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Abstract

Since prolonged exposure to elevated ozone (O3) concentrations is known to be harmful to human health, appropriate
control strategies for ozone are needed for the non-attainment area such as Seoul, Korea. The goal of this research is to assess
factors linked with the 1-hour ozone exceedance through a decision tree model. Since ozone is a secondary pollutant, lag times
between ozone and explanatory variables for ozone formation are taken into account in the model to improve the accuracy of
the simulation. Results show that while ozone concentrations of the previous day and NO, concentrations in the morning are
major drivers for ozone exceedances in the early afternoon, meteorology plays more important role for ozone exceedances in
the late afternoon. Results also show that a selection of lag times between ozone and explanatory variables affect the accuracy
of predicting 1-hour ozone exceedances. The result analyzed in this study can be used for developing control strategies of

ozone in Seoul, Korea.
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1. Introduction

Epidemiological studies have shown that ground
-level ozone (Os) concentrations have adverse
health effects. In addition, ozone is one of the
critical components of photochemical smog, which
decreases visibility and causes hazardous conditions
for human activities. Seoul, the capital of South
Korea, is one of the cities that needed control of
ozone. Several previous studies have found steady
increases in ozone concentrations in Seoul.

The number of cases in which ozone and NO,
concentrations in Seoul exceeded the standard was
analyzed using hourly data collected at 31 monitors
between 1990 and 2000(Kim et al., 2005). A

separate study showed that on-road mobile sources
were a major source of NOx in Seoul(Pandey et al.,
2008). The mixing height of atmosphere and
ozone concentrations measured in
Seoul between May 24, 2000, and May 26, 2000,
showed that the mixing height at night affected the

ground-level

ground level ozone concentrations the next day
(Kim et al., 2007).
Ozone concentrations were simulated using
several statistical models. A fuzzy expert system
was applied to predict a high ozone concentration,
and a neural network model was used to predict the
daily maximum concentrations; both models were
successful(Heo and Kim, 2004). In Austria, an

autoregressive exogenous model was developed to
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predict ozone levels in the country’s east(Bauer et
al., 2001). A linear regression model and a principal
component analysis were applied to predict day as
well as night ozone concentrations in Oman
(Abdul-Wahab et al., 2005). Ozone concentrations
have also been predicted in two ways by a feed
forward artificial neural network model. One
method used all the independent variables in the
analysis; the other used only the principal
components of the variables(Sousa et al., 2007).
The results from principal components were better
than those using all the independent variables
because in the former data collinearity could be
reduced.

A separate study compared the capabilities of
linear time series, artificial neural networks, and
fuzzy models in predicting high-level ozone
episodes in Santiago, Chile(Jorquera et al., 1998).
All three models performed similarly in forecasting
ozone episodes with success rates of 70~95percent,
but the fuzzy model was the most reliable because
it had the lowest rate of false positives. Schlink et
al.(2003) reported that neural network and generalized
additive models as the best comprise for ozone
forecasting after a model inter-comparison exercise
using 15 different statistical techniques.

Among statistical methods, a decision tree
algorithm, a nonparametric data-driven analysis
method, and was also found to be suitable for
predicting ground-level ozone levels. Gardner and
Dorling(2000) compared between linear regression,
regression tree and multilayer perception neural
network models to predict hourly surface ozone
concentrations in the UK. They indicated that
regression tree models are more readily physically
interpretable although multilayer perception models
are more accurately capture the underlying relationship
between the meteorological and temporal predictor
variables and hourly ozone concentrations. Burrows

et al.(1995) found that the summer season maximum

surface ozone for the Vancouver, Montreal and
Atlantic regions of Canada was successfully
predicted using the classification and regression
trees(CART). A decision tree was also applied to
identify controlling factors of ground-level ozone
levels over southwestern Taiwan(Chu et al., 2012).
Since a decision tree algorithm was successful to
classify the dependent variables, it was also applied
to predict ozone exceedances in the Baton Rouge,
Louisiana USA(Rohli et al., 2003).

