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Abstract. We investigated the influence of meteorological Differences in the meridional displacement and diversity of
variability on the interannual variation of springtime bound- cyclone tracks near Japan between Eid&Nand La Niia years
ary layer ozone over Japan during 1981-2005 by multiyeamay be responsible for interannual variations in the spring-
simulations with the Models-3 Community Multiscale Air time boundary layer ozone over Japan.

Quality (CMAQ) modeling system and the Regional Emis-
sion Inventory in Asia (REAS). CMAQ/REAS generally re-
produced the observed interannual variability of springtime
ozone over Japan, showing year-to-year variations IargefL
than the annual rate of increase of the long-term trend. W

then analyzed the influence of the interannual variation of ropo_sphenc ozone @is a ke_y SPECIEs In atmospher_|c
meteorology in simulated resuilts by using the fixed emiS_chem|stry. Q and its photochemical derivative OH are major

sions for 2000 and meteorological fields for each year. AsOXidantS of most natural and anthropogenic compounds and

a reference parameter, we calculated the area-weighted SLP-Iay controlling roles in the oxidation capacity of the atmo-

face pressure anomaly over the Pacific Ocean east of Japaﬁphere' In addition, tropospherigsMfluences the Earth's

; .climate as a greenhouse gas (Intergovernmental Panel on Cli-
When the anomaly has a large negative value, polluted aif _
y g g P mate Change, 2007), and negatively affects human health,

masses from continental Asia tend to be transported directly ", .

to Japan by westerly winds. In contrast, when the anomal)ﬁgncultural crops, and natural vegetation (Wang and Mauzer-
has a large positive value, influence of the outflow from con-all 2004; Mauzerall et al., 2005). Therefore, understand-
tinental Asia tends to be small because the westerly compo'—ng_th_e spatial distribution, Io_ng-t_erm tre_nds, and interannual
nents of wind fields around Japan are comparatively weak?2"1ation (IAV) of tropospheric @is very important.
Instead, southerly winds are relatively strong and transport In Japan, surface and boundary layer (BLj fes in-
clean air masses from the Pacific Ocean to Japan. Corcreased continuously since the 1980s despite reductions in
sequently, springtime ozone over Japan is higher (lowerfn€ concentrations of nitrogen oxides (NNO+NG) and
than in ordinary years when the anomaly has a large negal®N-methane volatile organic compounds (NMVOC), which
tive (positive) value. In general, the interannual variation of &€ Precursors of §Ohara et al., 2008). Many studies have
springtime ozone over Japan is sensitive to the outflow fronf €POrted that trans-boundary transport of &d its precur-

continental Asia. We also found some correlation betweersC'S: €Specially from East Asia, has greatly influenced the re-
springtime ozone over Japan and the Efid¢éSouthern Os- cent increase of @over Qapan (Pochanart et al.l, 1999; Naja
cillation, indicating that higher and lower springtime ozone 2nd Akimoto, 2004; Tanimoto et al., 2005; Tanimoto, 2009;

over Japan are related to Lafdi and EI Niio, respectively.  Yamaji etal., 2006, 2008). Tanimoto et al. (2005) estimated
that the regional build-up of £due to anthropogenic emis-
sions in eastern China and Korea accounts for about 10 ppbv

Correspondence tal. Kurokawa in March and April and about 20 ppbv in May over Japan.
BY

(kurokawa.junichi@nies.go.jp) Ohara et al. (2007) reported that emissions @fp@cursors
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Table 1. Abbreviations used in the text.

Abbreviation  Definition

ASPA Area-weighted surface pressure anomaly (see Sect. 3.4)

BL Boundary layer

CEC Central eastern China (see Fig. 1)

EyyMyy The simulation using emission data sets and meteorological fields for
each year

EooMyy The simulation using the fixed emissions for 2000 and meteorological
fields for each year

FAsc Flux anomalies of springtime BL £along Lsc

FAg; Flux anomalies of springtime BL §along Lg;

FAwW3J Flux anomalies of springtime BL £along Ly

1AV Interannual variation

Lsc Southern boundary of CEC (see Fig. 1)

Lsy Southern boundary of WCJ (see Fig. 1)

Lwy Western boundary of WCJ (see Fig. 1)

NINO3 The Nio3 index

WCJ Western and central Japan (see Fig. 1)

in Asia, particularly in China, have been growing rapidly dur-  The purpose of this study is to investigate the effects of
ing the past two decades. Thus, itis probable that the impactmeteorological variability on the IAV of @over Japan. It
of trans-boundary pollution are becoming correspondinglyis expected that the concentration of pollutants within air
larger. masses exported from continental Asia will continue to in-
Although Q; concentrations over Japan show a long-termcrease and these air masses are known to have their greatest
increasing trend, they also show large year-to-year variationgffect on the springtime BL. Trans-boundary ©eems to
(Ohara et al., 2008). The main factors causing these variahave a large impact on the maximun €oncentration and
tions are the IAV of @ precursor emissions, biomass burn- exceedances of air quality standards in Japan, especially in
ing, stratospheric § and meteorology. Although anthro- the springtime (Akimoto, 2003; Zhang et al., 2004; Tanimoto
pogenic emissions from Japan and other Asian countries suc@t al., 2005; Tanimoto, 2009; Yamaji et al., 2006, 2008).
as China and Korea have a large impact on taecéncen-  Thus, we focused on the influences of the IAV of continental-
tration over Japan, we have been unable to identify year-toAsian outflow on the springtime BL £over Japan. In this
year variations (in contrast to a long-term trend) in these anstudy, we did not focus on the effects of year-to-year varia-
thropogenic emissions similar to those ig Gncentrations tions in biomass burning emissions. We conducted two sets
over Japan (Ohara et al., 2007, 2008). Several studies havf multiyear springtime simulations for 1981-2005 using
reported that the 1AV of wildfire emissions and of the O the Models-3 Community Multiscale Air Quality (CMAQ)
produced by them is an important factor affecting the 1AV modeling system (Byun and Schere, 2006) and the Regional
of tropospheric @ (Doherty et al., 2006; Koumoutsaris et Emission Inventory in Asia (REAS) (Ohara et al., 2007).
al., 2008). Recently, the influences of lower stratosphericHere, we evaluate the general model performance for O
Oz and stratosphere-troposphere exchange on the IAV opver East Asia and the reproducibility of the observed IAV of
tropospheric @ have been analyzed (Chilez et al., 2007; Oz over Japan by simulated results using emission data sets
Koumoutsaris et al., 2008; Terao et al., 2008). Terao etand meteorological fields for each year. Then, we examine
al. (2008) indicated that in the northern extratropics suchthe influences of the IAV of the meteorology and the pro-
as over Canada and Europe, troposphegésnighly influ- cesses causing the relatively higher and lower springtime BL
enced by @ in the lower stratosphere but that stratospheric O3 over Japan by simulated results using fixed emissions for
influences are small in other regions, especially those influ2000. Finally, we discuss the relationships between ENSO
enced by large export events from East Asia. With respect tevents and the IAV of @over Japan. We define several ab-
meteorology, several studies have reported the influence dereviations in this paper, and provide a list of them in Table 1
IAV of continental-Asian outflow on tropospherig@nd its  for the reader’s convenience.
relations to El Nilo-Southern Oscillation (ENSO) (Liu et al.,
2003; Liu et al., 2005; Koumoutsaris et al., 2008). However,
influence of meteorology on the 1AV of £over the north-
western Pacific region, including Japan, where the impacts
of continental-Asian outflow are significantly high, has not
been studied.
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Fig. 1. Model domain of CMAQ showing the horizontal distribution of REAS fN@missions for 2000. The box labeled WCJ denotes
western and central Japan, the focal area of our analysis of the IAV of springtimeBLH@ lines lyyj and Lsjare respectively defined
as the western and southern boundaries of WCJ, along which we calculated thefBixe3. The box labeled CEC denotes central eastern
China, and line k¢ is defined as the southern boundary of CEC for the calculation of BHu®es. The locations of @monitoring sites
used for model validation in Sect. 3.1 are also shown as orange circles.

