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Abstract 
The objective of this research is to better understand and predict the atmospheric concentration 
distribution of ozone and its precursor (in particular, within the Planetary Boundary Layer (Within 110 
km to 12 km) over Kasaki City and the Greater Tokyo Area using fully coupled online WRF/Chem 
(Weather Research and Forecasting/Chemistry) model. In this research, a serious and continuous high 
ozone episode in the Greater Tokyo Area (GTA) during the summer of 14–18 August 2010 was 
investigated using the observation data. We analyzed the ozone and other trace gas concentrations, as 
well as the corresponding weather conditions in this high ozone episode by WRF/Chem model. The 
simulation results revealed that the analyzed episode was mainly caused by the impact of accumulation 
of pollution rich in ozone over the Greater Tokyo Area. WRF/Chem has shown relatively good 
performance in modeling of this continuous high ozone episode, the simulated and the observed 
concentrations of ozone, NOx and NO2 are basically in agreement at Kawasaki City, with best 
correlation coefficients of 0.87, 0.70 and 0.72 respectively. Moreover, the simulations of WRF/Chem 
with WRF preprocessing software (WPS) show a better agreement with meteorological observations 
such as surface winds and temperature profiles in the ground level of this area. As a result the surface 
ozone simulation performances have been enhanced in terms of the peak ozone and spatial patterns, 
whereas WRF/Chem has been succeeded to generate meteorological fields as well as ozone, NOx, NO2 
and NO. 
Copyright © 2013 International Energy and Environment Foundation - All rights reserved. 
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1. Introduction 
Summer ozone [1], one of the criteria pollutants of major significance as per MOE (Ministry of 
Environment, Japan), is mainly formed by the oxidant process of volatile organic compounds (VOCs) in 
the presence of nitrogen oxides NOx (NO and NO2) and sunlight intensity. Studies over different regions 
clearly indicate that the ozone concentration is strongly dependent on locations due to the varied ambient 
chemical conditions in different regions, prevailing meso and micro meteorological conditions and the 
resulting wind flow and turbulence fields [2-5]. The industrial complexes are located in the Tokyo Bay 
area are the largest in Japan and are the major stationary sources of pollutants such Nitric Oxide (NO), 
Nitrogen Dioxide (NO2), Oxide of Nitrogen (NOx), Sulfur Oxides SOx, hydrocarbons and aerosols etc.), 
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while Greater Tokyo Area is the largest contributor of pollutants from mobile sources. In addition the 
topography of this area is very complicated, which leads to complex wind pattern [6]. 
The main pollutants emitted into the atmosphere in urban areas are sulfur oxides (SOx), nitrogen oxides 
(NOx), carbon monoxide (CO), volatile organic compounds (VOCs), metal oxides, and particular matter 
(PM/aerosols) mostly consisting of black carbon, sulfates, nitrates, and organic matter. The oxidization 
of CO, VOCs, and NOx produces ozone in the planetary boundary layer (PBL), which has an important 
impact on human health in urban areas. The recent economic developments in China, Korea, and Japan 
are very rapid due to the rapid growth of heavy industrial operations. The rapidly growing urbanization 
in these countries will cause wide-ranging potential consequences in terms of environmental problems. 
These areas have been suffering from severe air pollution problems for the last decade, such as high 
particulate matter (PM) concentrations and poor visibility [7-10]. As industrial activity and the number of 
automobiles increase, the emission of volatile organic carbons (VOCs) and NOX (NO + NO2) will also 
significantly increase. Both VOCs and NOX play critical roles in ozone formation in the troposphere [2, 
11] and the variations in their concentrations and the ensuing effects on the ozone production rate can be 
characterized as either NOX-sensitive or VOC-sensitive [11-14]. Thus, obtaining a better understanding 
of the relationship between ozone precursors (VOCs, NOX) and ozone formation in East Asia is one of 
the critical pre-required pieces of information necessary to develop effective ozone control strategies [15-
17]. 
In Japan, VOC, NOX, and SOX were categorized as hazardous air pollutants (HAPs) in 1996 and are on 
the list of Substances Requiring Priority Action published by the Central Environmental Council of 
Japan [18]. The Central Environmental Council published the second report on the “Future direction of 
measures against hazardous air pollutants” in October 1996. The second report also proposed that 
voluntary actions to reduce emissions, as well as investigations of hazards, atmospheric concentrations 
and pollution sources of those substances, should be promoted. Although industrial emissions of VOCs, 
NOX, and SOX in Japan have been decreasing in recent years, primarily due to voluntary reductions 
from industrial sources, the risks of exposure to these pollutants have remained largely unknown. In this 
study, a rapid change of ozone and its precursors were simulated during the spring of 2008. The 
simulation results contribute to a better understanding of ozone variability in coastal areas of the Sea of 
Japan [19]. A three-dimensional chemical/dynamical regional model (WRF/Chem V-3.3) was applied to 
analyze the causes of the rapid changes in ozone during this period. 
Numerical models have been widely used in studying atmospheric mesoscale phenomena including air-
pollution transport [20, 21]. They provide physically consistent flow field and prevailing high spatial 
meteorological fields for application in pollutant transport and diffusion in coastal regions [22]. Jin and 
Raman [23] studied dispersion from elevated releases under the sea-land breeze flow using a mesoscale 
dispersion model which included the effects of local topography, variability in wind and stability [23]. 
Simulation tools consisting mesoscale atmospheric models coupled to Lagrangian particle /Eulerian grid 
dispersion models have been developed to simulate the transport and diffusion of atmospheric pollutants 
in regions of complex topography and coastal conditions [24-27]. 
It is apparent that the use of WRF/Chem to predict the ozone concentration and its precursors in Japan 
domain is very rare. Chatani and Sudo [28] observed and analyzed the seasonal variation of ozone 
concentration in the Japan domain by using the WRF/Chem, CHASER model with monitoring station 
data during 1996-2005. They tried to evaluate the performance of the WRF/Chem, CHASER model with 
monitoring data during this period. Masanori et al. [29] evaluated vertical ozone profiles simulated by 
WRF/Chem using Lidar observation over the Kanto region of Japan in 27-29 July and 16-21 August 
2005. Kurokawa et al. [30] showed the influence of meteorological variability on interannual variations 
of the springtime boundary layer ozone over Japan between 1981–2005. Kurokawa et al. [31] depicted an 
analysis of episodic pollution of photochemical ozone during 8-9 May 2007 over Japan using the nesting 
RAMS/CMAQ modeling system. Hayasaki et al. [32] described episodic pollution of photochemical 
ozone during 8-9 May 2007 over Japan. Saikawa et al. [33] analyzed the impact of China’s vehicle 
emissions on regional air quality in 2000 and 2020. It is evident that the early research work on ozone 
simulation by WRF/Chem in the Japan domain did not show any time series ozone concentration with 
observation data to find out an high ozone episode. 
In this study an attempt has been made to examine the evolution of surface ozone and other precursor 
emissions like NO, NO2, NOx in the Kawasaki City of Greater Tokyo Area using WRF/Chem, an online 
chemistry model. The performance of WRF/Chem in the simulation of ozone concentration distribution 
in the region that have occurred during the summer (middle of August) condition and the results from 
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this study could provide useful information about ozone formative meteorological processes to air quality 
regulatory agencies and health administrators. The summer climate in the study region is characterized 
with strong land-ocean thermal gradients and the resulting mesoscale sea breeze circulation. The 
concentration distributions of ozone in August 14-18, 2010 during the summer with sufficient 
observations were selected to assess the model performance. 
 
