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Abstract  This study examines the distribution characteristics of volatile organic compounds (VOCs) over the Seoul metro-
politan area in March 2020 based on aircraft measurements. A total of three research flights (RF1, RF2, RF3) were conducted
under different meteorological conditions using a proton transfer reaction - time of flight - mass spectrometer (PTR-ToF-MS)
mounted on a research aircraft. The measurements revealed that VOC concentrations were significantly elevated during
stagnant atmospheric conditions (RF2), in conjunction with increased concentrations of ozone (Os), carbon monoxide (CO), and
nitrogen dioxide (NO,), suggesting enhanced photochemical activity. Methanol was the most abundant VOCs across all RF,
accounting for over 50% of the total VOCs. Acetaldehyde and acetone were also observed at high levels, indicating strong
secondary production under photochemically favorable conditions. Anthropogenic VOCs such as toluene, benzene, and
acetonitrile were notably higher in RF2, implying the influence of industrial and traffic-related emissions. Biogenic VOCs (BVOCs),
including isoprene and pinene, showed increased levels in RF2, with isoprene oxidation products such as methyl vinyl ketone
(MVK) providing additional evidence of active photochemistry. These findings highlight the complex interplay of anthropogenic,
biogenic, and secondary sources in shaping the VOCs composition over the Seoul metropolitan region. This study demonstrates
the utility of aircraft-based measurements for characterizing upper-level VOCs distributions and underscores the need for
expanded airborne observations during different seasons to improve understanding of VOCs sources, transport pathways, and
atmospheric transformation processes in urban environments.
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A} B4 | %117 (Han et al., 2006),
VOCse]l thgt ol oA A] Foket.
2016\3°N= -1 A ti7]d 5524 (Korea -
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of Fet 7122 =T 5= ATt (Simpson et al., 2020;
Nault et al., 2018).
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Table 1. Summary of the research flights.

Research Date Flight time
flight # (month day, year) (hr:mm~hr:mm)
RF1 March 21,2020 09:00~11:00
RF2 March 21, 2020 14:25~16:50
RF3 March 22,2020 09:00~11:20
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Table 2. Summary of PTR-ToF-MS analytical conditions for the aircraft measurement.

Items

Contents

Model/Manufacturer

PTR-ToF-MS 8000/IONICON

Sampling flow 100 mL/min

Primary ion H;0" mode

H,0 flow 5mL

lon source 5mA
Temperature 80°C
Drift voltage 600VvdC

lon drift tube
e E/N (electric field to gas number density) 140Td (townsend) (1Td=10""7V-cm?)

Drift pressure 2.2 mbar
Mass range m/z10~300

Mass resolution

Time of
flight mass analyzer lon extraction rate
Acquisition mode

Acquisition spectra

m/Am = 4,000~8,000
Benzene (C¢Hg) = 5,500
25kHz

Scan mode

Every 1 sec(1Hz)
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Table 3. PTR-ToF-MS (8000) intensity of VOCs target compounds.

Protonated Proton affinit Intensity (ncps/ppb),

Substance Class Formular mass (kJ/mole) ¢ Calibrat?/o(n cEr(/ZFZRg)
Methanol ovoC CH,O 33.03 754.3 12.3,R%>0.995
Acetonitrile AVOC C,H;3N 42.03 779.2 29.9,R?>0.999
Acetaldehyde ovoc C,H,0 45.03 768.5 24.9,R2>0.999
Acetone ovoc C3Hg0 59.05 812 27.20,R?>0.999
Isoprene BVOC CsHg 69.07 826.4 10.9,R?>0.999
Methyl Vinyl Ketone (MVK) ovocC C4HsO 71.05 834.7 25.5,R?>0.999
Methyl Ethyl Ketone (MEK) ovocC C4HgO 73.06 827.3 24.0,R?>0.999
Benzene AVOC CeHs 79.05 750.4 13.2,R2>0.999
Toluene AVOC C/Hy 93.06 784.3 13.3,R2>0.999
Pinene BVOC CioHis 137.13 839.5 5.4,R?>0.999

Table 4. Specification of inorganic gas measurement & analysis instruments used in this study.

Items Device Time resolution Specifications Analysis method
O o 21 IOy fuoesenc
0s git?)g?lTyEszrDYNE API) =1sec Egtg:efc;lg%ngv UV absorption
NO, CAPS NO, analyzer >1sec Range: 0~1,000 ppb Cavity Attenuated
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LDL*: <40 ppt Phase Shift (CAPS)
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Fig. 2. Flight tracks of the research flights (RFs): A star denotes the Sudokwon atmospheric research center (SARC) site on the map.
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Table 5. Description of flight regions (I~IV) and expected pollution characteristics during aircraft observations over the Seoul

Metropolitan Area (SMA).

Region Representative area Topographical/Urban characteristics Major emission sources
Urban core with dense residential and
| Han River corridor commercial areas along the Han River; Heavy traffic along
(Central Seoul) surrounded by Bukhansan (N), Olympic-daero & Gangbyeonbuk-ro
Gwanaksan - Cheonggyesan (S)
Gangdong - Seongnam - Sgburl?an -urban tra‘n5|t|on zone Vehicular exhaust, residential fuel use,
I Pangyo area (Eastern Seoul) with high traffic corridors industrial parks near Pangyo - Seongnam
9y (Seoul Outer Ring Expressway) P 9y 9
" Suwon - Anyang - Gunpo Basin terrain surrounded by Gwanggyosan;  Traffic from expressways,
area (SMA southern inland) residential & light industrial mixed area solvent emitted from small factories
. Coastal industrial zone; . .
Siwha - Ansan - Bucheon - ) - . . Petrochemical and paint/solvent-related
v Incheon area (Western SMA) includes national industrial industries, port & logistics activit:
complexes (Banwol, Sihwa, Namdong) P 9 y
2o, gt FEo g FAH 54 @ igo] U3 $)4 GEO-KOMPSAT-2A (Geostationary Korea Multi-
Tlo] 9lom, JRE Bohita} doR WebtT & Purpose Satellite-2A)2] AOD = A¥H(LH 3(d~f))
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FHL U AR ARk 1 7ol FEAY B o33t IvE AFS Bk o= U B39
7187 A4 (Sudokwon atmospheric research center, — HHFE 4159 AODS} AH|Y Al7|E EA5tHA
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Fig. 3. Spatiotemporal variation of aerosol optical depth (AOD) and air mass transport during the spring high PM episode
(March 21~23, 2020) over the Korean Peninsula. (a~c) Forecasted AOD distribution at 550 nm from the Seoul National
University GRIMs-Chem model, (d~f) GEO-KOMPSAT-2A satellite AOD imagery, and (g~i) 72-hour backward trajectory analysis
from NOAA HYSPLIT model at the Seoul metropolitan area.
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Fig. 4. Wind roses showing the distribution of wind direction and wind speed observed during RF1, RF2, and RF3 over the
Seoul airshed. Each plot indicates the frequency of wind direction (%) and the corresponding wind speed ranges (m/s) during
aircraft observations. The color scale represents wind speed classes (0~3, 3~6,6~9,9~12, 12~15,and >15m/s).

