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Abstract The large increase in the springtime free tropospheric ozone over the western and eastern North
Pacific over the last decades has been linked to the increase in anthropogenic emissions in China. However,
the increasing trend at Mt. Happo, Japan, has been unexpectedly suppressed since 2008, by 5–10 ppbv. In
this paper, we analyzed the tropospheric ozone records at Mt. Happo, along with the changes in climate and
anthropogenic emissions. We revealed, based only on observational data, that the changes in climate pattern
play an important role in controlling the decadal ozone trend. We found that the persistent La Niña-like
wind pattern during 2008–2013 reduced the export of polluted air masses from East Asia to the western
Pacific, even though Chinese emissions continued to increase. On the other hand, an El Niño-like wind pattern
during 1992–1996 and enhanced storm track activity during 2000–2006 enhanced the export of polluted
air masses from East Asia, contributing to the accelerated ozone trends. The climate modulations were
identified in the O3 trends at the surface sites in western and central Japan and at a remote marine boundary
layer site, Minamitorishima. Without this climatic effect driven by the persistent La Niña-like wind pattern, the
ozone trend would have been further upward over the North Pacific in the late 2000s to the early 2010s.

1. Introduction

Tropospheric ozone (O3) is one of themost important trace gases in the Earth’s atmosphere because it plays a
central role in determining the oxidizing capacity of the atmosphere and air quality at local, regional, and glo-
bal scales. As a short-lived climate pollutant, it also plays a significant role in global warming/climate change.
Major sources of tropospheric O3 have been well established to be in situ photochemical production from
nitrogen oxides (NOx = NO + NO2), carbon monoxide (CO), methane (CH4), and nonmethane volatile organic
compounds (NMVOCs) as well as stratosphere–troposphere exchange (Monks et al., 2009).

For several decades, emissions of air pollutants, including O3 precursors, had been rapidly increasing in East
Asia, particularly due to the large contribution of China whose emissions have increased substantially accom-
panying the rapid economic growth until recently (Kurokawa et al., 2013). Several analyses of long-term
trends of surface measurements (Chang et al., 2017; Gaudel et al., 2018) and ozonesonde data (Oltmans
et al., 2013) have identified the increase of surface and free tropospheric O3 in East Asia and ascribed their
increases to the increase of precursor emissions. In addition, the transport of O3 and its precursors from
China offset almost half of the effect of domestic emission reductions in western United States during
2005–2010 (Verstraeten et al., 2015). However, several recent analyses of satellite data have reported that
NOx emissions from China may have peaked in 2011 (Duncan et al., 2016; Irie et al., 2016; Krotkov et al.,
2016; Miyazaki et al., 2017).

The changes in the pattern of atmospheric circulation result in changes in the transport of O3 and its precur-
sors from source regions. Cuevas et al. (2013) suggested that the abrupt increase in the O3 level after 1996 at
Izaña (Canary Islands, Spain) reflected a phase shift of the North Atlantic Oscillation (NAO) from negative or
neutral phases to positive phases. The changes in the atmospheric circulation pattern over the North Atlantic
resulted in an increased inflow of the westerlies in the midlatitude subtropical North Atlantic, which favored
the transport of O3 and its precursors from North America. A higher frequency of storms over the North
Atlantic may also induce a higher incidence of stratosphere-to-troposphere exchange processes in midlati-
tude. Lin et al. (2014) showed that El Niño/Southern Oscillation (ENSO) and the Pacific Decadal Oscillation
(PDO) modulate the O3-rich Eurasian airflow toward the subtropical Pacific region of the Northern
Hemisphere in spring and autumn. Springtime O3 at Mauna Loa (MLO, Hawaii, USA) has been observed to
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increase under El Niño conditions and to decrease under La Niña conditions. It has been demonstrated that
ENSO also modulates deep stratospheric intrusions into the western United States through its effect on the
meandering of the polar jet stream (Lin et al., 2015).

However, year-by-year fluctuations of O3 concentrations caused by short-term meteorological variability
often obscure long-term trends, since meteorological conditions play an important role in the long-range
transport of O3. For example, Kurokawa et al. (2009) showed that springtime surface O3 in the western and
central part of Japan is higher than the climatological mean when the surface pressure anomaly over the
North Pacific east of Japan has a large negative value, since it facilitates the continental outflow. Knowland
et al. (2017) found that midlatitude storms play an important role in the horizontal and vertical distributions
of trace gases, by means of a warm conveyor belt, a cold conveyor belt, and a dry intrusion. Air pollutants
emitted or formed in the boundary layer can, once lifted up into the free troposphere by the warm conveyor
belt within the storms, can be transported rapidly in the long range by strong westerly winds and eventually
become mixed with the background composition (Dentener et al., 2010; Monks et al., 2009). In the eastern
United States, the frequency of summertime midlatitude storms tracking across eastern North America at
40–50°N has strong negative correlations with the number of O3 pollution days by reducing the number of
stagnation days (Fiore et al., 2015; Leibensperger et al., 2008). The authors concluded that the decrease in
midlatitude storms over 1980–2006 offset the reduction of anthropogenic emissions over that period, which
may suggest that in addition to short-term variability of meteorology, large-scale climate variability could
play an important role in controlling the long-term trend of O3 in the troposphere.

