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Abstract

In recent years, ground-level ozone concentrations tend to increase in summertime in Kanto. Emissions of ozone
precursors (nitrogen oxides and volatile organic compounds) have been reduced due to various emission controls, and,
as a result, ambient concentrations of the precursors have been decreasing. However it is still not clarified that the
emission reductions are effective on variations of ozone concentrations. In summertime, ozone concentrations often
become higher in inland Kanto (Northern Saitama, Gunma and Tochigi) than in and around central Tokyo. It is well
known that ozone and its precursors are transported by sea breezes from Tokyo Bay to inland Kanto. However high
concentration ozone is also observed in the morning before sea breezes reach inland Kanto. In this study, numerical
simulations are conducted to 1) evaluate the effects of emissions reductions of the precursors on ozone concentrations
in Kanto and 2) to find out the cause of morning high concentration of ozone in inland Kanto.

Through numerical simulations, it is shown that emission reductions of the precursors contribute to increases of
daytime maximum ozone concentrations in highly urbanized areas along Tokyo Bay and to decreases by 2-3 ppb in the
other area of Kanto. In case that emissions of nitrogen oxides are solely reduced, daytime maximum concentration
ozone increased by 1-3 ppb in a wide area of Kanto. In case that emissions of volatile organic compounds are solely
reduced, daytime maximum concentration of ozone decrease by 2-5 ppb in entire Kanto. The simulated results are
analyzed for sensitivity of ozone concentrations to emission reductions of the precursors. From the results of ozone
sensitive analysis for high concentration day, reductions of NOx emissions were effective for reduction ozone
concentrations in inland Kanto. On the other hand, reductions of VOC emissons highly influenced to decreases of
ozone concentrations in coastal area.

It is shown that ozone concentrations in inland Kanto are less influenced by the precursors emitted in
the metropolitan area (southern Saitama, eastan Tokyo, eastern Kanagawa and western Chiba) than
those emitted out of the area. Moreover, calculated results indicate that the morning increase of ozone
concentrations in inland Kanto is influenced by downward transport of ozone that remains aloft during
nighttime. The residual ozone is also contributed by the precursors emitted from out of the metropolitan

areas.
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1. Introduction
1.1 The problem of the high concentration ozone near the surface

A great deal of ozone (O;) is distributed throughout the stratosphere, and the concept of the ozone layer is familiar to
many people. This stratospheric ozone layer attenuates the ultraviolet (UV) rays contained in sunlight and shields
humans and other organisms from their damaging effects, and is thus generally recognized as beneficial. However, Os is
also distributed near ground level. Although its concentration near the surface is lower than in the stratosphere, it is
nevertheless harmful to many organisms because it is a powerful oxidant (e.g. US Environmental Protection Agency,
2006; Nawahada et al., 2012; Wang et al., 2005).

High concentrations of O; were reported in Japan for the first time in the 1970°s with high economic growth, and
came to be known to the public as “photochemical smog” or “photochemical oxidants”. The Japanese government has
enacted various measures to control anthropogenic emissions and mitigation of Oj; air pollution (measures are listed in
Table 1.1; for details, see Wakamatsu et al. 2013). For example, emissions of two types of O3 precursors—nitrogen
oxides (NOx; i.e. nitrogen monoxide (NO) and nitrogen dioxide (NO,)) and volatile organic compounds (VOCs; also
known variously as non-methane hydrocarbons (NMHCs) or non-methane volatile organic compounds (NMVOC) in
other publications)—were regulated by amendments to air pollution control laws that targeted stationary emission
sources. The government of Japan also controls vehicular emissions through legislation such as the Road Transport
Vehicles Act (Amendment) for CO, NOx, and Hydrocarbons Emissions in 2000 and the Law Concerning Special
Measures for Total Emission Reduction of NOx and Particulate Matter (PM) from Automobiles in Specified Areas (The
Automobile NOx/PM Law) in 2001. The Automobile NOx/PM Law regulates the emissions of NOx and particulate
matter from cargo trucks, buses, and diesel passenger vehicles that drive within the more heavily polluted prefectures in
the Kanto, Tokai, and Kansai regions, which are some of Japan’s major urbanized areas. Moreover, the prefectures of
Tokyo, Saitama, Chiba, and Kanagawa in Kanto and Osaka and Hyogo in the Kansai region regulate the inflow of
vehicles that fail to meet standards.

As seen from the above, a number of emission control laws have attempted to provide solutions to O3 pollution. As a
result, ambient concentrations of O3 precursors have been decreasing in Japan, as shown in Figure 1.1 (Ministry of
Environment, 2014). Nevertheless, daytime maximum O; have tended to increase nationwide (Ministry of the

Environment, 2014). Moreover, attainment ratios for meeting the air quality standards for O; remain extremely low.



Table 1.1 Examples of emission control law (Wakamatsu et al., 2013).

The name of laws (short name)

Outline

The air pollution control law (1968)

The law defines the standard of emission for each
chemical matter. Business operators is liable for

compliance with the regulations

Total pollutant volume control on nitrogen oxides (1981)

Regulation for strong areas. The law regulates the
emission not only from each plant but also in each

area.

The automobile NOx « PM law (2001)

The law regulates the emissions of NOx and
particulate matter from automobiles driven on

major urbanized areas of Japan.

Amendment of the air pollution control law (for regulation

of VOC emissions, 2006)

VOC emission regulation for the plants which emit

VOC.
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Fig. 1.1 Trends of annual average of Os and its precursors in Japan.
(a): O3, (b): NMHC, (c): NO, NO, and NOx at the general stations and (d): NO, NO, and NOx at the
road-side stations. The general stations have been placed to monitor a regon-wide atmospheric situation.
The road-side stations have been placed to monitore a atmospheric pollution situation caused by

automobile traffic. Original data of these figures were obtained from the Atmospheric Environmental

Regional Observation System.



Therefore, improvement of Oj air pollution is strongly desired.

1.2 Chemical reactions between O3 and its precursors
Chemical reactions between O3 and its precursors are very complex, and therefore, this section will go over core
reactions.

O; production reactions from NOx are expressed as follows:

NO,;+hv - NO+O (v <424nm) (R1)
0+0,+M—0;+M (R2)
(net): NO; +hv — O3+ NO (in the presence of O,) (R3)

Here, M is a third body in the reactions, and represents any molecule that does not participate in the reaction such as N,
or O,. R1 is a photochemical reaction and therefore does not occur at night. In contrast, an O3 loss reaction is expressed
as follows:

NO + O; - NO, + 0, (R4)
Unlike reaction R1, this reaction is not photochemical and therefore can occur at any time. Moreover, Os is also
produced through reactions involving hydrocarbons (described as RH in this section, where R represents an organic

group), expressed as follows.

RH + OH — RO, + H,0 (in the presence of O,) (RS)

RO, +NO — RO +NO, (R6)

RO + O, —» R’CHO + HO, (R7)

HO, + NO — OH + NO, (R8)

(net): RH + 40, — R’CHO + 203 + H,O (with reaction R3) (R9)

Here, RO, is an alkyl peroxy radical, and RO is an alkoxy radical. Os is then produced in reactions R6 and R8 (due to
R3 following these reactions). The chain reaction from R5 to R8 will be terminated by losses of HOx (OH radicals and
HO, radicals). The reactions in which the HOx radical is lost are mainly expressed as follows.
HO, + HO, — H,0, + O, (R10)
NO, + OH + M — HNO; + M (R11)

R10 will occur under low NOx concentrations, and R11 will occur under high NOx concentration. O; production rate



