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Abstract

The Source-Receptor (S-R) relationship for surface O3 in East Asia is estimated for
recent years in this study utilizing the tagged tracer method with a global chemical
transport model. The estimation shows the importance of intra-continental transport of
O3 inside East Asia as well as the transport of O3 from distant source regions. The5

model well simulated the absolute concentration and seasonal variation of surface O3
in the East Asian region, and demonstrated significant seasonal difference in the origin
of surface O3. More than half of surface O3 is attributable to the O3 transported from
distant sources outside of East Asia in the cold season (October to March). In the warm
season (April to September), most of the surface O3 is attributed to O3 created within10

East Asia in most areas of East Asia. The contribution of domestically-created O3
accounts for 20% of surface O3 in Japan and the Korean Peninsula, 40% in North China
Plain and around 50% in the southern part of China in spring, which increase greatly in
summer. The contribution of China and the Korean Peninsula to Japan are estimated
at about 10% and 5%, respectively. A large contribution (20%) of China to the Korean15

Peninsula is also demonstrated. In the northern and southern part of China, large
contribution of over 10% from East Siberia and the Indochina Peninsula are identified,
respectively. The contribution of intercontinental transport increases with latitude; it is
21% in Northeast China and 13% in Japan and the Korean Peninsula in spring. As for
one-hourly mean surface O3, domestically-created O3 is the main contributor in most20

areas of East Asia, except for the low O3 class (<30 ppbv), and accounts for more
than 50% in very high O3 class (>90 ppbv). The mean relative contribution of China
to central Japan was about 10% in every class, but that from the Korean Peninsula is
important in all expect the low O3 class. Substantial impact of foreign sources on the
exceedance of Japan’s AAQS is identified in the high O3 class (60–90 ppbv) in spring.25
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1 Introduction

Tropospheric ozone (O3) near the Earth’s surface can be a harmful atmospheric pollu-
tant, since high levels of O3 can have detrimental effects on human health (US Environ-
mental Protection Agency – US EPA, 2006) and cause biochemical damages to plants
reducing plant primary productivity and crop yields (Lesser et al., 1990; Kobayashi,5

1999; Wang et al., 2005; US EPA, 2006). It is now well established that the con-
centration of surface O3 in a given region is controlled through a balance between
transport from outside of the region including other continents and the stratosphere,
dry deposition onto the surface, and photochemical reactions involving nitrogen oxides
(NOx=NO+NO2), carbon monoxide (CO), and Volatile Organic Carbons (VOC) on a10

local and regional scale (Brasseur et al., 1999; Stevenson et al., 2006; Wild, 2007).
Intense emissions of these precursors of O3 (NOx, CO, and VOCs) from industrial ac-
tivities, electrical power generation and road transportation cause photochemical smog
around big cities and industrial regions. Japan has experienced severe photochemical
smog associated with economic growth and motorization in the early 1970s, which was15

followed by a remarkable improvement of air quality in the subsequent decade due to
enactment and gradual reinforcement of regulations against emissions of O3 precur-
sors. Since then, concentrations of non-methane hydrocarbons over Japan has been
continuously decreasing, and NOx concentration has remained almost constant during
the 1980s and 1990s followed by a decrease after 2000. In spite of this, long-term mon-20

itoring data shows that surface concentration of O3 over Japan began to re-increase
in the mid 1980s and has continuously increased until the present (Ohara and Sakata,
2003). This increase in surface O3 has been observed over almost the whole region of
Japan including remote monitoring sites located on mountains or islands where no ma-
jor source of O3 precursors exists (Ohara and Sakata, 2003; Tanimoto, 2009). These25

observed features of air quality in Japan strongly suggest that the recent increase in
O3 can not be solely attributed to local pollution as in the early 1970s but is influenced
by the transport of O3 from outside of Japan.
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In other East Asian countries, an increasing trend in O3 concentration has also been
observed in mainland China, Hong Kong, and Taiwan (Chou et al., 2006; Lu and Wang,
2006; Chang and Lee; 2007, Xu et al., 2008; Wang et al., 2009), which implies that
the increase in O3 is an issue for the whole East Asian region. The estimated increase
in anthropogenic emissions of O3 precursors in East Asian countries during the last5

two decades (Ohara et al., 2007), which is verified by space-based measurement of
an increase in tropospheric column NO2 (Richter et al., 2005; Irie et al., 2005), is likely
a major cause of the observed increase in East Asian O3. However, the influence of
O3 precursors emitted in regions outside of East Asia or the influence of stratospheric
O3 upon the observed increase in East Asian O3 should not be ruled out, because10

insufficient knowledge of the relative importance of each source region of O3 on the
amount of O3 over East Asian region is available. Therefore, before discussing the
causes of the recent increase in East Asian O3, quantitative estimation of the amount
of O3 that is transported into East Asia from outside sources, and also the amount of
O3 transported intra-continentally among the East Asian countries is required.15

Such quantitative estimations of the proportion of O3 over a receptor area that is
attributable to a source region, the so-called Source-Receptor (S-R) relationship for
O3, has been widely studied (Wang et al., 1998; Jacob et al., 1999; Wild and Akimoto,
2001; Fiore et al., 2002; Li et al., 2002; Derwent et al., 2004; Wild et al., 2004; Au-
vray and Bey, 2005; Sudo and Akimoto, 2007). Moreover, the international coordinated20

effort to quantify and estimate uncertainties in the S-R relationship for O3 and other
air pollutants have been proceeding under the United Nations Economic Commission
for Europe (UNECE) Convention in Long Range Transboundary Air Pollution (CLR-
TAP), the Task Force on Hemispheric Transport of Air Pollution (TF HTAP) (Keating
and Zuber, 2007; Fiore et al., 2009). However, many of these studies focus on the in-25

tercontinental transport of O3 between the highly populated and industrialized regions
in the mid latitudes of the Northern Hemisphere, i.e., North America, Europe and Asia,
and pay little attention to the intra-continental transport of O3.
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There are a small number of studies which address the S-R relationship for O3 in
Asia. For instance, Li et al. (2008) studied source apportionment of O3 observed
at Mt. Tai in central eastern China during a field campaign carried out in June 2006
(Kanaya et al., 2009) using a regional chemical transport model. They estimate con-
tributions from defined source regions, which are closely partitioned within China, to5

the O3 amount at Mt. Tai. However, a one-month estimation at one particular receptor
point only cannot provide the whole picture of the S-R relationship for O3 in the East
Asian region. The S-R relationship for acidifying species over a longer timeframe has
already been estimated for sulfur deposition (Carmichael et al., 2002; Lin et al., 2008),
but for O3, such estimations of the S-R relationship have yet to be reported.10

In this study, we estimate the S-R relationship for O3, in particular for surface O3, in
East Asia based on previous work by Sudo and Akimoto (2007), which have demon-
strated the significant role of intercontinental transport of O3 on the global distributions
and budgets of tropospheric O3 using the tagged tracer method with a global chemi-
cal transport model. Our current study further investigates contributions from various15

source regions to the East Asian O3 concentrations taking into account intra-continental
transport as well as intercontinental transport of O3. The estimation is made through a
multi-year simulation over the early 2000s using global-scale chemical transport model
with the tagged tracer method to obtain the averaged picture of S-R relationship for O3
in recent years. In the next section, a brief description of the model and experimental20

method are presented. The model simulation is evaluated against observations at sur-
face monitoring sites, and the simulated contributions from various source regions are
then discussed in Sect. 3. The difference in estimated contributions depending on the
class of one-hourly surface O3 concentration is also discussed in Sect. 3.

2 Method25

Generally, there are two different approaches used to quantify the contributions of
source regions of O3 to the amount of O3 in a receptor area. One is the emission
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sensitivity approach, which performs two simulations: a perturbed run with and a stan-
dard run without a perturbation in the O3 precursor emission, respectively, of the desig-
nated source region or source sector, to obtain the contribution of that source to O3 in a
receptor region by taking the difference of calculated O3 between the two runs (Jacob
et al., 1999; Wild and Akimoto, 2001; Wild et al., 2004; Fiore et al., 2009). The second5

approach is the tagged tracer method, which calculates the distribution of hypothetical
O3 tracers, each of which is allowed to be chemically produced only inside its desig-
nated source region. Then, the concentration of each O3 tracer tagged by its source
region represents the contribution of that source region. This method has been used in
many studies addressing a wide variety of issues using both global and regional chem-10

istry transport models (Wang et al., 1998; Fiore et al., 2002; Li et al., 2002; Auvray and
Bey, 2005; Sudo and Akimoto, 2007; Li et al., 2008).

