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Analysis of Long-term Variation Trends of Ozone in the Past 20 Years
and Recent High Concentration Cases on Jeju Island
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Abstract The long-term variation trends of ozone (O3) and its precursors (e.g., NO,) on Jeju Island over the past 20 years
(from 2001 to 2020) were analyzed using their observation data obtained from three air quality monitoring sites (Ido-dong,
Donghong-dong, and Gosan), based on Mann-Kendall and Sen’s slope methods. In addition, we investigated the cause of O3
increase during high O; concentration cases on Jeju Island in recent years. The long-term O3 concentrations showed the
strongest upward trend (+ 0.56 ppb/yr) at Ido-dong (urban site), followed by Donghong-dong (urban site) (+ 0.48 ppb/yr) and
Gosan (background site) (+0.32 ppb/yr). In contrast, NO, concentrations showed a downward trend (-0.44 ppb/yr) at Ido-
dong, except for no significant trends at Donghong-dong and Gosan. The O3 increase during the high O; cases at the urban
sites was likely caused by the combined effects of photochemical O; production and reduced NO-O;s titration (at night) due to
low NO, levels, local meteorological conditions (e.g., high air temperature and low relative humidity), local emissions, and
transport along westerly/southwesterly winds. Despite fewer pollutant emissions, the enhanced O at the background site
might be primarily attributed to the long-range transport of air pollutants from strong source regions (Chinese and Korean
emissions), rather than the impacts of the local emissions. The inflow of Oz and its precursors due to transport was confirmed
by air mass backward trajectory analysis, indicating the movement of airflow from the emission sources in Eastern China.
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Fig. 1. Geographical locations of six air quality monitoring
sites (open circle, O) on Jeju Island: Ido-dong, Yeon-dong,
Donghong-dong, Daejung, Gosan, and Seongsan. The met-
eorological monitoring sites, S1~S5 (cross marker, X), are
located close to the air quality monitoring sites, respectively.
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Table 1. Periods of four high ozone concentration cases and sites where the high ozone concentrations (120 ppb) occurred.

Case Case period

Site

Case 1 May 25 to May 30, 2014 (Peak: May 27, 2014)

Case 2 April 28 to May 2, 2017 (Peak: April 30, 2017)
Case 3 May 21 to May 26, 2019 (Peak: May 22 to May 24, 2019)
Case 4 September 6 to September 10, 2020 (Peak: September 8, 2020)

Ido-dong and Yeon-dong

Ido-dong and Yeon-dong

Ido-dong, Yeon-dong, and Donghong-dong
Donghong-dong and Daejeong
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Fig. 2. Annual variations in the concentrations of (a) ozone (O3), (b) nitrogen oxides (NO,), (c) nitrogen dioxide (NO,), and (d)
nitrogen monoxide (NO) with Sen’s slope at Ido-dong, Donghong-dong, and Gosan sites on Jeju Island during the study peri-

od (2001~2020).

SEATH(E 2). ob&e] 22 717F B Al 2139 714
84 (712, 5 d2ARhOl Ui B715A4 2 571
& QEF5E O] At vl W SHITH(E 2).
AdisEe 45 25 2=7F Qlof 20:8%te] 74
3t FAEA A Aokl WA @E0] ¢, A
717t ESE vk o & A| 23] oA HAF S7Fst
Uehon, Ao 2= St A4E
Bee HATH(1E 2). 59, o|=F AH
oA F7toh= Aol 7HE AM, tha o 2 585,
Ab &0l it} o] Qo) &, o] == 2005 T} 2009 A}
olof H&%-2 20087t 20104 Atelof ZHzF 10 ppb
AL T F7HE B3 BH, a4k ol A= 2003
WOl @ E5L7t AL thH] oF 11 ppb HAdh= &
A Bk

2087H0] e EF ol tist MK HA 23S HH
(3 2), Al 2H BT FAACR Fogt S7F FAE
Btk ol 50, ol F A3 eEFE 72