O3 has long been measured at Mt. Happo Observatory (HPO), a mountainous site in Japan. There are only a
few observatories at high-altitude sites in Japan, while continuous measurements of O3 at ground level are
conducted throughout the country. Measurements at high-altitude sites facilitate the investigation of long-
range transport better than measurements at low-altitude sites in boundary layer, because the lifetime of
O3 increases in the free troposphere (e.g., Dentener et al., 2010). The seasonal cycle of O3 at HPO exhibits a
maximum in spring due to photochemical activity and Asian monsoon (e.g., Okamoto & Tanimoto, 2016).
The transport of O3 and its precursors from East Asia is known to be the most efficient in spring, and substan-
tial increases in springtime O3 have been observed in Japan (e.g., Tanimoto, 2009) and western North
America (e.g., Cooper et al., 2010). Parrish et al. (2012) showed that the O3 at HPO remarkably increased for
the period 1991–2011 in all seasons, particularly in spring (0.76 ppbv/year) and that the rate of increase
decreased in all seasons. However, they mentioned that the decrease of the increasing rate was strongly
caused by the variability of the last few years of data. Therefore, we updated the tropospheric O3 record, pre-
viously analyzed for the period 1998–2006 (Tanimoto, 2009) and for the period 1991–2011 (Parrish et al.,
2012), through 2016 and revisited the long-term changes in springtime (March–May) tropospheric O3, asso-
ciated with the large-scale climate variability. In this paper, we show that decadal shifts in wind patterns affect
the continental outflow of O3 to the Pacific rim region, and thus, the transboundary transport and air quality
in this region are controlled by large-scale atmospheric variability as well as precursor emissions.

2. Materials and Methods
2.1. Observation

HPO is located in the mountainous area near the Sea of Japan coast (Figure 1; 36.70°N, 137.80°E, 1,850 m
above sea level) and is operated by the Ministry of the Environment of Japan. It contributes to the Acid
Deposition Monitoring Network in East Asia (EANET) program. While pristine air masses from the Pacific
are transported to HPO during the summer monsoon, the majority of the air masses pass over East Asia,
mostly over northern China (>40°N), driven by the Siberian high persistent during the winter monsoon per-
iod (Kato et al., 2002; Liu et al., 2013; Narita et al., 1999).

Starting in April 1998, O3 measurements by ultraviolet absorption instrument have been carried out at HPO
within the framework of the EANET program. Details of the measurements and quality assurance/quality con-
trol system were given in a technical report (Acid Deposition Monitoring Network in East Asia, 2013). The O3

monitor is quality-controlled in the traceability system based on the Standard Reference Photometer (SRP) 35
maintained at the National Institute for Environmental Studies (NIES), Japan (Tanimoto et al., 2007). Briefly,
the O3 monitor is periodically referenced to a transfer standard scaled to a secondary standard. The
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secondary standard is further scaled to a primary standard, the SRP 35. The accuracy of the O3 monitors shall
be maintained within ±5% at the level of 200 ppbv. We set up another ultraviolet absorption instrument for
measuring O3 concentrations in July 2013 to be complement each other, and both data were used in the
present analysis. Our O3 monitor was directly scaled to the SRP 35 once a year. In this study, the
springtime data in 1998 and 2010 were excluded because of insufficient number of days for
measurements and instrument troubles, respectively.

2.2. Emission Inventories and Satellite Observations

To examine the O3 changes driven by the changes in the O3 precursors emissions, we utilized emission inven-
tories and satellite observations. The Regional Emission inventory in ASia version 1.1 (REAS 1.1; Ohara et al.,
2007) and version 2.1 (REAS 2.1; Kurokawa et al., 2013) are year-dependent bottom-up inventories for major
air pollutants and greenhouse gases during 1980–2003 and during 2000–2008, respectively.

Tropospheric NO2 columns observed from space were also used to infer the spatial distributions and tem-
poral variations of NOx emissions in continental areas upwind of HPO. We utilized monthly mean tropo-
spheric NO2 column data from multiple satellite observations: GOME (Global Ozone Monitoring
Experiment) for the period 1996–2003, SCIAMACHY (Scanning Imaging Absorption Spectrometer for
Atmospheric Chartography) for the period 1996–2003, GOME-2 (METOP-A) for the period 2002–2016, and
GOME-2 (METOP-B) for the period 2013–2016, which are available on the Tropospheric Emission
Monitoring Internet Service (TEMIS; http://www.temis.nl) with detailed error estimates (Boersma et al., 2004).

