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Abstract We investigated the consistency of tropospheric nitrogen dioxide vertical column density (NO, TropoVCD)
depending on the different measurement methods (direct sun and MAX-DOAS mode) from Pandora in Seoul, Korea. The NO,
TropoVCD from both measurement methods converged within a narrow range (R=0.96), but the slope of the best-fit line was
slightly higher than 1 indicating that a higher NO, from direct sun, which is reliable, than MAX-DOAS mode. According to the
dependence of the difference in measurement azimuth angles between the two modes, a tendency for the MAX-DOAS/direct
sun ratio was decreased as it approached zero (the solar zenith angle decreased). The MAX-DOAS/direct sun ratio was linearly
increased as the solar zenith angle increased (R=0.93). To understand the difference in measured zenith angle depending on
methods, we investigated the NO, vertical distribution retrieved from the MAX-DOAS method. The MAX-DOAS/direct sun
ratio near sunrise (eastward) and sunset (westward), when the NO, vertical gradient is pronounced, is close to 1. However,
when the NO, concentration vertical gradient is gradual around noon, the NO, TropoVCD ratio is less than 1, suggesting that
the influence of the NO, concentration vertical gradient is not significant. Finally, to investigate the effect of aerosols, we
examined the variation in MAX-DOAS/direct sun ratio depending on aerosol optical depth (AOD) measured by AERONET at
the same location. Similar to changes in solar zenith angle, the MAX-DOAS/direct sun ratio increased as AOD increased. This
AOD-dependent difference is considered to be more pronounced in MAX-DOAS methods that consider changes in
climatological aerosols (0,-O,) compared to direct sun mode which estimates relatively accurate AOD. We expected that the
differences in NO, TropoVCD based on the Pandora measurement methods would not only contribute to more accurate
satellite data validation but also facilitate improvements in satellite retrieval algorithms through the enhancement of NO,
vertical distribution accuracy.
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© SHARAL Z2 Q% EEol ofs 2 )
ZH ot (Hudman et al., 2007; Zhang et al., 2003; Bond
et al., 2001). AF4=h, FAYE T2|3L ARk i
AA19 2] NO, Hi&o] S7Fsl $tom (Zhang et al,
2007), ole]l T} thEAle] L NO, S Tall
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(Lange et al., 2022).
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S 22 wefshr] Al AAE 914 oMl
(Ozone Monitoring Instrument)2} TROPOMI (TROPO
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9H5] X% 31 QT (Kim et al., 2023; Choi et al., 2021;
Chan et al., 2019).
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al., 2006; Brewer et al., 1973). MAX-DOAS H'H o] H]
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s, (1) B4R BARAERE AL (2) Ring &
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Aol gigt R, (5) 3t A4S 7S 2
7} 7] 20|t} (Herman et al., 2009; Cede et al.,
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AE-F (official product)] AT | MAX-DOAS
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SwolA 4 T wetE e s F 72 54
HHAlo] IHE NO, TropoVCD 9] P 2]4E B0t
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2 2o 2 7RG (280~525 nm) 9] AHER S
Z7ste] 7] F wF7IA9] VCDE 4HEshe ]
o]t} (Herman et al., 2019). T3F CCD (charge coupled
device) AZ7]7F THE 2537 (Avantes B.V.) = 2%
Z4d AAEE o]8sto] 20°CE A H AL Fete=
+ HFFA7], AI=71 (collimator), A== F/J=3]
O™ AloEZk (Field of View)-2 1.6°°|t}t (Herman et al.,
2019; Tzortziou et al., 2012). ©] &g T} £ Al4
He gko o 0,01 DU (1 DU=26.7 Pmolec. cm™2)2]
M9 2 AEEE 7HAH A2 o] 54 (SNR) &
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angle)= HSHAZIH BiFe] 1215 4, Bl A4
Be AR F7ch= WAlelth (11 2). MAX-DOAS
(NO, Visible Highest pointing zenith angle reference
version3, nvh3)+= W2+ Ao 4=z 1APAZ
A AAZ-S o8] ZH= (pointing zenith angle; 0°, 60°,
750, 89°)= WA RA BEslod HleFel AR
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Fig. 1. Location of the study site in the Sinchon Campus of Yonsei university. The eight-lane road (shown in right panel) about
500 m to the south of the study site. Viewing direction for azimuth angle of MAX-DOAS measurement mode.
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Fig. 2. Pandora observation modes for (a) direct sun mode and (b) MAX-DOAS mode (Cede et al., 2023; Cede, 2021).

VCD =TropoVCD +/35# VCD)E, MAX-DOAS
(rnvh3) 42 NO, TropoVCDE 4AFHESHTH (Cede,
2021; Herman et al., 2009).

AMthstL ek PGN B Axtel 2tz A7
of met P glom, A FAAL WAL B FA A
302 AFE% SCDE Air Mass Factor (AMF)2 27
3Ho 24, NO, Total VCDE A4} (A] 1).

