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HIGHLIGHTS

o Oy was examined in Seoul Metropolitan Area (SMA) by employing OPEx.

o Local photochemical Oy production and background contribution was separated in SMA.
e Regional background to Oy by about 66 + 11% in SMA.

o A significant cut in NOy or in both NOx and VOC emission was suggested.
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ABSTRACT

Understanding the drivers of urban ozone (O3) formation is challenging and requires uncovering the non-linear
relationship between O3 and its precursors. We used a novel method to differentiate between background O3
levels and local photochemical O3 generation using the observation-based O3 production efficiency (OPE) from
decade-long observations including nitrogen dioxide (NO3), nitrogen monoxide (NO), reactive nitrogen com-
pounds (NOy), O3, and 56 volatile organic compounds (VOCs) covering eight years (2009-2016). In this study,
we employed Oy (=03+NO53), and defined OPE; as the number of Oy molecules produced from the oxidation of a
single NOy molecule, and estimates the local contribution (in %) to total Oz from the slope of the
0x—NO,(=NOy-NOx) linear regression. We thus identified the local urban O3 formation regime using the rela-
tionship of several factors, including nitrogen oxide (NOy), VOC/NOy, NO5, NO,, and long-range transported Oy,
and suggested how O3 can be reduced in the Seoul Metropolitan Area (SMA).

The results show that the regional background dominates the annual level of O with a contribution of about
66 + 11%, while photochemical production acts as a stronger factor influencing the annual variability of Ox than
regional background. Regional background varies by transport evidenced by its good correlation with the west
wind fraction, whereas photochemical production depends on the VOC/NOy ratio, which is high in summer and
low in winter. The relationship between photochemical production and VOC/NOy indicates that the transition of
the Oy formation regime occurs at a VOC/NOy ratio of approximately 4 in the SMA. Urban environments with
NOy > 20 ppb typically lie in low VOC/NOy zone, where reduced NO, emissions lead to decreased NO, but
increased OPE, with no discernible change in photochemical Oy production. Thus, NOy emission reductions in
urban environments would have a negligible effect on Oy reduction. In contrast, suburban environments such as
usually NOx < 10 ppb are located in the higher VOC/NOx zone, where decreased NO; leads to decreased OPEy
with no discernible change in NO,, consequently suppressing photochemical Oy production. Together, these
results suggest that any urban O3 policy in the SMA should consider significant cuts in NOy emissions to allow the
O3 regime to shift. The OPEx method can also be applied to other urban areas for the development of effective O3
reduction policies.
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1. Introduction

High ozone (O3) concentrations have adverse effects on human and
ecosystem health. Ground-level O3 causes respiratory and cardiovascu-
lar diseases, reduces agricultural production, and limits plant growth
(US Environmental Protection Agency, 2006). Following the occurrence
of high O3 levels during record-breaking heat waves in 1994, the Korean
government introduced an O3 alarm system in the following year, an O3
forecast system in 1997, and also implemented emission control policies
aimed at reducing the incidence of high O3 levels. However, these
measures have not been successful in reversing or easing increasing O3
trends. Og levels in the Seoul Metropolitan Area (SMA) showed an up-
ward trend of 3 ppb/yr from 1999 to 2011 (Han et al., 2013), while
urban Og levels increased by 0.60 ppb/yr from 1998 to 2016 (Kim et al.,
2018). Such increasing trends have been commonly observed across East
Asia. For example, O3 levels in Beijing increased by 1.1 + 0.5 ppb/yr
during 2001-2006 (Tang et al., 2009), and 217 sites in East Asia had an
average increase of 0.45 ppb/yr in urban daytime Og levels over a
15-year period (2000-2014) (Chang et al., 2017).