(Po3) in the chain reaction from RS to R8 is expressed as follows.
Po3 = ke[RO,][NO] + ks[HO,][NO] = 2ks[HO,][NO] (1.1)
Here, k, is the reaction rate constant for reaction (Ra) and [A] is the concentration of chemical species A. Each value of
k, is shown in Table 1.2. Approximation of the second and third terms is applicable in polluted air, and the chain
reaction rapidly proceeds. The loss rate of HOx (Lyox) due to reactions R10 and R11 will be expressed as follows.
Litox = 2kio[HO,J” + ki [NO,][OH][M] (12)
Moreover, OH will be at a steady state in polluted air. Therefore, OH production (R8) and loss (R5) will be balanced.
The concentration of OH will be expressed as follows.
ks[RH][OH] = ks[HO][NO]
therefore [OH] = kg[HO,][NO]/ ks[RH] (1.3)
When the NOx concentration is very low, Eq. 1.2 will be as follows.
Liox = 2kio[HO,J? (1.2)
As a consequence, Eq. 1.1 will be changed by Eq. 1.2' as follows.
Pos = 2kg(Lox/2ki0) *[NO] (1.4)
In this situation, NO concentration controls O3 production, while RH concentration does not contribute to O3 production.
Therefore, reduction of NO (i.e. NOx) emissions can be effective for decreases of O; concentrations. Under high
concentrations of NOx, Eq. 1.2 changes as follows.
Luox = ki[NO,][OH][M] (1.2
The HO, concentration will be expressed as follows due to Egs. 1.2" and 1.3.
[HO:] = ksLuox[RH] / kski1[NO2][NO][M] (1.5)
Therefore, Eq. 1.1 will be changed by Eq. 1.5 as follows.
Pos = 2ksLuox[RH] / ki1[NO,][M] (1.6)
In this situation, an increase or decrease of the RH concentration leads to an increase or decrease of the O;
concentration, respectively. However, a decrease of the NO, concentration leads to an increase of O; concentration.
Therefore, reductions of RH (i.e. VOCs) are effective for decrease of the O3 consentration, but emissions reductions of
NO; (i.e. NOx) are counterproductive. Figure 1.2 shows a relationship between emissions of NOx and VOC, and the O;

concentration. If the atmosphere is in the situation as upside of bold line in Fig. 1.2, reductions of NOx emissions lead



to decrease of O; concentration. But reductions of VOC emissions do not make large changes on the O3 concentration.
Meanwhile, the atmosphere is in the situation as downside of bold line in Fig. 1.2, reductions of VOC emissions lead to
decrease of O3 concentration but reductions of NOx emissions increase the O3 concentration. As shown in Egs. 1.4 and
1.5 or Fig. 1.2, non-linear relationships exist between O; and its precursors (NOx and VOC). Given the nature of these

chemical relationships, emission reduction controls will have different effects depending on the place they are

implemented and the time.



Table 1.2 Summary of reaction rate constants (derived from Seinfeld and Pandis, 2006)

Reaction rate constants, ka

No. Reaction
at 298 K [cm3/molecule/sec]
(R1) NO,+hv — NO+O (v <424nm) 0.015 [/sec]
(R2) 0+0,+M — 0;+M 6.0X1034
(R4) NO+ 03 — NO, +0, 1.9X 1014
(RS) RH + OH — RO, + H,0 (in the presence of O,) 26.3X1012a
(R6) RO, +NO — RO +NO, 7 7% 10712b
(R7) RO+ 0, — R’CHO + HO, 1.9% 1015
(R8) HO, +NO — OH + NO, 8.1X 1012
(R10) HO; + HO, — H,0, + 0, 2.9X 10712
(RIT) NO,+OH+M — HNO;+M 2.5X1011¢

atat 1013 hPa. RH equals to Propene.
b: R equals to CHs.
c: High pressure limit rate constant.

Low pressure limit rate constant is 2.0 X 1030 [cm®/molecule?/sec]
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Fig. 1.2 Relationship between O; and its precursors, NOx and VOC (original figure was derived from Jacob, 1999).
Isopleths indicate the maximum concentration of O3 and numbers that were written on Isopleths indicate O3
concentrations.

The bold line passes through extreme values. On the upside of the bold line, the O; concentration decreases
with decreasing NOx emissions. While, decrease of VOC emissions do not makes large changes in the Os
concentration. On the other hand, on the downside of the bold line, the O3 concentration increases with
decreasing NOx emissions. But reductions of VOC emissions is effective for the reduction of Oj

concentration.



1.3 Factors for the occurrence of high concentration ozone

As shown in Section 1.1, the surface O3 concentration in Japan is still high. The main possible factors accounting for
this occurrence are listed below.
1. Downward transport from the stratosphere (the O; layer) to the troposphere.
2.  Transboundary transport of O3 and its precursors from other industrial countries in East Asia.
3. Influences of domestic emissions of O3 precursors.
Muramatsu (1980) showed that the first factor was most pronounced in spring. Nagashima et al. (2010) further showed,
using a global chemical model, that the contribution of stratospheric Os to surface O3 concentration is larger in spring
than that in summer in East Asia. Transboundary air pollution came to public attention in January 2013, when the PM, 5
concentration increased to extremely high levels in large cities in China. Transboundary transport of pollutants from
industrial countries in East Asia are seen as important effects on O; concentration in Japan. However, these effects are
diminished in summer, when an anticyclone develops in the Pacific Ocean near Japan bringing air masses from the
ocean. Thus, the contribution of the polluted air masses from the East Asian continent is lowered in summer compared
to in spring. Nagashima et al. (2010) also reported that the contribution of O3 precursors from foreign countries to
surface O3 concentration in central Japan was about 80%. Of this contribution of O; precursors from foreign countries,
China, Korea, and their adjacent sea accounts for about 30%. Conversely, in summer, the contribution of domestic
sources is dominant to surface O3 concentration in central Japan, accounting for about 40%. Pochanart et al. (2002)
used observation results and backward trajectory analyses to demonstrate that remote islands in the Sea of Japan were
influenced by polluted continental air masses. On the other hand, the Pacific Ocean side of Japan was mainly influenced
by clean maritime air masses, and less influenced by transboundary air pollution in summer than other seasons. Reports
from Ministry of Environment (2014) showed that O; concentrations remarkably increased in western Japan, especially
in Kyushu, whereas the increase was moderate in eastern Japan. The effect of transboundary air pollution on the surface
O; concentration is therefore greater in western Japan.

As mentioned above, O precursors emitted from domestic sources might contribute to high concentrations of O3 in
Kanto. The population of this region is heavily concentrated in and around the 23 wards of the Tokyo Metropolitan
Area, and many factories and power plants are situated around Tokyo Bay. Therefore, anthropogenic emissions from

stationary and mobile emission sources contribute greatly in the large coastal urban areas, and less so in the more rural



parts of the Kanto region. As shown in Section 1.1, the concentration of O; precursors has gradually decreased
year-by-year due to emission controls. The relationship between emission controls and variations in O; concentration
has been examined in many studies. For example, Gégo et al. (2008) studied the effect of the decrease in NOx
emissions from power plants in the eastern United States on variations of O3 concentrations, using meteorological and
chemical transport models. Their results indicated that 8-hour mean O; concentrations decreased, especially at high
concentration ranges, in the eastern U.S. as a result of a decrease in NOx emissions. Moreover, Ministry of
Environment (2012) showed that 7% to 20% decreases in O; concentrations were a consequence of a 30% reduction in
VOC emissions from stationary sources. However, as many studies have pointed out, the effects of emission controls
likely result in location- and time-based variations due to the non-linear dependence of the O; concentration on NOx
and VOC emissions (as summarized in Section 1.2). Therefore, it is necessary to evaluate the effects of emission
reductions on O concentrations to consider more effective emission control measures and long-term improvement of
the atmospheric environment.

Sea breezes, which occur according to the difference in specific heat between sea and land, play an important role in
the cycle of pollutants in summer in Kanto. Wakamatsu et al. (1983) showed that sea breezes have a major impact on
three-dimensional distributions of O;. Moreover, sea breezes increase O3 concentrations in the inland Kanto region by
transporting pollutants from the coastal area. Kurita et al. (1985) showed that persistent sea breezes caused by thermal
low could transport pollutants to the area far from industrial and populated areas. Many studies focusing on Oj; air
pollution in Kanto indicated that high concentrations of O; moved from the large coastal urban area to the interior with
the transport of O3 precursors by sea breeze. However, Ministry of Education (1986) showed that the O; concentration
in Kumagaya and Fukaya of Saitama Prefecture increased from about 20 and 10 ppb to about 70 and 80 ppb,
respectively, in the morning before O; and its precursors driven by sea breezes arrived (the first peak) and O;
concentrations increased again (the second peak) in the afternoon. Ministry of Education (1986) had considered that a
possible cause of the first peak was production from O; precursors emitted in and around inland Kanto and that the
second peak was caused by the transport of O3 and its precursors by sea breezes. These two peaks of O3 concentrations
mean that O; concentrations remain high for a long period and, therefore, people are exposed to high concentration of
O; for a long time. Kiriyama et al. (2012) found the similar diurnal patterns at the observation stations in Gunma

Prefecture and showed that the entrainment of upper residual O; due to development of the mixed layer (or planetary

10



boundary layer) would contributed to the first peak. Niwano et al. (2007) showed that O; transported by the sea breeze
remained in the upper air above inland Kanto. Despite these studies, however, the contribution of O3 precursors and
residual Os to the first peak of diurnal O; variation and upper residual O; in inland Kanto has not yet been evaluated in

detail.

1.4 The purpose of this study

As shown in Sections 1.1 and 1.3, improvement of Oj; air pollution is not observed. Attainment ratios of the air
quality standard for Oj; are still extremely low in spite of decreases in the concentration of O; precursors. Because of its
harmful properties, a solution to the problem of Oj; air pollution is urgently required.

