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Abstract

Due to enforcing vehicle emission reduction requirements in Japan, particulate
matter (PM) concentration, especially the elemental carbon (EC) concentration in
roadside atmosphere, significantly decreased during the last decade. However, in
spite of vehicle emission reductions, recent EC concentrations in the overall
ambient air did not show a clear decrease. To achieve the PM, 5 environmental
standard, measurements based on emission source contribution was desired.
However, source apportionment of carbonaceous aerosol was ambiguous
because chemical components are complicated, and the components change
through photochemical reaction.

The goal of this study was to determine source apportionment for
carbonaceous aerosols. Examination of PM,s was performed in south Kanto
including Tokyo in the summer of 2008 and the winter of 2009. Emissions from
the industrial area around Tokyo Bay and the agricultural northern area showed
PM transport and accumulation due to a seasonal prevailing wind. The
characteristics of carbonaceous aerosol were obtained using carbon profile
analysis and carbon isotope analysis.

Soot-EC was found as a substance with fossil fuel origin which did not
contain biomass combustion matter. Since soot-EC is stable, there was no
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observed difference by site and a uniform concentration was observed in winter.
It became apparent from the carbon isotope analysis using '*C that carbon from
biomass origin comprised 29% of the total carbon in the summer, and 48% of the
total carbon in winter. This was found at all sites, even at Kudan in central
Tokyo. The biomass contribution measured for this study did not show a
significant difference from the 2004 measured results. It is not understood why
the influence of the diesel exhaust purification on the carbon aerosol of the fossil
fuel origin was not observed. Fossil fuel origin carbon was understood to consist
of EC as the main component. However, the contribution of organic carbon (OC)
increased. Subsequently, the effect of diesel exhaust purification is difficult to
determine.

Keywords: elemental carbon, organic carbon, carbon profile, isotropic carbon
analysis, source contribution, fossil fuels, biomass combustion.

1 Introduction

The Japanese Ministry of Environment (MOE) promulgated the air quality
standard of PM, s on September 2009. In the MOE report of 2010 fiscal year [1],
an achievement ratio of PM,s air quality standard obtained at ambient
monitoring sites was 32.4% and that of vehicle emission monitoring sites was
8.3%. The annual average concentration of PM, s in remote areas with very little
anthropogenic emission have values close to the air quality standard.
Subsequently, it is difficult to achieve the PM, 5 standard in urban areas. In order
to decrease PM,s concentrations and to understand the source contribution,
chemical composition analysis was started to be performed at each local
government site.

Vehicle emissions were major contributors of particulate matter (PM) [2].
However, with recent advances in emission reduction technology, the elemental
carbon (EC) concentration that was representative of the primary particle in
PM, ;5 decreased in Tokyo noticeably. Figure 1 shows EC and organic carbon
(OC) concentration trends for fine PM (PM;;) [3]. In recent years, while the
diesel vehicle emissions predicted value was reduced, the EC concentration did
not exhibit a concentration reduction commensurate with reduced emissions in
Tokyo [4]. Therefore, it is necessary to review the origin of carbon emissions.
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Figure 1: Concentration trend in PM, | observed at Tokyo, Japan.
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The goal of this study was to quantify the source contribution of EC and OC
in the Tokyo metropolitan and suburban areas and around remote areas.
Carbonaceous aerosol involves many carbonaceous compositions and changes
with photochemical oxidation. Its source contribution and ambient behaviour is
not well known [5]. Secondary organic aerosols (SOA) concentration prediction
using an air quality simulation model has results which are less than observed
results in many cases [6]. Research of undetected emission sources, such as VOC
of from biomass origin (BVOC), has started [7].

To evaluate the effective improvement in PM, s concentration, the Ministry of
Economy, Trade and Industry started the JATOP (Japanese Auto-Oil program) in
2007 to investigate the influence motor vehicle emissions have on ambient PM.
During this program, two intentional observation campaigns were conducted in
summer of 2008 and in winter of 2009. From aircraft measurement during the
summer campaign, particle growth rate mostly from SOA was reported at an
inland in the south Kanto area including Tokyo [8]. This study focused on the
characteristics of carbonaceous aerosol and its emission source by using
observed results from both campaigns.