Urban Oj3 is mainly produced as a result of a complex set of reactions
that involves volatile organic compounds (VOCs), and oxidization pro-
cess of nitrogen dioxide (NO,) and nitrogen monoxide (NO) (Haagen--
Smit et al., 1953; Sadanaga et al., 2003). Due to the non-linear
relationship between O3 production and its precursors, O3 mitigation
strategies have prioritized the target precursor based on the developed
O3 isopleth plot for the given area (NRC, 1991; European Commission,
1999; Mazzuca et al., 2016). However, this strategy has not been
completely successful as the relationship between O3 and its precursors
is more complicated in the real atmosphere (Sillman, 1993; Friedrich
etal., 2000). As a result, various efforts have been made in modeling and
measurement studies for the development of control strategies over SMA
(Oak et al., 2019; Kim et al., 2005; Na and Kim, 2001; Kim et al., 2009;
Choi et al., 2014). However, despite the recent consistent decrease in
VOC emissions in the SMA, known as VOC-limited condition (Lee and
Hwang, 2005; Susaya et al., 2013) by approximately 31% from 2007 to
2016 (NAPES, 2016), the annual mean O3 concentration increased
substantially by 49% over the same period. In addition, it has been re-
ported that if NOx (=NO + NO;3) decreases under VOC-sensitive

Atmospheric Environment 243 (2020) 117846

OPEx
= Slope
A Ox
Ox =
A NO,
Ox :(03 + N02) A OX

Ox
bkg T (y-intecept)

= Background Ox

=
~

NO,

Fig. 2. Schematic diagram of OPE, estimation using the slope of Ox-NO,.

conditions, O3 levels may further increase (Jacob, 1995; Marr and
Harley, 2002). One of the causes of this uncertain diagnosis is the un-
availability or lack of sufficient VOC observations, thus limiting confi-
dence in previous O3 abatements.

The OPE is defined as the number of O3 molecules produced from the
oxidation of a single NOx molecule. The OPE allows differentiation be-
tween photochemically produced O3 and regional background Os.
Therefore, OPE and its relevant information such as the relationship of
O3 with main atmospheric factors, known as controlling O3 variability,
are the useful tools for developing future national emission control
policies and assessing their effectiveness.

A number of studies have applied OPE to investigate the origin of O3
pollution. Zanis et al. (2007) applied OPE to the lower free atmosphere,
stressing the role of photochemical O3 production during the O3 spring
maximum, whereas Hirsch et al. (1996) applied it to a Harvard forest,
attributing an O3 concentration peak during May—June to background
Os. Over the Northeast Asia, the OPE was also applied using long-term

@ Urban Air Monitoring Network
A Background Air Monitoring Station
A Photochemical Assessment Monitoring Station

Fig. 1. Locations of air monitoring networks over Seoul metropolitan area (SMA). Twenty-five Urban Air Monitoring Network (UAMN) in Seoul, three National
Background Monitoring Network (NBMN), and three Photochemical Assessment Monitoring Station (PAMS) selected for this study, are indicated by filled black
circles, blue triangles, and red triangles, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of

this article.)
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Fig. 3. (a) Annual variations in O, O3, daily maximum, and daily minimum O3
concentrations; (b) seasonal variations in O3 in Seoul for 2007-2016; (c) sea-
sonal variations in Oy at the three background sites averaged over different
years depending on data availability. The values for Seoul were obtained from
25 sites of the Urban Air Monitoring Network.

observation data. Ge et al. (2012) studied the cause of elevated summer
O3 levels at Shangdianzi by OPE analysis.

To elucidate urban Oy (=03+NO>) response to precursor variations
in the SMA, we used decade-long NOy, O3, and VOC observations (for 56
VOCs), and applied these data to the O3 production efficiency (OPE) to
better understand the relationship between several factors such as VOC/
NOjy ratio, reactive nitrogen compounds NOy, NO, (=NOy-NO,), and
long-range transport fractions. In this study, we employed OPE and
identified the local urban O3 formation using the relationship of several
factors, including VOC/NOy, NOy, NO, and long-range transported Oy,
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and suggested how Og can be reduced in SMA.
2. Methods and data
2.1. Datasets

The data used in the present study were collected from Korean
Ministry of Environment Photochemical Assessment Monitoring Station
(PAMS), National Background Monitoring Network (NBMN), and Urban
Air Monitoring Network (UAMN), as shown in Fig. 1. The PAMS were
first established in regions with high O3 levels in early 2000. Data
collected at PAMS are used to monitor VOCs that contribute to O3 pro-
duction and to obtain baseline data for establishing effective O3 man-
agement measures. By 2016, eight PAMS sites were in operation over
SMA where O3 levels. The NBMN is in operation on islands on three sides
of the Korean Peninsula (Baengnyeongdo, Jejudo, and Ulleungdo), and
UAMN’s 25 sites in Seoul were in operation within the SMA by 2016
(Fig. 1). Here, UAMN was used to diagnose the long-term Os trends
(session 3.2), and PAMS and NMBN was employed for OPE estimation
(session 3.3).

