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Exploration of the Spatial and Temporal Patterns of Surface
Ozone Concentrations for Development of Ozone Prediction Model
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Abstract As ozone concentration has consistently increased over time and toxicological studies suggested possible
impacts on human health, recent epidemiological studies focused on the impact of long-term exposure to ozone on
cardiovascular and respiratory diseases. However, there have been few studies in South Korea. With the goal of providing
practical guidance to developing ozone prediction model for future epidemiological studies in South Korea, the present
study aimed to explore temporal and spatial patterns of ozone concentration using regulatory monitoring data collected over
19 years. Given hourly measurements at 135~388 sites during 2001~2019, we computed daily 8-hour maximum and
averaged over the warm season from May to September as the daily- and annual-representative concentrations. Using hourly,
daily, monthly, and annual ozone concentrations, we explored short-term and long-term temporal patterns. In addition, we
investigated spatial patterns using summary statistics of annual concentrations across 16 Metropolitan Cities and Provinces
and spatial correlation structure over the country. Furthermore, we compared the temporal and spatial patterns of ozone
with those of weather conditions as well as VOCs and NO, emissions. Over the past 19 years, annual ozone concentrations
have increased by about 13 ppbv (42%) with a consistently increasing trend and showed the highest between May and June.
In the spatial pattern, ozone concentration was lower in urban areas than in rural areas. The temporal pattern of ozone was
similar to those of solar radiation, while NO, and VOCs generally showed negative correlation with ozone over space and
time. Our findings provided temporal and spatial characteristics of ozone which can help future exposure assessment for
epidemiological studies in South Korea.
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A FE7F A& S7Fstal /1Al ZA%e] wlAl=
e BuEwA o) galel 37kt glek
(US EPA, 2020; Nuvolone et al., 2013; Bogaert et al,
2009). 2 &2 22} J35r 0 GEAZA AALEHE
(nitrogen oxides: NOy) ¥} 357|183 (volatile
organic compounds: VOCs) 2| F3FeHit-3-58 5l A3
A= Q4EeE A (nitric oxide; NO)2t] ¥H-3-5 &
3] AHSF}(US EPA, 2020; Trainer et al., 1987). 7] %
Hsk= QIR A& 7120 et L& A
T2 0] Fopohig& /Sl o F T 7
7|2 HIRISh s @& A A2 2Rt (KEL
2010). SEHete] ©F Fhi 1990 o] F LA
Sto] 7p& o2 S| FUte|| 2koH (Kang et al.,
2019; Jung et al., 2009) 2019 @A} A7t 7|2
715 (0.06 ppm/8 hr) (3 S1)& B4% S 4+ A
36770 5 & T E& FISUTH(MOE, 2019). ©l+= th7]
2710l A 87l 71 eA=E FolA 710l
3 PM, 55 AT OE 67l Hi71eEEde &
gl Bl @AI5] Y2 sEolth A7t =9]¢] o
2] ot 4= dHo] sk QF kFo] 7ol |
A& fFolulet Jake Hst Tt (Jerrett et al., 2009;
Frischer et al., 1993; Lippmann et al., 1993; Ostro et
al., 1993; Romieu et al., 1992; Thurston et al., 1992;
Kinney et al., 1991; Kinney et al., 1988). < &%
H=t BHESH 2R BIAAE B7Ike] 0F
Eo] 257 A 9 Ay A Al 1
A= Gl digt it A+ AE AASHAAL 2
T B7IRE 2F ko] Arolut Al Aol mAl=
&

HH, =l A &) 17 ool thgt A= Al
SH Q1 AYglo|th (Kim et al., 2020; Lee et al., 2020a).