The emission sensitivity approach estimates the amount of O3 in a receptor region
which is produced by, and is thus attributable to, the precursors of O3 emitted inside
each source region no matter where they were chemically converted to O3. In con-15

trast, the tagged tracer method calculates the amounts of O3 in a receptor area which
was chemically produced inside each source region and then transported to that re-
ceptor area, which inevitably includes amounts of O3 created inside a source region
from precursors emitted in adjacent source regions and transported to that source
region. Therefore, the S-R relationships for O3 estimated by these two different ap-20

proaches can differ. Li et al. (2008) compared the two methods for the contribution of
high O3 production regions in China to O3 concentration at Mt. Tai in June 2006 and
found the difference can be up to 30%. They concluded that both approaches agree
reasonably well with each other. Although this one example does not guarantee con-
sistency between the approaches, we decided to employ the tagged tracer method in25

this study mainly because of its computational efficiency. This study aims to estimate
the mean contributions from many source regions (number of region N>20) separately
with multi-year model simulations, which requires N+1 runs to deduce the contribution
of each source region for a single year using emission sensitivity approach, whereas
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the tagged tracer method requires only two runs for a single year using the framework
described in the following section.

2.1 Model description

A chemistry climate model for the troposphere, CHASER (Sudo et al., 2002a), is used
in this study. CHASER has been developed based on the atmospheric component of a5

coupled general circulation model, MIROC, developed by the Center for Climate Sys-
tem Research (CCSR), the National Institute for Environmental Studies (NIES), and
the Frontier Research Center for Global Change (FRCGC) (Numaguti et al., 1995; K-
1 Model Developers, 2004). The framework of the model is basically identical to that
used in previous work by Sudo and Akimoto (2007), hereafter referred to as SA07.10

However, this study uses a finer horizontal grid spacing (T63: ≈1.9◦ by 1.9◦ in longi-
tude and latitude) than previously used (T42: ≈2.8◦ by 2.8◦) in order to better resolve
individual Asian countries, since the aim is to investigate intra-continental transport of
O3 as well as intercontinental transport of O3. The top layer of the model is set at
about 40 km altitude with 32 vertical layers. The model calculates the concentrations15

of 53 chemical species through 27 photolysis and 113 chemical reactions representing
a detailed tropospheric chemistry involving the O3-HOx-NOx-CH4-CO system and oxi-
dation of NMHCs. The model also includes the sulfate formation process with gas and
liquid phase oxidation of SO2 and dimethyl sulfide (DMS). A dry deposition scheme
based on the resistance series parameterization of Wesely (1989) and two different20

processes of wet deposition (in-cloud and below-cloud scavenging) are also included.
The advective transport of chemical species is calculated with a fourth-order flux-form
advection scheme of the monotonic van Leer (van Leer, 1997) and the flux-form semi-
Lagrangian advection scheme of Lin and Rood (1996). Vertical transport by moist
convection is also considered in the cumulus convection process, which is based on25

the Arakawa-Schubert scheme (Emori et al., 2001). The concentrations of O3 and
some nitrogen compounds (NOx, HNO3, N2O5) above the tropopause are assimilated
into the monthly mean output data of a stratospheric chemistry climate model. The
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data for the assimilation are taken from Akiyoshi et al. (2009) for O3, and Takigawa et
al. (1999) for the nitrogen compounds.

In this study, two different setups of CHASER are used: full-chemistry setup and
tracer-transport setup. The full-chemistry setup calculates the temporal evolution of
chemical species through the actual chemical-physical procedure as mentioned above,5

whereas the tracer-transport setup calculates the temporal evolution of hypothetical O3
tracers with archived chemical tendencies. The detailed procedure of calculation is
described in the next subsection.

2.2 Tracer tagging

The tracer tagging method performed in this study consists of two steps (Sudo10

and Akimoto, 2007). Firstly, a standard simulation with the full-chemistry
setup of CHASER is performed to archive 3-hourly mean 3-D fields of chemi-
cal production (P ) and loss frequencies (L) of the extended odd oxygen family
(Ox=O3+O+O(1D)+NO2+2 NO3+3 N2O5+PANs+HNO3+ other nitrates). We use P
and L of the Ox family instead of those of O3 in order to eliminate the rapid null cycles15

within the Ox family, as in previous studies (Wang et al., 1998; Li et al., 2002; Fiore et
al., 2002). The standard simulation also outputs the daily 3-D distribution and 1-hourly
surface concentration of O3, which are hereafter referred to as “total” O3. Note that
outputted O3 data is correctly a sum of O3, O, and O(1D). Since the concentrations of
O and O(1D) are both negligible in the troposphere compared to O3, we refer to the20

outputted data as O3 for the sake of clarity. The standard simulation is then followed by
the second simulation, which uses the trace-transport setup of CHASER. In the second
simulation, the temporal evolution of hypothetical O3 tracers, each of which is assigned
to a particular region in the model domain, are calculated. The assignment of a tracer
to each region is done in the following way. The transport and dry deposition of each25

tracer are calculated in the same way as in the standard simulation, but the chemical
evolution of tracers is calculated using the archived P and L of Ox. Each O3 tracer can
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be lost chemically at the frequency of L everywhere in the model domain, but it can be
produced chemically only inside its assigned source region. In the stratosphere, the
concentration of O3 tracer assigned to the stratosphere is assimilated into the same
stratospheric O3 data as used in the standard simulation, but those of tracers assigned
to the region in the troposphere are all set to zero. In SA07, the O3 tracer assigned5

to the stratosphere is assimilated only above 55 hPa altitude in order to avoid the non-
negligible contribution of O3 and precursors transported from the troposphere to the
lower stratosphere. However, that procedure is not employed in the present study. In-
stead, we assimilate the O3 tracer assigned to the stratosphere over the tropopause
defined with the lapse rate; otherwise concentrations of total O3 in the upper tropo-10

sphere would be overestimated. The concentration of each O3 tracer tagged with its
assigned source region is then scaled to be the sum of all tagged O3 tracers, being
equal to the total O3 output by the standard simulation. The resultant concentration of
each tagged O3 tracer at a given location represents the contribution of O3 that was
created in each source region and transported to that location.15

For the tracer tagging, we separate the model domain into 45 regions in the strato-
sphere and 22 regions both in the Planetary Boundary Layer (PBL) and in the Free
Troposphere (FT), as shown in Fig. 1. As to the vertical classification between the PBL
and FT, SA07 defined the PBL as the six lowermost layers in the model (surface to
about 750 hPa) based on the observed and modelled vertical profiles of O3 production.20

We adopt the same procedure to separate the PBL from the FT. The same horizontal
separation of source regions depicted in Fig. 1 is applied in the PBL and the FT. This
horizontal separation is different from that applied in SA07, who employed different
horizontal separations for the PBL and the FT, respectively, and most of the oceans
and East Siberia were assigned to one source region. In this study, since special focus25

is put on the intra-continental transport of O3 inside East Asia, we further separate
the source region in East Asia; the Korean Peninsula, the Sea of Japan, and the East
China Sea are separately defined. We also set source regions for the North Pacific
Ocean and North Atlantic Ocean separately, because our pilot simulation showed that
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both regions have non-negligible contributions to East Asian surface O3, and should
be considered independently of each other.

2.3 Experimental design

Model simulations are made for six years from the year 2000 to 2005. The model
meteorology (horizontal wind velocities and temperature) is assimilated into the5

National Center for Environmental Prediction/National Center of Atmospheric Re-
search (NCEP/NCAR) reanalysis 6-hourly data (Kalnay et al., 1996) of the correspond-
ing year. Sea surface temperature and sea ice data to drive the model are taken from
Hadley Centre’s Sea Ice and Sea Surface Temperature data set (HadISST) (Rayner
et al., 1993). For the first step of the full chemistry calculation, we use the following10

emission data sets of O3 precursors (NOx, CO, NMHCs) from various origins. Anthro-
pogenic emission data are from the latest version of the Regional Emission inventory
in Asia (REAS ver. 1.2) (Ohara et al., 2007) for the Asian region and the Emission
Database for Global Atmospheric Research Version 3.2 (EDGAR3.2) Fast Track 2000
(FT2000) data (Olivier and Berdowski, 2001) for the rest of the world. For O3 precur-15

sor emissions from biomass burning, we adopt vegetation fire emission data compiled
for the Reanalysis of the Tropospheric chemical composition over the past 40 years
project (RETRO) (Schultz et al., 2008) for the whole land area. We also consider
natural sources of NOx from soils (5.5 TgN/yr) and lightning (3.3 TgN/yr). Large bio-
genic emissions of isoprene (400 TgC/yr) and terpenes (100 TgC/yr) are used follow-20

ing SA07. The initial condition of the simulation is taken from a 5-year integration using
CHASER with constant boundary conditions for the year 2000, which is long enough
to obtain the equilibrium state.
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3 Results

3.1 Model evaluation with surface ozone observations

The ability of CHASER to represent the observed concentrations of O3 and related
chemical species has been well validated in previous studies (Sudo et al., 2002b; Sudo
and Akimoto, 2007). However, we employ a finer horizontal resolution than used in5

previous studies and the emission data of O3 precursors and the driving meteorolog-
ical field have been updated for the current study. Thus, the current model setup of
CHASER should be re-validated, particularly against the new observations coincident
with the period of model simulation (2000 to 2005).