A compelling way to study air quality is through observation of meteorological parameters (e.g. temperature, relative
humidity, wind direction, or wind speed) and concentrations of various pollutants in the atmosphere. Another powerful
method is the use of numerical experiments with models that simulate the meteorological and atmospheric chemical
processes. Ministry of Environment (2014) reported the trends and relationships of O; and its precursors by using
statistically analyzed monitoring data and provided important insights for Japan’s future emission control measures.
However, it is difficult to obtain dense three-dimensional data over the long term and to comprehend and quantify the
relationships between emission sources and high concentration of individual O;. Numerical model simulations can be
utilized in response to these problems. For example, calculation periods and resolutions that meet with the purpose of
researchers can be set in numerical model simulations, which can also easily trace chemical reactions and the transport
process. Moreover, numer3ical models can analyze the sensitivity of various atmospheric components as they relate to
one another by perturbing parameters. These capabilities constitute major differences from standard observation
methods. Nagashima et al. (2010) provides an example of a numerical model study that was able to uncover results that
would have been difficult to detect by observation. Many other studies also used numerical models to attempt to
uncover the source of Oj air pollution over East asia and transboundary air pollution. Although, less model studies
forcused on Kanto, especially evaluation of emission controls on Kanto than studies forcused on East asia.

The purpose of the present study is to clarify the cause of high concentrations of O3 in the inland Kanto region and to
evaluate the effect of emission controls in Japan on O3 concentration in the region by using numerical models. As

shown in section 1.3, it is considered that the influence of O; and its precursors from the foreign countries to the
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high-concentration O; in Japan would be small in summer compared to in the other seasons. In this study, causes of the
high concentration ozone resulted from domestic sources were analyzed. It is considered that Kanto in summertime is
suitable as a subject of the present study, because the influence of transboundary air pollution on high concentration O;
in summer is smaller than other sesons. Figure 1.3 shows annual and summertime averages of daytime maximum ozone
concentrations. It is shown that daytime maximum ozone concentrations in Kanto also tend to increase in a long term.
Moreover, interannual variation of meteorological condition is a huge influence on the variation of O; concentration.
Therefore, it is difficult for observation to extract changes of O3 concentration caused by reductions of NOx and VOC
emissions. Therefore present study used numerical models to unify meteorological conditions.

The thesis comprises the following five Chapters.

In Chapter 1, the background, purpose, and structure of the thesis are described.

In Chapter 2, summaries of chemical reactions of O; and its precursors, as well as the models and emissions used in
the present study, are described.

In Chapter 3, the results of evaluating the effect of emission controls on O3 concentration in Kanto are described and
discussed.

In Chapter 4, the results of the analysis of high concentrations of O; in the inland Kanto region are described and
discussed.

In Chapter 5, the conclusions of the study are presented.

12
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Fig. 1.3 Trends of annual and summer averages of daytime maximum Os concentration at general stations in Kanto
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2. Method
2.1 Model descriptions
2.1.1 Weather Research and Forecasting (WRF) model

In this study, Weather Research and Forecasting (WRF) model (WRF-ARW, Skamarock et al., 2008, Skamarock and
Klemp, 2008) was used for meteorological simulations. WRF is a numerical model, which is supported by the
Mesoscale and Microscale Meteorology Division in the National Center for Atmospheric Research. For the WRF
simulations, meteorological and geometrical input data were preprocessed by the WRF Preprocessing System (the
WPS). One of the subsystem of the WPS named geogrid defines horizontal resolutions of calculation domains and
makes data including longitude and latitude, terrain height and land use of each grid. Terrain and land use data supplied
by U.S. Geological Survey was used in this study. Another subsystem of the WPS named metgrid makes meteorological
field data for input. This subsystem makes an input data on the horizontal calculation grids from reanalysis data (e.g.
final analysis data provided by the National Center for Environmental Prediction; the NCEP or Mesoscale ANALYysis
(MANAL) data supplied by the Japan Meteorological Agency; the JMA) or data of sea surface temperature. Program
real.exe makes data for initial and boundary condition and nudging based on the data made by the WPS. At last,
program wrf.exe, the main program of WREF, calculates the process of meteorology based on the data made by real.exe
program.

The physical process in the atmosphere was calculated by solving the compressible, nonhydrostatic flux form
Eulerian equations on the vertical coordinate defined as

N = (Pn-Pn)/ (Pns - Pr) (2.2.1)

Here, Py, is the hydrostatic component of pressure and Py and Py, (P, = constant) refer to values along the surface and
top boundary. The definition (2.2.1) is proposed by Laprise (1992). 71 has a time dependency because P, and Py are
time dependent variable.

Eulerian equations can be expressed in the following equations (2.2.2) to (2.2.7) on the n vertical coordinate

AU+ (V -Vu)- dpod,)+ 0,(pdx)=Fy (2.2.2)
ONV+(V -Vv)- d,pd )+ 0 ,(pdy) =Fy (2.2.3)
O W+(V *Vw)-g(d ,p- n)=Fy (2.2.4)
0.0 +(V +V0)=Fg (2.2.5)

14



duw +(V +=V)=0 (2.2.6)

0.0 + u'[(V-Vad)-gW]=0 (2.2.7)

0 Qm+ (V * VQu) = Fon (2.2.8)
u (x,y) represents the mass of dry air per unit area. V = pv = (U,V,W) and v = (u,v,w) are covariant velocities in the
two horizontal and one vertical direction. Q= pw, here o represents the time derivative of 1. ® = p6, here 6 is defined as
the potential temperature. p is the pressure, = gz is the geopotential, g is the gravity acceleration and Q,, = qy,, here
qm 1s the mixing ratio of water vapor, rain, cloud etc.... Subscripts t, X, y and 1 in the equations (2.2.2) to (2.2.8) denote
the differentiation. The third term on the left side of equations (2.2.2) to (2.2.4) means the pressure gradient. The right
side of equations (2.2.2) to (2.2.5) and (2.2.8), Fy, Fy, Fw, Fe¢ and Fqn represent forcing terms arising from physical
process, turbulent mixing, spherical projections and the earth’s rotation. Equations (2.2.2) to (2.2.4) represent the
equation of motion, equation (2.2.5) represents the conservation of potential temperature, equation (2.2.6) represents the
mass conservation, equation (2.2.7) represents the variation of the geopotential and equation (2.2.8) represents the

conservation of Q.

2.1.2 Community Multiscale Air Quality (CMAQ) model

In this study, the Community Multiscale Air Quality (CMAQ) model (Byun and Ching, 1999; Byun and Schere,

2006) was used for air quality simulations. Concentration of chemical matter (C) for each grid is expressed as follow
0 =R +E-L + Advection + Diffusion

Here, R represents the production and loss reaction, E represents the emissions, L represents the physically loss
process (wet and dry deposition processes). These physical or chemical processes are calculated by using the data made
by preprocessors shown in above sentence of this section.

In CMAQ, the Chemical Transport Model ( the CTM) calculates behaviors of atmospheric materials such as chemical
reaction, transportation deposition and etc... . The CTM calculations are based on meteorological data made by the
Meteorology Chemistry Interface Processor (the MCIP), initial and boundary concentrations made by Initial and
Boundary CONdition processors (ICON and BCON), clear sky photolysis rate calculator (JPROC) and emission data.
MCIP extracts the meteorological data calculated by WRF. ICON and BCON may use a time-independent default data

or calculated results of an outer domain. Results calculated by global chemical transport models (e.g. Model for OZone
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And Related chemical Tracers; MOZART, Emmons et al., 2010) are also used. JPROC makes photodissociation
reaction rate data for clear sky (i.e. no clouds) by latitude, altitude and hour angle. JPROC use the default data of
vertical distribution of aerosol and O3 concentration, temperature and pressure, absorption cross-section and quantum

yield. CTM takes into account the effect of existence of clouds to the photodissociation reaction rate calculated by

JPROC.

2.1.3 Emission data

For CTM calculation, emissions of NOx, VOCs, sulfer dioxide (SO,), carbon monoxide (CO), PM;o, PM, 5 were used.
Domestic emission data for vehicles and the other sources were made on the basis of emission inventories prepared in
the Japan AuTo-Oil Program (JATOP, Morikawa et al., 2012 for vehicle emissions and Nakatsuka et al., 2012 for the
other sources). Ship emissions were derived from emission inventories developed by the National Maritime Research
Institute (NMRI) and by the Ocean Policy Research Foundation (OPRF) (OPRF, 2012). Emissions in East Asia except
Japan were produced from an emission inventory for Asia for year 2006 (the INtercontinental Chemical Transport
Experiment phase B; INTEX-B, Zhang et al., 2009). The Regional Emission inventory in Asia (REAS, Ohara et al.,
2007) were used for NH; emission. Biogenic VOCs (BVOC) emissions were estimated with the Model of Emissions of

Gases and Aerosols from Nature (MEGAN, Guenther et al., 2006) version 2.04.

