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Abstract

The composition, sources and chemical transformation of volatile orgam@ounds
(VOCs) and organic aerosol (OA) particles were investigated duringAligyst 2021 at eural
forested site in southwest Germab§ km north of the city of Karlsruh&OCs and semi
volatile OA particles were measured with a pret@ansferreacton mass spectrometer coupled
with a particle inlet (CHARONPTR-MS). The CHARONmeasured OA mass accounted on
average fo2 + 18% o0 f t he t ot al O A “nsansusrently 4neaguredilby 2n 8
aerosol mass spectrometer (AMS). The total concentratibmeasured/OCs ranged from
7.6 to 88.9 ppb with an average of 31.2 + 13.4 ppb. Positive matrix factorization (PMF) was
used to identify major source factors of VOCs and OA. Three factors of oxygenated VOC
(OVOC), namely aromati©VOCs, biogeniOVOCs am agedOVOCs contributed on
average 11% + 9%, 37% = 29%, 29% + 21% of total VOC concentrations, respectively. The
results of AMSPMF indicated substantial contributions of oxygenated organic compounds to
OA particlemass. Consistently, three secondary @®A) factors determined by CHARGN
PMF analysis, namely aromat80OA (5% + 7%), daytimdiogenic SOA (17% + 17%),
nighttime-biogenic SOA (28% + 21%), showed higbntributions tdotal CHARONmeasured
OA mass. Nighttime particle growth was observed regularithis areawhich was mainly
attributed by the semvolatile organic compounds and organic nitrates formed from the
oxidation of monoterpenes and sesquiterpenes. This study presents major sourties real
transformations of VOCs and OA, and nighttiperticle formation characteristic for central

European forested areas.
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1 Introduction

Organtc aerosol (OAYepresents the majority of submicron aerosol mas9(20) in the
atmospherdgCrippa et al., 2014; Zhang et al., 2011; Chen et al., 2022ich hasadverse
impacts on climate, air quality and human heftloc, 2021; Burnett et al., 2014; Seinfeld and
Pandis, 2016; Hallquist et al., 200DA particlescan beeitherdirectly emitted frondifferent
sources (primary organic aerosol, POA) formed by the oxidation of volatile organic
compounds (VOCSs)s secondary organic aerosol (SO&hrivastava et al., 2017; Higlist et
al., 2009) Based omumeroudield observationsSOA isoftenfound to bethe largest fraction
of the submicron OA masa different urban, rural and forest areasoss Europe (4200%)
(Crippa et al., 2014; Chen et al., 202&)utheastern United States-{2A9%) (Xu et al., 2015)
and Asian countries (483%) (Zhou et al., 2020)However,the SOA concentrations are
generallyunderestimatby current modelsnainly due tancomplete understanding of sources
and the transformation of VOCs t®8& (Jiang et al., 2019; Shen et al., 2019; Hodial.,
2016)

The Aerosol Mass Spectrometer (AM&)widely used toquantify the OA massat time
resolutiors of minutes(Decarlo et al., 2006 Massspectradata from the AMS coupled with
positive matrix factorization (PMRllows for characterizingsources and ewlution of OA
(Ulbrich et al., 2009) AMS-PMF analysisis able todistinguishPOA sourcedike traffic,
cooking and biomass burningnd resolve factors for SOguch assemtvolatile oxygenated
OA (SV-O0A) and lowvolatility oxygenated OA (LVOOA) base on their oxygenation
degree and thus presumed volatiliNg et al., 2010; Zhang et al., 2011; Crippa et al., 2014)
The correlation of SV-OOA and LVVOOA with external tracers (e.g., ozone, temperature
relative humidity can providendirect evidence fother sources andormation mechanisms
(Zhang et al., 2011)forinstance Canonaco et a[2015)found thatSV-OOA and L\VVOOA
positively correlated with ambient temperatur&witzerlandn summeywhichwereattributed
to the impacts ophotochemistry aridr biogenicVOC (BVOC) emissionsoth enhanced by
higher temperature In contrast Crippa et al. (2014) reported a pattern for S@OA
anticorrelatedwith temperaturébased on 25 AMS measuremeatrossdifferent European
stations Therefore,it remainsdifficulty to assignSOA factors(SV-OOA and L\VOOA) to
specific sources or formation mechanssdoy the AMS-PMF analysiswithout informationon
VOCs acting as SOArecursorsProton transfer reactiomass spectrome®(PTR-MS) are
powerful instrumergfor detecting many VOC species especi&8lA precursors likaromatic
hydrocarbons, terpenoidand oxygenated VOCs (OVOCE§g)ordan et al., 2009The PMF

analysisof VOC mass spectra fro/BTR-MS canconstrainthe sources of VOfand resolve
3
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secondarycontributions of OVOCgWang et al., 2020a; Gkatzelis et al., 2021; Y4 al.,
2012) Furthermore, th&€Hemical Analysis ofaeRosolsONIline (CHARON) inlet coupled to
the PTRMS can detect the semolatile OA particlesqualitatively and quantitativel{Eichler
et al., 2015; Muller et al., 2017; Leglise et al., 20 mpared to the AMS, the CHARGN
PTR-MS subjects OA moleculesith nosignificant thermal decomposition ales$sionization
induced fragmentatio(Gkatzelis et al., 2018abhus itprovides additional informatioron the
detailed chemical composition of OAGkatzelis et al., 2018b; Muller et al., 2017he
concurrent measurements of AMS and CHARPNR-MS combined withPMF analysisan
provideacomprehensivenderstandingn thesource of VOGs andthe formation processes of
SOA

The chemicaleactionsof VOCs withatmospheric oxidants e.diydroxyl radical§OH),
ozone (Q) and nitrate radical@NOs) can generateemivolatile, lowvolatile and extremely
low volatile organic compounds (SVOC, LVOC and ELVO@)menez et al., 2009These
organicproductsare able toucleatdeadingto new particle formation (NPF) and/or condense
onto pre-exising particles contributing to pacle growthand SOAmass(Ehn et al., 2014;
Kirkby et al., 2016)In ambient observations, NPF has bemainly observediuring daytime
andwasrelated tgphotochemical oxidation involvinigpe formation obulfuricacidand organic
compoundgKerminen et al., 201850 far, only a fewnighttime NPFeventsandor particle
growth eventsvere observeth Europearrural and forest areg®ebevec et al., 2018; Huang
et al., 2019; Kammer et al., 2018; Eerdekens et al., 20@89¢h arelikely related to the
oxidation of BVOCsKammeret al.(2018)observed high concentrations of monoterpemes
decreased ©during nighttime particle nucleation and growth stages the Landes forest
France Recently ve foundthat highly functionalized orgac nitrates generated from the
reaction of NQ radicals withVOCs can significantly contribute to the nighttimearticle
growth at a rural forested aréa southwest GermanyHuang et al., 2019)However, the
specific roles ofoxidation of biogenic and anthropogenic V@Go SOA formation and
nighttime particle growth events are still mzell understood alsdue tomissingsimultaneous

measurements of VG&and OA.

