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Abstract. Single particle mass spectrometry (SPNtSa widely usedtool to determinechemical composition and mixing
state of aerosol particles in the atmosphBrgring asix-weekfield campaignn summer 201t a rural sitén the upper
Rhine valley neaKarlsruhecity in southwest Germany, -Bx 1 singleparticles were analysed lajlaser ablation aerosol
particle timeof-flight mass spectrometer (LAAPTOF). Combining fuzzy classification, marker pagdisal peakratios,
and laboratonpbased reference spectra, seven major particle claggesdentified With the preciseparticle identification
andwell characterized laboratoerivedoverall detection efficiencyODE) for this instrumentparticle similarity can be
transferred intacorrectednumberand masdractionswithout a needof a reference instrumeint the field Consideringthe
entire measurement periodiAged homassburning and eil dust like particled dominatel the particle humber(45.0%
number fractiohand mass31.8 mass fraction)iiSodium saltdike particle® werethe secad lowestin number(3.4%),
but the second dominatingjassin terms of particle mas0.1%). This difference demonstrates the crucial role of particle
number counts correction fonassguantificationusingSPMS dataUsing correctiors for size and chemicallyesolvedODE,
the total mass of thparticles measured by LAAPTOF accounts2o8 % d8 the total massmeasured byn aerosol mass
spectrometefAMS) depending on the measurement periofilsese twomass spectrometers showgaod correlation
(correlation coefficiengy> 0.6) regardingtotal masdor more tharB5% of the measurement timimdicatingnon-refractory
species measured by AM@ay originate from particles consisting of internally mixed mefractory and refractory
components.n addition, specific relationships of LAAPTOF ion intefestand AMS mass concentratiorfor non
refractory compoundsvere found for specific measuremenperiods especially for the fraction obrg/(org+nitrate)
Furthermoreour approach allowassigningthe nonrefractorycompoundsmeasured by AMS to different particle classes
Overall AMS-nitrate was mainly arising fronsodium salts like particlesvhile aged biomass burningarticles were

dominant during eveatvith highorganic aerosol particleoncentrations

1 Introduction

Life times ofambient aerosol particles range from hoursdweral daysexcept for newly formed particlés3 to 5nm),
which havea lifetime in the orderof secondgP&schl, 2005)The atmospheri@volution of aerosol particles can alter their
internal and externahixing state, as well as their chemical and physipabpertieson timescales of several hopesg. they

can acquire coatings afecondary inorganice(g. sulfates, nitrates and ammonium) and secondary organic compounds

(Fuzzi et al., 2015)Hence, mosaerosol particlesire relatively complex mixturs, not easyto distinguish ando traceto
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their primary source anoll secondary formatiopathway. Single particle mass spectromye(SPMS) haghe capability of
measuringnostcomponent®f the particles in real time, thushiais beem widely used technique to investigate mixing state
and aging of aerosol particlésr manyyears(Murphy, 2007; Noble and Prather, 2000; Pratt and Prather, 28b%)ever,
there are still challenging issues related to large amounts of SPMS data analysis

Particletype identification i.e, the assignmenbf every detected particle to onet of a set of particlaypes which are
either predefined or deduced from the experimental dat@erhapsone of the most criticalissues Different data
classification methods, e.g., fuzzynkeans clustering algorithm, fuzzyneeans (modification of-kneaxs), ART-2a neural
network, hierarchical clustering algorithmesnd machine learning algorithmare applied to reduce the complexity and
highlight the core information of mass spectrometric data (Reital., 2016 Christopoulos et al., 2018). Reitzat (2016)
reviewed commonly used data classification methods in SPMS studies and pointed out the advantage of theefurzy c
clustering approach, which allows individual particle to belong to different particle classes according to spectralesimilarit
Onerecent classification approach applied machine learning algorithms and successfully distinguished SOA, mineral and
soil dust, as well as biological aerosols based on a known a priori dé&Ghsgstopoulos et al., 2018 this study we used
the fuzzy c-means clustering approach which is embedded in the data analysis Igor software for our laser ablation aerosol
particle timeof-flight mass spectrometer (LAAPTOF, AeroMegt GmbiBased on the data classification, averaged or
representative mass spectralferent particle classes can be obtained.

Dueto therelativdy complexlaser desorption aridnization(LDI) mechanismancluding chargeandprotontransfer, as
well asion-molecule reactionghatmay occur in the plume with many collisiofidurphy, 2007;Reilly et al., 2000; Reinard
and Johnston, 2008; Zenobi and Knochenmuss, 188&)emass spectroscopic signatyreals do not necessarily reflect
the primary composition of the particleSallavardin et al. (2008)iseda pair of peak area ratios, such as(@&a" vs
CaO/Ca" and SiO'SIO; vs SiIG/SiOy to differentiate calcium/silicon containing mineral dudbrmalized histograms of
PGO; /POy and CN/ICNO ratios were usetb identify primary biological aerosol particlédawadowicz et al., 2017)Setting
thresholds for marker peak signals can also help to classify and further identify specific p@ttilthes et al., 2017)Lu et
al. (2018)used natural silicon isotopic signatures to study the sources of airborne fine particulate mattgr ihidh
shows how usefuisotopic signaturesan be forparticle identification.A combination of peak area and peak shift ratio,
based on subtle changes in ion arrival times in the mass spectrometer, was introdMzdden et al. (2018pr the
differentiation of mineral phases in silicates. Ternab-composition systens, such as (Al+Sif) K* Na" and Ci
(CN+CNO) SOy, were used to identifynineralogyand internal mixing state of ambient partic{d&arsden et al., 2019)n
our previous studyShen et al., 2018)aboratorybased reference spectra were suggested to be a useful tool for particle
identification. These methods guide the way for improving the techniques to idgugtiticle type and further identify
individual aerosol particles.

An even nore challenging issue ithe quantitative analysisf individual particle6 ma s shemical domposition,
which cannot be directly provided by SPMS measuremémtsausdaserablationonly allows ana priori unknown fraction
(neutral speciespf the single particle to be vaporizefllesorbedand thenionized (Murphy, 2007; Reinard and Johnston,
2008) In addition,matrix effecs may obscure the particle compositi@emayel et al., 2017; Gross et abD0R; Hatch et al.,
2014) Our previous laboratorgPMSstudy also verified the difficulty of particle quantificatiolue to incomplete ionization,
which could notbe improvedsignificantly by replacing the originally used nanosecond excimer laser wiiméosecond
laserwith higher laser power density astiorter laser pulskength (Ramisetty et al., 2018)n the last two decades, great
effort has been put into solving such quantification issues by using specific scaling or normalization mMdtods.al.
(2006)developed an explicit scaling method to quantify SPMS data, based on comparisonlaithted more quantitative
particle measurement. This approach has beédaly used to obtain continuous aerosol mass concentrations as a function of
particle sizgAllen et al., 2006; Bein et al., 2006; Fergenson et al., 280d)has been improved by a hit rate corredi(@im

et al., 2006; Wenzel et al., 2003Recently,compositiondependent denyi corrections were applied tsuch scaling
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approaches to obtain chemicaflgsolved mass concentratioidunsch et al., 2018; May et al., 2018; Qin et al., 2006; Qin et
al., 2012) In these studieshé scaled SPMS data showed good agreement with the results from reference insteugents
micro-orifice uniform deposition impactors (MOUDI), scanning mobility particle sizer (SMPS), aerodynamic particle sizer
(APS), and other indgendent quantitative aerosol particle measurements, e.g., by -seb@htion timeof-flight aerosol
mass spectrometer (HROFFAMS). With respect to particulate chemical compour@syss et al. (2000)eported relative
sensitivity factors (RSF) for ammonium and alkaktal cations in a single particle mass spectrometer to corresponding bulk
concentrations and accurately determined the relative amounts*odridaK’ in seasalt particles.Jeong et al. (2011)
developed a method to quantimbientparticulate species from scaled single particle analydésaly et al. (2013)
guantitatively determined the mass contribution of different carbonaceous particle classes to total mass and estimated th
mass fractions of different chemical species, gelphate, nitrate, ammonium, OC, EC, and potassiatarminedor each
particle class, by using RSF. The resulting SPdé8ved mass concentrationstbése particulatspeciesverecomparable
with the reference bulk dat&imilar methodologies have been used in other SPMS studies (Gemayel et al., 2017; Zhou et al.,
2016).1t should be noted that the§ield-basedscaling approaches (fielohsedoverall detection efficiency, ODE) rely on
the availability of a reference instrument and their corrections are mainly class independent.

