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Savanorių ave. 231, 02300 Vilnius, Lithuania

4Department of Environmental Science, iClimate, Aarhus University, Roskilde, Denmark
5Laboratory of Atmospheric Chemistry, Paul Scherrer Institute (PSI), 5232 Villigen PSI, Switzerland

6Ergonomics and Aerosol Technology, Lund University, Box 118, 221 00 Lund, Sweden
anow at: Swedish Environmental Protection Agency, 10648 Stockholm, Sweden

bnow at: National Research Centre for the Working Environment, 2100 Copenhagen, Denmark

Correspondence: Erik Ahlberg (erik.ahlberg@nuclear.lu.se) and Axel Eriksson (axel.eriksson@design.lth.se)

Received: 28 February 2022 – Discussion started: 19 May 2022
Revised: 23 January 2023 – Accepted: 30 January 2023 – Published: 8 March 2023

Abstract. Soot, or black carbon (BC), aerosol is a major climate forcer with severe health effects. The im-
pacts depend strongly on particle number concentration, size and mixing state. This work reports on two field
campaigns at nearby urban and rural sites, 65 km apart, in southern Sweden during late summer 2018. BC was
measured using a single-particle soot photometer (SP2) and Aethalometers (AE33). Differences in BC concen-
trations between the sites are driven primarily by local traffic emissions. Equivalent and refractory BC mass
concentrations at the urban site were on average a factor 2.2 and 2.5, with peaks during rush hour up to a factor
∼ 4, higher than the rural background levels. The number fraction of particles containing a soot core was sig-
nificantly higher in the city. BC particles at the urban site were on average smaller by mass and had less coating
owing to fresh traffic emissions. The organic components of the fresh traffic plumes were similar in mass spec-
tral signature to hydrocarbon-like organic aerosol (HOA), commonly associated with traffic. Despite the intense
local traffic (∼ 30 000 vehicles passing per day), PM1, including organic aerosol, was dominated by aged conti-
nental air masses even at the curbside site. The fraction of thickly coated particles at the urban site was highly
correlated with the mass concentrations of all measured chemical species of PM1, consistent with aged, inter-
nally mixed aerosol. Trajectory analysis for the whole year showed that air masses arriving at the rural site from
eastern Europe contained approximately double the amount of BC compared to air masses from western Europe.
Furthermore, the largest regional emissions of BC transported to the rural site, from the Malmö–Copenhagen
urban area, are discernible above background levels only when precipitation events are excluded. We show that
continental Europe and not the Malmö–Copenhagen region is the major contributor to the background BC mass
concentrations in southern Sweden.
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1 Introduction

Virtually everywhere in the world, a fraction of the ambient
aerosol consists of soot. Soot is formed by incomplete com-
bustion of carbonaceous fuels in hot air-starved conditions
and commonly contains both highly absorbing graphitic-like
black carbon (BC) and organic carbon. It has severe effects
on climate and human health (e.g., Bond et al., 2013; WHO,
2021; IARC, 2014; IPCC, 2021). Therefore, ambient mea-
surements of soot concentrations and properties are of great
importance to constrain and model its effects. Soot measure-
ments are complicated by the fact that the ambient aerosol
is a dynamic mixture and that soot from different sources
may not possess the same properties in terms of chemical
content and nano-structure (Vander Wal et al., 2010; Malm-
borg et al., 2019), light absorption (Sandradewi et al., 2008),
size (Schwarz et al., 2008) and toxicity (Hakkarainen et al.,
2022).

A soot particle survives in the atmosphere approximately
5–9 d (Textor et al., 2006). During its lifetime several pro-
cesses affect its properties. Soot is formed in a chain of
steps, starting with the inception of the first condensed-phase
particles from gas-phase hydrocarbon soot precursor species
(Michelsen et al., 2020). These then grow rapidly by co-
agulation and gas-to-particle conversion and become more
graphitic, also making them more light-absorbing. These
near-spherical 10–30 nm primary particles coagulate to form
agglomerates that are emitted from the source to the sur-
rounding air if not removed by oxidation already in the com-
bustion process or by exhaust after-treatment (e.g., particle
filters). The properties of the emitted soot particles depend
on the combustion conditions and the fuel used. For exam-
ple, it is well known that the wavelength dependence of light
absorption is stronger for biomass burning BC than for traffic
emissions (Sandradewi et al., 2008).

Once in the atmosphere, the freshly formed soot particles
evolve from their initial agglomerated state, each consisting
of large numbers of primary soot particles, into compacted
soot cores with significant coatings of inorganic and organic
material (Corbin et al., 2023). During such atmospheric ag-
ing, the soot particles will not only increase their size and
effective density, but their ability to absorb light will also
typically increase (Zhang et al., 2018). Further, the particles
change from being nearly hydrophobic into hygroscopic par-
ticles that can act as CCN (cloud condensation nuclei; Swi-
etlicki et al., 2008), which increases the likelihood for wet re-
moval, which is the main deposition process for BC in the at-
mosphere (Textor et al., 2006). This transformation depends
on atmospheric conditions and constituents but can be on the
order of hours under favorable conditions (Eriksson et al.,
2017).

Already in 2012, the International Agency for Research
on Cancer, which is part of the World Health Organization
(WHO), classified diesel engine exhaust as carcinogenic. The
WHO further concluded that there is sufficient evidence for

an association between short-term BC levels and all-cause
and cardiovascular mortality and cardiopulmonary hospital
admissions (WHO, 2013). Drawing similar conclusions as
the WHO, the US EPA (2019) summarizes the associations
between several health effects and BC concentrations in its
impact assessment (US EPA, 2019). In its latest update of the
Air Quality Guidelines, the WHO did not yet recommend air
quality guidelines for BC (WHO, 2021). Instead, it made a
statement of good practice recommending systematic mea-
surements, the production of emission inventories, exposure
assessments and source apportionment of black and elemen-
tal carbon.