Table 6. Summary on the research flight

VOCs mixing ratio (unit : ppb).

RF1 RF2 RF3 Seoul" SARC?
lterns (09:00~11:00) (14:25~16:50) (09:00~11:20) KORUS-AQ Summer, 2018
Mean S.D. Mean S.D. Mean S.D. Mean S.D. Mean S.D.
Methanol 9.98 3.28 15.15 2.22 7.57 1.85 21.2 10.3 5.38 3.14
Acetonitrile 0.63 0.15 0.92 0.18 0.60 0.15 - - 0.30 0.20
Acetaldehyde 2.53 0.55 373 0.93 2.10 0.87 2.20 1.0 1.23 0.97
Acetone 2.12 0.71 3.33 0.59 1.49 0.53 - - 2.63 2.01
Isoprene 0.26 0.13 0.42 0.17 0.26 0.19 0.13 0.11 0.64 0.47
Methyl vinyl ketone 0.13 0.07 0.17 0.09 0.14 0.09 - - 0.75 0.52
Methyl ethyl ketone 0.94 0.91 1.73 0.72 0.29 0.12 0.29 0.12 2.13 2.09
Benzene 0.47 0.17 0.61 0.17 0.34 0.13 0.32 0.20 0.43 0.35
Toluene 0.97 0.83 1.52 0.55 0.38 0.21 2.28 1.83 0.72 0.68
Pinene 0.18 0.09 0.20 0.10 0.17 0.09 0.02 0.03 0.17 0.68
cO 259 48 346 43 266 62 346 119 353 97
NO, 10 5 13 3 5 2 18 12 12.9 6
O3 43 5 62 4 37 5 66 30 46.3 30
Temp. (°C) 74 0.7 13.0 1.0 6.5 0.5 - - 30.7 29
R.H. (%) 76.3 4.7 64.7 4.7 57.6 6.3 - - 62.5 13.6
Flight altitude (m) 564 70 581 70 619 84 <500 - Ground

KORUS-AQ (Simpson et al.,, 2020), ?SARC (Park et al., 2018)

a1 EELS 90+3.7m/sHTE A RF3-2 B4
A H 9] vig Fo| A BAF HlFo] 7P =9k,

SE27.1+3.2m/s2 THE H|SY ThH] oFs}SiTt.

3.3 &3 MZ VoCcs 2% EZ
FEH= 717 Bt

(RF1~RF3)°] tfsfl, F5719] o5& &

sJsan vy 3

A7 A T=H VOCs, CO, NO,,
0;, 71, &L, vl E 59| Boghat FEHA}
£ Adsto] & 6ol Aokl 248 F HluE
380 20159 B2 KORUS-AQ ZH|Q]

ol /] =4 VOCs A& (Simpson et al., 2020)2}, 2018
| o]24 SARCOIA PTR-ToF-MS&E #=H A}
(Park et al., 2018)E 37 Yerth 545 vOCs 7t

I A& s

=7 gstEX| 42 B M1 &
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<4 4F&}E VOCs (methanol, acetaldehyde, acetone)
HlFo] 2 545 HloH, 5k aEole A= A
°]7} IA9F methanol©] 71 &2 F=E HEHITH
o7 gt 542 20151 KORUS-AQ ¥ 20184 A2
A TEE VOCs 229t FAFsIGATE 12 57 7]
Z¥ell $lo1A, RF1, RF2, RF39] 7% 3Y0] 45911,
KORUS-AQE 59, SARCE 8¥ o5 slgdo=,
AEAR ZFo)7} Alga HARI. S AdEollA
TE3E VOCs B4 9] EXE E2-& OVOCs (Oxygenat-
ed VOCs-methanol, acetaldehyde, acetone, methyl vinyl
ketone, methyl ethyl ketone), AVOCs (Anthropogenic
VOCs-benzene, toluene), BVOCs (Biogenic VOCs-iso-
prene, pinene) & 25510 AFm H Tk R AlA|
7 HEARE HEAR (Supplementary information)
2 J9 S19] VOCs, 1% S29] CO, NO,, O; L&
UrERsich

3.3.1 OVOCs

LE RFOA methanol 7H =2 H|F-S Z}X|5}
St} RF1, RF2, RF30| A1 9] Hi5 = 9.98 ppb, 15.15
ppb, 7.57 ppb .21, ZF7}F XA VOCE] 53.3%, 53.1%,
55.8%5 AFAISFGIH o] Z¥= KORUS-AQQ] ¥
Artet fAFSTE 0 M, 20154 AL AdgollA S5
methanol 21.24+10.3 ppb2 A VOCsO| 4] metha-
nol®] 51%°l Gt 1, 2 A A} =& 450)
o} 2018\ 89 5 A& Aol AT A
o &= methanol -2 Hl%-& 22|59 =H], 538+
3.14ppbE FE 2 thE A ETE & Foq]
o, Ant 7|17t o] 5 Wl WA HAg di7| 2 sl
2ttt (Park et al., 2018). ITAIX oA AGH =2] A
g Ao EH, 2FelA 188 m E0]9] fE =49
Telecom EFOAE 19.4+13.7 ppb= TZE L 95
percentile &1 46.5 ppb ¥ tF (Langford et al., 2009). &
A = FAS A AgellA PTR-ToF-MSE ©-8-5F
o] 224t A1k methanol= F 38 ppb =013 1 A
Al vOCs 7hHl 7 =2 HISS AAISH3IT (Han

et al., 2019). Methanol2 HFAA 71 SHSt 1]

HEA {7 7k S0, A 241
+ ©} 200~400 ppt <=0t} 0|9} B W 5ko] ThE A
2|0l A AT Ao} oA 2 AT TS A=
T AFoNA methanolo] FHe EHAS & 4
At} (Bates et al., 2021).

