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Abstract

Ti poeff | i ght chemical ioni z@kt M8 mMmMassbespem
one of the most power ful -tainMde wmelaed wr eunteinlti
at mospheric trace gases. This thesis focu

(HCOOH), di (HON®) acand moJ) ecsl ag-addombdedé]l
To-El MS. By integrating field measurements
| aboratory experiments and b o x model S i mlt
understandi ng ofi rtomeanemu dad e ti ampaarcd semf t hese
findings demonstrate -pbtarti levieonn t(rpapcte) gl aesvees
significant i nfl uence on atmospheric chem
foundation for iIiapagemegt astr guadgiiey and d
poll ution mitigation measur es.

HCOOH is among the most prevalent organi
plays a significant rol e i n tiprhfalsiee cdiemg sd trn
Despite its ubiquity, sources of HCOOH r emas
atmpdhseri ¢ concentrations of HCOOH wer e mea:

China from August 13 to October 31, 2021.

concentrations of 191 N 167 ppt in marine
masses,giadmanked increase inptabdet dli nadn\nig
this study was the strong | inear correlat:i

and the surface area densities of submicrol
masses. This relationshipnspggéestsl at si gai
HCOOH generati-oamp&ughhlkabopasbry experi mert
the photochemical aghnhagn oéedt &inwigeemte casr g =@l

with ozonel|lystgntfibanes to HCOOH formatio



high concentrations of"HCODOH taypiacaklhteoomh ©
Additionally, the role of nitrate photol ysi
photolysis of nitrate is an efficient sour
organic compounds to produce HCOOH. To qua
fi ndi ngs, t he -phdaesnet i $ 0o edcepacfti ECOOH was in
phot ochemical model . This integration | ed
rate compared to that predicted by the def
These uredarlscsore the importance of <consi de
aerosols as a significant sowura@zrespdbr HCOOde i
HONO serves as a crucial precursor to hyc

dayti me atmospheric photochemistry and pl a

oxidative capacity of the air. One notable
photiosl yaf part (AUl at e Hoavewwuerrded ted rymi ni ng t h
photol ysis mat €Q c)hnasst atnetenofchal |l enging due
uncert@netaofest he primary complications in |
0 fQ using aeriosstod fHFdHackawprdéenhahewmaen | i ght

extinction within | aylkea saddr eases otshoil s ciasns ek,e
a novel met hod that corrects for the shad

specifically fol HONOunpdtewdpetciadbn noont i me

conditions (doktdmArsemet hoangltél i zes aeroso
chemical compositions Watapy@lrsiefdmaid¢nt oader os o
t me as@r e during the wionvteer thhaez eNopretrhi oQ@hi r

( NCRAY ter making the necessary dadvrerreacgtei ons
nor malQi zed at 5 Bhgne s ednt51%8'a ol 1102
1S The Q o decreased with increasing pH and nitrate proportions in
PMz s, showing no correlation witithe absolutaitrate concentration® ased on t hese
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observations, we develQoped tah aparcaamme theer i wsae
mod el simulations to accurately predict H (
at mospheric environments.

Reactive bromine compounds significantly
affect!d gvewlunai r quality by participating I
t heir abundance and sources outside the p
Obser vaantomrsoppdgeni ¢ bromine emissions are
we report subsg,t anittihala Ineavxeilnsu no fcoBrcentr ati o
at aTeélcghl ndustrial Park in the Chinese Bl u
Bscocrentration following the reopening of t
during the Coronavi-ru)s Ida cskdaswen 2 0ilmd i( cCatVil rDg
is strongly linked to human activiasgies. Tt
concentrations with the | ocation of the p

correlations with brominated organic comp

met hyl ating agents, implicates phar maceut i c
emiioynns. kmowbedge, this is the first report
emi ssi ons from pharmaceuti cal activities.
persisted after sunset, contributing to ap

ear |l y mosr nsionugr.c eT hpir esents a significant <con

extensive pharmaceuti cal manufacturing ant
i mportant as the pharmaceuti cal i ndustry c

The collective insights from these studi
gases play in atmospheric chemistry and th
health and regul atory measures. Each study
i ndiuvail trace gas dynamics but also helps i

the fate of these-ChMSI htasnps ovEmei myal afabTo
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gases from their isnopuarncteasi rt og utahleiitry .u ITthii sa tweo

understanding of at mospheric chemistry an

i nnovative analytical techniques in resolyv
management. By highlidhtinagstodemai vemnspgatliov
gases, this thesis also paves the way for

reducing human exposure to har mful pol l ut a

air pollution on climate change.
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1l ntroducti on

1. QAverview of At mospheric Tr a

1. 1.1 Dsefinition

Trace gases in Earth's atmosphere are ga
(20. 9%) , aragqulat ¢0.TH@&ygeokexi st at very | ow co
at mosphemea few parts( petro Ysrevidrialn hbuyn dvroe du |
million by .VMabllkhme shppmdammcre gases in the a
including theinmi xcihnegmiacaatlli efsarinmaltae,d r esi denc
(Wal |l ace & .HBebybosn d 2t0Ke6y eant wek pb her i ¢ trace
advancements in measurement instruments ha
numbearddaftirac®l gases. ExampHEOOHMck waodesf arcin
(HONO)and hal ogen gases, whiDesspate theiirf ol
concentatamosopnhser i ¢ trace gases play a <cruc
chemistry, c¢li mat e Trhexgiud mitfiioma n talnyd ian frl wearad
processes, i ncluding ozone formati on, seco

gas dy(mnhSeanircfsel d & Pandis, 2016)

Tabll€ommon Trace Gases in Earth's At mosphe
Name Chemical Mi xi hgor Resi denc
For mul a or Lifet
Carbon Dio:.CQ ~420 ppnr~100 yea
Met hane CH ~1.9 ppn~12 year
Nitrous Ox N2O ~0.33 pp~114 yea
Ozone Os 10200 pplDaynmont hce
Carbon Mon: CO 0.1dp m ~122 mont |

Sul fur Dio:.SQ 10 ithpppbHoOours to
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Ammoni a N R 10 itphpppbHoOours to
Hydr ogen H2 ~0.5 ppnr~2 years
Nitrogen ¥ NO, 2NO 10 ihkpppnrHours to
Vol atil e Variofy®.ppb rangHours to

Compounds CiHe 3He by compo

1.280ur ces

At mospheric trace gases originate from a

sourNatsur al sources i bni col guednei ¢ p reonti essssi eosn s | ifkr
mi crobi al activity in soil s, wil dfires, ar
emits substanti al amounts of biogenic vol a

i soprseldhea@ monaihgrrpevhexch( @l ay a cruci al r
oxidation chemi st r(yA.a nGu eanetrhoesfonle hfr carpnoagtei r2aOnd ¢
sources primarily include fossil fuel com
activities, amdubsitamads ebnirsrsiirogd.s contri but
NQ SOand anthropogenic VOCs, which are ke
suchszaansd 0 i ne pafPMXQu!| Ztheanmatetetahi.s R2WdIi)s,
phar maceuti cal industry, as a type of i nd
significant sour ceAsofh uantamo sgchteirviict iberso no onret. i
understanding the emissions and transfor ma
critical for air quality management and cl

Except sporuirtceeasy,ec agm saelss o beegendnaiyedebygt i

Sunl-drgihten oxi dati on, often initiated by t|
converts pri mary emi ssions i nto secondary
sequences, VOCs and x@gOodoncehezpnesewhechbf i/
poll utand i aaed e hblmbakiewifsoer,ceaxi dati on produ
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undergeagadd cle conversion to form secondar
influences c¢cloud formation and the Earthos
for air qudlShry vasa®pHarketanaolt.h,ern heex amp ldeat i ¢
of 2B® OH in the gas pplaasee oreddhtrioarmgdh iamuelo
|l eads to the for ma@i,ona ocfr istuilcfaulr ipcr eaccuirds o(rH
(Chin et. ali.mi 20003 B&Bmomnagr (Wl t ur al act.i
sul furic acid gndtoniftarine saecdand(aHNO i nor gan
ammonium sul fate and ammoni unPMpiol t at @ onwh
(Pinder et al., 2007, R. Zhang et al ., 201
113At mospheric | mpacts

Many trace gases have detri mental ef fec
envir oQemvetnai.n trace gasaes,, nsiucrho0Fs omertdrea n(el
tropospheric ozone, act as greenhouse gase
by trapping infrared radijatiioon eixmmphe , B Edratst
war ming potenti al (LBWP) I mepproxeatberel yhal® |
di oxi e ovedear 1l MasBalhmotte .dtr oplosph202L)
ozoingl aomaj or component of smog that s I
cardiovasc@Barl | de Ogalhey, <2 @csed Ur aand nitro
compoundsntribute t o acid rai n, whi ch h a
infrastruct LAAdaedi teld@M@ bgndn.di hal ogen mol ec

at mospheric oxidative capacity by generat.i

through rapid photolysis (Acker et al ., 20C
Gi ven t hressreg i wmigdei mpact s, unared sf amn @i nogf
at mospheric trace gases is essenti al for
strategies. However, accurately measuring &
reacti vel iavnedd sihnotretr medi at es, .r elmaii sn sh aas sli g
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the i ncreasinge sadalopttiiom arfalhytgiheoadd | itgehcth ni g u
Chemi cal l oni zat i omCIMAS)s {iSapma ert e-ankshmedt iir tyih (iTt y

measur ements.

12 I ntrodutca TiomoefF|l 1 ght Che mi

| oni zati on Mass Spectrometry

To-El MS has emerged as a power ful anal yt
at mospheric trace gases. |t combines the ac
and sensitive i onization with the high mas:
timé# i ght (ToF) mass spectrometry. This s
principiCéMSof i TeF hi storical devel opment, a

12. 1 Principles
1.2l danllzati on Mechanism

Chemi cal lonization (Cl) is classified a
mi ni mal excess energy to analyte mol ecul e

fragmentation and the generatinorClqof apmremigre

gas is first ionized (often by electron io
These i ons subsequently react Wmotlhecrud wet r al
collisions, transferring a charge (via pr

f orimarn) to produyocve dmaleyttBeadiagrse20QI14) mi ni mi
fragmentation, the resulting product i ons |
a predictable adduct, thereby preserving m
Cl particswlidrldy fwel lanal yzualy o mal mas pmh it iu
gases, where accurate identification of th
1. 2Mas8&8 Analysi s

| nT@ahmass analyzer, i ons -taglearsgear at ied Oy
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based on the time it takferseef odrr itfhte m etgoi otnr.a v

begins by extracting or pulsing ions out of
electric field so that all i oy IMéheeiiwersap
then enter a | ong drift region (flight tube
had the same kinetic enfeagdyred ,nhpeaarvtieedr, iloingsh
sl owefThus, ions separatefilmghitme ube.t Tay i
of each i on is measured over a fixed dista
cali bration equations. Il n many ToF instrum

be used at the end of balc& tlowghd thlee deoe
refl ectron compensates for small energy di
thereby i mprovi(nMa myarsisn, rePsfod o ti eolny the To
captures an entire mass spectrum from a si
heaviest are detected in parall-g¢tanmiandper
operation means each gpeul sreapysimealibd s nag fvielrly
acquisition. of mass spectra
1.2l &@an3Detection and Signal Processing
After drifting through the flight tube, I
typically a microchannel pl ate (MCP) detec
MCP, It gener at efhes eM@Pn di asr ye sesleencttiraodnisy a pl
mi croscopic channel s .t hBaclacitormsi rmp &att rtorni q
of electrons within a channel, amplilfnying
pract i-CGMS detFect-n @engWhkserddicme dstiime ewxmabtt i on
hits the detector. The MCP produces an el ¢
pul ses are timestamped with high precisio
transient recorder or digitizerroml becsisgmna
intensity vs. arrival ti me. Since flight
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converted to a mass spectrum -aditteed cfadn bT @l
because they have nanosecond response ti me
from each pulse. As a result, neatkedg, al | [
unli ke scanning analyzers where i ons may b
m/ z window
12. 2 Historical Devel opment
1. 2EarLy Developments in CIl MS

Chemi cal i oni zation mass spectrometry (C
(Munson & Bindl djrs96@applied to atmospheric
Early atmospheric CIMS instrum€E€hMS) uaed qu
wer e depl oeayletdi tound enirgonc ket s and ball.oons to
For exParmmpolled, & (HEHN&pmen ed the first measur
and negative i1 ons Q&I M8ei dstnrta tfoys pmhge rper ou soin
cluster scantdaHNIOng iTdmoaulghotuer £ he 1980s ar
became a popul ar technique for trmce gas
pponeering work introduced i nmdrriofvte dt wsbaempil niIn
to detect tropospheric ions, overcoming the
|l eeli sel e, BYM 98B@CIIMSNGsS,r ument s were routin
speci ess!| SKOaa18WNWMHEt h fast response and high
Maul din (19 9®Beevte!|l @wlp.ed a quadrsurpecalgee NGl MSo nwss it
mo niHNo¥ n r ealThtel nkeey | i mi t-GItNMD ns yosdt & me swea £ at
|l ow mass r esho@yicnogu lpdo woenrl y di ffwkiremtmaamt i r
compl ex mixtures of at mospheric organics ¢
handf ul of target mol ecul es scedtusied shea gen a loyr
the next gener at iroens oolfu tGlowS awm alhy zhe rgsh.e r
1. 2HReRER sol utdloMmS To F
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I n the 2000 masdvapees riometry dramati cal
resolution of Cl®M$ s o Inwg tCrl dMmBe Asbyks.t elnisg he me r g €
address the short.doemi ngw ©6F qamdlrypet esoff
power in the thousands, al |l omasng wreiptag ad p &
Bertram eitntard od U cddedplgo yfalbtd M& , TodFe monstrating
resolving power in a compact instrument fo
found that higher resolution whkosr cerxuacmpdle ,f c
a TFOIFMS was able to resolve the weak sulf
interferences, which -rheado Ilbweteinon mprostsri bbrhen tws

Al ong with better analyzers, the 2000s s
chemistries that broadened the range of det
a variety of Preagent ed cQalbQht vied aursg ebsen H

empl oyed for the detection of many vol atil

transfer reaction mass spectrometry. Howeve
expanded the analytical scope to include |
speciF®es. i nstance, iodide ion (1 ) adduct C

oxygenates and i nOg g&w)iNED ynit2l0éa@meisd Aecetgat eN
(CB(O)O ) CIMS was introduced in the | ate 2
Veres (200@&aImonstrated that acetate reagent
sensitivity to formic andsz)ac@ltME was dde Bl an
for highly oxoHierpdmmbeef@&readcitt Dnnedt Hal
was achi evseadd duuscitnTgCéNMiBEncor porati on of these
in conjunction with ToF analyzers, has si
richness of the resulting mass spectra. Th
hundreds of addstiiacetl i paadksds the assignment
signals that wer eBypraerva unuds-i &8 tudO HtEosg hv e d .
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Cl MS had become tdaen ds toaxni ddairzde df ograsVOhz asur e

mass accuracies of ~ppm and the abitlity to
CIMS instruments. would | ump together

Il n summary, the 2000s marked a transform
by the introduction of high mass resoluti ol
ionization schemes. These advancement s S |
capabi IlIMS ebse yoofndC t ima stsaragatl gd.esunihtat had d

decades.
1. 2FRPGABAERCEI MS for Gas and Particle Phases
Anot her maj or devel opment was phheeintecg
measurements in a single CIMS inst-rument.
phase speci emshasvehidreggmirdas cweer e anal yzed by
separate aerosol mass spectrometers. I n th
AEROsol s (FI GAERO) was developed tm bridge
that couplTeBlIl M6 andH®&I | ows alternating samj
part(lcdydéesz f i ker .etl nalt.h,i s2 ledks)i gn, a Tefl on
particul ate matter while drawing air conti
After a collection period, the filt-er is he
phase compowendda,enwhinah yar@l MS detee cstaonte UulTsoer
gasedhis yielg@gsogrammpdrdeapepti on chromat
compounds. FThoeE I FMSGAIENRUGs provi des mol ecul ar
gas and particleleompssrumentwi abhaesimng d
l ow pptv f gm3fgoars epsaratnidcTpei ss precfedBdaagteed na s
capabtihlaietsye ar cher s could -darectlyg paserveo
compl ex organics and study processes I i k
unprecedented det ai | . Before F I-@GrAIEfRIOGc e e ar
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Vol atilizati on | mpactor ( MOV ) had | ai d g

20

ma

rticles on a substrat eFIf ®GAERBQ@ brseefgiureend tCH
to a rdodplsayaldliebfidmtmer rriodaEt GABEOMS

