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Chaptkentdoducti on

1.Motivati on

Tropospheric ozone is a trace gas in the | ow
carbon monoxide (CO) and volatile organic com
oxi NOsNQ@+ NO). Ozone is harmful to human card
i s responsible for one mil |l iAmme npbreemgateur eald e at2
Mal | ey e)tExale.s,sa b&tomreeduces agricultural vyield

in | ost cr(Wapn pDiondguecnteidine ki ason) 20MdAditi @Mwdl2l vy,
a greenhouse gas and is the third | argest ind

and melth@®,e 023

Whil e ozone was f i ristt wadse ntthief iseedv eirne tshmeo gl 8e
Angeles (LA) Basin in the 1940s that drew the
role in poSei mfiel d uand tHAaengdiinsn,i n2g0 lién t he 1960s
state and feder al agencies introduced control

emi ssi oNQ, oan€OYOCsredoatckamgt ahd¢ @retomaet ii oan t dfe U

(Fi g.Walll,ilngton .et al ., 2022
Building upon this progress, the Environme
Air Act were created in 1970 and with them, t

( NAAQS). While the federal standardther ERPAONE
defines an ozone exceedance as the daiplpypy maxi
(parts per billion). However, epidemi ol ogi cal

exXpossaor e neveenx ppamad kreassoicmnat eased t pr emat ur e



Background concentrations2ffplmonbi bgpncal kbwmi

and naturalxsschr assashodgbiN®ahg3PBbkliet;bauere’00

al . ,) .20As7 of 2025 over 100 mil | iioonn-@retogpil eme mt a
areas, where the annual fourth highest MDAS8 o
excer/edd EfPA, ( R0 23 a

250 1500

N 1 —— Number of O3 Sites

. . - 03 NAAQS Level

225 — T T — 1350
-

200 —| I~ 1200

175 — [~ 1050
150 — — 900

125 — = 750

Mumber of Sites

100 — il 800

R S Bt e e (Sl M g L 450

I— 300

50 ¥

Annual 4th Highest Daily Max 8-hour O3 Concentration (ppb)

25 Pal1s0

Fi glDi stri but i'thrn gife sanpcvDaA8e A r at i ons measur ed
sites, 1980 to 2021. Boxes represent the medi
and % centiles, and values outside this rancg
numbeegmorfi tOOri ng sites repoEPAngRrdAdas8h to EPA i

Through feder al and stat &OCsgi @alnat iIC®On e m
have declined significantly over the past thr
catalytic converters on automobiles and sel ec
mitigated xd@CsanodnNOwithout changing our reld9@
the EPA, hi ghway vehicles have contryiamadt ed t o

COEPA, P023bD



These reductions in precursors have hel ped
and the maxi mum observed valuesoziomee obseread
many air gqual EPAOSt AN ARG ntiyn bBg st @emsur pass t
standsagad Fig. A.1 for a nat.i ofhuwrlt hmarp rods eNaorncah t

drivers of ozone production in these regions

The numberonaft oAAQ&y isndresased since the 198
understanding (ofi gh.oddlaMoviee mi snaniybp @y theper tA Q&:
concentrations aN@QanmdotV Qhse) .prTehceusres omiss s(i ng dat
develop fully informed sStimathe gitdeiss|ct.ugs sfaBr2tdhoecra t
in the U.S whesriaveasd ddi tbhieo nmadl otrA Qubeerveefl iogii anlg 0z 0 n ¢

strabagedson ozone concentrations and popul at

Due to substanti al i nvest ment and regul ato
States has been i mproving on a national | evel
gual ity in the world can whagul rddagyg doree froaumidd i
industriali zatdomt rainlmu ttimiMbgamdéc et e minssi ons of o0:
Worl d Heal th Organs2zadt inoin |(iVeHO)p reesntaitemardeeyd e at h

yedue to high | evdl < ud é&mMHeE>y, dM®d0 1a8nd P

Fig. 1.2 shows o0zone trentikBeaUr$fssantteEgt o
exhibit smal.|l positive or nwelgidtseead itbn d¢rsd P eirrmsi
positisoé bDremeé sobseme adfi otnhe ,he gblepsbfga nd t he w
ppb/ decttdhdesaisaa parfrskpelraencing the greatest in
there are stil |l olzaorngee tgharposu dileo umiomart tos i mfy Asi a,

and Africa.



Decadal ozone trends since 1994

Trends (ppb per decade): - -
4 0 4

Station type: @ surface A altitude > 1500m M airborne
P-value: 0 p2034 ©01<p<034 ©O005<p<01 Op=005

Fi §2Decadal tropospheric ozone trends since 19
regionally representative surface sites (Coop
troposphere (650 hPa, aSbheorwti c3e. HAGHK ml adf st O & s vai
System (I AGOS) adasvtee rEnure@dtet, e nourWHA, western 1|
noretarst China, South East Asia, southern India

of Guinea and northern O8I . Awetgihca ¢$ Galideé
>1500 m above sea |l evel. AlIl trends end with
or 119M@&C,). 2023

Mostountries in south and southeast Asia ha
mprovingbywntriggast tiycti ons on vehicular emi s:

mi ssions monitoringowewaer | ntdiss e imégldlact ory et

esigned without considerations of | ocal at mo
umberonaft ori ng shatregson i s inadequate given
opul ations. Thailand i s a notnahkloa sexddeptrii drn,t
ationwi de. Ot her common chall enges that hind

i mited financi al and technical resour ces, a



coordination between federal agencies. Moreov

often i nMHiomcsti d/ee2ndal Cet;Ray .et 2a8012.3, 2023

Ozone has a sufficiently |l ong |lifetime tha
across national borders and travel |l ong di st a
area may not be due to | ocalutamins soiramgs nhauti nrga

complicati ng (Tpaonlgi ceyt ) dael &igs i2édXlsBmp |l e, o0zone exce
have been |inked to transpBbreedssemokedatlom €a
upwi ndGstdbesg()emhidle. ,SoaG@h5 Koreads ozone is f
emi ssions oriQhoiatemn)dmi ssChddvaf {fom Asia can b
t he Pacific Ocean, contri butLiimg etto)adzlgme& OddXRa@e
response, taieweimawve nmaeemnal agreemedRmgeuUCoHh
Transboundary AiWhiPeael Ithteisen aigm eEMMefNt s have en
scientific collaboration, their i mplementatio

(Lidskog andg .Pleijel, 2011

Effective aiers qunantidiggtqpopd s cheepemad aone
thoromdgédr st andi ng of o0 zTome fpaloldouwitn ghres ecchteimons to

current stathezohekcadwinedl) 8 yosses ongoing rese



1. Rackground

1. Dzbne Formati on

Ozone production in the troposphere is dri
hydr oxyl radi cal ( OH) . OH is primari liyn gtehneer a

presence ofRWaReadpWapor
O3+h3A OD + O (R1. 1)
oD +OM2 OH (R1. 2)
During the oxidation of rOgdiOHa-IrehAlcRE. i th CO
CO + A@H+ H (R1. 3)
H »+OMHQ+ M (R1. 4)

For VOCs, the initial reaction with OH gen
reawittdt oOform a pejJjoxynraddNQpl BreBa@ctes onfi t h NO
pr oducNeQabnodt .hH Orheiasc t i on ss eschwevic.eBn wReér ®8 RH i s a

hydrocar bon.

RH + AGRH +O H (R1.5)
R +ONRQ+ M (R1.6)
RO+ NAORO NO (R1.7)
RO +A BQ+ ROCHO (R1. 8)

NextHCGacts with NON®o whoircnh apdhdoi ttoiloynzaels and

formati on elf. 1olz)o.n eHe(nRle.,9 f o ed We rf yourhCn@ camofl cerc u | e



every Vool ewod @saeatelayt ed b e c aNusca emmft etdh @ ne xRtlr. ar

Oxi dati ohopmed®dt 8 can condiinnwea btsce gfucernm mearae t

HO+ NYOH NQ (R1.9)
NQ+hsA NO + O (R1.10)
O H+OMOz+ M (R1.11)
The rate | imiting streepascod foatshéheeaR@®HEORCc NDo N s

to produlN® OHhentdot al equation for the net o02zc
the sum of reaahddNRE .Mt vaenedn tH@ r eaarcd i MO S bet

(R1.7) with their j)r.es@zeccntd vlieo srsatcea nc obnes taatnttr i(bkt
OH, M@, VOCs ozonolysis, and photolysis of o0z

( Psequatpromyvii de(dl .ble)l.ow
P@= n& HoNO] § HO® [ NOKk {)RO
( &1, bOHE[ Gro2 Ko [ HO ro §NQ] [ OH] i[ ® [XMG]3f Y O (1. 1)

Radicals are conserved throughout these re
producing ozone. Radical terminationN@Qccurs i

envirohN@eé¢ntms ted r egirneea)c,t iroandiicsalt hsee Ipfr edo mi nar

HQ+ HM®H0:+ 20 (R1.12)
HQ+ RAROOH 2+ O (R1.13)
RQ+ RMROOR 2+ O (R1.14)



Under t hese ¢ oNQlciotn coennst,r atoivoeh@i nwginl Ir ed edc i & &4
hi d@Renvironmentnsi t(eMlOd egi me), the formation of

terminating reacti on:
NO+ OH AtHNB+ M (R1.

Under t his rNeQ@c omec e ntorweetriioAngs Whel traoseasen
bet ween regi Mg ecaewrseswhenthe po-Rtt l1dhere th

become greater than R1.15.

P(O,) isopleth (ppbv/hour)

NO, (ppbv)

VOCR (s")

i B3P Q@i sopl et h, where contosfwiltihneniteproés empt/
nction ofR NReadandotV®OCrepresent the VOCR and I
the box model. The dashed black Iine is a

@ANQr ati o was equail.t4b)0. AM d( rtahreg ed ats.h2e5d gr ay

I mod el runs where the. Bahfoewas) egual . ft o020

Due to thiBQirelmdnloinhamhei cbnceNsQpe &t gba o
1.3 shows this N@GI a&/tOiConszsakrPusventgyeemendEmpi ri cal

Model ing AppKoaoki gBEKNDA9&2bel ow the dashed bl



aN@Il imitedd regi mNQciomcwehhitclatldewsrelamgne nt o a
producti on. Data above the -diamhtedd]| dNeki e ,newl
reductions must be accompanied by | owering VO
these nonpr adarcespppoonnsees i s essential for desi g

management strategies.

Many maj or Ut rSanc<fitto ersa chparveed d mimm a retdl yo zZ\o'@
product i orNGrlegminiee dit eoc eagssuececoeNsQsefmuls si on contr ol s
(Roberts et Hoaweye2022i mul t aM@anud V@G uemii DNISson N
still generally recommended as there a+t+e ti me
i mited. Furt hNeQinmorneo,t ecvoenrv ewhteenrd t o ozone | oca

downwi nd and contribute t®Romzeonerfecremdt iedn ailn

1. NQand VOCs

NQand VOCs are central to ozone production
that generate peroxy radicals, which drive th
me asNiQaend VOCs, including in situ observati ons
aircraft, as well as remasedsemsitmgmeat si evals

As previ oWNQry fca fsiunmeodctohnecheensb f a NIOb@ n d
which are grouped together because they rapid

(R 4R1168) .
NO A RQ+ .0 (R1.16)

NQ+hsA NO + O (R1.17)
9



O ++OMNOs+

l denti fying t NQi manpnecessarged$ oof under st and
f or maNaitograllr ces i ncsloyadhddi loimglstsmAibtug mom@geni ¢

typically domi natNQiisn purribnaanr ialrye apsr, o dwhceer de

combusti on.

t 0lQemi ssions nati onwi

stationary fuel
emi ssions (Fig. 1.

production (39%),

Accor di

de

M (R1.18)

to the 2017 Nati

combustion (22%) whi
I n dNodQretnri agsstio 0 esnoeurtghye a st

owed by manufacturi

6% attributabl eRay eti para.s,s DdDUINi ng

A) NOx (11,786 kTonlyr)

Stationary Fuel Combustion 22%

All Fires 3%

Industrial

Processes 10% Biogenics 12%

Other 1%

MNon-Road
Mobile 22%

Highway
Vehicles 30%

Fi g4U. Sp@ORcemsebisoencsh N@B) VOfCrso m

2023b

VOConsitshowdands
|l ifetimes, and reaat evict awosliadthielsal cshed miod a IV OfCrs ¢

which include emi ssi

emi soifoWvW®OICem ot her

ons

B) VOCs (43,073 kTonlyr)

Bingenics 60%

Other 4%

Mobile
Sources 7%

Industrial

Wildfires 11% Processes 7%

Agricultural & Salvent Utilization 7%
Prescribed Fires 5%

i ndi vi dual

sources such as vehi

t hr ou

a rreo ahdi gnhovba yl ev eshoiucrlceess

t he(EPB20

speci es,

from personal



increasingly importanlitncfloud itnagts aUCiPgQC f¢c cammad s i tm
f or o02zoneCongogdoenl ientg M Do n @aWc@Dlo2rdall8d eGk aatlz. e, | i12s0 1le8t

al .,)2021a

I n theOdW. &f t ot alanve@OCbieong esrsii ©®,n spHE)i.malrhiel y i s
next | argest source is biomass burning, both
(cl assified as fASol wednuts tUtiialli zpartoicoensos eisn, tahned M

contribute about 7% eaicnh 200200 ati onal VOC emi s

Thei stribution and composition of VOCs var\
urban environments, Ramdg zeadaams. 2P@B aeaxamploe,o
were the predominant driver of o02zonWarpredkdu cetti
al . ,re®werst ed | ow bi ogenic VOC emissions in Lac
cooking, fossil CRiel Exeombwistthiom,LaxndArvVgel es t}
spatial differences Iin bXZlobgeai Abr hadpbBgepnpge
VOB ounme®Asia are predominantly road transport

fuel (39%) and biRoma®s )alrni 29 2Q@11%) (

Reaction rates between VOCs amganOHedepend
Some species such as isoprene (which has two
whereas propane (contains only dirddlee ememrds ) n
reacti,on tr atsesoften prudent to rank VOCs not b
reactivity (referred to as O6O0OHré6é or OVOCRO) ,
observed concentration of awWOCwi mal OHpl pedvbdi
accurate representatiabmosphawdticBDs¥QQeinni lyu

formati on of ozone

11



OHr = pwWw@&C]( 1. 2)
1. o3 mal dehyde
For mal dehyde (HCHO) is a vVbBbCoubht amglbbet ho
produced through s ddceendaxry artd aaddtCid®rep t dwreinrivg®d C a
significant portion of total VOC reactivity a
produktitaone() .alHGCHQ@O0i2s1 a usef yals pdriorxeyc tf onmme atsoutra

of other VOC speaideéabadre often not

Secondary HCHO is formed during the react.i
producdamgl @ al dehyde (RO6CHO), wthhe hpriesceoditreq
VOC. HCHO is removed from the atmosphere thro
1.22) is a major daytime sink and produces mo
producti on. HCHO can-lad2sorr dbactowitahdOdegR1l. 2

deposition.
HCHOh3A Ho+ CO (R1.19)
HCHOhSAH + HCO(R1.20)
HCO #AMQ+ CO (R1.21)
H “A®Q (R1.22)
HCHO +A B®WEHO 0 K R1.23)

Pritoudises have attempted to infer primary \
with species associ atNe) wrtbedondaryemr 9suchs

The majority of HCHO observed in the summer |

12



reactions, particularly in the biontéadeaalt. wh2o
I n contrast,oduirnngr éae winhhelr@&slsabge®mngemhi &c teim
may be attribut al®hepeagdti c &kcreiteedafieslsd BebtrdrOa Is .h, 2
et ali.deRt0ilfdl eadithh eo nlsi nearappo mkaicmat iaen corr el at i

account for photochememialt adjespdcitdie ai r mass

Phot ochemical age represents the extent of
dependent on factors such as its Phemochéemcoa
agies different from the physical age which is
source. Accurately characterizing the photoch

evolution and tr awhsipctht owki ssisoty dfi sthegaish b

directly emittedughmdseboseardfrypyrmeact hons.

