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A B S T R A C T

Uncertainty was evaluated in four chemical mechanisms pertaining to O3 concentrations predicted over Japan
by the Community Multiscale Air Quality Model (CMAQ) to investigate factors contributing to model over-
estimation of O3 concentration. The model setting and meteorological and emissions input data were obtained
from a Japanese model inter-comparison project, Japan's Study for Reference Air Quality Modeling (J-STREAM).
The compared gas-phase chemical mechanisms included the Carbon Bond Mechanism (CB05TUCL), Regional
Atmospheric Chemical Mechanism (RACM2), and two mechanisms developed by the State Air Pollution
Research Center (SAPRC), namely SAPRC07TC and SAPRC99. The O3 concentrations produced by CB05TUCL
were low compared to those from SAPRC07TC. The RACM2 concentrations were similar to those from
SAPRC07TC over inland Japan and lower over the sea. The concentrations from SAPRC99 were higher than
those from SAPRC07TC in urban areas and lower in other areas. At most of the monitoring sites in Japan, the
modeled O3 concentrations were higher than those from observations. Module overestimation can be ranked in
the order of SAPRC99 > SAPRC07TC > RACM2 > CB05TUCL for urban sites and
SAPRC07TC > SAPRC99 > RACM2 > CB05TUCL for rural sites. The concentration differences between the
chemical mechanisms were within 10 ppb, whereas those between the observed and simulated O3 concentrations
reached 40 ppb. Differences in O3 concentrations between the chemical mechanisms accounted for only a part of
the model overestimation, while the rest remained unexplained. To investigate factors influencing the differ-
ences in O3 concentration between the chemical mechanisms, domain- and 10-vertical-layer-average hourly
integrated process rates (IPRs) and integrated reaction rates (IRRs) were calculated using process analysis in
CMAQ. The O3 chemical IPRs from SAPRC07TC were higher than those from CB05TUCL and RACM2. The
SAPRC99 IPRs were higher than those from SAPRC07TC in urban areas and lower in other areas. The IRR
differences in the chemical mechanisms showed that IRRs for the O3 and NO reactions were responsible for the
differences in the O3 chemical IPR. The coefficients of determination between the O3 chemical process IPR and
IRR differences in the chemical mechanisms were highest for the HO2-NO reaction in CB05TUCL and SAPRC99
and the RO2-NO reaction in RACM2. Differences in reaction rate constants and lumped volatile organic com-
pounds may have caused some of the differences in O3 production between the chemical mechanisms.

1. Introduction

Tropospheric O3 air pollution can lower crop yield and damage
human health (US EPA, 2006; Yang and Omaye, 2009; Nawahda et al.,
2013; Tang et al., 2014; Yamaguchi et al., 2014). Air quality models can
be effective tools for predicting pollutant concentrations and devel-
oping effective air pollution mitigation policies. However, recent model
studies have shown that model-simulated O3 is over-predicted in East
Asia and Japan (Liu et al., 2010; Morino et al., 2010; Li et al., 2012;
Chatani et al., 2015; Trieu et al., 2017). Suitable input datasets and

model configuration settings must be chosen to enhance model per-
formance. Thus, a Japanese model inter-comparison project, Japan's
Study for Reference Air Quality Modeling (J-STREAM), was established
to evaluate various uncertainties and clarify appropriate model settings
(Chatani et al., 2018b). This study formed part of J-STREAM and fo-
cused on uncertainties in the O3 concentrations associated with the
choice of chemical mechanism, which determines the gas-phase che-
mical reactions, rate constants, and chemical compounds used in the
model.

Uncertainty surrounding the influence of chemical mechanisms on
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O3 concentrations has been evaluated in numerous studies through
model sensitivity tests and inter-comparisons. Sarwar et al. (2013)
compared the Regional Atmospheric Chemical Mechanisms 2 (RACM2)
module to the Carbon Bond with updated toluene chemistry (CB05TU)
module in a simulation over the USA and showed that the mean surface
O3 concentration predicted by RACM2 was 0–12% greater than that
predicted by CB05TU. Knote et al. (2015) found a 4 ppb uncertainty in
the O3 concentrations produced by multiple chemical mechanisms from
model simulations over the USA and Europe. Cai et al. (2011) reported
that O3 predictions from the mechanism developed by the State Air
Pollution Research Center (SAPRC07TC) were lower than those from
SAPRC99 in high O3–concentration areas in simulations over California.
Yu et al. (2010) simulated O3 concentration using CB4, CB05, and
SAPRC99 and concluded that SAPRC99 generated the highest

concentration and poorest performance for the predictions shown in the
USA. However, few comparison studies have been performed for che-
mical mechanisms in East Asia. A better understanding of chemical
mechanism uncertainty in East Asia is needed for precise model eva-
luation and simulation predictions.

To evaluate the chemical mechanism uncertainty in Japan, O3
concentrations were simulated using the Community Multiscale Air
Quality (CMAQ; Byun and Schere, 2006) model with four chemical
mechanisms: CB05TUCL, RACM2, SAPRC07TC, and SAPRC99. Process
analysis (Gipson, 1999) was further conducted to evaluate the influence
of the chemical processes and reactions on chemical mechanism un-
certainty.

Fig. 1. Domains of the Community Multiscale Air Quality Model simulation in this study.

