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HIGHLIGHTS

e Characteristics of LDSA investigated in a harbour and near traffic in Helsinki area.

e BC emitted from marine traffic is linked to higher LDSA per mass than road traffic.

e BC emissions contribute more to LDSA (30-47% of total LDSA) than to PM; (7-14%).
o In the harbour, higher absorption Angstrém exponent was connected to higher LDSA.
e Health hazard of BC might be related to high LDSA and other co-emitted species.

ARTICLE INFO ABSTRACT
Keywords: Black carbon (BC) is one of the main components of ambient particulate matter. Previous studies have suggested
Urban environment that BC is more toxic than PMy s (mass concentration of all sub-2.5 pm particles). One possible reason for the

Traffic emissions

greater toxicity is that BC is typically in a size range which penetrates easily into lung alveoli and BC particles
Particle size distribution

Marine traffic have a large surface area due to their fractal structure. Due to these properties, toxic gaseous compounds can

Black carbon condensate on the surface of BC particles and then be transported effectively into human lungs, causing a large

LDSA lung-depositing surface area (LDSA) of particles. In this study, we investigated the relationship between BC and
LDSA concentrations in street canyon, highway, and harbour environments in the Helsinki Metropolitan area. In
all the studied environments, BC and LDSA concentrations were strongly correlated. In the harbour, cases where
marine traffic was considered as the main emission source, the average LDSA per BC mass was 2.4-2.7 times
higher than in the road traffic environments. This result was linked to a larger lung depositing size of BC,
suggesting that condensation and coagulation of other co-emitted compounds can have a major role in the lung
deposition of BC. Thus, BC emissions from marine traffic can cause higher exposure of other co-emitted toxic
compounds in the human lungs than the road traffic. The fraction of LDSA linked to BC emissions in the street
canyon, the highway, and the harbour were 33%, 30%, and 47%, respectively, whereas the fractions of BC mass
in PM; concentration were 14%, 14%, and 7%, respectively. The results show that BC emissions contribute much
more to LDSA than to mass concentration, which indicates that the possible strong negative health effects linked
to ambient BC mass concentration could be related to the high LDSA concentration.

1. Introduction problems worldwide. It has been recently estimated that globally fine
particulate matter (PMj 5) emitted from fossil fuel combustion may have
Ambient fine particles are known to cause major health related caused 8.7-10.2 million premature deaths annually during years
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2012-2018 (Vohra et al., 2021), which substantially exceeds 4.2 million
in previous estimations (e.g. Cohen et al., 2017), where all sources of
PM, 5 were included. Furthermore, fine particles contribute to multiple
severe diseases, including lung cancer, cardiopulmonary and neurolog-
ical diseases (Pope et al., 2002; Raaschou-Nielsen et al., 2013; Power
et al., 2016). The fine particle emissions are a major problem especially
in urban environments as high pollution levels from various emissions
sources are combined with the high population density.

Even though the evidence for negative health effects of fine particle
pollution is indisputable, it is still unclear which properties of the par-
ticles are the main causes for these effects. Usually, the negative health
effects are linked to the PM5 5 mass concentration (Dockery et al., 1993;
Burnett et al., 2014; Lelieveld et al., 2015). One reason for this is that the
PM, 5 concentrations are monitored widely around the world, which
leads the epidemiological studies to focus on the mass concentration of
particles. Also, current regulations regarding the particulate emissions
are mostly based on the mass concentration of particles (Gemmer and
Xiao, 2013). However, the correlation between premature deaths and
the PM, 5 concentration varies from place to place: Equal PMj 5 con-
centration causes significantly less premature deaths in China than e.g.
in Europe (Li et al., 2019). This observation emphasizes the need to
understand which sources of fine particle emissions are more harmful
than others, and which properties of fine particles are the most relevant.
Thus, other metrics parallel to PM; 5 are needed in the monitoring of fine
particle levels in cities to understand the connection between fine par-
ticle pollution and the health effects.

One way to estimate the health risk caused by particles is to analyse
the particle deposition in the human respiratory tract. Particle deposi-
tion efficiency in the human respiratory tract depends on the particle
size (ICRP, 1994). Thus, by analysing the particle size distributions of
the sample aerosol, it is possible to estimate the fraction of particles that
ends up into different regions of the human respiratory tract. One
metric, which utilizes this information about the particle deposition
efficiencies, is the lung deposited surface area (LDSA) of particles. The
LDSA is a metric that estimates the surface area concentration of parti-
cles that deposit in the alveolar region of the human lungs. The alveolar
region may be the most crucial regarding the particle health effects since
the interaction between respiration and pulmonary circulation takes
place there. It has been found that particles in the blood circulation can
end up even in the human brain (Heusinkveld et al., 2016). As
mentioned, the LDSA estimates the alveolar deposition with the surface
area concentration of particles. Studies have found that the surface area
concentration of particles may have stronger correlation with the
negative health effects than e.g. number or mass concentration (Brown
et al., 2001, Oberdorster et al., 2005). Thus, the particle surface area
must be explored as a relevant metric when it comes to understanding
the deposition of particles into the human lungs. Furthermore, studies
have shown that reduced lung function (Patel et al. 2018), subclinical
atherosclerosis (Aguilera et al., 2016), and mortality (Hennig et al.,
2018) are more strongly associated with the LDSA than with the PM; 5 or
PM;. Also, the delivered dose of particle surface area has been found to
be the most important metric for acute pulmonary inflammation with
insoluble particles with mouses and rats (Schmid and Stoeger, 2016).
These findings emphasize the importance of the LDSA as a metric when
considering the health effects caused by the particle exposure.

One of the main components of ambient particulate matter is black
carbon (BC) which is emitted from incomplete combustion processes.
Black carbon particles are insoluble, refractory and they strongly absorb
light at all visible wavelengths. Primary BC particles are agglomerated
as they consist of small carbon spherules (Bond et al., 2013). During the
exhaust dilution and cooling processes, the black carbon particles grow
as initially gaseous exhaust compounds condensate on their surface and
this growth continues in the atmosphere e.g. due to photochemical
processing (Krasowsky et al., 2016) and coagulation. Thus, properties of
ambient BC particles depend highly on the co-emitted species and the
atmospheric conditions. When considering the particle number size
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distributions, ambient BC particles form a log-normal distributed soot
mode, which is typically in the size range from 30 nm to 300 nm (Kumar
et al., 2010). It has been observed that ambient BC is harmful for human
health and negative health effects may be stronger than with the PMj 5
concentration (Janssen et al., 2011).

