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The atmospheric aircraft-based measurement technology has ushered in a new era in atmospheric science,

atmospheric chemistry, and meteorology. Removing the spatial constraints of traditional ground-based measurement, this
technology has enabled researchers to actively study atmospheric phenomena from many perspectives. Aircraft-based
measurements have the unique advantage of being able to physically access areas that are otherwise difficult to reach, such as
high altitudes, maritime regions, and polar zones. This capability provides invaluable data that significantly enhance our
understanding of atmospheric phenomena and environmental changes on Earth. However, despite their significant contributions,
aircraft-based measurements have limitations. High operational costs and limited payload are among the primary challenges that
need to be addressed. We recommend several strategies for better aircraft-based measurements. These include larger aircraft for

atmospheric pollution observations, which would allow for extended flight duration and increased payload capacity. We also

suggest cultivating specialized operational personnel for aircraft-based measurements to ensure the efficient use of these

resources. Furthermore, we recommend establishing a simplified official contact system (Hot-line) to facilitate the negotiation of

aircraft-based measurement flight paths. This paper attempts to review the findings from various aircraft observation studies
conducted both domestically and internationally, with a focus on atmospheric pollutants. Also, we provide valuable insights and
considerations for future atmospheric pollution aircraft observations in South Korea. We hope to minimize trial and error in future
aircraft-based measurements in South Korea, thereby contributing to more scientifically meaningful results.

Key words: Aircraft-based measurement, Airborne measurement, Air pollution, Review, Recommendation

5
&t 2ol A
5= A}t (Brunke et al., 2022; Crawford et al., 2021;
Decker et al., 2021; Herman et al., 2018; Nault et al.,
2018; Fishman et al., 1996; Pickering et al., 1996;
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A olsflof] tigt 2EAIZF ATk (Sun et al,, 2023; Wether-
bee et al., 2019; Benedict et al., 2013).
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2022; Park et al., 2020b; Shingler et al., 2016). ©]2&t
FEBZG o2 H7] AT =2okelA 53, 7148 Al

2d]o] o3}, tf7| e H=d o] S, 7| % Hete] g
o tigt olshE ol ©l Be e sk it
(Park et al., 2022; Zhang et al., 2011; van Donkelaar et
al., 2008). | ZEoA Holid JS-5o ti7|E ¥4 #
Solu ZH v ol A7 o AR A1 I
(&=, 75, BH) Sl 28l w5 Alt=7| & 5,
Z7 giAto] ks @27t & 4 itk (Bechle ef al,

2013; Velasco et al., 2008). 552 23 A TS}
AYLAB/S Afololl A 571 el Het A=
B2 574 Avlee Al B 52 33 2 ARE
sl HolH g =g 4= o, /4 9 A

A@=oA 3 HlolHE 7&%3}51 Ndste fﬂ
o

A

ling et al., 2018; Spinei et al., 2018). &£

7L dEd 5= Aol #5S & Qe R

2 22 eRfste] 230l A

7] 2ot 9 7] 2ketA] Wgks S 4 Qlth(Sun et

al., 2022; DeCarlo et al., 2010, 2008). 12|11 -Fo=
2 Holut o] F4L Hhkos opiabEolt st

W5 gaele Al ReEol ANZteR A%
& pEalT o2 It 244 WahE Zole o B
93t glo]HE AH&E% 4= QUth(Fu et al,, 2015; Dupont
et al., 2012; Weber et al., 2012).
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Table 1. List of NASA Global Tropospheric Experiment (GTE) missions between 1983 and 2001 (Adapted from GTE: Aircraft-

Based Missions, NASA Langley Research Center, 2022b).

Categories MISSION (Locale) Objectives Aircraft Study period
Instrument CITE®1A Ground Based Ground Jul. 1983
Development Wallops Island Instrument Intercomparisons Based
CITE-1B Airborne Instrumentation CV-990 Nov. 1983
Hawaii Intercomparisons
CITE-1C Airborne Instrumentation CV-990 Apr. 1984
Pacific-CA coast Intercomparisons
CITE-2 Test and Intercomparisons: Electra Aug. 1986
West Coast-U.S. Nitrogen Budget Experiments
CITE-3 Intercomparisons of Sulfur Electra Sep. 1989
Tropical Atlantic Budget Experiments
Biosphere ABLEP-1 Boundary Layer Chemistry and Electra Jun. 1984
Atmosphere Tropical Atlantic Ocean (Barbados) Dynamics-Precursor
Exchange ABLE-2A Boundary Layer Study of Electra Jul.~Aug. 1985
Brazilian rainforest CO/03/NO, - Dry Season
ABLE-2B Boundary Layer Study of Electra Apr.~May. 1987
Brazilian rainforest CO/03/NO, - Wet Season
ABLE-3A Photochemistry and Electra Jul. 1988
Northern wetlands (Alaska) Biogenic Sources of Tropospheric Gases
ABLE-3B Photochemistry and Electra Jul. 1990
Northern wetlands (Canada) Biogenic Sources of Tropospheric Gases
Long Range PEM®-West-A Photochemistry and Transport of DC-8 Oct. 1991
Transport Western Pacific Gases and Aerosols
TRACE-A? Transport and Photochemistry of DC-8 Sep. 1992
Tropical Atlantic Ozone in the Tropics
PEM-West-B Photochemistry and Transport of DC-8 Feb.~Mar. 1994
Western Pacific Gases and Aerosols
PEM-Tropics A Ozone and Sulfur Photochemistry/ DC-8 Aug.~Sep. 1996
South Central Tropical Pacific Transport of Gases and Aerosols P-3B
PEM-Tropics B Ozone and Sulfur Photochemistry/ DC-8 Mar.~Apr. 1999
Central and Eastern Tropical Pacific Transport of Gases and Aerosols P-3B
TRACE-P® Transport and Photochemistry of DC-8 Feb.~May. 2001
Western Pacific Gases and Aerosols P-3B