Many previous studies haatsocomparedsingleparticle classes arullk speciegDall'Osto et al., 2016; Dall'Osto et al.,
2012; Dall'Osto and Harrison, 2012; Dall'Osto et al., 2009; Dall'Osto et al., R@t8sari et al., 2014; Decesari et al., 2011;
Drewnick et al., 2008; Gunsch et al., 2018; Pratt et al., 2010; Pratt et al., 2011; Pratt and Prathe§o®td Zfudies
compared ion intensities from singfearticle data (Bhave et al., 2002y specific ion ratios such asnitratésulfate
(Middlebrook et al., 2003), OC/EC g8ncer and Prather, 2006), and EC/(EC}OFerge et al., 2006)
carbonaceous/(carbonaceous+sulf@@)rphy et al., 2006\vith the other bulk datddatch et al. (2014)sed m/z 3&s" as a
pseudeinternal standard to normalize the secondary inorganic and organic peak avegemin richparticles, resultingin
goodcorrelationwith the independent AM&easurementsSimilarly, Ahern et al. (2016)sed the peak area ratio of organic
matter marker at m/z 28 C@o EC markers (&s') to account for laser shtd-shot variability, and demonstrated a linear
relationship between normalized organic intensity and secondary organic aerosol (SOA) coating thickness on soot particles
A normalized or relative peak areas (RPAs) method wagested byHatch et al. (2014}o account for sheto-shot
variability of laser intensitiesAlthough the LDI matrix effects cannot mmpletely overcome by the aforementioned
method,someexamples fogoodcomparisos between single particle and bulk measuremest® shown

In this studywe aim to quantify mass contributions of different particle classes based on single particle measurements
only by employing overall detection efficiencies determined in systematic laboratory studies. As a t@stlhtastaerosol
particleswere analyseth summer 2016t a rural site in the upper Rhine vallefyGermanyusingandLAAPTOF and HR
ToR-AMS. Sevenmajor particle classewereidentified by a fuzzy emeans analysiamonga total of~3.7 x 16 measured
single particles Based on laboratory determined size dependent overall detection effici@fies) of LAAPTOF for
different reference particle typesass contributiongor individual aerosolparticlescould be estimatedAerosol particle
mass concentrations determined independentlyAAPTOF and AMSarecomparedand potentially useful relationships of

specific ion intensity ratios of LAAPTOF and AMS are discussed

2 Methods

2.1 Measurement location and instrumentation

The measurements were mads part of the TRAMO1 campaigxt arural sitein the upper Rhine vallefrom July 13" to
September 3, 2016 next to the tram |line north 40 tMBdA2uBlR6add
This location is about 12 km north tfe city of Karlsruhewith 300 000 inhabitants and significant industry includiag

power plant and refinggs (Hagemann et al., 2014)mbient particles were sampléar mass spectroscopic analysigh a
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flow rate of 1 n h''through a PMs inlet (SH 2.5- 16, ComdeDerenda GmbH) and vertical stainless steel tubemtal
suspended particulat¢ESP) inlet (ComdeDerenda GmbHyvas used for instrumenter particle physical characterisation.
Trace gases were sampled &a8 mm PFA sampling tube. All sampling inlets were positionedidbove a measurement
containerand3.7 m above ground levelo sudy the nature and to identify possible sources of the particles in this area, their
number, size, chemical compositiand associated trace gases well agneteorological conditions were measuresing
the following instruments: @hdensation particleounters CPC3022A, CPC3772, THic.), optical particle counter (FIDAS
PALAS GmbH), aethalometer AE33-7, Magee Scientifif; ozone monitor (O341M, Environment SA), SOmonitor
(AF22M Environment SA), N@ monitor (AS32M, Environment SA),CO, monitor (NGA20®, Rosemont Ing, and
meteorology sensors (WS700 & WS300, Lufft GmbRjom July 28 to August 3%, the following mass spectrometers
were in operationeg., a high resolution timeof-flight aerosol mass spectrometéfR-ToFAMS, Aerodyne Inc.) anda
laser ablation aerosol particle timaf-flight mass spectrometeiLAAPTOF, AeroMegt GmbH) providing real time
information on size and mass spectral patterns for bulk samples and individual particles, respectively

The HRToFRAMS yields quantitative information (mass concentration) on size resopadicle bulk chemical
compositionwith high time resolution and high sensitivifipeCarlo et al., 2006)Briefly, aerosas are sampled with a
flowrate of ~84cm?® min? via an aerodynamic lensvhich focusesparticles with sizes of 70 to 2500 nm (vacuum
aerodynamic diameter,4)l into a harrow beanirhe particle bearpasseshrougha sizing chamber wherthe particleésize
is determined. Afterwardgarticles encounter a 600 °C heatfsait vaporisesthe nonrefractory speciesThe vapous are
ionized by electronimpact glectron energy70 eV) The generatedositive ionsare analysedby a time-of-flight mass
spectrometerParticles canbounceoff the heatdwaporizer, leadingo an underestimation ohmbientmass concentratian
measuredy AMS. Collection efficiencies (CE) are used to correct for (QiE, the product of net particle transmission and
detection efficiency(Canagaratna et al., 200T) is important to ote thatthe CE can vary depending ocomposiion and
phase of the particlg8ahreini et al., 2005)n this study, we applied CE valueof 0.5. This isin agreemenwith previous
studies(Canagaratna et al., 2007; Middlebroekal., 2012)and close to acomposition dependent CE calculated for this
measurement campaign blyiang et al. (2019)

The LAAPTOF is a&commercially availabl&PMSandhasbeendescribecelsewherdAhern et al., 2016; Gemayel et al.,
2016; Marsden et al., 2016; Ramisetty et al., 2018; Re#k,e2016; Shen et al., 2018; Wonaschuetz et al., 201 Byief,
aerosolsaresampledwith a flowrate of ~8G&m® min? via an aerodynamic lengocusing and accelerating particiasa size
range betweed0 nm and2500 nm ¢b. Afterwards, they pass through the detection chamitertwo diodelaser beam§
= 405 nm) Particlessmallerthan200 nm andarger than2 nm are difficult to detectdue to weak light scatteringy the
smaller particlesand due to alarger particle beam divergender the larger particlesOncea single particle isdetected
successivelypy both of the detectiorasers its aerodynamicizeis determined andecordedbased on its timef flight, and
an excimer lasepulse(l =193 nm)is fired for aone step desorption/ionizatiarf the refractory and nomefractoryspecies
of the particle The resulting cations and aniocsi® analysedy a bipolartime-of-flight mass spectrometeesulting it mass
spectrawith unit mass resolutionThus, for each individual particles size anda pair of positive and negativeass spectra

are measured

2.2Single particle identification and quantification methods for LAAPTOF data

The generatiata analysis procedures for partisfgectrbhand sizeinformationwere describe in full detail in our previous
study (Shen et al., 2018)n brief, spectraldata isclassified bya fuzzy c-means clustering algorithm embeddedthe
LAAPTOF Data Analysis Igosoftware (Version 1.0.2, AeroMegt GmbH) to find the major particle clagdeswards,we
can obtain particle class resolved sizis) distribution and the representative spectra, whighi be correlated with

laboratorybasedreference spectra. The régwg correlations together with marker peaks (characteristic peaks arising from



10

15

20

25

30

35

40

the corresponding speciesd some typical peak ratios (e.g., isotopic ratio of potassimen)sed to identify thearticle
classesHere,we extendthis approacho quantify particle class mass contributions usingrgeambientsampleas test case