The goal of this study is to assess factors linked
with 1-hour ozone exceedances in Seoul, Korea.
Ozone levels were mainly predicted using the
photochemical air quality models, which were
known to simulate air pollutant levels quite
accurately. However, the accuracy of air quality
models depended largely on the accuracy of the
emissions, one of the important input variables of
the air quality model. Thus, if the emissions were
not accurately prepared, the accuracy of the results
simulated through the air quality models was
limited as well. In order to improve the accuracy of
emissions, data assimilation process have been also
used in previous studies(Marmur et al., 2006; Park
et al., 2006a; Park et al., 2006b; Park et al., 2013;
Park and Russell, 2013). Thus, as an alternative
choice, a statistical model that uses the measured
pollutant concentrations to predict ozone exceedances
was used in this paper.

Among statistical models, a decision tree model
was selected since it was easily interpretable to
quantify the importance of factors affecting ozone
formation. Since ozone was a secondarily formed
pollutant, the lag time between ozone and
explanatory variables for ozone formation was
taken into account to improve the accuracy of
predicting the ozone exceedances. Thus, this
research was conducted in two steps. In the first
step, lag times between ozone and the variables for

its formation were investigated. Then, in the second
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step, these lag times were used to assess factors
affecting 1-hour ozone exceedance (the hourly
ozone concentration > 0.1 ppm) through a decision
tree algorithm. The results analyzed in this study can
be further used as a reference to develop control
strategies for ground-level ozone concentrations in
Seoul.

2. Materials and Methods

2.1, Data

The data used included hourly ozone [ppm], NO,
[ppm], temperature [°C], solar irradiance [W/m’],
relative humidity [%], and wind speed [m/sec]
monitored at 25 stations in Seoul, Korea, between
2005 and 2012 (Fig. 1). Although volatile organic
carbon (VOC) also plays an important role in ozone
formation, hourly VOC data were not available. In
their absence, the analysis relied on, the NO,
concentrations and meteorological variables. The
data were collected from the Air Quality Information
Center in Seoul(Kim et al., 2005). UV photometric
ozone analyzers and the chemi-luminescent method
were used, respectively, to measure hourly ozone
and NO; concentrations. Data not meeting quality

standards were assumed to be missing.

2.2. Decision tree algorithm

A decision tree algorithm uses a tree structure to
represent the decision rules used to classify or to
predict dependent variables(Moon et al., 2012). The
independent variables were selected based on a Gini
index and were used to structure the decision
tree(Breiman et al., 1984). The analysis was performed
using CART (Classification and Regression Tree)
software, which has been widely applied to predict
and classify data(Chu et al., 2012).

CART is a binary tree algorithm in which data
is divided into groups based on the value of
independent variables that maximize the dissimilarity
between groups. The decision tree grows through
the successive divisions represented by the hierar
-chical tree structure following the “if-then” rule.
The growth of the tree stops when further division
does not increase homogeneity in the nodes. The
accuracy of the prediction does not always improve
when the number of independent variables increases
if the independent variables are correlated with each
other.

Fig. 1. Locations of monitoring stations in Seoul, Korea.
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3. Results and Discussion

3.1. Spatial and temporal variations of air pollution
and meteorology
The regional average concentration
between 2005 and 2012 was 0.019 ppm, with the
highest and the lowest average ozone concentrations
of 0.022 ppm (NWI1) and 0.016 ppm (SE2),
respectively. NO, concentrations were between
0.040 ppm (NE3) and 0.028 ppm (NW1), with a

regional average concentration of 0.035 ppm. A

ozone

spatial variation in meteorology was not apparent in
the study area. The average temperature at each
station was between 12.6°C (SE3) and 13.9°C
(NE4), with a regional average of 13.3°C; average
solar irradiance was between 101.2 W/m® and 136.3
W/m’, with an average of 124.5 W/m’. Average
relative humidity was between 56.6% (SW3) and
65.1% (NE2), with an average of 60.1%; average
wind speed was between 0.9 m/sec and 2.0 m/sec,
with an average of 1.3 m/sec (Table 1).