S been widely adopted in | aboratory che
aracterize SOA. For example, studies hav
aerosol constituents anfdumotaidetc®miponumndesl
bot.h Iprhaswemma rTY;EIAMMSGAER@ me a power ful tc
10s for integrated gas/ particle measurem

nking gaseous precursors and particul ate

.2 Ro-BAgt h eClTWMSF

Thpursuit of i maseseasesagl ythoghien ClI MS con
10s and 2020s. One innovation has been t
Sss anpalwkbsestesftoiriacbehy t o tr avel l onger di st
paration of masses. By increasing the f

ifferences can be diesbionguioswhedde.st Basents

fl ectitounr orTonkulitniathuemeatdsexhanemel y high
atmospheri Eoappastathcedhmhse( 23p2d) an at mosy
essure inmeélt eaéeveSo munlatF ref |l ects i ons hu
tending the effectiv.e Tfhliisg hitn sptartuhmetnot orveea
solving pofwelrl owi dtltes O&F tWHNarMefa migh it mum (
uld cleanly separate i onpwhidief fetriilnlg d&gqgu

ectr da20i nmi~ 1.0 sSuwcon drgd & o lathtiGgdvhS TionFst r u me n t

ow detection of the compl e xp rieocregdaenn tce ds o

arity. They can resolve isotopic fine st
en the-TodSI imarghHR mer ge. I n atmospheric
nfidence in identifying el ementralc kfiaargmu |
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mi nute changes in composition. Opdaszpepl ica
mol ecul es where peak€EcenpasntiedmFi sanséyeee
di fferentiate | arge biomolecular fragments
t hat were indistinguishadt RoClhBUS raep.pr 0ae ha
represents a major advancemgnmte hiemstilive ZQp2QC
of compl ex mixtures and I mproving the acc:
identificpheonci.ohatmmsesry
1.2l Bnbvation of ionization method

Early CIMS instruments typically relied
2IPdJemi tters) to generd2tl® seagees aoesvePgl
conveniwdhrntchcpopmoivhudess i oni zatiFon wethdegs, p

CIl MS instrufmerMt sf oudesd tRPo produce Hohwevdeaesi r

radioactive sources involve regulatory hul
restrictions on deployment . I n addition,
sampling is paused, which can | ead to unwa

I n the | ate 2010s and into thed2®a®g, vteh:
ion sources for CIl MS, with vacuumewl!l travi
solution. A breakthrough study-CdevBonshtartat e
produces | reagent ions bgJJiphetoabhjs06go
VUMI MS was shown to perfor#l0Onsma@cwi th tF
CIl MS, the VUV source achievedHCOOHsiiniitvi ti e
of det ect<ilonpp(tWwgbn testCddMSoni a Fomil arly
HCOO#&dndowClIlt h >25 Hz/,p pwhvic asmepniassi @& bilve ttyo t he P
The subst i2t1u0t iwint hofVUPo i oni zati on reduces
mai ntaining analytical performance. The ad:
enhanced the practicality of CIl MS by si mp
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el

e X

Cl

of

i minating the need for radioactive mate

mmer ci al and | aboratory adoption without

. 2.3 Advantages and Limitations

.2.3.1 Advantages

Exceptional -ISewneslitDet €¢ MiSpmp)n:st Tafment s a
traordinarily | owpdeaaergei oRot i-enddmplt ef t ied
MS can detect certain organic acids and
only .a Rfeepwsrepcpoth dl detection | imits on t}
monstrate tCHeVSaliol imtey syufrl edweFatmbeineent conce
ee et .alTh,jy s2Mi4gh se-€sMSi vidteyw| mdloes t Tak k
mospheric species and subtle concentrati
Soft |l oni zation with Mi ni mal Fragment at
ni zati on met hod t hat | argely preserves
agmentation lonCITMEe mobhégtkes react gent |
the paracductonis detected rather than a
e molecular identity and enables straight
om the masGompaercad utmo harsh ionization |
ni zAtCloMS oproduces simpler spectra and a
curate composition determination

Hi gh Mass Resolution: Modern ToF mass anc
the thousandgéJuont peaes.Tehfi sa lhd ;gsha inthGs)s r e s
cruci al for analyzing complex atmosphei
ecies with nearly identical m/z (e.g. di:
SSs) . The ability to resckve nsudlnpeéksa
mpounds in cr.owded mass spectra

FaSitmesponsTei nfeReMelasur-EmbBte)fedeFrapi d a
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ma

i n

king it s-tti mablmonf oorire@l with high temp
strument s operate at ~1 Hz or faster, n
ectrum per. sTehciosn df aosrt noirnree r esponse all ow
gnégmic processes in the atmo®pheeragehbr
ns demometcromtded esppldbnse in detecting hydr
asurements that tr ackeCdh orummpsied .ecto nad e nt r2a0t0i
Broad Chemical Coverage: A major strengttl
wide range of chemical species by select
MS can target everything from small i nor

pmeCl MS i s effective for many pgdl| ars orga
ed for hydrogen peroxidefandhogbhpi oxhygi
ganic malfeculkcas pboNKMI| s( Rinda adtc odMol Is ,2 ek &)k
ti orCd MSTockan detect diverse atmospheric s
emi stry. Thi s DBbBCGloMS a cwerey mpa&kreesr allo Fdet ec

al ysi s.

.2.3.2 Limitations

Dependence on Reagent l on Chemistry (Sel
MSé6s flexibility is that any given reage
n preferentially ionizesfaieritmgntal dese:

derrepr esé€elrhti s otnearmns measurement s can b e
pending on the <chosen -a&adhdkumtst €CyMS Fbs hn
nsitive to many oXxi didzddcdar deaemsisc sp,olbaut si
mpl e al(kW I Zrmiatnrga.teeSueaclh. ,bi220623%) require car
d often necessitate deploying multiple ic
comprehensively characterize atmospheri
Compl ex Data Analysis: Thesoil oifCil e dbFa |
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are i nfroircnhatbhhuwtn al so complex. A single ambi
or thousands of peaks, including many overl
identification and quantification thus den
and substanti i geperitorf p-eakstimihgpngnidscatar
erporone when peaksAmaley sdet angnewssttedper f orm 1
cal i bration, formula assignment, and isoto
okeh using specializedtsohgwaoel 6eog. mMdRt p e

As a result ;ClpuSo deassai nagndTodreconvol ving cont

compoundd riivialnesnep that can | imit the sp

Hi gh Operational Costs-CamM@é Cabkibumeinos
compl ex and costly, of t en requiring sign
mai ntenance. They also demand skilled oper.

ensure quantaictyat iSeensadc¢c vities to different
frequent cali brations wi t h known standard
Establishing calibration curves for dozens

no readily aeaistabldar dsg.psAsddiabornal | vy, ma i

reagent i on sources and vacuum systems ccC
practical considerations can | i-GliMS, acces:c
especially for Bmal decampaiogasowieb brmite

Limited Structur al I nformation: Whil e mi |

identifying mol ecul-@IrMS oalmune spr duvi dreesanlsi tTt

i someric detail. The mass spectrum typical
maybeme simple clusters, but no. fDiafgfmernenti «
i somers or strwuctural wvariants can produce

them without additional techni qu@isMS Ther ef
with tandem mass spectrometry (MS/ MS) or
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structur al Il nsightimmdukEend a@exasmmpilce atcohnl i( il d
experi ment can fragment the molecular 1 on t
t he -CloMS da&at assummar vy, €1 MS5dalsonkei gThol Fy ef f e
mol ecul ar detection but generally necessit:

elucidati on.

1 RBesearch Objectives and The

Building on the context above, this the:c
from their sources, through their transfor
capabil i trieessol awftCilbviSg F oTfhe cent r al objective

underdstnag of how specific trace gases are e
how those processequabhtwat empatenf buenog. ai
are presented toaaeaedadfgesbampédater emnti nuum,
empl oyrngMSToaFs a pri mary analytical tool
This thesis consists of seven chapters,
Chapter 1 provides background informati
di scusses thetr pbegernt scanchkri ef overview
devel opment, advant a@leBS$S. and | imitations o
Chapter 2 reviews the background, known
existing knowledge gaps related2to three t
Chapt er 3medteht cadodflgoetlydle obser vati ons, |l abor
and model iemp |l aonyeldysens t he t hree studies pre
Chapter 4 presents new findings regardin:
Chapter 5 offers novel i nsights into the
l eading to HONO formation.

Chapter 6 i dentifies a newly Bsdiamdovered
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examines i tisnpatchospheric
Chapter 7 synthesizes the key findings
studi es, di scusses the study's I|limitations

research.

1.4 Summary of Chapter 1

This chhapitoedruces at mospheric trace gases
influenti al components of the Earth's at mo
and anthropogeni c, and their transformatio
Thshapter al soCliM3,r oaedxuplessi nlionFg i ts i mporta
analyzing trace gases -twiimen chapabiddansyi.t iTvhii
foundati on for the deeper i nvestigations

f ol | ohwa pntge rcs .
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2L1I ter Rwurewlaofet Tr e
Gases

This chapter provides an overview of the sources, atmospheric processes, and
environmental impacts of HCOOH, HONO, and.Brt details the current
understanding while identifying significant knowledge gaps in pinpointing precise
sources and the challenges involved in accurately modeling the observed concentrations

of these compounds.

2 .Flor mi ¢c Aci d

Organic acids pervade the troposphere anc
organics in both dg&hedbmd RarcChilMbelsat € b@P By a g
are active-pihmstethehequesduy of clouds and pl
SOA via reactions(Carthencendahsegd2pPb@aseEryv
et al. ,AdRdilt0i)onal ly, they are suggested to
at mospRerZhang . etHC®OIOH, 200@4)f the most pre
in the gtklhhasmpherte adntril®®@®©gs over 60% of t
precipitation in remote area$Aaddemeretthh
1988; Keene et al ., 1983; Keene & Gall oway,
201 2Z)he significance of t his contribution
ant hropogadi suNDur dioxide have decreased.
cl oQHt adi cals and stabilizddaCrwoibe gtdl®e8rica)lt ye r n
influencingphttske aheeodoss$ rdye pleyndeht erriemmgt pHnN
oxi dant concentr dtVieon=e,t .l @AQHWIKMLBI)Mp dadtes t
devel opment of cl ouMu,c p2nOOsOn)m @t itown inwclreeil a

hygroscopicity at | ow cr(iNtoiva&lovs Ww&p ePresnanteur, a
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which in turn affects the total i ndirect
potentially engages in halogen chemistry ¢t
sodium chlorsdetfg&ndxXxolaseeaal ., 2018)
Given the significant roles of HCOOH i n
delineate i ts sources and sinks compr ehe
encompass direct emissi(Amdrfemrnemet amid evet 11198
as emissions from biomAkagiandt babfuekROtdmb
2000; Yokel s,onf oestsidl(.Kae2daOnthOu)aniemngal ., 2000;
2001b,, 28Md ag oi(lS amuhtugeazsas i&n A nSle cecared a r1yd 9f1gr me
of HCOOH in the gas phase primarily involyv
ozonolysis of( Neabmientg | adxli,idali®@®/Bobh el kwnhes
1996 )OHMitiat ed oXi dlaRawlnotofeti saokp.rdeantd@ o9 ) o
monoteftbhbansesen et keedtool, ©2&W0t(JAMedriezvast i eoth al . |,
Shaw et ,alan,d Z2Z0MH8)oxi dati on il | Betslsyl discxoy
et al. ,HQOQ@QH)i s primarily removed from the
dry deposition, with a l|l-essdatiremobwnl L@PHLt h
(At kinson .etDealp.i,t e20dh&)or porating these pr
underesti mate HCOBHbocokaenttatlons 2000, B &g
Chaliyakunnel et al., 2016; Le Bret,on et al
suggesting the presence of significant uni
Beyonghgas mechani sms, HCOOH can al so ar
c 0 n d epnhsaesde reacti ons. Not abl vy, aqueous re
(HCHOGChamei des & dwyiOxmali1oe&3)etanad .i,n t2elr0a7c)t i
with aqueous OH radicals are known to gene
acidic dadmciothi,o Ms9B8&gent chamber study hig
conversion of formal dehyde to HCOOH via a n

38



derivative({Fmanbtanedi @ili.s, p2a0tzhlway was foun
HCOOa&dt rates up to fourfold higher than tho
combined, according t-ol ismanud amo dels. | hh e rcens
notably aligned with the observed ambient
Gao et alntro2@2z2d a novel-emiidsirectmealanid
where HCOOH is rapitdimg dewosndednuiid eqguealist |
the dew evaporates the following day.
Numerous | aboratory chamber experi ments
aging of organic aerosol g Heenadys & D otnhaeh uper, o c
Mal echa & Nizkorodov, 2016; Mang et al ., 2
R. Zhang etThils ,a@iO0O®Rd)process involves the
particle sur faces, whi ch modi fies their
charac(éeosgecst Ilal t he2@Cb,m)densed organic p
of SOA can also resul({tHemr y h& Domanaue on2 ®X 2
& Ni zkor odoMagr dvier), oxi danmtnsd snucthr iatse OH,n sN
arising from the phot g) yasries soifowmrttd cefl faitcei
organi cs, l eadi ng( R.o ZAHCOOH. eptF o@Eliud,t md@&@2 Ly em
byaul ot eitnadoagqt2®Il1)urban, and polar regio
correlation between HCOOH concentrations a
indicating that aerosol aging contributes
underscore thantmpgarttiaarede a@afssessing how ph

contributes to amhient HCOOH producti on

2. N2l trous Aci d

Nitrous acid is a critical pl ayer in tr

pri mary pOHdauri sngr (deedykteirmeset al . | 2006; Aliclk
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et al. 1 29 1rdgl e i n OH production is especia
where it can account for up to 87% of OH g
in foreGKldf famamas et al .. R&ODHBgr cYlunhag ianmcr
highlighted HONO's role in enhancing ozone
aerosols, particulFar leyx iad .pol2l0ut9e H DNeOMa o 1y s
sources range from direct (e/mi M@aingngt iahcl u
vehicl e Yexhhawstet aad. bi @h&dkebesoni,egt oal . ,
secondary processesphalshee sree aicntdlound eb etthvee e g a
(Pagsberg ,ethealer,0ogEn"®d)w0onr daeatriecng i at HOd
sur f(akleesf f mann, eanalthe2pbd) ol ysYes etf alar,t
2017)

The photolysis of aqueous >nn2irdOaprei madiel y
foll ows two pathwayandt O derdraticadn tof aN:
production Jof amiotnmgi twea t O NER) oriiref exygdnt @( ¢
Subsequentl vy, HONO is f olQmerde fbeyr rtelde t mr oatso
(Benedict .etThael .pho2®@I%)sis rate Wonstant f

encompasses the produntdi othONOaQewhidfe bot h

specifically measures the rate of HONO pro
th® is significantly higher than tahat of |
underscoring the potenti al i mportance of n
HONO | eArdesr sen et al ., 2023; Bao et al ., 2
2016)However, accuQ atrelmai chest e@r miompngx chal l
due to difficulties in replicating the pr
at mospheric particles within | aboratory se:

1 ( ° .1  J((R1)
./ ®o ./ | 0 (R2)
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o ( P (/.ARNOS (/.KL (R3)

The common methddifmomnl axese d mibrog at ory exp
ambient particles, gathéBad enh hilteR8]18ar ¢
et al., 2023; Ye et .dhis 2@ethni Wueb@ad.eratir

dividing ttardridONOopr ?NdDucti on by the total

A significant uncertainty in this method i
ambi ent particles are suspended in air, tr
affect tThhe iMm@s wivtes.accuracy, a recent study

from atomi zed solutions of pufe MQtrAhie sa
et al. ,H@Wevwgr, the simplification in part.i
may not accurately reflect the complexity
l'imiting its broader applicability.

I n addition to direc lLaketamartesmedsuhe
have also been made by analyzing the budge
model i ng with (fKiaeslid hoabtslear vat iadns 2018; Rom
et al ., 2016; .Y.ThZhwe dter@v.ear & @B aesd odn t
assumption that any unaccounted sources ol
primarily due t og,t hwd thh HONIOy hied n@gf theO pr ed
The reliability ovalthesei salchémeredl vy tied
mad e, as wel | as to the wuncertainties invo

such as the heterogewaoususpstakeaoés NOTher

are generally considered to represent the
conducted in clean marine envi eloamedt Sowhee
are mini mal, all owing for cled@abAlédbnrsi ghts
summar irzeepdo®theadal ues in various environment

Tabadl&ummary o wfe@ploueedin various environmi
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Study Q ( 1°6% Air mass Reference

Labora0.i®d ¥ 13 Remote, r (Ye et al

Laboralif28 8. 2Urban (Bao et al
LaboraoO.inn. 8 (0. Marine (Y. Zhu et
Laborali®31 (17) Marine (Ye, Zhou,
Labora<o0¢ 7 (Q. Shi et
Model 2.0 Mar i ne (Y. Zhu et
Model 20 Marine (Ye, Zhou,
Model O0.127°1 (Romer et

aVal ues parentheses a® thlkee eaWVerldaeed iviad utecs .