2. Numerical modeling  
2.1 Model description  
The Weather Research and Forecasting (WRF) model is a mesoscale numerical weather prediction 
system designed to serve both operational forecasting and atmospheric research needs. The development 
of the WRF model has been a collaborative partnership, principally among the National Center for 
Atmospheric Research (NCAR), the National Oceanic and Atmospheric Administration (NOAA), the 
National Center for Environmental Prediction (NCEP), the Forecast Systems Laboratory (FSL), the Air 
Force Weather Agency (AFWA), the Naval Research Laboratory, Oklahoma University, and the Federal 
Aviation Administration (FAA). The WRF model is a fully compressible and Euler nonhydrostatic 
model. It calculates winds (u, v, and w), the perturbation potential temperature, the perturbation 
geopotential, and the perturbation surface pressure of dry air. It can also optionally output other 
variables, including turbulent kinetic energy, the water vapor mixing ratio, the rain/snow mixing ratio, 
and the cloud water/ice mixing ratio. The model physics include bulk schemes, mixed-phase physics of 
cloud-resolving modeling, and multi-layer land surface models ranging from a simple thermal model to 
full vegetation and soil moisture models. The full vegetation and soil moisture land surface models can 
include snow cover and sea ice, turbulent kinetic energy predictions or non-local K schemes for planetary 
boundary layer calculations, longwave and shortwave schemes with multiple spectral bands, and a simple 
shortwave model. On the other hand, the WRF Preprocessing System (WPS) is used to prepare a domain 
(region of the earth) for WRF. The WPS consists of three independent programs: geogrid, ungrib, 
and metgrid. The purpose of geogrid is to define the simulation domains and interpolate various 
terrestrial data sets to the model grids. The ungrib program reads GRIB files, degribs the data, and writes 
the data in a simple format, called the intermediate format. The metgrid program horizontally interpolates 
the intermediate-format meteorological data that are extracted by the ungrib program nto the simulation 
domains defined by the geogrid program. A detailed description of the WRF and WPS model can be 
found on the WRF website [34]. 
In addition to a dynamical calculation, a chemical model (WRF/Chem) is full (on-line) coupled with the 
WRF model. A detailed description of WRF/Chem is given by Grell et al. [34]. The version of the model 
(version 3.3) used in the present study includes simultaneous calculations of dynamical parameters (e.g., 
wind, temperature, boundary layer, and clouds), transport (advective, convective, and diffusive), dry 
deposition [35], gas phase chemistry, radiation and photolysis rates [36, 37], and surface emissions, 
including online calculations of biogenic emissions. Ozone chemistry is represented in the model by a 
modified Regional Acid Deposition Model version 2 (RADM2) gas-phase chemical mechanisms [38], 
which includes 158 reactions among 36 species, in conjunction with the Secondary Organic Aerosol 
Model (MADE/SORGAM) of aqueous reactions [39]. 
 