Acetaldehyde= methanol tF& &+ A2 £2 5
TS B0, 2.12 ppb (RF1), 3.33 ppb (RF2), 1.49
ppb (RE3)2 YEFHTE Acetaldehyde= A2t HlE 7}
2 gl 36t Ak 3 FollA B¢l A4 RAlE
= A wiEE, d7] 5 gekrao] A -5 5
Sff o]} A== Fast AR AAERE T E T (Liu
et al., 2022; Atkinson, 2000). RF2= % A7l (14:25~
16:50)°l == o] RF1-RF3ET =2 7|2 X%
(13.0£1.0°C)°] . 712 &2 Fate} vk
SHAA VOC AFSHE F215tH, o]of what 22}
9l acetaldehyde®] & o] iz o=z I
. o]2{gt A¥}= KORUS-AQ 717t 59 4
TS 5ol SAH 2.20+1.0 ppbe} FAF
AR 89 o5 W2 VOCs <
SARCY] 1.23+0.97 ppbRT}= oF 2~3H) =
LERATE o] 7]A], SARCE B o] 2|9t F3kar} o7t
AIRbe 2R B o= Hw Aifof 2o]7} 9l
o _
=

o
of
H

)
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o, NEF

_\;oéﬂl
o,
o L O o ¥ o ook

N
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A
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1
al

N rlo, \
> 9
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o

[
i
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o
o
Al

Methanol¥} &7 acetone> t7] oA SH5H]
EAoh= At A= F st 7] Afsh et @
AZE U= OVOCs A1 & B2 gejA ok 2
IellAl RF1, RF2, RF3 77HE acetone®] B+ 5%
= Z}Z} 2.12 ppb, 3.33 ppb, 1.49 ppb= LEFF S ™, ace-
taldehyde Th3-0.2 &2 H|G-Z A5 RF2 +
oA 7V &2 Tt BSES oW, RF39IA =
7P 2 2S BT Acetone2 7] F AHH o2
methanol 2t} 71 %L 7}xH, NO, ¥ OH =]z
3} 9E35Ho] PAN (peroxyacetyl nitrate) ¥ &2 Q=
HAFAE Aok peroxyacetyl®] 35902 2Hgg
4= 2202 (Singh et al., 1994), RF2914 TS5 ace-
tone FIe= S TRt A 9] F3tet @ A THe S Al

Aol Za A|ER 257 4 9k
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24 ZMS, FAY, OIS, LAY, F7I, OHE, BRI
MVKE i &oll A==
EA QI A5t AP E=, EH71 —5011*1 gsfstA vk

9] A3 ALl vOC A} 38 Hrlsh= Q3%
A E EA0tH(Gu et al., 2022). E A4 RF1, RE2,
RF3 718 MVK®] B+t 5=+ 28} 0.13 ppb, 0.17
ppb, 0.14 ppb= YEF O™, RF201A 7MY &2 55k
7} B=5Qlch KORUS-AQ T gHEo= glo]A H]
W7} o] PG, SARC A/dEHEol A= 0.75+0.52 ppb
2 AT AR v A 2 EXolr)
MVK k= 7] F isoprene?] 5k &1t & A|7H
o et EFEAL 270 A 9] Fstet w9
Hhy, A 2] = BVOCs WEo| St A1
=0 lr_E_ ]

]

szoz B

EX
=

E2 go] 3ll, SARC 574
WA S Sle Bt S E-dollA BiEE iso-
prene®] GgFo] 2 A 283t Ao 2 BV E| QT (Park
etal., 2018).

MEK+= 2-butanone E+= methyl acetone®] 2}l
=20, £Z22 0 2 acetoneX} -FAFF OVOCsZE W7]
FoA ol 1914 B A Ege AT
(Yaniez-Serrano et al., 2016). & 7oA RF1, RE2,
RF3 778 MEK®] Bt 5= ZH2F 0.94 ppb, 1.73
ppb, 0.29 ppbE UEFF S ™, KORUS-AQ = AtE
&2 oty A7 B39 RE291M 7HE &2 5
T8 H3lom, RF30] 7H Wt oot £ 5%
T FA R 9E A viEe] ol

3 A2 mpetEch(3 s1).

ol
.
1
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L O

E
A
T 23

40§7;1|-

==

©
T
S

3.3.2 AVOCs
Acetonitrile> Bl & §-g/do] Yl ifj7] F 41
ol 7] 3 AaA I RrI1sRt
==, 2 biomass burning©l| A 12} ¥iEE]H, 2tA 4]
PRI J191A A4 7199 EAo] et 24Ho]

1:}

olE2s =%
]_E

o] 23t & *6] 02 Q19]| acetonitrile= biomass burn-
8=, tf7] 5 OH 2| Z2te]
&ofl 4415 AAHT (de Gouw

&Atoll Al RF1, RF2, RF3 7t
5= 7827} 0.63 ppb, 0.92 ppb, 0.60 ppb

et al., 2003)
nitrile®]

H aceto-

&, EiX|3], O|FA, HMIS, M, 233,

OlEHS

2 YePg o™, SARCHT} 2~34f
RE291A 7P =& 57t B55 2101, RF13} RF3
L GAFRE 0] Qlth RF2E HHEd 0 2 COo,NO, 5
A4 S5 HE 0AEHE LUt P =AY

Ebd 70 2 acetonitrile?] 71 HA] o]2gh A4

T2 Tl

Tl 315HA vk SHEo] 7bshE oJgko 2 njolE|n,
23] 270 AR 5 BAA o] R A
3] Pdo] Qg Ao Helth

Benzene®] B ‘sE=E 27} 0.47 ppb (RF1), 0.61
ppb (RF2), 0.34 ppb (RF3)= UEFTE RE2914 71
l_l_:-_Q_lr__EE MQD:])RF3£_7‘|-1]—H-O %}1\—0 7]_1 }
SAtt. Benzene> T WA 12 E 7H7 jEA QI =
F=E HopraR, AARAZ T S T4l
15 YR EREY, 1 A= 04*, A
T THSRE A191A HiE ol Al ‘%%
ol
A2 &) 75514, toluene ™t E‘Wﬂ

g Agel 0@ B4 Wk Fad AR
4

bo
5
%

¥RS4o] Bl A W

o{x
),
EL
o,
i
2

éé
k1
>

=

REss o 24 e
ot o] ZHp

Toluene®] Bf 5=+ RF1, RF2, RF3 7718 77}
0.97 ppb, 1.52 ppb, 0.38 ppb I tt. BenzeneTt 20| RF2
oA 7HE F2 FEE 7]1E5IAT Toluene> T4
o] wgr|7t A% 25 7 9 WY
HokrAa 2, benzenedt A =A] Hi7] & thEH
91 AVOCs2 Teisll, S-ejufet Aeiuka] 91t 2]
oA 0 e Leh 24 0] shia 245
1T} (Chae et al., 2024). KORUS-AQ 7|7+ £ 4 tolu-
ene] F $2 2.28+1.83 ppb .21, isoprene TF
202 Pslot 02 AL FR A TelEd
(Simpson et al., 2020).