HONO pr otQuacltciuolnat ed jHHN®-m 7E £fistulsG ng

Prior studiesasmpl| aneitrhgp dfsi |Ihtaevre not ed a

Q values with increasé¢dBani etatbe. |, 020ilB8gs Sc

al ., 2023; Ye et al.. ,Th2a2®1 ;bsY¥.r vahtu oent haals. ,b
the "shadow effect, " a | imitation inheren
particles | ayered beneath the top(Beaexeive
et al ., 2018; Cyenveetr selly,, 2a0X®)cent analysis
di stribution effect," proposing that HONO

the photolansiseosrbedsanirtaaée rather than the

bul k of (Aedmatsenial al ., 2023; Kas.ibhatl a
't appears | i kely that both the filter art
in the observed decline in photolysis rate:
interactions under experimental conditions

2 Mol ecul ar Br omi ne

The bromine radical ( Br A) significantly
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capacity of the troposphefeSi mpson et Natabl 201ByA is recc

role in depleting ozone in polar regions during sp(ingost er et al ., 2001;
al ., 2017; Thompson et a Canversel,0irl poljutedsS . Wa n g
environment s, BrA can enhance ozone produ:

peroxy radicalst Q. Li et Additi2dral)ly, Br A plays .
atmospheric chemistry of mercury by oxidizing elemental mercury (Hg@xh isa
relatively inert species nt o oxi di zed mercury (Hg ), whi

soluble. This transformation increases mercury's deposition to the Earth's surface, with

consequential impacts on ecosystems and human lte8§ith a h et. al ., 2021)
Mol ecul ar bromine serves as a cruci al proe
its efficient production stemming from rapid photolygisHu bi nger & Nee, 1

Historically, research on Bihas focused predominantly on polar areas, where peak
concentrations have been observed to reach 45 ppt in Antarctica and 46 ppt in the Arctic
(Buys et al ., 2.0nlh&se lodaiioaspBpmntarilyaotiginates #onl 2 )
bromide ions (Br) through heterogeneous reactions on snow and ice su(fadeesat t et
al . , .Beyort thé polar regions, Bras also been detected at elevated levels over
oceans and coastal zones, albeit at much lower concentrétibisn| ey & Sal t zn
2008; L e Br e.tThensoueces ofaBlin.these BAddphlar preas have been
less clear until a recent study identified a noontime source0itBx coastal site in
Hong Kong. This source involves the activation of otherwise iBgrtvia the
photodissociation of particulate nitrdteM. X i a e This didcavery hgllight® )
that the mechanisms producing Benerally involve secondary reactions that activate
Br

In continental regions lackinBr' ions, significantly higher concentrations®f,
have been recorded compared to polar or oceanic drease et dodund (1 2018)
substantial levels dBr» in the exhaust from codired power plants in the northeast
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United States and Georgia. These emissions, which exhibited a median ratio of 2.3 x
10°° relative to S@, were notably linked to the absence of wet flue gas desulfurization
technologies. SimilarlyP e n g et obhderved th& 6oal tgmbustion during the
winter in North China led to the releaseBrf and other reactive bromine species, such

as BrCl. Beyond coal combustion/o ma ¢ k e t repolted exceptibzaby )high

Br2 concentrations, reaching up to 3 ppb, in plumes from the US Magnesium plant over
the Great Salt Lake Basin. This represents the highest ambient leviets e¥er
documented and poses serious concerns for local air quality. These observations
suggest that human activities, particularly within industrial sectors, significantly
contribute to converting inert bromine into its reactive forms. This underscores the
critical need for further investigation and quantification of additional sources of reactive

bromine emissions across industrialized regions worldwide.
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SMetdol ogy

This thesis employed a comprehensive re

observations, | aboratory experiments, and |
and formati on mechani sms of speci fic act
observatitorcs |l ane pampling were first condu

to obtain representative atmospheric dat a.
then performed in the | aboratory to reprodt
Finally,) sbhaxndmesdeati stical analyses were ap
resul ts from Dboth observations and exper |
el aborated in five sections: research desi

me as urneenielnptdd at a anal ysis methods, and expe

3.1 Research Design

The research is designed to comprehensiyv
of target chemicalscapeciamsup tnbualotlii g me mhid d s .
particular, the study comprises three main

Field ObsMornvatoiromsg: i nstruimment eprwesentdep
environments to directly measure target gasc

study carried out field observations at a

park in Qingdao, China, t ooroalt avait rcaomccems ra
gases under different air quality conditi o
Particulate Sampling andvalabme adaedy méaddnal

vol ume samplers tdedicdlerectampmeiserntor Pdhemic
reactants in | aboratory photochemical reac!
chemical compbseguentlandsubjected to contr

experiments to simulate atmospheric proces:
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Model ing and Data Analysis: Inputting da:
an atmospheric chemistry model to quantita

processes to the formation of target pr oc

cortrieoema anal ysi s, regression model s) were
bet ween observations and environment al f a
mechani sms and empirical par ameters.

This research design integrates observat
compl ementary manner . Fweld ldd obcrtrxatt i @amd

| aboratory experiments elucidate the mech

speci fiecs,praoncde smodel simul ations synthesiz
processes while testing -velieviaonat hgpoadbhrases
approaches, the study enhances the reliabi

speci est mnspgtheer e and enables a more robust

i mpact s

3.2 Data Collection Met hods

3.2.1 Field Observations
3.2.1.1 Gbtsaadebvraita dosn

Two representative field monitoring sites
was a coast al supersite at Cape (Podguel ar
31, where a cmnoantimuohiser-2athi on Magusondwowct e
| ate October 2021. This site is adjacent tc
observation period it experienced a transi
pbluted air masses, providi ngHCOOQaNd i ons t
related products undé&hedsifferwas addi massa
by biogenic emissions originating from | oc
predamitly transported from approxi mately 8
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significant antpmrox¥yiomgietny ¢ sources in

East China Sca

HONG KONG

*

South China Sea

i N e o

FigBLEhe | ocation of the obseGemdgriamhisciale,
over vihew loofcatt i on of HongD&toaigl @ ch e\Sibaive hafC hti
observation siteThe Hosegt Kphngt lesasaddspl ay s
perspective fromThke sobseevadtsi ofnr oam tksr i,
Earthstar Geographics, CNES/ Airbus DS, USD/

User Community.

Theecsoendesiwauwant ead coast al area in norther
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Jimo District), positioned Tdhreamipéviasgst ern
conduocnt etdhe r ootforoyf bauiflidvieng in t-heclBIl ue S
industrial park on the outski Ftg3®det Qi ngda
was approximately 1 km from the Merladfofw cSea
expressway, surrounded by dispersed reside
were also present near the observdation st
phar maceutical companies, two sanitation er
and one research | aboratory. Overall, t his
rur al coast al area with | ocal a ndtehnrtoipaolg e n i
activities, traffic, and industrial source
primarily influenced by a col A @ma&ntchycl one

Wi nter observation was <carried oluasda hefr e i

this observation, the area wa$9unkdeck€owpn:
and in the | ater phase restrictions were |
provided an opportunity to idenhalfggemdust

compoundsa2such as Br
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East China St

Google Earth A

1700 km
PR

I

GoogleEarth *. RN 3 Iﬁl

e ndea | HphN 2 Ty . 500 km |

0,5 Havy, ¥

Fi gB82Tehe | ocation ofi nt hQa.(OgsaeGrevoagtriagpr i sciatle o0\
of Qingdao within China. (b) Detailed view

The pnedgusplays the sout hwestward perspect|
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3.2.1.2 Observation Parameters and |l nstrum

At the Hong Kong coastal site, in addit:H
measurements were made of HONMO3O0 )i, SBWDs t r ¢
VOCsexygenat,pdr ViO€Csl ate matter, mMANsPPMoncent

particle size-soisblebunioogani waienzcomposi

photolysis rgtendadomsettaemtr o(l jogO® c al par ameter
humi di ty, wind speed, wind direction). Th
background i nformation for under standing

HCOQH At the Qingdao industrial aupsaitnkge si t e,
To-El MSor trnenel detecti ofocdMeadwhinlse rument s
convenotlilombdnps and metsemi dlaosogitoalk hpar amet ¢
coast@ab3et e

Tab3dldhe instruments and measured species o0

Speci es l nstruments Ti me r e

HCOOH, HBiN
| odTaEl MS, Aer ody 1 s
Ch, Br Cl2 N0OC
Ozanalyzer, model
O3 1 min
Scientific
NQanal yzer;TLmavd ¢
NO, 2NO photolytic conve 1 min
Scientific
CO analyzer, mo d
(Hong Kong)
CcO 1 min

CO analyzer, mo d

Scientific (Qing:
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Sanalyzer, mo d e |
(Hong Kong)

SQ 1 min
Sanalyzer, mo d e |
SciefNQi hgdao)

j N2O Filter Radi omet e 1 min
Gashr omat-mas saphy

VOCs spectrometry/ fl a 1 h

(GECGMS/ B, DChr omat ot

Carbonyl sampl.,er
OVOCs ATEC 3 h

HPLC
Particle rScanning mobil it

5 min

distributic(SMPS), TSI 3082

Onl Maei tor for A«
Compositi gl

Gas(MARGAHong ,Kdm
and 1PMi ncl

chromatography e 1 h
N &, NH K M

and aerosol -IcCol, I

ca? 'CINO B0
WAGALOQOQi ngdao)

3.2.2 Filter Sampling and Processing

To obtain information on particulate <ch
| aboratory simulations, two typpeasr toifc uliatteer
sampl i pagr, slalmgll i ng designed for the | aboratc

3. 2. 2. 1PaRb u Baunhpaltien g

|l study ofhé&elCOOH| etti on of ambient aeroso
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experiments was conducted at the Cape DO6AgU
PM.sampl eso lvdelr @i s i nlg0 0a0 -PhhilFguhme s ampl er equi p
quafritzer filters measuring 8 I 10 inches. T
|l iters per minute (Lpm). Sampling sessions
(LT) to 10: OOwiAMg OTdawemsufel tthe purity of
mi ni mi ze organic ar-ftifadtast d hteermpeéernatrisr avea
hours. After this heat treatment, +the filt
20 AC to preservle dra&liysiisnt elgori t yhainpihot
experiments and other related analyses, fr
carefully extracted from randomly chosen f
in the experimental aseblpleh@tnidbens.ab $ € g u esmatmg
information fTab3Remmarized in

Tab32&ummary oefgatmpe il atmfCGamat DOAguUi |l ar Su

Date RH Size) Aerosol Dr-gt autref ac e

(mg) d e n ¢ iOIy?)
2020. . 72. ¢ 51. 6 3.33 192.52
2020. : 68. ¢ 53. 4 3.55 195. 89
2020. : 78. ¢ 53. 14 4. 28 119. 86
2020. : 65. ¢ 56. 1 5.55 251. 79
2020. :69. ¢ 52.5 4. 40 233.81
2020. :58. ¢ 55.3 2. 77 170.15
2020. : 76. 7 53. 3 1.95 134.89

For the stuaycolf!|l HOINEJfs iaknmtbearenganPpM es dur i
2017 and 2018 in seven cities across northe
city (cM.usWaemrg eNoalk h, Ch0Obh@a) Pl ain (NCP) whic

air pollution in winter due to wunfavorabl
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ant hropogerfiXc dHmiangi ens al . ,. 2alnip | iPnagn gu seetd
mm di ameter quartfzifed.t eEach haa mmleirreg plrast
(10: 00 a. m. to 9: 00 d.6mM -thaxnmheldawy) r usiamg

simultaneouPRMwtcal Ifdotwi mgate of 16.67 L/ mir

i mmedi at elaynd ssabie@dACat Subsegalemblle, i avmit e
components in the filters were extracted w
and the extracts were analyzed by ion chro

i ocnoncentrat iNdns NHi K MguP@da'iICg NO and(TSOI e

3.3). These i1on analysis results were wused
characteristics of particul ate matter i N
i nputs for a thermodynami-ghanoa ed c it i tcya.l cul

Tab33€hemi cal compeammlitass oif n PtMhe? Nort h Chi n:

Locat Date PM. :Nd& K" NH" Mg*Ca*

Zhengzhou 2017/12/27 239 .0. !3.(23. 0. 12.:
2018/11/27154 .0. "1. (13. 0. 22 . ¢

2019/1/4 191.0.%t2.(25. 0. CO. ¢

Zibo 2017/12/2 163 .0. «¢1. ¢14. 0. 22. ¢
2017/12/27119.0. 1. (123. 0. 11 .°¢
2017/12/28 217 .0. ¢2.(23. 0. CO. ¢
Shijiazhuang 2019/1/1 114 .3. 0. ¢8. 70. &2. ¢
2019/1/3 163 .3. ¢1.%t12. 0. 3. ¢

2019/1/4 109.2. ¢t0. ¢7.80.22.°¢

2019/19 73. 1. ¢0. ¢6.00.11. "

2019/1/12 289 .4. ¢2.(19. 0. 44 . "

Tianjin 2019/1/4 17. 0. :0. (0. 90.10. ¢
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2019/1/6 58 . 0.!0.'4.30.10

2019/1/7 15. 0.:0.:1.00.CO

Dezhou 2017/12/29211.0. :1. 29. ND° ND
2018/11/26 214 .0. (2. :32. 0. (CO
2019/1/2 134.0.¢1.¢16. 0.CO

Jinan 2017/12/1 181 .0. «1.'13. 0. %5
2017/12/27139.0. :1.(12. 0. &5
2018/12/31 6 7. 0. :0. :7.10.C1
2019/1/3 181.0.¢1.:21. 0. 11

Handan 2017/ 284.1.:(3.(36. 0. 24
2017/ 223.0.¢1.¢24. 0.¢C1
2017/ 102.0.:0.¢10. ND 1.
2019/116.0.¢2.:17. 0. 22
2019/ 40. 0.:0.°5.30.11

conti nued

Locat Date CIl NQ S@ OC EC
Zhengzhou 2017/12/27 9. 455. 16. 41 . 14.
2018/11/27 1. 536. 13. 23. 2. 8

2019/1/4 8. 669. 22. 45. 1.2

Zibo 2017/12/2 4. 239. 15. 17. 6.1
2017/12/27 3. 828 . 10. 14. 5. 4
2017/12/28 7. 643 . 24. 20. 15.
Shijiazhuang 2019/1/1 6. 420. 10. 41. 8. 1
2019/1/3 8.336. 18. 42. 9.7

2019/1/4 4.818. 8.230. 7. 8
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2019/1/9 6.610. 5.924. 6. C
2019/1/12 9. 147. 48. 59. 12.
Tianjin 2019/1/4 0.41.41.03.360.379
2019/1/6 4.3 9.12.413. 4.9
2019/2/7 0.41.60.95.01.1
Dezhou 2017/12/29 5. 454 . 33. 19. 5. 3
2018/11/26 3. 471. 25. 30. 10.
2019/1/2 7.332. 11. 29. 7. 8
Jinan 2017/12/1 2. 644. 15. 20. 6. 8
2017/12/27 2. 727 . 9. 715. 9. 14
2018/12/31 2. 513. 5. 010. 3.9
2019/1/3 3. 257. 17. 27. 9. 3
Handan 2017/ 15. 62. 32. 40. 13.
2017/ 12. 43. 26. 23. 37.
2017/ 5. 711. 14. 23. 7.6
2019/ 8.327. 12. 32. 5.9

2019/ 3.85.62.612. 2.5

A1l chemical componé€ANB: amet meéatsaectablie. Og

Regarding the samplingampl @ ngdrne, sgambeéem
coll ected using a -vlalswrhe EnabniOp7@aeXeuvViSR |, hi gh
which operated at a flow rate of 1130 Lpm.
in the samgliirreg . weraenpprneagmmerscse @ nlse tt wegpae rc ad
and 8:35 AM | ocal time and concluded the f
This sampling regimen was executed from Dec

28, at a | ocation approx-CmkiselTegln&tu.rme ttéres
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integrity

without

sampling

o

f

dr awi

Tab3dsSampl ing

t

ng

he

ai

dat a,

bl ank

r t hrough

i $alldd¢ al oged

n

sampl es

t he

fi

i noaoPidaka npaltedQi.ngdao

Samp Start | Stop ti Aeros Filte
No. |l oadin aread (
1 2022/ 12/ 2022/ 12/ 65. 9 4. 21
2 2022/ 12/ 2022/ 12/ 25. 14 10. 5¢
3 2022/ 12/ 2022/ 12/ 62.9 4. 21
4 2022/ 12/ 2022/ 12/ 133. 2 2.10
5 2022/ 12/ 2022/ 12/ 176. ¢ 1.58
6 2022/ 12/ 2022/ 12/ 205. ¢ 1.58
7 2022/ 12/ 2022/ 12/ 112. ¢ 2.63
8 2022/ 12/ 2022/ 12/ 92. 8 3.16
9 2022/ 12/ 2022/ 12/ 50. 6 5. 26
10 2022/ 12/ 2022/ 12/ 114. ¢ 2.63
11 2022/ 12/ 2022/ 12/ 56. 8 4. 73
12 2022/ 12/ 2022/ 12/ 40.5 6. 31
13 2022/ 12/ 2022/ 12/ 47 .9 5. 26
14 2022/ 12/ 2022/ 12/ 34. 8 7. 36
15 2022/ 12/ 2022/ 121 26. 4 9. 99
16 2022/ 12/ 2022/ 12/ 33.9 7.89
17 2022/ 12/ 2022/ 121 22. 14 11. 5%
18 2022/ 12/ 2022/ 121 26. 9 9. 47
19 2022/ 12/ 2022/ 121 34.0 7. 89
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20 2022/ 12/ 2022/ 12/ 48.6 5. 26

