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Abstract. Traffic-related pollution is a major concern in ur-
ban areas due to its deleterious effects on human health. The
characteristics of the traffic emissions on four highway en-
vironments in the Helsinki metropolitan area were measured
with a mobile laboratory, equipped with state-of-the-art in-
strumentation. Concentration gradients were observed for all
traffic-related pollutants, particle number (CN), particulate
mass (PMj), black carbon (BC), organics, and nitrogen ox-
ides (NO and NOy). Flow dynamics in different environ-
ments appeared to be an important factor for the dilution of
the pollutants. For example, the half-decay distances for the
traffic-related CN concentrations varied from 8 to 83m at
different sites. The PM1 emissions from traffic mostly con-
sisted of organics and BC. At the most open site, the ratio
of organics to BC increased with distance to the highway,
indicating condensation of volatile and semi-volatile organ-
ics on BC particles. These condensed organics were shown
to be hydrocarbons as the fraction of hydrocarbon fragments
in organics increased. Regarding the CN size distributions,
particle growth during the dilution was not observed; how-
ever the mass size distributions measured with a soot particle
aerosol mass spectrometer (SP-AMS), showed a visible shift
of the mode, detected at ~ 100 nm at the roadside, to a larger
size when the distance to the roadside increased. The fleet av-

erage emission factors appeared to be lower for the CN and
higher for the NO» than ten years ago. The reason is likely
to be the increased fraction of light-duty (LD) diesel vehicles
in the past ten years. The fraction of heavy-duty (HD) traffic,
although constituting less than 10 % of the total traffic flow,
was found to have a large impact on the emissions.

1 Introduction

Vehicle exhaust emissions constitute major sources of ultra-
fine particles (UFP; below 100nm in diameter), black car-
bon (BC), organic carbon (OC), and NO in urban environ-
ments (e.g., Pey et al., 2009; Morawska et al., 2008; Jo-
hansson et al., 2007; Léhde et al., 2014). Although during
the last 15 years particle mass emissions have been signif-
icantly reduced, due to the tightened emission regulations
and improvements in vehicle technology, the number emis-
sions of the smallest UFP particles (below 50 nm in diameter)
have been observed to be significant (Ronkkd et al., 2013;
Kumar et al., 2010). Besides the exhaust emissions partic-
ipating in chemical and physical transformation processes
in the atmosphere, affecting urban visibility and global cli-
mate (IPCC, 2013), they have harmful health effects. Ultra-
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fine particles can penetrate deep into the human pulmonary
and blood-vascular systems increasing the risk of asthma, re-
duced lung function, cardiovascular disease, heart stroke, and
cancer (Pope 11 and Dockery, 2006; Sioutas et al., 2005; Ket-
tunen et al., 2007; Su et al., 2008; Alfoldy et al., 2009). The
European Environment Agency has estimated that fine parti-
cles caused around 430 000 premature deaths in Europe and
around 1900 in Finland in 2012 (EEA, 2015). In particular,
people who live, work or attend school near major roads have
an increased health risk.

During the last decade, pollutant gradients near highways
have been extensively examined in the USA (Zhu et al., 2009;
Clements et al., 2009; Hagler et al., 2009; Canagaratna et al.,
2010; Durant et al., 2010; Padré-Martinez et al., 2012; Mas-
soli et al., 2012), in Canada (Beckerman et al., 2008; Gilbert
et al., 2007), in Australia (Gramotnev and Ristovski, 2004),
in India (Sharma et al., 2009), and in Finland (Pirjola et al.,
2006, 2012; Lahde et al., 2014). Generally, all of these stud-
ies showed that the pollutant concentrations were higher near
highway than further from the roadside, sharply decreasing
to background levels within 300-500 m downwind. How-
ever, Gilbert et al. (2007) discovered that the NO, concentra-
tion decreased during the first 200 m distance from the edge
of the highway but beyond 200 m downwind started to in-
crease, indicating that factors other than the highway traffic
influenced the increased NO, concentration.

These studies showed that the concentration levels and
gradient shapes of UFP and other primary vehicular emis-
sions near major roads depend in a complex way on many
factors, including meteorological conditions such as atmo-
spheric stability, temperature, wind speed, wind direction,
and surface boundary layer height (Durant et al., 2010). Di-
lution is a very crucial process, additionally it is accompa-
nied by aerosol dynamics processes such as nucleation, co-
agulation, condensation, evaporation, and deposition (Kumar
et al., 2011 and references therein). In the diluting and cool-
ing exhaust, new particles are formed by homogeneous nu-
cleation during the first milliseconds (Kittelson, 1998), af-
ter which they immediately grow by condensation of con-
densable vapors. Low temperature favors nucleation and con-
densation, whereas evaporation becomes important during
high ambient temperature. On the other hand, the majority
of volatile organic compounds is emitted by vehicles during
cold starts (Weilenmann et al., 2009). Consequently, Padro-
Martinez et al. (2012) report that the gradient concentrations
were much higher in winter than in summer, even 2-3 times
higher as observed by Pirjola et al. (2006). Relative humidity
might also affect PM emissions by vehicles.

Typically, at the street scale (around 200 m from the road-
side), coagulation is too slow to modify particle size distribu-
tion. However, under inefficient dispersion conditions (wind
speed <1ms~1) self-coagulation and intermodal coagula-
tion, as well as condensation and evaporation, might become
important for transforming the particle size distribution (Karl
et al., 2016 and references therein).
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Besides dilution and aerosol dynamics, traffic fleet and
flow rate (e.g., Zhu et al., 2009; Beckerman et al., 2008),
background concentrations (Hagler et al., 2009), and atmo-
spheric chemical and physical processes (Beckerman et al.,
2008; Clements et al., 2009), all affect pollutant concen-
trations near the highways. Hagler et al. (2009) and Jan-
hall (2015) found that local topography and land use, par-
ticularly noise barriers and roadside vegetation, can also be
important factors for determining the concentrations. In addi-
tion, the measurement results depend on sampling techniques
and instruments used in studies.

Using single-particle mass spectrometry the characteris-
tics of vehicle emissions have been studied in the past decade
on a dynamometer (e.g., Sodeman et al., 2005; Shields et
al., 2007) and near a highway (e.g., Lee et al., 2015). Only
a few of the published studies have investigated changes
in exhaust-particle chemical composition during dispersion.
Clements et al. (2009) collected high-volume PM3 5 samples
at distances of 35 and 65m from a major highway. They
discovered that, unlike the particle-bound elemental carbon
(EC), organic carbon (OC) concentrations increased with dis-
tance downwind. Instead, Durant et al. (2010) report a time-
dependent decrease in the concentrations of particulate or-
ganics (Org) and hydrocarbon-like organic aerosol (HOA)
up to 200-300 m downwind from a highway during morn-
ing hours. Massoli et al. (2012) present spatial-temporal gra-
dients of the HOA and oxygenated organic aerosol (OOA)
concentrations summed with the refractory BC (rBC) up to
500 m downwind from a highway. The sum of HOA and
rBC mass concentration decreased with increasing distance
whereas the sum of OOA and rBC was constant. The size
distributions of organics and rBC pointed out that the fresh
soot mode peaking at ~ 100 nm was slightly coated by the
HOA material, whereas the accumulation soot mode peaking
at ~500nm was heavily coated by the OOA material, rep-
resenting the background aerosol. The change in the chemi-
cal composition of traffic particles with distance has several
causes. The exhaust from the vehicles is hot when emitted
but it cools quickly as it is mixed with ambient air. Cooling
promotes the condensation of organic vapors on particles, but
as the exhaust is diluted with ambient air, the concentration
of gaseous semivolatile organic compounds (SVOCs) is re-
duced, leading to the evaporation of SVOCs from particles in
order to maintain phase equilibrium (Robinson et al., 2010).
Therefore there is an ongoing competition between differ-
ent processes in the emission plume: new particle formation
(nucleation), particle growth through condensation and coag-
ulation, and decrease of particle mass by evaporation.