she it 2%
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A7t 2 FAaoA 9] FEE AI5s5h] 913 A=
RO &R Fdo] AdgE ofof jitt. SHAIRE, =
el A= ofell et A7} of2] o] Foiz] 2] ittt
T 92 AT AL, FER 5 hEA Ao
A S5 ofo] AAEE U918 FHSAL ol
E 245191 (Jeon et al., 2021; Lee et al., 2020b;
Kang, 2019; Jeon, 2014; Kim and Yeo, 2013; Han et al.,
2013; Shin et al., 2012; Jung et al., 2009; Ghim and
Oh, 1999) Yot} KAt 5 Aqtm 2] ol A7k
= AlEzHA Hete] 545 EAsHITH (Kim and
o A=e diides &
Y| I} (Yeo and Kim,
2021; Seo et al., 2014). 0] S Pt AF
€ = =etet maof 7Pt FHULL A+
717tolut ATt AR Aoy Ak, ot ¥
o 9oz gt o|Qltt (Bae et al., 2018; Kang et
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A S ol gsiA A= Ee A RO AS5RY
= 7EstaL o] RPoA A5 oF F=E o] 85h
A A 9 ARl ml A= dFe HAlj A4S0l &
7Fot9A Tt} (Kazemiparkouhi et al., 2020; de Hoogh et
al., 2018; Turner et al., 2016; Wang et al., 2016, 2015).
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2.1.3 gLHR7IEEE
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Aol ZekE oY Mg FolA o] A4=4
I NO,2FVOCs | Bl & (kg/yr)< ©l-8-3Htt. HilE
F Aue 12=z0H A2z AE7] diel, s
X =2AATHE 10,20 kme] 93 ¥ (buffer) U]
ZZS A5 (Bum et al., 2015) 2F 5 Eoto] H]

alo] o] g5kt

AA| A7 717t B A- AR FAE 23oiA o
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FA=U 21 I b o R A K= i = gl o e A A )
A|eF & O] 2] Aof whef A|7HA] ko] A &2 t2
Al TEEE=A] eIk, 0F A Ao FFS
H| 2= 718 B (GAL 9F, 28, )9t A4
(VOCs, NO,, NO,) 9] A|ZHQ1 ¥5/d-2 FAof &
1 @FE e vlnE Fit AslAg A5
o}, ARHA Q] @ O] AXHAQl kS wetstr] 19
Aol e AFA Y] 0 H AL E wofels FEHo R
A2]E 2001~20199E B3 124~336702] =A] 7]

0] A9 AEH W712E B A o
St (NO)S] g R oF vt WA A s
IL(US. EPA, 2013), =7} Wi S ache S8
71 d=d e A7 olFe] W2 A7l &2 2
£ L7t IEE T (Nagashima et al., 2010; Oh et
al., 2009). 44§ e S Apol= 53¢
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= AIFIIH(US. EPA, 2020). oFll AAFAlo A Kol
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(Cressie, 1993).
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Table 1. Average (standard deviation) of maximum daily 8-h average ozone concentrations (ppbv) at urban background regula-
tory monitoring sites for 12 months, warm season (May~September), and cold season (January~April and October~December)
by 8 Metropolitan Cities and 8 Provinces in South Korea by five different years from 2001 to 2019.

Year 2001 2005 2010 2015 2019
Area Number of sites” 124 178 223 249 336
Period

12 months 31.4(16.4) 32.4(16.0) 34.6(17.3) 40.5(19.0) 44.5(19.8)
South Korea Warm 37.6(17.3) 37.7(17.5) 41.7(19.7) 51.6(17.8) 53.8(21.0)
Cold 26.9(14.2) 28.7(13.5) 29.4(13.1) 32.5(15.5) 37.1(15.1)
12 months 29.7(16.2) 31.7(15.9) 34.3(16.9) 39.1(18.1) 42.2(18.6)
8 Metropolitan Cities Warm 35.7(16.8) 36.9(17.8) 40.8(19.2) 49.5(17.2) 50.4(19.9)
Cold 25.3(14.1) 27.9(13.2) 29.6(13.2) 31.7(14.9) 35.7(14.5)
12 months 33.0(16.5) 33.0(16.0) 34.7(17.5) 41.5(19.4) 45.7(20.3)
8 Provinces Warm 39.3(17.6) 38.3(17.3) 42.3(20.1) 53.1(18.0) 55.5(21.4)
Cold 28.4(14.0) 29.2(13.7) 29.3(13.0) 33.1(15.8) 37.9(15.3)

