Response to the Associate Editor

For both the main text and the Supplement:

The numeric concentration data and the percentageeatrations are given with too many significant
figures. Three significant figures suffice when finst significant figure is a "1" and two signifint
suffice in the other cases.

Tables 1, 2, S1, S2, and S3 were modified accordinige suggestion. We also changed the values in
the text (Section 3.3) accordingly.

For the main text:

Page 1, line 29: Replace "proton-induced" by "phetinduced". Done.
Page 1, line 30: Replace "i.e. sample" by "i.anda". Done
Page 1, line 33: Replace "e.g. a" by "e.g., a". Done
Page 1, line 34: Replace "e.g. Annegarn” by "égnegarn”. Done
Page 1, line 36: Replace "XRF" by "The XRF". Done
Page 2, line 11: Replace "e.g. resuspension” lgy, '®suspension”. Done
Page 2, line 17: Replace "i.e. with" by "i.e., With Done
Page 2, line 19: Replace "by (Park et al., 201¢)"y Park et al. (2014)". Done
Page 3, line 1: Replace "13 Aug" by "13 August". Done
Page 3, line 23: Replace "samples collection" layrijgle collection™. Done
Page 4, line 8: Replace "is same" by "is the same". Done
Page 4, line 16: Replace "for lightest" by "for tiyhtest". Done
Page 5, line 22: Replace "TEOM data" by "the TECahH Done
Page 5, line 25: Abbreviations and acronyms (hB#&Q™) should be defined (written full-out) when
first used. Done. We replaced “an erroneous DAQ value” withftisare malfunction”
Page 5, line 29: Replace "e.g. according” by "@ceprding”. Done
Page 5, line 31: Replace "value where" by "valugctvwere". Done
Page 5, line 39: Replace "1 Aug" by "1 August". Done
Page 6, line 27: Replace "e.g. blank" by "e.gnkla Done
Page 7, line 11: Replace "to Gerboles" by "to tlinggerboles". Done
Page 7, line 20: Replace "e.g. an" by "e.g., an". Done
Page 7, line 24: Replace "i.e. of" by "i.e., of". Done
Page 7, line 25: Replace "Hg were" by "Hg, whiclrete Not agreed.
Page 7, line 32: Replace "Jul and 1 Aug" by "Julgt & August". Done
Page 7, line 37: Replace "of these two elementsatéfby "of Sb and Sn reflectDone
Page 8, line 21: Replace "2 Aug" by "2 August". Done
Page 8, line 24: Replace "e.g. at" by "e.g., at". Done
Page 8, line 33: Replace "1 Aug" by "1 August". Done
Page 9, line 2: Insert a space between "period} "de". Done
Page 9, line 3: Replace "e.g." by "e.g.,". Done
Page 9, line 7: Replace "e.g. elemental” by "elgmental". Done
Page 9, line 19: Replace "2 Aug" by "2 August". Done
Page 9, line 24: Insert a space beforg'" Done

Page 9, line 26: Replace "in brackets" by "in pHreses". Done



Page 9, line 37: Abbreviations and acronyms (heB£C") should be defined (written full-out) when

first used. Done
Page 10, line 2: Replace "e.g. Sr" by "e.g., Sr". Done
Page 10, line 7: Replace "e.g. Hopke" by "e.g.,kétp Done
Page 10, line 25: Replace "inversion. . It" by @msion. It". Done

Page 11, line 14: Replace "comprised of approxilyials "comprised approximatelyDone
Page 11, line 19: Replace "Measured concentration$The measured concentrationstne
Page 11, line 23: Replace "dependent on element&ldpending on the elemenDone

Page 11, line 38: Replace "e.g. 2" by "e.g., 2". Done
Page 12, line 5: Replace "Continuous" by "The cagus". Done
Page 12, line 24: Replace "M.C.Minguillén" by "M.&inguillén". Done
Pages 12-15, Reference list:

- abbreviated journal names should be used thraugho Checked
- titles of journal articles should be in lower ead not in Title Case. Checked

Page 15, lines 39-42: Yatkin et al. (2012) shouwlehe before Yatkin et al. (201&)one
Page 17, Figure 2: The text in the right ordinatesdnot come out properly. Figureexchanged

Page 19, legend of Figure 4: Replace "elemnt" bsrtient”. Done. Also
removed hyphen in Xact-625.