2.2 Model settings and initialization 
The WRF/Chem model is adapted to have four nested domains with horizontal resolution of 330 km, 110 
km, 36 km and 12 km (Figure 1). The outermost domain covers the coastal areas of the Sea of Japan, 
which include the main island of Japan (Honshu Island) and adjoining the western Pacific Ocean and the 
East Sea [40, 41]; the second domain with 110 km resolution covers resolution covers the Greater Tokyo 
Area, which is a large metropolitan area in Kanto region, Japan, consisting of most of the cities of Chiba, 
Kanagawa, Saitama, and Tokyo (at the center) and a part of Yamanashi and Ibaraki Prefecture, the 
adjoining ocean region; the third domain with 36 km covers a part of Tokyo, Kanagawa and Chiba 
Prefecture and the innermost 12 km domain covers Kawasaki City. Kawasaki is a city located in 
Kanagawa Prefecture, Japan, between Tokyo and Yokohama. It is the 9th most populated city in Japan 
and one of the main cities forming the Greater Tokyo Area and Keihin Industrial Area.  
In this study, the model was used to simulate medium-scale and regional circulation influenced by the 
complex terrain within and around the coastal areas of the Sea of Japan during the period from 00:00 
UTC (Coordinated Universal Time) [42] on August 14, 2010 to 00:00 on August 18, 2010; Japan 
Standard Time (JST) [43] is the standard time zone of Japan and is 9 hours ahead of the UTC. A four 
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nesting domain was defined using the Lambert projection, which can be observed in Figure 1. The 
domain settings and configuration options are shown in Table 1. The initial and lateral boundary 
conditions for meteorology component are taken from the National Centers for Environmental Prediction 
(NCEP) Final (FNL) Global Analysis data available at 1° resolution and at six hour intervals. The ideal 
concentration profiles [44] were used as initial and boundary conditions of the chemical species. A total 
of 35 vertical levels with 10 levels in the lower atmospheric region (below 800 mbar) was considered in 
the model. 
In general, models will have spin-up time; that is the time needed to adjust to forcing. In weather 
prediction, the model physics will spin up a velocity field in balance with the density field, even in the 
absence of forcing. As forcing is applied, the velocity field will respond to it initially with transient flows 
that may not be realistic although continuously changing. For this reason, the model simulation was 
started from 00:00 UTC on 6 August to 00:00 UTC on 18 August, where the first 8 days simulation 
results were not used in this study. The model is executed with 8 days spin-up to achieve stabilized 
results of this study.  
 

 
 

Figure 1. The nesting domain setting of the model 
 

Table 1. WRF/Chem model domain settings and configuration options 
 

Dynamics Primitive equation, non-hydrostatic 
Vertical resolution 35 levels 
Domains Domain 1 Domain 2 Domain 3 Domain 4 
Horizontal resolution 330 km 110 km 36 km 12 km 
Domains of integration 32.8°N-38.3° N; 

136.5°E-143° E 
32.7°N-36.4° N; 
138.6°E-140.7° E

35.25°N-35.8° N; 
139.35°E-140° E 

35.44°N-35.62° N; 
139.58°E-139.82° E 

Microphysics WSM3-class simple ice scheme [48]  
Advection scheme 5th horizontal/3rd vertical [80, 81] 
Longwave radiation RRTM [52]  
Shortwave radiation GODDARD [50,51] 
Surface layer Moni-Obukhov (Janjic Eta) [49] 
Land surface model NOAH [55] 
Boundary layer Mellor-Yamada-Janjic TKE [53, 54] 
Cumulus parameterization Grell-Devenyi ensemble scheme [82] 
Chemistry option RADM2 [56] 
Dry deposition Wesley [35] 
Photolysis option Madronich [57] 
Aerosol option MADE/SORGAM [39] 
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The chemistry is initialized with idealized profiles, with the anthropogenic emissions data taken from the 
global emission data “prep_chem_sources” described in Section 3.2. The data are interpolated to model 
grids using the emissions processing program available with WRF/Chem. The biogenic emissions are 
calculated using the scheme of Guenther et al. [45, 46]. WRF/Chem simulates concurrently the 
meteorological conditions and chemistry of atmospheric species from emission, through transport and a 
variety of chemical reactions, to the removal by wet or dry deposition. The Weather Research and 
Forecasting model [47] serves as a meteorological module for WRF/Chem. In this study, cloud and the 
precipitation formation process were simulated by the WSM3-class simple ice scheme [48] that allows 
for mixed phase processes and the coexistence of super cooled water and ice. To consider the impact of 
cumulus convection, despite convection only occurring on a few days during 14-18 August, the cumulus 
ensemble approach had been used [49]. Shortwave radiation was determined by the Goddard two stream 
multi-band schemes [50, 51] and RRTM scheme [52], respectively, that considers, among other things, 
cloud effects and ice-fog. Long wave radiation was treated with the Rapid Radiative Transfer Model 
[52], that considers multiple spectral bands, trace gases, and microphysical species. Turbulent processes 
in the atmospheric boundary layer were determined using the Mellor-Yamada-Janjic TKE scheme [53, 
54]. However, the Monin-Obukhov similarity hypotheses were used to describe the turbulent processes 
in the atmospheric surface layer, where Zilitinkevich’s thermal roughness length concept was considered 
for the underlying viscous sublayer [54]. The exchange of heat and moisture in the land atmosphere 
interface was described by the Noah land surface model (NOAH) [55] which calculates soil temperature 
and moisture states, including frozen soil physics. Its multi-layer snow model and one-layer vegetation 
model considers snow and vegetation processes, respectively. The chemistry options used in the model 
are the Regional Acid Deposition Model version 2 (RADM2) gas-phase chemical mechanisms [56] and 
Madronich photolysis scheme [57]. For the present study, the MADE/SORGAM [39] aerosol module is 
included. The chemistry was initialized with idealized profiles. The various options used in the model are 
given in Table 1. 
 
