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ABSTRACT

This study was conducted for analyzing the contri-
bution factors on ozone concentrations and its long
term trends in each major city and province in Korea
through several statistical methods such as simple
linear regression, generalized linear model, KZ-filer,
correlation matrix, Kringing method, and cluster
analysis. The overall ozone levels in South Korea
have been consistently increasing over the past 10
years. The ozone concentrations in Seoul, the big-
gest city in Korea, are the lowest in all areas with
the highest increasing ratio for 95"% ozone. It is
thought that the active photochemical reaction could
affect the higher ozone concentration increase. On
the other hand, the ozone concentrations in Jeju are
the highest in Korea with the highest increasing ratio
for 5%%, 33™%, and 50"% ozone. It is also thought
that the weak NO, titration could be the reason of
higher ozone concentrations in Jeju. In case of Jeju,
transport related factors is the major factor affect-
ing the ozone trend. Thus, it is assumed that the
variation of ozone trend of Asian region affecting
the ozone trend in Jeju, where domestic ozone pho-
tochemical reaction is less active than urban area. It
is thought that the photochemical reaction plays the
role of increasing of ozone concentrations in the
urban area, even though the LRT affected on the
increase of ozone concentrations in non-urban area.

Key words: Generalized linear model, Ozone trends,
NO, titration, Long range transport, Representative
monitoring station

1. INTRODUCTION

Ozone is a major pollutant that has a significant
impact not only on human activities and health but
also on the ecosystem changes (Mauzerall et al., 2005;

Chameides et al., 1999; Berntsen et al., 1996). Recent-
ly, ozone levels in South Korea have been consistently
rising, and frequency of high ozone concentrations
have also continued to increase (KMOE, 2012). In par-
ticular, although public policies regulating emissions of
ozone precursors such as volatile organic compounds
(VOCs) and nitrogen oxides have been proposed to
reduce ozone concentration, analysis of unintended
factors contributing to ozone concentration such as
meteorological factor or long range transport (LRT)
have not yet been completed. Ozone is a secondary air
pollutant formed by photochemical reaction. This is
the primary reason for concentration level changes
caused mainly by meteorological factors. LRT of ozone
from windy regions such as China is recognized as one
of the factors causing increased pollution in the Korean
Peninsula (Kang et al., 2013; Park et al., 2012; Ghim,
2011). According to previous research, the region most
affected by Asian air pollution is centered near 30
degrees and 40 degrees latitude, where South Korea is
located (Tanimoto et al., 2005). As such, the back-
ground concentrations of ozone in Korea are on the
constant rise nationwide. Also, ozone concentration in
Seoul has increased at higher rates than those in the
United States, and it was found that increase in back-
ground ozone concentrations in Northeast Asia needs
to be considered for estimating the ozone levels in
South Korea (Tanimoto et al., 2005; Vingarzan, 2004;
Korsog and Wolff, 1991). According to the previous
study, rising Asian anthropogenic emissions can in-
crease the baseline ozone concentration even in U.S.
(Jacob et al., 1999).

Therefore, this study evaluates the impact of LRT of
ozone and impact of meteorological factors in order to
examine trends in ozone levels in South Korea, and also
assesse the factors contributing to changes in ozone
level in each region. First, 16 representative long-term
ozone monitoring stations were selected in 16 cities
and province by applying statistical methods such as
Kolmogorov-Zurbenko filter (KZ-filter), correlation
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matrix, cluster analysis, and Kriging method. Second,
a basic statistical analysis such as calculating average
and percentile concentration of ozone was done as well
as simple linear regression for understanding the gen-
eral characteristics of ozone long term trends in each
cities and province. Finally, main factors causing fluc-
tuations in ozone concentration in each city and prov-
ince have been determined by applying the generalized
linear model (GLM) to the selected representative mon-
itoring stations. Also, the impact of precursor emissions
and LRT on ozone concentration has been analyzed by
examining the variation in ozone concentration.

It is imperative to analyze the contribution of unin-
tended factors in Northeast Asia where LRT of air pol-
lutants occurs frequently for understanding of the cur-
rent status of air pollution. Also, policy-makers can use
it as a reference when they establish policy goals to
reduce ozone concentration. Therefore, the results of
this study are meaningful not only for understanding
the current pollution problems but also for establishing
the future policy directions.

2. MATERIALS AND METHODS

2.1 Data Acquisition

The ozone data analyzed in this study have been
measured at air quality monitoring stations nationwide
by UV photometric method since 1989. The data used
in the study were collected from monitoring stations in
16 cities and province for recent 10 years: Seoul (16
stations), Incheon (6 stations), Busan (10 stations), Dae-
gu (4 stations), Daejeon (3 stations), Gwangju (4 sta-
tions), Gyeonggi (28 stations), Ulsan (7 stations), Gang-
won (3 stations), Gyeongbuk (10 stations), Gyeong-
nam (7 stations), Jeonbuk (4 stations), Jeonnam (6 sta-
tions), Chungbuk (3 stations), Chungnam (3 stations),
Jeju (3 stations). The locations of each atmospheric
monitoring station in 16 the cities and provinces are
shown in Fig. 1. More detailed information including
longitude and latitude for each monitoring station are
shown in Table S1. The hourly ozone concentrations at
each monitoring station collected and managed by the
National Air Quality Data Center (NAQDC), National

Latitude (°)

33

T T
125 126 127

T
128 129 130

Longitude (°)

Fig. 1. The locations of each atmospheric monitoring station and a representative monitoring station in 16 cities and provinces.



Long Term Trend of Tropospheric Ozone 237

Table 1. The list of parameters considered as input of adjustment model.