The objective of this study was to characterize the spatial
variation of traffic-related air pollutants downwind from the
four highways in the Helsinki metropolitan area during rush
hours. The measurements were performed by a mobile labo-
ratory van “Sniffer”, equipped with high-end time-resolution
instrumentation. In addition to gaseous pollutants and parti-
cle number (CN), mass (PM), and size distribution, the chem-
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ical composition of particles was also measured. This study
addresses the following questions: (1) how different environ-
ments affect dilution and concentration gradients, (2) how the
properties of CN size distribution change as a function of dis-
tance and location, (3) how the chemical composition of the
particles evolves as the pollutants move away from the road,
and (4) what the emission factors of the main pollutants are
in different environments. For the first time, pollutant gra-
dients near several highways were investigated from various
aspects by combining the physical measurements with the
detailed chemical speciation by using the state-of-the-art in-
strumentation in a mobile measurement platform.

2 Experimental methods
2.1 Measurement sites and sampling strategy

Measurements of gaseous and particle pollutants were con-
ducted at four different environments (Fig. 1) located next
to three highways in the Helsinki metropolitan region in Fin-
land. The highways Ring | and Ring I11 have two traffic lanes
in each direction, whereas the highway Itavayla has three
lanes in each direction. Each of the four measurement sites
had a small dead end road with minimal traffic perpendicu-
lar to the highway. Measurements were performed by a mo-
bile laboratory van, Sniffer, at four different locations: (1)
driving within the traffic at the highway, (2) stationary mea-
surements next to the highway, (3) approaching the high-
way by driving with an average speed of 6.6 +1.5kmh~1
along the small road (gradient measurements), and (4) back-
ground measurements for each environment at a suitable re-
mote location approximately 500 m away from the highway.
The gradient measurement periods and sites were selected so
that wind was blowing from the direction of the highway to
the measurement road. Because the concentration field var-
ied spatially and temporally, the gradient measurements were
performed up to 11 times per measurement occasion on each
road. Depending on the location and the length of the mea-
surement road, a single approach took about 2 min. Some of
the approaches suffered from cars passing close by, sudden
gusts of wind or other disturbances, and these were excluded.
A total of 89 successful approaches were recorded. The ap-
proaches were carried out so that sampling inlets were on up-
wind side in order to avoid Sniffer’s own exhaust. Measure-
ments were performed during rush hours, 7-10a.m. and 3-
6 p.m., on the period from 22 October to 6 November 2012.

During the stationary measurements by the highway, the
drivers manually calculated traffic flow for heavy duty (HD;
e.g., trucks and buses) and light-duty (LD; e.g., passenger
cars and vans) vehicles for 3min in each direction. The traffic
counts, taken at each site, are summarized in Table 1.

For the northern wind, the gradient measurements were
performed along Isovaarintie in Espoo, next to Ring 111 near
Lake Pitkajarvi (Fig. 1). The environment was very open,
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Figure 1. Four gradient measurement locations in the Helsinki re-
gion. In the subplots, the black arrows show the driving direction
on the gradient roads and BG depicts the local background mea-
surement sites. Also shown is a meteorological measurement site at
Ammassuo. (OpenStreetMap)

surrounded only by the fields. The maximum distance to
Ring Il from Isovaarintie was 250 m. The gradients were
measured while approaching Ring Il from the end of Iso-
vaarintie. The roadside measurements were taken from a sta-
tionary position 14m from Ring Ill. According to Finnish
Transport Agency (2014) the annual mean traffic flow on
Ring 111 was around 40 000 vehicles per day, 4000 of which
were HD vehicles. The percentage of HD vehicles on this
site, based on our manual 3min observations, was 8.7 %.
This was also the highest share of HD vehicles of the four
investigated sites (Table 1). The speed limit on Ring 11l was
100kmh=1,

For the southern wind, the gradient measurements were
performed at Malmi from 11 m to a maximum of about 260 m
from Ring | (Fig. 1). Malmi is a suburban semi-open area sur-
rounded by few buildings and trees. There is another fairly
busy road at the far end of the measurement road. The man-
ual calculations showed that 4.8 % of vehicles were HD vehi-
cles (Table 1), whereas the annual mean traffic flow of Ring
I at Malmi is around 55 000 vehicles per day of which about
3300 are HD vehicles (Finnish Transport Agency, 2014). The
speed limit on Ring | was 80 kmh~1. The Helsinki Region
Environmental Services Authority (HSY) had an air quality
monitoring station at Malmi, and the chemical composition
and sources of PM; at this site have been discussed earlier in
Aurela et al. (2015).

In the case of the southern wind, the measurements were
also carried out at It4-Pakila on Klaukkalantie next to Ring |
(Fig. 1). It&-Pakila is a fairly uniform area with tightly built
small houses with gardens (allotments). The highway is sep-
arated from the residential area with a noise barrier. For the
most part itis a land barrier with a row of spruce trees planted
on the top, the height being around 5 m. Only at the western-
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Table 1. Average of hourly meteorological conditions as recorded by the HSY at the Ammassuo site, representing the regional air mass
properties. The traffic LD and HD data are based on the manual 3 min observations, and the annual mean traffic flow per day by the Finnish

Transport Agency.
T RH Wind Wind speed TrafficLD TrafficHD % of HD  Annual mean
Site (°C) (%) direction (°) (ms~1)  (vehh™1)  (vehh1) (vehday—1)
Pitk&jarvi 18+23 83+12 326+30 27+1.7 3400 320 8.7 40000
Malmi 31+19 84458 155423 46+1.2 4400 230 48 55000
Ita-Pakila 47+20 89+7.0 143+10 44+08 5900 160 2.8 57000
Herttoniemi 0.8+28 77+13 257+30 24411 3900 110 29 50000

most part (~ 100 m from the gradient start), the barrier is an
approximately 2 m-high wooden fence. At the location of the
gradient measurements the wooden fence has an opening for
pedestrian traffic and a pedestrian bridge crossing the high-
way (Fig. 1). In addition to the roadside and gradient mea-
surements, the pedestrian walkway behind the noise barrier
was also measured on each of the routes. At Itd-Pakila the
maximum distance of the gradient measurements was about
260 m from the highway. The roadside measurements were
performed at a bus stop next to Ring | (6 m from the road-
side). The manual count of mean traffic flow on Ring | next to
Ita-Pakila was the highest of the four investigated sites, about
5900 LD and 160 HD vehicles per hour. It was also the high-
est according to the authorities, who reported 57 000 vehicles
per day, 3200 of which are HD vehicles (Finnish Transport
Agency, 2014). The speed was limited to 80 kmh—1.

For the northwesterly wind, the gradient road used for
highway Itavayla was at Herttoniemi, Helsinki (Fig. 1). The
maximum distance to Itdvayla was 130 m. The Herttoniemi
measurement site is in a semi-industrial area, with a rough
surface environment. At Herttoniemi most measurements
were performed as stationary measurements at distances of
11 (roadside), 20, 30, 40, 50, 70, 100, and 130m from
Itavayla. The mean traffic flow on Itavayla is around 50 000
vehicles per day (Finnish Transport Agency, 2014), and the
speed limit was 80 kmh~1. The Herttoniemi site was par-
tially chosen because it had already been used nine years ago
in the LIPIKA project (Pirjola et al., 2006), thus enabling the
comparison of the results.