Fig. 2. Emissions of anthropogenic volatile organic compound (VOC) species in the four chemical mechanisms. a) VOC emissions. b) VOC emissions weighted by
reaction rate coefficients for OH-reactions. Definitions of abbreviations of chemical compounds in the legend are summarized in Table 1.
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2. Methods

The model settings, computational domains, and target periods of
this study were based on standard J-STREAM methods (Chatani et al.,
2018b). This section includes a brief description of the standard model
settings and settings that differed from the standard.

2.1. Model settings and study period

Standard J-STREAM meteorological data were used as meteor-
ological inputs. These standard data were generated by the Weather
Research and Forecasting Model version 3.7.1 (Skamarock et al., 2008)
using the National Centers for Environmental Prediction (NCEP) Final
Operational Model Global Tropospheric Analyses (ds083.2) (NCEP,
2000) and Real-Time, Global, Sea Surface Temperature (RTG_SST_HR)
analysis (Gemmill et al., 2007) for the initial and boundary conditions.
The O3 concentration was calculated using CMAQ version 5.0.2 (Byun
and Schere, 2006). The target domains included the d01, d02, and
d04 J-STREAM domains (Fig. 1). The d01 area covers East and South-
east Asia at a horizontal grid size of 45 km, the d02 area covers Japan
and features a 15 km grid, and the d04 area covers the Kanto region,
which includes urban Tokyo; the d04 grid resolution is 5 km. Boundary
concentrations were obtained from Chemical Atmospheric Circulation
Model for the Study of Atmospheric Environment and Radiative Forcing
results (Sudo et al., 2002) using the Hemispheric Transport of Air
Pollution 2 (Huang et al., 2017) for d01, while the outer domain results
were used for d02 and d04. The vertical dimension consists of 30 layers
between the ground and 100 hPa. The study period spanned July 22 to
August 10, 2013, which, of the five J-STREAM target periods, con-
stitutes the summer season. The CMAQ calculation was performed from
July 1, 2013, which includes the run-up period for the target calcula-
tion.

Table 1
Abbreviations of volatile organic compound species in the four chemical me-
chanisms.

Chemical
mechanism

Species Description

SAPRC07, TOLU Toluene
CB05, ETHE Ethene
RACM2, HCHO Formaldehyde
SAPRC99 MEOH Methanol

ETOH Ethanol
ACET Acetone
MXYL M-xylene
OXYL O-xylene
PXYL P-xylene
MEK Ketones and other non-aldehyde oxygenated

products whose kOH are between 5×10−13 and
5×10−12 cm3mol−2 s−1 (based on methyl ethyl
ketone)

BENZ Benzene
CCHO Acetaldehyde
PRPE Propene
ACYE Acetylene
ACRO Acrolein
ISOP Isoprene
MACR Methacrolein
AACD Acetic acid
BALD Aromatic aldehyde (mechanism based on

benzaldehyde)
FACD Formic acid
GLY Glyoxal
MGLY Methylglyoxal
APIN Pinene

SAPRC07,
SAPRC99

ALK1 Alkanes and other non-aromatic compounds that
react only with OH having kOH (OH radical rate
constant) < 5×102 ppm−1min−1 (primarily
ethane)

ALK2 The same as ALK1 but with kOH values between
5×102 and 2.5×103 ppm−1min−1 (primarily
propane and acetylene)

ALK3 The same as ALK1 but with kOH values between
2.5× 103 and 5×103 ppm−1min−1

ALK4 The same as ALK1 but with kOH values between
5×103 and 1×104 ppm−1min−1

ALK5 The same as ALK1 but with kOH
values > 1×104 ppm−1min−1

ARO1 Aromatics with kOH < 2×104 ppm−1min−1

ARO2 Aromatics with kOH > 2×104 ppm−1min−1

OLE1 Alkenes with kOH < 7×104 ppm−1min−1

OLE2 Alkenes with kOH > 7×104 ppm−1min−1

PRD2 Ketones and other non-aldehyde oxygenated
products whose kOH > 5×10−12 cm3mol−2 s−1

(based on higher ketones formed from alkanes)
RCHO Lumped C3 + aldehydes (mechanism based on

propionaldehyde)
IPRD Lumped isoprene product species (Carter and

Atkinson, 1996)
BACL Biacetyl

SAPRC07 CRES Phenols and cresols (mechanism based on o-cresol)
B124 1,2,4-Trimethylbenene
13BDE 1,3-Butadiene
TERP Terpenes

CB05 PAR Paraffin carbon bond (C-C)
TOL Toluene and other monoalkyl aromatics
XYL Xylene and other polyalkyl aromatics
FORM Formaldehyde
OLE Terminal olefin carbon bond (R-C=C)
ETHA Ethane
IOLE Internal olefin carbon bond (R-C=C-R)
ALDX Propionaldehyde and higher aldehydes
TERP Terpene

Table 1 (continued)

Chemical
mechanism

Species Description

RACM2 HC3 Alkanes, esters, and alkynes with
kOH < 3.4× 10−12 cm3 s−1

HC5 Alkanes, esters, and alkynes with kOH between
3.4×10−12 and 6.8× 10−12 cm3 s−1

