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ABSTRACT

Vehicle exhaust is a dominant source of air pollu-
tants in urban areas. Since people are easily expos-
ed to vehicle exhaust particles while driving a car
and/or traveling via public transportation, air pollu-
tion near traffic has been extensively studied in de-
veloped countries. In this paper, investigations on
vehicle-related fine particulate air pollution at road-
sides and on roads in Seoul, Korea were reviewed to
understand air pollution near traffic. Comparison of
PM;, concentrations in Seoul showed that roadside
air is more contaminated than urban air, implying
that exposure levels near vehicular emissions are
more critical to sensitive persons. Concentrations of
ultrafine particles and BC (black carbon) at road-
sides of Seoul fluctuate highly for short durations,
responding to traffic situations. Diurnal variations of
ultrafine particles and BC concentrations at road-
sides seem to be affected by traffic volume, mixing
layer height, and wind speed. Concentrations of
ultrafine particles and BC decrease as distance from
the road increases due to dilution during transport.
On-road air pollution seems to be more severe than
roadside air pollution in Seoul. Since nearby traffic
air pollution has not been well understood in Seoul,
further studies including various vehicular air pollu-
tants and representative locations are needed.

Key words: Fine particle, Vehicle, Roadside, On-
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1. INTRODUCTION

Urban air pollution is an important issue to envi-
ronmental policy makers. Most countries have natio-
nal ambient air quality standards regulating upper
limits of time-average concentrations for SO,, NO,,
CO, O3, PM (particulate matter), and other pollutants
(Bachmann, 2007). PM is a size-dependent pollutant
and smaller PM is known to be more harmful to

human health. PM regulation has changed from TSP
(total suspended particles) to PM, or from PM,, to
PM, 5 (Bachmann, 2007). In Korea, PMy has been
managed since 2001. In 2005, the Korean govern-
ment established the Special Act on Metropolitan Air
Quality Improvement, which aimed at reducing an-
nual average concentrations of PM;, and NO, to 40
ug/m? and 22 ppb, respectively, by 2014. Recently,
air quality studies on the Greater Seoul Metropolitan
Area were reviewed, focusing on PM and ozone
issues (Kim, 2006; Ghim, 2005).

As nanotechnology grows, environmental nano-
particles have been characterized. Important sources
of nanoparticles can be categorized by stationary,
mobile, occupational settings, and atmospheric con-
version (Biswas and Wu, 2005). Recently, many
investigations on the formation of ultrafine particles
(nanoparticles) in urban areas have been reported
(Watson et al., 2006a, b; Woo et al., 2001). In Korea,
the number size distribution of urban ultrafine parti-
cles has been investigated since the mid-1980s. Size
distribution ranging from 10 nm to 1 um in diameter
was observed using an EAA (electrical aerosol an-
alyzer, TSI 3030) in Seoul (Kim et al., 1991, 1986;
Kim, 1988). Size distribution of Asian dust in Seoul
was monitored using an OPC (optical particle coun-
ter, Hiac/Royco 5230) in the late 1990s (Chun et al.,
2001). Asian dust measurements using an OPC were
also made in Anmyon Island (Chun ez al., 1999; Shin
et al., 1999). Recently, the number size distribution of
urban aerosols ranging from 20 nm to 20 um in
diameter was monitored using an SMPS and an APS
in Seoul (Bae er al., 2003). Ultrafine particle mea-
surements using an SMPS were made in the Ansan
Area (Kim and Ahn, 2005).

Vehicle exhaust is a dominant source of air pollu-
tants in urban areas. Although ultrafine particles are a
distinct short-lived exposure phenomenon not cover-
ed in emission inventory approaches (McMurry ef al.,
2004), nanoparticles are known to be emitted from
diesel vehicles. Most PM emitted directly from vehi-
cle exhaust is smaller than 1 um in diameter (Kittel-
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son, 2007). Toxicity of nanoparticles is an emerging
social issue (Biswas and Wu, 2005). Since people are
easily exposed to vehicle exhaust nanoparticles, air
pollution near traffic has been extensively studied to
characterize exposure levels of vehicle exhaust parti-
cles (Han and Naeher, 2006).