Parameters

Comments

8-hr maximum Oj; concentration (ppm)

Daily maximum temperature (T, °C)

Daytime average humidity (RH, %)

Morning average wind speed (WS,,, ms™")
Afternoon average wind speed (WS,, ms™")
Morning surface temperature difference (T, °C)

Deviation in 1200 UTC temperature (Tygso, °C)

Transport direction (Tp, °)
Transport distance (Tp;,, km)
Duration of precipitation (H,,;,, hr)

10 am-4 pm average

7-10 am

1-4 pm

Temperature at 925 mb

- temperature at surface at 12 pm

850 mb surface from 10
- year monthly average

Degrees clockwise from North

Institute of Environmental Research (NIER), were
used to calculate daily 1 hr maximum concentrations
by city from 2002 to 2011. Every 1 hr ozone concen-
tration at each station was averaged to determine 1 hr
ozone concentrations and daily 1 hr maximum concen-
trations for each city. The time scale used in the ozone
trend analysis varied from 5 minutes to a day, but daily
1 hr maximum concentration was most widely used in
the previous studies (Thompson et al., 2001). Also,
according to the human health and air pollution related
studies, acute exposal to ozone cause several health
effects such as arterial vasoconstriction, heart rate de-
creasing, pulmonary function, mortality (Brook et al.,
2002; Gold et al., 2000; Folinsbee et al., 1988; Tou-
loumi et al., 1997). Therefore, daily 1 hr maximum
concentration was used in this study for further analy-
ses except for general statistical analysis. Meteorologi-
cal data at the Regional Meteorological Observatory
for each city and province were obtained from the
Korea Meteorological Administration at the same res-
olution for the same time period. Meteorological fac-
tors of interest were daily maximum ambient tempera-
tures (T,,,), mid-day average relative humidity (RH),
morning and afternoon average wind speeds (WS,, and
WS,), morning surface temperature differences (Ty),
deviation in temperature from a 10-year monthly mean
at 850 mb (Tygs0). These factors were the most impor-
tant meteorological variables selected by statistical
analysis between ozone concentration and various
meteorological sub-parameters. LRT factors of interest
were 24 hr HYSPLIT transport directions and distances
(Tpi and Tp;,) as shown in Table 1. Details on the rel-
ated methods were described in Camalier et al. (2007).
Some of these variables were directly observed, while
others were calculated based on observed data or other
parameters. In addition, transport directions and dis-
tances were determined based on the hybrid single-

particle lagrangian integrated trajectory (HYSPLIT)
model simulations (Draxlerand Hess, 1997). The
HYSPLIT model was run to calculate 24 hr backward
trajectories from each surface station. The trajectories
were started at noon LST at a height of 300 m (i.e.,
within the mixed layer). The statistical summary of the
meteorological and LRT parameters are given in Table
2.

2.2 Statistical Methods

To investigate the characteristics of ozone trends
during a whole year including each season (spring,
summer, fall and winter), the seasonal 5%%, 33"%,
50%"%, 67%%, and 95"% ozone concentration were
considered. The ozone rate of change (ppb per year)
over 2002-2011 was calculated separately for each
ozone percentile through the simple linear regression.
The trends were calculated with a reference year of
2002.

In previous studies, various statistical methods have
been applied to analyze the long term variation of tro-
pospheric ozone concentration such as time series
decomposition, KZ-filter, GAM, DLM, and GLM (Shin
et al., 2012; Development Core Team, 2009; Lee et
al., 2008; U.S. EPA, 2002; R Schmidt, 2001; Cressie,
1993; Hastie et al., 1990). Because the long term trends
of ozone is influenced by meteorological conditions, it
is important to deduce the long term trends excluding
changing meteorological factors. Many previous stud-
ies attempted to infer the actual fluctuations of ozone
levels by substituting meteorological factors (Camalier
et al.,2007; Zheng et al.,2007; Thompson et al.,2001;
Davis et al., 1998; Bloomfield ez al., 1996). GLM is a
large class of statistical model for linear combination
of expected variables including dependent variables
and common errors. GLM explains the relationships
between variables selected from urban ozone and
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Table 2. Statistical summary of the meteorological and LRT parameters.

Trnax RH WS, WS, Ty Tasso Tpir Tpis Hrain

C) % s my O (O (k) ©) (hour)
Seoul 264+37 588+18.1 2.1+10 29+1.1 -56+22 00+27 4009+207.3 166.7+1089 43+64
Busan 253+37 68.1+145 2.1+12 31+x13 -59+£32 00+30 4654+236.7 1689+1099 3.6=+5.7
Daegu 279+42 546+178 18+1.1 32+12 -76+28 00x30 4289+221.3 1682+1085 39+59
Incheon 254+36 654+168 23+15 35+15 —-48%£25 00+2.7 3845+2070 1699+110.7 3.8+6.0
Gwangju 275437 619+170 33+23 39+21 -—-67+22 00x25 4488+2454 1759+1124 4.1+£59
Daejeon 268+36 593+174 18+10 28%+1.1 —-60+22 00%x27 4030+2184 1692+110.1 4.3+6.1
Ulsan 264+43 626+164 2.1+15 31+x16 —-68+28 00+3.0 4302+2238 1680+1085 39+60
Gyeonggi  26.6+38 618+175 1.6+09 25+10 -58+22 00%2.7 4064+£2099 167.5+109.8 4.1+62
Gangwon 251+47 61.7+£192 20+12 26+1.1 -60£29 00+33 4132+2080 160.7+102.7 4.7+6.7
Chungbuk 272+36 577170 21+x10 29+1.1 —-6.1£22 00%2.7 3962+213.1 167.1+1094 39+59
Chungnam 25.8+3.7 660+165 19+13 28+13 -54+22 0027 3925+211.1 1740+1129 3757
Jeonbuk 279437 572+171 17+£1.1 3.1%x13 -=72+23 00+25 4230%£2219 1713+111.0 3.7£55
Jeonnam 248+35 690+x160 19+16 30x15 —-47£22 00+25 4444+2388 1752+1119 34+57
Gyungbuk 260+4.7 665+169 16+10 28+1.1 —-6.1£28 00+30 4460%£2299 165541068 4.0=+6.1
Gyungnam 264+38 642+154 3.1+20 39+19 -69+3.1 00+30 445142380 1704+110.1 39+62
Jeju 260+4.1 670+132 13+10 24+x12 -=-50£27 00+x24 467.1+£2490 1873+112.6 3.7+57

broad-ranged meteorological variables (Camalier et
al.,2007). Because meteorological variables that affect
ozone concentration as well as wind directions and
distances calculated from the HYSPLIT model are
used in GLM modeling, GLM can possibly diminish
the impact of meteorological factors or LRT if these
values are adjusted. In this study, these characteristics
of GLM were used to investigate factors influencing
the ozone trends.

GLM models used to evaluate meteorological adjust-
ed ozone trends are generally expressed as follows:

g(u) =Po+fx, D)+ . fixi. )+ . fpxp)+ Wit Y

Where, “i” represents the highest daily ozone con-
centration in an 8-hour period, “j” each meteorological
factor, and “k” the year of the measurement. “f,” rep-
resents the average value of total ozone, “f’ the smooth-
ing function related to “/”, “W,” days in the week, and
“Y,” the annual average concentration of ozone during
the year “k” that takes into account meteorological
conditions. “g” is the connecting function that repre-
sents the correlations between all variables on the
right-hand side of the equation.