2Chemical Instrumentation Test and Evaluation; ®PAtmospheric Boundary Layer Experiment; “Pacific Exploratory Missions; “Transport and Chemistry near

the Equator in the Atlantic; ®Transport and Chemical Evolution over the Pacific

St olsfisty] Sl BEEEES vF e st
k. olel 7Hg & ¥ & A= U= FE5
(National Aeronautics and Space Administration,
NASA)<] Global Tropospheric Experiment (GTE) &
7} QATH(E 1) (McNeal, 1998, 1987; Hoell, 1985). GTE
FdolA Lot i) shet vk, S2|9F vt
o 223l 45 A2 282 olsfish] At &
T2 F30 A7 1983130 AAHE o] 200130

oH

Z 252Ut (Raper et al., 2001; Hoell et al., 1999, 1997,
1996, 1993, 1990; Andreae et al., 1996; Harriss et al.,
1994, 1992, 1990, 1988; Beck et al., 1987). NASA]
GIE Q7= I/ Al A= 27T 5= 9lom, 1) &5
J—]’—Z—Oﬂ nﬂgo} /l-]‘—_,] Z;ﬂ ZH:]] 7H1:ﬂ' ol 7]'51_%_
(Instrument development), 2) 4= t7]9] 45
Z}+-4- (Biosphere atmosphere exchange), 3) 719 %
A9 ©]'& (Long range transport) 0.2 F-28 4= QJt}
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Fig. 1. Map illustrating the locations of NASA Global Tropospheric Experiment (GTE) missions conducted between 1983 and
2001 (Adapted from GTE Expeditions, NASA Langley Research Center, 2022a).

(3F 1, 13 1) (McNeal et al., 1998).

A WA= FEUSe] Dagt 54 vl S Adstal
A3 DAZE Chemical Instrumentation Test and
Evaluation (CITE)2h= A7 0 2 1983 AFH 1989\
7HA] 3709 AFARY = ZIRH QAT (& 1). CITE-19]
F B2 CO,NO, OHE EA4517] 93t =74 ] 7
31-31]. 74_7; 11-04_(11?__ NASA CV-990 %1—::17] ] E};(Ha.
o 198349 114 (W=7 5feto] - Z2| L oh¥} 1984F
49 (U5 BB Yohe] FBBEE ST (L

2 1) (Chameides et al., 1989; Beck et al., 1987; Brad-
shaw et al., 1985). CITE-1 271}, &) #& &85} Laser
differential absorption *2]3} laser-induced fluores-
cence (LIF) ®4]o] 27} CO9F NOE W7l 59 t&
EAET 7 AAF glo] =& A7t ke R AT
olste] Flo]H Aol AL Fols)
Atk (Hoell et al., 1987, 1984; Bradshaw et al., 1985).
CITE-2 (1986'd)= 24 ¥ =43 NO,, HNO;,
peroxyacetyl nitrate (PAN)= o2 St SAHAHES

2~ 0]90 o
T]E!E‘ﬁ

HESFS S ™ (Gregory et al., 1990; Hoell et al., 1990;
Ridley et al., 1990; Sandholm et al., 1990; Singh et al.,

1990), CITE-3 (1989)°llA4 & T 23 (S0,, CS,,
COS, H,S, Dimethyl sulfide (DMS))9] SAHHE HAE

SFITHE 1, 19 1) (Farwell et al,, 1995; Gregory et
al., 1993; Hoell et al., 1993).

NASAS] CITE A7} vt Al7]of vl=) s
7] (National Oceanic and Atmospheric Adminis-
tration, NOAA)I A= th71 e S4= St &+

=S 4-3¥5190.2™, Schnell ef al. (1987)-2 19861
12 4 vl 35 dligtollA thAFoz o]Fs

= W7 A=4S BE5H7] 9% Western Atlantic
Ocean Experiment (WATOX-86) 178 H1lst3]
th. WATOX-86°] A7Hs 53l ti7] e A= (4=
A 7EAA) 9] AR B Fo] HAE =T (Luke and
Dickerson, 1987; Misanchuk et al., 1987; Thornton et
al., 1987; Whelpdale et al., 1987), Luke and Dickerson
(1987):= NO, (NO +NO,+NO; +HNO; +2N,05 +

Zet5|IX| M39H K55



HONO + R-ONO; +NO; + peroxyacetyl nitrate (PAN))
o] Az x5 #=35lo] g)7] 7 A5 (Planetary Boun-
dary Layer, PBL) Wi NO, o5 (1.35 ppbv) 7} v]=+
S olRke] AlE ARt frAfehL, AR
(Free troposphere, FT)9] 5k U7 5E 5 (0.54
ppbv)8l AES &RIstIct. T3 Filter Pack (217 47
mm, 1.0 um 3=, DE|AZ: Teflon, nylon 5) =} Aeth-
alometerS AR5t PBL W 4AMY B4 sO,%,
NO;", NH,, Black carbon (BC)¥} 7}24 B2191 SO,
©} HNO, & #5511t (Whelpdale ef al., 1987). ©1&
£ QA 20] A7) $EE B5310] P PBL
o] 5= Afole} 50,79k NOy el 4] W N, 9}
S0,> 9] AFAEE B ISt (Whelpdale et al.,
1987). SFA|9F WATOX-867}F =35 19861 1€+=
CITE-17FA]% =3 =317 wizoll &5 574 71«9
AR Qlsto] 7l e G242 24 Algto] 3z (7t
27)0lA 342 (YA 7HA] . ol ot
SollA At sde] S84 CITE A7 7] 2
d FEES FH 2 7198 PSS vEhd
NASA GTE 97-9] 7 W4 g+ FA= B=d7t
H719] 43S 28 AFE $I$F Atmospheric Boundary
Layer Experiment (ABLE)©|tH(3 1, 1% 1). ABLE
N7 ASH w2 9 vt A=A AEH] Jo
218l oJsl Matshe= 7] afst e d7shs A
o] F 5202 CITE 72} ¥t A1719] 198413
B 19901712 NASA Electra €575 ©o]-835}to] 4
Y =] Qlch (Harriss et al., 1990, 1988). ABLE= I+ &=
Aol FRtsl7] fIste] thefRt AAAgE (ABLE-1: &
TiA%, ABLE-2: Hepd G| 99, ABLE-3: 55 (&
A2zt Ayt FA)AA A5 s sHA
ABLE-1-2 1984\ 69 7|3t 5 ErijA ol 91213t vt
Hjo| ol A Aol tiA S 2 HoflA B E AL, A
Sfet AFatol A 71908 A4 24 (Saharan dust, AF
Sfet B2E)o] A o] ool 15~3.5 km 1=
2 Y= AL BE5HI T (Gregory et al., 1986;
Talbot et al., 1986). ©|& HI O = 71x3t ofe]7le}

ofAlo} 2] 22471 &S] B o5l 9

72EE2 SHE

S| A7 H S 727

3 A AFHoR JFE E 5 U232 ekt
(Talbot et al., 1986). T3 Bt A oF AgoA gFzw
=5 59 o] Ale EHIEANA 719 DMS
7t A4 H & ajEY o] B2 BES Zx|girtar Hrt

S} TH(Ferek et al., 1986).

