing, for
instance, through the liquid phase oxidation of SO, to
sulphuric acid (H,SOy), the process which should lead to
increase in sulphate and also ammonium concentrations
in case of excess gas phase ammonia (NH;3). Beyond, the

W x 106F (ug m)

|

0 0.2 0.4 0.6 0.8

The endpoint-weighted concentrations fields of organics, sulphate (SOy), nitrate (NO;) and ammonium (NHy) averaged over
the three intensive measurement campaigns in 2012, 2014 and 2016.

uptake of nitric acid (HNO;) and semi-volatile NH; on
aerosol particles is also dependent on relative humidity
(RH), being the strongest in cloudy conditions (Hao
et al.,, 2013; Schneider et al., 2017). Nevertheless, it is
good to keep in mind that these processes are not consid-
ered in the trajectory analysis, suggesting that the
obtained CFs may not be representative only for particle
phase constituents, but also, their gaseous precursors.
The meteorological data measured at Puijo allows the
possibility for constraining the data based on RH. For
example, omitting the observations with ambient RH
above 90% should effectively remove all the observation
from those times periods when the tower itself has been
inside a cloud. Appliance of such constraint generally
decreases the CF values of NO; over the south-western
sector, whereas the three other constituents show more
subtle changes (see Supplementary Figs. S1 and S2).
Besides, the constraint decreases the trajectory density
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Data from The Norwegian Meteorological Institute.

over those areas where NOj originally showed its’ most
distinct features. However, this approach does not take
into account the cloud processing that may have occurred
prior to arrival at Puijo or a possibility for boundary-
layer cloud residing above the measurement station.
Although this kind of trajectory and transport analysis is
therefore not sufficient to accurately describe the role of
cloud processing on aerosol chemical composition at
Puijo, our results imply that such processes, and espe-
cially partitioning of NO;, may play an important role in
air masses prone to cloud formation and affect the
obtained CFs.

3.2. Positive matrix factorization of OA

We analysed the composition of organic fraction in more
detailed by using PMF, and further, the CFs of each OA
factor. The organic fraction measured at Puijo station

Surface concentration (ug m'3)

[ .

0 1 2 3 4

Average surface air concentrations of total PM; s, SO,, fine mode NOj3 and fine mode NH, as modelled with EMEP MSC-W.

can be characterized by three factors: hydrocarbon-like
organic aerosol (HOA), semi-volatile oxygenated organic
aerosol (SVOOA) and low-volatility oxygenated organic
aerosol (LVOOA). The mass spectrum of HOA is domi-
nated by the prominent ion sequence of C,H,,,;" and
C,H,, ", and its time series shows high correlation with
BCe and C4Ho" ion, conforming the characteristic feature
of combustion-related primary OA (Zhang et al., 2005).
The SVOOA is characterized by a prominent peak at m/z
43, which is similar to the less oxidized SVOOA compo-
nent in a global scale (e.g. Ng et al., 2010). The LVOOA
corresponds to more oxidized compounds and its mass
spectrum is dominated by the peaks at m/z 44 (mostly
CO,") and m/z 28 (CO™). Its mass concentration in time
series shows a moderate correlation with sulphate (R? =
0.27-0.38). SVOOA and LVOOA are secondary organic
aerosols formed via gas phase oxidation processes, while
HOA is attributed to primary emissions of different
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Fig. 5.
measurement campaigns in 2012, 2014 and 2016.

combustion processes (Zhang et al., 2005; Sun et al.,
2010). Generally, SVOOA represents the less oxidized,
freshly formed OA from local sources, while LVOOA
represent long-range transported, hence more aged and
more oxidized OA (Zhang et al., 2005; Ng et al., 2010).
In this study SVOOA, LVOOA and HOA make up
33.0%%23.7%, 54.7%+224% and 12.3%*8.5% of
organic mass, respectively. CFs of HOA, LVOOA and
SVOOA are shown in Fig. 5. CFs of LVOOA show ele-
vated concentrations in same areas as total organics, NHy
and SO, suggesting the same area of origin for LVOOA.
Interestingly, also CFs of HOA show elevated values in
the same areas. The high correlation of HOA and
LVOOA has also been observed in other measurement
sites, e.g. Beijing (Sun et al., 2015). In the HOA mass
spectrum we have observed the fragmental ions at m/z 60
and m/z 73, which are the marker signals for the biomass
burning OA (Schneider et al., 2006), suggesting HOA

W x 10°F (ug m)

0 0.2 0.4 0.6 0.8

The endpoint-weighted concentrations fields of PMF factors HOA, SVOOA and LVOOA averaged over the three intensive

relevance to the combustion aerosol source in this study.
The combustion processes could produce oxygenated pri-
mary OA (Weimer et al., 2008), which can undergo long-
distance transport and travel to our measurement site
contributing to our measured HOA component. In our
case SVOOA, on the other hand, shows clearly different
CF patterns compared to other two factors: elevated con-
centrations are spread to different areas, mainly over
Scandinavia and Atlantic Ocean. This unexpected behav-
iour is obviously due to the fact that SVOOA is origi-
nated mainly from local and regional sources, and not
associated to any specific air mass.

