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Abstract This study examined long-term trends and mid-term variability of ozone concentrations in Korea's background
regions using the ensemble empirical mode decomposition method and compared them with those of U.S. west coastal
regions. While the U.S. sites showed clear declining trends in background ozone (-0.29 ppb/yr), Jeju and Ulleung in Korea
exhibited rising trends (0.26 and 0.51 ppb/yr, respectively). In 2023, background concentrations at these sites reached 85%
and 73% of Korea’s MDA8 standard (60 ppb), implying that domestic mitigation alone may be insufficient. However, the
background contribution to extremely high ozone concentrations—defined as the 3-year average of the 4™ highest MDA in
each year (ozone design value)—remained constant at 48~60% since 2003. These findings suggest that rising background
ozone levels, combined with persistent anthropogenic emissions, present structural challenges to ozone management in
Korea. While the daily mean ozone concentration levels were higher in background regions than in major cities, the daily
ozone production (DOP) in urban areas was more than twice as high as in background regions, suggesting that NO, emissions
in cities may locally suppress ozone concentrations but can enhance ozone production in downwind areas. This study also
explored mid-term ozone variability (~5-8 years) in relation to ENSO and solar activity, revealing distinct regional responses:
Jeju showed stronger ENSO sensitivity during low solar activity, whereas Ulleung appeared more influenced by solar cycles,
possibly due to upwind anthropogenic transport. These findings emphasize the need for integrated ozone management
strategies that address both background and anthropogenic sources, as well as coordinated international efforts and further
investigation into climate-ozone interactions.
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Climate-ozone interactions
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200138 2018W7HA] S Zekeh = 2170
Aele] A% 9 S5} folulabA Fo1eh 9
& HsH3H. o] =liol A NO, B VOCse] gt
HiE 217 o] 2|&2 02 AldE o] Zolk &

B0 A% 0E 5k AR o
2|2 Fohal ok & Hojeth A4E4 19
v AP 2 AFS A (Li et al., 2019} ofUz}, @&
o] iAoz 21 £ (°F 35 Young et al., 2013;
Stevenson et al., 2006) 2.2 <Igt 2] 4~4% a3t
(Monks et al., 2015) 5°] AW a5 AAS 7=
do] A7) Heh. whehA @E0] 2|2 uijE Tk o]
2t QHoA FAHE 0F el 1 WSt FAS
ol3ist= Ao] t% FasiAal glom, ofof w2t
Hi7d 22 (background ozone)®l| T3t o]sfje} ¥=2]
Z87do] u-& FZt= 1! It} (Vingarzan, 2004; Fiore
et al., 1998). Yeo and Kim (2021)2 2001 d5€ 2018
W|7kz 9] 717t §9F A= 437 A AV oE F
T Hes BAT A v A GolA A7 F 5
T} VS X 7 FAIE RS debdthar B
ISR o= =] A& 2F ke A7 Slo

gt S HEXS 2F S=0 F7| FAet 0= MR sieh X[Hnte| Hlw &t nE 729

Hl7 @Eo] Tajt a9lo= A-geh2 AARIH
oj2feh Hjd &0 T4 dfelo] Aol
M 0] 725 21 1tk Nopmongcol et al. (2016)
2 1970F5E 20201 712] oFxJofo| Al NO, &t VOCs
vl &0l 22 754%2F 159% S7FoF3.eH, o2}
22 AF71A vz S7F ul= AR vl o
FEE 3.4~5.0 ppb S7HAXI Ao & AAISHTE =
t Parrish et al. (2022)<2 H|=+ ZAZ]3E Lo} X of A
B ©F9] A FS] ODV (MDAS % A7t v A
=2 45 39 ols HTFS S4]; Ozone Design
Values) S W17 =et 914 A we= 25t
71519t MDAS (Maximum Daily 8-hour Aver-
agey® 5 B9 02 5] g 8417 ol B
&% VY B L OulFi oSS BET oDV
oA Q1A Bg9] 7oz 1980 KH 202017}
7] 6t ol IR oL, WASEe] Wsle uju]
19182 AT, ARA O WAL 4
=31 7] wiZell A&AQ1 A=A viE Aol =
E5kL vl ti 71 71 (NAAQS, National Ambi-
ent Air Quality Standards, 70 ppb ©|5h& E4JSt=
Zo] A] ¢t B sttt T3 Parrish et al.
(2022)2 & Ao A7 2EL] 7] T ol
I S99 t7] &2t AP} frAfst
7] fizoll i o T AHS St =A< FE

o] W4 Holehs AL Axslrt

o

rOlv

kU R

njlAe] A7k 0 & B3 doleelet Fshal
7] e, Bie Ao ot A2 ujEo
e 0F SRS Hol Sopiolol 4] Izt