ABLE-22 B & 27 (OhtE)ol|lA] 19851
7~8Y (ABLE-2A, 717])¥} 19874 4~5< (ABLE-2B,
7)ol FEEST A gHE0] A 4=l
(¥ 1, 719 1) (Harriss et al., 1990, 1988), ojufZo] of
7] =2holl T3 g2 bl HAISHIT (Andre-
ae et al., 1990, 1988; Gregory et al., 1988). +-7]1&= 7
F= Asf 7] o] mi-- FARF 7)ol ofnkE <]
Zy 219 9] A=A A4 (Biomass burning)2 {15}¢]
7)1 do] oo U A o 2 1 1 E]| QT (Harriss ef al.,
1990; Sachse et al., 1988). oPIE 717]9] &4 Ax
Lt 2ustE49l Co, CH A olyzgt CO, NH; 5
o g WER0R soldtn Bustgon
(Andreae et al., 1988; Sachse et al., 1988), CO2] 7%
otutz o] Aol A v EH isoprene2] AFst] oI5t A
Ak CO9| F8 HE B=S Ao=w FRlsitt
(Rasmussen and Khalil, 1988; Zimmerman et al., 1988).

1988 74 (ABLE-3A)¥} 1990 7€ (ABLE-3B)°ll
8% ABLE-3v= 27 vl= A 27te] YT ES
(BEEhH 7yt 79 ofE= 9 55 2|94 ¢
Fo R FEUST AFHES olgoto] Bt 5
59 A2} ti71¢] 4o A8 (53], CH,, 05, CO
)2 THALE AFSHHTH (& 1, 19 1) (Harriss
et al., 1994, 1992; Ritter et al., 1994). ABLE-3E 53| &
A27te] dF-EESl CH,O 8 HiEdd= &4l
SRS H (5~67Tt kglyr) A& 7|2 FSA Y&
59| CH, HIET 5= oPIste] A7-2dste] ¢
S = 4 Ut H 15t (Hamilton ef al., 1994;
Bartlett et al., 1992; Houghton et al., 1992).

NASA | Al 9] GTE 97+ Hi712] A7 o]
sto] F= igol A F=oH, g THS
2 3t Pacific Exploratory Missions (PEM) 2, TA| ¥
9 PSS ez §F AF5k= Transport and

)

)
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Chemistry near the Equator in Atlantic (TRACE-A)
3} Transport and Chemical Evolution over the Pacific
(TRACE-P)©] A= T} (Raper et al., 2001; Hoell et
al., 1999, 1997, 1996; Andreae et al., 1996; Fishman et
al., 1996).

715 PEM<2 1991'd 99K 1999 4@7H4] 27|
= 7fe] A=, BA e (PEM-West) T} e ¥
(PEM-Tropics) 1A 4= = T} PEM-West= S-ATH|
Y (LS 53, dith & 5) AGolA wegt A17]
(19919 9~109)2t 32 A]7] (19948 2~3¥)2] O,
205 A4 Aol Histe] Q1914 A=Ql HiE
Y= WSk, 7] T FekghEl gkl dish o
5}k (Hoell et al., 1997, 1996). PEM-West G- 7|
tF BAHBE A9lA High-NO, (NO,=NO +
NO,) AFll (NO,>20 ppb)& F& OFAloF HiFof|A]
7]€95F1L Low-NO, ARl (NO, <20 ppb)+= B H < of
ol A 718t o™, 0; A4S High-NO, 7} Low-
NO, Rt} oF 2~6Hll =2 7102 eI T} (Crawford
et al., 1997). PEM-West 7|7} 5219] SO,= 5O
ote] JI1H e FY M} St Fidof| 7] Yste] Az
o5& Sl AEiEY Bl A1 A 7 (Free
w2 shlstgon,
ol 41312 Fal H,50,8 FAt] 78 $2Y
(Cloud condensation nuclei, CCN) .2 2F&-3F 4= gl
o} B =%tk (Thornton et al., 1997).

PEM-Tropics &35 FHI B SEiEY
(PEM-Tropics B ?H4) 2| HollA] 199618 8~10E (PEM-
Tropics A, A7N 3 1999 2~4Y (PEM-Tropics B, <
7)ol =3 = ATh (Raper et al., 2001; Hoell et al., 1999).
PEM-Tropics A 7|3t & dot[2|7te} Fopze|7} #|
ol A HAYE AEA Aol 7] 48 ti7] e FEEo]
HA2 olse ol HElEY A= fdde &

troposphere) A5S

Q15153 th (Browell et al., 2001; Blake et al., 1999; Singh
et al., 1996). PEM-Tropics B 7|7 & &t EejgoF
(Steto] 2199) 9] -9, FetAlob (-2t oFAlohell
AE 7] e dE=do] B olFol osl A FH
BYoE FEo] HiEo] AL s A H 9] 7]

A Astol| FFS = A= FIsHA T (Clarke et al,
2001; Staudt et al., 2001). $A]
A= FEUSY e =
gl ti7] 3Feto] olsfE Eol7] iRt =AIA] &
2852 Tl U1l S H
= AlAshs dl 2 71998 st (E 1, 11
2000t o]l NASA®] GTE 91
719 &5 olQdo] oY FFHEE°
%] (Dulac and Chazette, 2003; Marenco ef al.,
1998; Brandtjen et al., 1994; Andreae et al., 1992),
NASA®] GTE A77F E&H 200019 o] -7 8= H2
=704 th71 @9 d5So] Ede] 43 H .
2000 ©]F0] FFH|EL T2 7 77k 73] o]
sot 0 rle@E 24, F9 1 9 BE o

§o029) 372 o} 58 olas] 918 23 o 4

ol
>
I
=
iy
~
n)

et al., 2020; Srivastava et al., 2012; Paris et al., 2010,
2009a, 2009b; de Gouw et al., 2001; Ramanathan et al.,
2001).
WA vl=tell A= NASAS] GTE A& HIF S
3

