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Measurements of Ozone Flux and Dry Deposition Velocity Using

the Eddy Covariance Method: Pilot Observations in Urban Areas
in Busan and Ulsan, Korea
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Abstract  This study established a methodology for measuring ozone (O,) flux using the eddy covariance (EC) technique,
which, to our knowledge, has not yet been applied in Korea. Pilot campaigns were conducted in Busan and Ulsan during the
spring and summer seasons, respectively. Both sites showed distinct daytime downward fluxes (Busan: -3.2+ 1.7 nmol m™2s™'
Ulsan: =1.4+ 1.2 nmol m™ s™"), while nighttime fluxes were near zero in Ulsan but persisted in Busan due to stronger nocturnal
turbulence. Daytime dry deposition velocities (v, (O3)) over these urban surfaces (Busan: 0.20+0.15cm s71; Ulsan: 0.07 +0.05 cm
s7") were lower than those observed over vegetated areas but higher than over marine environments reported in literature.
Notably, v, (O3) and fluxes increased during morning rush hours despite reductions in ambient ozone concentrations due to
fresh NO emissions, suggesting a strong influence of chemical processes on deposition dynamics in the urban surface layer. This
study highlights the importance of long-term flux monitoring over diverse surface environments to better constrain dry
deposition processes in atmospheric chemistry models and to improve understanding of the ozone budget in Korea, which
features complex land-use patterns within a compact territory.
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1. A = Sicard et al., 2016; Monks et al., 2015).
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O A1 oflA AlE3HA o] d Aol AA YeFETh(Yeo
and Kim, 2021). ©]o]] w2} 2H=2] 05 5% 571 9]
< kAo g 4sty] flsiAl= 0,9 skt
721 (05 budget equation)©]] that A<l 0|57} 2
f35tt} 05 318t #F WAL AAY, AT, ol
Fog FAH, AATL 35t A|At 11497H
(dry deposition) 2.2 F-EE T} (Conley et al., 2011;
Lenschow et al., 1980). Silva and Heald (2018)= GEOS-
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7he A}, AL O] 3= A A|HA O, Aol

odk
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Alg 739 WEEe] AL AW, B S
ol 2 10 ppb] 55 Fol7} WATHE AN}
Ak o2t Aip= /43 o] 0, 5k WEe
7R 8 R1dS AARRITE tiFHollA AAEE O,
o] oF 25%+= 743 A o] 'UAYcl= Ao r A
A QA o] MAE A7 2P e B/l whet
H5AJo] uf-2 It} (Lelieveld and Dentener, 2000). T
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i, QJSflo A= 0.009~0.036 cm s 2 A& T}
o9 252 AASHAEL 91, O, A RS = A
FH| A Gl oAM= & HEHS Hh
Silva and Heald (2018)= SotH2]7tel folA &
25 78719 0, A4 AAEE YolHAES )ito
2, A4 49 B7 AASES hew Lo AN
Aok dEed 027em s, HE5H 0.42em s E
L2 06lcms; 2% 032cm s %2 0.36cm s
ole} o] sfejefAE thdet A4 oA o]
NS o] 0, TAUASE 24 A7}
5] ool T ek, Tt =AAGS AR =
S B AW 725 722 44 Teko] Algt
o] EY} thE ofAEE EE FHZE HWo
& Bt oo} cleret At HhEelel EAE
o]7] wiizoll 0, 7744 E4do] 24 g=td &
L WERA, 2| EH A AR o] ARA|SEAL QL= vl
2 EARF 22 oA Ao o7t 0, HA]
o] A=z thet A AEE Adehe A &

IS

Orﬁi—if_lﬁl-ﬂlmi“lo]ﬂ

b4
O ox

1

o,
N

J
Mo

o)
o

o,

=7 EstElX| 41 H M4 F



o] SR WS 0183 OF BAY ANHUNAE SH AT BN SHOINS A 53 2ot |47

A0, AAY FFE FHshe A o= ZA|oA 9 2. 97wy
0; 4] (budget) & ©ldllsH= d] P44 o]t} (Clifton et
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Fig. 1. Map of O; flux measurement sites in Busan (orange star) and Ulsan (green star), including AWS (automatic weather sys-
tem) locations in Busan (blue circle) and Ulsan (yellow circle).
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Az B 249 oste] 33} 2 outEs
A (54t WindmasterPro, Gill, United Kingdom, 24t
CSAT3B, Campbell Scientific, Inc., Logan, USA), =
2 AL 0, B 7S Y3t Fast O; Sensor
(FOS, Sextant Technology Ltd., Wellington, NewZea-
land), O; 5= HA B og dubz o] A7 EE