Typically of Finnish autumn weather, the temperature was
around 0.8-4.7°C, relative humidity 77-89 %, and wind
speed around 3-5ms~!, monitored at the meteorological
measurement site at Ammassuo (Fig. 1) by the HSY. The
measurement altitude was 15 m so these values represent re-
gional air mass properties. A summary of the meteorological
and traffic conditions at each site is presented in Table 1.

2.2 Instrumentation

Measurements were performed with a mobile laboratory van,
Sniffer (VW LT35 diesel van), described in detail in Pir-
jola et al. (2004, 2006, 2012, 2016). The inlets were posi-
tioned above the van’s windshield, 2.4 m above the ground
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level. During the stationary measurements, the engine was
switched off and data from the first 3 min were excluded. The
list of the instruments is given in Table S1 in the Supplement
and described shortly below.

Particle number concentrations and size distributions were
measured with two ELPIs (electrical low-pressure impactor,
Dekati Ltd.; Keskinen et al., 1992), both equipped with a
filter stage (Marjaméki et al., 2002). Furthermore, an addi-
tional stage designed to enhance the particle size resolution
for nanoparticles was installed into one ELPI (Yli-Ojanpera
etal., 2010). The particle size distribution was also measured
with an EEPS (engine exhaust particle sizer, model 3090,
TSI). The measurement ranges of the ELPIs and EEPS were
7nm-10 um and 5.6-560 nm, respectively, and the time res-
olution of 1s was fast enough to register dynamic changes
in the traffic exhaust while driving. It should be noted that
the ELPIs measure particle aerodynamic diameters, while
the EEPS measures particle electrical mobility diameter. The
number concentration of particles larger than 2.5nm was
measured by a butanol CPC (3776, TSI) with a time reso-
lution of 1s.

To study particle volatility characteristics, a thermode-
nuder (TD; R6nkkd et al., 2011) was installed in front of the
ELPI which did not have an additional stage. In the TD, the
diluted sample was heated to 265 °C and after that, led into
the denuder where the cooled inner wall was covered with
activated carbon to collect evaporated compounds. The par-
ticle size distributions measured after the TD were corrected
for particle losses (Heikkild et al., 2009).

Black carbon (BC) in the PM; size fraction (using a cy-
clone) was measured with an aethalometer (Magee Scien-
tific Model AE33) with 1s time resolution. Measurements
at 880 nm were used for the reported BC concentrations. The
data were compensated for the loading effect using the Dri-
novec et al. (2015) compensation algorithm with 10s time
resolution.

For this study the Sniffer was also equipped with a SP-
AMS (soot particle aerosol mass spectrometer, Onasch et al.,
2012) to study particle chemistry. In the SP-AMS, an in-
tracavity Nd:YAG laser vaporizer (1064 nm) is added into
the high-resolution time-of-flight aerosol mass spectrome-
ter (HR-ToF-AMS, DeCarlo et al., 2006) in order to mea-
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sure rBC and associated non-refractory particulate material
(e.g., metals) in addition to the non-refractory species, sul-
fate (SOy4), nitrate (NO3), ammonium (NHg), chloride (Chl)
and organics (Org). In this study the SP-AMS measured in
mass spectrum (MS) mode with 5 s time resolution, of which
half of the time the chopper was open and half of the time
closed. In addition to MS mode, unit mass resolution (UMR)
particle time-of-flight (pToF) data was collected at Pitk&jarvi
and Herttoniemi in order to obtain the mass size distributions
for the chemical species. There was a PM1 cyclone in front
of the SP-AMS but the real measured size range of the in-
strument is ~ 50-800 nm (Canagaratna et al., 2007). The SP-
AMS data was analyzed using a standard AMS data anal-
ysis software (SQUIRREL v1.57 and PIKA v1.16) within
Igor Pro 6 (Wavemetrics, Lake Oswego, OR) and for the el-
emental analysis of organics an improved-ambient method
was used (Canagaratna et al., 2015). The mass concentra-
tions from the SP-AMS data were calculated by using a col-
lection efficiency of 0.5 (Canagaratna et al., 2007 and refer-
ences therein). Default relative ionization efficiencies (RIE)
were used for organics, inorganic species and rBC. RIEs for
metals were taken from Carbone et al. (2015). Even though
both the aethalometer and SP-AMS can measure BC, only
the data from the aethalometer is used in this paper for the
concentrations of BC. The reason for this was that the SP-
AMS gave much (~70%) smaller concentrations for rBC
than aethalometer for BC, likely due to the nonoptimal laser-
to-particle beam vertical alignment previously discussed e.g.,
in Massoli et al. (2012). However, for the mass size distri-
butions (Sect. 3.3.2) rBC from the SP-AMS is used as the
aethalometer can not give BC concentration as a function of
the particle size. The SP-AMS has been used previously in
traffic-related measurements in e.g., Massoli et al. (2012),
Dallmann et al. (2014) and Pirjola et al. (2016).

In this study, the PMj concentration was estimated as
the sum of the concentrations of BC, measured with the
aethalometer, as well as organics and inorganics, measured
with the SP-AMS.

Gaseous concentrations of CO, (model VA 3100, Horiba),
CO (model CO12M, Environment S.A.), and nitrogen oxides
NO, NO3, and NO,. (model APNA 360, Horiba) were moni-
tored with a time resolution of 1s. A weather station (model
WAS425AH and model HMP45A, Vaisala) on the roof of the
van at a height of 2.9 m above ground level provided meteo-
rological parameters. Additionally, a global positioning sys-
tem (model GPS V, Garmin) recorded the van speed and po-
sition.

2.3 Data handling

For each site, the data was averaged as a function of distance
from the curb of the road. The average values were calculated
at 25 m intervals from 25 m up to 300 m from the curb, with
the ending point depending on the location. Each distance i
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on the gradient represents the span from i —12.5m to i +
12.5m. The distances were determined from the GPS data.

2.4 Emission factor calculations

Fleet emission factors were calculated for various pollutants
using a method adapted from Yli-Tuomi et al. (2004). The
fuel based emission factor indicates how much of a given
pollutant is emitted per amount of fuel consumed. Since the
modern car fleet has very high combustion efficiency, we can
use an approximation where all carbon in the fuel is CO,.
Thus, the emission factor for pollutant X can be expressed as
follows:

CMFco, (X — Xbg)

EFy =
X ™ CMFye1(COz — CO2pg.)

M

where X is the pollutant concentration, and Xpgand CO2 g
are the background concentrations. For the CO, production
rate, we adopted a value provided by the VTT Technical
Research Centre of Finland, CMFco, / CMFue = 3141 g
(kg fuel) 1, the same as used by Yli-Tuomi et al. (2004).
Similar values were reported in other papers like Jezek et
al. (2015). In order to characterize the fleet more representa-
tively, 2 min averages were used in the emission factor calcu-
lations.