TotalVCD = S22 1)
oY= AME
Agnt PA0R 24E ANEY 24 A AL

7174 E54HHA L 0,, NO,, 0,0,, H,0, 010, Lo|th
(Cede et al., 2023; 3 1). 2 AA} HF4] 2] NO, Tropo
VCD+ NO, TotalVCDOJ|A] 7]%8H4 (Climatologi-
cal) 45 NO, VCDE A ¢l5t] Al45FAtH(Chong
et al., 2019). °7]14 7]%35H4 445d NO, VCD=
Odin $143¢] &A= OSIRIS (Optical Spectrograph
and Infra-Red Imaging System) 2 4% 225 vIg
o7 &, A, Aztell g = I HETH(Cede,
2021; Brohede et al., 2007).

MAX-DOAS "§4] 9] 57 YA42 160°2 9=
= 1). LEHE 02 MAX-DOASE EARA

Table 1. Cross sections of considered trace gases in the spec-
tral fitting used for Pandora retrieval program.

Fitted gas Direct sun mode MAX-DOAS mode

O3 Serdyuchenko et al. (2013)

NO, Vandaele et al. (1998)

H,0 Rothman et al.(2013)

0,0, For A <596 nm: Thalman and Volkamer (2013)
For A>596 nm: Newnham and Ballard (1998)

(e][0) Spietz (2005) None

I, Saiz-Lopez et al. (2004) None

gz ALHE NO, AZEE AP 24 3 574
¥l ASCD (57 SCD&} 7| SCD 9] #}o])E o]--5tof
|27 (optimal estimation)= 5ol S = A9k
PGN ATt AL 2a1e] 52 4 (2)& 5l NO, Tropo
VCD= AH=Hth

NO, TropoVCD
ASC75"‘ Vcoz-oz

ASC750,02-02=ASCepe,02-02F 2 VCoi2-02

)

AEd

X
i
ot

714 VCoy.0rE 0,-0, 71534 F

(total vertical column amount), ASCyse
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75°Q1 07| A ZHAFEH (slant column)™} 0° 7|52
o] Zpol 5 OJu]Skl, ASCyse05.022F ASCepe 0200
s 24782t 009 m=F7]A|17F obd 0,-0,9] Aol &
L5t} (Cede, 2021). MAX-DOAS B0 g2 =A]5
HEY E Al AR TP 9] 400~440 nm©|
, LS u|F7 A FEHA2 2D dAre] g
S 2% Fdoh, 0109 = AHEEA Y=t
(Cede et al., 2023; F 1). NO, ¥ 2RI E H]E3 PGN
b= B9 B2 Frief et al. (2019)7} Cede (2021)°]
FAIsHA 7] =] o] Qltt. 2 Aol A= PGNofA] A
Bohs TEa} v1.8 A AFEESR] Level 2 (L2) AH=
£ ARESEl e, BE3F (QA/QC)= fIste] L2 #F
FEHEA (data quality flags)7} 0, 1, 10 12| 11

2 Iy

(0=assured high quality, 1 =assured medium quality,
10 =not-assured high quality, 11 = not-assured medium
quality) A2+ A1ste] RStk el A
¥} MAX-DOAS 42 Wizo} 71 wake S4517]
2ol 7= Wraje] SAHARE Zol7t 5 ofHidl Atm
Adsto] Blwshlet 24 717t Fek B B
T} 74770l 27} MAX-DOAS =74 8912+l 160°
|22 £2.5°, # 574 474 6005 7L =
1.5° o|if A5t Akm & AR A, A
0.3% TR0 MAX-DOAS 2= AFdAl 3
o] flE Al = UEdT

Hoone N e
NI

3.2

3.1 NO, TropoVCD2| ¥tH5}

I9 32 A77170%0 2022 AFLARR ST
NO, TropoVCD2] @ig}e]tt. NO, TropoVCD 4|
Yot (£ EFHADL 19.944.7 Pmolec. cm™22 $-2]
et 8 =SR] FFFHG A (9.99 Pmolec.
cm™?), ARSI A] (13.1 Pmolec. cm ™) Et} NO, &
7} =ktH(Choi et al., 2023, 2021) (& 2). o= =2]
Al 18] A oFE|Y] (9.49 Pmolec. cm ™)} &
== #]0] A (11.05 Pmolec. cm ™) H Tt & $£-F0]90 11,
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Fig. 3. Monthly variation of NO, TropoVCD from Pandora
direct sun mode at Seoul in 2022. The blue circles and orange
squares indicate the outlier and mean value of NO, Tropo
VCD.