The UAMN and NBMN collect hourly NO5 and O3 concentration data,
while the PAMS collect NOy, NO, O3, and VOC concentration data. Ul-
traviolet (UV) photometry, chemiluminescence, and automatic gas
chromatography methods were used to measure the concentrations of
03, NOy, and 56 VOC species, respectively. Both NOy and NO were
measured using chemiluminescence, and NO; was measured by going
through a molybdenum converter. As NO, is partially oxidized to NO, by
the molybdenum converter, we detracted up to 10% from the NO,
concentration as appropriate. Given the uncertainty that exists, there-
fore our results should be taken into account a degree of such un-
certainties relevant to the NO, measurement. The sampling protocol,
measurement methods, and quality assurance/quality control proced-
ures indicated in Table S1 (Han et al., 2000), and are in accordance with
the Standard Operating Procedure of Air Pollution by the Ministry of
Environment of Korea (http://webbook.me.go.kr/DLi-File/NIER/09/
023/5641953.pdf).

Among eight PAMS sites in the SMA, three target sites were selected
for this study, where simultaneous observations for NO3, NO, O3, NOy,
NO, and 56 VOC species were all available at the same time. Table S2
lists the observed 56 species of VOCs, and Fig. 1 shows both 25 UAMN
sites located in Seoul, and the three selected PAMS sites within the SMA:
Gwangjin-gu (GJ), Incheon Guwol-dong (GW), and Gyeonggi-do Yang-
pyeong-si (YP). GJ is located in the center of the metropolitan area and is
characterized by heavy traffic. Incheon GW has scattered industrial
complexes and is located upwind from Seoul. YP is distant enough from
areas of heavy traffic that it is used for monitoring the discharge of
photochemical products from the metropolitan area. The monitoring
period differed for the PAMS site: 8 years (2009-2016) for GJ, 6 years
(2011-2016) for GW, and 7 years (2010-2016) for YP. Three MBNM
monitoring sites representing the background regions of three ocean
sides of Korean Peninsula (Baengnyeongdo, Jejudo, and Ulleungdo)
were also used for comparison with the regional background Os levels
estimated from OPE analysis.

2.2. Methods

The OPE is conventionally calculated from the linear regression be-
tween O3 and NO,, and is useful for understanding O3 production on a
regional scale (Hirsch et al., 1996) and the response to precursor emis-
sion controls (Lei et al., 2007). In this study, Ox (= O3 + NO3) was used
instead of Os, as employed previously (Chou et al., 2009) for OPE esti-
mation. Thus in this study, OPE (OPE using Oy instead of O3) was used
hereafter. The advantages of this substitution are that the titration effect
of NO3 can be eliminated, and NOy emission resulting from HNO3 for-
mation can be reduced, thereby leading to a more precise representation
of the actual photochemistry.


http://webbook.me.go.kr/DLi-File/NIER/09/023/5641953.pdf
http://webbook.me.go.kr/DLi-File/NIER/09/023/5641953.pdf
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Fig. 4. Scatter diagram of (a) daily mean and (b) peak-hour (1200-1600 local time) O3 concentrations against early-morning-hour (0600-0900 local time) NOy
concentrations for 2007-2016 at Gwangjin (GJ), Guwol (GW), and Yangpeong (YP).