Annual average ozone varied little between 2005
and 2012. NO; concentrations increased slightly
from 2005 to 2007 (Fig. 2). After 2007, it decreased
until 2012. An increase in NO; concentration
before 2007 was also observed in other areas of
East Asia(He et al., 2007; Richter et al., 2005). A
rapid increase in diesel fueled automobiles was
suspected as a major cause of the increased NO,
levels in Korea(Kim et al., 2005). The decrease in
NO; concentrations after 2007 could be partly due
to an achievement of a pollution abatement policy
called the “Total Air Pollution Load Management
System” that was established in 2005. The policy
included a plan to reduce annual anthropogenic
NOy emissions by 2014 by as much as 53% of the
annual anthropogenic emissions in 2001(Kim et al.,
2013). Meteorological conditions apparently had
little annual variations. Annual average temperature

also varied little. The lowest temperature of 12.5°C

occurred in 2012 and the highest of 13.8°C in 2007.
The annual average solar irradiance was lowest in
2005 (102.8 W/m’) and highest in 2009 (136.9
W/m’). Annual average relative humidity was
between 57.7% (2012) and 62.3% (2010), and
annual average wind speed was between 1.26 m/sec
(2006) and 1.40 m/sec (2012).

The monthly average ozone concentration was
highest in June and lowest in December, reflecting
that high temperatures favored the formation of
ozone(Fig. 2). However, an abrupt decrease in
monthly average ozone concentrations was observed
in July despite the month’s high temperatures. This
decrease was because heavy rainfall reduced solar
irradiance. Monthly average rainfall in Seoul in
July from 2005 to 2012 was 571 mm, more than
37% of the total annual rainfall(Qianet al., 2002).
Monthly averages for NO, concentrations were
higher in winter and lower in summer. Because
a large percentage of NOx emissions in Seoul
originate from fuel burned for heating, NO, concent
-rations increase in winter(Wang and Mauzerall,
2004). The monthly average temperature was
highest (26.6°C) in August and lowest in January
(-1.8°C); monthly average solar irradiance was
highest in May (180.5 W/m’) and lowest in
December (68.8 W/m?). Average relative humidity
in Seoul was highest in July (76.2%) and lowest in
February (51.3%), and monthly average wind
speeds were between 1.12 m/sec (in October) and
1.65 m/sec (in March).

Hourly average ozone concentrations had a
diurnal variation, with the highest concentration at
4 p.m. and a small bump at 4 a.m. (Fig. 2).
Because high temperatures favored the formation of
ozone, concentrations often peaked in the afternoon.
The small bump in ozone concentration around 4
a.m. occurred because the nocturnal planetary

boundary layer limited the amount of air pollution,
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Tablel. Average ozone and NO; concentrations, temperature, solar radiation, relative humidity, and wind speed in 25 monitoring
stations in Seoul from 2005 to 2012

Temperature So.lar Rela‘ti\./e Wind
Station O3 (ppb) NO: (ppb) °C) Irradlar;ce Humidity Speed
Code (W/m’) (%) (m/sec)
Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD
Stations in Central Seoul
1 192 172 335 167 135 108 1251 197.0 584 187 13 07
2 182 173 361 18.0 138 108 NA NA 504 187 12 07
c3 175 164 366 182 127 108 1363 2139 60.1 20.1 19 1.1
Stations in NW Seoul
Nw1 217 174 278 142 131 108 NA NA 637 19.9 11 08
Nw2 188 16.1 340 19.0 130 110 NA NA 583 207 17 11
NWw3 174 154 359 19.0 136 107 NA NA 614 195 18 L1
Stations in NE Seoul
NE1 179 17.1 320 176 127 107 NA NA 62.7 224 10 08
NE2 202 184 317 167 128 109 NA NA 651 213 20 L1
NE3 189 18.1 397 199 138 108 NA NA 604 194 15 1.0
NE4 180 158 351 183 139 108 1197 1919 60.9 20.0 1107
NES5 184 174 345 177 13.6 110 NA NA 60.1 18.4 1.6 08
NE6 212 186 346 169 134 107 1248 2025 588 19.6 1106
NE7 212 183 302 179 127 109 1012 1704 588 211 11 07
NES 211 189 313 176 131 108 1294 2038 574 195 14 08
Stations in SW Seoul
SW1 193 177 359 185 134 105 1274 201.1 59.7 18.7 14 07
Sw2 184 167 359 193 13.1 109 NA NA 568 18.5 1106
SW3 198 17.5 355 18.6 135 106 NA NA 56.6 184 17 09
Sw4 200 18.1 371 188 133 106 1282 2025 598 187 1309
SW5 175 168 372 181 138 107 NA NA 60.9 19.0 09 05
SWo6 203 18.1 354 187 132 107 1110 1712 583 1838 13 08
Sw7 198 17.9 375 191 138 106 1325 2026 60.9 19.0 14 09
Stations in SE Seoul
SE1 184 170 356 176 131107 1221 1909 599 19.7 09 05
SE2 155 165 391 19.1 139 106 NA NA 62.9 209 1.0 07
SE3 196 193 322 179 126 110 1330 2118 63.7 214 13 08
SE4 184 173 328 174 131 107 1277 1994 574 200 14 08
Average 19.1 347 133 124.5 60.1 13
SD 15 28 0.4 9.5 22 03
Min 15.5 27.8 12.6 101.2 56.6 0.9
Max 21.7 39.7 13.9 136.3 65.1 2.0
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Fig. 2. Annual, monthly, and hourly average of (a) ozone concentrations, (b) NO, concentrations, (c) temperature, (d)
solar radiation, (e) relative humidity, and (f) wind speed for 25 monitoring stations in Seoul from 2005 to 2012.
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and this boundary layer was often lowest right
before dawn when the air was relatively stable(Kim
et al., 2007). Hourly NO, concentration had two
peaks, one in the morning and the other in the
evening. This was because morning and evening
traffic surges emitted a large amount of NOx.
Studies have shown that because a large percentage
of NO; is formed secondarily, morning and evening
peaks of NO; often occur one or two hours
after rush hours(Han et al., 2011). Hourly average
temperatures and wind speeds were highest around
4 p.m., coinciding with occurrence of the lowest
hourly relative humidity readings. Hourly average
solar irradiance peaked at 1 p.m., a few hours

