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Abstract

A two-weekmeasurement campaign by a mobile labmsavan was performeith urban
environmentsn the Helsinki metropolitan area, Finlgma winter2012 to obtain a
comprehensive viewn a@osol properties and sourcd$e abundances and physicoemical
properties of particles varied strongly in time and space, depending on the main sources of
aerosolsFourmajortypes ofwinter aerosol were recognitel) cleanbackgroundaerosol wih
low particle number (Ntot) and lung deposited surface area (LDSA) concentici®nsmarine
air flows from the Atlantic Ocear) long-range transporte@d RT) pollution aerosoldueto air
flows from eastern Europghere theparticles were characterizdythe high contributionof
oxygenated organic aeros@@A) and inorganic species, particularly sulphatg low BC
contribution,andtheir size distribution possessaa additional accumulation med) fresh
smoke plumes from raential wood combugin in suburban small haes, these particles were
characterized by highiomass burning organic aerosBBOA) and lback carbon (BC)
concentrationsand4) fresh emissions from traffiwhile driving onbusy streetin thecity centre
and on the highwayduring morning rush hosr This aerosol was characterized by high
concentration oNtot, LDSA, small particles in the nucleation mods, well asigh hydrocarbon
like organic aerosqHOA) and BC concentration# generalsecondargomponent$OO0A,
NOsz, NH4, andSQy ) dominated the PMchemical compositioduring the LRT episode
accounting for 7880% of the PM mass, whereas fresh primary emissions (BC, HOA é&30/8)
dominated the rest dfie campaignThe major individual particle types observed watectron
microscopy analysisSTEM/EDX) were mainly related to residential wood combustion (K/S/C
rich, soot, other @ich particles), traffic (soot, Si/Alich, Ferich), heavy fuel oil combustion in
heat plants or ships (S with-Ni-Fe),LRT pollutants (S/@ich secondary particles) and sea salt
(Na/Clrich). Tar balls from wood combustion were also observed, especially (~5%) th&ing

LRT pollution episode

Keywords: mobile laboratory, traffic, wood burning, size distribution, black carbon, AMS
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1. Introduction

In urban and suburban areastle emissions from traffiandwood combustion are known to

significantly contribute to regionalir quality(e.g.EEA, 2015andt he Eart hds r adi a

(IPCC, 2013)Aerosol particles directly affect climatg bcattering or absorbing incoming solar
radiation and indirectly by influencing cloud procesgdthough the radiative forcing of the total
aerosol effecin the atmosphens negative, the radiative forcing due to black car{iRR@)
absorption of solaradiation is positive (IPCC, 2013)dditionally, black carboron snow and ice
in the Arctic increase the melting of snow and ice cover and consequently increase climate
warming (Quinn et al., 288, Hirdmanet al. 2010AMAP, 2011;Bondet al., 2013 BC particles
from diesel emissions awdood combustiorcontaincaranogenic and mutagenic agents, dmely
havebeenlinked to increasedcomplicationsin cardiovascular ancespiratory systes (Pope et
al., 2006; Su et al., 2008; Alfoldst al., 2009; Naeher et al., 200bulain et al., 20)1In

toxicological studieshe surface area of particles has been shown to correlate with inverse health

effects (Brown et al., 2001; Oberddorster et al., 2005).
During the @st 10 years the quantitative determination of wood burning and traffic emission
contribtions to particulate matt¢PM) hasbeen intensively studied in Centealirope and
Scandinavia, particularlyecause othe development of novel instruments suckhasnulti-
wavelenth aethalometer for black carbon massla@mderosol mass spectromefdMS) for
chemical particle composition measuremeResidential wood combustion (RWC) for domestic
heating is increasing in Europe due to the reduction in thefdsssil fuels and climate change
mitigation policies Deniervan der Gon et al., 201FWC is the largest source ofganic aerosol
(OA) in the Alpine region irEurope(Deniervan der Gon et al., 201L5ccountingon averagéor
17-49% of the totalorganic aerosol QA) in wintertime (Lanz et al., 2010for exampe, based o
AMS measuremenis winterthe biomas burningOA comprised20% of the total OA masi
Seiffen, Germany (Poulain et al., 2013};68% in Grenoble, France (Favez et al., 20388%in
Roveredo, SwitzerlandA{farra et al., 2007Sandradewi et al., 2008), an€% ofPM.sin Mlada
Boleslav in Czeck Republitiovorka et al., 2005 Mohr et al. (2011) discovered durititgir
wintertimemobile measurements in the vicinity dfirith, Switzerland, thabn average¢he
organic fractioraccounted for one third of PiMandwas dominated by oxygenated organic
aewnsol (OOA) followed by wood burning organaeroso(WBOA) andhydrocarboHike organic

aerosol (HOA)They also observed thah major traffic road8C could account for 35%f PM;.
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In a small village in Northern SweddRWC and traffic explained high evening concentrations of
particulate matter, BC and particle nueniin winter (Kreck et al., 2008

In Finland,RWC comprised-55% oftotal BC emissions, traffic beirthe next largest BC
source in 2010avolahti et al., 20)6In the Helsinkimetropolitan areahe contributions of
different PM emission categories in 2015 were 40% for RWC, 31% for energy and heat plants and
otherstationary sources, 27% for vehicular traffic and 2% for hartdGaski et al. 201§ street
dust not included in the inventgryWood combustion is used as a supplementary heating method
in ~90% of detached houses in the Helsinki metropolitan Ateala et al. (20%) discovered that
during cold periods BBOA contribution to OA might be as high as 50% authebarresidential
sites.

Detailed monitoring of aerosol particle properties in urban and suburban areas is a challenging
task due tdast fluctuatingparticleemissions and therefqramong other thingsequireshigh
time-resolution instrument$n addition to the continuous changes of emission sources, urban
atmospheric aerosd affected by weather, large scale movement of air maas#sn-going
transformation of particléphysical and chemical properties strongltgrstheir concentrion,
size, and composition in time and space (e.g. Enroth et al., 2016; Heal et al., 2012; Birmili et al.,
2013).