Figure 2 shows the comparison of annual cycles of modelled monthly mean sur-10

face O3 concentration with observations at 25 selected surface sites whose loca-
tions are plotted in Fig. 1. The observations are mainly taken from the database of
the World Data Centre for Greenhouse Gasses (WDCGG) (data are available from
http://gaw.kishou.go.jp/wdcgg/) and the Acid Deposition Monitoring Network in East
Asia (EANET) (data are available from http://www.eanet.cc/product.html). The O3 data15

observed at Chinese mountain sites (Mt. Tai, Mt. Hua, and Mt. Huang) by the collabo-
ration between the Frontier Research Center for Global Change (FRCGC) of the Japan
Agency for Marine-Earth Science and Technology (JAMSTEC) and the Institute of At-
mospheric Physics (IAP) of the Chinese Academy of Science (CAS) were made avail-
able for this comparison (Li et al., 2007). For the comparison in the Southeast Asian20

region, the O3 data obtained at Srinakarin located in central Thailand are used (Pocha-
nart et al., 2001). The observation sites for the comparison are chosen to cover the
wide longitudinal range of Northern Hemisphere mid-latitudes, because the ozone orig-
inating from this region has a large impact on the Asian surface O3 (Wild and Akimoto,
2001; Wild et al., 2004; Sudo and Akimoto, 2007). Only the data observed during the25

simulation period (2000 to 2005) are compared at each site except at Srinakarin where
the two years (1999 and 2000) of available data are used for comparison. In Fig. 2,
observed monthly means and range of daily means are shown in coloured circles and
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boxes, respectively; red (green) circles and boxes are for observational sites where
more than (not exceeding) 2 years of data are available.

Several statistics of comparison depicted in Fig. 2 are summarized in Table 1, which
present the annual mean of the observation and model calculation, correlation coeffi-
cient (R), Mean Bias (MB), and Root Mean Square Error (RMSE) between the observa-5

tion and model calculation. In general, the model successfully represents the seasonal
cycle of surface O3 in both polluted and remote regions. The R-values exceed 0.7 at
all sites; in particular, those in East Asia on which this study is focussed are generally
over 0.8 and even over 0.9 for more than half of the East Asian sites. The values of
MB and RMSE show that the absolute concentration of surface O3 is simulated within10

a bias of 10 ppbv in most cases. Some details about individual sites are discussed
below.

At the remote sites located in inland high-altitude areas (e.g., Zugspitze Schneefern-
erhause, Niwot Ridge Saddle, Issyk Kul), the broad summer peak of surface O3 is
simulated very well. These summer peaks are mainly attributable to the enhanced15

contribution of O3 created in the surrounding region with the leading contribution from
the PBL, while the stratospheric contribution has a peak of about 20 ppbv in winter to
early spring, which accounts for half of the total O3 in that time period. At Niwot Ridge
Saddle, a bulge during July to August in the observation is well simulated by the model.
Von Kuhlmann et al. (2003) reported that a similar bulge could be simulated by their20

model, but was not seen in the observation with which they compared their model re-
sults. The data they used may have been observed at the Niwot Ridge C-1 site, which
is located about 5 km east and 500 m lower than the Saddle site. The seasonal cycle
of O3 observed at the C-1 site does not display such a bulge in summer as in the Sad-
dle site data. The available observation of surface O3 at the Saddle site spans only25

15 months from October 2003 to December 2004. Therefore, the bulge may not be a
climatological feature, but a specific feature in 2004.

Hohenpeissenberg is located close to Zugspitze and thus shows a distinct broad
peak from May to August. The model can simulate this broad summer peak at
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Hohenpeissenberg, but the magnitude of the peak is overestimated by 5 to 10 ppbv.
This is due to the inability of the model to capture the observed lower portion of daily
mean surface O3 concentration. The observatory at Hohenpeissenberg is surrounded
by populated areas typical of Central Western Europe, thus it may suffer from the influ-
ence of the NO-titration effect, which can not be resolved at the horizontal resolution of5

the current model.
The characteristic seasonal cycle with a peak in spring and a trough in summer at

the maritime remote sites (Mace Head, Mauna Loa, Heimaey, Trinidad Head, Angra do
Heroismo, Tudor Hill, Hedo, Ogaswara) is well simulated by the model. These spring
peaks can be understood as a combination of the stratospheric contribution, which10

peaks from winter to early spring, and the contribution of inter- and intra-continental
transport of O3, which peaks in spring. The winter-spring peak of the stratospheric
contribution also can be seen in previous global modelling studies (Roelofs et al., 1997;
von Kuhlmann et al., 2003), which show somewhat greater stratospheric contributions
than our estimations. The summer trough is associated with the summer monsoon15

bringing low concentration of O3 in the marine boundary layer at some East Asian
sites (Hedo, Ogasawara, Srinakarin). The stratospheric contribution generally has a
minimum in summer at most sites depicted in Fig. 1, but at sites located in the interior
of the Eurasian continent (Mondy and Issyk Kul), the minimum of the stratospheric
contribution appears in autumn.20

3.2 Overview of East Asian surface O3

Figure 3 illustrates the simulated seasonal mean O3 concentrations (colours) and wind
fields (arrows) at the surface in East Asia and surrounding regions. The belt of most
condensed O3 located between 30◦ N and 45◦ N in summer moves southward toward
winter, and then returns northward toward summer. This latitudinal movement of the25

enhanced O3 belt has also been found in the space-born measurement of tropospheric
column O3 by the Global Ozone Monitoring Experiment (GOME) (Hayashida et al.,
2008).
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Since the intensity of ultraviolet radiation peaks in summer and thus the chemical
production of O3 also peaks in summer, the surface O3 over the continental polluted
region shows a maximum in summer. On the other hand, as the North Pacific high
pressure system intensifies and expands westward in summer, the clean unpolluted
maritime air mass, which contains less O3, is transported around the rim of the North5

Pacific High and makes south-westerly flow into the East Asia. The competition be-
tween the influence of these continental and maritime air masses results in several
types of seasonal cycles of surface O3 in East Asian countries. In two of the mountain
sites in China (Mt. Tai and Mt. Hua) depicted in Fig. 2, the peak occurs in June followed
by a small trough in summer, which shows that the two sites are strongly influenced by10

continental air but a small influence of maritime air in summer is also discernible. How-
ever, at another mountain site in China (Mt. Huang), which is located at more southward
and closer to the ocean, the seasonal cycle of surface O3 displays a distinct summer
minimum. These features of seasonal variation observed at the three mountain sites
in China are well simulated by the model.15

The similar distinct summer minimum observed at Mt. Huang can also be seen in the
observations at Japanese and South Korean sites (Rishiri, Ryori, Oki, Happo, Hedo,
Kanghwa, and Cheju), since both countries lie at the boundary region between conti-
nental and maritime air masses. The surface O3 at these sites have a peak in spring
followed by a trough in summer and a second peak in autumn. The model results20

at these sites show similar seasonal variation as observed, but the magnitude of the
summer trough is generally underestimated; thus the concentrations of O3 at some of
these sites (e.g., Ryori, Oki, Kanghwa, and Cheju) are overestimated in summer. A
similar tendency to overestimate summertime O3 around Japan can be seen in other
global model studies (Fiore et al., 2009). Fiore et al. (2009) notices that the insufficient25

representation of clean air in the North Pacific High in the model is one possible cause,
but the cause of the insufficient decline of summertime O3 in our model is still not clear.