2.3 Emission data acquisition 
The use of a global emissions data set has recently been added to the WRF/Chem model options. The 
global emissions data are from the REanalysis of the TROpospheric (RETRO) chemical composition 
data collected over the past 40 years and the Emission Database for Global Atmospheric Research 
(EDGAR). Both RETRO and EDGAR provide global annual emission data of several greenhouse gases 
(e.g., CO2, CH4 and N2O) as well as some precursor gases on a 0.5°×0.5° (RETRO) or a 1°×1° (EDGAR) 
grid. In the present study, a simple grid-mapping program was used in the WRF/Chem model. This 
program, called “prep-chem-sources” for global emission data (dust, sea salt, biomass burning), was 
developed at CPTEC, Brazil and is available to WRF/Chem model users. The “prep-chem-sources” is an 
emission data generator package to provide gridded emission fluxes (kg/m 2) which assimilates the 
inventory works (Table 2) of biomass burning and wildfire emission data from anthropogenic and 
biogenic sources [58].  
The GEIA (Global Emissions Inventory Activity)/ACCENT (European Network of Excellence on 
Atmospheric Composition Change) data portal is a cooperative project that provides surface emission 
data (total and gridded data) for the main emission categories (total anthropogenic, total biomass 
burning, biogenic, and oceans) at global or regional scales from several inventories (e.g., RETRO [59], 
POET [60, 61], EDGAR [62, 63, 64], GFEDv2 [65, 66], CO2 [67] and GEIA v1 [59]) (Table 2). 
 

Table 2. Global inventories offered by the GEIA/ACCENT data portal 
 

Inventory Categories  Spatial resolution Temporal resolution  
POET 
 

Anthropogenic biomass burning 
(natural)  

1°×1° Annual (anthro.), monthly (biom. 
burn.), monthly (natural)  

RETRO Anthropogenic biomass burning  0.5°×0.5° Monthly  
EDGAR Anthropogenic biomass burning  1°×1° Annual  
GFED v2 Biomass burning/wildfire emission 1°×1° Monthly  
CO2 Anthropogenic  1°×1° Annual  
GEIA v.1 
 

Anthropogenic biomass burning 
naturally  

1°×1° Annual + monthly for NOx, SO2, 
and nat. VOC  
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2.4 Air quality monitoring  
Air quality monitoring data in Tokyo, Kanagawa and Chiba Prefecture operated by Japanese local 
government are explained in this section. Annual and monthly pollutant concentrations observed at 
different monitoring stations in Japan are available on the website of the National Institute for 
Environmental studies [68]. This site contains data that has been collected since 1970, which are valuable 
for evaluating the long-term or short-term trends of pollutant concentrations in Japan. The observation 
data set of this section investigates the pattern of ozone concentrations with its precursors (NO, NO2 and 
NOx) to investigate their range in Tokyo, Kanagawa and Chiba Prefecture in 2010. In this study the 
monitoring data has been compiled from 87 monitoring stations in Tokyo, 92 monitoring stations in 
Kanagawa and 143 monitoring stations in Chiba. Most of the monitoring stations are located in 
populated areas in Japan, described by Chatani and Sudo [28], because these stations are operated 
primarily to ensure adherence to environmental quality standards (EQSs). This database has been 
compiled from surface pollutant concentrations recorded as daytime and nighttime averages and from the 
maximum concentrations of photochemical oxidants and other pollutants. Daytime corresponds to a 
twelve-hour period from 06:00 a.m. to 06:00 p.m. and nighttime corresponds to a twelve-hour period 
from 06:00 p.m. to 06:00 a.m. of Japan Standard Time. Photochemical oxidants include other trace 
oxidants such as H2O2 and peroxyacyl nitrates (PANs), but instruments that detect only ozone have been 
officially approved by the Japanese government because differences in concentrations of photochemical 
oxidants and ozone are expected to be small [28]. Therefore, differences in concentrations between ozone 
and photochemical oxidants can be ignored for monthly variations in observed surface ozone 
concentrations.  
Figure 2 shows the monthly variation of observed averaged concentrations of ozone, NO, NO2, and NOx 
at the monitoring stations in Tokyo, Kanagawa and Chiba Prefecture from January to December 2010. 
The average ozone concentrations were found to be the maximum value about 46 ppb around the spring 
(April to May). It decreased in summer (July) and reached a minimum value about 15 ppb in winter 
(November to December). The monthly variation of observed ozone concentration above populated 
Japanese areas averaged over 1996–2008 prepared by Chatani and Sudo [28] shows a clear seasonal 
variation that is repeated consistently year after year. On the other hand, the monthly average NO 
concentrations were observed about 4-30 ppb, NO2 were observed about 10-30 ppb, NOx were observed 
about 25-60 ppb over Tokyo, Kanagawa and Chiba Prefecture. The trend of monthly average NO, NO2 
and NOx concentrations shows that it was lower in spring and summer (April-September), which started 
increasing in autumn to winter (October to January). The observation data sets has shown that there have 
been a high ozone episod (monthly average concentration was about 45 ppb) in the month of April to 
May at most of the monitoring stations in Tokyo, Kanagawa and Chiba Prefecture, in which the 
concentrations of NO, NO2, and NOx were considerably lower. On the other hand month average ozone 
concentration was lower in winter (November, December and January) about 15-20 ppb, where the 
concentrations of NO, NO2, and NOx were considerably higher. 
Figure 3 shows the monthly pick value of ozone, NO and NO2, which was observed once a month at one 
of the monitoring stations. In this case the maximum values were selected once a month from all 
observation data of the monitoring stations of Tokyo, Kanagawa and Chiba Prefecture. The pick value of 
ozone was observed in August 2010 at one of the monitoring stations of Tokyo Prefecture (155 ppb), 
Kanagawa Prefecture (168 ppb) and Chiba Prefecture (160 ppb). The Figure 3 shows that the pick values 
of ozone concentrations were observed in the Greater Tokyo Area at the different monitoring stations in 
the summer season (August) in 2010. In this paper, a serious and continuous high ozone episode in the 
Greater Tokyo Area (GTA) during the summer of 14-18 August 2010 was investigated using the 
observation data. We observed and analyzed the ozone and other trace gas concentrations, as well as the 
corresponding weather conditions in this high ozone episode by WRF/Chem model. Our aim was to 
further understand the physical and chemical mechanisms of this high ozone episode by use of the new 
generation air quality model WRF/Chem. 
The Kawasaki City Air Pollution Monitoring Centre (KCAPMC) (35° 31' 52" N, 139° 42' 17"E) gathers 
environmental data of air and water through an automatic monitoring system, and analyzed 
environmental data to utilize in the city's environmental administration as well as being simplified and 
actively provided to the citizens and local businesses. The detail descriptions of the monitoring data as 
well as the monitoring methods are available in the website of Kawasaki City Air Pollution Monitoring 
Centre [69]. This site contains hourly time series data of pollutant concentration that has been collected 
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since 1979, which are valued from 1996 for evaluating the yearly trends of pollutant concentrations in 
this city. Figure 4 shows the geographical location of Kawasaki City. 
Figure 5 plots long-term yearly variations in ozone, NO, NO2, NOx concentration measured by 
KCAPMC in the period from 1979 to 2010. The time series of ozone show regular shorter changes with 
long-term trends. However, some exceptions can be seen. The average annual concentration of ozone in 
the baseline year (1979) was 15 ppb. In 2010, the average annual concentration was 30 ppb, an increase 
of 100 percent. The general trend shows that there has been a steady increase in average annual ozone 
concentration between 1979 and 2010. Annual variations are due primarily to variations in weather 
conditions, which can have a significant impact on ground-level ozone formation. Figure 2 shows that 
ozone concentration is lower in winter season and higher in spring. Due to the global warming, the 
winters of the present decade are wormed and dryer than other previous decades, caused higher ozone 
concentration from 2004 in Kawasaki City. In addition, the yearly average concentrations of NO, NO2, 
NOx in Kawasaki City were higher from 1984 to1992 and gradually decreased every year till 2010. 
 