As a part of the MMEA Programme (Measurement, Monitoring and Environmental
Assessment, 201P015, http://mmea.fi/mmegrogran), afield canpaignin winter 2012 was
conductedn the Helsinki Metropolitan areincluding measuremenis the citycentre, suburban
densely populated small house areas with local vbawding as well as on major roads. Advanced
on-line measurement technicgiastalled into a mobile laboratory vavereused to monitor
particle chemicatomposition, size distributiomd volatility of fine particles. The objectives$
this study were to explotbe souces and characteristics @bmicronparticlesin urban
environmers by investigating) number and lungleposited surface area concentratitomg with
their size distributionii) BC, organic and inorganic composition of PiMass and iii) source
components of organics by using positive matrix factorizattF). Furthermore, individual
particle analyss with electron microscopy (TEM/EDX)eveperformed to obtain a
comprehensive view on the properties and sources of typical particle types observed in the

Helsinki metropolitan area in winter.

2. Experimental methods



124  2.1.Measuement site

125 The mobile measuremenigre performed in the Helsinkietropolitan area on 187 February
126 2012.Two routes, one to eaahdthe other tavestfrom the city of Helsinkiwere chosen such

127 that they coveredsdiverseareasas possible; firsbnthe busy streets ithe Helsinkicity centre

128 (redline in Fig. 1) onthehighwaysleading out from the city cent(black ling, at suburban

129 detached housareagblue color),andat theurban background siten theshore otthe Baltic Sea

130 (blackstan. The annual mean traffic volumes were typicdlf000- 40 000and 400007 80 000
131 vehicles per weekday for the city centre route and highway routes, respe&petyfic routes

132 were planned for the measurementsiatesidentiallreasvhere many detached houses often use
133 wood combustion for heating fireplaces and sasasplot in Fig. 1)Thelength of bothroutes

134 was around 115 km, each of them was driven twice every other dahOgbrd. Furthermore, on
135 21 and 24 Februampeasirementsalso occurred during the morning rush hours-22 &m.Two

136 weekends 149 and 2526 Februay were included in the campaighhe measurements were

137 mainly performed in the evenirngeriodsto demonstrate the maximum impact of local RWC to air
138 quality in the residential areaS@pplementaryig. S1). The impact of local traffic emissions

139 would have been even higher in the city centre and highways, if the measurement periods had

140 been more focused on weekdaysshhourtimes
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143 Fig. 1. The measuremetrroutes and background sitethe Helsinkimetropolitan arealhe density

144  of detached and semidetached houses as well as the main road network are also shown for clarity.
145 The subplot illustrates the driving route at an eagesiential smalhouse area (Vartiokyld).

146  (© OpenStreetMap contributors, CC BYA, seenttp://www.openstreetmap.ohg/

147
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2.2Weather conditions

The weather was typical Finnish winter weather with permanent snow cover. During the
campaign the temperatuaadrelative humidity(RH), measuredt the weather statidhasilaat 30
m altitude above the sea levefriedfrom -7 °C to +1 °C, andfrom 64 to 85 %, respectivelyThe
mean values witthe standard deviations wef+ 2°C and 80t 8 %, respectively (gieareas in
Supplementary Fig.Z8). The longterm (19812010) mean values in February in Helsinkre -
4.7 °C for temperature and 85% for RH (Pirinen et al., 20DRjing a couple bdays snowfall
appeared preventing the measurements. The wind speed wa3.4.ih s (Fig. S2b).

The 96 h backward trajectescalculated by th&lOAA HYSPLIT model(Stein et al., 2015)
showed that during the campaiginmasses arrived in the Hei& metropolitan are&om four
different directions1) on 1519 February the amass came fror8/SE; 2) in the evemigs of 20
21 February from NWin the morning of 21 February from SW over the ocean carrying clean air;
3) on 2425 Februaryrom NW butthe airmassstagnated the last 21 hoaisovemid-Finland;
however, on 25 Februatlie airmassmightcapture air pollution from St. Petersburg about six

hours before arriving Helsinki; 4) on 2% February dirett from N (Fig. S3).

2.3.Instrumentatio for mobile monitoring

Mobil e monitoring was conducted with a mobi
described in detail in Pirjalet al. (e.g. 20042012 2016) and Enroth et al. (2016Yhe sampling
occurred at 2.4 m height fromthe good | ev el , above . Twh spasatea mléts v

systems constructed of stainless steel were; esednstruments measuring the chemical properties
of aerosol particles were connected teampling linewith 8 mminner diameteand6 Ipm flow
ratg and the othexto a sampling line witt20 mm inner diameteand 34 Ipm flow rate A list of
the instruments is given BupplementaryrableS1.

Particle number concentrations and size distributions were measurad/aviEhPls
(Electrical Low Presserimpactor, Dekati Ltd.) (Keskinest al.,1992) one before and the other
aftera thermodenuddi D) (Ronkko et al., 2011 Both ELPIs werequipped with a filter stage
(Marjamaki et al., 2002) anohe ELPI withan additional stage designed to enhanceéngcle
size resolution for nanopatrticles (Xdjanpera et al. 2010Jhe ELPI classifies particles in the
size range of 7 nrm 10 um (aerodynamic diameter) to 12 classes with one second time resolution.
The cutoff diameters of the ELPI stages were & @additional stage), 0.030, 0.056, 0.093, 0.156,
0.264, 0.385, 0.617, 0.954, 1.610, 2.410, and 9.97Tjh@TD was used to study particle



180 volatility characteristics at the maximum operating temperature of 2@3dt@cle losses in the

181 TD were correctedac or di ng etab (2008).i k ki | 2

182 Lung deposited surface area (LDSA) concentration was measured by a nanoparticle surface
183 area monito(NSAM, TSI Inc., Model 3550yvhich collectsparticleselectrically chargethy

184 corona type charger soFaradaycuptypefilter anduses a electrometer to measure thlectrical

185 charge carried by particle§he total LDSA concentration is calculated from the electric current as
186 described byissan et al. (200@ndAsbach et al. (2009)Y.0 obtain the LDSA size distributien

187 the ELPIcurrentswere multiplied by a factor 060 nm?/(cm? pA). More details of the

188 determination ofhis calibration factoare presentedy Kuuluvainen et al. (2016)

189 The Sniffer was also equipped with a-8RIS (Soot Particle Aerosol Mass Spectrometer,

190 Onasch et al., 2012) fatherstudy particle chemistry. Ilé SPAMS, an intracavity Nd:YAG

191 laser vaporizer (1064 nm) is added into the High Resolution-dirkdight Aerosol Mass