One method of estimating photochemical age
di ffer enatndl icfoentsiinsetsent Femi Ekamphaptesesal ., 200
toluene and acetylene, which have very differ
age of plumes in Arizona. However, this metri .
be added into an already aged air mass.

Il n the case of biomass burning, the photoc
estimated wusing furan, directly emitted from

from furan and other biomass burnimmgfemiansi on
indicates a more photochemically aged pl ume,

pl u@eggon etGkalt.z,el26)%t al ., 20210b

13



HCHO M@are two of the few trace gases that
sensing using dif fudrt e mtviisoll bddS)Jo URhden girz.oinre t he
Monitoring I nstrument (OMI) have bedfQ reporti
since its |l aunchdown 28M@ids s il(karls eyt & Wha il dips 10 1 ¢
al . ,) .208liance OMI, other satellites such as the
( TROPOMI) have improved spati al resolution, a
ur ban (Gocladlbeesr g )e.t Hwolwe,ve2019%s polar orbiting s.
onimg asonrcee pneirssdianyg any diuheatooodCHde minao f of

N Q.

The tropospherNCGr actolouninF NNROHO/s commonly use
ozone production re¢gPmedwki@t esmmbat gdeahemi saft e
metri c, HCHO is assumed to beNQ@r oproalgperitog t ot
reactivity. However, the reliability of this
demonstrated thatant e ntgre avnadioine sinumpdemtdi ffer er

environments and | ocDauln caatnmoestp taelr.i,ce2d0oladd.i t i DM B (

I n recent years, the addition of geN&tationa
columns, rather than daily valNQasr ef rloamm gperleyv idor
by photochemistry, these diurnal data are val
satellites are Gl obal Environment al Monitorin
Asi(daunched Trnop200s2pOh)er i ¢ Emi ssions: Monitoring

North Armaruincd e,d annd 2t0h2e3 )S e n t(il naeuln cdh,e.do vienr 2E0uU2r50) |

The Pandora GI| obal Net wor k-b@R@N) spempmriosnes eo

worl dwi de, providing measurements of HCHO and

14



provide essential wvalidation for hourly satel
measurements, Pandora instruments can retriev
Mu l-Axii s Di fferenti al Opti caDOAMD)s otrepd hThmakpect r
vertical o0 btsteeg vmd tf @emtsihala vteawr wunderstanding of
near the surface and arhd oprgchwiude twveel ibdaitnidamnr yo f

GEMS observations.

1.Met hods

1. Formaldehyde Observations
This dissertation uses oObservdati onHNASA f or

Goddardbdés I n Situ Airborne Formal dehyde (I SAF
airborne field canPaiagmisa f@o!| brvegt;TRbhyys2@s6a
2020hu et )all.SAROR&Ot ect s HEHOh do yl ausseirn gt uan enda rtroo
excite HCHO mol ecules. The resulting fluoresc
instrument is calibrated in the | aboragedy be
gas cylinder withofa HO®t htobugghe tithncat i bnati ons
performed, the | aser conducts hourly scans ac
| aser perfOpemanceg at 10 Hzal e sSAAFu tpiroonv i ndeeass unri e
with an accuracy of appr ox1Omaptte |(ys ilgOn%s |a/ nndo ias ed
all owing for oubrsbeanndat empos ei at mospheric enviro
1. Box Model s

A -D box model i's a simplified atmospheric

chemical evolution of an air parcel over ti me

15



box models are constrained by initial chemica
parameters (temperature, sunlight, relative h
includes reactions, rate ca@emsttearetse, caomd tphad tnd
integrates the system of coupled differential

concentrations change over ti me.

This study usesDt Aemé&spmewnckMbdel Dng (FOA
Wol fe et), alnitkRllbaed with airborneamdservati
HCHO. Similar modeling approachshhaeeebeen al
2020 uri et;0Olson en,c@bwfo2do,&beahmanl)@®9al ., 2
Details of model setups are described in the
1. MaZX hine Learning

Machine Learning (ML) algorithms offers a
testing chemicWhilrelhboxomedthelps rely on known
the chemical evolution, ML models wuse statist
observations to i &¢ efvadarihye sptrienda tcitrmg sa nsopdci f i ¢
are generally straightforward to i mplthmeint an
increasing use i nMNiadearoys pehkbarsiich ;8lh2eQelids t ey al . |,
Anderson ;Mueal er POAZnong 2G25 many Mbhaapdroach
ensembl e methods that have been applied succe
Breiman, aB00Extr eme Gr aGhieennta nBdo oGutei snBROF i (0XXGBE2 O & 6
many decision trees trained on different subs
from each tree. In contrast, XGB builds trees

residual error sReifdtdteGappeaecedd)hlyl one2021

16



A key advamaadgeamndke! shesetheir ability to i

which all ows the assessment of which input va
Several techniques exi sitn ttoh ikegvsaal tupaet yemufteaatti uorne
i mportance, in which the values of a single p
resulting degradation in model performance. T
predictiveri mfinlyue gApe mafin nmadelal ., 2010
1.QGutline and Research Objectives

Thi s i nvlieesvteingaagtbisornrn e o b s éravsméda Pms@amegmtosnd

sat gleltirti eetwaalns ;ncene praondiucateil an endehediihfefime gant

envirohmerdide.ess the foll owing research quest.

T How do ozone production rates and o0zone ¢p

and season in the NYC airshed?
M How does the choice of chemical mechani sn
T To what extent do ai-bhhoedhespdbostervmet ems,

geostationary satellite capture consi sten
f What are the primary drivée@rs of HCHO prod

1T Can a machine | earning modeol plree dusced oizno nj

produwcti on

Chaptusres2 datlaonfgr olns d@medp Sopumer i L 1 GBZ)AOrSe St uc
airborne campaign in NYC to investigate ozone

as differences inevhkbuapei sgvandl smemercs to

17



production regime and apply different chemica

guantifying ozone producti on.

Chaptftercu3es omMOQHGHG@ amd | eAt emdsp@dgbherng Emes s
and Reactions Observed f(ABROMMEiarch drires daompVeairc
including in situ ababedneobbmesvatobmns hegPGWN

Using severlakafmlifngthhe dRRyrsedora moni tors are refy

HCHO as shown in the airborne data, and how t

Chaptmorwves the investigation to Thailand, w
rel atively | i mi taenda|lcyoznep atrheed stoou rNcYeGs. of HCHO an
emi ssion sources in Thailand that range from
These results will support the i nterpretation

mi tigatiesn strategi

Fin&dhbhpgptseummari zes the findings and provi de

recommendations for future work.
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Chapté&xp2oring ozone prNNQGacdi @Cseinsith
New York City airshed in £2049spring ar

The work in this chapter was previously publ
At mospheric Enyds,i?2 0 2adpepretara m gladsevwll ume al ., 2
the first author of tthhmutpaoper. dmd tdalsl abtharpate
sections, figures, and tables has been altere
di ssertation. The supplement al material from

chapterppandit he

2. 1lntroducti on

Surface ozone is responsible for one mil/l.i
(Anenberg ;Mal dley, €2.0 Bde.s,pi2t0el 7si gni fi cant reduc
recent decades, an estimated 120 million peop
gual ity standard fohowzoaeewdgd&d0 Phpdr evare ana0
Newo rYk -NBW) Jer LoynneMdt) cut (CT) region which i

O6moder atel ydo BRA, og02&Aa3d ai nment (

Several metrics arRQraevgaimeab |ITeh et oE nepliarsisciafly K
Approach (EKMA)marnsgilorals mo»X model constrainec
emi ssiNQasnndofVOCs. Varying input concentrations

sensi tPiGtiot wfdfect NRahygy mMOFL Bpace.

Anot her method involves croanpatrii;gngs @=akRO t al

reactli.cRDs )IRt o t he N@(akQ,i are ait)ibon fR ozone pr od:i

19



was only determined by radical dest/rhuG= ilon, t
However, past studies have highlighted a disc
NQwhered NGO 1 i s | ess NQlaan tthR@tpnesikuiet iodn poi nt
determined by the EKMA isopleths. Ad NQhse tran:
estimat ed Kloeibremadn 3&t haybede2@ @1 i mht es20bivs t hr

be . 2A% with a median of 0. 35, based on obser

EffeNQcomprtrols have transiti o\n@ldi nmutcend of t
regiHmee e(t @aRo.b,er20620 @t @dmpl &0 2&28nd changing emi s
chall enge efforts to quanttif w spa€hekrgavndal em
2019 Ant hropogdainQacn de wWiOsCssi aamrse dfr ansported into

westerly winds (long range transport) or emit

transported downwi nd. Local sources include i
product iaonnd, vtorlaaftfiilce chemi cal products (person
(Mc Donal d eGkaatlz.e | i2s01le8Cogbgon @OD2aéairapRédrrlal ., 2

Bi ogenic VOCs (BVOC) also contribute to total
regihnesn (et) al Seag®d®id 9and ti me of dayRahfeet th

al .,).2023

I n thidugséd apitreborne observations of react.ii\
in the spring 2Md9sdmmaeres i ovofe 2@h7Ti al and t emp
pr odulcctoinssnt.r ain a box model with tHhHhPdd® observa
changes in initNiQalndcomade il cdaunapl @ WeO Csli s sensit |
morning and afternoon samples as Wwenhveatsi gaetaes

the transi t iNoQu npdo iVnDtiédbteatiwe esnampl es R@awnrgved he s
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and L RQlest iA@utsei ng both nearly explicit and I
investigate the diffamR@rcesr @ me nthatiirom.e spheicg ic

our results into context with regulatory air

2. Met hods

2. AiTcraft Observations

This study analyzes aircraft data from two

Tropospheric Oz ohntet pSst:afidywWwWwrn S.TrOEs a ) gwab masS Si o

mu latgiency project to investigate air quality w
August 2018 and 2019. The Regional Atmospheri
Program (RAMMPP; http:// www. at mosi.tuynda fe dMd r~y las
is atdromgeffort to study air quality in the Ez&
observati ercsala&nd hlearilpgm e RAMMPPNndata coll ected

within the same stu@YyY) domain as LI STOS (Fig.

FIights wutilized a CESSNA 402B aircraft eq
NONQ, CO, £BL£0Oand meteorological parameters,
relative humidity, pressure, wind speed and d
instrumentati Bancanh .BeSdrha@ aftli8Bi)goht s in 2018 anc
observations of formaldehyde (HCHO) from the

Experi men$t (CIA&IEr)) t al . , 2019
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https://www-air.larc.nasa.gov/missions/listos/

JANNY
O PM
sezon || B May
W July © ® o
0 August V) AKD O Q
. Qe A.QP Y
Z sl © ?g) % e o
5 Ae” L4 3.0 o
@ a [
X
o 8 o
40°30N |- A O O
O

T4°W 73°W 72°W
Longitude

Fi3glLocation of the LI STOS whole air sampl es.

observations (before | ocal noon), circles for
red, and yell ow are observationdsAltlaldérseirrvaMay
are taken below 1.5 km.

The whole air samples collected in caniste

of fline with G&¢éadGler bmai agt aphy Det ectA.oln or M

l' i sts all reported VOCs. All continuously mon
averaged over the whole air sampling window,
A total of 118 samples were taken from 201

regi ohganlhyerceonsi der the 107 s ammNNQesh stelravtatweornes
and within the dalmai nOfo ft hiensteer e3s4t weRieg.col | ect
12: 00 EDT) and 73 in the afternoon (after 12:
or |l ess. Simultaneous HCHO observations are a
2. 2Bo2x Model

luse the Frdmdwomokpheri @ ModelWodd e( RFGAM) .ve

2006 a o Peod8I1 mul ati ons are constrained to obse
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relative 4NOni dNiet, y5300 €hrd al l measured VOCs exce,|
species are iFart icadn sziesdt eantc yo, pnpobd e | runs wer e
observations are uBeloX omodelnsido vndty dlewdys
HCHQh(ang etSauluri t)dlas, s2®A3y state assumpt.i
near emi ssion sources or when hi ghrliyed eatctadlv.e,
2011 However this issue does not significantl
Ol son et;Sahrpoeded¥etThde . moRdI20al so does not i
emi ssions of HCHO. It has been estimated that

production Linntéaet )aumme20(2b

Photolysis frequencies are estimated wusing
combines solar spectra from the Tropospheric
with gqguantum yields andAtkossosegtkianhsoh2O0thsda
20p6andSaniRller( et daalt.a,b aZslelsl Given inputs of sol
overhead ozone, and surface albedo, | ook up t
frequenci ¢éassdymes adlueasr) .sky conditions and con:¢

surface albedo (0. 2).

lutilize both the Master Chemical Mechani sn

MCMJenkin 89t aald. Ca2®bb:» BondHi 6dedbraindn Ruf €Bamn

Yarwood, ch@In3 c al Iinmepcl heameinstmsa. subset of the ful
reactions and 4,475 species, tailored to avai
77 explicit species or families of species. R

CB6are often based on the raGeryfetdlsashojgltee89

CB6r2 for contrast with the explicit MCM and
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gual ity model s. Unl ess ot herwis-baséedtedmulratu

Some measured VOCs are not incladad in either

For each setlrafn A f dtrimmsaiheut smat stLé&ps
photolysis frequencies lewnoltviahg za!l amg thioé ddial
constamNQi sThtedld c ons tNOmatr ewhaillleo we@ a&md partitio
physical l oss |ifetime of 24 hoproetHilvceppl!l i ed
species. One day of model simulations may not
but modeld oesukbechatsi omangle significantly f ol
testlexhiemnded the integration andmeHCHOt heapled
convergence, -tdldeafyi ncehda nagse aofdayess than 0. 1%. On

of i ntegratioPQly me%.and reduced

This simulation framework is ®e&®@aedsVOLCt wi
chemiGrtawf or d ;&t sah. gtQlad®n e£t0Palhr oede@d0dlet al
Mazzuca eMamrmVvin @®SIdHr.ge ROrL; 3btural et;Lbdddap 010 :

al . ;) .202n2s tRa@itsanceaducsul at ed at the end point of

PQ@= nk, HoNO] J HO® [ NOK 4)RO

(&1, bOHEI[ Gro2 Ko [ HO ro2 ¥NQ] [ OH] [ € [XM RG] Y @ )1 (

where the first two terms are pdcaldooctabe term

LRONQuUsing reRdti OhsrRactivity (OHr) is defin

OHr 5 bW &C] (2.2
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whereink the rate constant for the reaction bet

and [(VOCihe corresponding concentration.