HC8 Alkanes, esters, and alkynes with
kOH > 6.8× 10−12 cm3 s−1

TOL Toluene and less reactive aromatics
ROH C3 and higher alcohols
OLI Internal alkenes
ETH Ethane
OLT Terminal alkenes
MEK Methyl ethyl ketone
KET Ketones
ALD C3 and higher aldehydes
DIEN Butadiene and other anthropogenic dienes
ETEG Ethylene glycol
UALD Unsaturated aldehydes
MGLY Methylglyoxal and other alpha-carbonyl aldehydes
ORA1 Formic acid
ORA2 Acetic acid and higher acids
API Alpha-pinenes and other cyclic terpenes with one

double bond
CSL Cresol and other hydroxy substituted aromatics
PHEN Phenol
LIM D-limonene and other cyclic diene-terpenes

SAPRC99 CRES Cresols
PHEN Phenols

Chemical species defined by Carter (2010a) for SAPRC07, Yarwood et al.
(2005) for CB05, Goliff et al. (2013) for RACM2, and Carter (2000) for
SAPRC99.
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2.2. Chemical mechanisms

Four gas-phase chemical mechanisms were used in CMAQ calcula-
tions to evaluate O3 concentration uncertainties between the chemical
mechanisms. The selected mechanisms included CB05TUCL (Sarwar
et al., 2008; Whitten et al., 2010), RACM2 (Goliff et al., 2013),
SAPRC07TC (Carter, 2010a; b), and SAPRC99 (Carter, 2000, Carter
et al., 2000). These chemical mechanisms cover almost all of the me-
chanisms included in CMAQ. CB05TUCL is based on CB05 (Yarwood
et al., 2005) and was updated with toluene reactions. The mechanism
consists of 205 reactions and includes 27 photolytic reactions and 80
gas-phase chemical species. RACM2 contains 363 reactions, including
33 photolytic reactions involving 128 chemical species. SAPRC07TC
consists of 689 reactions and includes 55 photolytic reactions and 150
chemical species. SAPRC99 consists of 224 reactions, including 30
photolytic reactions and 89 chemical species.

The AERO6 aerosol chemical scheme was used for CB05TUCL,
RACM2, and SAPRC07TC. For SAPRC99, the AERO5 aerosol chemical
scheme was selected to investigate the influence of the aerosol chemical
scheme on O3 concentration. However, the aerosol scheme appeared to
exert little influence on O3 concentration, which is part of the gas-phase
chemical cycle.

2.3. Emissions

The base emissions datasets used as model input are described by
Chatani et al. (2018b). For the emissions from Japan, Hemispheric
Transport of Air Pollution version 2.2 (Janssens-Maenhout et al., 2015)
was used for anthropogenic sources and ships. For the emissions from
Japan, the Japan Auto-Oil Program (JATOP) emissions inventory da-
tabase was used for anthropogenic sources. Vehicle emissions were
estimated by the JATOP emissions inventory–vehicle emissions esti-
mation model (Chatani et al., 2011), and other anthropogenic emissions
were derived from updated activity databases for 2013. For open bio-
mass burning, Global Fire Emissions Database version 4.1 (Van der
Werf et al., 2017) was used. SO2 emissions from four volcanoes (Asa-
mayama, Asosan, Sakurajima, and Miyakejima) in Japan were obtained

from the Japan Meteorological Agency (2017), and those from two
other volcanoes (Satsuma-Iojima and Suwanosejima) were obtained
from AeroCom (Diehl et al., 2012). The other volcanic SO2 emissions
were obtained from Aerosol Comparisons Observations and Models
(AeroCom; Diehl et al., 2012). Hourly biogenic volatile organic com-
pound (VOC) emissions both outside of and within Japan were esti-
mated by the Model of Emissions of Gases and Aerosols from Nature
(MEGAN) version 2.1 (Guenther et al., 2012). However, the biogenic
VOC emissions of MEGAN were reported to be over-estimated com-
pared to those of the Biogenic Emissions Inventory System in previous
studies (Carlton and Baker, 2011; Hogrefe et al., 2011). In ad13dition,
Chatani et al. (2018a) developed a new database of vegetation types
and emissions factors for estimating biogenic VOC emissions. These
authors found that a new database resulted in lower emissions than the
default MEGAN database did. Therefore, these studies imply that bio-
genic VOC emissions used in this study may be overestimated.

In this study, the chemical species emissions included in the VOCs
had to be rearranged to correspond to the species used in the four
chemical mechanisms. The emissions of individual VOC species in-
cluded in the emissions inventory databases were allocated into the
lumped species defined in the four chemical mechanisms following the
speciation table provided by Carter (2016). The aggregated amounts of
anthropogenic VOC emissions in the four chemical mechanisms nor-
malized by SAPRC07TC emissions are shown in Fig. 2. The abbrevia-
tions of volatile organic compound species used in Fig. 2 are listed in
Table 1. The large paraffin (PAR) emissions in CB05TUCL arose from
differences between the chemical mechanisms in the handling of
lumped species. For CB05, the number of carbon bonds in the chemical
species was counted toward the PAR emissions, which caused increased
PAR emissions in CB05TUCL compared to those in the other chemical
mechanisms. However, the CB05TUCL VOC emissions were the lowest
among the four chemical mechanisms when they were weighted by
reaction rate coefficients for OH-reactions. This indicates that the re-
activities of the VOCs in CB05TUCL were lower than those in the other
chemical mechanisms.