192 Spectrometer (HR oFAMS, DeCarlo et al., 2006) in order to measugkactory black carbon

193 (rBC) and associated refractory particulataterial (e.g. metals) in addition to the rafractory

194  speciessulphate(SQy), nitrate (NQ), ammonium (NH), chloride (Chl) and organics (Org). In

195 this study the SAMS measured in mass spectrum (MS) mode with five seconds time resolution
196 of which haf of the time the chopper was open and half of the time clésesty one minute the

197 laser was switched on/offhe datashownin this papefor organics and iorganic species was

198 measured onlwith the laser offThere was a PMcyclone in front of the SIAMS but the real

199 measured size range of the instrument/i@& S00 nm with transmission efficiency of 100%

200 (Canagaratna et al., 2007). TheSHS data was analyzed using a standard AMS data analysis
201 software (SQUIRREL v1.57 and PIKA v1.16) within Igor BréWavemetrics, Lake Oswego,

202 OR) and for the elemental analysis of organics an Impréwelient method was used

203 (Canagaratna et al., 2015). The mass concentrations from {A®SRlata were calculated by

204 using adefaultcollection efficiency of 0.5 (Canagatna et al., 2007 and references therein).

205 Default relative ionization efficiencies (RIE) were used for orgaancinorganic species.

206 Black carbon (BC) inhe PM; size fraction was measured by theewavelength Aethalometer
207 (AethalometerAndersen Instruments, RTAA 8P®@ith a time resolution of 5 s. The aethalometer
208 uses optical analysis to determine the mass concentration of black carbon particles collected from
209 the air stream passingrtugh a filter. The usedoptical wavelengtlis 880 nmin the IR range.

210 Optical absorption is converted themass of BC and further to the mass concentration using a
211 mass absorption cross section 16%gr(Arnott et al., 2005). The mass concentration was

212 corrected for filter loading errors based on the procedure by Virkkula et al. (2007). The errors

7



213 resulted froma scattering of the filter material and particles cannot be corrected because no
214  scattering measureant was available.

215 In this study, the PMconcentration was estimated as the sum of the concentrations of BC,
216 measured with the aethalometer, and organics and inorganics measured witiAM8.SP

217 Gaseous concentrationsnitrogen oxides NO, N©£and NOx(model APNA 360, Horiba) were

218 monitored above the windshield of Sniffer at the same altitude as particle concentrations with a
219 time resolution of 1 s. A weather station on the roof of the van at a height of 2.9 m above the
220 ground level provided meteoroliocgl parameters. Relative wind speed and direction were

221 measured with an ultrasonic wind sensor (model WAS425AH, Vaisala); the temperature and
222  relative humidity with temperature and humidity probes (model HMP45A, Vaisala). Additionally,
223 aglobal positionig system (model GPS V, Garmimgcorded he vandés speed and
224  route.

225

226 2.4 Positive matrix factorization

227 The organic aerosol fraction was investigated using Positive Matrix FactoriZasate(o,
228 1997 with PMF evaluation panel versiond® (Ulbrichet al.,2009). The two input matrices
229 consist of organi c aamdoespective gnoertaintes or eraliseirawa i n

230 of the matricesepresent time series and the columns different variables-forabarge ratios,

231 m/ 2.8 number of factors in the dataset is unknown, and the final number of factors is defined
232 by the userThe PMF methodhas been widely utilized in identifying multipbgganicprimary

233 aerosol sources, i.raffic emissionsgooking and biomass burningnd in characterizing

234 secondary organic aerosol (SOA) ageing factors (e.g. Lanz 2080,Ulbrich et al., 2009; Zhang

235 etal, 2011Ngetal., 2011

236 In this study before applying the final PMF analysis the AMS data were averaged to five

237 minutes, as fofive seconds time resolution no reasonable PMF results beuddlved Five

238 minutes averaging time was still fast enough to get information of the different environments (city,
239 highway, residential and background)general A threefactor solution was found to describe the
240 sources of OA most reliably. The rotational ambiguity of #lected PMF solution and local

241 minima were explored via theHeak parameter and sed8sipplemerdary PMF Data Analys)s

242 Thefactors were identified d30A, OOA andBBOA, based on the reference mass spectra

243 presented in the literature and by using auxilEpecies such as BC, N@nd/or inorganic ions.

244  In a fourfactor solution, the fourth factor had mainly features ftbeBBOA factorwhereasn a
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two-factor solution thee was aseparatéHOA factorbut OOA had some features froiime BBOA
factor.

In thethreefactor solutionthe HOA factor was dominated by ion serietated to aliphatior
cyclic hydrocarbongCnH2n1 and GH2n+1) (Fig. S3),e.9.m/z41,m/z43,m/z55,m/z57,m/z67,
m/z69,m/z m/z71,m/z81,m/z83 andm/z85 (Zhang et al., 2005HOA is typically emitted by
combustion engines, such as from motor vehiglasagaratna et al., 2004).this studyHOA
had thestrongestorrelationwith other combustiomelated components, e.g. N(Pearson
correlation coefficient r: 0.60) and BE 0.56)indicating thatHOA was mostly related to vehicle
emissionslt also had very high correlation (r: 0.98jig Sba) to mass sper of HOA found in
winter 2009 by Carbone et §2014)

OOA had very high contributions ai/z44 and 8 (Fig. S3) which are mainly C& and CO
ions, typically from the thermal decarboxylation of organic acid grotips.high contribution of
theseons indicated highly oxidise@A. Multiple studies have shown OOA to be a surrogate for
SOA, correlating well with secoradly species (Zhang et al., 200B) this study the Pearson
correlation coefficient betweddOA and sulphate was 0.9 agreement with a value of 0.99
(Fig. ob) for OOA and L\VAVOOA presented by Carbone et(@014).

The third factor did not correlatwell with any of the auxiliary species, but as the typical ions
of BBOA, m/z29 (CHQO), m/z60 (C2H40-") andm/z73 (C3Hs02") were presenin this factor, it
was assumed to be BBOAhese ionsire associated with the fragmentation of levoglucosan and
other anhydrous sugafs.g.Alfarra et al., 200Y. However the overallcontribution ofm/z 60 was
quite low in BBOA (Fig. 8) butwas abovehe estimated background signal of m/z 60 from SOA
(0.3%, Cubison et al., 201The Pearson correlation coefficient (r) of this factor with the biomass
burning spectrum from Aiken et al. (200®)ohr et al. (2012and Carbonet al.(2014) were
0.92 0.86and 0.83respectivelyFig Sb¢). Although in generaBBOA did not correlatevith BC,

m/z 60 and BC had simultaneous concentration peaksg theRWC event (discussed in Section
3.2).