Several sensitivityP@tesQtasn dp rVvoOCes .t HTd rgexEro a
tradiPtGcamales as NQ,Imonc tfiyN@mmoémad. 01 to 30 pphb
hol ding VOCs conhesant oc8ép&0O&t slennsitivity by

concentrations of VOQsobgtBBbh%. while holding

2. BResults and Discussion

2. PQBensi tNQvity to
2. 3.Txrahsition Region
Fi®g2showsPQ@cu#vedi vi dually generated from ea

i niN®@. alMe®®@ian represented as t he P®@ilsd 231 wep bl/ihnr
and ocd&NWm3 xatngaratio of 5H5N®@®(pbadckMediahepbser
correspondceRotfo 1Bepipdbh hP@cdhi espah dieN@ifs$ o obse

hereafter refrRr@r.ed to as 6control

BasedP@nWNdd@[ (henceforth referred N@ as the
point, 92 samplIN&s i(nB6%)d areegiwnet hainrd 15 -sampl es
l'i mited r &@il menj twhlens defined -aBsmiatedsi si def s
negative sl ope. Ther eGQbetaveedin NtGedigema&ease;d nr e ghieme
have a median of 1AMNOG=:mnmp B/OMGri taetd trheeg i onbesse rhvaevde

20.5 ppb/ hr.
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T T T T T T T I
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NO, (ppb,)

B2l ndi wWwid palb/ hr) as aNQoaonccte notnr aotfi amni(tn=107)
ue | i ne r epR @csuernvtes. tEaec hmeldii naeiN @ (nbcll aucdke/sg rt ahye C
rcl g NQ=LRO (yel |l ow gdQar @) 30andpibROtriangl e)

luse xLR@t o i nvestigatePQhesmagsesetudecbanygbes

Fi
bl
ci

VOCs Nend At t heP@Peuakv odf NQmRO ges from 0315 to O
and has an average value of 0.30, representin
vod i mited. Schroeder et &l..45 XoHQ@d@ROPHakdes a
using data over several years and multiple ur
encompasses 8Mm¥% fdfertemds e/OdCatodbser vati ons are |
variation in average peak value. Deé dipiate t he

the P@aldoes not drastically change.
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55

0.1 0.2 0.3 04 0.5
LROX/LNOX at peak PO3

Fi B33Hi st ogr amy dfQvtaHaieLR@I| cul ated atP®dhwer weeak ¢
shown in Fig. 2.2. These values range from O.

LR@NQiIi s equal to ome FRuédQRawuegudreéow t he
t PeQcurve. This is the point at which the radi
formation are equal. The J BQasi ohsEbhsprbheedetn
24.1define the r#N@Qe=013asx=t h®ROAtraN@abhdon regi
vOod i mited regi mes. I'n thiNQanhdaNWeOCt bB®hrbewgtdooe
VOCs have a greater i mp@icst mpeeQn onmeorl-Mexz@ilteed linn a
this range. Using th({k6%)efarma tiimnt,r dr/s iotbisemr.v al
transition emphasizes t hNeQiinmploorwtearnicneg oofz ovh@C sp r

provides greater detaNQand HYe6i hedgregemshbi ft

27



10° E

I
I @ [ ]
I L ] .' [ ]
I ° 'Y 0‘ ) % °
: P [ ] CI L]
10' | é Y ... L E|
E ~ ° e o @% |
~ I ®
o I H o OO’.. o
Z P % o
~% ! ° ‘ . ..
~ 0 | I L '
~ [”i ® ‘. Y
E t I ' [ ]
bse S asssssspsssendnenvesdned
| L ]
& ©
10! L 5.5 | LRO /LNO_=1 ‘
a | = = LRO/LNO =03 |
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Fig4dThe |1 ogarithmic Pgl/aAdd oans & iNCGRak e tovbedegdr vde[d
Dashed reference PEMEE ax el i(nbedikd@dke)d, f(loRedl d [o w)
LRO@NQ= 0.30 (pink).

2. 3SpaRi al vPQrieaghinei ty of
Fi®bamaps t he Pde igg met ead delQAsdpbevLBOsI| Yy

stated, most of the shQpplae®8Qf hIhwtlkeaseedgo meLRO
This is especially true over Long Island and
Ri ver and &&T5 ccooarlsttildidonre e(vier al slaimmpil teesd wietghi nae V
triangle) or in transition (white square). Tr
suff NQt ensust4iimiaedOCegi me. Coast al met eor ol
the recirculation of arhd roiwn en ga ioro bteh rNodu guhp sad ao nbg
coasfLiougédner Mazaluca 2MaAztucal9Qoail ., ard 18t a

20p1

The spatialPQ@Qveagi mbi basgdodn s/INQpe Miostsi mil
sampl es ( 8Ne(Bb)i mairteed nr Ba) i melowEvegr, 2al ong t he Hu

CT coadw9Dtsl icoalt@ddr $ever al slaimpilteesd wietghi nae .V O8Ca mj
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further away from NYC and LoRP@®@ahd| awHhHitendtihb
a positive slope, are cHasmE ttead trheeitmer mgiinvge np s
i NQ.
A 1RO /LNO <030 (n=12)
. []  Transition (n=17)
410N § @ LRO/LNO_>1(n=78) 0 o ©®
®» oPo*
L)
.- 3 P rJ ‘.5 o -
2 4°N|e® O .Q. o 9 ® o
ke ¢ ol . %2
i E% ®oo
®
% ®
40°30N F @
o}
oW 73°W 720w
Longitude
A Slope <0 (n=15)
41°30'N |
® Slope >0 (n=92) ® o ®
a4
™ %’
© ] ..
B © J ® A’O’ LSV
£ 4I°N|@ A .‘. ® o ( B
5 Y le S0 o
, '1 Qo0
9] o8 o ®
40°30'N @ @
°
74‘;W 73‘I°W 77‘I’W
Longitude
FiBas( Toa)p of o0ozone production regi meNQatr each
obseN®edBl ue trianghtdsanirtepdr asgntmdab\h@C ted cir
regi me. Yy N\Qg rlalR@ i ti on region between 0.30 and
(Bottom) Map of ozone production regime for e
obseN®edBl ue trianghtdsanirtepdr asgntmdab\h@C ted cir
regi me.
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2. 3DLuBnal and Seasonal Variability
Past studPé&@ssshawt €éhalainmi med ei YOIChe mor ni n¢

due to a | ower boundary |l ayer in the morning
sur fCahceen (et ;Mamlo. et2Bl0 er2@108MazzuRkd S&tr oadle. ,et2 0
al . ,; 2Riln9g ePQRalso RORB¢ases in the | ater sumnm

reacti veo 8tveoOL &t. al ., 2016

|l n FGRQi s2.grouped by mdreteh gafnodr. tonmey otfh ed adyM
PM grou.pitegrse Pthevmeahor the entire month (bl
and PM (orange) ar e iNQ@vlauldueeds. aTth et hmeeiarn coobrsreersvp

P@are marked as bl ack circl es.

Pe#®lQi s greater in the morning than the aft
the most apparednd@antBr@nla |l grde dtf er einc et he mor ni i
May and August while J®PRynhtaBeshaigadthgohi gher
obseN®@edncentrations in this month. Photolysi:
in these differences as f | i gahetast hteyrp iccoanldliyt ioocncs

Cal cuN@aredDjj ©orr el atRQ(pRbe.r200y awidt hO. 19, respect

The propor-ltimP@edmpIO&LCs i s similar for both
I n the morning 5 ofl itnmiet esda nrpd geismea r(el 4 %) aa nWdOCi r
in a-lvem€Cted regime (13%). Greater VOCP@oncent
upwards and NO®wealruless .h i WhNi€lres noonr mivnegr age great e

afternoPo@ ,s meoak exceeded more frequently.
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—May (n=26) Cdulym=57) August (n=24)
a.) —a || D) L c)

PO, (ppb, /hr)

0 5 10 15 0 5 10 15 0 5 10 15
NO, (ppb ) NO, (ppb, ) NO, (ppb )

n = 26), (b)) July (n = 57)

Fi ge6Meam@i n (a) May (
), PM (ord@®ge¢ iandi adt edam

includes AM (purple
circl es.

May has the | owest potential for ozone pro
in a-lve€Cted regime. MayxdAlWippibt irt)heanldowastedp
obseN®edmost samples are ndedr Ther enaxP By me ploe r
in the summer months; Jul P@Qamd3 Augpbthhaaedait
respectivel y. l ncreased isoprene emissions 1in
suffNQ eintcreadPdds Howewei alt hese mont hs are nc
maxi mum p&®Rdoei ab bOWNE&r ©TheseaveR@ge ogromatreosdt i

July (22 ppb/ hr) while May drmrR2d phlbdihst, haewseegit

Photolysis frequencies are similar across
i mpact the seasoR@ilnptahiterat wdy mdNBDddoagrdehMa ya,n Vv &
July, and August arle ©0e®pectOvelyD sadcki an Millo:
° 2.8 ahd™®°g.id% xth@ same order. Note that this
clear sky conditions for these periods. Medi a
similar in allU@onarmad,232.68 B Cs u @igeepsetni dnegn tt hraeta ct

rate coefficients are also notP@ i kely to be d
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May has the | ar gtemsat piesrmie@@d ge2 ©% PaOsed on
transition LN uBomgt h&Oe cases, | owering VO
a greater reduct sonOn paevre rmogdeenc uMaeay,nl i oshyi VAR
while the afterhednbus N6&am tUlué yt iix&mnmotsiedry. NO

(14%), and i n Augluismi tiesd .c olhpe seet enhoyn tNnGs have th

emi ssions and total OH reactivity. These resul
consider seasonally varying chemistry.
60 T
July (All)
July (lat > 40.95)
50 - .ObsNO2
o LROXILNOX =1
A LROX/LNOX =0.30

IS
=)
I

v

PO, (ppb_/hr)
w
o
1

N
(=]
I

10 -

1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16 18
NO, (ppb )

Fi 37MeaMm@cur ves cadnrmparuilryg samples (red, n=57) a
l atitude 40.95 (green, n=N®()b.l aBcokt/hg rlaiyn ecsi ricnlcel)
LRONQ= 1 (yell ow gdhQar @) 30arfpilbkROtriangl e) .
Irecogni ze a potential sampling bias where
in the Long I sland Sound and near the CT coas

concentrated over L&lng ITshleasred raemsd aNYG (fHiigy.ht
motivated by a forecasted ozone exRieegaatceal n.
2023 To investigate whether analysis of seaso!

suchllboals,at subsets of July samples as these
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21) . 2Fslgaws

July sampl es

mar ks t he

p o
arey veirmi | ar

consideri

ng

include samp

e®Qeor all

mpl es take

mpari son.

The si mi/l

represent

in the May o

. 0L Sensit
Fi 38s h oRv@s

cusi on

ng

%, one spe

simul ations

are not i D8a |

t he seasonal

regi me in Au

metric inher

oP@due to

pe

t R@c imevaa s ,

one with all July sampl

taken at | atitudes | ess than 40.

int where no May samples are take

wi tPHR n€ther equal apshkgWNQwheqr eat er

all samples (2.7 ppb) to just the

| es t ak&O.i nT hNeY G, n cwheidd3He elaahss athis e r v

samples (1.2 ppb/hr increase). TI

n in NYC during the month of May,

arity in the average isopleths su

ative of the entire domain when |

bservations is unlikely to be i mp

i vity

ensitivity for NQCs mostwhs ems imtoid\ee

t he -IliGmiB@endd Ine & i vilt WOWCOC oncentrat.i

cies at a time &rad rtolme thher basgond

observations is calculated. Speci

sdeds Fhg. diurnal var 28t ischm wesf VO

variation between MaylmanedJuly (

gR®geens iBtyi wWietfyi nticnga percent <change

ently accounts for both the quant

reN&®ntbadaM@Pseandgdihtei vi t y)2,r eissulitmsc [(Ud
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consti
mol ecu
i RQper
and O.
concen
per mo

but ane

aftern
i ncr ea
produc
greate
vari at
possib

|l ower

mpar ilfsmanus Ber aal sduibnsir@e dvihteh s\é@& iot i vi ty

egative by definition.

Sshowg8P® Fimast sensitive to isoprene. #
rage, aP@.28%pcleaegeoimpri ses 7% of the
tuent of the measur ed onregtahnainces ,V @ do n0 .a7
|l e basis. The Pdxts mpoopenmpowhi amt cEO0C efs
percent change in initial concentrati ol
7 2 % -nmoeft htaontea IVOnConmi xi ng ratio. While shar
tration as propene, isoppreancuceae @O0 Ma& Chz (
l ecule. Aft®Q@ ssmpsensensndtpveptoeij sope

, all of which are anthropogenic VOC.

chemical composition of the atmosphere
at e xP@shkeintssi tgrveatyerin the afternoon than
ogresses, warmer afternoon te@patasures
OAl16Ll % change in the isoprenePQ@omctemer ati
oon (0.33%) than in the morning (0. 20%)
se in isoprene at greater initial <conce
t i on-gtemreauagh omuallt ic hveOhd sitnrcyl.u dBavde lrigys oRihge.r
rrimpact in the morning than afternoon.
ions, relatiWP®atwopgdretiang,ertcelnuerce,angred
l e nighttime buil dup of these anthropog

pl anetary boundary | ayer depth which co
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(Ring et).all.n t20& IM@irsn i gnrfe@ teehseta,st sensitive to

VOCs.
a.) j b.) *
I Al [ Al
Butane B AM (n=5) |7 Butane [ May (n=7)|
EPM (n = 10) I July (n=8)

Toluene Toluene

Isopentane 1 Tsopentane
Propene

Propene

[soprene Isoprene

NO, [ B NO, | ]

0 0.1 0.2 0.3 0.4 0 0.1 0.2 0.3 0.4

A PO N APO_, =
I % [ 3 A Speci:a‘ %

A Species
Fi 38Medi an mod&®lQGetiapgeceprt percent spectres cha
l i mMPQeédased .92n Hoog. 52species are ranked) by ov
AM (purple), PM (orange), é&abMlayal(lgr(ebelnuye ) Jnuel dyi

al |l (bl ue) me¢@deamsisteinwiitty viig yi.ncl uded)2 fwirt It o myg
a transparent color to im@icate the inverse r

The comparison between May and July demons
only VOC in this | i sRQ@itno Jhualvye tah agmr eMat ye.r T hnep adci

of three; a 1% change inPQQsopMapweaonduaed. 87 %.
July. The | ater summer i s more sensitive to B

VOC.

35



70 : . . . : — 35
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2 40 R*<091 T 20 -
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=l o
® Jul 00,
=3 2] Y ®
O [HO,J: SRR O Aug OO 6
=, 0.06 Slope=0.93 o 8 %
_& o > [
& s < ® 0
o I g os %ﬁ '5‘
% 0.04 ,;; (p
= o o °§ o%
s P 9 ;.cé 8?3
— 0.02 =)
ON Sl:)pc—().‘)} i . % ®
& R?=0.92 0
(o 8.5 b
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[RO,J and [HO,] (ppb, ): MCMv3.3.1 kg ( 10™"? em®/molec/s): MCMv3.3.1

Fi 39A compari son of MCMY &.)ms tla rn toR @GieHe6yr 22 tagudtnp u t
(bo)zone productiobl veyopgred { G )NEBO mi xi ag rati o
(bl ue) aa(d etl ¢ wdd)f, fRER@H VO r ate coePf)Baciod mtr e dEq
by the month of the observati oecn.. [Da snheesd obfl aceks
are 1:1 reference | ines.