21 2022/ 12/ 2022/ 12/ 93.5 3.16
22 2022/ 12/ 2022/ 12/ 80. 5 3.16
23 2022/ 12/ 2022/ 12/ 86 .9 3.16

3. 2Shadbofwf ect Experi ment Sampling

To investigate the fAshadow effecto in HO
photolysis, we designed a speci al parall el
was conducted in winter 2022 at the Qingdao
ag hecobrservation), using two samplers to c
composition but di fferent | oadings (partic
peri od. Sp e c itvfoil auariel ys,a nmopn ee r h i (gTh-6s0c7h0 VEXriZv i r 0 n 1
2 -lbVS)wdaier at 1130 L/ min tlquaugh &il aege R
me d i-fulmbow s anripsOelr I(ITHTH drew air at 100 L/ min
B) through a 150 mm diameter filter. By <cor
hours, and 18 hours respddteirvelaynp, ewse wa ktthai

particul &tiegBBoealdm ngach set of parall el samg

were the same for both samplers, ensuring
identical and only the pAd rl t i fcil let elrasy ewe rteh
i mmedi ately after collection and subsequen
the expé€&€hi smepasall el sampling design provi
photolysis.Inexpabsmguonest irradiati on tests
production rates between filters of di ffer
attenuation of | ight transmission within t|
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Fi g83ampling settings of the shadow effect

obtained at a higher flow rate (1130 Lpm) a

The | abels ABHO and ABLO follow a similar

3.2.3 Laboratory Photochemical Experi ments
To simulate the photochemical formation j

we conducted dynamic photochemical chambe

reacti omadeambe TFE dmf(lbn [ 15)wans (Wed, 4

with a transparent Teflon film covering the
(35 mm di ameter, 7 mm height) was placed a
aerosol sampFer HCOD@Er d kisdteidon experi ments,

sampl es rconm |telhcet efdi 1l d were used. For the HO

samples cbgegPi diéedeonof samples as well as fi
coll ectedAi mpPkesgdae. xenon | amp was wused
simul ate solar radiation. The xenon | ampods

its outpud326 nnmheaBd@d® is slightly | ower th
spectrum, 3RBR20Denimnriamge i(Fi g&4).a lOivehtally ,hitd
xenon | amp provides a conivi subbe BpBRgET UMa|

i nducing photochemical reactions on the pa
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Wavelength (nm)
FigBdkerradiation spectrum of the x-enon | ar
sections of HONO ( leURAeQ;. fht/tim:d/e/xi.hg ad .)p oalned
(Chu & Anastasio, 2003)

During the experiments, we controll ed t
chamber to mimic the environment al condi ti
exampl e, when simulating dayti me coast al C
mai ntaind€ ati th2F0% relative humidity; whe
conditions, the chamber temperature was | o
relative humidity. Before each irradiation
chamber andammewxenbanrned on for at | east
baseline concentration of the target gas |
tested was placed in the petri dish, the cl
product ( suacrh HGOOHQNQunder i I'lTumination we
approxi mate the real at mosphere, in some e
certain concentration of ozone (e.g., 100
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chamber using a dynamic gas <calibrator. Oz
t hat can promote secondary reactions on pa
Ozanalyzer connected to theocbtembeat ooanl &0
it remained at the target | evel. Il n addi ti
selectively <cut certain wavelength ranges
remove wavelengt hg80<036Mmprabsgtnedd i d t @ 2B&@ mi ne
wavgltenn dependence of the photolysis reac
generation rates with and without these fi
bands mo st effectively produce t he targe

characteréels¢evast ofeabtei on.

Light

: ’___4]
MFC ¥

49i

A 4

ToF-CIMS

Y

Zero Air—»|

ample

Ice

Overflow

A 4

Water
bubbler

FigB8%5®chematic diagram of the phiohoshedycal

of HONMFC r ¢ prmeeess nftlsow controll er.

The average rat e?) ofof prHGHEYHt idoPr | hgplkt he 1

irradiation B@ls calcul ated by

EqlO L # # AO-Tp

where Q is the cardiieV gasthleowemater ( 4 hlam
L); wcosanGicdowkgppb) are the concentrations o
after and before adding the sampl e, respec

i gnor ed, -saesc ttihoen corfo sssCOOH was beyond the sp
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(Burkhol der et al ., 2020)

I n the HONO production exper ipnheonttosl,y swes (q

rate odnsptaanti cul ate nitrate in generating
HONO concentration inside the chamber over
chamber volume, carrierpgasofyswsranaee, awd

the aver ageéu HOINBBNET ad £ sEhg@wn i n

~

Eq20 — — pm _ 6 o) Ad

wheRies the flow rameddgbndth.e0 @@mIiFsi sstrh eg apsh o(tLo |
rate constant of HONO wunder tchnre hieMrgahdti;at i o
the volume of thw(Read@tdhrinso htahmeb emo I(aLr) ;vol un
5 and 1ltistm;he duration of the irradiation
consistency wistBaprewialbs, s2,0dBrcdhae¥xrdet al
Chonokg ppb) are the mixing ratios of HONO in
t he sampl e.

By di Whohbygt he total moles of nitrate in
in the reaction, we obtained the apparent |
produci nd@ HONO, Because of di fferences bet
|l ight source and actual sunlight intensity

to tropical noontime suntigEmALonditions (.

Eg3Q o 8

whetge (mol) is the am®Mnsta nopfl gaxipt9rnadt € time t h
photolysis rate constant of aqueous nitrat

| ampradi afekpans. cHelrcey | at®d’d as 8.85 1T 10

The photolysis rate constantEgdkf HONO and
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Eqd™Q _nl,10 A

wheg@) s the quantum yn@lidai)at t eeelr ot At

wavel en@ithhe fl ux of xenoenT hleanfpl uaxt owa vteh ee n;
|l amp at wasasel degehmined by converting the
the IFag@4 e€to photon f Il ux Tuhsd nwadgRdmasdckf s e c
0 @)f HONO was obtained from the recommende
K (http:{ftihepac¢r pTohngtbdaxnah donil )aqgueous nitrat
deri veChuf r&fomMnast alst oslf@QWI0OB)be noted that t
nitrate photolysis should be different fro
some uncertainty when extrapolating to the

To quantify the shadow effect, wef,introdu

which describes the efficiernqgp. of | ightods |
Egs 00O ; pnnbi— pmimb
where the suffixes H and L represeat filtert
particles in each pair of comparative expe
For The values obtained fr-bmadtimeg di f
experi ments, we corrected for theifmghadow e
| aytehri c KAMdses. applying this correction, t he

accurately represent thed ayeracpiaoni elfds ciae
subsequently used in atmospheric model Si mi
3.3 I nstruments and Measur em:

3.3.1 Trace Gas Detection
The concentrations of target gases oO0bsel

| aboratory were measured usingfanghodmdssi
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spectromeEleMS,( lAerodyne Research). This in
ionization and offers high sensitivity for
speci es, gener atsledi byoairarti Kea d ugcaisn gt hGH pass
ionizer cond nriandgi ea dathiewe asource or a vacu
produces i odi dewaatneirone!| uasntde r i oidoi ndse. These

association reactions with the target mo |
characteristic adcducHCOIOdHN sc.ombo me & x avmg |h I

IHCOOHKH which appears as @sinpmasl/ chaalgei f mt Iz
spectr um. HONO HONYPaddoted asrthsponding t
(Fi g36).e For hal ogmmdmdcli edu ldees aBlrduct 1 ons ar e

can be identified based @&ng8®Meir distincti:
105_5 !;1/0)127
1(H0)

(m/Q) 145

I(HCOOH)
(m/Q) 173

Signal (Hz)

I(HONO)
(m/Q) 174

102-E ‘
] I | ‘ }[ | | | |
T

T T T T T T T T T T T 1
120 130 140 150 160 170 180 190 200 210 220 230 240 250
m/Q (Th)

Fi g@6ren exampl e ofmaGIsMS pawdmragnd nbmgases!l & e

samphder il(ledhmhatd i2M19. 01. 02) .
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30 4 Pearson'sr=0979 309 Pearson's = 0999
| slope =1.958 ‘< 454 slope =0.639
ideal slope = 1.946 ‘A ideal slope = 0.640

Br*'Br (Hz)

"Br’*Br (Hx) BCIPCL (Hz)
Fi gB8Tlesot opi c abundance ratios of dihal oger

2022, provided as a representative exampl e

To ensure measurement accuracy, we carr
background correctiofhemwmd ahe wmasspeospiecdi oam
to determine the baseline noise l|level, whi
were employed to cali bFfFaHE€ODH ec ail n dbtrrat meomt
performed using a per meTaBK,o np etrunbeea t S toann draartc
ng/ min), with multiple calibration runs cor
to ensuresistabtg. sEhe results showed that
HCOOMaries with humidity (water vapor com
detection(Fsg@8et buttyw)tx a fixed HQUOO@H Ity tF
was stable, with sensitivity drifting | ess
For HONO, we used a commercial -HONOt gener
produce a stable o0mcdrhter at@iacen u @fwiNiE®KDO
sul furic aci dointral tEoep eocuattoptudteh. pur i ty >98
accuracy betteri nthant Wd 094, r ev@isMSpantd &aolLohg
Path Absorption Phot omeThke -cfpatl ® APt esli nLudPtA

provided accurate HONO concentcradtciud nast,e whhie
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in

Wi

nsitivi-CyMBhetbal TbFation results showed

14%. 1%, -CGlhMeS TsoeFnsi ti vity to HONOnnanged f

cobo)fdppt, and decreaseEiwidBbhe ITrher e asit m g mhet
ckground for the HONO channel was about
servation, due to strict regul ations in
pl aced the ion source of the massadspectr
’tlhee source, while keeping the rest of t
evious studiresol Throongmabsglpeak fitting

tural i sotope ratios, we confirmed the cc
tahses ms(pegB9.dhe sensiy i2@irtey 90BBBY gpH3
spedtithelugg.h sensitivity watnervavwaponi thr daus

itdm® | ecui enr efRoMb Ry previ ous studites have

abwhienme®fPwrxceeds MDMurdi nngb atrhe fPizel @ ampai g

nerally maintained above 0.4 mbar by hum
ur ce. Therefoff e®Bmd:w@lrmd enri samatl il wi tiRrHf | uenc e
der our experAilmensteanlsidadrndittiiessnsr.eported i

r mal ateztealc pia(dTilof)0 AMO0Op s
The -TloMS was posi t icoonneddi twiotnheidn sahre | &ierr n
door tempesAMdumet eorf 12dng HeerFMBtboonalt kbey

th an outer wWwasmetkd ®odmAdl/RPhe nickhnbet of 1t}

was | ocated on the shelter's siThoe veanlslu,r eabo

| aminar fl ow within the sampling tube, a f|I

in

2

To-

ar

a residence time of approQli m@8ted gwOaldoust
mpof sample air, with (The 6 MRe g esdisnufrleo w
EI'MS was maintained atTohiO®i mbae paoateémtgi &
ti fact s, t he sampling tube WwNaspeoiufti oel
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i nvestigation nto possible nl et artifac
concentraarges bhaoe agapsreviousl y used s a
concentrati onsbywetrhpee al cokgsnstuasgeede ciye di nl et ar t i
(a) 6o (b) 3
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as a fuabsolbant ef h.uuBnhiadcikt yd o(tAsH)ar e the sensi
measur ed. Red dots are the calTchud arteed Isiemes
is the fitted curve.
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a. m. to 3:30 a. m. |l oc al time on December 2

3.3.2 Parti cQolnaptoesA@la¢oynisc 3 |

For the collected particulate filter s a
chromatographyhi @leC)f oamdnad tlFaqiOirdi thapmat
higkesolution mass OpdctmrametMSy (tOBHRWGNt i fy
organic components.
3.3l Boflgani c ACG@amhpyesrnent s

A pioont of each filter sample was ultrasor
di ssol wew|l wht er i norganic ions. TheDmextr act
membr arnéreandnal@yoz ende absyur e cati on and ani on
main inorganic ions of intersestK i,nMghis <Ll
and anioms HONi.t,r as®@ ¢dNOcentration is used

photolysis rate constant % @am d H GNDOt opgr eotdhuecrt i

determine bhéanor of the aerosol l T qui d ph
pH cal culations. Al Il | C poahyses awdaedcalur
bl ank filter extracts were used to subtrac:

3.30Rga@8@nic Components Anal ysi s
For tohfei IPtMer s from the Qingdao site, we
resolMS itom analyze the organic clhgnpofunds |

particul ate matied7 (¢dm])tefrrameaadilLs®ifl t er v

met hanol in an wultrasonic bath for 30 min
recovery cef dhgamrextracts were @omBTREd, f
membrane to remove insoluble particles, th
nitroged, yhingskss dlimv@d bh ®mOEOhanol. The extra

usi ngHRLSCy s{tDeinonex Ul tT WMeart mo BoOOHRatnidf itchye n
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i ntroducedr eisnotlouta omi gngd O3 bs pe,&pedmM@eEesher

Sci enftoirf idceld hercamaotnoogr aphi ¢ separation was cC
UHPLC BEH C18 analytical-Omobamnhi ¢Relsizd,
Corporation, Mi |l ford, MA). A binary gradi el
mL nli,n wi th mobi |l KBCQQidns ewaAt erf &Ond %mobi |l e phe
HCOOHn acetonitrile. A gradieid nrilnti3dn% wa:
60% mobil ei8pima,s eB9WBHH nMbbi | efll@hans e, Bhe8 d at

mobil e phla2zs.el Bmi3nQ, % 9nBo% i | e phase B; and hel
phase B for 3 min. The total rurbLi méhwas 1
OrbitXampsbQspectrometer was equipped with

source. Mass spectra of al)l asmdnpH S*Is (we)r emaoad
the mass range between m/z 40 and 1200 wi't
and a regol oif n§ 0 pddedpOe nfdder IMtE avh@d e .

The chemical formulas of the ions were
cal culator in Compounds Discoverer softwar
A threshold i nt ®arshittyr avrayl useasofaplp!li eld0 t o al
mol ecul ar for mul athONROiBYy, p waeeert edhas, 8, s, X
number oqof hyamrbagren, oxygen, nitrogen, sul fu
respectively. The formulas were calcul ated
O 4 and y O 41L odfn NeaSlatt omo dwea,s Oconsi dered i n
To elimenathemitcal |l y unreasonable formul as,
constrained by setting 0.3 O H/C O 3.0, O.
0.8, 0.0 O ClI/C O 0.8 and 0.0 O BrtC O 0.8
i nteger eordomudd &t ibwnd equi val ent ( DBE) or
di sobey the nitrogen rule for even electror
cal cul at eichiaisy (+2cn )+ 22 The compounds i n san
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those in blanks, and bl gnkompooddecwi t ht B
retained for further data analysis. Subse
compounds in blanks was subtracted from th
MS andMSMSpectra were submitted to the Comp
Ther moFi sher Scientific) for further comp
mz Cl oud, ChemSpider, MassBank, and NI ST, t
The resul tainng Iciosnmp oaufndosr gand t heir abundanc
statistical cornpnedtmac eéminr atniad ys,i si wi o hd 8r t

compounds that might be associated with br

3.4 Data Analysis Met hods

3.4.1 Air-TMajssectBarcikes and Classification

I n the field observation study, we analy
sampling peHybdbdi dPiSmngpgtbhke Lagrangian | nteq
HYSPDLmarde |l . Utilizing t-heaNOARO Fyoumb th@é Irp a @ |
mass backward trajectories arriving at the
The model was driven by the Gl obal Dat a
reanal ysi ssdaeacowithnahes set to 22.21AN,
an ending meiRBdadedfon 0t he underl ying surfa
traversed by the trajectories, we broadly
observation into two types: Amarine air ma

marine air masgrs esheorSoguitnhatdhnignaf rSoea- wer e cl

range transport over the ocean, whereas t he
and carried higher | evels of continent al p C
concentrationai uncoesstbaesegeo woes, we coul d
influence of regional poll ution transport
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target species. I n addition, we identified
the air mass analysis with meteorological
conditions) . During this period, tthel site
air mass wunder poor dispersion conditions,
bui | Hiug8.x(le. Thi sb assceedn acatoegori zation provid

resul t

subsequent

s anal ysi s.

1
2807

20N

400 600 800

[{E,%O
| | | | km

{

15N

T
125E 130E

30N

b A
26N
—,

0 200 400 600 800
Lol | 1 ykm

T T
125E 130E

30MA

[
25N

20N

0 200 400 600 800
Lol 1 1 |km

T
115E

Figert@ha2sobackward

T T
105E 110E

T
130E

trajectories

70

of di

fferent



field campaign including (a) i26eAumpudtneamd
1123 September except 12, 15, and 16 Septen
24 September to 2 October and i3d) Otche®beaast

Tkecolodr the | ine deepens over ti me.