3 Results and discussion
3.1 Overview of the concentration gradients

Rapidly decreasing concentrations from the highway were
observed for particle number and mass as well as gases at
all four investigated locations. For each site, Table 2 sum-
marizes the average concentrations over the entire measure-
ment time while driving on a highway, being parked at
the roadside and at the background locations, along with
the respective standard deviations. As in previous studies
(Zhu et al., 2002, 2009; Pirjola et al., 2006; Massoli et
al., 2012), the CN were found to drop rapidly and level
out to slightly above background levels from 100 to 300 m
from the roadside. For example, the average CN on the
highways varied from (7.7 £ 9.1) x 10* cm~3 at Herttoniemi
to (12.24+14.0) x 10*cm—2 at Pitkajarvi, and the average
background concentrations from (7.1+2.0) x 103cm~3 at
Herttoniemi to (10.9 4 2.0) x 10% cm—2 at Malmi. Consider-
able differences between the sites were found in the particle
dilution. Figure 2 illustrates the normalized curves for the be-
havior of CN, PM1, BC, organics, NO, and NO», for each site
when the background concentrations were first subtracted
and then the concentrations were divided by the concentra-
tions measured at the highway. The most rapid decrease was
observed at Itd-Pakila, where a 50 % reduction in the CN al-
ready occurred at a distance of 8 m from the highway (Ta-
ble S2). The exceptional dilution of pollutants at this site was
obviously caused by the noise barrier, since the gradient route
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Figure 2. Normalized particle number (Ntot) and mass concentra-
tion (PM1), BC, and organics concentration, as well as NO and NO»
concentration, as a function of distance from the highway at four
measurement locations shown in the legend. Zero distance refers to
the edge of the road, and negative values to driving on the highway.
Also shown are the fitted reduction curves. Background values were
subtracted from the measured concentrations.

went through a narrow gap between the barrier ends. How-
ever, the measurements on the pedestrian walkway behind
the noise barrier showed a large variation in the CN concen-
tration, depending on the height and type of the noise barrier
(Fig. S1). The half-decay distance at Malmi was 83 m, and
around 40 m at Herttoniemi and Pitkajarvi, based on the fitted
curves in Fig. 2 (Table S2). According to the earlier studies
(Pirjola et al., 2006; Fig. 9), the average CN concentration
downwind Itdvayla at Herttoniemi was reduced to half of the
concentration at the roadside at ~55m from the middle of
the highway, i.e., ~ 40 m from the roadside.

The highest PM; concentrations measured at the high-
way were detected at Ita-Pakila (16.84+14.6ugm—3) and
Malmi (17.1+17.2ugm~3), and the lowest highway PM;
was found at Pitkdjarvi (10.9 +7.2ugm=3) (Table 2). The
highest roadside PM1 concentration was also measured at
Malmi (12.545.7ugm=2), and the lowest was found at
Pitkajarvi (7.5 + 3.5 ug m—3) where the background concen-
tration was low as well. Rather similar reductions to the CN
can be observed for the PM1 concentrations. The strongest
dilution occurred at 1t4-Pakila where the concentrations re-
duced to half of the highway concentration at 3m at Ita-
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Pakila. The half-decay distance was 75 m at Malmi, and 26—
28 m at the other sites (Table S2).

The terrain dynamics of the different measurement sites
appeared to be an important factor for pollution dilution.
The open environment of Pitkajarvi produced smooth pollu-
tion gradients on most runs, while the more urbanized envi-
ronments of Herttoniemi and Malmi had considerably more
variation present in their gradients. At Malmi, the presence
of the second road at the end of the measurement lane (at
the distance of 175-200 m from Ring I) was also apparent
in the data, often resulting in a U-shaped pollution profile.
The noise barrier lowered the pollutant concentrations at Ita-
Pakila considerably. Previous studies have found that sound
barriers can create constant local eddies in the wake of the
sound barrier, resulting in a lower pollution zones (Boweker
etal., 2007; Ning et al., 2010).

For the gaseous pollutants, the dilution rates were similar
to those of the particle concentrations, i.e., a rapid decrease
in the first tens of meters and leveling at 100-300 m to the
urban ambient levels (Table 2). The exceptionally rapid di-
lution at 1t4-Pakila was also noted with the NO concentra-
tions (Fig. 2). Consequently, the ratio of NO, to NO was
higher than unity already at 50m distance from the road-
side, whereas at least 100m was needed at the other sites
(Table S3).

Similarly, Massoli et al. (2012) did not observe a gradient
for NO», but found it to be dependent on the time of day.
Thus they linked it to photochemical conversion, and con-
cluded that NO> is not an efficient indicator of traffic pollu-
tants on a short time scale. We observed rather similar behav-
ior for NO, at Malmi, whereas a clear spatial NO, gradient
near the highways could be observed at It-Pakila, Pitk&jarvi,
and Herttoniemi. The observed gradient of NO, can be ex-
plained by the difference in the vehicle fleet composition and
the background NO; levels between New York and Helsinki.
In Helsinki, the fraction of light-duty diesel vehicles which
are passenger cars is very high, at 34.3% in 2015 (Official
Statistics of Finland, 2016); thus there seems to be sufficient
amount of NO» directly emitted from traffic to form an ob-
servable gradient. The sunrise and sunset during the mea-
surement period coincided with the rush hours, thus making
the analysis of photochemistry more difficult. NO did show
time-dependent behavior with higher concentrations present
in the morning rush hour (Fig. S2). In the afternoon, it seems
as though the emitted NO rapidly converted into NO, by O3
oxidation, and as a result lower levels of NO were observed.

3.2 Particle number size distributions

Figure 3 shows the average number size distributions over all
measured periods at different environments, recorded by the
EEPS. Three modes can be observed: the nucleation mode
which peaked at ~ 10 nm, the Aitken mode at ~ 30-40 nm,
and the soot mode at ~ 70-80 nm. Sometimes the nucleation
mode had two peaks: one at ~10nm and the other at 16—
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Table 2. Mean pollutant concentrations along with standard deviations (SD) at the highway (HW), roadside (RS), and background (BG) at
the four sites. The distance from the curb to the exact measurement location is indicated in the brackets following RS. CN was measured by
the CPC, BC by the aethalometer and Org, NO3, SO4 and NH4 by the SP-AMS.

Herttoniemi \ Malmi \ 1ta-Pakila \ Pitkajarvi

HW RS (11m) BG | HW RS(1lm) BG | HW RS(6m) BG | HW RS(14m) BG
CN 7.72 423  0.71 | 8.60 108 1.09 | 8.63 522 100 | 12.3 103  0.89
SD (x10*cm=3) 9.05 441 020 | 9.86 7.28 020 | 9.68 460 0.36 | 13.9 6.1 0.92
PM 11.2 864 222 | 17.1 125 6.69 | 16.8 9.97 7.02 | 10.9 752 219
SD (ugm—3) 10.9 6.15 051 | 171 573 161 | 146 354 143 | 7.5 3.49 087
BC 6.08 495 057 | 6.84 426 063 | 4.68 299 065 | 4.45 352 043
SD (ugm~3) 9.29 599 027 | 12.8 323 0.30 | 5.34 1.93 031 | 5.02 1.96 0.30
Org 4,55 322 133 | 7.83 6.01 3.37 | 9.01 456 3.62 | 5.54 336 0.97
SD (ugm—3) 5.72 1.38 043 | 113 461 115 | 136 2.80 1.00 | 5.07 2.88 0.73
NO3 0.09 0.10  0.08 | 0.58 062 073 | 091 0.88 0.94 | 0.19 013 0.11
SD (ugm—3) 0.05 0.07  0.04 | 0.40 0.43 050 | 0.70 0.90 093 | 0.19 013 0.12
S04 0.36 029 0.8 | 1.30 1.10 1.40 | 1.50 1.00 1.20 | 0.57 0.38 0.3
SD (ugm—3) 0.23 020 0.06 | 1.10 0.88 0.88 | 0.03 0.26 0.07 | 0.32 0.22 0.34
NHy4 0.10 0.09 0.6 | 051 050 0.56 | 0.68 054 0.61 | 0.20 013 0.15
SD (ugm—3) 0.08 0.08 0.003 | 0.40 038 038 | 0.21 033 027 | 0.12 0.01 0.10
NO 132 52.4 0.4 | 150 107 2.00 | 945 654 3.0 | 138 105 7.40
SD (ugm—3) 146 48.6  0.80 | 348 69.5 0.90 | 95.8 434 19 | 142 576 32.3
NO, 73.0 46.0 123 | 54.2 766 18.0 | 61.4 50.7 19.2 | 543 621 153
SD (ugm—3) 89.6 274 330 | 284 39.2 560 | 57.9 303 7.60 | 75.2 333 410
NO, 205 98.4 12,6 | 204 184 20.0 | 156 116 223 | 192 167 22.7
SD (ugm~3) 190 705 3.30 | 304 97.0 590 | 125 59.0 8.80 | 176 788 67.7

20 nm. The exact shape of the size distribution was observed
to be dependent on the location. For example, the Aitken
mode was largest at It4-Pakila where the traffic flow was
highest, consisting mostly of LD vehicles. In contrast, the
nucleation mode was highest at Pitkajarvi, where the traffic
was not that busy but consisted of more HD vehicles.