At the Japanese mountainous site (Happo), there is year-round underestimation of
O3 by the model. The modelled range of daily mean surface O3 at Happo is apparently
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biased towards lower concentration of O3 compared to the observation, which means
that the model can not well represent the occurrence of high-O3 days. The occurrence
of such high concentration of O3 might be influenced by polluted air from surrounding
cities coupled with the detailed terrain structure and meteorology in the mountainous
area, which can not be resolved by the coarse horizontal resolution of the current5

model.
At the site located in the northern part of Japan (Rishiri), the model underestimates

the surface O3 in winter and spring by about 10 to 15 ppbv. Since the O3 transported
from distant regions contributes significantly in the northern part of Japan in winter to
early spring as shown later, these long range transported O3 might be underestimated.10

We introduced the reduction of dry deposition at a lower temperature that is described
in the original literature of the parameterization of dry deposition by Wesely (1989) in
order to reduce the underestimation of surface O3 in the northern part of Japan. This
may have partly eliminated the underestimation, but we still have discernible underes-
timation of surface O3 in this region.15

Although there are some discrepancies between simulated and observed surface O3
as noted above, our model has reasonable ability to reproduce the absolute concen-
tration and seasonal variation of surface O3 in the Northern Hemisphere mid-latitudes,
in particular in the East Asian region, which allows us to analyse the S-R relationship
for O3 in the East Asia.20

3.3 Contributions to monthly mean East Asian surface O3

Six-year averaged seasonal evolutions of monthly mean surface O3 and the contri-
butions from individual source regions in the PBL averaged within ten receptor areas
within the East Asian region are shown in Fig. 4. We set the ten receptor areas as
illustrated in the map in the middle of Fig. 4: East Japan (JPN-E), West Japan (JPN-25

W), North Japan (JPN-N), South Japan (JPN-S), North Korea (KOR-N), South Ko-
rea (KOR-S), Northeast China (CHN-NE), North China Plain (CHN-NCP), Yangtze
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River Basin (CHN-YRB), and Southeast China (CHN-SE). These separations of re-
ceptor areas are mainly based on the climatic zone separations used in meteorological
studies and statistics (e.g., Liu et al., 2005; Endo and Yasunari, 2006). The differ-
ence in the spatial distribution or temporal variation of meteorological features (e.g.,
temperature, precipitation, stream pattern) which define the climatic zone separations5

likely also affect the spatial distribution or temporal variation of air pollutants; thus it is
expedient to employ these separations for receptor areas.

We can see some mutual features in the seasonal variations of surface O3 over
almost all receptor areas. Firstly, the contribution of the stratosphere contributes the
largest proportion from the winter to early spring, and has a minimum in summer. The10

minimum of the stratospheric contribution in CHN-NE occurs later in autumn, similar
to the case of the Eurasian continental sites (Mondy and Issyk Kul) depicted in Fig. 2.
Secondly, there is a contribution of about 5–10 ppbv originating from the FT all year
round with a small seasonal variation having a moderate peak from late summer to
autumn. On the other hand, the contribution of the PBL shows different seasonal15

variation depending on the receptor area. It has a maxima in spring and autumn in the
southern areas (CHN-YRB, CHN-SE, JPN-S), in summer in the northern continental
areas (CHN-NCP and CHN-NE) and in spring over most of Japan and the Korean
Peninsula.

In order to show the seasonal variation of the relative contribution of transported O320

from outside of each receptor area, two red lines are superimposed on the upper plot
of each figure. A solid line for each receptor area displays the ratio between the total
O3 mixing ratio and the sum of the mixing ratios of O3 tracers assigned to all source
regions except the PBL source region including that receptor area. For example, in the
case of JPN-N, the sum of all O3 tracers except that assigned to the PBL of Japan (JPN)25

divided by the total O3 is shown as the red solid line. Note that for JPN-S, the exception
from the summation is not JPN but ECS, because the receptor area of JPN-S is located
inside the source region of ECS. Broken lines indicate a similar ratio but the sum is
taken over the O3 tracers which are assigned to the PBL of East Asian and adjacent
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source regions (CHN, KOR, ECS, JPS, JPN, IDC, and ESB) except for the source
region which includes the receptor area for that figure; e.g., JPN is excluded from the
summation for JPN-N. In brief, the solid lines indicate the percentage of O3 transported
from all foreign source regions, and consequently the space between the solid line
and the top transverse denotes the percentage of domestic pollution. The broken lines5

indicate the percentage of O3 originating from the PBL of foreign source regions in East
Asia. Strictly, they include the contributions from non-East Asian source regions (IDC,
ESB), but we refer them as the East Asian contribution for the sake of clarity. Therefore,
the difference between these two lines indicates the percentage of O3 created outside
the PBL of East Asian region, which includes the FT and stratosphere as well as distant10

source regions such as Europe or North America, and transported from there.
As shown in Fig. 4, contributions of O3 transported from outside of the East Asian

PBL becomes large in the cold season (October to March), and accounts for over 70%
of the total O3 in winter except in the southern part of China (CHN-YRB, CHN-SE).
In the southern part of China, half of the total O3 is chemically produced in the PBL15

of the CHN source region, i.e., domestic pollution, even in the winter, but in northeast
China (CHN-NE), over 80% of total O3 is transported from outside of East Asia and
domestic pollution accounts for less than 10% in the same season. The largest part
of O3 originating from outside the East Asian PBL is attributable to the stratosphere
and the second largest is the contribution from the FT in every receptor area. In addi-20

tion to this, the contribution of distant PBL source regions, mainly composed of North
America (AMN), Europe (EUR), North Atlantic Ocean (NAT), and Central Asia (CAS),
becomes important in the cold season. The sum of these contributions can exceed
5 ppbv except for southern China, and can even be close to 10 ppbv in CHN-NE. Note
that the contribution of EUR is largest in early spring (May) in most areas, whereas25

that of AMN is largest in winter. Such difference in seasonal dependencies of contribu-
tion is consistent with the previous estimation of the impact from European and North
American emission sources on O3 concentration in Japan using the emission sensitiv-
ity method (Wild and Akimoto, 2001; Wild et al., 2004). In winter, low temperatures and
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weak Ultra-Violet (UV) radiation from the sun extends the chemical lifetime of O3 so
that O3 created in distant source regions can survive the journey to East Asia. Further-
more, the Siberian High established over Eurasia in winter offers an efficient pathway
to such O3 from Europe to Asia (Wild et al., 2004).

In contrast, in the warm season (April to September), the contribution from domestic5

pollution and O3 produced in foreign source regions in East Asia becomes large, while
the influence from outside of the East Asian PBL decreases. The O3 created in East
Asia accounts for about half of the total O3 in spring and up to about 70% in summer for
areas other than in CHN-NE and JPN-S. During the warm season, strong UV radiation
activates the photochemical reactions relevant to both the formation and destruction of10

O3 in the atmosphere, so that vigorous chemical production of O3 take place but its
chemical lifetime also becomes short. This means that O3 produced in distant regions
is mostly lost before reaching the East Asian region, but a large amount of O3 can
be created inside the East Asian region and is subject to the short range transport
such as intra-continental transport inside East Asia before it is chemically lost from the15

atmosphere.
The leading component of surface O3 in each receptor area in the warm sea-

son is domestically-produced O3, but the contribution second to this is different de-
pending on the receptor area. In CHN-NE, there is a significant contribution from
East Siberia (ESB), and the contribution from the Indochina Peninsula and the Philip-20

pines (IDC) is predominant in CHN-SE. Fairly large contributions from ESB and IDC
also can be seen in JPN-N and JPN-S, respectively. In every receptor area in Japan
and the Korean Peninsula, CHN provides the principal contribution after the domestic
one, and the adjacent maritime PBL (NPC, JPS, and ECS) also provide large con-
tributions. The precursors of these maritime O3 would be originally emitted in the25

surrounding land area such as China, the Korean Peninsula, or Japan, since there are
no large emitters in the ocean. In this sense, these maritime contributions should be
apportioned to the emission sources on land. However, in the framework of the tagged
tracer method, we can’t attribute them to any particular emission source, because this
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method is not aimed at estimating the overall impacts of the emission of O3 precursors
from any given region on local O3, but evaluating the contributions of O3 chemically
produced in that region (Li et al., 2008). Therefore, we have to carefully interpret the
results.

Figure 5 restructures a part of Fig. 4 to show the seasonally-averaged relative contri-5

butions from each source region for spring and summer, when the contributions of O3
chemically produced inside East Asia are generally large. Several contributions that
have common features are grouped: ASea (Adjacent Sea) is the sum of NPC, JPS and
ECS; IDC+ is the sum of IDC and IND; and RMT (ReMoTe) is the sum of AMN, EUR,
CAS, MES and NAT. The contributions of East Asian source regions including domes-10

tic pollution and that originating from outside of the East Asian PBL are comparable
in spring, especially in central Japan (JPN-E+W), the Korean Peninsula (KOR), and
CHN-NCP, while the former well exceeds the latter in the summer.