1Al HEAL 0, 24718 W skl 28519
oHE ). 3i}%-§%n%%%ﬂl% 24 A% 94 912

m EfYef AXJet A, FOS Al =2 &Y (sample inlet)
£ Z2305EA AlA (sensor head)et 52T $1] o]
WA, SERRS S A O, 2
FOS Al=&%T 1m oHolA 7 A =E AT +
VL= AASFATH(TH 2).

FOSE O; w4} Fuke (coumarin) BH 7H0] 2}
o]l 719Fstod 10 Hz9] &2 AP =2 05 &
S 371 Alme 2ol 40m, &7 174914
ol 71719] ¥hg A=

Sk
ot

H'T
m{l:l i mm

HZE2% (teflon tubing)=

Table 1. Summary of instruments deployed for the measurements.

Measurement site (Period) Instrument Measurement parameter Tlmg
resolution
Windmaster Pro . . .
(Gill, United Kingdom) Three-dimensional wind speeds (u, v, w) 10Hz
Busan
(Pukyong National Universit FOS
yong Y (Sextant Technology Ltd., Fast response Oz concentrations in voltage 10Hz
Yongdang Campus) New Zealand)
(18 May~13 June, 2022)
Model 205 . .
(28 Technologies, USA) 05 concentrations in ppb 10s
CSAT 3B . . .
(Campbell Scientific, USA) Three-dimensional wind speeds (u, v, w) 10Hz
Ulsan FOS
(UNIST Industry-University (Sextant Technology Ltd., Concentrations in voltage 10Hz
Convergence Campus) New Zealand)
(14~26 Aug., 2023)
Air Quality Sensor
(custom-built; SM50, O3 Concentrations in ppb 10s

Aeroqual, New Zealand)
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Fig. 2. Schematic of O; flux measurement setup.

3.8L min'9] fEFo 2 [ At ST vk
ol e W A=E 0y =2t vz, 1=
photomuliplier tubeE E-3ll ¢ (voltage) 2] TH=
Z251t} (Sextant Tech., 2015). “12L, FOSE Futd
b2519) ALg AlZko] Solde] ket &
7} o] wheol 4712) Fokel B4 2L
oo, okl f AT B4 SAOH B of
39 )2 wASAT,

FOs 717l okl Bl 23 . AHgAIgkel o
2 N5 gaane welsh Slete] AEA 0, %
71e1M Z747t Fr o] Bl E St A5 F
LR Ao] QT (Liu et al., 2021; Sextant Tech.,
2015; Giisten ef al., 1992). E3}, AP¢IFo] wp=H %5

=57 A F0s 57 LT FIA7] A5 A
ZHIAE7E 1002 Ol 5491 0, HA7]9] AL
o] A HATH(Liu et al., 2021). 2 APl o] AL
= WEA7)7] flote] SRS FH0R a4 A
ZFe =T 10211 0; 57471716 97 A#Jste] =
Yot F4F S| A= Federal Reference
Method (FRM) 4191 2telAl F3H A€ A&
5190 (Model 205, 2B Technologies, USA), &4t =
Ao A= 27135 0, AA] (SM50, Aeroqual, New
Zealand)E AH&-5to] ZHA| A|2RE ko] M2 0, &