2.3. Residence Time Analysis

To examine the origins and transport pathways of large-scale air masses arriving at HPO, 5-day back-
ward trajectories were calculated using the National Oceanic and Atmospheric Administration (NOAA)
Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT, Version 4) model (Draxler, 1999;
Draxler & Hess, 1997, 1998; Stein et al., 2015), driven by output from the Global Data Assimilation
System (GDAS) meteorological model for 2005–2016 (1° × 1° grid), the Final Analysis Data (FNL) for
1997–2004 (1° × 1° grid), and National Centers for Environmental Prediction/National Center for

Figure 1. Map of the study area. The star shows the location of Mt. Happo Observatory (HPO), the black filled circle shows
the location of Minamitorishima (MNM), and the color scale shows the distribution of the seasonal-mean tropospheric NO2
column density from GOME-2 (METOP-A) during spring for the years 2014–2016. The black rectangle encloses the
residence time analysis area in central eastern China (CEC; 30–40°N, 110–123°E). The black arrows are springtime average
wind vectors (1998–2016) at 850 hPa from Japanese 55-year Reanalysis (JRA-55).
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Atmospheric Research (NCEP/NCAR) reanalysis data (2.5° × 2.5° grid) before 1997. All meteorological
data are available from http://ready.arl.noaa.gov/archives.php/. The 5-day backward trajectory
ensembles were initialized from a box, centered approximately at HPO and defined by 25 horizontal
grid points (±0.125 and ±0.25°) and five altitude levels (±100 and ±200 m). A trajectory ensemble
was calculated at 3-hr intervals beginning at 00:00 UTC (eight trajectory ensembles per day) for each
day of the study period.

The analysis of the area-averaged residence time was made following previous studies (Naja et al., 2003;
Pochanart, 2015; Pochanart et al., 2001). First, target domains were defined: one domain covered central east-
ern China (Figure 1; CEC; 30–40°N, 110–123°E) as the most polluted region, and another 1° × 1° grid domain
covered the area around HPO. Second, for all trajectories, the residence times over the domains of all air
masses that passed over the domains at an altitude below 3,000 m were averaged. To retain robust transport
cases, the area-averaged residence times of CEC were calculated when at least 50% of the ensemble mem-
bers passed over the CEC domain. Third, seasonal area-averaged residence times were calculated as the

Figure 2. Time series of mean springtime tropospheric O3 concentrations at Mt. Happo Observatory during 1998–2016.
(a) The black filled circles with error bars indicate the seasonal mean ± the standard deviation, and the gray shading
indicates percentile values. (b) The black bars indicate the number of days with maximum daily 8-hr average O3 over
70 ppbv. (c) Satellite-derived tropospheric NO2 column data are averaged over the central eastern China domain, and data
on NOx emissions from all of China are from REAS 1.1 (Ohara et al., 2007) and REAS 2.1 (Kurokawa et al., 2013). (d) Area-
averaged residence times of air mass trajectories over the central eastern China domain.
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average of the averaged residence times from the trajectory ensembles of each season. We used the
residence time as a measure of the atmospheric transport from source regions.

2.4. Meteorological Analysis

To examine the changes due to meteorological factors, we utilized sea level pressure (SLP), horizontal
wind, and temperature data from the Japanese 55-year Reanalysis (JRA-55) data set, which is a global rea-
nalysis data set constructed by the Japan Meteorological Agency (Harada et al., 2016; Kobayashi et al.,
2015). There are two basic methods to quantify storm tracks. The first one identifies the extratropical
storms, tracks their positions with time, and produces statistics for their distributions, while the other
computes temporal band-pass-filtered eddy variance/covariance at a set of grid points with a retained fre-
quency band highlighting the synoptic time scales (e.g., Guo et al., 2017). Eddy statistics such as the eddy
momentum, heat, and moisture fluxes do not provide specific information regarding the storms, such as
the intensity or frequency of occurrence. We employed meridional eddy heat transport at 850 hPa
(v’T’850) to evaluate the storm track activity (Nakamura et al., 2002). The eddy components were obtained
by applying a 10-day high-pass filter to the 6-hourly data set. For further details of the calculation, see
Nakamura et al. (2002). In addition, we utilized sea surface temperature (SST) data compiled by the
Hadley Centre (Rayner et al., 2003) and outgoing longwave radiation (OLR) observed by the satellite-
based Advanced Very High Resolution Radiometer (AVHRR) (Liebmann & Smith, 1996). In the present ana-

lysis, the ENSO variability is represented by the Southern Oscillation
Index (SOI; available at http://www.cpc.ncep.noaa.gov/data/indices/),
while there are various ENSO indices. The SOI is defined as the observed
SLP difference between Tahiti and Darwin (Trenberth, 1984). Positive
and negative SOI values represent La Niña and El Niño
episodes, respectively.

3. Results
3.1. Observed Trend of Springtime Ozone

During 1998–2006, the baseline level of springtime O3 at HPO increased at
a rate comparable to rates recorded at other northern midlatitude sites
(0.3–0.8 ppbv/year), and the increase continued until 2007, when it peaked
at 78 ppbv (Figure 2a). According to Tanimoto et al. (2009), changes in
anthropogenic emissions and meteorology contributed almost equally
to the observed O3 growth at HPO during 1998–2003, but after 2003 the
contribution of anthropogenic emissions became dominant. In 2008 and
2009, mean O3 levels dropped to 62 ppbv. Such decrease can be seen in
other seasons too (not shown). No measurements were obtained in 2010
because of instrument malfunction. In 2011, the O3 level recovered to

Figure 3. Distributions of differences in grid-averaged residence times. Differences are calculated as the values of (a) average residence times for 2004–2007 minus
those for 2008–2013 and (b) average residence times for 1992–1996 minus those for 1999–2003. The black stars show the location of the Mt. Happo Observatory.