The meteorological factor is known to play an im-
portant role in long-term fluctuation of pollution levels
(Kong et al., 2006; Wise and Comrie, 2005; Duefias et
al., 2002; Abdul-Wahab et al., 1996; Cox and Chu,
1993). In particular, concentrations of ozone formed
through photochemical reactions fluctuate significantly
depending on meteorological factors such as tempera-
ture, wind direction, and stability. If only ozone level
is taken into account, periodic fluctuations due to
meteorological factors, LRT, and precursor emissions
will comprehensively impact the long term trends.

Since GLM can be used to selectively remove meteo-
rological factors and movement in air parcels in the
long term trends, and only consider the impact of LRT
or precursor emissions, GLM was used to analyze the
long term trends in ozone concentration.

2.3 Selection of Representative Monitoring
Stations in Each City and Province

As shown in Fig. 1, there are many sampling sites in
each city and province. To characterize the long term
trends of ozone by area, it is difficult to deal with all
data in individual monitoring station. Thus, represen-
tative monitoring station was selected and their data
was used for further trend analysis of each city and
province. Among atmospheric monitoring stations in
each cities and province, stations that have sufficient
data with data continuity for the period from 2002 to
2011 were selected, and ozone concentration data col-
lected from the stations in each city and province were
analyzed using KZ-filter, correlation matrix, cluster
analysis, and Kriging method for selecting representa-
tive monitoring station.

Firstly, KZ-filter was used to calculate annual chang-
es in each monitoring station after eliminating season-
al fluctuations and random variables. Annual changes,
which were extracted by KZ-filter, in each monitoring
station were compared with those of other monitoring
stations within same city and province to check simi-
larities with other stations by correlation analysis. And
the result was displayed in a correlation matrix. Addi-
tionally, to examine the spatial distribution of ozone
annual changes, Kriging method was applied. Also,
cluster analysis is used for identifying the homogenous
groups of monitoring stations based on their similarity



of annual changes. Along with the results from cluster
analysis, correlation matrix, and Kriging method, rep-
resentative monitoring stations, where correlation
coefficient was high in the largest cluster group with
spatially homogeneity, in each city and province were
selected.

3. RESULTS

3.1 Selection of Representative Monitoring
Stations

Among the 16 cities and province, the process of
selecting representative monitoring stations in Seoul is
detailed in Shin et al. (2015). Summary of the method-
ology used for selecting the station in Seoul is as fol-
lows. A total of 16 monitoring stations that had accu-
mulated data over 10 years were selected out of the 25
monitoring stations in Seoul. In order to select repre-
sentative monitoring stations, KZ-filter was applied in
calculating the annual changes in each monitoring sta-
tion from the time-series data composed of complicat-
ed cycless after excluding seasonal changes and ran-
dom variables from short-term fluctuations. After cal-
culation of the actual long term fluctuation patterns
using the KZ-filter method, the correlation among each
monitoring station was analyzed and compared to each
other. The correlation between monitoring stations was
somewhat high, ranging from 0.52-0.87. The highest
correlation was observed at Sinjeong monitoring sta-
tion (0.87) followed by Sadang (0.86) and Beon (0.82).
Together with the correlation matrix, cluster analysis
can be used to select representative monitoring stations
by grouping several monitoring stations in each region.
Based on the cluster analysis, 16 monitoring stations
in Seoul were grouped into 4 clusters. Kriging method
linearly combines actual values for interpolation, and
when predicting values, the method reflects not only
the deviation from the actual values but also the corre-
lation coefficient with each neighboring value. There-
fore, the method was used to select representative
monitoring stations based on the interpretation of the
spatial distribution of ozone concentrations. The results
are similar to those of correlation matrix calculated by
applying KZ-filter as well as the cluster analysis. Cor-
relations among Sinjeong, Bangi, and Beon showed
the highest spatial distribution when the Kriging meth-
od was applied.

The various methods applied to select representative
monitoring stations in Seoul show similar results. The
result of correlation matrix shows high correlations of
Sinjeong, Sadang, and Beon. Based on the cluster
analysis, 16 monitoring stations in Seoul were grouped
into 4 clusters. Sinjeong, Sadang, and Beon formed a
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Table 3. The representative stations in each city and prov-
ince.

City and Averaged correlation

Province Sites coefficient
Seoul Sinjeong (SJ1) 0.87
Busan Bugok (BG) 0.53
Daegu Sinam (SA) 0.78
Incheon Yeonhui (YH) 0.36
Gwangju Songjeong (SJ2) 0.93
Daejeon Munchang (MC) 0.86
Ulsan Samsan (SS) 0.58
Gyeonggi Sihwa (SH) 0.64
Gangwon Myeongnyun (MN) 0.73
Chungbuk Naedeok (NG) 0.38
Chungnam Dongmun (DM) 0.53
Jeonbuk Namjung (NJ) 0.72
Jeonnam Jangcheon (JC) 0.39
Gyeongbuk Hyeonggok (HG) 0.28
Gyeongnam Gyeonghwa (GH) 0.37
Jeju Ido (ID) 0.79

cluster. Similar to the above-mentioned two methods,
the Kriging method again shows high correlation of
Sinjeong, Bangi, and Beon.

The study found that the station at Sinjeong repre-
sented the long term trends of ozone better than 15
other monitoring stations. For other cities and prov-
ince, the same procedure was applied and some of the
results are shown in Fig. S1 and Fig. S2. Table 3 shows
representative monitoring stations selected along with
the correlation with other stations within each city and
province after applying the above-mentioned methods
to the monitoring stations in the 16 cities and province.
Fig. 1 also shows locations of representative atmo-
spheric monitoring stations in 16 cities and province.

3.2 The Characteristics of Ozone
Concentrations

Annual average ozone concentrations calculated by
hourly ozone concentrations including night time data
in the 16 cities and provinces are given in Table 4. As
shown in Table 4, the annual average concentration of
ozone in 16 cities ranged between 0.014 ppm and 0.043
ppm for the period with concentration increasing from
0.022 ppm in 2002 to 0.025 ppm in 2011. The 10 year-
average ozone concentration was the lowest at 0.018
ppm and the highest at 0.036 ppm in Seoul and Jeju,
respectively. Jeju is the background area surrounded
by sea with lowest population density and vehicle reg-
istration, whereas Seoul is the biggest city with the
largest vehicle registrations in Korea (KOSIS, 2014).
Thus, it is assumed that the ozone concentrations in
Seoul are the lowest because of NO, titration. The spa-
tial distributions of ozone percentile concentration for
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Table 4. Annual average concentrations of atmospheric ozone in 16 cities and provinces in Korea between 2002 and 2011.

