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Abstract. This study investigated the sources of black car-
bon (BC) at two contrasting urban environments in Helsinki,
Finland: residential area and street canyon. The measurement
campaign in the residential area was conducted in winter–
spring 2019, whereas in the street canyon the measurements
were carried out in autumn 2015. The sources of BC were
explored by using positive matrix factorization (PMF) for
the organic and refractory black carbon (rBC) mass spec-
tra collected with a soot particle aerosol mass spectrome-
ter (SP-AMS). Based on the PMF analysis, two sites had
different local BC sources; the largest fraction of BC orig-
inated from biomass burning at the residential site (38 %)
and from the vehicular emissions in the street canyon (57 %).
Also, the mass size distribution of BC diverged at the sites
as BC from traffic was found at the particle size of ∼ 100–
150 nm whereas BC from biomass combustion was detected
at ∼ 300 nm. At both sites, a large fraction of BC was asso-
ciated with urban background or long-range-transported BC
indicated by the high oxidation state of organics related to
those PMF factors.

The results from the PMF analysis were compared with
the source apportionment from the Aethalometer model cal-
culated with two pairs of absorption Ångström values. It was
found that several PMF factors can be attributed to wood
combustion and fossil fuel fraction of BC provided by the
Aethalometer model. In general, the Aethalometer model
showed less variation between the sources within a day than
PMF, indicating that it was less responsive to the fast changes
in the BC sources at the site, or it could not distinguish be-

tween as many sources as PMF due to the similar optical
properties of the BC sources. The results of this study in-
crease understanding of the limitations and validity of the
BC source apportionment methods in different environments.
Moreover, this study advances the current knowledge of BC
sources and especially the contribution of residential com-
bustion in urban areas.

1 Introduction

Black carbon (BC) is a light-absorbing carbonaceous aerosol
component that has significant climate impacts. It has a posi-
tive radiative forcing on climate (IPCC, 2014), and when de-
posited on snow, it can lead to the reduction of the earth’s sur-
face albedo in snow-covered areas (Hansen and Nazarenko,
2004). Besides climatic effects, BC has been associated with
adverse effects on public health in urban areas (Janssen et
al., 2011; Segersson et al., 2017; WHO, 2012). Atmospheric
BC is characterized by a substantial spatial and temporal
variation (Luoma et al., 2021) because of its unequally lo-
cated sources and restricted atmospheric lifetime from days
to weeks. The largest BC concentrations are typically mea-
sured in urban areas close to the source; however, BC can
also be transported long distances with the air masses (Ikeda
et al., 2017). In particular the transport of BC to Arctic ar-
eas has been associated with a substantial impact on climate
(AMAP, 2015).
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BC is a primary particulate aerosol component that origi-
nates from incomplete combustion processes. It consists pre-
dominantly of agglomerated submicron particles (< 1 µm),
but shortly after emission, BC becomes mixed with other
aerosol chemical species, i.e., inorganics such as sulfate, ni-
trate, and ammonium, and organic compounds. In urban ar-
eas, the main sources of BC are typically transportation, res-
idential combustion, and industry (Bond et al., 2013). In re-
cent years, BC emissions from vehicular traffic have been
noticed to decrease due to technology advancements and leg-
islation (Luoma et al., 2021; Pirjola et al., 2016; Järvinen et
al., 2019); however, the regulation of residential combustion
emissions is still in its infancy in many European countries
(Klimont et al., 2017; Kukkonen et al., 2020). That trend may
lead to a change in the BC source distribution by increas-
ing the contribution of BC from residential combustion rela-
tive to the regulated source sectors, i.e., engine and industrial
emissions.

The sources of BC can be investigated with various meth-
ods. The origin of BC can be examined with statistical meth-
ods, e.g., with positive matrix factorization (PMF; Paatero
and Tapper, 1994; Paatero, 1997), which is a receptor model
that does not need a priori information on the profiles or
time trends of the factors. PMF combined with an Aero-
dyne aerosol mass spectrometer (AMS; Jayne et al., 2000)
is a powerful tool to investigate the sources of submicron
non-refractory particulate matter (e.g., Ulbrich et al., 2009);
however, AMS equipped with a laser vaporizer (soot particle
aerosol mass spectrometer (SP-AMS); Onasch et al., 2012)
can extend the source apportionment to refractory material
such as refractory black carbon (rBC) and metals. For exam-
ple, Rivellini et al. (2020) found five sources for rBC, trace
metals, and organics in the ambient air of Singapore by ap-
plying PMF to the SP-AMS data while Bibi et al. (2021) uti-
lized PMF to separate rBC originating from bonfires and do-
mestic wood burning in UK. On the other hand, Saarikoski et
al. (2019) have investigated the sources of rBC in an under-
ground mine with PMF, and Carbone et al. (2019) have dis-
tinguished fuel- and lubricating-oil-related rBC in the diesel
engine exhaust particles in the laboratory by using PMF for
the mass spectra of rBC, organics, and metals. One disad-
vantage of using PMF for the SP-AMS data is that the mass
spectra of rBC contain relatively few fragments (typically
the largest signal is observed for C1

+–C5
+ fragments), and

therefore, the identification of the sources is typically based
on organic fragments. However, the rBC mass spectra have
been noticed to be somewhat source specific, differing for
example for laboratory-generated rBC particles and particles
from aircraft turbine (Corbin et al., 2014), diesel truck, and
biomass burning particles (Onasch et al., 2015) and ambi-
ent hydrocarbon-like organic aerosol (HOA) and oxygenated
organic aerosol (OOA) factors (Rivellini et al., 2020). One
option to improve the separation of BC sources is to include
larger Cx fragments in the PMF matrix, as was done in the
study of Bibi et al. (2021), where the addition of fullerene

signals (for example C60
+) increased the number of mean-

ingful sources.
The origin of BC can also be investigated by taking ad-

vantage of the absorption spectra of light-absorbing material
in particles. BC is generally a powerful light absorber over
the entire visible wavelength range. However, particles from
fossil fuel and biomass combustion are characterized by dif-
ferent spectral dependencies, which allows us to distinguish
these sources based on their absorption properties. BC from
fossil fuel combustion is assumed to absorb in the long visi-
ble and near-infrared wavelengths (∼ 600–950 nm), whereas
other light-absorbing compounds, for example brown carbon
from biomass burning, also absorb light close to the near-
ultraviolet and lower-visible wavelengths (∼ 300–500 nm;
Kirchstetter et al., 2004; Laskin et al., 2015).

The source apportionment method based on the light
absorption at different wavelengths is usually called an
Aethalometer model (Sandradewi et al., 2008a, b; Herich
et al., 2011; Wang et al., 2011a, b) according to the multi-
wavelength optical instrument typically used in the measure-
ments. The Aethalometer model assumes that the absorption
from fossil fuel particles follows the spectral dependency
of λ−αff and biomass combustion dependency of λ−αwb in
which the exponents are referred to as absorption Ångström
exponents (α) for fossil fuel (αff) and wood burning (αwb).
One of the largest sources of uncertainty in the Aethalometer
model is related to the selection of αff and αwb values (Healy
et al., 2017; Zotter et al., 2017) as the α values depend on
the sampling site and selected wavelength range or pairs. It
has been found that αff is typically in the range of ∼ 0.8–1.2
in ambient air whereas αwb can vary from 1.6 to 2.2 (San-
dradewi et al., 2008b; Herich et al., 2011; Sciare et al., 2011;
Zotter et al., 2017; Helin et al., 2018). It has also been shown
that α values are affected by the core size of the BC parti-
cles, width of the size distribution, and chemical composition
and thickness of the coating on the BC particles (Gyawali et
al., 2009; Lack and Cappa, 2010; Lack and Langridge, 2013;
Virkkula, 2021).