2 Observation

2.1 Method

Four air monitoring sites were placed along the route of pollutants transfered by
sea-land breeze [9] starting from “Urayasu” site of Tokyo Bay to “Kisai” site
which was 60km northwest from Urayasu and in the rural area in the south
Kanto region. Sites “Kudan” and “Saitama” were placed in an areas
representative of downtown Tokyo and the suburban Tokyo area, respectively.
While having observed an air quality change inland from the Tokyo Bay at the
four sites, change of east and west was studied at the National Institute for
Environmental Study “NIES” site and the Tokyo Metropolitan University
“TMU” site. The “Yoyogi” site was located in a large park (0.54 km®) in central
Tokyo. This site is 4 km from the Kudan site, and was chosen to investigate the
influence of vegetation. The summer observation was conducted from July 28 to
August 11, 2008. The winter observation was conducted from November 23 to
December 9, 2009. Observations during winter at NIES, TMU, and Yoyogi site
were not used. In other words, observations were made only at the four main
sites, i.e. Urayasu, Kudan, Saitama, and Kisai.

The observation methods are summarized in Table 1. Gas pollutants and
weather observations were also conducted for PM, 5 reference data. PM, s was
sampled starting at 9:00 and continued for 24 hours. The sampled filters were
preserved in frozen storage immediately. Using a portion of the sampled filters,
carbon components were analyzed using the Carbon Analyzer with the Thermal-
Optical-Reflectance Analysis (IMPROVE) method. In addition, levoglucosan
analysis was performed using the same filters. Filter blanks and travel blanks
were analysed for each PM, s filter samples, and the concentration estimation
was adjusted accordingly.
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Table 1: Summary of ambient measurements.

TEOM (R&P1400) Taper oscillation method| 7/28-8/11 —
e Soak with room 7/29-8/5 —
with Teflon filter
TICAS-SJ (Vurata 24hr | temperature and 35%
apan) with Teflon filte humidity T e
Sampled using GS-10
- 7/29-8/5 11/23-12/9
Water soluble Sa'“"*i;‘;’l'g‘n“’:"“de’ 3hr (day), 6hr (night) | 6hr (day), 12hr (night)
Bhr, 6hr,
lon chromatograph e - -
. 12hr, [Sampled using FRM with 7/29-8/5 .
EEEsBER) || S Teflon fiter 24hr
Sampled using MCSA- 11/23-12/9
SJ with Teflon filter - 24hr
Sampled FRM
Carbon analyzer (DRI mﬂ %uﬁ;‘%ner 7/29-8/5 —
e it Sampled using MCSA- . 11/23-12/9
SJ with Quartz filter
ISampled using FRM with
Accelerator Mass . Quartz gner 7128811 -
Spectrometer (Paleo |2weeks Sampled using MCSA
Labo, Japan mpled using - — -
pan) SJ with Quartz filter ez
Levoglucosan GC’CF\)APSE%GS%)MS- 24hr BSTFA method 7/29-8/5 11/23-12/9
NOx monitor (Thermo Chemiluminescence
NO, NO; Model 42) 1s method 7/28-8/11 11/23-12/9
O3 monitor (Thermo
0, Model 49, Dylec 1s UV absorption method 7/28-811 11/23-12/9
Model1150. tec.)
voc GC/MS 24hr |6 liter canister sampling 7/30 -8/2 —
Temperature Chino, Pt-100 1s Platinum resistance 7/28-8M11 11/23-12/9
Humidity Vaisala, HMP-45A 1s HUMICAP180 sensor 7/28-8/11 11/23-12/9
Wind Kaijo, DA-600 1s  |Ultrasonic anemometer 7/28-8M11 11/23-12/9

2.2 Air pollution condition

The mass concentration of the suspended particle matter (SPM) which is
equivalent to PM; is measured at more than 200 monitoring sites in the southern
Kanto region by local governments. Figure 2 was based on SPM and wind data
of these sites. Figure 2(a) and 2(c) show the spatial distribution of SPM
concentration in summer and winter. In summer, a southern wind is prevailing
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Figure 2: SPM spatial distribution ((a) and (c)) and pollutant trajectories ((b)
and (d)).
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and anthropogenic pollutants, mostly emitted from the surrounding Tokyo Bay
area are transported to the northern area. Figure 2(b) represents pollutant
trajectories usually observed in summer. On the other hand, northern wind
prevails in winter as shown in Figure 2(d), and the pollutants tend to be
transported toward the south. Since there are many agricultural areas and few
industrial facilities in the north compared with south area, overall PM
concentration was lower in the winter than the summer.