Figure 4. Distributions of hourly O3 concentrations during short (2008–
2015) and long (1999–2007 and 2016) area-averaged residence time years
over the central eastern China domain. The threshold between short and
long residence times was set to 3.5 h.

10.1029/2018JD029266Journal of Geophysical Research: Atmospheres
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71 ppbv, but in 2012 it again dropped to 62 ppbv. From 2012 to 2016, O3 levels were sustained at ~61 ppbv.
Mean springtime O3 levels before 2007 differed by as much as 10 ppbv from the levels after 2007. In addition,
the O3 variations were correlated with the number of days that the maximum daily 8-hr average (MDA8) O3

exceeded 70 ppbv (Figure 2b). These data clearly indicate that the frequency of high-O3 events controls the
mean springtime O3 levels.

From the 1990s through the 2000s, both tropospheric NO2 columns over the CEC domain (Figure 1) and
nationwide NOx emissions in China show increasing trends (Figure 2c). Chinese nationwide NOx emis-
sions increased by approximately 150% during this period. Although the latest update to the inventory
was made in 2008, satellite-derived tropospheric NO2 column data show a peak in NOx emissions in
2011, followed by a decreasing trend. This trend reversal in satellite-derived tropospheric NO2 column
data has been reported by other recent studies (Duncan et al., 2016; Irie et al., 2016; Krotkov et al.,

2016). In 2011, the Chinese Government implemented its 12th Five-
Year Plan (2011–2015), which aimed to reduce NOx and sulfur dioxide
(SO2) emissions. Irie et al. (2016) suggested that the decreasing trend
of tropospheric NO2 vertical column density was caused by the wide-
spread use of denitrification units in China; the installation of low-NOx

burners, especially in new power plants after 2005, and the implemen-
tation of new vehicle emission standards. Therefore, the O3 decrease in
2012 and the subsequent low O3 levels may have been influenced by
decreased emissions of O3 precursors from eastern China. However,
the shift in springtime O3 at HPO from an increasing trend to a
decreasing trend occurred in 2007–2008, well before the emissions
peak in 2011–2012.

3.2. Changes in Residence Time

Figure 2d shows area-averaged residence times of air mass trajectories
over CEC in spring calculated according to the method in previous stu-
dies (Naja et al., 2003; Pochanart, 2015; Pochanart et al., 2001).
Residence times are a measure of temporal variations in the export of
O3 pollution from the CEC domain. Overall correlation of the residence
time versus O3 is not significant on the interannual (i.e., year-to-year)
scale. Interestingly, the area-averaged residence time was higher during
2004–2007 than during other years, and it dropped to <5 hr in 2008. A
possible explanation is that a meteorological shift in 2008 changed the
impacts of long-range transport from the CEC domain and thus contrib-
uted to the decrease in O3 concentrations at HPO. We confirmed that
the 8.9 ppbv difference in the O3 distributions between the two periods
(2004–2007 and 2008–2013) was statistically significant (p < 0.01) by
Wilcoxon rank sum test (Wilcoxon, 1945). The residence time difference
between the high-O3 (2004–2007) and low-O3 (2008–2013) periods was
positive over the CEC domain, the Korean Peninsula, the Yellow Sea, and
the East China Sea, which are the most polluted domains in East Asia
(Figure 3a), and was negative over north eastern China, far eastern
Siberia, northern Japan, the Sea of Japan, and the North Pacific, which

Table 1
O3 Concentrations (ppbv) During Short and Long Area-Averaged Residence Time Years Over CEC Domain

Minimum 25th Median Mean 75th Maximum

Long residence time years 6.0 59.2 67.0 68.5 77.0 143.9
Short residence time years 8.6 54.4 61.6 62.8 70.3 117.7

Note. The threshold between long and short residence times is 3.5 hr.

Figure 5. Anomalies of sea level pressure andwind vectors at 850 hPa for the
periods (a) 2008–2013 and (b) 1992–1996. Anomalies were calculated rela-
tive to the climatology, defined as average values over the period from 1980
to 2016. The black rectangles show the region for averaging westerly wind
anomaly in Figure 7a.
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are less polluted domains. HPO was obviously influenced by the pol-
luted regions more strongly during the high-O3 period than during
the low-O3 period. This result suggests that changes in the regional cli-
mate between these two periods induced changes in the long-range
transport pathways of O3 precursors, thereby causing changes in the
O3 levels at HPO.

We further investigated the frequency distributions of hourly O3 concen-
trations at HPO between years with short (≤3.5 hr) and years with long
(>3.5 hr) area-averaged residence times of air mass trajectories over the
CEC domain (Figure 4 and Table 1). Residence times were long in 1999–
2007 and 2016 and were short during other years. In both the highest
and lowest concentration ranges, O3 concentrations were obviously
higher during long residence time years. In general, high springtime
O3 at HPO was associated with a long residence time over the CEC
domain; Wilcoxon rank sum test (Wilcoxon, 1945) results confirmed that
the difference in O3 distributions between long and short residence
time years was statistically significant (p < 0.01). Moreover, we esti-
mated the difference between the two distributions to be 5.6 ppbv.
These results indicate that the air mass trajectory residence time over
the CEC domain is an important factor controlling the O3 concentration
at HPO.