2.5. Individual particle analysis with TEM/EDX

The sizesegregted particle samples (6 size fractions between 56 and 1 800 nm) for TEM/EDX
were collected witla cascade impactor, usirgMicro-Orifice Uniform Deposit Impactor with
rotator (MOUDI™ Model 116R, MSP Corporation, USAPuring 15-min sampling periods for
TEM/EDX, the mobile laboratory was parked. The sample collection with a volume flow rate of

30 liters per minute took place ontex@n TEM grids (Cu with carbenoated Formvar films, 400

9
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mesh, Carbon TypB, Ted Pella Inc., USA). The total number of TEMdgricollectedvas 24,
consisting o# sampling periods and 6 size fractions.

A transmission electron microscope (TEM; Tecnai 12, FEI Company, USA) equipped with an
energydispersive Xray micreanalyzer (EDX; EDAX Inc., USA) was used to analyze the
following properties of individual particles; elemental composition, morphology and sensitivity to
damage caused by an electron beam. The analysis procedure was the same as described in Niemi
et al. (2006) and used also in other recent aerosol studies (KerrmadeB@L1; Saarnio et al.

2014). The elements analyzed were from C to Pb, excluding N. Although the elemental results
were semigquantitative, the accuracy is sufficient to reliably identify different vactesrstant
particle types (Niemi et al2006 and references therein). The high vacuunt{T0rr) and

electron beam exposure cause evaporation ofgelatile compounds from patrticles, and for that
reason, water, ammonium nitrate and organic compounds witkvhgir pressure were lost, as is
typicalin electron microscopyl he smallest particles (~5800 nm) with secondary components
(e.g. ammonium, nitrate, sulphate and organicsg#mrasensitive to beam damage and
evaporation during individual particle EDX analysius. The total number of indidual

particles analyzed was1PR9, typically ~50 particles per each TEM grid. The particle types and

their classification criteria in thisudy is described in section33.

2.6. Auxliary measurements

The PM.smass concentration results of thei@#l air quality monitoring stations in the
Helsinki metropolitan area (Kaski et al., 20B6)ng withbackward air mass trajectory analysis
and chemical analysis of particle samplese used to obtain a general view on the local and LRT
PM2levels duing the researcbhampaign(Figs. S3 andS6a). Furthermore, the levoglucosan
concentrations were determined from daily8damples collected at two suburban small house
areas (Kattilalaakso and Vartiokyla; the most western and e&feareas in Fig. 1and at an
urban background site (Kallio) in the centreH#isinki (Fig. Séb). The samples were collected
with MicroPNS low volume (38 | mif) samplers on polytetrafluoroethylene filters, extracted with
5 ml of deionized water withninternal standard ahanalyzed with high performance anion

exchange chromatograjpyass spectrometry as described by Saarnio et al. (2012).

3 Results and discussion

10



311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
341
342

3.1. General overviewaverages over the whole route

During the campaigrheroutemeandaily concentrationsf particle numbe(Ntot) variedin
the range 0(0.8-4.3)x10* cm3 (Fig. 2aand Table }; howeverdue to dynamic traffic conditions
the maximumonesecondvalues were as high 80x10° cm3. The lowestverageconcentrations
were observed on 189 and 26 Februg which were weekendS he average background particle
concentrationmeasurecround 10 minuteBy Snifferat the urban background siteas 6x18
cm® or less except on 138 and 25 February (Table 1 afig. S7a). The averagéNtot
concentratns(Fig. 2a) nicely followed theNOx concentrationgFig. 2b) indicating tha most of
the Ntot emissions originateftom traffic (Table J.

Thedaily routeaveragamass concentratiemofPM;, the sunof BC, organics and inorganics
areshownin Fig. 2c and Table 1During the first weekvith southern windthe PM
concentratioa (~20-60 ng ) wereclearly higher than during the rest of the camp#igil8 ny
m3) with the north-west windasthe prevailing wind directionParticularly, @ 15, 18 ad 19
February, slphate ammonium nitrateand organis concentrations wereigh, around 10mg ni3,
3-4 ng m*, 2.84 ng m3, and17-31 ng m3, respectivelydue to high background concentration
(Table 1 and Fig. B®). Sulphate is typically longange tansportedn Helsinki aregAurela et al.,
2015).Based on the trajectory calculatigisg. S3) in the eveningof 15,18 and19 Februarythe
origin of the airmaswasfrom southsoutteastfrom pollutedareas ireasterrEurope .During that
period,the elevated Pl concentration$20-40 g nT®) were observed atll air quality statiosin
the Helsinki metropolitan areparticularly,atthe ruralstation(Luukki) and urbarbackground
station (Kallio)as well as at the residential stas@Wartiokyld and Kattilalaaksp(Fig. S&), and
the 24h mean values were 28.4, 22.3 and 2&8°on 15, 18, and 19 February, respectivély
general, amospheric PMs concentratiosarelow in Finlanddue to low local emissionghe
annual meawnaluesvaried between 5 and 13 pg®mt different site of the Helsinki metropolitan
area during years 200015 (Kaski et al., 20161l above mentionethctsindicae that long
range transpoiLRT) episodes ocaved during these dayBurthermorethis conclusions
supported by Niemiteal. (2009) whastudiedLRT episodes of fingarticles in southern Finland
during19992007, and discovered thatthe urban background station Kallio tthaily PMz 5
mean exceede2b ng N3 during1-7 LRT episodeger year

The GH40;" ion (m/z 60), a tracer for biomass burnirgrosole.g.Alfarra et al., 200y, also
showecdelevatedconcentrationsn 15, 18, and 19 Februafyig. S6b) The24 h @aily) sampled
levoglucosnconcentrationsvere highattheurban background station Kallio, and at two air

11



343 quality statios atthe resiéntial area atVartiokyla and KattilalaaksqFig. S&), indicating that
344 LRT aerosol contained also emissions from biomass burning.