+0.56 ppblyrO 2 7HF 9kom, FEF I 14t A

[SUY

HollA Z+ZF +0.48 ppb/yr, +0.32 ppb/yrS 2 LEFSE
o} oA 1991~2012d FF FUA| S e s
A HF 9 F 37 +0.46 ppb/yr (An et al.,
2015)7} 2001~2016\1 5t FAtA o] Yt 0F F
7H& +0.44 ppb/yret H|S=§E =520] T} (Kang et al.,
2019). o]Qlol|=, A|FA 99 A A7 F oE
AlZel Higt 7154 A4S Saskleh (1| Al
Q). At 20:87H(2001~20204) AFEE 4LHEH &
T7F =4 VER] AlZrste] 1099 o]271742] &
2 F=7t vEhbe | o]of A (F4 Foll oo Y5
o] 54 AQ)), £ AT E 4~1082 LEAECR
A7gste] Bt @ EAIZ it ol%F, 5%
5, A A 9] @F A7IFAlE A2 +0.59 ppblyr,
+0.41 ppb/yr, +0.35 ppb/yrO.2 LR} A 7]t
ot 71 At vl sl & o & 2fol= obd A o=
AtRETE F7H 0 & ok, F8-F, 14t 213 9] 7]
g sol Uigt A71FAE AuE A (& 2), Al A
A BE (&2 S7F FA) 7127 dxAIRRS oA

J. Korean Soc. Atmos. Environ., Vol. 38, No. 1, February 2022, pp. 138-158



144 NS, 542

Table 2. Summary of the Mann-Kendall statistics with Sen’s slope of annual trends in ozone (O3, ppb), nitrogen oxides (NO,,

ppb), nitrogen monoxide (NO, ppb), nitrogen dioxide (NO,,

ppb), and meteorological variables (air temperature (Temp, °C),

wind speed (WS, m/s), and duration of sunshine (DOS, hr)) at Ido-dong, Donghong-dong, and Gosan sites on Jeju Island during

2001~2020 (significant level, a =0.05).

Site Component Mean sen’s Upper Lower Z=score P-value
slope slope slope (Annual trend)
O3 357 0.56 0.79 0.31 0.34 (Upward) 0.001
NO, 173 -0.44 -0.03 -0.79 -2.43 (Downward) 0.015
NO 4.2 -0.09 0.03 -0.21 -1.46 (No trend) 0.144
Ido-dong NO, 13.1 -0.32 -0.02 -0.56 -2.04 (Downward) 0.041
Temp 16.3 0.04 0.07 0.01 2.48 (Upward) 0.013
WS 32 -0.01 0.00 -0.03 -1.62 (No trend) 0.104
DOS 1814 4.39 14.66 -8.36 0.29(No trend) 0.581
O3 36.8 0.48 0.82 0.07 2.59 (Upward) 0.010
NO, 10.9 -0.05 0.06 -0.14 -1.12(No trend) 0.263
NO 2.6 -0.07 -0.03 -0.13 -2.66 (Downward) 0.008
Donghong-dong NO, 83 0.05 0.15 -0.06 1.05 (No trend) 0.294
Temp 17.0 -0.03 0.00 -0.05 -1.77 (No trend) 0.076
WS 25 -0.09 -0.08 -0.10 -5.27 (Downward) 0.000
DOS 2095 7.57 21.70 -4.16 1.49 (No trend) 0.183
O3 40.6 0.32 0.68 0.04 2.30 (Upward) 0.021
NO, 4.0 -0.01 0.06 -0.08 -0.68 (No trend) 0.496
NO 03 -0.02 0.00 -0.04 -1.91 (No trend) 0.056
Gosan NO, 37 -0.01 0.05 -0.05 -0.42 (No trend) 0.673
Temp 15.7 0.03 0.05 0.00 2.12 (Upward) 0.034
WS 6.8 -0.09 -0.06 -0.11 -4.30 (Downward) 0.000
DOS 1989 19.60 28.02 4.51 2.30 (Upward) 0.021