Page 19, caption of Figure 4: Replace "Xact625"Xgct 625" Done
Page 20, ordinate of Figure 5: Replace "Xact625"4gct 625" Done
Page 28, footnote 2) of Table 2: Replace "Galli"®ylli Purghart". Done

Page 28, footnote 7) of Table 2: "Alastuey et L&' is not in the Reference lifione

For the Supplement:

Page 1, line 2: Replace "Table 2)" by "Table 1)".  Done

Page 1, line 16: Replace "47mm" by "47 mm". Done

Page 1, line 22: Replace "Table S1" by "Table S2". Done

Page 2, line 22: Replace "Table S2" by "Table S3". Done

Page 3, line 4: Replace "Table S2" by "Table S3". Done

Page 3, line 7: Replace "Tanner et al. 1974" byntiea et al., 1974". Done
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Abstract. An Xact 625 ambient metals monitor was tested duaithree-week field campaign at the rural, traififtuenced
site Harkingen in Switzerland during summer of 201be field campaign encompassed the Swiss NatiDaglfireworks
event, providing increased concentrations and wnigiemical signatures compared to non-fireworks b@rkground)
periods. The objective was to evaluate the datéitylmry intercomparison with other independent meaments, and test its
applicability for aerosol source quantification. eTiXact was configured to measure 24 elements inoRWth 1-h time
resolution. Data quality was evaluated for 10 2dvierages of Xact data by intercomparison with 28N, filter data
analysed with ICP-OES for major elements, ICP-M$ timce elements, and gold amalgamation atomic raten
spectrometry for Hg. Ten elements (S, K, Ca, Ti,, Ma, Cu, Zn, Ba, Pb) showed an excellent cormiatietween the
compared methods, with values> 0.95. However, the slopes of the regressions metweact 625 and ICP data varied from
0.97 to 1.8 (average 1.28) and thus indicated gdigenigher Xact elemental concentrations than fGPthese elements.
Possible reasons for these differences are distubsé further investigations are needed. For #raaining elements no
conclusions could be drawn about their quantifaatfor various reasons, mainly detection limit BsuAn indirect
intercomparison of hourly values was performedtfer fireworks peak, which brought good agreemenbtafl masses when
the Xact data was corrected with the regressiom® fthe 24-h value intercomparison. The results destnate that multi-

metal characterization at high-time resolution d&alfig of Xact is a valuable and practical tool fambient monitoring.

1 Introduction

The quantification of trace elements in airborneipalate matter (PM) can be achieved with varitershniques, such as
inductively-coupled plasma mass spectrometry (ICExMnductively-coupled plasma optical emissioncsmenetry (ICP-
OES), X-ray fluorescence spectrometry (XRF), amdtonparticleinduced X-ray emission spectrometry (PIXE). These
methods require a two-step procedure, sample collection in the field followed by labaygt analysis. Ambient pollutants
are conventionally collected on filter substrate rge time duration such as 8-h or 24-h sampting to ensure that
sufficient elemental mass is available for anahlt@nalysis (ICP). For high time resolution, immaistare used where the
sample is collected on a foil (e.@.rotating drum impactor, Lundgren, 1967), or aombination of an impactor plate and a
filter, such as in a streaker sampler (eAnnegarn et al., 1992). These samples are theoserpto X-rays or a particle
beam without further treatment, which provide gitative data with low detection limits. In contrdetthe non-destructive
XRF method, sample preparation for ICP analysigery laborious, and the samples are destroyed glthis processThe
XRF method has been successfully applied to aenbsohcterization in the last decades. Measurenfdotv sample mass
typically requires a high sensitivity (or a low mimum detection limit, MDL) and hence access to ackyotron or
accelerator facilities (Bukowiecki et al., 2005;KH8wiecki et al., 2008; Calzolai et al., 2010; Cé#@t al., 2015; Lucarelli
et al., 2011; Richard et al., 2010; Visser et2015b; Yatkin et al., 2016), which is notoriousiffidult due to the demand
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for analysis time at such facilities. Access retishs limit the number of collected samples tcabalysed, and hence field
campaigns are predominantly episodic. Technicabades in X-ray sources and detectors have recesglyited in the
development of commercial systems capable of sagmind analysing ambient PM samples in sub-hourlyaurly
resolution in quasi real time. Instruments of ttyise can be used for continuous (months, years)itorarg at a site, but
their cost may restrict the simultaneous deploynuéret larger number of devices for different sizgcfions or at different
sites. The benefit of long-term, quasi real tim¢éadaccess, favourable, e.g., for air quality moiity contrasts with the
possibilities of relatively low cost, multi-site dmulti-size samplers used so far in episodic fildlies.