We estimated OPEx on days when the following two criteria were
met. First, simultaneous measurements of O3, NOy, NO, and NO; had to
be available for at least a 7-h period between 0900 and 1700 local time.
Second, the linear correlation coefficient (R) between Oy and NO, had to
be greater than 0.7, respectively, during 2009-2016. The first criterion
is for checking basic data availability, and the second criterion is to
select only daytime data when the photochemical reaction occurred
with lower meteorological impact. The selected numbers are approxi-
mately 15%, 16%, and 35% of the days that satisfied criterion 1 and 2,
respectively.

Photochemical production of Oy (AOy) is obtained by multiplying
OPE; with NO,, whereas the regional background Oy (Ox_pkg) is defined
as the y-intercept of the regression line between Oy and NO,, as indicated
in Fig. 2. All NO, was assumed to have originated from NOy oxidation
(Zanis et al., 2007). In this process, we therefore estimated OPE; on days
when the following two criteria were met. First, simultaneous mea-
surements of O3, NOy, NO, and NO; had to be available for at least a 7-h
period between 0900 and 1700 local time. Second, the linear correlation
coefficient (R) between Oy and NO, had to be greater than 0.7. These
numbers equate to 15%, 16%, and 35% of the days that satisfied crite-
rion 1, respectively.

To estimate the contribution to Oy variability from two main factors:
AOy and Oy pkg, the fluctuations of these factors were quantified by
dividing the doubled standard deviation by the mean concentration of
Oy (20/m) for the corresponding period. This value accounts for 95% of
the overall Oy variability. Here 6 and m represent the mean and standard
deviation, respectively.

3. Results and discussion
3.1. Characteristics of Oz in the Seoul Metropolitan Area

Fig. 3 showed the annual mean O3 concentrations averaged over 25
sites of UAMN located within Seoul (indicated in Fig. 1). Over the past
decade (2007-2016) the annual mean Os concentrations steadily
increased at a rate of 0.61 ppb/yr (Fig. 3a), which is significantly higher
than the daytime O3 level increasing rate in East Asia during 2000-2014
(0.45 ppb/yr) (Chang et al., 2017). Daily peak Oj is believed to have
caused an increase in the daily mean Og during this season (see O3_max
in Fig. 3a), as also shown in Han et al. (2013). Statistical summary of
annual Og trends of was listed in Table S3. In Fig. 3b, the O3 increases are
observed in spring and summer. It should be noted that in monthly
analysis Os observation was the highest in May-June, representing
intraseasonal features in SMA (not shown).

Meanwhile, the Oy level in Seoul shows no significant trend in the

last decade (Fig. 3a and Table S3). The main cause for this behavior is
the trade-off between increased O3 and decreased NO, concentrations,
because Oj is interchangeable with NO; in photochemical reactions.

The O3 formation regime is a major indicator for Oz pollution
characteristics in a region. To identify the O3 formation regime, we used
the relation between NOy emission and the peak Os level. In the current
study the NO, mixing ratio in the early morning hours is used as a proxy
for NOx emissions, as previously employed (Godowitch et al., 2010).
Regarding the regime categorization, a regime is classified as
VOC-limited when NOy during the early morning hours (0600-0900
local time) is in a negative correlation with the peak-hour (1200-1600
local time) Og level only, while a NOy-titration regime exists when NO,
is in a negative correlation with both peak- and non-peak-hour
(0600-1200, 1600-1700 local time) O3 (Li et al., 2016). Under the
VOC-limited regime, a decrease in NO; reduces the Oz level during peak
hours but increases the O3 level during non-peak hours. The correlation
analysis categorizes Seoul as a NOy-titration region, but prevents regime
determination for Incheon due to the lack of a clear trend in the annual
NO; level. Fig. 4 shows scatter plots for both peak-hour O3 and early
morning NO; for three areas (GW, GJ, and YP). As in Fig. 4, a negative
correlation between O3 and morning-hour NO; was found in GJ. The
correlation for YP is opposite to that for GJ, while GW shows no distinct
features. Thus, GJ can be classified as a NOx-titrated regime, GW as a
VOC-limited regime (Lee and Hwang, 2005; Han et al., 2013), and YP as
a NOy-limited regime. When we apply the O3-NO3, correlation averaged
over all UAMN sites in Seoul, Seoul is categorized as a NOy-titration
region.