-1 =2
QEAQ FTUEORE, SHAFBES ]88 1
71042 24 A Eolv] 9Iat 7% A= A

2
49l E2 9] Deriving Information of Surface Condi-
tions from Column and Vertically Resolved Observa-
tions Relevant to Air Quality (DISCOVER-AQ) FHH| <]
(Lee et al., 2018; Sawamura et al., 2017; Ziemba et al.,
2013)3, 2019'A°] vl=oll A HIHSHA HAYSH= A5
9] A& (wildfires)? H55 X199 59 3HA (agri-
cultural fires) A HiEE= ti7] 2 G=4o] 7]} 7]
& 7150 F= T2 A76H7] 91T Fire Influ-
ence on Regional to Global Environments and Air Qual-
ity (FIREX-AQ) 5°] 21TF(Warneke et al., 2023; Bour-
geois et al., 2022; Liao et al., 2021; Xu et al., 2021)
(£2).

otrlotfl M= e utEtet F=oll M Fu Sl &




r|eHS s H3uae el 67 U 57 729

Table 2. List of airborne measurement campaign for air pollution.

Geographical Campaign Measured species Aircraft Study period Reference
scale (Locale)
Regional IPAC-NC! SO,, NO,, CO, NMHCs Y-12 Apr.~May 2006 ~ Maetal., 2013
(North China Plain)
Regional ARIAs? 03, NO,, CO, VOCs, Y-12 Jun. 2016 Benish et al., 2020
(North China Plain) SO,, BC, Aerosol
Regional INDOEX3 03,NO,NO,, N,0,CO,  C-130 Feb.~Mar. 1999  Clarke et al., 2022;
(India) CO,, CHy4, VOCs, de Gouw et al., 2001;
NMHCs, Aerosol Ramanathan et al., 2001
Regional WICARB* 03, CO, CHy, VOCs King air B200 Jan. 2009 Srivastava etal., 2012
(Bay of Bengal)
Continental YAK-AEROSIB® CO, CO,, O3, Aerosol Antonov-30 Apr., Sep. 2006 Paris et al.,
POLARCAT® Apr. 2007 2010, 20093, 2009b
(Eurasia) Jul.2008
Continental EUCAARI’ Aerosol, Trace gases DLR Falcon 20, May. 2008 Crumeyrolle etal., 2013;
(Europe) ATR-42, Hamburger et al., 2011;
BAe-146 Kulmala et al., 2009
Continental EMeRGe® VOCs, CO, HO,, RO,, HALO? Jul. 2017 Forster et al., 2023;
(Europe, Asia) NO, NO,, O3, Aerosol Apr.2018 George et al., 2023;
Hernandez et al., 2022
Continental MILAGRO'® Aerosol, Trace gases C-130, G-1, Mar. 2006 Molina etal., 2010
(Mexico) Twin Otter,
NASA J-31, King air
Regional DISCOVER-AQ" NO,, NO,, BC, CO, P-3B, Jul. 2011 Lee etal., 2018
(Baltimore- VOCs, O3, WSOC, King air Jan.~Feb. 2013 Sawamura et al., 2017;
Washington D.C,, dry aerosol extinction Sep. 2013 Ziemba et al., 2013
San Joaquin Huston)
Regional AMMA'? 03, CO, COy, NO,, BAe 146, Jun.~Aug.2006  Kartal etal., 2010;
(West Africa) HCHO, HO, ATR-42, F-F20, Reeves et al., 2010;
D-F20, M55 Chou etal., 2008;
Redelsperger et al., 2006
Regional MOYA'3 CH,4, CO,, CO, N,O BAe 146-301 Feb.~Mar. 2017 Barker et al., 2020
(Senegal, Uganda) Jan. 2019

"Influence of Pollution on Aerosols and Cloud Microphysics in North China; 2Air Chemistry Research in Asia; *Indian Ocean Experient; “Winter phase of
Integrated Campaign for Aerosols, gases and Radiation Budget; *YAK-Airborne Extensive Regional Observation in Siberia; ®Polar Study using Aircraft,
Remote Sensing, Surface Measurements and Models, of Climate, Chemistry, Aerosols, and Transport; ’European integrated project on Aerosol Cloud
Climate and Air Quality Interactions; ®Effect of Megacities on the transport and transformation of pollutants on the Regional to Global scales; *High
Altitude and Long Range Research Aircraft; '®°Megacity Initiative: Local And Global Research Observations; ''Deriving Information of Surface Conditions
from Column and Vertically Resolved Observations Relevant to Air Quality; '?African Monsoon Multidisciplinary Analyses; '*Methane Observations and

Yearly Assessments

ATH(E 2). T2 AAAY d7]ed
Qo) 24 wjobg Sfstel clekar ARl ofd]
FEo] Y= O™ (Ma et al., 2013), Geng et al.
(2009)- 20073 109 Y27 47 2| lA 7]
LAEA F 7t HMFEH (0, NO,, SO, CO, Vol-
atile organic compounds (VOCs)) 2] 37+ B3 #=3t
D7 0;-NO,-VOCs®] U E #4425 435kt

Chen et al. (2013)2 20075-E] 20107}2] $-34=
217719 S A= E Hg o2 Ho]A 2199 0,
A4 BExE FHAste] ZARGoA 0,71 A&H e
2 A=Y, 0,9 442 AxS} TP ASE
VOC-limited 27 Y-S R 73}t Liu et al. (2013)2
58 canister A1 EH-2 ©]-8SF BTEX (Benzene, Tol-

uene, Ethylbenzene, Xylene) S-S 7ldste] 2009
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| H|o] A 2o A4F2] BTEXES E4519.1, Liu e al.
(2019) 20118 o] 2 H 9] HWohd w4
Z] (Non-refractory-PM, o, NR-PM, ()] &}5H4 24
S BE319 NR-PM, 9] A+ (Organic aerosols (OA),
$O,, NO57, NH,", CI")'"8 47 ZxH|E HiIskg]
T}, Benish et al. (2020)2 2016'd 587 68 - Air
Chemistry Research in Asia (ARIAs)E 3ot =
sfHo] 2199 0, B4 T =3 7| e EE=E ]
z/& TSI

ofz@|7tof| A 4P FF TS (3 2),20089 6
African Monsoon Multidisciplinary Analyses (AMMA)
e S5l Aotza]7h A HollM ¢-7] (Monsoon)
7173 diRde di71 A= 2T ARk HAE
£ =459 ™ (Chen et al., 2011; Reeves et al., 2010;
Chou et al., 2008; Redelsperger et al., 2006), 2017'd 2-€
¥} 20193 19¥0] Methane Observations and Yearly
Assessments (MOYA) ZH|l-& Foff AUlZat ¢t
o 219 9] W2 Fold BstE Bed daot 5
2] 5ol A vlEE= CH,, CO,, CO 52 TS
(Shaw et al., 2022; Barker et al., 2020).
SROIAE 2AH Q79 o] BjEL ol
Feu=ol AT (F 2). HEZHOR 2008
European Integrated Project on Aerosol Cloud Climate
and Air Quality interactions (EUCAARI) 31 5
sl 7152t ti7] 299 deuAE AF5HH e (Cru-
meyrolle et al., 2013; Hamburger et al., 2011; Kulmala

i)