2 Model description a secondary organic aerosol model, ISORROPIA (Nenes et
al., 1998) as an inorganic aerosol model, and the piecewise
parabolic method (PPM) (Binkowski and Shankar, 1995) as

the regional particulate model. Note that both the gas-phase
chemistry and aerosol schemes are applicable only to the
[ropospheric atmosphere. Schemes applicable to the strato-

sphere are not used in the model.

2.1 Chemical transport model

The three-dimensional regional-scale chemical transpor
model used in this work was developed jointly by Kyushu
University and the National Institute for Environmental Stud-
ies (NIES) (Uno et al., 2005), based on the Models-3 CMAQ ) . ) .
version 4.4 modeling system released by the US Environ2-2 Outline and setting of the numerical experiments
mental Protection Agency (Byun and Schere, 2006). This

model is driven by meteorological fields generated by the Re\We conducted two sets of numerical experiments. First, we
gional Atmospheric Modeling System (RAMS) version 4.4 performed a 25-year springtime simulation for 1981-2005
(Pielke et al., 1992). The horizontal model domain for the using emission data sets and meteorological fields for each

CMAQ simulation is 624&5440kn? on a rotated polar
stereographic map projection centered &ti25115 E, with
a grid resolution of 8880 kn? (Fig. 1). For vertical resolu-

year (called “EyM,,"). Second, we conducted a simulation
for the same period using the fixed emissions for 2000 and
the meteorological fields for each year (callechdH,,”).

tion, we used 14 layers up to 23 km in the sigma-z coordinatéNe performed simulations for the period from 1 January to
system. In this study, we defined the BL as from the surface31 May of each year. In this study, we defined springtime
to an altitude of 1 km; the BL comprises 5 layers in the modelas April and May, and thus treated the first 3 months as the
coordinate system. We adopted the Statewide Air Pollutionspin-up period. The purpose of M, was to evaluate the
Research Center (SAPRC)-99 scheme (Carter, 2000) for gashbility of the model to reproduce the observed results. In this
phase chemistry (with 72 chemical species and 214 chemwork, we focused on the influence of meteorological vari-
ical reactions, including 30 photochemical reactions). Forability on the 1AV of springtime BL Q over Japan. There-
aerosol calculations, we applied the third-generation CMAQfore, the simulated &M ,, results, which elucidate the sen-
aerosol module (AERO3), which includes the Secondary Or-sitivity of springtime BL & over Japan to meteorological
ganic Aerosols Model (SORGAM) (Schell et al., 2001) as factors, are mainly used in the following analysis.
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E, M,, requires the emission inventories for 1981-2005,

.90 WEyyMyy and BoM,, needs only the data set from 2000. We pre-
% ’;g o T N oBs | pared data sets for anthropogenic emissions of sulfur dioxide
S 60 |l T80T T (SOz), NOy, carbon monoxide (CO), NMVOC, black car-

E 50 l | l J I bon, organic carbon, and ammonia (BHising REAS ver-

:g ;g 1 °H B 'H e J 2R ok B I sion 1.1 (Ohara et al., 200f/ttp://www.jamstec.go.jp/frcgc/

H 20 | L research/p3/emission.nfimREAS data sets for 1981-2003

© 10 g B | ) i B include most anthropogenic sources such as fuel combus-

tion and industrial processes. We extended the data sets un-
til 2005 using the same methodology as Ohara et al. (2007)
and with new statistics such as energy consumption and in-
dustrial activities (e.g. International Energy Agency, 2006;
Fig. 2. Comparison of the springtime averagegi®ixing ratios be- ~ United Nations, 2005, 2006). We took parameters such as
tween observations (gray bars) and model simulations Q& emission factors and removal efficiencies from those for the
(black bars). Locations and general information on monitoring sitesyear 2003. Springtime emission is exactly the same as an-
are presented in Fig. 1 and Table 2, respectively. Data from all perinual average flux in this study, because seasonal variation is
ods shown in Table 2 were included in the calculation of the spring-not considered in the REAS database. According to Streets
time average and standard deviation at each site. The Whiskerét al. (2003), Springtime fractions of annual emissions in
indicate 1 standard deviation for both observation and simulation.china are similar to the annual mean values. We took bio-
Several observations without whiskers were taken from publlshedgeniC emissions of isoprene and monoterpenes from monthly
research papers. estimations for the 1990s by Guenther et al. (1995). We
did not include NQ emissions from soil or lightning in the
Both experiments used the same meteorological fields andnodel. With respect to biomass burning emissions, Tanimoto
initial and boundary conditions for chemical tracers. Me- et al. (2008) reported the impact of boreal biomass burning
teorological fields for each year were generated by RAMSon Qs at Rishiri, the northern island of Japan, in 1998, 2002,
with initial and boundary conditions defined by the Na- and 2003. According to their study, two episodes observed
tional Centers for Environmental Prediction/National Cen-in 2002 and 2003 suggested that at Rishiri, i® wildfire-
ter for Atmospheric Research (NCEP/NCAR) Reanalysis 1polluted plumes was comparable to the magnitude typically
data setsHttp://www.cdc.noaa.gov/cdc/data.ncep.reanalysis.observed in industrially-polluted air masses from the Asian
html) (Kalnay et al., 1996; Kistler et al., 2001). The reanal- continent. However, our focus was not on the effects of year-
ysis data sets have a spatial resolution o255 and a  to-year changes in wildfire emissions, and, in Asia, their re-
temporal resolution of 6 hours. The meteorological param-cent long-term increasing trend is smaller than that of anthro-
eters, such as temperature, wind speed and direction, relgpogenic emissions. Thus, we used climatological inventories
tive humidity, and precipitation, simulated by this system for the late 1990s from Streets et al. (2003) in this work. The
have been validated by Yoshida et al. (2006) and Uno etAV of O3 over Japan might be affected by the IAV of wild-
al. (2003, 2005). The initial fields of chemical compounds fire emissions. We plan to examine the relative influence of
were prepared by the initial conditions processor (ICON) of biomass burning in a future study.
the CMAQ modeling system (Byun and Schere, 2006). The
influence of the initial condition was eliminated during the
spin-up period (3 months). The monthly averaged lateral3 Results and discussion
boundary conditions for most chemical tracers were obtained
from the global chemical transport model CHASER (Chem-3.1 Validation of simulated Oz over East Asia by
ical AGCM for Study of Atmospheric Environment and Ra- observations
diative Forcing; Sudo et al., 2002). In this study, we did not
examine the influences of the 1AV of inflow from outside of The modeling system described in Sect. 2 has previously
Asia. Thus, we assumed no IAV as the lateral boundary conbeen used for analyzing tropospherig @er East Asia, in-
dition. With respect to the upper boundary condition, we did cluding Japan (see Uno et al., 2005; Tanimoto et al., 2005;
not explicitly incorporate the @inflow across the tropopause Yamaji et al., 2006, 2008; He et al., 2008), and, in these
from CHASER. In the model domain, intrusions of @om studies, the simulated results showed good agreement with
the upper layers across the lateral boundaries determine thebservations. In this section, we further evaluate the general
stratospheric and upper tropospherig @ncentrations. As performance of our modeling system for springtimgder
mentioned in Sect. 1, the influence of inflow from the strato- East Asia.
sphere on the 1AV of BL @over Japan seems to be relatively  Figure 2 compares the springtime averagedsthulated
small. Therefore, the IAV of stratospherig@as not con- by E,;,M,, (black bars) with observations (gray bars), taken
sidered in this study. at Japanese remote monitoring sites of the Acid Deposition