Thefuzzy c-meanslusteringapproacthas the advantage of allowing part&te belongto multiple classebased orhe
similarity of the mass spect(®eitz et al., 2016)namely attributing one spectrufparticle)to multiple clustergparticle
classes)The similarity metricis Euclidian distancéetween thespectraldata vectors and a clustegntre(Hinz et al., 1999;
Reitz et al, 2016) In our study, fuzzyclusteringderivedfractionfor eachparticle classis the degree osimilarity between
aerosol particles in one particular clasgher thara number percentag€hus, we can obtain similarity information for the
whole data set rather than a single partfElmz et al., 1999; Reitz et al., 201&ne drawback is that the indiwal particles
are not directly assigned to individual particle classes, which hind#éreaclassdependentjuantificationof particle mass
In order to quantify particlenas, wefirst need toassign a particle class to evemgividual particle whichis achievel by
correlating the individual bipolar mass spectra witle representativéuzzy classspectrausingPear sonés cor |
coefficient(g). Snce the positive LAAPTOF spectra are more characteristic than the negative (& et al., 2018}the
threshold valudor the positive spectra correlatiovassetto g,s2 0.6, whilefor the negative spectigeqg Wwas tunedwith
valuesrangingfrom 0.3 to 0.8 ¢f. Table S1) Individual particles are assigned to the class for whtod corresponding
correlation coefficientfor both spectra exceale threshold valuedll correspondingcorrelation coefficientsghosand gheg
are listed in Table SThis way we canobtaintime series of particle countehichhavegood > 0.6)/strong correlatiorg¢
0.8) with the fuzzy results The corresponding correlation coefficients atsolisted in Table S1 antypical examples are
shown inFig. S1 With this method, we were able to successfully clas@®f6 of the measured particle®nce the class
information for individual particles has bedaterminedwe are able t@alculatesingle particle geometricsize,volume and
massas described in the following

For simplicity, we assume the particles are spherical withape facto( coj 1, thusparticle geometricdiameter (g),

volume (V) and mass () can be obtained frote followingequatiors:

dv ay
dp =dm= ;/EIAEJO ¢ B o 1, ¢(DeCarlo et al., 2004) Q)
Vo=2T"T4° )
My =VpT yg ®)

where ¢, is the electrical mobility diameter,dis the vacuum aerodynamic diameteeasured by LAAPTOF is the
standard density (1g c# |, is the particle densifyandy  (is the effective densityt should be noted that in some previous
studies, the particle shapes were also assumed as spherical and uniform particle clengitiggrom~1.2 to 1.9 g crd
were applied for total aerosol particle mass quantificgddien et al., 2006; Allen et al., 2000; Ault et al., 2009; Gemayel et
al., 2017; Healy et al., 2013; Healy et al., 2012; Jeong et all,; 2U&nzel et al., 2003; Zhou et al., 2018) our study, we
have determinedn average density of 1.5 + 0.3 g €rfor all ambient particles, based @comparison between,g
measured by AMS andndmeasured by SMPS. However, the denfity different types of ambient particles varies,
especially for fresh one®in et al., 2006) Particle densities varied during the campaign (Fig. S2) and the repregentativ
mass spectra of different particle classes indicate chemluoaogeneityIn order to reduce the uncertainty induced by the
assumption of a uniform density, we assigned specific effective der{siéigged from ¢i/dy) from literature data to each
particle class. A density of 2.2 g érwas used for calcium nitrate rich particl@elenyuk et al., 200511..25 g cr¥ for aged
soot rich inECOGsulfate (Moffet et al., 2008b; Spencer et al., 2007).1 g cn¥ for sodium salt{Moffet et al., 2008b;
Zelenyuk et al., 2005)1.7 g cn for secondary inorganic rich particl€gelenyuk et al., 2005; Zelenyuk et al., 20080 ¢
cnt? for aged biomass burning particlddoffet et al.,2008b) 2.6 g cn¥ for dust like particle§Bergametti and Forét, 2014;
Hill et al., 2016) These densities were used for the individual particles of eadls @lithoutsize dependence. Similar
chemicallyresolved densities haadsobeen used in some previous studi@snsch et al., 2018; May et al., 2018; Qin et al.,
2006; Qin et al., 2012)
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Furthermore, the single particle identification allofes correcing the partick number counts by using the overall
detection efficienc{ODE), which dependstronglyon particle size and typ@llen et al., 2000; Dall'Osto et al., 2006; Qin
et al., 2006; Shen et al., 2018) a previouspublication we defined ODEas the number of bipolar mass spectra obtained
from the total number of particles in the sampled adascribed how to generate the laboratdeyived ODEand discussed
the factors influencing ODE in detdiBhen et al., 20180ur ODE accounts for both physical and chemical factors (e.g.,
particle size and types shown in Fig. 1). However, we didda@rminerelative sensitivity factors for individual chemical
compoundsAs shown in Fig. 1, we have determined ODEs for several particle types, from particles consisting of pure
compounds to the more realistic ones including major ambient partiéleSig. 1). For simplicity and in order to account
for different types of ambient particles, vaweragedhe ODEdetermined for ammonium nitrate, sodium chloride, PSL
particles, and some other particles, e.g., agricultural soil dust, sea salt, organic acids, as well as secondary a@anic aero
particles measured in the lab. The mean ODE with uncertainties ast®riuot particle sizgdn) are shown in Fig. 1.
However, sing a mean ODE wilbbviously lead to some bias. For example, if we apply ODE mean values to all the
ambient particles, the number of ammonium nitrate rich particles will be overestimated duigh#r ODE of ammonium
nitrate, while the ammonium sulfate rich, sea salt particles, and some organic rich particles will be undereEkieratece,
we usedreference particle ODE valuég estimate the size dependent ODE values for the particleesladserved in the
field as follows. ODE values for ammonium nitrate and sodium chloride were used to fit ODE curves for secondary
inorganic rich and sodium salt like particles, respectively. The mean ODE values from all reference particles was used for
the class of aged soot particles since it showed best agreement with the reference soot particles (dfoFithel3ame
reason, te minimum ODE curve from all reference particles was used for all dust like particle Hatsmdd be noted that,
dustlike particles were often mixed with other species such as organics (e.g. biomass-boifrpagticles; cf. section 3.1),
and that they likely have dusbre shell structures (Goschnick et al., 1994). We assume that their detection is dominated by
the dust core as it significantly influences the light scattering (size) and the particle beam divergence (shape)

The chemicallyresolved ODE could also bring some bias due to complex particle nfadridnstance, if ammonium
sulfate is internally mixed with ammonium nitrate, LAAPTOF can detect both of them with good efficiency. This has been
verified in our laboratory and the matrix effect has been discussed in our previous study (Shen et ahs 2008)n in Fig.
1, ODEs for ammonium nitrate are at a higher level, while ODEs for sodium chloride are relatively low. This could lead to
an underestimation and overestimation of secondary inorganic rich and sodium salts particles, respectively. ODEs from
reference particles with low detection efficiency were applied to dust like particles. This may lead to an overestimation of
their concentration if they are mixed with better detectable species. Mean ODEs values were applied to soot particles whict
may lead to an overestimation if they were e.g. coated. This is because evahswhing species e.g., organics can refract
light towards the absorbing black carbon core, increasing light abso(piderman and Toon, 1981%ince most of the
particle classes consist of mixtures tbe poorly detectable types with better detectable types this seems to partially
compensate for the limitation of LAAPTOF to detected certain particle types as evident by comparison with the AMS mass
concentrations (cf. section 3.2).

As shown Fig. 1, weletermined ODE values for mobility equivalent particle sizg$ (dnging from 300 nm to ftm.
The ODE decreases significantly for larger particles, because of increasing particle beam divergence. We assume ODEs fc
supermicron particles to follow thdecreasing trend illustrated in Fig. 1. Please note that LAAPTOF cannot measure
particles larger than aof 2.5 um, which corresponds to a df 1.0 to 1.5 um assuming effective particle densities of 1.7
to 2.6 g crr¥ for different ambient particle class, respectively. Hence, a large fraction of the ambient particles measured by
LAAPTOF could be numbetorrected by using our laboratedgrived ODEs.