before the maximum ozone concentrations.

3.2. Correlation between ozone and its potentially
formative variables

A correlation coefficient is a useful statistics for
finding the similarities and differences of a temporal
trend between two variables. Among various
correlation coefficients, Spearman’s rank correlation
coefficient (hereafter, correlation coefficient) measures
how well two variables match with each other.
Correlation coefficients between ozone and its
formative variables between 2005 and 2012 were
calculated with lag time from zero to 48 hours. The
autocorrelation coefficients for hourly ozone
concentrations increased and decreased with the
period of 24 hours because of diurnal variations of
ozone concentrations (Fig. 3). The correlation
coefficient between ozone and NO, was -0.44
when lag time was zero. This negative correlation
low NO;

concentrations favor ozone formation but because

coefficient occurred not because
hourly ozone and NO, have opposite diurnal trends
(Fig. 2). The correlation coefficient increased until
the lag time reached -17 hours. However, this lag
time of -17 hours had no direct link with the

reaction time for ozone formation; instead it rather

implied the time at which the temporal variations of
hourly ozone and NO;, were most similar with each
other.

The correlation between ozone and temperature
peaked when the lag time was zero(Fig. 3). This
indicated that ozone and temperature have similar
diurnal trends(Fig. 2). The correlation coefficient
between ozone and solar irradiance was 0.53 when
the lag time was zero. This correlation coefficient
increased to 0.69 when lag time was -2 hours,
demonstrating that maximum ozone concentrations
were usually reached a few hours after peak solar
irradiance. ozone and relative humidity were
negatively correlated with the correlation coefficient
of —0.37 when lag time was zero. Relative
humidity was often low when solar irradiance was
high and vice versa(Chu et al., 2012). The
correlation coefficient between ozone and wind
speed was 0.52 when lag time was zero. This high
correlation between ozone and wind speed,
however, occurred because wind speed was usually
highest in the afternoon when ozone concentrations
also were high, not because of any formative link

between wind speed and ozone.

3.3. Lag time between ozone and its formative
variables

The correlation coefficients calculated and
discussed earlier between ozone concentrations and
several variables showed the similarities of the
diurnal variations of the two time series. This ruled
out use of the correlation coefficient to select
variables affecting high ozone formation. To find
the factors affecting high ozone concentrations and
the lag time between ozone and other variables,
comparisons were made between the NO,
concentrations and meteorology when the ozone
concentrations exceeded the standard value and
those when ozone concentrations were within the