—=

ng,
sy
ol
ol,
(]
Ne)
>,
(e}
29
fu)
M
)
iy
)
)
of
olt
o
1o
N
a4
|o
u
o)
- =

% AN Ao HT FAw] AT )
ST WEY 13L 9T Fa@ A9 54

=
=
8
8,
I
()
—_
»
N
=
o
=}
aQ
8
a8,
I
()
(=)
*
ol '
o
I_r]
)
fuj
Mo oY ofl O flo n

J. Korean Soc. Atmos. Environ., Vol. 41, No. 5, October 2025, pp. 728-749



730 LN

7k,

T3, o] AAATELS AeTt 2L g
K9] P71 o] 2L A, A9 ATE it
=49 RN nEE 0F A4 2 A

gl el HFste] & Bl Aol (elE 9, Bak
et al., 2022; Hong and Song, 2022) Hj7-52] %7]
W5} o] 50] @F Fkol n|A|= I Foll et
A= 75 Aot 55| =2 oF 2= 7|
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Q35}c}(Han et al.,, 2019).
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Fig. 1. Locations of the air quality monitoring stations. Red
markers represent national background monitoring sta-
tions, including Baengnyeong, Ulleung, and Jeju. Blue mark-
ers represent urban air quality monitoring stations, con-
structed by averaged data from 25 monitoring stations in
Seoul and 28 monitoring stations in Busan.

572 (Lal et al.,, 2000) RHFE = QI A& S0,
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=
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2.2 Y= Z&™ ZEEHH(EEMD, Ensemble
Empirical Mode Decomposition)

Ensemble empirical mode decomposition (EEMD)
= B2 AR A Zafier 2 1A gt vl
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FutE 712 2 E (IMF; Intrinsic Mode Func-
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M= ohE ARE R A% 7} 9F IMFOl| Ao Lret
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al., 2018; Lee, 2015; Wu and Huang, 2009). ©]2|gt &
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Fig. 2. Time series of O3 concentrations from 2001 to 2023 observed at (a) Jeju, (b) Ulleung, and (c) Baengnyeong stations.
Green shaded area shows annual mean, blue lines denote monthly mean, and gray lines represent daily mean concentrations.
Red dashed lines show Sen’s slope obtained with monthly mean concentrations.
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Table 1. Summary of Sen’s slope and Mann-Kendall trend test results for monthly ozone concentrations at three background

monitoring stations (Jeju, Ulleung, and Baengnyeong).

Station Jeju Ulleung Baengnyeong
Sen's slope (ppb/yr) 0.36 0.41 -043
z* 3.80 4.87 -143
p-value* <0.001 <0.001 0.15
First monthly peak conc. (ppb) 55.8 61.1 58.9
Second monthly peak conc. (ppb) 46.8 47.4 48.8
Monthly minimum conc. (ppb) 254 35.9 33.0

*The Z-statistic (standardized test statistic from the Mann-Kendall test) and p-values indicate the statistical significance of the linear trends.
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Fig. 3. Decomposition of daily mean O; concentrations at (a) Jeju, (b) Ulleung, and (c) Baengnyeong sites using the EEMD
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Azt 22t 3] A S A8e FAAS st A Tk 3.8kmE o] WiFSH 4ol H|E] =
of AAG oz, A T 7t Hlwet A oA 7] ool MutA o ® o] HiE s H Tk 2
o] 7FssteS stATH( Y 4). EEMDOlA &3  $58 HYS 202 HolAuh A7H 542 o]
7359} Parrish et al. (2020)9] WO 2 AFESE Y 5 £F Afolofl= JERS HHR] ¢F=rt (Par-
s AibE o2 AX5taL Qo 5T oA rish ef al. 2020). TWEbA, 2o HiASE FIHE

lo &

jﬁ
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— Jeju BG — Ulleung BG
— CA Mountain BG — Mace Head BG
== Ulleung LT Baengnyeong LT

— China interior BG
— USA MBL BG

USA interior BG
== JejulT

2005

2010
Year

2015 2020

Fig. 4. Temporal variations in background O; concentrations at various locations. Jeju (red), Ulleung (blue), and Baengnyeong
(green) represent Korea’s background sites (2001~2023). China interior denotes Waliguan Mountain, USA interior include
Whiteface Mountain in New York, and CA Mountain represents Lassen Volcanic National Park in California. USA MBL repre-
sents marine boundary layer sites along the California coast, including Olympic N.P, Redwood N.P, Trinidad Head, and Point
Reyes N.S.. Mace Head (0.02 km a.s.l.) in Ireland is also included for comparison.