2. xhE&mi cal Mechani sm Compari son

It is too computationally expensive to use
regul atory air quality models, instleaepeadnden
the previous model calculations using CB6r 2 t

the use of this condensed chemical mechani s m.

Cal cuH@itsedsensitive to the choice of chemic

PQi s 20% higher on aver2gg. coOmparedsubt CBS§r 2o
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simul at=i oOnns9 1)R and is invari an29%b etowgperr essp rtihreg
producti @®( fterms bWwo t2e)rinfsorofCHE6&ruzatvernsus MCM.
production from CB6r2 is 14% swiotwer N® hamd MZT8%
sl ower+f NlO R@actions, with both cham®P®@els cont
Predicted NO is the Fsa®e, Af.tolru sb od ihf fmercennace ss nesr ¢
to radical concentrations anad/ner amrat 8 1&w dfi fgihe
average i ®”9%MCM T(hFoiugg.h t he.acnodnppReEOvies ch ® pefs KO 0.
29%¢ ), there are consistent offsets between the

intericeptptydrod=sy¥Oppt 2)f.or RO

Differences in reaction rate coP@fiTchhent s
rate cons+aN® fori HOntical inATdeticameenharis ms
2011 therefore any differences bpaand hNO riag es torfi
due to their concentrations2+ TNO cloenpwame een trhec Ire

lcal cul ate an effective rate conesatcanitontshat i s
Q _— €]

ketftr om CB6r 2 i s @iffravne rMCOI()F6 o .hoifs .k al ong wi th
RQconcentrati oPm@&@,n dMCiM. e sVafrdrsastbesd i ght oy karger
MCM (standard devVvaandi 0 "R #ibmMd® e0c WBI9lsl/0s, respect
suggesting the weighted rate coefficients in

in VOC distributions than in the explicit MCM

The samples with theabtcggesh thigctssepaweci €K

= 94%), while the samples teaik €dbrzdmvoVBa%) .h aQnree b
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possible explanation dipet wédhen stelaess otnwewd me ¢t a&mie
changing di st rlirustunmerof aR@ rse BtVOICsp avihteir @@ so fi 1
ant hropogenic al kenexs Mmhkeetipembrefotombtal nR
into a single specigenenaCBoé6nlBicvwvetmiggegaastt ha
VOC distributions in urban areas may create s
chemical transpopdd moadled me ¢ hawcheisesk M@ape i 2. H

accompani ed bxcolncwert rtadti winsROresul ting in it

agr ee megbte toMfe emMO MCM and CB6r 2.

MCMv3.3.1
CB6r2
® Obs NO2

o LRO/LNO, =1
A LROJLNO =030

25

20

151+

PO3 (ppb‘/hr)

101

1 1 1 1 L 1 1 1
0 2 4 6 8 10 12 14 16 18
NO, (ppb,)

i Bl Me diP&t ppb/ hr ) as aNQcuonccte notnr aotfi amiusiiang M
e

ue) and CB6r 2 (gr een)NQ(Balcahc kl icnieN @knecll,u dLeRsO
'l ow sguad®@3d ,0.ah@ (LROnk triangle).

Figgdshows RmOdurmawnwes generated using MCM (bl
di scussed prkR@ioucd yavemnade 020% | ower when wusi
However , P@hmeermpewmki ng CB6r2 is 41% | ower than t
to the condensed groups of peroxy radicals in

henk@ The medi ag NQaltud hef pleR® of the curves i
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value using MCM (0.29 and 0.30 for CB6r2 and
concentr atviaoys bet we@®n t he mechani smsNQt he rat
reacti osisl daoctRiCons i s2ltllues es @arme. vian uki of 0. 30

LR@NQt hreshold for both mechanisms (pink tria

Using the same transi/tNiQxr1lt)hr e@s lgolecas e(r0 pdr
samples ateminhead Y@QGi me (23%) or in transitio
CB6r2 ozone product N@Gmuatuese pteocrsegamol ewseam

the peak of the-laumuedanmaegimet he VOC

MCMv3.3.1 | CB6r2
ol a) | by

ISOtotal =
ISOP3402 +
ISOPCO2 +
ISOPDO2 +
CISOPCO2 +
CISOPAO2 +
ISOPBO2 +
ISOPAO2

n=941 -

ppt

6“307— Oﬁgo”b \s0‘°‘“\ C,Lk\solw{v“o?ol onet Meor ot w0 H 1802 et

FiglZhe median concentrat
RQspeci(a@jCNw3. 3( OB . Th
given in Jenkin et al 20
with |1 SO2 in CB6r 2.

i pannsd otfh et hseu nbmant oi sotn aol
e seven i soprene pr o
15 are | umped togeth

Fig2eompares the concespeaieenbebfvespemet h
There are 13 subset groups in CB6r2 that reac

The most abundant peroxy radical fors:Odoth mec
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which is represented explicitly as CH302 and
average, th#&®nialicnigl ataetd oCH s sl ightly greater
cCB6r2 (7.1 ppt). I'n contdeasvwvyedt RO®imgihxil ryg g aetait
cB6r2 (1 S02, 1.3ppt) than the sum of seven is
top fJldiwme CBB®r 2 (14.5 ppt) is 23% greater than
the remai niinncgi uURMCed @s,18i0s h2r® ppt F{O0 %) greate
greater t odcalncaewmdrraagd oRMO usi2ngyll sMGMI es htoownt hien Fi

accumul ation oeofhantangr enimotr &Oplicitly represeil

Inorganic Organic Model-Generated
A A A

MCMv3.3.1

CBo6r2

Median OH Reactivity (S'])
Figl3Ihe calcul ated medi &n) 2QiHs irnega cMd Mwvi 3t. y3 . (1E gaunad

reactivity is separated by individual species
NG, NO, &6dh @reen), organic megeunreadt ¢dCsplelcu
(orange). MCMv3.3.1 has a total of 66 measure

includes 19 measured species and 32 model ed s

Because OH reacti dntmig tsht epOGromatRMa, r ®Her e
(Equ&t)i2on a useful metricopfoduVOC3xnlmws gbuti @

speciated OHr from MCM and CB6r 2 split into t
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measured organi-gené¢baueld saspecimese{(red) where
compound (or | umped group in the case of CBG6T
than CB6r2Y)(6.Thevsontdidbution of measured ino
(MCM: %1 .@6B&r'R, 1L 7kely due to slight difference
contribution of measured orgahi €86rrg: A% 3lt®mwe
species groupingenaer &ahedviGeCe teexmpd aaMgndse Imost of t
in total OlenemMaeechodebup accounts for 45% an:
CB6r 2, relspbkcul #fereoyn? .2721s5 speci &fsrom MTCM wampe @
explicit species in CB6r2, a difference of 26
rankings of the most -gremmaeatait ea SsSpeciies icmttelger
generated contri buteortsCHO®, QGH ertgpa cdieirheyitdiey nifm o Iyt

oxidation products (methyl vinyl ket one and m

Of the M@Mnmodchdled species, 99% hhawte tamg eOtHr
those species make ugpe 2dr¥a todd t G Hr .o vielruasl ,| sneocdeer
products have a cumulatively significant | mpa
Measurements of speciated oxygéngated HHOOCa( o RO

concentrations would be valuable to validate
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2. P@%ensitivity to HCHO

20

W

OH rcucli\'ily(s‘])

-4 0 4 8 12 16
Modeled HCHO - Observed HCHO (ppb\)

Fi3alA comparison of the model ed minus observec

(excluding HCHO). Al HCHO observations are b
HCHO makes up the | argest portion of model
( Fi2gl)l. It is a mahoouglbureacoifomM® with OH and

constrained to HCHO, but ftoerstt hteh e4 Imoadveali d sa bal bei
calcul ate HCHO. All observations ofgeHéH@t ade

HCHO ranges fromlddshbws28B8hpphbsbl gte2bias i n H
bet ween the modeled HCHO and t hleedb®ldrveac tHIC\Hi
(not including reactivity due to HCHO) cal cul
overesti mate HCHO when OH reactivity is high

l ow H<7 Fbgghows over all littl e i mpactA @k, tdre c
PG compared to model runs with HCHOPQ@QO®BsStrair
poorest at &Qeawler e# adtuessdy fstate assumptions

NQf rom strong | ocal e)mi 6B.bdgn si.n dTihceatselso pteh aotf t[h
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HCHO as a constraint wialtl|l riehateased yt heweal val

HQconcentrations at relatively greater values

I f model <calculations of HCHO are not in g
i s possible that other oVOC are also not bein
species such as HCHO and acetal deihrygdlemavbaill d p
performance regarding oVOC pre@®d¢fturotntseranmo tt én
that these iIissues -bhaghémi teabkstsaneperi nmbdeéel s

emi ssions and transport

[PO3] (ppb_/hr) |OH| (ll}'4 ppb )
60 T T T T T g T T T T
12f
a.) b.)
50 ]
] PO3: ] 10 [oH]:
£ 40 Slope-0.91 £ Slope=1.01
£ R*=0.99 R R*=1
[ o]
S s 6 ®
T 20} I
o= o
T T 47
10+
2 |
0 10 20 30 40 50 60 2 4 6 8 10 12
HCHO Unconstrained HCHO Unconstrained
[HO2| (ppb ) [HO, |/[OH]
008 - € e 00 @) o
3 [HO, : = 500 [HO,]/[OH]:
£ 0.06 | Sl1opc 0.62 [ £ Slflpc 0.87
% . R™=0.76 ) g 400 R*=0.97
g 0. © g
S 0.04 @Og ° S 300 .
© 0.04F 000[49 =) ,
I (239}:{’ © F 2007 ‘:DS)
O o
0.02 6 100 f
0.02 0.04 0.06 0.08 100 200 300 400 500 600
HCHO Unconstrained HCHO Unconstrained

Fi 8150 comparniaB® 0 b[))OH(] ¢[)HAD, (@H)HD/ [ OH] when HCH(
unconstrained in the box model to when HCHO i
panels. Dashed black | ines are 1:1 reference
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2.Concl usions
| use aircraft observations from the LISTOS campaign to estif@ten the New York

City area in the spring and summers of 2@D79.1 first classify thePOs; regime by the response
of PQs to initial NO2 concentrations and find that 14% of air samples are in a-M@i@&d

regime. A transition betwed?Os; regimes, defined as 0.3 <= LRONOx <= 1, encompasses
16% of the data. In this range(s increases with increasingOx but is more sensitive (per
molecule) to VOCs. Samples in a transition or in a Vid@ted regime are primarily located
along the coast of Connecticut and in New York City. Using the JIR@Dy ratio to determine
PQOs regime indicates a higher portion of samples are \i@ied as compared to only using the

slope of thePQ; isopleths to make this determination.

PGs exhibits diurnal and seasonal variations with maximum potdP@abeing greater
in the morning than the afternoon due to higher VOC concentrations in a shallower boundary
layer. May is more likely to be VO&mited (27% of samples) than July (14% of samples) or
August (no samples), which is likely due to changes in Y& availability rather than

changingNOx concentrations.

For samples within a VO@Gmited regime, sensitivity tests reveal that isoprene
concentrations have the greatest impadP@g with a strong diurnal and seasonal variation. In
the afternoonPQ; is most sensitive to isoprene, while in the morning, anthropogenic alkenes

have a bigger effect dAQs.

In the spring, focusing regulatory efforts on VOC reductions accompanif®py
reductions would most efficiently reduP&; in this region. As temperatures warm, the ozone

season is extending earlier into the sprirRn§ et al., 2028 Therefore, ozone reduction
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strategies should be designed based on seasonal and diurnal differences in VOC concentrations

and distributions.

| calculateP Qs using CB6r2 for a more direct comparisorrégulatoryair quality
models that use lumped schemdmd that using CB6r2 reduc&®; and OH reactivity by 20%
compared to results using MCMv3.3.1. These differences stem from assumptions regarding the
photochemical kinetic parameters for the lumpead R@ilies. The value of LR@ALNOy at the
peak of these curves remains the same indicating the relative rates of radical destruction due to
NOx reactions and radicakelf reactions are consistent between mechanisms. Using CB6r2, more

samples are in a VO{Imited regime due to pedROs occurring at lower values ®Oo.

The largest discrepancy in the OH reactivity comes from rgele¢rated species, the
most abundant of which include formaldehyde, acetaldeliydeg s her at i on i sopr en:
products (methyl vi nyl glykxaltFatureobsermationswoésudna cr ol e i
oxidation products would provide important constraints in the calculatiB®oénd improve
confidence in our understanding of ozone production regimes. Volatile chemical products, which
were not measured during LISTOS, are an increasingbpitant class of VOC and have been

shown to increase model&d; by at least 10%Goggon et al., 2021; Gkatzelis et al., 2021a

Our analysis of the VOCs observed during LISTOS shows spatial and temporal variations
in POs chemistry in densely populated ardasmphasize that future aircraft field campaigns
should measure a wide suite of VOCs, including HCHO, to provide a more detailed
understanding dPOz; chemistry. Implementing a more accurate representation of atmospheric

chemical processes ensures the efficacy of regulatory models used to develop air quality policy.
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ChaptEBvaBuation of P&dQQawotda WKHCHOoanéd | n

Observations

The work in this chapter hashkbeegousuanhbmi At end s
Measurements and Technology in 2025. I am t he
15 -acuot hor s. I n this chapter, the numbering of
reflect the numberahb dyssemtafi ohe ©®he suppl

article has been distri bappeddi kr oughout this

3. 1lntroducti on

The Pandora Gl obal Net wo rbka s(eRAGINJV 9 e ctormpmaea t

that report total and partial cdNQuUmnahdr mabde

over 150 operational moinit pork/ manm dersag .sgsafsctic. cnmm
access July 2025) . Pandoras operate in two mo

Optical Absorption Spectroscopy (MAX DOAS). |

sun as it moves across t he isnkgy danfdf ecroelnutmna |a naob
MAX DOAS mode measures scattered |light at diff
col umnsurnfeaacre parti al col umns, and a surface

precur soNGamsdicthCHG i s an i mportant priority fc¢

Agency (EPA) under theEPMAARY 1151 nal rule i n 20

First estawlitdhhedcriyn f 20 6N srterluereesnetds it s | a

for the glioba&l02Metawdrek numer ous ha&Qdwarlea kaendd
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https://pandora.gsfc.nasa.gov/PGN/

to have |l ess uncertdiOneyribaal shduMAXoDOASBIpI i
(Cede et ;Helr.man20e0)6. a Ndcaod WOmh s agree well wi t h
such as the Ozone Monitoring I nstruneenrtmaannd t

et al;Her m@ A9 etKoatls. a ki2s0)le8ta nall .a,i r D®2 2Jeu drde neott ea Is.