standard value. The number of 1-hour ozone
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(a) O; conc. vs. O conc. (d) Solar Irradiance vs. O; conc.
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Fig. 3. Correlation coefficients with the lag time from zero to -48 hours between hourly ozone and nitrogen dioxide
concentrations, temperature, solar radiation, relative humidity, and wind speed from 2005 to 2012.
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exceedances occurred, on average, 382 times per
year in Seoul based on the hourly concentrations
monitored in 25 stations. The number of ozone
exceedances was highest in 2009 (567 times) and
lowest in 2006 (149 times) (Fig. 4(a)). The
exceedances were observed from April to
September, with the highest number occurring in
June; more than 98% of these exceedances occurred
between 1 p.m. and 7 p.m. (Figs. 4(b), 4(c)) More
exceedances occurred in eastern Seoul, with the
highest number of exceedances in SE3 (199 times);
the fewest exceedances occurred in NW3 (51 times)
(Fig. 4(d)).

To find the factors affecting ozone exceedances,
average NO, concentrations and meteorological
conditions when the ozone exceedances occurred
were compared with those when ozone was within
specified limits. Because ozone and NO, concent
-rations and meteorology had obvious seasonal and
diurnal variations, comparing the average value for
a full year or a full day could not clearly represent
the factors affecting the ozone exceedances. For
example, NO; levels were relatively high in winter
and low in summer because of the NOy emissions
generated from winter heating requirements (Fig.
2). Because ozone exceedances mostly occurred in
summer when NO, concentrations were low,
average concentrations of NO, when ozone
exceedances occurred could be considerably lower
than those when ozone exceedances did not occur.
Thus, if seasonal variations were not taken into
consideration, an analysis could conclude that low
NO, concentrations favor high ozone formation,
although NO,was well known as a precursor
material in ozone formation. Therefore, to minimize
the effects of secasonal and diurnal variations,
comparisons were made using data for each hour
between May 1 and September 15 of each year, a
period that corresponds to the ozone season in

Korea.

The comparison was performed for each hour
between 1 p.m. and 7 p.m., in which more than
95% of the ozone exceedances were observed
(Fig. 4(c)). The NO, concentrations and wind
speeds during ozone exceedances were similar to
those periods when ozone exceedances did not
occur (Figs. 5(b), 5(f)). Temperature was higher,
but relative humidity was lower when ozone
exceedances were observed (Figs. 5(c), 5(e)). Solar
irradiance two hours before ozone exceedances was
higher than when ozone exceedances did not occur.
A lag time of -2 hours was given for solar
irradiance because high ozone concentrations were
observed a few hours after a period of strong
sunlight (Fig. 2). Thus, solar irradiance was plotted
between 11 am. and 5 p.m (Fig. 5(d)).

The comparisons showed the differences between
NO, concentrations and meteorology when ozone
concentrations exceeded the standard and those
times when ozone concentrations were not excessive.
However, comparisons at the time of exceedances
alone could not show the degree of effect these
variables had on the ozone exceedances. To assess
the impact of other variables on high ozone
formation requires analysis of the NO, concent
-rations and meteorology before ozone exceedances
occurred. Thus, NO, concentrations and meteorology
were backtracked for 48 hours from the time at
which ozone exceedances were observed (Figs. 6
through 11). To see ozone concentrations before
ozone exceedances occurred, ozone concentrations
were also backtracked for 48 hours.

The dotted line in Fig. 6 shows ozone concent
-rations backtracked from the time at which 1-hour
ozone exceedances were observed, whereas the
solid line represents those backtracked from the
time at which 1-hour ozone exceedances were not
observed. The difference between the two lines

varied as the lag time changed. The difference was
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Fig. 4. The total number of 1-hour ozone exceedance (a) in each year, (b) in each month, (c) in each hour, and (d)
in each region from 2005 to 2012.
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largest at the time of an exceedance, and the second
peak of the difference was observed around 4 p.m.
of the previous day, irrespective of the time of the
exceedance. Thus, a high ozone concentration at 4
p.m. indicated a high possibility of an ozone
exceedance the next day. Average ozone concent
-rations at 4 p.m. of the previous day were 0.09
ppm when ozone exceedances were observed at 1
p-m. and 0.04 ppm when exceedances did not occur
at 1 p.m. (Fig. 6(a)). Thus, the difference was as
much as 0.05 ppm. Although average ozone
concentrations at 4 p.m. of the previous day were
0.07 ppm when ozone exceedances occurred at 7
p-m., they were 0.04 ppm when ozone exceedances
did not occur at 7 p.m. (Fig. 6(c)). In this case, the
difference was only 0.03 ppm. Because the
difference decreased with exceedances later in the
afternoon, this indicates that high previous-day
ozone concentrations affect ozone exceedances in
the early afternoon more than in the late afternoon.