Tappi
Sado
OKi
Hedo
Lin'an
Wanli
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Ogasawara
Mt. Tai
Mt. Huang
Hok Tsui
Mondy
Pohang
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Table 2. General information of @ monitoring sites used for model evaluation in Sect. 3.1.

Monitoring North East Elevation Periods Site Data Sources
Sites Latitude Longitude [m] Characteristics

Rishiri 45.12 141.20 40 1998-2005 Remote EANET

Tappi 41.25 140.35 105 1999-2005 Remote EANET

Sado 38.23 138.40 136 1998-2005 Remote EANET

Oki 36.28 133.18 90 1998-2005 Remote EANET
Ogasawara 27.08 142.22 230 1998-2005 Remote EANET

Hedo 26.87 128.25 60 1999-2005 Remote EANET

Mt. Tai 36.25 117.10 1533 2004-2005 Mountain Li et al. (2007)
Lin'an 30.30 119.73 132 1999-2001 Rural Lin et al. (2009)
Mt. Huang 30.13 118.15 1836 2004-2005 Mountain Li et al. (2007)
Hok Tsui 22.22 114.25 60 1994-1996 Remote WDCGG

Mondy 51.67 101.00 2000 2001-2007 Remote Lin et al. (2009)
Pohang 36.00 129.00 — 1995-2000 Remote Kim et al. (2006)
Wanli 25.18 121.68 — 1994-2005 Remote Chou et al. (2006)

Monitoring Network in East Asia (EANET), atthe Hok Tsui 3.2 The climatological springtime BL Oz over East Asia

site of the World Data Centre for Greenhouse Gases (WD-

CGG), and from several measurements mainly at remote SiteEhiS section describes the general features of the modeled
reported in published research papers (see Table 2 for refeglimatological springtime BL @over East Asia (25-year av-
ences). Locations and general information on these moni€rage during 1981-2005). In this study, we defined the sim-
toring sites are presented in Fig. 1 and Table 2, respectivelydlated springtime BL @ as the Q concentration averaged
Data from all periods shown in Table 2 are included in the over the lower 5 layers of the model (from the surface to 1 km
calculation of the springtime average at each site. In generalf altitude) during April and May. Data from all times of day
the simulated results reproduced well the observed springare included in the springtime average. The spatial distri-
time averaged @over Japan (Rishiri, Tappi, Sado, and Oki), bution of the climatological BL @, simulated by E,M,,,

the western Pacific (Ogasawara and Hedo), and continenta$ shown in Fig. 4a, overlaid with the climatological spring-
Asia (Mt Tai, Lin’an, Mt. Huang' Hok Tsui, Mondy' Po- time wind fields in the BL. ngh @Of more than 55 ppr
hang, and Wanli). Modeled £at Lin’an overestimated the is widespread over central eastern China (CEC; Fig. 1), the
observations by about 15 ppbv. Lin'an is in a rural area butkorean peninsula, and Japan. The mean wind fields in the
is likely affected by polluted air masses from the industrial- high Oz area are westerly and southwesterly, suggesting that
ized Yangtze Delta region. One possible reason for the dispolluted air masses of continental Asia are likely to be trans-
crepancy in the Lin'an results is the underestimation o NO Ported to Japan. ©mixing ratios over the Pacific Ocean
titration of O3 because of the relatively coarse horizontal andsouth of Japan are generally low.

vertical resolution of the model grid. Similar features are  Figure 4b shows the spatial distribution of the climato-
found at the urban, suburban, and rural monitoring stationdogical springtime BL @, as in Fig. 4a, but simulated by
over Japan and are discussed in Sect. 3.3 in detail. At otheFooMyy, along with the standard deviation of the @ixing
monitoring sites over continental Asia, observed surfage O ratios at each grid cell (contours) calculated from the sim-
were well reproduced by modeled results. Figure 3 comparedlated results by &M, for each year and the climatolog-
the hourly mean @ mixing ratios between the observation ical fields. Although the mixing ratios of £simulated by
and model simulation results at four Japanese remote siteSooMy (Fig. 4b) are slightly higher than those simulated by
(Sado, Oki, Ogasawara, and Hedo) in scatter plots. HourlyEyyMyy (Fig. 4a), their spatial distributions are very similar.
averaged data during springtime of all periods shown in Ta-The standard deviation maxima are south of Japan, where
ble 2 are plotted at three-hour intervals. At each monitoringthe climatological @ gradient is largest; thus, the sensitiv-
site, model simulations generally reproduced the hougy O ity to the 1AV of Oz can be considered to be high. Over
mixing ratios well. The correlation coefficients between sim- the Japanese Islandsg @ariability is largest over western
ulated and observed results ranged from about 0.51 to 0.65nd central Japan (WCJ; defined in Fig. 1), especially in the
No systematic underestimation or overestimation was foundvestern part of this region, where the influence gff@m

at all monitoring sites. Thus, although there are several discontinental Asia is expected to be large. In contrast, the IAV
crepancies between simulated and observed results, our mo@f Oz is relatively small in northern Japan. Therefore, in the
eling system generally reproduced the observations and wai®llowing sections, we analyze mainly the 1AV of the spring-
validated for the analysis of springtime;©ver East Asia. time O; over WCJ.

www.atmos-chem-phys.net/9/6287/2009/ Atmos. Chem. Phys., 9, 63842009
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Fig. 3. Comparison of observed and simulated hourly megmtXxing ratios at four Japanese remote sites (Sado, Oki, Ogasawara, and
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Fig. 4. (a) Spatial distributions of simulated springtime Blg@veraged over 1981-2005 for the,B,, scenario, overlaid with the
springtime climatological wind field in the Bl(b) The same as in (a) for theghM, scenario, overlaid with the standard deviations gf O
mixing ratios, calculated at each grid point using the simulated fields for each year and the 25-year average.
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3.3 The interannual variation of springtime Oz over relationship between Qobservations made at the same time
western and central Japan at neighboring station by the two methods was obtained as
follows:
3.3.1 Observation data
Oy uv=0.99 x Oy k1 +1.8, (+=0.79), Q)

