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Abstract: To clarify the relationship between changes in photochemical oxidants’ (Ox) concentrations
and their precursors in Kawasaki, a series of analyses were conducted using data on Ox, their
precursors, nitrogen oxides (NOx) and volatile organic compounds (VOCs), and meteorology that
had been monitored throughout the city of Kawasaki for 30 years from 1990 to 2019. The trend in air
temperature was upward, wind speed was downward, and solar radiation was upward, indicating
an increasing trend in meteorological factors in which Ox concentrations tend to be higher. Between
1990 and 2013, the annual average Ox increased throughout Kawasaki and remained flat after that.
The three-year moving average of the daily peak increased until 2015, and after that, it exhibited
a slight decline. The amount of generated Ox is another important indicator. To evaluate this, a
new indicator, the daytime production of photochemical oxidant (DPOx), was proposed. DPOx
is defined by daytime averaged Ox concentrations less the previous day’s nighttime averaged Ox
concentrations. The trend in DPOx from April to October has been decreasing since around 2006,
and it was found that this indicator reflects the impact of reducing emissions of NOx and VOCs in
Kawasaki.

Keywords: Kawasaki; photochemical oxidant; NOx; VOCs; atmospheric pollution trend over past
30 years; photochemical oxidant precursors; new evaluation indicators for photochemical oxidants;
observed data analysis

1. Introduction

Kawasaki is part of the Keihin (Tokyo–Yokohama, Japan) industrial area, and there-
fore industries such as steel, chemical, and petrochemical are concentrated in the city. At
one time, the city experienced serious pollution problems, such as atmospheric pollution
and water contamination, but in 1972, the Kawasaki city government implemented local
regulations for total pollution loads (Appendix A) first in Japan, and in 1974, the Envi-
ronment Agency, government of Japan (later Ministry of the Environment, Tokyo, Japan),
implemented similar regulations. As such, it is a city that has been a pioneer in Japan
of advanced measures to control air pollution. As a result, in fiscal year (FY)2019, the
average concentration of SO2 had dropped by 99% from its peak in FY1965, while the
average concentration of CO had fallen by 92% compared with its FY1972 peak. Data like
these illustrate that there has been a huge improvement in the concentrations of primary
pollutants.
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In contrast, in Japan, the environmental quality standard (EQS) for photochemical oxi-
dants (Ox) (shown in Table 1) was established in 1973, and Ox exceed the EQS nationwide,
including in Kawasaki.

Table 1. Environmental quality standard (EQS) for photochemical oxidants (Ox) in Japan (established
in 1973).

Environmental quality standard Hourly value should not exceed 0.06 ppm
(118 µg/m3).

Evaluation methods of environmental
quality standard

If the one-hour mean value exceeds 0.06 ppm, it is
judged not to have achieved the standard.

Ox are defined as oxidizing substances in the atmosphere, excluding NOx. However,
ozone (O3) is the major component of Ox, so the Ministry of the Environment (MOE),
government of Japan, decided to equate O3 concentrations with Ox concentrations in
1996 [1]. In this paper, O3 is used interchangeably Ox.

The dynamics of Ox in urban and surrounding areas are closely related to meteorolog-
ical parameters such as the intensity of ultraviolet (UV) radiation, air temperature, wind
speed, and wind direction. High concentrations of Ox in summer result in the frequent
occurrence of photochemical smog [2], where the air turns white and hazy. This can have
an adverse impact on human respiratory organs and on plant life [3,4]. Atmospheric pollu-
tants, including Ox, are accelerating factors in the material deterioration of buildings and
other structures as well as objects of cultural heritage. Relationships between air pollution
and material deterioration were investigated [5]. Observations of O3 had already been
conducted in the first half of the 20th century, and the measurements were re-evaluated
using the original conversion method [6]. The observed O3, NO, NO2, and NOx were
statistically analyzed, and original numerical relations were devised using the data [7,8].
In urban areas around Kawasaki, trend analyses of precursors of O3 [9], analyses on the
impact of the previous day’s precursors with three-dimensional simulation models [10],
and analyses of the relationship between precursor emissions and O3 concentrations [11]
were conducted. Nationwide, a comparison of results calculated with four gas-phase
chemical mechanisms involved in ozone formation [12], evaluation of model performance
on ozone concentrations over urban areas in model inter-comparisons [13], and comprehen-
sive analyses of source sensitivities and apportionments of ozone via multiple numerical
techniques [14] were conducted. In other countries, analyses of the relationship between
O3 concentrations and trends in precursors of O3 have been conducted [15,16].

In addition to the EQS, the MOE proposed a new indicator, the three-year moving
average of the annual 99th percentile of the daily maximum for the eight-hour value of
Ox (Appendix B). However, this indicator is often strongly influenced by transboundary
pollutants because of meteorological conditions. So, a new indicator independent of meteo-
rological conditions is essential to assess the amount of Ox formation in a local area. In this
article, trend analyses of 30 years of observed data on Ox, NOx, non-methane hydrocar-
bons (NMHC) (an indicator of volatile organic compounds (VOCs)), and meteorology in
Kawasaki are conducted. Furthermore, an original indicator representing the amount of Ox
formation in Kawasaki is proposed. This indicator represents the amount of Ox formation
independent of meteorological condition changes by year and can be using to assess the
effectiveness of strategies for reducing ozone precursor emissions.

2. Monitoring of Atmospheric Pollution and the Trend in Ox Concentrations
2.1. Monitoring of Atmospheric Pollution

In this article, we will refer to the region that contains the city of Tokyo and the
prefectures of Kanagawa, Chiba, and Saitama, which is shown in Figure 1, as the Tokyo
Metropolitan Area (TMA). Kawasaki is a city located in the northern part of Kanagawa,
which itself is situated in the southwestern part of the TMA. The city covers an area of
144 km2 and borders the southern part of Tokyo at the north. The southeast of the city faces
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Tokyo Bay (Honshu, Japan), and the coastal area is part of the Keihin industrial area, which
is one of Japan’s foremost industrial zones.

Geographically, ground elevation increases gradually as one moves inland from the
coastal area, and land reaches its highest point above sea level, 140 m, approximately 27 km
from the sea. The city is also an important transport hub connecting the huge city of Tokyo,
Japan’s capital, with Kanagawa Prefecture, making it a highly convenient location. This
has attracted numerous residents, and the population currently stands at over 1.5 million,
making the city Japan’s sixth largest in terms of population.
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Figure 1. Location of Kawasaki City in Japan.

In this environment, air quality is well maintained, and with the aim of protecting the
health of residents, atmospheric pollution is monitored continuously in Kawasaki.