To follow our previousstudy (Huang et al., 2019)we performedonline measurementsf
VOCsand OA particledy a CHARON-PTR-MS and an AMSduring JulyAugust 2021 aa
rural forested arean southwest GermanyVe present the composition of OA detected by the
CHARON-PTR-MS in comparison to AMS measurem&rnthe sourcesnd evolutiorof OA

and VOCs were investigated by tRMF analysis of VOCs and OAn combination with

4



meteorological conditiondn addition we illustrate the roles of VOC oxidation and SOA

formationfor nighttimehigh OA mass and particle growtlihereby, this studgontributes to
105 an improved understanding of evolution processes of VOCs and OA partiates

characteaingnighttime particle growtleccurringin summein centralEuropeanural foreséd

areas.
2 Methods
2.1 Measurementlocation

110 Thecampaign wasarried outrom July 17 to August 17, 2024t a ruralsitein southwest
GermanyAs shown in Fig. 1 ftemeasuremertite(8.43E, 49.10N) is locatedon therooftop
of atemperaturecontrolledbuilding (25 °C)onthe ampusnorth ofthe Karlsruhe Institute of
Technology(hereafteiKITcn) about 8 m above ground levél canteerns located 300 m south
of the sampling site in the campushich is generallyopen for lunch time (11:304:00) at

115 weekdaysGeographicallythe campuds mostly surrounded by the Hardwald foresmposed
of mainly pine treeqe.g.,Scots pine and European begalhich areimportantcontributors
for BVOC emissionsBesides, the measurement site is3+42n east of theillage Eggenstein
Leopoldshafen(pop. 15000) a mainly rural residential area, ~11 km noathdowntown
Karlsruhe(pop. 300000)~810 km northeast ofhe Karlsruheindustrial areas includingna

120 1815 MWocoaltfired power plant and a refinewith 15.5Mt/yr capacity.

2.2 Instrumentation

An overview of all instruments used fothis campaign is given in Table S1. Major

instruments are described in the following.
2.21 CHARON-PTR-ToF-MS

125 A PTR-ToFMS 4000X2(lonicon Analytik GmbH coupled with a particle inlet (Chemical
Analysis ofaeRosol ONline, CHARON) wasemployed to measure the VOCs aathsvolatile
aerosol particlesThe details otonventionaPTR-To~MS can be found elsewhefdordan et
al., 2009) The PTRToFMS 4000X2used here is equipped wih ion funnelthatreducsthe
ion lossand thusenhancs the sensitivity(Pugliese et al., 2020fhe CHARON inlet was

130 described in detail elsewhefiichler et al., 2015; Muller et al., 201 Briefly, the CHARON
inlet consists of a charcoal denuder for stripping off gaseous organics, an aerodynamic lens for
enriching particles in the instrument ssémpling flow, and a thermdesorptionunit for
particle evaporation prior to chemical analysysthe downstream PFRoF~MS. The particle
enrichment factor ofhe CHARON inlet was calibrated with sizelected ammonium nitrate

5



135 particles (66700 nm) at the beginning and endlodcampaign. Th average enrichment factor
for 150700 nmparticleswas 18.6: 2.4(Fig. S1) A decreasingfficiency was found for smaller
particles (< 150 nm).

In this campaign, the CHARORTR-MS was operatedlternatinglymeasuring gas and

particle phases prograned by the data acquisition softwarQiTOF 4.0,lonicon Analytik

140 GmbH). We set the program sequence with one full alternating measurement cycle lasting for
1 h including 5 min HEPA filter measurement for the particle background, 25 min for the
CHARON partick phasaneasurement, 3 min transititmgas phase measuremes min of
VOC gasphasemeasurement arahother 2 min transitioiienerally 2-3 minaresufficient for
there-equilibrium of instrumeral conditions between different measurement m¢eed et al.,

145 2021) ThePTR drift tube pressure, voltage and temperature were maintained constantly at 2.7
mbar, 450 V and 108C respectively and the ion funnel was activated with a agk of 45 V.
These conditions result in a total E/N i the electric field, and N the number density of the
gas molecules in the drift tupef ~120 Td for the VOC measuremeifor the particle
measurement, titbermadesorption unibf CHARON inlet was set at a temperature of 8D

150 and a pressure ofd mbar, and the downstream PTR was automatically switched to 60 Td. In
both gas and particle measuremerdsy mass spectra including ioms/zfrom 15 to 398Th
were collected at a time resolution of 40’he mass resolutionas~20062800m/ gwhere
g ms the full width at half mass for an ion peak of mass

During the gagphase measurement, ambient air was sampled continuously frddmma 4.

155 longperfluoroalkoxy PFA,1 / 4 0)dubeat@total flow of 8 L min?, and therasmallsubset

of the flow(50-100 ml mint) was samplethy the PTRToR~MS throughpolyetheretherketone

(PEEK) tubing maintained &0 °C. Gas background were determined manually every two days

by measuring synthetic air for ZD min. During the particle phase measureeanbient

particles were sampled @PM.sinlet (ComdeDerendaGmbH,16.7 L mint) through a 3.45
160 m long stainlessteel tubeand then a subset flow of ~550 ml miwas directed to the

CHARON inlet. Particle background were determined automatically via the HERAr

measurement he residence time of ambient wiasless than 1 s to minimize the loss of semi

volatile organic compounds.

Gas @librations were performeat the beginning and end of thampaign via dynamic
165 dilution of agascylinder (onicon Analytik GmbH containingl1 VOC species i.e., methanol,
acetone, isoprene, benzene, toluemép/oxylenes, 1,38rimethylbenezenel}pinene and

limonene(accuracyl0% at ~100 ppbh. The sensitivity was in the range of ~1000 cps/ppb for
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isoprene to 3000 cps/ppb )3,5trimethylbenzene. Raw datatbe CHARON-PTR-MS were
processedby thesoftware lonicon Data Analyz€iDA 1.0.2, lonicon Analytik based on the

170 algorithms byMdller et al., (2013) The details of CHARONPTR-MS data analysigre given
in Text S1 inthesupplemen

2.2.2HR-ToF-AMS

A High-ResolutionTime-of-Flight AMS (Aerodyne Research Icequipped with a Phk

aerodynamic lensvas used to measure the n@fractory PMs (NR-PM25) components

175 including OA, nitrate, sulfate, ammonium and chloriatea time resolution of 1 mifDecarlo
et al., 2006; Williams et al., 2013)he operation othe AMS is explainedin our previous
publicationgSong et al., 2022; Huang et al., 20Bjefly, ambient air was sampled by a PM
inlet (flowrate 1 m h'!) sharedwith the CHARONthrough a 3.45 m long stainlesteel tube,
and then a subset of the flow was sampled by the AMS at a flowrg@4o€n? min'. The