 
 

Figure 2. Monthly variation of observed ozone, NO, NO2, and NOx concentrations at the monitoring 
stations of Tokyo, Kanagawa and Chiba Prefecture from January to December 2010 

 
 

 
 

Figure 3. The monthly pick value of ozone, NO and NO2, which was observed once a month at one of the 
monitoring stations in Tokyo, Kawasaki and Chiba Prefecture. The red circle shows the pick value of 

ozone in 2010 
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Figure 4. The geographical location of Kawasaki city air pollution monitoring centre (35° 31' 52" N, 

139° 42' 17"E) 
 

 
 

Figure 5. Yearly variations of observed ozone, NO, NO2, NOx concentrations, averaged over 1980-2010 
in Kawasaki City 

 
Since the pick ozone concentrations were observed in October in the Greater Tokyo Area of Japan, an 
attempt has been taken to examine the evolution of surface ozone from 14 to 18 October 2010 by 
WRF/Chem simulation. The highest ozone concentration occurred from 14 to 18 October 2010 in 
Kawasaki City, lasting for 3-4 days, which can be expressed as a high ozone episode. Prior to this high 
ozone episode, the surface ozone concentrations were low on 13 October (about 40–80 ppb) and reached 
to 100 ppb at 12 p.m. on 14 October (JST). The red circle in Figure 6 shows the peak higher value of 
ozone concentration was identified about 168 ppb at 12 p.m. (JST) on October 15. The peak higher value 
of ozone concentration could be called an high ozone episode (Figure 6). The second higher pick value 
was found about 162 ppb at 12 p.m. (JST) on October 16. The range of ozone concentration in October 
2010 in Kawasaki City was observed about 3.2 – 168.8 ppb, where the average ozone concentration was 
32 ppb. Figure 6 shows time series (3 hours interval) ozone, NO, NO2, NOx concentrations from 00:00 
a.m. on 1 August to 00:00 p.m. on 31 August (JST) of 2010. The range of NO2 concentrations in October 
2010 in Kawasaki City was 6-43 ppb with an average value of 18 ppb. Similarly, the range of NO 
concentrations was 0-32 ppb with an average value of 7.5 ppb and the range of NOx concentrations was 
7-63 ppb with an average value of 25 ppb. 
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Figure 6. Time series (3 hours interval) ozone, NO, NO2 and NOx concentrations from 00:00 a.m. on 1 
October to 00:00 p.m. on 31 October of 2010 (JST) at Kawasaki City. The red circle shows the peak 

ozone concentration (168 ppb) at 12 p.m. on 15 October (JST), which could be called an ozone pollution 
episode 

 
3. Results and discussions  
3.1 Model evaluation  
The model results were evaluated by the time series of ozone concentrations measured in KCAPMC. 
However, meteorological measurements by AMeDAS (Automated Meteorological Data Acquisition 
System) [70] from 20 meteorological stations in Tokyo Prefecture, 18 meteorological stations in Chiba 
Prefecture and 11 meteorological stations in Kanagawa Prefecture were also compared with WRF/Chem 
simulation results. Basic statistics (mean error, ME; mean absolute error, MAE; root mean square error, 
RMSE) are shown in Table 3 for ground level temperature, wind speed. Evaluation of surface 
temperatures revealed good agreement for simulated daytime temperatures, while nighttime cooling was 
systematically underestimated, resulting in better outcomes for hourly values than for daily maxima 
statistical scores (Table 3). Due to predominating weak meso-scale air motions during the summer 
season in Japan, it was difficult to accurately simulate the winds. Fairly good agreement between the 
model and measurements was obtained for winds speed and direction at Chiba Prefecture meteorological 
stations, with more pronounced and consistent circulations (land-sea breezes coupled with up- and down-
slope coastal winds). The ranges of ground level temperatures in GTA were observed 28-38oC at daytime 
and 22-33oC nighttime during the simulation period. In August, ground level wind speed is usually lower 
in Japan. The average wind speed was observed about 2.7 m s-1 in GTA, where the nighttime wind speed 
was almost calm about 1-2 m s-1 and daytime wind speed was slightly higher 3-4 m s-1 during the 
simulation period. Water vapor mixing ratios were calculated about 4-26 g/kg by the WRF/Chem during 
the simulation period, whereas the observation data of water vapor mixing ratios are not available for 
GTA in 2010 AMeDAS database.  
 