Besides PMF and Aethalometers, the sources of BC can
be investigated by a chemical mass balance (CMB) model
(Friedlander, 1973; Cooper and Watson, 1980), which is also
a receptor model. However, different from PMF, it requires
a prior knowledge of the sources (source profiles) relevant
to the measurement site. Additionally, AMS PMF and the
Aethalometer model are typically applied to the high-time-
resolution data whereas CMB has been used mostly for the
filter samples (Chen et al., 2012; Yoon et al., 2018). From the
filter samples, the origin of BC can also be explored by an-
alyzing BC (or elemental carbon, EC) for radiocarbon 14C.
Measuring the ratio of 14C to a stable carbon isotope, typi-
cally 12C, provides information on the contributions of fossil
and modern EC (e.g., in Szidat et al., 2004; Huang et al.,
2006; Yttri et al., 2011).

The aim of this study was to investigate the sources of
BC at two contrasting urban environments in Helsinki, Fin-
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land: residential area and street canyon. In this study, the
sources of BC were explored by using PMF for the data
collected with the SP-AMS. PMF analysis was applied to
the organic data matrix that was complemented with three
dominant refractory black carbon fragments: C2

+, C3
+, and

C4
+. The results from the PMF analysis were compared with

the light absorption and source apportionment results from
the multi-wavelength Aethalometer. Although several stud-
ies have been published on the sources of BC in recent years,
to our knowledge, this is the first time the results from the
PMF analysis have been compared with the results from the
Aethalometer model for BC at two measurement environ-
ments. Additionally, the emission factors for the biomass
burning and traffic-related BC were estimated at the residen-
tial site. This study utilized the state-of-the-art aerosol in-
struments and source apportionment tools to provide novel
information on local, regional, and remote sources of BC in
Nordic urban environments. That data are highly required by
the modelers and authorities when assessing the climate and
air quality impact of BC as well as directing the emission
legislation and emission mitigation actions.

2 Experimental methods

2.1 Measurement sites

2.1.1 Residential area

The measurements were conducted in the residential area
in Pirkkola, Helsinki (Fig. S1 in the Supplement), from 15
January to 16 April 2019. The measurement station was lo-
cated in the middle of a detached housing area built primar-
ily in the 1940s, and it was operated by the Helsinki Re-
gion Environmental Services Authority (HSY). One of the
main sources of particles in Pirkkola in the cold season is
wood burning. Unfortunately, there are no detailed statis-
tics on wood burning in Pirkkola, but in general, fireplaces
are used in ∼ 80 % of detached and semi-detached houses in
the Helsinki metropolitan area (Ohtonen et al., 2020); how-
ever, the use of biomass combustion as a primary heating
source is scarce. Furthermore, many of the houses in Helsinki
have wood-heated sauna stoves (28 % of detached and semi-
detached houses in the Helsinki metropolitan area on aver-
age). In addition to residential biomass burning, there was
also some oil (light fuel oil) combustion in domestic boilers
for the heating purposes in Pirkkola. In this study, we did
not focus on oil burning as the emissions from oil burning
did not impact BC concentrations (see Fig. S2). Oil combus-
tion affected CO2 and NO concentrations, also with a minor
influence on particle number concentration (> 5 nm parti-
cles; measured with CPC A20, Airmodus, Finland). Regard-
ing traffic, there are some small- and medium-sized streets
(traffic volume of 3000–8000 vehicles per day; statistics by
the city of Helsinki) in the area that can have an influence

on the pollutants measured at the site. Additionally, there are
three busy roads within a 1 km radius from the site with the
approximate traffic volumes of 124 000 (Ring road I; heavy
duty 14 %), 67 000 (Highway E12; heavy duty 16 %) and
75 000 (Highway 45; heavy duty 16 %) vehicles per work-
day in 2019 (Statistics by the city of Helsinki). The Pirkkola
site is described in more detail in Kuula et al. (2020).

2.1.2 Street canyon

The measurements in the street canyon were performed at the
Mäkelänkatu supersite (Fig. S1) between 2 and 22 October
2015. The SP-AMS measurements were not continuous at
the street canyon site as they consisted of eight separate time
periods with a total of 195 h of data. The measurement sta-
tion was located next to a six-lane street with an approximate
traffic volume of 28 000 vehicles per workday (12 % of heavy
duty) in 2015 (statistics by the city of Helsinki). The major
particle source at the site is traffic, whereas the contribution
of biomass burning to particle concentrations can be assumed
to be minor since there are only very few small-house areas
nearby. Also, the measurement period was in autumn when
the need for the additional heating with wood was not no-
table (ambient temperature varied from −2 to 18 ◦C with an
average of 7 ◦C in October 2015). The Mäkelänkatu supersite
has been described in more detail in Hietikko et al. (2018)
and Barreira et al. (2021). Besides local sources, long-range
transport (LRT) from central and eastern Europe can have a
significant impact on particle concentrations at all locations
in the Helsinki area (e.g., in Niemi et al., 2009; Barreira et
al., 2021).

2.2 Instruments

2.2.1 Soot particle aerosol mass spectrometer
(SP-AMS)

The concentrations, mass spectra, and size distributions of
rBC were determined by the soot particle aerosol mass spec-
trometer (Aerodyne Research Inc, Billerica, US; Onasch et
al., 2012). The SP-AMS is different from the standard AMS
as it has an additional laser vaporizer that allows the determi-
nation of refractory particulate species. It is possible to oper-
ate the SP-AMS only with the laser vaporizer; however, both
tungsten and laser vaporizers were utilized in this study in
order to also measure all non-refractory particulate material,
i.e., organics, sulfate, nitrate, ammonium, and chloride. Also,
the potassium signal was extracted from the data, but it was
used only for the validation of the PMF results. The SP-AMS
size distributions were measured in a standard particle time-
of-flight (PToF) mode, and because of the aerodynamic lens
in the SP-AMS, the size range was from ∼ 50 nm to 1 µm.
The SP-AMS was operated with a time resolution of 90 and
30 s at the residential and street canyon sites, respectively.
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The SP-AMS data were analyzed with IGOR 6.37 SQRL
1.62A and PIKA 1.22A softwares. Ionization efficiency for
nitrate was determined by calibrating the instrument with
ammonium nitrate while the relative ionization efficiency for
rBC (0.05) was based on the calibrations with Regal black. A
collection efficiency of 1 was applied to both data sets. Com-
pared to the Aethalometer, rBC from the SP-AMS was con-
sistently smaller than BC from the Aethalometer (Fig. S3).
Although the measurements in the SP-AMS and Aethalome-
ter are based on different techniques, the main reason for
the lower rBC concentrations measured by the SP-AMS was
likely to be the imperfect laser-to-particle beam alignment.
Therefore, rBC from the SP-AMS data was normalized to
the Aethalometer BC concentrations that were assumed to
represent total ambient BC more realistically.

The concentrations of non-refractory AMS species (organ-
ics, sulfate, ammonium, nitrate, chloride) were utilized in
this study only for calculating the coating factor. In order
to validate the non-refractory AMS concentrations, the sum
of the SP-AMS species (excluding rBC) and BC from the
Aethalometer was compared with the concurrent PM1 mea-
surements (Grimm model EDM 180, Grimm Aerosol Tech-
nik, Ainring, Germany) at the residential site. The sum of
the SP-AMS species and AE33 BC made on average 71 %
of Grimm PM1 with a moderate correlation (Pearson’s cor-
relation coefficient r = 0.888; Fig. S4a). A similar compar-
ison was made by using the composition dependent collec-
tion efficiency (CDCE; Middlebrook et al., 2012) instead of
constant CE= 1. The time series of the CDCE are shown in
Figs. S4c and S5 for both sites with the average CDCE be-
ing 0.59 and 0.49 for the residential and site street canyon
sites, respectively. With the CDCE, the sum of the SP-AMS
species and AE33 BC was closer to PM1 from Grimm (∼
85 % of PM1); however, the correlation was slightly poorer
(r = 0.876; Fig. S4b). For the street canyon site, PM1 com-
parison could not be calculated as there was no PM1 mass
measurement at that time. The uncertainty in the coating fac-
tor due to the CE value of 1 will be discussed in Sect. 3.3.