Fig. 3. Site locations of the observational data used for model result comparisons. E1–E11 are Acid Deposition Monitoring Network in East Asia sites, and J1–J20 are
automatic monitoring sites.
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2.4. Process analysis

Process analysis (Gipson, 1999), including integrated process rates
(IPRs) and integrated reaction rates (IRRs), was used to evaluate un-
certainties in simulated O3 concentrations in the four chemical me-
chanisms. IPRs encompass integrated rates of change in O3 concentra-
tions due to advection, diffusion, dry deposition, clouds, and chemical
reaction processes. Cloud processes include chemical reactions in the
liquid phase, convective transport, and wet deposition. IRRs include all
of the reaction rates in each mechanism. The IRRs of reactions related
to the O3 concentration can be used to evaluate reactions that factor
into the concentration differences between the chemical mechanisms.
Zhang et al. (2009) used process analysis on CMAQ simulations in the
USA to show that transport was the most influential O3 process in the
planetary boundary layer. Khiem et al. (2010) applied process analysis
for CMAQ O3 simulation in urban areas in Japan and concluded that

ground-level O3 was enhanced by vertical mixing and depleted by dry
deposition and chemical processes.

2.5. Observation datasets

The observation datasets were obtained by the Acid Deposition
Monitoring Network in East Asia (EANET) over d02; EANET data details
are given in EANET (2014). Gaseous pollutants, including O3, were
monitored every hour by automatic samplers using absorptiometry, cou-
lometry, ultraviolet absorption, or chemiluminescent methods. The mon-
itoring sites used for comparison in this study are shown in Fig. 3. E8 was
an urban site, and the other EANET sites were rural or remote. For d04,
automatic monitoring datasets from the Japanese Ministry of the En-
vironment were used for verification. The collection interval and chemical
species used in this study matched the EANET data, and the d04 sites were
urban or rural. Further data details are described in Chatani et al. (2018b).

Fig. 4. Distributions of daily 1 h maximum O3 concentrations averaged over the target season and differences between the concentrations produced by the chemical
mechanisms, shown over d01.
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3. Results and discussion

3.1. O3 concentration distributions

O3 concentration distributions during the study period are discussed

below for the given domains. The SAPRC07TC average daily 1 h max-
imum O3 concentration distribution during the study period for d01 and
d02 are shown in Figs. 4 and 5, respectively. The concentration dis-
tributions for the other chemical mechanisms are shown in terms of
difference from the SAPRC07TC concentrations. In d01, the seasonal O3

Fig. 5. Distributions of daily 1 h maximum O3 concentrations averaged over the target season and differences between the concentrations produced by the chemical
mechanisms, shown over d02.
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concentration was high in Eastern China, where the emissions of O3
precursors NOx and CO were large (Kurokawa et al., 2013). This high
concentration spread from Eastern China to Japan. In d02, high O3
concentrations prevailed from the west. Areas with high concentrations
of ∼100 ppb were also confirmed in the urban areas in d04.

The O3 concentration differences between CB05TUCL and
SAPRC07TC were negative in the SAPRC07TC high O3–concentration
areas for both d01 and d02 (Figs. 4 and 5). The difference appears to be
larger in the high O3–concentration area for SAPRC07TC. The dis-
tribution of the difference suggests that the SAPRC07TC O3 con-
centration was higher than that of CB05TUCL in most locations and
under most conditions. The concentration differences between RACM2
and SAPRC07TC were negative in Eastern China and positive in the
western part of d01. The differences were smaller in scale than those
between CB05TUCL and SAPRC07TC. Furthermore, the differences
were smaller in d02 than in d01. For SAPRC99, in contrast to
CB05TUCL and RACM2, the differences were positive along the East
China coast, off shore, and in Japanese cities but negative in the other
areas in d01. The differences in d02 were also positive over urban areas
and their offshore areas as well as the western area of the domain over
the sea but negative in other areas. For all the chemical mechanisms,
the average daily 1 h maximum O3 concentration during the summer
differed from that in SAPRC07TC by±10 ppb. The concentration dif-
ferences between SAPRC99 and SAPRC07TC were consistent with the
results of Cai et al. (2011), in which the SAPRC07 concentration was
less than 10 ppb lower than that of SAPRC99 in high O3–concentration
areas in California. Sarwar et al. (2013) showed that the RACM2 O3
concentration was less than 10% greater than that of CB05TUCL in the

USA. Yu et al. (2010) showed that the normalized mean bias of O3 for
SAPRC99 was about 10% greater than that for CB05. Differences of the
same magnitude are confirmed in Figs. 4 and 5; thus, the concentration
differences between the chemical mechanisms in this study are similar
to those found for the USA.

3.2. Comparison of modeled and observed concentrations

The O3 concentrations produced by the chemical mechanisms were
compared to those from observations from EANET and automatic
monitoring sites (Fig. 6). The study period average daily 1 h maximum
was used in the validation to focus on model uncertainty for high
concentrations. The average concentrations produced by the four che-
mical mechanisms varied within±10 ppb at EANET and the automatic
monitoring sites. CB05TUCL produced the lowest concentrations at all
of the sites. The RACM2 concentrations were higher than those from
CB05TUCL and lower than those from SAPRC07TC. The SAPRC99
concentrations were lower than those from SAPRC07TC for the EANET
sites and higher than those from SAPRC07TC for most of the automatic
monitoring sites. The SAPRC99 concentrations tended to be higher than
those from the other mechanisms in urban areas. However, the con-
centration differences between the other chemical mechanisms were
consistent for the monitoring sites.