Sampling with high time resolution generates laggantities of data capable of capturing source siomspatterns occurring
at shorter time duration. For source apportionneéftM components like elements, a high time resmiuof the order of 1
hour or less is advantageous, as temporally variablironmental factors such as wind direction gpeled or insolation
may affect transport and source processes, reguspension (Annegarn et al., 1992; D’'Alessarmdral., 2003; Sanchez-
Rodas et al., 2007; Sarmiento et al., 2007; Visseal., 2015b; Yadav and Turner, 2014). One sustriment, Cooper
Environmental’'s Xact® 625 Ambient Metals Monitoerforms in-situ automated measurements of ambibht Br PM, 5
elemental concentrations for a user-defined s@diair more elements with a user-selected samglimg tesolution of 15 to
240 minutes. The instrument is transportable amdbeadeployed in field campaigns where a suitabédter with electric
power and an appropriate sampling line connectirrgdutdoor with the indoor is available. Remoteeascto the data is
possible during operation, which allows for a coatius, quasi real time (i,ewith a delay of one sampling interval)
monitoring of the operation status and the ambieeital content. An in-depth evaluation of the forever instrument Xact
620 was previously published Byark et al.(2014).

An Xact 625 monitor was deployed for a month td tee handling and data production of the instruménsmall field
campaign was organized at a monitoring statiorhefSwiss Air Pollution Monitoring Network (NABELyhere quality-
controlled air pollution measurements are perforie@atinuously. The NABEL network provided the refiece for previous
data intercomparisons (Hueglin et al., 2005; Lamhzale 2010), as well as for the intercomparisorfisthss study.
Comparisons between SR-XRF and filter samples aedlyith ICP-OES and ICP-MS have been performedigusly
(Richard et al., 2010). Comparisons of XRF on sasgbllected on different substrates were perforraag, by Yatkin et
al. (2012). A recent interlaboratory comparisorPdfy, filter analysis methods is presented in Yatkiralet(2016), where
XRF/PIXE and ICP methods were compared for sevagdtics. Some of these metrics are also appligdisrstudy.

The goals of this article are 1) to characterize measurements of the test period in Harkingencamapare them with
previous studies in Switzerland and elsewhereg 2xamine the achieved data quality for the seleetements with respect
to their minimum detection limits; 3) to quantifiyet measurement quality based on intercomparisameba the Xact and
NABEL PM,q data (1-h TEOM data and 24-h filter samples) férkihgen; 4) to evaluate the applicability of thetrument
at high time resolution in typical summer condisoand concentration ranges at a traffic-influencedhl site in
Switzerland; and 5) to gauge the advantages of tiilgh resolution sampling for a preliminary investiion of sources
based on enhancement ratios and diurnal varialafiglements. A pollution episode captured durimg ¢ampaign resulted
in high ambient concentrations, widening the raofystudied concentrations. The selected elemepiesented a typical
mix of elements at the selected site. In additafew elements notoriously difficult to measureSiwitzerland due to their

generally low ambient concentration were includenely Ni, As, Pt, and Hg.

2 Experimental setup
2.1 Site characteristics

The field campaign was performed at the permantatios Héarkingen (47.311877° N, 7.820453° E) of Bwiss Air
Pollution Monitoring Network (NABEL,http://www.bafu.admin.ch/luft/00612/00625/index.litlang=en) from 23 July
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until 13 August 2015. This station is located next to the Al fragwthe main traffic route between eastern and emest
Switzerland. About 1 km to the west the A2 freeveagnches off towards the north. The local terraitevel and the traffic
flows freely even during rush hours, limiting ineittes of excessive braking or forced acceleralibare are villages to the
south and east of the site, and agricultural lanchédiately to the west and north. Other local @@ include industrial
buildings approximately 500 m to the northwest idtigs businesses), and a metal processing comgathye southeast
across the freeway. The site is well documentetl véispect to gas phase traffic emissions, PM numdecentrations and
particulate elemental carbon (EC, Hueglin et @0&), but an in-depth local source apportionmestiat been realised so
far except for organic aerosols measured in MaypZ0@nz et al., 2010).