One possible explanation for the stronger health effects of ambient
BC could be its association with the LDSA. Various studies have reported
similar trends between BC and LDSA concentrations (e.g. Jeong et al.,
2017; Lin et al., 2022). BC emissions correlate with the LDSA concen-
trations of particles especially near traffic (Hama et al., 2017; Cher-
istanidis et al., 2020; Kuula et al., 2020), but also in residential areas
where wood combustion causes high BC concentrations (Kuula et al.,
2020). This association between BC and LDSA can be explained with the
sizes of the ambient BC particles. In urban air, the peak of the LDSA size
distribution of particles is typically near the size of 100 nm (Kuuluvai-
nen et al., 2016), which corresponds to the typical sizes of the ambient
BC particles. This connection suggests that BC particles can act as car-
riers of toxic gaseous compounds, which condensate on particle sur-
faces, into the alveolar region of the human respiratory tract. As
mentioned, in mouse and rat studies, the delivered dose of particle
surface area has shown to be the most relevant metric for pulmonary
inflammation with insoluble particles, which indicates that LDSA is an
important metric for the ability of insoluble BC particles to carry toxic
materials into the lung alveoli. Thus, the atmospheric condensation may
be a significant factor in the health effects caused by ambient BC as the
toxic compounds can effectively be transported into the human lungs on
BC particles.

Even though, the correlations between BC and LDSA have been
analysed in previous studies (e.g. Reche et al., 2015; Hama et al., 2017;
Cheristanidis et al., 2020; Kuula et al., 2020), the role of ambient BC in
the lung-deposition of particles has not been investigated in-detail. First,
it is unknown which fraction of LDSA is linked to the BC emissions.
Second, it is not well-known how the transportation of other compounds
on BC particles into human lungs depend on the environment. It is likely
that the toxicity related to BC depends on the other co-emitted com-
pounds and, therefore, on the emission source. Third, according to our
knowledge, the characteristics and sizes of lung-depositing particles
have been reported only from traffic sites (e.g. Salo et al., 2021) or
residential areas (e.g. Pirjola et al., 2017) before. Also, the correlation
between BC and LDSA has been studied mainly in traffic (Cheristanidis
et al., 2020; Kuula et al., 2020), urban background (Reche et al., 2015,
Hama et al., 2017) or residential area (Kuula et al., 2020) environments.
It is probable that the lung deposition of particles and BC differ notably
e.g. in harbours in comparison with the aforementioned environments
as marine traffic is a significant source of e.g. SOy, NOy and volatile
organic compounds (VOC) (Cesari et al., 2014; Xiao et al., 2018), which
contribute to secondary aerosol formation and condensation (Gentner
et al., 2017). Thus, it is important to analyse the characteristics of
lung-depositing particles in various different environments to under-
stand why the connection between the negative health effects and the
PM, 5 varies in different areas. Last, by understanding the role of BC in
the particle lung deposition, it could be possible to explain, why BC
seems more toxic than PMs 5 when the particle mass is considered.

The objective of our study is to investigate the connection between
BC and LDSA concentrations in detail in different urban environments.
We report the fraction of LDSA linked to BC, which is important infor-
mation for the estimation of health effects caused by ambient BC. The
stationary and mobile measurements of the study were carried out in
street canyon, highway and harbour environments in the Helsinki
Metropolitan area, Finland. In these environments, the characteristics of
the lung depositing particles were analysed with the LDSA size distri-
bution. Additionally, we report the surface area of the non-volatile
aerosol fraction and the absorption Angstrém exponent values of the
measured aerosol and investigate their association with both BC and
LDSA. These metrics give valuable information of the primary BC par-
ticles and the effects of atmospheric aging processes and particle growth
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on the LDSA. Furthermore, we report the average BC and LDSA con-
centrations in the studied environments. While traffic site concentra-
tions of LDSA and BC have been reported previously, according to our
knowledge, the characteristics of the lung depositing particles in
harbour areas have not been analysed previously.

2. Experimental
2.1. Measurement locations

The ambient measurements of this study took place in the Helsinki
Metropolitan area on August 13 - 23, 2019. The Helsinki Metropolitan
area has a population of approximately 1.2 million. The measurements
were done with Aerosol and Trace-gas mobile laboratory (ATMo-Lab by
Tampere University), which was utilized in both stationary and driving
measurements. The chosen urban environments for the stationary
measurements were a street canyon, a highway, and a harbour. The
driving measurement route included the locations of the stationary
measurements. The stationary measurement locations and the driving
route are shown in Fig. 1.

The street canyon measurement site was in the Helsinki central area
(Makelankatu 50) and is marked with a red circle in Fig. 1. The exact
measurement location was on a kerbside next to an air quality moni-
toring supersite operated by Helsinki Region Environmental Services
Authority (HSY). In 2019, an average of 28 000 vehicles drove pass the
measurement station every weekday (Statistics of the City of Helsinki).
The width of the street canyon is 42 m, and the adjacent buildings are 17
m tall. The buildings on both sides of the canyon and the trees in the
middle of traffic lanes weaken the dilution processes of the pollutants,
which is typical in street canyons (Karttunen et al., 2020). Thus, the
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measured aerosol can be considered as a mixture of fresh and aged
exhaust from the traffic. The in-depth characterization of particulate
matter at this street canyon site has been presented in Barreira et al.
(2021).

The highway measurement location was next to Lansivayla in Espoo
(closest address Kuitinméentie 31) and is marked with a blue circle in
Fig. 1. The measurement location was next to HSY’s air quality moni-
toring station, which is located on the Northern side of Lansivayla
highway, approximately 20 m from the road. On average, 70 000 ve-
hicles passed the measurement station in Lansivayla during weekdays in
2019. The average traffic rate in adjacent Kuitinmaentie (40 m North
from the station) was 12 000 vehicles per weekday (Statistics of the City
of Espoo). The measurement site was in an open environment, therefore,
the emissions from the traffic dilute quickly, which emphasizes the
differences in the aerosol aging processes in comparison with the street
canyon measurement site.