Figure 2 shows the air monitoring system in operation in Kawasaki. For this paper,
we employed constant-observation data from all 18 stations that were used, as of October
2020, to take measurements in Kawasaki. These comprise nine general stations (General
sta., explained in the description of administrative criteria) and nine roadside stations
(Roadside sta., explained in the description of administrative criteria).

The period of analysis was 30 years from FY1990 to FY2019, and the variables surveyed
were Ox, NOx (total of NO and NO2), NMHC, and climate (air temperature, solar radiation,
and wind speed). In this paper, fiscal year (FY) denotes a period from April of a year until
March of the following year, while year denotes a period from January to December.

Ox is monitored at all 9 General sta.; NOx, which is the total of NO2 and NO, is
monitored at all 18 General sta. and Roadway sta.; NMHC are monitored at 7 General
sta., excluding Miyamae and Asao; air temperature and wind speed are monitored at all 9
General sta.; and solar radiation is monitored at just 2 stations, Tajima and Saiwai.

Even as part of the TMA, Kawasaki covers only a limited area and is regarded as a
single, self-contained area, so we based our analysis not on the measurements from each
station but on the average values from all the stations.
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Figure 2. Locations of air quality monitoring stations in Kawasaki. In the figure, General sta. are
denoted as • and Roadside sta. are denoted as N.

2.2. Trend in Ox Concentrations
2.2.1. Annual Average

Figure 3 shows the trend in the annual average Ox calculated as the average of hourly
values for all nine general air monitoring/measurement stations installed in Kawasaki.
The three lines (All the time, Daytime, and Night) refer, respectively, to the 24 h average,
the average for 6 a.m.–8 p.m., and the average for 12 a.m.–5 a.m. and 9 p.m.–12 a.m.

The three annual averages generally all exhibited an upward trend from FY1990, and
the tendency for daytime Ox concentrations to increase was similar to that seen with the
nationwide average [17]. The averages also remained flat from around FY2013 onward.
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Figure 3. Trends in the annual averages of Ox. Ox (All the time): annual averages of hourly Ox for
all nine General sta. Ox (Daytime): annual averages of hourly Ox for all nine General sta. from 6 a.m.
to 8 p.m. Ox (Night): annual averages of hourly Ox for all nine General sta. from 12 a.m. to 5 a.m.
and 9 p.m.–12 a.m.
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The trend over time in the monthly average Ox for each month was investigated to
obtain a detailed breakdown of the annual average, and the results are shown in Figure 4.
It became clear that Ox concentrations in spring, which is in April and May, are higher
than those in other seasons and these concentrations have markedly increased over the
years. Transboundary transport from the continent is likely to be the reason for the high
Ox concentrations seen in April and May [18,19].
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Figure 4. Trend in monthly average Ox for each month. Ox: monthly averages of hourly Ox at all nine General sta.

To quantitatively grasp the rise in Ox over the years, the year-on-year rate of increase
in the monthly average Ox for each decade is shown in Figure 5. In the 1990s, there was
an upward trend in all months except July. In the 2000s, January and December exhibited
a slight downward trend, but the trend was upward for the other months and during
the period from April to October, during which photochemical smog warnings (PSW) are
issued, the upward trend was comparatively higher in May and September. In the 2010s,
the trend was upward for all months with the exception of July.
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Figure 5. Rate of increase in monthly average Ox concentrations for each month. Ox concentrations:
same as Figure 4. Rate of increase: slope of linear regression line for monthly averages for each
decade.

2.2.2. The Number of Days on Which Photochemical Smog Warnings Issued

In Japan, if the hourly value of Ox is 0.12 ppm or higher and the meteorological
condition average of this situation is expected to continue, the prefectural governor issues,
pursuant to the Air Pollution Control Act, photochemical smog warnings (PSW) to raise
awareness among citizens and urge factories to take steps such as reducing their fuel usage
(Appendix C). In the TMA, PSW are issued every year, mainly during summer, and smog
has become a serious issue relating to the air environment [20].

As an indicator of high Ox concentrations, the trend over time in the number of days
on which PSW were issued in Kawasaki is shown in Figure 6. Regarding the number of
days on which PSW were issued, in the 1990s, the number did not exceed 10 days in any
fiscal year, so the number was comparatively small. In the 2000s, however, the number of
PSW topped 10 in FY2001, FY2004, FY2006, and FY2007, with the peak being in FY2007,
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when the number of such days was 13. In the 2010s, the number of PSW surpassed 10 only
in FY2013, so a decline was seen relative to the 2000s. Over the entire 30-year period, the
level of fiscal-year-to-fiscal-year variation in the number of PSW was large.
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Figure 6. Trend in the number of days on which photochemical smog warnings (PSW) were issued
in Kawasaki.

As an indicator of high Ox concentrations throughout the year, the annual averages
of daytime daily maximums are shown in Figure 7. Because the daily maximum is prone
to influence by meteorological conditions, it is shown as a three-year moving average.
Although an upward trend was seen until around FY2015, it has remained flat in recent
years.
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Figure 7. Trend in the three-year moving average for daily maximum of Ox concentrations. Ox: daily
maximum of hourly Ox at all nine General sta.

2.2.3. A New Indicator from the MOE

In 2016, the MOE presented the three-year moving average of the annual 99th per-
centile of the daily maximum for the eight-hour value as an indicator for properly assessing
the effectiveness of Ox-related environmental improvements (Appendix B). The 99th per-
centile of the daily maximum for the eight-hour value involves calculating the maximum
from among the eight-hour moving averages on a single day. A year’s worth of these maxi-
mum values is arranged, and the 99% counting from the lowest day is the 99th percentile of
the daily maximum for the eight-hour value. It is suitable for determining the situation in
a high-concentration zone. This value has been on a downward trend since around FY2008
in the TMA, Nagoya area, Osaka/Kyoto area, and Kyushu area [21]. Figure 8 shows the
application of this indicator to the average from all nine General sta. that perform mea-
surements in Kawasaki. Peaks were also seen in Kawasaki around FY2008; after that, there
is variation over time, depending on the fiscal year and the value is flat. FY2013 was an
unusual fiscal year, as during summer, high pressure over the Pacific was combined with
high pressure over Tibet, and these high-pressure systems covered the whole of Japan.
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As a result, air temperatures were high, solar radiation was high, and wind speed was
slow [22]. In FY2017–FY2019, meanwhile, we believe that the new indicator increased due
to the impact of the nationwide transboundary pollution that occurred in May 2019 [23].
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Figure 8. Trend in a new indicator from the Ministry of the Environment (MOE) (three-year mov-
ing average of the annual 99th percentile of the daily maximum for the eight-hour value). Ox
concentration: calculation of annual 99th percentile of the daily maximum for the eight-hour value.