The equations for correction and calculatidnmass concentration are as follows:

Cout s&c@QPE 4)
ma s r &Gt Qe EMy e d (5)
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mass concentration = Tot al mass/ (sample flowrateg6)l ti me
whereO D E, is the meanODE that depends onndA T OT OO andi AOO  are the corrected particle number
counts and masa eachtime point the sampleflowrate is~80 cnt® min. UsingEq. (4) to (6)we cancalculatethe corrected
number and mass fractians

The aforementionecassumption@nd the related uncertaintias particle massare summarised as follow$) ambient
particlesare sphericavithas h a p e f.dowewenseveral Ambient particle types are rsmierical with ashape factor

G not equaf, F1102126(Wang & al, 2010anda, HNG = 0.8 (Williams et al., 2013) This can cause

uncertainties of 26% and 20% for the particle diameter and 100% and 50% for the particle mass of sodium chloride like anc
ammonium nitrate like particles, respectively. For soot like partitheshape caused uncertainty could be daeger, due

to their aggregate structureSuch an uncertainty is difficult to reduce, since wendohave particle shape information for
individual particlesHowever, using effective densities may at least partially compensate some of the particle shape related
uncetainties.2) Particlesin the same class have the same densitych is likely to vary and lead to an uncertainty hard to
estimate 3) The variability ofthe ODE values ¢f. Fig. 1) depends on particle size and type. It reaches values ranging from
+100% for 200 nm particles to ¥70% for 800 nm size particles.

Hence, he overall uncertainty in particle maascording to the assumptioiss~300% with the ODE caused uncertainty
beingdominant.This is because: lhe aforementionegarticle matrixeffectsmay causehigheror lower ODEs than their
surrogategienerated in th&@aboratory In addition the more complexmorphologyandvariousoptical propertiesof ambient
particlescanhavea strong impact ortheir ODE (Shen et al., 2018p) instrumental aspects such as alignment and variance
in particlelaser interaction lead to uncertainty in ODE. They are included in the uncertainties given in Fig. 1 for which
repeated measurements after various alignments were used. The fluctuatiotisleflaser interactions can be reduced by
using a homogeneous laser desorption and ionization Ba&mzel and Prather, 2004) delayed ion extractiofLi et al.,

2018; Vera et al., 2005; Wiley and Mclaren, 199%)te that we used the same sizing laser and desorption/ionization laser
pulse energy (4 mJ) in the field as those used for generating ODE, and aligned the instrument in the field with the similar
procedues as we did in the lab. During our field measurements we did calibrations of the LAAPTOF with PSL particles of
400, 500, 700, and 800 nmydesulting in ODE values with no significant difference compared to the ODE values
determined in the laboratory. Ehfinding reflects the good stability of the LAAPTOF performance in the temperature
controlled container. Actually, once the LAAPTOF adjustments were optimized after transport no further adjustments were
necessary during the 6 weeks of the campaign. Meredvis important to note that the ODE curve applied herein should

not be extrapolated to other LAAPTOF or SPMS instruments without a standard check against e.g. PSLIpastidego

evaluate our quantification approach, we will compiieparticle massestimated based on single particle measurements
with AMS total mass in section 3.2.

Noteworthy that the major difference between our quantification method and previous SPMS studiesuisQIdE is
based on elaborate laboratory work, whileevious studies typically usedield-based scaling approaches (fieldrived
ODE).

3 Results and Discussion
3.1 Identification of particle classesand the internal mixing

During the sixweekmeasurement campaigwe obtained-3.7 x 1 bipolar LAAPTOF spectrafor single particlesSeven
major particle classeserefound using fuzzyc-meansclassification The corresponding representative spewfth marker
peaks assignment are shownFhig. 2 Consideringsome weak but characteristic peaks, we show the spesiffa a
logarithnic scale The linealy scaledspectra(cf. Fig. S3) are provided for comparisoim the supporting information

Furthermore,Fig. 3 shows the size resolved number fraction thoe seven particle classes measured during the field
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campaign TRAMO1, based on fuzzy classification according to fuzmgans clustering algorithm as well as the overall size
distribution for all particles measured by LAAPTOF during the campa&mmaturesfor organic andsecondary inorganic
compoundscan beobservedin each classi.e., for organicsm/z 24 G, 25 GH', 26 GH,/CN-, and 42 GH,O/CNO, for
sulfate32 S, 64 S0y, 80S0Os, 81HSOs, 97HSOy, 177 SQHSOy and 195 HSGH.SCOy, for nitrate 30 NO, 46 NG, and

62 NOgz, andfor ammonium 18 Nk and 30 NO. Similar species were previously identifieff-line in the sameregion
(Faude and Goschnick, 1997; Goschnick et 894} Note that 30 NOcan notonly originate from nitrate (majority), but
also from ammoniuniMurphy et al., 2006; Shen et al., 201Besidesm/z 24 G could also be related to elemental carbon
(EC). In this case, m/z 24hould actually show a higher intensity than m/z a6d further EC marker€¢*) should show

up as well. Although different particle classes have similar fragments, they difwacteristicpatterns withseveral
intensive marker peaks in tikerresponding spectrevhich canalsobe identifiedusingreference spectigshen et al., 2018)

After fuzzy classificatioreachparticlewas tested for itsimilarity to the different paricle classesAlthougha similarity
is not equal to the number fraction, they are relagetligher similarity of the total aerosolparticlesto one classindicates
thata bigger number fractioof this classmaybe expected once the individual particles are assignidAs shown inFig.
4a, the highestsimilarity (43.5% of all particles) is foundo class 3, whichis namedfiSodium salt® due to its strong
correlation(g2 0.8)with Na saltqcf. Fig. 5. The spectra of this clagsour studyfeaturemarker peaksrising from NaN@
(m/z 115 Na(NG)z, 131 NaNGNOs, and 147 Na(Ng)r), NaSQ: (m/z 165 NaSOy*), and NaCl(m/z 81/83 Na.Cl*,
139/141 NagCly*, 35/37 Cl, and 93/95 NaGl) (cf. Fig. 2) Thesesignaturepeaks were alsobservedor Na related particle
types such aagedsea salt, N&ontaining dust, and Na/Kulfate rich particlegn the other SPMS studi€¢&ard et al., 1998;
Gaston et al., 2011; Jeong et al., 2011; May et al., 2018; Middlebrook et al., 2003; Schmidt et alln2®&/positive
spectraof class 3there is anitrogen containing organic compoundrkerat m/z 129 gH;NO", which could originatefrom
the OH oxidation of volatile organic compoun@&0Cs)in the presence of N(bn the seed particlesincethe same peak
was observeduring simulation chamber studies with OH radicals reacting Wjtinene antbr toluenein the presence of
NOx. Besidespeaks at m/249 GH;O.NOs* and 181 GH;OsNO3* areassociated with organonitrates tihah form from the
oxidation of VOCs in the presence of N@erring et al.2013)and are expected tocreasehe light absorbing capability of
the particlefCanagaratna et al., 200Huang et al. (2019howedthat organonitratesontributed tgparticlegrowth during
nighttime at this locationThis class accounts for the largest fraction in the size range from 1000 to 25Q9(ofnFdg. 3).

The size distribution of class 3 particleas dominated by two modes centred at about 1400 and 200@Q,nnditating two
subparticle populations in this clas&oschnick et al. (1994) did effne depthresolved analysis of the aerosol particles
collected north of Karlsruhe in thgoperRhine valley, and observed sodium chloride in both fine and coarse particles, while
sodium nitratevasmainly enriched in theaarse modeThis hints to possiblsub-classes assignmentshich are likely to be

fresh and aged sea salts. However, the measurement site is relatively far away from the sea (e.g., North Atlantic Ocean |
~800 km away). Therefore, we need more evidenaeh as back trajectory analysis or other transport modelling, to prove
that this class is really fresh and/or aged sea saltyiithise discussed in a separate study.