345 TherouteaverageBC concentratiorwas highes(9.9+ 9.0nmg n®) on 15 Februaryfor the
346 other days itvassmaller than Brg nt3. The background BC concentrations were rather low, less

347 than g m3excepton 24 February evening when it was B8@m (Table 1).
348 a) b)
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354  Fig. 2 Daily route averages ®ftot (a), NOx concentration (bgbsolte and relative values of
355 PM: chemical compsition(c) and (d)andabsolute and relative valuesafyanic factordby PMF

356 analysig(e) and (f).On 21 and 24 February the measurements were performed in the morning (m)
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and evening (e), on the other day$yan the eveningst refers to eastern route, W to western

route, and error bate standard deviationsBackground concentrations were not subtracted.

Table 1. Averageollutantconcentrationsver the whole routalong withtheaverage

background corentrationameasured by Sniffer

Day of Ntot (x 1 cnr?) NOx (ppb) BC (mg nm?) Org (mgn¥)  Inorg g m®)  PM;y (ng n)
February route bg route bg route bg route bg route bg Route bg

15 4.3 16 942 293 9.9 11 308 258 182 194 59.0 46.3
16 17 0.2 333 1.4 3.2 0.5 120 5.5 6.3 3.2 21.5 9.2
17 21 0.6 431 2.1 3.7 0.9 8.8 9.3 4.6 6.2 17.1  16.3
18 14 1.1 224 51 3.2 1.3 233 174 157 121 42.2 30.8
19 14 05 424 31 4.8 1.3 166 na* 124 n.a* 33.8 n.a*
20 2.8 05 525 6.3 4.1 1.0 6.2 4.8 0.8 0.6 111 6.4
21m 18 03 337 43 3.8 0.3 3.0 4.4 21 0.4 8.9 51
21e 20 0.5 617 2.3 4.6 0.3 5.2 4.6 11 0.4 10.9 53
24 m 3.1 03 703 11.0 4.8 13 3.0 2.2 21 2.7 9.9 6.2
24 e 1.8 0.5 427 9.0 4.5 3.2 4.6 3.8 3.6 5.0 12.7 12.0
25 3.6 09 521 7.3 4.7 0.7 8.1 4.9 4.9 5.5 17.7 111
26 0.8 02 213 1.8 2.9 0.4 21 1.7 0.6 0.3 5.7 2.4
27 2.5 06 58.0 290 3.6 1.4 4.7 3.6 4.7 6.3 129 114

*datanot available

Regarding théractions oforganic aerosalesolvedby the PMFE OA consisted mostly of O®
during thesouthsoutheast airmass®on 1519 FebruaryDuring the following daysthe fraction
of OOA decreased significantlyheras the fractions of BBOA and HOA increadadyeneralthe
route averageontribution of OOA to organic aerosolaried between 19 ar&0% (Fig. 2e,f).For
HOA thecontributionwas higheson 2024 February accounting f80-42%of OA, while it had
thelowest contributiorto OA (11%)during the LRT episode on E&bruary.The BBOA
contribution varied between 11 ab@d%, the highest contributiomasobserved orsaturday
evening25 FebruaryDuring that evening the elevated contributions and concentrations of BBOA
were mainly caused by local RWC since sauna stoves and other fireplaces are frequently used on
Saturdays in Finnish culture. Fnermore, the accumulation of local emissions25 February
mightalso enhanaiue toverylow wind speed (~1 m/s; Fig2p

Based on the molecular ratios of O, C and H, OOA was the most oxidized factor, whereas HOA
was he least oxidized factor (Fi§3). The OMOC ratio for OOA, BBOA and HOA were 2.3,
1.6 and 1.3, respectively, which all of them were slightly higher than measuhedidian
background site in Helsinki (Carbone et al., 20HHwever,OM:OC, O:C and H:C ratios for
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BBOA were very similaton the local BBOA measured in Helsinki (Timonehal2013) whereas
much higher OM:OC and O:C had been obtained.RF BBOA (Timonen et al., 2013 his
indicaesthat BBOA in our camg@ign was mainlyfrom local sourcesespecially after the LRT
episode

With regard td®Mi, secondargomponent$OOA, NG;, NHs andSQw) dominated the PM
chemical compositioon 1519 February{L TR episodepccounting for 7680% of the PM mass
whereas fresh primagomponent¢BC, HOA and BBOA)dominated on 226 FebruaryBC and
HOA corstituted 5662% of the total PMon 2624 and 26 Februariargelydue totraffic
emissionsThe route average BBOA fractiam PM; was5-7% during the firsfive days and 15
17% during the rest days of the campaign; howenegaturday25 Februaryt increased up to

24%reaching a value of 48y m°.

3.2 Typical traffic wood combustion_LRTand clean air features

In order to investigatthe sources and characteristics of submicron particles in urban
environmentsn more detaithe measuremenfatawereseparatedo city traffic (ci), highwy
traffic (hw), resdential woodcombustion(re) and backgroun¢bg) based on the areas whéhne
measurements were carried deig(1), and averagkaccordingly.Fourtime periodsvere studied
in detail; two Saturday evenings, ome 18February duringite LRT episode and the other on 25
February when the route average BBOA mass concentration was highest; two weekday mornings
on 21 and 24Februarywhenthe background Pl concentrations were low but the HOA (traffic)
contribution was clear.

The results e treatedn three suksections Hrst, an example ofhe time series of the main
pollutans are showim section 3.2.1Secondthe averag@article number anhiing deposited
surface areaODSA) concentratioaand size distributionare discussed in séwh 3.2.2.Thirdly,
the averagehemical mass compositisare considered in section 3.2.3.