1—
L

et al., 2009), Effect of Megacities on the transport and
transformation of pollutants on the Regional to Global
scales (EMeRGe) 7HH|Q1-& Faf =2 Q17 A
oA wiEE trleded =AA4 FF 71
2 e digoz o] Shtel ¥Rt A7 st
(Forster et al., 2023; George et al., 2023; Herndndez et
al., 2022).

2.2 I AT S
SEuEte] di7]1ed e eE2 19909 2HE
(1993 Q)55 AlZt=|o] A 251 o] 3] JAE 7F

A28 ek 1990 At o] 7ol = af <]
sto] U 7| e FeHEE &
ol 5-91 3715 o83 FEHSol A A
%3 (Jeong et al., 1994), 19961 7€ & EH
of oJsf S-Eutete] xSl 7l e d FFTE0l
BAR o7 £350%]7] A&t (Kim ef al., 1997).
Kim et al. (1997)-2 1996'd 39 197 E 3¢Y 34714
SF-600 3571 o]-&oto] -2ue Aafiet A-gellA
AAE olseg FHE FY=l+= SO, NO, NO,E
o g FedES Aleotltt. Axsd FF%

F= ol8siA Aokt At A% shdE 7H=A]
EE #5 v Sz fdHE dr1eded
53, 4]) 2EE Tefstal FE U (Flux) 4t
e A=sto] S| 7 olF ¥
H7ole W de AMSIAH (Kim et al., 1997). ©]
T FHE A2 199735 E] @A7EA] A4
et A eld sz = F71E olE

4
N
o
of
il
i)

o g2 BE 9 soHd 24 242 9
T FBUSES ASH o7 S5kl QUrt (Park et al,
2023, 2020a, 2020b; Lee et al., 2016; Song et al., 2009;
Han et al., 2006; Kim et al., 2001).

Seuebe @l @Y S d71E BEEA
(KORea-United State Air Quality study, KORUS-AQ)
£ FHloks 1 § A% A= 20159 585 69
7H2] WiZEAE @9 A wIAAUS S SRt =
A= 7591 (Megacity Air Pollution Studies, MAPS)
S 4=Yo}% 2™ (Kim and Lee, 2018), King Air CO0OGT
15711l High Resolution Time-of-Flight Aerosol Mass
Spectrometer (HR-ToF-AMS)2} Ultra-High-Sensitivity
Aerosol Spectrometer (UHSAS)E B Afioto] & 73]9]
FEUE2 S = ASVHET ofet = A
o & PM, O] =2fotet EAS A5kt (Park
et al., 2020b; Kim et al., 2018). MAPS-Seoul 7]t &
HR-ToF-AMSZ Z73% =4 452 NR-PM, 1] &}
S} /42 (0A, SO,”, NO;, NH, )8 33t 232 eF 24
Hl = Ul Aoz 43 A Al BaEglA
9t (Park et al., 2020b), T2 724 7] Q&2 (0,,

OOll




7|2

HIuR0| el #7 U S 731

Table 3. Airborne instrumentation onboard research aircraft during the KORUS-AQ (Adapted from Crawford et al., 2021).

Investigator, Institution

Instrument Name/Technique

Species/Parameters Measured

NASA DC-8 trace gas measurements

Andrew Weinheimer, National Center
for Atmospheric Research (NCAR)

Glenn Diskin, NASA Langley

Glenn Diskin, NASA Langley
Joshua DiGangi, NASA Langley

Donald Blake,
University of California, Irvine

Alan Fried, University of
Colorado, Boulder

L. Gregory Huey,
Georgia Institute of Technology

William Brune, Penn State

Ronald Cohen,
University of California, Berkeley

Saewung Kim,
University of California, Irvine
Kyung-Eun Min, Gwangju Institute

of Science and Technology

Jeong-Hoo Park, NIER

Paul Wennberg,
California Institute of Technology

Armin Wisthaler, University of Oslo

NCAR 4-Channel chemiluminescence

instrument

Diode laser spectrometer
(Differential Absorption Carbon
monOxide Measurement, DACOM)

Diode Laser Hygrometer (DLH)
Nondispersive infrared spectrometer

Whole Air Sampler (WAS)

Compact Atmospheric Multi-species
Spectrometer (CAMS)

Georgia Tech-Chemical lonization
Mass Spectrometer (GT-CIMS)

Airborne Tropospheric Hydrogen
Oxides Sensor (ATHOS)

Thermal Dissociation-Laser-Induced
Fluorescence (TD-LIF)

Chemical lonization Mass
Spectrometer (CIMS)

CAvity-Enhanced absorption
Spectrometer for
Atmospheric Research (CAESAR)

Proton TRansfer, High Resolution,
Time-of-Flight, Mass Spectrometer
(PTR-HR-ToF-MS)

Caltech CIMS (CIT-CIMS)

Proton TRansfer Time-of-Flight Mass
Spectrometer (PTR-ToF-MS)

05, NO, NO, NO,

CO, CH,, N,O

H,0(v)
Cco,

C,-Cyp alkanes, C,-C,4 alkenes, C4-Cy aromatics,
C;-Cs alkylnitrates, C;-C, halocarbons, isoprene,
monoterpenes, ;,3-butadiene, carbonyl sulfide
(OCS), dimethylsulfide (DMS)

CH,0, GHg

Peroxyacetylnitrate (PAN),
peroxypropionylnitrate (PPN),
peroxyacryloylnitrate (APAN),
peroxybenzoylnitrate (PBZN), SO,, HCI