(unit: ppm)

2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 ?Zgi.ol;ly
Seoul (SE) 0014 0014 0014 0018 0018 0.018 0019 0022 0.020 0.020 0.018
Busan (BS) 0.024 0023 0024 0022 0022 0023 0025 0025 0025 0.026 0.024
Daegu (DG) 0.019 0021 0023 0024 0.020 0022 0022 0023 0022 0.025 0.022
Incheon (IC) 0.021 0022 0022 0023 0021 0023 0024 0.024 0021 0.022 0.022
Gwangju (GJ) 0016 0018 0022 0023 0022 0022 0021 0025 0023 0.025 0.022
Daejeon (DJ) 0.019 0019 0020 0022 0020 0.018 0024 0023 0023 0022 0.021
Ulsan (US) 0.019 0020 0022 0022 0.021 0.021 0023 0.025 0023 0.026 0.022
Gyeonggi (GG) 0017 0018 0019 0019 0019 0019 0020 0022 0021 0.021 0.020
Gangwon (GW) 0.023 0.022 0023 0023 0024 0024 0026 0027 0024 0.025 0.024
Chungbuk (CB) 0.021 0022 0021 0021 0022 0023 0021 0.024 0022 0.023 0.022
Chungnam (CN) 0.026 0024 0024 0023 0021 0020 0023 0026 0.027 0.024 0.024
Jeonbuk (JB) 0.019 0017 0017 0018 0020 0.018 0023 0024 0024 0022 0.020
Jeonnam (JN) 0.026 0031 0032 0027 0025 0030 0030 0030 0026 0.028 0.029
Gyeongbuk (GB) 0.023 0.024 0024 0025 0024 0024 0025 0026 0024 0.025 0.024
Gyeongnam (GN)  0.025 0.026 0026 0024 0.027 0027 0028 0028 0.025 0.026 0.026
JejuJJ) 0.034 0031 0033 0033 0035 0035 0038 0043 0041 0.037 0.036

Avg. by year 0022 0022 0023 0023 0023 0023 0025 0026 0024 0025

o

11t00.015
04 to 0.011
03 to 0.004
02 to 0.003
001 to 0.002

th
5% ozone

0
0
0.
0
0
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0.06 t0 0.07

0.055 t0 0.06
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Fig. 2. The spatial distribution of 5"%, 50"%, and 95"% ozone concentration for 2002-2011.

10 year are shown in Fig. 2. For 5"%, 50"%, 95"%
ozone concentration, Jeju shows the highest concentra-
tion among all other area. For 5"% and 50"% ozone,
south coastal areas show relatively high ozone concen-
tration. However, for 95%% ozone, inland areas show
relatively high ozone concentration as well as south
coastal area. Seoul metropolitan areas show relatively
lower ozone concentration than other area. NO, emis-
sions for Seoul and Jeju for 2001 are shown in Table
5. NO, emissions in Seoul are 4.3-10.0 times higher

than those in Jeju. As mentioned above, it is assumed
that the NO, titration cause the ozone concentration
difference between two sites.

The national air quality standards for ozone are 0.06
ppm for 8 hours (99 percentile) and 0.10 ppm for 1
hour (999 per mill) in Korea. Considering the annual
average ozone concentrations (0.007-0.026 ppm) in the
UK in 2012 and the daily maximum ozone concentra-
tion (0.024 ppm) in Spain for 10 years (2001-2010),
ozone concentrations are relatively high in Korea



Table 5. Annual NO, emissions between 2003 and 2011 for Seoul and Jeju.
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(unit: ton/year)

2003 2004 2005 2006 2007 2008 2009 2010 2011
Seoul (SE) 111,698 103,549 107,257 87,893 113,086 71,493 66,998 71,070 62,067
JejuJ)) 13,001 12,589 12,304 11,632 11,270 9,568 10,140 11,786 14,549
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Fig. 3. Long term trends of percentile ozone of whole year in each city and province (dark pink: 5"%; blue: 33"%, green: 50"%,

purple: 67"%, sky blue: 95"%).

(Santurtin et al., 2015; DEFRA). However, ozone
concentrations in Korea are slightly lower than those
in China. In previous studies, surface ozone concentra-
tion varied from 0.016 to 0.053 ppm (monthly median)
and from 0.018 to 0.047 ppm in eastern China (1991-
2006) and southern China (1994-2007), respectively
(Wang et al., 2009; Xu et al., 2008). Long term varia-
tions of ozone for each city and province of the whole
year and each season by each percentile are shown from
Fig. 3 to Fig. 7. And, ozone rate of changes are listed
up in Table 6. As shown in Fig. 3 and Table 6, ozone
rate of changes for the whole year are —0.04 (IC) -

1.55 (SE) ppb yr™! for 95"% ozone, —0.14 (JN) - 1.12
(SE) ppb yr! for 67"% ozone, —0.16 (JN) - 0.95 (GJ)
ppb yr! for 50"% ozone, —0.07 (JN) - 0.83 (JJ) ppb
yr! for 33"% ozone, —0.19 (GW) - 0.64 (JJ) ppb yr!
for 5"% ozone. Considering the whole year ozone con-
centration changes, Seoul has the highest increase ratio
for higher ozone concentration (95M%, 67%%). On the
other hand, IC is the lowest increasing area for the
highest ozone concentration (95"%) and JN is the low-
est increasing area for mid-range ozone concentration
(67"%, 50"%, and 33"%). JJ is the highest increasing
area for lower ozone concentration (33"% and 5%%).



Table 6. Ozone rate of changes over 2002-2012 for each city and province by each ozone percentile.

(unit: ppb/year)

SE  BS DG IC G DI US GG GW CB CN JB IN GB GN JJ Range

95% 155 003 082 -004 096 075 083 066 099 051 022 101 019 048 022 133 —-004-155

Whole ~ 67% 112 028 047 001 09 056 072 062 033 031 003 095 —014 018 0.3 104 =0.14-112
50% 094 041 040 018 095 064 065 062 032 041 016 084 -0.16 017 030 092 —0.16095

year 33% 060 042 017 021 058 051 061 025 028 009 021 065 —-007 015 032 083 -0.07-0.83
5% 013 0.0 =014 003 0.7 =013 017 005 —0.19 —005 =019 027 000 =007 —0.10 064 —0.19-0.64

95% 167 003 070 -0.13 118 075 045 058 094 045 014 075 065 061 001 187 —0.13-187

67% 177 016 068 002 138 058 075 08 078 040 0.8 096 036 052 0.16 154  002-1.77

Spring  50% 181 037 095 003 135 082 087 113 087 079 032 1.10 026 075 035 158  003-181
33% 159 067 1.2 038 132 122 096 103 091 LIl 052 1.3 028 099 044 149 028159