In Japan, continuous measurements of general air pollutioQVhere Qv and G are springtime @ mixing ratios

at ground level are conducted at air quality monitoring sta- pbv] observed by UV and KI methods, respectively. Al-
tions all around the_ <_:0untry. The stz?\tions are managed an{ﬁough this comparison does not use measurements made
operated by the Ministry of the Environment of Japan andat exactly the same place, the difference betwegnTiX-

by local gover.nment_s. At these stations, the concentrgtion%g ratios observed by the KI method and those observed by
of photochemical oxidants (Qare observed by absorption the UV method seems to be small. Furthermore, Maeda et

spectrophotometry using a nggtral potassium iodide SOIUtiO%I. (1997) reported that the concentration of peroxyacetyl ni-
(KI method), or by photometric instruments based on absorp'trate obtained by the KI method is about one-fifteenth the ac-

tion_in the ultraviolet region (UV method) (Ministry Of_ the tual concentration; thus, the sensitivity of this method to0 O
!En(;nrfq nn&ent of _jgpan, 2807)' Xbeser(\j/ed ththe hstatlor?s other than @ is relatively small. In accordance with these
Is defined as oxidizing substances produced by photoc emlﬂndings, we consider the difference in observation methods

cal reactions and only those capable of isolating iodine from, ;'\ "t o ritical problem for our analysis of IAV of spring-
neutral potassium iodide (such ag,(@eroxyacetyl nitrate, time Oz over Japan

and peroxypropionyl nitrate), excluding NOThe majority Note that the horizontal and vertical resolution of our
(atiEut 68%‘)’ forr] the yearhol‘j 2006) EfXOngasurements ar€ model is 80«80 kn? and 150 m at the lowest layer, respec-
calibrated by the KI method at each station. However, Va”'tively. NO titration of Oz at ground level can be underes-

ability of Obx cloncentkr]atlonhs oEtalr;edJ\r/om tf;}e C:(I gethodl timated in such a relatively coarse grid because of excessive
seems to be larger than that by the method. ecent_ydilution of NOy emissions, especially in urban and suburban

Mu_kai etal. (2007) has reported the results of experiments Nreas. Therefore, monitoring stations should be classified
which measurements ohGtandards by 25 local government s urban, suburban, or rural. Unfortunately, no information

m_s:]rumse nts dwieRc?mparedP\r/]wth measursegsn;f%pego.rlm; bout site characteristics is available from the stations. In this
V\r/]'t aSl\;tan arl | e'erencfes c()jtogetecrj_(r h) | ' I\lIJIIStT %tudy, we therefore used N@nixing ratios observed at each
the U . aupna hstitute of Standar and fechno ogy ( ?station to classify the site. All selected stations observed NO,
and maintained by the Japanese National Institute for EnV|-NOZ and NQ by the colorimetry using Saltzman reagent
_ronment_al Studies (NIES_) (Tz_inlmoto etal, 2006)‘_ A_ccord- (with Saltzman’s coefficient being 0.84) or by the chemilu-
ing to this report, the variability (one standard deviation) of minescent method usingsQMinistry of the Environment

the KI and UV methods was about 5.6% and 1.1%, respec- - -
' of Japan, 2007). Using the 21-year average (during 1985—
tively. Also the Kl and UV methods respectively yielded O gl b ) g 4 ge ( g

trati bout 9% and 5% | than th biai 005) of springtime NQ mixing ratios, we classified the
concentrations about 97 an o larger tnan those obtaiNefa4ions as follows: urban (NG 30 ppbv; 17%), subur-

by SPR #35. Despite these differences between the Kl an 15 bpb¥:NO. <30 bobv: 65% | (NO<15 bpbv:
UV methods, there are no other data sets of long-term ob—lan( ppbwNOx <30 ppbv; 65%, or rural (N@<15 ppbv;

servations from all parts of WCJ. In this study, we used the
observation data from 136 air quality monitoring stations in3 3 2  Opserved and simulated interannual variation
WCJ, where @ was measured continuously during 1985—
2005. All of the stations are located at altitudes of less tharFigure 5a compares the time series of daytime springtime
1 km above mean sea level. surface mixing ratios of observed,@veraged over urban,

At all selected stations, O was measured by the suburban, and rural areas with those of simulatgdo@er
Kl method before 1997. Subsequently, the UV method wasWCJ for the E,M,, scenario during 1985-2005. To calcu-
gradually introduced; and about 18%, 51%, and 62% of thelate the springtime means of observed @er urban, sub-
stations were using the UV method in 2000, 2003, and 2005urban, and rural areas, we first calculated the springtime-
respectively. In order to determine the extent to which theaveraged mixing ratios at each station using daytime data
use of different monitoring instruments influenced the obser-(between 09:00 and 15:00 h). Then, we calculate mean val-
vation values, measurements by both methods at the samees from the station averages in each area with equal weight.
time and place are required. However, we did not have suclis expected, observedyQalues were smallest over urban
data sets. Thus, we selected 10 pairs of neighboring stationareas and largest over rural areas. On averag&)iging ra-
at which (1) the correlation coefficient of springtimg @e-  tios over suburban and rural areas were respectively about
tween pairs of stations, measured by the KI method simul-5 and 10 ppbv larger than those over urban areas. How-
taneously at both stations of each pair, was larger than 0.8ver, simulated @mixing ratios over WCJ were still about
and (2) the UV method was introduced at only one station of5-10 ppbv larger than observed @alues over rural areas,
each pair or at both stations but in different years. Then, thavhich suggests that even stations at sites defined as rural

8%). This classification is used in the next section.

www.atmos-chem-phys.net/9/6287/2009/ Atmos. Chem. Phys., 9, 63842009



6294 J. Kurokawa et al.: Meteorological variability on interannual variations of springtime boundary layer ozone over Japan

(a) Mixing ratio of daytime Ox(OBS), O;(EyyMyy), and O<’(OBS and E;yMyy)

75
70
65

60 F 5
—e— OBS 0} (WCJ)

s OBS Ox (Urban)
..... OBS O, (Suburban)
—— OBS O (Rural)
— E,M,, 05(WCJ)
—s— E,M,, 0 (WCJ)

55 F
50
45
40 F

35 F

Mixing ratio of O,, O3, and Ox [ppbv]

30

1985 1990 1995 2000 2005
Year
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Fig. 5. (a) Time series of the daytime springtime surface mixing ratios of obseryean@ simulated @for the E;,M,, scenario during
1985-2005. Simulated4Imixing ratios are averaged over WCJ (black line), and obseryedades are the average of measurements over

urban (blue dotted line), suburban (blue dashed line), and rural (blue solid line) areas. The time series of daytime springtimg surface O
over WCJ calculated with observed (green line) and simulated (red line) results are also fitiéche series of anomalies of springtime
observed surface {X(blue points) and simulated BL{Xor the E,,M,,, (black line) and oM, (red line) scenarios averaged over WCJ

during 1981-2005. Anomalies are defined as deviations from the values averaged over 1985-2005. The blue regression line and correlatior
coefficient ¢) are for observations, and the black ones are for simulations,pME,. Emissions of NQ and NMVOC over WCJ and those

over CEC are also shown. Note that the whiskers denote 1 standard deviation. Standard deviation of observations was calculated from the
springtime-averaged values at each station. That of simulations was based on the values of springtime mean at each grid point over WCJ.