180 aerosol particles were then focused into a narrow beam by.ad&vbdynamic lens with an
effective transmission for patte sizes ranging fror@70 toD2500 nm (vacuuraeralynamic
diameter, ¢b) and heated by a vaporizer at 6@ The resulting vapors are ionized by electron
impact (70 eV) and characterized by a tiofdlight mass spectrometefFhe AMS ionization
efficiency was calibrated by usingt00 nm dried ammonium nitraéerosol particleShe AMS

185 data was anafed by thesoftwarepackageSQUIRREL 1.60C and PIKA 1.DC. To account
for the effect of particle bouncing loss, chemicaimpositiorbased collection efficiares
(~0.5 were applied to calculate thparticle mass concentratiofMiddlebrook et al., 2012)
Elemental analysigf OA includinghydrogento-carbon ratio (HC) andoxygento-carborratio
(O:C) wascalculatedusing themproved ambient metho{iCanagaratna et al., 2015)

190 2.2.30ther instruments

The mass concentrations of BMand PMo were measured by an optical particle counter
(OPC, Fidas200 Palas). The mass concentration of black carbon (BC) was measuiad by
aettdlometer (AE33 MageeScientific) with a time resolution of 5 mifThe particle number
concentrations (>2.5 nm) were measured by a wmsed condensation particle counter

195 (CPC3789, TSI Inc.). The particle number size distributions were measured by a nanopatrticle

sizer (NanoScan, T$hc.) ranging from 16410 nm at aitne resolution of 1 min andszanning
mobility particle size(SMPS, TSI Inc.) ranging from 13.83.5 nm at a time resolution of 7
min. A chemical ionization mass spectrometer utilizing iodide as reagent ion coupled with a
Filter Inlet for Gases and AEROsols (FIGAERIIMS, Aerodyne Research Ijavas deployed
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for measuring oxygenated organic molecules in both gas and particle frioas@" July to
9" August(Huang et al., 2019)

The mixing ratios olammonia NH3) were measured bgavity ringdown spectroscopy
(G2103, Picarro Ing. The concentrations of {and NQ weremeasured by the gas monitors
0341M and AS32M(both Environment S.A.)Due to data acquisitionmalfunctionof gas
monitors, we adoptedhé hourly gaseouslata of @, NO;, NO and SC; obtainedfrom theair
quality monitor station Eggenstei(lLUBW), located about 2.5 km southwestof the
measurement sit@ext 2, Figs. 2-S3). Meteorologicaldata including temperature, relative
humidity, wind direction and speed, global radiation and precipitatenre measuredn the
rooftopby a compact sensor (W80@, Lufft). Planetaryboundary laye{PBL) heightdatawas
extracted from th&uropean Centre for MediuvRange Weather Forecasts ERA5S reanalysis
hourly data(Hersbach et al., 2020)

2.3 PMF receptor model

The PMFanalysisis widely used to identify #h sources of VOCgGkatzelis et al., 2021,
Wang et al., 2021; Wang et al., 2020a; Li et al., 2022; Pallavi et al., 2019; Yuan et al., 2012)
and OA(Crippa et al., 2014; Chen et al., 2022; Zhang et al., 2011; Xu et al., 2015; Song et al.,
2022) The details of the PMF model can be found elsew(feaatero and Tappet994) In
this study,PMF analysis were performed on the VOC and OA datasgitadually measured
by the CHARONPTR-MS and AMS using thigor Preabased®MF evaluationtool (PET v3.0).

For the preparation of PMF analysiswtmolecular weight VOC species like formaldehyde
and methanolere excludedecausdhey can comdrom manysourcesand cannoprovide
additional source informatiomn addition, less abundant VOC species with many missing data
(&20%) were also excludearf the input of PMF analysiginally, the dataset including 98
major VOC ions was used for the PMF analysis (TableT#) average fraction of the 98 VOC
ions to the total VOC signals was 85%3% during the entire measurement periddte that
PTRToR~MS cannot well detect some VO&sch asmall alkanes and alkenes with a proton
affinity lower than HO and/or highly oxidized organic speciewever, the PMF analysc
VOC data measured by the PAT®FMS still has advantages in understanding the bimgen
and anthropogenic emissi@ourcesand theirpotentialcontributionsto secondarywOC and
particle formationWang et al., 2020a; Gkatzelis et al., 2021; Lilget2022; Wu et al., 2022)

In this study, he wncertainy matrix datawere determined according to the method detection
limit (MDL) of each VOC iorand the error fractio(Paatero et al., 2014)
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Based on the highesolution mass spectra of AMBeasured OA Mi/A2-120), an
unconstrained PMF analysis was performed to resolve the sources(blil®dish et al., 2009)
Note that no constrained PMF analysis of AlWi®asured OA was performedthis studyas
it cannot improve the interpretation of SOA factdnsaddition, we performed PMF analysis
of CHARON-measured OAnass pectra(m/z60-300) with chemical formula assigned organic
moleculesWe excludedomesmallparticulatégonslike CzHs" and GH-" for the PMF analysis
because they could be contributed by the fragmentation of multiple organic compounds and

cannot provide useful source information.
2.4 Air mass back-trajectory analysis

To investigate the impact of air mass origins on atmospheriatpotk,seventytwo-hour
backtrajectorieswith analtitudeof 100 m were smputedor every houby using the National
Oceanic and Atmospheric Administration (NOAA) Air Resources Laboratory Hybird Single
Particle Lagrangiarintegrated Trajectory (HYSPLIT) modéStein et al., 2015)Then dl
trajectories were growalinto different clusterdasedon their similarityin spatial distribution
(Petit et al., 2017)

3 Resultsand discussion

We first gve an overview of our measurements and then discuss the different sources
assigned according to theTR-MS-measuredVOCs, AMS-measured OA particleand
CHARON-measuredsemtvolatile OA particles.Then we will discuss the role of air mass
originson source of VOG andOA patrticles. Finally, we wilbiscuss theantribution of semi

volatile organic compounds nighttime particldéormation andyrowth
3.10verview of the field observations

Thetime serie®f meteorological parametedsiring the entire campaigs given in Fig. 2
The ambient temperature and relative humidity ranged from 10.8 to°G@&verage20.2 +
4.3°C) and32% to D% (71% = 17%) respectively Thewind speeds varied from <0.1 to 3.9
m s!(0.97+ 0.6 m '). The measurement sit@as subject to urban and industrial emissions
especially for southwesterly wind directioffsg. 1). With HYSPLIT analysis, 83 air mass
backward trajectories in total were obtairfedthe entire campaignwhich were grouped into
five clusters Cluster 1(C1) shows thesouthwesterlair massspassing througkrance andhe
urbanarea ofKalsruhe (29% fraction), while C&flectsair masssfrom northern Germany
(10% fraction)also transportedver forestd areas, and C3 (16% fractioalethe air masses
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originatingfrom the North Seaandalsopassing through forest areas In addition, C4 (31%)

and C5 (14%) arair massesransprtedfrom the Atlantic Ocean.