3.4.2 AerPbhabelLAquddty Calcul ati on

To evaluate the |liquid water content and
Ext emrAecag d s o | | nor ganpAildkV) Motdoe | pelrMf of B t her m
calcul ations on the ob-AkeMvad -dasntoalglailnsi hce di
thermodynamic equilibrium model for atmosp
its online batchgmbde bgurhpuobserved mol a
PM.isnorganic cpopmphdanentks ,( NMg,) $O0OCalal,olCy wi t
gaphase ammondandgeNHHt r ati on, ambient temper a
The model assumead imoassagnohscamther than t
accounts for water dissociation and phase
ammonium, nitrate, sulfate, and chloride ¢t
parameters p, agg)owjng £h&m tmovolatilize i
ensured that t-phbasn@debempdopiaritom | eemai ned
observation inputs. The model outputs 1incl

pH. Her e, pH ihse daecttervmitnye dofbyhytdr ogen i ons

calcul ated as the negative |l ogarithm of th
result hel ped us assess the influence of |
exampl e, in thetdAONO pHodscbobinenof the key

photol ysis efficiency o fAl Ma rntoidced | ap reo vn idter
guantitative estimate of pH under the obse

3.4.3 Photochemical Box Model Si mul ati ons
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Based on t he observations -dainMdensx perrail me
mospheric photochemical box model was cC¢

ntributions of diTfhHermandelc hiemiicade e orc ets|

Framework Atomos@her { EO0 Mkdideetl fi onrgm, combined
compl ete Master Chemical Mechanism (MCM v 3
extended and configured the model accordin
3.4F8rfihic Acid Formation Simulation

Il t he Hong Kong <coast al site study, t he
contribution of aerosol photochE®@OOHI agi nc¢
Il n addition tpdhhattlkee cthemashttrygas MC M, we i n
secondar yHGOQlHacseesd odn | iterature. These 1 n
yi elHIC®@OdHr om al kene o0ozonolysis, H@@AH ( 2) ad
formati on pat hways (such as t he oxidati o
i somerization of vsngf H&BbromhbHehwoded wietalet r
modi fications were m&¥danbasedalon (R20dad53c aemd
findTmgspri mary | ocal sources of HCOOH at 1
bi ogenic emissions. However, the box model
contribution of ship emissions. Thi s omi ss
out f luowsngd t he model ing period, which are u
from ship emissions to the site, asx indicat
observed at this time. To estimate the biog
of E£gnions of Gases and Aerosols fAomBNatur
Guent her emasalempl 2yka) with the assumpti ol
throughout the entire box. 't i s i mportant
uncertainties in accurately estimaha ng bio
mo d e | empl oyed in this study did not accou
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produced in clouds through (aF rneennd oy eptr oaplo.s,e C

This I imitation stemmed from the model ' s ir
mi xi ng and aqueous phase chemistry, essent
transport and transformation of HCOOH in t|

Two main types of mo d e | simulation were
average diurnal cycle over the entire obsel
mean diurnal patterns) ;byhanyd cammdihteiro ntsh aadv est

week fpicad iper | ate September toHE@@OHY Octo
accumul ation under specific weather condi't
run through mul tniipglhet ccoyncsleecsuttios ealdlaoyw i nt e
reach st edadtyh esnt atthee, raensul ts from the final
physical processes, the dilution due to bol
order |1 oss wi s8N eaguriavtael €bafty 1t/ 08m6adsOn0aé e ) . Dry
was <cal cul at e ds pbeacsiefdi cond epmeditéson vel ociti
hei ghHGOdkEbrdeposi t i ocnnswealso cuisteyd.ofNol r ai nf al
during the observation period, so wet depo.
For model i nputs, we actobbnssetrrvaeidn ecdo ntcheen t maad
rel evanands pneectieeosr o | o iac ad agi@EasT calmed iBlMg . N O
CO anglalSoOng wi t h meTacsRilrMSne(nitrsc Ifudin®syly HONO a
were consolihodared.temea@aesnaet er pol ati on was
mi ssing valuesMiisms nM@@tlJapeawpapeéemented with
derivedhdérdmopospheric Ultraviol et and Vi

(https:// www2. acom. uca+dul ¢ d v dse lthiyreg/ t r op o s

radi-amo deheardd usted to alvbyevBisimoethef ved

mo d e | peri od, OVOCs data were unavail abl e;
VOC concentrations across three iteration

73


https://www2.acom.ucar.edu/modeling/tropospheric-ultraviolet-and-visible-tuv-radiation-model
https://www2.acom.ucar.edu/modeling/tropospheric-ultraviolet-and-visible-tuv-radiation-model

intermedi ate species, assuming that the r
ambient | evels. We evaluated the model ed Vve
September 28, when ambient(Fi@QuWl® dand wer
determined that the discrepancies from usi
Met hane | evels were hel dPeomgs @drtd ldau,e 2t00 0
the absence of .8etechgsmeasut dime Mmod el wer e
"Model Options. EndPointsOnly" was set to "1
each computational step, and " Model Opti on:
continuity of unboufmded  Ngegirad i bt we enre d to
defined as 3600 seconds under " Model Opti ons:¢
families was not empl oyed in this model i n:

foaxdati onal FOAM f rvdomefweo(2edktl @lgels.cr i bed i n

—e— Simulated HCOOH concentration (ppb)
204 ——1:1line
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o
>
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Fig8t¥Xompari son of simulated HCOOH concent

measured and si mul ated OVOCs values.

The biogenic emissions oHqQeHCOOH wer e cal
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Eqe O -, IT)l

where E is the biogenihY) Uesni sbsé oemmios s HE®OHa ¢
standard environmem®Rh'aRaucloontdiefti baAlb. (28001t1R)g I
area i nd%emw’ (NMyré&nim ert aal.ar e20t2hle) ;emi ssi on
factors accounting for variabilrd twasin |ig
calcul ated using the B8C&EEAhalgandwlhm ((2606)
cal cul at ePda uflooltl oewti mag . (2011)
3.4R8a2tive Bromine | mpact Simulation

|l mhe Qingdao bromine observation study,
i mpact of txeeniskBsensedCBnNnsidering the spec
we added a halogen chemistry reaction set
MC M( M. Xia et Tdle. moal®22)si mul a2t3i o(na sdealye cwietdt
persistebByt | ms hiaghr epresentative case. Il n t
concentrationsBpfoChat oggnasgdeceksat éd trace
a mdDnute time resolution. The model was ru
ensure that hal ogen radicals and other in
extracting the fsinaBy rceocmdarsi nfgo rmoadnea | ypsrie d
wi t hBoputhput , weelgwaasséeéased t hEBpeano rstsr iobut i c
pat hway-mbonga@ldp caadnd eovxalfdsall.® ©n

Model simulations provided strong suppor
exampl e HCO@H tt thcey , by designing different S
without the aerosol phot ochemical source),
sourd€éogd thereby umgperos/ti tnhgpdrionggf nosf C.O OHN
the halogen study, t he model results hel pe

ni ght te mes Birons coul d enhance morning oxi de
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thatD abok model assumes -mihxeedtmay wietgh omo i\

transport, which to some extent | imits the
on boundary | ayer dynami cs. Neverthel ess,
0 bsetrivons, we were able to test the reason
processes not i.ncluded in the model

35Summary of Chapter 3

Il n summary, this <chapter has detail ed t
research, including field observation pla
simulation setups, anal ytical i nstrument s,

t oolrsaugrhh gomresuessarch design and justified a
compl ement each other and provide a solid f
chapters regarding the sources HELOIDOHf or mat i

HONO ®&8md
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4HCOOH Producti on f
Phot ochemical Aging

4 . Fli el d Measurements of HCOOF

The field observations revealed distinct patterns in HCOOH associated with
different air mass origins. During the campaign, two dominant air mass types were
encountered: an initial period of marine air masses followed by coastal air masses
influenced by cotinental outflows. Marine air was characterized by high humidity and
temperature (F29.4 , R B6%) with low ozone (©~15 ppb) and elevated NO
(~6 ppb) due to nearby shipping emissions, whereas the later coastal air brought lower
humidity/temperatwe (T = 25.7 R HM7%) with much higher ©(~54 ppb) and
depleted NQ (~2 ppb) reflecting aged, polluted continental influence. A transitional
haze episode (24 Sdép2 Oct) marked the shift from marine to stagnant coastal
conditions, during which ©built up over several days and peaked on 29 September.
These differing regimes had a pronounced impact on HCOOH levels, so data were
stratified into three periods (marine, coastal, and haze) for analysis.

Ambient HCOOH concentrations varied significantly across these pérRodsg u r e
4.1). In marine air, HCOOH averaged 191 +167 ppt, higher than remote ageam
background values but much lower than typical urban lg\fets b4l1)e By contrast,
coastal air masses contained substantially more HCOOH, averaging 996 +433 ppt,
comparable to observations at rural/urban background sites in other regions. During the
stagnant haze period, HCOOH accumulated to even greater levels (daykimeam
rising from ~0.67 ppb up to 2.79 ppb as the haze progressed) in step with the increasing
Os concentrations. These values are in line with the upper range of HCOOH reported

in polluted atmospheres worldwide.
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SRR PPttt % il
b o MU MMMMWM Pl Mﬁ?

813 ans 8/23 8/289/11 9116 9!21 9!26 10/1 mfs mns 10/23 10!28
Date

HCOOH {ppk)

Fi gdtit®i mes series of temperature (T); rel af
photolysis Jreqaenent (pNDonstobgenommidd ®s
formic acid (HCOOH); and surface &pbpea dens

data cwdrlected from August 29 to September

weat her wbondhgiwminlear to those during the in
The gap in data collection from October 8
ot her svwerrda ogawsed by i nstrument maintenanc

Tabd4dl&ummary of wobsewvee@d foemdc acid (HCOOF

Location Type Time HCOOH (ppb) Reference

Pasadena, USA urban 2010.0607 2.0+£1.0 (Yuan et al., 2015)
Kensington, urban 2012.0102 0.63 (winter) (Bannan et al., 2017)
London background 2012.0708 1.33 (summer)

Shanghai, Chini suburban  2017.06.1812.23 2.08 +£1.89 (Xu et al., 2020)
Yorkville, USA rural 2016.08.1510.13 1.17 £0.85 (Nah et al., 2018)
North Pacific marine 2008.07.2908.19 30 +39.8 ppt (Miyazaki et al., 2014,
Pacific and marine 2017.0910 <0.1 (Chen et al., 2021)
Atlantic 2018.0405

Colorado, USA forest 2016.02.0103.01 55 +57 ppt (winter) (Fulgham et al., 2019
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Alabama, USA deciduous
forest
Hong Kong, coastal

China

2016.04.1505.15

2016.07.1908.15

2016.10.0111.01

2013.0607

2021.08.1310.31

30 £24 ppt (spring)
1.2 £0.91 (summer)

0.81 £0.48 (autumn)

2.5 (peak averag (Millet et al., 2015)

daytime)

0.58 £0.53 This study

A pronounced diurnal cycle in HCOOH was evident throughout the campaign,
consistent with HCOOH being a photochemical product. As showm iing 4.2, e
HCOOH concentrations increased sharply after sunrise each day, peaked in the early
afternoon (~13:00 local time), then declined to a minimum at night. This pattern was

observed in all air mass periods, though peak magnitudes differed (greatest during the

polluted haze). The daytime builgp coincided with peak solar radiation and

photochemistry (indicated N while the afternoon decay is attributable to reduced

photochemical production coupled with a contracting boundary layer and depositional

loss in the evening. Such diurnal behavior has been widely reported; for example,

studies inin the southeastern U.8.Mi | | et ard eastern Chin@Youlabn)

2 0 lasd found midday HCOOH maxima driven by photochemistry. The similarity

the diurnal profile suggests a common daytime source regime for HCOOH across

diverse locations.
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4 .QCorrelation Anal ysi s

To elucidate HCOOH formation pathways, we examined correlations between
HCOOH and cemeasured species and parametéra. b 4.2esummarizes Pearson
correlation coefficients (r) between HCOOH and select variables for the marine, coastal,
and haze periods. A strong positive correlation emerged between HCOOH and HNO
in all periods, indicating that HCOOH and Hll@vere generated in tandem by
photochemistry. HN®is a welkknownsecondary product of OH + N@eactionslts
close coupling with HCOOH thus implicates secondary photochemical production as
the dominant HCOOH source at this site. Likewise, HCOOH showed a positive linear
relationship with @ concentrations, especially during the polluted phases, further
supporting a secondary origin tied to photochemical oxidant formation. The co
occurrence of elevated HCOOHnhah O3 during the daytime haze episode is
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characteristic of oxidardriven secondary formation. These correlation patterns mirror

findings in other locations; for instance, in London, HCOOH exhibited higher levels in

summer under higlds conditions( Ba n na n e, and a the soutiedsterid .S.,

HCOOH correlated with photochemical age indicafogli | | et et al ., 2015
Tabd2Pear son correlation coefficient (r) mat
acid and other air poll utants, and relate

di stinct periods.

Parameter Coastal Haze Marine Parameter Coastal Haze Marine

iNO2 041 058 0.65 Sa 0.73 0.68 -0.03
T -0.27  0.70 0.72 SaxNGs' 0.85 0.56 0.15
RH 056 -051 -0.65  SaxOs 0.83 0.74 0.31
PM, 079  0.66 0.05 HNO; 0.75 0.59 0.69
PM2s 0.69 0.63 0.19 cl' -041  -0.44 0.09
PMio 0.68 0.55 0.26 NO3' 0.67 -0.10 0.57
HONO -0.03 0.26 -0.34 SO 0.66 0.65 0.10
CHCOOH 0.89  0.88 -0.27 Na' -0.28  -0.50 0.37
NO -0.12  0.44 0.13 NH4* 0.72 0.64 0.24
NO -0.24  0.36 -0.39 K* 0.53 0.32 0.15
NO -0.22  0.40 -0.27 Mg?* -0.30  -0.38 0.47
Oz 0.69  0.65 0.68 ca? -0.11  0.09 0.04
SO 0.64  0.66 0.41 HCI 0.18 0.51 0.55
CcO 0.63 051 0.13 isoprene  0.03 0.61 0.63
NHs 0.37 0.46 0.16 benzene  0.63 0.55 0.05

Notably, we found a robust relationship between HCOOH and particulate matter

during polluted periods. In the coastal air mass and haze data, HCOOH correlated
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strongly with fine particle metrics, particularly submicpmarticulate mattefPM:) and
particle surface area (Sa). This was evidenced by high r values between HCOOH and
PM; concentration (as well as HCOOH vs. Sa density), suggesting that the presence of
aerosol surfaces enhanced HCOOH production. Such a link had been hinted in previous
studies For example,Paul o't e t obsaerved a (dabld HGOOHerosol
correlation in aircraft data and posited that heterogeneous processes could form
HCOOH. Our observations provide ambient confirmation of that hypothesis, showing
that on days with heavier particulate loadings, considerablg HCOOH accumulated.

In clean marine air, by contrast, HCOOH showed little correlation with aerosol metrics
(owing to the very low particle concentrations), reinforcing that the aerelséd
source was negligible under those conditibmgaddition,appreciable correlations were

also found with PMs and PMo mass concentrations, indicating that bulk multiphase
processes linked to particle volume or condensed organics may also contribute to
HCOOH formation.

To probe the role of heterogeneous chemistry, we performed a multiple correlation
analysis combining oxidant and aerosol parameters. We found that the correlation of
HCOOH with the product of Sa and @as higher than with ©or Sa alone, and
increased further when NOwas included in the product term (Sa % ® NO3').
Specifically, in coastal air, the triply combined parameter yielded the strongest
correlation with HCOOH (higher r than any single factag) illustrated i i g 43, e
whereas HCOOH had only moderate correlation withgiese @Qor particulate nitrate
alone. This synergistic correlation implies that HCOOH formation was linked to
interactions between oxidants (likes @nd likely OH from nitrate photolysis) and
aerosol surfaces. In other words, HCOOH production was not simply due phamses
oxidation of VOCs by @ but rather was driven by processes occurring on or within
aerosol particles in the presence of botlau particulate nitrate. This finding provides
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field-based evidence that heterogeneous/condgris@se reactions on aerosols

substantially contribute to HCOOH formation. The conceptual picture is that oxidants
interact with organic material in the particle phase, producing HCOOH that then
volatilizes. Overall, the correlation analysis strongly indicates that photochemical aging

of aerosols was a key HCOOH source in the polluted air masses.
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masses.