Table 3. Statistical scores for near-ground temperature (T), wind speed (v), calculated for all hourly 
values from 49 measuring sites during the simulation period. In the case of temperature, daily maxima 

(index max) are also analyzed 
 

 Tmax (oC) T (oC) v (m s-1) 
ME 0.72 1.8 1.2 
MAE 2.1 2.5 1.4 
RMSE 2.6 3.1 2.2 

 
Figure 7 and Figure 8 compare measured and simulated values of ozone, NO, NO2 and NOx during the 
high ozone episode at Kawasaki city air quality measurement sites. It can be seen that the model 
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performs better to simulate the concentration of ozone in Kawasaki city than that of its precursor (NO, 
NO2 and NOx). In the monitoring station's nighttime ozone values were slightly overestimated and 
daytime ozone was underestimated by the model. Most pronounced is the nighttime ozone 
overestimation at the Kawasaki city, with significantly low measured nighttime ozone values. Low 
measured nighttime ozone values, otherwise usually common for populating urbanized areas, can in the 
case of this site be explained by the formation of an unstable nighttime boundary layer above the glade 
(where the site is located) surrounded by mountains and buildings. At nighttime, the presence of the 
nocturnal inversion layer isolates the ground-level ozone from that of the upper levels. Surface ozone is 
removed by deposition and titration with nitric oxide (NO) from evening traffic and industrial emissions. 
Since no ozone is produced in the absence of sunlight at night, ozone concentration decreases after sunset 
[71]. Therefore, sometimes NOx, NO2 and NO concentrations were found higher in nighttime in this 
area. Basic statistics (ME, MAE, RMSE) are shown in Table 4 for ground level concentrations of ozone, 
NOx, NO2 and NO. Evaluation of surface concentrations of ozone, NOx, NO2 exposed a reasonable 
agreement with WRF/Chem simulation in Figure 6 and Figure 7 but the performance of WRF/Chem was 
not so reasonable for the simulation of NO concentration during the simulation period. Figure 7 shows 
hourly average concentrations of ozone, NOx, NO2 and NO at KCAPMC sites during the simulation 
period. The ozone concentrations were relatively low at night time (about 16–62 ppb), it rose during 
daytime and reached the highest ozone concentration (about 36-110 ppb). Figure 7 gives the hourly 
average concentrations of ozone observed at the KCAPMC site compared with WRF/Chem simulation. 
Looking at the highest and lowest value of ozone, NOx, NO2 and NO at the KCAPMC site, some 
overestimation and underestimations can be noted, where the agreement varies between high ozone 
episod and measuring sites as well (Figure 7 and Figure 8). Ozone daily maxima, which are of most 
concern, are generally not simulated at the exact times and exact locations of the measurements. To 
exclude the influence of model time lag (ozone peaks simulated well, but not at the exact time), a scatter 
plot for the value of ozone, NOx, NO2 and NO regardless of the time of occurrence is added in Figure 8. 
 

 
Figure 7. Time series of simulated (blue lines) and measured (red lines) ozone, NO, NO2 and NOx values 

at KCAPMC during the simulation period 
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Figure 8. Scatter plots of simulated and measured hourly values of ozone, NOx, NO2 and NO at 

KCAPMC during the simulation period. Red dots represent daytime hours (6-18UTC), while Pale green 
triangles represent nighttime hours 

 
As shown in Figure 8, an excellent correlation was found between the simulated and measured hourly 
values of ozone, NOx, NO2 and NO at KCAPMC during the simulation period. The correlation 
coefficient R was 0.88 for the simulated and measured hourly values of ozone and the regression line 
passes near the origin, where the variance can be explained by different reasons. Underestimations of 
ozone concentrations can be related to local effects not sufficiently resolved by the model at the 
monitoring station. Another reason could be the simulated PBL height, which tended to be 
underestimated in the simulations. Very high PBL heights (up to 2.5 km) were simulated during the 
simulation period. This could explain daytime ozone underestimations at the KCAPMC site during the 
simulation period, due to excessive daytime mixing leading to too-efficient dilution of the pollutants. 
Similarly, PBL heights up to 2.5 km were simulated during the daytime of the advection phase of the 
simulation period over Kawasaki City areas, which could again contribute to underestimate ozone levels 
at the observation site. The correlation coefficient R was 0.70, 0.72 and 0.47 for the simulated and 
measured hourly values of NOx, NO2 and NO respectively. In this case the value of NO calculated by the 
WRF/Chem model was underestimated most of the time during the simulation period at the monitoring 
site, where the variances were caused by the dilution of NO by the effect of higher PBL. The hourly 
values of NO2 concentrations were overestimated by the WRF/Chem model at daytime because a greater 
proportion of the NO is oxidized to NO2, resulting in a greater amount of ozone formation [O3 + NO → 
NO2 + O2]. Moreover, the discrepancy of simulation and observation value of NO2 and NOx mainly 
occurred due to the coarse resolution of emission inventory, where the primary sources of NOx 
production are combustion processes, including industrial and electric generation processes, and mobile 
sources such as automobiles [72]. 
 