Thetotal mixing ratios ofmeasured/OCs (98 VOC ionsyanged from 7.6 to 88.9 ppb with
an average of 31.2 + 13.4 pplhs shown in Fig. S4the averagenixing ratiosof isoprene
monoterpeneand sesquiterpenagere 1.61 .96 ppb, 1.71 + 2.48ppb and6.5+ 14.8 ppt
respectively The diurnal variation ofsoprene showedda@earincrease during daytimevhich
was related to themissions of isoprenenhanced byemperature andurdight (Fig. S5) In
contrast, monoterpenesd sesquiterpenehowed higher concentratioasnightandvery low
levels during daytime.Generally, higher temperature lead to increasd emissions of
monoterpenesand sesquiterpenesvhile thar concentrationscan be rapidlydepletedby
photochemical xidationas well as increased PBL height during dayt{iellén et al., 2018)
Compared to isoprene and monoterpetmser concentrations obenzene .30 + 0.23ppb)

and toluene(.28 * 0.22opb)were observed

The average mass concentration of:Rkheasured by the OPC wa§ + 36¢ gn~ over
the entire campaigffFrig. ). The time series ahass concentrations NR-PM2smeasured by
the AMS plus BC agrees well with th@PCGmeasuredPM; 5 (Fig. S6) OA wasthe largest
contributorwith average contributions @7% = 11% to the totalPM2s mass, followed by
sulfate 3% + 9%), BC (7% = 3%), ammonium §% + 2%), nitrate 8% * 2%) and chloride
(<1%). The average OA massZ4-2.8¢ gn) was within the range (0-8.2¢ g “)mbserved
at other European rural sitéSrippa et al., 2014However, the OA massasslightly lower
than that (5.@ 3.3¢ gn®) reported by our previous study conducted at Linkenheim in summer
2016, ~2 km northwest of the measurement(siigang et al., 2019)his could be caused by
wetscavengingdpy frequent rainfalin present studgFig. 2b). During thecampaignthe particle
number size distributions showed regulartiple growthstarting after sunset amaisting well
into the morning of the following day. Similar nighttime particle groidis beembserved at
near our measurement locatauringprevioussummes (Huang et al., 2019More discussions

of nighttime particle growth are presented in Section 3.4.

The time series of OA measured by the CHAR@RKh ion mass range aih/z0-300
showed a goodgreementwith that of AMSmeasured OA (r = 0.93). On average, the
CHARON can detect 62% #8% of total OA mass measured by the ANMhichis comparable
to the mass recovery dfiogenic SOA measured by t@BHARON-PTR-MS to SMPSmass
(80% £ 10%) in chamber experimés (Gkatzeliset al., 2018a)Figure S7 shows the median

OA mass spectra of CHARORTR-MS measurements averaged over the entire campaign.
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Mass concentrations associated with individu&signalranged from 0.2 ng fto 183 ng m
3. A total of 191 species areell assignedFig. 3 andTable S3) contributing to 72% * 5% of
total CHARON-measure®A mass Themajority of ions detected by the CHARON are present
in the lower mass rangen(z250), whichis mainly due to the fragmentation of larger masses
300 during the ioniation processes PTR-MS (Muller et al., 2017; Gkatzelis et al., 2018agure
3ashows the mass distributions associated with pure and oxygenated hydrocarborHghs (C
and GH,O;"), resolved by carbon and oxygen atom nurebEhe most abundant species are
characterized with by a formula oftd,0.", accounting for 30% + 4% of total OA measured
by the CHARON, followed by &1," (13% * 3%), GHyO:1" (11% * 3%) and @H,Os" (10% =+
305 2%). It is consistent with previous studies ti@EARON-PTR-MS is suitable to measure the
semivolatile and les®xidized organic compounds{&€,01-3") in the particle phasélowever,
the detection of highly oxidized organic speciedinsited due to the thermdesorption
temperature of CHARON150 °C)and the fragmentation during PTR ionizatidiigure 3
shows the diurnal variations 6kH,Oo.s" during the entire measurement peridde groups of
310 CHyOo-2" showed higher concentrations during nighttime. Previous studies have reported that
CxHy" can be attributed to hydrocarbbke compounds or the fragmented ions of oxyajed
ions through the neutral loss of watdd{O), a carbonyl group-CO) and a carbgs group €
CO,) (Gkatzelis et al., 2018b; Peng et al., 2023)e time series dfxH," strongly correlated
with CxHyO1™ (r = 0.98) andCxHyO." (r = 0.82), suggesting that they were mainly contributed
315 by the fragmertion of oxygenated ionat higher masss In contrastCxH,Oz.5" showed peak

concentrations at noon, suggesting that they were relatiay/timephotaoxidation processes.
3.2 Sourceidentification of organic aerosolcompounds
3.2.1 Sourceattribution of VOCs (PTR-MS)

In this studyafive-factor solution was selected as thtimumand interpretable solution
320 for the PMF analysis of VOCs. After carefully chaakthe factor profiles, diurnal patterns
and correlations with external traceFsd. 4 and Fig. 8), we assigned these five VOC factors
as traffic VOG, terpenes, OVOCs related to aromatic hydrocarbon oxidation (arematic
OVOCs), OVOCs related to BVOC oxidation (bioge@¥OCs,) and OVOCs related to aged
air masses (agedVOCs).They onstitutedl2%+ 13%, 11%t+ 16%, 11%+ 9%, 37%+ 29%
325 and 29t 21%of total VOC mixing ratios on average during the entire campaggpectively

The first factor was identified as trafilOC emissions with high contributions to aromatic
hydrocarbon ionsuch as eH7" (m/Z79.05), GHe" (m/23.07), GHo" (m/2105.07), GH11"
(m/2407.09), GH13" (M/2121.10) and @His" (m/z135.12). They can be assigned to benzene,
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toluene, styrene, xylenesg-@romatics and {g-aromatics correspondingly, which are typical
330 tracers for vehicular emissio(Gkatzelis et al., 2021; Wang et al., 2021; Crippa et al., 2013b)
This factor also had the predominant contributioi€,H-O" (m/z7.05, ethano])whichwas
mainly attributed to the emissions of ethagaboline fueled cars in the campuood
correlations were found fdhe traffic VOC factor with ethanol (r = 0.82), benzene (r = 0.67)
and toluene (r = 0.82). The diurnal variatidritos factor peaked the morning rush hours (7:00
335 9:00), supporting that it was related to traffic emissidnshown in Fig. S, thebivariate polar
plot analysis showed that higher concentrations of traffic VOC fadoeabserved at the wind
sector ofnortheast with low wind speeds-{06 m s%), suggesting that it was related to local

traffic emissions.