A myriad of BC measurement techniques exist, and the
terminology is based on the measured property (Petzold
et al., 2013). From light absorption techniques, the equiv-
alent black carbon (eBC) mass concentration is obtained
from the ratio of measured light absorption coefficients to
the corresponding mass absorption cross section (MAC).
More recently, techniques based on laser-induced incandes-
cence (LII) have been developed for measuring the refrac-
tory black carbon (rBC) mass concentration. For instance, the
single-particle soot photometer (SP2) (Schwarz et al., 2006;
Stephens et al., 2003) deploys LII to measure the single-
particle rBC mass. In addition, the SP2 can be used to retrieve
the rBC core size, mass size distribution and provide an esti-
mation of the coating thickness of rBC particles (Moteki and
Kondo, 2007).

Although BC mass concentrations are routinely estimated
from optical methods, BC number concentrations, size distri-
butions and mixing state are rarely measured. In a previous
study it was shown that global aerosol microphysics mod-
els underestimate the BC particle size, by a factor of ∼ 2–
3, while overestimating the number concentrations, by more
than a factor of 3, compared to airborne measurements using
the SP2 (Reddington et al., 2013). BC from different sources
has different size distributions (Schwarz et al., 2008; Laborde
et al., 2013; Saarikoski et al., 2021), which affects both trans-
port (lifetime) and light interactions (Hinds, 2012) as well as
deposited dose (Alfoldy et al., 2009; Rissler et al., 2012).
Recent studies have pointed to the importance of BC mixing
state, governed by emission source and atmospheric aging, in
understanding the light-absorbing properties, and hence cli-
matic impacts, of BC containing particles (e.g., Liu et al.,
2017, 2020; Fierce et al., 2020; Yuan et al., 2021). These
properties of BC that are crucial to understanding both health
and climate impacts are not measured by the BC measure-
ment techniques commonly used by monitoring networks.

The aim of this study was to compare BC particle proper-
ties in nearby urban and rural settings and to investigate the
influence of urban emissions on the rural background air, uti-
lizing both filter-based absorption measurements and single-
particle LII. We compare BC mass and number concentra-
tions, size distributions and mixing state. Furthermore, the
relation to total particle number concentrations and chemi-
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cally resolved PM1 is assessed. Trajectory analysis was used
to assess the influence of long- and short-range transport.

2 Methods

2.1 Measurement sites

Consecutive aerosol measurement campaigns were per-
formed at existing field sites in a rural and an urban setting in
southern Sweden, during the period of late July to early Octo-
ber 2018. The weather did not change dramatically between
the two campaigns; hence seasonality is not expected to play
a major role in the results. Figure S1 shows that the BC
concentrations at the rural site during July–October did not
change drastically between the times of the two campaigns.
The urban campaign (September–October) took place at a
curbside measurement site near a busy road junction sur-
rounded by four- to seven-story buildings (about 30 000 ve-
hicles per day) in Malmö, which has about 300 000 inhabi-
tants, situated about 30 km east of Copenhagen. Air was sam-
pled at 3 m above the pavement using 1/4” stainless steel
tubing and a PM2.5 cyclone. Total inlet length was 4–5 m
and the flow was 7–8 L min−1. The validity of the curbside
site measurements as an indicator of the BC concentrations
in the city was assessed by comparing simultaneously col-
lected data at a rooftop urban background site (20 m a.g.l.,
PM2.5 inlet). The rural measurements (July–August) were
performed at the Hyltemossa Research Station, about 65 km
northeast of Malmö–Copenhagen. This station is part of both
the ACTRIS (Aerosol, Clouds, and Trace gases European
Research Infrastructure) and ICOS (Integrated Carbon Ob-
servation System) European environmental research infras-
tructure networks. The field site is surrounded by a man-
aged spruce forest. Aerosols were sampled at a height of
30 m above ground through a PM10 inlet and 25 mm stainless
steel tube, at a flow rate of 16.7 L min−1. The single-particle
soot measurements at the rural site were conducted through
a 1/4” tube at 20 L min−1 (turbulent flow), due to simultane-
ous eddy covariance flux measurements (not described here).

2.2 Instrumentation and analysis

2.2.1 Overview

Instrumentation to measure aerosols and gases was similar at
both sites. Figure 1 shows during which time the urban and
rural campaigns took place and which data were used. BC
properties and concentrations were determined using an SP2
that was moved between the sites and Aethalometers (AE33)
deployed permanently. Aethalometer data for the whole year
were used from the rural site to assess source regions. The
particle size distribution was measured using scanning (ur-
ban) and differential (rural) mobility particle sizers (SMPS
and DMPS). During the latter part of the urban campaign,
chemically resolved particle constituents were measured si-
multaneously at both sites with soot particle aerosol mass

spectrometers (SP-AMSs). An aerosol particle mass analyzer
(APM) was at a later stage deployed at the urban site together
with a differential mobility analyzer (DMA) to measure the
size-resolved effective density and particle mass.

2.2.2 SP2

The SP2 (Droplet Measurement Technologies) measures the
refractory black carbon (rBC) mass of individual particles us-
ing laser-induced incandescence (LII) (Stephens et al., 2003;
Schwarz et al., 2006). In the SP2, particles are passed through
a continuous 1064 nm Nd:YAG laser beam. Light-absorbing
particles (such as soot) are heated by the laser to temper-
atures where they will start to incandesce if they are large
enough. The incandescent light, measured by optical detec-
tors, is linearly proportional to the BC core mass and inde-
pendent of particle coating and fractal structure (Schwarz et
al., 2006; Slowik et al., 2007). The approximate range of the
SP2 is 0.5–200 fg per particle, where the lower limit is due to
energy dissipation, and the particles in the upper limit may
either saturate the detectors or not absorb enough energy to
incandesce. The overall relative uncertainty in mass concen-
tration by the SP2 was estimated by Sharma et al. (2017) to
be within 25 %–38 %. To limit the data collected, not all par-
ticle peak signals were saved (10 % and 1 %–5 % was saved
in the rural and urban campaigns, respectively).