To evaluate the O3 concentration uncertainty for the chemical me-
chanisms, the bias distribution and differences between modeled and
observed values were calculated for the daily 1 h maximum O3 con-
centrations (Fig. 7). The differences in O3 concentration between the
chemical mechanisms were also calculated. The mean bias (MB) values

Fig. 6. Average and mean bias of the daily 1 h maximum O3 concentrations for the chemical mechanisms during the study period at the observation sites. Site codes
are shown in Fig. 3. Squares and triangles are concentrations of d02 and d04, respectively.
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for the automatic monitoring sites were relatively low compared to
those for the EANET sites. The O3 concentration MB tended to be lower
for the automatic monitoring sites than for the EANET sites. The dif-
ference between the d02 and d04 grid resolutions was a factor in the
MB differences between the sites. To evaluate these MB differences due
to grid size, the MB was calculated for sites J1–J20 using the result from
the d02 grids; the resultant MB values ranged from −12 to 42 ppb with
an average of 14 ppb. The grid resolution influenced the MB, but the
MB varied between the sites. The difference in MB between EANET and
automatic monitoring sites may also have been influenced by the site
locations, which were in rural and urban areas, respectively. The bias
produced by the four chemical mechanisms ranged from 0 to 42 ppb
with an average of 18 ppb for the EANET sites and from −25 to 31 ppb
with an average of 5.5 ppb for the automatic monitoring sites. The si-
mulated O3 concentration was overestimated at most sites. Further-
more, the differences in concentration between the chemical mechan-
isms ranged from −8 to 1 ppb with an average of −3.1 ppb for the
EANET sites and from −8 to 8 ppb with an average of −2.4 ppb for the
automatic monitoring sites. The model bias was much larger than the
differences in concentration between the chemical mechanisms.
Therefore, the model overestimation was not explained by the differ-
ences between the chemical mechanisms.

3.3. Process analysis for O3 concentrations in the domains

Process analysis was conducted for the O3 concentration IPRs to
clarify the causes of the uncertainties in the chemical mechanisms using
the chemical process rates. During the analysis, the hourly IPRs in the
daytime (5–19) were averaged in d02 and d04 from the 1st to the 10th
vertical layers over the study period (Fig. 8). The daily 1 h maximum
average of chemical IPR for O3 over the land and sea areas of d02 and
d04 are also shown in Fig. 9 for the comparison with daily 1-h max-
imum O3 concentration. In the domains, the IPRs were divided into
land and sea areas using land use data from the Weather Research and
Forecasting Model. The IPRs of the chemical process were larger than
those of the other processes, except for the sea area of d02. The low
IPRs of the chemical process over the sea area of d02 were derived from
the low O3 concentration compared to that over the land area as shown
in Fig. 5. The average of the chemical IPR over the land area of d04 was
approximately 1 ppb h−1 and was 0.5 ppb h−1 in both the land area of
d02 and the sea area of d04. Over the land area, the daily 1 h maximum
average of the chemical IPR showed the same trend as the O3 con-
centration. Over the sea area, the daily 1-h maximum average of the
chemical IPR for SAPRC99 was high and that for RACM2 was low in the
chemical mechanisms. This trend is also shown for the O3 concentration
in Fig. 5. For the other processes, the advection and diffusion IPRs were
positive in d02 and negative in d04. These values were affected by
lower O3 concentration in d02 and higher O3 concentration in d04,

Fig. 7. Distributions of bias for the four chemical mechanisms as well as O3 concentration differences between SAPRC07TC and the other mechanisms for EANET and
automatic monitoring sites. The top of the bar, top of the box, bottom of the box, and bottom of the bar indicate the 90th, 75th, 25th, and 10th percentiles,
respectively. Horizontal bars indicate the median, and cross markers denote the mean.

K. Kitayama et al. Atmospheric Environment 198 (2019) 448–462

455



compared to that in the outer area of the domain shown in Figs. 4 and 5.
For dry deposition, negative IPRs were calculated in all cases, especially
over land. The difference in IPR between land and sea may be explained
by the lower deposition velocity for water surfaces (in comparison to
other land uses; Byun and Ching, 1999). Cloud processes include ver-
tical convective mixing of high O3 concentrations in the upper to the
target layers and wet deposition. Over the land areas of d02 and d04,
the cloud process IPRs were negative due to wet deposition being
higher than the convective mixing. In these areas, O3 produced by high
chemical IPR caused high wet deposition by scavenging. The IPR over
the sea area of d02 was positive due to the convective mixing being
larger than wet deposition. In this area, wet deposition was low because

of the low chemical IPR.
The differences in the chemical IPRs between the chemical me-

chanisms showed the same trend as those of the daily 1 h maximum O3
concentrations in Fig. 4, expect for RACM2. For the other three che-
mical mechanisms, IPRs ranked as follows over the land area of d02:
SAPRC07TC > SAPRC99 > CB05TUCL; those in the other areas
ranked as follows: SAPRC99 > SAPRC07TC > CB05TUCL. In contrast
to the O3 concentration case, the IPRs of the RACM2 chemical process
was lower than that for CB05TUCL. The low negative IPRs of the other
processes for RACM2 contributed to the higher O3 concentration than
that for CB05TUCL in all cases apart from the sea area of d02. In this
area, the IPRs of the chemical process for RACM2 were negative, which
differed from those for the other chemical mechanisms. The relatively
high IPRs of the cloud, advection, and diffusions processes for RACM2
balanced the total IPRs in this case. The differences between the day-
time chemical IPRs of the chemical mechanisms approximately corre-
sponded to the difference in daily 1 h maximum O3 concentrations.