The second VOC factor was characterized as terpenes with dominant contributighs to C

340 (m/&7.50), GHy" (M/81.70), GH11" (M/25.80), GoH17" (M/AL37.13), GiH17" (M/2149.10)

and GsHzs" (m/205.20). GoHi7* and GsHzs" were assigned as monoterpenes and

sesquiterpenes respectively, whileHz", CsHo", C7Ho™ and GiHi7" are fragment ions from

monoterpenes and sesquiterpefoesedinside the PTRnstrumen{Kari et al., 218; Tani et

al., 2003; Kim et al., 2009Yhe O/Cratio of terpene factor was low (0.0As expected, the
345 time series othe terpene factor correlated tightly with that of monoterpenes (r = 0.99) and

sesquiterpenes (r = 0.88). The diurnal cycltheterpene factor showed higher concentrations

during nghttime. However, a fast decrease of terpenes was observed during deytiames

due to rapicconsumption of monoterpenes and sesquiterggnebotochemical oxidation and

furthermoreby theincreasing®BL heights

350 The third VOC factor contains abundamtygenated aromatic hydrocarbon ions such as
C7HgO13H™, CgH10023H", CoH1001-3H" and GH12013H™, which are attributed to gaseous
products of aromatic hydrocarbooxidation. For example, €lsO:H*, C/HsOH™ and
C7HgOsH* can be assigned as cresol, dihydrtodpiene and dicarborsdpoxide, which have
been identified as products from toluene oxidation in simulation chamber s{ddigsev et

355 al., 2019) Wang et al(2020b)identified CoH1001-3H" and GH1201-3H™ as gasousproducts of
trimethylbenzene oxidation in laboratory experiments. The time sertheibiird VOC factor
correlated well with those of gaseous products of aromatic oxidation g¢-gQCGH" (r =0.78
0.85) andCoH1001-3H" (r = 0.880.92). Therefore, we defined it as an oxygenated VOC factor
related to aromatic hydrocarbon oxidation (arom@i¢OCs). The diurnal cycle of aromatic

360 OVOCs showed a peak at morning rush hours €8:00), which was likely related tde

oxidation of aromatic hydrocarbons from traffic emissions. We also observed a weaker peak of
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aromaticOVOCs during afternoon rush hours (160000). This can be explained bg
strongedilution in theexpanded PBIor the afternoomush hour

The fouth VOC factor was characterized by high contributimamnaller oxygenated VOC
365 (OVOC) such as CHD-H", C3H4OH", C;H4O-H" and GHeO2H", which can be assigned as
formic acid, acrolein, acetic acidndpropionic acidcorrespondingly. In addition,s8sOH" is
an important constituent in this factor, which was attributed to the isoprene oxidation products
as methyl vinyl ketonand/or metherolein(MVK+MACR) (Wennberg eal., 2018) The O/C
ratios of this factor (0.39) was higher than that of terpene factor (T8&)time series of this
370 factor showed strong correlations with that of formic acid (r = 0.96), acetic acid (r = 0.95),
MVK + MACR (r = 0.81) as well as QNOz+ Os, r = 0.86), an indicator of photochemical
oxidation processes. It suggests that this VOC factor was mainly related to the photochemical
oxidation processes of BVOCEhe diurnal variations of this factor showed significantly higher
concentrations during daytim®loreover, the bivariate polar plot analysis showed that high
375 concentrations of this factor were observed at the wind sectors of east and southeast, suggesting
that it was mainly related to the biogenic emissidhgrefore, tiis VOC factor can be attributed
to OVOC:s related to BVOC oxidation (biogerfdd/OCs). Recently, Li et al(2021)reported
that the daytime oxidation of monoterpenes could produce -oxdezed gasous organic
compounds (e.g.,6H1s046H" and GoH16046H™) in the French Landes forest according to the
380 binned PMF analysis of VOCs detected by a Vet MS. Inthepresent study, these mere
oxidized monoterpenderived gaseous organic compouraghe gas phaseannot be well

detected by our PTRIS, and thus are not included for further PMF analysis.

The fifth VOC factor consists of lower molecular weight OVOCs suclC#&0H",
CoH4O3H", CsH4O3H™, CsH20H*, C4H203H*, andCeH4O2H™. This VOC factorhad no specific
385 marker ions related to sources and/or formation processes. Its timeeghiieted insignificant
temporal variation compared to other VOC factors, but showed a streitat as the variation
of wind direction(r = 0.53) Thediurnd variations of this factor were less pronounced during
the entirecampaignThe O/C ratio of this factar = 0.39)was higher than that of other VOC
factors like terpenes and traffic VOC (0:081).The bivariate polar plot analysis showed that
390 high cortentrations of this factor were observed at west or southwest wind sectors with high
wind speedsConsistently the longrange transported Atlantic air mass clusters (C4 and C5)
had high fractions of this factor to total VOC mixing ratiBesed on theseesults, the fifth
VOC factor can balenotedas theOVOCsassociated with the advection of aged air masses
(agedOVOCs)
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3.2.2 Source apportionment ofOA patrticl es (AMS)

A five-factor solution was selected as the optimal results of PMF analy#d16¢
measured OAFig. 5 andFig. SLO) These five factors were denoted as a hydrocalikerOA
(HOA), two semivolatile oxygenated OA (SYDOA1l and SVOOAZ2), a lowvolatile
oxygenated OA (LMOOA) and a marineelated oxygenated OA (MOOA). They constituted
6% = 5%, 20% + 12%, 17% + 9%, 35% = 17% and 22% + be¥tal OA masson average
during the entire campaign.

The first OA factor was HOA dominated by alkyl fragments suchsbls'CCsH7*, C4H7*
and GHgo", which was similar to that from traffic emissionsported in previous studies
(Canagaratna et al., 2004; Crippa et al., 20TH¢ time series of HOA correlataekll with the
traffic VOC factor (r = 0.72) and moderately with BC (r = 0.52), confirming that they are related
to primary traffic emissionsThe correlation of HOA and BC could be deteriodadee to the
different emission ratios of HOA/BC of different vehicles and fuel types of the cars passing the
sampling siteGenerally, gasoline vehicles have higher emissionsaif HOA/BC (0.91.7)
than diesel vehicles (0.6361) (Dewitt et al., 2015)In this study, the average HOA/BC was
0.38 £ 0.31, suggesting the dominant contributions of diesel vehitlesliurnal cycle of HOA
showed a peak at the morning rush hours (8:00).No HOA peak was found in the afternoon,
which is likely associated with thagtrong photochemical oxidatiphigh wind speedsind
expandedPBL in the afternooreading to thedecreas of HOA massin addition, the bivariate
polar plot analysis also showed that HOA was associated withatfiieeast sector with low

wind speeds {@.5 m st), suggesting that HOA was mainly attributed to local traffic emissions.