& AP+t 71-717F S76HL (B8 712 HA)
FTEH2 dacke Aol UrEP*E} FAA o4
(P-value Foll)= HH, 722 o|=F 1AF 24
oflA Folet s FAI7E B ‘%, T2EME +
Ofgt FAI7F YehA] ghskeh. Bt B45-2 58-51
At AR SR FOIgE HA FA|, XA
VAR ONA Folgt F7F FAI7E LR ol gE
AVNELS gtz oz 7|2 9 AZAIZEe] F7F, B
O] A Aol A @& Aol Eidtsirt=s A9 A
(Kang et al., 2019)2] A 7}et F-AFSHATE

AP LEFE HIE HH, 2000 ZFtof| o]
TEI E5E0] 2n pAET WUgro 2010
o] Fate]] Soj A Al 215 H5 oF 40 ppb o1/d9] T
$F2 Bt o] 2017~2018W 3¥oA 10€7H4]

Zo] v Aol A BET Bt LEFE (40~50
ppb) 2} FAFSH ==20] Ik (Lu et al., 2018). NO, 2| 73
¢ M-K 23 %—5& 71782 olkF AHlA &
AHog Fogt A4 FAE Hlow, 5850 1L
Aol A= Roleh FAI7F LA eESkeh (3 2). o]
& 2132 NO, 9| 4 A7} -0.44 ppb/yr= w9 F
gl5k3l L, 2000 TH7F 2010 A et o ZhubE 7k
o|ATH(LE 29} & 2). o] A2 NO, HA FAl=
NO,2 NO9| A2k (242} -0.32 ppb/yr¥t -0.09
ppb/yr)oll 2Jgt FFo &2 Atm et T3 o] F AH
o] AT NO, == 20011 30 ppboll A 20208 15
ppb 2.2 207t <F 15ppb A= 7HASHITHHE 2).
% 2014 & 5= Ql%ol, 2019 ]| H]3l} 20201 2]
At LEFETE FA] A (5, o] FollA] oF
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Fig. 3. (a) Diurnal variations and (b) daily mean concentrations of O3 and NO, at Ido-dong, Yeon-dong, Donghong-dong sites
on Jeju Island in 2019 and 2020. The solid black line indicates the date (Feb 28, 2020) when social distancing due to coronavi-

rus disease (COVID-19) started.

10 ppb)3F Z-& & &= QU o] AL tho] Aol A
9571 viel 2o 2020l HA3gH COVID-190] 9
F= = Zo= ARET (Kim et al.,, 2021b; NASA,
2020; Sicard et al., 2020; Wang et al., 2020). T2HA] 2
AtelM= LEFOIEIL F2 Uehd o|%F, A,
E=5% 4S8 o2 covID-190] ¥HAgstr] A
(201997} & (20201) 9] 2 F NO, 52| U=}
oF PS5 HwskITH( 1 3). i A (&
= 7A|9])ell 4 COVID-190] LAYZE 2020 9] @& o
NO, &= 2019\ °]| H|5|| 5}F & = Aol A
Fasks A& & 5 AoH, 2E9] A9 o] FoA
Q%of 71 Ao] (1640l AL 10 ppb) 7t 7HE F-EI5H3L
CTHH 3(a)). TS Al A3 L5 20201 9] NO, 5=
2019\ ofH] ob 9Aof| 7P 2 a7t UrER T
T Ao 5k ztols 2F 9 NO o Y4B+ (19
3(b) T AP (1 2) A A & ERIE 4= QUi
ATt7E, 20201 2 28] A38eH A WA AHS]A 7
HE7IE VMO R ok, 9%, 8% AR oE

i 201949 tiH] AE 7[FC 2 F T 42 ppb, 34

ppb, 22 ppb A= Z4F Ao Ueylth o] A8
Aol A& COVID-199] F4f 2|2 Qe tf7] 29
=40] HiET 4 (NASA, 2020)9F & B NO, &
o] Zrart vebd vF It (Kim et al., 2021b). 12
U ©<=35] COVID-19 ¥4 H59] 0= I NO, 55
2po| 25t s sh= 22 A7 glom, Bt Aglel
A= SolME LA=4 Y viEE B3l Fst
S H A4, 718EA Ato] 55 A1eRh theket
T7F QA o] ol o A5t Aol 4] =7}
Jol tiFdAH Foll ol 45d 2E0]