might be influenced by air masses from neighboring urbanequal weight. Absolute values of simulateg’ @greed well

or suburban areas. with the observed values although the observed results for
In order to further investigate the cause of differences beseveral years were higher. Differences between simulated

tween observed and simulated results, we defingcater Oy’ and Oz were very small. On the other hand, observed

Sadanaga et al. (2008) as follows: mixing ratios of Q’ were much larger than those ofy@y
, about 15 ppbv on average. These results indicate that differ-
[Ox]=[03]+[NO2]—-0.1 x [NOx]. (2)  ences between observeg nd simulated @over WCJ are

caused mainly by the dilution of NGemissions in the coarse

For [G3], mixing ratios of observed Qor simulated Q were model grid of this study.

used. The third term on the right side of Eq. (2) accounts for
primary emissions of N& which means that Qis the sum Note that there was no large systematic overestimate of
of O3z and NQ generated secondarily by the oxidation of NO simulated @ at the remote or rural stations over East Asia
in the atmosphere. The time series of daytime springtimen Fig. 2. In contrast, Qobservations at air quality monitor-
surface Q' over WCJ calculated from model simulations ing stations of Japan used in this section were overestimated
and observations at all stations are also compared in Fig. 5a&ven in the rural areas (Fig. 5a). As mentioned above, moni-
As with Oy, we first calculated the springtime-averaged O toring sites defined as rural in this section might be affected
at each station using daytime data. Then, we calculated thby neighboring urban or suburban air masses. We found that
mean and standard deviation from the station averages withiverage NQ mixing ratios during 1985—-2005 were greater
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than 10 ppbv at the majority of rural stations. At Japanese reblack line) with that simulated by ggM,, (red line). In
mote monitoring sites of EANET in Fig. 2, springtime NO both scenarios, the 1AV of @anomalies shows clearly sim-
mixing ratios were about 0.5—-2.0 ppbv and thus, the effects oflar patterns, especially the large year-to-year variations. As
NO titration were considered to be small. We did not have described in Sect. 2.2, thegM,, scenario uses the fixed
NOy observation data at other stations in Fig. 2. With respectemissions for 2000 and the meteorological fields for each
to Lin’an site, large model overestimation of observegl O year. Therefore, these results suggest that the short-term 1AV
might be attributed to the underestimation of Ntiration of springtime surface and BL £Dover WCJ is determined
of Oz in the coarse model grid of this study, as described inmainly by the meteorological variability. Note that anoma-
Sect. 3.1. Simulated £t Hok Tsui, Pohang, and Wanli sites lies of both observation and simulation by, &, show
slightly overestimated observations. These sites also mightlear increasing trends, with respective rates of increase of
be influenced by polluted air masses from the neighboringabout 0.37 and 0.42 [ppbv/year]. Both trends were calcu-
industrialized regions although they were located in remotelated by least-squares linear fitting and considered statisti-
areas. However we suspect that springtimes,M@ncentra-  cally significant at p-values less than 0.01. Emissions of NO
tions at these sites were smaller than those at rural monitorand NMVOC over WCJ and CEC were calculated from in-
ing stations of Japan used in Fig. 5a and thus, influences ogbut emissions for EM,, and are presented in Fig. 5b. No
excessive dilution of NQemissions on NQtitration of O long-term increasing trend of {0s found in either the re-
in the model were relatively small. sults simulated by &M, or the calculated emissions over
With respect to the IAV of observations, it is interesting WCJ, whereas both NCand NMVOC emissions over CEC
that all observation types, namely, @ urban, suburban, clearly increased during 1985-2005. These results suggest
and rural areas and;ver WCJ show very similar trends. that the increase in the observeg#@momalies was caused by
This result suggests that the IAV ok@ver WCJ is affected  the recent increase in anthropogenic emissions in East Asia,
more by large-scale factors than by local ones. Both observedspecially in China (Ohara et al., 2008).
and simulated results show larger year-to-year variations than
the annual rate of increase of the long-term trend. Simu-3.4 Years of high and low springtime BL Oz over
lated results reproduced the observed local minima in 1986, western and central Japan
1995, and 1998 and the local maxima in 1996 and 1999—
2000. Observed mixing ratios decreased from 1996 to 1998n some years, the springtime BLz@ver WCJ simulated
and from 2000 to 2002, in contrast to the long-term trend,by EgoM,, is much higher or lower than in other years, even
and these features are also well reproduced by model simthough the same emission data set was used (Fig. 5b). To an-
ulations. The amplitude of the 1AV during 1987 and 1991 alyze these features, in this section we define “high (log) O
was relatively small in both observed and simulated resultsover WCJ years” as the top (bottom) 5 years between 1981
Simulated mixing ratios show a large increase from 1991 toand 2005 with respect to the springtime Blz @omalies
1992 and a decrease from 2002 to 2003, neither of which isimulated by lggM . The high Q over WCJ years are 1992,
found in the observation data. However, CMAQ generally 1996, 1999, 2000, and 2005. The low @ver WCJ years are
reproduced well the observed IAV of springtime surfage O 1983, 1986, 1991, 1998, and 2003. Figure 6 shows the com-
mixing ratios over WCJ. posite springtime BL @fields (a and b), their anomalies (c
Figure 5b compares the time series of observed springand d), and springtime surface pressure anomalies (e and f)
time surface @ anomalies averaged over WCJ with those of for the high (a, ¢, and e) and low (b, d, and f} Gver WCJ
the springtime BL @ simulated by E,M,, for 1985-2005.  years. The overlaid vectors in Fig. 6a and b are the compos-
Data from all hours of the day were used for the calculationite springtime wind fields in the BL, and those in Fig. 6c, d,
of the springtime mean and standard deviation. The anomae, and f are the composite wind field anomalies. In this and
lies used in this section for comparing observed and simuthe following sections, all analyses are based on the results
lated results are defined as deviations from the values avesimulated by goM,, and anomalies are redefined as the de-
aged over 1985-2005. The IAV of anomalies of observedviations from values averaged over 1981-2005.
surface Q and BL Gz simulated by E,M,, is very simi- First, we describe the general features of the composite
lar with that of daytime mixing ratios shown in Fig. 5a. We field of high O; over WCJ years. The area of high Over
also compared the simulated springtime surface and BL O CEC, the Korean peninsula, and Japan (Fig. 6a) is slightly
(not shown) and found that their anomalies were almost thdarger and shifted southward compared with the climatologi-
same over WCJ. In addition, the horizontal distribution of BL cal field (Fig. 4b). Correspondingly, high positivg @oma-
O3 was very similar to that of surfacesQalthough absolute lies are widespread over the area south of the highe@ion
BL O3 mixing ratios over WCJ were larger than the surface from the eastern coast of China to south of the Japanese Is-
values by about 2.5 ppbv on average. Hereafter, we analyzkands (Fig. 6¢). WCJ is near the center of the highatea
the simulated results of springtime BLz@alculated using and on the edge of the high positive anomaly region. The
data from all times of day. We also compared the 1AV of mean wind field (Fig. 6a) and mean wind field anomalies
springtime BL G anomalies simulated by,EM,, (Fig. 5b, (Fig. 6¢ and e) over WCJ show that westerly components
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Springtime BL Osand wind fields
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(b) Low Years
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Fig. 6. Composite spatial distributions of springtime Bl @), their anomaliegc), and surface pressure anomalies during higho@er

WCJ yearge) (High Years). The same information but during lowy @ver WCJ years (Low Years) is shown(im), (d), and(f), respectively.