2.2.2 Aethalometer (AE33)

Black carbon was measured optically by using a dual-spot
Aethalometer (AE33, Aerosol d.o.o., Ljubljana, Slovenia;
Drinovec et al., 2015). AE33 operated with a flow rate of
5 Lmin−1 and a time resolution of 1 min. A size cut at
1 µm was carried out by using a sharp cut cyclone (Model
SCC1.197, BGI Inc., Butler, NJ, USA) in the inlet. The
multiple-scattering enhancement factor C of 1.57 was uti-
lized (Drinovec et al., 2015), and the default mass absorption
coefficient values were used. Since the Aethalometer deter-
mined BC optically, it should be referred to as equivalent BC
(eBC); however, for simplicity, it is called BC in this paper.

2.2.3 Auxiliary measurement

The 24 h PM10 filter samples were collected at both sites dur-
ing the campaigns. PM10 samples were collected continu-
ously at the residential site (a total of 89 samples), whereas
in the street canyon, PM10 filters were collected every 3 d.
PM10 filters were analyzed for biomass burning tracers and
monosaccharide anhydrides (MAs), i.e., levoglucosan, man-
nosan, and galactosan, with a liquid chromatograph mass
spectrometer (Saarnio et al., 2010b). It should be noted here
that the MA results from the street canyon were not utilized
in this study since the SP-AMS and PM10 sampling was not
continuous in the street canyon, and PM10 filter sampling
overlapped the SP-AMS measurements only during short
time periods. However, the average concentration of levoglu-
cosan was 42 ngm−3 in PM10 in October 2015 in the street
canyon. For the comparison, the average levoglucosan con-
centration at the residential site was more than double that
(110 ngm−3) between 15 January and 16 April 2019.

The concentrations of nitrogen oxides (NO, NOx , and
NO2) were measured at the residential and street canyon
sites with 1 min time resolution (Horiba APNA 370, Kyoto,
Japan). CO2 was measured only at the residential site (1 min
time resolution; Vaisala GMP343, Vantaa, Finland). Regard-
ing the meteorological parameters, only wind speed and wind
direction were measured directly at the residential site. Am-
bient temperature data were taken from the Kumpula weather
station that was located approximately 5 km southeast from
the residential site. The SP-AMS data from the street canyon
were not analyzed in terms of meteorology as the SP-AMS
measurements were not continuous and the measurement pe-
riod was rather limited. Both sites also had other air quality
measurements such as PM2.5 and PM10, but those results are
not included in this paper.

BC concentrations at the residential site were compared
with the concurrent measurements at the regional back-
ground air quality monitoring station (Luukki, Espoo; ∼
15 km northwest from residential site in Pirkkola, Fig. S1).
BC at the Luukki site was measured with a multi-angle ab-
sorption photometer (MAAP, model 5012, Thermo Fisher
Scientific, Waltham, US) with 1 min time resolution. For the
comparison of AE33 with MAAP (Sect. 3.1), BC from the
AE33 was multiplied by a factor of 0.75 (Helin et al., 2018).
All the other AE33 data are presented without the conversion
factor.

2.3 Source apportionment

2.3.1 AMS PMF

The sources of BC were explored by analyzing the SP-AMS
high-resolution (HR) mass spectra with PMF (CU AMS
PMF tool v. 2.08D; Paatero and Tapper, 1994; Ulbrich et
al., 2009). The data matrix contained organic fragments and
three rBC fragments, C2

+, C3
+, and C4

+. For the larger car-
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bon fragments, the signal was close to the detection limit, and
therefore, they were not included in the PMF analysis. The
number of factors was varied from two to eight (Fig. S6), of
which the solutions with three to five factors were investi-
gated in more detail. Before the PMF analyses, the SP-AMS
data from the residential and street canyon sites were aver-
aged to 10 and 5 min, respectively. For the street canyon data,
the CHO+ fragment at mass-to-charge ratio (m/z) 29 was
excluded from the data matrix. The reason for that was that
N2
+ at m/z 28 was fluctuating due to the unresolved issue

in the instrument, which caused a large uncertainty for the
determination of the isotope 15NN+ at m/z 29 and also for
CHO+ that was overlapping 15NN+.

The mass spectra, time series, and diurnal trends for three-
to five-factor PMF solutions are shown in Figs. S7–S12. For
both sites, in three-factor solutions the factors were iden-
tified as HOA, biomass burning organic aerosol (BBOA),
and low-volatility OOA (LV-OOA). The mass spectra of
HOA had a typical hydrocarbon pattern with the largest
signals for C3H5

+, C3H7
+, C4H7

+, C4H9
+, C5H9

+, and
C5H11

+ at m/z 41, 43, 55, 57, 69 and 71, respectively, and a
large hydrogen-to-carbon ratio (H : C) and small oxygen-to-
carbon ratio (O : C) for the organic fragments. At the residen-
tial site, HOA peaked during the morning rush hour at 09:00–
10:00 LT and again later in the evening at 21:00–22:00 LT.
A similar morning peak was found for HOA in the street
canyon, but the second maximum appeared earlier at 17:00–
18:00 LT during the evening rush hour. The mass spectra
of BBOA had the largest signal for oxygenated fragments
C2H4O2

+ and C3H5O2
+ at m/z 60 and 73, respectively,

which are typical fragments for the biomass burning emis-
sions (Alfarra et al., 2007). In terms of diurnal trends, BBOA
had the maximum between 20:00 and 21:00 LT at the resi-
dential site whereas in the street canyon BBOA concentra-
tion was slightly smaller in daytime, from 06:00 to 17:00 LT,
than at the other times of the day. LV-OOA had the largest
signal for CO2

+ and CO+ at m/z 44 and 28, respectively,
and was highly oxygenated with a large O : C. The diurnal
pattern of LV-OOA was flat at the residential site, but in the
street canyon there was a drop in the LV-OOA concentrations
from 10:00 to 19:00 LT.

When the number of factors was increased from three
to four, LV-OOA was split into LV-OOA and semi-volatile
OOA (SV-OOA) at the residential site (Fig. S13a). Addition-
ally, the mass contribution of HOA decreased when going
from a three- to four-factor solution while the contribution
of BBOA remained almost at the same level. In a four-factor
solution, SV-OOA was less oxidized than LV-OOA with the
largest signal for C2H3O+ atm/z 43. In terms of diurnal pat-
tern, SV-OOA had clearly smaller concentrations from 09:00
to 19:00 LT at the residential site. Also in the street canyon,
the fourth factor was identified as SV-OOA. SV-OOA ob-
tained mass from LV-OOA and BBOA (Fig. S14a). Simi-
lar to the residential site, SV-OOA had the largest signal for
C2H3O+ at m/z 43 in the mass spectra and in the diurnal

trend a decrease in daytime. However, in the street canyon
smaller concentrations in daytime lasted shorter in time (only
from 11:00 to 17:00 LT).

In the five-factor solution, LV-OOA was split into two fac-
tors, of which one was related to the long-range-transported
particles (called LV-OOA-LRT) at the residential site. LV-
OOA-LRT had very similar mass spectra to other LV-OOA,
but their time series and diurnal trends differed significantly
as LV-OOA-LRT was observed mostly at the end of the mea-
surement period in April. LRT particles probably originated
from agricultural burning or wildfires since they had a high
contribution of organics and BC; however, at the end of the
LRT episode, inorganic species, sulfate, nitrate, and ammo-
nium, were also mixed with the biomass burning emissions.

In the street canyon, the fifth factor was identified as cof-
fee roastery organic aerosol (CoOA). CoOA contributed only
3 % to the total signal (Fig. S14a), but it had very distinctive
mass spectra. The mass spectra of CoOA had pronounced
peaks at m/z 55, 67, 82, and 109 corresponding to the HR
fragments of C3H5N+, C3H3N2

+, C4H6N2
+, and C5H7N3

+,
respectively, those fragments being characteristic for caf-
feine (Carbone et al., 2014). CoOA has been observed ear-
lier in Helsinki at the SMEAR III station with a contribu-
tion of 1 % to organics (Timonen et al., 2013). However, the
street canyon site utilized in this study was located much
closer to the coffee roastery (∼ 600 m north from the roast-
ery) than SMEAR III (∼ 1.5 km northeast from the roast-
ery). The emissions from the coffee roastery were observed
in three time periods between 06:00 and 18:00 LT, which was
presumable because the coffee roastery operated only in day-
time.