RS Fofl oldF &= o] A7F27HA] Ui
H} Qlo] (Shin et al., 2020; Kim et al.,
2002b; Stohl et al., 1999), o]of] T3F AN A7} 434
Hotd @ 2o A 2 5 HSEE ofdfioh= H =
= E 0% AlrHrh

O9 4= AFAS Al AH (01=F, 585, 14h
ol A9 A 201%F @F 0] MRS} (5, 251, 50,
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Fig. 5. Annual variations of (a) VOCs emissions, (b) NO, emissions, and (c) VOCs/NO, ratio on Jeju Island during 2000~2017.

NO, Hl&TE oF 1.5~28] S/ AL & 4= 3l
?FVOCs= 771-8A 9] ARG S71ol| o5t HH%%k |
7V A AAsE o H, tiA = 2007 FH X2
o|277kA] F7F FAHE KAk E3], 201192 A
= 39 F7I= Q8 vOCs siEFol €55 B

202 UERSTH(Lim et al., 2018; NIER, 2013). ©]
o, AT F2]9] TA|Z|He] vl Aol F5-
sto] =71 VOCs (biogenic VOCs, BVOCs) Hi&
Fo] AedSict (Lee et al., 2015, 2014a; Kim, 2013).
Kim (2013)°]] w2 ™, 7143-ti7|d RS Sl A
T2 BVOCs il E°] &5kl u|2|= ko] oF
22%= FE U ol A&2]92] BVOCs HiE©]

E5ro] vx]= Fe 7]o& (2F 10%, Kim, 2011)

I

E rlo J{Nl

1S

HLAEZ] S 9] BVOCs 5 isoprene Hi&2] B4t 7]
8 (9F 5% ©U, Kim et al.,, 2010)Ht} © 2 $=Z0]9)

_g

NO, Hi&#H2] 4% (29 5),20109-2 7| o= o]
Aole Zxolzedde] 7 2A yester, o]
TR HERO|F AU (RS, AL 148
ol 7P A vehhs E4S Blvh TeE A4
X o= 20087HA = W2 T4 FAE Holtprt o]

ZZ1H|

e F7tote Aol yvEsth iAo
VOCGCs/NO, Hl&% H|= 20009 % ZHFto= A9 ¢
Aotgom, e S o] 5 Hzp Frkstthrt

201095 Z4F AT ThA] 7HAS
A2 S, 2007~2008' A0l = NO, HjZFo] Z+A4shH
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Fig. 7. The number of days of three high concentration zones of O3 (80 ppb <03 <100 ppb, 100 ppb <03 < 120 ppb, and 120
ppb <03) at (a) Ido-dong, (b) Yeon-dong, (c) Donghong-dong, (d) Seongsan, (e) Daejung, and (f) Gosan sites on Jeju Island

during 2001~2020.

AFE 2 “E AR H2 Eol A} W
01041;}

57t 120 ppb O EE S
o Z 47\ "}Eﬂ Case 1~Case 4)°] T3t 2, NO,,
NO F&=0] AA D& Uehdct. Aol s ddst
H=ol, *}Eﬂf“‘i 120 ppb ©1A0] T w7} wHAYEE b
2 Case 19] 20144 5¢Y 279 (0] =%, &%), Case 22
2017 4€E 30 (°]=F, 91-5), Case 39] 20199 5¥
229~24Y (°|%F, A%, 58F), 123 Case 49|
202018 9 8% (T8, ) ©Ith (3 1). Case 19] 7
%, o|=F I AT A|HofA 2014 5Y 27 2FH
] 289 ©77k2] 9F 100 ppb ©14F2] Ik @ Fo]
TEE U 59 259 =2 059l 59U 300 9H I
oF7to] oF 40 ppb HE] W I et 55
= He ol 9 A% £ AT FAR A|A|D
S Holl}, s 20 AtjH o= tha Wit
(59 269 23~29U7}2] 40~90 ppb). FHH, 1A 7
Ho ot o B HelS By, 5Y 269 05