The stationary measurements in the harbour area were done at two
different locations. The main location (Harbour A) was in West Harbour
next to a HSY’s air quality monitoring station (Tyynenmerenkatu 8) and
is marked with a purple circle in Fig. 1. The distance from the station to
the closest ship was approximately 60 m. The station was next to a
passenger traffic parking lot and 50 m away from Tyynenmerenkatu,
which has an average traffic rate of 6000 vehicles on weekdays (Sta-
tistics of the City of Helsinki). Thus, the measured aerosol consists of
emissions from both road and marine traffic. In Harbour A location, it
was possible to compare the data from ATMo-Lab measurements with
SO, concentration measured in the monitoring station. The other sta-
tionary location (Harbour B) was in Hernesaari (Munkkisaaren laituri),
which is in the other side of the harbour area and is marked with a pink
circle in Fig. 1. In this location, the measured aerosol can be considered
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Fig. 1. Measurement locations on map. Stationary measurement locations are marked with circles. The driving measurement route was divided in four different
sections which were city centre, highway, harbour and urban road. These sections are marked with red, blue, purple, and orange lines, respectively. Also, ATMo-Lab
measurement van is shown in the harbour area picture. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of

this article.)
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to consist mainly of the emissions from marine traffic since the location
was relatively far away from other emissions sources. In Harbour B, the
nearest road with regular vehicular traffic was approximately 600 m
away and the passenger loading point on the other side of the harbour
was approximately 250 m away. However, during the measurements,
wind was directly from the sea (South-West), thus it is unlikely that the
vehicular traffic has affected the measurements in Harbour B. The
measurement times in Harbour B location were limited as there was no
electricity supply for ATMo-Lab. During the measurement days in the
harbour, 26-28 ships arrived or departed during the day. In the harbour
measurements, 91% of the time was measured in Harbour A and 9% in
Harbour B location.

In addition to the stationary measurements, driving measurements
were carried out in the measurement route shown in Fig. 1. The route
was divided to four different environments: city centre (marked with
red), highway (blue), harbour area (purple), and urban road (orange).
The area classified as city centre had typical features of central areas
such as street canyons, traffic jams, and considerable number of pe-
destrians. Roads classified as highway had speed limits of 80-100 km/h
and at least four lanes in total. The harbour area included roads that
were in West Harbour. The urban road included areas which did not fit
in the definitions of the other three environments but were still highly
influenced by the nearby city activity. The driving measurements were
conducted to ensure that the stationary measurement locations are
representative of the environments they were categorized to represent.

The measurements were performed during 9 working days. The
measurements were carried out in one location per day to achieve long
time series data. Measurements took place between 6 and 22 and there
were two measurement days in each stationary measurement location.
For example, the stationary measurements in street canyon took place
on August 13th and 20th. In addition, three days were reserved for
driving measurement only. The durations of the measurements and the
main measurement locations during the measurement days are sum-
marized in the Supplementary (Tables S1 and S2). Weather and back-
ground concentration data are also provided in the Supplementary
(Table S1 and Figs. S1 and S2). The average temperature and relative
humidity of the measurement days varied from 16.4 °C to 18.5 °C and
from 56.3% to 89.8%, respectively. The wind conditions were stable,
and the wind was mainly from the South-West during the campaign.
During the measurement weeks, there were not clear episodes of
regionally or long range transported particles, since the background
concentration levels of LDSA and BC were low and stable (Supplemen-
tary Fig. S2). More detailed maps of the stationary measurement loca-
tions are provided in Supplementary (Figs. S3-S5).

2.2. Measurement setup and instruments

The measurements were conducted with ATMo-Lab measurement
van (shown in Fig. 1). The sample inlet was above the van’s wind shield
at a height of 2.2 m. The sample was then divided for the instruments
which were in the back end of the van. The exhaust pipe of the mea-
surement van is located in the rear-end of the van. Therefore, the risk of
self-sampling with ATMo-Lab can be considered to be minimal during
the driving measurements.

The number size distributions of ambient and non-volatile particles
were measured simultaneously with two Electrical Low-Pressure
Impactor ELPI+ (Dekati Ltd.) units. ELPI + charges the sample aerosol
in a unipolar diffusion charger and then classifies the particles according
to their aerodynamic diameter in a cascade impactor. The size distri-
butions of particles can then be calculated by measuring the electrical
current caused by the particles in the impactor stages with 1 s time
resolution. ELPI + has 14 impactor stages in a size range from 6 nm to
10 pm. The operation principle of ELPI is described in detail in Keskinen
etal. (1992) and Marjamaki et al. (2000). The calibration of the renewed
ELPI+ is presented in Jarvinen et al. (2014). In addition to the number
size distributions, ELPI+ was used to measure the LDSA concentrations
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and size distributions. Furthermore, the surface area concentrations and
PM; concentrations of particles were determined from ELPI + by inte-
grating the measured particle number size distributions.

The size-segregated measurement data of ELPI + enables measure-
ment of LDSA concentration and size distributions. As mentioned in the
introduction, the lung deposition efficiency of particles depends signif-
icantly on the particle size. Therefore, stage-specific conversion factors
from electric current data of ELPI + impactor stages to LDSA concen-
tration can be determined by utilizing the particle lung deposition effi-
ciency functions and the particle size information of the impactor stages
(Lepisto et al., 2020). The stage-specific conversion factors enable
measurement of the LDSA concentration and size distribution with the
whole ELPI + size range.

BC mass concentration was measured with AE33 Aethalometer
(Magee Scientific). The operation principle of an aethalometer is
described in detail in Drinovec et al. (2015). Shortly, AE33 determines
the BC mass concentration by measuring the attenuation caused by
particles collected onto a filter tape. AE33 measures the attenuation at
seven different wavelengths of light. By measuring the attenuation,
AE33 determines the aerosol light absorption coefficients (bps(4)),
which is then converted to equivalent BC (eBC) mass concentrations by
dividing the determined b,,s(4) values with the mass absorption
cross-section (MAC(1)). Usually, also in this study, the data from the
wavelength of 880 nm is used in the determination of the BC concen-
tration. The data from other wavelengths can be used for source
appointment analysis and for determining the absorption Angstrém
exponent of the measured aerosol (Sandradewi et al., 2008). The ab-
sorption Angstrém exponent describes the spectral dependence of light
absorption. The absorption Angstrém exponent depends on the fuel
combusted (Kirchstetter et al., 2004) but it is also affected by the pri-
mary particle size and particle coating, e.g. thickness and chemical
composition (Lack and Cappa, 2010; Helin et al., 2021; Virkkula et al.,
2021). Therefore, the absorption Angstrom exponent can be used to
characterize particles with different chemical composition and emission
sources. For road traffic influenced aerosol, the absorption Angstrom
exponent is typically near 1 (Kirchstetter et al., 2004; Zotter et al., 2017;
Helin et al., 2018). With AE33, the absorption Angstrém exponent (a)
can be determined by the formula

In byps (470 nm)

by (950 nm)

a= - 1 220 €))

950 nm

In this study, a cyclone was used to cut the upper limit of AE33
detection size range to 1 pm.

A thermodenuder was used in the measurement of the non-volatile
particles. In the thermodenuder, the sample aerosol is heated causing
evaporation of the volatile compounds of the aerosol. After the evapo-
ration, the sample is cooled down and the evaporated compounds are
absorbed into active charcoal due to the thermophoretic forces. There-
fore, after the thermodenuder, only the non-volatile particles are left in
the sample aerosol. In this study, the sample aerosol was heated to
265 °C temperature. The thermodenuder model used in this study is the
same as in Heikkila et al. (2009) and Amanatidis et al. (2018). The
estimated particle losses with the thermodenuder were corrected in the
data based on the loss measurements presented in Heikkila et al., (2009).