In every receptor area other than CHN-NE, domestic pollution is the principal con-
tributor to the total O3 in spring, which provides 20% in JPN-E+W and KOR, 40%15

in CHN-NCP, and almost half of total O3 in the southern part of China (CHN-YRB,
CHN-SE). In summer, the share of domestic pollution increases in every receptor area.
The share is almost doubled from spring to summer in JPN-E+W, KOR, and CHN-NE,
which makes the domestic contribution dominant, even in CHN-NE.

The springtime stratospheric contribution is around 20% in JPN-E+W and KOR, and20

shows an apparent dependence on latitude in China; its relative contribution increases
from south (11% in CHN-SE) to north (27% in CHN-NE). A similar tendency is seen for
the springtime relative contribution of RMT, but its contribution is somewhat lower than
that from the stratosphere in all receptor regions. The relative contribution from RMT
is 13% in JPN-E+W and KOR, and ranges from below 5% in CHN-SE to 21% in CHN-25

NE. The contributions from the stratosphere are almost halved in every receptor area
in summer. Those from RMT undergo a greater reduction from spring to summer of
over 50% in every receptor area. The relative contribution of the FT is generally larger
in summer than in spring, but in some areas, part of this increase should be attributed
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to the reduction of total O3 from spring to summer, and the absolute contribution is
nearly the same, as seen in Fig. 4.

The relative contribution of CHN upon KOR and JPN-E+W is similar in both seasons;
around 20% and 10% in KOR and JPN-N+W, respectively. The Korean contribution
to JPN-E+W is about 6% in spring, and less than 5% in summer. The combined5

relative contribution of CHN and KOR to JPN-E+W in spring, 17.8% as shown in Fig. 5,
approximately corresponds to 10 ppbv, which is consistent with the previous estimation
of regional O3 build-up due to Chinese and Korean sources in spring around Japan
(Tanimoto et al., 2005). Due to the dominance of westerly winds, westward transport
of O3 is limited in spring; consequently, the contribution of JPN to KOR or those from10

JPN and KOR to each receptor area in China are generally small in spring. In summer,
the wind direction has no apparent preference for westerly winds as shown in Fig. 3;
thus the westward transport of O3 can occur somewhat more frequently than in spring.
As a result, the contributions from JPN to KOR or KOR to CHN-NCP can account for
5% of total O3 in summer. There are also relatively large contributions attributed to15

ASea, which would originate from the O3 precursor emissions in CHN, KOR, or JPN,
and thus should be attributed to those source regions. Therefore the contributions from
East Asian source regions other than ASea presented in Figs. 4 and 5 and Table 2
should be considered as the minimum estimations of contributions for each source
region.20

The relative contribution from ESB is generally large in the northern areas. In CHN-
NE, it account for about 10% and 12% of total O3 in spring and summer, respectively.
The contribution from ESB to CHN-NE peaks in May (≈8 ppbv) and remains almost
constant of about 5 ppbv in summer, as seen in Fig. 4. In other areas, the relative
contribution from ESB is generally larger in spring than in summer. In southern areas in25

East Asia, IDC and India (IND) provides significant contributions in the warm season.
They share about 17% of total O3 in CHN-SE and nearly 5% in CHN-YRB. In JPN-
E+W, relative contributions both from ESB and IDC (+IND) account for at most 4%
each even in the warm season. However, their contributions are quite large in JPN-N
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and JPN-S; the relative contribution from ESB to JPN-N is about 7% in spring, and that
from IDC (+IND) to JPN-S accounts for about 13% in summer.

The averaged contributions of source regions to each receptor area in spring and
summer are summarized in Table 2. Table 2 shows the 6-year (2000–2005) averaged
seasonal mean contributions and the coefficient of variation of the seasonal means5

during the six years rather than standard deviation. Because the seasonal mean for
spring and summer can differ considerably, standard deviation is not a good indicator
of interannual variation of seasonal means.

The relative interannual variations of the contributions from source regions in East
Asia to Japan are generally larger in summer than in spring. This is likely due to the10

seasonal difference in the meteorological conditions around Japan which transport O3
from the East Asian source regions to Japan.

The relative interannual variations in the contributions from RMT, FT, and STR to
each receptor area in East Asia are generally smaller than those in the contributions
from East Asian source regions. The coefficient of variations of the seasonal mean15

contributions from RMT, FT, and STR are lower than 15% for spring and summer, and
also in autumn and winter (not shown). This demonstrates that regions outside of East
Asia supply a steady amount of O3 in each year to the East Asian region, which forms
a baseline O3 for East Asia.

3.4 One-hourly mean surface O3 over Japan: validation and features20

Since the current national Ambient Air Quality Standard (AAQS) for O3 in Japan
(60 ppbv) is provided by one-hourly mean concentration of O3, special focus is placed
on the one-hourly mean model output of surface O3 hereinafter. Figure 6 compares the
simulated and observed seasonal variation of the frequency distribution of one-hourly
mean surface O3 over Japan. Note that these frequencies are area-averaged; fre-25

quencies in each model grid are summed to calculate the total frequency in all model
grids over Japan, then divided by the number of model grids to form the area-averaged
frequency.
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One-hourly surface O3 data observed at ambient air quality monitoring stations from
2000 to 2005 compiled by the Atmospheric Environmental Observation System (AE-
ORS) are used for comparison to the model results. About 1000 monitoring stations
are widely distributed throughout Japan except in the southern islands. The monitoring
data are averaged in each model grid over Japan, thus, extremely high or low O3 values5

in the raw data are smoothed. Since the horizontal resolution of our model (≈200 km)
is not fine enough to simulate the dissipation of O3 at nighttime due to NO-titration in
the ambient atmosphere, the model necessarily overestimates the nighttime O3 mixing
ratio in urban areas. Therefore, we select monitoring data obtained in daytime, from
10:00 to 16:00, in residential (not mid-urban or industrial) areas for appropriate com-10

parison with the model results. Only daytime O3 calculated by the model is used for
the comparison.

The ridge line of the frequency distribution in the observation is high (40–50 ppbv) in
spring and decreases to 20–30 ppbv in summer, which is consistent with the seasonal
variation of monthly mean surface O3 observed at Japanese monitoring sites shown in15

Fig. 2. The range of the frequency distribution extends toward higher concentrations in
summer, thus the distribution is wider in summer than in spring. In summer, the ridge of
the distribution is lowest, but the frequency of the occurrence of high surface O3 mixing
ratio, such as over 90 ppbv, also increases. As mentioned before, since Japan is largely
affected by the intensified North Pacific High in summer, the frequency of observations20

of low concentrations of O3 from clean maritime air is increased. However, with the
most active photochemical productivity of O3 also in summer, high concentrations of
O3 can also be produced if the meteorological conditions become so stable that the
precursors of O3 accumulate and fuel O3 production in urban areas.

These observed features in the frequency distribution of one-hourly mean surface O325

concentration are roughly simulated by the model; in particular, the seasonal transition
of the ridge line of the distribution and the extension of the distribution to high concen-
trations in summer are consistent with the observation. However, it is apparent that the
model cannot simulate the occurrence of high concentrations of O3 over 100 ppbv in
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summer and low concentrations less than 20 ppbv in non-summer seasons. This fail-
ure at lower O3 concentrations is mainly a result of the inability of the model to simulate
nighttime low O3, as mentioned before, due to the coarse horizontal resolution of the
model. The coarse horizontal resolution also results in the lack of high O3 events in
summer. Very dense accumulation of O3 in urban areas cannot be resolved adequately5

by the 200 km grid spacing.
Although one-hourly model data are not suitable for the discussion of extremely high

O3 events in summer or nighttime low O3, the intermediate range that accounts for
most of the frequency distribution of O3 can be reasonably simulated in the model.
The well reproduced occurrence of one-hourly O3 over 60 ppbv (Japan’s AAQS of O3)10

in the model makes the analysis of model data worthwhile. Thus, we further analyse
one-hourly data below.

3.5 Contributions to one-hourly mean surface O3

Figure 7 shows the one-hourly relative contributions from each source region in spring,
calculated separately for four classes of one-hourly mean total O3: low (0 to 30 ppbv),15

middle (30 to 60 ppbv), high (60 to 90 ppbv), and extra-high (over 90 ppbv) concen-
trations of O3; for highly populated receptor regions in East Asia at a similar latitude.
One-hourly relative contributions are calculated by dividing the one-hourly absolute
contributions from each source by the one-hourly total O3. The mean and 10, 25, 50,
75, and 90 percentiles over the whole 6-year period of calculation are shown in Fig. 7.20

The ranges from the 10 to 90 percentiles for several sources are fairly large, which of-
ten exceeds 30% for the leading sources in particular. This means that the one-hourly
relative contributions from those source regions can vary considerably. In other words,
the S-R relationship for O3 can vary considerably hour by hour. However, because we
intend to discuss the general features of the S-R relationship for O3 in each O3 class25

and also elucidate the differences between the O3 classes, we describe the features
and differences mainly based on the mean or median of one-hourly relative contribu-
tions hereinafter.