3. Meteorological Conditions

Because Ox is a secondary pollutant generated by ultraviolet (UV) radiation, the
development of high concentrations is closely related to meteorological factors such as
air temperature, wind speed, and solar radiation [2]. Because of this, long-term trends in
factors such as air temperature, wind speed, and solar radiation in Kawasaki were analyzed
over 30 years from 1990 to 2019.

3.1. Air Temperature

The trends in the annual averages of the daily maximum temperature, daily aver-
age temperature, and daily minimum temperature are shown in Figure 9. All of them
exhibit a rising trend, and the rate of increase in the minimum temperature is the greatest
(0.00338 ◦C/year), which is followed by the rate of increase in the average temperature
(0.0274 ◦C/year) and the rate of increase in the maximum temperature (0.0234 ◦C/year), as
seen from the slopes of the regression lines.
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Figure 9. Trend in annual averages of air temperature. Air temperature: annual averages of daily
maximum, daily average, and daily minimum of air temperature at all nine General sta.



Atmosphere 2021, 12, 446 8 of 25

The rate of increase over time in the monthly average temperature is shown in
Figure 10. The daily minimum temperature and the daily average temperature trend
upward for all months, and the daily maximum temperature exhibits a rising trend in
every month except February, November, and December. The rates of increase from March
to October are greater than those for January, February, November, and December, which
indicates that winters are shorter and summers are longer. From April to October, the
period during which PSW are issued, the rising trend is particularly marked.
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Figure 10. Rate of increase over time in monthly averages of air temperature (1990−2019). Air
temperature: same as Figure 9. Rate of increase in air temperature: slope of linear regression line for
the monthly average temperature for each month over 30 years.

3.2. Wind Speed

The trend in the annual average wind speed is shown in Figure 11. Wind speed
data of six stations continuously operated were used for analyzing. Although there was
year-to-year variation between 1990 and 2019, a gradual declining trend was observed.
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Figure 11. Trend in annual averages of wind speed. Wind speed: annual averages of hourly wind
speed at six General sta. (Daishi, Nakahara, Takatsu, Miyamae, Tama, and Asao).

The rate of increase over time in the monthly average wind speed for each month is
shown in Figure 12. A declining trend is seen in every month. During the period April–
October, when PSW are issued, the downward trend is greater than the annual average in
May, June, August, and September and smaller than the annual average in July.



Atmosphere 2021, 12, 446 9 of 25

Atmosphere 2021, 12, x FOR PEER REVIEW 9 of 26 
 

 

 
Figure 11. Trend in annual averages of wind speed. Wind speed: annual averages of hourly wind 
speed at six General sta. (Daishi, Nakahara, Takatsu, Miyamae, Tama, and Asao). 

The rate of increase over time in the monthly average wind speed for each month is 
shown in Figure 12. A declining trend is seen in every month. During the period April–
October, when PSW are issued, the downward trend is greater than the annual average in 
May, June, August, and September and smaller than the annual average in July. 

 
Figure 12. Rate of increase over time in the monthly averages of wind speed for each month 
(1990−2019). Wind speed: same as Figure 11. Rate of increase in wind speed: slope of linear regres-
sion line for the monthly average temperature for each month over 30 years. 

3.3. Solar Radiation 
The trends in the annual averages of solar radiation compared with those of air tem-

perature are shown in Figure 13. Solar radiation exhibited a rising trend between 1990 and 
2019, and it could be said that there has been an increase in the tendency of photochemical 
reactions to occur. Trends of an increase/decrease in solar radiation and air temperature 
approximately matched. 

 
Figure 13. Trends in annual averages of solar radiation compared with those of air temperature. 
Solar radiation: annual averages of daily total amount of solar radiation at two General Sta. (Tajima 
from 1990–2006; Tajima and Saiwai from 2007 to 2019). Air temperature: same as Figure 9. 

The rate of increase in solar radiation for each month is shown in Figure 14. An in-
creasing trend is observed in all the months, with a particularly large rate of increase in 

0.0
0.5
1.0
1.5
2.0
2.5
3.0

19
90

19
92

19
94

19
96

19
98

20
00

20
02

20
04

20
06

20
08

20
10

20
12

20
14

20
16

20
18

average
regression line

W
in

d
sp

ee
d

(m
/s

)

year

-0.015

-0.01

-0.005

0

Ja
n

Fe
b

M
ar

Ap
r

M
ay

Ju
n

Ju
l

Au
g

Se
p

O
ct

No
v

D
ec

ye
ar

Ra
te

 o
f i

nc
re

as
e 

of
 w

in
d

sp
ee

d
(m

/s
/y

ea
r) 

Month

0

5

10

15

20

0

5

10

15

19
90

19
92

19
94

19
96

19
98

20
00

20
02

20
04

20
06

20
08

20
10

20
12

20
14

20
16

20
18

average of Solar radiation
average of air temperature

So
la

r r
ad

ia
to

n 
(M

J/
m

2 )

year

Air tem
perature  (℃

)

Figure 12. Rate of increase over time in the monthly averages of wind speed for each month
(1990−2019). Wind speed: same as Figure 11. Rate of increase in wind speed: slope of linear
regression line for the monthly average temperature for each month over 30 years.

3.3. Solar Radiation

The trends in the annual averages of solar radiation compared with those of air
temperature are shown in Figure 13. Solar radiation exhibited a rising trend between
1990 and 2019, and it could be said that there has been an increase in the tendency of
photochemical reactions to occur. Trends of an increase/decrease in solar radiation and air
temperature approximately matched.
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Figure 13. Trends in annual averages of solar radiation compared with those of air temperature.
Solar radiation: annual averages of daily total amount of solar radiation at two General Sta. (Tajima
from 1990–2006; Tajima and Saiwai from 2007 to 2019). Air temperature: same as Figure 9.

The rate of increase in solar radiation for each month is shown in Figure 14. An
increasing trend is observed in all the months, with a particularly large rate of increase in
March and May. During April–October, when PSW are issued, the rate of increase is the
highest in May, followed by April.
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Figure 14. Rate of increase over time in the monthly average of solar radiation for each month. Solar
radiation: same as Figure 13. Rate of increase in solar radiation: slope of linear regression line for the
monthly average for each month over 30 years.
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As shown above, having analyzed the air temperature, solar radiation, and wind
speed in Kawasaki between 1990 and 2019, because air temperature and solar radiation
exhibited an upward trend and wind speed exhibited a downward trend, it can be said
that for each of the parameters air temperature, solar radiation, and wind speed, during
the period from April to October, when PSW are issued, from these meteorological points
of view, the Ox formation potential has been increasing.

4. Precursors
4.1. NOx
4.1.1. Emissions of NOx

Nitrogen oxides from anthropogenic sources are mainly generated through the com-
bustion of fossil fuels and are mainly emitted by stationary sources such as factories and
workplaces and mobile sources such as motor vehicles.