4  l3aboratory EXxperi ments

To directly verify the aerosehduced production of HCOOH, we conducted

controlled laboratory photochemical experiments using ambient particle samples. Filter
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samples of Pl¥s collected from the site were irradiated in a chamber to simulate

photochemical aging of aerosols under various conditionsGeapter 3.28Fi gur e

4.4a shows a representative time series of HCOOH concentration during a filter

irradiation experiment. Upon turning on the UV lights, HCOOH was rapidly released

from the sample, reaching a sharp first peak of ~11 ppb within ~3 minutes. This

instantaneous appeance of high HCOOH confirms that real ambient aerosols, when

exposed to actinic radiation, can produce HCOOH very efficiently. When the lights

were turned off, HCOOH levels promptly dropped back to 1aeaw, indicating the

HCOOH was produced via photochieal reactions. The HCOOH concentration

showed a decay after the initial peakiggestindower HCOOH production ratever

time. This may beattributed to the consumption of oxidants (e.g. OH) in the particle

matrix or evaporation loss due tocreased temperature of aerosol surfaces under light

irradiation.
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( HCOOH) concentrations during i1rradiation
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Comparison of the irradiation spectrum of

standard air mass 1.5 solar irradiation (A

We further experimented with optical filters to identify the wavelength
dependence of HCOOH production. Using a bpasds filter transmitting 30@00nm
led to only a ~13% reduction in HCOOH yield. In contrast, most of the HCOOH was
suppressed wheapplying AM 1.5 filter whit blockedwavelengths below ~3G@m.
This wavelength sensitivity aligns closely with the absorption spectrum of nitrate
Particulate nitrate has strong UV absorption between 280nm, producing OH
radicals upon photolysis. The factathHCOOH formation in our experiments was
driven by UV300360nm suggests that nitrate photolysis was a major source of
oxidants(©H) within the aerosol phase, which then oxidized particle organics to form
HCOOH. This inference is reinforced by our field correlation finding that HCOOH
correlated strongly with the product SaiNQ (F i g 413), ienplicating nitratederived
OH in ambient HCOOH production as well. We also tested the influence of byone
introducing 10(pb of G into the chamber (to mimic heterogeneous ozonolysis)
HCOOH productionincreasediy ~64.7% which confirms that ozone reactions with

particle organics (e.g. generating peroxy radicals or Criegee intermediates that yield
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HCOOH) are an additional pathway, though less dominant than nitrate phetolysis
driven chemistry.

From a quantitative perspective, the laboratory results demonstrated a substantial
HCOOH source from real aerosol samples. To translate the chamber findings to
atmospheric conditions, we normalized the HCOOH production rates to typical ambient
parameterslight intensity, particle loading, etc.) as describedCimapter 3.2.3The
peak production rate in the chamber under full UV (no filters) corresponded to an
ambientnormalized HCOOH production of 0.106 ppb faround noontime. When
accounting for additicsd ozone (10(@pb), the effective production rate increased by
0.079 ppb H !yielding 0.185 ppb'h’as an uppelimit HCOOH production rate under
typical polluted midday conditiond a b4.3e We derived an empirical relationship
(E q7) linking the normalized HCOOH production rate to three controlling factors:
particulate matter concentration (representing organic reactant abundance), aerosol
surface area, and actinic flux (approximated by jN@/e note that organic matter
concentration would in principle be a more accurate choice, but such measurements
were not available in this studyhe production rate scaled linearly with the product of
(PM25s mass) x(Sa) x(JNQ), consistent with a firsbrder dependence on each factor
in the lowconversion regime. This empirical parameterization (with an intercept forced
through zero) encapsulates the aergéaise source of HCOOH revealed by the
experiments andvas later implemented in a photochemical box model (see next
section).

E q7 0 MIm@p mMrp min@ x= cPM | 2Sa 1T j NO

Tab4#43FSummary of formic acid (HCOOH) concen
observed in chambbemadic@e@di mepntdscandn r ates

air under | i ght) acnodn diitgihot nks€ O Q keosepeecctt@ sv etl hye
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increased concentration of HCOOH after t he

Prcoon  PHcoon
HCOQMHi ¢ HCOQMKW3 Prcoonqighty PHcoor03)

Dat e nmi (1 ig nm{0O3)
(ppt (ppt) (pptsh)  (pptsh

(ppb ) (p p bY)

2020. 8420. 4670. 299. 166. 1. 70F1. 3®B1
2020. 6787. 2899. 241. 103. 1.30%7. 8m2
2020. 4660. 3077. 165. 109. 6. 00Z5. 5072
2020. 6656. 3507. 236. 124. 1.56F1. :6G1
2020. 4490. 2266. 159. 80.€1.06E7. 562
2020. 4943. 2191. 175. 77.¢7.60%4. 7002
2020. 3088. 2368. 109. 84.24.30Z4. 702

Avera 5578. 2997. 198. 106. 1. 07 . 8@

To investigatethe role of nitrate photolysi;i HCOOH production additional
solutionphase experiments were performe&d.sample solution wapreparedby
combining formaldehyde (HCHO, 37 wt% in water, SigAldrich) with sodium
nitrate (NaNQ, 99.5% purity, Honeywell). The resulting mixture had a composition of
0.15 wt% HCHO and 0.2 M NaNO3, and its pH was adjusted to 2.7 using sulfuric acid
(H2SQ4, 98% purity, SigmaAldrich). This pH adjustment was basedtbe prediction
of the average aerosol acidity throughout the campé&gm the EAIM model. The
experiment hypothesized that OH radicals, produced frors Ifbtolysis, were the
ratelimiting species due to their significantly lower abundance compared to organics.
In this context, HCHO waselected as a representative precursor for potential HCOOH
formation. However, it's crucial to acknowledge that the production rate of HCOOH

from the oxidation of organics in this experimental setup might be overestimated. This
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potential discrepancy arises because OH radicals generated from nitrate photolysis
could also react with other oxidizable species present in the ambient atmosphere.

In this setup, HCOOH was produced steadily and did not plateau ovened@
illumination, in contrast to the aerosol filter experiments. HCOOH accumulated
roughly linearly with time, likely because the continuous photolysi®lOf' kept
generating OH and the only major OH sink was HCHO which was in extess
concentraéd as water gradually evaporated under heating. We monitored HONO as a
proxy for nitrate photolysisHONO production leveled off after +, indicating a
steadystate OH production rate was reached by that {fme g 44c)eWe therefore
take the Thour point as representative of sustained conditions and derived an HCOOH
production rate of ~21.9 ppt &n the chamber at that moment.

The observation of simultaneous increases in HONO and HCOOH during the
photochemical aging process led to a hypothesis that HCOOH might be produced from
heterogeneous reactions betweengzsse OH radicals and particles. To investigate
this possibility, he following experiment was conducteslr containing HONO (7.2
ppb), balanced with zero air, at a flow rate of 4 liters per minute and 78% relative
humidity, was injected into a chamber. The experimental setup included a solution with
0.15 wt.% HCHO but no NaN§Dand the pH was adjusted to 2.7 using sulfuric acid.
Initially, the background concentration of HCOOH in the chamber, measured under
illumination but without the solution, was 308.9 ppt. Upon introducing the solution, the
HCOOH concentration increased 4@8.8 ppt(F i g 4.5).aVhen normalizing the
HONO concentration in this experiment to match that in previous experiments
involving NaNQ solutions (0.77 ppb HONO and 0.62 ppb HCOOH), the resultant
increase in HCOOH concentration was found to be 12.8 ppt, which is considered

negligible. This finding is consistent when compared with the data from filter
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irradiation experiments, where the HONO and HCOOH concentrations were 4.1 ppb

and 5.6 ppb, respectively.
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nitrate rather t han HONDO.

To extend the laboratory findings to ambient air conditions, similar to the
methodology used in aerosol filter experiments, several adjustments were made,
including the normalization of Sa and light intensity. To accurately represent ambient
conditions, conentrations of HCHO anNOs' were also normalize®n 28 September,
the average concentration of gazgase HCHO (HCHO(g)) was measured at 2.35 g
cm 3. Utilizing a ratio of 0.03 between the concentrations of HCHO in the particle phase
(HCHO(p)) and the gas phase, as reported loyd a e t , thd concefptéation af )

HCHO(p) was calculated to be 0.07 g @m' 3. This concentration aligns with those
reported in earlier studigs K| i pp el & War neck, .UsiSg8He; Toda
aqueous volume of aerosol calculated by th&l® model (0.02 4 m'3), the mass

concentration of HCHO in the aqueous phase was determined to be 35 g L
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Additionally, the surface concentration ND3' on the aerosol was found to be 0.98
mol L' L. With these concentrationthe potential HCOOH production via aqueous OH
oxidation of particlephase HCHO was estimated at 0.41 ppb This value is about

3x higher than the aerosol filtaterived HCOOH production rate discussed above,
suggesting that if formaldehyde were the sole reactant, ndraten OH could
generate even more HCOOH. However, in real atmospheric particles, OFeawitl

with a multitude of organic species (not just HCHO), so the effective yield of HCOOH
is lower. The solution experiment thus demonstrates the upper bound of HCOOH
production from nitrate photolysis and highlights its critical r&een in our ambien
aerosol experiments, the presence of nitrate was pivotal for sustaining OH and HCOOH
formation. In summary, the laboratory studies confirm that photochemical aging of
ambient aerosolsan rapidly generate HCOQIldspecially via nitrate photolysis and
heterogeneous ozone reactions. The insights from these experiments provide a

mechanistic basis to include this condergkdse source in atmospheric models.

4 . PAhot ochemical Model i ng

We incorporated the aboveentified HCOOH formation pathway into a zero
dimensional photochemical box model. The model was used to quantify HCOOH
sources and sinks under the observed conditfems scenariosvere simulatedS1i
a base case using the default MCMv3.3.1 chemistry,&8@odified gagphase scheme
(with enhanced HCOONH yields from alkene ozonolysis and additional minor pathways),
S3 1 adding the new particlphase HCOOH source parameterization (from our
experinents), and S4 including S3 plis an estimate of direct biogenic HCOOH
emissions in the area (from MEGAN mod@Na b4l4)eBy comparing these scenarios
against observations, we assess the contribution of aerosol photochemical aging relative

to traditional source@ i g 46). e
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Tab44d8 he mechani sms included in different

Default Modi f i Particlephase Biogenic
scen
MCM MC M pathway emissions
1 a
2 a
3 a a
4 a a a

In the basecase simulation (S1, no aerosol source), the model grossly-under
predicted daytime HCOOH production. The peak net production rate of HCOOH
(PHcoorne) in S1 was only 0.018 ppld h occurring near noon. This is an order of
magnitude lower than the observed HCOOH rise rate from morning to midday (0.095
ppb H 3. Consequently, the modeled diurnal concentration of HCOOH in S1 was far
below measurements, confirming that known-ghase chemistry alone cannot explain
the ambient HCOOH levelsvhich isconsistent with many previous modeling studies
that found a large HCOOH source gap. In the S1 simulation, the dominant source of
HCOOH was the reaction of the @BIO Criegee intermediate witlvater vapor,
contributing ~68% of the total HCOOH production from all included mechanisms. This
aligns with expected chemistry in current mechanisfisegee intermediates
(especially CHOO from isoprene ozonolysis) are a major-ghase route tel COOH
in the MCM.Althoughthe peak Rcoornetwas raisedo 0.031 ppb hlafter augmenting
the gasphase scheme with extra yield adjustments and minor pathways in S2, the model
still fell far short of the observed production rate. This underprediction corrobthate

notion that a significant HCOOH source is missing from standard models.
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In ScenaridS3, we introduced the partigghase HCOOH source term derived

from our experiments. This had a dramatic impact on the simulated budget. The

campaigraveraged midday HCOOH net production more than doubled, with peak

Pucoornet rising to 0.073 ppb 'h! The inclusion of aerosol photochemical aging

substan

tially

i mproved

t he model 6s

ability

of HCOOH (now ~77% of the observed rate, versus only ~19% in S1). Among all

secondary production processes in S3, thegbeqthase pathway became the single

largest contributor, accounting for.8% of secondary HCOOH production, surpassing
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the gasphase CHOO route and other known sources. This confirms that
heterogeneous/aerosol chemistry was indeed a dominant source of HCOOH under the
study conditions. Finally, in Scenat$2l we added estimated biogenic emissions of
HCOOH (from local vegetation) on top $8. This provided a modest additional source,
contributing 344% of total HCOOH production. With all known sources included-(gas
phase, particp hase, and direct emissions), the
h' § essentially matwed the observed HCOOH increase (0.095 gpp he diurnal
concentration profile simulated in S4 showed much closer agreement with observations
than any previous scenarib.i g 4.7 ikustrates that adding the aerosol source in
particular yieldeda stepchange improvement in reproducing the daytime HCOOH
levels. Despite this, a residual underestimation of the absolute HCOOH concentration
remained even in S4, especially in the early morning and late afternoon. This pointed

to possible shortcomings representing physical processes.
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All mechanims
. — Bimodal physical process
g 1.004 ——- Measured s ~.
N
an
Q 0.75-
o
@
T
0.50
0.25 4
0-00 ' I ' | N I ' I N I '
0 4 8 12 16 20 24
Time (h)
FigdrT@ompari son of measured and model l ed

the whole campaign.

93

di



Due tothe high water solubilityof HCOOH, deposition is a critical factor in
modeling HCOOH dynamics. We performed a sensitivity analysis on HCOOH
production in response to varying deposition velocifieyy as p &rctenafr i o 4
(Fi gdg8erhe analysis i ngvieaclaweesd ctohrartelladvee rwiM
model ed concent$meéciomisc @lfgf HE MOdd DOi''ng V. 50
el evated daytime peak condédeonbr dVMiiegen $ oby ap
al.(2018) t henefaiseré d f angdHCOOHVEP'am®m &. 10 cm
sLGiven the high humidity Veotf ou'rs scetsieskae lch s
near the | ower b.Despi@d dhesg adustmerttsh thes moded stilh e
inaccurately represented the timing of daily concentration fluctuatioalsiding the
initial increase, peak, and sharp decreddas misalignment highlights potential
limitations of 6D models in capturing complex atmospheric behaviors such as vertical

mixing and dilution within the boundary layer, where constant loss rates do not suffice.

1.2
| —=—dep 0.5
—=—dep 1.0
1.0 ——dep 1.5

——dep 2.0
observed

HCOOH (ppb)
/

0.0

Time (h)
Fi gd8Tehe sensitivity test of deposition vel

t he whole campaign in Scenario 4.
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To resolve this, we implemented a tiwarying dilution rate (approximating
boundarylayer growth and collapse) following Yuan et al. (2015). Specifically, we
used a bimodal physical loss: a faster foiter dilution during daytime (lifetime ~©
repregnting boundary layer venting, and a much slower rate at night (lifetirday<}
to mimic nighttime stability. Incorporating this diurnally varying mixing improved the
modelmeasurement agreement in the shape of the HCOOH prbifile model now
captured the delayed morning buig, the midday peak, and the sustained high values
into late afternoon much better. Moreover, when this scheme was applied to a
continuous multday simulation, the model was able to reproduce theadgpytrends
of HCOOH over two weeks reasonably wélli( g 49), except for certain outlier days.
Notably, on 30 Sep and 1 Oct the model overestimated HCOOH compared to
observations. These were days with unusually low particulate nitrate fractions (only
13.5% of PM, vs 22% on average), implying our parameterization (which used total
PM as a proxy) may have ovpredicted HCOOH when nitrate was scarce. This
highlights that while the PNbased source term works on average, its accuracy could
be improved by explicitly includipthe nitrate (and possibly organic) content of aerosol

in the future.
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|l oss rates.

To further explore the relevance of aeredoven HCOOH production across
different environmental settings, we engaged in an analysis of data from the
Atmospheric Tomography MissiofATom) aircraft campaign, which targeted the
remote marine tropospheréd/e selectedsamplingdatawithin the Pacific Ocean, at
altitudes below 5 kilometerd’he mean values famass concentration of RIMSa
density of PM, Jvoz and mixing ratio of @were 1 g cn®, 26 pm? cm®, 0.01 s' and
24.2 ppb, respectivelferom these parameters, the mean rate of HCOOH production
from aerosols (Reoors) Was calculated to &6 ppt ht. Given the composition of PM
in this remote setting, where the nitrate proportion was only8%eh issubstantially
lower than the 24.3% observed at our terrestrial samplingitsiteexpected that the
actual Rcoora might be even lower than what was initially calculated. This relatively
minor contribution of Bcoona in the remote marine atmosphere aligns with the
observed low concentrations of HCOOH over the Pacific, which averaged at 10.5 ppt
and peaked at85.6 pptX. Chen et al ., 2021)

We also assess@tiCOOH production when the remote marine boundary layer is
affected by fire plume&Ve specifically analyzed data from altitudes below 5 km where
HCOOH concentrations exceeded 1 ppb. In these conditions, the average vahes for
mass concentration of RMSa density of PM, Jvo2 and mixing ratio of @ were
observed to be significantly highdr9 g cri 3, 92.6 p? cm' 3, 0.011 &' and 45.5 ppb,
respectively. The resulting4Boora Wascalculated to b&4.5 ppt ht, which is notably
higher compared to the typical remote marine atmospf@lang into account the
relatively low proportion of nitrate in PM1 (5.1%), we adjusted th&B+ato 17.7 ppt
h'1, assuming a positive linear correlation betwegtoB+a and nitrate concentration.
This adjustment corresponds to a rate of 2390% per year that organic aerosol (OA) mass
(3 Ly cm'3) is photochemically converted to HCOOH, which equates to a cdrdsed

96



HCOOH yield of approximately 3.8138% over
closely match those required to account fo
fire air massefChen et al., 2021).

I n scenarios influenced by biomass burni
the contribution of aerosol aging appears

fracti on of t he observed HCOOH. Thi s obse

poleldutenvironment s, underscoring-phtadee var.
HCOOH sources. Whil ecpmonoreghnhomrcd eanhi aesorl
predominant in areas affected by pollution

organi cs$ eamdeniprreaal ent .