3.3. Changes in Climate Pattern

The O3 reduction during 2008–2013 despite increased NOx emissions in
China was likely due to a change in large-scale atmospheric circulation.
Figure 5a shows SLP and horizontal wind anomalies for the period from
2008 to 2013 (relative to the climatology, defined as average values dur-
ing 1980–2016 according to the JRA-55 data set). A low-pressure anom-
aly is evident over the south of Japan, and a high-pressure anomaly is
located around the Aleutian Islands in the North Pacific. An anomalous
geostrophic easterly wind between these pressure systems weakens
air mass transport from East Asia (Figure 5a). Enhanced northerly winds
in the west of Japan also contribute to a reduction in the transport of
polluted air masses from East Asia to Japan. These results are consistent
with the findings of Kurokawa et al. (2009), who showed that springtime
surface O3 levels in western and central Japan are higher than the cli-

matological mean when the surface pressure anomaly over the North Pacific has a large negative value
and are lower when the surface pressure anomaly has a positive value.

The circulation anomaly during 2008–2013 is reminiscent of the atmospheric response to ENSO, which is
the dominant atmosphere-ocean coupled mode of climate variability over the tropical Pacific. We can
clearly see high-pressure anomalies over the eastern Pacific and low-pressure anomalies over the western
Pacific (Figure 5a). Figure 6a shows a regression map of SLP and horizontal wind with respect to the SOI
during 1980–2016, indicating the distributions of expected SLP and horizontal wind anomalies in La Niña
years (SOI = 1). The horizontal pattern of the SLP anomaly (Figure 5a) resembles the SLP regression results
(Figure 6a; pattern correlation, 0.84), suggesting that La Niña-like wind persisted during 2008–2013.
Figure 6b also indicates the distributions of expected SST and OLR anomalies in La Niña years
(SOI = 1). In La Niña years, SST is warmer in the western part of the equatorial Pacific and cooler in
the central to eastern parts (Figure 6b). The warm SST anomaly in the western Pacific extends northeast-
ward and southeastward, producing a horseshoe-shaped pattern. Convective activity is enhanced, and
low-pressure anomalies are evident over regions with warmer SSTs. Meanwhile, the Rossby wave
response to the tropical forcing results in high-pressure anomalies around the Aleutian Islands over the
North Pacific (Jin & Hoskins, 1995).

Figure 6. Regression maps of meteorological factors at 850 hPa with respect
to the Southern Oscillation Index (SOI). (a) The color scale shows sea level
pressure, and the vectors showwind speed anomalies. The hatching denotes
areas in which the result of the regression of sea level pressure with respect
to the SOI is significant at the 95% confidence level. (b) The color scale shows
sea surface temperature, and the contours show outgoing longwave radia-
tion (contour interval, 2 W/m2), a measure of convective activity. The hatch-
ing denotes areas in which the result of the regression of SST with respect to
the SOI is significant at the 95% confidence level.
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Figure 7a shows time series of the normalized SOI and zonal wind
anomaly around Japan (25–45°N, 110–170°E; black rectangle area in
Figure 5). Here the zonal wind anomaly represents the strength of the
anomalous circulation around Japan. To focus on the long-term variabil-
ity, we applied 5-year running means to the following time series analy-
sis. The results without the running means were qualitatively similar but
not significant, possibly due to year-to-year meteorological variability
(not shown).

A positive and negative SOI corresponds to La Niña-like and El Niño-
like conditions, respectively. The correlation coefficient between the
SOI and the zonal wind anomaly was �0.71 (p < 0.01). To support
the robustness of the relationship between SOI and zonal wind anom-
aly around Japan, we compared the results using JRA-55 with those
using the Modern-Era Retrospective analysis for Research and
Applications, Version 2 (MERRA2; Bosilovich et al., 2015) and the
European Centre for Medium-Range Weather Forecasts Interim Re-
Analysis (ERAI; Dee et al., 2011). The significant relationship between
the anomalous westerlies and SOI are robust in all the data sets
(Figure 7a). The correlation coefficient between the SOI and the zonal
wind anomaly in MERRA2 and ERAI was �0.72 and �0.74, respectively.
In La Niña years, mean westerly wind anomaly around Japan (black
rectangle area in Figure 6a) is expected to be �0.22 m/s. The years
from 2008 to 2013 were high SOI years (SOI = 1.66), and they were
associated with a negative westerly wind anomaly (�0.33 m/s). It
means that the negative westerly wind anomaly during 2008–2013
was associated with the La Niña-like condition. This period also corre-
sponds to the period of O3 suppression at HPO (Figure 7b). If this La
Niña-like wind pattern had not occurred and continued, the O3 trend
at HPO would have continued upward, and the mean springtime O3

level might have exceeded 70 ppbv by the early 2010s like in China
and South Korea (Ma et al., 2016; Shin et al., 2017).