Z}7+o] A H|5dof ti5}e] toluene/benzene (T/B)
Hl&S APgstginh. ok slehEo] HiEdel dish

fll

[e

=
=

ZAst5|X| M 42 A M1



2020

78 F7 A3} RF1, RF2, RF3 242} 2.06, 3.23, 1.73°]
21tk KORUS-AQ 717+2] T/BE= 1.96, SARC A=
T/BE 2.0 RF17} RE3-2 H|S:Qt =501} RE2 =
T/B7} 3 od o & 71 =7 Yehelth T/B Hl&-2 &
S S Aot e 299 749 0.9~2.2 4
o] &5} (Deng et al., 2018; Mo et al., 2016), &4 At
fo] 93 2|9 A& 8.8 o4 (Zheng et al., 2013),
Ard FA ] ALol= 1.4~5.8 M| ZhS LebAT
(Mo et al., 2015; Shi et al., 2015). 1222, RF2 7|7+9]
T/B & (3.23)2 A & 84 AHS- &9 B84 <
o] vtedH Ao 2 gt

3.3.3 BVOCs

Isoprene> t7] FollA 71 FH-e 247 €3}
T4 F olUR, T2 EY4 T A2l oo BEA
o2 Wk B Aol A RF1, RF2, RF3 1M iso-
prene®] Bt 5 ZH2} 0.26 ppb, 0.42 ppb, 0.26 ppb
2 UERgth. KORUS-AQ7]ZF isoprene 0.13+0.11
ppb F=olA, 0, B0l =2 &85 &7
At 2 AtolA RF201A 7HE =2 &
O™, RF17 RF3-2 594 o0& Az og W
ofth RF2= W A|7H (14:25~16:50) 0]l 245 A=
HHJ51H, isoprene AAFFT 2o WA5HA Hh-g
oofl wheh, RF29] MVKe}F 22 AFs} A /d&Eo) F7Fst
o, AHAY 0, G4l 71ofste 8 AF=4
2 28RS Ao 2 ZAETHGu et al., 2022).

Pinene< isopreneX} 37 23 AE 7|9
monoterpene’©] ™, isoprenedt G| £9] AU, A
U 5 A dadolA BEsEe= A4 voce] 8 4
Ho]th(Cheng et al., 2018). £ 1510 4] RF1, RE2, RF3
771 pinene®| B 5+ 212} 0.18 ppb, 0.20 ppb,
0.17 ppb= LEFSITE Al 17t B A FARRE 522
FLE FAIHL 9loH, RE20A &2 F7lol= 74
S H AT} Isoprened}t H|wste] oF 2uf A o
55 UEY O, pinene] 8 W&ol HFE4H
AAxYolehE A& AL SH, o FAgh

R EL R E P P e e

N ES

o n

it > ol
O

38 YTUES S8t A2 4T VOCs 21 SY 25

and Arey, 2003; Atkinson, 2000), pinene<> 22} 5-7]¢]
o2& ot AR 75Tl wet e
STE of e}, 2SS 59l o9k 22 BVOCs©l
oigk AR HiE FFe delote ATE TAY
a7t qick

3.3.4 7IAM 23/(CO, NO,, Oy)

RF1, RF2, RF39]|A] 7kA/ B 9] B VOCs &
et Fol7t 542 Utk RF2 77t CO, NO,, O;
A0 TR 7P Eqkom, F3F ARt e dEA
o tf7] Foll FA &= AR Uehgrh 2¢Hd d4
oA HjE == COE RF1 259 ppb, RF2 346 ppb,
RF3 266 ppb=, RF12] @ Ao]A| RF2 2% & %135}
COZt ti7] ol H25= As A o= Sld 4
U o9t g wE B A4 7]€9 NO, 2EE
RF2°1A] 13 ppb (A3 ppb)2 S715F9.2™, 0= RF2
oA 62 ppb (A19 ppb)= RF F7FokGiet. ol= F3t
SF dk-gof| theh daFo] dHiHoR FdES HolF
™, 7] E{F RF27F 13.0°CE 7HF &of Fofet vk
of Feftt S 29FS Aol ¥ Ais=
= RF191A 76.3% =2 7F =% o™, RF2E 64.7% %
1, RF3E 7 W2 57.6%E 71 5oto] Adide= 7
Z23F 2H01e2 HolE: s 717 7R e
HSE 1%leH, RF1F} RF2= E80] F5°1%
RF32 HA1E 270l &, =220 & HA|H
2ol A F7FeE VOCset 7k e dEd2
SteF @A, 2k X3 BEATY] FYS Fofl Tt

47 A0 wotstt

H

N
0
O
W R BN

5

2 &

A= 202019 38 B SR FFUSARE

olt
el
38
e
o
=,
_>|4_v4
i,
10
re.
-
e
2
4
=
iih)
e
o o
o,

A okt Zh
1) 52 44F VOCsE OVOCs7t AHf& o],
methanol> Z14| VOCs 9] 50% o= 2H2|6F3ie. ©]
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26 83, FNG, §UE, Zoin, 2T, AFEY, HhEl,

g OVOCs 9A] AL KORUS-AQ & SARC =
Aot ‘QT&H‘IL #Eiﬂ % W 4F2HE vOCs9l
HFol stt= &

2) RF29)14] 41
7¥shelet 9] %
¢Hh o] B%

-84 71992 ME KE]- toluene®| &
i ARAER] (A2}
2111, T/B Hl% *J%

o,
ku
ofy
rox

=
3) RF2= 57t 712 A5t @7 isoprene ¥ 71 4F
]‘4— ]1— /\}-_J_oﬂ/\-li Al

3t AAE (MVK)S ge15H]
A 71499] BVOCs A&7t A9k YEfH, =2
QL AF R Ao A viEH BVOCs7t t7] A< %
steh gk-gof| 718 7hsAde HofErh