3.2. Oy variations and background vs. local photochemical Oy

3.2.1. Seasonal Oy variation

The Oy observations at the three PAMS sites are divided into
photochemically produced Oy (AOy) and regional background Oy
(Ox bkg) with the help of OPEy, and seasonal and annual characteristics of
both AOy and Oy pkg are examined in this section. Fig. 5 shows the
seasonal variations of monthly mean Oy, Oy pkg, AOy, and frequency for
days selected based on the criteria described in the Methods section.
Two apparent peaks in Oy and Oy pig can be observed with a main peak
in May and a secondary peak in September-October. Concentrations of
Ox pkg decreased from 47 to 76 ppb during April-June to 30 ppb in
August. This seasonal variation of Oy pig is consistent with that at the
background sites of Baengnyeongdo, Jejudo, and Ulleungdo (Fig. 3c).
The level of AOy is low in February but begins to increase in March and
reaches a peak in May (Fig. 5), representing a dry summer maximum and
wintertime minimum. The shift of the Oy peak from that of Oy pig is
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Fig. 5. Seasonal variations in monthly mean Oy (upper panel), Oy g (upper middle panel), and AOy (lower middle panel) at Gwangjin (GJ) (left), Guwol (GW)
(middle), and Yangpeong (YP) (right) during the study period. The study period is 2009-2016 for GJ, 2011-2016 for GW, and 2010-2016 for YP. Error bars for the
monthly mean Oy, Oy bkg, and AOx denote 95% confidence intervals. The frequency of the days selected following the criteria described in the methods section is

illustrated by grey column bars (lower panel).

caused by an increase in AOy toward summer. The annual total mean
concentrations of regional background Oy pkg dominate with a contri-
bution of about 66 + 11% to the level of Oy,

Values for AOy are determined by definition of OPE, such as AOyx =
OPE; x ANO,, as illustrated in Fig. 2. At GJ, the seasonal variation in
AOy appears to be in phase with OPE,, while it aligns with NO, at YP
(Fig. 6). As shown in Fig. 6, GJ exhibits a convex shape for OPE,
whereas YP exhibits a concave shape. The OPE; level reaches a peak of

4-8 in summer and decreases to 1-2 in winter at GJ, which is similar to
values reported for the urban area of Phoenix in the US (2-7) (Kleinman
et al., 1994) and those modeled for Mexico City (4-12) (Lei et al., 2007).
For NO,, a concave pattern is observed at GJ, whereas a convex pattern
exists at YP (Fig. 5). This pattern suggests that OPE; is a main driver of
seasonal variation in AOy at GJ, whereas NO, is an important controlling
factor at YP.

Fig. 7 illustrates the seasonal variations in VOC/NOy ratios and OPEy
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Fig. 6. Same as described for Fig. 5, but for OPE, and NO,.

at the three PAMS sites. OPEy is influenced by several factors: VOC/NOy,
UV radiation, water vapor, and other factors (Zanis et al., 2007), and
among them VOC/NOxy is one of the most important factors controlling
OPEy (NRC, 1991). The ratio of VOC/NOy shows relatively higher in
summer than in winter (Fig. 7a). Although there are higher VOC patterns
in summer in GJ and GW, which might be evident for isoprene, one of
the biogenic VOC species with a strong photochemical O3 creation po-
tential (POCP) (Bowman and Seinfeld, 1994), there exists no unique
variation in total VOC level at all three sites while NOy showed rather
distinct seasonal variations: higher in winter and lower in summer;
yielded the winter-low (but not distinctive) variations of VOC/NOy
(Fig. 7a). As a result, OPE, has a positive correlation with VOC/NOy at
GJ and GW, whereas it has a negative correlation at YP. The convex
shape for VOC/NOy at GJ and GW is caused by a stronger seasonal
variation of NOy than that of VOC (Fig. 7b and c¢); NOx dominates VOC in
winter mainly due to the increased domestic heating and vehicle NOy
emissions.