20.8% of the total particle populatiobelongsto class 4(fiSecondary inorganseAmined). This class hashe most
prominent secondary inorganic signature and strongest correlationheiteference spectra for homogeneous mixtures of
NH4NOs and (NH)2SQ.. In addition, it featuresmarker peaks for amines at m/z 58HENHCH,*, 59 (CHs)sN*, 86
(C2Hs)2NCH3*, 88 (GHs)2NO/CsHsNO", 118 (C2Hs),NCH,*, which were also identified by SPMS in the other fiatdl lab
studies(Angelino et al., 2001; Dall'Osto et al., 2016; Healy et al., 2013; Jeong et al., 2011; Kolher26tL7; Lin et al.,
2017; Pratt et al., 2009; Roth et al., 2016; Schmidt et al., 2@&tadng all the representativmassspectrafor the seven
particleclassesclass 4 iselativdy fic | ean o wi t h (cfhFyg. 2fare wig. 8), indgaing that these particles did
not have had the time to uptake other components. Hence, mostligglywere formed not very long ago by conversion of
their precursorsThe secondary inorganic amine particles have a rather narrow size distributionramdfecbetween 50énd
1000 nm ¢k (cf. Fig. 3).
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Aged biomass burning and soil dust like partidlelass 5 Biomass burning Soil) comprisel6.1% of all particles
according to similarity of the mass specitehas themostprominent peak at m/z 39 K483, aromatic marker peaks 80
CsH2*, 63 GHs", 77 GHs*, 85 GH*, 91 GH~*, 95 GHa1*, 104 GHsg", 115 GH7". The ratio ofm/z39'/41" is ~11.6 which is
similar to the valueof (13.5 + 0.9) measuredor pure potassiumcontaining inorganigparticles (e.g. KSQi) by our
LAAPTOF in the lalpratory The contribution of organic fragmenitslikely the reason for the slightly lower valuasthis

ratio was determined te8 for humic acidand~ 1 . 1 -piheme SOEShen et al., 2018Hence we assigrthe signal atm/z

39" mainly to potassiumThe aromatic signature was observed by the other SEMIBOsto and Harrison, 2012; Schmidt et

al., 2017; Silva and Prather, 200@®s suggested by previous studies, spciassiumrich particlescan originate from

biomass burningndareoften mixed with sulfateand/ nitratgGasta et al., 2013; Lin et al., 2017; Middlebrook et al., 2003;

Moffet et al., 2008a; Pratt et al., 2010; Qin et al., 2012; Roth et al., 2016; Schmidt et al. TAHig)also the castr class

5 particlesthat exhibit a chaacteristic peak at m/z 213;8Q:*. Note thatwe alsoattributed thisclass as soil dust like based

on the correlation diagram (Fi§), although there areo obvious marker iongisible. It is correlatedwell (g2 0.6) with

reference spectra of dust particles, especially agricultural soil dhet weakspectralsignal might due ta coreshell

structure of the particlg®ratt and Prather, 2009 fact, previous studies identified soil dust as the particle type dominating

the coarse particles samgln thesameregion(Faude and Goschnick, 1997; Goschnick et 894) Goschnick et al. (1994)

found a coreshell structure in both subm@n and coarse particles collectadrth of the Karlsruhe cityin the upper Rhine

valley. This supports our hypotheslis.addition, similar as class 3, class 5 also has two modes in its size distribution centred

at about 500 and 800 nmudSuchpotentialsub-classes will bdurther analysedh the future.
Particle class 6 contairis 76 of all particles and they have sizesiging from400 to 1000 nm . This class isiamed

fiBiomassburningOrgansulfat®ds hor t f or fAged biomass bur ni n.gtalaosiibwsOr g ar

biomassurningmarkerssuch asn/z 213KsSQy*, andfeaturesorganaulfates at m/z 141C,Hs0SQr, 155C;H30.SQy, and
215 CsH110SQr, which are consistent witlsignak from sulfate esters of glycolaldehyde/methylglyoxalyoxal/glycolic
acid, andisoprene epoxydiolsIEPOX), respectively observedby other SPMSin field measurementé-royd et al., 2010;

Hatch et al., 2011a)bUnf ort unatel vy, we donét h a v e orbaadsuifatgaatticdes.ySuclh a s e ¢

referencecould bevery usefulfor a further analysisThe ratio of m/z 3941" is ~6.7is closer to organics rather tham
potassium However, we cannot rule ow significantpotassium contributionlin addition, this class features specific
patternof m/z 39, 41f, and 43 (which have much higher intensities than their interstitial peaks at mfzad@ 42),
hydrocarbon andxygenated organic fragments at m/z,55", 63", 65, 677, 697, 71f, 73", 81", 83/, 85", 95", 97, and 99
likely from organic acidsaind biogenic SOAShen et al., 2018)

Class1 (5.0% of all particle3i s i de nCalcitmSoibs mer th f or ACalcium ricl
containscalcium related signatures at m/z 40" CG# CaO/Fe', 57 CaOH, 75 CaCt, 96 CaO*, and 112 (CaQ}j, as well as
some other metalelated signatureiscludingm/z 23 N4, 64/66 Zr, 65 Cu, 138Ba’, 154 BaO and206 208 PHB. Most of
the signaturgeaks for calcium related particles, suclCasrich soil dustengine exhausgnd lake spray aerosolgere also
identified by other SPMS studiéBall'Osto et al., 2016; May et al., 2018; Roth et al., 20T6)s classshows astrong
correlation with nitrate and correlategll with all reference spectra of dust samplespecially soil dugcf. Fig. 5. Class 2
(4.3% of all particley, fAged sood, is predominantlylocated in the small size range (200 to 600 ngh @nd exhibits

prominent EQpatterndn massspectra(characteristicC* progressions witlup ton = 12) and mixed with sulfate and nitrate

and

Such sootsignaturesare normally found in SMPS studi€ault et al., 2010; Dall'Osto et al., 2016; Gaston et al., 2013;

Middlebrook et al., 2003; Spencer and Prather, 2006@se mass spectra shawtrong correlation tthe reference spectra

of soot particles, especialljieselsoot(g = ~1). Class 7 4.6% of all particle$ is identified asiMixed/agedDus®, which
containsno obvous characteristic featuremndis correlatedvith most of the reference specttahas arelatively even and

broad size distributionovering the whole size range that LAAPT®FRble to measure



We observe intensive sigsadt m/z 138 Baand 154 BaOin class 1, 5, 6 and 7, indicatiregsimilar source of these
particle typeswhich all havea good correlatiorwith mineral and soitlust particlegFig. 5. Prominentlead markers at m/z
206" to 208 can be found ireach class, exceptass 4 which is further evidencefor these particleto berelativdy young
The marker peaks fdead appear broaddvecause at higher m/mje observe larger peak disithat cannot becompletely
correctedwith the existing LAAPTOF softward\ote that even though wid not obtain spectréor pure ammoniunsulfate
or pure biogenic SOApatrticlesin ambientair, it is still possible for such particles to Ipeesent.However, hboratory
measurements show a very low sensitivity of the LAAPTIORhese typs of particles potentially due to their low
absorbance at 193 nnbue to his low instrument sensitivity for these types of particles is dffjcult to achieve
reasonablguantitative estimates about their abundance based on LAAPTOF measurements alone.