The second and third OA factors were two seolatile oxygenated OA (SXDOA) factors
with different mass spectra and temporal vasred. The O:C ratios of SO®OA1 and SV
OOAZ2 were 0.45 and 0.51 respectively, which are within the typical range-6f@r2ported
for SV-OOA identified frommanyAMS measuremen{®g et al., 201Q)Good correlation was
found between S\OOA1 and particulate nitrate (r = 0.73), indicating their seofatile nature.
Besides, SYOOA1 showedh good correlation witlthe VOC terpene factor (r = 0.71pV-
OOA1 showeddistinct diurnal patterns withigher massconcentrations during nighttime
Therefore SV-OOA1was related tthenighttimeoxidation of terpenes$n contrastSV-OOA2
had less pronounced diurnal variati®@V/-OOA2 showeda good correlation with aromatic
OVOC factor (r = 0.70)Furthermore, we observed that the mass concentrations-GfCA2
increased from 104" August when the air massa&re transported from urban Karlsruhe.

Therefore, SWYOOA2 was likely related to urban emissioRkase ate that we annot attribute
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SV-O0A1 and SVYOOAZ2 to specific anthropogenic and biogenic sources solely based on the
AMS-PMF analysis.

The fourth OA factor was identified as lewolatile oxygenated OA (LMOOA) with higher
O:C ratios of 0.86. The mass spectrum ofQ®A was distinguished by the predominant ions
of m/Z4 (CQ") andm/28 (CO), whichis consistent with previous observations for-O0OA
from AMS measurementsdlg et al., 2010)LV-OOA showed a good correlation with €QR
= 0.96), faircorrelations with @ (r = 0.48 andthe biogenicOVOC factor ¢ = 0.33). This
indicates that LMOOA wasmainly contributed by the photochemical oxidation of BVOCs. As
expected, the diurnal cycle of LBWOA showed a peak #he afternoon (12:0a.4:00) with
higher temperature and Q levels as well as intensive radiatiofhe bivariate polar plot
analysis showed thatgh concentrations of LADOA were observed at the wind sectors of east
and/or southeast, suggesting that it was mainly associated with the oxidation of biogenic

emissions.

The fifth OA factor waslenotechs a marine oxygenated OA (MOOA) with the higl@4st
ratio of 1.00. The time series of MOOA strongly correlated with79 (CHSG:", r = 0.84),
an ion derived from the fragmentation of methanesulfonic acid (MSA) as a marker of marine
source (Crippa et al., 2013a; Huang et al., 201Base on the baetajectory analysisthe
concentrations of MOOA showed significantly increase at dry days when the measurement site
was influenced by the air ma&sfrom the Atlantic Ocean. Crippa et §013a)identified a
MOOA factorin Paris, France in summer 2009, wharggnificant increase of MOOA mass
was also observed for air mas$esm the Atlantic Ocean In this study, MOOA showed a
higher O:C ratio compared to that (0.57) observed in Paris in summer(Q@ppa et al.,
2013a) Furthermore, the diurnal variation of MOOA was relatively flat during the entire
measurema period.The bivariate polar plot analysis also showed that high concentrations of
MOOA were observed at the wind sectors of west with high wind spébdgesults confirm
that MOOA was associated with aged marine emissions from the Atlantic Obésis.in line
with the findingby (Shen et al., 2013hatthe aerosol particles this regionare influenced by

marine emission from th&tlantic Oceanin summer.
3.2.3 Source attribution of semtvolatile OA particles (CHARON)

In this studyasix-factor solution(Fig. 6and Fig. S1)lwas selected as tihest nterpretable
solution for the PMF analysis of OAeasured by the CHARORTR-MS includingtwo factors
that coul dndét be as(B5agchFe)dhetfoar faatorsgssgignebarf bec s ou
definedas cookingrelated OA (COA), SOA related from aromatixidation @gromaticSOA),
15



and SOA related to daytime and nighttime BVOC oxidatioespectively (daytimeand
nighttimeBSOA, cf. Fig. 6). They contributed to 9% + 9%%+ 5%, 126+ 17% and 28% +*
21% of total OA mass measured by the CHARON, and the unassigned factors (F5 and F6)

accounted for 16% + 18% and 26% + 23%, respectively during the entire campaign

465 The first OA factor wascharacterizedwith high fraction of GHg", CieH3302" and
Ci6H3503". C16H3302" and GeH3s03" can be tentatively assigned as lesfmin fatty acidsFor
example,Ci16H330." was tentatively assigned as palmitic acighich isa fatty acid mainly
released from the cooking emissioRalmitic acidcan be used astracer for cookingrelated
OA (ReyesVillegas et al., 2018)Furthermore, the diurnal variation tfis factor showed a

470 peak at lunch timél2:00-14:00) which is in line with the opening hours of the canteen located
300 msouth of the sampling site in the campliserefore, it is reasonable to assign thisdiact
associated with cooking emissions. As expected, the time series oin@lDéorrelated with
Ci16H3302". Note thatwe cannot assign particulateHs* ion to specific organic compounds,
which is likely produced from the fragmentation of oxidized organic compounds at higher mass

475 In this study, the COA factor was not resolved from the unconstrained-RRANIS analysis,
which is likely due to the lack of spdéic marker ions of cooking emissions measured by the
AMS. On other hand, cookinglated oxidized species may be mixed into HOA resolved from
the AMSPMF analysis, which leads to HOA having a high O:C value (0A2@Ylohr et al.,
2012)

480 The second OA factavasdefined as aromatiSOA characterized with high fractions of
Ce-oHyO1-3", which are likely oxidation products of aromatic hydrocarbassndicated by
previous chamber studi€g/ang et al., 2020b; Zaytsev et al., 2Q1Bhe time series of this
factor correlated with oxygenated aromatic hydrocarbon ions e#gOg" (r = 0.86).
Furthermore, we observed an enhancemertrofmaticSOA during 18™-14" August with the

485 influence of urban air mass@sg. 6). Despite the dilution of the boundary layer during the day,
there is little variation in the aromat®OA concentration during the ylaThe transport of
aromaticSOA from urban Karlsruhemight offset the dilution effects of the expanding
boundary layerThe time series of aromat8OA showed a good correlation (r = 0.82) with
SV-O0AZ2 from the AMSPMF analysis (Fig. 7), indicating tha¥ SOOAZ2 can beattributed to

490 the oxidation of aromatic hydrocarbons.

The third OA factor contains high contributions fromssnch as @H1s0*, CioH170™ and
Ci10H1302:3", which can beidentified asweakly oxidized productsof monoterpenesr their
fragmentg(Li et al., 2021; Gkatzelis et al., 2018B)s expected, the time series ofsliactor
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correlated tightly with @H170" (r = 0.91). This factor showed distinct diurnal pattern with high
concentrations during nighttime, suggesting that it was associated with the nighttime chemistry
and thusdefined the asa nighttimeBSOA. Besides, e time series of nighttimBSOA
correlated well witlSV-OOAL1 from the AMSPMF analysis (r = 0.63ig. 7). This confirms

that SV OOA1 wasmainly attributed to the lessxidized organic compounds formed from the

nighttime oxidation of terpenes.