Fig. 1 demonstrates the location and experimental
method used to characterize vehicle exhaust particles
(Bae, 2005). Tailpipe measurements and urban air
monitoring have been widely conducted to improve
urban air quality. Recently, near-traffic air pollution
has greatly interested policy makers as a local air
pollution problem. They need to reduce exposure of
toxic air pollutants to sensitive populations such as
children. Diesel vehicles have been regulated based
on PM mass in chassis or engine dynamometer tests.
As the toxicity of diesel nanoparticles has been
reported (Shin, 2005; Lloyd and Cackette, 2001),
activities on the regulation of diesel nanoparticles
were initiated by the working group 29 of GRPE un-
der the UN/ECE (Park, 2005). Measurements and
evaluation of diesel nanoparticles emerged as a new
aerosol research field and new instruments with short
response times of less than 1 second have been de-
veloped to meet vehicle applications (Lee, 2005b).
Although the EURO 5 for diesel vehicles does not
include number regulation of diesel particles, the next
regulation will include it. Therefore, diesel particu-
late filters have been developed to meet tighter PM
regulations (Lee, 2005a).

Although vehicle exhaust particles may contribute
significantly to urban air pollution, urban air quality

is determined by many emission sources, atmospheric
reactions, and meteorological conditions. Therefore,
the signature of vehicle exhaust particles could be
well characterized by roadside and/or on-road mea-
surements. Ten-year PM monitoring data in down-
town Tokyo showed that fine particles smaller than
2.1 um in diameter clearly decreased, but coarse
particles ranging from 2.1 to 7 um in diameter did not
decrease (Minoura et al., 2006). Therefore, vehicle-
related PM studies should be more focused on PM,; s
or ultrafine particles.

In this paper, previous investigations on vehicle-
related fine particulate air pollution in Seoul, Korea
were reviewed to understand air pollution near traffic.
Roadside and on-road measurements were consider-
ed. Particle number size distribution and black carbon
concentration were mainly discussed.

2. ROADSIDE AIR POLLUTION

In Korea, although the PM standard was changed
from TSP to PM;, in 2001, PM,, has been monitored
since 1995. Now, twenty seven urban air monitoring
stations operate in Seoul. Since roadsides are infl-
uenced directly by vehicle exhaust, the roadside is
considered a representative location to monitor vehi-
cle-related air pollution. Seven roadside air monitor-
ing stations have been managed in Seoul since 1997.

Annual average PM,, concentrations for urban air
and roadside air monitoring stations in Seoul are
plotted in Fig. 2. Recently, Asian dust has been fre-
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Fig. 2. Trends of annual average PM,, concentrations for
urban air and roadside air in Seoul.

120
1004
E
T 804 §
=
g
g 60
g
2] —e— Urban air
g 404 —o— Seoul Station
= —o— Cheonggyechun
s —— Dongdaemoon
& 5l —v— Cheongnyangni
—o— Sinchun
—=— Youngdungpo
0 —— Sinsadong

T T T T T

I 2 3 4 5 6 7 8 9 10 1l 12
Month

Fig. 3. Trends of monthly average PM,, concentrations in
2005 in Seoul for urban air and roadside air. PM,, concentra-
tions includes Asian dust episodes.

quently transported to the Korean Peninsula, resulting
in significant increases of PM;, concentrations. PM;,
concentrations for urban air excluding Asian dust epi-
sodes increased until 2003, and thereafter decreased,
as shown in Fig. 2. Even if the effect of meteoro-
logical factors on PM,, concentrations for urban air is
excluded, the same trend is found (MOE, 2006).
Apparent reductions in PM;, concentrations at the
roadside can be seen from 2004, as shown in Fig. 2.
The Ministry of Environment (2006) reported that
recent environmental policies such as the spread of
CNG buses and strict regulations for new vehicles
might cause this improvement of roadside air pollu-
tion in Seoul. Also, reduction of 10 pg/m? in PM,
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concentration at the roadside could account for the
reduction of 13 pg/m® in PM;, concentration at the
roadside, implying that fine particles emitted from
vehicles must be reduced.

Monthly average PM, concentrations of 2005 in
Seoul for urban air and roadside air are compared in
Fig. 3. Here, Asian dust episodes are included. Both
urban and roadside PM, concentrations show similar
seasonal trends. The highest PMq concentrations are
observed in April, and the lowest ones are found in
September. Roadside PM,, concentrations are more
spatially scattered in summer than in winter. Roa-
dside PM|, concentrations are higher than in urban
air, indicating that the roadside is more contaminated
than urban air.

Recently, Kwon and An (2006) reported temporal
and spatial distributions of PM,, concentrations near
a road in Seoul. They showed that PM, concentra-
tions decrease with distance from the road, and verti-
cal decreases in PM,, concentrations are greater than
horizontal decreases. Bae et al. (2007) compared
PM,, concentrations observed at two monitoring sta-
tions in the central area of Seoul. One was the Seo-
daemun-gu urban air monitoring station and the other
was the Sinchon roadside air monitoring station. As
shown in Fig. 4, diurnal variations of PM,, concen-
trations in March of 2005 are very similar to each
other and PM, concentrations at the roadside seem to
be slightly higher than those in urban air.