9099

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/10/9077/2010/acpd-10-9077-2010-print.pdf
http://www.atmos-chem-phys-discuss.net/10/9077/2010/acpd-10-9077-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
10, 9077–9120, 2010

Importance of
various source
regions on East

Asian surface ozone

T. Nagashima et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

These plots should be compared to the upper plot of Fig. 5 that also shows the rela-
tive contributions from each source regions in spring but calculated using the monthly
mean absolute contributions. For three areas shown in Fig. 7, this “mean” S-R relation-
ship for O3 depicted in Fig. 5 largely reflects that of the middle (30–60 ppbv) and high
(60–90 ppbv) O3 classes, while the S-R relationships for O3 in the low (0–30 ppbv) and5

extra-high (>90 ppbv) O3 classes are fairly different from the mean S-R relationship.
The relative contribution from domestic pollution becomes more dominant in the higher
O3 classes. In the extra-high O3 class, the relative contribution of domestic pollution
roughly accounts for 50%, 50%, and 70% of total O3 in JPN-E+W, KOR, and CHN-
NCP, respectively. In the low O3 class, domestic pollution is no longer the principal10

component of surface O3 in every receptor area, instead large contributions originate
from source regions that do not have leading contributions in the mean S-R relation-
ship for O3; the influences of ASea and FT become predominant in JPN-E+W, whereas
ASea and JPN has greater contributions than in the mean S-R relationship in KOR. In
CHN-NCP, the mean and median of the domestic contribution are overtaken by those15

of RMT or the stratosphere in the low O3 class.
The S-R relationship for O3 among the three main East Asian countries can vary

according to the rank of O3. The mean relative contribution from CHN to JPN-E+W
is around 10% in every class of O3 with the 10-90 percentile of relative contribution
ranging from a couple of percents to about 20% (up to 30% in the high O3 class).20

On the other hand, the relative contribution from KOR is almost negligible in the low
O3 class, but its range of distribution widens in the higher O3 classes and the relative
contribution occasionally exceeds 10% in the middle O3 class and reaches almost 20%
in high O3 class. The contribution of CHN to KOR is large and comparable to that of
domestic pollution in the low and middle O3 classes. In the high O3 class, CHN still has25

a large influence on KOR; the 10–90 percentile range of the relative contribution from
CHN and that from domestic pollution overlap considerably. In the extra-high O3 class,
the contribution of CHN to KOR is generally larger than those to JPN-E+W. Since CHN-
NCP is located upwind of Japan and the Korean Peninsula in spring, the influences of
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those regions on CHN-NCP are generally small with an occasional large contribution
of KOR in the middle and high O3 classes. Therefore for CHN-NCP, the contribution of
RMT, which includes central Asia (CAS) located upwind of China, is the second largest
among the source regions in the PBL after the PBL of CHN.

The relative contribution of RMT to CHN-NCP gradually decreases as the class of5

O3 increases, but the absolute contribution stays approximately constant at 6–8 ppbv
in every O3 class. Similarly, the absolute contributions of FT and STR are 5–8 ppbv
and 9–11 ppbv, respectively. Note that the absolute contributions of RMT, FT, and STR
to JPN-E+W and KOR are very similar to those to CHN-NCP except in the low O3
class. The similarity among the absolute contributions of RMT, FT, and STR to these10

East Asian receptor areas is also seen in the other seasons. This demonstrates that
such source regions outside of East Asia provide a baseline for O3 in East Asia all year
round.

Similar features of the relative contributions from each source region in each class
of O3 are evident in summer, although the respective values of the contributions are15

different; generally, the contribution of domestic pollution is intensified and those of
STR and RMT decline in every O3 class.

For the class of O3 over 60 ppbv (Japan’s AAQS), domestically-produced O3 pro-
vides the principal contribution in both the high and extra-high O3 classes to central
Japan (JPN-E+W). Table 3 summarizes the mean absolute and relative contributions20

from each source region to central Japan in the high and extra-high O3 classes in
spring and summer. The domestic contribution is smaller in the high O3 class than
in the extra-high O3 class in both seasons. In contrast, the relative contributions from
foreign sources are generally greater in the high O3 class than in the extra-high O3
class, reflecting that the absolute contribution from each foreign source remains rather25

constant between both O3 classes in each season. The approximate numbers of the
absolute contribution from leading foreign sources are as follows: CHN (10 ppbv in
spring, 8 ppbv in summer), KOR (5 ppbv, 6 ppbv), ASea (5 ppbv, 5 ppbv), RMT (6 ppbv,
2 ppbv), FT (7.5 ppbv, 7.5 ppbv), and STR (10 ppbv, 5 ppbv), respectively. These model
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results suggest that the impact of foreign sources on the exceedance of Japan’s AAQS
is the most critical in the high O3 class (60–90 ppbv) in spring. For the same O3 class
in summer, absolute contributions of East Asian foreign sources are nearly the same
as in spring, and those from the intercontinental transport (RMT) and the stratosphere
decrease relative to spring.5

4 Summary and conclusions

In this study, we investigated the S-R relationship for O3 in East Asia for the early 2000s
through a multi-year simulation using the global chemical transport model CHASER
with the tracer tagging method. The contributions of source regions of O3 in the global
atmosphere on surface O3 in East Asia were quantitatively estimated with special focus10

on the role of intra-continental transport of O3 within East Asia as well as the transport
of O3 from distant regions. The difference of the S-R relationship for O3 in different
classes of one-hourly O3 concentration was also discussed.

Modelled surface O3 was evaluated through comparison with the observations over
an extensive longitudinal range in the Northern Hemisphere mid latitudes. The model15

well simulated several characteristic seasonal variations of surface O3 such as the
broad summer peak at inland mountainous areas and the spring peak and summer
minimum at the maritime remote sites. Although there were some quantitative prob-
lems whose causes have not yet been identified at several sites, the model properly
reproduced the regional difference in the seasonal transition of surface O3 in East Asia.20

Our simulation demonstrated the significant seasonal difference in the origin of sur-
face O3 in East Asia. O3 transported from outside of the East Asian PBL with leading
contributions from the stratosphere, free troposphere, Europe, North America, North
Atlantic, and Central Asia accounted for the largest portion of surface O3 (over 70%) in
winter except for in southern China. In contrast, the share of O3 created in East Asia25

reached 50% in spring, and further increased to around 70% in summer in most areas
of East Asia. The main component of this O3 was domestic in origin, which accounts
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for over 20% and 40% of total O3 in spring and summer, respectively, in most areas.
The relative contribution of China to Japan and the Korean Peninsula was estimated to
be about 10% and 20%, respectively, and the Korean contribution to Japan is around
5% in the warm season. The contribution from the East Siberia to Northeast China
account for about 10%, and that from the Indochina Peninsula to Southeast China is5

about 17%. The relative contribution of intercontinental transport from distant sources
in spring is the highest in Northeast China (21%) and about 13% in the Korean Penin-
sula and Japan. The interannual difference in this S-R relationship for O3 was generally
small for distant sources (<15%) but was sometimes large for East Asian sources par-
ticularly in summer.10

Air quality monitoring data over Japan was analysed to demonstrate the seasonal
variation of the frequency distribution of one-hourly mean surface O3. The most fre-
quently observed O3 concentration was 40–50 ppbv in spring, which decreased to 20–
30 ppbv in summer. The frequency of occurrence of high O3 (over 90 ppbv) increased
in summer, making the range of the frequency distribution wider in summer than in15

spring. The model roughly simulated these observed seasonal transitions in the fre-
quency distribution.

We showed the difference in the S-R relationship for O3 estimated separately ac-
cording to the class of one-hourly total O3 concentration in spring. In every O3 class
except the lowest (<30 ppbv), domestic pollution is the main contributor whose share20

increased in the higher O3 classes; over 50% in extra-high O3 class (>90 ppbv). The
mean relative contribution to central Japan from China was about 10% in every class
of O3, but that from the Korean Peninsula became significant only in the middle and
higher O3 classes (>30 ppbv). China was estimated to have a large impact almost
comparable to domestic pollution on the Korean Peninsula except in the extra-high O325

class (>90 ppbv). In contrast, China has received relatively little impact from Japan or
the Korean Peninsula in spring. Contributions from sources outside of the East Asian
PBL including the stratosphere, free troposphere, Europe, North America, North At-
lantic, and Central Asia contributed steady amounts of O3 to East Asia in every O3
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class in each season, which constitutes the baseline O3 in East Asia. The model re-
sults suggested that the impact of such foreign sources on the exceedance of Japan’s
AAQS is the most critical in the high O3 class (60–90 ppbv) in spring.
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Table 1. Statistical summary of the comparison between observed and modelled surface O3 at
observational sites shown in Fig. 2a.