LA 4FQY - 4F o] e S AgellA A= o
£ 7199 voCs7t 715F 70| uiet Al #Ed
T 9SS FEHEE Tl EIotArt ol AE
719] vOC z/do] thafst &t 7] o]F 29

A]-AY AT A el i Bl oS Bo) S
3 VOCse] 719, ol 54, 181 Faste o3
2 HFsh) 7YY Bt 9t

References

Atkinson, R. (2000) Atmospheric chemistry of VOCs and NOx,
Atmospheric Environment, 34, 2063-2101. https://doi.
0rg/10.1016/51352-2310(99)00460-4

M, NS, MEZ, 233, OlEg

Atkinson, R., Arey, J. (2003) Gas-phase tropospheric chemistry of
biogenic volatile organic compounds: A review, Atmo-
spheric Environment, 37, 197-219. https://doi.org/10.
1016/51352-2310(03)00391-1

Ban, J., Park, T,, Kang, S., Choi, S., Wong, G., Choi, J,, Seo, B-K,, Kim,
S. Ahn, J, Lim, Y, Sung, M., Jung, S., Jung, J,, Kim, H,,
Park, S.-M., Lee, J., Kim, J., Kim, J,, Park, S.B. Park, J., Lee,
T. (2024) Impact of biomass burning on air quality: A
case study of the agricultural region in South Korea,
Atmospheric Environment, 339, 120864. https://doi.
org/10.1016/j.atmosenv.2024.120864

Bates, K.H., Jacob, D.J., Wang, S., Hornbrook, R.S., Apel, E.C., Kim,
M.J., Millet, D.B., Wells, K.C,, Chen, X., Brewer, J.F, Ray,
E.A., Commane, R, Diskin, G.S., Wofsy, S.C. (2021) The
global budget of atmospheric methanol: New con-
straints on secondary, oceanic, and terrestrial sources,
Journal of Geophysical Research: Atmospheres, 2021,
126(4), €2020JD033439. https://doi.org/10.1029/2020
JD033439

Chae, J.-S., Chae, J.-S,, Jeon, J.-M., Kang, B.-W., Kim, J.-H., Moon,
K.-J., Park, G-T., Kang, D--l. (2024) The Study on Emis-
sion Characteristics of Gas-phase Hazardous Air Pol-
lutants Generated at the Large-scale Industrial Com-
plexes, Journal of Korean Society for Atmospheric
Environment, 40(1), 27-47, (in Korean with English
abstract). https://doi.org/10.5572/KOSAE.2024.40.1.27

Cheng, X, Li, H., Zhang, Y., Li, Y., Zhang, W., Wang, X., Bi, F, Zhang,
H., Gao, J.,, Chai, F, Lun, X., Chen, Y., Gao, J, Lv, J.(2018)
Atmospheric isoprene and monoterpenes in a typical
urban area of Beijing: Pollution characterization,
chemical reactivity and source identification, Journal
of Environmental Sciences, 71, 150-167. https://doi.
org/10.1016/j.,jes.2017.12.017

de Gouw, J.A,, Warneke, C., Parrish, D.D., Holloway, J.S., Trainer,
M., Fehsenfeld, F.C. (2003) Emission sources and ocean
uptake of acetonitrile (CH,CN) in the atmosphere,
Journal of Geophysical Research: Atmospheres,
108(D11), 4329. https://doi.org/10.1029/2002)D002
897

Deng, CX. Jin, YJ, Zhang, M,, Liu, X.W., Yu, Z.M. (2018) Emission
Characteristics of VOCs from On-Road Vehicles in an
Urban Tunnel in Eastern China and Predictions for
2017-2026, Aerosol and Air Quality Research, 18,
3025-3034. https://doi.org/10.4209/aaqr.2018.07.
0248

Gu, C, Wang, S., Zhu, J, Wy, S,, Duan, Y., Gao, S., Xhou, B. (2022)
Investigation on the urban ambient isoprene and its
oxidation processes, Atmospheric Environment, 270,
118870. https://doi.org/10.1016/j.atmosenv.2021.118

Sr=i7|2tsts|x| H 42 E A 1


https://doi.org/10.1016/S1352-2310(99)00460-4
https://doi.org/10.1016/S1352-2310(99)00460-4
https://doi.org/10.1016/S1352-2310(03)00391-1
https://doi.org/10.1016/S1352-2310(03)00391-1
https://doi.org/10.1016/j.atmosenv.2024.120864
https://doi.org/10.1016/j.atmosenv.2024.120864
https://doi.org/10.1029/2020JD033439
https://doi.org/10.1029/2020JD033439
https://doi.org/10.5572/KOSAE.2024.40.1.27
https://doi.org/10.1016/j.jes.2017.12.017
https://doi.org/10.1016/j.jes.2017.12.017
https://doi.org/10.1029/2002JD002897
https://doi.org/10.1029/2002JD002897
https://doi.org/10.4209/aaqr.2018.07.0248
https://doi.org/10.4209/aaqr.2018.07.0248
https://doi.org/10.1016/j.atmosenv.2021.118870

202041 38 PBWES S8t £ 4T VOCs 22 £ 27

870

Han, C,, Liu, R, Luo, H., Li, G, Ma, S., Chen, J., An, T. (2019) Pollu-

tion profiles of volatile organic compounds from dif-
ferent urban functional areas in Guangzhou China
based on GC/MS and PTR-TOF-MS: Atmospheric envi-
ronmental implications, Atmospheric Environment,
214, 116843. https://doi.org/10.1016/j.atmosenv.2019.
116843

Han, J.S., Kim, Y.M,, Ahn, J.Y,, Kong, BJ, Choi, J.S,, Lee, S.U,, Lee,

S.J.(2006) Spatial Distribution and Variation of Long-
range Transboundary Air Pollutants Flux during 1997-
2004, Journal of Korean Society for Atmospheric Envi-
ronment, 22, 99-106, (in Korean with English abstract).

