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Abstract 

In Japan, PM regulations in diesel automobile emissions started in 1994. Long-
term measurements of suspended particulate matter (SPM, <7 µm), PMfine 
(<2.1 µm), and PMcoarse (2.1 to 7 µm) were obtained from an urban Kudan site in 
downtown Tokyo from 1994 to 2004 to evaluate the effects of emission 
reduction measures. A remarkable PM mass downward trend was found from 
1996 onwards, especially in the PMfine fraction, which decreased at a rate of 
2.09 µg m-3 yr-1.  The decrease in PMfine is attributable to the decreases in 
elemental carbon (EC) at the rate of 0.82 µg m-3 yr-1.  PMfine EC concentrations 
at the roadside Noge site shows a threefold faster downward trend, at the rate of 
2.56 µg m-3 yr-1.  This decrease is consistent with fleet penetration of engines and 
fuels that complied with a stringent Japanese emission reduction limit which 
began to take effect in 1994.  It is apparent that vehicle emission reduction 
contributed to air quality improvement in Tokyo. The levelling off of the EC 
reductions since 2005 may be explained by the results from the carbon isotope 
(14C) analysis, which suggested contributions from biomass combustion sources 
in addition to vehicle emissions in downtown Tokyo. 
Keywords:  Japan, Tokyo, trends, particulate matter, chemical composition, 
elemental carbon, biomass combustion. 

1 Introduction 

Atmospheric particulate matter (PM) is important for health, visibility, and 
climate [1–3]. Vehicle emissions are major contributors to PM, irrespective of 
recent advances in emission reduction technology [4].  Figure 1 shows a trend in 
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the number of vehicles and fuel consumption over the last 50 years.  Passenger 
and light car numbers increased rapidly from the 1960s to the early 1990s, while 
truck numbers leveled after 1980.  Passenger car and truck numbers decreased 
after 2000, but fuel-use decreased more rapidly after 2000, especially for diesel 
fuel.  Diesel fuel consumption increased from 1987 to 2000, irrespective of the 
steady truck numbers, implying the increase of average kilometers traveled by 
each vehicle, which corresponds to the growth in trip length per year [5]. 

(a) (b)

 
Figure 1: Yearly trends of Transport in Japan (a) the car ownership number 

for each sector, (b) the fuel consumption (data source: Ministry of 
Land, Infrastructure, Transport and Tourism). 

     The ratio of diesel passenger cars in Japan is very low.  Figure 2 shows a 
trend for nitrogen oxides (NOx) and PM emissions from on-road vehicles in the 
Tokyo area [6]. This decreasing trend suggests the effectiveness of the action 
plan: “NO diesel car operation,” established in 1999 by the Governor of Tokyo, 
which prohibits the operation of old vehicles (trucks >7 years) in Tokyo [7]. 
     Diesel engines emit high NOx and low PM during high-temperature 
combustion with the reverse pattern at low temperatures [8].  NOx limitations 
were more stringent than those for PM owing to high ambient nitrogen dioxide 
(NO2) levels detected in the 1970s and early 1980s.  PM emission limits were 
lowered in the 1990s, with new limits for long-term regulation (the most 
stringent in the world) anticipated since 2005 [9]. Figure 3 shows that the 
Japanese government proceeded to more stringent NOx than PM regulations, 
while historically more stringent PM than NOx were regulated in the U.S. and 
Europe. Rapid decrease in PM emissions (2003 – 2005), shown in Figure 2(b), 
reflect: 1) the new short term regulation, enforced in 2003; and 2) the decrease in 
on-road truck numbers (Figure 1(a)). 
     SPM (suspended particulate matter) refers to the Japanese PM standard for 
particles sampled through an inlet having 0% transmission for particles with 
10 µm aerodynamic diameter; equivalent to a 50% cut-point of PM7. Annual 
average SPM in Tokyo has exceeded 50 µg m-3 from 1990–1997.  
Approximately 80% of the 49 monitoring stations exceeded the 24-hour standard 
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Figure 2: Vehicle emission trends for: (a) NOx, expressed as NO2; and 
(b) PMcoarse(?) for the Tokyo metropolitan area. HDV: Heavy-duty 
diesel vehicles; LDV: Light-duty diesel vehicles. Values before 
2005 was based on the actual situation, and value of 2010 was 
estimated in consideration of automobile substitution. 

 

 
 

Figure 3: World emission regulation trend for heavy duty vehicle. 

of 100 µg m-3 (98th percentile) from 1973 when monitoring was started until 
1998.  If engine exhaust is a large contributor to SPM, SPM levels in Japan 
would decrease as vehicle emission limits took place. 
     Ten years (1994–2006) of PM mass and chemical concentrations obtained 
from two sites in Tokyo traffic-dominated environment are examined.  Special 
attention is given to the organic carbon (OC) and elemental carbon (EC) 
fractions (major PM constituents in vehicular emissions [10, 11]), along with six 
water-soluble ionic species.  The objectives of this paper are: 1) to evaluate 
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changes in vehicle contributions; and 2) to establish relationships between 
vehicle emissions and long-term trends in ambient concentrations. 