3.2.1. Time series of main pollutants on 25 February

As an example, Fig illustratesthe time series of theoncentration oparticle numbef(total
number, nmber <30 nm particles and neolatile particles)NO, NOyx, BC, organicsm/z 57 and
m/z 60 on Saturday?25 February in theastern route. The highgsdrticle number and NO
concentrabns, 1.4x10° cnm® and 14 ppm,were measured dhe highways Volatile nucleation
mode particles (< 30 nm in diameter) dominated the particle concentration on highways, whereas
nucleation mode particles played a minor role on the residential Begmeaks were also
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418

419
420
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423
424

obsered at the residential sitegen though the highest momentary valugso & ng miwere
measured othe highways The devated concentrations of organics &uHsO." (m/z 60 at the
residential sitese2, re3and relafter 7 pm(Fig. 3)indicated wood combustio®missiors from

smokestackbecausehe markeion for traffic C4Ho™ (m/z 57)did not show simultaneougeaks

25 February 2012

5 hw re2 hw re3 hw re2 hw re3 hw rel hw ci bg

E T H T T T T T T - H— =

— Ny
ol —_— N<30 nm
4 L
'E 10 E Nnonvol
o E =
~— C “. 1 H

E 1 v u

10°L i

(ppb)

T L E T T
i E : : | ——mfz57
© | mz60||

0 i LA & i 1 i A TR oy n | ' h
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Time (h)

Fig. 3. Time series ahe concentrationsf all particles, norvolatile particles, angarticles smaller
than 30 nmpitrogen oxdes, black carbon, organics as wellass CsHo™ (m/z 57)andCoH402"

(m/z 60) thetracers for traffic and biomass bumngi respectivelypn 25 February 2012.

3.2.2 Particle number and surface aremncentrations andize distributiors

Figure 4illustratesthe average concentrations of Nower thehighways, city streets,

residential areas and the background siteiferfour daygTable &). Due to thefluctuatingtraffic
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425 flow theconcentration variatiowas highas seen from long errorbargt only for one second
426 vauesbutalso between the dayBhe Ntot wasigheron the highwayshan on the citgtreetdor
427 all days The source fothese particles wasaffic; howeveron 18 Februaryherelative portion of
428 thebackgroungarticles wasigh. At the residential areéscal wood burning waghe main source
429 onSaturday25 February becausétot was aound 2.5 times the background concentrasindthe
430 vehicletraffic wasminimal. For comparisonthe average measurdlitot at the residential areags
431 9-66% and/-30% of those measured thecity and highway traffic, respectively.

432 The average total coantrations of théung deposited surface areRSA in different

433 environmentyaried from 8o 81nm?cm (Fig. 4b and Table S2). The lowest average

434 concentration was meawd in the background site on B&bruary and the highest concentration

435 on the highway on 25 February.

436
437 a) b)
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439 Fig. 4. Average concentrations of particle number N&tandlung-deposited surfacer@a LDSA
440 (b). Error bars refer to the standard deviationghaf measured 1 s values in each environment
441 mentioned in the legend.

442

443 Particle number size distributioriBig. 58) at the traffic environmenfsossessetivo modesas

444  typical for car exhaust particles.§.Kittelson, 1998Hussein et al., 2005; Kumar et al., 2008;

445 Pirjola et al., 202, Enroth et al., 208); anucleation mode peaked10-20 nm and a soot medat

446 ~75nm.Stopandgo driving in the citycentreleads toseveralaccelerationand consequently,

447 the soot mode ismphasizedor the city traffic particleswhereaghe nucleation mode is larger for
448 thehighway particlesAdditonally, c 18 February aring the LRFepisode a third mode peaking
449 at around 300 nm (aerodynamic diameter) can be distinguished. The origin of this mode is from
450 the background particle$he volatility measurements showed th#t68 % and73-80% of the

451 particlesby numbelin the city and on the highways, respectivatyoporated at the thermal
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452 treatmentMost of them were in the nucleation mode (< 40 nm diamietgidating thathe origin

453 for these partiéds might be nucleation of sulfuric acid from fuel and lubricant oil sulfur

454  compounds along with volatile organic compounds (Arnold et al., 2012, Kittelson et at., 2008
455 Tobiaset al.,2001; Schneideet al., 200%. The existence of newolatile cores (e.gRONkko et

456 al., 2007) in sub 30 nm partisleould not be estimatdxdcause particles smaller than 7 nm cannot
457 be measured by the ELPEimilar results from other mobile measurements have been published.
458 Pirjola et al.(2012) report that during morningsh houiin theHelsinki city centrethe average

459 particle concentration wds.1+3)x10* cm®, the particls possessed two modes peaking a200

460 nm and 7680 nm, and arouh75-80% of particles by number was volatilwherea€nroth et al.

461 (2016)measuredxhaust particles on the highwaipsthe Helsinki metropolitan areturingrush

462 hour, andreport somewhat highawerageparticle concentrati®(7.7-12.3)x1¢ cm3, of which

463 around 86%by number wer@bserved to beolatile. Theseresults are alsm ageanentwith the

464 measurements in an Alpine valley Weimer et al(2009)who discovered on éhhighway that

465 more than 80% of the particles consisted of volatile components and the predominat particle sizes
466 were in the nucleation modat the residential areas, the size distributiasese bimodal a well

467 but the concentrations weesmalleyand theaccumulation modeserewider than in the city

468 streets and on highways.
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475 Fig.5. Average particle numbéa) andlung-depositedsurfaceareasize distributiongb) in
476 differentenvironmentdor thefour days.
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478 Furthemore, lung deposited surface @a(eSDA) size distributionsre presented in Figh5
479 The soot mode peaking at ~100 dominated thaize distribution in the citywhereas the

480 nucleation mode also had a clear contribuparticularlyon the highways, the ndetypically

481 pealedat 2025 nm.The backgound particles played a minor role besides on 18 Felueaty
482 the LRT-episodewhenin additionof the nucleation and soot modehird mode peaking a500
483 nm couldbe distinguishedSillanpaa et al. (2005) stied mass size distributions in Helsinki and
484 discovered a large accumulation mode peaking at 510 nm (aerodynamic diameter) during LRT
485 smoke episodeglthough the total LDSAs were higher in the traffic environmentsgohburning
486 dominatedheaveragd SDA size distributionin the residential areas 25 February, the mode
487 peakedat 200nm and was higher than the accumulatisode in the highway environmeifthis
488 s plausible, since pacles in the residential areeere more aged and oxidized than fresh

489 emissions measured by Sniffen the higwayln addition thesurfaceareaconcentratiorof the
490 nucleation mode particles wasich lowerin the residential areas comparedhe city and

491 highwayenvironmentsThe averagéSDA value and size distributiaover all @ampaign days in
492 different environments aggesented in Kuuluvainen et §016).