However, the mass of diesel exhaust particles is do-
minant for submicron sizes and the number is predo-
minant in ultrafine particles (Kittelson, 1998). There-
fore, effect of vehicle exhaust particles could be well
explained by submicron size data rather than PM,,
even though data are obtained at the roadside. Parti-
cle number size distribution at a roadside can be used
to determine the ambient air quality effect of vehicle
exhaust particles under real driving conditions on
roads (Kerminen et al., 2007; Pirjola er al., 2006,
Charron and Harrison, 2003; Hitchins et al., 2000).

A few studies on particle number size distribution
have been carried out in Seoul since the mid-1980s.
However, roadside measurements of the number
concentration of particles in the range of 20-600 nm
were recently conducted in Seoul (Bae et al., 2007).
The number concentration of particles, particularly
ultratine particles smaller than 100 nm, at a roadside
fluctuates highly depending on traffic situations.
Typical diurnal variations of ultrafine particles ob-
served at a roadside are shown in Fig. 5 (Bae ef al.,
2007). The lowest particle number concentration is
observed between 3 a.m. and 5 a.m. The local highest
particle number concentrations are observed during
both morning and evening rush hours. Changes in
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Fig. 5. Diurnal variation of ultrafine particle number concen-
trations at a roadside from March 18-23, 2005 (Bae et al.,
2007).

traffic volume account for the trend of hourly averag-
ed number concentration from late evening to morn-
ing. Similar diurnal variation is also observed in
PM,o (McMurry et al., 2004). Although most of the
particle size distribution is unstable, the relatively
stable particle size distribution with a low concentra-
tion is observed between 3 a.m. and 4 a.m. As shown
in Fig. 6, it could be considered the background parti-
cle size distribution in an urban area.

Particles emitted from vehicles are transported
around a road. Locations away from the road are less
contaminated due to dilution of vehicle exhaust dur-
ing transport. Weekly variation of ratios of hourly
averaged particle number concentrations at site 2 to
that at site 1 is shown in Fig. 7 (Lee et al., 2007a).
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Fig. 6. Suggested background particle size distribution at a
roadside (Bae er al., 2007).

Particle size distribution was concurrently monitored
at two sites in Seoul. Site 1 was at the roadside and
site 2 was 100-m away from the road. Average ratios
are 0.56£0.15 and 0.72£0.10 for ultrafine particles
(20-100 nm) and larger particles (100-600 nm), res-
pectively. This indicates that smaller particles decre-
ase more during transport from site 1 to site 2. This is
consistent with previous investigations (Zhu et al.,
2002; Hitchins et al., 2000).

BC (black carbon) is an indicator of diesel PM.
Although some investigations on EC (elemental car-
bon) concentrations by filter sampling were conduct-
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Fig. 8. Comparison of diurnal variations of BC concentra-
tions between roadside and remote urban sites from arterial
roads (Lee et al., 2007b).

ed from the mid-1990s in Korea, real-time measure-
ments of BC concentrations using an aethalometer
are rare. Park er al. (2002) monitored BC concentra-
tions at locations far from roads in Seoul and Gwang-
Ju. Lee et al. (2007b) conducted real-time BC mea-
surements at a roadside in Seoul in May of 2005.
Similar to ultrafine particles, BC concentrations high-
ly fluctuate for a short duration and the lowest BC
concentrations are observed between 2 a.m. and 5
a.m. Comparison of diurnal variations of BC concen-
trations between roadside and remote urban sites
from an arterial road is plotted in Fig. 8 (Lee et al.,
2007b; Park et al., 2002). During morning rush
hours, BC concentrations increase rapidly at all loca-
tions. Decreasing BC concentrations around midday
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hours could be accounted for by the dilution effect
caused by increases in both mixing layer height and
wind speed.