2019; Judd et al ., )20HoweTVzort 2ziach &tanadlora 230
and operated independently, | eadi ngSztyok nvaanr ieatb |
al . ,;,Rawasd et).al ., 2025

The updated HEPHMepr cduzatles. (e2 @21 vely new w
around 2020NQl ntcenbfakl€CHODoi s | i kely to have
DOAS HCHO because ofCades,t)r. 200025 ti adtaitd o nd rsitfutdi (e
i mproving confidence in Pandora product s, eS|
validation plan of Tropospheric Emissions Mon

which beginsSzAkguagt, 2023 (

Herleeval uate PandorasirteurnevhAbsneagabesetvatn
Sout hern California (CA), New Jersey (NJ), Ne
summer bdi r2e0c2t3l.y compare in situ vertical pr of
analyze day to day and spatalaso vaommdrid i Pgnd
TEMPO and examine the influence of clouds o

measur ements.
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3.at a/ Met hods

3. AEROMMA

The NOAA airborne mission Atmospheric E mi

Megacities to Mari het As ehbkc IAEROAVEMAgloavrdtpr a¢ ee

July 2025) took place in the summer of 2023 \
at mospheric comp®sationaf NABASseDCi pped with
sensorlsiseHomser vati ons from NASAG6s I n Situ Ai
Cazorla ptaat. NOAPLA&EN dNC eldasFelruor escence i nstr|
NONQ, anyd NDO Rpl Il ins )etwhdr.e N®Y20i s the sum of
oxides. Accur adNiQane afsar ethéH®samde 15% and 10 %,
temperature was measured with thef dedsoproil mayrn |
on four flights that took 'pPladeysdA®® mnadBuagr d6
2023, hereafter referred to as ANYC1lo0, ANYC?2
|l ocations were chosen due to their proxi mity
di scusséthie next slextaimim.e lan sa chdyil tei ‘gfrrl,oifgihlte ofvreo

sout hern CA.

3. Pahdora GI| obal Net wor k

Pandoras operate in two modes: DS and MAX
Pandora follows the sun where the full width
2.5U0. The fitN@amgd wil QH©@4vZ G eorr /M DEBNSA9 .322 2n.nb, r e s p e (
The Pandora retrieves a slant column whi ch, g
is converted into a total veNBisahl sol pmovi @k

DS data files basedeomn fBradlyedaeaeg¢gt sEFhsoNMAXADOA
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https://csl.noaa.gov/projects/aeromma/

product provides a oOtroposphericdéd column (int e
di stance of ~10km), parti al columns in differ
climatol ogical air densutfaseaodndehteamaéenpbhal :
the 90U solar zenith angle (SZA) scan or, mor
angle measurement. The fN@andgHGHOd8@s n#d B n MA
328359 nm, respectively. The MAX DOAS scans ¢c:
calculate 11 or 13 sl ants|caoaiuunmmnss a(ncdo vsehroirntg stche
of viewing angl es) . Further details on the al
in the Bli€&€edsgridatmahiuae (evel 2 (L2) vertical

fitting has been applied, and columns have b

Pandor a hwetbpsa:g/le/ dandor g. dsafsda. masae.sgoW/uPGN/2025

3.2PaA@ndora Data Quality Filtering

The PGN provides two sets of quality i1indica
for a total of nine combinations. First, the o
(denoted with a 0,1, omu2omatthle adtges iplhanc ¢ h al

of data quality thresholds (either I nstrumen:

documentation states that users siCeuled) 2®2 5us

The data are also assigned a modifier of '

tens place), referring to the | evel of manual
the data, they deem it Oaismsutrlkeaddgqudl itthyeras saure
bunusabled i f there is a concern (often based
data being | abeled dédunusabled is not publicly
yet to beamamedll y e
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Tab3dl®andoras used in this study.
Altitude Pointing
Above Seal Azimuth
Latitude, Level (m) Angle
Pandora Name ID Longitude | Description (PAA)
EdwardsCA 74 3f136§81 Southern CA | 692 30
BayonneNJ 38 |0 N 3 316
BronxNY 180 5170385788 NYC 31 250
MadisonCT 186 | T-20 |cTcoast |3 220
ManhattanNY¥CCNY | 135 4703891551 NYC 34 186
NewBrunswickNJ |69 | 12402 g 19 45
NewHavenCT 64 |3 |cTcoast |4 300
OldFieldNY 51 |29 |Longlisland |3 38
QueensNY 55 ?703',_7:262’ NYC 25 330
WestportCT 177 4713131:,?7 CT Coast 4 218
NewLondonCT 236 4712317(?0 CT Coast 30 90
FigglL shows the distribution of the
study (Table 3.1) from the start of thei
through July 2025. As of Jul y a2r0e2 56, u n5a2s% uorfe dtdh
backl og fo manual i nspection. The
bet ween stations and dataN®@dadactndOd68v erf a Y&
HCHO data are high dwAaxl iDiICABa ©d
|l ow quality (41% and 65 %, respectively).
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a) NO;: Direct Sun HCHO: Direct Sun

) NO2: MAX DOAS d) HCHO: MAX DOAS

1Di stri bution of the data quality N®ags for

Fi 8
(b) DS HCHO, N®) &AX DOASMAX DOAS HCHO. Gr ay
portion of retained data for each station aft
2.2.1.

The Pandora wuser manu al recommends el i min
However, due to the automated nature of fl agg

negatRaweast. et,pabpps@9€24an alternative empirica
guality via four steps: 1) Deter mi ned vaherud of f
O is the meafdi snseanhdantdtydawdati on) f @ard id@ach
data. 2) Filter the data to only include thos

rdmean square error (wrms) < 0.01 and (for MA>

< 20 km (range of which t hko rMiAZo MtOAIS dciorl auamtni os
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data with a percentage wuncertainty under 10 %.
bet ween contemporaneous DS and MAX IGAS tdh sser
proposed method and also require that the per ¢
additional criterion is particularly cruci al
monitors used in this btugyydatemoeitagnenhnpn #af:

whil e the descr i bnesd afni |atveerrianggg 1lnoeft h8o2d% r(eRiagi.

Fi . @nd8.@Bresent the results for tN®, filte

respeaitsi vdeeldygmri hevb Pandor as ( sriemdipminfigpgasesar

=}
(@]

| uBe d4Fahg9) TAe first column shows the agree
and MAX DOAS tropospheric cdNQhmars (beleinmatudlt o @ic
t he NQctoallumn) , averaged over 30 minute interve
Sen estimator, a useful method that | imits the¢
the median sl ope found throughi apllaysaitrlse odat
applying the filtering proeedilhree meTh & nc alladras q

t he scans.

These results illustrate the | imitations o
tendency to produce false negatives. I nstance

6l owd quality are the pointsdwMAK DB®ASwoyset =a

such cases show this di screpancy. Consequen
unnecessarily eliminate a | arge portion of th
(Fi g. 3.1) . Data where bgoht hqummS i ayd eMAXDOAS r
correlations. However, a systematic pattern r

t han MAX DOAS due to the |l onger path integrat

52



HCHO BayonneN]J: 38
lelb

. = — _I?err|nq ) -~ 1.2 MAX DOAS D|r§3ct sun
g RZET}T?:{. ] m . :x 5‘ . s == Cutom
g n=8170 8097
g— g'0.6*
2 g
o =
(=) + 0.37
> [
< g
= o : =] . : . . . . . :
0 2 40 2 4 20 40 60 80 20 40 60 80
Direct Sun (Molec/cm#316 Direct Sun (Molec/cm#g16 SZA SZA
HCHO ManhattanNY-CCNY: 135 _
4 lel6 All Data Filtering —~ 1.2 lel6 MAX DOAS Direct Sun
~ Slope= 0.4 . Slope=093 ¢ 1 & mm “‘E . % - cuto
E R2=028,., * o] G .
53 n=839%%. 3 &0 2™ £ 097 S B PSSP ¢ - R
2, soe %0.6- . ) R ’
wl - - ) . . g .o
S LT aeie| |
- s . . o o - L
R e el
< 7 ‘. e .
= . - . S i . i . . . . :
0 2 40 2 4 20 40 60 80 20 40 60 80
Direct Sun (Molec/cm?16 Direct Sun (Molec/cmZ¥J16 SZA SZA
Fi g2Data quality tavdaesdmast resttbé the Pandor a
arienc!| ukiegd-Ai9%. The first column compares the C
tropospheric column MAX DOAS HCHO, each aver a
same but after the filtering method (Section
represdmt qtulmad iday fl ag based on the automatic
DOAS. Green are points with median high qual:@
mode is 6highd and another is O6medi omd cHBN;
modes (MM) etc. The third and fourth col umns
this study for MAX DOAS and DS, respectively.
the blue points are datd Bhaetipatsdddt hae Bnht
The third and fourth columns highlight h o
correlated with the SZA where, for MAX DOAS,
in the sky and the DS wuncertaintysidcaepdsds a
restricted to data taken on the 5 days analy

08/ 09/ 23;

08/ 16/ 23) .
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NO2 BayonneN.{ 3 98
20 el

Filtering MAX DOAS Direct Sun
o Slope: 0.79 ; IL MM ] - - . * -t off
] = . .
3 2 151
-
= Z 10 .
=< =
g % .. -
>< 50‘5_. ..l.. .. -
2 5 ; -
O‘OI T T T T T T T
40 60 80 20 40 60 80
Direct Sun (Molec/cm?) 1e16  Direct Sun (Molec/em?) 1el6 SZA SZA
NO2 ManhattanNY-CCNY: 135
lelt All Data Filtering an va . an 20 lel5 MAX DOAS Direct Su%ﬁse-i-l5
o Slope= 0-83.‘.& . MAM - - ° - Cutoff
= =}
3 2 151
-
vy él_o—
< =
s -
= g %21 - .
= 5 P . . L
0‘0_ T T T T T
20 40 60 20 40 60 80
Direct Sun (Molec/cm?) 1e16  Direct Sun (Molec/em?) lelb SZA SZA
Fi 83Same &s, 2F0 uNQ. f or
3.2Pandora Unit Conversion
Pandora partial col Ymns ausetr pocbeder heool e
comparison with airborhM@ oQlsiemavtaotlioognisc aolf sHIOHG
temperature (provided in the Pandora data fil
of the | ayer is assumed to be the distance be
The |l owestasewvméd to extend to the surface.
Threlies on the assumption that the conversi
temperature and pressure used in calculating
Pandlcaea compare the climatology method with t
observed on the aircraft during the33¥dpiral T
Givendohabot often have nearby aircraftl measur
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proceed with using the stationds cl| lumsaet otlhoegi c
provided climatol ogical temperature and press

| apse rate the changes in temperature and pre

EdwardsCA Spiral 20230626
.‘ b) ..‘

Slope: 1.04
R?:1.00

<
fo)

Slope: 1.04
R?:1.00

=
=

HCHO (ppb):
nearest in situ
NO; (ppb):
nearest in situ

o
)

Pressure and Temperature
Pressure and Temperature

0 ‘ ‘ 0.0 | | -
0 2 4 0.0 0.2 0.4 0.6

HCHO (ppb): NO; (ppb):

climatology climatology
Fi 8A comparison of PahN@ocoacealjrHCHOnandcobyer
mol s bmppb during the EdwardsCA spiral. The ¢
climatol ogical temperature and pressure, and
values during the flight.
3. Z.EMPO

Tropospheric Emissions Monitoring of Pollu

satellite over North AmericaNQevee@OoHAdlDi cot @sn

at a resolution of 2.0 km N/S x 4.75 km E/ W a
| aunched in April 2023 an"dofprtohve dseash@ ayt eaa rb.e gTih
retrieval-465 mnm $phpectd0&] wi ndow, wh3i56e. 5SHOHO r ¢
fittingNowlnadnowe tAbadd ,et20a2i15Theg2®2&re sl ightly d

the Pandora fitting windows for both DS and M

55



TEMPO includes diurnal and seasonal compari so
and t hezyliGiManfSzyiMm@a8n etltuae .verdi2éd&n 3, | evel 2
available from NANMAGSA,Ea2rit2hdadtat eac oveebs i el 2025
nearest neilghbdrLthedhbd,to 2 x 4.5 km in the
l ongitudes of -744®.20,U)41 re8)peaxrnd viely. Data is
pixels with effective c¢cloud fractioms &f Ot R2é&
TEMPO HCHO column are calcul ated by averaging
cells, and hourly domain averages are deter mi
NYC domain for eBhempdralrlagnd edpateivall .aver agi ng¢

in the HCHO col umn Det Smedal gt famodbmts a0dall i2t02%5

3.RBesul ts
3. Xake Study: Spiral over EdwardsCA Pandor a
The -8DCsampled in a vertical §hiama3.ovelre s
began at an altitude of 10.3 km above ground |
km at 2:20 PM, including a | ow approach at E
shown 3 .mbssFicgntered over the EdwardsCA Pandor a
pointing azimuth angle (PAA; red |ine). Thi s
t hroughout the majority cef diirectt gp osvpehrerae P
conducting MAX DOAS scans. This provides a r a

Pandora vertical profiles and in situ observa
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M ] S
0.0 0.5 1.0 L5 0.0 0.5 1.0 L5

HCHO (ppb) NO; (ppb)
Fi g8sMap of southern CA spiral NQ@I| obBdewarbdys GA si
Pandora (red triangle) and the viewing direct
included and extend to the mean integrated ho
The vertical profiles of i nNGarteu sphoavemtiiml
3.6 as the gray markers. Given the small vari

foll owed by a sharp increase, -nihxee db ouuwpn daor yl .19a7
situ HCHO is also Bll@t.ive|l§ dGots tfeopitl;oiwde di be

decrease in mixing ratio above the inversion

The iMQiss tmore variable than HCHO (d@)ote th
Enhance N®Outps tof 4. 2 ppb are observed from 0.3
the dgefimahe this enhfanmcse noebnste riviat Flifges cdemt i he |
data below 0.5 km (red triangl es)NQiBx ®l.uwBdilNn g .
ppb. There are no obvious | ocal i ndustri al S C

sour 8l®aofd there does not apphl®&frbm beyagcoaeni
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direction based onFiglPtAcNbBeahaPaacenta dathi Ke

|l ocal emissions from t ke gnedAr iy Edwards AFB a

Edwards AFB Spiral 20230626

a) ; ‘ b) e Ajrcraft HCHO
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A
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FigVertical profiles f (a) poBQenihalboempaeryn
| ayer height i s denoted a he dotted | ines.
binned to 100 m (sol. i The shaded regi
k3

t
) -
bobluied (l i nes are dat

ZzQ_:S(nm

I e
e’ (

ts one stlM@dard devi a
i n teéfei meod td e disrecpunatmelreen:
servations (< 0.5 km).

shaded region represe
enhancement observed
of the

0
e

d

data are orang®&Q HOAOK
n

i

near surface ob

linclude a total of 6 Il ong scans and 16 s
occurred within 1 hour of the spiral. The sca
troposphericccdCH@nandchROt a’malt e €klc8od) 9a.nbf x8 .100 x

mol et¢(/7c%) , respectively. Uncertaintyliinsc | ruadte r
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the standard deviation of the points as the ¢

bet ween each scan.

3.3Pandora HCHO

The Pandora HCHO wvertical profile does not
|l owest 1 km, Pandirdaly HEWMOaver @agemsed4 N 0.3
concentration is almost twice as hi@hkams the

bias flips sign laobdy Poan5doo rfa OHCHO paprbe. Above t|

comparatively closer agreement between the in
ppb).