""The numbers of urban background monitoring sites only. The numbers of all four types of sites were 135, 213, 273, 303, and 388 for 2001, 2005, 2010,

2015, and 2019, respectively.
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Fig. 1. Maps of warm-season average ozone concentrations (ppbv) by 3 different years (top), and time-series plots of maxi-
mum daily 8-h average ozone concentrations (ppbv) over 19 years and 12 months (bottom) using urban background regula-

tory monitoring data from 2001 to 2019 in South Korea.
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Fig. 3. Time-series plots of ozone concentrations (ppbv) averaged for the warm (A: May~September) and cold (B: January~April
and October~December) seasons by four types of regulatory monitoring sites (u.b: urban background; u.r: urban roadside; n.b:
national background; r.b: regional background) from 2001~2019 in South Korea (dashed lines: average concentrations by four

site types).
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Table 2. Means (standard deviation) of maximum daily 8-h average ozone concentrations (ppbv) for 12 months and warm
(May~September) and cold (January~April and October~December) seasons at urban background regulatory monitoring
sites by 16 Metropolitan Cities and Provinces in South Korea for 2001~2019.

City/Province” N2 Total Warm season Cold season
Seoul 25 32.3(18.9) 42.6(20.0) 24.8(13.9)
Busan 20 37.9(15.7) 42.3(17.6) 34.8(13.2)
Daegu 12 38.8(19.1) 47.9(19.9) 32.1(15.3)
Incheon 17 349(17.6) 43.0(18.9) 29.1(14.0)
Gwangju 7 37.8(16.7) 44.3(17.5) 33.1(14.3)
Daejeon 10 37.0(19.0) 46.0(19.6) 30.5(15.5)
Ulsan 16 36.9(16.2) 41.3(19.0 33.8(13.0)
Gyeonggi 80 36.3(19.7) 47.2(20.4) 28.4(14.7)
Gangwon 17 39.6(18.4) 47.7(19.9) 33.7(14.7)
Chung-buk 12 39.0(19.9) 49.4(20.1) 31.5(16.0)
Chung-nam 27 40.4(18.3) 48.7(19.9) 34.2(14.1)
Jeon-buk 22 38.2(18.2) 44.6(19.6) 33.5(15.5)
Jeon-nam 24 40.7 (16.4) 44.6(18.6) 37.8(13.9)
Gyeong-buk 16 40.0(17.4) 45.6(19.3) 35.9(14.6)
Gyeong-nam 23 425(18.3) 49.8(20.4) 37.2(14.5)
Jeju 5 44.7 (15.0) 44.6(17.5) 44.8(12.9)
Total 333

116 Metropolitan Cities and Provinces except for the Sejong City which was established in 2012.
2The number of urban background monitoring sites in each region in 2019. The total number of urban background monitoring sites is 333 which is
different from 336 sites in Table 1 because the 3 monitoring sites are located in Sejong City.
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Yearly Temperature  Humidity  Sunlight radiation
24-months 0.25 0.22 0.28 0.25
5~9" 0.35 -0.07 0.55 0.41
4~6 0.33 -0.15 0.47 0.37
4~9 0.33 -0.03 0.52 0.37
6~8 0.36 -0.11 0.46 0.34

Dyearly metric that we choose to use.
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Table S1. Air quality standards and accomplishment rates by eight pollutants in 2019.