The aforementioned full and short names for seven claasesgell as their signature ion peaks listed in Table We
emphasizeherehat t he e x pr e Bthis study offlyrindicate® a saang sigsakirdthe irspestra rather than a
large fraction in mass, sintkereis no welldefined relationship betwedrtAAPTOF spectral signal anthe corresponding
guantity. The sensitivities dhis instrument tadifferent species have to be establishethe future

All the laboratorybased reference spectra used in this study are publicly available via the EUROCH®BIHata base

(www.eurochamp.org Informationon newlyaddedreferencespectras givenin Table S2

3.2 Quantification of single particle massand the external mixing

In this section, weestimate mass concentrations of the particle classes observed in the field. bEisisdsrnthe particle
identificationdiscussed abovas well aghe assignment of appropriate ODE values of surrogate reference patidies

several assumptiorm particle density and shape (8é&ct 2.2). Please ate that both AMS and LAAPTOF cannot measure
particles larger than 2/8m, which can be analysed by FIDAS. FIDAS data showed thatsRbtounted for majority mass

of the total aerosol particles sampled through TSP inlet§2M 3% of PMo and 64% of PM:a, respectively). In this study,

we only focus on PWs particles.The fuzzy classification derived similariffFig. 4a) can be transferred into corrected
number fractionsising size and chemicalhgsolved ODEFig. 4b) and further transferred into mass fractiqhy. 4c) of

the seven particle classe$She correspondingime series of chemicalgesolved number and mass concentrations can be
found in Fig S4 Please note that the aged soot particles (class 2), which dominate the number fraction for particles below
400 nm in the fuzzy-teans analysis comprise only a minor fraction of the total number counts in Figure 4 because the total
particle number is domated by particles larger than 500 nm (cf. Figure Siignificantchanges can be observeetween

the similarity number fraction, the corrected number fraction, and the resulting mass fractidrig.(gh to b to c).
Compared tahe similarity fraction the number fractionof class3 A So di u mandclassafsHecondar y i nol
A mi ndectease dramatically iSodi um saltso particles changed from 43.
and ASecond&my niemordgamiads cal | y 2d%, whiletlhoseeofthe dtheroctassebbrease% t o
This is because class3 and 4comprisemainly of larger particlegclass 3:dva peaks at ~1400 and 200@n corresponding

to d, ~700 and1000 nm; class 4 peaks at ~680 nmy dnd 400 nm g which havethe highest ODE valuet contrastthe

other classesomprise mainly smaller particl¢d,a < 500 nm; ¢ < 300 nm)(cf. Fig. 3) whichhavealower ODE(cf. Fig. 1).

Class 5 Bi o fmarsngS o iatcounts for the secortighestnumberfraction of the smaller particleand hasarelativdy

high effectivedensity After correction the number fractiorof particles attributed tthis classhas increasettom 16.1% to

450%, corresponding to 31.8% mass fractiandit becomsthe dominating class wittespecto particle numbeand mass.

A Sodi ums asaherdomidating class with respect to mg89.1% mass fractionflue to theirrelatively largesize.
Theseobservationglemonstrate the crucial role tife correctiors appliedfor particle massquantification for SPMS data.

Note that we can obtain similgrcorrected number and mass fractions by using minimum, mean, and maximum ODE,
respectively (Table S3)The observedexternal mixing ofaerosolparticlesvaried significantly with timee.g, class 6

fiBiomass burningdrganosulfaté dominatedboth particle number and mass at the beginning of the measuscamgiht
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August P, while class 3dominatedthe mass for Augusto 101, 215tto 24", and 29 to 30", and class 4articlespeaked
twice on August 11" and 19 (cf. Fig. 4).

As discussed aboveaw LAAPTOF dataoverestimate the particles with higher ODE, while the ones with lower ODE
will be underestimated. After correctiaf the number countand estimation of thenassconcentrationswe can compar
the LAAPTOF result with the quantitativiestruments such as AM8 the overlapmg size range of 200 to 2500 nm.dA
correction for the particles in the size range betweer2G® nm considering mass concentrations may be negligible since
they typically contibute only a minor mass fractiorit turns out that théotal mass of theparticles measured by LAAPTOF
is 7° 3% (with maximum ODE)16° 6% (meanODE), 60°24% (minimum ODB and 4516%( 2 3 6 8 Whemidalty h
resolved ODEDYf thetotal AMS masglepending orthe measurement periodBwo criteria were used to select characteristic
time periodsa period should have a stable correlation between LAAPTOF and AMS total mass; and a period should contain
special events or dominating particle classes observed by L&KPand/or AMS (cf. Fig 4 ¢ and Fig. @)espiteof the
relative large differences in the average mass concentratfddSAPTOF and AMSthey show much better agreement in
total mass and alsgood correlationsluring specificperiods (P), such a1, 2, 4, and5 (cf. Fig. 6 andFig. $), covering
~85% of the measurement timélence, the large differences in the average mass concentrations are causedrby large
deviations during some relatively short periods or eve@mnsidering that AMS can only measur@nrefractory
compoundsthe good correlation between AMS and LAAPTOF gives us a hintthigaspecies measured by AMSay
mainly originate from the particles of complex mixtsicé both refractory and nerefractory speciedt is worth noting that
weakest correlationgt-0.1) is observedn P6 when LAAPTOF measuretie highest fraction of sodium salts particles
(especially sodium chloride) on Augua®”, while AMS is unable to measure refractory species such as sodium chloride.
Specifically, from 900 to 23:53 on August 9 LAAPTOF and AMS tended to be slightly astirrelagd (g=-0.3).

As shown inFig. 6 (a), the mass rai of LAAPTOF to AMS hadts lower values in P3andP5whenthe AMS organic
mass conentration ishigherthanin most of theother periodsAlthough LAAPTOF data shows a good correlation with the
AMS data e.g. for period P5, it obviously misses a large mass fraction of most likely smaller organic .pdtieles
corresponding chemicaHsesolved size distributiaof particles masured by AMSaregivenin Fig. S6 This may be due to
an insufficient representation of this kind of organic rich particles in the particles classes identified initially. Bgen usi
reference spectra of organic particles it was not possible to idemtifynber of those particles sufficient to close this diap.
addition,during the whole campaign the sulfate mass fraction measured by AMS is largest in P3 (). Hgwever, the
LAAPTOF is not sensitive to some sulfate salts, e.g., pure ammoniumeg@fan et al., 2018}hus it is likely that such
particles were dominating in P3, which resultedaimeaker correlation between these two instruisieRelatively pure
ammonium sulfate was also suggested tafBemii gy 0 p a rintthe othee SPMS field studi€¢Erisman et al., 2001;
Stolzenburg and Hering, 2000; Wenzel et al., 208%) (Thomson et al., 19979howedin a laboratory study thature
ammonium sulfate particles were difficult to measusang LDl at various wavelengths.

3.3 Caorrelation of AMS and LAAPTOF results for non-refractory compounds

Considering the different capabilities KAAPTOF and AMS we did not apply the relative sensitivity factors (R8%thod
(Healy etal., 2013; Jeong et al., 2010V/e analysed ur LAAPTOF and AMS data independently and compattesim
thereafter. For LAAPTOF data, we used relative ion intensities (eacbeak intensity is normaitd to the sum of all or
selected ion signals. Positive and negative ions weedysedseparately)similar to the relative peak areRRA) method
suggested by Hatch et al. (201A% shown inFig. S7 (a), m/z 30 NO measured by LAAPTOF has a good correlatigs (
0.6) with ammonium measured by AMS, but LAAPTOF m/z 18 NH o e show this(g= 0.3, not shown in the figure)
This was also foundy Murphy et al. (2006¥or another single particle mass spectrome®&LMS, which also uses an
excimer lasemwith the same wavelengtfor ionization as that in the LAAPTOR-or nitrate panel b: sum of the marker
peaks ain/z 46 NQ and 62 NQ@), sulfate(panel c:sum of m/z32 S, 64 SO, 80 SQ’, 81HSQ, 96 SQ", 97 HSQ, 177
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SO:HSOy, 195 HSOHSOy), andorganics (cations in panel dum ofm/z 43 CsH7/C:H30/CHNO', 58 GHsNHCH,", 59
(CHz)3N*, 88 (GHs)oaNO/CsHeNO,*, 95 GH11*, 104 GHsg", 115 GH;*, 129 GH,NO", and anions in panel e: sum of m/z 24
Cy, 25 GH", 26 GH2/CN, 42 GH,O/CNQO, 45 COOH, 59 CHCOOH, 71 CCHCOOH, 73 GH4COOH;, 85 GH4COQU,

89 (COYOOH), there is a poor correlatiog ¢ 0.4) between these two instruments if we consideetiige measurement
period However, the fraction of LAAPTOF organic cations to the sum of ammonium agdnic cations,
org/(org+ammonium), anion fraction of org/(osy#fate, and org/(org+nitrate), show better correlatidaetween these two
instruments Kig. 7), especiallyfor org/(org+nitrate). As shown ifig. 7h a scatter plot of org/(org+nitrate) nsesed by
LAAPTOF and AMS showsan exponential trend. A similar trenfdr the ratiocarbonaceous/(carbonaceosgiate was
observedy PALMS compared to AMS results for free tropospheric aerosol particles measuvidrfyy et al. (2006)