The trend over time in the emissions of NOx from factories and workplaces (which
contain facilities that emit soot and smoke (boilers, etc.) defined by the Air Pollution
Control Act) in Kawasaki is shown in Figure 15. For the volume of NOx emissions from
facilities that emit soot and smoke, aggregated results of reported emissions from stationary
sources in Kawasaki were used. The volume of NOx emitted from factories and workplaces
in FY2018 declined by 33% compared with that in FY1990. Furthermore, in FY2000, the
Kawasaki city government established its own comprehensive total emissions control
scheme (Appendix D). Full implementation of the scheme was achieved in FY2005, and
reductions in NOx emission have increased substantially.
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Figure 15. Trend in the emissions of NOx from factories and workplaces. NOx emissions: reported
figures for annual NOx emissions from factories and workplaces with facilities that emit soot and
smoke, as specified by the Air Pollution Control Act.

The trend over time in the emissions of NOx from motor vehicles driven in Kawasaki
is shown in Figure 16. The value of the emissions of NOx was produced from the estimates
reported by the Kawasaki city government, though it only covers fiscal years for which
data on traffic density could be obtained. The emissions of NOx from motor vehicles
remained steady from FY1993 to FY1997 but began to decline in FY1997. The emissions
in FY2015 dropped by 27% compared with those in FY1997. In Japan, vehicle-specific
regulations that apply at the time of new-vehicle registrations and vehicle-type regulations
that apply at the time of vehicle inspections are being tightened in phases. In the TMA,
regulations concerning the use of diesel vehicles were introduced in FY2003. As a result of
these regulations (Appendix E), progress has been made in reducing NOx emissions.
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Figure 16. Trend in the emissions of NOx from motor vehicles. NOx emissions: estimates from the
Kawasaki city government.

4.1.2. NOx Concentrations

The trends in the annual averages of NOx, NO, and NO2 are shown in Figure 17.
NOx was measured at nine General sta. and nine Roadside sta. The annual averages of all
three pollutants have been decreasing, and the decline at Roadside sta. from the 2000s is
especially striking.
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Figure 17. Trends in the annual averages of NOx, NO, and NO2. NOx, NO2, and NO: annual
averages of hourly NOx, NO2, and NO at all nine General sta. and all nine Roadside sta.

The trends in the annual averages of NO2/NOx are shown in Figure 18. Although
the ratio of NO to NO2 immediately after the release of NOx from combustion sources
is around 9:1 [24,25], in flue gas treatment devices as well as in the atmosphere, NO is
oxidized to NO2, increasing NO2 as a proportion of NOx. As a result, NO2 as a proportion
of NOx tends to be higher at General sta. than at Roadside sta. In addition, the annual
averages of NO2/NOx have been on an upward trend since the year 2000.

Because NO2 is an important precursor to O3, it is extremely significant to know the
ratio of NO and NO2 in NOx from the source. Because the oxidation of NO to NO2 in
the atmosphere occurs by ozone or RO2 radicals, we analyzed changes over time at night
(from 8 p.m. until 5 a.m.) during the cold season (from October to March), when O3 or RO2
radicals reduce. The results of this analysis are shown in Figure 19.
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Figure 18. Trends in the annual averages of NO2/NOx. NO2, NOx: same as Figure 17.
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Figure 19. Trend in NOx, NO, and NO2 over time at night during the cold season. NOx, NO, and
NO2: annual averages of hourly NOx, NO, and NO2 at nine General sta. and nine Roadside sta. in
the cold season.

To investigate the trend in NOx emissions from motor vehicles in Kawasaki, the
average of NOx, NO2, and NO at Roadside sta. less that at General sta. at night during the
cold season is shown in Figure 20. Although NOx values stayed fairly level until FY2000,
they decreased sharply after that.

To estimate the trend in NO2/NOx in NOx emitted from motor vehicles, changes over
time in the average for Roadside sta. less that for General sta. at night during the cold
season in Kawasaki are shown in Figure 21.

NOx emissions from motor vehicles shown in Figure 17 declined from FY1997. How-
ever, NO2/NOx emissions increased significantly from FY2005. Therefore, it seems that as
NOx emissions from motor vehicles fell, NO2 as a proportion of NOx rose substantially.

Until about FY2005, NO2/NOx emissions were around 0.1, but after that, they in-
creased to 0.3 or thereabouts, and the fact that this was identified for the first time is
significant. Until now, 0.1 has generally been used as an input ratio value for NO2 as a
proportion of NOx in NO emissions from motor vehicles with the atmospheric chemical
transport model (CTM), but this finding shows that it needs to be altered to approxi-
mately 0.3.
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Figure 20. Trend in the average of NOx, NO2, and NO at Roadside sta. in the nighttime during the
cold season. NOx, NO2, and NO: same as Figure 19.
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Figure 21. Trends in the average of NO2/NOx at Roadside sta. less that at General sta. at night
during the cold season. NOx and NO2: same as Figure 19.

4.2. NMHC
4.2.1. Emissions of NMHC

Non-methane hydrocarbons (NMHC) have been monitored as an indicator of VOCs.
Estimates of emissions of VOCs from stationary sources have been published by the MOE
for each prefecture since FY2000. Here, stationary sources refer to more than just factories.
For example, they also include paint during construction work and vapor when filling
a motor vehicle at a gas station. Trends in VOC emissions from stationary sources in
Kanagawa Prefecture are shown in Figure 22. The emissions dropped sharply between
FY2000 and FY2010, with the reduction in FY2010 standing at approximately 43% compared
with FY2000 levels. The downward trend slowed after FY2010, yet the reduction in FY2018
compared with FY2010 was approximately 20%.

As a countermeasure to VOCs, in FY2006, the Air Pollution Control Act was amended
to include new legal regulations for stationary sources that emit VOCs in large quanti-
ties. Voluntary steps to curb emissions are also being taken by business operators. This
curtailment of VOC emissions through a combination of legal regulations and voluntary
initiatives is referred to as the best-mix approach. The regulations for controlling VOC
emissions were the first regulations to incorporate the idea of a best mix of legal regulations
and voluntary cuts by businesses. For that reason, in FY2006, the Air Pollution Control Act
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was amended to include new legal regulations for stationary sources that emit VOCs in
large quantities (Appendix F).

At the same time, a numerical target of reducing emissions by 30% by FY2010 com-
pared with FY2000 was also set. In addition, the Kawasaki city government is working
with adjacent cities in the TMA to raise awareness about reducing VOCs. These initiatives
are likely contributing to the reduction in emissions.
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Figure 22. Trend in volatile organic compound (VOC) emissions from stationary sources in Kanagawa
Prefecture (estimated based on the VOC inventory report from the MOE).