2.2 Model settings for the present studies
2.2.1 The evaluation of effect of emission control for O3 concentration in Kanto

Model settings are described in this sub-section for the evaluation of effect of emissions reductions on the O;
concentration. The calculation period was set from 25 December, 2004 to December, 2005. The first seven days were
used for spin up. Spin up period is a calculation period required for the disappearance of effects of the initial condition.
Four months from June to September, 2005, were analyzed to evaluate the effect of emission controls on high
concentration O; in daytime. As shown in Figure 2.1, the model was set for three domains of D1, which covers a wide
area of East Asia, D2, which mostly covers the four majour islands of Japan, and D3, which focuses on the Kanto
region.

Four diagnostic points, Isesaki in Gunma Prefecture, Kumagaya and Oomiya in Saitama Prefecture, and Shinjuku in
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Tokyo metropolis, were chosen in order to evaluate whether calculated concentrations reproduce observed
concentrations and to analyze effects of emissions reductions on Oz concentration. Confirmation of the reproducibility
is required to ensure the validity of the analysis with outputs of emission-changed simulations. These four points were
located along the main path of sea breezes.

In the WRF simulation, the horizontal resolutions were 64 km, 16 km and 4 km. The numbers of grids were 108x92,
116x124, and 72x72 for D1, D2, and D3, respectively. The number of vertical layers was 30. As input data to WRF
final analysis data provided by NCEP for meteorology and Optimum Interpolation Sea Surface Temperature
(OISSTHR; Reynolds et. al, 2007) provided by the National Oceanic and Atmospheric Administration (NOAA) for sea
surface temperature were used. The WRF model was configured with Janjic (2002)’s planetary boundary layer model,
the WRF single-moment 6-class microphysics scheme (Hong and Lim, 2006), the Kain-Fritsch cumulus
parameterization scheme (Kain, 2004) for D1 and D2, the Noah land surface model (Chen and Dudhia, 2001), the Rapid
Radiative Transfer Model for GCMs (RRTMG) long and short wave radiation scheme (lacono et al., 2008). In the
CMAQ simulation, horizontal resolutions of D1 to D3 are same as WRF simulation. To exclude meteorological results
influenced by lateral boundaries, CMAQ domains were set by a few grids inside the WRF domains. The number of
grids are 80x96, 108x100, and 56x56 for D1, D2 and D3, respectively. Hourly WRF outputs were processed by MCIP.
The model of gas phase chemistry used in CMAQ simulations was SAPRC-99 (Carter, 2000). For initial and boundary
conditions of the base case CMAQ calculation, the default value of CMAQ was used for D1, and simulated results for
the outer domains D2 and D3. Emission data described in section 2.2.3 was used. In this evaluation, 2000 and 2005
were selected as target years. Table 2.1 shows total amounts of the anthropogenic O3 precursors (NOx and VOC)
emitted in D3 in 2000 and 2005. The NOx emission was reduced by about 5.3% and the VOC emission was reduced by
about 16.3% in 2005 compared to 2000. Figure 2.2 shows distributions of the anthropogenic NOx and VOC emissions
and changes in those emissions from 2000 to 2005. High emissions of NOx are distributed in and around central Tokyo.
VOC emissions are distributed similarly with the NOx emissions, but there are also high emissions in inland Kanto,
around Kumagaya and Isesaki (points of these two locations are shown in Fig. 2.1). As shown in Fig. 2.2, reductions of
emissions in the metropolitan area are particularly significant for both VOC and NOx. In addition, there are areas where
the VOC emission has been reduced greatly in inland. In this study, three cases of simulations were conducted by

changing the anthropogenic emissions in Japan (Table 2.2).The base case has less NOx and VOC emissions compared
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to the NOx2000 VOC2005 and NOx2005 VOC2000 cases, respectively. Therefore, [ Base case O; Conc. | —
[ NOx2000 VOC2005 O3 Conc. ] is defined as “NOx reduction case” and [ Base case O; Conc. | —
[ NOx2005 VOC2000 O; Conc. ] is defined as “VOC reduction case”. Moreover, in comparison with the
NOx2000_VOC2000 case, the base case has less emissions of both NOx and VOC. For this reason, [ Base case O;
Conc. ] - [ NOx2000_VOC2000 O3 Conc. ] is regarded as simultaneous reductions of the NOx and VOC emissions.
For all the emission reduction cases, calculation conditions like meteorological fields, initial and boundary conditions
for D3, BVOC, and anthropogenic emissions out of Japan were common to the base case. In this study, high O criterion

was defined as 120ppb, in accordance with the standard criterion for photochemical oxidant advisories in Japan.
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Fig. 2.1 Horizontal model domains for CMAQ. Black points in D3 indicate locations of diagnostic points in Kanto;
Isesaki, Kumagaya, Oomiya and Shinjuku. (This figure was derived from Kiriyama et al. accepted byJournal

of Japan Society for Atmospheric Environment.)

19



Table 2.1. Emission of anthropogenic NOx and VOC in 2000 and 2005 in D3.

Precursor Emission in ‘00 Emission in ‘05 Variation from ’00 to ‘05
NOx [10'g] 15.1 14.3 -0.8
VOC [10"g] 19.6 16.4 3.2
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Fig. 2.2 Distributions of total amounts and variation of anthropogenic NOx and VOC in analysis period in Kanto of
Japan. (This figure was derived from Kiriyama et al. accepted byJournal of Japan Society for Atmospheric

Environment.)
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Table 2.2 Combination of anthropogenic emission data year and calculation cases.

Calculation case Combination of Emission data year
Base case NOx:2005 VOC:2005
NOx2000_VOC2005 NOx:2000 VOC:2005
NOx2005_VOC2000 NOx:2005 VOC:2000
NOx2000_VOC2000 NOx:2000 VOC:2000
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2.2.2 The clarification of causes for high concentration ozone in inland Kanto

In this sub-seciton, model settings are described for simulations to find out causes for high concentration O; in inland
Kanto. The calculation period was from 16 July to 8 August, 2010. The first four days were used for spin up. The model
was set for three domains same as shown in section 2.2.1 (Figure. 2.3). In the WRF simulation, the horizontal
resolutions were same as those shown in section 2.2.1, but the number of grids were 109x93, 73x73, and 97%97 for D1,
D2, and D3, respectively. The number of vertical layers was 30. As input data to the WRF model, final analysis data
provided by NCEP, and MANAL data provided by JMA (used for D2 and D3) for meteorology, and real-time global
sea surface temperature analysis data provided by NOAA/NCEDP for sea surface temperature were used.

In the CMAQ simulation, horizontal resolutions of D1 to D3 were same as WRF simulation and the number of grids
were 80%x96, 56x56, and 72x72 for D1, D2 and D3, respectively. For initial and boundary conditions of the CMAQ
calculation, the results calculated by MOZART4/The Goddard Earth Observing System model, version 5 (GEOS-5)
(Emmons et al., 2010) were used for D1, and simulated results were used for the outer domains D2 and D3. In this
calculation, the gas phase chemistry model and meteorological preprocessor were used SAPRC-99 and MCIP.

To conduct two other simulations than the base case, the Kanto region was divided into two areas. (Fig. 2.3). One is the
interior of a circle, wihich is mostly corresponding to Route 16 with radius about 40 km and centered at central Tokyo
(labeled “metropolitan” in Fig. 2.3). The other area is the exterior of this circle (named “non-metropolitan”). In the
simulations, “metropolitan case” means a simulated case with no emissions in the metropolitan area, and
“non-metropolitan case” means another simulated case with no emissions in the non-metropolitan area. Table 2.3
summarizes the amounts of emissions in the metropolitan and non-metropolitan area, and the total amount of emissions
in D3. Table 2.3 shows that precursors emitted in the metropolitan area include 6.90x10° g of NOx, and 1.61x10'" g of
VOCs over the calculation period, accounting for approximately 40% of the total NOx and VOC emissions. The
non-metropolitan area emits more precursors than the metropolitan area. However, when compared emissions per unit
area, the metropolitan area emits much more precursors than the non-metroplian area. Contributions of emissions in the
metropolitan are/the non-metropolitan area were calculated as difference in the O; concentrrations between the base
case and the metropolitan case/the non-metropolitan case. If the O; concentration increases under no chemical reactions,
the increase is thought to be influenced by horizontally or vertically transported O;. Moreover, the increase of Oj is

largely influenced by vertically transported Os if horizontal distributions of O3 are almost uniform, and wind speeds are

23



slow. Therefore, to evaluate the effect of downward transport of residual O3 in the upper atmosphere on ground-level O;
concentrations, we also conducted another simulation with no chemical reactions (No_chem). In the No_chem case, the
simulation starts at 05:00 Japan Standard Time (JST, UTC + 9 hours; hereinafter time is given as JST) with the base
case results of D3 as initial conditions. This simulation stops at 05:00 on the next day. For all calculations, the boundary
conditions were common to the base case. Initial condition of the base case was applied to the metropolitan and
non-metropolitan cases. Term “Inland areas” were used in the sense of areas in and around Kumagaya and the north. A

criterion for high concentration Os is also defined as 120ppb for the same reason as described in section 2.2.1.