Process analysis was also applied for the EANET and automatic
monitoring sites. The IPRs were averaged from 1st to 10th layers in one
grid, including one of the monitoring sites for the daytime of the target
period (Fig. 10). The IPRs of the processes other than the chemical
process were distributed inversely to the chemical process in the same
way as the IPRs for the land area of d04 in Fig. 8. For the J2 and J10
sites, negative IPRs of the chemical process caused the lower O3 con-
centrations compared with those in the surrounding sites. Positive IPRs
of the advection and diffusions balanced the O3 concentration changes
in these sites. The distributions of the IPRs of the chemical mechanisms
showed the same trend as d04's means in Fig. 8. The chemical process
IPRs of the chemical mechanisms in the automatic monitoring sites

Fig. 8. Daytime averages of O3 concentration integrated process rates (IPRs) in the given domains for the four chemical mechanisms. The IPRs were averaged in the
daytime of the study period from the 1st to the 10th vertical layers over d02 and d04, which were divided into land and sea areas.

Fig. 9. Daily 1 h maximum averages of chemical O3 integrated process rates
(IPRs) in the given domains for the four chemical mechanisms. The IPRs were
averaged from the 1st to the 10th vertical layers over d02 and d04, which were
divided into land and sea areas.
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(J1–J20) were ranked as follows: SAPRC99 > SAPRC07TC >
CB05TUCL > RACM2. For the EANET sites, the IPR of SAPRC99 was
close to that of SAPRC07TC compared with IPRs of the automatic sites.

3.4. Reaction rates related to O3 chemical processes

The IRRs for reactions related to O3 concentration were calculated
to find the reactions that influence the differences in O3 concentration

Fig. 10. Daytime averages of the chemical process integrated process rates (IPRs) for O3 concentrations in the monitoring sites. The IPR is averaged from the 1st to
the 10th vertical layers in a grid including the monitoring site over the daytime of the study period.

Fig. 11. Daytime averages of integrated reaction rates (IRRs) for reactions related to O3 over the land and sea areas of the domains for the four chemical mechanisms.
The integrated process rates were averaged over the daytime of the study period from the 1st to the 10th vertical layers over d02 and d04.
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between the chemical mechanisms. Like the IPRs, the daytime (5–19)
hourly IRRs were averaged over the target domain, layer, and period for
the four mechanisms (Fig. 11). The major IRR for O3 was found to be
the reaction between O (3P) and O2. The second-largest absolute IRR
was found in the reactions converting O3 to O (3P), and the next largest
IRRs were the reactions between O3 and NO and those converting O3 to
O (1D). The IRRs of these reactions also contributed to the differences in
O3 concentration etween the chemical mechanisms. Considering that
the differences in chemical process rates between the chemical me-
chanisms were within the range of – 0.1 to 0.1 ppb h−1 (Fig. 8), these
four reactions could influence the O3 concentration enough to cause the
differences between the chemical mechanisms. The IRR of the reaction
between O3 and NO was influenced by reactions related to NO. The
IRRs for reactions related to NO were calculated in a similar manner to
the O3 reaction IRRs to reveal the indirect influence of NO reactions on
the O3 concentration uncertainty in the chemical mechanisms (Fig. 12).
Four reactions exerted a large influence on the differences in O3 con-
centration between the chemical mechanisms.

To evaluate the relationships between these reactions and the O3
concentration differences between the chemical mechanisms in detail,
coefficients of determination (r2) were calculated for the O3 chemical
IPR and IRR differences between the chemical mechanisms from
SAPRC07TC (Table 2). Hourly daytime IPRs and IRRs averaged over the
domains and layers 1–10 for both land and sea areas of d02 and d04
were used in the r2 calculations. The highest r2 between the IPR and IRR
difference was found for the hydroperoxyl radical (HO2)-NO reaction in
CB05TUCL and SAPRC99 in all cases and the alkyl peroxyl radical
(RO2)-NO reaction in RACM2 in all cases except for the sea area of d04.
These reactions consume NO to suppress the decrease in the O3

concentration by the reaction between O3 and NO. The high r2 suggests
that the difference in IRRs for these reactions of the chemical me-
chanisms largely contributed to the difference in the chemical process
IPRs and O3 concentration. Sadanaga et al. (2005) found the relation-
ship by which instantaneous O3 production was determined by NO
reactions with HO2 and RO2. Chen et al. (2010) predicted the O3 pro-
duction of the different chemical mechanisms from predicted HO2 and
RO2 concentrations. These reactions primarily influenced the O3 con-
centration and the difference between the chemical mechanisms. Re-
garding the other reactions, the r2 values for the O3 reactions were
relatively high for CB05TUCL. However, IRRs of these O3 reactions
could be affected by both O3 concentration and reaction rate constants.
The difference in O3 concentration between SAPRC07TC and
CB05TUCL could have caused the difference in IRRs between the O3
reactions. The relation of IRRs to the O3 reactions and chemical IPRs is
discussed by comparing the reaction rate constants.