Vectors in (a) and (b) indicate the composite springtime wind field in the BL, and those in (c), (d), (e), and (f) are the wind anomalies. High
(low) O3 over WCJ years were defined as the top (bottom) 5 years among the springtime &io®alies over WCJ between 1981 and
2005. The white box in (e) and (f) shows the area where the area-weighted surface pressure anomaly (ASPA) was calculgghdly,The E
scenario was used for the model simulation. Anomalies are defined as deviations from averaged values during 1981-2005.

are stronger and southerly components are weaker than thbere. The westerly component of the wind fields in this
corresponding components of the climatological wind field. area is weaker than the average, which suggests relatively
This suggests that in high :0over WCJ years, WCJ is small influences of continental-Asian air masses. With re-
strongly influenced by continental-Asian outflow but less in- spect to the surface pressure anomalies, negative values are
fluenced by maritime air masses from the Pacific Ocean. Thevidespread around the Japanese Islands and, especially, over
northeastern area, including northern Japan, is outside ththe Pacific Ocean east of Japan (Fig. 6e).

high Oz area, and weak negative anomalies afa®e found
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With respect to the low @over WCJ years, the high€O0 (2) Low Oz over WCJ years
area is somewhat smaller and shifted northward (Fig. 6b)
Compared to the C|imato|ogy (F|g 4b) WCJ is not near the The influence of the continental-Asian outflow tends to

center of the high @area. The area of negative;@noma- be small because the westerly component of the wind
lies (Fig. 6d) almost coincides with the positive anomaly re-  fields around WCJ is relatively weak. On the other
gion in the high @ over WCJ years (Fig. 6¢). WCJ is on hand, southerly winds around WCJ are comparatively

the edge of the negative anomaly region. The mean wind  strong, and efficiently transport clean air masses from
field (Fig. 6b) and its anomalies (Fig. 6d and f) display the Pacific Ocean to WCJ. Consequently, the springtime
weaker westerly components and stronger southerly com- ~ BL Oz concentration over WCJ is lower than that during
ponents over WCJ compared with the climatological field. an average year. Large positive surface pressure anoma-
Thus, these results suggest that in loy @er WCJ years, lies are present over the Pacific Ocean east of Japan.
the influence of the continental-Asian outflow on WCJ is

smaller and that of maritime air masses from the Pacific,osq re anomalies respectively occur in almost the same re-
Ocean is Igrger than during ordinary years.. The posmvegiOn during high and low @over WCJ years (Fig. 6e and
Og, anomalies over the northeastern region might reflect rel-f, respectively). Thus, as a reference parameter, we calcu-
atively stronger Wes_terly winds, but the values are small.jtoq the area-weighted surface pressure anomaly (ASPA)
In contrast to the high ©over WCJ years, surface pres- i, yhe springtime over the region within the following coor-
sure anomalies are positive (Fig. 6f). However, the POSi-yinates (white box in Fig. 6e and f): 14162, 29.3F N;

tive anomalies appear in almost the same area as the negati\igf9.85 E 2749 N: 146.82 E. 44.36 N: and 156.02E

anomalies shown in Fig. 6e. _ _ _41.76 N. Note that the largest springtime surface pressure
We also investigated the chemical production, chemi-,n,majies in the NCEP/NCAR Reanalysis 1 data sets are
cal loss, and net chemical production of simulated O ¢, ndin the region 304N, 180150 W. Because that re-

over East Asia, and the. results are presented in they,, is oytside the model domain of CMAQ designed for
supplementary materiahttp://www.atmos-chem-phys.net’ s sy,dy, we examined the relationship between the ASPA

9/6287/2009/acp-9-6287-2009-supplemen).pdfiowever, and the averaged anomalies in the area of 30N45L80—

we found no obvious influences of chemical processes, sy \y and found a good positive correlation between them
on the _IAV (_)f springtime BL Q_over WCJ. There IS (r=0.83). We hypothesized that when the ASPA value is neg-
no relationship between £0anomalies and the net chemi- ative (positive), @ over WCJ should be higher (lower) than

cal production of @ over WCJ. Anomalies of net chem- ,iing an ordinary year. We examine this hypothesis in the
ical production of @ over CEC were positively corre- following sections.

lated with G anomalies over WCJ. However, the slope of

the regression line was not large (Fig. S2b in the supple3 5 Relationships among springtime BL Q over

mentary materialhttp://www.atmos-chem-phys.net/9/6287/ western and central Japan, continental-Asian

2009/acp—9—6287-2009-Supplement)pdind, furthermore, outflow, and surface pressure anoma|y

the correlation coefficient was relatively small (0.37). Thus,

in this study, we did not focus on the effects of chemical pro-Time series of springtime ASPA and BLs@nomalies over

cesses on the springtime Bls@nomalies over WCJ. WCJ during 1981-2005 are shown in Fig. 7a. In general,
Finally, on the basis of our findings, we identify the ASPA and BL QG anomalies are negatively correlated espe-

processes controlling the springtime Blg ©@oncentrations  cially when the absolute value of ASPA is large such as in

It is interesting that large negative and positive surface

over WCJ as follows: 1998 and 2000. On the other hand, no clear relation is ob-
served when the value of ASPA is small, such as during the
(1) High O3 over WCJ years late 1980s. Figure 7b shows a scatter plot and regression

lines between springtime ASPA and Bls@nomalies over
Polluted air masses from continental Asia tend to beWCJ. The regression lines for all data and for large ASPA
transported directly to WCJ by the strong westerly com-data (larger than 1 hPa) have similar negative slopes. How-
ponent of the wind field. Meanwhile, the inflow of clean ever, as expected, the correlation coefficiert-{0.85) for
maritime air masses from the Pacific Ocean to WCJ islarge ASPA data has a larger negative value than that for all
small because southerly winds around WCJ are weakdata ¢=—0.79). These results suggest that ASPA is a good
As a result, the springtime BL £concentrations over reference parameter for springtime Blg ©ver WCJ, espe-
WCJ are higher than during ordinary years. Large neg-cially when the absolute value of ASAP is large.
ative surface pressure anomalies are present over the Pa- To investigate the relationships among the 1AV of &ver
cific Ocean east of Japan. WCJ, inflow G fluxes to WCJ, and ASPA, we calculated
the anomalies of springtime BL{Jluxes along sections at
the western and southern boundaries of WGqj(and Lsy,
respectively; see Fig. 1). A large3zQlux anomaly along
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Fig. 7. Time series (left) and scatter plot (right) of springtime Bk @homalies and ASPA during 1981-2005. Horizontal dashed lines
indicatet+1 hPa of ASPA. Blue and green points respectively represent absolute values of ASPA larger (large ASPA data; 14 data points) and
smaller (11 data points) than 1 hPa. The black regression line is for all data (25 data points), and the blue one is for large ASPA data. The
simulation scenario and the definition of anomalies are the same as in Fig. 6.
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Fig. 8. (a) Time series (left) and scatter plot (right) og@nomalies over WCJ ands@lux anomalies across the section alongj(FAw))

in the springtime BL between 1981 and 20@6) The same as in (a) but with{dlux anomalies across the section alongg(FAsy). See