=2 AE A

7(__

TE éz%a].garjr Z] 7] §].31-M 0, Al /ql—_ ] 7&—5—} £7§
o] o] FofxH AA| tf7] £HA FRM 5771719}
AR Sk ot HE/dS Hof AA tir]d 2y
Ego] o8 4 o] thdRt Aol AA]
Hth(Han et al., 2025; Song et al., 2023; Park et al.,
2021; Park et al., 2020; SCAQMD, 2017; Moltchanov et
al., 2015). & ATlA ARERE O5 AlA=
(2023), Park et al. (2021)3} Moltchanov et al. (2015) 5
o AA| ti71 oA 71E717] (FRM)£F] Bl EA
&80 52 a8 A3 2 Al 2
Syl 208 71274
lste] BLTEAE SR, 5 2 Aol 7
¢ 982 HATHR =090, 1 $1). 0, A1A] Hlo]
Bl 712717] w=ete] HuE ol AEE 974
Jhiel g BAAE Agate] Hysigon, 1Y
H 59 FAA eat= & S19) AlA ST (Park et
al., 2020).
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By =wy )
2 Aol 10 H2o] AR HEER 573 914
S5 AR 85 (w) T LR} ARFEVIES 7=
0; =2 85 (y)°ll diste] 302 7I3te] izt ¢
0; B8 25 AEskalth B8 AF2d 0, 2829
22 7|3ke] Wt 05 Tk ()€ 185t 0, 1A

w

vy = — ZX (3)

2.4 A MES 28 HIo|E M2

Y SHE Tl +HE dlolE = tleold F4 &
HE 93 o 22 QC (Quality Control) ¥4
S-YoFATH Muller et al., 2010). Z5THeE A= 44
B QI eapt fEE 4 7] wiEel, 471t Wi
Bk 715 42| diolHe B Alelskink

(Vickers and Mahrt, 1997). 471291 Fu}d et ¢
23°] w4 Agof= g Eem sl 2 kol
Z7F e 4= glof, a3 wA| & 2413t o] o] 1
olE|= BAojlA A5t (Muller et al., 2010). &
g2 AhES 915 dlole AA e HAelA
AU O 7 ARGE= 3042 7]3t] diste] A Hlo]
E19] 90%7F SEEA] 2 HolHAIEE ZAA
A 213} ) (LI-COR, Inc., 2021; Mauder and Foken,
2011; Finnigan et al., 2003; Vickers and Mahrt, 1997).

71429 &A1 ME o Qlof AT 5 ¢l

s
L
e
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+= spike noise A& ¢15H, EddyPro Version 7.0 Help
and User’s Guide (LI-COR, Inc., 2021)°f4] A|A|St 7]
=ofl wet 1571 dlole] ZRIER /% windows

85101 despike HE S PSNIt. AF FEHL B
ZHA] 54 (500 ZHSE 22 spike HloHA
17 [e]

o, o g2 AS 27 12 (107 ZRIE) HAghe
2 A= ATt (Burba, 2022; Mauder and Foken, 2011;
Vickers and Mahrt, 1997). O; 5%=2] spike 2] o] Tf
et 7% e AAE vE glof, FAH R 70
o]’o] Zhe spike= 7Hoto] o ERIE AT 1
Pt 2 iAot

3AE-Z25 S 71878 Qlste] S4H o
 dlolefo] zelE WIS A|AstaL, =221 viE
9] 55 wet HH3AE At 215 Tanner and
Thurtell (1969)©] A|2t$F Double Rotation (DR) -2
ol-gste] T4 AE (u-, v-, w-component)©f] T3t =
3)1A-& 4B (Liu et al., 2021; Loades et al., 2020;
Finco et al., 2018; Tsokankunku and Held, 2014; Choi
et al, 2011). 5 3]3S 915t Planar Fit (PF) -
AP SR, PE S B712b0] 27 A2}
Basie, Sel A9 AL 2 0 GAAoE 44
4 )& "ol th(Wilczak et al., 2001). & Aol A=
oF 237 RS AR HOT B AT &
SFRAL AE &7l AAJste] BAPE 24 &
ojglenz UutA o w gro] AMgE= DR Y
L5FA ) (Liu et al., 2021; Loades et al., 2020; Tsokan-
kunku and Held, 2014). o2 AsjALof| A sH4 7}
574 24f w2t PF ti4] DR -2 AR A7
ATk (4l, Loades et al., 2020; Tsokankunku and Held,
2014).
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E (& dFolA= 3042) AA 717 FolAle A7 |
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2 block averaging ®'H (Moncrieff et al., 2004) 7} lin-
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Fig. 3. Examples of covariance variations as a function of time-lag, (a) obtained on 31 May, 2022 in Busan, (b) on 21 August,

2023 in Ulsan.

o] 0, &}t A% F& AAE Hlo|HAEL] 7]
/32 A7 (Finco et al., 2018; Aubinet et al.,
2012).