4.2.2. NMHC Concentrations

The trend in the annual average NMHC is shown in Figure 23. NMHC are measured at
seven General sta., namely Daishi, Tajima, Kawasaki, Saiwai, Nakahara, Takatsu, and Tama.
With regard to NMHC, in 1976, the Environment Agency established guidelines concerning
atmospheric hydrocarbon concentrations as a means of controlling the generation of Ox.
Specifically, the guidelines stated that “the three-hour average of NMHC between 6 a.m.
and 9 a.m. corresponding to a daily maximum hourly concentration of photochemical
oxidants of 0.06 ppm should be in the range of 0.20 ppmC to 0.31 ppmC.” Therefore, the
trend in the annual average of NMHC concentration was estimated using the 3 h average
between 6 a.m. and 9 a.m., with that of the 24 h average as a reference. Both show a
downward trend, and the figures are almost the same. Over the 30 years that are the focus
of this article, the chemical component ratios in VOCs and NMHC were considerably
changed. This change possibly affected the reactivity of VOCs.
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Figure 23. Trend in the annual averages of non-methane hydrocarbons (NMHC). Average of 3 h:
annual averages of 3 h average of NMHC from 6 a.m. to 9 a.m. at seven General sta. (Daishi, Tajima,
Kawasaki, Saiwai, Nakahara, Takatsu, and Tama). Average of 24 h: annual averages of 24 h average
of NMHC concentrations from 12 a.m. to 12 a.m. at seven General sta.
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It is important to consider the possibility of the effect of a change in the chemical com-
ponent ratio. However, so far, the monitoring data on the chemical species are insufficient
in Kawasaki.

4.3. Relationship between Ox, NOx, and NMHC

The trend in the annual averages of NMHC/NOx (ppmC/ppm) between 6 a.m.
and 9 a.m. is shown in Figure 24. NMHC/NOx decreased from FY1990 to FY2004 but
from FY2005 exhibited an increasing trend. The increase in NMHC/NOx from FY2005 is
attributed more to the ratio of decreasing NOx than that of NMHC from FY2005.

Atmosphere 2021, 12, x FOR PEER REVIEW 16 of 26 
 

 

The trend in the annual averages of NMHC/NOx (ppmC/ppm) between 6 a.m. and 9 
a.m. is shown in Figure 24. NMHC/NOx decreased from FY1990 to FY2004 but from 
FY2005 exhibited an increasing trend. The increase in NMHC/NOx from FY2005 is at-
tributed more to the ratio of decreasing NOx than that of NMHC from FY2005. 

 
Figure 24. Trend in the annual averages of NMHC/NOx. NMHC: same as Figure 23. NOx: annual 
averages of three-hour average of NOx from 6 a.m. to 9 a.m. at seven stations; same as Figure 23. 

The relationship between Ox on the one hand and NOx and NMHCs on the other 
from 1990 to 2019 is shown in Figure 25. In terms of decade units, both NMHC concentra-
tion and NOx concentration have been declining. On the other hand, Ox concentration 
has been gently rising. 

 
Figure 25. Relationship between Ox, NOx, and NMHC. Ox: annual averages of daily maximum of 
Ox at all nine General sta. NOx: annual averages of three-hour average of NOx from 6 a.m. to 9 a.m. 
at all nine General sta. NMHC: same as Figure 23. 

5. Changes over Time in Meteorological Conditions Apt to Lead to High Concentra-
tions 

It is thought that the amount and rate of Ox production are determined by the inten-
sity of sources of NOx and VOCs and the proportion of the two. It is conceivable that daily 
maximum Ox concentrations are determined by the amount of NOx emissions while the 
rate of Ox production is determined by the amount of VOC emissions. However, even 
under the same conditions of sources of NOx and VOCs, a variation in meteorological 

3.0

4.0

5.0

6.0

7.0

8.0
19

90

19
92

19
94

19
96

19
98

20
00

20
02

20
04

20
06

20
08

20
10

20
12

20
14

20
16

20
18

Fiscal year

NM
HC

/N
Ox

1990_36

1991_34

1992_371993_33

1994_38

1995_43

1996_41

1997_401998_38

1999_38

2000_36

2001_41

2002_41

2003_422004_45

2005_47

2006_45

2007_46

2008_46

2009_45

2010_48

2011_44

2012_47

2013_50

2014_49

2015_49

2016_47
2017_49

2018_48
2019_48

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0 0.1 0.2 0.3 0.4 0.5

1990-1999
2000-2009
2010-2019

NMHC (ppmC)

NO
x (

pp
m

)

data label：Fiscal year_Ox(ppb)

Figure 24. Trend in the annual averages of NMHC/NOx. NMHC: same as Figure 23. NOx: annual
averages of three-hour average of NOx from 6 a.m. to 9 a.m. at seven stations; same as Figure 23.

The relationship between Ox on the one hand and NOx and NMHCs on the other from
1990 to 2019 is shown in Figure 25. In terms of decade units, both NMHC concentration
and NOx concentration have been declining. On the other hand, Ox concentration has been
gently rising.
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Figure 25. Relationship between Ox, NOx, and NMHC. Ox: annual averages of daily maximum of
Ox at all nine General sta. NOx: annual averages of three-hour average of NOx from 6 a.m. to 9 a.m.
at all nine General sta. NMHC: same as Figure 23.
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5. Changes over Time in Meteorological Conditions Apt to Lead to High
Concentrations

It is thought that the amount and rate of Ox production are determined by the intensity
of sources of NOx and VOCs and the proportion of the two. It is conceivable that daily
maximum Ox concentrations are determined by the amount of NOx emissions while the
rate of Ox production is determined by the amount of VOC emissions. However, even
under the same conditions of sources of NOx and VOCs, a variation in meteorological
conditions such as air temperature, solar radiation, and wind speed leads to differences
in temporal changes and in the geographical distribution of Ox concentrations [26–29].
Therefore, when assessing the impact of measures on sources, it is necessary to exclude
variable factors due to meteorological conditions. Only the first half may be quoted. The
second half is still being confirmed.

As already stated, even though both NOx concentrations and NMHC concentrations,
which are causes of Ox, are declining, no downward trend in Ox concentrations is seen.
However, the relationship between Ox and its precursors may not be accurately assessed
under different meteorological conditions because of variations in meteorological parame-
ters year to year, as described in Section 3.3. Consequently, the relationship between Ox
and its precursors was analyzed to eliminate meteorological bias by using data of days
selected by certain meteorological conditions.

5.1. Method of Selection of Meteorological Conditions Apt to Lead to High Ox Concentrations

We selected certain meteorological conditions that are likely to result in high concen-
trations of Ox. These meteorological conditions, air temperature, wind speed, and solar
radiation, are presented in Table 2. Pattern A meets only (1); pattern B meets (1) and (2);
and pattern C meets all of (1), (2), and (3).