The SP2 incandescence channels were calibrated using
monodisperse Aquadag (provided by Droplet Measurement
Technologies) before, during and after the field campaigns.
Particle sizes were selected using a DMA, and mass was
calculated using the effective density recommended by Gy-
sel et al. (2011). Since the calibration during the rural cam-
paign did not yield satisfactory data, the calibration during
the urban campaign was used to analyze both datasets. Al-
though this is not optimal, the incandescence detector cali-
bration is relatively stable in time. The response of the broad-
band incandescence detector from typical ambient BC parti-
cle masses varied by less than ±15 % for calibrations per-
formed before and after the rural campaign. The SP2 sen-
sitivity to ambient BC has been shown to resemble that of
fullerene soot particles (Baumgardner et al., 2012). Follow-
ing Laborde et al. (2012b), the Aquadag calibration factors
were therefore translated into a fullerene soot equivalent cal-
ibration using a scaling factor of 1.34 at 8.9 fg and an inter-
cept of 0.

The calibrations and campaign data were processed us-
ing the PSI SP2 toolkit version 4.111. BC particles with
mass equivalent diameters of between 64 and 580 nm (us-
ing a density of 1800 kg m−3) were included in the result.
The lower size was selected from looking at the sharp de-
crease in the number–size distribution when including very
low peak heights. The mass and number concentrations pre-
sented are not corrected for particles outside this range. Pileci
et al. (2021) found that the rBC mass outside the range of the
SP2 is on the order of 20 % for several European background
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Figure 1. Overview of the data and instruments used. Not shown in the figure are DMA–APM measurements of effective density during
spring 2019.

stations, depending on the size distribution. No particle de-
tection efficiency calibration was performed. Lognormal fits
to averages of 2 and 24 h were used to calculate geometric
mean diameters.

BC particle coatings can be estimated by the SP2 using a
separate scattering detector. The delay time method was used
to estimate BC particle coatings in a qualitative way (Moteki
and Kondo, 2007; Subramanian et al., 2010). This method
separates BC particles as being either thinly or thickly coated
depending on the delay time between the maximum scat-
tering and incandescence peak heights. Coated BC particles
generate two scattering peaks: one from the evaporating coat-
ing and one from the BC core itself. The scattering signal of
the coating will be detected before the incandescence signal
since BC particles take some time to heat up to the point of
incandescence, and absorbed energy will dissipate through
evaporation of the coating material. For thickly coated parti-
cles, the scattering of the coating will exceed the scattering
of the BC core, while for thinly coated particles the opposite
is true. Moteki and Kondo (2007) and Laborde et al. (2012a)
showed that a coating volume fraction of 70 % is needed for
a particle to be classified as thickly coated by the SP2.

2.2.3 Aethalometer

Aerosol light absorption was measured at both sites us-
ing a seven wavelength Aethalometer (model AE33, Magee
Scientific) (Drinovec et al., 2015). Equivalent black carbon
(eBC) mass concentrations were calculated using absorp-
tion at 880 nm and the default mass absorption cross section
(MAC) value of 7.77 m2 g−1. The absorption Ångström ex-
ponent (AAE), a measure of the spectral dependence of light
absorption and commonly used in source apportionment of
BC (Kirchstetter et al., 2004; Sandradewi et al., 2008), was
calculated between the wavelengths 370–950 nm. The rela-
tive uncertainty of the absorption coefficient measured by the
Aethalometer increases with lower BC mass concentrations
and has been shown to converge around 30 % for an older
version of the instrument (Backman et al., 2017). The uncer-

tainty of eBC also includes the uncertainty in the MAC value,
which was not estimated in the present study.

2.2.4 SP-AMS

The chemical composition of refractory and non-refractory
particulate mass was measured in real time with two soot
particle aerosol mass spectrometers (SP-AMS, Aerodyne Re-
search Inc.) (Onasch et al., 2012): one each at the urban and
rural measurement site. The measurements were performed
in parallel, and there are 15 d of overlap (25 September to
10 October). The SP-AMS detects particles within the vac-
uum aerodynamic diameter size range of about 70 nm to
1 µm. The aerosol sample flow is focused through an aero-
dynamic lens. The (non-refractory) components of particles
in the air beam are vaporized on a heated tungsten plate
(600 ◦C), subjected to 70 eV electron ionization, and the ions
produced are detected and categorized (organic, nitrate, sul-
fate, ammonium or chloride) by a high-resolution time-of-
flight mass spectrometer. In the SP-AMS setup a laser is
used to also vaporize the refractory BC (rBC). We oper-
ated both SP-AMSs in the “dual vaporizer” configuration as
further discussed in the Supplement. Calibrations were per-
formed in the field using 300 nm mobility diameter particles
from nebulizing ammonium nitrate as described in Onasch et
al. (2012). The absolute concentrations of species at the ur-
ban site are not shown due to uncertainties in the calibration
and dissimilarities when comparing to other instruments. For
the rural data, PM1 derived from the DMPS (using a density
of 1.5 g cm−3) and a Palas Fidas 200 at a nearby site agreed
well with that from the SP-AMS. All rBC data presented in
this work are derived from the SP2 measurements which are
more accurate. Data analysis was performed with IGOR Pro
7 (Wavemetrics, USA) and the AMS analysis software pack-
age including SQUIRREL 1.61F and PIKA 1.21F.