Fig. 1 for the definition of kyj and Ls3 Values of FAyj and FAgjare normalized relative to the respective 25-year average. The colors of
points and lines are the same as in Fig. 7. The simulation scenario and the definition of anomalies are the same as in Fig. 6.

Lwy (FAwg) means that the influence of the continental- hand panels showing the corresponding scatter diagrams and
regression lines. Values of kfy and FAs; are normalized
relative to the respective 25-year average.

Asian outflow, which transports highs@ir masses to WCJ,

is large. In contrast, when thes@lux anomaly along k3
(FAsy is large, the @ concentration over WCJ is decreased  FAyjand G anomalies over WCJ are generally positively
by clean maritime air transported from the Pacific Ocean.correlated £=0.61); both the correlation coefficient<0.78)

Figures 8a and b display the time series of &omalies

over WCJ and Fgyj and FAgj respectively, with the right-

Atmos. Chem. Phys., 9, 6286304 2009

and the slope of regression line for large ASPA data are larger
than those for all data. On the other hand,sFAnd &
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Fig. 9. (a) Time series of springtime BL ©anomalies over CEC and ASPA between 1981 and 2@b%.The same as in (a) but with
springtime BL G flux anomalies across the section alongtl(FAgc). See Fig. 1 for the definition ofd¢. Values of FA5c are normalized
relative to the 25-year average. The simulation scenario and the definition of anomalies are the same as in Fig. 6.

anomalies over WCJ are negatively correlated—0.49).  anomalies along sectionsk (FAsc) in the springtime BL
Similar to FAy3, both the absolute value of (—0.58) and  (Fig. 9b). As expected, theganomalies and Fé¢ are neg-
the slope of the regression line are slightly larger for largeatively correlated{=—0.57 and-0.61 for all data and large
ASPA data. We also examined the relations between ASPAASPA data, respectively). These results indicate thab@r
and FAy; and between ASPA and A As expected, Féy; CEC is also affected by the meteorological 1AV, and they are
and FAgj are respectively negatively and positively corre- consistent with the results of He et al. (2008). In addition,
lated with ASPA. For FAy; r (all data, large ASPA data) springtime BL QG over CEC and WCJ are positively cor-
is (—0.65,—0.78) and for FA;r is (0.39, 0.48). These re- related (=0.61 and 0.78 for all data and large ASPA data,
sults indicate that when the transport of ffoom continental  respectively). Our examination of the relationship between
Asia is large, transport from the Pacific Ocean tends to bd=Awjand springtime westerly winds in the BL averaged over
small, and vice versa, especially when the absolute value oEyy; showed that the correlation coefficient is almost 1, even
ASPA s large. The IAV of Q over WCJ is affected by trans- when all data are included. This finding indicates that the
port of both high-Q air masses from continental Asia and IAV of FA; is not controlled by the IAV of @ over CEC
clean maritime air from the south to WCJ. The correlation but mostly by the 1AV of westerly winds overdy. However,

of O3 over WCJ with FAy; is stronger than that with F, the recent growth of anthropogenic emissions gfpgecur-
which suggests that the IAV of springtime BLs@ver WCJ  sors in China might strengthen the influence gfd@er CEC

is more sensitive to the continental-Asian outflow. However,on the 1AV of O3 over WCJ. This will be examined in a fu-
there have been some years when the maritime air massesre study. Note that the correlation coefficient betweegsFA
had a larger effect. The £anomalies over WCJ in 1997 and springtime southerly winds in the BL averaged ovey L
were smaller than those in 1996 even thoughwiAn 1997 was also almost 1, which indicates that the 1AV of HAs
was larger. This is because §fin 1996 was much smaller also controlled by the 1AV of southerly winds oveg).

than in 1997. The results discussed above show that the high (low)
We also investigated the 1AV of springtime BLz@ver  springtime BL @Q anomalies over WCJ can be basically ex-

CEC (region as defined in Fig. 1). Figure 9a shows the 1AV plained by a larger (smaller) influence of the continental-
of O3 anomalies over CEC and ASPA between 1981 andAsian outflow, which transports polluted air masses to WCJ,
2005. In general, they are negatively correlated—<0.65 and a smaller (larger) inflow of clean maritime air masses to
and —0.71 for all data and large ASPA data, respectively). WCJ, particularly when the absolute value of ASPA is large.
The wind field anomalies suggest that when ASPA has a largélowever, there are exceptions. The @omalies over WCJ
positive value (i.e. low @ over WCJ years; see Sect. 3.4 in 1987 and 1997 were almost average (i.e. zero), although
and Fig. 6d and f), relatively strong southerly winds aroundthe ASPA value in these years were larger than 1 hPa. In
the southern boundary of CEC ¢, see Fig. 1) transport these years, the region of largg @homalies shifted slightly
lower Oz air from southern China. In contrast, when ASPA compared with the composite field (not shown). Moreover,
has a large negative value (i.e. high @er WCJ years; see the O; anomalies in 1986, 1991, and 1999 were relatively
Sect. 3.4 and Fig. 6¢ and e)gOver CEC tends to be higher large although the absolute values of ASPA of these years
because the southerly component of winds arousd is were small. The large surface pressure anomalies in these
comparatively weak. We examined these inferences by plotyears were also distributed in a slightly different region from
ting the time series of ®anomalies over CEC andsQlux the area used to define ASPA (not shown). We believe that in
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the high and low @ over WCJ years are respectively related
to La Nifia (small NINO3) and EI Nio (large NINO3).