Pirjola et al. (2006) observed particle growth in the nucle-
ation mode with increasing distance from the highway during
a previous winter campaign. Here, we did not observe sig-
nificant growth of the mean diameter of the nucleation mode
particles. When considering the whole size distribution in the
size range of 5.6-560 nm, the average diameter (Table S4)
grew by 1.7, 2.1, 22, and 17 % at 100 m from the road for
Herttoniemi, Malmi, It4-Pakila and Pitkajarvi, respectively,
compared to the average diameter observed on the highway.
It is plausible that this growth mostly resulted from mixing
with the background particles, which on average were larger
than the freshly emitted particles at all sites except at Hert-
toniemi (Table S4). During dispersion the smallest particles
decreased faster than the larger ones. For example, at 100 m
distance the particles in the size ranges 6-30, 30-60, 60-150,
and 150-500 nm had decreased in their respective concentra-
tions by 76, 68, 64, and 60 % compared to the concentrations
measured on the highways.

Particle volatility was studied by two ELPIs, one before
and the other after the TD treatment. Figure 4, presenting
the results from Herttoniemi, indicate that particle volatility
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was size dependent. The smallest particles (<30nm) were
found to be highly volatile indicating that the origin for these
particles might be nucleation of sulfuric acid from fuel and
lubricant oil sulfur compounds along with volatile organic
compounds (Arnold et al., 2012, Kittelson et al., 2008). The
existence of non-volatile cores (e.g., Ronkkd et al., 2007) in
sub 30 nm particles could not be estimated mainly because
particles smaller than 7 nm cannot be measured by the ELPIs.

The soot mode concentrations showed the lowest reduc-
tions after the TD treatment. The size distribution after the
TD treatment peaked at around 70nm by number and at
~200nm by volume (aerodynamic diameter), which coin-
cides with the typical size of soot particles from traffic emis-
sions. The TD treatment reduced particle number and volume
in 7-1000 nm size range by 86 and 65 %, respectively, show-
ing that most of the particle material was volatilized at high
temperatures.

3.3 Chemical composition of traffic particles

Particles at the highway and roadside comprised mostly of
BC and organics (Table 2). The contribution of BC to PM;
(where PM; is the sum of chemical species measured with
the SP-AMS and aethalometer) was 54, 40, 28, and 41 % at
the highway at Herttoniemi, Malmi, Itd-Pakila and Pitkajarvi,
respectively, with the corresponding contribution of organics
being 41, 46, 54, and 51 %. At the background locations, the
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Figure 3. Particle size distribution as measured by the EEPS at dif-
ferent distances from the roadside at the four locations.

particles were mainly made of organics and sulfate (50 and
21 % at Malmi, 52 and 17 % at Itd-Pakila and 44 and 24 % at
Pitkajarvi) or organics and BC (60 and 26 % at Herttoniemi).
At Malmi and I1t8-Pakila there were also some nitrate and am-
monium in the particles at the background location (11 and
8% at Malmi and 13 and 9 % at 1t4-Pakila), and at Malmi the
particles had a minor fraction of chloride (3 %). In addition
to BC, organics, and inorganic salts, particles were found to
contain trace amounts of metals. Metals will be discussed
separately in Sect. 3.3.3.

An example of the chemical composition of PM; parti-
cles measured at different distances from the road is pre-
sented in Fig. S3 at Pitkdjarvi. Only the major components
are included in the figure and therefore, e.g., chloride and the
metals, are not shown. As seen from Fig. S3, the mass frac-
tion of BC decreased with increasing distance from the road,
whereas the fractions of organics and inorganics (sulfate,
ammonium, and nitrate) increased, the contribution of back-
ground aerosol becoming more predominant further from the
road.

Normalized dilution curves of organics and BC are pre-
sented in Fig. 2. For both organics and BC, the concentrations
decreased fastest at the It4-Pakila noise barrier site where
these concentrations dropped to half of those at the high-
way: already at the roadside for organics and nine meters
from the road for BC (Table S2). Except at Ita-Pakila, the
dilution curves for organics were quite similar at all other
sites. Regarding BC, the dilution curves had similar trends
at Herttoniemi and Pitk&jarvi, whereas at Malmi the concen-
tration decreased up to 100 m from the road after which it
remained at elevated level for the rest of the gradient. In gen-
eral, organics reached 50 % reduction much earlier than BC
except at Pitk&jarvi. The average half-decay values over all
sites for organics and BC were ~ 24 and 33 m, respectively
(Table S2).
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Figure 4. Average particle number size distribution (left) and vol-
ume size distribution (right) measured at different distances from
the highway at Herttoniemi with two ELPIs, one measured before
(solid lines) and the other after (dash dot lines) the thermodenuder.
Note that the x axis refers to aerodynamic diameter.

Figure 5a shows that the ratio of organics to BC varied
from 0.58 to 1.34 at the highway. The ratio was smallest
at Herttoniemi and largest at Itd-Pakila. When moving away
from the highway, the evolution of the ratio was rather dif-
ferent at different sites. The ratio varied significantly at It&-
Pakila, and therefore it is shown only with separate points
in Fig. 5a. High variation was probably due to the rapid de-
crease of traffic pollutants at Itd-Pakila (because of noise bar-
rier) and thus a high uncertainty in the calculation of organ-
ics to BC ratio as the ratio was calculated only for traffic-
related particles after background subtraction. At Malmi the
ratio of organics to BC was clearly larger at 25m from the
road, whereas it was rather stable at all other measurement
points. At Herttoniemi and Pitkajarvi the ratio of organics
to BC increased with distance. At Herttoniemi the ratio in-
creased slightly from the roadside up to 100 m, whereas at
Pitkajarvi (open field site) the ratio increased, although not
very smoothly, all the way from the roadside to the last mea-
sured gradient distance 250 m from the road. At 250 m from
the road the ratio of organics to BC was already double what
it was at the highway at Pitkajérvi. The increase of this ratio
is assumed to be associated with the condensation of volatile
and semi-volatile organics on BC particles when hot exhaust
aerosol was mixed with ambient air and cooled. In general,
during the dilution of exhaust aerosol, there is a competition
between particle formation, particle growth via condensation
and coagulation, and reduction of particle mass with evapo-
ration. The chemical composition of organics and their size
distributions in traffic particles will be investigated in detail
in the next two sections.