For the urban dataset, the fresh traffic aerosol was isolated
through the selection of distinct traffic plumes, i.e., short
(seconds to minutes) increase in concentration. Increases in
rBC number concentration from the SP2 and the concentra-
tion of the hydrocarbon-like organic aerosol (HOA) marker
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ion C4H+9 from the AMS were used as indicators of fresh
traffic plumes, and 90 such plumes were selected. For each
plume, the current urban background aerosol was defined by
selecting two windows, one before and one after the plume,
of about 2 min, i.e., a total of 4 min (see Figs. S2). The typi-
cal plume duration was about 30–60 s. Organic aerosol (OA)
mass spectra from the AMS were calculated for the plume
and for the background, respectively, and the background
spectra were subtracted from the plume spectra to obtain a
net contribution to OA mass concentrations. The m/z tracer
method (Ng et al., 2011) was used to estimate the different
OA components.

2.2.5 DMPS and SMPS

Particle size distributions were measured between electrical
mobility diameters of 3.2–900 nm at the rural site and 11.5–
604 nm at the urban site. At the rural site the DMPS consisted
of two Hauke type DMAs and two condensation particle
counters (CPCs, TSI 3772 and TSI UCPC 3025) (Wieden-
sohler et al., 2012). At the urban site the SMPS consisted of
a TSI DMA 3082 and a TSI CPC 3772. At both sites, the
aerosol was dried before sizing using Permapure driers with
low-pressure sheath air. Size distributions at both sites were
averaged over 1 h.

2.2.6 DMA–APM

Size-dependent particle mass and effective density were
measured with a DMA–APM. Pre-selection of particle size
was done with a DMA (TSI 3082), which selects par-
ticles based on electrical mobility diameter. The quasi-
monodisperse aerosol was then led through the APM (model
3600, Kanomax), which measures the relationship between
electrical mobility and particle mass. In the APM, the aerosol
passes a rotating cylinder with an applied voltage, and the
particle mass is determined based on the balance equation
between the centrifugal force and electrostatic force (Mc-
Murry et al., 2002). The mass selected particles were counted
after the DMA–APM with a CPC (TSI 3772). The aerosol
flow was 1 L min−1. The effective density is calculated based
on the electrical mobility diameter and the particle mass
from the DMA–APM. For spherical particles, this is the bulk
density, but for non-spherical particles, the effective density
depends on the particle shape factor. Six different particle
mobility diameters were tested: 50, 75, 100, 150, 250 and
350 nm. The APM was operated in a constant RPM (revolu-
tions per minute) mode, where the angular rotation speed was
constant and the APM voltage was increased step-wise dur-
ing a time period of 15 min per scan. The rotational speed and
voltage were selected so that the effective density was mea-
sured in approximately the range 0.1–3.5 g cm−3. The APM
was run during 5 d in spring 2019, after the intensive cam-
paigns to verify the bimodality, in terms of effective density,
of the city aerosol.

2.2.7 Particle inlet losses

Particle losses in the inlets were assessed using the Particle
Loss Calculator (von der Weiden et al., 2009). The losses
in the longest tube sections of each inlet that was used are
shown in Fig. S3. Losses in additional tubing and the actual
inlets are expected to be similar (and small) in all cases. In
the laminar flow inlets at both sites, PM1 losses are negli-
gible, while the turbulent flow inlet has losses of 20 %–30 %
for spherical particles with a diameter between 100–1000 nm
(density 1600 kg m−3). Based on these calculations and the
measured rBC size distribution (discussed below), the SP2
mass and number concentrations measured at the rural site
have been adjusted to correct for 25 % and 30 % losses, re-
spectively, since adjusting by size is not possible because the
size of rBC cores including coating was not measured.

2.2.8 Trajectory analysis

Wind direction and speed data from the rural site at Hyl-
temossa were downloaded from the ICOS Carbon portal
(ICOS, 2019) and analyzed using the Igor pro tool Zefir (Pe-
tit et al., 2017). To investigate how the air mass origin influ-
ences the BC concentrations at the rural site, we used the Hy-
brid Single Particle Lagrangian Integrated Trajectory Model
(HYSPLIT) with meteorological data from the Global Data
Assimilation System (GDAS) (Stein et al., 2015; Rolph et
al., 2017). Seven-day HYSPLIT backward trajectories, arriv-
ing with 1 h intervals at 100 m a.g.l. at Hyltemossa, were cal-
culated for the year 2018. The air masses were then classi-
fied into four different categories depending on which geo-
graphical region the air masses spent most time over. For this
classification we only considered the air mass origin during
the last 48 h upwind of Hyltemossa and the cumulative time
which the transported air parcels were below 1000 m a.g.l.
Figure S4 in the Supplement illustrates how the air mass
origin was divided into northwesterly (NW), southwesterly
(SW), southeasterly (SE) and northeasterly (NE). In addi-
tion we separated the air mass origin depending on if the air
masses passed over the Malmö–Copenhagen region less than
12 h before they arrived at Hyltemossa.

The long-distance transported BC source contributions
during the rural and urban measurement campaigns were es-
timated using the Lagrangian 1D-column chemistry trans-
port model ADCHEM (Roldin et al., 2011; Roldin et al.,
2019). ADCHEM was set up and run forward in time along
pre-computed 14 d backward HYSPLIT air mass trajecto-
ries arriving 100 m a.g.l. at Hyltemossa, with one new trajec-
tory every hour. Source-specific anthropogenic BC emissions
along the trajectories were taken from the CAMS-GLOB-
ANT v4.2 global emission inventory, which has a spatial res-
olution of 0.1◦× 0.1◦ (Granier et al., 2019). BC emissions
from wildfires were estimated using the GFED4 emission in-
ventory (Randerson et al., 2018).
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Figure 2. Diurnal cycles of rBC mass concentrations (±1σ ) from
the urban and rural sites as measured by the SP2. Values are av-
erages of data collected during 34 (rural) and 41 (urban) days of
sampling.