3 Analysis

3.1 Regional differences in carbon components

The carbonaceous aerosol characterization was conducted using the IMPROVE
thermal/optical reflectance protocol [10, 11] by using a Thermal/Optical Carbon
Analyser, DRI Model 2001. In the carbon analyser, concentrations for four types
of OC (from OCl1 to OC4) were obtained by volatilization temperature (from
120°C to 550°C), and three types of EC (from EC1 to EC3) were obtained (from
550°C to 800°C), under an oxidized condition. In this observation, the
concentration of OC1 was below the limit of detection in both seasons. Pyr-OC
is a portion of the volatilizable carbon chars in the absence of oxygen, and this
was measured using the reflected laser light as the filter darkens. After O, was
added, the original EC and pyrolized char evolved and the filter color lightens as
detected by increasing reflectance. The carbon that evolves in the oxidizing
atmosphere until the reflected light achieves its initial value is termed pyrolyzed
organic carbon (Pyr-OC). Pyr-OC is mainly included in the organic carbon
which receives the photochemical oxidation reaction. Char-EC is defined by
[EC1]-[Pry-OC], and according to Han et al. [12], it is mostly contained in the
combustion product of biomass or coal. On the other hand, Soot-EC is defined
by [EC2J+[EC3] and is mostly contained in combustion soot of n-hexane.
Therefore, Char-EC exhibits the possibility of including biomass combustion as
an emission source and Soot-EC has the possibility of including industrial
sources such as diesel combustion as an emission source.

Carbonaceous concentrations in winter were higher than summer
concentrations for all components except for EC2 and OC2 in Saitama and Soot-
EC in all sites. Especially OC2 showed a tendency for high concentrations
further inland. Correlation of OC2/Total Carbon (TC) with ozone concentration
and sulfate/PM mass (composition ratio of sulfate) were comparatively high
(correlation coefficients » were 0.79 and 0.89, respectively), and since a positive
correlation with wind velocity was seen (» =0.71), OC2 can be considered to
possibility be from exhaust emissions of industrial origin which formed organic
carbon in response to a photochemical reaction in the atmosphere. Pyr-OC
showed the same tendency.

The tendency of high Soot-EC concentration in summer had little regional
difference. High temperature combustion sources, such as power generators and
industrial boilers, were located in a southern area, and a southern summer wind
transported the soot to the entire south Kanto region. Since Soot-EC is a
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chemically stable substance, it is thought to have contributed to uniform
distribution over the region. Soot-EC/TC showed negative correlation (»=-0.73)
with levoglucosan/mass, and the possibility of the biomass combustion origin
was low. Furthermore, Soot-EC/TC showed positive correlation (= 0.89) with
sulfate/mass, and suggested the possibility of having an industrial origin.

Additionally, Char-EC was high during the winter campaign. Considering the
north wind was predominant, it implies there were emission sources in the north.
This suggests the possibility of the presence of biomass combustion in an
agricultural area located in the north. The levoglucosan is one of the indices of
biomass combustion, and its content in particles is shown in Fig. 3 for each
observation site. The tendency of high Char-EC concentration was observed in
the city suburbs and the agricultural area of northern area, such as Saitama and
Kisai. However, levoglucosan is an unstable substance, so, the correlation with
the Char-EC was low (r = 0.52). Additionally, the correlation of Char-EC/TC
with nitric oxide (NO) was comparatively high (» = 0.84), there was a negative
correlation with wind velocity (» = -0.78) and there was a positive correlation
with Chloride ion (CI)/mass which is an indices of garbage combustion
involving biomass (» = 0.75). Therefore, these were considered to be
characteristics of the various local low-temperature combustion emission
originators which were different from industrial high temperature combustion
emission originators.
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Figure 3: Comparisons of levoglucosan contents in PM, 5.

When the levoglucosan contents involving particles as an indicator of bio-
origin, as shown in Figure 4a, much of the Char-EC/TC observed in the winter
was considered to be bio-origin. Here, Bio-origin of Char-EC was obtained from
the correlation between levoglucosan and Char-EC, and the remaining portion
was defined as non-Bio-origin. However, during the summer much of Char-
EC/TC had non-bio-origin. Soot-EC/TC had almost same content (6%) for sites
in the winter in Figure 4b, it is theorized that a uniform emission source such as
diesel exhaust contributed to the entire northern area. The value of Soot-EC/TC
had some variation during the summer over the different areas. This value was
considered to include contributions of neighbouring industrial emission. In
particular, Urayasu showed high Soot-EC/TC, and marine vessel emissions can
be considered to be sources.
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Figure 4: Comparisons of (a) Char-EC and (b) Soot-EC in total carbon (TC).
3.2 Regional differences in isotopic carbon concentration