2.3. Data processing

During the measurements, all the instruments logged measurement
data with 1 s time resolution. However, data from the stationary mea-
surements has been analysed with 1 min resolution to reduce the noise in
AE33 data. This resolution change was done by calculating the arith-
metic minute average of the measurement data. In the driving mea-
surements, the measurement data was averaged to 30 s resolution,
because the averaging period of 1 min was too long for the shorter parts
in the driving route.
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The measurement results presented in this article are calculated with
the geometric mean of the measured concentrations. The incidence of
the measured concentrations in this study were log-normally distrib-
uted, therefore the geometric mean gives more representative results of
the most common situation in the environment than the arithmetic
mean. In this study, the particle effective density is assumed to be the
unit density of 1 g/cm®. This assumption is needed as ELPI + size clas-
sification is based on the aerodynamic diameter of particles. Therefore,
the effective density of the measured particles affects the measured
concentrations e.g. PM; and LDSA. However, the unit density approxi-
mation with ELPI + LDSA measurement is known to be relatively ac-
curate when the effective density is known to be close to the unit density
(Lepisto et al., 2020). For example, in a street canyon, the average
effective density of particles with the mobility diameter of 100 nm are
0.66-0.70 and 1.30-1.38 with locally emitted and long-range trans-
ported aerosol, respectively (Rissler et al., 2014). The urban air aerosol
is a mixture of locally emitted and background aerosol. Thus, the unit
density approximation is reasonable. Also, it is assumed that the parti-
cles do not grow due to hygroscopicity in the human lungs, which is a
common approximation in ambient LDSA measurements due to the
measurement techniques. Primary BC particles are mainly hydrophobic
(Henning et al., 2012; Happonen et al., 2013), but the hygroscopicity of
BC particles can increase due to the atmospheric condensation processes
and, therefore, increase the exposure of coated accumulation mode BC
particles in the human lungs (Ching et al., 2020). Thus, it is possible that
the connections between BC and LDSA might be slightly underestimated
in the results. On the other hand, contribution of hygroscopic ultrafine
particles could be overestimated in the measured LDSA concentration,
which emphasizes the role of hydrophobic BC in the particle
lung-deposition. The upper limit of the measurement size range in this
study was 1 pm, which was chosen to minimize the effects of inertial
particle losses in the sampling lines in the measurement results.

In section 3.5, the fraction of the total LDSA linked to the BC emis-
sions in the studied environments is analysed by investigating the inci-
dence of the measured LDSA per BC concentration -ratios. This was done
to determine the most probable scenario in each studied environment.
As the incidences (Fig. 7) were log-normally distributed, the most
probable ratio and the deviations were determined by applying a log-
normal fit in the measured probability distributions. In this calcula-
tion, cases with BC concentration lower than 0.5 pg/m?> were ignored to
reduce errors caused by very low BC concentration. Also, the back-
ground LDSA concentration, which was estimated not to depend on BC
emissions from local sources, was deducted before the comparison of BC
and LDSA concentrations. This background concentration was deter-
mined by calculating the average LDSA concentration during the low BC
concentration (<0.5 pg/mB) occasions. After this analysis, the deter-
mined most probable LDSA per BC ratios were applied in the calculation
of the fraction of LDSA linked to BC emissions. The LDSA concentration
linked to BC emission was determined by multiplying the measured BC
concentration with the most probable LDSA per BC ratio in each studied
environment. Then, the fraction of LDSA contributed by BC emissions
was determined by comparing the calculated LDSA concentration linked
to BC with the total measured LDSA concentration. With this calculation
method, the effects of other co-emitted species (e.g. condensation and
coagulation) on the lung-deposition of BC can be included in the analysis
as well.

3. Results and discussion
3.1. Diurnal variation of BC and LDSA in the stationary measurements

The average LDSA and BC concentrations in the stationary mea-
surement locations during different times of the day are shown in
Table 1. The highest LDSA and BC concentrations were in the street
canyon where the concentrations were the highest during morning rush
hours from 6 to 9. Similar behaviour can be seen in the highway
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Table 1

The average LDSA and BC concentrations in the stationary measurement loca-
tions during different times of the day. Also, the 25th and 75th percentiles of the
measured concentrations are shown.

Street canyon Highway Harbour
Time of LDSA BC (ug/  LDSA BC (pg/  LDSA BC (ng/
theday  (pm%/ m®) (pm?/ m%) (um?/ m®)
cm®) cm3) cm®)
6-9 37.2 1.93 19.4 0.91 13.3 0.44
(26.7- (1.08- (15.5- (0.61- (9.0- (0.22-
48.4) 3.01) 24.8) 1.45) 16.6) 0.75)
9-12 31.5 1.43 11.7 0.47 22.0 0.60
(22.6- (0.94- (10.1- (0.32- (14.5- (0.41-
39.8) 1.95) 14.0) 0.77) 28.8) 0.91)
12-15 30.5 1.31 10.0 0.35 21.3 0.59
21.1- (0.78- (8.4- (0.24- (14.5- (0.37-
40.3) 1.98) 11.49) 0.55) 24.0) 0.89)
15-18 25.7 1.20 14.2 0.62 26.1 0.75
(18.8- (0.75- (11.5- (0.48- (19.6- (0.55-
30.3) 1.77) 17.2) 0.75) 30.2) 1.1D)
18-22 18.7 0.64 13.9 0.47 21.3 0.58
(15.0- (0.36- (10.9- (0.37- (17.9- (0.43-
21.3) 1.0D) 16.8) 0.59) 23.1) 0.72)
Average 27.2 1.17 13.6 0.54 20.3 0.59
6-22 (19.1- (0.71- (10.3- (0.37- (14.0- (0.38-
35.1) 1.87) 17.2) 0.81) 26.9) 0.91)

location. However, the average concentrations in the highway are
notably lower than in the street canyon, which emphasizes the effects of
the street canyon’s surrounding buildings in the exhaust dilution pro-
cesses. In the harbour, the highest concentrations were measured during
afternoon from hours 15 to 18, whereas the concentrations were the
lowest during the morning rush hours. The number of arriving or
departing ships was also at the highest during afternoon and approxi-
mately 25% of the harbour activity occurred during hours from 15 to 18
(Supplementary, Table S3). The daily averaged BC concentrations are
similar in the harbour and the highway, but the average LDSA is
significantly higher in the harbour. These differences indicate that there
is another main contributor in LDSA and BC concentrations in the
harbour area than the road traffic, e.g. marine traffic. During afternoon
and evening hours, the LDSA concentrations in the harbour area are
similar to those in the street canyon, which suggests that the marine
traffic can cause significant LDSA concentrations in harbour residential
areas.