NO; concentrations apparently made no difference
with or without ozone exceedances at the time of
an ozone exceedance (Fig. 5(b)). However, when
these NO, concentrations were backtracked for 48
hours, NO, concentrations before ozone exceedances
were apparently higher than when ozone
exceedances did not occur (Fig. 7). The difference
was significant from the late evening of the
previous day till the morning of the day in which
the exceedance occurred. NO, levels more than 24
hours before exceedances made little difference.
The results suggested that NO, concentrations on
the late afternoon of the previous day and those
in the morning of a day directly affect ozone
exceedances.

The spatial distribution of NO, concentrations
also showed higher NO, levels in most regions
before ozone exceedances occurred (Fig. 12). As an
example, spatial distributions of NO. levels

backtracked for six hours from 4 p.m. when ozone

exceedances occurred were compared with those
backtracked from 4 p.m. without exceedances. The
difference in NO, levels increased as the lag time
shifted from zero to -6 hours. NO, levels were
higher in the southwestern section of Seoul in the
morning because of high on-road mobile NOy
emissions in the city’s southwestern region. This
shift of high NO, levels to the east occurred
because of the prevailing westerly wind in Seoul,
and ozone was formed a few hours later when
sunlight became strong. Thus, the exceedances of
ozone occurred more often in eastern Seoul (Fig.
4(d)). The largest part of NOx emissions in Seoul
came from vehicular sources. The major sources of
traffic emissions in the southern and western parts
of Seoul included commuters from these regions
where numerous small cities are located. Other
of NOy

combustion and nonroad mobile sources. The major

major  sources emissions  included
sources of nonroadNOy emissions included Incheon
International Airport and a waste treatment plant
located in the west of Seoul (Fig. 13).

Average temperatures backtracked 48 hours from
the time of ozone exceedances were higher than
similar periods without exceedances. The difference
was largest at the time of exceedance (Fig. 8).
Average solar irradiance was also higher when
ozone exceedances occurred because strong sunlight
favors ozone formation (Fig. 9). The correlation
coefficient between solar irradiance and ozone
concentrations was highest when the lag time was
-2 hours (Fig. 3). However, solar irradiance
backtracked from ozone exceedances showed that
the difference in solar irradiance was largest
between 12 p.m. and 2 p.m., irrespective of the
time of ozone exceedance. Average relative humidity
was apparently lower when ozone exceedances
occurred than when ozone exceedances did not
occur (Fig. 10). The difference in relative humidity

was largest at the time of ozone exceedance.
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Fig. 6. Average ozone concentrations backtracked for 48 hour from the time 1-hour ozone exceedance occurred and those
from the time 1-hour ozone exceedance did not occur from May 1 to September 15, between 2005 and 2012.



Assessing Factors Linked with Ozone Exceedances in Seoul, Korea through a Decision Tree Algorithm 205

NO,

(a) Backtracked from 1 p.m.

(Time] g¢¢¢ “EEEE
o o o o o o
- <t~ — <t I~

(-2 gayS) !-1 day)

(b) Backtracked from 4 p.m. (ppm]
_ - 0.05
— < /, \\ N
g | 0.03
0.01
[Time] £€€c€¢€¢
QO O O @ @ © ©
<t ~NoOo A N~NO
— —
\ Y J
(-2 days) (-1day)

(c) Backtracked from 7 p.m.

Mime] EEEEEEEEEEEE
0O 0O ® ®© © QO OO0 © @©
No-AdSNOHSN~NO H S

— — —

(A )
(-2 days) (-1Yday)

""" O3 exceedance was observed.

—— Oz exceedance was NOT observed.