Kim, C.H, Kim, J., Noh, S, Lee, S., Yoon, S.H,, Lee, S.S., Park, J.-S.,

Kim, J.B. (2021) A Study on Temporal-Spatial Charac-
teristics of Volatile Organic Compounds Distributed
near Petrochemical Industrial Complex using PTR-
ToF-MS, Journal of Korean Society for Atmospheric
Environment, 37(5), 812-828, (in Korean with English
abstract). https://doi.org/10.5572/KOSAE.2021.37.5.
812

Kim, H., Choi, J., Ahn, J., Kim, J,, Lee, T,, Cho, S., Park, J. (2022b) A

Study on the Characteristics of Aerosol Chemical
Components Over the Seoul Air-Shed (I) - Chemical
Evolution of PM-1.0, Journal of the Korean Society of
Urban Environment, 22(2), 91-99, (in Korean with Eng-
lish abstract). https://doi.org/10.33768/ksue.2022.22.
291

Kim, H., Park, J.,, Choi, J., CHoi, S., Ahn, J, Kim, J,, Cho, S.(2022a) A

Study on the Characteristics of Aerosol Chemical
Components Over the Large Emission Sources in
Chungcheongnam-do, Journal of the Korean Society
of Urban Environment, 22(3), 119-128, (in Korean with
English abstract). https://doi.org/10.33768/ksue.2022.
22.3.119

Kim, M., Kim, J., Lim, H,, Lee, S., Cho, Y., Lee, Y.-C,, Go, G,, Lee, K.

(2024) Aerosol optical depth data fusion with Geo-
stationary Korea Multi-Purpose Satellite (GEO-KOMP
SAT-2) instruments GEMS, AMI, and GOCI-II: statistical
and deep neural network methods, Atmospheric
Measurement Techniques, 17(14), 4317-4335. https://
doi.org/10.5194/amt-17-4317-2024

Langford, B., Nemitz, E., House, E., Phillips, G.J., Famulari, D., Davi-

son, B., Hopkins, J.R., Lewis, A.B., Hewitt, C.N. (2009)
Fluxes and concentrations of volatile organic com-
pounds above central London, UK, Atmospheric
Chemistry and Physics, 10(2), 627-645. https://doi.
org/10.5194/acp-10-627-2010

Lee, BK,, Choi, S.D., Shin, B,, Kim, S.J., Lee, S.J,, Kim, D.G,, Lee, G.,

= o

Kang, H.J,, Kim, H.S., Park, D.Y. (2023) Sensitivity analy-
sis of volatile organic compounds to PM, s concentra-
tions in a representative industrial city of Korea, Asian
Journal of Atmospheric Environment, 17(1): 3. https://
doi.org/10.1007/544273-023-00003-y

Lee, S., Park, R.J.,, Hong, S.-Y,, Koo, M.-S., Jeong, J.., Yeh, S.-W.,, Son,
S.-W. (2022) A New Chemistry-Climate Model GRIMs-
CCM: Model Evaluation of Interactive Chemistry-Mete-
orology Simulations, Asia-Pacific Journal of Atmo-
spheric Sciences, 58, 647-666. https://doi.org/10.1007/
$13143-022-00281-6

Liu, Q, Gao, Y., Huang, W,, Ling, Z,, Wang, Z., Wang, X. (2022) Car-
bonyl compounds in the atmosphere: A review of
abundance, source and their contributions to O; and
SOA formation, Atmospheric Research, 274(15),
106184. https://doi.org/10.1016/j.atmosres.2022.106
184

Mo, Z,, Shao, M, Ly, S.(2016) Compilation of a source profile data-
base for hydrocarbon and OVOC emissions in China,
Atmospheric Environment, 143, 209-217, https://doi.
org/10.1016/j.atmosenv.2016.08.025

Mo, Z., Shao, M., Ly, S., Qu, H., Zhou, M., Sun, J., Gou, B. (2015)
Process-specific emission characteristics of volatile
organic compounds (VOCs) from petrochemical facil-
ities in the Yangtze River Delta, China, Science of The
Total Environment, 533, 422-431. https://doi.org/10.
1016/j.scitotenv.2015.06.089

Miiller, M., Mikoviny, T, Feil, S., Haidacher, S., Hanel, G., Hartun-
gen, E.,, Jordan, A., Mérk, L., Mutschlechner, P, Schott-
kowsky, R., Sulzer, P, Crawford, J.H., Wisthaler, A.
(2014) A compact PTR-ToF-MS instrument for air-
borne measurements of volatile organic compounds
at high spatiotemporal resolution, Atmospheric Mea-
surement Techniques, 7, 3763-3772. https://doi.org/
10.5194/amt-7-3763-2014

Nault, B.A.,, Campuzano-Jost, P, Day, D.A., Schroder, J.C., Ander-
son, B., Beyersdorf, AJ., Blake, D.R., Brune, W.H., Choi,
Y., Corr, C.A,, de Gouw, J.A,, Dibb, J., DiGangi, J.P, Dis-
kin, G.S., Fried, A., Huey, L.G., Kim, M.J., Knote, C.J.,
Lamb, K.D., Lee, T,, Park, T., Pusede, S.E., Scheuer, E.,
Thornhill, K.L.,, Woo, J.H., Jimenez, J.L.(2018) Second-
ary organic aerosol production from local emissions
dominates the organic aerosol budget over Seoul,
South Korea, during KORUS-AQ, Atmospheric Chem-
istry and Physics, 18, 17769-17800. https://doi.org/
10.5194/acp-18-17769-2018

Park, J.-S., Song, I.-H., Kim, H.-W., Lim, H.-B., Park, S.-M., Shin, S.-N.,
Shin, H-J,, Lee, S.-B., Kim, J.-S., Kim, J.-H. (2018) Char-
acteristics of Diurnal Variation of Volatile Organic