Regarding the six-factor solution, SV-OOA was split into
two similar factors at the residential site. In the seven-factor
solution, there was an additional factor that contained prac-
tically only rBC fragments, and in the eight-factor solution
HOA was split into two identical factors. In the street canyon,
the six-factor solution split LV-OOA. In the seven-factor so-
lution, another SV-OOA appeared while in the eight-factor
solution HOA was divided. Since the PMF solutions from six
to eight factors did not provide any additional information,
from now on, only the solutions with three to five factors are
investigated in more detail.

The BBOA factor was compared with MAs analyzed from
the 24 h PM10 filter samples collected at the residential site.
It was found that for the three-factor solution the corre-
lations between BBOA and levoglucosan and BBOA and
mannosan were weaker than for four- and five-factor so-
lutions (Fig. S15). In contrast, for BBOA and galactosan,
the correlation was strongest for the three-factor solution,
with Pearson’s correlation coefficient (r) decreasing slightly
when increasing the number of factors. In terms of the non-
refractory species measured by the SP-AMS, sulfate corre-
lated strongest with LV-OOA, with r increasing significantly
going from four to five factors (Fig. S16). Also, nitrate and
ammonium had the largest r with LV-OOA, but for them, the
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difference between the number of factors was smaller. Chlo-
ride and potassium correlated most strongly with BBOA and
HOA, the correlation between potassium and BBOA being
slightly smaller for the three-factor solution than for four-
and five-factor solutions. None of the non-refractory species
correlated clearly with SV-OOA or LV-OOA-LRT. HOA cor-
related strongly with NO and NOx , with r being larger for
four- and five-factor solutions than for the three-factor solu-
tion.

In the street canyon, sulfate, nitrate, and ammonium cor-
related with LV-OOA with no difference between the num-
ber of factors (Fig. S17). Different from the residential area,
chloride and potassium had the smallest r with BBOA and
HOA. CoOA had a modest correlation with chloride. In terms
of nitrogen oxides, HOA had the largest (but moderate) cor-
relation with NO2. MAs were measured at the street canyon
site only every 3 d and therefore were not compared with
BBOA.

The contribution of rBC fragments to the total signal in
the mass spectra of the PMF factors is given in Tables S1
and S2 in the Supplement. At the residential site, the con-
tribution of rBC was largest to the mass spectra of BBOA
in three- and four-factor solutions while in the five-factor
solution the contribution of rBC was largest for LV-OOA.
In the street canyon, the contribution of rBC was largest to
HOA independent of the number of factors. The contribution
of rBC to HOA was more than double in the street canyon
compared to that at the residential site. In contrast, the mass
spectra of BBOA had several times more rBC at the residen-
tial site than in the street canyon. Also, the mass spectra of
organics in BBOA differed between the residential and street
canyon sites as the contribution of C2H4O2

+ (atm/z 60) and
C3H5O2

+ (at m/z 73) was much larger at the residential site
compared to the contribution in the street canyon, indicating
that BBOA at the street canyon site was probably more aged
with its mass spectra resembling secondary organic aerosol
(SOA). That can make the separation of primary and sec-
ondary OA factors more complicated at the street canyon site.

The distribution of rBC between the PMF factors is shown
in Figs. S13b and S14b from three- to five-factor solutions.
Compared to the total mass spectra utilized in the PMF anal-
ysis (organics+rBC), BBOA and HOA had larger contribu-
tions to rBC than to organics+rBC at the residential site. The
contribution of BBOA to rBC was smaller in the five-factor
solution than in three- and four-factor solutions while HOA
had the smallest contribution in the four-factor solution. On
the other hand, SV-OOA and LV-OOA and LV-OOA-LRT
had smaller contributions to rBC than to organics+rBC, ex-
cluding LV-OOA in the five-factor solution that had a larger
contribution to rBC than to organics+rBC. In the street
canyon, HOA had a larger and BBOA a smaller contribution
to rBC than to organics+rBC. For LV-OOA and SV-OOA the
contributions to organics+rBC and rBC were almost equal.

The sum of C2
+, C3

+, and C4
+ fragments included in

the PMF input data matrix was compared with the sum of

the same fragments found in the PMF solutions at the res-
idential site and street canyon (Figs. S18 and S19). It can
be seen from the figure that for the residential site, the cor-
relation was largest for the five-factor solution while in the
street canyon correlation coefficient was slightly smaller for
the five-factor solution than for three- and four-factor so-
lutions. Somewhat similar trends were obtained when the
sum of C2

+, C3
+, and C4

+ fragments was replaced by high-
resolution rBC (HRBC) (including all Cx+ fragments in the
mass spectra) calculated in PIKA. In general, the PMF so-
lution was able to explain the majority of the variation in
C2
+, C3

+, and C4
+ fragments at the residential site; how-

ever, in the street canyon, the difference between the sum of
C2
+, C3

+ and C4
+ fragments in PIKA and the PMF solution

was larger. In general, the unresolved mass (organics+rBC)
was 1.9 %, 2.2 %, and 1.6 % at the residential site and 3.6 %,
3.5 %, and 2.6 % in the street canyon for three-, four-, and
five-factor solutions, respectively.

PMF solutions from three to five factors were examined
for the rotational freedom by varying fpeak and for the accu-
racy with bootstrapping and multiple seeds. Based on these
validation tests, it was found that for the street canyon data,
four- and five-factor solutions did not provide consistent re-
sults, especially the contribution of CoOA, which varied sig-
nificantly. Therefore, the three-factor solution was selected
to represent the sources of rBC in the street canyon most ac-
curately. For the residential site, the five-factor solution was
chosen as it was found to explain the variation in the rBC
sources most realistically.

Detailed figures on the residuals for the chosen solutions
are presented in Figs. S20 and S21. For the residential site
(five factors), there was some unexplained mass during the
daytime and especially in the evening, shown by the diur-
nal variation in the residuals. That is, however, in line with
Frölich et al. (2015), who noticed that in the evening when
the concentration of organics was highest the scaled resid-
uals in PMF tended to be slightly larger than at the other
times of the day. In terms of mass spectra, the largest residu-
als were calculated for the CO2

+, CO+, and C3
+ fragments,

but relative to the measured signal, they did not stand out in
the mass spectra. In the street canyon, there was some un-
explained mass during the morning rush hour and evening.
The largest absolute residual was calculated for C3

+ frag-
ment followed by CO2

+ and CO+, but similar to the residen-
tial site, the residuals for these fragments did not distinguish
from the others when the residuals were calculated relative
to the measured signal.

For the comparison, PMF was also applied to the organic
mass spectra without the Cx fragments included to examine
whether the rBC fragments affected the PMF solutions. The
five-factor solution for the residential site and three-factor so-
lution for the street canyon data are presented in Fig. S22
for organics. Very similar factors were obtained for organ-
ics compared to those with organics+rBC for both data sets
(Figs. S23 and S25). Regarding the time series (Figs. S24 and
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S26), only LV-OOA differed slightly when PMF was applied
to only organics compared to PMF applied to organics+rBC
at the residential site.

In the following chapters, we discuss only rBC associ-
ated with the PMF factors. Therefore, rBC related to BBOA,
HOA, LV-OOA, SV-OOA, and LV-OOA-LRT factors is here-
after referred to as BCBBOA, BCHOA, BCSV-OOA, BCLV-OOA,
and BCLV-OOA-LRT, respectively. For simplicity, rBC was re-
placed by BC.

2.3.2 Ångström exponent and Aethalometer model

Absorption Ångström exponent values were calculated by
using two wavelengths (470 and 950 nm) with the equation

α470/950 =−
ln(babs(470nm)/babs(950nm))

ln(470/950)
, (1)

where babs is aerosol light absorption coefficient given by the
AE33.