For nitrate, sulfate, and ammonium, no change in the con-
centrations with distance was observed (Fig. S4). This is ex-
pected as vehicles are not significant direct emitters of partic-
ulate nitrate, and the use of ultra low sulfur diesel fuel results
in very low emissions of particulate sulfate. Similar results
for sulfate, ammonium, and nitrate have been shown e.g., in

www.atmos-chem-phys.net/16/5497/2016/



J. Enroth et al.: Traffic particles in four different highway environments 5505

(@) (b)

25 20} - c M, »

8- CyHy0; 21 o

% 20 [ ] 3 15 4= CyHy0"
5 & > L o
% 15 —8— Herttoniemi S 10[pee® e
o - Malmi o
- m ta-Pakila £ 05
° 10 Pitkajarvi c
[ ™ I!ﬂ... 2o OWM,‘I—
2 L by o e HE
o 05F i g

0.0k, . ) ) ‘ . e .

0 100 200 300 0 100 200 300
Distance (m) Distance (m)

Figure 5. The average ratio of organics to BC at four sites (a) and
the fractions of hydrocarbon fragments (Cx H;r) and oxidized or-
ganic fragments (CxyHy O™ and CXHYoJZ”Zﬂ) at Pitkajarvi (b)
as a function of distance from the highway. Zero distance refers
to the roadside and negative value driving on the highway. Back-
ground values were subtracted from the measured concentrations
before calculating the ratios.

Durant et al. (2010). However, at Herttoniemi and Pitkajarvi
the chloride concentrations were slightly larger at the high-
way, roadside, and near the road (<50m distance) than at
the other measurement points (Fig. S4d). Chloride concen-
trations could be related to the lubricating oil, or in a small
part to the road salt used in Finland in wintertime.

3.3.1 Traffic-related organics

The composition of organic matter was investigated by di-
viding organic fragments based on their elemental compo-
sition. In addition to carbon and hydrogen atoms, organic
matter consists of oxygen and, typically in small amounts,
nitrogen, and sulfur atoms. The chemical composition of or-
ganics at the highway, roadside, and background at all four
sites are shown in Fig. S5. Similarly to the previous studies
(e.g., Canagaratna et al., 2004; Chirico et al., 2011), most
of the organics consist of hydrocarbon fragments (Cx HJYF)
at all measurement locations. The fraction of hydrocarbons
decreased from highway to background, with the portion
of hydrocarbons being on average 77, 70, and 53 % at the
highway, roadside and background, respectively. The largest
single fragments in the CxH;’ group were C4H{ (at m/z
57), CsH7 (at m/z 43), C4H7 (at m/z 55) and CgHZ (at
m/z 41; Fig. S5). Most of the other organics were made of
oxygen-containing fragments. Organic fragments with one
oxygen atom (CxHyO™) had slightly larger fraction in or-
ganics than fragments with more than one oxygen atom
(CXHyOJZ“,bl), especially at  the background sites. The
CxHyO™ group had the largest signal for CoH3O™ (at m/z
43), CO™ (at m/z 28) and CHO™ (at m/z 29), fragments
whereas Cx H;/OJZ“’Z>l group consisted almost entirely from
COEr (at m/z 44). There was also an indication of nitrogen-
containing organics (CxHyN™) in traffic particles; however
they were difficult to separate from neighboring peaks in the
MS, as they constituted less than 1% of all organics.

www.atmos-chem-phys.net/16/5497/2016/

When comparing the sites, the fractions of hydrocarbons
and oxidized organics were similar at all highway sites,
whereas the fractions of oxidized organics at the roadside
and background were larger at It4-Pakila than at Herttoniemi,
Malmi and Pitkajarvi. This was likely due to the high con-
tribution of long-range transport because elevated levels of
nitrate, sulfate, and ammonium were observed at all the mea-
surement positions at 1ta-Pakila site (Fig. S4). In line with
the higher portion of oxygenated organic fragments, the ra-
tios of oxygen to carbon (O : C) and organic matter to organic
carbon (OM : OC) at the highway, roadside, and background
were larger at Itd-Pakila than at any other site (Fig. S5).

The fractions of hydrocarbons were smaller in this study
than those in Dallman et al. (2014), measured in the San
Francisco Bay area. They found that the family Cx HJYr con-
tributed 91 % of the measured organics signal, whereas the
families CxHyO™ and CXHYoJZ’)Z>l contributed less than
10%. However, they measured the vehicle emissions in a
highway tunnel where the contribution of background organ-
ics was assumed to be smaller than in this study.

Concentration gradients for hydrocarbon and oxygen-
containing organic fragments after the background subtrac-
tion are shown in Fig. 6a. It is clear that hydrocarbon con-
centrations decreased with distance from the road, but for
oxidized fragments the concentrations depended less on dis-
tance. At Herttoniemi, both oxidized fragments (CxHy O™
and CXHYo“ZL.Zﬂ) clearly decreased with distance from
the road, whereas at all the other sites the concentrations
of the oxidized fragments were typically slightly larger on
the highway. However, a decreasing trend from the road
was not observed. The lack of any significant spatial gra-
dient for oxidized fragments suggests that they mostly cor-
respond to the aged background aerosol. Similarly, Cana-
garatna et al. (2010) observed a concentration gradient for
hydrocarbon-like organic aerosol in Massachusetts, USA.
Regarding the oxygenated organic aerosol they found an in-
crease up to 150 m from the road after which the OOA con-
centration decreased. It should be noted that in Fig. 6 some
of the concentrations for the oxidized fragments are negative.
That indicates that the measured concentrations were smaller
than those measured in the background.

Organics in the engine exhaust particles originate from
unburned fuel and lubricant oil as well as their partially
oxidized products. Different processing techniques for fuel
and lubricant oil leads to large differences in their molecu-
lar weights and chemical structures. This results in divergent
mass spectra (MS), e.g., diesel fuel MS has larger contribu-
tion of n-alkanes, whereas the lubricant oil MS is enriched in
cycloalkanes and aromatics (Tobias et al., 2001). It has been
suggested that lubricant oil dominates fuel as a source of pri-
mary organic aerosol under typical operating conditions of an
engine (Tobias et al., 2001; Worton et al., 2014; Dallmann et
al., 2014). However, separating organic species emitted from
diesel and gasoline vehicles has proved to be difficult. Vary-
ing levels of diesel trucks in vehicle fleet did not result in
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refers to the roadside and negative value driving on the highway. Background values were subtracted both from the measured concentrations

and mass spectra.

clear differences in the MS of organics measured with the
SP-AMS (Dallmann et al., 2014).

The composition of organics was studied more carefully
with the data collected at Pitkdjarvi. Pitkajarvi was selected
for the detailed investigation as the ratio of organics to BC
changed with distance only at Pitk&jarvi, suggesting that
the traffic particles underwent some atmospheric processing
during the dilution. The average MS for rBC and organics
measured at the highway, roadside, over all gradient sites,
and background at Pitkajéarvi are shown in Fig. S6a. As al-
ready discussed, the MSs at the highway, roadside, and gra-
dient were dominated by hydrocarbon fragments and after
the background subtraction, hydrocarbon fragments from the
roadside and highway fell into a straight line (Fig. S6b). The
ratios of the hydrocarbon fragments were slightly different
between gradient and roadside (Fig. S6c). Organics had more
C3H;_ fragment at m/z 41 during the gradient than at the
roadside. Regarding the oxidized fragments, most of them
were larger in the background than at the highway, roadside
and gradient, shown by negative values in Fig. 6b, except
CO™ and COZ+ that were clearly higher near the road. The
most distinctive negative oxidized fragment was C,H3O™ at
m/z 43, especially in the MS measured at the highway and
roadside. When studying the behavior of C;H3O™ with dis-
tance more closely, it was found that its concentration was
smaller only at the highway and roadside, but after that it in-
creased to a steady level and remained there for the rest of
the gradient.