OH, HO,, OH reactivity

NO,, sum of peroxy nitrates,
sum of alkyl nitrates,
aerosol-phase organic nitrates

CINO,, Cl,

NO,, CHOCHO

Toluene

HNOs, HCN, H,0,, organic peroxides,
organic nitrates, organic hydroxynitrates,
peroxyacetic acid, cresol, glycoaldehyde

Methanol, acetonitrile, acetone, methyl ethyl
ketone, acetaldehyde, benzene, toluene,
Cg-alkylbenzenes, isoprene, isoprene oxidation
products, monoterpenes

E]
64714 53 H KORUS-AQE 7]%2; A s
Itk (Crawford et al., 2021). KORUS-AQ+= Z0|AH
2] (PM, )¢t 05 & 2=t th714d Aste] k=
T YR A4S wefstr] ol A, &5 AlHE

L B

Sto] QA = A4 T 4
—-o|t}(Crawford et al., 2021). KORUS-AQ 7|7t &3

=0 =

o] 5717} 2347} 833] (DC-8: 203, King Air B200:
309], King Air C90GT: 333])9] &FTZof FI5
01 71 e9ED 5 0, B E’qﬂf PM,; 4 3

= Aol SAst] =l qirledEde] 3 &

L

=
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Table 3. Continued.

Investigator, Institution

Instrument Name/Technique

Species/Parameters Measured

NASA DC-8 aerosol measurements

Bruce Anderson, NASA Langley

Jack Dibb,
University of New Hampshire

Jose Jimenez,
University of Colorado-Boulder

Taehyoung Lee,
Hankuk University of Foreign Studies

Joshua Schwarz,
National Oceanic and Atmospheric
Administration (NOAA)

Seong Soo Yum, Yonsei University

Langley Aerosol Research Group
Experiment (LARGE)

Soluble Acidic Gases and Aerosol
(SAGA)

High-Resolution Time-of-Flight
Aerosol Mass Spectrometer
(HR-ToF-AMS)

High-Resolution Time-of-Flight
Aerosol Mass Spectrometer
(HR-ToF-AMS)

Humidified Dual Single Particle Soot
Photometer (HD-SP2)

CPC3010, DMT Cloud Condensation
Nuclei Counter (CCNC)

Aerosol number, size distribution, optical and
microphysical properties

Bulk aerosol ionic composition, fine aerosol
sulfate, HNO; (and submicron NO; aerosol)

Chemically-speciated submicron non-refractory
particulate mass and size distribution

Chemically speciated submicron non-refractory
particulate mass

Black carbon (BC) concentration, size
distribution, mixing state, and hygroscopicity
of BC containing particles

Aerosol number, cloud condensation nuclei
concentration (0.6% supersaturation)

NASA DC-8 remote sensing measurements

Samuel Hall, NCAR

John Hair, NASA Langley

Jens Redemann, NASA Ames

Charge-coupled device (CCD)
Actinic Flux Spectrometers (CAFS)

Differential Absorption Lidar and
High Spectral Resolution Lidar (DIAL/
HSRL)

Spectrometers for Sky-Scanning,
Sun-Tracking Atmospheric Research
(4STAR)

4-m sr Actinic flux and derived photolysis
frequencies

Zenith and Nadir Os; aerosol backscatter,
depolarization, extinction, and other retrieved
aerosol parameters

Zenith measurements of aerosol optical depth;
column water vapor, O3, and NO,

NASA King Air remote sensing measurements

Scott Janz, NASA Goddard

Geostationary Trace gas and Aerosol
Sensor Optimization (GeoTASO)

Nadir column densities of NO, and CH,O

Hanseo University King Air trace gas measurements

Jinsoo Park, NIER

Teledyne APIT400 AeroLazer AL5002
LGR GGS 24 EP Thermo TEI 43i

05 CO CH,, CO,, H,0 SO,

Tom Hanisco, NASA Goddard Compact Airborne Formaldehyde CH,0

Experiment
X 9 AF of7] skshA st Fof Aol e al, 2020), T AHKIEEA] 2] vOCs Bl E HIEE]
& AR5 SASTATHE 3) (Crawford et al, 2021, 9+ FFZA 7]9H] VOCs WS 2427} Zpolr}
Fried et al., 2020; Simpson et al., 2020; Nault et al., 2018). QJ-2-0] A|A = ATt (Cho et al., 2021; Fried et al., 2020).
KORUS-AQ &3¢ 2k, 714 24 (7] 4Ae] E@%¥ﬁ24ﬂﬂﬂkmmuwmﬂ

wjet Sefel s Ao WEE vocsl o
=24 Q1 22} {-7] o|o] 2F (Secondary Organic Aero-
sol, SOA) Ao AA|Z| AT (Nault et al., 2018), A&
A% 9] VOCs HlEdE=

EH5HY.2 1 (Simpson et

Seltet th712. 9] ol
Tl Fgstel Aol
20| WS sletel

R

H*L

1o

:!:‘4 :.:1

R

mlo

© Lo

s
;z % £
B A
o2 re Ol

Sy |2tEstE|x| J 39 2 Ml 5



Kwon et al., 2021; Park et al., 2021; Jordan et al., 2020;
Schroeder et al., 2020; Souri et al., 2020; Oak et al.,
2019; Spinei et al., 2018; Tang et al., 2018).
KORUS-AQ °|¢ =4l 7] & 7] 2 d g
2 919 58 93717 24 % AZEcHKim et
al., 2022b; Seo et al., 2019). ZTH7|A AL 2017
& King air 350HWE = % 7iZ5}q, 714 2 7]1%
W= df7] 84 BE5S 5k Ak (Kim et al,
2023b; Ku et al., 2023, 2020; Jung et al., 2022; Kim et al.,
2022b; Kang et al., 2021). E3F, F&22] tf7] 2 g
US98 20173 mARR] F7RiSFE A E
(A7 SH R AT, SR, HARAF)ef 5Hg
et Al ez At HARt 2190
593871 Beechcraft 1900D (B1900D)E =H| 7]
o 2 o7 81} olahS $Ie WG FB] Az
of ) thrled AL 1T FEH FEBE0]
Y= T} (Seo et al,, 2019). B1900DE= 7] King
air C90GT iH] o f-=2-2 f8 HAFS vl o= ot
I g7l e dE=d (724 05, NO,, SO, NHj,
VOCs, CO, CO,, CH,; 94AHT: Black carbon, NR-
PM,, 25t A (0A, SO+, NO5, NH, " 5), Y7+
&S 54T 5 e 574 BHIE FAlst, FAe
olF t7led=2 Y =l P ATATA] B =4, At
H, A T TRt @A gir|edEEY] *
A X XS W5 7129 /el Bast
ALE0] Y53 Tk (Kim et al., 2023a; Park et al.,
2023; Park et al., 2022; Sarkar et al., 2021; Park et al.,
2020a; Seo et al., 2019). 9]¢} Zo] =] t7] 24 5
TE0] 714 Wah 24 Qlmete] SRS Al
EAA, s T3 2ol W tirl e HiEAYge
TEsln 94 2 AFIATE A Ao At 7
2 AR 52 B9 20 9712 A A7BS5 7]