5% 022 035 001 015 035 =003 015 008 035 022 003 055 050 018 022 129 —0.03-1.29

95% 179 —0.12 126 015 078 125 123 102 160 111 036 135 —024 058 001 068 —024-1.79

67% 115 013 061 023 104 138 08 088 085 101 033 112 -0.I8 025 024 073 —0.18-138
Summer 50% 092 027 037 032 084 119 073 067 064 085 025 087 —0.18 0.7 025 056 —0.18-1.19
33% 061 031 031 0.8 061 097 055 038 051 047 0.3 070 —0.11 009 039 049 —0.11-097

5% 022 033 -0.16 007 043 -002 037 0.3 003 004 -0.14 033 -003 -006 0.3 058 —0.16-0.58

95% 107 017 125 012 089 041 126 070 047 —002 028 158 005 024 091 078 —002-1.58

67% 079 039 053 005 082 040 089 064 022 -002 —007 08 -030 002 028 068 —0.30-0.89

Fall 50% 059 052 048 024 084 045 080 044 035 -002 002 081 -027 001 028 067 -027-084
33% 0.9 059 -021 015 042 005 050 003 0.6 -028 019 063 -0.11 —-0.11 021 080 —0.28-0.80

5% 008 007 -015 012 018 -007 015 013 -021 =-0.11 -027 028 —004 —0.11 —-008 081 —027-081

95% 090 —030 -059 -036 041 -082 -021 021 -029 -058 —045 023 -034 -026 —038 101 —0.82-101

67% 082 006 -005 —0.19 090 —006 018 040 —020 -020 —0.17 078 —035 =005 —0.17 093 —0.35-0.93
Winter  50% 052 043 002 =005 062 008 031 015 =-0.16 —025 010 042 -032 007 013 088 -032-088
33% 0.8 044 —020 -001 002 -007 038 -004 —0.14 -036 0.5 0.16 —025 009 0.8 101 —036-101

5% 0.0 007 -009 000 0.6 =012 004 010 -0.19 —0.18 —-022 0.2 =009 002 —009 070 —0.22-0.70
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Fig. 4. Long term trends of percentile ozone of spring in each city and province (dark pink: 5"%; blue: 33"%, green: 50"%,

purple: 67"%, sky blue: 95"%).

The changing ratio of ozone is from —0.13 ppb yr™!
(IC) to 1.87 ppb yr™' (JJ) in spring, from —0.24 ppb yr™!
(JN) to 1.79 ppb yr™' (SE) in summer, from —0.02 ppb
yr ' (CB) to 1.58 ppb yr™! (JB) in fall, and from —0.82
ppb yr' (DJ) to 1.01 ppb yr™! (JJ) in winter for 95"%
ozone concentrations (Figs. 4-7, Table 6). For 67"%
ozone concentrations, the changing ratio of ozone is
from 0.02 ppb yr™! (IC) to 1.77 ppb yr™' (SE) in spring,
from —0.18 ppb yr™! (JN) to 1.38 ppb yr™' (DJ) in sum-
mer, from —0.30 ppb yr™' (JN) to 0.89 ppb yr™! (US) in
fall, and from —0.35 ppbyr™' (JN) to 0.93 ppb yr™! (J]).
For 50™% ozone concentrations, the changing ratio of
ozone is from 0.03 ppb yr™! (IC) to 1.81 ppbyr™' (SE) in
spring, from —0.18 ppb yr™' (JN) to 1.19 ppb yr™' (DJ)
in summer, from —0.27 ppb yr~' (JN) to 0.84 ppb yr™!
(GJ) in fall, and from —0.32 ppb yr™' (JN) to 0.88 ppb
yr~ ' (J1). For 33"% ozone concentrations, the changing
ratio of ozone is from 0.28 ppb yr™' (JN) to 1.59 ppb
yr™' (SE) in spring, from —0.11 ppb yr™' (JN) to 0.97

ppb yr™' (DJ) in summer, from —0.28 ppb yr™' (CB) to
0.80 ppb yr™" (JJ) in fall, and from —0.36 ppb yr™' (CB)
to 1.01 ppb yr™' (JJ). For 5"% ozone concentrations,
the changing ratio of ozone is from —0.03 ppb yr™! (DJ)
to 1.29 ppbyr™' (JJ) in spring, from —0.16 ppb yr™' (DG)
to 0.58 ppb yr™! (JJ) in summer, from —0.27 ppb yr™'
(CN) to 0.81 ppb yr™! (JJ) in fall, and from —0.22 ppb
yr ' (CN) to 0.70 ppb yr™! (J]). According to Xu et al.
(2008), long term trend of surface ozone in eastern
China for 25 years (1991-2006, —0.79-—0.33 ppb yr™")
has been decreasing at a moderate rate since the early
1990s. However, the ozone concentration increased by
an average rate of 0.55 ppb yr™!' in the southern China
(1994-2007) (Wang et al., 2009). Even though long
term trend of ozone are varied in China due to different
status of economic development and related precursor
emission within China, it was recognized that the pre-
cursor emission cause the changing of ozone long term
trend. According to Cooper et al.(2012), spring season
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Fig. 5. Long term trends of percentile ozone of summer in each city and province (dark pink: 5"%; blue: 33"%, green: 50""%,

purple: 67"%, sky blue: 95"%).

ozone trends above western North America for 1995-
2011 (3-8 km above sea level) was —0.03-1.29 for 95™
%, 0.15-0.71 for 67"%, 0.14-0.68 for 50"%, 0.12-0.66
for 33"%, —0.11-0.65 for 5"%. Considering this result,
the ozone increasing ratio in the Korean Peninsula
is higher than those in higher ozone areas in the US
even though there are some differences by area. Also,
considering the area with the highest increasing ratio
(1.29-1.87 ppb yr™") for each percentile ozone concen-
tration in spring, increasing ratio of ozone in the Kore-
an Peninsula are higher than those reported for down-
wind of Asia (0.29-0.97 ppb yr™!) reported by Cooper
et al.(2010).

In most areas (SE, DG, IC, DJ, GG, GW, CB, CN,
and JB), ozone concentration increasing is the highest
in summer, and other areas (GJ, JN, GB, and JJ) show
the highest ozone increasing in spring for 95"% ozone.
For 67"% ozone, the highest ozone increasing trends
are shown in summer with ratio (0.23-1.38) in IC, DJ,

US, GG, GW, CB, CN, and JB. In all other areas except
for BS, US and GN, the highest ozone increasing are
shown in spring at 0.36-1.77. For 50"%, 33"%, 5%%
ozone, the highest increasing ratio for each city and
province in spring are absolutely higher (50"% 0.26-
1.81; 33"% 0.28-1.59; 5"% 0.01-1.29) than those of
other seasons (50"% 0.32-1.19; 33%"% 0.97; 5%
—0.02-0.43).