The fourthOA factorshowshigh contributions from ions such agHGzOss", CoH1303.4",
Ci10H13045" and GoHi5045". These ionscan be related to more oxidized products
monoterpene oxidaticand/or their fragments as reported in previous chamber studiésldnd
observationgLi et al., 2021; Gkatzelis et al., 2018bjhe diurnal variation of i factor showed
increased concentrations during daytifieese results suggest that this factor is associated with
SOA formed from the oxidation of biogenic VOCs during daytiamel thus denoted as a
daytimeBSOA. Thetime series of daytimBSOA showed aveakcorrelation with LVOOA
from the AMSPMF analysis (r = 0.40). Note that the CHAR®NR-MS cannot well measure
low-volatility organic compoundswhich may deteriorate the correlation between daytime
BSOA and LMVOOA to some etent

In addition, two othe factors (F5 and F6)were resolvedrom the PMF analysis of
CHARON-measured OA. The mass spectra of both F5 and F6 dominated by th#li@h»'C
Figure S2 shows the time evolution of particulateHzO" at an individual CHARONPTR-

MS alternatingly measament cycle. It can be seen that CHARON showed slow response to
particulate GHsO2" compared to other lownolecular weight ions such a€sH-0* and
C4HoO"). This suggests that particulateHsO," can be associated with legslatile organic
compoundsNote that GHsO;" is attributed to the fragmentation of multigpecies which
cannot be regarded as a source markeManfound that the time series of F6 correlated better
with MOOA resolved fromthe AMS-PMF analysigr = 0.4) compared to that of F5 (r = 0.1).
The time series of F5+F6 showed a better correlation with MOOA (r 5 8i§9SH). The
results suggest that F6 was likely relatethie longrange transported Atlantic aimassesDue

tothe lack of source marker compounds,currentlycannot assigthese two factors to specific

sourcesor formation processesplicitly in this study.
3.3 Impact of air mass originon VOC and OA sources

Figure 8 shows the relativantributiors of VOC factos to total VOCmixing ratiosand
OA factors to total OA mass measured by the AMS for five different air mass clugbéns.
continental air mass clusters C1 and€b®@wed highest fractions of biogestdd/OCs to total
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VOC mixing rdios (40% and 55%), indicating the importance of biogenic VOC oxidation to

OVOC contributionComparatively, lower fraction of bioger@VOCs (30% and 35%) were

observed for longange transported air masses from Atlantic Oceard&@4Furthermore, C4
530 and C5 had high fractions of aggdVOCs in total VOC mixing ratios, suggesting the

importance of longange transpouf air massefor the variations of VOCs. Compartmiother

air mass clusters, we found highest fractions of aror@MOCs in C1, whichreflects

increased anthropogenic emissions friivadowntownKarlsruhe. Besides, high fractions of

traffic VOCs were observed for C2 and C3, which was mainly related to local traffic emissions.

535 All air mass clusters showed high fractions of-D®OA in total OAmass (24%52%),
indicating the importance of photochemical oxidation of biogenic VOCs to SOA formation.
High fractions of MOOA in total OA mass were observed for the Atlantic air masses (C4 and
C5).Please note thtlOOA played an important role for refatly clean periods with low OA
mass. Interestingly, high fractions of SMDA2 in total OA mass were observed for C1, C4

540 and C5 (179%21%) with the air massdsvingpassed over the urban Karlsruhe compared to
those for C2 and C3 (10%%) which passed ovdprestedareas However, the fractions of
SV-O0AL in total OA mass showed no significant changes among different air mass clusters.
In total, high fractions of SOA factors including $Y0A1, SVVOOA2 and LVVOOA were
found from 63% for C5 to 87% for C2, ehmgsizing the important seccmy aerosol

545  contributions over the primary HOA and lerange transported MOOA.

Overall we conclude that local BVOC oxidation can produce-ioalecular weight
biogenicOVOCs and LVYOOA during daytime while leaithg to the formation of SVOOAL
during nighttime. In contrast, the air masses transported from urban Karlsruhe can increase the
role of aromatic OVOCs and SUOAZ2 in the variations d¥OCs and OA.

550 3.4 Contribution of semtvolatile organic compoundsto nighttime particle growth

Figure 9 shows the diurnal variations of geometric mean particle diamiesdfic VOC

and terpene factors, atmospheric oxidants, mass concentrations and frac8nS@OOA1

andSV-OOAZ2 during the periods inflenced by five different air mass clusters. The geometric

mean particle diameter showed evidently increases during nighttime {@®00 next day)
555 especially for the air mass clusters ofC3. Simultaneously, the diurnal variations of OA mass

also exhibied significantly increases during nighttime of air mass clustesf€&JAmong the

OA components, both S@OA1 and SYOOA2 mass showed fast increases during nighttime

correspondingly. Note that the mass increase of OAO®AL1 and SYOOAZ2 could be related

to nighttime chemistry and the shring of the boundary layer. No significant differences of
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diurnal patterns of boundary layer height were found among different air mass clusters except
for C5 with slightly high boundary laydreightduring nighttime(Fig. S15). Furthermore, we
calculated the diurnal variations for the mass fractions e6O®A1 and SYOOAZ2 in total OA

mass to normalize the impact of meteorologle mass fraction of S®@OA1L showedstill
significant increaseduring nighttime from 10% td0% for C:C3 and 10% to 25% for C&5.

In contrast, the mass fraction of $YOA2 showed less pronounced diurnal variations for all
air mass clusters. This indicates that the formation ofC®A1 dominated the nighttime
particle growth and high OA masshat than SWYOOA2. Furthermore, high concentrations of
terpenes were observed along with the decreasediring nighttimesupportinghe formation

of SV-OOAL. Although the traffic VOC factor mainly containing aromatic hydrocarbons also
showed higher concentrations during nighttime, these species have lower reactivity toyards O
compared to terpendgstkinson, 2000) Therefore, we exclude the possibility of nighttime

oxidation of aromatic hydrocarbsteading tothe enhancement &V-OOA1 formation.

In addition to @, terpenes can react with nitrate radicals g\Ndring nighttime, rsulting
in the formation of organic nitrate. In this study, we calculated the total organic nitrate from the
AMS measuremer{Farmer et al., 2010; KiendkScharr et al., 2016; Xu et al., 205ge details
in TextS3). We also calculated the productioreraf NG; radicals (Ro, = KINO2][Og], k = 3.5

x 1017 cm® moleculed st at 298 K IUPAC) by using themeasureatoncentrations of ©and

NO: (Huang et al., 2019)Thediurnal variations ofPno, showed significantncreasesafter

20:00 in all air mass clusters especially for C2 and C3 with the forest air masses.
Simultaneouslythe mass concentrations of organic nitrate showed rapid increases over the
nighttime. Furthermore, the mass fraction of organic nitrate in OA showed significant increase
during nighttime for all air mass clusters. Given the high concentrations of momee rqed
sesquiterpenes during nighttime, agsumehat the organic nitrate ag mainly formed from

the oxidation of biogenic VOCs by NQ@adicals. Furthermore, we found that organic nitrate
showed better correlations with particulate organic nitrate migle€oH1s07N (r = 0.46) and
C15H2307N (r = 0.55) compared tos8707N (r = 0.22) measured by the FIGAEROMS (Fig.