The first week of the campaign was characterizethbgerate summer temperatures (maximum tempergQ&5éC, except
23 July) with some occasional rain cleansing timoaphere. The remaining two weeks were part ofnanser heat wave,
with temperatures reaching 36.4 °C at the maxinmamd, values above 30 °C on 7 days of this periody Gme precipitation
event occurred during the hot period. The Swissgddat Day (1 August) fell on a Saturday, and theekend weather
promoted outdoor barbeques and fireworks. The blitke fireworks were burnt on 1 August after 2200(local time =
UTC + 2 h), but some individual fireworks were alagnt on 31 July, and 2 and 3 August.

For this study, the Xact 625 monitor and a Q-AC3adrupole aerosol chemical speciation monitorpdgne Inc.) were
installed in an air-conditioned trailer parked nexthe NABEL station. This trailer was placed he nhorth of the freeway at
~23 m away from the centre of the freeway. Thiecel the trailer on the orthogonal transect betwkerfreeway and
NABEL shelter, which is located ~27 m from the centf the freeway. The trailer's instruments weoarected to the

NABEL station’s power grid and Ethernet.

2.2 NABEL instrumentation

The NABEL station is equipped with a broad rangaiofquality instrumentation and standard mete@iokd sensors. The
relevant instruments for this field test were thigi@l DA-80H HiVol sampler with a DPM 10/30/00 &tl for 24-h PM,
sample collection, and a TEOM FDMS 8500 (Tapered Elem@stillating Microbalance, Filter Dynamics Measureine
System, Thermo Scientific) for continuous (10-mRY;, mass concentration measurements. The time conssaual for
noise reduction in the TEOM and the averaging ptooe caused a significant time delay in peak comagans. For 1-h
values, the random error of a TEOM as derived frmamallel operation of two identical instrumentsaisout 2 pg .
Standard meteorological measurements such as tataperwind speed and direction, and precipitatecords are also
monitored at this station. Furthermore, the statiso provided hourly traffic counts for the fregwia the form of total

number of vehicles, number of heavy duty vehickéBY), and number of light duty vehicles (LDV).

2.3 Xact 625

The Xact 625 ambient metals monitor (Cooper Envitental Services (CES), Beaverton, OR, USA) is apsag and
analysing X-ray fluorescence spectrometer desidgoednline, semi-continuous measurements of elesnenaerosols. In
this study, ambient air was sampled with a flove raft 16.7 actual Ipm through a RMlow separator (Tisch Environmental,
TE-PM10-D) and the PM collected onto a Teflon filtape. The flow is maintained to within about 1 #dter each
sampling interval the filter tape is moved into #malysis area of the spectrometer, where it usnilhated with an X-ray
tube with three excitation conditions, and the ®diX-ray fluorescence is measured with a silicdft detector (SDD).
During this XRF analysis, the next sample is cadidcon a clean spot of the filter tape. This cysleepeated during each
sampling interval, which was configured to be 6@umés for this study. While this approach is noetdetive, the samples
collected are typically not amenable to offline lgas post-sampling due to potential for cross-aamnation from sampled
filter tape wound upon itself onto the filter wheAfter each analysis interval, raw and calibraffed the actual volume in

units of ng 1) concentration data was stored on the hard digkevtontrol unit. Daily advanced quality assuracisecks
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(QA energy calibration test, QA upscale test) wpegformed during 30 min after midnight to monitdrifss in the
calibration. Thus, the sampling interval followimgdnight was limited to 30 min only.

The instrument was configured to quantify 24 eletsé8i, S, Cl, K, Ca, Ti, V, Cr, Mn, Fe, Co, Ni, CZn, As, Se, Cd, Sn,
Sb, Ba, Pt, Hg, Pb, Bi, plus Pd for QA). Each daésth elements was calibrated individually with eemefice sample.
Minimum detection limits (MDL) for 1-h sampling farach element are listed in Table 1. CES calculsiets using the
sensitivity of the element and the counts in tlggae of interest of a blank unsampled section pétdrom where one sigma
interference free detection limits are reported.PX{faised MDLs are inversely proportional to the sguaot of the X-ray
analysis time (Currie, 1977), which in the caseXatt isthe same as the sampling duration. Hence, Xact MDLdaver
for longer sampling durations. Interference free IMPwhile true are idealized lower limits of defeat of one single
element. As with most analytical methods, matrifees in ambient samples from interferences betvwdiéarent elements
and analyte concentrations could potentially reisulMDLs of ambient samples to be higher and vamnpss samples, which
makes them difficult to generalize and report. dttherefore often preferred to report measuremewentainties to
characterize a measurement. An uncertainty of 5 %33 due to fitting errors and uncertaintieshie standards has been
derived from laboratory experiments with NIST starts (benchtop XRF, filter analyses). Uncertainéies expected to be
higher for concentrations close to the MDL; formeémnts with potential for line interferences in melement samples; and,
from self absorption effects fone lightest elements (Si, S, Cl, K, Ca). Line integiece is well-known for element couples
like Fe-Co, Pb-As, Ba-Ti and makes detection of eleenent difficult if the other is abundant in temple. The linear least
squares reference deconvolution algorithm impleeim the Xact fits the measured sample spectruti thie library of
pure element reference spectra to resolve condiemseof each calibrated element. The Xact repautely elemental mass