The IRR differences in the chemical mechanisms can be attributed
to differences in the reactant and product concentrations and reaction
rate constants. The influence of the differences in the reaction rate
constants on the O3 IPR difference was investigated by comparing the
rate constants of the four chemical mechanisms (Table 3). The HO2-NO
reaction rate constant in CB05TUCL, RACM2, and SAPRC99 was lower
than that in SAPRC07TC. This difference in the constant would influ-
ence the differences in IRRs. The reaction schemes and chemical com-
pounds included in RO2 differed between RACM2 and SAPRC07TC. The
reaction rate constants for the reactions of MEO2 and MEO3 with NO
were the same in all the chemical mechanisms. However, the rate
constants were low compared with SAPRC07TC when the RO2 carbon
number in the reaction increased. The differences in rate constants and

Fig. 12. Daytime averages of integrated reaction rates (IRRs) for reactions related to NO over the land and sea areas of the domains for the four chemical me-
chanisms. The integrated process rates were averaged over the daytime of the study period from the 1st to the 10th vertical layers over d02 and d04.
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lumped chemical compounds in the reaction could have influenced the
IRR difference between RACM2 and SAPRC07TC. The lower IRR of the
RO2-NO reaction for RACM2 compared to that for the other mechan-
isms is also shown in Figs. 8 and 9 in terms of the low O3 chemical IPR
over the sea area. In d02, the ratio of averaged VOC to NOx con-
centration was 3.7 over the land and 22.7 over the sea for RACM2. In
d04, this ratio was 5.5 for the land and 8.4 for the sea. For the other
mechanisms, the ratio was also high for the sea area, whereas the values
varied because of different VOC emissions. Over the sea area, the high
VOC concentration compared to the NOx concentration was considered
to increase the differences in IRRs for the RO2-NO reaction and

chemical IPRs for O3 between RACM2 and the other mechanisms. For
the O3 reactions, the rate constants for the reaction of O and O2 pro-
ducing O3 were large for CB05TUCL and similar for the other me-
chanisms. The rate constants for the reaction between O3 and NO were
the same for SAPRC07TC and CB05TUCL and low for RACM2 and
SAPRC99. These values suggest that the O3 concentrations of
SAPRC07TC and CB05TUCL caused the IRR differences in the O3 re-
actions in the mechanisms. Relatively high r2 values for the O3 reactions
in Table 2 were considered to be due to this relation.

The IRRs of the reactions related to O3 and NOx for the EANET and
automatic monitoring sites were calculated to focus on the difference in

Table 2
Coefficients of determination (r2) of the daytime hourly O3 integrated process rates (IPR) difference from SAPRC07TC and the corresponding integrated reaction rates
(IRR) difference over the land and sea areas of d02 and d04.

d02 r2 between O3 chemical IPR and IRR differences from SAPRC07

Land area Sea area

CB05 RACM2 SAPRC99 CB05 RACM2 SAPRC99

O3 reactions corresponding to IRRs
O + O2 → O3 0.70 0.04 0.27 0.35 0.27 0.15
O3 + NO → NO2 0.75 0.05 0.54 0.51 0.00 0.64
O3 → O1D 0.90 0.10 0.73 0.59 0.18 0.55
O3 → O 0.64 0.07 0.18 0.29 0.22 0.11

NO reactions corresponding to IRRs
NO2 → NO + O 0.81 0.02 0.66 0.59 0.01 0.80
HO2 + NO → OH + NO2 0.90 0.05 0.89 0.68 0.07 0.89
RO2 + NO → RO + NO2 0.02 0.90 0.00 0.16 0.88 < 0.01

d04 r2 between O3 chemical IPR and IRR differences from SAPRC07

Land area Sea area

CB05 RACM2 SAPRC99 CB05 RACM2 SAPRC99

O3 reactions corresponding to IRRs
O + O2 → O3 0.76 <0.01 0.04 0.53 0.21 0.04
O3 + NO → NO2 0.80 <0.01 0.06 0.56 0.52 0.04
O3 → O1D 0.82 0.01 0.30 0.64 0.02 0.35
O3 → O 0.67 0.01 0.01 0.45 < 0.01 0.03

NO reactions corresponding to IRRs
NO2 → NO + O 0.82 0.01 0.09 0.61 0.59 0.07
HO2 + NO → OH + NO2 0.92 0.09 0.80 0.77 0.43 0.74
RO2 + NO → RO + NO2 0.20 0.77 <0.01 0.25 0.48 0.01

Table 3
Reaction rate constants in the four chemical mechanisms for 1mol cm−3 s−1 of the reactants at 1 atm and 298 K.

Reaction CB05 SAPRC07 RACM2 SAPRC99

O + O2 → O3 6.1× 10−34 5.8× 10−34 5.8×10−34 5.8× 10−34

O3 + NO → NO2 2.0× 10−14 2.0× 10−14 1.7×10−14 1.8× 10−14

O3 → O (1D) photolysis photolysis photolysis Photolysis
O3 → O photolysis photolysis photolysis Photolysis
NO2 → NO + O photolysis photolysis photolysis Photolysis
HO2 + NO → OH + NO2 8.1× 10−12 8.9× 10−12 8.5×10−12 8.4× 10−12