Number of sites

Pollutants (valid") Metric Air quality standard Accomplishment rate (%)
o 405 8 hour 0.06 ppm 0.0
3 (367) 1 hour 0.1 ppm 12.0
405 Annual average 0.03 ppm 94.5
NO, (366) 24 hour 0.06 ppm 90.7
1 hour 0.1 ppm 97.3
M 405 Annual average 50 ug/m? 94.5
10 (366) 24 hour 100 ug/m? 26.8
400 Annual average 15 ug/m?3 1.9

PM; 5 3
- (361) 24 hour 35pug/m 0.0
Fe 401 8 hour 9 ppm 100.0
(362) 1 hour 25 ppm 100.0
57 3
Pb (54) Annual average 0.5 pg/m 100.0
38 3

Benzene (35) Annual average 5ug/m 100.0
402 Annual average 0.02 ppm 100.0
SO, (364) 24 hour 0.05 ppm 100.0
1 hour 0.15 ppm 100.0

"Valid sites mean sites with over 75% (6570) of the total number of hours per year (8760).
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Table S2. List of ozone metrics representing long-term exposure in previous studies.

Study Metric Country
1 Jerrett et al., 2009 Warm-season (Apr~Sep) average of MDA1 USA
2 Turneretal., 2016 Annual average USA
Warm-season average of MDA8
3 Kazemiparkoubhi et al., 2020 Warm-season average of MDA1 USA

Warm-season average of MDA8
Warm-season average of 24-h average

Cakmak et al., 2018 Warm-season (May~Oct) average MDA8 Canada
5 Friberg etal., 2016 Annual average of MDA8 USA
6 Yahya et al., 2015 Annual average of MDA8 USA
Annual average of MDA1
7 Bravo et al., 2012 Warm-season average of MDA8 USA
8 Emery et al., 2012 Annual 4" highest of MDA8 USA
9 Sahu and Bakar, 2012 Annual 4™ highest of MDA8 from May to Sep USA

3-year rolling average of the annual 4™ highest

Table S3. Means(standard deviation) of ozone concentrations (ppbv) of maximum daily 1-h averages (MDA1) and 24-h aver-
ages (24-h avg) for 12 months, warm season (May~September), and cold season (January~April and October~December) at
urban background regulatory monitoring sites by 8 Metropolitan Cities and 8 Provinces in South Korea by five different years
from 2001 to 2019.

MDA1 Averaging period 2001 2005 2010 2015 2019

(ppbv)
Annual 39.3(19.5) 40.5(19.0) 42.3(19.8) 48.5(21.8) 52.0(21.9)
South Korea Warm 47.1(21.3) 47.5(21.8) 51.1(23.2) 61.4(21.1) 62.3(24.2)
Cold 33.5(15.6) 35.4(14.7) 36.1(14.0) 39.3(17.0) 43.8(15.5)
. Annual 37.7(19.2) 40.3(19.3) 42.0(19.4) 47.1(20.9) 49.7(20.7)

8 Metropolitan
Cities Warm 45.6(20.9) 47.7(22.2) 50.2(22.6) 59.3(20.6) 59.2(22.9)
Cold 31.8(15.5) 34.8(14.5) 36.1(13.9) 38.4(16.3) 42.2(15.0)
Annual 40.9(19.6) 40.7(18.8) 42.6(20.1) 49.5(22.3) 53.0(22.3)
8 Provinces Warm 48.6(21.7) 47.4(21.5) 51.8(23.6) 62.8(21.3) 63.7 (24.6)
Cold 35.2(15.6) 35.8(14.8) 36.1(14.0) 39.8(17.4) 44.5(15.7)

24-h avg Averaging period 2001 2005 2010 2015 2019

(ppbv)
Annual 20.0(11.1) 21.0(10.9) 22.6(11.9) 26.7(13.0) 30.2(14.4)
South Korea Warm 23.2(11.0) 23.6(10.9) 26.3(12.8) 33.9(11.9) 36.6 (14.6)
Cold 17.6(10.5) 19.1(10.5) 19.9(10.4) 21.5(11.2) 25.1(12.1)
. Annual 18.7(10.8) 20.7(10.9) 22.6(11.9) 26.1(12.5) 29.1(13.8)