At (Drosoglou et al., 2023; Liu et al., 2023; Choi et
al, 2021). B3t o)A Aol A H1E A-L9] 2012~
2017 NO, TotalVCD (32.3 Pmolec. cm )2} 20154
NO, TropoVCD (40.1 Pmolec. cm™?) 2 tH= W2 NO,
%5 K (Chong et al., 2019; Herman et al. 2019),
2T AF HlES HIERR e dEd wEg ol
aHolgleS At 4 vk A= AuHd
A& NO, TropVCD7]' 7V &=9k11 (26.2 Pmolec.
cm™?), HE o]o] £ (19.4 Pmolec. cm™), 7 (18.5
Pmolec. cm™2) 18]17 ¢J&(15.5 Pmolec. cm™) 9]
th o= A=d d9A] FF (R de 2 A=
= Aol ot HiEo] S7Fshs sAloll dARgel
Z-ofo] F5}e} ghgo] A= 7] wiiZo] NO,o| o
7] & AFAIT o] Aoz]7] wiizoth. ¥, o Foll=
NO,°] #hE F-2af &&= 2 OHell o7t anb#{Ql 4t
st2 QI3 NO,7F A&2 02 NOZ #%hd 5= 917
20|t} (Kanaya et al., 2014).
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Table 2. The reported NO, VCD from ground-based measurements (Pandora and MAX-DOAS) in urban areas from previous
studies.

Site Period Instruments Product Density _2 References
(Pmolec.cm™)
Seoul 2022.01~2022.12 Pandora NO, TropoVCD 19.9 This study
Seoul Pandora NO, TotalvVCD? 323
2012~2017 H tal., 2019

Busan Pandora NO, TotalVCD 183 ermaneta
Seoul Pandora NO, TropoVCD 40.1
Busan 2015.05~2015.06 Pandora NO, TropoVCD 19.4 Chongetal.,, 2019
Gwangju Pandora NO, TropoVCD 6.99
Yokosuka, Japan MAX-DOAS NO, TropoVCD 20.4
Busan 2015~2020 Pandora NO, TropoVCD 13.1 Choi etal., 2023
Gwangju MAX-DOAS NO, TropoVCD 10.4
Yokosuka, Japan 2007~2017 MAX-DOAS NO, TropoVCD 20.3 Choi et al.. 2021
Gwangju MAX-DOAS NO, TropoVCD 9.99 ’
Athens, Greece 2016~2021 Pandora NO, TropoVCD 9.49 Drosoglou et al., 2023
Beijing, China 2021.08~2022.07 Pandora NO, TropoVCD 11.05 Liuetal, 2023

otal vertical column density, ® Tropospheric vertical column density
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Fig. 4. Scatter plot of NO, TropoVCD between Pandora direct
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1:1 lines, respectively.
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F912kel kol (AR912h; AAzi-
0, TropoVCD9] H|-& (MAX-
DOAS/direct Sun)% v BASIATH Y 5). £,
AHFQJZVo] geo|H ) EjoFe] WMz MAX-DOAS &
A Hpgjzto] dgo 2 282 olujsho] (57 Wizt
2 160°), 582 NO, HlwH &4 JF2 vl w2 2435}
B SAXTS on)gitt
AF1ZF F0E A Ba-& AT EH NO, Tropo
VCDE] 1|7} 20°90|14] 0.78 2 713 Hot ARFSIZYo] o°
of ZHETE(HFLTF) ALLAINOHE =2
EA4S Bk AdERE AnEA, Aol 2009
o] (A& 0°), NO, TropoVCD 2] H]:= A-&0] 0.74F
7P S3XAL, FE ole 7= (0.76), 5 (0.77) =012
™, 552 NO, TropoVCD2] H|7} 0.900.2 XAt
& uqn Wz agsiztel Aoige] F1aas

(€29 5 (-) B2 =21 A (+)), NO, Tropo
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Fig. 5. The mean and standard deviation of the NO, Tropo
VCD ratio (MAX-DOAS/direct sun) depending on the differ-
ence in azimuth angle between the direct sun and MAX-
DOAS mode (AAzimuth angle: direct sun - MAX-DOAS,). Filled
and open symbols indicate the overall and seasonal mean of
the NO, TropoVCD ratio depending on AAzimuth angle. The
dashed horizontal line represents unity of NO, TropoVCD
ratio.
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Fig. 7. The diurnal variation of NO, vertical profile below 3 km altitude from Pandora MAX-DOAS mode. (a) spring, (b) sum-
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J. Korean Soc. Atmos. Environ., Vol. 40, No. 2, April 2024, pp. 180-192



188 o7l He%

QAN A5 I 7} 0.6 kmZ Fol B Woith A
=4 R E @A 1EEE oF 0.8 kmollA]
Holoh 10~11A1% 1% 1157} 0.4 km7HA] A%
, Ol S5 Ad5ote 548 Bk diAA e
174 7ko] W2 A2 Azt NO, F&=7Hi7t ¢
of H]sf ghetshe, %“E & HA] ot
Aot =4 W 2 NO, Tropo
AuEoH, N0, F= a7 3
B AZE2 NO, TropoVCD H|7F 1
FHA L E NO, 5= FH|7} etel
NO, TropoVCD H|7} 1Xt} g}, wh
& cheel NOy7} Aol EAlste], 2
= Iof] Fl s 2 A g2