493

494 3.2.3 BC and organicomposition

495 The PM;: chemicalcompositionand organic factors in different environments @esented in
496 Fig. 6for the selected day$he averag®&C concentration wasrger n the city than on the

497 highway and in both environmesltarger than at the residential aré@iable S2. Of PM; mass
498 Dblack carbon accounted forI2% on 18 February, whereas ona2il 24 the percent was between
499 40 and 5(qTable S3) However, in the background site thercent was much lower@Po, except
500 19% on 24FebruaryOn averagever the four daysyrganicaerosolccouneédfor 438, 39+11,
501 43+15, and 40+19% of PMnass in the city, highway, residential and urban backgroun

502 environments, respective(Jable S3). The highesOA percentof PMy, 54-55% in the traffi¢

503 and 5859% in the residential and background sivesie obtaine@n 18 Februarguring the LRT
504 episodelnorganic species hatle highest contribution to thealskgrounl aerosol, they accounted
505 for 41+5% of the PM masswith asmallvariation between the dayjdowever, on 21 February
506 when very clean airmass arrived over the octfninorganics accounted only ~8% of PiMass.
507 In the traffic and residential eneinments the contributioof inorganicsvason average 1-28%,
508 butin the LRT episode daywaslarger being33-36% This showed that the main sources of
509 inorganics were not in traffic or residential areéaslphate wathe dominant inorganic species

510 followed by nitrate and ammoniur@hloride had a notable contributibmthe compositiolon 21
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Februaryprobablydue to sea saltom the ocearand the use of deers on roads to prevent
slipperiness
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Fig. 6. Averagemass concentrations BM: chemical compositio(gs), andorganic factorgc) in
different environmentfor the selecte days. Also shown armaass fractions of organ{b) and

PM;: componentgd).

According tothesource apportionment ofganicaerosolgFig. €c,d), the contribution ofHOA
to OAwaslargestin the city followed by the highway, similar to BBighestHOA contributions
were measgredon 21 and 24 February accounting for 87% and 56@A in the city, and 54%
and 49%of OA on the highway, respective{fableS3). During those dayse contribution of
backgroundaerosol tahemeasured concentrationss verysmall the PM; mass othe
backgromd particles wakw, 5.4and 6.7ng m3, respectivly (Table S2) The BBOAhadthe
highest contributiomo OA on 24- 25 Februaryn the residential areascouning for 59-60% of
OA, close to the highest valuesportedby Aurela et al. (2016)n Helsinki, thecontribution of
wood burnng to the concentrations of organic carlhas beer40% in winter 20062007
(Saarikoski et al., 2008but much less in 2009 ranging between 1 and 39 % (Carbone et al.,
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2014) Regarding OOAIit had highescontribution(71-76%)during the LRT episode day
independently of the environment, whereas on the other days it was typically ~30% in the
residential and background sitand lowes{< 2099 in the traffic sites on 21 and 24 February.

3.3. Individual particle analysis

The individual particle TEM/EDX anasys was performed for the fosamples collected on
three days. Different frorthe continuous online measurements discussed abbyeninutes
TEM/EDX samples weré s n a p s lypidalaerosal tiypes in the Helsinki metropolitan area in
winter (Table$4); 1) city center kerbside site during Friday morning rush hour characterized with
emissions from local traffic (TRAFFIC; PMoncentratior12 pug n®), 2) suburban small house
area site during Saturday evening characterized by emissions from local rakwieod
combustion in fireplaces (RWC; RM43 ug nm®) and simultaneous LRT pollution episode, 3)
urban background site during strong LRT pollution episode (BRT: PM. ~31 ug ni) due to air
flowing from the polluted areas of astern Europe, and 4) @b background site during very clean
period (CLEAN; PM concentration 5 ug n®) due to marine air floimg from the Atlantic Ocean.

In regard to the four days discussed in previous section, th&@ EMEDX samples were
collected n threeof thosedays(18, 21 and 24 February)

The individual particles analysed with TEM/EDX were classified into 10 particle types based
on their elemental composition (elements with atomic number Z from C to Pb, excluding N),
morphology and susceptibility to damage by atebn beaml) soot, 2) tar ball, 3) @ch, 4)
K/S/C-rich, 5) S with \(Fe-Ni, 6) S/Grich, 7) Na/Cirich, 8) Carich, 9) Si/Atrich, and 10)
transition metal¢Table S4)

The abundances of individual particles types varied significantly in the fdaredif aerosols
(Fig. 7). As expected, the highest proportion (~100%) of soot particssbservedn the 56180
nmsize range of the kerbside aerosol (TRAFFIC), since black carbon is the major component of
fresh exhaugparticlesin that size fractionEnroth et al. 2016). The fractbke nanoparticle
chains and chaiagglomerates of these frestot particles (Fig8a) were not yet collapsed or
coated with heavy layers of secondary components, as often observed in aged-aadgeng
transported sogiarticles (LRFEPI and CLEAN; Fig8d; Niemi et al. 2006). The fresh soot
particles from traffic were mainly composed of C and minowkile many soot particles from
local residential wood combustion aerosols (RWC) also contained detectable amountsl& K a

that are typical elements in wood combustion emissions (Torvela et al. 2014).

20



564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595

Tar balls are individual sphericat@h particles that are dark (electrdense), amorphous and
totally stable even in the presence of very strong electron bean8¢}-igheyoriginate from
biomass burning (e.g. Pésfai et al. 2004; Martinsson et al. 28idb}hey are a main source of
organic lightabsorbing brown carbon (BrC) in the atmosphere, resulting in significant climate
warming impacts (Alexander et al. 2008 ff¢r et al. 2016; Liu et al. 2018n this study, tar balls
were observed in every size fraction{B800 nm) but their amounts were quite small in most
samples (Fig. 7)The highest proportions (average 5% in thelB60 nm size range) were
observed dung the LRT episodeyhen polluted air masses frorastern Europe also carried
significant amounts of particles from wood combustieigg. S6, 2 and §. This 5% proportion is
higher than observed during a LRT pollution episode in Finland in spring 208% (& the 200
1000 nm size range; Niemi et al. 2006), but much lower tharpatsta regional background site
in Hungary in cool season samples (-4I06; Pdsfai et al. 2004) and in the smoke plumes of open
biomass burning fires (maximum even >80%; Pdsffal. 2004, Hand et al. 2005)he elemental
composition othetar balls was similar as observed in the previous studies; abundant C, some O
and sometimes also minor amounts of other elements, such as K and/or S (e.g. Pésfai et al 2004;
Hand et al. 208; Niemi et al. 2006; Adachi and Buseck 20IH)e RWC sample contained
abundant K/S/@ich particles and some soot particles, indicating that they mainly originated from
quite highquality or flaming combustion conditions (Martinsson et al. 2015; Toetedh 2014).
This kind of conditions are not fau@ble for tar ball formations since thagemainly formed in
poor combustion conditions, such as low temperature pyrolysis during wood addition to fireplace
(Martinsson et al. 2015), smoldering burningn@ditions and wildfires (Pdsfai et al 2004; Hand et
al. 2005; Adachi and Buseck 2011).