Thus, incorporating the photochemical aging of aerosols as a source of HCOOH
into atmospheric models is crucial for accurately reflecting HCOOH dynamics across
diverse tropospheric environments, potentially resolving discrepancies between
modeled and obseed concentrations of HCOOH. This inclusion is particularly vital
for understanding and predicting HCOOH behavior in polluted or bicmgsscted

regions.

45Broader I mplications

The enhanced production of HCOOH via aerosol photochemical aging has several
broad implications for atmospheric chemistry and climate. First, increased HCOOH
influences atmospheric acidity. Formic acid is a major contributor to tropospheric
acidity i accounting for over half of free acidity in remote rainwater and about one
third in polluted rain. If aerosol processes substantially boost HCOOH concentrations,
they could raise the baseline organic acid levels in the atmosphere, thereby affecting
the pH of cbud droplets and aerosol liquid water. A more acidic aerosol/cloud

environment can alter reaction pathways and rates. Moreover, HCOOH itself serves as
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a sink forOH in cloud waterand can titrate alkaline species. Our findings suggest that
regions with high particulate nitrate and organics (e.g. downwind of
agricultural/industrial areas or biomass burning plumes) might experience greater
organic acidity production than previoushotight.

The aerosolphase formation of HCOOH represents a coupling between SOA
formation and volatile organic acids. The process effectively converts some fraction of
condensed organic matter into lmolecularweight acids that volatilize. Our
experiments showed thaot only HCOOH but also acetic acid (§EOOH) and
potentially other shosthain acids are produced during aerosol photolysis. This means
condensegbhase photochemistry can cleave larger organics into smaller fragments.
Those products can evaporate aifitthe particle, which in turn may reduce the
particulate mass or alter its growth. In essence, aerosol photochemical aging can be a
mass loss process for SO#&s organic carbon is converted to formic/acetic acid and
repartitions to gas. This process competes with the traditional view of SOA growth
where VOC oxidation products condense into particles. By releasing formic and acetic
acid, aerosol photochemistry udld prolong the lifetime of certain organic radicals
within particles or change the balancduwsfctional groups, ultimately affecting particle
volatility distribution.Our results highlight a specific pathway for SOA chemical aging
that tends to produce volatile acids, potentially leading to mass reduction or enhanced
evaporation of particulate organics.

Another implication is for atmospheric modeling improvements. The current
generation of chemistrransport models do not include condenpldse organic acid
production. Our work demonstrates that adding a parameterized pphage source
of HCOOH (andby extension, other organic acids) can significantly improve model
performance. This suggests that incorporation of condeptsaesk chemistry is
necessary for accurate simulations of organic aBidgional nedels may need to treat
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processes such as particulate nitrate photolysiseproduce observed HCOOH,
especially in polluted areas. Implementing our parameterization (with appropriate
regionspecific tuning for nitrate and organic content) could reduce the bias in modeled
formic and acetic acid, which is important for predictirgnwater acidity and
evaluating the role of organic acids in climdeedback Our study provides a
framework to represent one such multiphase process. Future studies should refine this
by including speciation of organics and considering interactions with other
photochemical processes (for example, halogen activation by nitratdysas noted

by Peng et al., 2022, which might-oocur with HCOOH formation).

4.6 Summary of Chapter 4

In summary, this work demonstrates that photochemical aging of aerosols is a
significant source of atmosphertd C O Q Hrield measurements showed HCOOH
peaks driven by daytime chemistry and correlated with aerosol loadings, laboratory
experiments uncovered a fast partiplease production mechanism (dominated by
nitrate photolysis and heterogeneous oxidant generatiahphatochemical modeling
confirmed that including this mechanism closes the gap between observed and
predicted HCOOH. These findings havedn ramifications for atmospheric acidity,
secondary organic aerosol evolution, and the development ofgaegtation
atmospheric chemistry models. It highlights the need to integrate conefsmsss
photochemistry into our conceptual models of the trppeee to fully understand the

life cycle of organic compounds in the atmosphere.
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Loading difference (D,) (ug cm) NO,;™ (pg m*)
Fi gubrleResul t s of | aboratory experi ments.
concentrations during irradiation (aerosol
and i80® nm filters were added abe(fbo)r eL iagnhdt
efficiemeryctaisoond wddiPnM di fference. The red
regression curve fitted using eq. 8 . The ¢
Nor malQ zeed val ues (r edv)alauneds c(obrirueec)t eodf NCP
Qingdao (stars) s hocwnncaesn Nap efnand@ntzéeodn of ni t
values are experiment al val ues adjusted to
(sol ar z&=niOAMeacoreected values are obtain
nor mali zed values to account for the shado:
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conditions t o assesy .t Theefefxpetri méntoszone
increment asbty48dogpbgi &t ervals from 0O to 20
0320 minutes after turning onsbtelfeorlei ghutr,nian

on the | ight.

Spati al anal ysis ofhopOMNQ@ rprscd u chtei oNmo rrt eht eC
(NCP) revealed substanti abndhlest Eimoli@ mei t vy,
recorded (Tab3D&Fhagw3d).e | ntriguingly, whil e L
concentration exceeded donavmjsi n@ssby hanf adt
hi gher. This nonlinear rel ati onbfbarcpt olrisg h |l i
modul ating nitrate photolytic,aef Siaigerday.m
mu Htaiyered particl e,lackceunyulaatttieonnu actne df illitgehrts
surface reacti vi twynd rtohme rbeubl yk dneictoruaptlei ncgo nFc e r
findings underscore the Heocaedsi snigt yd yonfami ©so

photolysis rate cal cullatuitoends ,e npvairrtoincnuel natrsl.y
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NO, tropospheric column
15 -2
BT 10 cm

0

Legend

1

:] Puono lO"mol/h

780 Kilometers

Source: China National Fundamental Geographic Information System

Fi gbB®&pati al | ayout of the research area a
ch), average HONOnogMolduamnd operaemtrasges of
components in seven cities in the NCP. The

tropospheric column density from December
derived from 33fTRGePOMp pedratrmi.ght i mage descr
photolysis of particulate nitrate produci ng¢
the authors during a pollution episode at
organic matter and2 M lreensepnetcatli veedryhonGeiogr apt
from the China National Fundament al Geogr

Geomatics Center of Chi na, accessed in Jun
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Tab3dl&ummary of sample information and resu

PM. s Nitra O T
Sampl i
Locat | oadi | oadi nor mal i :
dat e
( 6g™c ( Omo1? ( 15
Zhengzhou 2017/12/27 346. 1 1.55 2. 28
2018/11/27 223. ¢ 1.01 1.96
2019/1/4 276 . ¢ 1.96 1.47
Zibo 2017/12/2 236. 7 1.12 2.98
2017/12/27 172. 0.79 2.58
2017/12/28 314. 1.23 3.13
Shijiazhuang 2019/1/1 166. 1 0.56 4. 86
2019/1/3 236 . ¢ 1.04 2. 35
2019/1/4 158. ¢ 0.52 4. 80
2019/1/9 106. 1 0.31 9.67
2019/1/12 418. 7 1. 33 2. 37
Tianjin 2019/1/4 25. 8 0. 04 31.19
2019/1/6 84. 6. 0. 26 9. 27
2019/1/7 22. 5 0. 05 29. 20
Dezhou 2017/12/29 306. ¢ 1.54 1.68
2018/11/26 310. ¢ 2.00 2. 32
2019/1/2 194 . ¢ 0.91 4 . 27
Jinan 2017/12/1 262. ¢ 1.25 2.12
2017/12/27 201. ¢ 0. 77 2. 32
2018/12/31 97. 9 0. 37 7.25

2019/1/3 262 . ¢ 1.60 1.63
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Handan 2017/ : 284. .74 0.72
2017/ 1 223. .21 1.15
2017/ 1 102. . 34 7. 49
2019/ 116. . 76 3.02
2019/ 40. 4. .16 11. 16

Mean v 199. 1 0. 94 5.89

continued
Light e Q o Corr ¢
Locat Sampl it pH
(%) ( 1%

Zhengzhou 2017/12/27 3 . ¢ 11. 12 20. 51
2018/11/27 3 . ! 20. 46 9.59
2019/1/4 3. 15. 45 9.514

Zibo 2017/12/2 3 . ! 18. 78 15. 86
2017/12/27 3 . ¢ 26.00 9.93
2017/12/28 3 . ¢ 13. 03 24. 01

Shijiazhuang  2019/1/1 3 . « 26.90 18.07
2019/1/3 3. 18. 80 12. 49
2019/1/4 3. 28. 00 17. 114
2019/1/9 3. . 41. 56 23. 28
2019/1/12 3. 8.55 27. 66

Tianjin 2019/1/14 2. - 85. 52 36. 46
2019/1/6 3. ( 47 . 39 19.56
2019/1/7 2. « 87.00 33.56

Dezhou 2017/12/29 3 . ¢ 13. 48 12. 46
2018/11/26 4 . ( 13. 24 17.56
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2019/1/2 3.

Jinan 2017/12/1 3. «
2017/12/27 3 . !
2018/12/31 3.
2019/1/3 3. °

Handan 20177 14 . (
2017/ 13. ¢
2017/ 13. ¢
2019/ .3.°
2019/ .3.:

Mean v 3. ¢

23. 36
16. 51
22.59
43.61
16. 52
8. 78
12.55
30. 73
27 .27
60. 98
28. 39

18. 28
12. 86
10. 26
16. 62
9. 86
8. 21
9.15
24. 38
11. 07
18. 29
17.18

presentatibng@bee dédphecmedel nassumes

rticles

comparati ve

iilnl usitg®@itbee d Wi hhin

exper

eact

solmBvaisnftlheendtiifaflergar

compositions

| i ght

rema i

reduction i

penetr at

L & atlhueesse derxoppepreidmesnitgsn,i fi cantl y

deposited
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i n

mul tiple

particle

t Wi C e

accumul e

5. 2 Res ubBhtasd &vif &cipe r isment
A total of six sets of
out comes s umakah2eaznedd
comparative pair, t he
particl éd |, oaadki ncgh e(mi c al
i ncrelalsedi ho a LiEe dlthdtsi ocorb sierr ved
cumul ation, which hinders
e filters.
51.33%. ConXequenwdsy,apgreoxiemdt el y
ti mated value.
To better conceptualize

an

| ayer s

on

ev

t



deposition begins on a new | ayer only aftei
initiating the shadowbnegsefkeédctin Fbe ifnstsa
experi ment (samples AH1 and AL1) reached 9.
penetration (100 %) . T hicsonssa fsgtess tss nAL e prago
particl es. The bcoadiemsgpownal mg &M ALL1 t hus
threshol d necessary t oDsi( 12t BRt'30gs Achnd s wi n (
experi ment alDskgy!| odseetleyr ma Iniegins wi th theoretic
ch), derived by dividi-mar t ihedebcittitcees|a raerae ab.\
assumed that al/l particles are spherical a
Based on the particle siEBieguetwebdeéei enmbh e
the dominant particle dbhseaametlee @aal adaDatdtddnt
Egassuming all particles are the same with
Dsi s 11. 755 Wlgi «ehm i s close to the value det

experiment?¥, iln2d.i8 alg ncgm tDhiast rdeea seame lae.i o n

Eq8 0 ——

wheS%ies the area of )tShHe dhte fairletae rosf (t2h% ccm

single phaYyibscltde(wvml ume of) jai ssitnhgel ed epnasrittiyc

-3

particles, here>®is assumed as 1.6 g c¢cm
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the |l ogarithm of the channel width.

Not abl giibe i ncl udes an outl ier circled
comparative experiment BH1/BL1. Her e, BL1

chf(Tabd2e, significBhntCognsequeenttlhyan particle
was insufficient to form a complete monol a
the shadow effect. This specific data poin
used to dlEaracteri ze
Tab32&8ummary of sample information &nd resul
Samp PM. s Nitra LightQ o
Prono

No. | oadi | oadi ) effic corre

o ] ( n mbY o

(O0g™ci (nmo'? ( %) ( 1%
AH1 17. 9: 25. 2] 3.48 93. 5 15. 5¢
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AL1 12. 8« 18. 0¢ 2.68

AH?2 42 . 8¢ 85. 3

NN
e}
=
O

88. 0: 14. 3¢
AL 2 30. 67 61.0

rm
(o]
~
o

AH3 130.3 242.1 25. 4
68. 1 33. 9¢
ALS3 93.2¢ 173.2 26.9

BH1 21. 7% 78. 2¢ 5.13
70. 7. 8. 76
BL1 7. 77 28. 01 2.68
BH2 43.8¢ 211. 2 9. 44
BL 2 15. 7« 75. 5 4. 51
BH3 177.8 477.0 28.6

51. 3¢ 22. 8¢
BL3 63.6« 170.6 20.0

aSeA was sampled at a flow rate of 1130 Lpm
at 1130 Lpm and 50 Lpm. Sampling durations
| abel ed as-3f ¢ viodwane , ARt (-lAQwumd,1 Se&t A) , B
( hivgoh ume, By, -3and obvuIme, Set B) .

The aerosol filter samples collected across the NCP can be effectively viewed as
multi-layered structures, given their BMloadings significantly exceeded the
determined thresholdDg). Consequently, the initial calculation o€ o
underestimated the actual photolysis rate constants for these multilayered samples. To
correct this underestimation, an adjusted calculation approach was necessary.

First, we introduced an adjusted model accounting for #ay&red accumulation,
depicted inF i g bi5a.éAssuming each particle layer is evenly distributed, the loading
difference Dx) can be expressed as multiple®e{Dx = n xDs, where n varies between
2 and 39 in this study). Under this assumption,ltBefor the NCP samples can be
recalculated using& q9. To establish the relationship between the HONO production

rate (Rionox) andDy, we assumed a constant ratio gbkb between consecutive layers,
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described byE g1 0The total Ronox across all layers is then obtained by summing

the individual layer contributions {Bnoxi), expressed mathematically Enql 1By

combining these assumptions, a general expressiobBomcluding three constant

parameters, is presentedeagl 2which simplifies tcE q1 fonsidering the boundary

condition wherDx approaches zero.

(a)

(c)
4.5 45
: e NCP 1
~ 4.0 ‘.Ii o Qingdao 404 /;
lré 3.5 ‘\! i 354 ’t
= 3.0 R*=0.55 301 ’
E ‘ } 62'5 I
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5 20 i\\ % ;,—\20-
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pH*Ryp. Temperature (°C)
Fi gb%Peri nci ple of quantifying the influence
of f G teped a) Schematic diagram of our
accumul ati on o f particles on filters, an
approxi mati on wefegpet. he(ct)ru@orrel ation betwe

woggpe@Nd t he

ar

e the

temperatur e.

pro

The

duct of

ver

t

(0]

t hat

(Version

at
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5

gHn &RT{h ¢ her poro poart
errorsLEBi opagalt)e drefpeos

EC:abkpaxdsf §rowatt hempe

TheBdatat p@d inn ¢2WelBRl dtakieqi
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The fitting of experimental data usikggl 3esulted in a higlguality regression
curve (parameters obtained: a = 1.407, b = 0.996, ¢ = 0.010), clearly capturing the
inverse proportional relationship dfE as particle loading Ou) increases. This
empirical curve aligns closely with the expected theoretical inverse proportional decay

of LE asDq becomes infinitely large

Eq2 00O

wheé¢e ,Pione gndprebBBennitrate abundance, HON

and the nitrate photolysis rate constant

nomencl ature is applied to the remaining p:
E gl 00 r 0 gi) r 0 B m
r 0
Eql 10 B 0 0 e
Egl 20 O _ ,0ankkar e

constants

Eql 30 0O

The ré&viosedderived using this fitted equ

the values lIlsbadi miggh HMi s discrepancy ari se:

particle | oading in each comparative set
shadowing, thus requiring fulkraner eqgurealk e
Since direttd a&osreglteomhayer was | mpracti c.
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di chotomous correction appoachfbor-mokfinir
| ayered NCP filters. This iterative proceddl
as depkicdbhibe i n

Specifically, the corredctatonhalrfoceefs st tbhee gi
PM boadi ngqlu>i hlygi s halving procedure conti
remai nilegad®iMng wWaasnd eDywieeeapresenting a scen
a stHngyler state. ConlsBvaise rotbltya,i ntelde aesf ft ehcet ipw
sequenti alLlBy, cdad tTamibbde e TD e o val ues were t he
recal cul ated by di viding t he i niltBg al est |
Application of t his refined met hod t o t h
significantly improviedo ouvalbmes: fohehiaghua
|l oadings were elevated and more consistent

aerosol | oadi ngBi,gtelse dFre @@ =t r at ed i n

I Raw

B After correction

Ratio of Jx03Hono

Al A2 A3 Bl B2 B3
Sample ID

Figbbf&he compatween atnlle comawecited;egeati o0s o0
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under

conditions of higlpaamdolfowaaal é®dl slhc

experimé&hes bl ack horizontal Alli nreefdeernsotteos te
comparative experiment i nvol ving AL1 and A
same nomencl ature.