concentrations, which are the focus of discussimhumless otherwise noted.

2.4  Q-ACSM

A Q-ACSM (Aerodyne Inc., Billerica, MA, USA) was epated in the trailer housing the Xact 625 durimg ¢ampaign. The
Q-ACSM determines quantitative mass spectra ofnefractory particles up to mass to charge rati/)(of 150 (Crenn et
al., 2015; Ng et al., 2011). lon fragments wereitaited mainly to organic aerosols, nitrate, sutph@ammonium, and
chloride, which comprise the reported data usethis study. The collection efficiency (CE) was detaed for each
spectrum according to Middlebrook et al. (2012} #s distribution peaked at the mode of 0.62 (D.293 out of 1055 CE
values of the full ACSM dataset were equal to 0BBe Q-ACSM collected sub-micron (RMparticles and chemically
analysed them in 30-min intervals, which were aggted to 1-h averages for comparison with the X8 data. All

concentrations used in this study were CE corrected

2.5 24-h PM, filter samples

The 24-h PM, samples collected by the HiVol sampler on quaitter6 were weighed at Empa laboratory in Diubendorf
Switzerland to determine the gravimetric daily BNloncentrations. These values were then used teatdhe TEOM PNy
concentrations on a daily basis. Therefore the 2ZZ&0DM values correspond to 24-h gravimetric gMen 24-h PNy
samples were analysed for their elemental compositt IDAEA-CSIC laboratory in Barcelona. A quartéreach filter was
acid digested using a mix of HF:HN@.5:1.25 mL), the solution was kept in a Tefleactor at 90°C for at least 6 h, and
after cooling 2.5 mL of HCIQwere added. The acid solution was brought to enadjom and the dry residual was re-
dissolved with HNQ and diluted with milli-Q water for subsequent ICE=S and ICP-MS analysis. This method has been
validated and used in many studies, and is disdusseéetail elsewhere (Minguillén et al., 2012; @aleet al., 2001; Querol
et al., 2008). A total of 41 elements from Li todgre analysed: the major elements Na, Mg, Al, &,%;a, Ti, and Fe with
ICP-OES; the trace elements with ICP-MS. Si, CH Bt were not analysed on the filters. Analysethefreference material
NIST 1633b (constituent elements in coal fly aséipg the same methodology as that for the sampéddeyl satisfactory
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results, with approximately 100% recoveries for #hements under study. Tests of the used methogoldty respect to
other ICP sample preparation and analysis methantts,applications of the methodology to NIST staddandicated the
reliability of the method, exerting a maximum seatf 10 % for any of the elements, with most utaiaty values clearly
below this limit. Relative uncertainties (precigioof the ICP measurements are less than 5 % foretbments with
concentrations well above their respective detaclimits, whereas the overall uncertainty reflegtitne entire sampling
procedure, the digestion and the ICP analysis itherorder of 25 %. Minimum detection limits forRGvere determined
according to Escrig et al. (2009), and the valwegdHte elements relevant for our intercomparisanlsted in Table 1. Hg
was analysed with a Hg gold amalgamation atomiomti®n analyser (AMA-254, LECO instruments, Botasit al., 2013;
Diez et al., 2007). The three methods are refetweas the offline or ICP methods (ICP-OES, ICP-MS)d the Hg gold
amalgamation atomic absorption spectrometry isebited with AUAAA in this paper.

Three of the 10 filters were also analysed witheadhtop XRF system by CES, and with ICP-MS by atependent lab
(Eastern Research Group, ERG, Research Triangle R&, USA) to investigate inter-laboratory scattERG used a
different digestion method than IDAEA-CSIC. In ailul, three filters were prepared with a refereaeeosol of known
concentration for Fe, Cu, Zn, Sr and Pb, which twere analysed by CES, IDAEA-CSIC, and ERG, agaigdin insight

into the inter-laboratory scatter. Details on théat and the methods are given in the supplenfi¢hisaarticle.