Table 2. Comparison of Sen’s slopes obtained from the time series of background concentrations in Jeju, Baengnyeong, and

Ulleung vs. global locations.

Station (altitude) Sen’s slope (since 2001) Period

USA MBL (sea level) -0.29 ppb/yr

CA Mountain (1.74km a.s.l.) -0.15 ppb/yr 2001~2016
Global locations Mace Head (sea level) 0.01 ppb/yr
in Parrish et al. (2020) USA Interior (1.5 km a.s.l.) -0.56 ppb/yr

China Interior (3.8km a.s.l.) 0.25 ppb/yr 2001~2015

Jeju (0. EXR .

eju (0.08 km a.s.l.) 0.26 ppb/yr 2001~2023

This study Ulleung (0.15km a.s.l.) 0.51 ppb/yr

Baengnyeong (0.12km a.s.l.) -0.15 ppb/yr 2014~2023
(0.25 ppb/yn)©ll HIGt] h=0] viAFE B Zht2 E AFEEY 2 AdE HAFRIA, o=
A S7¥ete BEFS HQ A2 (5% 051 ppb/yr, ol =E5h= 7ol BAFY] JFo

A|FE: 0.26 ppb/yr) AL&2] Ztole] 7|91t A K th=
AA = A F ] WhE 7 FA1E UEhE A
©° 2 gy u]=tt oYW E (Mace Head WE54)
oA 9] v s 20008 = 3%77}2]: Shao] H
BAY FEE ELou, SF oA 2004, Al

oAb 201241 01 B SEo] AR 1 A
ol A AR FA1S Lrehielet. T §AFe

T4 S v AR Set 2 oge) HﬂﬁiE%
7V %9 200280% T 154

the oF 4ppb A Wekw Agto] Ad4E 1 iM
7HES WolA 1 giek B, LFEAAY WS

(¢

AF 2N AT HIs] QIA HlEof
Q) Fopehg A o] kS o Ts 7
gict.

SSw et AFEY] viE sk 20239 ©F 44 ppb
°} 51 ppbs 7IF6tL QAL o= = o F A 7E
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A FAHE A&H o2 F7IRIHH Parrish et al.
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Fig. 5. Temporal variations in ODV observed in the west coast regions of California, U.S. (gray shade area indicates the range
from max. to min. values adopted from Parrish et al., 2022) and in background regions in Korea (Ulleung: blue dots; Jeju: red
dots; Baengnyeong: green dots). (a) Trend for the period 1980~2023, (b) a close view of 2001~2023, and (c) background (BG)
concentrations during ODV occurrences (black line with pink shading: California’s west coast; blue, red, and green lines:
Ulleung, Jeju, and Baengnyeong, respectively).
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Fig. 6. Temporal variations in the ratios of background ozone levels to ODV values. The solid line represents results for the
California’s South Coast Air Basin, adapted from Parrish et al. (2022), while the red, blue, and green dotted lines indicate those

for Jeju, Ulleung, Baengnyeong, respectively.
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Fig. 7. (a) Long-term trends of DOP (Daily Ozone Production). (b) Long-term trends of NO, concentrations, (c) Differences in
DOP long-term trends between urban regions and background region (Jeju).
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Table 3. Results of the Mann-Kendall trend test (MK test)
and Sen'’s slope for the long-term trends of Daily Ozone
Production (DOP) at each station. Z is the MK test statistic,
and p-value shows the significance level.