3 Results and discussion

3.1 BC concentrations

An overview of the BC measurement results is shown in Ta-
ble 1. As expected, the curbside site has higher concentra-
tions than the rural site, with campaign average factors of
2.5 for rBC mass, 2.2 for eBC mass and 3.2 for rBC number
concentration. The differences in concentrations are due to
local emissions, clearly shown in the diurnal pattern (Fig. 2),
which follows traffic intensity. The comparison between the
urban street level and urban background eBC levels are very
similar in time series but with a lower daily maximum for
the rooftop measurements (Fig. S5). This suggests that the
curbside measurements are indicative of the city. The average
eBC mass concentration at the rooftop site during the cam-
paign was 15 % lower than at the curbside site. The largest
difference between the urban and rural sites occur during
morning rush hour when rBC mass concentrations are up to a
factor 3.7 higher in the city. The mass concentrations are still
higher in the city during nighttime, before the first rush hour
peaks, but only by a factor of 1.2–1.3. The weekends have
lower rBC mass concentration (MrBC of 0.11±0.06 µg m−3)
compared to weekdays in the city, but it is still a factor of
1.8 higher than the average for the rural background station.
The AAE is slightly higher at the urban site, which could
be due to the differences in BC size distribution and coating
(Virkkula, 2021).

3.2 Estimation of BC particle number fractions

The number fraction of particles containing a BC core was
estimated by comparing the daily average of BC number con-
centration from the SP2 to the number concentration of par-

Table 1. Averages ±1σ (original averaging time in parentheses)
for the urban and rural campaigns. rBC mass (M) and number
(N ) concentrations are from SP2 measurements, and eBC mass
concentrations are from absorption at 880 nm using a MAC of
7.77 m2 g−1. Mass-based geometric mean diameter (GMDM) and
geometric standard deviation (GSDM) are from the rBC mass equiv-
alent size distribution. rBC concentrations are not corrected for par-
ticles outside the range of the instrument. Rural rBC concentra-
tions are corrected for inlet losses. Absorption Ångström exponents
(AAE) are calculated between absorption at 370 and 950 nm.

Rural Urban

MrBC (1 h), µg m−3 0.06± 0.05 0.15± 0.11
MeBC (1 h), µg m−3 0.22± 0.16 0.49± 0.45
NrBC (1 h), cm−3 31± 21 100± 80
GMDM (24 h), nm 168± 12 141± 11
GSDM (24 h), nm 1.74± 0.08 1.77± 0.04
AAE370–950 nm (1 h) 1.13± 0.12 1.24± 0.26

ticles larger than 64 nm as measured by the mobility particle
sizers. At the rural site this fraction was 2.7± 0.6 (1σ ) %,
while for the urban site the fraction was 13.4± 5.5 (1σ ) %.
These estimates are biased low because the BC size distribu-
tion (as measured by a mobility particle sizer) is shifted to
larger sizes if shape factors and coating are added. If the cut-
off size for total particle number measured by the SMPS is in-
creased toDP>130 nm (assuming a coating thickness of sim-
ilar magnitude as the rBC core mass equivalent diameter), the
fractions are increased to 6 % in the rural campaign and 45 %
in the urban campaign. In a study outside Paris (Laborde et
al., 2013), the number of BC particles counted by the SP2
(with no correction for particles outside the measurement
range) was 0 %–15 % of the total particle number concentra-
tion (above 20 nm) measured by an SMPS. In airborne mea-
surements over Europe (using an SP2 and a passive cavity
aerosol spectrometer probe), Reddington et al. (2013) found
that the number fraction of approximately 14 % of particles
with dry diameters above 260 nm contained a BC core. In
an older study, Rose et al. (2006), using a volatility tandem-
DMA setup, measured summertime BC particle number frac-
tions of 2 %–7 % at a rural site and 20 %–60 % in a street
canyon, depending on the selected size (30–150 nm in mo-
bility diameter).

3.3 rBC vs. eBC

The difference between rBC and eBC is significant at both
sites (Fig. S6). For the full campaign averages, eBC is more
than 3 times higher than rBC at both sites, with median ratios
(eBC / rBC) of 3.04 and 3.65 at the urban and rural sites, re-
spectively. Several studies have found similar discrepancies
between rBC and eBC (Holder et al., 2014; Raatikainen et
al., 2015; Sharma et al., 2017; Tasoglou et al., 2018; Li et al.,
2019). The rBC mass in this study is biased low because of
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Figure 3. Average mass size distribution of BC cores for the urban
(black) and rural (orange) campaigns. Filled areas show±1σ . Insert
shows the normalized distribution for comparison of the modes. Dip
at 270 nm is due to erroneous stitching of high and low gain detector
channels.

the limited range of the SP2, but given the size distributions
measured (example shown in Fig. S7), this mass bias should
be on the order of 10 %–20 %, which would still only lower
the ratio between eBC and rBC to 2.4–2.7. One reason for
biased high eBC values is that the measured absorption can
be amplified by non-absorbing coatings of BC cores (Kalber-
matter et al., 2022). It is well known that site-specific MAC
can differ from the default values from the manufacturer of
the AE33 (e.g., Cui et al., 2016). At a site nearby the rural
site of this study, a MAC of 12.64 m2 g−1 at 880 nm has pre-
viously been derived using Aethalometer (AE33) absorption
coefficients and elemental carbon (EC) measurements (Mar-
tinsson et al., 2017). This value is 1.6 times higher than the
default, and if it is used, the ratio between eBC and rBC of
the rural campaign would be ∼ 2.