2 Experimental method 

As shown in Figure 4, the urban Kudan monitors were placed on the rooftop of a 
10-story building about 30m above ground level in downtown Tokyo, with 
heavily travelled roadways nearby.  The site is surrounded by office buildings 
and large open spaces, including the Yasukuni Shrine and the Imperial Palace.  
The nearby Chiyoda (1.9 Km) and Hibiya (2.4 Km) sites are compliance 
monitors operated by the Tokyo metropolitan government.  The Noge monitors 
were located at the busy roadside of Ring 8 with a traffic volume of ~92,000 
vehicles/day on weekdays, including 13% heavy-duty diesel-fuelled vehicles. 
     Table 1 shows the measurements for both in situ continuous hourly SPM by 
beta attenuation monitor (BAM) and two-week integrated SPM filter 
measurements by Andersen Cascade impactor acquired at the Kudan site.  There 
may be some differences when comparing OC and EC between the Kudan and 
Noge sites, since two different carbon analysis protocols are used, but it will not 
affect the 10-year trend.  All thermal carbon methods are operationally defined.  
Watson et al. [12] summarize nearly 20 different methods and 40 different 
intercomparison studies that show varying degrees of agreement worldwide. 
     Water-soluble chloride (Cl-), nitrate (NO3

-), sulphate (SO4
=), sodium (Na+), 

potassium (K+), and ammonium (NH4
+) were measured by ion chromatography 

after extraction of a portion of the quartz-fiber filter in distilled-deionized water 
[13].  Five field blanks were analyzed for carbon and ions with each batch of 100 
ambient samples.  Blank values were averaged and subtracted from the ambient 
samples prior to normalization to the sample volume. 

 

Figure 4: Sampling locations in Tokyo for the: (a) urban site at Kudan; and 
(b) roadsite at Noge. 
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Table1: Summary of ambient measurements at the urban Kudan and roadside 
Noge sites in Tokyo between 1994 and 2004. 

 

3 Results 

3.1 PM mass concentrations  

Figure 5 shows that before 2000, elevated SPM concentrations were frequently 
observed in summer (June – August) and winter (December – February) at the 
urban Kudan site.  High concentrations in summer may be attributed to the 
photochemically generated SO4

=.  Elevated SPM were also found during winter 
due to the shallow surface layer that persists for several hours after sunrise.  
Annual SPM mass concentrations are consistently in the range of 51 – 53 µg m-3 
between 1994 and 1997, with a 25% decrease from 47 µg m-3 in 1998 to 36 µg 
m-3 in 1999.  This decrease was also found at the 27 roadside monitoring sites 
 

 

 
Figure 5: Hourly and annual (inset) arithmetic average SPM mass 

concentrations by beta attenuation monitor (BAM) at the urban 
Kudan site from 1994 through 2006. 
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Figure 6: Two-week and annual average (inset) PMfine (< 2.1 µm) and 

PMcoarse (2.1-7 µm) mass concentrations at the Kudan site from 
1994 to 2006. The dashed line is a least-squares fit to the annual 
averages for nine years, which shows a decrease of 2.09 µg m-3 yr-1 
for PMfine starting September 1996. 

operated by the Tokyo metropolitan government [13].  Mean wind speeds 
increased during summer and winter of 1999, and it is possible that there was 
greater dispersion. 
     As shown in Figure 6, the long-term improvement in SPM levels is due to the 
reductions in the PMfine fraction at a rate of 2.09 µg m-3 yr-1. PMcoarse 
concentrations did not change over the 10-year period, reflecting similar 
influence from road dust or marine aerosol.   A few spikes in PMcoarse were found 
during springtime, probably reflecting contributions from Asian dust storms [14–
16], which are common occurrences in Japan. 

3.2 PM carbon trends 

Figure 7 shows that EC was much higher than OC in PMfine than PMcoarse 
fractions, suggesting the dominance of diesel engines (MOE manual, 1997).  
Average EC to total carbon (TC; sum of EC and OC) ratio was 0.76 in PMfine and 
0.62 in PMcoarse.  The ratio of EC to TC also decreased, indicating that these 
primary emissions were decreasing more rapidly than OC, some of which comes 
from conversion of gases to particles.  The high PMfine EC/TC ratio is similar to 
other measurements reported in Japan [17, 18] and Hong Kong, China.  
Compared to the thermal/optical method (Chow et al., 1993), Takahashi et al. 
[19] found overestimation of EC by 41% in PMfine and by 104% in PMcoarse, but 
no difference was found for TC. 
     The decrease in EC/TC ratio is consistent with diesel vehicles becoming more 
efficient combustors.  PMfine carbon started to decrease after 1996 at a rate of 
0.20 µg m-3 yr-1 for OC and 0.82 µg m-3 yr-1 for EC based on linear regression. 
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Figure 7: Temporal variations in OC and EC concentrations at the Kudan 

site. The reduction rate of each component since 1996, shown by 
the dashed line, is 0.20 µg m-3 yr-1 for OC and 0.82 µg m-3 yr-1 for 
EC. 