Table 2. Meteorological selection conditions.

Conditions

(1) Day on which the average *1 daily maximum air temperature was 30 ◦C or higher
(2) Day on which the average *1 daily maximum wind speed was 3 m/s or lower
(3) Day on which the average *2 daily total solar radiation exceeded 10 MJ/m2

*1 Average for all nine General sta. *2 Average for two stations Tajima and Saiwai (however, figures for 1990–2006
are for Tajima only).

The trend over time in the number of days matching each pattern and the trend over
time in the daily maximum Ox are shown in Figure 26. As for the number of days, B
had fewer days than A, but B and C were the same mostly. Below, days corresponding to
pattern C will be referred to as extracted days.

The three-year average of the daily maximum Ox peaked in FY2007, after which it
began to decline. From FY2012, however, it turned upward once again, before dipping
again in FY2015 and remaining steady thereafter. The number of extracted days has been
on an upward trend, and from FY2010, the number of extracted days consecutively topped
30 days. However, no correlation was observed between the number of extracted days and
the single-year daily maximum Ox.
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Figure 26. Number of days in patterns A, B, and C and trend over time in Ox. Selection conditions: A
meets (1); B meets (1) and (2); and C meets (1), (2), and (3). Ox average of the past three years: This is
the three-year moving average of the figure averaged for the number of extracted days of the average
for all nine General sta. of the daily high of extracted-day hourly values. For example, the figure
for 2007 is expressed as the three-year average for 2005–2007. Ox: figure averaged for the number
of extracted days of the average for all nine General sta. of the daily high of extracted-day hourly
values.

5.2. Relationship between Ox, NOx, and NMHC on Extracted Days

On extracted days, the relationship between Ox, NOx, and NMHC is shown in
Figure 27. In terms of decade units, both NMHC and NOx declined. However, no correla-
tion was observed between Ox, NOx, and NMHCs.
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Figure 27. Relationship between Ox, NOx, and NMHC on extracted days. Ox: figure averaged
for the number of extracted days of the average for all nine General sta. of the daily maximum of
extracted-day hourly values. NOx: figure averaged for the number of extracted days of the average
for all nine General sta. of the extracted-day three-hour average from 6 a.m. to 9 a.m. NMHC: figure
averaged for the number of extracted days of the average for seven General sta. of the extracted-day
three-hour average from 6 a.m. to 9 a.m. Days: number of extracted days.

A relationship diagram of NMHC and NOx all year (Figure 25) and on extracted
days (Figure 27) between FY1990 and FY2019 is also shown in Figure 28. Extracted days,
upon which meteorological conditions are likely to lead to high concentrations of Ox, tend
to exhibit high NMHC concentrations and low NOx concentrations compared with the
all-year figures. The NMHC concentration is susceptible to the influence of stationary
sources; increases in air temperature raise the volatilization of VOCs, and the concentration
elevates when dispersion is suppressed due to the emergence of inversion layers or low
wind speed. NMHC concentrations on extracted days, which are limited to days on which
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the air temperature is high and wind speed is low, tend to be higher than is the case all
year round, as the entire year includes autumn and winter, when emergences of inversion
layers are a frequent occurrence. Such days can, therefore, be said to be highly susceptible
to the influence of rising air temperatures. In contrast, NOx concentrations are apt to rise
in autumn and winter, when inversion layers often emerge, so because extracted days are
concentrated in the summer, the all-year figures, which include autumn and winter, tend
to be higher. It is likely that due to these reasons, on extracted days, NMHC concentrations
were higher than those for all year and NOx concentrations were lower than those for all
year.

Furthermore, comparing Ox concentrations in Figures 25 and 27, figures for extracted
days exceeded the all-year figures in every year. This can be regarded as a manifestation
of the result of extracting based on meteorological conditions that are likely to push Ox
concentrations upward.
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Figure 28. Relationship between NMHC and NOx all the year round and on extracted days. NMHC
concentration: average for seven General sta. of three-hour average from 6 a.m. to 9 a.m. NOx
concentration: average for all nine General sta. of three-hour average from 6 a.m. to 9 a.m. All year:
annual average. Pattern C days: annual average on extracted days.

6. A New Indicator for the Impact of Countermeasures to Ox in Kawasaki

The EQS for Ox is one of the toughest standards in the world, and it is difficult to
assess the impact of countermeasures simply by evaluating the EQS. Therefore, to assess
the effectiveness of Ox-related environmental improvements, the MOE proposed a new
indicator focusing on high Ox concentrations. The trends in the indicators from the MOE
in Kawasaki are shown in Figure 8, and it was found that appropriately assessing the
impact of countermeasures was not necessarily possible by the influence of transboundary
transport in a case such as May 2019, when transport of pollution nationwide gave rise to
significantly high Ox concentrations.

Furthermore, in the previous section, analysis limited to meteorological conditions
under which Ox concentrations tend to be higher was conducted and the relationship
between Ox, NOx, and NMHC was not clear. Therefore, an analysis by another method
was conducted.

As shown in Figure 3, annual averages of Ox concentrations during the daytime and
those during the nighttime both showed an increasing trend. The increase in annual aver-
ages during the nighttime can possibly be attributed to an increase in global background
concentrations, a decline in NO titration, the effect of transboundary transport, and other
things [7]. The photochemical reaction of NOx and VOCs during the daytime leads to high
Ox concentrations; so to assess the impact of countermeasures to precursors, it is valid to
estimate the amount of Ox in the Kawasaki area during the daytime by excluding the effect
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of the previous day’s nighttime Ox concentrations. Moreover, it is necessary to evaluate the
impact of countermeasures during warm times of the year, when peak Ox levels typically
occur, rather than all year around.

6.1. Definition of Daytime Photochemical Oxidant Production

Not only peak Ox levels but also the amount of generated Ox is an important indicator.
A new method by which the amount of Ox generated during the daytime is estimated was
devised. The previous day’s nighttime Ox concentrations are defined by the averaged Ox
monitored at all General sta. over a 9 h period, from one day’s 8 p.m. to the next day’s 5 a.m.
The daytime Ox concentrations are defined by the averaged Ox monitored at all General sta.
over a 15 h period, from 5 a.m. to 8 p.m. The daytime production of photochemical oxidant
(DPOx) is defined by the daytime Ox concentrations less the previous day’s nighttime Ox
concentrations. An image of DPOx is shown in Figure 29. Note that if the daytime Ox
concentrations are lower than the previous day’s nighttime Ox concentrations, DPOx is
zero on the assumption that there has been no Ox production during the daytime.
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Figure 29. An image of the daytime production of photochemical oxidant (DPOx). Ox: averaged
hourly Ox at all General sta. Time: the period from 9 p.m. on 31 July to 12 a.m. on 2 August in 2019.