2.6 Data coverage and synchronization

The Xact 625 measurements started on 23 July 2@00 1T, and ended on 13 August 2015 0600 LT. Thapdag
interval was set to 1 h. Two interruptions occurdeding the sampling period: one due to an Xact 6@5puter problem
(33 h), the other one due to a delayed filter tlpenge (10 h). The Xact dataset consists of 456 tahour samples out of
499 possible samples, attaining a coverage of @l.fthe NABEL data were tailored to coincide witle tkact data. The 10-
min TEOM PMy values were aggregated to 1-h values to syncheottiem with hourly Xact 625 measurements.
Additionally, the TEOM data were also adjusted to the gravimetricd#yermined Pl masses from the HiVol filters to
provide an independent reference for intercompasisdhe data used here contained some gaps which amty partly
synchronous for the selected parameters. Wind speeédlirection missed 12 data points (2.4 %), pittion 26 (5.2 %),

and PM, 53 (10.6 %) at hourly time resolution. The ACSMalaontained a gap of 14.5 h dueato-erroneous-DAQ
valuesoftware malfunctigrwhich caused the data to be very noisy for thattsperiod. These values were rejected from the

analyses, and only the remaining 972 data pointe weeraged to 465 1-h values, which then weramplead to the 456
Xact data points.

For the comparisons of the different instruments sampling intervals, all data were resampled ¢odbrresponding times
of the Xact 625, according to the sub-classificaioof the data set (e,gaccording to wind sectors). For the
intercomparisons with the 10 filter samples, tharhoXact data of the corresponding days were ayedid@o the 24 h of the
filter samples. During each 24-h period, Xact gatedt 23 1-h values and 1 30-min valugich were aggregated to 24-h
daily averages. This procedure implicitly assunteeg the half-hour sample of the first sampling hisurepresentative for
the whole hour. Tests with a 23.5-h weighted awergiglded differences of less than 3 % betweentiite calculation
methods. Comparisons of hourly Xact data were @agsible for S with the ACSM data (in the form d¥l Psulphate,
assuming that all S occurs in PMand between the total Xact element mass angh BMthe NABEL TEOM instrument,
see Sections 3.2 and 3.3.
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3 Results and discussion
3.1 Data validity derived from general statistics ad minimum detection limits

The complete Xact dataset is visualized in Figyrand general statistics are given in Table S1. Sdient feature of the
concentration time series is the huge peak laté Angust caused by the National Day's fireworks episodether peaks
before and after that day warranted dividing thi data set into a fireworks period and a non-fioekgs period. The
fireworks period started on 31 July 2015 2200 LT #asted until 4 August 2015 1100 LT, as will beadissed in more
detail in Sect. 3.3. The remaining non-fireworksiqe is representative for the typical backgrourmhaentrations at
Harkingen, and can be compared to literature values

MDLs for the Xact 625 and for ICP-OES/MS and the AIAAA method are listed in Table 1. Note that MDafselements
measured by Xact 625 are based on 1-hr sampling wihile MDLs of filter based elemental concentrasiaare based on
24-hr. Generally, values below 3*MDL are expectethdave much higher uncertainty. Hence, elements mire than 80 %
of the data below 3*MDL were rejected from furthexamination. Xact 625 MDLs have not been determibgdhe
manufacturer for Si, S, and Cl, because self-aligorgffects for elements lighter than Ca becomeemmportant with
decreasing atomic number (Formenti et al., 2010)wéier, these three elements are abundant, andsuena that they are
well above their Xact detection limit. For thesereénts, an ICP MDL is only given for S, becausedsinot be determined
in the filter samples, as it is a main constitueihthe quartz filters and is also digested duriamgle preparation, and ClI
cannot be determined by ICP. The table indicatesatinount of data points >MDL in percent for thefati#nt analysis
methods. The elements K, Ca, Ti, Mn, Fe, Cu, Zn, Sim Ba, and Pb have most values above the MDd, thair
measurement should thus be reliable. Seven Xattegits have >50 % of their data points below MDL amate than 90 %
below 3*MDL: V, Co, As, Se, Cd, Pt, and Bi. Cr a@dl show the same behaviour for ICP. Ni revealedabbs blank
concentrations in the filters and could therefooé Ine reliably measured with ICP. Hg is also mos#jyow MDL in the
AUuAAA measurement, and Pt was not measured withdC#ll. In summary, 11 elements (K, Ca, Ti, Mn, €&, Zn, Sn,
Sb, Ba, Pb) are above their MDLs for both the XRig ¢he offline methods, 7 elements (V, Co, As, Gd, Pt, Bi) are
below MDL for the XRF, and 3 elements (Cr, Cd, g below MDL for the offline methods (of which grCd is below
MDL for both XRF and ICP).