8 Metropolitan
Cities Warm 21.9(10.7) 23.5(11.1) 25.9(12.6) 32.8(11.3) 34.9(13.9)
Cold 16.3(10.3) 18.7(10.3) 20.2(10.8) 21.3(11.0) 24.6(12.0)
Annual 21.2(11.2) 21.2(10.9) 22.6(11.9) 27.1(13.3) 30.7 (14.6)
8 Provinces Warm 24.5(11.2) 23.8(10.8) 26.6(13.0) 34.6(12.2) 37.3(14.8)
Cold 18.8(10.5) 19.4(10.6) 19.7(10.2) 21.6(11.3) 25.3(12.1)
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Table S4. Correlation coefficients between scaled VOC/NO, and scaled O; by 16 Metropolitan Cities and Provinces in South

Korea for 2010.
N Scaled VOC Scaled VOC Scaled VOC Scaled NOy Scaled NOy Scaled NOy
(3 km) (10km) (20km) (3km) (10km) (20km)
Seoul 37 -0.23 -0.38 -0.08 -0.35 -0.4 -0.18
Busan 19 -0.59 -0.63 -0.48 -0.7 -0.61 -0.56
Daegu 13 -0.53 -0.47 -0.34 -0.62 -0.47 -0.34
Incheon 18 -0.71 -0.77 -0.65 -0.72 -0.75 -0.62
Gwangju 9 -0.79 -0.76 -0.12 -0.64 -0.58 -0.18
Daejeon 9 -0.55 0.35 0.08 -0.47 0.25 0.1
Ulsan 14 -0.27 -0.43 -0.35 -0.43 -0.46 -0.41
Gyeonggi 73 -0.57 -0.55 -0.44 -061 -0.56 -047
Gangwon 11 -0.81 -0.76 -0.83 -0.64 -0.62 -0.48
Chungbuk 9 -0.84 -0.65 -0.49 -0.82 -0.7 -0.75
Chungnam 9 -0.33 -0.32 -0.47 -0.51 -045 -0.31
Jeonbuk 11 -0.14 0.2 0.32 -0.29 0.01 0.21
Jeonnam 15 -0.16 -0.16 -0.27 -0.45 -0.36 -0.2
Gyeongbuk 14 -0.72 -0.66 -0.5 -0.67 -0.65 -0.53
Gyeongnam 19 -0.17 0.14 0.25 -0.21 -0.03 0.15
Jeju 3 -0.83 -0.93 -0.94 -0.94 -0.93 -0.93
2001 2010 2019
N=174 N =294 N =484
& 7 Wk

+'w: :

@ Urban background

A Urban roadside

= National background

+ Regional background

Fig. S1. Maps of all regulatory monitoring sites (before the application of site inclusion criteria for our temporal and spatial
exploration) by four site types in South Korea in 2001, 2010 and 2019.
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Fig. S3. Maps of average ozone concentrations (ppbv) for 12 months at urban background regulatory monitoring sites in
South Korea in 2001, 2010, and 2019.
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Fig. S4. Annual trends of annual average concentrations (ppbv) of maximum daily 8-h average of ozone at urban back-
ground monitoring network sites by 16 Metropolitan Cities and Provinces in South Korea from 2001 to 2019.
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Fig. S5. Time-series plots of monthly averages of maximum daily 8-h average ozone concentrations (in red) and temperature,
humidity and sunlight (in blue) by the year of 2017, 2018 and to 2019 in South Korea.
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at urban background monitoring sites by 2001 to 2019 in South Korea.
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Korea from 2001 to 2019.
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Fig. S8. Time-series plots of averages of maximum daily 1-h average and 24-h average of ozone concentrations (ppbv) by
four types of regulatory monitoring sites (u.b : urban background; u.r : urban roadside; n.b : national background; r.b : regional
background) during warm and cold-seasons in South Korea from 2001 to 2019.
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Fig. S9. Time-series plot of annual averages of NO, concentrations(ppbv) by four types of regulatory monitoring sites (u.b:
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Fig. S10. Box plots of annual average ozone concentrations (ppbv) for 12 months (A) and warm (B) seasons across urban
background regulatory monitoring sites by 16 Metropolitan Cities and Provinces in South Korea from 2001 to 2019.
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