X b o
N E

WL ox
>,
ri

fo & fo 1

= o

ool 1o
ol
2

<
S
I
M 2

o O M ge o
ke

i
2o

oo 2
o3
L:\Om_*.i

N> oy

o, rlo
S oy
= JlN

X
gl;‘:zﬂ

oo 2 doj2E 38hH Z19] (aerosol optical
depth; AOD)7} NO, TropoVCD H]o]| H]2] = 3k
dotr 7] flaf S84 aet 5Yet 24 (Yonsei_Uni-
versity)olA] 7% AERONET (AErosol RObotic
NETwork) A=E ©]-&5t3ith T etoll Ak 2gd
AF Aol Al AODE AlE6HAEE 2 Aol A= B2
AFof| A HAZZ] AERONET 440 nm I 28-S o]
4519k A7 AOD 4] T2 MAX-DOAS
o} A'ZAA} NO, TropoVCD H|S 4w HH (113 ),
A 27 wigket fASHA AOD7} Eotd a5

o Spring = Summer ¢ Fall 2 Winter O AII‘

MAX-DOAS/Direct

T
0 0.2 0.4 0.6 0.8 1 1.2 14
AOD

Fig. 8. Same as Fig. 5 except for the aerosol optical depth
(AOD) at 440 nm from AERONET (Yonsei_University).

MAX-DOAS®} A UAte] H]7} F7teh= Z& =<l
SHAI. &, Ad oflo]=E9] o] A2 A=
NO, TropoVCD H|7} 0.772 MAX-DOAS®] #H7}
7t FEHAARE #5717 A& AOD B3k (0.41)
F1Q1 0491 2] Z7HAA9, B|7F 0.95% 19] 7}
7R, 2B 27 (80 AlEFY) AOD (0.61)°] 7}
TR 78F 10302 15 tha AJ2lslth o] 29
of Aot =71 (993 AlEtY) AODR! 1.55-27HA] 7 1
Hol whE 7} 1.07712] =553k
Kanaya et al. (2014)2 OMI 9133t MAX-DOAS
HE ZARRE A3}, 2 A 23t fASHA
AODe] THE NO, H|9] HI2LE Bralet. o]2qt |t
= 948 A= B9 Al NO, AARE Y ofoj2 &/
5] g&Fo] I H = Z|T (Bucsela et al., 2013; Boersma
et al.,, 2011), & F7 (optimal estimation) &1 2|&
& A85H= MAX-DOASO] B3l Fg gkt 71g0] &
B JFoz &HA i (Ma et al., 2013; Shaiganfar et
al., 2011; Leitdo et al., 2010). ARG ®igto g w-a}
=7 WAlof| 2 oflol2E B S ”ﬁiiﬂq ]
AL A AODE ZF] HYsto] 1|

N

OFJ
iy

oo{.
N

‘iol‘ O_u
ot ol

S 185H= HhH, MAX-DOAS W&
o1 2Z (0,-0,) 9] HsHE 11 0P71
Ao} ztol7} Qlot. whehA] 2lgda
AODZ} H|w#] AglolA ofloj=2Z T
| ASFATHAL A ZFRteh, ofloj2E 2o
2o g HASEE MAX-DOAS ®2]9] oo]2Z (0,-
0,)9] FFLZE NO, B E5HdAo] AX A=
Azt

0, of il _Il

o r
lo o

O
°l'_|>;‘;r
i o =

2t
ox Hdr g 1%
2 fr e oot X rSL

=

".

> o

i

=
(]
ru

2 A7E A dAdstaoA 9 S Tt
£ 422 Pandora Global Network (PGN)J|A] -5
ALHEERE Al Fohe AE YA HA 22 AlEs]
2F5F MAX-DOAS %402 AH&E3F NO, Tropo
VCDE| dx]/dof| sl ZAFSHITE HiS 525t