FOSt= 57] A&7} inlet tubing F2Fste] 7]7] ]|
FAEE A slehEgS ffofl Fuk v Ao
H 72 AZEE voltage® W 0] 7170 7] =5
+ ARte] " ashr] wliol 32Hd- 22 ug5A| 0] &
A 715 A1} Zpo] 7t HAER L whEbA FAE o]
B8 S ALRS SIsiA T 7171 Ate] o] HEG- AJZE
Zto] (time-lag)E ALe{sto] 4 AT AXA7]=
A o] ™ QSTt(Park et al., 2013b; Fan et al., 1990).
B AL A= Park et al. (2013b)oA] AAITE cross-
covarianceS ©]-83F o] 7P Hetstal dyA <l
AILE A SHA 7] w 2ol o] & ©]-8-5t] Time-lagE
4FEsHRAT o] 5 TteFehA Aoy, A dS Alel
gl 4949 10~164] 717te] tisto] £ 7172
AL A= 30%; Park et al, 2013b)2] O; =2} 4
2] FEE AALG T st AAG e et 9
O] AZIR A& A-goto] FARE ALt o1& B
ot FHofl Ho| F4kS 7= AQAIE A5t
= dislolth(2] 4; 717 3a8} 3b; Park et al., 2013b).

L
N

covg, w(T) =

N-tT
Y O0-Twe+D-m) @
t=1

o] 714 12} N2 242} 2| ARZH} 54 717ke] 244
olg] |55 Uit A9 time-lag= oFFol T
H AlLFste] o @l s 2851
o]} Zro] AFEH time-lage FAT A 7|7 oll=
A 12z [ 40%, &4 SA7IX = A 11
Zof|A X 24.72°] HLIE HATh o] 23t time-lag
o HiE W= 71719 WSt HPAIREE 1
= o FRHAQl A7go] oyt 0, = VOCs &
HA =4 AP AT A= time-lag?] W54 11

SHA] e¥al AdA| 7134e] thste] Hf A Q1 shte] ghe

o] Z-2 717t thste] 4HESETH(Zhu et al., 2015;
Park et al., 2013a; Fan et al., 1990). 2 Z4 o] A= 34}
A-25uhE2A glo|H 2 AL} FOsol| A2H AFE
7F QIEIle]] Az =] o] 1A] ofot HlolH =79t AF
E] AIA] 715 A2} Afol7F At £E 2 FRIAH e
2 F7¥ohs @4do] WAYSHA A, time-lag AT ©]2F
AR £ g F7FThH (T H4a%t 4b). whebA] £
Aol A= A7l w2 FRE L} BlolE 2 A AJA <]
Eolflo] time-lag®] XA F7F Yglo= A5t
oFet YA ZFE 2 Q151 time-lagZt H&oHA LEL
U] ok S Yol deiAls 1 404 S5 A
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w7 IY-G A= =5 |oF 2T} (Sextant Tech., 2015).
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Table S1. Summary of statistical errors of SM50 ozone sensor relative to the federal reference method instrument, based on
intercomparison tests conducted at a nearby air quality monitoring station.

Values
Bias -0.4 ppb
RMSE (Root Mean Squared Error) 4.0ppb
MAE (Mean Absolute Error) 3.1 ppb

13.9%

MRE (Mean Relative Error)
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Fig. S1. (a) Time series of hourly ozone concentrations measured by the federal reference method (FRM) instrument (black dot-
ted line; AQMS), raw signals (red line) and corrected concentrations (blue line) obtained from SM50 ozone sensor. (b) Scatter plot
comparing hourly ozone concentrations from the FRM instrument (AQMS) and SM50 sensor. The orange line represents a linear

fit (slope=1; R*=0.90).
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