This result iIis consistent adr.oss The MAXTrDCG
scans have four modes of operation: l ong or
using a U340 filter. The short scans find the

75, and 88 degr eeuwt)e st atka Thtge nafpbboautt e sfd avres npenr f or n
filter) or 13 (without filter) elevation | eve
the surfacaen Eakbsl|l appgpregi mately ten minutes.

boN®and HCHO can be obtained (no filter | ets

HCHO (with the filter in use only UV 1ight c
Pandoras is to do eight short scamgd awmd htowada It
filter), taking about one hour to complete th

change the schedule dependsngnoel elhatir onesdsan
to influence the over aNOwiagheementnosi eutthata

for this period. More scans would be needed t
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Edwards AFB Spiral 20230626

|
a) b — [SAF ©) NO, LIF
257  wemmm Potential Temp e — E?ngﬁsﬁlgghgr) 1 = Pandora NO3 (4 levels)
= == Boundary Layer [ Pandora HCHO mmmm  Pandora NO; (13 levels)
(4 levels yes filter)
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(13 levels no filter)
151
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e
1.0 1
0.5 1
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Potential Temp (K) HCHO (ppb) NO> (ppb)

Fi 8Figure 3.6 but Pandora data has been separ
and with or without the U340 filter.

Tab32e compares integrated verticdlVvecbi aamhbky
integrate the in situ observations to obtain
10.3 km) and another | imited to Pandora MAX D!

entire colimnl et/adnre@d onlOn 2b%ul oweervhanonke
HCHO column found by the Pandora PRolpe®Hidoumt d
Meanwhi |l e, t heMAXeDoS P oBapmeosrna HCHO col umn a
integrated in situ column under 2.5'%mdtBb. it
x 1'dmol e/ crmespectively). However, the individ

uncertainty. The high bi ashhoep pBelr tohfef sseutr feaacceh ac
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produce a column amount of HCHO from the MAX

t hesiithu col umn.

Tab32€ ol umn HGOGKAuanag the southern CA spiral o

HCHO col unfNQcol umn
(mol &c/ cm |(mol &c/ cm

I n Situ0(®. Km) 6.6 1% 10 2.2'% 10
Il n Sit2. 50k@) 5.0'% 10 1.9 10
I n Situ- 100301k 1.9'% 10
enhancement)

| n Situ- 2(.0B. dka 1.6'% 10

enhancement)

DS Total Column|8.81% 10 2.7'% 10
(G=8.%90 (G=2.%90

MAX DOAS Tropos|5.21% 10 1.2'™% 10

(weighted mean)|(0=8.0 (a=2.%0

3.3Pandhd® a

lcomparNeQuprhef i | es®&i nF&1i gt h& entire profile
observati on8Qi ¢$ heOBalhadwe a-s UEX @alced iemdramea&ment s
di fference to 42% | ower than the aircraft obs
surface enhancement and therefore is not expe
cosn deration for future compar i sroenssoltua i ot hs ait
retrievals. HCH®@i ksedsuhfibienthygewedglarhgIter ado d

not appear to significantly affect the obser v

| ocal HCHO sources (most HCHO is produced tt
oxidation at N®i sont itnmee ooft hyeeaarh)a.nd, can exhi bi
gradient s, especially in the presence of | oc a
excluding the enhancement, the Pandora is on
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showing a similar pattern to the HCHO where t

turnover Naitsi tlwdverf dro0. 3 km) compared to the H

Whil e the partial columns are, on average,
bet ween the integrated columns and the DS tot
The meanMRAnNODQGASOpospheNQics coo0% nmMness than t he
column for | ower than 2.5 KN@QcoHuunnhe(remvoaleydit
climatol ogi cal str agtroesdphesr i the ol mmaj)t usi 2268cgr
entire spPamnal 2LRoxelgl G ep F¢ tgbyhhows NBies D&n
average 52% greaN& f oth&dwMAXsSDAASone of the |
the 10 Pandoras in this study. 't NQGi posasti bhe

' imitation of the Pandoras in gener al but rat

To summari ze, Pandora MAX DOAS HCHO agr ees:s
respect to the total tropospheric col umn, but
hei-g&apendent bias. Quantificationl dfbeda ha pmumice
especially for columns near tKN®iIi $srbpweprauskhanT
situ observations for the entire profile, howe
within the viewing awmca@glse st udhealPamdemaphadih
consideration in the viewing angle of the P

heterogeneous environments.

3. Ne2v York City

The four NYC flights during AEROMMA passed

38) . The density of the monitors allows us to
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HCHQuse both the tropospheric columns derived
columns fromdoheobDS&dbeEpnrsse significant spat.i
domain degrades comparisons. Additionally, thi

the fligh3l)patmak(iTmapliet di ffi cudPantdtordetdef men

reflect instr uNm@qrta diiearstess. or ur ban
Bay()nncNJ‘
BronxNY
QueensNY
WestportCT
OldFieldNY
» D | | A | i:;IC\:'lIIm'L‘é]T("l‘
=5, | | v | | adison
&3 -M— —.J. I _ T - \Sce ‘ NewLondonCT
0 12:30  13:00 13:30 14:00 14:30 15:00 13:30 14:00 14:30 15:00 15:30 16:00 16:30
Local Time Local Time
4
¢) NYC3 d) NYC4
) 16:00, @ 3A
: o =
20
=
S
o= 1m
£2 | Nl O gt || agln P i,
15:30 16:00 16:30 17:00 17:30 18:00 18:30 15:00  15:30  16:00  16:30  17:00  17:30
Local Time Local Time
Fi 88FIl ight tracks for NYC1 (20230726), NYC2 (
(20230816) colored by observed HCHO. Pandor as
is included beneath the flight traeksi cal opedf
di scussed 2i mrseecotu.t I3.ned in bl ack.
FIights occurred within distinct met eor ol «

NYC2 sampled under c¢clear skies and warm sur f a
heat advisory during NYC2). OzondiexQeadangyges
(AQl') was | abeled fiunhealthy for sensitive gr

ppb for NYC1 and NYC2, respectively, with the
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mi dafternoon. Observed HCHO varied across the

ppb and

emi s si

(0]

NYCS3

gener al

moder at

and | es

Hi gher

The
cl ear
a di ff
(under
ppb) b
observ

and ov

3.3P2dn

Fig
col umn
I ndi vi
Contin
col umn
tempor

204

e

c

e

d

u

S

a

0.70 ppb for NYC1 and NYC2, respecti v

ns and oxidation rates.

was slightly coo80Cg) (wietmp emaoad eurr aetse i we ¢
l'y clear skies (with a few scattered c
e -1Wi Rd-SSn/dd) SnearFithr. 3HEHA@cmI Xing ratio
s variable on this day, (mean 1.6 pphb,

HCHO tends to be | ocated over LI and d

e was scattered rain the night before

n the afternoon, but the doma8 nt or etnaakien
rent path than t he pouetvh okuesp tf |wignhdss .r eAl
5 kts n&a® f{The memhaodseFivgd HCHO r e ma
t with more variation than the previou:
d HCHO wewat3e® Ipepwelws tchhcedrring over Ma

r LI in the | ate afternoon. The AQI wa .

ora Tropospheric and Total Column Ti me
re 3.10 shows the 30 minute averaged ti
(dBi ;a.nd3 .DISO & ot al HCHYO fcod utmmes f(durg. NBC
ual stations (colored | idielsiinea)hdarnterei m
ous data from Pandoras il lustrate both
acNYoeE$s d bmaiNQ. These observations pro

I e v 6N Quit n toenr aoclt g YioOnGst S khbeo 1d aeytS{(anlg. h, e2t0 2a4l

6 4



20230810 00Z KOKX

20230817 00Z KOKX
1 0 es. 1000 | RS ' [——)
/ b ! ! 00 825 1000 [
200 1 / ’P]'ESSI.lle.iE]!.Paj ™, \‘._I 200 S & ! .,Piéssulje'i(y.]’a; \“\‘ “\‘
R i
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~ 3001 x N S0k / k
= —~ 3001 : ; .
] N NN ’
I = X
5 400 1 g 400 | N
& 500 (- & 500 {-
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1000 4= ES x E N S s 1000 4= £ 3 ‘ N S T ¢ S
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Temperature (C) Temperature (C)

Fi 8aSkew T and ®hedorgurgaipsttZ olKOOKKi ghalu ¢'udsotz 17

KOKX. The red |l ines are Temperature (Cel sius)
There was a deep and wel |l mi xed BL on NYC3 an
with a saturated surface and mild winds.

There is evident spatial wvariability in MA
I n contrast, the HCHO columns on NYC3 are | ov
This pattern aligns with the meteor oladgilgyal |

stronger horizont a-mi we dRi8gL)a.6d. %9 deeper, well

Afternoon enhancements in tropospheric HC
however, the peak HCHO I evels occur at di ffe
NYC1, BayonneNJ reaches its maxi mum HCHO at 1
awaynticnoues to increase until 5pm EDT. Westpor
of the Long Island Sound (LI S), remain rel ati

which HCHO rapidly doubl es. Theseomdserovatanpt
detailed tempor al and spatial wvaaogaear iiomtse ri fna e

information complements fAsnapshoto aircraft m
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DS tot al column HCHO exhibits greater var
enhancements compared to MAX DOAS. On NYC1 an
approxi mately 50% from morning to afternoon,
NYC3, DMAXS HCHO doubl ed, but DS columns increa
across stati-ohy.cdrediptiitens)| edata gaps are stil
such as M&CN&t tammmdNYMadi sonCT, due tomos ieerhiicg

interference. As DS HCHO retrievals have high

excluded during data filtering.
NYC1 NYC2 NYC3 NYC4
3 a) b) C) d) All Pandoras
- == " (MAX DOAS)
E NE m— TEMPO
£ 32
o E ~
& S
=Sl
3 e) g) h) — All Pandoras
—_ (Direct Sun)
E Ng — TEMPO
= N
SEN
© E -
ok 7
= gl —

08 10 12 14 16 18 08 10 12 14 16 18 08 10 12 14 16 18 08 10 12 14 16 18
Local Hour Local Hour Local Hour Local Hour

BayonneN] BronxNY QueensNY
WestportCT OldFieldNY  NewHavenCT  MadisonCT NewLondonCT

Fi 8. MAX DOAS troposqihermaind O&I o-mn al@H® | furmoom (Y (
Pandoras on the four flight days averaged to

the mean value is shown as the dotteHOgray |
column is included on NYC3 and NYC4 as the so
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Limitations of both MAX DOAS and DS HCHO c

cloudy day. 412 EWDd§)momwmiemgth®&® cl ouds were mosH

the uncertainty threshol d, however s emet hMAX
clouds start to dissipate, al | operati onal P ¢
stronwe stasgr adi ent in HCHO col umns. Il n contr as
this day, remaining sparse.eVfbap ahtertahetygl
even during partial c¢cloudiness makes data int
These results align with the in situ airbo

greater on NYC1 and NYC2 compared ta NY®3,32wh
ppb) and a small rangewdst2 g@gmpadifveend tolna sNfYbOddg é tw
values of the& weameesr mriekaitregq 2 han tho%8: 830 t h
| ocal time (the earliest and | atest times of
(averaged from the, dMAX DBOGASYNncalnunknisg,. a3nd)DS

greater on NYC1 and NYC2 than on NYC3 and NYC

The | ocations of the peak Pandora HCHO gen
The | argest in situ HCHO on NYC1 and NYC2 occ
and 16 EDT, respectively. These obsHOHOMtatons
similar ti mes seen at Ol dFi eddNNYY,, iWedsitcpaotritnCgl

consistency between the in situ and ground ba

3.3Verical Profiles
Whil e -8hdi @Cnot -adandwcte Hpirgpf i |l es over NYC

case study, parti al profiling was carried out

MAX DOAS vertical profil es. Thesaeae kt ionde.s& i ggn d
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Comparisons are | imited to the Pandoras <cl ose

| on

may

ver

g scans (11 or 13 Il evels). This is not ide:
arise from air mass ehsetdeartoag efnoeri tc/g n shiodneervie
tical p k8o fciolveesr.e dT teheDG ppr oxi mate BL over t

NYC4 spanning from 0.11 to 1.92 km (NYC1l) and

|l ar

ge hori zontsalstdiPatnalmae.s Tloe tdhleme profil es

NewHavenCT. Spirals were done during NYC2 (fr

k m)

sur

ove

just west of the Madi sonCT Pandor a. Due t
f acnet rcaotnicoens from Pandoras may be | imited
FigBr@&lcompares partial columns from in si
tical profiles (taken within N 45 minutes
itude range covered by each aircotaimhspraot
malized to the in sit3.kebhomesthael bebl ometl

Four ofanbdersi xolumns are greater than cor

r the same distance) primarily due to gre

WestportCT is 52% greater than the inighem co

Pandora values from the | owest | evels up to t
NYC4, NewHavenCT is 77% greater. I n this case,
and above the BL.aOhowéai s dmg,| eserdefvased in

HCHO nor these three Pandor as exhibit a di st |

r el

atively constant from 0.12 to 1.72 km.
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Figlla) HCHO parti al columns from -Bnpegfialed I
and mean Pandora MAX DOAS scans during the sa
nearest operational monitors normal ilb%d to th
mol ecu’lae®/ ¢mcl uded as thre¢clwhdd el 3%xdr romr t(hseh d
representing instrumentation accuracy of the
profiles ar ee)noMeraviacialla bplreo.f i(lbes of HCHO fr om
airborne in sidtuidef)aapl aokli yoldual Pandora p
binned to 250m (except the NewHavenCT profile
approxi mate boundary | ayer heights based on p
h

e only case when Pandora column HCHO i s
where OlIdFieldNY is 37% | ower. This notabl e
geometry of the instrument. The Pandolriak ailsye s
to exhibit | ower HCHO concentrat i8anslhdeampmargend

how the distance and the heterogeneity of HCH

The most direct comparison to in situ dat

NewHavenCT Pamrdocroamp | TehteedDG spir al just west
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scan was taken during the given time window. T

(both Ymd®l ec/1MPandora HCHO is greater from th

From there, the Pandora becomes | ower than th
Il n an area such as New York City, where t|
sources of HCHO and | and/ water meteorological

HCHO that must be considered whene iPnatnedroprrae tMAnX
DOAS product dotedday eparci alihlei tdyayi n t ot al col t
capturing the precise proimi kedsBapeFupareivval i
woul d benefit from digekettpkaondrsaanont het Wa e
attention in future validation efforts shoul
conditions (BL height, wind patterns, cl ouds,

Pandora $nstrument

3. 3TEMBO

Pandora column HCHO can be directly compar
NYC3 and( NWYQCl4 and NYC2 occurr ed Dpariiloyr atvoe r TaEgMP (
HCHO columns for these3dtdvda3nddh.@ sJ wagte adhhoiwm Pan
DOAS columns and in situ observations, TEMPO
only slightly elevated HCHO over Powlneg®/wamNYC
while on NYC4 there is gr eaweesrt ngeraand iHEONHDO (2 .u8

mol e® /. cm
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The number of wvalid pixels for each grid pt¢

domain are3sdd@Qavmd i ah. FDgri ng NYC3, there was ne

points until 17 EDT. I n the | ate afternoon a -
data along the CT coast. During NYC4, %)l oudin
unt il 1 pm EDT. After that, the skies cleared

for the rest of the day.