. Sen’s slope

Station (ppb/yg z p-value
Jeju 0.11 64.17 <0.001
Ulleung -0.07 -44.41 <0.001
Seoul 0.22 136.43 <0.001
Busan 0.07 57.13 <0.001
Seoul-Jeju* 0.29 137.45 <0.001
Busan-Jeju* 0.005 3.19 0.001

*Differences in DOP long-term trends between urban stations and
background station (Jeju).
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Fig. 8. Time series of interannual ozone variations and climate factors (ENSO index and sunspot number) at two background
sites from 2001 to 2023. Left panels (a, ¢, and e) show results for Jeju, and right panels (b, d, and f) for Ulleung. (a) and (b) pres-
ent the interannual ozone variation (black), ENSO index (blue), and sunspot number divided by 100 (dark red). (c) and (d) com-
pare the interannual ozone variation (black) with regression results (red) using a 17-month time lag. (e) and (f) show the same

comparison without time lag (lag 0).
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Table 4. Time-lag-dependent changes (0~17 months) in standardized regression coefficients and relative contributions of
ENSO index and sunspot number to overall R? values for interannual ozone variations obtained with multiple linear regres-

sion.
Jeju Ulleung
Lag Coefficients Contribution to R Coefficients Contribution to R?
(month) 2 R2
ENSO Sunspot ENSO Sunspot ENSO Sunspot ENSO Sunspot
index number index number index number index number
0 -0.09 -0.05 64.2% 22.2% 0.11 -0.01 0.21 0.1% 88.5% 0.26
2 -0.11 -0.05 74.2% 17.0% 0.13 -0.01 0.21 0.1% 88.5% 0.25
4 -0.18 -0.07 87.9% 13.4% 0.19 -0.01 0.21 0.1% 88.5% 0.22
6 -0.22 -0.09 91.6% 14.1% 0.23 0.02 0.22 1.2% 100.0% 0.21
8 -0.26 -0.11 93.8% 15.9% 0.27 -0.00 0.21 0.0% 97.6% 0.21
10 -0.31 -0.13 95.4% 18.2% 0.31 -0.01 0.21 0.2% 93.0% 0.21
12 -0.36 -0.16 96.5% 19.4% 0.35 -0.01 0.21 0.1% 88.0% 0.21
14 -0.41 -0.19 97.2% 20.5% 0.39 -0.01 0.21 0.1% 89.0% 0.21
17 -0.43 -0.20 97.5% 21.2% 041 -0.01 0.21 0.1% 88.5% 0.21
*Correlation coefficient between multiple regression results and interannual variability
EREA L GTHLY 8a). T 5 AGT A 2 017 WAA AgSAT, 5 A4t Bt 1
S7FoE7] AIAFE 2022 o] F &F A= olE W Ao FS F= Aoz sl A7F 214 glo]
gato] Z7koke W MBS HYlow AFAA  Fgaigch AR AE 179 AR olfe
+ ol#et fido] YehA] edskeh vhd, AlFof Aol ATl A 1778d o] A7 2 de A-goldS o, 3w
4d M2 54 5ol oY A17](2006~2012 Akl 7P AA ALY ook
€} 2016~2022)°fl ENSO Z]<(Nifio 3.4)¢] H-of ot =TrolME &4 Aol FFel AujAololA
2t 5] ENSO A= (Fyh) EA7]ol= F=7F 4 ENSO A4=9] Az 2| WE9] gaFe] 22 gkl
5513 2] ENSO A4 (Wele) WAZINE 27k (& 4), 53 Aok o] S efiict. 22
Zashe sjElo] UG o2 BATh(AY 8a). o U AFOlAE WA 24717] disiiE 5 A4
213t HE- Jeong et al. (2023)°1 A AIARE 234k 4 Hrh= ENSO A4=2] ko] o Auij# o]l 1o
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SR A2 AR 0% o] Fjolst B Eet A%
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(], Jeong et al. (2023)9] 1% 5).
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Fig. S1. (a) Magnitude spectra of the 13 IMF components (IMF 2—-14) decomposed from monthly mean ozone concentrations
at Jeju (red) and Ulleung (blue) using EEMD, calculated by fast Fourier transform. IMF 1 represents the original daily mean
ozone data before decomposition. (b) Magnitude spectra of the recombined components classified into short-term (com-
bined IMF 2-6), seasonal (combined IMF 7-9), interannual (combined IMF 10-12) and long-term (combined IMF 13-14) varia-

tions.
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Fig. S2. Scatter plots comparing the daily mean ozone concentrations (x-axis) and the reconstructed ozone from EEMD com-
ponents (y-axis) at (a) Jeju, (b) Ulleung, and (c) Baengnyeong. The black dashed line indicates the 1:1 line and the red dashed
line represents the linear regression.
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Fig. S3. Long-term components of daily mean ozone concentrations, decomposed using the EEMD method in four regions:
Seoul (purple), Busan (black), Jeju (red), Ulleung (blue).
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