Station Name Mean (Obs) Mean (Model) R MB RMSE
[ppbv] [ppbv] [ppbv] [ppbv]

Mace-Head 37.81 33.57 0.73 −4.24 5.32
Pallas-Sammaltunturi 33.02 30.70 0.77 −2.32 4.16
Mondy 43.50 40.82 0.83 −2.68 4.44
Experimental-Lakes-Area 31.89 30.06 0.93 −1.82 2.98
Heimaey 39.75 28.43 0.88 −11.32 11.52
Hohenpreissenberg 41.05 45.59 0.93 4.54 6.99
Zugspitze-Schneefernerhaus 49.81 50.08 0.97 0.27 1.61
Issyk-Kul 39.54 40.46 0.91 0.92 2.22
Trinidad-Head 30.92 30.69 0.72 −0.23 3.44
Niwot-Ridge-Saddle 52.76 52.14 0.92 −0.62 2.07
Angra-do-Heroismo 29.49 34.78 0.88 5.29 6.37
Tudor-Hill 39.54 36.51 0.98 −3.03 4.02
Mauna-Loa 40.15 45.35 0.94 5.19 5.46
Rishiri 41.33 36.31 0.80 −5.02 7.25
Oki 43.00 45.69 0.82 2.69 5.21
Happo 55.58 47.18 0.95 −8.40 8.99
Ryori 39.06 41.77 0.92 2.71 3.77
Mt. Hua 50.29 57.46 0.91 7.18 8.25
Mt. Huang 47.23 51.95 0.79 4.72 7.25
Mt. Tai 56.18 57.34 0.93 1.17 4.52
Kanghwa 41.33 48.05 0.89 6.72 7.92
Cheju 36.75 45.95 0.94 9.20 9.54
Hedo 38.42 38.58 0.98 0.17 4.51
Ogasawara 28.08 30.74 0.97 2.66 4.00
Srinakarin 27.35 36.53 0.91 9.18 11.03

a All statistics are calculated by use of multi-year averaged monthly means shown in Fig. 2.
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Table 2. Contributions (ppbv) from source regions to receptor areas in East Asia averaged in
spring (March-April-May) and summer (June-July-August)a,b.

Receptor area

JPN KOR CHN

N E W S N S NE NCP YRB SE

Source region MAM JPN 5.4 (12.4) 12.0 (3.7) 10.1 (6.6) 1.8 (25.0) 1.0 (37.9) 2.8 (34.3) 0.4 (25.9) 0.4 (26.5) 0.4 (46.3) 0.2 (51.6)
CHN 3.8 (13.2) 5.3 (18.4) 7.1 (15.4) 6.3 (10.4) 11.1 (16.1) 9.9 (20.0) 6.8 (3.8) 20.9 (10.8) 32.0 (5.8) 23.3 (6.4)
KOR 1.6 (18.7) 2.5 (15.5) 3.5 (8.8) 1.1 (16.2) 12.8 (6.3) 11.3 (7.2) 0.6 (5.6) 1.9 (24.8) 0.8 (35.0) 0.2 (33.6)
Asea 4.2 (8.7) 4.1 (5.8) 5.1 (7.5) 8.8 (6.6) 2.2 (12.3) 3.9 (8.6) 1.5 (14.8) 1.1 (7.8) 1.3 (11.5) 1.4 (17.6)
ESB 3.0 (12.0) 1.4 (12.9) 0.9 (14.2) 0.4 (18.6) 1.5 (10.6) 1.1 (13.9) 4.3 (9.2) 1.1 (14.1) 0.3 (24.4) 0.1 (33.9)
IDC+ 0.3 (7.6) 0.4 (6.0) 0.7 (7.9) 2.1 (20.0) 0.3 (7.9) 0.4 (5.3) 0.3 (12.0) 0.4 (14.9) 2.3 (21.8) 8.2 (9.7)
RMT 7.0 (3.5) 6.7 (3.6) 6.4 (10.1) 4.3 (10.5) 7.0 (4.3) 6.7 (7.0) 8.8 (2.8) 7.5 (8.3) 4.4 (13.5) 2.1 (14.0)
MISC 1.3 (11.1) 1.0 (7.4) 0.9 (6.4) 0.9 (5.4) 1.1 (6.5) 1.0 (5.7) 1.9 (5.5) 1.0 (7.6) 0.8 (5.5) 0.8 (10.9)
FT 5.4 (4.3) 6.3 (2.9) 6.7 (5.3) 7.7 (4.7) 5.8 (3.4) 5.9 (4.8) 6.1 (3.3) 6.6 (5.5) 6.3 (5.1) 6.9 (5.4)
STR 10.2 (8.4) 10.9 (10.3) 10.9 (8.5) 9.2 (6.3) 10.2 (9.4) 10.3 (10.0) 11.1 (8.5) 11.0 (9.5) 8.2 (9.6) 5.2 (7.8)

TOTL 42.1 (4.5) 50.7 (2.0) 52.3 (2.9) 42.6 (3.6) 53.0 (3.5) 53.4 (3.0) 41.8 (1.6) 52.0 (2.9) 56.8 (3.3) 48.3 (4.4)

JJA JPN 10.6 (11.6) 19.8 (7.0) 14.0 (12.9) 1.0 (53.3) 1.4 (13.1) 4.1 (14.6) 0.6 (30.4) 0.3 (15.8) 0.4 (62.1) 0.2 (80.8)
CHN 3.2 (22.0) 3.9 (28.7) 4.3 (28.4) 2.2 (27.1) 12.6 (16.6) 8.4 (18.6) 14.2 (6.5) 37.9 (7.6) 38.0 (7.7) 21.8 (10.0)
KOR 2.0 (25.5) 1.8 (19.3) 1.7 (22.1) 0.2 (64.3) 21.7 (4.4) 16.8 (9.5) 1.2 (17.4) 3.2 (10.9) 0.7 (42.9) 0.1 (92.7)
Asea 5.8 (8.3) 3.9 (8.0) 5.1 (5.2) 6.8 (9.1) 2.7 (11.0) 4.9 (6.8) 1.1 (26.2) 0.7 (14.7) 0.9 (29.8) 0.6 (44.8)
ESB 1.7 (30.3) 0.4 (32.2) 0.2 (36.9) 0.0 (55.8) 0.9 (28.3) 0.5 (22.5) 4.8 (10.0) 0.9 (15.4) 0.2 (16.9) 0.0 (43.0)
IDC+ 0.3 (24.8) 1.0 (15.1) 1.6 (20.6) 3.3 (12.3) 0.6 (25.0) 1.2 (19.3) 0.1 (9.4) 0.5 (16.7) 2.3 (23.7) 6.7 (19.6)
RMT 1.3 (12.7) 1.1 (6.4) 0.9 (10.7) 0.6 (14.7) 1.9 (9.1) 1.3 (13.4) 3.4 (6.8) 3.0 (4.2) 1.2 (12.2) 0.9 (11.3)
MISC 0.8 (19.7) 0.6 (15.4) 0.7 (8.2) 1.0 (11.9) 0.7 (12.2) 0.7 (9.2) 1.6 (15.6) 0.8 (11.7) 0.7 (10.9) 1.1 (17.2)
FT 4.8 (6.6) 6.8 (4.3) 7.5 (6.7) 8.8 (6.1) 7.1 (8.2) 6.8 (6.1) 8.1 (7.4) 8.7 (5.6) 7.4 (2.4) 8.0 (4.1)
STR 2.6 (9.5) 2.5 (3.4) 2.2 (7.7) 1.7 (7.9) 4.0 (7.1) 2.7 (7.6) 6.0 (4.8) 5.7 (4.9) 2.4 (9.2) 1.5 (13.4)

TOTL 33.4 (3.8) 41.9 (5.3) 38.3 (1.7) 25.5 (3.9) 53.6 (5.0) 47.4 (5.0) 41.0 (3.6) 61.7 (5.1) 54.0 (6.1) 40.9 (5.8)

a All contributions are averaged for 6 years.
b Values in brackets are coefficient of variation (in %), i.e., standard deviation among annual contributions divided by

the 6-year averaged contribution and multiplied by 100.
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Table 3. Mean one-hourly contributions from source regions to central Japan (JPN-E+W) in
high O3 (60–90 ppbv) and extra-high O3 (over 90 ppbv) classes for spring (MAM) and summer
(JJA)a,b.