6.2. Trend in the DPOx

Calculation of the averaged DPOx for each fiscal year from April to October was
conducted. PSW are issued during April to October. Three-year moving averages are
employed similarly to the new indicator from the MOE. The trend in the three-year moving
averages of DPOx is shown in Figure 30. DPOx was trending upward until FY2004–FY2006
and after that trending downward.

Furthermore, the trends in NOx and NMHC from April to October are shown in
Figure 31. Similar to Figures 17 and 23, showing annual averages, the trends in NOx and
NMHC from April to October are decreasing. The trends agree with the trends in DPOx
after FY2004–FY2006.

Although trends in precursors decreased over 30 years, the averaged DPOx from
April to October increased until around FY2006. Similar increasing trends until FY2006 are
shown not only in DPOx but also in the annual averages of the daily maximum Ox, the
annual average of hourly Ox, and the new indicator from the MOE.

When NOx concentrations are high, the effect of a quencher of Ox through NO titration
overcomes the effect of Ox formation by NO2. On the other hand, when a decrease in
NOx emissions results in a decrease in NO concentrations, the titration effect by NO is
not dominant, resulting in an increase in Ox concentrations in spite of a decrease in NOx
concentrations. However, a further decrease in NO by a further reduction in NOx emissions
will negate the titration effect and a decrease in Ox will be expected [20].
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Figure 30. Trend in three-year moving averages of DPOx from April to October. Note: If the daytime
Ox concentrations are lower than the previous day’s nighttime Ox concentrations, the day’s DPOx is
zero, and the day’s DPOx is included in the averaged DPOx. Note: If the total number of hours with
no measurement data is over 5 between the one day’s 9 p.m. and the next day’s 8 p.m., the day’s
DPOx is excluded from averaged DPOx.

It was suggested that the suppression of Ox formation by a further decrease in NOx
led to the decreasing trend in DPOx after FY2006.
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Figure 31. Trends in NOx and NMHC from April to October. (a) NOx: annual averages of hourly
NOx for all nine General sta. from April to October. (b) NMHC: annual averages of hourly NMHC
for seven General sta. from April to October.

6.3. Comparison between DPOx and the New Indicator from the MOE

The trends in DPOx with the new indicator from the MOE are shown in Figure 32.
The trends in DPOx and the new indicator from the MOE are similar until FY2010–FY2012.
On the other hand, after FY2011–FY2013, DPOx shows a decreasing trend, while the new
indicator from the MOE shows a flat trend. In fiscal years including FY2013 or FY2019,
such as FY2011–FY2013, the difference between DPOx and the new indicator from the
MOE is larger.

In FY2013, the summer high-pressure system over the Pacific was coupled with a
Tibetan high-pressure system that covered the whole of Japan. Air temperatures were
high, solar radiation was intense, and wind speeds were low, making it easy for high
concentrations of Ox to emerge. These meteorological conditions continued throughout
July and August unusually [9]. In FY2019, high Ox concentrations occurred nationwide due
to transboundary pollution from the continent [10], and in Kawasaki, under the influence of
the pollution, PSW were unusually issued on two consecutive days in May, when PSW are
hardly issued in an ordinary year. Although the new indicator from the MOE decreases the
yearly fluctuation by using the three-year moving average, the indicator is more sensitive
to high Ox concentrations due to meteorology and transboundary pollution, not due to
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emissions of precursors, because the indicator is focused on the high-Ox-concentration
zone.

Therefore, the correlation between DPOx from April to October and precursors’ con-
centrations was closer than the one between the new indicator from the MOE and precur-
sors’ concentrations. As suggested above, DPOx is a suitable indicator for showing the
effect of emission reduction of precursors in the Kawasaki area.
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Figure 32. Trend in DPOx with the new indicator from the MOE. DPOx: same as Figure 31. New
indicator from the MOE: same as Figure 8.

7. Conclusions
Results

To evaluate the impact of countermeasures taken in Kawasaki on air pollution, hourly
atmospheric concentrations of Ox and its precursors NOx and NMHC were analyzed with
meteorological data obtained at 18 monitoring stations during 30 years from 1990 to 2019.

(1) The annual average Ox concentration in Kawasaki increased from 1990 to 2013 and
remained flat after that. In terms of seasons, the increase in spring was remarkable.
Since the formation and distribution of Ox are affected by meteorology, trends in
atmospheric temperature, wind speed, and solar radiation in Kawasaki were analyzed.
The temperature showed an upward trend over 30 years. Seasonally, the rate of
increase in May was remarkable. The trend in wind speed was downward, and the
rates of decline between spring and autumn were larger than in winter. Meanwhile,
solar radiation showed an upward trend, with the rate of increase in March and May
higher than in other months. From these meteorological points of view, Ox formation
potential has been increasing.

(2) Emissions of NOx and VOCs reduced dramatically, and their environmental con-
centrations were also gradually decreasing. NOx emissions from stationary sources
declined in a linear fashion due to such factors as the comprehensive total emissions
control scheme conducted by the government of Kawasaki City. Emissions from
motor vehicles also decreased substantially, and since 2003, when restrictions on the
operation of diesel vehicles were imposed, the rate of decrease has been especially
marked. The drop in NO has been especially conspicuous, resulting in a substantial
change in the ratio of NO to NO2. The large fall in NO has probably been a factor
in the significant drop in emissions from motor vehicles. As a result, the ratio of
NO2 in the NOx emitted from motor vehicles in Kawasaki increased from 0.1 to 0.3
from FY2004 to FY2019, though its ratio had remained around 0.1 until FY2000. Both
emissions and environmental concentrations of NMHC declined monotonously, but
in recent years, the rate of decline in NOx concentrations has outstripped the rate of
decline in NMHC concentrations. Until around 2005, the NMHC/NOx (ppmC/ppm)
ratio remained in the vicinity of 5.5, but from 2005, it showed a rising trend such that
by 2019, it had reached around 6.5.
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(3) The amount of generated Ox is another important indicator. Methods to estimate the
amount of generated Ox during the daytime were introduced. This attempt was devel-
oped into DPOx as a new indicator for assessing the effectiveness of countermeasures
for Ox reduction. This indicator involves deducting one day’s night concentration
from the next day’s daytime concentration, allowing only the Ox generated in the
area during the day to be assessed. The three-year moving average of the average
DPOx during April to October exhibited a declining trend from FY2006, much like
the new indicator from the MOE.