S16). According to chamber studies and field observationg{7@:N, CioHis07/N and
C15H2307N can be attributed to organic nitrggeoductsformed from isoprene, monoterpenes
and sesquiterpeng®spectivelyHuang et al., 2019; Chen et al., 2020; Faxon et al., 2018; Wu
et al., 2021; Gao et al., 202Based on above results, we can conclude that organic nitate w
mainly contribute by theNOs radicatinduced oxidation of monoterpenes and sesquiterpenes.

The concentrations of steady stated¥&licals weralsoroughly estimated in supplement Text
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S3.We observed rapid decreases of stestdye NQradicals during early nighttime, and stayed
at low concentrations at night, which was mainly due to the sink of terpene oxidation.

595 Finally, we present two cassiowingthe nighttime particle growth withncreased OA
masgFig. 10). Please note that this is actualphanomenon observed regularhthis area in
summer(Huang et al., 208). The first case (Case 1) was from®213¢ July 2021 with the
influence of forest air masseshile the second or€ase 2) was from 830" July 2021with
impact of longrange transported Atlantic air mass#éscan be clearly seethatthe particle

600 growthduring nighttimestartedirom 20:00local timewith linear increases of geometrieean
particle size reacling maximum values at 04:006:00 next day in both caséde calculated
the particle growth rate by averaging the geometric mean particle diameter diffé@nce
20:00 to 04:0@n thenext day The particle growth rasdor two nightsof Case Wwere 3.9 and
4.0nm hr? respectivelywhichwereclose to thos€s.3+ 3.1 nm hr') observed at the same area

605 in summer 201Gnd 2018(Huang et al., 2019and lower than the nighttime growth rates
observed at Landes forest (4.6.7 nm htt) (Kammer et al., 2018 About a factor of twodwer
particle growth rates were found for two nights of Case 2 with 1.8 and 1.5hnespectively.

In the same way, we calculated the mass increase rate-&fC8\l and organic nitrate by
averaging the mass differencerrespondinly. Consequently, the mass increasesrafeSV-

610 OOA1 were0.36 and 0.53ig n hr? for two nights of Case 1, higher than 0.05 and @ud1
m= hr! for two nights of Case 2The mass increase rates of organic nitrate vedse
significantly higher duringwo nights of Case 1 (0.13 and 04§ m* hr?) than those during
the nights of Case (04 and 0.06ug m hr). The difference of particle growtind mass
increaseates between Case 1 and Case 2 could be associated with the concentrations of VOC

615 precusors and/onighttimeoxidants(Os andNOs radicalg. Note that the mass concentrations
of organic nitrate showtrongcorrelatiors with C10H1507N and GsH2307N especially during
nighttime (Fig. 10) indicating that organic nitratewere formed from the oxidation of
monoterpenes and sesquiterpenes by fd@icals This is in line with our previous study that
highly functionalized organic nitrates can contribute to nighttime particle growth and OA mass

620 observed athe same areia sunmer 2016and 2018Huang et al., 2019)n this study, fgher
concentrations of terpenes were observed during nighttime of both basestrast, during
nonparticle growth events duringghttime, low concentrations of terpen&y/-O0OA1 were
observed generally (Figl7). Besides high concentrations of terpertbe decrease rate o O
was stronger durintpe nighttime particle growth periods@ase 1+4.6 and-5.0 ppb hr) than

625 in Case X-2.1 and-2.9 ppb ht). The results suggest the importance of atmospheric oxidants

(Ozand NQradicals) for nighttime SOA and organic nitrate formation and thus particle growth.
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The formation of @ and NQ radicals are tightly associatavith NO,, thus the reduction of
NOx and Q would be helpful to lower the nighttimeiogenic SOA formationincluding
potentially toxiologically relevanbrganic nitrateg¢lLei etal., 2023)for improving regional air
quality.

4 Conclusions

In this study, the composition, sources and evolution processes of VOCs and OA were
concurrently investigated by the combination of online mass spectrometry and PMF analysis in
a ruralforested area in southwest Germany in summer. OA measured by the AMS is the most
abundant particulate component, contributing to 67% + 11% of totak/slss. Servolatile
OA measured by the CHARORTR-MS accounted fo62% + 18% of AMS-measured OA
The RMF analysis of VOCs revealed that OVOCs including biog@WOCs, aromatic
OVOCs and age®VOC:s totally contributed to 77% + 20% of total VOC mixing ratios. AMS
measured OA particle mass was mainly contributedhleyoxygenated organic compounds
includingSV-O0A1, SVMO0A2, LV-OOA and MOOA according to tHeMF analysisPlease
note, that the relatiwe large contribution of the marine factor (MOOA) with%32 16% is not
unexpected in central Europe since we detected substantial contributions of seasaliraero
a previous study at a location 2 km west (Shen et al., 20hége SOA factorencluding an
aromaticSOA, a daytimebiogenic SOA, a nighttimbiogenic SOAdeterminedfrom the
CHARON-PMF analysis, totally accounted for 50% * 20% of total CHAR®@&hsired OA
mass. We conclude substantial contribugiohoxygenated organic compounds in both gas and
particle phasevleanwhile weillustratedthat the oxidation obiogenic terpene®rmed more
oxidized VOCs and LMOOA during daytime, while produced lessidized VOCs and SV
OOA during nighttimeCombined with & mass backrajectory analysiswe found thatirban
air massesignificantlyenhanced thanthropogenicontributiongo OVOCs,and SOArelated
to aromatic hydrocarbon oxidatiodditionally, particle growth events were frequently
observed at this area during early nighttime, similar to recently reported obsesvatiner
European forest areas in sumri€ammer et al., 2018; Debevec et al., 20¥8¢ revealed that
nighttime particle growth as mainly attributed by therapid massncreaseof semitvolatile
organic compoundsand organic nitrate from the oxidation of monoterpenes and
sesquiterpenes. Th&udy elucidates the relative importance of biogenic and anthropogenic
emissions by the combination of PM#adysis of VOCs and OMnass spectral dates well as

meteorological conditionsn future,the comparisorbetweerthe PMF analysisf CHARON-
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PTR-MS andconcurrenFIGAERO-CIMS measuremerghouldbe done t@rovidethedetailed
oxidation pathways 0¥ OCs leading to SOAormation.
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Figure 5. Source apportionment of OA measured by the AMS. (a) Mass spectra of OA factors:
hydrocarbordike OA (HOA), two semivolatile oxygenated OA (S\DOA1 and SYOOA?2),
low-volatility oxygenated OA (LWVOOA) and marine oxygenated OA (MOOA); (b) time series

of OA factors and external tracer species (BC, pinonaldehyde and cresol measured by the PTR
MS, CQ" and CHSO" measured by the AMS); (c) median diurnal variations of OA factors

and PBL height; and (d) mass fraction of OA factors in total OA mass.
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