3.4 BC core size and coating

The average geometric mean diameter (GMD) of the rBC
mass size distribution, from lognormal fits of 24 h data, was
highest in the rural setting (Table 1). The average mass size
distributions for the full campaigns are shown in Fig. 3. Mass
equivalent diameters of 168 and 148 nm for the rural and ur-
ban sites, respectively, correspond to BC particle masses of
4.5 and 3.1 fg. The number size distribution generally peaked
close to the SP2 detection limit (64 nm, corresponding to
0.25 fg, for both campaigns), and the GMD of this distri-
bution is therefore more uncertain and not presented here.
An example of 24 h number and mass size distributions are
shown in Fig. S7. The difference in mass GMD is statisti-
cally significant (P<0.01) and can be explained by differ-
ent BC particle sources, air masses and coagulation. Fig-
ure S1 shows that while BC concentrations at the rural site

were similar during the two campaigns, the source sectors
changed slightly. Notably, more industrial emissions and less
shipping emissions affected the concentrations during the ur-
ban campaign. Figure 4 shows the diurnal variation in GMD
from mass size distributions averaged over 2 h. The urban
site has a higher fraction of particles coming from local traf-
fic, which have been shown to be smaller than particles from,
e.g., biomass burning (Schwarz et al., 2008; Laborde et al.,
2013; Saarikoski et al., 2021). This shifts the size distribu-
tion during daytime to slightly lower sizes, although the mea-
surement uncertainties, including calibrations, of the SP2 are
close to the difference in average GMD between the sites.

The BC particles at the rural site were characterized by
a thicker coating than at the urban location, as measured
by the SP2 delay time method (a typical example is shown
in Fig. S8). The fraction of “thickly coated” BC particles
with an incandescence peak height corresponding to a BC
core diameter of mass 2.4 fg (∼ 136 nm mass equivalent di-
ameter) was on average 71± 8 % (1σ ) at the rural site and
38±7 % (1σ ) at the urban site, with no big difference during
weekends. The short-term APM measurements verified the
bimodal structure in effective density of the urban aerosol.
The mass distribution of 150 nm particles is shown in Fig. 5.
The two modes suggest that the aerosol is externally mixed,
with more and less dense particles present. The two lognor-
mal curve fittings have a mean mass of 0.86± 0.02 fg and
2.49± 0.02 fg, respectively. These masses correspond to ef-
fective densities of 0.49± 0.01 and 1.41± 0.01 g cm−3, re-
spectively, which is very similar to the effective densities
presented by Rissler et al. (2014), who reported two effective
densities for 150 nm particles sampled in downtown Copen-
hagen of 0.53± 0.05 and 1.36± 0.15 g cm−3. For 50 and
75 nm particles, the average mass distribution was unimodal
with a mean mass of 0.062±0.001 and 0.26±0.01 fg, respec-
tively, corresponding to effective densities of 0.95±0.01 and
1.19±0.02 g cm−3. The average mass distribution of 100 nm
particles was bimodal with mean masses of 0.33± 0.01
and 0.68± 0.01 fg, corresponding to effective densities of
0.63± 0.02 and 1.29± 0.01 g cm−3. These values are also
similar to the densities in Rissler et al. (2014), but we did
not observe an additional mode at higher masses for 50 and
75 nm particles but only the less dense, fresh soot mode.
However, in single APM spectra, the mean mass mode was
sometimes different from the average, and on a couple of
occasions, a bimodal distribution was observed also for the
smaller particles. No mass mode could be extracted for APM
measurements of larger particle sizes (250 and 350 nm) due
to low particle concentrations and consequently poor count-
ing statistics.

3.5 Origins of BC in the rural background air

Figure 6 shows the wind direction probability together
with eBC from the 5-week rural campaign. The Malmö–
Copenhagen area is in the direction 200–230◦ as seen from
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Figure 4. Box plot showing the daily pattern of rBC GMD (2 h av-
erages) as measured by the SP2, at the urban and rural sites. Boxes
show the median and the 25th and 75th percentiles, with values
more than 1.5 below or above those considered outliers (+).

the rural site. Based on the HYSPLIT trajectory analysis
(Sect. 2.2.8), some peaks in eBC, non-refractory PM1 and
total particle number concentrations at the rural site coincide
with air masses originating over Malmö–Copenhagen. These
urban plumes were discernible when the air mass was rel-
atively clean (typically of western or northwestern origin).
However, no conclusive results on the influence of the urban
site on rural levels could be derived from analysis of the lim-
ited field campaign data. Also, when analyzing the complete
eBC dataset from 2018, there is no significant difference in
the median eBC concentration for air masses with and with-
out influence from Copenhagen and/or Malmö, according
to the trajectory analysis. However, if we only consider air
masses with insignificant precipitation within 48 h upwind
of the rural site (i.e., less than <1 mm precipitation accord-
ing the HYSPLIT model), the measured eBC median con-
centration is significantly higher in the air masses that have
moved over Copenhagen–Malmö, 354.7 ng m−3 compared to

Figure 5. Measured DMA–APM spectrum for urban particles with
a diameter of 150 nm (black markers). The spectrum is the aver-
age number concentration (arbitrary units) of 11 samples from all
sampling days. Two lognormal fits are shown in black.

Figure 6. Wind rose showing the frequency of different wind direc-
tions (30◦ resolution) during the rural campaign and corresponding
concentrations of eBC.