Subsequentl y, LBeeguate bifzreodn tChhengdao sampl
corre®t othdor aerosol samples from other <c
|t i's important to acknowledge potenti al L
samples from Qingdao and other NCP cities
2022), evern RMoruigh ddmposi ti ons were gener &
fracYi onf 16. 9% in Qingdao compared to 20
Following cQrsectviadmestier the NCP sampl es
I Pd'to 3.6$, Twilbh an aveslagédhebelcdlrbecied
were substantially higher than {°8é& origin
Additionall vy, the disparityQ bhet wealnuesorr ec
increased along€iigadnaer oiswf orl miardg ntghat t he
significantly <contributes t® &hewobbierved
el evated nitrate | oadings.
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Figwbh7&he correct@Qon fastar fafmcti om sof amb

concentration. The correction factor wa s

woseepy al ue by the original val ue.

5 3 Par amet

3 FgloZ @gtgl on  of

We further analyzed cofr el atanodnast ebet we e
sol ubli e 2BdMms s umheahdlBe Al riom ol aci dity was €
t heAlEM | V. A significant negative correlat
Qo and the ni¥rateOheapbsenb(e explanat:i
saturation effect at hi-ads oprabretd cniet rlaotaed,i ney
hi gher photol ysis rat e constant, approach
increa¥edead to a relativel y-bduwnwker niptrrogptoe
resulting Qn decaltmsdwhen tot al nitrate i ¢

the precise mechanism for this decline war|

Aerosol acidity d) s notlanbltyhiisn fsltuednyc e do v
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NCP samples had pH values between 3 and 4,
regi onal studi es. I n contrast, Qi ngdao sam
pH of 4.64. A clear negatQ ve caonmnd edarndodnl b
pH underscored the <criticalWhiollee tohe accurdrie

dat aset covers a relatively narrow pH ran:

studies incorporating a broadexonangkl od |
conditions, would help vali dmmentteali sr il md s
To integrate these key variables, we dev:

Y and pH, yieldi EglL¥ Wiitthabthde RgbG&atrias (11 u
in Figure 4c.

Eql4Q o pEwpm  B(Y 8

wheWYe i s the ratio of massz>.goncentration of

Tab33®earson correlati oM cooefdmnadi@nhier (fRYctha

Factor (Con R Factor (Prep R
[ NS -0. 3E NQ 0. 6°
[ S 0.0¢ S @ 0. 1:
[ -0. 03¢ Cl 0.2
[ NR 0.10 N4 0. 2¢
[ NA -0. 3C N H* 0. 5¢
[ K 0. 223 K* 0. 2"
[ Ml 0. 11 M@ * 0.6¢
[ ¢4 0. 223 Ca* 0. 3¢
[ Y 0.62
To align o wpr irreeseual reoshn,sviitdebaf é@fc tt e mper at ur e
onQ o , somceexperi ments weruen | a daendatroytpel dc ad t
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tempercanuai ¢ iioms e wsstewdi es . s tBadihieeotf | aolé.n c e

temperature on cumul avéemea a dltoOidide spr od @ \c e i iom
temperathurest o F6fMbade i | Il uberaeéative ratio
producvaroineuag e rcaotnuprderse d hat r)dtas®d opRdat a f |
Bao dto a&alemai nwictomso st ek ONcOa | pcrual daut ci toimenme t h o
selected datra deriadt liesxmuliausduerde me @0 s t ypiegahd

tropospher i €£gecnoenrdailtlaya nseshxopnBende nt r éim | nmoor eas e

40 desssbiEg@a 8 Whivieel Res were relatively cor

theaR 40 surpassed 40, highlighting the
T o .This is |ikely because higher tempera
al so promote the partitioning of volatile

contribute to the appardmfjushcngaserimesh
normalized temperatureQofo 20 r om rcdt7ea sle dl Ot
s't o 8.'9H%all ilgming closely with Yer eevtinoaus.l y r
clean envirofAdencwdinphar@abBatbtOet al.'s measu
pol l uted u8.b2a4t>dBefditgiicrhg mMay have been slight
dueshadowing effects

EqL5Y Agapnyx Y vu

wheR@g s ratio of HONO prTd du ctthiaotnm iaatt tShemper
irradiation experiment temperature in
Based on the establ Qshed arnedl athiroenes tkiepy I eat
(i .e., aerosol OpH, nitaeade teopeenat ure), !
parameterizati on Qeguat(EghP.t oT hdee sgmari ddmet er |
resul ts show signDfbcanundear iditfifoamrsenitn s

(temperature effects) and aerosol composit
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Previous studies have indicated that | ower

Q o (Bao et al ., 2018;a S$chhearrokme neotn all.s,0 2
our research. The fundament al reason behin
crucial role in the HONO formation reacti o

Mor eover, relative hu@idit.y BaRH)etalaslo. ifnc

that under dry &ondi vabnues( a3® RHE) atively |
as humidity rises, remaining relatively st

75%) . However, SommaQiowna @t khigheepbumiedit)y

(758 %) was significantly greater compared

complex interaction between RH and nitrat
findings, the current par amétadrsn ivzathiuomn dedy
factor. Therefore, further research is nee

on nitrate photolysis.

EqL6Q o pR wpm  B( Y 8 Agspmyx Y v

5.4 At molsnmpherciac¢ i ons

OQur results indicate that wunder high aer
inherenthasedfméasur ements signe fi.carttley unc
correctislgadow dfhfisc®,0o thkomveragerti me sa
from the NCP was deter mAdddtitonddlel yi,, 78e 1f d
magnit@de ofdepends primarily Yon)the anhera
than solely on the nithalte icopceweér aheomod
HONO f orpmadcieosns NCPi mntdhet her regions with
conditions.

| n curqruead ti tayi mmald €@ squf ntdree tmri amiagal condi t

is geneeabédgoasstEabidevhi cthmmat h'Besval ues
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used westvadr e€dhi

t he

val(uld BOs?

under var.i

na ©@Bn8Sdmee of t hasmeopt edi es

maxi muml@al)pureo p(b2g. elRomer etniabadgased or
assessmentstheshd rediadshmealiwd BFs?) tohmee an

repovYet eedd ebayi ved from aer osol fil

ous environment al conditions. Ho

gui di@g vtaH eu esse li enc tmoadre lssf. The sign

standard
among studi &

of HONO

val cbsoshdgubtedly

f or mat i

affects t

on ratelshef rpamamimee bbeatpihon

proposedgt ucdoynsivide r ati ons niinraerys$pdancep Hon (

temperaftfueceti vely

i mproving the

poll utant

Tab34& ummar y

accuracy 1in

efapmlei ed in

reducing Qunmcertaitnhtuys i n

esti mat. HONO

ng

f ormati on.

di fferent model i nc¢

Locati Dat e ko) (% Sources Ref erence
Beijin Ded22, 2z2.1P10Max val ui(S. Zhan
China combined 12021)
Wangdu.Ded248, 22.1P10(Romer et (Xue et e
China
Fort 'May iJBwl 2. 2P 10Mean val u( Gal | et
Texas, 2011 surface,

(Zhou et
Pasade Maiy un, 3.4P10Medi an (Tuite et
CA, US vari ous

c hambee, C

al ., 2016
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Pear | Jain8,4 208. 3P10Medi an (Fu et al
Del t a, ambi ent

Changz Apri28, 28.3P10chamb&e e (X. Shi e
China 2017)

Beijin Mayi3d, :8.3P10 (Gu et al

Chi na Jan30D5

Beijin Apr iMag 8. 3P 10 ( W. Zhan
China 2018 2020)
Beijin May iJ2wl 8. 3P 10 (J. Liu e

Chi na 2018
Nov 261
15 Jan,

Wangdu,JuniJwl 1.3Ff10Mean valu (Y. Liu &€

China 2014 particl )Y

Beijin AugiS2e3 1.3F10et al ., 2i(Jia et ¢
China 2018

Sout he Judul, 221 %0 Median va(Ye et al
Us observativi

Zhou, et i

We acknowledge that the parameteri zati on
y et incorporate all/l factors potentially i
photol ysi s, as reflected by the considera
par ametoenr ifz atfti igrolgc @¢l.i NMBee s(i des t he RH-effect
existing chemical QcemponEntsiabsanaéfecert.
species (e.g., cations and halides) have

whereas the effects of organics are more c
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succinat e, I nhibit nltgkReotopedmgiotliyserss, wdhn
and ar omaticanc gmpanonesGeheeprakbtess2022; Som
2023)Therefore, caution is necessary when

scheme to ot her enFutrwmenestadi edsndhbubds .c

globally to further -efaf edtateom@ameactriedtnnmet he
the current parameterization scheme, ma K i
environmental conditions.

5.%ummary of Chapter 5

This chapter addresses the @hall enges i
essential for understanding HONO formati on
on the shadow effect that skews measur emen
|l ayers. A novel correction method was deve
| @da ngs but identical chemical compositi on:
North China Plain during the winter haze pi
normali zed aver aged 9rbatted Ocld fifsPtaa ntte rf rcoomr ect i
Further, the ®tawdy déouedsdchawith increasi
proportion of,snandasédowsn wPM correlation
concentrations. The findi npgasr asnep gooririz at hen
Qo to enhance simulations of at mospher:i

environment s.
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6l ndusBmiisasli oo-ns of Br

6.1 Field Meaoneepvht at obne®&r

The obBeaoomreadent rati ons exhibited t wo di s

variati on, as i1l lustratted 6Img (The tiypisdalp ad
exemplified by December 13, S cBpar acteri
concentrations rapidly increasing around m
sunrise. The second pattern, represented b

wi Beconcentrations remaining elevated thro
after sunrise due to rapid photolysis. The
intermittBpdminsastiuare i i@ realcsol(l ecti Bely sugg
sources are unstable and episodic in chara
I n the initial stage of observations, st
the study sitel9duyentdee milce @@Vl Bver e- gr adual
December, as -gsioné i penesiomryelon This transit.i
t hef Orxd d@®VIAovernment ResponseFiTged3c&ker ( Ox
(Hale et &peci202h)Ily, the Government Strir
the strictness of |l ockdown ©policies, rema
observational peri od, i ndicating Figorous
December, thikby ddexe ggsadl;sabki @isreg vait i bns
phased reopening. After thecbnhntehbhgabifiomew
notably hi gher compared to the | ockdown [
concentrations asnido mo& veg Gl e aifu dy ®®) ee mMihse s e
observational findings> eam Islsa mtnisved rye ssiggrei

influenced by human activities.
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Tracker ( OXCGRT) . The figure presents thre

sqguares), reflecti#sgytl e poévernietsy afthel Gokad
|l ndex (red circles), summari zing the scope
domgi mxnd the Containment and Health I ndex
specifically related to containment and he

We <conducted a corr B8lspatoineceneanalt ysns aed
measur ed (paoddlut ahesresults revealed varyin

bet wBesaend t hese pollutants. Although previ ol

as an i mportant tracer (@fRPengcoat, xmbuOoR
observations indicated a weakBsramde\ve®©On neg
concentrations (R =Be®mild$giomdhi st sagmygesbse

were not predominantly derived from coal
i mplies the preBfeméiessofonusioderctisf i ed

Tab@le#ear son correlation coefamhidcioemtes Rt

Factor (Con R Factor R
N2Os 0.1¢ [ N£ 0.0
Cl NO 0.0¢: [ S8 0. 3"
Ch 0. 5¢ [ &l 0.0
j N0 0. 1: [ NRp 0. 3:
SQ 0. 1! [ N4 0.0!
NQ 0. 1¢ [ K 0. 3:
N O 0. 1t [ M 0.0
CO 0. 1° [ C& 0.0
O3 0. 1¢ Temperatu -0. 3
HONO 0. 2¢ Rel ative h 0.0:.
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PM. s -0. 0« P Mo 0.1

During the observation period, the pred
meant that using a traditional poll ution r
emi ssi ofFisglo)rec #e address this issue, we no
wi dd rection sector separately, ensuring th
sector equaled 1. This eliminated biases ¢

directi on.FiAsagsehhidwgplom mentrati ons exceeding
10% of observed values) were al most entire
pri masgreymi ssion source was | 0d2a3@A) westthe
observation site. I n cgntprrasnta,r itltye pdiogturcieh
ni ghtti me sec(on.dawayngpreotc easls.e,s 208X hi Bi t ¥da e
nocairectional pabbheent r awiitohn hsiigghnal s C O mi
directi onszal Alot haopupgehar @ld a't hi gher concent |
exhibited dispersion toward eptrhoedrucdi rdeucrtiino
Cl NODor mgtM.onXi a et Aadld.i,t i 2020) vy, the distin
di stri BuanonfSuQofher rule out coal combustio

Bsremi ssi ons.
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Figb4wi nd rose diagram showing the distrib
during the observation period. The radial
occurrence in percentage, while tH®:colors

02 (putdpl(eg)ri®e2f or ashiPe )7, (ared)a
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Fi g65Nor mawi nd gl o$ s
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sector has been individually normalized to
sector sum to 1. Concentration ranges are &
0.9, and 1.

Based on field i nvestigations and d s
(https:// www.,giaheomprehensive platform for
China, we compiled operational data on ent e
during the studyFpgééed A(asotahovwrd itren ph
companies were identified in the vicinity
nor t haMeisgni ng wi tBpbemhesiobseswvedce. Not ably
companies are situated within 50 meters of
rubber and plastic manufacturing compani e:
retardant, and two di s, nWeiceh omaypyrpdodutc ena
containing disinfectants, were also ident
analysis are requiredBtomiconnifomrsn t he exact
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https://www.qichacha.com/

</ Disinfection industry
¥ Pharmaceutical industry
# Rubberand plastic industry

Fi ge6Geographic distribution of industrial
site in Qingdao, China. The map highlight
(yell ow mar ker s), phar maceuti cal industry
i ndustray keresd mn relation to the observat.i

on the map represent companies of smaller

6. 2 CompAnsailtyisamsis@dr rPeM ati on v
B b

I n the Orbitrap analysis conducted in ne
were detected. A subsequent correlation an
had a correlation coed fiaci adftaddleecdearckiareg 0.
compounds were categorized into two distinc
and functional grolspecitmfaer bed mi mametdh & r M

sul fates and s lifgddset eTsh,e dceopmpcotuendd ienx hi bi t i
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correlation coefficient andHBreM@tTihnvee MiSOund
spectr um, Fi g 68®er astheodwsi na pri mary mol ecul a

215.9303, accompanied by an isotopic peak

which aligns with bromine' s?snpaetcutrraulm ifsuorttohp
supports the presence of br omi ne, di spl ay
78.9188.

Tab82€ompounds detected in the negative mod:

correlation coefficients (R) exceeding 0.6

For mul as R Factor R
CoH4B S 0. 7¢ C/HeBr NO 0. 8.
C2He04S 0. 7¢ C/HeBr NO 0. 71
CeH1 ©sS 0.6¢C CgH1 £4S 0. 6:
CeH1 04S 0. 6¢ CsHsBr NO 0. 7"
CeéHsBr NO 0. 8¢ CoH1 N QS 0. 81
CsH4B 502 0. 6¢C CoH40:1 2 0. 6.
CsHsBr C 1o O 0. 67 Ci1 b2 ©4S 0. 6.
CsHsB sN QS 0. 8¢ C1 b2 ©3S 0. 61
CsHeB 5S 0. 7¢ CiteBr NO 0. 81
CsHsN202 0. 71 C1 H2 ©4S 0. 61
C7H1 ©4S 0. 6¢ C1 Hz ©3S 0. 6.
C7HsB r 50 0. 71

The software designed for ceblsdp Os8d4i dent i
Bro@oitrophenol , a chemical mainly wused as
production of | rnfGulmi eor :alor, 20R2i4bhi M i Eleang
al ., . 28t8minated derivatives serve as ess

reacti ons -csouucphl iansg carnods ssubsti tutions, whict
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c

arious pharmaceutical s, ag(Yofhfeemiectal asl,. ,a nz
n the realm of pharmaceuticals, the additd].
ptimizes drug metabol i sm, AP t eptskryd s ett h &

024)Tr adi teiisnadtliyl,i zBerd as an oxidizing ag
rocesses, and it may al so appear as a by
ubst(@kKlkatsun et MNdnet h2e0 1e8s)s , wi t hout adequ.
here is a risk thaduluhresacapee iomt cutripé usn
osing potenti al health and ecol ogical dan

Al ongsi de brominated compounds, 2 a sign
oncentrations and al kyl sul HeéstQexshs bl f edat «
he highest correlation coefficient and wa:

ompound discovery slanhdwMBect nma.i | Dizinetgh ylot d

widely used in organic (Sy.ntGhen,s 2201 9%; mé&ad uh:

et al ., 2015; Selwnaaé&sR&tb®saat, evrBt0OaDti)vCel y i de
as diisopropyl sulfate, is a structural hor
t hat phar maceutical synthesis processes, W

be a notable source of atmospheric bromine

Figwbréeéhe results of chemi cad.s c(eamp o&Ga rtrieolnat:

c

oefficients (orange) of selected chemical
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