The percent modern carbon (pMC) which is an index of biomass origin, is
estimated on the basis of the '*C concentration in 1950 as reference value (pMC
= 100%, A™C = 0%o), and corrected the isotope fractionation effect by
normalizing the sample §"°C value to -25.0 %o. As a result of the isotopic carbon
analysis using total carbon, pMC was obtained for each observation sites. As
shown in Fig. 5, pMC of TC at Kudan had the lowest result (29%), and the
highest result was at NIES (47%). As expected, results showed a high biomass
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Figure 5: Spatial distribution of Figure 6: Seasonal change in
pMC in summer 2008. pMC and comparisons

observed at Kudan.

contribution in the suburbs. Additionally, it became apparent that biomass
emission contributed to nearly 29% of TC in central Tokyo. Possible biomass
combustion sources in central Tokyo are: cooking smoke, tobacco smoke, and
garbage incineration (private communication with researchers of Tokyo
government). At the Yoyogi site, which is close to the Kudan site, it should be
noted that the pMC value was 12% higher than Kudan. Since Yoyogi Park is one
of the largest metropolitan parks in central Tokyo, it is improbable large-scale
biomass combustion occurred there. Organic carbon from biogenic VOC
(BVOC) origin without combustion is considered to be one of the sources.

In the 2009 winter campaign, sampled filters were cut in half. One half of the
filters were analyzed with a similar method as the summer samples for isotopic
carbon analysis as TC. The other half of the filter analyzed for OC and Pyr-OC
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in a Carbon Analyser, then cooled immediately and an isotopic analysis as an EC
sample was conducted. The higher pMC was observed in the suburbs compared
to central Tokyo, and in winter compared to summer. Since the north wind was
present in the winter, it supported the hypothesis of biomass contributions being
transported from the northern area. The tendency where pMC in Kudan during
the winter increased to 48% from 29% in the summer agreed with a previous
study observed in 2004 [13], as shown in Figure 6. Fossil fuel emission
contribution at the four main sites on average was 61% and 49% in the summer
and winter, respectively. These values for the Japan rural area are about 20%
higher than the Europe rural background [14].

Table 2: Summary of pMC involved in carbon components.

e urayasu | tudan | saitama | Kisai | NES_| 1Mu_| Yoyosi | average |

Summer 2008 TC 37.3210.14 29.1410.12 35.4810.13 28.7910.15 46.97.10.45 41.0110.16 41.0710.14 38.5

TC 46.73:0.16 48.15:0.17 49.37+018 59.32:0.16 50.9
Winter 2008 EC  35.02:0.16 35.23:0.12 38231013 4554016 385
oc 53.60 54.99 55.21 66.72 57.6

Table 2 shows pMC obtained by analysis based on TC and EC and the
estimated value of pMC contained in OC (pMCg() as obtained by Equation (1):

pMCoc = [ECJ/[OC] x (pMCrc — pMCec) + pMCrc (1

where pMCrc and pMCgc means pMC based on TC and EC, respectively.
Furthermore, as restriction conditions, Equations 2 and 3 have been established:

[TC] = [EC] + [OC] )
[BTC] = [BEC] + [BOC] 3)

where [BTC], [BEC], and [BOC] means biomass origin concentration of TC,
EC, and OC, respectively. From results shown in Table 2, approximately 58% of
carbonaceous aerosols originated as BOC, and contribution of BOC was higher
than BEC even in the winter season. Since it was expected that large quantities
of VOCs with bio-origin evaporate in summer compared to the winter, increased
BOC contribution was also expected in summer. It is hypothesized that the high
pMC value at the Yoyogi site had a high BOC contribution.

Using the pMC obtained in Table 2, the concentration was estimated
according to the origin of carbonaceous aerosol, and is shown in Figure 7. As
shown in Figure 7(a), carbonaceous aerosol of fossil fuel origin (FTC) exceeded
the biomass origin (BTC) and emissions of industrial areas near Tokyo Bay
increased FTC concentration of the neighborhood site. The FTC concentration of
Urayasu was low (1.1 ug m™), since emissions are dispersed to Tokyo Bay.
However, the ratio of FTC contained in TC (FTC/TC) became the highest (63%)
of all sites same as Soot-EC/TC shown in Figure 4(b).
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Figure 7: Carbonaceous aerosol concentration and their estimated origin.

Winter results are shown in Figure 7(b). This had similar FTC concentration
results of about 3 pg m™ for all observation sites. EC from fossil fuel origin
(FEC) involves Soot-EC. However, Soot-EC showed a different tendency than
the inland high concentrations. This implies that some portion of Char-EC was
involved in FEC. In the future, it will be necessary to inspect FEC content
included in Char-EC. Furthermore, it was hypothesized that the majority of FTC
was in a state of EC, but it became clear that OC contribution to FTC was large
(average 56%).