The LDSA and BC concentrations measured in this study are notably
lower than in studies conducted in other cities. In the street canyon, both
BC and LDSA concentrations are close to the urban background levels
1.34-2.33 pg/m3 (Becerril-Valle et al., 2017 (Spain); Singh et al., 2018
(UK)) and 23-53 pm?/em® (Ntziachristos et al., 2007 (Los Angeles);
Reche et al., 2015 (Barcelona); Hama et al., 2017 (Leicester)) reported in
previous studies. In the harbour and the highway, the measured con-
centrations are mainly below these background levels. However, the BC
and LDSA concentrations in road traffic environments are similar in
comparison with the previous studies conducted in Helsinki area: Kuula
et al. (2020) reported annual mean LDSA concentrations of 22 pmz/cm3
in traffic sites and 9.4 pm?/cm® in an urban background site and Luoma
et al. (2021) reported annual mean BC concentrations of 0.4-0.6 pg/m>
in urban background sites and 0.7-1.0 pg/m?® in traffic sites. In general,
previous studies have found a decreasing trend for BC at a rate of
0.09-0.14 pg/m°> per year at the Mikelénkatu street canyon site (Bar-
reira et al., 2021; Luoma et al., 2021).

The diurnal variation of the LDSA size distributions in the mea-
surement locations is shown in Fig. 2. In the street canyon and the
highway, the LDSA size distributions peak near the size of 100 nm,
which agrees with the results from the previous studies conducted in
traffic environments (Kuuluvainen et al., 2016; Pirjola et al., 2017).
However, in the harbour area, particles in the size range 200-400 nm
dominate the LDSA size distribution. Thus, the sizes of lung depositing
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Fig. 2. Average LDSA size distributions in the stationary measurement loca-
tions during different times of the day.

particles are notably larger in the harbour than in the road traffic en-
vironments, which indicate that the marine traffic can cause higher
LDSA per particle number than the road traffic. Also, the sizes of lung
depositing particles increase during the day in the harbour. Typically,
the larger particle size is an indication of aged aerosol as, in the atmo-
sphere, particles grow due to condensation and coagulation. Therefore,
it is possible that the atmospheric aging processes can have a significant
effect on the total LDSA in harbour areas. It is known that emissions from
marine traffic include e.g. SOz, NOx and volatile organic compounds
(VOCQ) (Cesari et al., 2014; Xiao et al., 2018), which contribute to sec-
ondary aerosol formation (Gentner et al., 2017). Also, it has been esti-
mated that 60-70% of PMj 5 emissions from marine traffic are linked to
the secondary aerosol (Viana et al., 2014). It was observed that also the
mean size of the non-volatile particles was larger in the harbour (geo-
metric mean diameters (GMD) of particle surface area size distributions
133-207 nm) than in the road traffic environments (GMDs 99-141 nm,
see the diurnal variation of the non-volatile particle size distributions in
Supplementary Fig. S6). This result can be explained e.g. with the
condensed organics and sulphates originated from marine engines as it
has been found that the volatility of these compounds can be low
(Ntziachristos et al., 2016).

The possible effects of the atmospheric aging processes can be seen in
the street canyon as well since the LDSA size distribution has another
mode near the size of 300 nm. This mode can be observed especially
during afternoon and evening, which indicates the contribution of aged
aerosol. Also, this mode near the size of 300 nm cannot be observed with
the non-volatile particle surface area size distributions (Supplementary
Fig. S6). Therefore, the aged aerosol can affect the total LDSA exposure
notably in street canyons. This same behaviour cannot be seen in the
highway, which suggest that an open environment can significantly
reduce the total LDSA caused by the road traffic as the effects of the
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atmospheric aging processes are notably lower. In all, the differences in
the LDSA size distributions between the studied environments show that
the characteristics and properties of the lung-depositing particles are
different in these environments, which suggests that it is likely that the
health effects relating the particle exposure in these locations are also
different.

The major contribution of particles larger than 300 nm in the LDSA
in the harbour and the street canyon is an important observation when
considering the detection efficiency of diffusion charger based LDSA
sensors. Typically, these sensors determine the LDSA concentration by
measuring the electric current caused by the diffusion charged sample
aerosol and then converting this current to LDSA concentration by using
more-or-less a single conversion factor. This method is reasonably ac-
curate with particles smaller than 300-400 nm but with larger particles
the detection efficiency drops rapidly (Todea et al., 2015; Lepisto et al.,
2020). This upper limit of 300-400 nm is usually enough as in road
traffic environments the LDSA peaks near the size of 100 nm. However,
the size distributions in Fig. 2 suggest that in street canyon and harbour
environments the diffusion charger based LDSA sensors could occa-
sionally underestimate the measured concentrations. To consider the
issue, the performance of the LDSA sensors was demonstrated with the
single-factor LDSA calibration of ELPI+ (Lepisto et al., 2020) and
compared to the stage-specific calibration used in this study. With this
analysis, underestimation of over 10% in the LDSA concentration occurs
in 15%, 11% and 31% of all measured concentrations in street canyon,
highway and harbour, respectively. However, the error is mainly below
25% in all environments. This analysis is presented in-detail in Sup-
plementary (Figs. S9-S11). In all, it is recommended to consider the
typical particle size distributions in the measurement environments
when monitoring the LDSA concentration with diffusion charger-based
sensors that are calibrated to monitor the air quality in road traffic en-
vironments as the sensors might not always be reliable in other envi-
ronments, such as harbours, or during times when aged particles
dominate.

3.2. Influence of BC on LDSA concentrations

In Fig. 2, the mean size of the LDSA size distributions varied in the
size range of 100 nm-400 nm, which indicates major contribution by
ambient BC as the soot mode of BC particles is usually in the same
particle size range (Kumar er al. 2010). To investigate the influence of
BC emissions on LDSA in more detail, the correlation between BC and
LDSA concentrations in the measurement locations were analysed. The
effect of BC is investigated on both LDSA concentrations and size dis-
tributions and this analysis is shown in Fig. 3.