2251 A} dhAl} vheZRe TR A 7] ) A

>

=7 1sts|x| M40 E M 25



et 5% W0l 12 A8 (S 2 NO, 2XZUES| Ux|N0 thet &7 189

7 o] AHZ o2 ZH5H= MAX-DOAS 42
7 AR ofy e} A e B W A wgo] Aol
5to] NO, TropoVCD9] HAF7F A 4= glof o]
gt A7 Bastet wieh AFAArE SATH
20229 H5 NO, TropoVCDE 19.944.7 Pmolec.
em 2 AgAelA HuE ohE B4 B 4
& Ul AdE wiEd 9% 2 7)1dEd
of @& NO, AlFAIZIS FFer AH 7V =
R, AEoll F=7t 7P RohTh A UALLE MAX-
DOAS 402 58 o|yje] £4% NO, TropoVCD
O 2 M- XA (R=0.96), Bt T 2
7} 17.0+10.6 Pmolec. cm™2} 15.6 +9.8 Pmolec. cm™
2 2GUAL HH4lo] MAX-DOAS HAIHTE oF 9.0%
ET BE Al AA dAdo] XA (R>
0.94), o159 A 71=717F 0962 & 7H H
2A47F Zokeh. & &7 WA TF B9z Aol (areizh
o] @E NO, TropoVCDE] HALE ZAFSH A3k, ARF
f17+o] ooofl FHSTF (G2 B2 '), AL
A} 541 9] NO, TropoVCD7} MAX-DOAS 4] 1.
t} o AxE EAS B on aurg)zto] 242 (A
A7to] T2 TF 2 A, F FA9 NO, Tropo
VCDZ} -FAFSHATE T BjoFe] 7 Zto] Eobds
= MAX-DOAS/AE YA} H-&o] 1 ofstelA 3 &
7¥ote AGBAE o, o Edolle dA 7o
& ZANAE £ S A0 mApE A2 ANE B
Ak S WA whE 57 A7 ato] FFIA
mtotstr] 915), MAX-DOAS 4]0 2 E91% NO,
ZE AEHEQITE NO, A% FLHj7F F3igh
(5T & (AP 9] MAX-DOAS/ ALY
H|&-2 19 7I7}S HHA, NO, 93] 7t ¢
2 A9 9] NO, TropoVCD H|&= 1t} 2ol NO, 9]
2] FhAH o] Y A2 2 Ao r A7
apz|Ero 2 ofjoj2£0] AutE A H 7| fi5te] F<
2704 AERONET S &2 Z7 5 ofjoj 2% 3ot 7]
o] (AOD)°f| wh& H3FE A Zut, 37t Haket
FAFeH AOD7} ot 45 MAX-DOAS/ 22 UA}
H|-g0] 7}ttt o]2gt AODe| 9]&H3] Ajol=

X

i

r

me 1N
T

i
=
=

>

o

e g

H| A AES AODE EYsH= AF AR} HEAlo] H]

i

=
3fl, 7158H43] of|o]RZE(0,-0,)0 W3S ok

[*]
-

4] e LA 4 hH] MAX-DOAS
e WA A 9 G el et Jug
1B AF

a1

[e)
AE NO, AHREE 55
A

O Mg 2L ok
% 2
|o
u
X
o
oy
17

o9 A
o
ot
<
o

lo

=1
o oX

b oofd r2 oo &

el 2

o] A= AT 7]2A (NRF-2022R1F1
A1063339)2} 20235t = SHEo]=tojrfjsty WA
TAEA] Ao w YRS UH. et 717]
=% 4 A=E AFo] T4 Aty HE v

A A =R,

References

Beirle, S., Boersma, K.F,, Platt, U., Lawrence, M.G., Wagner, T.
(2011) Megacity emissions and lifetimes of nitrogen
oxides probed from space, Science, 333(6050), 1737-
1739. https://doi.org/10.1126/science.1207824

Boersma, K.F,, Eskes, H.J., Dirksen, RJ., van der A, RJ., Veefkind,
J.P, Stammes, P, Huijnen, V., Kleipool, Q.L., Sneep, M.,
Claas, J., Leitao, J., Richter, A., Zhou, Y., Brunner, D.
(2011) An improved tropospheric NO, column retrie-
val algorithm for the Ozone Monitoring Instrument,
Atmospheric Measurement Techniques, 4, 1905-1928.
https://doi.org/10.5194/amt-4-1905-2011

Bond, D.W.,, Zhang, R, Tie, X., Brasseur, G., Huffines, G., Orville,
R.E., Boccippio, D.J. (2001) NOx production by light-
ning over the continental United States, Journal of
Geophysical Research: Atmospheres, 106(D21),
27701-27710. https://doi.org/10.1029/2000JD000191

Brewer, A.W., McElroy, C.T., Kerr, J.B. (1973) Nitrogen Dioxide
Concentrations in the Atmosphere, Nature, 246,

J. Korean Soc. Atmos. Environ., Vol. 40, No. 2, April 2024, pp. 180-192



190 07|18, 2EF

129-133. Sensing, 13(10), 1937. https://doi.org/10.3390/rs1310
Brohede, S.M,, Haley, C.S., McLinden, C.A,, Sioris, C.E., Murtagh, 1937
D.P, Petelina, S.V,, Llewellyn, E.J.,, Bazureau, A., Goutail, Choi, Y., Kanaya, Y., Takashima, H., Park, K., Lee, H., Chong, J., Kim,

F., Randall, C.E., Lumpe, J.D., Taha, G., Thomasson,
L.W., Gordley, L.L.(2007) Validation of Odin/OSIRIS
stratospheric NO, profiles, Journal of Geophysical
Research: Atmospheres, 112.

Brunekreef, B., Beelen, R.M.J., Hoek, G., Schouten, L.J., Bausch-

Goldbohm, S., Fischer, P, Armstrong, B., Hughes, E.,
Jerrett, M. (2009) Effects of long-term exposure to
traffic-related air pollution on respiratory and cardio-
vascular mortality in the Netherlands: the NLCS-AIR
study, Research report (Health Effects Institute), 139,
5-71.