C-rich particles that were not soot particles or tar hadieealso observe@Figs 7 and8b).
This Grich group contained particles with highly variably morphology sekitivity to beam
damage. In addition to C, these particles contained some O and sometimes minor S, K and/or Si.
C-rich particles were observed in every size fraction{860 nm) but their amounts were usually
quite small. The highest proportion (36&8)C-rich particles was observed in the §B000 nm
size fraction of the RWC sample, and they probably originated from the local emissions of wood
combustion (Fig8b). In general, the source ofrich particles remained uncertain, but during
winter theymight mainly be emitted from various combustion sourges C-rich particles might
also originate from natural sources (Niemi et al. 2@0&)e high concentrations of fluorescent

particles were observed duritite LRT episodéSaari et al. 2015)
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596 K/S/C-rich particles were enriched in the RWC aerosol and their proportions w&&26h

597 the size fractions between-820 nm (Fig.7), indicating clearly typical chemical components (K,
598 sulphate, organics) from wood combustion (Torvela et al 2014). The morphology of particles was
599 highly variable (Fig8b). Many of these particles contained also minor amounts of Zn, which
600 often acts as a cdensation nuclei in cooling wood combustion emissions (Torvela et al. 2014).
601 Based on the recent study by Uski et al. (2015), ZnO may be a key component producing

602 toxicological responses in the PM emissions from very efficient wood combustion.-H¢8/C

603 particles with beansensitive secondary components were also detected in all aerosols studied,
604 emphasizing that the wood combustamd/or other biofuedmissions were always present in

605 regionally and longange transported winter aerosdfgg. 2 and 6). The emissions fromiesd

606 vehiclesmight also be a potential source for some-K¢h particles (Karjalainen et akp16

607 ROnkko et al.2014).

608 Particles othe S/C-rich group were usually very sensitive to bedamage since they mainly
609 contained secondary aerosol components sulphatandorganics.The S/CGrich particles were

610 sometimes internally mixed with soot particles or other bessistant inclusions sbhas minor

611 amounts of K (Fig8c-d). S/Crich particlesaretypicaly observedn regionally and longange

612 transported aged aerosols (e.g. Niemi et al. 2006; Kerminen et al. 2011). Therefore, this particle
613 type was very common in all aerosols studied.(Figespecially when the contribution of local

614 emissions sources was low compared with background level caused by regional and LRT aerosols
615 (LRT-EPI and CLEAN). A few of Sich particles contained also V, Ni and Fe (Fg). These

616 particles were only peent in the smallest size fractions &80 nm; Fig.7), suggestinghat they

617 might originate from nearby sourcdsr examplgrom heavy fuel oil combustigmn heat plants

618 and shipgHapponen et al., 2013)

619 The shares of Na/@ich particles were highes the 5601800 nm size range of the CLEAN
620 aerosolFigs.7 and8d) due to sea salt, sinteeair flows arrived from the Atlantic Ocean and via
621 the Baltic Sea. The amount of Cl was usually very low, as typical for LRT seduszlh

622 reactions with gasous pdutants (e.g. Niemi et al., 2008006). In the TRAFFIC sample, Na/Cl
623 rich particles might also partly originate from-ider street salt (NaCl), since the ratio between Na
624 and MgCaK deviated from the typical composition of sea salt. The TRARR&IGple also

625 contained highest proportions of Si#Ath particlegFigs. 7 and 8ahat probably originated from
626 asphalt wear caused by studded tyres and antiskid sanding materials (Kupiain@9&6al.

627 In transition metals group, almost all parielere mainly composed of Fe and O, but few

628 particles were also enriedwith other transition metals, such as Zn, Mn and/or Cr. The highest
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proportion (24%, Fig7) of Ferich particles was in the 10eB00nm size faction of the

TRAFFIC aerosol and theshapes were mainly angular (Figsaand8a). Thus, the Feich

particles of that sample might mainly originate frimawear products of brakes as well as from
tram wheels antfails near the sampling site. Only few of the transition metal (and-So#)l
particles were circular, indicating that most of them were not released frortemiglerature
combustion conditions, such as c@iedéd power plants or metal industry (Saarnio et al. 2014). In
general, transition metals may originate from several antigeapc sources (Lin et al. 2015;
Jeong et al. 2016), and their identification was beyond the scope of thisFgudgarich
particleswereobservedn all samples (Figr), and potential sourcésr theminclude emissions
from coal combustion and thelesulphurization products, wood combustion, road dust, cement
and metal industries and even marine origin (Saarnio et al. 2014; Niemi et al. 2006 and references

therein).
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Fig 7. Relative abundances of particle types in different size fractions for the four studied winter
aerosols characterized mainly by emissions from local trédfjeemissions from local residential
wood combustion mixed with LRT pollution episog), LRT pollution episodéc), andvery low

urban background PM during clean marine period

4 a) TRAFFIC b) RWC
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Fig. 8. TEM images of typical individual particle types observed in the four studied winter

aerosols.

8 Conclusions

A field campaign in the city and densely populated small house areas with local wood burning
as wellas on major roads was conduchgdthe mobile laboratory van Sniffer in the Helsinki
metropolitan arean 15-27 February2012.The installed statef-the-art instrumentatiomvith 1-5
s time resolutiorenabled us to obtain a comprehensive view oosa properties and sources
Based onHhe trajectories and identified organic factaramelyOOA, BBOB, HOA by PMF
analysis, dur majortypes of winter aerosol were recogrdze

1 cleanaerosokt urban background site on seashore dueatidneair flows from the
Atlantic Ocean(21 Feb)

1 LRT pdllution episode aerosalueto airflows from eastern Europeith high OOA(18
Feb)
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