The comparisons between online Xact 625 and off2ithdn PM, elemental concentrations for 21 elements are showig.
2, Fig. 3, and Table 1. Only the 21 elements aeays/ both methods are compared by dividing themtimo groups based
on data characteristics.

Group A shows excellent correlations between therveasurement method3 yalues >0.95) and intercepts <40% of mean
concentration, and consists of the eleménts, Ca, Ti, Fe, Mn, Cu, Zn, Ba, and Pb (elementdtalics were analysed with
ICP-OES; the others by ICP-MS). The regressionrietgts were not forced to be zero to enable exammaf potential
differences in the measurement accuracy of eadgheotompared methods, e.plank subtraction. The slopes are more
relevant and indicate biases between the methodbog@dnal least squares regressions metrics wdorllaged which
incorporates measurement errors in both quantiéésy compared. The slopes differed by less tha¥@between the two
regression methods for the Group A elements. Ba Rimdichieved an almost perfect match with slopesrat 1 and
negligible intercepts. The other extreme is Zn vétklope of 1.8. Ti is another peculiar case witiape of 1.13 and the
largest intercept/average concentration ratio 87.00n average, the Xact 625 yielded approxim&28B6 higher elemental
concentrations than ICP for the Group A elements.

The high linearity and little scatter in the regiess testify for the precision of both the Xactiahe ICP methods, but the
differences in the slopes (range 0.97 to 1.8) ffferdnt elements require further investigation. Bistematic deviations
based on elemental molecular weight or X-ray exiomaconditions were observed in these slopes. dégations of the

slopes from unity may be partially attributed te ttifferent inlets for the Xact and the HiVol saegl (Panteliadis et al.,
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2012), which may produce a difference in colleatess on the order of 10 %. The inlets were notieidpltested for their
cut-off characteristics in this study. A slightlyffdrent cut-off value for the particle size maydeto differences in the
collected mass, especially for the largest and iesaiparticles in P, and hence to an underestimation or overestimation
of the total mass collected with a particular inlEhis may be of special relevance in a near-radting with lots of re-
suspended dust (ACES, 2012). Potential line interfee between Ti and Ba can be excluded, becaaseléement couple
reveals two different regressions for fireworks amah-fireworks cases, as well as distinct diurreliations in the non-
fireworks cases.

The results of additional investigations of a fewlested filters by independent labs and analyticethods for
understanding these differences are discussecisupplementary material. Examination of referesemmples indicated a
high precision in XRF measurements despite comtlgteinderestimated absolute concentration (undemated by 6 to
14% depending on the element). In contrast, ICPsorements indicated greater variability (range @ounderestimation
to 60% overestimation, depending on the element) lagnce higher uncertainty in estimated ambientceomations.
Examination of three filter samples collected dgrihe campaign by an offline XRF instrument (by ¢B6d by ICP at an
external laboratory (ERG) indicated a variabilifiyaibout 30% for most elements, and an almost perfedch (-0.1 %)
between ICP labs for the average concentrationsv@ee and Se are excluded, and deviations of less $h% between
benchtop XRF and ICP (Table S2). These resultsamgparable tahose inGerboles et al. (2011). Comparisons between
the Xact and benchtop XRF in previous tests byntl@ufacturer with better control of the sampleetrdonditions almost
always were within 5 % of each other. The relativean difference of 28 % between Xact and filteaadanalysed with
ICP) for samples collected during the field campaappears to be systematic. Such differences raayltrfrom a
difference in location of the Xact and filter sampgl inlets (~5 m) and their relative distance frtme freeway. Ultrafine
particle number concentrations from dust resuspandiie to vehicle traffic are known to decreasé witreasing distance
from the road, with the sharpest decline observétinvthe first 50 m (Hagler et al., 2009). Crustéements, which
dominate in the PM size fraction, are expected to settle faster duarger aerosol size. Hence the difference intXad
ICP reported Pl elemental concentrations may be indicative of adignt in PM occurring for some elements in close
proximity to roadways. To quantify such near-souRM gradient, a field campaign with a different idaswould be
needed, e.gan array of samplers along a line perpendiculahéofreeway. However, since the difference is alsserved
for S, which is typically found in the fine modeget not have a major traffic related source apan ftoarse re-suspended
dust, and is not expected to suffer from incomptigestion we assign part of the differences abscalibration issues with
Xact.