3.3 Investigation of the Main Factors
Affecting Ozone Concentration

The factors affecting the trends of ozone concentra-
tion in each region were investigated using the results
of the GLM. All factors (T,,,., RH, WS, WS,, T,
Tags0> Tpir» and Tp;) used in the GLM have impact on
the ozone concentration. However, the main factors
affecting the trends of ozone concentration are differ-
ent in each region due to different characteristics of
ozone formation or transport related with considering
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Fig. 6. Long term trends of percentile ozone of fall in each city and province (dark pink: 5%%; blue: 33"%, green: 50"%, purple:
67"%, sky blue: 95"%).

factors. This study chose top 2 factors, which is highly
correlated with ozone concentration changes, deter-
mined by F-statistics in each region. Fig. 8 shows the
main 2 factors affecting on the trends of ozone con-
centration in the 16 cities and province. The highest
correlating factor with ozone in each city and province
is shown in Fig. 8(a). Pink and yellow represent the
region where the highest correlation factor is T,,,, and
LRT related factors such as Ty, and Tp;,, respectively.
The second highest correlation factor with ozone in
each city and province is shown in Fig. 8(b). Pink, yel-
low, green, and blue represent the region where the
second highest correlating factor is T, transport
related factors (Tp;, or Tp;,), RH, and wind speed (WS,,
or WS,), respectively.

In the case of the Seoul metropolitan area (SMA),

which consists of Seoul, Incheon, and part of Gyeong-
gi province surrounding Seoul and Incheon, maximum
temperature was the biggest factor affecting ozone
concentration, and LRT related factors such as trans-

port direction and transport distance was the biggest
factor in other cities and province. The second biggest
factor was relative humidity in Seoul and Incheon,
LRT related factors in Gyeonggi, and relative humidi-
ty, maximum temperature, and wind speed in all other
cities and province.

3.4 Extracting the Ozone Trends Adjusted
Meteorologically and Precursor
Emissions

This research calculated only the annual changes in
ozone concentrations excluding meteorological fluctu-
ations and long range transport fluctuations by stepwise
applying the meteorological factors and LRT related
factors by GLM. The meteorologically adjusted and

LRT related factors adjusted long term trends of ozone

in cities and province are shown in Fig. 9. Fig. 9 shows

the annual changes in ozone concentrations (RAW) at
the atmospheric monitoring stations in the 16 cities
and province along with meteorologically and long
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Fig. 7. Long term trends of percentile ozone of winter in each city and province (dark pink: 5"%:; blue: 33"%, green: 501%, pur-
ple: 67%%, sky blue: 95%%).
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Fig. 8. The main influence factors affecting on the trends of ozone concentration; (a) the highest correlating factor, (b) the second
highest correlating factor.
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city and province.

range transport adjusted (MET&LRT adjusted) and
only meteorologically adjusted (MET adjusted) datas-
ets to investigate the effects of precursor emissions and
LRT. The differences between ozone concentration
(RAW) and adjusted concentrations were —7.6% and
—6.2% as the largest difference in 2003 among 10
years for MET&LRT adjusted and MET adjusted con-
centration for Seoul, respectively. In the other cities
and province, the differences between RAW and
adjusted concentration (MET&LRT adjusted and MET
adjusted) were relatively high in 2003. Year 2003
shows, excluding the effect of meteorological factors
in almost regions, that ozone concentration increased
in 11 city and province among all 16 areas, which leads
to the conclusion that meteorological factors contribut-
ed to the decrease of ozone concentration. As such,

anomaly detection of temperature and humidity, mete-
orological factors that have a high impact on ozone
concentration, is shown in Fig. 10. Each anomaly is
calculated as the difference between the average for
the given year and the previous 9-year average. Nega-
tive value and positive value are lower and higher than
average, respectively. Ambient temperature and rela-
tive humidity in year 2003 is lower and higher than
those for previous 9-year, respectively. On the other
hand, ambient temperature and relative humidity in
year 2004 is higher than those for previous 9-year.
Compared to year 2004, year 2003 showed consider-
ably lower temperature (negative) and higher relative
humidity (positive) nationwide. According to Camalier
et al.(2007), 1% increase in relative humidity leads to
a decrease in ozone by 0.5-1.5 ppb. When relative
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Fig. 10. Temperature and relative humidity anomalies for
ozone seasons of 2003 and 2004.

humidity is high, the excited singlet (O('D)) oxygen
atom, which is formed by ozone photolysis, produce
more OH radical (Seinfeld and Pandis, 2006). The
reactions of OH radical with NO, are higher than those
with VOCs in VOCs-limited region such as Seoul
(Shin et al., 2013). The OH-NO, reaction removes OH
radicals from VOC oxidation cycle. Thus, the further
ozone formation of ozone is retarded. Therefore, it can
be inferred that the ozone formation was deterred by
photochemical reaction due to low temperatures and
high humidity, which has contributed to the decrease
in ozone concentration.

4. SUMMARY AND CONCLUSION

In order to understand the current status of ozone
pollution and establish effective public policies to
reduce national ozone concentration, it is imperative to
analyze the contribution of unintended factors affect-
ing to the national ozone concentration. This study
analyzed the overall trends of ozone concentrations in
South Korea by performing statistical analysis of data
collected from urban atmospheric monitoring stations

throughout 2002-2011, and came to the following result
and conclusion.

As observed in the results of the percentile concen-
tration trends and KZ-filter analysis of this study, not-
withstanding some differences in certain cities and
province, the overall ozone levels in South Korea has
been consistently increasing over the past 10 years.
The ozone concentration in Seoul, the biggest city in
Korea, is the lowest among concentration in other
areas, but the increasing trends of ozone concentration
is the highest in Korea for 95"% ozone. It is assumed
that the ozone concentration in Seoul is the lowest
because of NO, titration due to the highest NO, emis-
sions in Korea. And the highest increasing ratio of
higher ozone in Seoul could be coincidence with the
fact that the ozone concentration in Seoul shows the
highest correlation with maximum temperature by
GLM analysis. It is thought that the active photochem-
ical reaction could affect the higher ozone concentra-
tion increase.