as =

ogtoz Fyu=ol T84 W ol 7‘&7‘& o=
o e
[e]

SFILT} =
[$) =

Fo101 FotAlele 22
& azate A0l ol A
P

r|eHS s H3uae el 67 U 57 733

3.1 5% 7letel Hst

FTUE2 ARSI e B4 o Wgs
SRRt 57 S2]o] PBL o] S0t x| met
V47 B35y Wil Bl Tt oF 1 km $FO
2 7] ok woF di7] e dE o] 4 R2E 54
ohe Zo] BAelgd SAetst she 1] 99

WollA AlEAQl 54 1k o] #isk} ARt (Park
et al., 2023, 2020b; Nussbaumer et al., 2021; Pollack et
al., 2019; Miiller et al., 2014). o|df 713 18 &E= 52
2 NI stof mhE 7|9f Hato|th oA & EH, s
(AL%E 0 m, 15°C 7]&) A 71o] €F 1,013 hPa©] ]
Tk 3 km FFoNA 9] 7142 9F 701 hPa©| L, 6 km 4
3-9] 719H-& oF 472 hPa© |t} (Cavear, 2000). |4 ¥ 17
Lo whebA] 7|l WotA =W &FF S ol &
YE= A=o] Fux o7 HE 4= Qloh gA% &
O] 7k AlJ7} 719 o] FHAshd Kulzt F71oHA| =
|, BreF 54 Au|7E A= 755 (1,013 hPa, 15°C 7]
=)= AHgSte] AlE7E fEHH 1k sl oE
71 A5tz sl FLet A=F 52 /A5 Slot
o] B W2 Bu]7} {9 = ofof gt (Mills, 2016).
71 AE ol AFESh tiFE] AAIZE
S ES 719 Nl f9& ol 15
I (vacuum pump)E AHE3ITH (DeCarlo et al., 2008;

Nelson et al., 2004; Lee et al., 1993). Zt &
v 24 AH|E

——r—— IT=
AeHES
gl

o] AAH o2 o] =

rr

%3

?J’(Vacuum Pressure) < Pt x4

A 4 RFOR ARE FYAE AT

HhR 0 2 ZJAFO| A ARRSlE AAZE )L

JHEe EEH71Y (1,013 hPa, Si5H, 15°C) 5
Z]

o AFTE AFULE AHge,

il

2 o

ol
N ox mS of of rlo

o ol

Y|\

47 2ol A8 A 2 Walol ket A
(Ighel Watr] e 23 PLA PyHow
]

Aot @A A& ool S
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2] 931 AFA 27 (Precondition)2 J4J5}
t}(Bahreini et al., 2008; Wert et al., 2002;

1993). o] W2 My H ol F x4 7] 5-& 0|85
o =

=
Z|gE T A A FES gAste] S vt 4
A 71gollA A=E FES 5 A 20S w0
T Holtt ojeh T2 W2 AlRHUR Wel Al
F AlZF (Residence time)2 &5 Aol 9loH,
T3 ol wheba Ziat 2] FAtolu Akt
EHY EAE A SHY SIS =L = I=F

o] lt}(Bahreini et al., 2008; Wert et al., 2002; L

[«
o
oY
~

uprjeto 2 S o] wAle o F 7HA] W
o7 sfdo] 7] b= Aol 71EY e 544
(Method)& AH83h= 574 FHI=2 aAsto] ti7]2
A= 54 Bve] 224 HAE HEske T
olw, A s 2] Bt AlZh vl-go] 71 ol
e 2 Q7] el APdell 574 Agmle] A=

H7kste] olo} e FA| MAS HAstlof g,

—

=

3.2 38 7 |LF=E =F HH|

FF71E o] &5 7| L dEd 542 FAIKE Hel
w2 A 9E o5t SAshe o] YRR HE
HLE = o]Fols FFUES EHCR Q) S
HIE AR off 24 ARt HEHA| 5 of8 Fes
aejsfiof gttt S FFBSZo|A T2 A=
Beechcraft C90GTY Beechcraft 1900D2] 3¢ &%

Z Al B 300 km/hrZ H]|3§5}1, KORUS-AQ®]
AFEH NASA DC-89] 7% oF 850 km/hr2 H|3HS
o 77t 120] 83 met 236 mE °15E 4 9l
| 9he 52 olFaHA 27 495

FLWZ=2 1% o]5t] WhE BAo] @ LETh
72 A2 GBI 717 Bl 2ol 274
He 3A o= AeFEAH (Mass spectrometry), 2}
SHFEH (Chemiluminescence), #1014 23 (Laser
spectroscopy) ©] AH&-E|H, 2] © 1] E] (radiometer) 2}
2}o]t} (Light Detection and Ranging; LiDAR)E ©]-&
3 hoFe W3t ZASE AGTECHGE 4). o] 2577
542 24 ARkol 12 olstz o
ol 249 A2

o] dojd 79 w2 &

r

¢

Y3712 dste] 24 IS S 2

Rs}e17] ol e,

E

|

fEle A
S

ToE-AMS®} VOCs @ 1 9] 7k24F 22 (H,0,, SO,,
HNOj;, Organic acids ‘&)= =45H= Proton Transfer
Reaction ToF Mass Spectrometer (PTR-ToE-MS)2}
Chemical Ionization MS (CIMS)7} $Jt}. ©] HR-ToF-
AMS, PTR-ToF-MS, CIMS= ToF A&HEA7|5 A
5lo] =2 A= E5l'5 (Mass resolution)= HEO 2
=7 ekt U=t E4, 1 Hz o]0 A de
Z7o] 7¥s s, 7 2% )7} g we] olel HA ]
d7l1ed=de AL 4 = FHol At (Park et
al., 2023, 2020b; Bourgeois et al., 2022; Nault ef al., 2018;
Miiller et al., 2014; Ren et al., 2012; Eerdekens et al.,
2009; DeCarlo et al., 2008).