Bucsela, E.J., Krotkov, N.A,, Celarier, E.A., Lamsal, L.N., Swartz, WH.,

Bhartia, PK., Boersma, K.F,, Veefkind, J.P, Gleason, J.F,
Pickering, K.E. (2013) A new stratospheric and tro-
pospheric NO, retrieval algorithm for nadir-viewing
satellite instruments: applications to OMI, Atmosphe-
ric Measurement Techniques, 6, 2607-2626. https://
doi.org/10.5194/amt-6-2607-2013

Cede, A.(2021) Manual for Blick software suite 1.8, 10 Sep 2021,

Issue 1.8-4, available at: https://www.pandonia-glob-
al-network.org/wp-content/uploads/2021/09/Blick-
SoftwareSuite_Manual_v1-8-4.pdf (accessed on Jan.

J.H., Park, J.S.(2023) Changes in Tropospheric Nitrogen
Dioxide Vertical Column Densities over Japan and
Korea during the COVID-19 Using Pandora and MAX-
DOAS, Aerosol and Air Quality Research, 23, 220145.
https://doi.org/10.4209/aaqr.220145

Chong, H., Lee, H., Koo, J.-H., Kim, J.,, Jeong, U., Kim, W,, Kim, S.-W.,

Herman, J.R., Abuhassan, N.K.,, Ahn, J.-Y,, Park, J.-H.,
Kim, S.-K., Moon, K.-J., Choi, W.-J., Park, S.S. (2019)
Regional Characteristics of NO, Column Densities
from Pandora Observations during the MAPS-Seoul
Campaign, Aerosol and Air Quality Research, 18(9),
2207-2219. https://doi.org/10.4209%2Faaqr.2017.09.
0341

Crawford, J.H., Ahn, J.-Y,, Al-Saadi, J., Chang, L., Emmons, LK.,

Kim, J., Lee, G,, Park, J.-H., Park, RJ., Woo, J.H., Song,
C-K.,, Hong, J-H., Hong, Y.-D,, Lefer, BL., Lee, M., Lee,
T. Kim, S., Min, K-E., Yum, S.S., Shin, H.J,, Kim, Y.-W.,
Choi, J.-S., Park, J.-S., Szykman, J.J,, Long, R.W., Jordan,
C.E., Simpson, 1.J,, Fried, A,, Dibb, J.E., Cho, S., Kim, Y.P.
(2021) The Korea-United States Air Quality (KORUS-
AQ) field study, Elementa: Science of the Anthropo-
cene, 9.

12,2024). Crutzen, PJ.(1979) The role of NO and NO, in the chemistry of
Cede, A, Herman, J., Richter, A., Krotkov, N., Burrows, J. (2006)
Measurements of nitrogen dioxide total column

the troposphere and stratosphere, Annual Review of
Earth and Planetary Sciences, 7(1), 443-472.
amounts using a Brewer double spectrophotometer Drosoglou, T., Koukouli, M.E., Raptis, I.P, Kazadzis, S., Pseftogkas,

in direct Sun mode, Journal of Geophysical Research:
Atmospheres, 111(D5).

Cede, A, Tiefengraber, M., Gebetsberger, M., Spinei Lind, E. (2023)

Pandonia Global Network Data Products Readme
Document, Tech. rep., PGN-DataProducts-Readme,
version 1.8-8, 31 November 2023. https://www.pando
nia-global-network.org/wp-content/uploads/2023/11/
PGN_DataProducts_Readme_v1-8-8.pdf (last access:
Jan. 12,2024).

Chan, K.L, Wang, Z,, Ding, A, Heue, K.P, Shen, Y., Wang, J., Zhang,

F., Shi, Y., Hao, N., Wenig, M. (2019) MAX-DOAS mea-
surements of tropospheric NO, and HCHO in Nanjing
and a comparison to ozone monitoring instrument
observations, Atmospheric Chemistry and Physics,
19(15), 10051-10071. https://doi.org/10.5194/acp-19-
10051-2019

Choi, Y., Kanaya, Y., Takashima, H., Irie, H., Park, K., Chong, J.(2021)

Long-Term Variation in the Tropospheric Nitrogen
Dioxide Vertical Column Density over Korea and Japan

A, Eleftheratos, K., Zerefos, C. (2023) Nitrogen diox-
ide spatiotemporal variations in the complex urban
environment of Athens, Greece, Atmospheric Envi-
ronment, 314, 120115. https://doi.org/10.1016/j.
atmosenv.2023.120115

FrieB, U., Beirle, S., Alvarado Bonilla, L., Bosch, T., Friedrich, M.M.,

Hendrick, F, Piters, A., Richter, A., van Roozendael, M.,
Rozanov, V.V, Spinei, E., Tirpitz, J.L., Vlemmix, T., Wag-
ner, T, Wang, Y. (2019) Intercomparison of MAX-DOAS
vertical profile retrieval algorithms: studies using
synthetic data, Atmospheric Measurement Tech-
niques, 12,2155-2181.