3.2 Characteristics of high ozone episode  
During the four day simulation period, it was found that the higher ozone concentrations were found in 
the daytime (12-15 JST) and lower ozone concentrations were calculated in the nighttime. The model 
calculated the maximum ozone concentration in 12 JST of 15 August, which was about 110 ppb (Figure 
9). Figure 9 shows the daytime and nighttime ozone concentration (ppb) at the Kawasaki City for the 
finest domain (Domain 4) with 12 km resolution during the simulation period. 
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Figure 9. Daytime and nighttime ozone concentration (ppb) at Kawasaki City for the finest domain 

(Domain 4) with 12 km resolution during the simulation period 
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Table 4. Statistical scores for near-ground level concentration of O3, NOx, NO2, NO calculated for all 
hourly values from KCAPMC sites during the simulation period 

 
O3 (ppb) NOx (ppb) NO2 (ppb) NO (ppb)  

Daytime Nighttime Daytime Nighttime Daytime Nighttime Daytime Nighttime
ME 12.51 6.48 2.06 0.7 1.69 1.81 0.37 1.1 
MAE 16.33 8.58 4.29 5.76 3.6 4.54 1.37 2.12 
RMSE 23.57 10 5.69 7.26 4.39 5.6 2.08 6.4 

 
Summer ozone [1] episode over Japan are usually characterized by high temperatures and air masses 
recirculating over the coastal area of Japan due to the effect of sea and land bridge. These conditions 
typically result in summer smog episodes as the ozone precursor chemicals react in the presence of 
sunlight. The August 2010 high ozone episod can be characterized by these two factors. It is important 
that both high temperatures and re-circulation of air masses are coupled together to result in a summer 
smog episode. In the model, a weak flow around the Kawasaki City may have occurred at the lowest 
model levels, but in general in the planetary boundary layer the local meso-scale winds developed and 
governed the pollutant transport and dispersion. The Kawasaki City was in this phase of the episode 
included in the wider air circulation over the coastal area of the Sea of Japan. Its coastal regions were 
under the combined coastal sea/land breezes and up-slope/down-slope air circulations of the 
mountainous area, which contributed to significantly higher ozone mixing ratios measured at the 
KCAPMC site during this phase. The good agreement between higher temperature and higher value of 
water vapor mixing ratio over the Sea of Japan coastal area (Figure 10 and Figure 11), led to higher 
daytime ozone concentration shown in Figure 9. Figure 10 shows daytime value of water vapor mixing 
ratio (g/kg) at Kawasaki City over the finest domain (Domain 4) with 12 km resolution during the 
simulation period. The adsorption of the outgoing solar radiation at daytime by the water vapor in the air 
causes the formation higher ozone concentration on the ground level, whereas the vertical profile of the 
of water vapor mixing ratio shows a higher value on the ground level [73]. Figure 10 shows the highest 
value of water vapor mixing ratio during the episode, which was about 24-26 g/kg. Therefore, higher 
value of water vapor mixing ratio can be treated as an ozone precursor. Meanwhile, the strong sunlight 
and hot weather cause ground level ozone to form in harmful concentrations in the air, which is mainly a 
daytime problem during the summer months. Figure 11 shows the daytime value of air temperature (oC) 
at Kawasaki City over the finest domain. The daytime value of air temperature on the ground level was 
simulated about 30-38 oC by the WRF/Chem model during the episode. 
 
3.3 Atmospheric NOx concentrations  
NOx (NO+NO2) is directly emitted from surface sources, which can be transported 1 days to 1 week. Its 
chemical lifetime on the surface is about 1-2 days [74], so that NO, NO2 and NOx distributions are 
determined by a combination of chemistry, transport and emission processes. Figure 12 shows the 
calculated surface NO2 distribution, with maximum concentrations in early morning (06:00 JST) and 
early evening (18:00 JST) over the Kawasaki City. It should be mentioned that a minor correlation 
between the concentrations of NO and NO2 was observed in this city during the simulation period 
(Figure 13). Since Kawasaki is an urbanized and industrially developed metropolitan city in Japan, NO2 
and NO usually emitted from automobiles and industrial sources. Roadside emissions of NO2 and NO 
usually occur from 06:00 JST to midnight and industrial point source emissions occur 24 hours in this 
city. Figure 13 depicts a correlation between NO2 and NO concentrations at KCAPMC during the 
simulation period, where the regression line passes near the origin and the correlation coefficient R was 
calculated 0.25. This correlation proves that this area is highly influenced by the local anthropogenic 
emissions of NO and NO2, where the variance can be explained by the atmospheric chemical reactions of 
NO for ozone formation. NOx concentrations fall significantly due to both an increase in vertical mixing 
as the PBL deepens, and a noontime maximum in chemical loss by reaction with OH and organic 
radicals (i.e., OH + NO2 + M → HNO3 + M) (Figure 7). NOx concentrations rise again in the evening, as 
the PBL height decreases, then, as in the case of CO, transport by down-slope mountain winds moves 
nighttime NOx levels in a very narrow area in the center of the city (figure not shown). Changing NOx 
emissions has a very different effect on ozone concentrations [75]. In fact, both increases and decreases 
in NOx concentrations lead to decreases in ozone concentrations. This implies that the concentration 
level of NOx in KCAPMC was at a threshold point producing maximum ozone concentrations during the 
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episode. At night, changes in NOx concentrations have large impacts on ozone concentration. Increasing 
NOx concentrations reduces early nighttime ozone concentrations, while decreasing NOx emissions 
leads to higher nighttime ozone (figure not shown). 
 