226.9 ng m−3 without influence from Copenhagen–Malmö.
Similar results are also found when only the air masses orig-
inating from the southwest are considered (see Fig. 7 and Ta-
bles S2–S4). Most likely the contribution from the BC emis-
sions from Copenhagen–Malmö is not apparent when ana-
lyzing the whole eBC dataset from 2018 because the SW air
masses are generally influenced by more precipitation (more
BC wet scavenging) compared to other air masses. The HYS-
PLIT trajectory simulations for the complete year show that
66 % of all air masses that passed over Malmö–Copenhagen
were influenced by >1 mm precipitation within 48 h upwind
of the rural site, compared to 39 % for all other air masses.
The lowest median eBC concentration is found in air masses
from the northwest (101 ng m−3) followed by NE air masses
(149.9 ng m−3) and SW air masses (192.0 ng m−3). SE air
masses clearly stand out from any other air masses, with a
median eBC concentration of 563 ng m−3. This can be partly
explained by the low probability of precipitation in SE air
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Figure 7. Trajectory analysis of different air mass origins, with corresponding median eBC mass concentrations in the legend. Panel (a)
shows histograms with the observed eBC from the Aethalometer at Hyltemossa from the year 2018 for air masses originating from the
southeast, northeast, northwest and southwest as defined in Fig. S4. Panel (b) shows the eBC histogram from all SW air masses with or
without influence from the Copenhagen (CPH) and Malmö region.

masses. Only 23 % of these air masses are influenced by
>1 mm precipitation within 48 h upwind of the rural site.
However, when also considering the effect of precipitation
upwind of Hyltemossa, the SE air masses have a median eBC
concentration that is∼ 2 times larger than the SW air masses.

A comparison of the 15 d of simultaneous urban and ru-
ral measurements is shown in Fig. 8. It is clear that non-
refractory PM1 concentration and composition are driven
by long-range pollution at both sites, while black carbon
is more influenced by local emissions. The organic aerosol
at the urban site was clearly dominated by oxygenated or-
ganic aerosol (OOA, 78 %) with only a minor contribution of
HOA (9 %), suggesting that aged long-range sources domi-
nate even the organic aerosol, for which one could expect a
larger difference between the sites owing to the high urban
traffic density (Glasius et al., 2011). However, in the origi-
nal time resolution of 20 s (not shown), the urban AMS data
feature transient plumes of traffic exhaust. Yet, as shown in
Fig. 8, these plumes have little impact on average concen-
tration. The OA mass spectrum from traffic plumes at the
curbside site is shown in Fig. S9. The plume spectra are
similar in mass spectral profiles to hydrocarbon-like organic
aerosol (HOA), commonly associated with traffic emissions.
This OA is likely present in thin coatings on the freshly emit-
ted traffic BC and possibly also externally mixed with the BC
and hence is not detected by the SP2 time delay method.

With regards to eBC, Fig. 8 shows that approximately half
of the mass at the urban site is due to long-range transport,
despite the high traffic intensity (about 30 000 vehicles per
day). This can be deduced from the temporal variability and
absolute concentrations at both sites. The result is corrobo-

rated by the rBC results shown in Fig. 2. Firstly, rBC con-
centrations are roughly doubled at the urban site compared
to the rural site. Secondly, the diurnal pattern observed at the
urban site (see Fig. 2) shows that levels between 1:00 and
5:00 LT, during which local traffic density is low, are about
half of the average concentration.

Consistent with the high abundance of BC from long-
range transport at the urban site, on average 40 % of urban
BC particles with a diameter close to the mass GMD were
found to be thickly coated based on the SP2 data. We did
not directly measure the chemical composition of the thick
coatings. However, as shown in Fig. 9, non-refractory PM1
concentration is highly correlated with thickly coated BC
fraction (R2

= 0.87). Indeed, all major chemical species in
non-refractory PM1 correlate well with the thickly coated BC
fraction (R2

= 0.82–0.88). This suggests that the BC coat-
ings are similar in composition to non-refractory PM1 (dom-
inated by secondary material), despite the fact that only a mi-
nor fraction of the particles in PM1 contains rBC as discussed
above. As non-refractory PM1 is more widely and accurately
measured than BC coating composition, such homogeneity
simplifies the assessment of BC properties and impacts, for
example concerning cloud formation and lung deposition.
However, direct measurements of BC coating composition,
ideally on a single-particle basis, are needed to support this
conjecture.

4 Summary and conclusions

During 11 weeks in 2018, BC particles were sampled at two
nearby sites in southern Sweden. Campaign average mass
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Figure 8. Concentrations of eBC and PM1 chemical species at both sites during overlapping urban and rural measurement periods. One-
hour averages for eBC; 20 min for PM1 chemical species. It was not possible to extract absolute concentrations of PM1 at the urban site to
uncertainties in the calibration.

Figure 9. Comparison of chemically resolved non-refractory PM1 concentration and the fraction of thickly coated BC cores, with a mass
equivalent diameter corresponding to ∼ 136 nm, in the urban setting. Left: time series. Right: scatterplots of thickly coated BC particle
fraction vs. non-refractory PM1 and subcategories thereof; 24 h averages.

concentrations of BC, measured with two different methods,
were a factor of 2.2–2.5 higher at the urban site, compared
to the rural background site. Hourly averages during rush
hour peaks were up to a factor 4 higher in the city. Despite
good correlation between rBC and eBC, a factor of 3 higher
concentrations was consistently measured with the optical
method. The number fraction of particles containing BC,
compared to total particle concentration above 64 nm in mo-
bility diameter, was 2.4 % and 13.4 % at the rural and urban
sites, respectively. However, these numbers depend strongly

on the sizes that are integrated and would ideally be mea-
sured and reported in a size-segregated manner using pre-
selection of particles. The BC particle size distributions were
similar, with peak mode diameters slightly smaller in the city,
which can be expected since a larger fraction of the parti-
cles are from fresh traffic emissions. This was also seen in
the BC particle coating, which was assessed in a qualitative
manner. The rural site had approximately double the amount
of thickly coated particles compared to the street measure-
ments.
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Simultaneous measurements using SP-AMS at both sites
showed similarities in both time series and mass spectra
of the organic aerosol, verifying the impact of long-range
aerosol and secondary aerosol production. Primary organic
aerosol mass spectra were investigated based on transient
plumes from local traffic at the urban site but composed a
small fraction of the total organic aerosol. The fraction of
thickly coated particles at the urban site was highly corre-
lated to all measured species of the AMS, again showing the
importance of long-range transport.