In Fig. 3, the increased BC concentrations clearly affect the LDSA in
all the studied environments. In the street canyon and the highway, the
linear regression fits between BC and LDSA concentrations are similar,
which can be explained with the same emissions source i.e. road traffic.
In the harbour, the scatter plot between BC and LDSA divides into two
distinct trends with different slopes: The connection between BC and
LDSA depends significantly on the absorption Angstrém exponent (a) of
the measured aerosol. Previous emission and ambient measurement
studies have observed that high a values (e.g. from 1.2 to 2.5) can be
associated with ship emissions (Corbin et al., 2018; Yu et al., 2018)
whereas a values for road traffic influenced aerosol are typically below
1.20 (Kirchstetter et al., 2004; Zotter et al., 2017; Helin et al., 2018). In
our study, in cases where a was greater than 1.20, the average LDSA
concentration per BC mass was approximately 2.3 times higher than in
cases where a was lower than 1.20. In cases, where o was lower than
1.20 the slope of the linear fit between BC and LDSA is similar in com-
parison with the road traffic environments. Similar dependency of @ was
not found in the street canyon and the highway (Supplementary Fig. S7).
This observation supports the idea that the emissions from marine traffic
could be recognized from their higher absorption Angstrom exponent.
Also, it was observed that both BC and LDSA concentrations in harbour
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Fig. 3. The top row shows the correlation plots for LDSA and BC in the different stationary measurement locations along with linear regression fit lines. In the
harbour area, separate fits are included for datapoints during which the Angstrom exponent was above and below 1.20. The bottom row shows how increasing BC
concentration affects the LDSA size distributions in each environment. Different BC concentration thresholds are marked with separated lines.

were linked to SOy concentration, and the group with higher a was
recognisable from higher SO, per BC concentration -ratios as well
(Supplementary, Figs. S12-13). Thus, the group with higher a can be
considered as aerosol dominated by the marine traffic emissions. The
result suggests that equal BC mass emitted from marine traffic can
contribute to much higher LDSA than the road traffic. Possible reasons
for this could be the atmospheric aging processes e.g. condensation and
coagulation. However, the harbour area scatter plot indicates that the
road traffic, e.g. ship loading and passenger traffic, is also a significant
source of BC in harbour areas as the momentary BC concentrations can
be high during the cases where « is lower than 1.20. It needs to be noted
that the group of observations with a greater than 1.20 was measured in
both harbour measurement locations. The separated scatter plot based
on the harbour measurement location is shown in Supplementary
(Fig. S14).

As can be seen in Fig. 3, the influence of increasing BC concentration
on the LDSA size distributions differs notably between the harbour and
road traffic environments as well. In the harbour, the effect of BC
emissions can be seen in the size range from 50 nm to 500 nm whereas in
the street canyon and in the highway the LDSA size distribution peaks in
the size range from 50 nm to 200 nm as the BC concentration increases.
As mentioned, marine traffic contributed to the measured concentra-
tions in the harbour measurements, thus, it is justifiable to consider that
the differences in the size distributions between the environments are
related to the marine traffic emissions. The difference in the lung
depositing sizes of BC particles between the environments indicate that
composition of BC particles is also different, which supports the idea that
the condensation of gaseous compounds and coagulation can have a
crucial role in the lung deposition of black carbon in the harbour. Thus,
the other co-emitted emission compounds may notably affect the
toxicity of BC in harbour areas. However, also in the street canyon,
increasing BC concentration affects the LDSA size distribution near the
size of 300 nm. This observation suggests that the atmospheric aging
processes can affect the lung deposition of BC notably in street canyons
as well even though the effect is less significant than in the harbour. The
difference between the street canyon and the highway area results in-
dicates that the weakened emission dilution processes in the street

canyon can explain this observation. However, it needs to be noted that
the peak near the size of 300 nm can also be seen in the street canyon
when the BC concentration is low, which is likely due to the background
aerosol.

The surface area size distributions of the non-volatile particles,
separated into four groups based on the similar BC concentration
thresholds, are shown in Fig. 4. In the street canyon and the highway,
the peaks of the distributions are near the size of 100 nm, which
correspond well with the LDSA size distributions in these environments.
In the harbour, the mean size of the size distributions is near the size of
150 nm, which is notably larger than in the road traffic environments.
Therefore, also the sizes of the non-volatile particles linked to BC
emissions are larger in the harbour than in the road traffic environ-
ments, which can be considered to be linked with the marine traffic
emissions. This result can partly explain why BC emissions are linked to
LDSA in larger particle sizes in the harbour. The results suggest that the
primary BC particles from marine traffic emissions can be larger than
from the road traffic. As mentioned earlier, the volatility of condensed
compounds emitted from marine engines can be low (Ntziachristos
et al., 2016), which could also explain the larger particle size of the
non-volatiles linked to BC in the harbour. In all the studied environ-
ments, the correlation between BC and the non-volatile particle surface
area was very strong (Supplementary Fig. S15), which indicates that the
differences between the environments shown in Fig. 4 are mainly related
to the black carbon emissions. However, it was noticed that, in the
harbour, the non-volatile particle surface area concentration was occa-
sionally high during low BC concentrations, which shows that the ma-
rine traffic is also a major source of other non-volatile particles than BC,
e.g. metallic ash (Ntziachristos et al., 2016). In all, comparison between
the size distributions in Figs. 3 and 4 show that the characteristics and
features of the lung depositing BC particles differ notably in the road
traffic and harbour environments, which is due to the differences be-
tween vehicular and marine traffic emissions. Thus, it is likely that also
the health effects relating to the BC emissions are different in traffic and
harbour environments.
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Fig. 4. The connection between the non-volatile particle surface area size distributions and the increasing BC concentration in the stationary measurements.

Different BC concentration thresholds are marked with separate lines.

3.3. Harbour area

As seen in Fig. 3, the measurement results in the harbour can be
divided into two distinct groups based on the absorption Angstrom
exponent (@) of the measured aerosol. The comparison between harbour
area and the road traffic environments indicated that the aerosol with
higher a was linked to the marine traffic emissions. To ensure that the
higher a is indeed linked to the marine traffic, the average absorption
Angstrom exponents in the stationary measurement locations were
calculated and shown in Table 2. As mentioned, Harbour B was located
relatively far away from other emissions sources besides marine traffic.
Thus, the data from Harbour B location can be considered to represent
the emissions from the marine traffic. Now, in Harbour B, the average a
of the measured aerosol is higher (1.32) than in the other environments
(1.15-1.18), which indicates that, in the harbour measurement, the
marine traffic emissions are linked to having higher absorption Ang-
strom exponent values of the measured aerosol. This result is also sup-
ported by literature studies observing relatively high a values for
aerosols originating from ship emissions (Corbin et al., 2018; Yu et al.,
2018). It should be noted, that since our sampling site was located far
away from residential wood combustion sources and since the temper-
ature was warm during the campaign, it is not expected that the
observed high a values are associated with wood combustion. In addi-
tion, the wind direction was mostly from the Baltic Sea, which unam-
biguously overrules wood combustion as a source for the observed a
values.