 

 
Figure 10. Daytime value of water vapor mixing ratio (g/kg) at Kawasaki City over the finest domain 

(Domain 4) with 12 km resolution during the simulation period 
 
3.4 Cause of high ozone formation 
Polluted air masses were transported from the sea areas near the Tokyo Bay (18:00 UTC August 14, 
Figure 12) to coastal areas and dispersed over the inland areas, where these air masses remained 
photochemically active with high ozone levels during daytime and nighttime hours. In the high ozone 
episode (03:00 UTC August 15), analyses of model results showed that the maximum of the total ozone 
mass in the lower 2 km of the atmosphere often remained over the coastal areas during daytime hours, 
while during the night the total ozone mass in the same atmosphere layer was higher over the sea. On the 
next day of the episode (03:00 UTC August 16) the ozone rich layer started to build up over the 
Kawasaki City, while from 14 August onwards ozone pollution was spread over the GTA, with the 
maximum total ozone mass (in the lower 2 km of the atmosphere) over the east coasts, indicating the 
influence of Tokyo Bay pollution. The role of the coastal pollution reservoir in the Kawasaki City coastal 
ozone levels during the accumulation phase and the GTA ozone levels during the advection phase was 
particularly important in this episode. The ozone maximum was also formed in the next day (03:00 UTC 
August 16) of the accumulation phase of the episode, although the accumulation phase was rather short 
for this episode and the advection of sea areas near Tokyo Bay polluted air masses contributed to the 
ozone maximum over the GTA (Figure 12). 
The phenomena which contributed to the formation of the ozone rich layer were related to regional scale 
flow characteristics and meso-scale circulations. The sea areas near Tokyo Bay acts as a pool, where air 
masses may persist and pollutants advected from more distant areas can accumulate. In addition, during 
the accumulation phase, the characteristic diurnal cycles of meso-scale flow regimes develop and 
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contribute to effective injection of coastal emissions and formation of lifting pollutant layers. These 
diurnal meso-scale flow regimes consist of morning sea-breeze developed in the coastal area of the sea, 
subsequent coupling of sea-breezes and land-breeze. Similar processes have been observed enabling the 
formation and transport of pollutant layers, for example in Athens [76], Los Angeles [77], and over the 
northern [78] and eastern [79] coasts of Spain. 
 
 

 
Figure 11. Daytime value of air temperature (oC) at Kawasaki City over the finest domain (Domain 4) 

with 12 km resolution during the simulation period 
 
3.5 The rate of change of ozone concentrations  
In order to investigate the chemical characteristics of this continuous high ozone episode, the net 
production rate of surface ozone was calculated since it can reflect the strength of photochemical 
reactions to a certain extent. Figure 14 shows the net production rate of surface ozone at KCAPMC. It is 
obvious that net ozone was produced at day and net lost at night. The production rate reaches its 
maximum at about 03:00 UTC August 16 (in both observation and simulation), showing that the 
atmospheric chemical reactions are relatively strong at afternoon, while the greatest loss occurred at 
about 08:00 UTC August 16 by the observation and 7:00 UTC August 17 by the simulation. On the high 
ozone episode days (14-18 August), the production and loss of ozone are much more significant, with the 
highest production rate of 36 ppb h-1 by the observation and 24 ppb h-1 by the simulation (at 03:00 UTC 
August 16). However, the maximum loss rate of ozone loss was found 25 ppb h-1 by the observation (at 
08:00 UTC August) and 16 ppb h-1 by the simulation (at 7:00 UTC August 17), respectively. Due to the 
sufficient ozone precursors and the advantaged weather conditions, ozone can be strongly generated and 
consumed. 
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Figure 12. Concentration distribution (ppb) of NO2 over Domain 1,2,3 and 4 

 
 

 
 

Figure 13. Scatter plots of NO2 and NO concentrations by observation at KCAPMC during the 
simulation period. Red dots represent daytime hours (6-18UTC), while Pale green triangles represent 

nighttime hours 
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Figure 14. The change rate of surface ozone concentration at KCAPMC 
 

4. Conclusions  
By using the new generation of regional air quality model WRF/Chem V3.3, a four-day high ozone 
episode in the Kanto region (GTA) within 14-18 August, 2010 was investigated. The model represents 
the diurnal variation of meteorological parameters having a reasonable agreement with observed data, 
daytime ozone concentrations calculated by the WRF/Chem model was slightly underestimated. Overall, 
the timing and amplitudes of the calculated diurnal variations of NO2, NOx and ozone agreed well with 
measurements at KCAPMC sites, especially for ozone. The main results and conclusions are summarized 
as follows. The development of this episode was closely related to the flow of air mass from the sea area 
as well as the higher value of ground level air temperature and water vapor mixing ratio. The calculated 
mass flux shows that the horizontal transport by sea breeze and land breeze has strong impact on the 
surface ozone in the study region. The meteorological conditions induced by the pollutant transport 
system, such as high temperature, high humidity, weakest outgoing solar radiation also had significant 
influence on the formation of this continuous episode. The horizontal transport of ozone and its 
precursors are obvious during this episode. However, it was also responsible for accumulation of ozone 
in the Kawaski City. In this high ozone episode, atmospheric chemical processes played an important 
role in this summer season, the formation and depletion of ozone were much more significant. The largest 
production rate was found to be about 25 ppb h-1 at the daytime, while the maximal depletion rate was 
about 16 ppb h-1 at night by the WRF/Chem simulation. WRF/Chem has shown relatively good 
performance in modeling of this episode, the simulated and the observed ozone concentrations is 
basically in agreement at KCAPMC, with best correlation coefficients of 0.87. Therefore, it can be 
served as a powerful tool for air quality prediction in the future for Japan domain. 
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