Fig. 7. Average NO, concentrations backtracked for 48 hour from the time 1-hour ozone exceedance occurred and those
from the time 1-hour ozone exceedance did not occur from May 1 to September 15, between 2005 and 2012.
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Fig. 8. Average temperature backtracked for 48 hour from the time 1-hour ozone exceedance occurred and those from
the time 1-hour ozone exceedance did not occur from May 1 to September 15, between 2005 and 2012.
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Fig. 9. Average solar irradiance backtracked for 48 hour from the time 1-hour ozone exceedance occurred and those
from the time 1-hour ozone exceedance did not occur from May 1 to September 15, between 2005 and 2012.
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Fig. 10. Average relative humidity backtracked for 48 hour from the time 1-hour ozone exceedance occurred and those
from the time 1-hour ozone exceedance did not occur from May 1 to September 15, between 2005 and 2012.
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Fig. 11. Average wind speed backtracked for 48 hour from the time 1-hour ozone exceedance occurred and those from
the time 1-hour ozone exceedance did not occur from May 1 to September 15, between 2005 and 2012.
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Fig. 12. Spatial distribution of average NO, concentrations backtracked from 4:00 p.m. between May 1 and September
15 from 2005 to 2012 when 1-hour ozone exceedance occurred at 4:00 p.m. or not.

Wind speed at the time of ozone exceedances
made little difference with or without ozone
exceedances (Fig. 5). However, when wind speed
was backtracked for 48 hours, an apparently low
wind speed was observed in the early morning on
the day of exceedance (Fig. 11). Low wind speed
slowed the horizontal mixing of pollutants, and the
boundary layer in the early morning was relatively
low. Thus, low wind speed in the early morning
created good conditions for undiluted NO..
Therefore, when wind speed was low in the early
morning, relatively high NO, concentrations were
observed and eventually, high ozone concentrations.

3.4, Prediction of ozone exceedances using a
decision tree algorithm

Factors characterizing ozone exceedances were
predicted using a decision tree algorithm. The
independent variables were the ozone concentrations
of the previous day, NO, concentrations and
meteorological  variables (temperature, relative
humidity, solar irradiance, and wind speed). The
dependent variable was hourly ozone concentrations
classified as “high level” (> 0.1 ppm) and “low
level” (£ 0.1 ppm). A threshold of 0.1 ppm was

selected as the hourly ozone standard in Korea.

Because there were more instances when ozonedid
not exceed the standard than when it did, the data
classified as “high level” were duplicated to balance
the numbers in the two categories. The terminal
node minimum cases were given as the number of
the duplication, and the parent node minimum cases
were put as 10 times of the terminal node minimum
cases.

Two models, named as Model [A] and Model
[B] were constructed depending on times chosen as
the independent variables selected. The times of the
NO, concentration, temperature, relative humidity,
and wind speed in Model [A] were the same as that
of the dependent variable. The time of solar
irradiance in Model [A] was selected as two hours
earlier than that of the dependent variable. The lag
time of two hours for solar irradiance was selected
as the correlation coefficient between hourly solar
irradiance and ozone concentration was highest
when the lag time was -2 hours.The ozone
concentration at 4 p.m. of the previous day was
also included as the independent variable in Model
[A]

The times of temperature and relative humidity
in Model [B] were the same as that of the
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Fig. 13. Annual NOx emissions per unit area in Seoul and surrounding regions in 2010(Lee et al., 2011).

dependent variable. However, the times of solar
irradiance, the NO, concentration, and wind speed
were 1 p.m., 10 am., and 4 p.m., respectively. The
choice of the specific times for the independent
variables was based on the comparison of the two
time series; one backtracked from the ozone
exceedances and the other backtracked from the
lack of occurrences of ozone exceedances. When
the two time series were compared, solar irradiance
around 1 p.m. and the NO, concentrations around
10 am. were much higher when the ozone

concentrations exceeded the standard than when

they did not (Figs. 7 and 9). Wind speed around 4
a.m. when the ozone concentrations exceeded the
standard was much lower than in their absence
(Fig. 11). The ozone concentration at 4 p.m. of the
previous day was also included as the independent
variable in Model [B].