2.3 Observational data
Observed O; concentration data used in this study were obtained from the Atmospheric Environmental Regional
Observation System (AEROS, http://www.nies.go.jp/igreen/). This data set is same as Ministry of Environment (2014),

which was used for the analysis of trends of O; and its precursors.
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Fig. 2.3 Horizontal model domains used for CMAQ. The black circle divides the Kanto region into two areas, a

metropolitan area (inside area of the circle) and a non-metropolitan area (outside area of the circle). Black

circle was defined by reference to Route16. Gray points indicate locations of diagnostic points in Kanto:

Isesaki, Kumagaya, Oomiya, and Shinjuku. (This figure was derived from Kiriyama et al. accepted by Asian

Journal of Atmospheric Environment.)

25



Table 2.3 Total amounts of precursors emitted from D3, and amounts of precursors emitted from metropolitan area

and non-metropolitan area over the calculation period.

Emission area NOx Amounts (g/25 days) VOCs Amounts (g/25 days)
D3-wide 1.83x10" 8.27x10"
Metropolitan area 6.90x10° (about 38% of D3-wide) 1.61x10" (about 37% of D3-wide)

Non-Metropolitan area 1.14x10" (about 62% of D3-wide) 6.66x10" (about 63% of D3-wide)
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3 Evaluation of effects of emission reductions on concentration of Oz in Kanto
3.1 Reproducibility of the calculation and diurnal variation of O; concentration in the high
concentration day

Figure 3.1 shows the comparison of observed and simulated daytime maximum concentration of O; in high
concentration days at four points shown in Fig. 2.1. From Fig. 3.1, there is a tendency of overestimation regarding the
average of the daily maximum value. On high concentration days, seven data exceeded the factor 2, but most data were
within the factor 2. Therefore, the base case has good reproducibility of observed O; concentration in high
concentration days and can be used for evaluations of emissions reductions.

Figure 3.2 shows the distributions of O; concentrations in D3 on 28 July 2005, one of high concentration days.
Transport from the coastal area to the inland area driven by sea breeze was shown on this day. It is well known that the
transportation of pollutants by sea breeze strongly influences O; concentrations in Kanto (e.g. Yoshikado, 2007). In the
early morning, O3 concentrations were low over the whole region, especially around the coast of Tokyo Bay. At noon,
O; concentration was increased mainly by photochemical production. At this time, pollutants from the coastal area have
not reached inland Kanto. One of the reasons for this phenomenon will be shown in chapter 4. In the afternoon, winds
from the sea flow in the coastal area of southwest Kanto. Also over the Tokyo Bay, the sea breeze has begun to
approach towards the land. Pollutants emitted from sources along the coast caused high-concentration O; in the inland

arca.
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Fig. 3.1 The Scatter plot of observed versus simulated daytime maximum Oj; concentration in the high concentration

days. (This figure was derived from Kiriyama et al. accepted byJournal of Japan Society for Atmospheric

Environment.)
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Fig. 3.2 Distributions of O; concentration and wind simulated by Base case in 28 July 2005.

(This figure was derived from Kiriyama et al. accepted byJournal of Japan Society for Atmospheric Environment)
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3.2 Changes of O3 daytime maximum from 2000 to 2005

Figure 3.3 shows the variation of monthly averaged daytime maximum concentration of O; in each emission
reduction case (NOx reduction case, VOC reduction case and NOx and VOC emisson reduction case; these were
described in the section 2.2.1) at Isesaki, Kumagaya, Oomiya and Shinjuku. As shown in Fig. 3.3, in NOx and VOC
emissons reduction case, O; concentration always showed a decrease at Isesaki and Kumagaya. At Oomiya, O;
concentration increased slightly in June but decreased in subsequent three months. On the other hand, O; concentration
had increased during the analysis period at Shinjuku. Therefore, it is suggested that the daytime maximum
concentration of Os will be decreased in a wide area of Kanto by only the effect of reduction of NOx and VOC
emissions. At Isesaki in the NOx reduction case, it is shown that O3 concentration tends to decrease in July and August,
and tends to increase in June and September. O3 concentrations in other three points increased in the NOx reduction
case. There was a difference in increment between Kumagaya and Shinjuku up to about 3ppb. On the other hand,
daytime maximum concentration of O; decreased in the VOC reduction case in these four points.

Figure 3.4 shows the distribution of changes in the O3 concentration from the base case for the variation averaged (a)
in the overall analysis period, (b) in July and (c) in the high concentration days in July. In the NOx and VOC emission
reduction case, O3 concentrations decreased in Kanto except for central Tokyo (around Shinjuku). The area where O;
concentrations increased corresponds well to the area with very high NOx emissions along the coastal area of Tokyo
Bay. Therefore, the area where O; concentrations increased was strongly affected by NOx emissions reduction. From
the distributions of the NOx reduction case, increases in O3 concentrations can be seen in a wide range of the Kanto
region. In particular, the tendency of the increase is greater in the coastal area of the Tokyo Bay than the central part of
Kanto. On the other hand, Oz concentrations tend to decrease over most of Kanto in VOC reduction case. Moreover, Os
concentrations decreased significantly around Oomiya on the high concentration days. Figure 3.5 shows the changes of
O; concentration between base case and NOx and VOC emission reduction case averaged all over the ground level
layer and from the ground level to the 10™ layer in D3. The 10" layer is at the altitude of about 2000 m, the top of PBL
in summertime. From Fig. 3.5, O; concentrations in bottom layer decreased in summertime as Fig. 3.4 shows. O3
concentrations from the ground level to the top of PBL also decreased in summertime between 2000 and 2005.
Therefore, not only on the ground level but also the upper air, O3 concentration was decreased by the reduction of NOx

and VOC emissions.
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Fig. 3.3 Monthly variations of O3 concentration between each emission reduction case and base case
Position of these four points was shown in Fig. 2.1
(This figure was derived from Kiriyama et al. accepted byJournal of Japan Society for Atmospheric

Environment)
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Fig.3.4 The distributions of anomalies of averaged daytime maximum O; concentration between Base case and each
emission case
(a) : Averaged in entire analysis period, (b) : Averaged in July and (c) : Averaged in high concentration days in July.

(This figure was derived from Kiriyama et al. accepted byJournal of Japan Society for Atmospheric Environment)
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Fig. 3.5 Monthly variations of O3 concentration between NOx and VOC emission reduction case and base case.
Bottom layer indicates that O; concentration averaged all over the bottom layer (the ground level) of D3 in
each month. Bottom to the 10™ layer indicates that O5 concentration averaged all data from the ground level

to 10™ layer of D3.
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3.3 Changes in particular points of each month

There was a large difference in the north-south concentration variation in the NOx reduction case between Isesaki,
Kumagaya and Oomiya where O3 concentrations were decreased in the NOx and VOC simultaneously reduced case.
But there was no significant difference on variation of O3 concentration between the points in the VOC reduction case
as shown in the NOx reduction case. Therefore, it is considered that the VOC emissions reduction have the effect of
decreasing O; concentration uniformly in month average. Large difference occurs in the amount of decrease of NOx
emissions when compared to inland area, Kumagaya and Isesaki and central Tokyo, around Shinjuku. But there is no
great difference in VOC emissions as NOx emission indicated when compared with the surrounding central Tokyo and
inland, around Isesaki and Kumagaya as shown in Fig. 2.2. Therefore, it is considered that reductions in the Os;
concentrations found in the NOx and VOC emission reduction case were influenced by reducing emissions of VOC.
Moreover, differences in amounts of decrease of Oz concentration for each point was caused by reduction of NOx
emissions.

As shown in section 1.2, O3 production can take two states, the NOx sensitive and VOC sensitive regime depending
on the combination of NOx emissions and VOC emissions. Moreover, Sillman et al. (1998) shows that there is a state in
which the O3 concentration decreases by reducing both the NOx and VOC emission (Mixed sensitive regime). From
Fig.3.3, Isesaki is in the mixed sensitive regime because the O; concentrations were decreasing in both the NOx
reduction case and VOC reduction case in July and August. The VOC sensitive regime predominated at Isesaki in June
and September because O; concentrations increased by 0.2 ppb and 0.02 ppb in the NOx reduction case but decreased
in these two months in the VOC reduction case. It is presumed for three points other than Isesaki that these points are
often in the VOC sensitive regime when O; concentrations increased in the NOx reduction case and decreased in VOC

reduction case.