J. Korean Soc. Atmos. Environ., Vol. 42, No. 1, March 2026, pp. 15-31


https://doi.org/10.1016/j.atmosenv.2021.118870
https://doi.org/10.1016/j.atmosenv.2019.116843
https://doi.org/10.1016/j.atmosenv.2019.116843
https://doi.org/10.5572/KOSAE.2021.37.5.812
https://doi.org/10.5572/KOSAE.2021.37.5.812
https://doi.org/10.33768/ksue.2022.22.2.91
https://doi.org/10.33768/ksue.2022.22.2.91
https://doi.org/10.33768/ksue.2022.22.3.119
https://doi.org/10.33768/ksue.2022.22.3.119
https://doi.org/10.5194/amt-17-4317-2024
https://doi.org/10.5194/amt-17-4317-2024
https://doi.org/10.5194/acp-10-627-2010
https://doi.org/10.5194/acp-10-627-2010
https://doi.org/10.1007/s44273-023-00003-y
https://doi.org/10.1007/s44273-023-00003-y
https://doi.org/10.1007/s13143-022-00281-6
https://doi.org/10.1007/s13143-022-00281-6
https://doi.org/10.1016/j.atmosres.2022.106184
https://doi.org/10.1016/j.atmosres.2022.106184
https://doi.org/10.1016/j.atmosenv.2016.08.025
https://doi.org/10.1016/j.atmosenv.2016.08.025
https://doi.org/10.1016/j.scitotenv.2015.06.089
https://doi.org/10.1016/j.scitotenv.2015.06.089
https://doi.org/10.5194/amt-7-3763-2014
https://doi.org/10.5194/amt-7-3763-2014
https://doi.org/10.5194/acp-18-17769-2018
https://doi.org/10.5194/acp-18-17769-2018

28

Compounds in Seoul, Korea during the Summer Sea-
son, Journal of the Korean Society for Environmental
Analysis, 21(4), 264-280, (in Korean with English abs-
tract).

Park, T., Ban, J., Ahn, J.Y,, Lee, T., Park, J. (2023) Review and Re-

commendations of Domestic and International
Research on Aircraft-based Measurements for Air Pol-
lutants, Journal of Korean Society for Atmospheric
Environment, 39(5), 723-750, (in Korean with English
abstract). https://doi.org/10.5572/KOSAE.2023.39.5.
723

Rolph, G., Stein, A., Stunder, B. (2017) Real-time Environmental

Applications and Display sYstem: READY, Environmen-
tal Modelling & Software, 95, 210-228. https://doi.
org/10.1016/j.envsoft.2017.06.025

Sarkar, C,, Wong, G., Mielnik, A., Nagalingam, S., Gross, N.J., Guen-

ther, AB,, Lee, T, Park, T., Ban, J,, Kang, S., Park, J.-S.,
Ahn, J,, Kim, D,, Kim, H., Choi, J,, Seo, B-K,, Kim, J-H.,
Kim, J.-H., Park, S.B., Kim, S.(2021) Unexplored volatile
organic compound emitted from petrochemical facili-
ties: Implications for ozone production and atmo-
spheric chemistry, Atmospheric Chemistry and Phys-
ics, 21, 11505-11518. https://doi.org/10.5194/acp-21-
11505-2021

Seo, B-K,, Park, S.b., Lee, D., Yu, M., Yu, J., Bae, K-N., Ahn, J., Park,

J., Kim, S,, Lee, T., Kim, J. (2019) Airborne Inlets and
Instrumentation on Aircraft Platform for Air Quality
Observation, Journal of Korean Society for Atmo-
spheric Environment, 35, 815-830, (in Korean with
English abstract). https://doi.org/10.5572/KOSAE.2019.
35.6.815

Shi, J., Deng, H., Bai, Z., Kong, S., Wang, X., Hao, J., Han, X., Ning, P.

(2015) Emission and profile characteristic of volatile
organic compounds emitted from coke production,
iron smelt, heating station and power plant in Liao-
ning Province, China, Science of The Total Environ-
ment, 515, 101-108, https://doi.org/10.1016/j.scitot
env.2015.02.034

Shin, S.-H., Park, J.-S., Kim, J.B., Kim, P, Kim, CH., Hwang, K., Park,

S.-M,, Lee, J., Park, J-M., Kim, J. (2024) Characteristics
of Volatile Organic Compounds Distribution in
Downtown Ansan Near Industrial Complexes, Journal
of the Korean Society for Environmental Analysis,
27(1), 14-28, (in Korean with English abstract). https://
doi.org/10.36278/jeaht.27.1.14

Simpson, I.J. Blake, D.R., Blake, N.J., Meinardi, S., Barletta, B.,

Hughes, S.C,, Fleming, L.T., Crawford, J.H., Diskin, G.S.,
Emmons, LK., Fried, A., Guo, H., Peterson, D.A., Wisthal-
er, A, Woo, J.-H., Barre, B., Gaubert, B., Kim, J., Kim, M.J.,

Kim, Y., Knote, C., Mikoviny, T., Pusede, S.E., Schroe-
der, JR., Wang, Y., Wennberg, PO., Zeng, L.(2020) Char-
acterization, sources and reactivity of volatile organic
compounds (VOCs) in Seoul and surrounding regions
during KORUS-AQ, ELEMENTA: Science of the Anthro-
pocene, 8, 37. https://doi.org/10.1525/elementa.434

Singh, H.B., O'Hara, D., Herlth, D., Sachse, W., Blake, D.R., Brad-

shaw, J.D., Kanakidou, M., Crutzen, PJ. (1994) Acetone
in the atmosphere: Distribution, sources, and sinks,
Journal of Geophysical Research, 99(D1), 1805-1819.
https://doi.org/10.1029/93JD00764

Wong, G., Park, M., Park, J., Ahn, J-Y,, Sung M., Choi, J,, Park, T.,

Ban, J, Kang, S., Lee, T, Kim, J,, Seo, B.K., Yu, J.-H., Kim,
J., Woo, J.-H., Kim, S.(2024) Investigating the impact of
control strategies on the sulfur dioxide emissions of
South Korean industrial facilities using an aircraft
mass balance approach, Atmospheric Environment,
328, 120496. https://doi.org/10.1016/j.atmosenv.2024.
120496

Yanez-Serrano, A.M., NolIscher, A.C., Bourtsoukidis, E., Derstroff,

B., Zannoni, N., Gros, V., Lanza, M., Brito, J., Noe, S.M.,
House, E., Hewitt, C.N., Langford, B., Nemitz, E., Beh-
rendt, T., Williams, J., Artaxo, P, Andreae, M.O., Kessel-
meier, J. (2016) Atmospheric mixing ratios of methyl
ethyl ketone (2-butanone) in tropical, boreal, temper-
ate and marine environments, Atmospheric Chemis-
try and Physics, 16, 10965-10984. https://doi.org/10.
5194/acp-16-10965-2016

Yuan, B., Koss, A.R., Warneke, C., Coggon, M., Sekimoto, K., de

Gouw, J.A. (2017) Proton-Transfer-Reaction Mass
Spectrometry: Applications in Atmospheric Sciences,
Chemical Reviews, 117(21), 13187-13229. https://doi.
org/10.1021/acs.chemrev.7b00325