Plumes from the nearby urban site to the rural site were not
clearly distinguishable during the field campaigns. Trajectory
analysis of the full year of 2018 shows that significant in-
creases in eBC concentrations at the rural site for air masses
passing over the Malmö–Copenhagen area are only clearly
seen during days with low precipitation. This increase, how-
ever, is small in comparison with the influence of long-range-
transported BC. Transport of BC from continental, and espe-
cially eastern, Europe is what governs the BC concentrations
in southern Sweden’s background air when looking at eBC
from the full year of 2018.
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Drinovec, L., Močnik, G., Zotter, P., Prévôt, A. S. H., Ruck-
stuhl, C., Coz, E., Rupakheti, M., Sciare, J., Müller, T., Wieden-
sohler, A., and Hansen, A. D. A.: The ”dual-spot” Aethalome-
ter: an improved measurement of aerosol black carbon with real-
time loading compensation, Atmos. Meas. Tech., 8, 1965–1979,
https://doi.org/10.5194/amt-8-1965-2015, 2015.

Eriksson, A., Wittbom, C., Roldin, P., Sporre, M., Öström, E., Nils-
son, P., Martinsson, J., Rissler, J., Nordin, E., and Svenningsson,
B.: Diesel soot aging in urban plumes within hours under cold
dark and humid conditions, Sci. Rep., 7, 1–10, 2017.

Fierce, L., Onasch, T. B., Cappa, C. D., Mazzoleni, C.,
China, S., Bhandari, J., Davidovits, P., Fischer, D. A.,
Helgestad, T., Lambe, A. T., Sedlacek, A. J., Smith, G.
D., and Wolff, L.: Radiative absorption enhancements by
black carbon controlled by particle-to-particle heterogeneity
in composition, P. Natl. Acad. Sci. USA, 117, 201919723,
https://doi.org/10.1073/pnas.1919723117, 2020.

Glasius, M., la Cour, A., and Lohse, C.: Fossil and non-
fossil carbon in fine particulate matter: A study of
five European cities, J. Geophys. Res., 116, D11302,
https://doi.org/10.1029/2011JD015646, 2011.

Granier, C., Darras, S., Denier van der Gon, H., Doubalova,
J., Elguindi, N., Galle, B., Gauss, M., Guevara, M., Jalka-
nen, J.-P., Kuenen, J., Liousse, C., Quack, B., Simpson, D.,
and Sindelarova, K.: The Copernicus Atmosphere Monitoring
Service global and regional emissions (April 2019 version),
Copernicus Atmosphere Monitoring Service (CAMS) report,
https://doi.org/10.24380/d0bn-kx16, 2019.

Gysel, M., Laborde, M., Olfert, J. S., Subramanian, R., and Gröhn,
A. J.: Effective density of Aquadag and fullerene soot black car-
bon reference materials used for SP2 calibration, Atmos. Meas.
Tech., 4, 2851–2858, https://doi.org/10.5194/amt-4-2851-2011,
2011.

Hakkarainen, H., Salo, L., Mikkonen, S., Saarikoski, S., Au-
rela, M., Teinilä, K., Ihalainen, M., Martikainen, S., Mar-
janen, P., and Lepistö, T.: Black carbon toxicity depen-
dence on particle coating: Measurements with a novel
cell exposure method, Sci. Total Environ., 834, 156543,
https://doi.org/10.1016/j.scitotenv.2022.156543, 2022.

Hinds, W. C.: Aerosol technology: properties, behavior, and
measurement of airborne particles, John Wiley & Sons,
ISBN 1118591976, 2012.

Holder, A. L., Hagler, G. S. W., Yelverton, T. L. B., and Hays,
M. D.: On-road black carbon instrument intercomparison and
aerosol characteristics by driving environment, Atmos. Environ.,
88, 183–191, https://doi.org/10.1016/j.atmosenv.2014.01.021,
2014.

IARC: Diesel and gasoline engine exhausts and some nitroarenes,
IARC monographs on the evaluation of carcinogenic risks to
humans, 105, PubMedID 26442290, ISBN 978 92 832 01434,
2014.

ICOS, R. I.: ICOS ATC MTO Release, Hyltemossa (150.0 m),
26 September 2017–30 April 2019, https://hdl.handle.net/11676/
DbbmB-ppi1ZsmQzHfuQ9y_oY (last access: 18 January 2022),
2019.

IPCC: Climate Change 2021: The Physical Science Basis. Con-
tribution of Working Group I to the Sixth Assessment Report
of the Intergovernmental Panel on Climate Change, edited by:
Masson-Delmotte, V., Zhai, P., Pirani, A., Connors, S. L., Péan,
C., Berger, S., Caud, N., Chen, Y., Goldfarb, L., Gomis, M.
I., Huang, M., Leitzell, K., Lonnoy, E., Matthews, J. B. R.,
Maycock, T. K., Waterfield, T., Yelekçi, O., Yu, R., and Zhou,
B., Cambridge University Press, Cambridge, United Kingdom
and New York, NY, USA, https://report.ipcc.ch/ar6/wg1/IPCC_
AR6_WGI_FullReport.pdf (last access: 1 March 2023), 2021.
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