3.4 Changes over the Kanto region of Japan

In the coastal area with high emissions, it is expected to be in the state of VOC sensitive regime for the daytime
maximum O3 concentration, because Oz concentrations decreased in the VOC reduction case and increased in the NOx
reduction case, as shown in section 3.3. Meanwhile, when an attention is paid to Kumagaya and northward, O;

concentrations increased over the area up to approximate latitude of Isesaki in an average of the entire analysis period
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and one month in July in the NOx reduction case. In addition, O; concentrations decreased in the north of Isesaki. On
the other hand, in the VOC reduction case, the area where O3 concentrations decreased spreaded over inland Kanto. In
inland Kanto, one of factors for decrease of O3 concentrations is reduction in the amount of NOx transported from
coastal area with high NOx emissions to inland. Daytime maximum concentration of O; increased over a large area in
the NOx reduction case, but the increase was limited in a portion of central Tokyo in the NOx and VOC emisson
reduction case. Therefore, it can be considered in the comparison between 2000 and 2005 that the NOx reduction
affects for the increament of daytime maximum concentration of O in central Tokyo. In consideration of the O;
sensitivity regime, it is expected that the coastal area was in the state of VOC sensitive regime, and the reduction of
VOC emissions were effective for the decrease in O3 concentrations. Reduction of the NOx and VOC emissions affects
decreases in the daytime maximum concentrations of Os in inland Kanto. It is considered that inland Kanto was in the

state of mixed sensitive or VOC sensitive regime.

3.5 Ozone sensitivity to NOx and VOC emissions in high concentration days

The relationship between the variation of O; concentration and each emission reduction cases were mentioned. There
were noted features and effects of each emission reduction case for the differences of daytime maximum concentration
of Os. In this section, we try to grasp the feature of effects of reductions of NOx and VOC emissions on O;
concentration by using the Oj; sensitivity regime, which is used by Sillman and He (2002). Locations have been
classified according to the following definitions which were derived from Sillman and He (2002),
(1) VOC sensitive regime: O3 concentrations in the NOx2005 VOC2000 case are higher than those in both the
base case and the NOx2000 VOC2005 cases at a specific hour by at least 3 ppb.
2) NOx sensitive regime: O; concentrations in the NOx2000 VOC2005 case are higher than those in both the
base case and the NOx2005_VOC2000 cases at a specific hour by at least 3 ppb.
3) Mixed sensitive regime: The NOx2000 VOC2005 and NOx2005 VOC2000 cases have O; concentrations
within 3 ppb differences from each other, and both have Oz concentrations higher than those in the base case by at least
3 ppb.
4) Titration: O; concentrations in the base case is higher than those in the NOx2000 _VOC2005 case by at least

3ppb, and O; concentrations in the NOx2005_ VOC2000 case are less than by 3ppb compared to the base case.
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(5) Insensitive: Other cases.

Sillman and He (2002) set NOx and VOC reduction rates as 35% and 25%, respectively. However, in this study, NOx
reduction rate is about 6% and VOC reduction rate is about 20% as shown in Table 2.1. Therefore, differences in O;
concentrations between each case are expected to be small. So, the threshold value was defined as 3 ppb. Analyses of
the regimes were conducted by focusing on high concentration days. Figure 3.6 shows an example of the distribution of
regimes on 28 July, one of the high concentration O; days. The titration regime appears in coastal area of Tokyo Bay at
7:00. This area corresponds to an increasing area of O; concentrations, and weakening of the titration effect by NOx
seems to affect the increase in O; concentrations at this time. The titration regime partially exists in the area
surrounding central Tokyo at 12:00, but VOC sensitive regime distributed mainly in the area. Therefore, it is likely that
decrease of the O3 concentration is due to the reduction of the VOC emissions. In addition, the mixed sensitive or NOx
sensitive regimes appeared in inland Kanto at 17:00, when sea breeze has reached to inland Kanto. Figure 3.6 also
shows the distribution of the regime for daytime maximum concentration of O;. From the map for daytime maximum
concentratioin of O; in Fig. 3.6, the VOC sensitive regime distributed surrounding of central Tokyo. At the same time,
the mixed sensitive or NOx sensitive regime sparsely exists in inland. Inoue et al. (2010) showed that the VOC sensitive
regime distributed only in a part of central Tokyo, and the regime changes from mixed sensitive to NOx sensitive
regime toward inland. In addition, the NOx sensitive regime is distributed in most of the Kanto area, as described by
Inoue et al. (2010). Also in the present study, the VOC sensitive regime distributed in the surrounding central Tokyo
and the NOx sensitive regime distributed in inland Kanto. However, changes in the regime in relatively short ranges,
which was highlighted by Inoue et al. (2010), have not been seen in this study. Also, the NOx sensitive regime
distributed spindliler compared to Inoue et al. (2010).

Figure 3.7 shows the numbers of occurrences of each regime for the daily maximum concentration of O; in the four
sites shown in Fig. 2.1. Fig. 3.7 indicates data in the top ten days when O3 over 120 ppb widely distributed over Kanto
region in the base case. These ten days are 21, 25, 26 June, 18, 21, 29, 31 July, 3 August, 2 and 3 September. According
to Fig. 3.6, Shinjuku and Oomiya often located in the VOC sensitive regime, while Isesaki and Kumagaya mainly

located in the mixed sensitive or NOx sensitive regime rather than the other regimes.
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Fig. 3.6 The distributions of Oj sensitivity regime and anomalies of O; concentration between the base case and the
NOx2000_VOC2000 case in 28 June. Orange solid lines in the Figure indicate the positive anomaly and
dashed line indicate negative anomaly. Numbers shown in the Figure indicate the value of variation of O;
concentration.

(This figure was derived from Kiriyama et al. accepted byJournal of Japan Society for Atmospheric Environment)
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Fig. 3.7 Numbers of incidence of each Oj sensitive regime in the top 10 days exceeding the 120ppb had appeared.

(This figure was derived from Kiriyama et al. accepted byJournal of Japan Society for Atmospheric Environment)

38



3.6 Conclusion of Chapter 3

Effects of the anthropogenic NOx and VOC emission reductions on daytime maximum of Oz concentrations were
examined by use of the WRF and the CMAQ models. The NOx and VOC emissions reductions between 2000 and 2005
resulted in increase in O3 daytime maximum in and surrounding area of central Tokyo. But in other areas, emission
reductions works effectively to decrease daytime maximum concentration of Os;. Daytime maximum of O;
concentration increased in a wide area of the plains in the NOx reduction case. On the other hand, O; concentration
decreased in the entire Kanto region due to reduction in VOC emissions. Therefore, reductions of VOC emissions
effectively work for decreases in O; concentrations. In addition, O; concentrations were lowered by either reduction of
VOC or NOx emissions in inland Kanto. It is considered that O; productions decreased with decline in amounts of O;
precursors transported from central Tokyo by sea breezes and emissions from inland sources. According to the
distribution of O3 sensitivity regimes on high concentration days, O; concentration was increased by weakening of
titration effect by NOx in the surroundings of central Tokyo in the early morning. But in the afternoon, VOC sensitive
regime covered surrounding area of central Tokyo and NOx sensitive or mixed sensitive regime has appeared in inland.
Occurrences of each regime on the highest ten days of the high concentration days shows that mixed sensitive and NOx
sensitive regimes accounted for half of the number of occurrences in Isesaki, and VOC sensitive and NOx sensitive
regimes predominated in Kumagaya. Therefore, emission reductions of VOC and NOx are effective for decrease in O;
concentration in inland Kanto. On the other hand, VOC sensitive regime is the majority in large cities such as Shinjuku
and Oomiya, and therefore VOC emissions reductions are effective on decrease in O; concentration in coastal, large
city area. The results of present study show the effectiveness of the reduction of precursors to the decrease of O;

concentration in each area of Kanto.