L= I EEE S S

-

fl

HE 309 Q3712 Y] 80~100 ppb AL Q] 1%
7 BEE A o] A2 FA1A L FEH (NO, NO

5)0] WiEgo] 7e| gl AR Solng, Fof
728 9FEEL A viEo] g FFRE o

B]:IZ

20 Seie} A RE ] 25 ola
A=t Case 29] A%, olE%

R

qgol B 270 *

T} A% 2o A 20179 49 299 A AF, 309 A
B} =0 9 50f 100 ppb 0]4F2] 1T Q Fo] HhAY
stHoH, 58% L2 Case 194A4H ol=F ¥

AE FARE AIAIE e Bk A A2 o
Az ohE ARG FARE B miglo]glont, 44 28
A7 299 @50 2 Tt WS o] oo Zfo]
£ Hoich otH, At o 232 S AR o]
77} 20187} 2019130 B2 - AR (Case 17} 2)°]]
EE 2] =tk

20199 YERA Case 32 2] 5 A=l (Case 137+
2)°t 25 ohE = Hat fide Bk (1| 8). ©]
T, A%, 585 AHelA oF 100 ppb o] 1

J. Korean Soc. Atmos. Environ., Vol. 38, No. 1, February 2022, pp. 138-158



ror

[EisZBlche

Ll /& 8€ Iy Xl

E3

(a) Case 1(2014 May 25~2014 May 30)

Ozone (ppb)

120 ,-—»\,«_p/‘\ P
0 'f“’\;ﬁw\ﬂ m’kv\“f%{

05/25 5/26  5/27

5/28 5/29

5/30

(b) Case 2(2017 Apr. 28~2017 May 02)

NO, (ppb)

80 —~ 30
60 _8- %(5)
o
40 ,/\\ =1 ;
2\ oo o, AMAMN o8 Al 1o o b

%25 526 527 5/28 529 5/30

5/25 5/26 5/27 5/28 5/29  5/30

o) — 80 30
o o fom
g120 > AL 1 2 60 2%
o 8 /\/’/‘/ \vg‘\/ /\\7‘/\% v 2 40 &%
g 40 ) W/\N oN 20 ﬂ\\ o 1g
3 R e e z Z 3 e VSN i il
4/28  4/29 4/30 5/1 5/2 4/28  4/29 4/30 5/1 5/2 4/28  4/29 4/30 5/1 5/2
__ (c) Case 3(2019 May 21~2019 May 26)
2 —~ 80 30
g =
CEIPRIPN VS aWA 24 3
o 80 M S =~ 40 £ 175
f = o
& 40 [ X /e S 20 o 10
S o z = ACAVEN [ =N oSy AN L N
5/21 5/22 5/23  5/24 5/25  5/26 5/21 5/22 5/23 5/24 5/25 5/26 5/21  5/22 5/23 5/24 5,25 5/26
(d) Case 4 (2020 Sep. 06~2020 Sep. 10)
8 ~ 80 — 30
2120 a 25
S & | E® : <0
o = 40 =
S 40 e —Y m « o 10
5 0 CZ> 20__,& - ,M Z 8
9/6 9/7 9/8 9/9 9/10 %/6 9/7 9/8 9/9 9/10
Time Time
———Ido-dong — Yeon-dong Donghong-dong Seongsan Daejung - Gosan

Fig. 8. Time series plot of the concentrations of O3, NO,, and NO at six air quality sites (Ido-dong, Yeon-dong, Donghong-dong, Seongsan, Daejung, and Gosan) for (a) Case 1

(May 25 to May 30, 2014), (b) Case 2 (April 28 to May 2, 2017), (c) Case 3 (May 21 to May 26, 2019), and (d) Case 4 (September 6 to September 10, 2020).