3.2.2. Annual Oy variations

We chose the O3 peak months of April-June as a representative
period to account for annual Oy variations. Because the number of days
per year that meet the criteria were inhomogeneous over the study
period, the Oy averaged over the representative period shows no sta-
tistically significant trend at the three PAMS sites.

Fig. 8 shows the annual variations in Oy, Ox pkg, and AOy at the three
PAMS sites during the study period. Note that “Oyx = Oy prg + AOx.” In
Fig. 8, the proportion of Ox pg is higher than that of AOy in the Oy levels
at the three sites, whereas the proportion of AOy is higher than that of
Ox pkg in Oy variability. The contribution of AOy to Oy is, on average,
approximately 34% at the three sites, which is similar to the modeled
values for Korea, for example 28-38% (Chou et al., 2009), 22.8-34.8%
(Nagashima et al., 2010), and 5-20% (Li et al., 2016).

As shown in Fig. 9a, the annual mean OPEy shows a reasonable
correlation with VOC/NOx ratio in GJ and GW, indicating that VOC/NOy
is a main factor controlling OPEy in two sites. On the other hand, lower
correlation between OPEy and VOC/NOy ratio in YP where there are
high VOC/NOy ratios. The optimum VOC/NOy ratio, at which a

maximum amount of Og is produced, seems to be around 4 in GJ and
GW, whereas it is below 4 at YP, all of which are smaller than that
derived from a typical Os isopleth used in EPA’s Empirical Kinetic
Modeling Approach (EKMA) (NRC, 1991). Fig. 9a shows that GJ and GW
are typically areas with low VOC/NOx conditions, while YP is an area
characterized by high VOC/NOx conditions. Under the condition of a
low VOC/NOy ratio, a decrease in NOy concentration favors O3 forma-
tion by retarding the OH-NO3, reaction to remove OH and NO, through
the photochemical chain. In contrast, under high VOC/NOy conditions, a
decrease in NOy retards O3 formation by favoring peroxy—peroxy re-
actions to remove radicals from the chain.

To examine the effects of long-range transport (LRT) on regional
background Os, we analyzed the correlation between wind direction and
regional background Os. It is assumed that pollution sources are located
on the windward side of the three sites under dominant westerly winds
in mid-latitude. The west wind fraction (WWF) is defined as the degree
to which westerly wind is dominant over easterly wind, and is calculated
as the percentage of the hourly wind data representing westerly winds,
with those indicating easterly winds subtracted. This hypothesis that
wind directions will be affected, is supported by our good relationship
between the WWF and Oy i at the Baengnyeongdo site, which is closest
to the Asian continent.

Fig. 9b shows that the WWF is in good correlation with Oy pkg. The
averaged Oy pkg level (46 ppb) at the three sites is also comparable to the
observed Ox at Baengnyeongdo (51 ppb) during the same period
(2015-2017) (Fig. 3c). In addition, the y intercept value for the
WWEF-Oy pig regression line in Fig. 9b indicates the level at which WWF
becomes zero, implying no impact from LRT (denoted as Oy pkg noLRT)-
The level of Oy pig noLrT in our study was estimated to be 34 ppb as
shown in Fig. 9b. The difference between Oy pkg and Ox pkg noLrT Can be
attributed to an LRT contribution (~27%) from the Asian continent.
This range also corresponds to the previous modeled values of 28-38%
(Chou et al., 2009), 22.8-34.8% (Nagashima et al., 2010), and 5-20%
(Li et al., 2016).
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Fig. 7. Comparison of monthly variations in OPE,, VOC/NO ratios, VOCs, and NOx at Gwangjin (GJ) (a—c), Guwol (GW) (d—f), and Yangpeong (YP) (g-i) for selected
days following the criteria described in the methods section.
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3.3. Response of Oy to NO2 emission changes

the relationship of the two O3 components (Ox prg and AOx) with NOx,
OPEy, and NO, in the SMA.