Figure 11 displays mean sea level pressure (MSLP) and
cyclone tracks during April and May 1998 and 2000, ac-
cording to the Japanese 25-year Reanalysis data set (JRA-
25; Onogi et al., 2007) produced by the Japan Meteorologi-
cal Agency and the Central Research Institute of the Electric
Power Industry. The cyclone detection and tracking algo-

IS

[§)

e

O3 anomalies [ppbv]
w

Area-weighted surface pressure anomalies [hPa]
NINO3 index averaged during Nov. and Dec

A T memattes T rithm is based on that used by Serreze (1995) and Serreze et
[L—asea _1 ] al. (1997), except it has been slightly modified for applica-
S o8t 1985 1990 1995 2000 2005 tion to the JRA-25 data set. The MSLP data set was interpo-
Year lated from 1.28x1.25 latitude/longitude grid to the Equal

_ _ _ o _ Area Scalable Earth grid over the Northern Hemisphere with
Fig. 10. Time series of springtime BL ©anomalies over WCJ, 5 125.km grid interval. A cyclone center is identified by a lo-

ASPA, and the Nio3 index (NINO3) averaged during November .o minimum of the interpolated MSLP value. The threshold
and December of the previous year. Horizontal dashed lines indi-

catet+1 hPa of ASPA. The simulation scenario and the definition of va{/L\J/e OLMSLF;] dlf'feren(;-egsgli'gs O.SthPO%O b h
anomalies are the same as in Fig. 6. e chose the years an ecause they were an

El Nifio year and a La Nia year, respectively, and because
lower (1998) and higher (2000) springtime Blz @nixing
ratios over WCJ were seen in both observed and simulated

these years the processes affecting the distributiors@r@ ~ 'esults (Fig. 5). In 1998, a significantly large-scale high-

their relation to the meteorology were more complicated. ~MSLP region, centered at 150170’ W, appeared over the
whole Pacific. In contrast, the corresponding high-MSLP

3.6 Relationship between springtime BL Q over area in 2000 was smaller than that in 1998 and distributed
western and central Japan and ENSO mainly over the eastern Pacific. Therefore, in 2000, MSLP
over the western Pacific, including Japan, was much lower
Recently, several studies have reported on the relationshithan that in 1998. We expected these differences to ap-
between the IAV of Asian pollution transport and meteoro- pear as lower and higher ASPA, as defined in this study
logical variations caused by ENSO and their influences on(see Sect. 3.4 and white boxes in Fig. 6e and f). The dis-
tropospheric @ (Liu et al., 2003; Liu et al., 2005; Koumout- tribution of cyclone tracks around Japan was clearly differ-
saris et al., 2008). However, the impacts of ENSO events orent between 1998 and 2000. Two major cyclone tracks over
the 1AV of the G; distribution over the northwest Pacific re- East Asia and the northwestern Pacific in 1998 can be iden-
gion, including Japan, have not been studied. In this sectiontified: (1) a southwest-northeast-oriented course, from the
we discuss the relationship between the 1AV of springtimesouthern coast of the Japanese Islands to the northern Pa-
BL Oz over WCJ and ENSO. cific, and (2) a zonally oriented course along-455" N. On
Figure 10 shows the time series of ASPA; @noma- the other hand, cyclone tracks in 2000 show meridional di-
lies over WCJ, and the Ro3 index (hereafter NINO3) dur- versity near the Japanese Islands. Some cyclones originated
ing 1981-2005. NINO3, which is the sea surface temperain southeast China or the East China Sea and traveled east-
ture averaged across the regichNe-5° S, 150-90W and  ward and northward via the Korean Peninsula, Sea of Japan,
expressed as monthly anomalies relative to the 1971-200@nd the Japanese Islands. This route reflects the preferred
means, is one of the commonly used indices in studies ofneteorological conditions for the transport of continental-
El Nifilo. We obtained these data frdwttp://www.cpc.noaa. Asian air masses to Japan. Consequently, meridional dis-
gov/data/indices In this study, we used values averaged placement or diversity of cyclone tracks may have caused
during November and December of the previous year, confow (high) O3 over WCJ in 1998 (2000). Similar features
sidering the response time of continental-Asian outflow toin MSLP fields and cyclone tracks were also found in 1983
ENSO events, after Koumoutsaris et al. (2008). In general(El Nifio) and 1985 and 1996 (La f&, not shown). In
we found positive correlations between NINO3 and ASPA, these years, the relationships among MSLP over the Pacific,
and negative correlations between NINO3 anch@omalies.  continental-Asian outflow, and £Ooconcentrations seem to
We examined these relationships separately for all data anbe consistent with the processes controlling springtime BL
large ASPA data, as in Sect. 3.5. The correlation coefficientsD3 over WCJ as described in Sects. 3.4 and 3.5. Note that
for all data (large ASPA data) between NINO3 and ASPA Koumoutsaris et al. (2008) found significant increasesgn O
and between NINO3 and{anomalies were 0.52 (0.58) and exported from Asia to the western Pacific, including Japan,
—0.40 (~0.57), respectively. Both relationships are rela- in March 1998 (El Niio). We examined the results for the
tively strong when absolute values of ASPA are large, as exsame period simulated byogM,, and found that similar
pected from the results of Sect. 3.5. This result suggests thaiositive G anomalies appeared over the western Pacific. In
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Fig. 11. Spatial distributions of mean sea level pressure overlaid with cyclone tracks during April and May 1998 (toipo)EaiN 2000
(bottom, La Nha).

our results, @ anomalies over the central part of Japan wereE,, M, used the emission data sets and meteorological fields
also positive, although those over the western part were negior each year. Another simulationo#,,, used the fixed
ative. However, the positive £2anomalies over the western emissions for 2000 and meteorological fields for each year.
Pacific in our model domain almost disappeared in April andWe evaluated the model reproducibility of the observed IAV
May. Thus, the influences of El R0 in 1998 on BL Q over  of Oz over western and central Japan (WCJ) with the simu-
Japan might have differed between March and the subsequetdted results of E,M,,. Then, we analyzed the influences of
springtime months of April and May. the 1AV of meteorology on springtime BL $£over WCJ us-

The above findings suggest that it is probable that the meing the simulated results ofggM,. We also examined the
teorological variability caused by ENSO events is one of therelationship between ENSO events and the IAV of @er
important factors affecting the IAV of springtime BLs@ver ~ WCJ.

WCJ. However, the timing, period, and intensity of EfNi The main results are summarized as follows:

and La Nia are uncertain; thus, their influences are expected

to be complicated. For example, a large &omaly region 1 The model simulation reproduced well both the short-
in 1987 (an El Nito year) was slightly shifted compared with term variability and the long-term trend of the observed
the composite field of low @over WCJ years, and ASPA springtime surface @over WCJ. Year-to-year varia-
was relatively small in 1989 (a La Na year). In 1992, de- tions were larger than the annual rate of increase of the
spite being an El Nio year, MSLP over the whole Pacific long-term trend. The 1AV patterns of{anomalies over

region was exceptionally low; thus, ASPA had a large nega-  \wcJ in the simulated results of,BM,, and EoM,,
tive value. The reasons for these discrepancies are not clear, ere clearly similar, suggesting that the 1AV of spring-

and further studies are needed to understand the relations be-  ime BL 03 over WCJ is mainly determined by the me-

4 Conclusions 2. The composite @ field for the high Q over WCJ
years showed that a highsGirea over CEC, the Ko-

We investigated the effects of meteorological variability on rean peninsula, and Japan was slightly larger and shifted

the interannual variation (IAV) of springtime BL {Oover southward compared with the 25-year-averaged field.

Japan. We conducted multiyear springtime simulations dur- On the other hand, the corresponding area for the low
ing 1981-2005 using the regional scale chemical trans- Oz over WCJ years was somewhat smaller and shifted
port model, CMAQ, and emission inventories, REAS. We northward. As a result, largesOanomalies appeared
performed two sets of numerical experiments. Simulation over WCJ.
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