The performance of the model was evaluated
through misclassification errors in 10-fold cross
validation. Although the misclassification errors of
both Model [A] and Model [B] were less than 10%,
the performance of Model [B]was better than that
of Model [A] from 0% to 4% depending on the
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Fig. 14. Schematic diagram of primary splitters of classification trees for high level (H) and low level (L) ozone concentrations.

time of the ozone exceedance. However, the
actual improvement should be bigger than that
since measured NO, concentrations and wind
speed could be used in Model [B], in which the
times of NO, and wind speed were earlier than
that of the dependent variable. Whereas, the
times of NO, and wind speed in Model [A]

were the same with that of dependent variable.
The classification trees for high level (H) and
low level (L) ozone concentration in Model [B]
were represented in Fig. 14. The primary splitters
between high and low level ozone concent
-rations in Model [B] were illustrated in Table

2. The relative importance of variables for ozone
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Table 2. Sets of primary splitters for classifying high and low ozone concentrations

Time of the ozone exceedance Primary Splitters*
1:00 PM O3 4pm, T
2:00 PM Os_4pm, RH, T, NO,_10am
3:00 PM T, Os_4pm
4:00 PM T, SI_lpm, Os_4pm
5:00 PM T, Os_4pm, RH
6:00 PM T, Os_4pm, SI_1pm, RH
7:00 PM T, RH, Os_4pm

*T: temperature
RH: relative humidity

O3 _4pm: ozone concentration at 4 p.m. of the previous day

SI lpm: solar irradiance at 1 p.m.
NO,_10am: NO2 concentration at 10 a.m.
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Fig. 15. Relative importance of variables linked with ozone exceedances.

exceedance of Model [B] showed that ozone
concentration of the previous day and NO;
concentration in the morning were the most
important drivers of ozone exceedance in the
early afternoon (I p.m. ~ 4 p.m.). Whereas,
meteorological variables such as temperature,
relative humidity, and solar irradiance were
major drivers of ozone exceedance in the late
afternoon (5 p.m. ~ 7 p.m.) (Fig. 15).

4, Conclusions

As the evidence linking air pollution and human
health increases, air pollutant concentrations have
been monitored in 25 stations in Seoul, Korea.
Among pollutants, ozone (Osz) concentrations in
Seoul often exceeded the standard. In order to
minimize the adverse health effect of ambient ozone,
Korean government has been operating an ozone
warning system, which informed the public of

appropriate behavior when high ozone levels were
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expected. The goal of this research was to assess
factors linked with ozone exceedances to be used for
developing control strategies of ozone in Seoul,
Korea.

The data used included hourly ozone, NO,
temperature, solar irradiance, relative humidity, and
wind speed monitored in Seoul, Korea, between 2005
and 2012. The factors were assessed using a decision
tree model, which is easily interpretable to quantify
the importance of factors affecting ozone exceedances.
Appropriate lag times between ozone and explanatory
variables, used for the decision tree model, were also
taken into account. The lag time was investigated by
constructing two sets of 48-hour time series: One
with meteorology and NO, backtracked 48 hours
from the time at which 1-hour ozone exceeds the
standard, and the second with meteorology and NO2
backtracked from when ozone did not exceed the
standard. Although ozone exceedances mostly
occurred in the afternoon, the comparison of the two
time series showed that solar irradiance differed most
around 1 p.m., and NO, concentrations and wind
speeds differ most in the early morning. The
differences in temperature and relative humidity were
greatest at the time of exceedance indicating no
significant lag time exists for temperature and
relative humidity.

The factors characterizing ozone exceedances were
analyzed through the CART model. Two models,
Model [A] and Model [B], were constructed, depending
on the times chosen as independent variables. Model
[A] used the independent variables concurrent with
the dependent variable, while Model [B] used the
time lagged independent variable. Results showed
that Model [B] simulated 1-hour ozone exceedances
better than Model [A] did. The above results
indicated that when a decision tree algorithm was
applied to find the ozone exceedances, using
independent variables of certain lag times was

superior to using those occurring at the same time as

the dependent variables. In addition, ozone
exceedances in the early afternoon were much
affected by ozone concentrations of the previous day
and NO, concentrations in the morning, while ozone
exceedances in the late afternoon were more driven
by the meteorology. The results analyzed in this
study showed the importance of factors affecting
ozone exceedances at each hour, and these results can
be used to develop control strategies of ozone in
Seoul, Korea.

The limitation of this study includes that VOC data
were not included to predict hourly ozone concent
-rations. VOC is one of the most important precursor
materials for ozone formation. However, this study
did not use VOC data to predict hourly ozone
concentrations since hourly VOC data were not
available. In the future study, the accuracy of
predicting ozone concentrations will improve by
incorporating more ozone precursor materials

including hourly VOC concentrations.
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