Starting with the first Ten-Year Plan, which introduced special con- Fig. 10 shows scatter plots for OPEy, NOy, NO,, Oy bkg, and AOy at
trol measures in the SMA for 2005-2014 (ME, 2005), Korea has enacted the three PAMS sites. The scatter diagram for OPE, and NOy, is separated
policies to reduce NO emissions from industry, vehicles, and other into high and low NOy zones by a threshold value of approximately 10
sources. The Korean government set a goal of reducing NO, emissions by ppb. It can be seen that OPEy is inversely proportional to NO5 in the
53% during this period, with the aim of reaching an NO; value of 22 high-NO3 zone, while it is directly proportional to NO in the low-NOg
ppb. We inferred the response of O4 to NO2 emission changes through zone. An inverse relationship between OPE, and NO; has also been
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reported in several studies (Chou et al., 2009; Lei et al., 2007), but a
proportional relationship under low-NOy conditions has, to our knowl-
edge, very rarely been investigated. Similar results were obtained from a
model-based estimation of OPE, versus NOy in Houston (Mazzuca et al.,
2016). However, an observational study at a rural site in New York state
(Ninnenman et al., 2017) showed that OPE, rapidly decreases when NOy
increases, which is in opposition to our results. Thus, we can assume that
the OPE,—NO relationship can differ depending on the O3 regime, and
more work is needed to characterize the dependence of OPE, on NOy in
low-NOy environments.

The scatter plot of NOy versus NO, is also separated into two groups,
but their relationship is opposite to that of OPE versus NOy. When the
level of NOy is reduced, OPE, increases (decreases) while NO, decreases
(increases) at urban (suburban) sites. As an increase (decrease) in OPEy
resulting from decreased NOy concentrations would be offset by a NO,
decrease (increase), the overall relationship between AOy (= OPE; x
NO,) and NOy becomes less clear. On the other hand, AOy generally
shows a negative relationship with the regional background O3 con-
centration of approximately 10 ppb or more. This is due to the fact that
when the regional background concentration decreases below a certain
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level, the regional background significantly suppresses photochemical
production. Considering recent studies showing that Northeast Asia has
a relatively higher O3 background than Europe and America, we can
infer that the regional background becomes an important factor for the
development of an O3 control strategy in the SMA.

Overall, in urban areas, a decrease in NO5 leads to an increase in
OPE; through potential O3 formation. However, the increase in OPEy is
sufficiently offset by a decrease in NO,. In this manner, changes in Oy
would be insignificant despite marked changes in NOs. In contrast, at the
suburban site, decreased NO-, level led to decreased OPEy and increased
NO,, and as a result, induced an increase in AOx with no discernible
change in NO,, consequently suppressing photochemical Oy production.
Together, these results therefore suggest that urban Og policies should
consider significant cuts in NOy emissions to allow the O3 regime to shift
(Kim et al., 2018).

4. Conclusions

The Og level in the SMA in Korea has steadily increased despite re-
ductions in Os precursor emissions. It seems that decreases in NOy
resulted in increases in both the daily mean and peak Os levels in the
SMA, which is attributed to weakened titration under a NOy-titration
regime. However, details of this process are rather complicated; a
decrease in NOy in the SMA leads to an increase in OPEy, but this in-
crease is accompanied by a decrease in NO,, resulting in no discernible
change in the total photochemical oxidant production. Meanwhile,
regional background does not seem to significantly affect OPEy, even
though recent studies have reported that Northeast Asia has a relatively
high O3 background compared with other continents (Chang et al.,
2017).

Marked reductions in NOy emissions enable cities to switch from a
VOC-limited to a NOy-limited regime, which may have positive practical
effects. For cities such as Ulsan that are already in a NOy-limited regime,
the O3 problem may be alleviated solely by a reduction in NOy emis-
sions. In addition, when used concurrently with VOC reduction policies,
NOx reduction policies can successfully lower the overall photochemical
oxidant level. Nevertheless, weak NOy control regulations may be
insufficient due to the complex behaviors of both OPE; and NO,.

For the public, the negative effects of O3 are considerably more
difficult to detect compared with those of other pollutants. Moreover, O3
levels that trigger Os alerts or warnings occur mainly during the day-
time, which heightens their potential health hazards. Thus, continuous
efforts to reduce the emissions of O3 precursors while considering the O3
characteristics of a region are imperative for the protection of human
health.
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