39



4. Increase in Oz concentration in the morning in inland of the Kanto region
4.1 Temporal change in O3 concentration and reproducibility of base simulation results

Figure 2.3 shows the locations of Shinjuku in metropolitan Tokyo, Oomiya and Kumagaya in Saitama Prefecture, and
Isesaki in Gunma Prefecture. These four points are located on the main approach path of sea breezes and are used as
representative locations for observing O; concentrations. Isesaki and Kumagaya are representatives of inland area and
Shinjuku and Oomiya are representatives of coastal and large city area. Figure 4.1 shows a time series of observed and
base simulation results at Shinjuku, Oomiya, Kumagaya, and Isesaki. As shown in Fig. 4.1, two south points and inland
points have different diurnal pattern. Observed Os at two south points have one daily peak, and two inland points have
two daily peaks, especially in the early days of the study period. Figure 4.2 shows the hourly averaged O; concentration
at two inland points. The averaging period is from 20 to 24 July. In the period, high concentration O; has continuously
occurred. As shown in Fig. 4.2, variation in simulated concentration at Kumagaya shows two daily peaks. The first peak
appeared at 13:00 and the second peak appeared at 18:00. At Isesaki, daytime maximum concentration occurred at
15:00 and the second peak appeared at 20:00. In inland area in the high concentration days, O3 concentration can take
two daily peaks. Comparing the observed and base simulation results, the base simulation at Kumagaya and Oomiya
overestimated observed O3 concentrations, especially in the latter half of this period. For nighttime data, results of the
base simulation at all four points overestimated the observed results, but simulations and observations are in good
agreement for daytime temporal variation. At Isesaki, peaks of O; concentrations are also well estimated by the base
simulation. The scatter plots in Figure 4.3 show that the base simulation correlates well with observations. The base
simulation overestimated more than twofold at the low concentration field, which corresponds to nighttime data. At
these four points, O3 concentrations were above 120 ppb for several days of observation and base simulation data. In
particular, from 20 to 24 July high O; concentrations continuously occurred in the inland Kanto region. O;
concentrations were low at Shinjuku and Oomiya from 5 to 8 August, but O; concentration increased up to about 80
ppb at Kumagaya and Isesaki during this period. This study focuses on high O; concentration in the inland Kanto region,

so we analyzed contributions for high concentration O; in these two periods.
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Fig. 4.1 Time series of O; concentration of observed and base case simulation results at points shown in Fig. 1.
Solid lines indicate observed O3 concentrations and dotted lines indicate base case simulation results.

(This figure was derived from Kiriyama et al. accepted by Asian Journal of Atmospheric Environment)
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42



200

Isesaki /12 Kumagaya = . '
/ - /
160 | /! 1:1) i /
/ o,/
/ [ ] .//
120 ¢+ / PP J L o,/ ® 0@ e o
/ /
/ [ ) 'S / ™) o % e [ )
o, 0% _- (] _-
80 | S A . l.). -7 24 ' $ v ¢ .-
o _~ P
o ° . o Pid
— o ¢ o8 ' .-
2 40 bl P -7
o - o
— > R=0.84 g R=085
£ 0 : s . . . .
n
[}
g 200 T T ,/ T T 7 T T
m Oomiya / 0 Shinjuku /) .
/
160 T e - - N
’ / o
,.’/ .... . [ ] '//. o [
L [} < L
120 S ) % '..°. ¢ ° / . '.o. ¢ *
./..\ ‘.5 (] o ° ° L R Y R e
0 N I B S “ ' Pt
8 .¥ . ¢ ’,”/ .//. v (Y M .. P
‘ . ... -9
.‘ (] A ”’,’ [ ] .’.. . ° ”,—
40 ¢ ./3—” T " aals ‘w‘,{". o
R =0.89 Rraed o R =0.82
Poer” =0 s =0
0 B . . . . - . . .

0 40 80 120 160 200 0 40 80 120 160 200
Observation [ppb]

Fig. 4.3 Scatter plots of observed versus simulated O concentration for the period from 20 July to 8 August at the
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4.2 Contribution of emission areas for the inland Kanto region
4.2.1 Period from 20 to 24 July

Figure 4.4 shows a time series of the base simulation and the contribution of the metropolitan and non-metropolitan
areas for O3 concentrations at Isesaki and Kumagaya from 20 to 24 July. In this and the following corresponding figure,
there are differences between the base simulation results and the sum of contributions. The differences are caused by
transport of O; and its precursors from the outer domain. Also, the nonlinear relationship between O3 concentrations
and amounts of emitted precursors is another cause of the differences. The additional sensitivity simulations that set the
emission reduction rates to 50% and 20% in metropolitan and non-metropolitan area were also conducted to assess the
uncertainty of contribution associated with the reduction rates. In Isesaki and Kumagaya, uncertainty of contribution of
metropolitan area was 10% to 20% and non-metropolitan was about 10%. The contribution of the non-metropolitan area
is 45-70% and that of the metropolitan area is less than 10% in the morning on 22 July, when Os concentration was the
highest in this period. In other days there are cases where the contribution from the metropolitan area was up to about
50% at Kumagaya, but the metropolitan area had a lower contribution to high O3 concentration at Isesaki. Around these
two points, 80—100 ppb O; is generated by 12:00 in several days of this period, during which contribution of the
metropolitan area was low, and that of the non-metropolitan area was the main factor behind high O; concentration in
the morning. After midday, the metropolitan area contribution has increased due to transport of precursors emitted from
the coastal area by sea breeze. Figure 4.5(a) shows the spatial distribution of O3 concentration predicted by the base
simulation for 22 July, and Figs. 4.5(b) and (c) show the contributions of the metropolitan and non-metropolitan areas
for the same day. Figure 4.5(a) shows a high O; concentration of about 90 ppb at 09:00 in parts of inland Kanto. The
sea breeze did not extend to inland by 12:00, but O; concentrations had reached about 130 ppb at Isesaki and its
surrounding area. Moreover O3 concentration reached 130ppb in a part of west side of Kanto. At 09:00, precursors
emitted from the metropolitan area contributed to inhibite O; generation in the coastal area. In inland, the contribution
of the metropolitan area was low (10% or less). The contribution from non-metropolitan areas was high from 09:00 to
12:00 over almost the entirety of Kanto. The distribution of high O3 concentration and the contribution of
non-metropolitan areas were in good agreement, especially in inland Kanto. This finding indicates that, in this period, a
major factor for morning high O; concentrations in the inland Kanto region was precursors emitted from

non-metropolitan areas. After midday, sea breezes transported precursors from the coastal area to the inland, and these
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precursors affected the O; concentration. At 15:00, contribution of the metropolitan area became greater than at 12:00
in the air mass which sea breeze transported. The contribution from the non-metropolitan area is about 60 to 80 ppb,
close to the level contributied by metropolitan area on the air mass. After 15:00, the contribution from the metropolitan

area decreased over the entire Kanto, and precursors from the non-metropolitan areas were a dominant factor behind the

O3 concentration.
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Fig.4.4 Time series of O; concentration in the base case simulation and contribution of metropolitan and

non-metropolitan areas from 20 to 25 July at Isesaki (left) and Kumagaya (right). (This figure was derived
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4.2.2 Period from 5 to 8 August

Figure 4.6 shows the same as Fig. 4.4 but from 5 to 8 August. During this period, contributions of the metropolitan
and non-metropolitan area were often negative due to the titration effect due to NOx emitted from each area at
nighttime and in the early morning. In the morning, the contribution of the metropolitan area accounted for around 10%
at Isesaki and Kumagaya, while the contribution of the non-metropolitan area accounted for 20-67% at Isesaki and 20—
50% at Kumagaya. From 20 to 24 July (the period discussed in section 4.2.1), the non-metropolitan area had a higher
effect and the metropolitan areas had a lower effect on O3 generation. Comparing from 20 to 24 July and from 5 to 8
August at Kumagaya, O; concentrations between 5 and 8 August were lower than that between 20 and 24 July, although
the contributions of each of the areas were nearly the same. While at Isesaki, the contribution from the metropolitan
area increased compared to 20 to 24 July. After midday, the sea breeze arrived at Kumagaya from 13:00 to 14:00 and at
Isesaki from 15:00 to 16:00, and the contribution from metropolitan area increased at these times. Additionally, the
metropolitan area had small effect on O3 generation at Isesaki from 20 to 24 July, but during this period contributed
about 20 ppb to O; concentration after sea breeze passage, similar as at Kumagaya. Figures 4.7 shows the same as Fig.
4.5 but for 6 August. As Fig. 4.7(a) shows, at 09:00 up to 60 ppb O3 was distributed in some parts of the inland Kanto
region. In such relatively high-concentration areas, the contribution from the metropolitan area is several ppb, but the
contribution from non-metropolitan area accounts for about 50% in this area and is a major factor for O3 concentration
in the inland-Kanto region at this time. At 12:00, 70-90 ppb Oj is distributed in the inland. Wind speeds simulated for
this area were faster than at 09:00, and winds were southerly. Similar distribution patterns appeared in the O;
concentration and the contribution from non-metropolitan area in this period. Therefore most highly O;-polluted areas
were affected by precursors from non-metropolitan areas in the same manner as on 22 July (discussed in section 4.2.1).
At 15:00, precursors transported by sea breeze from the coastal area spread around Isesaki and Kumagaya, contributing
to O;. The contribution from the metropolitan area increased in comparison with 22 July, and in some locations
exceeded the non-metropolitan contribution, but in many high O; areas there was a higher non-metropolitan
contribution. At 18:00, the contribution from the metropolitan area reached similar level as the contribution from the
non-metropolitan area in remote parts of the Kanto region. and O; distribution paralleled the contribution from the
metropolitan area. The metropolitan area greatly contributed to O; concentration in the inland Kanto region in this

period more than the period from 20 to 24 July. From Figs. 4.6 and 4.7, however, contribution from metropolitan area
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did not exceed that from the non-metropolitan arca at least Isesaki and the north throughout daytime. Moreover,
contribution from the non-metropolitan area was greater than that of the metropolitan area in the morning. These
findings indicate that during this period, too, precursors from non-metropolitan areas were a major factor behind high

O3 concentration.
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4.3 Relation of upper residual Os and morning surface O3 concentration.