3.3. Long-term analysis on black carbon

Figure 6 plots the monthly BCe concentrations measured at
the Puijo station in the years 2012-2017. Overall, the monthly
median concentrations vary between 0.04 and 0.42pug m™>.
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Fig. 6. Time series of monthly equivalent black carbon (BCe) concentrations measured at the Puijo station. The grey box illustrates

the range between the 25th and 75th percentiles, the red horizontal line is the monthly median and the black dots show the hourly
averaged observations outside the quartile range. The block above the dashed horizontal line illustrates the occurrence of BCe

concentrations larger than 1pug m—>.

Both the monthly medians and peak concentrations follow a
clear pattern and reach their annual maximum values during
the winter season (December—February) or early spring
(March). This observation is in accordance with Hyvarinen
et al. (2011) who analysed BCe concentrations from five dif-
ferent background sites in Finland during the years
2005-2008. However, it is also worth pointing out that a small
fraction of hourly observations falls frequently below the
instrumental detection limit of approximately 0.02-0.05png
m~> (Petzold et al., 2002) throughout the time series, even
during the winter season.

Supplementary Figures S3 and S4 illustrate the diurnal
patterns and wind direction dependencies of seasonal BCe
concentrations. The diurnal patterns indicate slightly
increased concentrations during the early morning hours
and late afternoon. Nevertheless, the exceptionally high
concentrations observed most frequently during the winter
season (December—February) do not show clear depend-
ence on time of day. Meanwhile, more pronounced vari-
ation can be observed between different wind directions.
During each season, the highest BCe concentrations are
associated with wind directions between 150° and 210°. In
general, these directions are characterized by highway traf-
fic and residential areas. Taken together, these observations
suggest that BCe concentrations measured at Puijo are par-
tially influenced by local emissions sources such as work-
related traffic and small-scale wood combustion. It is good
to point out that air masses arriving from these aforemen-
tioned wind directions cover large geographical areas over
the southern and south-eastern domain. Therefore, these
local emissions could potentially influence the obtained
CFs by flattening the differences between different geo-
graphical areas.

Annually and seasonally averaged CFs of BCe are plot-
ted in Figs. 7 and 8§, respectively. For more complete pic-
ture, Supplementary Fig. S5 shows the CFs both for year-
to-year and interannual and variability. Similar to non-
refractory components, these CFs suggest a strong

contribution from Eastern Europe and western parts of
Russia. These regions are clearly distinguishable regardless
of season or measurement year, and their associated con-
centrations have the same temporal features that were also
apparent from Fig. 6. Meanwhile, the contribution of
Central Europe enhances during the winter season when
the southern and south-western air masses become more
frequent. This observation is in a good agreement with
results reported by Hyvarinen et al. (2011), who also
studied the atmospheric transportation of BC by utilizing
trajectory-based analysis methods. The seasonal variations
in CFs may also reflect the occurrence of some interesting
weather anomalies. For example during the early 2012,
Eastern Europe and Western Russia were subjected to
exceptionally cold weather waves leading to increased heat-
ing demand and thus, potential increase in BC emissions.
Likewise, the exceptionally high BCe concentrations meas-
ured during the winter 2012-2013 could be attributed to the
cold wave that covered almost the whole Eurasian contin-
ent during December 2012. In such cold conditions, also
the measurement station resides above the local boundary
layer a considerable fraction of time, decreasing the contri-
bution of local emissions.

As it was pointed out earlier, some fraction of BCe meas-
ured at Puijo indeed originates from local or nearby sour-
ces. To some extent, this local and domestic influence can
be seen also from the CFs as the potential source regions of
BCe occasionally reside considerably closer to the receptor
site compared to those of non-refractory components (Fig.
3). On the other hand, the average non-refractory compos-
ition measured with an AMS represents the bulk chemical
composition, i.e. particles that comprise the majority of the
total aerosol mass. Therefore, the obtained CFs of non-
refractory components are representative for well-aged par-
ticle population and less sensitive to fresh local emissions
and particles of smaller size.