It was evident that the increase in organics relative to BC
(Fig. 5a) was caused by the increase of hydrocarbons via con-
densation. By summing all hydrocarbon and oxidized frag-
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ments in the MS, the fraction of hydrocarbon fragments in
organics increased when the distance to the road increased,
especially after 150 m from the road (Fig. 5b). In line with
that the fraction of oxygen-containing organic fragments de-
creased with distance, the descent being more pronounced
for the organic fragments with one oxygen atom.

3.3.2 Mass size distributions

The evolution of particle chemistry during the dilution was
also seen in the mass size distributions of chemical com-
ponents. At Pitk&jérvi, the size distributions were measured
only at the roadside and background (Fig. S7). It is clearly
observable that a mode found at the roadside at ~100nm
disappeared almost totally when the size distributions were
measured at the background locations. This mode was domi-
nated by organics (hydrocarbons) and rBC, similar to the pre-
vious studies measured by the AMS in traffic environments
(e.g., Schneider et al., 2008; Canagaratna et al., 2010; Mas-
solietal., 2012; Lee et al., 2015). The mode at ~ 100 nm was
found to be less volatile than the particles in the smaller and
larger mode measured by the two ELPIs and TD (Fig. 4), in-
dicating that the material not evaporated in the TD was the
rBC core of the particles. A decrease of the mass in the TD in
this mode was likely due to hydrocarbon species. The second
mode (at ~ 300-400 nm) was observed both at the roadside
and in the background (Fig. S7). At the background loca-
tions, this mode was mostly made of oxygen-containing or-
ganic fragments and sulfate, whereas at the roadside there
was also some rBC present. The composition of the second
mode was very similar to that found at Massoli et al. (2012)
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for the particles upwind of Long Island Expressway. Based
on the results from the SP-AMS in the laser-only configu-
ration they observed a mode at ~500 nm for rBC that was
heavily coated with organic material. However, they also sug-
gested that the majority of the mode peaking at ~500nm
consisted of organics and sulfate and that it was not associ-
ated with rBC cores.

Similarly to Pitk&jérvi, there was also a mode at ~ 100 nm
(Fig. 7) at Herttoniemi. In contrast to the number size dis-
tributions (Fig. 3) the mass size distributions at Herttoniemi
changed with distance from the road. For rBC, the peak of
the mode was at 104nm at the roadside, whereas at 30 m
from the road the mode had become narrower and the max-
imum of the mode had moved to 113 nm. At 40 m from the
road the peak of the rBC mode was found already at 125 nm,
and at the distance of 50 m it was at 148 nm. In this study,
the dominant mode for rBC was at a significantly smaller
size than the mode obtained earlier for EC at the same site at
Herttoniemi, 65 m from the road (Saarikoski et al., 2008). In
the earlier study, the maximum of the EC mode was between
300-500 nm. However, the used measurement technique was
quite different from the SP-AMS as the EC size distribution
was measured by using a small deposit area low pressure im-
pactor with quartz substrates that were analyzed in the labo-
ratory with a thermal-optical transmittance method. Besides
the measurement technique and sampling time, also the me-
teorology as well as traffic volume could have been quite dif-
ferent.

The shift of the ~100nm mode is plausible due to the
condensation of hydrocarbons on the rBC particles in dilu-
tion. When studying the size distribution of hydrocarbons, it
was observed that at the roadside and at 30 m from the road
the maxima for hydrocarbons and rBC were at nearly similar
sizes but after that, especially at 40 m from the road, hydro-
carbons peaked at a smaller size than rBC (Fig. S8). In ad-
dition, the relative concentration of hydrocarbons was larger
than that of rBC at 40 m. This finding suggests that hydrocar-
bons were in the same particles as the rBC and most likely
condensed on the surface of the rBC particles at 40 m. How-
ever, at 50 m distance the ratio of hydrocarbons to rBC was
again similar to that at the roadside and 30 m from the road.
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The behavior at a 50 m distance is difficult to explain; how-
ever emissions from vehicles at the nearby street and parking
lot probably disturbed our gradient measurements. The size
distributions of rBC were obtained from the UMR pToF-data
of the SP-AMS by using m/z 36 as a surrogate for rBC as
Cgr at m/z 36 was the strongest carbon cluster signal in the
rBC MS. Similarly, m/z 57 in UMR PToF-data was used as a
surrogate for hydrocarbons. The size distribution traces m/z
36 and 57 were normalized to the mass concentrations of the
corresponding species (rBC, Cx H;) obtained from the high-
resolution analysis.

3.3.3 Metals

The laser vaporizer used in the SP-AMS extends the range
of chemical species detected by the AMS to include refrac-
tory species associated with rBC containing particles, such
as metals and other elements (Onasch et al., 2012). Stan-
dard AMS has a tungsten vaporizer that is heated only up
to 600 °C, which is not enough for the fast vaporization of
metals, however, some metals have been measured with the
regular AMS without the laser (e.g., Salcedo et al., 2010,
2012). In this study, both laser and tungsten vaporizers were
installed in the SP-AMS. The concentrations of metals were
calculated from the signal values (in Hz) given by the SP-
AMS by using the relative ionization efficiencies measured
in the study of Carbone et al. (2015). Unfortunately, the size
distributions were not obtained for the metals, as the PToF
data were saved only in UMR mode and the contributions of
metals to the total signal measured at UMR m/z’s were very
small.

Iron (Fe), vanadium (V), zinc (Zn), and aluminum (Al)
were detected in the particles. At Herttoniemi, a clear gradi-
ent was found for Fe, Al, and V, whereas for Zn the concen-
tration remained high until 50 m from the road and dropped
suddenly (Fig. 8a). At Pitkajarvi, the concentrations of met-
als decreased slower than at Herttoniemi, and for all the met-
als there was a small increase at 75 m from the road (Fig. 8b).
That “bump” could not be explained. At Malmi and It&-
Pakila the concentration of metals did not change with dis-
tance from the road (Fig. S9). This was probably due to the
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Figure 8. Concentrations of iron, aluminum, vanadium, and zinc at Herttoniemi (a) and Pitkajarvi (b) as a function of distance from the
highway. Zero distance refers to the roadside, negative values to driving on the highway and the right-most point to the background location.
Background values are not subtracted from the measured concentrations. Gradients for 1t4-Pakila and Malmi are presented in the Supplement.
Concentrations of metals were calculated by using the RIEs given in Carbone et al. (2015).

multiple sources of metals at those sites, which inhibited the
observation of the concentration gradients from the highway.

In general, the concentration levels for metals were rather
similar at Herttoniemi, Pitkdjarvi and Malmi, whereas at Ita-
Pakila the concentration of vanadium was significantly ele-
vated. Vanadium can be found in the particles from heavy oil
combustion (Carbone et al., 2015) but at It4-Pakila there was
no clear heavy oil combustion source nearby that could ex-
plain the elevated concentrations. Therefore vanadium was
likely to be transported long-range, together with sulfate and
nitrate, which had elevated concentrations at the same time
at Itd-Pakila (Fig. S4). However, vanadium is used in cata-
lysts (e.g., Blum et al., 2003) which might partly explain its
concentration gradients in Fig. 8.

Aluminum and iron are metals which can also origi-
nate from materials used at road surfaces, tires, and brakes,
whereas zinc, phosphorus, and magnesium are usually asso-
ciated with lubricant oils (e.g., Pirjola et al., 2015; Ronkko et
al., 2014; Sodeman et al., 2006). Dallmann et al. (2014) de-
tected zinc and phosphorus in the exhaust plumes of individ-
ual trucks by the SP-AMS. They noticed that the ratio of zinc
and phosphorus to organics in the emission plume was con-
sistent with typical weight fractions of additives often used in
lubricant oils, and used that as evidence that a large fraction
of organics in gasoline exhaust originates from lubricating
oil. In this study, phosphorus and magnesium were not de-
tected in particles.