Regions Mean contribution from source regions to central Japan,
ppbv (%)

MAM JJA

60–90 >90 60–90 >90

JPN 19.8 (29.0) 47.4 (50.8) 34.6 (50.5) 55.9 (59.8)
CHN 9.1 (13.6) 11.0 (11.8) 7.6 (11.1) 8.9 (9.6)
KOR 5.1 (7.6) 5.2 (5.6) 5.1 (7.4) 7.1 (7.6)
Asea 5.2 (7.7) 4.6 (4.9) 5.4 (8.0) 4.7 (5.1)
ESB 1.5 (2.2) 1.9 (2.1) 0.8 (1.1) 1.0 (1.0)
IDC+ 0.5 (0.7) 0.2 (0.2) 0.8 (1.3) 0.4 (0.5)
RMT 6.8 (10.3) 5.3 (5.7) 1.8 (2.7) 2.2 (2.4)
MISC 1.1 (1.7) 1.0 (1.1) 0.7 (1.1) 0.6 (0.7)
FT 7.2 (10.8) 7.5 (8.1) 7.5 (11.1) 7.6 (8.1)
STR 10.8 (16.4) 9.1 (9.8) 4.0 (5.8) 5.0 (5.3)

a Values are shown in ppbv.
b Values in brackets denote relative contributions shown in %.
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 886 

Figure 1. Horizontal definition of source regions used to tag O3 tracers. This horizontal 887 

separation is applied for both the PBL and FT. The East Asian region is expanded for clarity. 888 

Marked solid squares and letters next to them indicate the locations where the comparisons 889 

between observations and model calculations are shown in Figure 2. 890 

Fig. 1. Horizontal definition of source regions used to tag O3 tracers. This horizontal separation
is applied for both the PBL and FT. The East Asian region is expanded for clarity. Marked
solid squares and letters next to them indicate the locations where the comparisons between
observations and model calculations are shown in Fig. 2.
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Figure 2. Seasonal variations of monthly mean surface O3 observations (red/green filled 892 

circles) and model calculations (black circles and black thick solid lines), with contributions 893 

from the stratosphere (dark gray), PBL (light gray), and FT (white) calculated by the model. 894 

Monthly means and each contribution are multi-year (6 years for model and available years 895 

for observation) averaged values. Vertical bars and boxes denote the multi-year range of daily 896 

mean surface O3 in each month for model and observation, respectively. For observations, red 897 

(green) circles and boxes are for observational sites where more than (not exceeding) 2 years 898 

of data are available. Model calculations are interpolated to the longitude, latitude, and 899 

altitude of the location of each site. 900 

Fig. 2. Seasonal variations of monthly mean surface O3 observations (red/green filled circles) and model calculations
(black circles and black thick solid lines), with contributions from the stratosphere (dark gray), PBL (light gray), and FT
(white) calculated by the model. Monthly means and each contribution are multi-year (6 years for model and available
years for observation) averaged values. Vertical bars and boxes denote the multi-year range of daily mean surface
O3 in each month for model and observation, respectively. For observations, red (green) circles and boxes are for
observational sites where more than (not exceeding) 2 years of data are available. Model calculations are interpolated
to the longitude, latitude, and altitude of the location of each site.
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Figure 3. Simulated seasonal mean surface O3 (ppbv, colours) and wind vectors (m/s, arrows) 906 

in East Asia averaged for the 6 years of the calculation period. 907 

Fig. 3. Simulated seasonal mean surface O3 (ppbv, colours) and wind vectors (m/s, arrows) in
East Asia averaged for the 6 years of the calculation period.
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Figure 4. (Top plots of each figure) Seasonal variations of area-averaged monthly mean 909 

surface O3 with contributions from the stratosphere (dark gray), PBL (light gray), and FT 910 

(white) calculated by the model; areas of averaging are shown in the map. Red solid lines 911 

indicate the contribution (%) of O3 transported from all foreign source regions and broken 912 

lines from foreign source regions in East Asia (see details in the manuscript). (Bottom plots of 913 

each figure) Contributions (ppbv) from the top nine source regions in the PBL and the sum of 914 

the rest of the PBL (MISC) are shown as stacked bar charts. Coloured boxes with the region 915 

names are stacked from top to bottom in order of annual mean contribution. All values are 916 

averaged for 6 years.  917 

Fig. 4. (Top plots of each figure) Seasonal variations of area-averaged monthly mean surface O3 with contributions
from the stratosphere (dark gray), PBL (light gray), and FT (white) calculated by the model; areas of averaging are
shown in the map. Red solid lines indicate the contribution (%) of O3 transported from all foreign source regions and
broken lines from foreign source regions in East Asia (see details in the manuscript). (Bottom plots of each figure)
Contributions (ppbv) from the top nine source regions in the PBL and the sum of the rest of the PBL (MISC) are shown
as stacked bar charts. Coloured boxes with the region names are stacked from top to bottom in order of annual mean
contribution. All values are averaged for 6 years. 9116
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Figure 4. (continued)  919 Fig. 4. Continued.
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 920 

Figure 5. Seasonal mean relative contribution (%) from source regions to receptor areas in 921 

East Asia for spring (top) and summer (bottom). Values are calculated by dividing seasonal 922 

mean contribution (ppbv) from each source region by seasonal mean total O3 for each year 923 

and averaging for 6 years. Contributions greater than 5% are shown on the bar charts. For the 924 

source regions: ASea (Adjacent Sea) is the sum of NPC, JPS and ECS; IDC+ is the sum of 925 

IDC and IND, and RMT is the sum of AMN, EUR, CAS, MES and NAT. For receptor area; 926 

JPN-E+W is the sum of JPN-E and JPN-W, and KOR is the sum of KOR-N and KOR-S927 

Fig. 5. Seasonal mean relative contribution (%) from source regions to receptor areas in East
Asia for spring (top) and summer (bottom). Values are calculated by dividing seasonal mean
contribution (ppbv) from each source region by seasonal mean total O3 for each year and
averaging for 6 years. Contributions greater than 5% are shown on the bar charts. For the
source regions: ASea (Adjacent Sea) is the sum of NPC, JPS and ECS; IDC+ is the sum
of IDC and IND, and RMT is the sum of AMN, EUR, CAS, MES and NAT. For receptor area;
JPN-E+W is the sum of JPN-E and JPN-W, and KOR is the sum of KOR-N and KOR-S.
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Figure 6. Seasonal variations of the frequency distributions of daytime (10:00-16:00) one-935 

hourly surface O3 over Japan calculated by use of observations from the Atmospheric 936 

Environmental Regional Observation System (AEROS) (left) and model calculations (right). 937 

White dotted lines denote the ridge lines of frequency distributions. Frequency distributions 938 

are calculated for each year and then averaged to be shown as 6-year means. 939 

Fig. 6. Seasonal variations of the frequency distributions of daytime (10:00–16:00) one-hourly
surface O3 over Japan calculated by use of observations from the Atmospheric Environmental
Regional Observation System (AEROS) (left) and model calculations (right). White dotted lines
denote the ridge lines of frequency distributions. Frequency distributions are calculated for
each year and then averaged to be shown as 6-year means.
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Figure 7. One-hourly relative contribution (%) to total O3 from source regions to central 941 

Japan (top), the Korean Peninsula (middle), and North China plain (bottom) for spring 942 

(MAM). The box-and-whisker plot represents the 10, 25, 50, 75, and 90 percentiles of one-943 

hourly relative contribution from each source region in the whole 6-year period of calculation 944 

and the black filled circle shows the mean of one-hourly relative contribution in the period. 945 

All statistics are separately computed for four different classes of total O3; low (0 to 30 ppbv), 946 

middle (30 to 60 ppbv), high (60 to 90 ppbv), and extra-high (over 90 ppbv) O3.  947 

Fig. 7. One-hourly relative contribution (%) to total O3 from source regions to central Japan
(top), the Korean Peninsula (middle), and North China plain (bottom) for spring (MAM). The
box-and-whisker plot represents the 10, 25, 50, 75, and 90 percentiles of one-hourly relative
contribution from each source region in the whole 6-year period of calculation and the black
filled circle shows the mean of one-hourly relative contribution in the period. All statistics are
separately computed for four different classes of total O3; low (0 to 30 ppbv), middle (30 to
60 ppbv), high (60 to 90 ppbv), and extra-high (over 90 ppbv) O3.
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