The fraction of wood burning BC (BCwb) was calculated
by using the Aethalometer model (Sandradewi et al., 2008a,
b):

BCwb =

(
babs(470 nm)−babs(950 nm)·

(
470
950

)−αff(
470
950

)−αwb
−

(
470
950

)−αff

)
babs(950nm)

·BC. (2)

Two pairs of Ångström exponent values were utilized to ob-
tain BC associated with fossil fuel (BCff) and wood burning
(BCwb): αff and αwb of 0.9 and 1.68 (Zotter et al., 2017),
and instrument default values αff and αwb of 1 and 2, respec-
tively. In the previous work of Helin et al. (2018), α values
equal to αff = 1.10 and αwb = 1.60 in the street canyon and
αff = 0.95 and αwb = 1.60 at the detached house area were
estimated for aerosol in the Helsinki area based on the con-
current levoglucosan analysis. Those values were not utilized
in this study as the data of Helin et al. (2018), and this study
differed in site locations, measurement year, and the AE33
tape batch. Additionally, the aim of this study was to select
contrasting αff–αwb pairs to investigate the impact of αff–αwb
values on the BC source apportionment. The same αff–αwb
pairs that were used in this study have also been utilized in
Virkkula (2021), who modeled the uncertainties related to the
absorption by eBC from fossil fuel and wood burning with a
core–shell Mie model.

3 Results and discussion

3.1 Sources of BC in the residential area

The average (± SD) BC concentration was
0.86 (±1.5) µgm−3 at the residential site during the
measurements from 15 January to 16 April 2019 (1 h
averaged AE33 data). Regarding the sources of BC, five

PMF factors were found to explain the variation in BC at the
residential site. On average, the largest fraction of BC was
related to biomass burning (BCBBOA; 38 %; Fig. 1) followed
by BC associated with the LV-OOA (BCLV-OOA; 27 %) and
HOA (BCHOA; 17 %) factors. BC attributed to the SV-OOA
(BCSV-OOA) and LV-OOA-LRT (BCLV-OOA-LRT) factors had
similar contributions (9 %).

BCBBOA originated mostly from local small-scale wood
burning. The majority of the houses in the area had at least
one fireplace, and since the measurements were carried out
during the cold season, fireplaces were used frequently in
many houses. In particular at the beginning of the measure-
ment campaign, the ambient temperature was low, reaching
the campaign minimum of −21 ◦C (1 h average) on 22 Jan-
uary 2019 (Fig. S27). On that day, the BC concentration had
a campaign maximum of 24 µgm−3 (10 min average), and
BCBBOA constituted as much as 80 % of total BC. In addi-
tion to 22 January, there were several episodes of biomass
smoke during the first 2 weeks of the campaign. On average,
the fraction of BCBBOA was 60 % in the first 2 weeks, after
which it decreased to 23 %–37 % in terms of weekly averages
(Fig. 1b).

BCBBOA had a clear maximum in the evening between
20:00 and 22:00 LT but also a small increase in the morn-
ing between 09:00 and 10:00 LT (Fig. 1c). Extensive use of
fireplaces in the evening for heating purposes together with
heating of sauna stoves was a likely cause of large evening
peaks. Also, temperature and wind speed typically decreased
in the evening (Fig. S28), causing poor atmospheric dilution.
In general, the largest BCBBOA concentrations were observed
when the temperature was below −5 ◦C, but besides that, the
temperature dependency of BCBBOA was small (Fig. S29).
Regarding different days of the week, the contribution of
BCBBOA was slightly larger on Saturday than on other days,
which can be explained by the tradition of heating sauna
stoves on Saturday evening.

In the earlier study conducted in the Helsinki residential
area (Helin et al., 2018), the average contribution of BCwb
to total BC was 46%± 13 % in winter calculated with the
Aethalometer model. That is a larger contribution than the
campaign average percentage obtained in this study (38 %),
however, it is smaller than the average contribution during
the first 2 weeks of the measurements (60 %). Helin et al.
(2018) detected a similar diurnal pattern with the BCwb max-
imum in the evening, but in their study an increase in BCff
was also observed in the evening concurrently with BCwb. In
other locations in Europe, the contribution of wood burning
to BC has been measured to vary in the range of 7 %–88 %
in wintertime (Sandradewi et al., 2008b; Herich et al., 2011;
Sciare et al., 2011; Drinovec et al., 2015; Becerril-Valle et al.,
2017), with the smallest contributions typically measured at
urban locations and the largest values in rural areas.

BCHOA was mostly associated with vehicle exhaust emis-
sions. BCHOA peaked between 08:00 and 10:00 LT in the
morning, and the concentrations started to increase again af-
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Figure 1. Source apportionment of BC at the residential site by using PMF for the SP-AMS data. Time series with average contributions (a),
weekly average contributions (b), and diurnal variations (c). Time series in (a) are presented with 10 min time resolution.

ter 16:00 LT and stayed elevated over midnight. The morn-
ing peak is probably related to the morning rush hour even
though there was not much vehicle traffic near the site. How-
ever, as mentioned earlier, there were three large roads within
∼ 1 km of the site that could have also caused BCHOA. Ele-
vated BCHOA concentrations in the evening were likely to
be related to both the evening traffic and poor atmospheric
mixing conditions. Moreover, BCHOA was smaller on week-
ends than weekdays, indicating its origin being mostly in ex-
haust emissions. In terms of ambient temperature, the largest
BCHOA concentrations were detected with the lowest temper-
atures, similar to BCBBOA (Fig. S29).

BCLV-OOA was likely related to regional urban background
and/or long-range-transported BC as the related PMF factor
(LV-OOA) correlated with inorganic species, sulfate, nitrate,
and ammonium. BCLV-OOA concentrations were slightly
larger at the beginning of the campaign, and the contribu-
tion of BCLV-OOA to total BC was largest during the third
and fourth weeks of the measurements (Fig. 1b). The diurnal
trend of BCLV-OOA was very flat, with no dependence on the
time of the day. Regarding temperature, the largest BCLV-OOA
concentrations were detected when the ambient temperature
was near zero (Fig. S29).

BCLV-OOA-LRT was especially attributed to the long-range-
transported biomass smoke as BCLV-OOA-LRT peaked in April
when two LRT episodes were observed. The first episode
lasted almost 4 d (from 2 to 6 April 2019) while the sec-

ond episode lasted only slightly longer than 1 d (from the
late evening of 6 April to the early hours of 8 April 2019).
According to the calculated air mass back trajectories
(Fig. S30), LRT aerosol arrived in Helsinki from agricul-
tural burning or wildfires in eastern Europe. During those
episodes, BCLV-OOA-LRT composed 50 % of total BC. How-
ever, in terms of weekly averages, the largest contribution of
BCLV-OOA-LRT was 30 % in week 14 (Fig. 1b). BCLV-OOA-LRT
did not display a clear diurnal trend. In terms of ambient
temperature, the largest BCLV-OOA-LRT concentrations were
observed when the temperature was above 0 ◦C (Fig. S29),
which was expected as the LRT episodes detected in Finland
are mostly related to the transport of warm air masses from
the southeast to southwest sector (central or eastern Europe).
It has been shown in earlier studies that BC concentrations
are typically 2–4 times larger during the LRT episodes com-
pared to the non-episodic periods (Saarikoski et al., 2007;
Saarnio et al., 2010a). LRT episodes observed in Helsinki in
April 2019 will be discussed in more detail in another paper.

BCSV-OOA had only a minor (9 %) contribution to total BC
at the residential site. In terms of time series, BCSV-OOA con-
centration did not change much during the measurements;
however, BCSV-OOA concentration was smaller from 09:00
to 21:00 LT than at the other times of the day. Based on
the mass spectra of organics in the SV-OOA factor and its
diurnal trend, it can be speculated that BCSV-OOA was re-
lated to the aging of local traffic and biomass burning emis-
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sions. BCSV-OOA concentrations did not depend on the ambi-
ent temperature (Fig. S29).