In addition, the O3 time series shows a rounded peak (an enhancement
of ~5 ppbv) during 1992–1996 (Figure 7b), corresponding to a period of
negative SOI and enhanced westerly winds (Figure 7a). The high-

pressure anomalies over the western Pacific and the low-pressure anomalies around the Aleutian
Islands in the North Pacific during this period represent the typical atmospheric response to El Niño
(Figure 5b). A small drop in O3 of approximately 4 ppbv observed at HPO in 1996–1997, before the large
O3 increase that began in 1998, corresponded to weakened westerly winds. The geographical distribution
of the difference in the grid-averaged residence time between the low-SOI (1992–1996) and high-SOI
(1999–2003) periods shows that residence times over the region west of Japan increased and those over
the Pacific Ocean decreased (Figure 3b). These results suggest that the persistent El Niño-like wind pat-
tern during 1992–1996 led to enhanced O3 concentrations at HPO via meteorological conditions that
favored the transport of polluted air masses from East Asia to the western Pacific. If this El Niño-like wind
pattern had not occurred, the O3 at HPO would have been lower during 1992–1996 and would show a
monotonic increase from 1991 to 2007, corresponding to the monotonic increase in NOx emissions over
China (~220%) from the 1990s to 2000s in REAS 1.1 (Ohara et al., 2007).

3.4. Multiple Regression Analysis

Finally, we performed a multiple regression analysis to quantify the importance of the atmospheric trans-
port relative to the increase of the Chinese emissions for the O3 variability. We combined the two NOx

emission and four tropospheric NO2 column data sets (Figure 2c) to obtain a single time series by adjust-
ing the average and the standard deviation of each data set, assuming that the regional mean of satellite-
derived tropospheric NO2 column reflects the surface emissions. For example, REAS 1.1 and 2.1 were

Figure 7. Time series of the Southern Oscillation Index (SOI), westerly wind
anomalies, and springtime O3 concentrations at Mt. Happo Observatory.
(a) Time series of the normalized SOI (black) and westerly wind anomalies
from Japanese 55-year Reanalysis (JRA-55; red), Modern-Era Retrospective
analysis for Research and Applications, Version 2 (MERRA2; blue), and
European Centre for Medium-Range Weather Forecasts Interim Re-Analysis
(ERAI; green) around Japan (25–45°N, 110–170°E), smoothed by using 5-year
runningmeans. (b) Time series of springtime O3 concentrations at Mt. Happo
Observatory from 1992 to 2016 (Tanimoto, 2009). The blue and red
shades indicate the La Niña and El Niño-like wind pattern years, respectively.
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available for 1980–2003 and 2000–2008, respectively, and the combined
emissions of these two data sets were calculated as

combined emissions ¼
REAS1:180�99

REAS1:100�03 þ REAS2:1adj00�03

� �
=2

REAS2:1adj04�08

8>><
>>:

REAS2:1adj00�08 ¼ REAS2:100�08 � REAS2:1avrð Þ� REAS1:1std

REAS2:1std
þ REAS1:1avr

where subscripts indicated the period, adj was the adjusted value, and avr
and std were the average and the standard deviation for the overlapping
years of 2000–2003. Similarly, NOx emission and tropospheric NO2 column
data sets were adjusted, and then a single time series of emissions was
obtained (red line in Figure 8a). We confirmed that the following results
were not sensitive to the details of the combining method.

Based on a multiple regression analysis, the O3 variability was expressed
by the time series of the combined emissions and the residence time
(O3 ≈ α Emission + β ResTime; α and β are the regression coefficients) using
the least squares method as shown in Figure 8a. The correlation coefficient
of the O3 and α Emission + β ResTime was 0.91, meaning that the O3 varia-
bility was mostly determined by the emissions and the atmospheric trans-
port represented by the residence time. The O3 increase from 1990 to 2005
basically reflected the emission increase (α Emission), whereas the
decrease after 2005 was largely explained by the residence time (β
ResTime). In addition, the residence time showed some contribution to
the O3 increase around 2005.

We further examined the residence time by a multiple regression analysis
with respect to the SOI and the v’T’850 averaged around Japan
(ResTime ≈ γ SOI + δ v’T’850; γ and δ are the regression coefficients) as
shown in Figure 8b. The effects of the SOI increased the residence time
during 1992–1996 and decreased it during 2008–2013, which is consistent
with the results described above. On the other hand, the large positive

value of the residence time during 2000–2006 corresponds to the enhanced v’T’850. Although we did not
look into the detailed meteorological mechanisms of the variations in the storm track activities around
Japan, this strongly suggests the importance of the storm track activities in controlling the changes in O3

at HPO, consistent with a previous analysis that midlatitude storms play a role in redistributing O3 over the
North Pacific (e.g., Knowland et al., 2015). Figure 9 shows anomalies of v’T’850, SLP, and horizontal wind dur-
ing 2000–2006. The positive v’T’850 around Japan indicates the enhanced storm track activities. The negative
anomalies of SLP to the west of Japan accompanied by the westerly wind anomalies suggest an increased
outflow from East Asia.