Zheng, J, Yu, Y, Mo, Z,, Zhang, Z., Wang, X., Yin, S., Peng, K,, Yang,

Y., Feng, X,, Cai, H. (2013) Industrial sector-based vola-
tile organic compound (VOC) source profiles mea-
sured in manufacturing facilities in the Pearl River
Delta, China, Science of The Total Environment, 456,
127-136. https://doi.org/10.1016/j.scitotenv.2013.03.
055

Authors Information

o]
=2 o
Fdish B33t} uAag)

(swing0128@naver.com)



https://doi.org/10.5572/KOSAE.2023.39.5.723
https://doi.org/10.5572/KOSAE.2023.39.5.723
https://doi.org/10.1016/j.envsoft.2017.06.025
https://doi.org/10.1016/j.envsoft.2017.06.025
https://doi.org/10.5194/acp-21-11505-2021
https://doi.org/10.5194/acp-21-11505-2021
https://doi.org/10.5572/KOSAE.2019.35.6.815
https://doi.org/10.5572/KOSAE.2019.35.6.815
https://doi.org/10.1016/j.scitotenv.2015.02.034
https://doi.org/10.1016/j.scitotenv.2015.02.034
https://doi.org/10.36278/jeaht.27.1.14
https://doi.org/10.36278/jeaht.27.1.14
https://doi.org/10.1525/elementa.434
https://doi.org/10.1029/93JD00764
https://doi.org/10.1016/j.atmosenv.2024.120496
https://doi.org/10.1016/j.atmosenv.2024.120496
https://doi.org/10.5194/acp-16-10965-2016
https://doi.org/10.5194/acp-16-10965-2016
https://doi.org/10.1021/acs.chemrev.7b00325
https://doi.org/10.1021/acs.chemrev.7b00325
https://doi.org/10.1016/j.scitotenv.2013.03.055
https://doi.org/10.1016/j.scitotenv.2013.03.055

AN (FYIAT 7 57| AR AT
(aweawe81@korea.kr)

LA EHBH L 717170 B D7
(nownow@korea.kr)

2% (FY AT 7 T A7 BT
(recongs@korea.kr)

g (FH AT AT AT BT
(nierair@korea.kr)
U (AR S| Q7R BAL7

(airchemi@korea.kr)

e (ghol ol el $73 26t AL AT 4)
(tachyun_park@naver.com)

20201 3¢ ASHUES Sot #=F 4E VOCs 22 £ 29

N 3] (g ol e St $73 35l uh At )

(cbjh0822@naver.com)
o] (ghtel ol iet t7) S AFAIE I A7)
(jlee@hufs.ac kr)

A8 (UC Irvine, Department of Earth System, Professor)
(saewungk@uci.edu)

A2 (@A SR AT AP
(beomkeun@hanmail.net)

255 (FA S BAD T 35
(kimjh139@hanmail.net)

oleh g (el olcfel i BT st 1)
(thlee@hufs.ac.kr)

J. Korean Soc. Atmos. Environ., Vol. 42, No. 1, March 2026, pp. 15-31



1030 | ma AN, geIY, Ue BRI, OFS, HhE, weld, Y18, O1FY, UNIS, ARE, 255, Olely

Supplementary Materials

RF1 - Methanol RF2 - Methanol RF3 - Methanol

o a7

L o] L ared L
i o foef -
3 2
%3
- 7. sF 7. fzg -
0E
s
37.34 T - 3734 T T T T a3
1208 D e O 122 1268 S e O 122 1200 5D e 7O 1212
RF1 - Acetaldehyde RF2 - Acetaldehyde RF3 - Acetaldehyde
EE3 3 33
z;; - 374 2§ - 37.4- Zg -
T T T T —+ 372 T T T T = 4 L T T T T ‘7 a
1268 D e O 22 1208 08 e O na 1zes 08 e T ara

RF1 - MEK RF2 - MEK RF3 - MEK

o 7.7
ILSAN
[>N o 3.6
SEOUL ,—\ -
@ B
3 o ars
Y/ 10

o 377

T
-3

L fef
i

° 5 5 M ]
6 X a 6 X
srad L 7.4 s srad L
. 8 g .
IWHA-ANSAN : WHA-ANSAN :
373 L N 37.34 - 7.3 L
1270 1212
1268 e | 1o 1ra 1268 D e O 1212 :
RF1 - Toluene RF2 -Toluene RF3 - Toluene
- s i L
- scout
] N H b
H r | S B ) L
3
. i
a8 a8 g g
.5 ara] .8|[ 374 e
g g A g
) )
WHA-ANSAN
o .
1268 e | 1o 12 12es 08 o O 2 cootuse 78

RF1 -Isoprene RF2 - Isoprene RF3 - Isoprene

1 1 1 ! L L
a7

7.6

ars

Latitude

Latitudo

“ |Wos 08 _
0s N 0s
04 B A 0s 2
02 < 028
Ll 37.34 Ll

T T T T T
1272
1266 1268 | e 170 1212

Fig. S1. Spatial Distributions of Selected VOCs During RF1~RF3 Flight Tracks over the Seoul Metropolitan Area. Flight path
concentrations of five volatile organic compounds (VOCs) - methanol, acetaldehyde, MEK, toluene, and isoprene - measured
during three research flights (RF1 to RF3) using PTR-ToF-MS.

=7 gstEX| 42 B M1 &



RF1-CO

2004 38 gawae so sz gz vocszz sy S

RF2-CO

377

37.6

F | 31.!-'
L

37.44

37.34

Latitude

ar7

e L

375

37.4

3734

774
376
i 3754 i
ara-

3734

37.7

37.6

LI
i

37.4

3734

377

376

375

374

3734

377
376
7

374+

373+

T
1268

Logitude

T
1270

T
1272

T T
1268 268 e 17O 1272

RF3 - NO,

s s L s

377

7.6

i ars

37.44

3734

Latitude

ar7

376

375

374

3734

§ o]

374

373

T
1268

Logitude

T
1270

Fig. S2. Spatial distribution of trace gas concentrations (CO, O3, and NO,) over the Seoul metropolitan area during aircraft-
based measurements on March 21~22, 2020. Each panel shows the flight tracks and observed concentrations during RF1
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NO, were observed in RF2 under stagnant meteorological conditions, indicating enhanced emissions and accumulation. O
levels also increased in RF2, suggesting intensified photochemical activity during the daytime.
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