The biomass contribution measured for this study does not show a significant
difference between the measured results in 2004. Diesel exhaust purification on
the carbon aerosol of the fossil fuel origin was not seen. Fossil fuel origin carbon
was understood to be EC was main contributor. However, the contribution of
organic carbon (OC) was found to be larger than the fossil fuel contribution. For
this reason, the effect of diesel exhaust purification affect was difficult to
determine.

BTC showed good correlation with levoglucosan. However, as shown in
Figure 8, the approximate line offset at BTC was 0.3 ug m™. This could be due to
two processes. The first is a process in which BTC stays in the air for a long
period as a background component, until the time when levoglucosan
decomposes and disappears. The second is a process in which BTC (BOC) is
generated from a non-combustion origin. The majority of BTC was expected to
be in the form of OC (average 73%), and the concentration of BOC showed
increased concentrations inland. Reasons suggested for this were an
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Figure 8: Relationship with BTC and levoglucosan concentration.
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accumulation of BVOC in inland areas and a photochemical change to
OCoccured. Weber et al. [15] stated that 70-80% of carbon in water-soluble OC
was from biogenic origin in Atlanta in summer as determined by radiocarbon
measurements. Additionally, Szidat et al. [16] concluded there is a 59-80%
biogenic contribution to OC particle formation found in daytime collected
samples. Therefore, further investigation regarding the bio-origin of OC as a
component of PM, 5 formation is required.

Biomass origin of EC (BEC) showed similar concentrations at all sites except
in Kisai. In Japan prior to 2009, since the use of biofuels for automobile was
minimal, BEC were considered mainly due to other combustion sources such as
daily tobacco and cooking smoke. Moreover, biomass combustion on an
industrial scale such as garbage incineration may have occurred in Kisai.

Study of carbonaceous aerosol behavior using carbon isotope is in its infancy.
In order to clarify the origin of carbonaceous aerosol, seasonal or daily
observation with improved measurement accuracy is needed, and the time and
spatial variation of the carbonaceous aerosols of fossil fuel origin and biomass
origin should be understood.

4 Conclusions

Observation of PM, s was conducted in south Kanto, in the summer of 2008, and
the winter of 2009. The characteristics of carbonaceous aerosol were obtained
using carbon profile analysis and carbon isotope analysis.

1. OC2 showed a correlation with ozone concentration and wind velocity.
This suggests OC2 is formed through photochemical oxidization. In summer,
due to southern wind transportation, high OC2 concentration was measured in
the northern area of the south Kanto region.

2. Soot-EC is a substance from fossil fuel origin which does not contain
biomass combustion matter, and since it is stable, there was no observed
difference by site and a uniform concentration was observed in winter. Due to
the exhaust influence of the industrial facilities around Tokyo Bay,
neighbourhood observation site showed high concentration in summer. Among
the four observation sites, Urayasu had the highest the ratio of Soot-EC in total
carbon, the influence of marine vessel emissions was considered to be the
source.

3. Char-EC had origins from industrial combustion including diesel
combustion and biomass combustion. The industrial combustion contribution
was determined to be larger in summer than biomass combustion contribution,
while the reverse was determined for the winter, i.e. larger biomass combustion
in the winter than industrial combustion contribution.

4. It became clear from the carbon isotope analysis using *C that the carbon
from biomass origin comprised 29% of total carbon in the summer, and 48% in
the winter even at Kudan in the central Tokyo. The tendency for biomass
contribution increased about 10% in the suburbs or the northern remote area.
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5. Particle concentration with fossil fuel emission origin (FTC) in the winter
was about 3 pg m” and a regional difference was not found. Approximately 56%
of FTC was fossil fuel OC. 73% of the particles of biomass origin (BTC)
observed in the winter were BOC.

6. The diesel vehicle exhaust purification does not show a clear difference in
pMC observed at a central Tokyo in comparison with a previous study in 2004.
Fossil fuel origin carbon was understood that EC was main subject, however, the
contribution of organic carbon (OC) was found bigger. For this reason, it is
thought that the effect of diesel exhaust purification becomes difficult to see its
effect.

Carbon isotope analysis is an effective technique and needs to be used in the
future to investigate changes for every season or time period. Furthermore, the
carbon isotope analysis in conjunction with carbon profile is expected to give
more detailed information about source emissions by investigating the pMC of
each carbon component of OC and EC.
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