1 iy’
Mean Daily HCHO
Column (molec/em?)

08 09 10 11 12 13 14 15 16 08 09 10 11 12 13 14 15 16 17
Local Time Local Time

FiglLZa,b) Daily average TEMPO HCHOlZoEDMmMNns( ¢ od
Number of data points included in the average
of valid data in the domai n.

Mean hourly TEMPO HCHO columns are shown a
and h. On NYC4 the mecdmudalauwe ase prndsyendrsd | to
representative of the whole region. The agreel
cbumns and TEMPO HCHO columns is within 11% or
(SMD) takes the difference between two means

deviation of t he dat a. I n this chae, os8MDstand
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deviation. Both products show a simil asrkyafter

we-mi xed( dYay3 )t he ten Pandoras agree with the m

domai n. I n contrasd4Q %TIEMPOr HICHOn i BamlBdor a DS HC(
NYG(SMD = 1.3; over one standard deviation dif
The agreement on NYC4 is influenced by the

HCHO as MAX DOA$3HEBD. f Home®8er, starting ar ol
bet ween the two datasets I mproves, wi it lhi tay me
i ncréebsgs. 3At10tdhi s time, valid TEMPO pixels ne
Pandoras (WestportCT and NewLondonCT were dowr
data | acks compl ete cover atglee uMAIX rD@AS ,t ivaH il oyh
from theppbost biml provides valid data based or
typically not valid under even partial cloud

continuous DS HCHO.

To provide a morlextemdst heompat ysoms, for th
2023. Bsijgdws t he correl ation between mean hou
HCHO (3F3ly. and DS HBIHO a(vkeirga.ged over all stat.i
August 31st for the same INMWGQ i d gmaihne. PRaonrd ot la
met hodol ogy by not removing data with greate
eliminating | owusel auime dadmeuht Sen regression
determined by finding the median of the sl ope:

which reduces bi as8 ufmnoawm iozuetsl itehress.e Tsatbd tei s3t i ¢ s .
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a) MAX DOAS -+ Allpoints b) Direct Sun
—— >20% valid TEMPO Data

$3 NYC3
g NYC4 -~
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Pandora HCHO (101® molec/cm?)

Fraction of Valid
TEMPO pixels
=)
~

® o
@ 0.0
0.5 1.0 1.5 2.0 0.5 1.0 1.5 2.0
TEMPO HCHO TEMPO HCHO
(10:ij molec/cm?) (1016 molec/cm?)
Fig8lRAverage TEMPO HCHO column for NYC versus
tropospheric column (a) and Di"rtectAuB8us2@B3ial
Mar kers are colored by the percentage of avail
and NYC4 are outlined as the red X0s and bl ue
all data (dotted) andlitdpserwithcbudéé. valid
All three metrics comparing TEMPOrawpt MAXnNI

i mprove by removing the cloudiest points or w
domain is |l ess than 20%. The cutoff valwue of =
retaining theFimgp2tAd@Gn aapyeriages, (TEMPO HCHO i s
DOAS HCHO at higher concentrations. The diffe
where NYC3 follows the patteQ4n hoafs tvheer yc lleiatrt |se
to TEMPO. Similarly, removing the cloudiest ¢
TEMPO HCHO and DS HCHO corfgmd i aomi.ghid.xg | ioptee
10°mol eti/mcdi cates a systematic difference betw
dependent on the magnitude of column HCHO. Th

bias in TEMPO HCHO. According to a priori HCH(
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approxiLeaaobtelof t he HCHO column should reside a
MAX DOAS retrieval
Tab3d3d@ hei l Sen regressiiohepaepmetand Rk) operr g
shown 3 .nl3riegp.resenting the relationship betwee
>20% refers to the removal of data points whe
domain is |less than 20 %.
TEMPO v MAX DOAS
Al | > 20|{NYC3 |NYC4
Sl ope |0.63|0.85/{0.80|-1. 4
Y-l nt er
1. 2%)8. 0% 9. 2%12. 5H8]
( mol é&c
R? 0.24/]0.66|0.99|0. 25
TEMPO v Direct Sun
Al | > 20|{NYC3 |NYC4
Sl ope |O. 75|0.97|0.94 |-1. 4
Y-l nt er
3.6%12. 0%[3. 9%13. 1%/
( mol é&c
R? 0.32/0.68|0.94|0. 35
3.8onclusions
The PGN provides l ong ter m, conN@rMuadous ngr e
observational gaps in airborne observations
TEMPO cannot see. It i's i mperative to unders
especially as it i1is a key compleneHCH®optt dicu CItl
relatively new and unvalidated themsel ves.
This evalwuation includes a-8vewercalhes Ekidwal
Pandora monitor in southern CA and fourl f1ligh
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find that integrated HCHO <columns are consi ¢
measurement s. However, the shape of the Pando
(Il ower 0.5 km) and tthem ®@BfiLawmedelr owebkEnematxkedt |
shown in the EdwardsCA case study. Thmisxegdatt el

day in NYC. Work is ongoing in the Pandora gr

Due to the greateNQspmarn tail c inledrelry giemeurth/a rof
bet ween Pandora and other data must be taken
measured. The EdwardsCA spiral showed a signi
angle of thei Panderhobuzowi ah range of the s
of the viewing aNQ@ie, thee bBMAKOoDOBENSa nk nt hies i 2n7 9
tropospheri c gaeladrne ra ntdh ®loS&@@&mma@ancement showing
di screpancy as in HCHO. HoweveNQvabbveal hpsot
on average 55% |l ower than the in situ observat
Pandora aN@ Te&EMPeOci ally in urban areas. To mit

TEMPO andN@amadwlréd focus on more homogeneous r e

areas.
The -tdohyy variability in Pandora HCHO over
trends, where the greatest values are observe

Pandoras deployed across NYC ef fodc tHiCHeD yo frf eepri
context for i nterpreting air quality condit.i
detailed information regarding spatial and d
bet ween urban and coast @l bei m®s e BlersDS i HE@HOD o

particularly under c¢cloudy conditions whereas
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lal so compared TEMPO HCHO retrievals to Pa
time frame. According to the current TEMPO ve
above 0.2 should onaottthbreesls®ldd ftolhataniad ydo3kse c ol
typically wused for other satellites. As a res
cloudy conditions. However, there are stil]l c
cloudy conditions which,d bepngnaoabsbroeadh fdom
col umns, i's not as sensitive to the presence
availability < 20%) the correlation between T
(R= 0.65) and’=D8. ACHOiIi MRroves. The MAX DOAS H
the magnitude of HCHO while the DS HCHO appea

domain average TEMPO HCHO.

Future efforts to validate PGN data woul d
flight mission planners and the Pls of the Pa
usage, i ndi vidual Pl's determineotdklke toegléenay
consistent compari sons between monitors. For
DOAS scans over long scans. While this method

the short scans provi.deA |lvead s ddaettiaoinl pilnmant hfeo rf ul

must include | ong scans within 30 minutes of t
fixed and wusually chosen to avoid tall buil di
t hi setwhegvangl e of the Pandora is not al ways

mi ssions should be aware which angle the Pan

comparisons, paNQ@.i clunl atrhley sraengea rvdeinnngmi §anhdonal ¢
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consideration of air t r ebfofrinee rmesatsruir cetmemnt ss. MR

alternative for | ess costly amBdaimerye oft.r @adquent2

A cl earer understanding of the Pandora da

uncertainties for al | data products are al sc
Currently, there are no official margel gl sluef
|l imited number of formal validation NQandd es p
t he DS HCHO product s. Robust uncertainty es
procedures wil|l enhancesehs.scientific utilit
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ChaptEormal dehyde Sources OvweQ Thail and

4 llIntroducti on

Sout heaspehAsieaneesf the worstamdcagdiahgtiyoint
Stockholm Envi Nokamneét)l,aktejnt boOf2slpoke!l 61 eétdeent me
the egamel hiann Pamtfs t he countmgr e dld @ralyy lbdvezon
exceedcaras yb ayseeddh @inr nat i ddl poptda rdoarmrd aovfer age.
nat iaovneardaognec e n 0 f ablzadne remai ned relatively st at
decades, the northern region hasasexpeéuisenaeaed
Fi g.(Lid.elt ;& kam2e&®5alPr,0j20c2l ons under future
suggest health iepposzereed alleai tandbEZamg kit kel

al .,).2025

Manitoring range
180 [

Bangkok and vicinty

— Eastern region

100 W __'_,4-""

e - . Central region

Northern regioni

20 ] [} 1 ] ] 1 1 1 d i
2008 2009 2010 20m 2012 2013 2004 2015 2016 2017 2018

Countrywide

Highest on hour average (ppb)

...... Standard value

Source: PCD and Ministry of Natural Resources and Environment 2018
Fi 41The average annual | evels afemwmag@d)d 8f mam i InQ
di fferent | odqMitk aamset)nalT.h.ai2@&@ad

Poor air quality can be attributed to a va
industrial activity, and waste burning in urb

January t hhoowegh bemmialeas| &advdmihmgmnedsi onandf VOC
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NQ particularly in the heav2Nliykafmored)stadd ,r e@i2c¢
Burningaduarei cglmi vation is often aiteguabiaym

althoweghethhiempesst st i IMosdaealfathedz hfad len addit 2@

| os@lurcesansport emdeiegmh sesuiomgi d 3 o(me. g. Myanmar .
contributepdar ITh@g\Niidkaandyest) .al ., 2021

20°N

15°N

® Capital
* City
— Water body
[ Boundry

Rainfed cropland
[_TIrrigated cropland
=71 Other cropland
B Forest
[ Shrubland
771 Wetlands
I Impervious surfaces
771 Water body z
100°E 105°E @

10°N
10°N

0 100 200 300 400
[ km

5°N

Fi42Land use/ cover map of Thailand in 2020. Re

northeastern region; CR: central region; WR:
and its wvicinity; SR: southern region. Capit
Chiang Rai ; HH: Hua Hi n; HY: Hat Yai ; MP : Mu ar
Phuket; PT: Phattaya; SK: Songkhal a. Ri ver : H
Lam Dom Yai ; MK : Mek ong; MN M: Mae Nam Mun; MN |
PingSabiviwamg et ) al , 2022

Thail and has invested substantially in air q

Control Department (PCD) oper atndde vel aen di rhedi

emi ssi on tionvdermimoe plesr i ¢ model s, however exten:
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(Ver ma et) .alDe,sp2Z®23 t hes eacefnfparethse,nsT hveei,| aaimd fli ac
managemernteA mi xture of regiadadnalmpamdimhagsiaomalqu
confused jurisdiction and mitigation strategi
sever al attempts to i mplement burn bans, howe
(Mostafanezhad, 2025) . Limitéedal datca ngv &inlva bioln

protection with economic gNiokwarm etd) mpll.i,caz®z1l s

Nonet heless, Thailand has demonstFated succe
exampl 8994, 87% of al |l wvsethriacck ee sen gni MBeasn,g kwolki chha
t wice as much VOE€srobkepenegedneés. fAuUrer cl ear g
enforced emission standards and teshy nQ0mnd

ut i Ifiomdd ok es(Ne rkpimmet) .al ., 2021

Thgeostationary satellite Geostationary Envi
has been providing hourly column measurements
(including IThand ®iedg uimmpc2020. Past studies h
columns to infer VOC emissions (for exampl e,
(Mar ai s eKaaber 28DdHdhson 2¢gPlu8aelt. ;HlkHARHAAKDY et a

2018

Taaccuratemgasotempngsi bfi siCH@portant to unde
mechani s my oddruici CHG. olft i s necessary to distin
pri mary ocefm B@d@nss secondary formation from V(
the relative influence of urban anthropogenic

bi ogenic emissions. Determining these contrib
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mechani sms driving ozamnmde pproosd weetsi am fiomr mlaht a iolna

strategies to mitigate air pollution.
To investigatle sa&ihrelser mqast emd d vINnrsement s of HCHO
Thail and dur iwntgi IMaze ha 20a2x4 .mo d e | and machine |

evaluate the agreement between model ed and ob
i mpor tamet foo mat.i oQurofanHCOHOsi s di stingui shes be
Chiang Mai) and southern regions (near Bangko

di ffer encth aermaicstseiroinst i ¢cs .

4 .RatMe/t hods

4 . A.S1-AQ

NASAGs Airborne and Satellite -AQ@)vermitd ggiadn oil
an international field study with the goal of
and val i dateiarsqg r aatealslsi tsever al Asian countries

Thailand %9'n'IM2rlcahiil @®24, her edfHt el T Be fasmrdr ed t
TH, respdet-83nesl yequi pped with many instrument
I n Situ Airborne Mot mallOEas h y cheatr(eli SfeR)isway d usin
Organic Gas Anceafflyizght wMa s TsSmectrometer (TOGA)
window of arofumid! lemsmu@medt An t hi s sTabdlye can

A..2
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4. Rednot e Sensing
lusvei si bl e I nfrared | WlalgRa g aRH tht e eedntdinvieyu i t

fire bhatsepofomnar edSdlerteaedargnatsealda | ¥0tdunt s of
the flight days to determine the tdmporal and
observations may be obstructed by cl|l @amdi cover

smal l. fires

The Geostationary Environment Monitoring S
satellite instrument covering much okheWsiw th
hour at a spax8 akkwoesel ykhiimnet@ DAlIBGEMR OR&® s
| aunched in February 2020AQ amids tinen oWwa ¢ hteo gmrac
validation for GEMS retrievals. I n this study
are grick8edmtoeaolFuti-mei gskb oy apmraaelstwi t hin
by | ati tud.eSA 12n D A -d@i. 5 Ade Pi X2l BZAare screene
with effective cloud fractions | esy meam GEMG
HCHO col umns aawercadicud ateuwr by HCHO val ues wit
4. HYSPLI T

lappHYYSPLllalTtk trasicGtgpbal ePata AseEGBABGRti on S
resol(Quttadiom eltt oale.xaind hé&s & ahrh s t foo wyr.Folri ghit dawys
days, 24trhpectbaclks are AMal ocladt ¢ dh merChii mg ga tMa
Bangbokh Mwypei r mdr t58A0t mough the flight tracks s
airports in Thail and, back trajectories were

cities represent major urban centers with dis

8 2



northern and southern ends of the flight trac
across Thail and.
4. Lrbund AQS Sites

Thailand's Pollution Control Department (P
air quality mdmitt areiarsqur et aotziomres Ozone | evels
absorption spectroscopWwomse hopatiyali ndiestvrail But i
and the number of MDA8 ozone exceedances from
with complete data for this time are included

Chi ang Mai andeBamntg kozZo deo dedpirte being center

the stations with valid data, soméE demontdkd a
data, while the average across all ireptoirme ng
per)i.od
4. FOAM

luse the box model (WOIAIMe teot) neoBRliephu PHABCIHBGOa n's ar
i n a similar manhnée rmoadse |i ni s30ebcst ai sovneant2it i2eod od fo g i C .
vari abl esmpecht ase, pr esisnuwrreg,anriel astiN&ca BOU mindil
Oz, andlQa weVOG adwapuitabéeaveraged to the TOGA se¢
Secondary VOC such as acetal dehyde, MVK, and

but not <constr ai ne d ntahordosuegrhvoeudt stpheec ineosd ear er uinn i

Photolysis frequencies are measured using
Shetter anyg. Mgl aesuyméo®Bnstant overhead ozone

I utilize the Master Chemical Mechadheshki meebi

8 3



al . ,) 2w0ilt5h Bi omas sDeBcukrenri nejt wvapl d. a h e260n1€91 udes <c hen

furans and sever al ot her VOCs identified in r
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Number Of Exceedances

o

20°N O 1
O
N

18°N -

Latitude
>

o
Z

T

14°N |

12°N - b

200 km
100 mi
1 I 1 1 I
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Fi 43PCD AQS sites in Thailand. Sites are color
occurred from JanubDaaryys twhirtohu gihe wAeprr itlh a2n0 21400 day
open circles. Redfligkt shoawvsk tbme D4 for ref el

4. 2SBndgitivity Tests

Il n this study, |l characterize the sensitiyv
do this, I conduct FOAM sensitivity tests usi
met hod, |l remove one VOC at aal cmeafresnltthien d
change in HCHO relative to the omMHiegiemHhiltseriys ti
referred to as oO6remove VOCO met hod. I n the se.