MEO2a + NO → FORMb + HO2 + NO2 7.7× 10−12 7.7× 10−12 7.7×10−12 7.3× 10−12

MECO3c + NO → MEO2 + CO2 + NO2 2.0× 10−11 2.0× 10−11 2.0×10−11 2.1× 10−11

RO2Cd + NO → NO2 – 9.3× 10−12 – –
ETHPe + NO → HO2 + NO2 – – 8.8×10−12 –
HC3Pf + NO → HO2 + NO2 – – 4.0×10−12 –
RO2_Rg + NO → NO2 + HO2 – – – 9.0× 10−12

a Methyl peroxy radicals.
b Formaldehyde.
c Acetyl peroxy radicals.
d Peroxy radical operator representing NO to NO2 and NO3 to NO2 conversions and the effects of peroxy radical reactions on other species.
e Peroxy radicals formed from ethane.
f Peroxy radicals formed from propane.
g Peroxy radical operator representing NO to NO2 conversion with HO2 formation.
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the reaction rates between the chemical mechanisms in urban and rural
sites. The IRRs were averaged from the 1st to 10th vertical layers in a
grid including the monitoring sites over the daytime during the study
period. Considering the relation of the O3 concentration difference in
the above discussion, the IRRs of the three reactions, namely O3 + NO
→ NO2, HO2 + NO → OH + NO2, and RO2 + NO → Rʹ-CHO + HO2,
are shown in Fig. 13. The absolute IRRs of these reactions for the au-
tomatic monitoring sites were larger than those for the EANET sites.
These reactions are related to NOx and VOC. The difference in the IRRs
between the sites was due to the concentrations and emissions of these
gasses. This difference was clearer than those of the domain mean. The
IRRs of the chemical mechanisms were distributed similarly to the
domain mean except for one point. The absolute IRRs of SAPRC99 for
the reaction between NO and HO2 were relatively large in the urban
area compared to those of the other chemical mechanisms. The absolute
IRRs of SAPRC99 for the reaction between NO and RO2 were also high
in the EANET and automatic monitoring sites. These high absolute IRRs
would contribute the large O3 concentration of SAPRC99 in urban areas
compared with those of the other chemical mechanisms. Considering
the high correlation between the differences in the chemical O3 IPRs
and IRRs from SAPRC07TC in Table 2, the NO and HO2 reaction con-
tributed more to the difference in the O3 concentrations of the chemical
mechanisms than the NO and RO2 reaction did. These high absolute
IRRs of SAPRC99 in urban areas were due to relatively large emissions
weighted to reacted OH rather than the reaction rate constants of these
reactions, considering Fig. 2 and Table 3. The relatively low absolute
IRRs in the NO reactions with HO2 for CB05TUCL and RO2 for RACM2
were consistent with the high correlations between the chemical IPR

and IRR differences from SAPRC07TC in Table 2.

4. Conclusions

O3 concentrations from four chemical mechanisms, namely
CB05TUCL, RACM2, SAPRC07TC, and SAPRC99, were simulated by the
CMAQ model for the Japanese region, and the O3 concentration un-
certainty was evaluated. The CB05TUCL mechanism produced the
lowest O3 concentrations over the entire target region. The second- and
third-lowest O3 concentrations were produced by RACM2 and
SAPRC99, respectively. Over most of the target domain, SAPRC07TC
produced the highest O3 concentrations, though the concentrations
from SAPRC99 exceeded those from SAPRC07TC in some areas. The
concentration differences between the chemical mechanisms were be-
tween −10 and 10 ppb from the SAPRC07TC concentration, which was
used as a standard. The biases between the modeled O3 concentration
and observations from monitoring sites were within 40 ppb, but the
model largely overestimated the concentration. The uncertainty in the
chemical mechanisms regarding O3 concentration was much lower than
the model bias. The chemical model uncertainty accounted for a part of
the overall model uncertainty. However, the majority of the model
uncertainty could be attributed to other factors, such as emissions,
meteorological inputs, transport, and deposition. The over-estimation
of the MEGAN biogenic VOC emissions reported by Carlton and Baker
(2011), Hogrefe et al. (2011), and Chatani et al. (2018a) is potentially
one of these factors. In recent studies, boundary conditions were found
to affect O3 concentrations (Hogrefe et al., 2018). Additionally, newer
chemical mechanisms include halogen chemistry, which can reduce O3

Fig. 13. Daytime averages of integrated reaction rates (IRRs) of the reactions, O3 + NO→ NO2, HO2 + NO→ OH+ NO2, and RO2 + NO→ Rʹ-CHO+ HO2, for the
EANET and automatic monitoring sites. The IRRs are averaged from the 1st to the 10th vertical layers in a grid including the monitoring site over the daytime of the
study period.
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concentrations (Gantt et al., 2017). The influence of these potential
factors on O3 concentrations uncertainties will be investigated in future
studies.

Factors influencing uncertainty in the chemical mechanisms were
investigated through the IPRs and IRRs of O3 and related species, which
were calculated using process analysis. The domain- and 10-layer
average of the O3 IPR showed that the O3 production process rates in
SAPRC07TC were higher than those in the CB05TUCL and RACM2,
especially over land. For SAPRC99, the O3 production IPRs were larger
than those from SAPRC07TC in d04 and over the sea in d02. The IRR
analysis indicated that the differences in the O3 chemical IPRs could
have been caused by three O3 production and loss reactions and related
NO reactions. The coefficients of determination between the O3 IPR and
IRR differences showed the strongest correlation in IRR differences for
the HO2-NO reaction in CB05TUCL and SAPRC99 and the RO2-NO re-
action in RACM2. Differences in reaction rate constants and lumped
VOCs may have caused some of the differences in O3 production be-
tween the chemical models.
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