Herman, J., Abuhassan, N., Kim, J,, Kim, J., Dubey, M., Raponi, M.,

Tzortziou, M. (2019) Underestimation of column NO,
amounts from the OMI satellite compared to diurnally
varying ground-based retrievals from multiple PAN-
DORA spectrometer instruments, Atmospheric Mea-
surement Techniques, 12(10), 5593-5612. https://doi.
org/10.5194/amt-12-5593-2019

from the MAX-DOAS Network, 2007-2017, Remote Herman, J,, Cede, A,, Spinei, E,, Mount, G., Tzortziou, M., Abuhas-




san, N. (2009) NO, column amounts from ground-
based Pandora and MFDOAS spectrometers using
the direct-sun DOAS technique: Intercomparisons
and application to OMI validation, Journal of Geo-
physical Research: Atmospheres, 114(D13). https://
doi.org/10.1029/2009JD011848

Huangfu, P, Atkinson, R.(2020) Long-term exposure to NO, and

O3 and all-cause and respiratory mortality: A system-
atic review and meta-analysis, Environment Interna-
tional, 144, 105998. https://doi.org/10.1016/j.envint.
2020.105998

Hudman, R.C., Jacob, D.J,, Turquety, S., Leibensperger, E.M., Mur-

Kanaya, Y.,

ray, LT, Wy, S, Gilliland, A., Avery, M., Bertram, TH.,
Brune, W. (2007) Surface and lightning sources of
nitrogen oxides over the United States: Magnitudes,
chemical evolution, and outflow, Journal of Geophysi-
cal Research: Atmospheres, 112(D12). https://doi.org/
10.1029/2006JD007912

Irie, H., Takashima, H., lwabuchi, H., Akimoto, H., Sudo,
K. Gu, M,, Chong, J., Kim, YJ, Lee, H., Li, A, Si, F, Xu, J.,
Xie, P-H., Liu, W.-Q,, Dzhola, A., Postylyakov, O,, Ivanov,
V., Grechko, E., Terpugova, S., Panchenko, M. (2014)
Long-term MAX-DOAS network observations of NO,
in Russia and Asia (MADRAS) during the period 2007-
2012: instrumentation, elucidation of climatology,
and comparisons with OMI satellite observations and
global model simulations, Atmospheric Chemistry
and Physics, 14(15), 7909-7927.

Kim, S., Kim, D., Hong, H., Chang, L.-S., Lee, H., Kim, D.-R., Kim, D.,

Yu, J-A, Lee, D,, Jeong, U. (2023) First-time compari-
son between NO, vertical columns from Geostation-
ary Environmental Monitoring Spectrometer (GEMS)
and Pandora measurements, Atmospheric Measure-
ment Techniques, 16(16), 3959-3972. https://doi.org/
10.5194/amt-16-3959-2023

Korean Statistical Information Service (KOSIS) Ministry of the Inte-

rior and Safety (2023) Population Statistics Based on
Resident Registration. https://kosis.kr/statHtml/statH-
tml.do?orgld=101&tblld=DT_1B040A3&checkFlag=N

Lange, K., Richter, A., Burrows, J.P.(2022) Variability of nitrogen

oxide emission fluxes and lifetimes estimated from
Sentinel-5P TROPOMI observations, Atmospheric
Chemistry and Physics, 22(4), 2745-2767. https://doi.
org/10.5194/acp-22-2745-2022

Leitao, J., Richter, A, Vrekoussis, M., Kokhanovsky, A., Zhang, QJ.,

Beekmann, M., Burrows, J.P.(2010) On the improve-
ment of NO, satellite retrievals - aerosol impact on
the airmass factors, Atmospheric Measurement Tech-
niques, 3, 475-493. https://doi.org/10.5194/amt-3-

£ M2 tRZ NO, +AZHUE 9| UX| Yo ofst A+ 191

475-2010

Liu, O, Li, Z, Lin, Y., Fan, C, Zhang, Y., Li, K., Zhang, P, Wei, Y., Chen,
T, Dong, J,, de Leeuw, G. (2023) Evaluation of the first
year of Pandora NO, measurements over Beijing and
application to satellite validation, Atmospheric Mea-
surement Techniques Discussions, 2023, 1-32. https://
doi.org/10.5194/amt-2023-177. in review, 2023.

Ma, J.Z., Beirle, S., Jin, J.L,, Shaiganfar, R, Yan, P, Wagner, T.(2013)
Tropospheric NO, vertical column densities over Bei-
jing: results of the first three years of ground-based
MAX-DOAS measurements (2008-2011) and satellite
validation, Atmospheric Chemistry and Physics, 13,
1547-1567. https://doi.org/10.5194/acp-13-1547-2013

National Air Emission Inverntory and Research Center (NAIR)
(2021) CAPSS. https://www.air.go.kr/capss/emission/
sido.do?menuld=31

Newnham, D.A., Ballard, J. (1998) Visible absorption cross sec-
tions and integrated absorption intensities of molecu-
lar oxygen (O, and O,), Journal of Geophysical Res-
earch: Atmospheres, 103(D22), 28801-28815. https://
doi.org/10.1029/98JD02799