8. Discussion

The annual average concentration of Ox has been increasing in spite of the decrease in
ambient NOx and VOCs since the 1990s. However, from the 2000s, a decrease in in situ
photochemical production occurred in four metropolitan areas in Japan. It is expected that
the reduction in NOx over a certain limit should bring further reduction in Ox, which will
overcome the increase in Ox due to the reduction in NO titration [20]. Moreover, it has
been shown that high Ox concentrations in Tokyo have fallen since the decline in NO2 after
2000 and the introduction of restrictions on VOC emissions in 2006 [18]. Because of these,
a reduction in the three-year moving average of the averages of DPOx in Kawasaki for
April–October from FY2006 was assumed to reflect a decrease in photochemical production
in the city from around FY2006, because the declines in the NOx concentration and the NO2
concentration from the 2000s shown in Figure 18, the decline in the NMHC concentration
shown in Figure 24, and the increase in NMHC/NOx shown in Figure 25 exceeded a certain
limit. Therefore, it is supposed that DPOx may be a suitable indicator that reflects the
impact of reductions in sources of NOx and VOCs in Kawasaki.

In light of the above, though meteorological conditions during the past 30 years have
made it more likely for high concentrations of Ox to occur, it is considered that the amount
of daily production of Ox has progressively decreased with reducing NOx and VOCs,
which are Ox precursors, since FY2006. The same trend of reduction can also be shown
in the number of PSW days and the new indicator from the MOE. However, because the
new indicator from the MOE reflects zones with high Ox concentrations, it will also be
affected by factors other than sources within the area, such as meteorological factors and
transboundary transport of Ox. The effects of countermeasures for Ox control are thought
to occur daily, not only on days of high concentration, but also on days of low concentration
of Ox. Therefore, it is suggested that DPOx from April to October, as assessed based on the
daytime production of Ox, is an indicator that reflects the impact of measures to reduce
Ox precursors in sources within the area. Nevertheless, because this indicator could show
unique tendencies due to sources being in close proximity in Kawasaki, we hope that
analysis will be performed for various regions in which this indicator is being applied.
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Appendix A. Kawasaki City Ordinance for Pollution Prevention

In Kawasaki, pollution problems in air and water from sooty smoke and dirty water
emitted by factories emerged in the 1950s. In 1960, the Kawasaki city government imple-
mented the Kawasaki City Ordinance for Pollution Prevention, but the pollution problems
kept getting worse. The national government had established the Air Pollution Control Act
in 1968, and the Kawasaki city government concluded pollution prevention agreements
with large factories in Kawasaki between 1970 and 1972. In 1972, Kawasaki City became
the first in Japan to implement a new ordinance introducing the total emissions approach,
the Kawasaki City Ordinance for Pollution Prevention. The national government adopted
the total emissions approach later, incorporating it into the Air Pollution Control Act.

Appendix B. A New Indicator from the MOE for Ox

The MOE proposed this indicator in 2016 to appropriately show the impact of Ox-
related environmental improvements. It employed the averaged value over an 8 h period
as this indicator rather than the averaged value over a 1 h period, which is employed as
the EQS. This indicator is in line with standards from the WHO and the United States
Environmental Protection Agency (US EPA).

The MOE assesses long-term trends in Ox concentrations using annual 99th per-
centile values of daily maximum eight-hour average concentrations, focusing on high-Ox-
concentration zones problematic in Ox atmospheric pollution.

Appendix C. Emergency Measures Pursuant to the Air Pollution Control Act

In Japan, when the ambient Ox concentrations exceed a high level, the prefectural
governor issues PSW pursuant to the Air Pollution Control Act. In Kawasaki, the governor
of Kanagawa Prefecture issues PSW when the ambient Ox concentrations exceed 0.12 ppm
at any one of the nine General sta. and are expected to remain high. When PSW are issued
in Kawasaki, the governor of Kanagawa Prefecture informs residents in accordance with
Kanagawa prefectural guidelines for emergency measures relating to air pollution and may
issue a recommendation that business operators that emit large quantities of sooty smoke
take measures to reduce emissions and endeavor to curtail VOC emissions and so on in the
period from April to October.

Appendix D. Comprehensive Total Emissions Control Scheme

As a countermeasure to suspended particulate matter (SPM), in 2000, the Kawasaki
city government incorporated comprehensive regulation for total pollution loads of SPM
to major stationary sources into the Kawasaki City Ordinance for Conservation of Living
Environment including Pollution Prevention, which replaced the Kawasaki City Ordinance
for Pollution Prevention.

In this regulation, in addition to primary particles emitted directly from stationary
sources, gaseous substances of SOx, NOx, and hydrogen chloride are converted to sec-
ondary particles by using certain coefficients, resulting in emissions as secondary particles,
considering secondary formation of SPM. In this way, the total amount of primary particles
and secondary particles are controlled.

Appendix E. Regulations for Motor Vehicles

The new motor vehicle exhaust emission regulations in Japan have been enforced
since the year 1966, when the concentration of carbon monoxide from motor vehicles began
to be controlled for the first time. Since then, substances to be controlled are being added
continually to the list. Currently, carbon monoxide, NMHC, NOx, and PM are regulated.
These regulations have been strengthened stepwise. A timeline of NOx regulations for
heavy diesel vehicle exhaust is shown in Figure A1.
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Appendix F. The Best-Mix Approach to Curbing VOC Emissions 
The Japanese government established in 2004 a scheme based on a mix of regulatory 

and voluntary approaches to reduce emissions of VOCs, calling it a best mix. It aimed to 
reduce VOCs by 30% by 2010 from the 2000 level by using both direct regulations (10%) 
and voluntary efforts (20%). As a result, in FY2010, a nationwide reduction of 45% was 
achieved. 
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Figure A1. Timeline of NOx regulations for heavy diesel vehicles.

Two types of regulations were applied to reduce emissions from in-use motor vehicles
in the 1990s and in the early 2000s.

One of those, called the automobile NOx and PM law, sets emissions parameters in
large metropolitan areas, which include Kawasaki, that had been significantly affected by
these pollutants in the 1990s. It applies to commercial cargo vehicles (trucks, vans, and
buses) and diesel passenger cars. If the vehicles cannot conform with emission parameters,
their use is restricted as, for example, such vehicles cannot undergo inspection in the areas.

Another of the regulations is called the Tokyo Retrofit Program. The Tokyo govern-
ment and several neighboring prefectures adopted diesel emission regulations, which
required retrofitting of older in-use diesel vehicles with particle matter (PM) control de-
vices (catalytic converters or particulate filters) or else replacing them with newer, cleaner
models. The Tokyo retrofit requirements became effective in October 2003.

Appendix F. The Best-Mix Approach to Curbing VOC Emissions

The Japanese government established in 2004 a scheme based on a mix of regulatory
and voluntary approaches to reduce emissions of VOCs, calling it a best mix. It aimed to
reduce VOCs by 30% by 2010 from the 2000 level by using both direct regulations (10%)
and voluntary efforts (20%). As a result, in FY2010, a nationwide reduction of 45% was
achieved.
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