On the other hands, the ozone concentration in Jeju
is the highest in Korea with the highest increasing ratio
for 5%, 33M%, and 50™% ozone. It is also thought that
the weak NO, titration could be the reason of higher
ozone concentration in Jeju. In case of Jeju, transport
related factors is the major factor affecting the ozone
trends. Thus, it is assumed that the variation of ozone
trend of Asian region affecting the ozone trend in Jeju,
where domestic ozone photochemical reaction is less
active than urban area.

It is thought that the photochemical reaction plays
the role of increasing ozone concentrations in the urban
area, even though the LRT affected the increase of
ozone concentration in non-urban area.

ACKNOWLEDGEMENT

This work was supported by a National Institute of
Environmental Research, funded by the Korean govern-
ment (ME) (NIER-RP2012-215).

REFERENCES

Abdul-Wahab, S., Bouhamra, W., Ettouney, H., Sowerby,
B., Crittenden, B.D. (1996) Predicting ozone levels: a
statistical model for predicting ozone levels. Environ-
mental Science and Pollution Research 3, 195-204.

Berntsen, T., Isaksen, I.S.A., Wang, W.C., Liang, X.Z.
(1996) Impacts of increased anthropogenic emissions
in Asia on tropospheric ozone and climate-a global
3-D model study. Tellus Series B 48, 13-32.

Bloomfield, P., Royle, J.A., Steinberg, L.J., Yang, Q.



(1996) Accounting for meteorological effects in mea-
suring urban ozone levels and trends. Atmospheric
Environment 30, 3067-3077.

Brook, R.D., Brook, J.R., Urch, B., Vincent, R., Rajago-
palan, S., Silverman, F. (2002) Inhalation of fine par-
ticulate air pollution and ozone causes acute arterial
vasoconstriction in healthy adults. Circulation 105,
1534-1536.

Camalier, L., Cox, W.M., Dolwick, P. (2007) The effects
of meteorology on ozone in urban areas and their use
in assessing ozone trends. Atmospheric Environment
41,7127-7137.

Chameides, W.L., Li, X., Tang, X., Zhou, X., Luo, C.,
Kiang, C.S., John, J.St., Saylor, R.D., Liu, S.C., Lam,
K.S., Wang, T., Giorgi, F. (1999) Is ozone pollution
affecting crop yields in China. Geophysical Research
Letter 26, 867-870. doi: 10.1029/1999GL900068

Cooper, O.R., Gao, R.S., Tarasick, D., Leblanc, T., Swee-
ney, C. (2012) Long-term ozone trends at rural ozone
monitoring sites across the United States, 1990-2010.
Journal of Geophysical Research 117, D22307. doi:10.
1029/2012JD018261

Cooper, O.R., Parrish, D.D., Stohl, A., Trainer, M., Nédé-
lec, P., Thouret, V., Cammas, J.P., Oltmans, S.J.,
Johonson, B.J., Tarasick, D., Leblanc, T., McDermid,
L.S., Jaffe, D., Gao, R., Stith, J., Ryerson, T., Aikin, K.,
Campos, T., Weinheimer, A., Avery, M.A. (2010)
Increasing springtime ozone mixing ratios in the free
troposphere over western North America. Nature 463,
21.doi:10.1038/nature08708

Cox, W., Chu, S. (1993) Meteorologically adjusted ozone
trends in urban areas: a probabilistic approach. Atmo-
spheric Environment 27B, 425-434.

Cressie, N. (1993) Statistics for spatial data. Wiley, New
York. USA.

Davis, J.M., Eder, B K., Nychka, D., Yang, Q. (1998)
Modeling the effects of meteorology on ozone in
Houston using cluster analysis and generalized addi-
tive models. Atmospheric Environment 32, 2505-
2520.

Department for Environment Food & Rural Affairs.
(DEFRA). Data Archive. http://uk-air.defra.gov.uk/data

Draxler, R.R., Hess, G.D. (1997) Description of the
HYSPLIT 4 Modeling System. NOAA Technical Me-
morandum ERLARL-224. Air Resources Laboratory,
Silver Spring, Maryland. http://www.arl.noaa.gov/doc
uments/reports/arl-224 .pdf

Duenas, C., Fernandez, M.C., Caiiete, S., Carretero, J.,
Liger, E. (2002) Assessment of ozone variations and
meteorological effects in an urban area in the Mediter-
ranean Coast. Science of Total Environment 299, 97-
113.

Folinsbee, L.J., McDonnel, W.F., Horstmann, D.H.
(1988) Pulmonary function and symptom reasponse
after 6.6-hour exposure to 0.12 ppm ozone with mod-
erate exercise. Journal of Air Pollution Control Asso-
ciation 38, 28-35.

Ghim, YS. (2011). Impact of Asian dust on atmospheric

Long Term Trend of Tropospheric Ozone 249

environment. Journal of Korean Society of Atmo-
spheric Environment 27(3), 255-271 (in Korean).

Gold, D.R., Litonjua, A., Schwartz, J., Lovett, E., Larson,
A., Nearing, B., Allen, G., Verrier, M., Cherry, R., Ver-
rier, R. (2000). Ambient pollution and heart rate vari-
ability. Circulation 101, 1267-1273. Atmospheric
Environment 27(3), 255-271.

Hastie, T.I., Tjbshirani, R.J. (1990) Generalized additive
models. Chapman & Hall, New York.

Jacob, DJ., Logan, J.A., Murti, P.P. (1999) Effect of ris-
ing Asian emissions on surface ozone in the United
States. Geophysical Research Letter 26, 2175-2178,
doi:10.1029/1999GL900450

Kang, E.H., Han, J.H., Lee, M.H., Lee, G.W., Kim, J.C.
(2013) Chemical characteristics of size-resolved aero-
sols from Asian dust and haze episode in Seoul Metro-
politan City. Atmospheric Research 127, 34-46.

Kong, B.J., Han, J.S., Lee, M.D., Lee, J.Y., Park, J.S.
(2006) Study on the meteorological parameters impac-
tion on the fine particle concentration. National Insti-
tute of Environmental Research, Incheon, Korea. http:
/Iwebbook.me.go kr/ebook/viewer.asp?docLocation=E
BOOK/12/77/0000167712 (in Korean).

Korea Ministry of Environment (KMOE) (2012) Annual
report of air quality in Korea 2011, 11-1480523-
000198-10, National Institute of Environmental
Research, Environmental Research Complex, Incheon.

Korean Statistical Information Service (KOSIS) (2014)
http://kosis kr/statisticsList/statisticsList_01List.jsp?V
wed=MTJTITLE&parmTabld=MO10MT1 (in Korean).