FTUSONA selgHe d7|1edEd T 55
NO, NO,, O; 5= SAT o A3} (Nussbaumer
et al., 2021; Tadic et al., 2021; Zhao et al., 2021; Ash-
worth et al., 2020; Flocke et al., 2020). SFSPaFg+H.0 =
sretE4o] HHg- (o, NO +0;=NO,)sHH A4
AH o=z of7]d sfetE (], NOy*)ol 714 gH =
Eoter sfehigo] o5 HEHE Ue SAse

HpAjolm, 8 TAHES e %

ox
]
2
2,
il
B\
o2
il
+




Table 4. Instruments for airborne measurement of air pollution

7S E SSHZE| FLhel A7

ERSEl 735

Category Instrument Aircraft

Measurement

Reference

Mass spectrometry  High resolution time of C-130
flight aerosol mass spectrometer pc-8

NR-PM,
(OA, NO5™, 50,2, NH,™)

King Air C90GT
Beechcraft 1900D

DeCarlo et al., 2008
Nault etal., 2018
Park etal., 2020b
Park etal., 2023

Proton transfer reaction Learjet 35A BVOCs Eerdekens et al., 2009
mass spectrometer P-3B VOCs Mdiller et al., 2014
DC-8 Hydrocarbons Nault etal., 2018
Chemical ionization DC-8 OH, HO, Renetal, 2012
mass spectrometer DC-8 HCN, HNOs, DHT, SO,, PAN, PPN Nault et al., 2018
DC-8 HONO Bourgeois et al., 2022
Chemiluminescence  Custom built FAAM BAe-146 NO, NO, Ashworth et al., 2020
Custom built C-130, P-3B 03, NO, NO, Flocke et al., 2020
CLD-790 SR Gulfstream G550  NO, NO, Nussbaumer et al., 2021
Fast AIRborne Ozone Gulfstream G550 O3 Tadic et al., 2021
Thermo 42i Harbin Yun-12 NOx Zhao etal., 2021
Laser spectrometry  Four-channel TD-LIF? BAe 146-301 NO,, HNO; Di Carlo etal., 2013
QEPASP sensor P-3B CHg, N,O Jahjahetal, 2014
DFG* -based laser spectrometer DC-8, C-130 CH,0, C;Hg Richter et al., 2015
QC-TILDAS? C-130 NH; Pollack et al., 2019
CAMS® DC-8 CH,0, C,Hg Fried et al., 2020
G2401-m King Air 350 CO,, CH,, CO Lietal., 2020
EAA-30r-EP analyzer® Beechcraft 1900D NH; Park etal., 2023

2Thermal Dissociation Laser Induced Fluorescence; ®Quartz-Enhanced Photoacoustic Absorption Spectroscopy; “Difference Frequency Generation;
dQuantum Cascade Tunable Infrared Laser Differential Absorption Spectrometer; ®Cavity ring-down spectroscopy; ‘Off-Axis Integrated Cavity Output

Spectroscopy

A= A o] QAT (Nussbaumer et al., 2021; Demerjian,

FEUSNA FlolA 2B 7t di71 L d=
Z (NH;, NO, NO,, HONO, CO, CH,0, C,H, 5)=1}
LA7}2(CO, CH, N,O 5)E2 S o F2 A
L =T (Park ef al., 2023; Fried et al., 2020; Li et al.,
2020; Pollack et al., 2019; Jahjah et al., 2014; Di Carlo et
al., 2013). o] A FFHE A o T= B4 7}
o] lolAs At AlmolM &5 B At 5

o olsh Wetst 2AMETS ST Yoz
4 A

o]t} (Richter et al., 2015; Lee et al., 2011; Santoni et al.,
2011; Nelson et al., 2004).
A ARt 54 AH] Qo 1% ofste] 24 A

S|
T Ee UEE 9 gy e d=d siEdo] A2 4

fu)
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o,
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Al 7Re 2Ee = 1) F87] FAC 7Fs2 %t V1=
ZHlE2] B (Operation Empty Weight, OEW), 2)
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A 1 ' 1
L '
E 3 E Tradeoff
_ga ! ! between
1 payload
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; ' ! Distance
3 Maximum ' Tradeoff :
& payload ' between ! '
o ' fuel ' '
: & : :
. payload ] :
. : LD
Distance

Fig. 2. Standard payload-distance diagram (Adapted from
Ackert, 2013).

FF7] AR (Total fuel), 3) & HAHZF (Payload) 2.2
U= 4~ QIth(Chati and Balakrishnan, 2018; Ackert,
2013). FF719 FA T OEW= ¥ & §lod, &
7] AuZdH fa GAGS 2406t HEAYE
AT o SIth(™ 2). A& 5o 17 29 DARLS
37| d=E 7S TRkl 7 et
A7t ook ke ol 7HE 71 AR E v

= OJu|gtch(F|hH]E A ). DA AN 54
H|7F AT 45719 74 5oz Q5] H]
P27t Eo15A Foh(D to C). CAHES 5719
o] &FA (Maximum Takeoff Weight, MTOW)E&
ojulstel, BAlEs 23 At o 2718 A9

(¢}

N
=

1o
=]

o 4 R o B
£ N - OE Ml

h
o
o ol L ok

t}(C to B) (Ackert, 2013). w}2tA o T =
712 HEEE ®ESP] Qlot B2 S HH|E
A 7S HS A7) FAR B EEH] TEH]
o) -4 % 9k

o2 AR 54 A9 Arjd ol -y
= 5 574 A9 M75g2 &37] oA T
A== M7E AMgohet F37] XA Ag4ird
o Q= Tgko] FajA 7] whEoll AHjAEle] &

A el GAsH ] ok FrHH ez el
gr1ed dEH=0r F2 AMEE= Beechcraft
C90GT2} B1900D+= 2l (Direct Current, DC)E A
4tet=d], o1& JIMEIE AHEste] 54 HHlE 7hs
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