By assuming that BCBBOA and BCHOA are locally emitted,
the average contribution of local sources to BC was 55 %, be-
ing slightly larger at the beginning of the campaign (Fig. 2).
The remaining BC fractions, BCLV-OOA, BCLV-OOA-LRT, and
BCSV-OOA, are likely to be related to either regional back-
ground or LRT. Regional and LRT BC fractions were com-
pared with the BC concentrations measured concurrently at
the Luukki regional background site approximately 15 km
northwest from the residential site. It can be seen from the
time series that the sum of BCLV-OOA, BCLV-OOA-LRT, and
BCSV-OOA measured at the residential site closely followed
the time series of BC at the background site (Fig. 2). How-
ever, at the beginning of the measurements in January 2019,
there were some cases when BC was larger at the back-
ground site than the sum of BCLV-OOA, BCLV-OOA-LRT, and
BCSV-OOA at the residential site, probably caused by the lo-
cal BC emissions at the background site accumulated in the
boundary layer due to the temperature inversion. Although
the background site of Luukki is located in a sparsely inhab-
ited area, there are some houses only a few hundred meters
away from the site, which can have an impact on the mea-
sured concentrations.

Regarding the size distributions, BC was typically found
at the particle size between 100 and 1000 nm at the residen-
tial site (Fig. 3a). The size distribution of BC depended on
the main BC source. BC peaked between 200 and 500 nm
in the evening, when there was a lot of biomass burning,
while at the other times of the day, including morning, BC
was detected at the larger particle size with the maximum be-
tween 350 and 800 nm. Figure 3b presents average BC mass
size distributions for the periods when BC was impacted by
biomass burning (BCBBOA 72 % of BC) and regional back-
ground (BCLV-OOA + BCSV-OOA; 47 % of BC). During the
BCBBOA period, the maximum was located at ∼ 300 nm,
while during the regional background period the maximum
was measured at ∼ 550 nm. Note that the total BC concen-
tration was 20 times smaller for the regional background pe-
riod. During the LRT episode in April, the maximum of the
BC size distribution was between that of the biomass burning
episode and regional background at∼ 350–450 nm (Fig. 3b).
The size distributions of organics were very similar to those
of BC during the three periods (Fig. S31a), indicating that
BC was mostly internally mixed with organics.

BC emitted from different sources was also investigated
in relation to gaseous CO2 concentrations measured concur-
rently at the residential site. From the BC–CO2 plots it can
be noticed that the BCHOA concentration increased clearly
when CO2 increased; however, for the other factors the re-
lationship was less clear (Fig. S32). The BC-to-CO2 ratio
was investigated in more detail for the local combustion
sources, BCBBOA and BCHOA. Background CO2 concentra-
tion, which was defined as the smallest 1 % of the CO2 con-
centrations measured at the residential site being equal to

404 ppm, was subtracted from the measured CO2 concen-
trations, and the remaining CO2 was plotted against BCHOA
and BCBBOA concentrations (Fig. 4). Moreover, the data
points were classified according to the fraction of BCHOA
or BCBBOA in total BC; only the data points when BCHOA
or BCBBOA contributed 30 %–70 % or > 70 % to total BC
were selected (30 %–70 % marked with open circles and
> 70 % with closed circles in Fig. 4). For BCHOA the slope
was 0.019 µgm−3 ppm−1 when BCHOA was > 70 % and
0.017 µgm−3 ppm−1 when the mass fraction of BCHOA was
30 %–70 %. For BCBBOA the slope was 0.10 µgm−3 ppm−1

(> 70 % to total BC), which suggests that biomass burning
produces approximately 5 times more BC in relation to CO2
during biomass burning events compared to engine emis-
sions. However, there was a lot of scattering in the BCBBOA-
to-CO2 ratio likely due to the unstable burning conditions in
domestic fireplaces that can in turn result in large differences
in emitted BC (Heringa et al., 2011; Kortelainen et al., 2018).
When converting the slope of BCHOA to the BC emission
factor (EFBC) by using a carbon mass fraction (CMF) ratio
of CMFCO2/CMFfuel of 3141 gkg−1 of fuel (Enroth et al.,
2016), a value equal to 0.03 gkg−1 of fuel was obtained. That
was roughly one-fifth of EFBC measured in 2012 in Helsinki
at the roadside (Enroth et al., 2016), but it was at the same
level as EFBC measured near the road in Toronto, Canada, in
2016 (Wang et al., 2018). For BCBBOA, EFBC was not cal-
culated as emitted BC, and CO2 depends largely on biomass
material burned as well as the combustion conditions and de-
vices (Savolahti et al., 2016).

3.2 Sources of BC in the street canyon

The average (± SD) BC concentration in the street canyon in
October 2015 was 0.90 (±0.74) µgm−3 for the 1 h averaged
data measured with the AE33. Three PMF factors were found
to be related to the sources of BC, BBOA, HOA and LV-
OOA, which were similar in mass spectra to those found at
the residential site. More than half (57 %) of BC was made of
BCHOA in the street canyon, on average (Fig. 5a). Similar to
the residential site, BCHOA peaked during morning rush hour
(07:00–10:00 LT) and again between 15:00 and 21:00 LT in
the evening (Fig. 5b), indicating that it originated predom-
inantly from vehicle exhaust emissions. Different from the
residential site, BCHOA did not remain at the elevated level
in nighttime as the smallest BCHOA concentrations were de-
tected between 02:00 and 06:00 LT. In the earlier study of
Helin et al. (2018), 83 %–91 % of BC has been associated
with fossil fuel combustion in the street canyon in Helsinki
by the Aethalometer model. BCHOA and BCff can, however,
represent slightly different sources as will be discussed later
in Sect. 3.3. Both the measurements presented in this pa-
per and in Helin et al. (2018) were conducted in 2015–2016.
Compared to the situation today, BC related to traffic emis-
sions can be assumed to be smaller than in 2015–2016 as a
general declining trend of BC concentrations related to traffic
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Figure 2. Regional or long-range-transported vs. local BC in the residential area. The distribution of BC to local and regional–LRT BC at the
residential site (a), and the time series of BCLV-OOA, BCLV-OOA-LRT, and BCSV-OOA at the residential site (stacked) compared with total
BC at the background site (b).

Figure 3. Mass size distribution of BC in the residential area. The evolution of mass size distributions during the day (a) and the examples of
the mass size distribution during the periods when BCBBOA, BCLV-OOA-LRT, or the sum of BCLV-OOA and BCSV-OOA dominated total BC
concentration (b). Data for (a) were collected from 16 January to 28 February 2019 when there were intensive biomass burning episodes. The
BCBBOA period in (b) was measured on 22 January 2019 from 19:45 to 23:30 LT, the BCLV-OOA-LRT period from 4 April 2019 at 03:45 LT
to 5 April 2019 at 23:30 LT, and the BCLV-OOA + BCSV-OOA period from 17 March to 1 April 2019.

has been presented recently for the Helsinki area by Luoma
et al. (2021). They found a statistically significant decreasing
trend in the range of−10.4 to−5.9 %yr−1. The decrease was
most noticeable at the traffic sites and particularly during the
morning rush hour.

The second largest contributor to BC in the street canyon
was BCLV-OOA (32 %). BCLV-OOA did not display a clear di-
urnal variation. Like at the residential site, BCLV-OOA was
assumed to be mostly related to regional background or long-
range-transported BC as the corresponding PMF factor (LV-
OOA) correlated with sulfate, nitrate, and ammonium. The
comparison with the background BC concentrations could
not be conducted as there was no BC measurement at the
background site in the Helsinki area in 2015. The contribu-
tion of BCBBOA was rather small (11 %) in the street canyon.
The measurements in the street canyon were performed in
autumn when the ambient temperature was still quite high

(an average of 7 ◦C), so there was no need for the additional
heating with wood. Moreover, the street canyon site was lo-
cated in an urban area surrounded by apartment buildings that
did not have fireplaces. In terms of diurnal profiles, BCBBOA
showed larger concentrations in the evening and at night.