Note that the aforementioned comparisons in this section are fentinemeasuremet periodand demonstratgeneral
correlations between these two instruments. Considering different time periods, the cosrelatiorfFig. 7). All
corresponding Pear s og dabies ¢ootherceniparisonsoohcompounds ineasurddABWRTOR and
AMS are summarized in Tablel®uring period 4 most of theg values are above 0.6, suggesting good correlation, which is
comparable with the mass comparison results discusseflech 3.2.2. In particubr, for the comparisonof the
org/(org+nitratg ratio LAAPTOF and AMSshow good/strong correlations for almost tdoenpletemeasurement timéhe
corresponding scatter plogse shown irFig. 7 (b1-b6). Periods 2 and 4, coveringnore tharb0% of the measurement time,
show similar exponential trends as the general fitign 7 while perioé 1, 3, and 5 show linear correlatiorfespecially in
periods 3 and 5)This implies differentiominantparticletypes. Consistent with the observasamown inFig. 4c, period 2
and 4 are dominated By S o d i u mandshere arstéi Se c o nd a r yA mi nnbarsigesentswhile period 3 and 5
are dominated b§i Bi o fmaningS o iparticles containing more organjaghich can alsde validated byAMS resultsas
shown in Fig. 6. Therefore, we conclude that the relationship between LAAPTOF-org/(org+nitrate) and AMS
org/(org+nitrateariesdueto changingparticle types

Taken togetherthe correlations shown iRig. 7 andFig. S may be usedto estimate the mass concentratiarf non
refractory compound®r LAAPTOF measurements without AMS in rural locations: ammonium mass concentrations can be
estimated fronfig. S{a), afterward®organicmass concentratiorian be estimated by using Fig. 7@)dthennitrate can
be estimated from Fig. 7(b) and/or Fig. 7(b1 to d63e the dominating particle types are determiaed finally the sulfate

mass can be estimated frdtig. 7(c).

3.4 Particle sources of non-refractory components

The AMS can quantify theéoulk particle mass ohonrefractory species such as ammonium, nitratéfate and organics.
LAAPTOF measuremestsuggest that ambient aerosol particd¢ghis locationare often internalmixtures of ammonium,
nitrate, sulfate organics and other characteristic species such as metals. In ord&éndtoout the dominant particle
class/classes contributing/donatinga certain norrefractory compound measured b&MS (namely compounddonor
particleclasgclasse} wealso needhe class information of the single particles, which candigevedy the single particle
identification methodlescribedn Sect 2.2, and assume that LAAPTOF hasimilar sensitivity to the sammmponent®f
different particleclasses For nitratemeasured by AMSthe dominatingnitratedonor particles with marker peaks at m/z 46
NO; and 62 N@ in LAAPTOF varied in different periodsHg. 8: i S o d i u mwassthe Iddminating class for the whole
measurementampaign butii S e ¢ o margamicgA mi nwadominant in its burst ever(@ugust 11" and 19", while

i Bi o rowrrsngS o iwasdominant from August 30 29". For ammoniummeasured by AMSwe have observed
similar trendas forii Se c on d ar y-A mi nn@amiglesn indicatingthat the ammonium AMS measuredmainly
originated from this class. This can be reinforced by comparing with the time serigSABTOF marker peakdor
ammonium and aminat m/z 18 NH*, 30 NO, 58 GHsNHCH,", 59 (CH;)sN*, and88 (GHs):NO/CsHsNO,* (Fig. SB). For

sulfatemeasured by AMSwe cannot infer the dominating donor class, since there is no comparable LAAPTOF class and
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fragments. This indicatemgainthat this instrumenhas a low sensitivityo somesulfatecontaining particles, such as pure
ammoniumsulfate Fororganic compounds measured by AMiSs also hard to find the comparable class and marker peaks
in LAAPTOF data probablydue to two reasons: one is the same as thaguifatecontaining particles, and another one is
thatcompared with AMShere are more fragmengsations and aniongrising from organicén LAAPTOF mass spectra
Nevertheless, we have fouttthtpeaks at m/z 12948;NOs* (arising from organonitragk and 73 GH4COO (from organic
acid9 have a similartrend asthe organics measured by AM&ig. 9 b and §. At the beginning of the LAAPTOF
measuremest the dominating organidonorclassis class 6fiBiomass burningdrganosulfaté (mainly contributing organic
acidsto be measured by AMSwhile at the endf the measurement period tloisangedtéi Sodi um sal t ando r i
fi Bi o rbarsingS o i (nanly contributing organonitrate and organic acitsspectively. Apart from that, aromatic
compounds mainly ifiBiomass burnings0ild could also contribute tdhe organic mass fraction measured by AMS
especially for the strongest organic burst evewards the end of the measurement pefadd-ig. 9d and €).

Although, the LDI matrix effects cannot be completely overcome by using relative ion intensities, the time series of the
corresponding maker peaks (Fig. 8, Fig. 9, and Fig.caB)still be usedor preliminary assignments of the bulk species to

differentparticle types.

4 Conclusions and atmospheric implications

In this study, we used a combination of representative spectra obtained by fuzzy classification, laboratoegjebasesl
spectra,marker peag, and typical peakratios for the improved single aerosol particle identification at a rurairsitee
upper Rhine valley nedhe city ofKarlsruhe Germany Seven major particle classesreidentified among a total of3:7 x
10 singlep a r t iCaltivensoilo ;igetlsood {iSodium salt§ fiSecondary inorganieAmined fiBiomass burningsoilo ;
fiBiomass burningdrganosulfate ; Mixatl/agedDusD . Al p antetnallg nhixeds wittwaegareéc and secondary
inorganic compounds, i,eammonium,sulfate and nitrate.According to our observationthese particlesre expected to
show a significanhygroscopicity dudo their secondary inorganimontents(Fuzzi et al., 2015)as well as the presence of
organaulfates (Thalman etl., 2017) The light absorption of soot particlssexpected tdve enhanced by mixing with nen
absorbing species such as organic compoyBdsd et al., 2013)Organonitrate signatures found ofi Sodi um s al
particles are also expected to increase their light absorbing cap#éB#ibagaratna et al., 200@hd to assist nocturnal
particlegrowth. The good correlation of most of the particle classes and dust signatures suggests that condensation processe
and heterogeneous chemistry have modified the dust particles during their transportation. For exampe)fatgaooated
dust could form fromheterogeneous reactions of volatile organic compounds (VOCs), such as glyoxal, on mineral dust
particles aged by reaction with e.g. S8hen et al., 2016)Since organsulfates can formby heterogeneous reactions of
IEPOX on acidic particles at low NOevel (Froyd et al., 2010; Surratt et al., 201@)is likely that they form also on
acidified dust particles at similar conditior@ur general observation of dominating aged and mixed aerosol particles is
expected at a location about 2 hours downwind of nearest major emission sources (12 km dikentsreihe at an average
daytime wind speed of 1.7 m/s).