3.4 Emission factors

Fleet emission factors, based on the data from driving on
the highways, were calculated for CN, PM;, BC, organics,
NO, NO2, and NO,. The average fleet emission factors for
CN (particle diameter >2.5nm) were found to range from
4.9 x 101° to0 1.2 x 1018 # (kg fuel)~! (Table 3). The highest
value was observed at Pitkajarvi where the fraction of HD
vehicles was highest (Table 1), and lowest at Herttoniemi
where the HD fraction and also the total vehicle count were
low. At Ita-Pakila, although the HD fraction was as small
as at Herttoniemi, the total vehicle count was 51 % greater
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and consequently, the average EFcy was higher 6.5 x 101° #
(kg fuel)~1. These results and Fig. S10 show that the fraction
of HD vehicles has significant effect on the fleet emissions
factor of CN.

In general, these results are slightly lower than the
value of 9.3 x 10 # (kg fuel)~1) presented by Yli-Tuomi
et al. (2004), who also performed measurements on the
highways in the Helsinki metropolitan region. Our results
are in agreement with the ones reported by Massoli et
al. (2012) (mixed fleet: 5.3 x 1015 # (kg fuel)~1), Wester-
dahl et al. (2009) (LD: 1.8 x 10® and HD: 11 x 101® #
(kg fuel)~1) and Jezek et al. (2015) (LDgasoline: 1.95 x 10%°,
L Dgiesel: 4.4 10® and HDgiesel (goods vehicles): 11.5x 10%°
# (kg fuel)~1).

Contrary to the particle number emission factors, all the
mass emission factors, EFpn,, EFgc and EForg, were lowest
at Pitkdjérvi. One should remember that there the nucleation
mode was very strong but it only had a small effect on the
mass emissions. Additionally, the Aitken and soot mode con-
centrations were smaller on the highways than at the other
sites (Fig. 3).

The EFs of NO found here (Table 3) were lower,
while the EFs of NO; were higher than the values of
10+ 199 (kg fuel)~1 for EFno and 2+5g (kg fuel)~! for
EFno, reported by Yli-Tuomi et al. (2004). The increased
EFno,, with respect to the results of Yli-Tuomi et al. (2004),
could be due to the higher direct NO, emissions of modern
diesel cars as the fraction of light-duty diesel vehicles of the
passenger cars in Finland rose from 18.6 to 34.3 % in the pe-
riod between the measurements in years 2003-2015 (Official
Statistics of Finland, 2016). Carslaw et al. (2013) report that
in London, the NO, emissions reduced only from the gaso-
line fueled vehicles over the past 15-20 years, although the
modern diesel vehicles were equipped with after-treatment
systems, including SCR systems, designed to reduce NO,
emissions. Furthermore, the authors report that for the diesel
passenger cars the relative amount of NO> increased as the
NO2 / NO, ratio was 10-15 % for Euro 111 and older type ve-
hicles whereas it was 25-30 % for Euro V-V type vehicles.
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Table 3. Average emission factors along with standard deviations calculated from the measurements on the highways.

Herttoniemi Malmi Ité-Pakila Pitk&jarvi

EFcn (#(kgfuel)™l) Mean  49x10° 61x10® 65x101° 11.6x101°
SD 65x101® 57x1015 7.1x10® 146x101°

EFpm, (9 (kgfuel)™1)  Mean 0.78 1.17 0.99 0.39
SD 0.74 1.87 2.09 1.29

EFgc (g (kg fuel)™1) Mean 0.43 0.54 0.30 0.15
SD 0.67 0.65 0.22 1.14

EForg (9 (kgfue)™1)  Mean 0.26 0.33 0.33 0.24
SD 0.33 0.20 0.17 0.13

EFno (g (kg fuel)~1) Mean 8.12 9.86 7.44 11.48
SD 6.31 9.65 5.28 7.60

EFno, (0 (kgfuel)™)  Mean 4.14 4.02 3.45 4.47
SD 4.44 7.26 3.95 5.79

EFno, (9 (kg fuel)™1)  Mean 12.2 141 10.9 16.5
SD 8.0 12.2 6.8 11.8

Jezek et al. (2015) observed reductions in the EFyo, for pas-
senger cars and diesel heavy goods vehicles but no reduction
for diesel passenger cars compared to those ten or more years
old.

4 Summary and conclusions

The traffic emissions downwind from the four highways at
the Helsinki metropolitan region in Finland were measured
from 22 October to 6 November 2012 with the mobile mea-
surement platform Sniffer. Measurements were conducted at
four locations: within the traffic at the highway, at the road-
side, at several distances from the highway (gradients), and
in the background. As the pollutants dispersed away from
the road, their concentration decreased mostly due to dilution
and mixing with the background air. Concentration gradients
were observed for the traffic-related pollutants CN, PM4, BC,
organics, NO, and NOg, and for some metals. Furthermore,
a change in the particle number and volume size distribu-
tion was noticed. The flow dynamics in the different environ-
ments appeared to be an important factor for the pollution di-
lution. The open environment of Pitk&jarvi produced smooth
pollution gradients on the most runs, while the more complex
urban environments of Herttoniemi and Malmi had consider-
ably more randomness present in the gradients. The noise
barrier at I1t4-Pakila site might lower the pollutant levels con-
siderably by increasing air mixing. Although the traffic pol-
lutants near the highways seemed to vary greatly depending
on meteorological conditions and flow dynamics, the results
obtained in this study under these environmental conditions
confirm that people living close to high traffic roads are gen-
erally exposed to pollutant concentrations that are even dou-
ble or triple of those measured at 200 m or more away from
the road.

www.atmos-chem-phys.net/16/5497/2016/

Traffic particles in the PM; size fraction mostly consisted
of organics and BC. The contributions of traffic-related or-
ganics and BC stayed rather similar during dilution of emis-
sions (gradient measurements); however, at the most open
site (Pitk&jarvi), the relative concentration of organics to BC
increased with distance to the highway. That additional or-
ganic mass seemed to consist mostly of hydrocarbons. No ev-
idence of the oxidation of traffic-related organics was found.
It was not a surprise as the oxidation of particles occurs in
a much longer time period than the few minutes covered in
this study. Additionally, the measurements were carried out
in autumn when solar radiation and therefore oxidant con-
centrations were small. Particles also contained some metals.
Aluminum, iron, and vanadium had concentration gradients
at Herttoniemi and Pitk&jarvi suggesting that they originated
from traffic. Zinc only decreased with a distance from the
highway at Herttoniemi.

Regarding number and volume size distributions, particle
growth along the gradient was not observed. Particle growth
was only visible when comparing fresh emissions to back-
ground conditions. However, the mass size distributions at
Herttoniemi, measured with the SP-AMS, showed a visible
shift of the mode, detected at ~ 100 nm at the roadside, to
a larger size when the distance to roadside increased. That
mode consisted mostly of rBC and hydrocarbons and was
found to be relatively low volatile.

The fleet average emission factors for particle numbers
appeared to be somewhat lower than those reported by Yli-
Tuomi et al. (2004). Conversely, the emission factor for NO;
showed an increase. The likely cause is the increased fraction
of LD diesel vehicles over ten years. The fraction of heavy
duty traffic, although constituting less than 10 % of the total
traffic flow, was found to have a large impact on the emis-
sions.

Atmos. Chem. Phys., 16, 5497-5512, 2016
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The Supplement related to this article is available online
at doi:10.5194/acp-16-5497-2016-supplement.
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