An example timeseries data plot from Harbour B is shown in Fig. 5.
The data was measured when a ship arrived in the harbour area. The
plume from the ship caused clear spikes in LDSA, BC and non-volatile
particle surface area concentrations. At other times, the measured con-
centrations were very low, which emphasizes the effects of marine
traffic emissions in Harbour B location. More detailed results from
Harbour B are shown in Supplementary (Figs. S16-518, Table S4).

In Fig. 6, the average harbour area LDSA and non-volatile particle
surface area size distributions during the cases with high and low « are
compared with a normalized BC concentration. Cases where BC con-
centration was less than 0.5 pg/m? are not included in Fig. 6 as the
normalization of low BC concentrations can cause uncertainties in the
results. As can be seen, the LDSA size distribution is clearly affected by
the higher o, which agrees with the results shown in Fig. 3. Also, the

Table 2
The average absorption Angstrom exponent in the stationary measurement lo-
cations. Also, the 25th and 75th percentiles are shown.

Streetcanyon  Highway Harbour A Harbour B
Angstrém 1.18 1.15 1.16 1.32
exponent (a) (1.13-1.23) (1.07-1.22) (1.06-1.27) (1.14-1.43)

120

LDSA 1.5
---------- Non-volatile Surface Area

100 BC :
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Fig. 5. Timeseries data from Harbour B location when a ship arrived the
harbour area. Averaging period is 20s.
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Fig. 6. LDSA (a) and non-volatile particle surface area (b) size distributions
normalized with BC concentration in the harbour area stationary measurements
when the Angstrém exponent was above and below 1.20.

surface area concentration of the non-volatile particles increases
significantly with the higher a. In both size distributions, the effect of
higher « can be seen in the particle size range from 100 nm to 400 nm,
which corresponds well with the sizes of the BC particles. Therefore, the
differences in the size distributions are likely linked to the BC emissions.
As mentioned earlier, the volatility of the condensed compounds from
marine engines can be low (Ntziachristos et al., 2016), which could
explain why equal BC mass contributes to higher non-volatile surface
area when «a is higher than 1.20. Also, the other primary particles
emitted from marine engines can affect this result: Coagulation between
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BC and other primary particles might explain why the difference relating
to higher «a is seen in the typical sizes of BC particles. In all, these ob-
servations indicate that the co-emitted compounds from marine traffic
can significantly affect the lung deposition and the properties of BC
particles. Thus, the toxicity of BC can be different in harbour areas than
in road traffic environments. Also, the difference in « indicates that the
chemistry of the lung depositing particles linked to marine traffic is
different, which could mean different health effects. Thus, equal BC
mass concentration may be related to more health-related problems in
harbour areas than in road traffic environments as it is linked to higher
LDSA and the chemical properties of the lung depositing particles are
different.

However, as seen in Fig. 6, the mean size of both LDSA and non-
volatile particle surface area size distributions during lower a values
are still larger than in the road traffic environments. Therefore, it is
possible that marine traffic has occasionally contributed to the measured
aerosol when « has been lower than 1.20 due to concurrent road traffic
emissions. Also, it needs to be noted that the value of the absorption
;\ngstrém exponent depends on the ship and the fuel type. For example,
in engine laboratory measurements, it has been found that a with
different marine fuels can be close to 1.0 (Helin et al., 2021). It is likely
that the connection between BC and LDSA depends also notably on the
ship and the fuel type. Therefore, different ships can cause significantly
higher LDSA concentrations in harbour areas than others which em-
phasizes the importance of ship emission regulations.

3.4. Driving measurements

The results from the driving measurements are collected in Table 3.
In the city centre, the average BC and LDSA concentrations are close to
the concentrations measured in the street canyon. On the highway, the
concentrations in the driving measurements are notably higher than in
the stationary measurements. This result was expected as the highway
stationary measurement location was approximately 20 m away from
the road. Thus, due to the open environment, the emissions from the
highway traffic have diluted considerably before getting measured in

Table 3
Averaged BC and LDSA concentrations and the correlation between BC and
LDSA in the driving measurement environments.

City centre Highway Urban Harbour
road
BC (pg/m3) 1.67 1.61 1.03 1.12
LDSA (pm2/cm3) 30.0 28.9 21.3 29.6
BC vs LDSA corr. y=717x+ y=812x+ 8.58x + y=11.53x +
13.86 13.27 10.32 9.02
RZ =097 R* =093 R =097 R*=092
Number of data 663 447 348 181

points (30 s)

the highway stationary location. This result agrees with previous studies
which have observed that the particle concentrations drop rapidly as the
distance from the road increases (Zhu et al., 2002; Massoli et al., 2012).
In the city centre, highway and urban road areas, the correlations be-
tween BC and LDSA are strong, and the linear fit slopes correspond to the
ones measured in the road traffic environments in the stationary mea-
surements. In the harbour area, the slope is again notably higher, which
agrees with the stationary measurement results. Thus, it can be
considered that the stationary measurement locations are representative
of the environments they were categorized to represent, especially in the
street canyon and the harbour. In the highway stationary measurements,
the concentrations are clearly lower than inside the traffic, but this can
be explained with the open environment. More detailed results from the
driving measurements are provided in Supplementary (Figs. S19-523).

3.5. Fraction of the LDSA concentration linked to BC emissions

To analyse the fraction of the total LDSA linked to the BC emissions
in the studied environments, the incidence of the measured LDSA per BC
concentration -ratios were investigated. This was done to determine the
most probable scenario in each studied environment. The probability
distributions of the LDSA per BC ratios are shown in Fig. 7. Furthermore,
this analysis was done also for the measured LDSA per PM; -ratios,
which is shown in Supplementary (Fig. S8).

As can be seen, the most probable LDSA per BC -ratios are close to the
linear fit slopes shown in Fig. 3. In the road traffic environments, the
probability distributions are one-modal and the average ratio between
the BC and LDSA concentrations is notably lower than in the harbour. In
the harbour, there are clearly two peaks in the probability distribution,
which agrees with the results in Fig. 3. The peak with the larger ratios
cannot be seen in the road traffic environments, which emphasizes the
effects of marine traffic in the harbour area. This similar analysis was
done with the measured LDSA and PM; concentrations: The most
probable LDSA per PM; -ratios were 2.92 (2.64-3.93), 2.90 (2.60-3.75)
and 2.20 (2.09-2.71) in street canyon, highway and harbour, respec-
tively. Thus, in all the studied environments, BC concentration increase
of 1 pg/m? is linked to significantly higher LDSA concentration than an
equal increase in PM;, which emphasizes the role of BC emissions in the
LDSA concentration in urban environments.