These decreases reflect the fleet penetration of lower emitting diesel engines 
mandated by the 1994 for NOx and PM. 
     The long-term EC trend at the urban Kudan site is consistent with the shorter-
term trend found at the roadside Noge site.  The Noge site reported a threefold 
higher EC reduction rate of 2.56 µg m-3 yr-1 (Figure 8), as compared to the 
Kudan site (0.82 µg m-3 yr-1).  Even though this rapid decrease may reflect the 
 

Date  
Figure 8: Two-hour averaged OC and EC concentrations from the R&P5400 

carbon monitor at the Noge site from 12/1/2002 through 8/31/2004. 
The dotted line shows EC concentrations decreasing at a rate of 
2.56 µg m-3 yr-1. 
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phase in of low-emitting diesel vehicles, this value may be biased owing to the 
shorter measurement period, as well as different carbon measurement method 
used at the Noge site. 

3.3 Chemical composition 

Figure 9 shows that water-soluble ions contributed 38% (including 32% from 
NO3

-, SO4
=, and NH4

+) to PMfine for the nine years from 1994 – 2005, with 26% 
attributed to TC.  Long-term trends in PMfine components are more apparent for 
EC, to a much lesser extent for OC, NO3

-, NH4
+, and Cl-, but are unclear for 

SO4
=.  A large change in the EC reduction rate was found beginning 2002 to 

2004, which varied from -0.49 µg m-3 yr-1 to -1.09 µg m-3 yr-1.  As expected, 
material balance in PMcoarse shows 9% for sea salt (Na+ and Cl-), 21% for other 
ions (i.e., NO3

-, SO4
=, NH4

+, and K+), 14% for TC, and 56% in the “other” 
category.  This “other” category can probably be attributed to the abundant 
geological material (i.e., metal oxides) found in PMcoarse. 
 

 

Figure 9: Annual variations of PMfine composition for two-week impactor 
samples at the urban Kudan site from 1994 through 2005.  The 
“others” category in the pie charts includes unmeasured species, such 
as mineral oxides in fugitive dust and oxygen and hydrogen 
associated with organics. 
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3.4 Other carbon sources 

Seasonal variations in the PMfine EC were examined to investigate the decrease 
in EC reduction ratios during 2004 – 2005.  Figure 10 shows a monthly increase 
in EC concentrations from October to December, partially attributed to the 
atmospheric stability during winter. 
     Because 14C is only present in contemporary carbon, not in fossil fuels, the 
influence of biomass burning is investigated [20].  Figure 11 shows that elevated   
 

 
Figure 10: Seasonal variation in PMfine and PMcoarse EC concentrations for 

two-week impactor samples at the urban Kudan site from 1994 
through 2005. 

 

 
Figure 11: Temporal variation in the fine particle (PM2.1) mass, EC, and OC 

concentrations (upper), and the percent of modern carbon, “pMC” 
(lower). The pMC was obtained on the basis of the isotope ratio of 
14C/12C.  A pMC value of 100% means that all of the carbon is of 
biomass origin, and a pMC value of 0% means that all of the 
carbon is of fossil fuel combustion.  The data for both charts was 
obtained from two-week impactor samples at the Kudan site in 
2004. 
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PMfine mass and carbon concentrations between October and November 
correspond to an increasing trend of pMC (the percentage of modern carbon in 
total carbon), suggesting the influence of vegetative burning.  During 2004, as 
major improvements in vehicle engine technology and emission reduction was 
recognized [21], it became clear that vegetative combustion may account for 30–
50% of carbonaceous aerosol in Tokyo.  Tobacco smoke and burning of solid 
wastes in open dumps may be major sources, but the investigation of the sources 
of vegetative burning are underway. 

4 Conclusions 

Ambient SPM (~PM7) concentrations have decreased from 1994 to 2006 at the 
urban Kudan site, near heavily travelled roadways in Tokyo. This trend is mainly 
due to reductions in the PMfine (<2.1 µm) size fraction, that decreased at a rate of 
2.09 µg m-3 yr-1 after 1996.  The decrease in PM mass concentrations 
corresponded to the introduction of new diesel engine technology in 1994 with 
stringent limits on PM emission rates.  Most of the reductions can be attributed 
to the decrease in PMfine EC (0.82 µg m-3 yr-1) and OC (0.20 µg m-3 yr-1).  It 
became clear that vehicle emission reduction contributed to air quality 
improvement in Tokyo.  By examining a carbon isotope (14C/12C) ratio on 
selected samples, it is found that biomass combustion sources could contribute to 
the slowed decreasing trend in EC from 2004 to 2005. More research is 
underway to identify and quantify PM source contributions from biomass and 
fossil fuel combustion. 
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