K|tk 20474

T Fo] HAISH A17]7} 59 22 T HE 24U @
A7k A&E90H (239 oFd A9, Y A] o
L 42 50~90 ppb AL & UrERdTh AT 1&
A& A 71 FQF ot BmAGlo] Hi
50~100 ppb AF0]9] 35 HSLS Kol HhH AJAke
ol #37(2]37 100 ppb) OFF} A o] W2 YWD} 1
Ho] 5163t Case 49] 739, 202018 9 84 7
Aoz T85O A4 55k (°F 120 ppb)
7F et O, 11 9of] A4S Al LJRE s 2ol A
30~80 ppb AFO|= AR A A E S-S H ok

19 gollA o & QlRol, thiEE Aol A
B QEFTLIL B2 F(FoR BF)el tiAZ NO,
(NOZ, NO) =7} 9] (10 ppb ©]5h YEht= E4

HAH(ES], Case 19] 5Y 27Y 25 ~28Y A

Case 29] 49 309). 29| I3t SHA, =2
NO, E&= %2 NO, 79| wtetA] tf7] & OH radi-

¥0=“-=>4¥H

cal?} NO,2}e] HHS, OH radical} vochz‘r-Cﬂ g
M2 AARog dojupy, & o NO, ZAA
r 2_1,:,1(.)—_5_?_ ZFA _:LFq_]_ 7<‘_ O 27401]/\_11—

EFEE 771 Hl 71998t} (Seinfeld and Pan-
dis, 2016). & A7) W2 NO, A @EF5& 9]
27} (2™ 8)E= OH radical®] NO,2F9] HH-g-H o}
VOCs} 52 SH| Ho] A= o3t vt
59| peroxy radicals (], RO,)& AT o=2HN o=
A FE FH L7 7ofst7] ez 44
T} (Seinfeld and Pandis, 2016; Song et al., 2012; Song
and Shon, 2008). TESF A1} offto]] =2 QFEFE
= o7k e NO, =2 QI NO-O; AA (titra-
tion) Z %_,] A 24 7]01 St 707 g_xqgr,]- vt 2,
Ak 0Fd e eEFFr AdiA o Aot
dolli= diAl2 NO, §=7}F =7 WERTH(ES], Case
19] 59 299U ~30%, Case 29] 49 29 5%k, Case 39]
59 25%). o] =2 NO, 2714 OH radical®]
VOCs®EtH= NO,%t o e AAW-S-(NO, + OH—
HNO;: LU oM Hof =2 oF A4S <
Alshz d 71915k97] 2oz et (Seinfeld
and Pandis, 2016; Song et al., 2012). Z12{1} TR A

HFX|H 2Z9|

Y71He FH A 212 D5k A 24 151

9] A|F =X VOCs X radical Z70] o]F0] 2] 1 Q1]
oL, LEFE0] F7IeE Aol High ¢Uels et

S5tz oll= of o] AU
WA ] ek oE WA 7] BAE
A E 7] f15f, A7t T QEFO|H I} of 2] A
H]—EQQ_,_ _L__‘:r__l_]—__ v AH 101 ] Case 3oﬂ EHﬁH 7]/11-_9_
i(ﬂ% %H'H%E,%é T dxATh o Hg E4
d 9). AR 717F FF 2 AR el
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FTE50 A 714 S A vt ﬂii
_HLO]D%, T 9Fo] WS 59 22
24409]| o]=F¥} AF AHL 3~7 m/s, TE T
2~5m/s FEQTH B o5 SHA -2 S 7]
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e mHebA o] A& AFE T B2 7R 5
O] A7 ZAS R QIS @Fo0 _\J-_Q:l-o]— A g £\l ] =
2 Wat opuet (71§ 9), thAa Al v (A5 AlD)= o
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