The mass size distributions of BC are presented in Fig. 5c
for two cases; BC was dominated by traffic emissions and
BC was mostly related to regional background or LRT. When
traffic emissions dominated BC (BCHOA 80 % of BC), there
were two modes of which the first one was located at ∼
130 nm and the second one at∼ 300 nm. The mode at∼ 100–
150 nm has been detected earlier for the traffic emissions
(Enroth et al., 2016) while the second mode was probably
also related to regionally distributed BC or LRT. During the
period of regional background or LRT period (BCLV-OOA
70 % of BC), there was only one mode that was located at
a larger particle size (∼ 450 nm) than the second mode for

Atmos. Chem. Phys., 21, 14851–14869, 2021 https://doi.org/10.5194/acp-21-14851-2021



S. Saarikoski et al.: Sources of black carbon at residential and traffic environments 14861

Figure 4. The relationship between BCHOA and BCBBOA to CO2 concentrations at the residential site. BCHOA (a) and BCBBOA (b) vs.
1CO2 concentrations.1CO2 was calculated as CO2(measured)−CO2(background), and CO2(background) was 404 ppm. The slopes were
0.019 and 0.017 (HOA) and 0.10 and 0.032 (BBOA) for > 70 % and 30 %–70 % of BC, respectively. The values are the 10 min average.

Figure 5. Source apportionment of BC by using PMF and size distributions for the SP-AMS data in the street canyon. Time series with
average contributions (a) and diurnal variations (b) in the BC fractions and the size distributions when BCHOA and OOA fractions dominated
(3 October 2015, 18:30 to 23:55 LT and 21 October 2015, 20:00 LT to 22 October 2015, 04:00 LT, respectively). Time series in (a) are
presented with 5 min time resolution.

the BCHOA period. This suggests that BCLV-OOA was possi-
bly associated with non-local sources. During the BCLV-OOA-
dominated period, the size distributions of BC were similar to
those of organics (Fig. S31b), but in the BCHOA-dominated
period, there was slightly more BC in the first mode (at
∼ 130 nm) relative to organics than in the second mode (at
∼ 300 nm).

3.3 Comparison of PMF and Aethalometer model
source apportionment methods for BC

The source apportionment obtained from the PMF analy-
sis was compared with the absorption properties of particles
measured by the AE33. First, an absorption Ångström expo-
nent was calculated for both sites. The α value is typically
utilized to characterize different types of aerosols, e.g., BC,
brown carbon, and dust particles, and it has been shown to
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Figure 6. Absorption Ångström exponents calculated for the street
canyon and residential area data. Histograms are for 1 min resolu-
tion data.

differ greatly between various emission sources (Kirchstetter
et al., 2004; Zotter et al., 2017).

The α values measured at the residential and street canyon
sites are presented as histograms in Fig. 6. The median α was
clearly smaller in the street canyon (1.06) than at the resi-
dential site (1.30). However, the shape of the α distribution
showed that in the street canyon there were some cases when
the α value was larger (∼ 1.2) than the median. Those cases
corresponded to a large BCBBOA fraction as the α values cal-
culated specifically for the periods dominated by BCBBOA or
BCHOA (> 50 % of BCBBOA or BCHOA) were 1.36 and 1.25
at the residential site and 1.24 and 1.12 in the street canyon,
respectively. In terms of diurnal variation in the α values, α
was smaller in daytime at both sites, the difference between
day and night being larger for the street canyon than for the
residential area (Fig. S33).

The average α values calculated in this study were similar
to those found in the earlier study of Helin et al. (2018) in
the Helsinki area (1–1.05 and 1.2–1.3 for the street canyon
and residential sites, respectively). Compared to the α values
obtained from the biomass burning emission measurements,
Martinsson et al. (2015) have reported α values between 0.9
and 1.3 for the burning of birch logs in a conventional wood
stove; however, α increased to above 2 when fuel was added.
For various sauna stoves, α has been measured to be 1.17–
1.33, but when wood had high moisture content, α was larger
(1.6; Tissari et al., 2019). In ambient measurements, α can be
larger than that measured directly from the emission source
as α values for biomass burning emissions have been shown
to increase due to the atmospheric oxidation processes simu-
lated with a smog chamber (Tasoglou et al., 2017). However,
studies have also reported a decrease in α in biomass burn-
ing emissions by photooxidation during atmospheric aging
(Nicolae et al., 2013; Dasari et al., 2019), which can explain
the difference in α if the biomass burning particles are not
locally emitted. For diesel buses, α has been reported to be
0.8–1.2 depending on the driving phase (Helin et al., 2021),

while for motor vehicle emissions measured at a roadway and
tunnel, α was in range of 0.6–0.9 (Kirchstetter et al., 2004).

There are several factors that can have an impact on α. One
of them is the coating of the BC particles. In this study, the
particle coating factor was calculated similar to Drinovec et
al. (2017) by summing all the SP-AMS inorganic and organic
species (excluding rBC) and dividing the sum by BC from
the AE33. Based on our results, α did not seem to signifi-
cantly depend on the coating factor; however, there was a tiny
increase in α when the coating factor increased (Fig. S34).
Also, the chemical composition of the coating was investi-
gated, but the composition did not unambiguously affect α.
In general, the coating factor was much larger at the residen-
tial site (average coating factor 7.4) compared to that in the
street canyon (average coating factor 1.6). It should be noted
here that the coating factor calculation had some uncertain-
ties. The assumptions in the coating factor calculations were
(1) CE of 1 for the AMS species, (2) default RIEs for organ-
ics and inorganic AMS species, and (3) similar particle size
range for the AMS species and BC from the AE33. If the
uncertainty of using CE= 1 is estimated to be 30 % and the
uncertainty of RIEs for each AMS species is 20 %, the total
uncertainty due to CE and RIE is ∼ 40 %. The uncertainty in
the coating factor due to the different particle sizes measured
by the SP-AMS and AE33 is difficult to estimate quantita-
tively. Qualitatively, it can be assumed that the AMS is miss-
ing particle mass below < 50 nm, and therefore the coating
factor can be slightly underestimated, especially in the street
canyon where there can be small traffic-related particles.

It has been noticed in earlier studies that the filter-loading
parameter (k) provided by the AE33 can also be used to
determine particle coating. Drinovec et al. (2017) found a
strong anticorrelation between the compensation parameter
at 880 nm (k6) and the coating factor, suggesting that the
coating of BC may be responsible for the decrease in the
compensation parameter. In this study, the dependence of k6
on the SP-AMS coating factor was weak. At the residential
site, there was a slight negative correlation between k6 and
the coating factor, whereas there was no correlation for the
street canyon data (Fig. S34).

Absorption Ångström exponents can be exploited further
for the source apportionment of BC. First, the α values were
compared with the fraction of BCBBOA and BCHOA in to-
tal BC measured at the residential site (Fig. S35). It can be
seen from the figure that the increasing fraction of BCBBOA
somewhat increased the α values whereas the opposite was
true for BCHOA. Next, the Aethalometer model was applied
to the AE33 data sets to calculate the contributions of BCff
and BCwb concentrations. Two pairs of absorption Ångström
exponents were used for fossil fuel (αff) and wood burning
(αwb): 1 and 2 (default values from the manufacturer) and
0.9 and 1.68 (Sandadewi et al., 2008b).

In Fig. 7 BCBBOA from the PMF analysis was compared
with BCwb from the Aethalometer model for the residen-
tial site data. Biomass burning BC obtained from two source
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Figure 7. Comparison of AMS-PMF with the Aethalometer model source apportionment for BC at the residential site. Time series (a), the
scatter plot of BCwb and BCBBOA concentrations (b), and BB% (c). BCwb and BB% with the Aethalometer model were calculated by using
αff = 0.9 and αwb = 1.68 and αff = 1 and αwb = 2. We used 1 h time resolution. Marker size in (b) and (c) illustrates the concentration of
total BC. The dotted line in (b) and (c) shows the 1 : 1 line.

apportionment methods followed a very similar time trend;
however, BCwb calculated with the αff and αwb values of
1 and 2, respectively, displayed only half of the values of
BCBBOA or BCwb calculated with the αff and αwb values of
0.9 and 1.68, respectively. The same trend is shown in the
scatter plots in Figs. 7b and S36. In terms of diurnal variation
(Fig. S37), BCBBOA and BCwb both had a maximum in the
afternoon and a second peak in the morning, with BCBBOA
increasing in both cases slightly later than BCwb. The rea-
son for the delay can be speculated to be due to the fact that
organics and BC can be emitted at different ratios at differ-
ent stages of burning (e.g., Kortelainen et al., 2018), with
the time behavior of BCBBOA being determined by biomass
burning organics due to the used PMF method.