Korsog, PE., Wolff, G.T.(1991) An examination of ozone
urban trends in the northeastern U.S. (1973-1983)
using a robust statistical method. Atmospheric Envi-
ronment B 25, 47-57. http://library.me.go .kr/search/
Detail View.Popup.ax?sid=11&cid=5515496 (in Kore-
an).

Lee, J.Y., Kong, B.J., Han, J.S., Lee, M.D. (2008) Long
term analysis of PM10 concentration in Seoul using
KZ filter. Journal of Korean Society for Atmospheric
Environment 24(1), 63-71 (in Korean).

Mauzerall, D.L., Sultan, B., Kima, N., Bradford, D.F.
(2005) NO, emissions from large point sources: vari-
ability in ozone production, resulting health damages
and economic costs. Atmospheric Environment 39,
2851-2866.

Park, S.M., Moon, K.J., Park, J.S., Kim, H.J., Ahn, J.Y.,
Kim, J.S. (2012) Chemical characteristics of ambient
aerosol during Asian dusts and high PM episodes at
Seoul intensive monitoring site in 2009. Journal of
Korean Society for Atmospheric Environment 28(3),
282-293 (in Korean).

R Development Core Team (2009) R: A language and
environment for statistical computing. R Foundation
for Statistical Computing. http://web.mit.edu/r_v3.01/
fullrefman.pdf

Santurtin, A., Gonzdlez-Hidalgo, J.C., Sanchez-Lorenzo,
A., Zarrabeitia, M.T. (2015) Surface ozone concentra-
tion trends and its relationship with weather types in



250  Asian Journal of Atmospheric Environment, Vol. 11(4), 235-253, 2017

Spain (2001-2010). Atmospheric Environment 101,
10-22.

Schmidt, M. (2001) Overview of national analyses-Pre-
sentation from October 2001 RTP Monitoring Strategy
Workshop. U. S. Environmental Protection Agency.
http://www.epa.gov/ttn/amtic/netamap.html

Seinfeld, J.H., Pandis, S.N. (2006) Atmospheric Chemis-
try and Physics. Second ed. John Wiley & Sons, Inc.,
Hoboken, New Jersey, pp. 205-236.

Shin, H.J., Cho, K.M., Han, J.S., Kim, J.S., Kim, Y.P.
(2012) The effects of precursor emission and back-
ground concentration changes on the surface ozone
concentration over Korea. Aerosol and Air Quality
Research 12,93-103.

Shin, H.J., Kim, J.C., Lee, S.J., Kim, Y.P. (2013) Evalua-
tion of the optimum volatile organic compounds con-
trol strategy considering the formation of ozone and
secondary organic aerosol in Seoul, Korea. Environ-
mental Science and Pollution Research 20, 1468-1481.

Shin, HJ., Park, J.H., Son, J.S., Rho, S.A., Hong, Y.D.
(2015) Statistical analysis for ozone long term trend
stations in Seoul. Korean Journal of Environmental
Impact Assessment 24(2), 111-118.

Tanimoto, H., Sawa, Y., Matsueda, H., Uno, I., Ohara, T.,
Yamaji, K., Kurokawa, J., Yonemura, S. (2015) Signif-
icant Latitudinal Gradient in the Surface Ozone Spring
Maximum over East Asia. Geophysical Research Let-
ter 32, L21805, doi:10.1029/2005GL023514

Thompson, A.M., Witte, J.C., Hudson, R.D., Guo, H.,
Herman, J.R., Fujiwara, M. (2001) Tropical tropo-
spheric ozone and biomass burning. Science 291,
2128-2132.

Touloumi, G., Katsouyanni, K., Zmirou, D., Schwartz, J.,

Spix, C., Ponce de Leon, A., Tobias, A., Quennel, P.,
Rabczenko, D., Bacharova, L., Bisanti, L., Vonk, J.M.,
Ponka, A.(1997) Short term effects of ambient oxidant
exposure on mortality: A combined analysis within the
APHEA Project. American Journal of Epidemiology
146, 177-185.

U. S. Environmental Protection Agency (U. S. EPA)
(2002) Assessment of the ambient air monitoring net-
works. http://www.epa.gov/ttn/amtic/files/ambient/
pm25/workshop/atlanta/r4netas.pdf

Vingarzan, R. (2004) A Review of Surface Ozone Back-
ground Levels and Trends. Atmospheric Environment
38, 3431-3442.

Wang, T., Wei, X.L., Ding, AJ., Poon, C.N., Lam, K.S.,
Li, Y.S., Chan, L.Y., Anson, M. (2009) Increasing sur-
face ozone concentrations in the background atmo-
sphere of southern China, 1994-2007. Atmospheric
Chemistry and Physics Discussion 9, 10429-10455.

Wise, E.K., Comrie, A.C. (2005) Meteorologically adjust-
ed urban air quality trends in the Southwestern United
States. Atmospheric Environment 39, 2969-2980.

Xu, X., Lin, W., Wang, T., Yan, P., Tang, J., Meng, Z.,
Wang, Y. (2008) Long term trend of surface ozone at a
regional background station in eastern China 1991-
2006: enhanced variability. Atmospheric Chemistry
and Physics 8, 2595-2607.

Zheng, J., Swall, J., Cox, W.M., Davis, J. (2007) Interan-
nual variation in meteorologically adjusted ozone lev-
els in the eastern United States: A comparison of two
approaches. Atmospheric Environment 41, 705-716.

(Received 21 March 2017, revised 22 June 2017,
accepted 9 August 2017)



Long Term Trend of Tropospheric Ozone 251

Table S1. The correlation coefficients of main affecting fac-
tors on the trends of ozone concentration.

1t factor 2™ factor
Seoul (SE) 0.40 0.20
Busan (BS) 0.55 0.33
Daegu (DG) 0.61 0.54
Incheon (IC) 0.22 0.16
Gwangju (GJ) 0.40 0.20
Daejeon (DJ) 0.46 0.17
Ulsan (US) 0.37 0.11
Gyeonggi (GG) 0.27 0.13
Gangwon (GW) 0.35 0.31
Chungbuk (CB) 0.16 0.15
Chungnam (CN) 0.51 0.27
Jeonbuk (JB) 0.37 0.07
Jeonnam (JN) 0.34 0.31
Gyeongbuk (GB) 0.54 0.38
Gyeongnam (GN) 0.32 0.23

JejuJ)) 0.85 0.15
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Fig. S1. The result of cluster analysis in other 15 cities and provinces for selecting representative monitoring stations.
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Fig. S2. The result of correlation matrix in other 15 cities and provinces for selecting representative monitoring stations.
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