4. Discussion

To evaluate the robustness of the analysis at HPO, a single mountain site, we further examined the O3

time series observed at surface observatories located in western and central Japan and applied the multi-
ple regression analysis. In Japan, continuous measurements of O3 at ground level are conducted through-
out the country. The observatories are managed and operated by the Ministry of the Environment (MOE)
of Japan and by local governments. The monitoring data were compiled by the Atmospheric
Environmental Regional Observation System (AEROS). The AEROS data are available from https://www.
nies.go.jp/igreen/. For calculation of the mean springtime O3 in western and central Japan (WCJ O3),

Figure 8. Multiple regression of the decadal O3 changes at Mt. Happo
Observatory (HPO). (a) The multiple regression of the O3 changes at HPO
(1990–2016 average was removed and smoothed by 5-year running means)
with respect to the combined emissions (red) and the residence time (blue).
(b) Multiple regression of the residence time with respect to the Southern
Oscillation Index (SOI; green) and v’T’850 (violet) averaged around Japan
(25–45°N, 110–170°E). The blue and red shades indicate the La Niña and El
Niño-like wind pattern years, respectively. The gray shade indicates the
enhanced storm track activity years.
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we used daytime O3 data (between 09:00 and 15:00 JST) in the south of
37°N, which is almost the same region as that in Kurokawa et al. (2009).
In contrast to HPO, the average altitude of these observatories is
approximately 50 m.

In Figure 10a, the average WCJ O3 shows an increasing trend since the
early-1990s through the late-2000s, followed by a slight decrease in 2010
and flattening until 2016. This long-term trend was consistent with that
at HPO, suggesting that the nonincreasing feature in the late-2000s and
early-2010s was a regional phenomenon. From the multiple regression
analysis, the correlation coefficient of the average WCJ O3 and α
Emission + β ResTime was 0.92, the same as that for HPO. The multiple
regression of the averageWCJ O3 indicated that theWCJ O3 increased with
the increasing emissions in the 1990s and 2000s and decreased with the
decreasing residence time after 2005, despite increasing Chinese emis-
sions. It should be also noted that the WCJ O3 had a small increase in
1992–1996 (with a peak in 1995) and a decrease in 2008–2013, which hap-
pened prior to the decrease of Chinese emissions.

The influence of the decadal wind shifts associated with the El Niño and La
Niña-like climate to O3 can be seen more clearly at a remote marine
boundary layer site, Minamitorishima (MNM, 24.28°N, 153.98°E, 8 m above

sea level; Figure 1) in the North Pacific. MNM is one of the Global Atmosphere Watch (GAW) Global stations
operated by the Japan Meteorological Agency and is located on a small island (~1.4 km2) at a distance of
approximately 3,500 km from the continent. It was reported that MNMwas affected by Asian emissions, espe-
cially, in spring (Wada et al., 2013). The O3 data at MNM are provided by the GAW World Data Centre for
Reactive Gases (WDCRG; https://www.gaw-wdcrg.org/). In contrast to HPO and WCJ, the long-term record
of surface O3 at MNM shows no obvious increasing trend, but distinct interannual variations over the past
decades (thick solid black line in Figure 10b). Here we also examined the MNM O3 time series by a multiple
regression analysis and found reasonably good results with the emission and the SOI (O3 ≈ ε Emission + ζ SOI;
ε and ζ are the regression coefficients). The correlation coefficient of the MNM O3 and ε Emission + ζ SOI was
0.83. We can see that the variations of the MNM O3 were closely linked to those of the SOI. In particular, we
see a positive O3 anomaly in 1992–1996 and a negative O3 anomaly in 2008–2013. It is also interesting to note
that the O3 decrease in 2008–2013 was suppressed in the latter half of this period, likely due to the contribu-
tion of the Chinese emissions, which peaked in 2011–2013. These results indicate that the O3 variability at
MNM was mainly controlled by the atmospheric transport, with small contributions from the
Chinese emissions.

For remote marine sites such as MNM and MLO (Lin et al., 2014), which are located far from heavily pol-
luted source regions in East Asia, the relative impacts of the changes in long-range transport are greater
than those of the changes in emissions for the springtime O3 variability. The changes are controlled
mainly by the transport associated with SOI, as the O3 variations at MNM are reconciled by the multiple
regression of the changes in the Asian emissions and the SOI, with the SOI being more important. For the
sites near the continent, such as HPO and WCJ, the impacts of the changes both in long-range transport
and in emissions are important in shaping the long-term trend of springtime O3. The 25-year trends of O3

at HPO and WCJ were substantially modulated by the changes in transport. The controlling factors of the
long-range transport at HPO and WCJ were more complicated than those at MNM and MLO. Not only
subdecadal variability but also synoptic-scale variability in storm track activities in the Asian Pacific rim
region is equally important. In the present work, we show for the first time that the impacts of the dec-
adal wind shifts associated with SOI are not limited to the subtropical island sites in the Pacific Ocean,
but, rather, they are great enough to perturb the decadal changes and long-term trends of lower tropo-
spheric O3 in the northern midlatitudes in the East Asian Pacific rim region, which has been associated
with a rapid increase in anthropogenic emissions over the past decades. An important implication is that
in addition to the reduction of emissions, atmospheric circulation changes on different temporal (i.e.,
weeks to years) and spatial (i.e., 100 to 1,000 km) scales need to be considered in targeting improved

Figure 9. Anomalies of v’T’ and wind vectors at 850 hPa, and sea level pres-
sure for the periods 2000–2006. Anomalies were calculated relative to the
climatology, defined as average values over the period from 1980 to 2016.
The color scale shows sea level pressure anomaly, vectors show wind
anomaly, and contours show v’T’ anomaly (contour interval, 0.16 K m/s), a
measure of storm track activity.
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air quality in East Asia, where the health impacts of air pollution are
now one of the top environmental concerns. It becomes increasingly
important to consider such climatic factors, because future climate
changes including ENSO, monsoon circulation, and storm track are pro-
jected during the 21st century (Intergovernmental Panel on Climate
Change, 2013).