VOCs and then one at aathmendowmvstduoual nVOG8e Tmbd
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cal c HICHtOe et ween the control run and the run
t he amount of HCHO produced from that specifi

VOCO6 met hod.

4. Ma@& hine Learning
Machine (IMdgo cdhelngg are power ful tools that <can

Regression models have been used to predict o
data such as satellite, sur Mas e hponddDetllrBsrosn, eatn da
202Muel |l er et Bh.twii292stsuedya teoegrtessi WOCsobdelr v
can predict (oHhGkxpavnaedd i HEHHO M on t he mwislt!l i anlpoo t
see i f ML can reproduckCH@call d &lrarterAddodel ed HC

exanmovw the sensitivity testsmmaythecei fferent

lusef ADd-vadlogdsati on to compare two mlgorithms

Extreme Gradient Booors tXGBgRMo dae It y(pXeGBomofo shtaggi nc

invol ves many i ndeptemaeasxshl|l yrai e&tde @& rpdoa ctid $oifnd e r
(80% odf dehathgt he final answer i s an average of
continuously i mprove batsreBlotmmt hbeésearercommo ]

in atmospheric scRendeep;iGCappt at 2o @duteyd @22 hei r
Root Mean Square Error ( RMSHDY s &nctikhikte asnk [Aebasrond u

package f or Ra bodoosnt Fpoarceksatg ea nvde rxsgi on 3. 0. 5.

li nput all VOCs which ar e usnedFDtéddV taesnot HhCH @ f

featumMéde goal is to understand which VOCs are
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are the same as the most itmpatr tiamnmtp-Dowimd ed cihre

chemical .box model

These two packages have maenryraadayhpaenrgpea rtahneet er s
accuracy of the model. To test Iluarnlthke bhdet pa
Optune (version 4.5.0) WwWiipehpatoeet masy casmbb
the best model pehrd orymaenrcea rod meRtMeSfEs  used f or &

XGBgre shown in Table 4. 1.

Tagguantify the i mportance of eadobeV@Cpehaut &l
met hod which measures the model performance d
randomly shufflpedmuA alhiigmhngdompdtriée ®mentcleat t he mo
very sensitive to that features values and he
values had Ilittle impact on the model. A negaf

scrambling taet vaé uiempowbov edthet he err

Tabdl®Opti mi zed hyperparameters for Random Fore
Optuna to minimize error.

Random Forest|Val upaXGBoost ( XGB|Val u
number of est{700 number of es|253
maxi mum tree |28 maxi mum dept|7
mini mum sampl|2 | earning rat|0. 02
mi ni mum sampl|2 subsampl e 0.69
maxi mum numbesqgrtg@col umn sampl|0. 67
bootstrap Fal sj ga mma 0. 03
mi ni mum chil|8
L1 regulariz|0. 30
L2 regul ari z|0. 46

8 6



4 RBesults

4. Vbkervations and Regional Context
Each of the four flights in Thailand foll o

the south at Utapao airport (number 1 on the

Chiang Mai (number 4) . F F1LiOgAhMt K )olcaagd ne nde d hien
after#wepon | 0&Lal). Al ong the way, | ow approache
on the map providing full boundary | ayer prof

data bel lbdw vli.d5e kinwe datoa pisnt @ hte ' Nort h' group
|l atitudes greater than 16.5AN and covers the
The ' South' group includes data from | atitude
airportitsesg Balldidek .desi gnations of North and Sc
remai ndehrapotfert.hiFsl i ght tracks are collioved by h

(I i f esteivreeg al maeant hesmi tftied durailng elti parhas s 20WrONn i n

There are unigue meteorological patterns o
temperatures-7@were in the mbdth and the upper
f ilrceet s(proitgsandl. et)y)at ed HE® north (BL mean= 1.8 p|
compatdéso dtghermrtni on ¢BLt meanhki h¥7¥2 ppb; max= 2.

fire influence was greater in the north and r
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Fi 44F1 i ght track of the four Thailand flights
tracks are colored by HE&N whmp tshs.eadl alpelr 0 afcdir oe
1: Utapao; 2: Don Mueangan(gBavag k o K):; Pdhir a®y k t6a t
Fire hotspots identified by VIIRS are shown a

Fire activity was, moaomp arpwdktatdo ol § ,othe MTHE h
the oortithe daoyweovileeriiisi@& et dpots were stil]l det ec
North. Averagei HCNH@bsver eatliTd#ls pplkt, tshiemil loawe rt
HCHO ond4d . THRZi,pdbcat-8sdt denbC sample plumes as ¢
pr evfiloidgghyt, but due to the persistent fires se

by smoke. Surface tempefraftlddgesd al oom mhe o i g,

8 8



19°N

Chiang Mai

16°N

98°E 100°E 102°E

Fi 45HYSPLI T 24 hour back trajectories starting
(Bangkok) on tete SOArnaflicyglori @aysare calcul ate
Assimil ati on 18nedteeom o(l ®@MAS)

Heavy rainfaldl occurred across most of the
rain on the day of the flight, but the sky re

identified hotspots onbuhimodaynbborcemableoint
HCN obsecompdroends to (meamt her06 |l pght smax= 2. 53
that there were fewer fires on this day. Foll
brought the rain, thed4d whodrs Mhadk sthi djt edt o HIYSHP

on TH1, 2, and 4 the air in BaGudKak Homwiegiemragt ed

the air came from over | and in eastern Thail a
stagnant, not traveling as |l ong of a distance
days.
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By the final flight, 4 days after TH3, fir

remained relatively Il ow (mean= 1.10; max=4.10
heavy fire activity caused chemical species s

To put these four flights into broader con:
ground sites across Thailand (Fig. 4.3) from

divided into northern (latitude 2NAL6 .s5AN)s aanndd
only include stations west of | ongictomdlé ti®hA
alongltgkt track. The daily counts of fires h

only) are aasl stchei dcalsthdeedd | 1 ne

180 \
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r
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P
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Daily Count of Fire Hotspots

Jan Feb Mar L &Q? Apr

Fi 46MDA8 ozone fAporm |Ja2nOu2adr,y averaged across AQ!

4.3, for the northern region (latitudei > 16.5
14.2A N; red solid line), west wlfl |mamgge uafe W:
across all stations included in the mean. The
Thail and for the northern and southern region
are shown as dottedghiedsbyFRQrght sttadyedaregho

I n JaMA& zone | evels in the north and sout!l

ppb. Il n January, there were few identified fi
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days that experienced more firessmadudally in

enhancements in ozone (for example January 17

Beginni e birmamiyd the fire activity began t
However there were few fires identified in the
have the agricultural fires that are so commo
of fires in the north i s aceconphaenM&ar0® zbaymean i n
from January 1 through February 15 in the nor
15 throulg"h Whpirliel t3n0e nbireigoifvicantdydchange i
actually i mproved. The mean MDoAs8s idbelcyr edausee dt of ra

boundary | ayer and stronger vertical mi xXi ng i

Thtei mesfotrthki ghtA®QQ Guri mg ghSligAhted on Fig

observed fires were relatively |l ower on TH2,
week previously are still likely to %ereresen
clearly seen in the dramatic drop in northern
for this season in that it is the only day wh

north. The other threeibdbhsghts show more typi

Fig. 4.7 shows HCHO observed on the four T
previously defined "north' and s'hsaciu tnhy' groups
respectively. The greatest boundary | ayer (BL

ppb; me an N standard deviation) following by

2

finally TH3 (2.5 1.9 pphb). Omrstaliln ddyys neoxded
foll owing the pattern of ozone. oOvearaktd, i bheh
north on THWiamdeHItHZR 6 gppb at the Chiang Mai i
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near the surface. These spikes are accompanie

burning indicators such as CO.

&~
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Fi 47HCHO ti me series on each Thailand FIligh
ed an

North (AMtard6S6utAiN (alraet h<d glhd.i3ght ed as r
During hleH3maxi mum HCHO was captured in the

and | ow HCN. Due to the s hvefrte cnegi wiinngd sc, 0 nBtai nngekn
i nsteadadgfr bmamign esgP endtiC HO V(OBCwdrs @tpbdorrel ated wi
but rathefhwsBtbBhoftonen cormeildpéeaboit ochgeni caps yi p
HCHQ® at hedi rtehsatni ®fmsHECH @ nmsrTdhre Bangkok od nH&LmHOe me n
appeared only in the noontime sammploirng wease ho

peaking at 5.2 pphb.
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Fi 48Box plot of various observations in (a) TH

whiskers show 'thhred'bvesdcent i hed ZBe blue and re
South (KAdt andlANo3 AN @dlata,>XY@spectively. Ozone
| soparBiheomass Burning MhMobhtepki ¢ée8@Bbyateérs),

To examine how fire activity and | ocation
into high fire activity days (TH1, TH2, and T
shows how VOCs and sever al ot herhes meaitdrerwnarayn

southern | atitudes.

Medi an values of HCHO and ozone were great

greater in the south on the |l ow fire day. How
increase in observed surface oronerth bDheTHB8u
compared to TH2, the mean airborne observatio
bet ween the high and | ow fire activity days.

the day with fewer fires (Fig. 4.8).
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Ot her families of VOC suchalasso aH &wen egr, e aatl er
concentrations in the north on the high fire
| ow f.iSroemned &yYOCs such as isoprene and aromati cs
in concentrabhoepsi({skebpdeibeg 10 i n50FC0 gppmtd. 8) r

are greateralilapyhe( Bl6Mt hTHZY andn @& . DH&BppbD

4. LEMPM HCHO
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Fi 4g9Daily avecalgelc®®BM8n the four Thailand flig
TH3, and ¢8d)f ITH4h.t DG acks on t has cbholhbeeensepondi ng
Labels indicate airports at which missed appr
(Bangkok), (3) Sukhothai, (4) Chiang Mai, (5)
southern dbmaRA NILRLSBBAOR) and tlheeils®o R2tAh &r n  d ¢
98i180A0. 4A E) .
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To complement the in situ airborne observa:

coverage of HCHO columns across Thailand, sho
variability in HCHO. Daily mean HCHGO gc.oldu.nbn.s
Two boxes are used to define regional domai ns
northernmost airports sampled along the fligh
southern airports. Mean HCHQ ctohl eusrmen sd cammadi nsst aanr
summarized in Table 4. 2.

I n the southern domain, which includes Ban

occurs oOoR1I1OH3 rnmdlm8c ud essi stent with the in sit
back trajectories indicate that air masses sa
sout heastern Thailand, a region that 2alngdlo exh
THexhibit | ower mean HCHO colxdd@fasdi xi1.8®He sout

mol et @’mesespectively). The(MmeZbMRCEBOULiens b mm o

the southern domain is |likely influenced by p
whiafhf ected the satellite retrievals in this r

I n the northern domain, the | argest mean H
(1.65 1 107 and 1.47 1 107 -t-oeoyl evcaurlieasbiclm t]y, i
consistent with the in situ airborntehebservat
northern region on these days. GEMS further i

wi despread HCHO enhancements across northwest

pronounced on TH2.
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Tabd42®dai leyw@EMEol umn HLHOt Heor n and inorThairlna rdd m:
The southern Bbandabg UdiNzondde s gil2Quisiledsl. 3
Ewhileothkeern Thiadduumd bkdyo mbd talN2aundde 1 g1B8WsBe s
100E. 4 Val uepoast emean (standédmal eevwli@ad/iom) in 1

FI ight Sowtrm Do Noretrm Do

THL 03/ 1¢ 076 9D 1 .46 08) 3

TH2 03/ 14 1500.27 1 54 02) 4

THBO03/ 21 1.280) 45 1300. 49

TH4O03/ 21 1.10a@s 1200.37

4. HCHO model perfor mance
Figb&Hdows the agreement between observed al

model set up outlined in sec(HCHKHRPRLN A . molchel eRAMS
HCHOHCH&QIi s 1.4 ppb. The model agre@omemit ets &lo.
2028®bson et)Oal .a,ved®@@kas HECHG obhsalno pHeCHHe O X 7 5)

mo d=il mu loanttiglnc sle@tommslary HCHO formed during VOC
include any pwhimah ymaynilsesa dntsd a Iphwtmicdase mim al
young@reramiar e)Thals. mo2d0e23 al so assumes that the

condition which maghodN®cba (Taheotrunot aotne ;8abtumnl . et 20

al . ,).2021
To investigate this theory, |l use the rati.:
phot ochemical clock foé¢FiBRomassnablremi matemi $ N

furan (emitted directly from fires) to maleic
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thus corresponds to a photochemically younger

photochemically aged airmass.
There is no clear pattern of photochemical
the instrument detection Iimit (0.5 ppt) in 6

interpreted as a high MA/F rasulbingnpgdattherefs

t hat phot ochemi cianldleye dyacsuisrmogece rateaeidr wnayh a | arger
HCHO.
However, the observed furan during this st

detection to 0.08 ppb) than i n @§akhaetrz esltiusd ieets a
202I0othe MA/F ratio i s most effective for <char a
and only a few hours oldphototbtlegmsbalh mexedah
as is the dage nighABB&aiclaamBe dtide nDE speeishi cal

pl umes but instead sampled a combination of a
resulting measurements reflect a mixture of b

and the scattered distribution of fires.
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Fi4gl@ompari son of model.edP oainndt smeaarseu rceodl oHGHIO by
Mal ei ¢ Anhydride to Furan. Data where Furan i
The 1:1 Iine is the dotted black I ine.

Despite the uncertaintyfion tHothGWAd IFlI y aftdlol, c
the spatial and tempor al padshewnst odt hemvVHI,|
TH4, which experienced higher fire activity i
underesti mate HCHO. I n contrast, in the south
overestimated HCHO, someti me%héydank fnoudeelcas a

agreement between t he insotrathiestnicaaldl y psuikghr@ir f@i5 j

The pattern reverses on THBor wHéH®@& hteh es onuat dn
and a high bias in the north, despite overal/l

airmass in the south originated from the cont
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