Based on the precise identification for particle classes and individual particlegplieda quantification method for
single particles employing size and particleclass/chemicallyesolved overal detection efficienies (ODEs) for this
instrument In contrast tomethods useth previous SPMS studiesur approachs laboratorybasedand doses not rely on
the availability of a reference instrument in the fieldh e corresponding fcorrections
classificationresultin substantial changes in the particle class abundariti8dium salte particleschanged from 43.5%
(similarity) to 34% (corrected number fraction) corresponding to a mass fracti®®.1, becoming the second dominating
class in masgjSecondary inorganieAmined dramatically decreased from 20.8%2@% corresponding to a mass fraction

of 3.6%; becoming thesecondeag abundant clasgBiomass burningsoild changed fronl6.1% to45.0% corresponding to

13



10

15

20

25

30

35

a mass fraction 081.8%, becoming the dominating classriomberand massThe big difference between numbéased
and mas$ased SPMS results hasforced the importance of particle mass quantificatoteworthy, ar quantification
approach requires several assumptions mainly regarding particle shape and densityesutichn potentialincertaintieof
up to ~300%with the dominantsource still theéODDE values Despite thidarge uncertainty the resultingtotal particle mass
show goodagreementvith thetotal mass of nomefractory compoundseasured byAMS in different periods, covering85%
of the measurement timédowever, some discrepancies still remaiost likelydue to thdow sensitivity of LAAPTOF for
small particlesas well assmmonium sulfate and organic rich particlearthermore, we have found specific relationships of
LAAPTOF ion intensiies ratiosand AMS mass concentration results for aefractory compounds, especially for the
fraction of org/(org+nitrate). This will be applied for source apportionment in an upcoming publication. The corresponding
scatter plotsnaybeusedto estimate massoncentrations in future SPMS studaswell

We have shown howarticle size, density, morphology (shape), and chemical composition have impact thef GBE
LAAPTOF. Therefore, these factors need to be taken into account for a reasonable quamtiéivetation of SPMS data.
Considering reduced quantification uncertainties, systematic measurements on different types of standardsarajlas
real ambient samplgsize selectedunder controlled environmental conditiofismperatureand relative humiditygare still
needed to obtain more comprehensive sensitivities for LAAPTOF.

Employing particle class information for individual particles and specific marker patdkselative ion intensitiesthis
study isableto assign nofrefractory compounds measured by AMS to different classes of particles measured by SPMS. It
turns out that nitrate measured by AMS was mainly femdium saltdike particles. Ammonium measured by AMS was
mainly arising fronmsecondary inorganieamineparticles. However, the dominating donor partickasesvaried in different
time periods during the measurements. Organic compounds measured by AMS were from organic acids (mgéuy on
biomass burning particligsorganonitrates flom sodium sdk), and aromatic compounds (froaged biomass burning
particleg. During theentiremeasuremertampaignthe dominating particle classes changed with respect to particle number
and mass, and the donor classes for-mdractory compoundsalso varied substantiallyndicaing changes of particles
sources.

In spite ofsignificantuncertainties stemming from several assumptions and instrumental aspects, our study provides a
good example foidentification andquantitative interpretation of single niiale data Together with the complimentary
resuls from bulk measurements by AM@&e have shown how a better understanding of the internal and external mixing

state of ambient aerosol particles can be achieved.
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Table 1: Particle classnumbers, names labels and corresponding signaturéon peaks.

Class number: name (label)

Signature ion peakg(cations and anions are marked in red and blue, respectively)

Class 1:Calcium rich and soil dust like particles

(CalciumSoil)

Class 2:Aged soot like particles

(Aged soot)

Class 3:Sodium salts like particles

(Sodium salts)

Class 4:Secondary inorganics rich and amine containing particles

(Secondary inorganieAmine)

Class 5:Aged biomass burning and soil dust like particles

(Biomass burningsoil)

Class 6:Aged biomass burning and organosulfadataining particles

(Biomass burningdrganosulfate)

Class 7:Mixed/aged and dust like particles

(Mixed/agedDust)

23 N4, 40 Cd, 56 CaO/Fg 57 CaOH, 64/66 Zn, 65 Cu, 75 CaC{,
96 Ca0", 112 (Ca0y', 138 B4, 154 BaO, 206208 Pb

12n Crf, 206-208 Pb
12n Cn; sulfate (32 S 64 SQ, 80 SQ, 81 HSQ@, 97 HSQ;, 177 SQHSOy, 195 HSQH.SOy)

23 Nd, 39 NaO/K, 40 C4, 46 Na*, 62 NaO*, 63 NaOH", 81/83 NaCl*, 92 NaNO,*, 108 NaNOs*,
129 GH;NOs", 141 NaCl,", 149 GH,0,NOs*, 165 NaSQs*, 181 GH;0:NOs*, 206208 P

35/37 Cl, 93/95 NaG#, 111 NaCjH,O", 115 Na(NQ)z, 119NaSO/AISiO,, 120 NaCING,

131 NaNQNOs, 147 Na(NQ)z, 151/153 N&Cls, 177 NaCINaS@/SO:HSQy

ammonium and amine 8INH,*, 27 GH3/CHN*, 28 CO/CHN®*, 30NO*, 43 GH7/C,H30/CHNCO',
58 GHsNHCH;*, Amine 59 (CH)sN *, 86 (GHs).NCH,*, 88 (GHs).NO/CsHeNO,*, 118 (GHs).NCH.")
nitrate @6 NGy, 62 NOy); sulfate

39 K/GH3*, 41K/CsHs*, 43 GH7/C,H30", 50 GH»*, 53 GHs*, 55 GH4/C3H30%, 63 CsH3*, 77 GHs', 85 GH*,
91 GH7*, 95 GH11*, 104 GHg", 115CoH7*, 138 B4, 154 BaO, 175 KHSO,*, 206208 Pb, 213 KSO4*
sulfate

positive signature peaks featusiemassburningvery similarasgiven forclass 5
organosulfatel41 GHsO<sO4, 155 GH30,SOy, 215 GH1103SOy)

contains almost all the signature peaks from the other classes

Notethatir i ¢ h o

used

n

t

he

names

stands for the strong spectral signal rather than the
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Figure 1. Overall detection efficiency of LAAPTOF for different types of particles as a function of the mobility diameter (&),
adapted from Shen et al. (2018and extended Dashed lines are fitting curves for maximum, mean ananinimum values of ODE.
For other organic particles (green), ODE at 400 nm i-gnerteh e
ozonolysis, ODE at 500 nm is the data from humic acid, and ODE at 800 nm is data from humic acldq°® 0.3%), oxalic acid (0.3

° 0.1%), pinic acid (1.6° 0.1%), and cispinonic acid (1.9° 0.7%). SOA particles were formed in the Aerosol Preparation and
Characterization (APC) chamber and then transferred into the AIDA chamber. Agricultural soil dust (brown symbol) were
dispersed by a rotating brush generator and injected via cyclones into the AIDA chamber. Sea salt particles (purple) wereoals
sampled from the AIDA chamber. Soot particles from incomplete combustion of propane were generated with a propane burner
(RSG miniCAST; Jing Ltd.), and then injected into and sampled from a stainless steel cylinder of ~0.2° nolume. SiO2 parti cles
were directly sampled from the headspace of their reservoirsThe other aerosol particles shown in this figure were generateidom

a nebulizer and sizeselected by a DMA. Note that there is uncertainty with respect to particle size due to the particle generation
method. The nebulized and DMA sized samples have relative smaller standard deviation (SD) from Gaussian fitting to the
measured particle sizes. PSL size has the smallest size SD (averaged value is 20 nm) and the corresponding relative SD (BBD =
divided by the corresponding size) is ~6%, since the original samples are with certain sizes. The other nebulized samples hav
standard deviations ranging from 70 to 120 nm SD and 3 to 23% RSD. Particles sampled from AIDA chamber have much bigger
size SD: ~70 nm for SOA (17% RSD), 200 nm for agricultural soil dust (~-83% RSD) and ~180 nm for sea salt particles (~34%
RSD). Consideing this uncertainty, we have chosen size segment of 100 n"hd@ nm) for correction, e.g., particles with size of 450
to 550 nm will use the ODE at 500 nm particle number correction.
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Figure 2: Representative mass spectraf seven particle classes measured during the field campaign TRAMO1, based fuzzy
classification according to fuzzyc-meansclustering algorithm, and averaged spectrum of totat-3.7 x 10 single particles measured
The percentage in each pair of spectrgives us information about the similarity of the total aerosoparticles to different classes.
Black labels represent the ions characteristic for different classe3he red, blug and orange labels represent the signatures for
sulfate (32 S, 64 SQ', 80S0s, 81 HSQy, 97 HSQOy, 177 SGHSO4, and 195 HSQH2SOx), nitrate (30 NO*, 46 NOy, and 62 NQ@)
and ammonium (18 NH* and 30 NO). The green labels represent the organic compounds (26H:/CN- and 42 GH20/CNO"). In
the overall averaged spectrum, ey labels represent the background fragment§common ions)that exist for every particle class
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