Emissions of NMVOCs from anthropogenic and biogenic sources should
also be considered because those are important O3 precursors. The
anthropogenic emissions of NMVOCs in China are estimated at 22.1
and 23.6 Tg for 2008 and 2010, respectively, and they increased by
14% during 2006–2010 in the MIX inventory (Li et al., 2017). Changes
in the emissions of biogenic volatile organic compounds (BVOCs) are
influenced by changes in climate conditions as well as changes in land
cover and land use. Fu and Liao (2014) estimated the changes in BVOCs
emissions in China from the late 1980s to the mid-2000s by using the
global chemical transport model and the land cover data set derived
from remote sensing images and land use surveys. They estimated the
total emissions of BVOCs in China at 16.8 Tg in the mid-2000s, which
is an increase of 11.4% relative to the late 1980s, due to the combined
effect of meteorology and land cover. A significant increase in the emis-
sions of isoprene (>10%), the dominant BVOCs emitted in present-
climate state (Guenther et al., 2012), was found in central China during
2000–2015 with a large increase in tree coverage (~13%) because of
extensive afforestation efforts (Chen et al., 2018). These results suggest
that emissions of NMVOCs from China did not decrease after 2008. In
addition, Jin et al. (2017) showed that surface O3 production in spring
is mostly sensitive to NOx over western and central Japan, based on
the space-based tropospheric column ratio of formaldehyde to NO2.
Therefore, we believe that the decrease of O3 after 2008 is not due to
the changes in emissions of NMVOCs.

Vegetation can modulate tropospheric O3 burden via dry deposition as
well as BVOC emissions. Dry deposition of O3 is a dominant physical loss
process and accounts for approximately 20% of annual global tropo-
spheric O3 loss (e.g., Young et al., 2018). In typical chemical transport mod-
els, dry deposition is parameterized as a function of surface type and
atmospheric stability conditions due to the vast environmental complex-
ities (Wesely & Hicks, 2000). Fu and Tai (2015) showed that springtime O3

concentration was increased in the range of 0.5–2 ppbv for the period 1980–2010 in most of China largely
due to the decrease of dry deposition velocity driven by land cover and land use change alone. This increase
is small compared to the changes in the springtime O3 at HPO. Therefore, we believe that the decrease of O3

after 2008 is not due to the changes in dry deposition.

5. Conclusions

In this study, we analyzed the springtime O3 trend and its controlling factors at a high-altitude site in Japan
from 1998 to 2016. The mean springtime O3 had increased until 2007 and was correlated with the increase of
NOx emissions from China. In 2008, the O3 levels dropped to 62 ppbv even though Chinese emissions still
increased. In 2011, the mean O3 level recovered to 71 ppbv, but in 2012 it again dropped to 62 ppbv.
From 2012 to 2016, the O3 levels were sustained at ~61 ppbv. Based on the analysis of transport pattern
and associated meteorology, we showed that persistent La Niña-like wind pattern from 2008 to 2013 sup-
pressed the long-range transport from East Asia via weakened westerly winds. On the contrary, the El
Niño-like wind pattern from 1992 to 1996 favored long-range transport from East Asia via strengthened wes-
terly winds. In addition, the enhanced storm track activities from 2000 to 2006 also contributed to the

Figure 10. The multiple regressions of the decadal O3 changes in western
and central Japan (WCJ) and at Minamitorishima (MNM). (a) The multiple
regression of the O3 changes in WCJ (1990–2016 average was removed and
smoothed by 5-year runningmeans) with respect to the combined emissions
(red) and the residence time (blue). (b) The multiple regression of the O3
changes at MNM (1994–2016 average was removed and smoothed by 5-year
running means) with respect to the combined emissions (red) and the SOI
(green). The blue and red shades indicate the La Niña and El Niño-like wind
pattern years, respectively. The gray shade indicates the enhanced storm
track activity years.
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enhancement of long-range transport from East Asia. These results indicate that the persistent La Niña-like
wind pattern led to reduced O3 concentrations at HPO and that the persistent El Niño-like climate and the
enhanced storm track activities led to the enhanced O3 concentrations. For the sites near the continent, such
as HPO and WCJ, the impacts of both the changes in long-range transport and in emissions are important in
shaping the long-term trend of springtime O3. For remote marine sites such as MNM, the relative impacts of
the changes in long-range transport are greater than those of the changes in emissions for the
springtime O3 variability.

In conclusion, this study revealed, based on observational data for the first time, that the variations of La Niña-
and El Niño-like wind patterns affect the long-range transport of pollutants from East Asia and thus the dec-
adal changes and long-term trends of O3 in the lower free troposphere in East Asia and the North Pacific.
Without this climatic effect, the O3 trend over Japan as well as at HPO would have been further upward in
the late 2000s and early 2010s.
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