Figure 4.8 shows a time series for results of the base case and the No _chem case at Kumagaya on 22 July and 6
August. As shown in Fig. 4.8, O3 concentration increased by 20-30 ppb although there is no chemical reaction. O;
concentration in the No chem case accounts for 40-80% of the base simulation by 10:00 on 20 July and 8 August,
when the O3 concentration increased by 30 ppb from the minimal morning value. This phenomenon is also seen in other
days, especially on the period from 5 to 8 August discussed in the previous section. Furthermore, this phenomenon
occurred not only in Kumagaya but also in Isesaki and other points of inland Kanto region, suggesting that this is not a
local phenomenon. The reason for increased O; concentration in a non-chemical reaction environment is likely
horizontal or vertical transport. As shown in Figs. 4.5 and 4.7, wind speeds in the inland were slow, and O;
concentration was distributed uniformly at 09:00. Horizontal transportation of O therefore likely has little effect on O;
concentration, and vertical transportation of O; from the upper residual air to near the surface will be the main factor for
increase of O3 concentration in No_case on 22 July and 8 August. Figures 4.9(a), (b), and (c) show time—height cross
sections of O3 concentration simulated in the No_chem case, and the metropolitan and non-metropolitan contributions
at Kumagaya on 22 July, respectively. Solid lines shown in Figs. 4.9(a), (b) and (c) indicate the Planetaly Boundary
Layer height. As Fig. 4.9(a) shows, residual O; of about 80—-100 ppb existed at the altitude from 550-1100 m from
05:00 to 09:00. Isopleth lines extend downward from 7:00 to 11:00, indicating entrainment of residual O; near the
surface. During the period the surface O; concentration was increased by the entrainment. This phenomenon indicates
that the upper residual O; will be another factor behind increasing O3, increasing the importance of O3 concentrations in
the upper air during early morning. In the episode analyzed in this study, also important is that emission reduction in
non-metropolitan area is more effective in this upper air Os;. As shown in Fig. 4.9(b), there was a relatively high
metropolitan contribution in the upper air as compared to near the surface. Yet the contribution of the non-metropolitan
area to residual O; was about 50 ppb, accounting for about 50% of the No chem case result; the non-metropolitan

contribution thus constitutes a large portion of O3 entrained from the upper air.
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4.3 Conclusion of Chapter 4

To address the problem of high O; concentrations, especially during the morning, in the inland Kanto region of Japan,
investigation of the response of O; concentration to emissions of Oz precursors from the metropolitan and the
non-metropolitan area was conducted by use of the WRF and the CMAQ models. Focusing on 22 July, 2010, the
contribution from the metropolitan area accounted for less than 10% of the base case results. On other high O;
concentration days in the period from 20 to 24 July, 2010, the contribution from the metropolitan area was nearly zero
in the mornings, and the contribution from the non-metropolitan area accounted for 45-70%. In contrast, during the
period from 5 to 8 August, 2010, both metropolitan and non-metropolitan contributions appeared throughout the day.
But also during this period the non-metropolitan area significantly contributed to O; concentrations in the inland, with
contributions of 20-60% at Isesaki and 20-50% at Kumagaya. The spatial distribution also showed that
non-metropolitan areas contributed to O; concentrations in the inland. The example of 22 July shows that precursors
from the metropolitan area had a small, narrow effect in the inland. The example of 6 August shows that sea breeze
transported precursors from the metropolitan area to remote parts of Kanto and affected O; concentrations along the
penetration path of sea breezes. Moreover, results of the No_chem case showed increase of O; concentrations without
secondary formation. This increase results from entrainment of upper residual O; through the development of the
planetary boundary layer. The non-metropolitan area has larger contribution to residual O in the upper air than the
metropolitan area.

It is indicated that the contribution of the non-metropolitan areas greatly contributed to high O3 concentration in the
inland Kanto region, especially in the morning, while the contribution of the metropolitan area was small. But as shown
in Figs. 4.5 and 4.7, contributions of precursors emitted from the metropolitan area to O3 concentration were sometimes
comparable to contributions of non-metropolitan area along the path of the sea breeze. Therefore, the results of the
present study will not deny the importance of transportation of precursors emitted from metropolitan area for air quality

of Kanto region.
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5. Conclusion

O; is a gas with harmful effects on living organisms, and improving Os air pollution is an important issue. Various
emission control measures have been enacted in Japan, which have led to year-on-year decreases in the concentrations
of O; precursors. However, O; concentration has tended to increase over the long term. Therefore, the effect of reducing
O; precursors through emission control measures for the purposes of lowering O; concentration must be evaluated to
provide more effective emission controls. In inland Kanto in the morning, a cause of the high O; concentration was
thought to be O3 production from O; precursors emitted in inland areas, but some studies have suggested other factors,
which have not been explored in detail. In the present study, numerical model simulation was conducted to evaluate the
effect of reduction in the emissions of O; precursors from 2000 to 2005 and to clarify the cause of high O;
concentration observed in inland Kanto in the morning.

In Chapter 1, the background of Oj air pollution was described for the introduction of this thesis. First, the general
problem of Oj air pollution and some properties of emission control measures in Japan were described. Additionally,
core chemical reactions between O and its precursors were summarized. Possible causes for high concentrations of O;
in Kanto and related previous studies were described.

In Chapter 2, a summary of models and simulation conditions used in this study was shown.

In Chapter 3, the effects of reduction in anthropogenic O; precursors on O; concentration in Kanto in summer were
shown. In Kanto, reductions of the emissions of anthropogenic O; precursors led to improved Oj; air pollution. The
reduction of anthropogenic VOC emission has a strong effect on reduction of O3 concentration in Kanto, especially in
central Tokyo. However, reduction of anthropogenic NOx emissions lead to increased O3 concentration in the coastal
urban areas extending to central Saitama Prefecture. In inland Kanto, NOx emissions reductions also lead to a decrease
in O3 concentration. The reason for these different relations between O; and its precursors is their non-linear
relationships. Os’s sensitivity to its precursors changes depending on NOx and VOC concentrations (i.e. the O;
sensitivity regime), and the features of O3 sensitivity regimes in Kanto were therefore also shown in this chapter. The
VOC sensitive regime is dominant in the coastal area and the NOx sensitive regime is dominant in the inland for the
daytime maximum of O3 concentration of each area.

In Chapter 4, causes of the high concentration O; in the morning in inland Kanto were shown. Precursors emitted in

the non-metropolitan area were a greater contributor to the high O; concentration in the morning in the inland than they
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were in the metropolitan area. Entrainment of residual O; in the upper air due to the development of a planetary
boundary layer also played an important role in the increase of O; concentrations inland in the morning. Even when no
chemical reactions were assumed to take place, O; concentration was increased via mixing with upper residual Os in the
morning. Upper residual O; was also contributed by precursors emitted in non-metropolitan areas. Furthermore,
precursors emitted in metropolitan areas contributed in the afternoon due to the transport of O3 and its precursors via
sea breezes.

As described above, two model simulations were conducted to contribute to improvement of O; air pollution in Kanto
in summer. For the high O; concentration in daytime, extending from over a single day to several days, reduction of
VOC emissions was predicted to reduce the O; concentration by 2-5 ppb in and around central Tokyo. However,
reduction of NOx emissions led to increased O; concentration by 1-3 ppb. As a result, NOx and VOC emisson
reduction are responsible for a 2 tO; ppb decrease in the O; concentration in and around central Tokyo. In the inland
Kanto region, however, this reduction of NOx emission in and around central Tokyo will likely decrease the daytime
maximum Oj concentration inland by about 2 ppb. Furthermore, the high O; concentration in the inland is also caused
by O; precursors emitted in non-metropolitan areas and entrainment of the upper residual O3;. Reduction of emissions of
O; precursors throughout the Kanto region is therefore needed to reduce daytime O3 concentration in the region’s inland
areas. For the longer term, NOx and VOC emission reductions can decrease the O3 concentration from 2 tO; ppb in
Kanto in summer. Note that spatial distributions of increases and decreases of O3 concentration through reductions of
each O; precursor are similar throughout the Kanto region even if all days are set to be in summer or at high
concentrations. Hence, middle- and long-term improvement of Oj; air pollution is needed to consider differences of
sensitivity of O; to NOx and VOC for individual areas. Therefore, emission controls focused solely on the large urban
area are not a fundamental solution to the problem of O; air pollution in Kanto, and what is instead required is

cooperative emission controls in each of the region’s prefectures.
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