By converting these values to the percentage of biomass
burning BC (BB%), it can be seen that, with the αff and αwb
values of 0.9 and 1.68, the Aethalometer model gave larger
values than PMF when BB% was small, whereas at larger
BB% values, the results from the Aethalometer model were
smaller than those from PMF. In general, that trend suggests
that the Aethalometer model produces more constant BB%
than PMF and is likely be less sensitive to the changes in the
BC sources compared to PMF. Similar observation was done
when the diurnal patterns of BB% values were compared;

BB% from the Aethalometer model had a rather flat diurnal
trend whereas BB% from PMF varied more clearly during
the course of the day (Fig. S37b). Aethalometer model and
PMF results were also compared by adding BCLV-OOA-LRT to
BB% from PMF (Fig. S38) since the LRT particles detected
in April were likely to originate from agricultural burning
or wildfires. Adding BCLV-OOA-LRT to BB% increased small
BB% values from PMF, which improved the comparison be-
tween PMF and the Aethalometer model slightly. It should
be noted here that a constant α value may not be adapted
when there are several BCwb sources at the site, for exam-
ple local biomass burning and LRT. With the default αff and
αwb values of 1 and 2, BB% from the Aethalometer model
was much smaller than that from PMF regardless of the PMF
factors included in the calculation.

For the street canyon data, BCwb concentrations were
mostly larger than BCBBOA concentrations (Fig. 8). In con-
trast to the residential site, BCwb and BB% values calculated
with the Aethalometer model by using the αff and αwb val-
ues of 1 and 2 seemed to produce more comparable results
with BCBBOA and BB% values from PMF than the αff and
αwb values of 0.9 and 1.68. It should be noted here that the
measurement campaign in the street canyon was not optimal
for the investigation of biomass combustion because biomass
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Figure 8. Comparison of AMS-PMF with the Aethalometer model source apportionment for BC in the street canyon. Time series (a), the
scatter plot of BCwb and BCBBOA concentrations (b), and BB% (c). BB% with the Aethalometer model was calculated by using αff = 0.9
and αwb = 1.68 and αff = 1 and αwb = 2. We used 1 h time resolution. The marker size in (b) and (c) illustrates the concentration of total
BC. The dotted line in (b) and (c) shows the 1 : 1 line.

burning was not the major source at the site, and the measure-
ment campaign also covered only a short period of time.

The Aethalometer model and PMF source apportionment
results can also be compared in terms of BC related to the
fossil fuel combustion. At the residential site, BCHOA was
much smaller than BCff calculated with both sets of αff–αwb
values. This suggests that, besides BCHOA, the regionally
distributed BC (mostly BCLV-OOA) originates largely from
the fossil fuel combustion at the residential site. Also in the
street canyon, BCHOA was much smaller than BCff from the
Aethalometer model with both sets of αff–αwb values. Excep-
tions were the cases when the BC concentrations were large
and the contributions of both BCff and BCHOA were close to
100 %, indicating that BC originated probably mostly from
diesel vehicles. However, the diurnal pattern of BCff fol-
lowed that of BCHOA and NOx well, showing both the morn-
ing and evening rush hours (Fig. S39). When BCLV-OOA was
added to the fossil fuel fraction, PMF and BCff (with both
the αff–αwb values) were closer to each other. That suggests
that in the street canyon BCLV-OOA was also mostly related to
the fossil fuel combustion. Here BCff refers to the fossil fuel
combustion; however, it is likely to also include BC from
biofuels, e.g., biodiesel and ethanol.

4 Conclusions

This study investigated the sources of BC at two contrast-
ing locations: in a residential area in winter- and springtime
and in a street canyon in autumn. It was shown that PMF
applied to the SP-AMS data is a powerful tool to determine
the main sources of BC in urban environments. PMF anal-
ysis revealed that the largest fraction of BC originated from
local biomass burning at the residential site (average 38 %),
whereas the main source of BC was vehicular exhaust emis-
sions in the street canyon (57 %). At both sites, a consider-
able fraction of BC consisted of regional urban background
or long-range-transported BC indicated by the high oxida-
tion state of organics related to those PMF factors as well
as the comparison with BC detected at the background site
outside of Helsinki. On average, the total BC concentration
was very similar at the two sites (∼ 0.9 µgm−3). When com-
paring the sites, it should be remembered that the measure-
ments were conducted in different years (residential site in
2019 and street canyon in 2015), which may also impact the
source contributions. For example, Luoma et al. (2021) have
shown that BC related to traffic has decreased in the Helsinki
area in recent years, which may overrate traffic-related BC in
the street canyon relative to the year 2019.

The source had an impact on the detected size of BC
particles. BC from traffic was found at the particle size of
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∼ 100–150 nm, whereas BC from biomass combustion was
observed at ∼ 300 nm. BC was located at the largest particle
size (∼ 500–600 nm) when the impact of the local sources
was small; however, during an intense LRT episode, the max-
imum of BC size distribution was shifted to a slightly smaller
size (∼ 400 nm). Moreover, the coating thickness of BC par-
ticles was very different at the residential and street canyon
sites. There was a much thicker coating at the residential site
(average coating factor 7.4) than in the street canyon (aver-
age coating factor 1.6). The size of the BC core and coating
thickness and composition have significant impacts on BC
climate and health effects.

Comparison of the PMF results with the BC source appor-
tionment from the Aethalometer model indicated that several
PMF factors can be related to wood burning and fossil fuel
fractions obtained from the Aethalometer model. Moreover,
PMF was able to additionally separate local, regional back-
ground, and LRT contributions. In general, the Aethalome-
ter model presented smaller variation for the sources within
a day than PMF, being less responsive to the fast changes
in the BC sources at the site. It is also possible that the
Aethalometer model was not able to distinguish between as
many sources as PMF due to similar optical properties of the
BC sources. It should also be noted here that a constant α
value may not be adapted when there are several biomass
burning sources at the site, for example local biomass burn-
ing and LRT.

The results of this study improve the understanding of
the limitations and validity of the Aethalometer model for
BC source apportionment in different kinds of environ-
ments. Based on the results of this study, the Aethalome-
ter model can provide estimates for the fractions of BC re-
lated to biomass combustion and fossil fuel combustion. The
Aethalometer model is most suitable for the environment that
is mainly impacted by either wood combustion or vehicle
emissions, but if there are several sources, the results from
the Aethalometer model are more difficult to interpret. The
advantage of the Aethalometer model is that BCff and BCwb
can be calculated from the data of a reasonably simple BC in-
strument. However, the uncertainty of the model is related to
the unique set of αff–αwb values needed for each measure-
ment site. Additionally, as the Aethalometer relies on the
filter-based measurement technique, the filter batch used in
the AE33 may affect the results.

In terms of PMF applied to the SP-AMS data, the largest
uncertainty is related to the expertise and experience of the
PMF user. The selection of an accurate number of factors and
the validation of data can be challenging and provide ques-
tionable results. Moreover, the quantification of the rBC by
the SP-AMS can be tricky as the detection of rBC is strongly
influenced by the overlap of particle and laser beams. Due
to the much lower detection efficiency of rBC relative to or-
ganics, the PMF method for the SP-AMS data is likely to be
more suitable for urban environments with more BC in rela-
tion to organics than in remote areas.

Overall, the results of this study provide novel informa-
tion on local, regional, and remote sources of BC in urban
environments. Although the measurements were carried out
only in Helsinki, the results and the applied measurement and
data analysis methods are applicable to other areas as well.
The BC source apportionment results are highly valuable for
the modelers when calculating the climate and air quality im-
pact of BC as well as for the authorities when directing the
emission legislation and emission mitigation actions.
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