Now, to analyse the average fraction of the LDSA concentration
linked to the BC concentration, the measured BC concentrations are
multiplied with the factors shown in Fig. 7 and then compared to the
measured LDSA concentration. According to this calculation, the frac-
tion of LDSA concentration linked to BC emissions in street canyon,
highway and harbour were 33.4 (22.2-50.2) %, 29.8 (19.0-46.8) % and
47.0 (29.7-73.7) %, respectively. In comparison, the fractions of BC
mass concentration in PM; concentration were 14.1%, 14.4% and 7.1%,
respectively. Thus, in all the studied environments, BC emissions
contribute much more to LDSA than to mass concentration. This result
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indicates that the possible stronger health effects linked with the
ambient BC can be related to the high concurrent LDSA concentration.
The harbour area results show that the ambient BC can be linked to very
high LDSA concentration even though the measured BC mass concen-
trations are low. The differences between the road traffic and harbour
area results show that the lung deposition of ambient BC varies notably
in different environments due to the differences in primary emission,
aerosol aging processes and co-emitted species, suggesting different
toxicity of ambient BC. It needs to be noted that, especially in the
harbour, the deviation in the results is very high, which is due to the
differences between the road and marine traffic emissions, which both
took place in the harbour. Therefore, the relationship between BC and
LDSA at a certain location depend on the environmental conditions, e.g.
wind direction, in addition to the local emission sources.

The ratio between BC and LDSA depends notably on the other co-
emitted compounds than BC. Especially in the harbour, this high LDSA
per BC -ratio is affected by the atmospheric condensation processes and
coagulation as discussed before. Therefore, the actual role of primary BC
in the LDSA concentration in harbour is likely less significant than the
calculated 47.0%. Thus, hypothetically it is possible that the other co-
emitted compounds than BC could cause high LDSA concentration in
harbours even without the simultaneous BC emission. However, the
results in Figs. 3, 4 and 6 show that the LDSA and the effects of the other
co-emitted compounds are strongly linked to the BC concentration.
Thus, black carbon is indeed in a major role in the total LDSA concen-
tration as it can transport the other co-emitted compounds into human
lungs effectively. Therefore, the reduction of BC emissions from traffic,
where particle filters are not yet adopted, would likely reduce the LDSA
concentration caused by the other co-emitted compounds as well.

The results of this study suggest that the harmfulness of equal BC (or
PM;) mass concentration may be notably different in harbour areas than
in road traffic environments. The differences in the LDSA size distribu-
tions show that the sizes of the lung depositing particles are notably
larger in the harbour than in the road traffic sites. Also, the differences in
the absorption Angstrém exponents indicate that the chemical compo-
sition of the lung depositing particles vary between the studied envi-
ronments. These differences cannot be observed by measuring only the
mass concentration of particles, emphasizing the need for other metrics
(e.g. LDSA) in the analyses of health effects caused by fine particles.
Especially, there is a need for more comprehensive LDSA and BC con-
centration monitoring in various environments to understand the rea-
sons behind the negative health effects linked to ambient BC more
comprehensively.

4. Conclusions

In this study, concentrations of LDSA and ambient BC were investi-
gated in road traffic environments (a street canyon and a highway) and
in a harbour. It was found that the characteristics of the lung depositing
particles vary notably between these environments. In the street canyon
and the highway, the LDSA size distributions peaked near the size of 100
nm, which was expected based on the previous studies. However, in the
harbour, the mean size of the LDSA size distributions varied in the size
range from 200 nm to 400 nm, which shows that the marine traffic
emissions cause LDSA concentrations in notably larger particle sizes
than the road traffic. Also, the absorption Angstrém exponent of the
marine traffic emissions was higher than with the road traffic emissions,
which suggests different chemical composition of the lung depositing
particles. These observations indicate that the health effects relating the
fine particle concentrations differ significantly in harbour areas in
comparison with road traffic environments, which should be considered
in epidemiological studies relating the fine particle exposure in different
urban environments.

It was found that ambient BC has a strong correlation with LDSA
concentration in all studied environments. In the road traffic environ-
ments, the correlation between BC and LDSA was mainly linear, whereas
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in the harbour area, the relationship between BC and LDSA was
dependent on the value of the absorption f\ngstrém exponent of the
measured aerosol, i.e. the dominant emission source. In cases where
marine traffic was considered as the main emission source, the average
LDSA concentration per BC mass was 2.4-2.7 times higher than in the
road traffic environments which suggests that equal BC mass from ma-
rine traffic emissions can cause higher exposure of toxic co-emitted
compounds in the human lungs than the emissions from road traffic. It
was observed that the fractions of LDSA concentration linked to BC
emissions in the street canyon, the highway and the harbour were
33.4%, 29.8% and 47.0%, respectively, whereas the fractions of BC mass
concentration in PM; concentration were 14.1%, 14.4% and 7.1%,
respectively. This result shows that BC emissions contribute much more
to LDSA than to mass concentration. Thus, it is possible that the more
severe health effects of ambient BC compared to the PMj 5 are related to
the condensation and coagulation of toxic co-emitted compounds and to
the high LDSA concentration. The results of this study show that black
carbon is indeed in a major role in the total LDSA concentration as it can
transport the other co-emitted compounds into human lungs effectively.
Thus, the reduction of BC emissions from traffic would reduce the LDSA
caused by the other co-emitted compounds as well. Also, it was observed
that the characteristics of the lung-depositing BC particles are different
in harbour and road traffic environments, which indicate different
health effects of ambient BC in these environments.

The results of our study indicate that the BC mass concentration
might not be the most ideal metric for the analyses of health effects
caused by ambient BC as the LDSA concentration linked to the BC mass
concentration is not constant in different environments. This study
included road traffic and harbour environments, but it is likely that the
connection between BC and LDSA differs also in other environments e.g.
residential areas, where characteristics of BC emissions differ notably
from the road traffic environments. Therefore, there is a need of both BC
and LDSA monitoring measurements and epidemiological studies in
various environments and different cities to better understand the health
effects relating the lung deposition of ambient BC. Also, more frequent
measurements of the LDSA size distribution are needed as it gives more
detailed information of the characteristics of the lung depositing parti-
cles, which could also explain the different health effects relating the
particle exposure in different environments. It needs to be noted that the
measured LDSA size distributions in this study indicate that the common
diffusion charger based LDSA sensors might underestimate the LDSA
concentration in certain environments e.g. harbour, since sensors do not
properly detect larger (>300-400 nm) particles. Therefore, measure-
ments of the LDSA size distribution can give valuable information
regarding the performance of diffusion charger based LDSA sensors in
different environments.
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