Rothman, LS., Gordon, |.E., Babikov, Y., Barbe, A., Benner, D.C.,
Bernath, PF, Birk, M., Bizzocchi, L., Boudon, V., Brown,
L.R., Campargue, A., Chance, K., Cohen, E.A,, Coudert,
L.H., Devi, V.M., Drouin, B.J,, Fayt, A, Flaud, J.-M., Gam-
ache, R.R., Harrison, J.J., Hartmann, J.-M, Hill, C,,
Hodges, J.T., Jacquemart, D,, Jolly, A., Lamourousx, J.,
Le Roy, RJ., Li, G, Long, D.A,, Lyulin, O.M., Mackie, C.J.,
Massie, S.T., Mikhailenko, S., Miiller, H.S.P, Naumenko,
0.V, Nikitin, A.V., Orphal, J., Perevalov, V., Perrin, A.,
Polovtseva, E.R., Richard, C., Smith, M.A.H., Starikova,
E., Sung, K., Tashkun, S., Tennyson, J., Toon, G.C.,
Tyuterev, V.G., Wagner, G. (2013) The HITRAN2012
molecular spectroscopic database, Journal of Quanti-
tative Spectroscopy and Radiative Transfer, 130, 4-50.
https://doi.org/10.1016/j.jgsrt.2013.07.002

Saiz-Lopez, A., Saunders, R.W., Joseph, D.M., Ashworth, S.H.,
Plane, J. (2004) Absolute absorption cross-section
and photolysis rate of I, Atmospheric Chemistry and
Physics, 4(5), 1443-1450. https://doi.org/10.5194/acp-
4-1443-2004

Serdyuchenko, A., Gorshelev, V., Weber, M., Chehade, W., Burrows,
J.P.(2013) High spectral resolution ozone absorption
cross-sections - Part 2: Temperature dependence,
Atmospheric Measurement Techniques Discussions,
6(4). https://doi.org/10.5194/amtd-6-6613-2013

Shah, V., Jacob, D.J., Li, K., Silvern, R.F,, Zhai, S., Liu, M., Lin, J.,
Zhang, Q. (2020) Effect of changing NOx lifetime on
the seasonality and long-term trends of satellite-ob-

J. Korean Soc. Atmos. Environ., Vol. 40, No. 2, April 2024, pp. 180-192



o7|g, zlEF

served tropospheric NO, columns over China, Atmo-
spheric Chemistry and Physics, 20(3), 1483-1495.
https://doi.org/10.5194/acp-20-1483-2020

Shaiganfar, R., Beirle, S., Sharma, M., Chauhan, A., Singh, R.P,

Wagner, T. (2011) Estimation of NOx emissions from
Delhi using Car MAX-DOAS observations and com-
parison with OMI satellite data, Atmospheric Chemis-
try and Physics, 11, 10871-10887. https://doi.org/10.
5194/acp-11-10871-2011

Vandaele, A.C,, Hermans, C., Simon, P.C,, Carleer, M., Colin, R,, Fally,

S., Merienne, M.-F,, Jenouvrier, A., Coquart, B. (1998)
Measurements of the NO, absorption cross-section
from 42 000 cm™ to 10 000 cm™ (238-1000 nm) at
220K and 294 K, Journal of Quantitative Spectroscopy
and Radiative Transfer, 59(3-5), 171-184. https://doi.
org/10.1016/S0022-4073(97)00168-4

Zhang, R, Tie, X., Bond, D.W. (2003) Impacts of anthropogenic

and natural NOx sources over the U.S. on tropospheric

Spietz, P. (2005) Absorption cross sections for iodine species of chemistry, Proceedings of the National Academy of
Sciences, 100(4), 1505-1509. https://doi.org/10.1073/
pnas.252763799

Zhang, X., Zhang, P, Zhang, Y., Li, X,, Qiu, H. (2007) The trend,

seasonal cycle, and sources of tropospheric NO, over

relevance to the photolysis of mixtures of I, and O3
and for the atmosphere (Doctoral dissertation, Univ-
ersitat Bremen).

Thalman, R., Volkamer, R. (2013) Temperature dependent
absorption cross-sections of O,-O, collision pairs China during 1997-2006 based on satellite measure-

ment, Science in China Series D: Earth Sciences, 50(12),
evant pressure, Physical Chemistry Chemical Physics, 1877-1884. https://doi.org/10.1007/s11430-007-
15(37), 15371-15381. https://doi.org/10.1039/C3CP 0141-6
50968K

Tzortziou, M., Herman, J.R., Cede, A., Abuhassan, N. (2012) High
precision, absolute total column ozone measure-

between 340 and 630 nm and at atmospherically rel-

Authors Information

ments from the Pandora spectrometer system: Com-

parisons with data from a Brewer double monochro- 0]7]14 (g2 e)=tojdistu g+ sk} A ALaHA)
mator and Aura OMI, Journal of Geophysical Res- (Igy5848@hufs.ac.kr)
earch: Atmospheres, 117(D16). https://doi.org/10.10 285 (R e)=ojdistu A4Sk 2 w4)

29/2012JD017814 (choingjoo@hufs.ac.kr)




	판도라 측정 방법에 따른 서울 대류권 NO₂ 수직컬럼밀도의 일치성에 대한 연구
	Abstract
	1. 서론
	2. 연구 방법
	3. 결과
	4. 결론
	References