Figure 9 plots the ECLIPSE v5 emissions of BC in 2015
(https://www iiasa.ac.at/web/home/research/researchPrograms/
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air/ECLIPSEv5.html, last visited 11 June 2020) with a grid
resolution of 0.5° x 0.5°. The emissions are shown separ-
ately for total BC, and BC originating from energy produc-
tion. Here, the energy production, i.e. power plants, energy
conversion and extraction, also include the emissions from
gas flaring activities. In general, the ECLIPSE v5 emissions
of total BC show elevated values over relatively vast areas in
Central Europe, whereas the emissions associated with
Eastern Europe and Western Russia are generally lower. In
addition, the emission inventory suggests considerable BC
emissions originating from energy production in the Timan-
Pechora basin, which in our study was identified as a poten-
tial contributor to increased sulphate fraction. As we
described earlier, our seasonally calculated CFs of BCe sug-
gest somewhat contradicting overview with an increased
emphasis on the eastern and south-eastern domain. A
slightly better agreement can be achieved when the CFs are

MAAP 637 nm: W x 10°F [ug m™¥]

E = T

0 0.1 0.2 0.3 0.4 0.5 0.6

The seasonally averaged endpoint-weighted concentration fields of equivalent black carbon (BCe) in 2012-2017.

averaged over the three measurement campaigns in 2012,
2014 and 2016 (Supplementary Fig. S6). Compared to sea-
sonal results, the campaign-averaged CFs suggest more even
contribution between the eastern and central European
domains and show slightly higher values over north-western
Russia. Yet, these re-calculated CF values over north-
western Russia are low compared to ECLIPSE v5 emissions
and do not highlight the area similar to particulate sulphate.
The reason behind this discrepancy, however, still
remains unknown.

Reddington et al. (2013) used a global aerosol model
to simulate the BC concentrations over Europe. In add-
ition, they used aircraft measurements of BC mass and
size distributions to assess the validity of modelled BC
concentrations. Similar to ECLIPSE v5, the simulated
BC mass concentrations reached their peak values over
Central and Western Europe. On the other hand, the
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energy conversion and extraction.

comparison to aircraft measurements indicated a consid-
erable overestimation of the modelled concentrations and
showed a clear mismatch between the modelled and
measured size distributions of BC. This suggests that BC
may not be treated with sufficient accuracy in global
aerosol models, which makes the direct comparison
between the model results and our trajectory-based CFs
even more challenging.

4. Summary and conclusion

In this study, we have utilized AMS and MAAP measure-
ments conducted at the Puijo measurement station to
assess the potential source regions and transportation
pathways of various aerosol chemical constituents over
Eastern Finland. The AMS, providing the data on non-
refractory aerosol composition (i.e. mass concentrations
of organics, nitrate, sulphate and ammonium) was oper-
ated at the Puijo station during three intensive measure-
ment campaigns in autumn 2012, 2014 and 2016.
Meanwhile, the MAAP measured the BCe concentrations
continuously from 2012 to 2017.

The hourly averaged measurement data were combined
with 5-day back-trajectories calculated with the
HYSPLIT4 model. Thereafter, we utilized a statistical
source-receptor trajectory method to convert the measure-
ment data and the air mass back-trajectories into con-
stituent-specific CFs. These CFs were then used to infer
information about the potential source regions and their
relative importance to our measurement site at Puijo.

Based on the data from three intensive measurement
a large fraction of particulate organics,
nitrate, sulphate and ammonium originated from long-
range transport with the most predominant source

campaigns,

0° 25°E

BC emission (kt/year)

|
0 0.1 0.2 03 0.4 05

ECLIPSE v5 emissions for black carbon (BC). Emissions from gas flaring are included in the emissions from power plants,

regions being Central Europe and western parts of
Russia. Interestingly, exceptionally high concentrations of
sulphate and ammonium were also associated with north-
western Russia, i.e. the Timan-Pechora basin character-
ized by intensive gas flaring activities. Meanwhile, the
long-term analysis on BCe suggested a strong contribu-
tion from Eastern Europe and western parts of Russia.
These regions were clearly distinguishable regardless of
measurement year and season, although the absolute con-
centrations typically peaked during the winter season and
early spring.

The concentrations fields, however, did not perfectly
agree with simulated surface air concentrations or emis-
sion inventories. Apart from nitrate, the trajectory-based
CFs suggested relatively stronger contribution from
Eastern Europe and Western Russia compared to Central
Europe. On the contrary, the modelled surface air con-
centrations and emissions generally suggested the oppos-
ite. This is most likely because the CFs also reflect the
probability that an air mass crossing a certain source
area is transported to the receptor site. Second, atmos-
pheric processes, such as precipitation scavenging or
cloud processing, are not considered in the trajectory ana-
lysis. Essentially, this means that the trajectory-based
analysis, as such, is not suitable tool for assessing the
absolute concentrations or emissions far away from the
receptor site. Instead, it provides valuable information
about the most predominant source regions relevant to
the receptor site. In future studies, however, one could
try to tackle this issue by combining simultaneous meas-
urement data from multiple measurement sites. Also, the
contribution of secondary aerosol formation from precur-
sor gases should be studied for a more detailed informa-
tion of most relevant source areas.
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