3. ON-ROAD AIR POLLUTION

Vehicle drivers are subject to exposure to high
concentrations of PM emitted from vehicle exhaust
on roads. On-road measurement is one method to
characterize vehicle-related air pollution. A mobile
laboratory has been utilized to measure vehicle ex-
haust such as particle size distribution and gas con-
centrations under real on-road conditions (Kittelson et
al., 2006a, b, 2004; Gouriou et al., 2004; Bukowiecki
et al., 2002). Bukowiecki et al. (2002) obtained an air
pollution map showing air pollution levels over a
region by on-road measurements in Switzerland.
Gouriou et al. (2004) insisted on the necessity of on-
road measurements for evaluating air pollutants ex-
posure encountered by vehicle drivers and reported
high particle number concentrations greater than 3 x
10° particles/cm® near the truck or during a stop phase
on a road in France. Kittelson er al. (2004) found that
the highest nanoparticle concentrations are associated
with high-speed traffic and that measurements made
in heavy traffic with low speeds produce lower num-
ber concentrations and larger particles. Simple on-
road measurements have also been made for BC and
total particle number concentrations in California,
USA (Fruin et al., 2004), and for black smoke, CO,
and NOy inside a taxi in Paris, France (Zagury et al.,
2000).

Although extensive on-road investigations on PM
have been reported in foreign countries, a few inves-
tigations on BC in a driving passenger car were re-
ported recently in Korea (Lee ef al., 2007c; Lee and
Bae, 2006). BC concentrations were measured inside
a passenger car using a portable aethalometer. Spatial
distribution of BC concentrations over major roads in
Seoul was monitored by driving a passenger car with
open windows (Lee et al., 2007¢). BC concentrations
seem to be dependent on the traffic flow situation
according to time and on topographic features of the
road. Fig. 9 shows an example of BC concentration
distribution over roads traveled between the KIST
(Korea Institute of Science and Technology) and the
Olympic Park in Seoul. A BC concentration event hi-
gher than 100 pg/m® happened when a heavy-duty
truck was overtaken on the morning of January 24,
2007.

BC concentrations in a car on a road depend on
spatial location, time of day, and ventilation mode.
Comparison of average BC concentrations measured
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Fig. 9. Spatial distribution of BC concentrations over roads
traveled between the KIST and the Olympic Park on January
24, 2007 (Lee et al., 2007¢).
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Fig. 10. Comparison of average BC concentrations measured
in a vehicle and in ambient air (Lee and Bae, 2006).

in a vehicle and in ambient air is illustrated in Fig. 10
(Lee and Bae, 2006). For the circulation mode, aver-
age BC concentration was 5.9+ 1.7 ug/m? in the
afternoon or evening, which was similar to a 24-hr
average BC concentration (7.0 £5.2 ug/m?) in ambi-
ent air at 200 m from a road in Seoul (Park ef al.,
2002). For the fresh air mode, average BC concen-
trations measured in the morning rush hours, in the
afternoon or evening, and after midnight were 22.8+
3.4, 15.9+7.7, 3.7 ug/m’, respectively. Average BC
concentrations measured under open vehicular win-
dow conditions were 31.94+9.2 and 19.4+5.9 ug/m?

in the morning rush hours and in the afternoon or
evening, respectively. These measured values are
higher than those measured under closed window
conditions. Average BC concentrations inside a pas-
senger car with a fresh mode operation or open-win-
dow driving are significantly higher than the 24-hr
average BC concentration measured at 200 m away
from a road in Seoul.

4. SUMMARY

Traffic-related air pollution studies have been ex-
tensively conducted to understand urban air pollution
and health effects of air pollutants. However, there
has been less attention to this topic in Korea. In this
paper, a few recent studies conducted at roadsides
and on roads in Seoul were reviewed.

Comparison of PM ), concentrations obtained at
both roadside air and urban air monitoring stations in
Seoul showed that roadside air is more polluted than
urban air. Vehicular air pollution is considered a local
air pollution problem and PM, s or ultrafine particles
are important indicators for characterizing vehicular
air pollution.

Concentrations of ultrafine particles and BC at a
roadside fluctuate highly for a short duration, res-
ponding to the traffic situation. Diurnal variations of
ultrafine particles and BC concentrations seem to be
affected by traffic volume. The minimum concentra-
tion is observed between 3 a.m. and 5 a.m. and a
relatively stable particle size distribution is monitored
during that period. Concentrations of ultrafine parti-
cles and BC decrease as distance from a road increa-
ses due to the dilution process during transport. Parti-
culate air pollution maps over roads could be obtain-
ed by in-vehicle measurements. Based on BC mea-
surement data, on-road air pollution seems to be more
severe than roadside air pollution.

In Korea, little information about traffic-related air
pollution is available. To characterize urban air pollu-
tion, extensive studies on vehicle-related air pollu-
tants such as ultrafine particles, BC, NOy, and PAHs
should be carried out in the near future. To charac-
terize exposure levels to vehicular air pollution, these
pollutants should also be monitored at various locat-
ions such as roadsides, on roads, near roads, and in-
door environments near roads.
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