Group B, the remainder, consists of the element€ Co, As, Se, Cd, and Bi, i.af those elements that are close to or
below their Xact MDL, plus Ni, Cd, Sn, Sb and Hg, Rd and Hg were below MDL for the offline metho@d for Xact
and offline methods). Although an intercompariséthese elements may not be justified, we obsesade features in the
regressions of the Group B elements in Fig. 2 #@matworth commenting. Cr is below the ICP-MS MDOir 60 % and
below 3*MDL for all filter values, but 786 are above the Xact MDL. The ICP measurementlisab® DL because of the
high and variable blank concentrations, which makaeaningful blank subtraction difficult, and whictcreases the Cr
MDL in these samples. Although the slope of Cr.B3land thus comparable to the other Group A s|aesmparison with
ICP values is statistically not robust. However,s8ems to be quantifiable with the Xact. The resjoesplot of Bi shows
two extreme values on 31 yudnd 1 Augist corresponding to the fireworks days. These twatscare above MDL for both
methods and suggest good quantitative agreemenebrtXRF and ICP for these two high-concentrat@ses. Sb shows a
moderate correlationr{ = 0.47), and a large intercept. Sn behaves siiyits Sb, with an? value of 0.15. The large
intercepts hint toward a problem in processing Xaet blanks. In addition, when Ca is abundant, raur case in
Harkingen, the Sb d line interferes with the CaKline, producing low signal-to-noise ratios for Simd similarly for the
pair K — Sn. Hence, the reported Xact concentratmfithese-two-elementsSn and f&iflect mainly spectral noise. 60 % of



the filter Hg data were below MDL and thus cannetiell compared with the Xact Hg data. Inspectibthe Xact raw Hg
spectra showed a possible interference from Bringuke fitting routine to attribute some Br massbn-existent Hg peaks
in the spectra. Br was not calibrated in the fitroutine. Thus the Hg concentrations reportechibyXact seem to be due to
this interference and are not realistic, even tho8@ % of the measured values are above the Xadt.MBlues < 1.5 ng
5| m~are in the same order of magnitude as the fortnighies of Chiaradia and Cupelin (2000) for thg of Geneva (Table
2). The element couples of Fe-Co and Pb-As do moivscorrelations within the couples, because mbgtear data points
are below their respective MDLs, and no conclusabout the deconvolution of interfering lines candsawn for these
elements. Comparing the Xact values with the NABHIoual mean values (Table 2) shows differenceslamntabn 40 %
for Cu, Pb, and Ni, while the differences are mlariger for As and Cd. The latter two elements alew their respective
10 MDL (Fig. 2). To summarize, the Group B elementsvglissues with the minimum detection limits of @ast one of the
analysis methods, which restricts thorough integtiren. Individual data points above MDL reveal edfieless a usable
quantification by the Xact in these particular cadeetermination of Sb, Sn and Hg by Xact are p@hty impacted by
XRF line interferences and warrant further improeeis for better quantification by Xact.
The Group C elements Si, Cl, and Pt were not medsam the filters. An Xact MDL for S has not yeehaletermined. Data
15 quality of S measurements was inferred by compaitg Xact concentrations with the concentratiohsurwther element
originating from the same source, or belongingh®same chemical compound. Xact reported S (wikmonn MDL) and
K (with known MDL) concentrations were highly cdated ¢* = 0.99) during the fireworks period, with a slapfe2.30 *+
0.05, which agrees with the stoichiometric relatietween K and S when forming80,. For the non-fireworks periods the
correlation was weakr{ = 0.16), which hints towards a completely diffaremore random relationship between the two
20 elements, as expected. Hence, high concentraticepkrted by the Xact provided reliable S during fineworks episode,
despite the lack of an established MDL for S. Xectmeasurements were always below MDL, and no asiart about the

Pt accuracy can be drawn.

3.2 Comparisons with other data

Figure 1 shows that roughly 95% of the total anedyslemental mass by Xact is comprised of 6 elesn&it S, Cl, K, Ca,
25 and Fe. These major elements all show average otatiens >100 ng f Si, S, Ca, and Fe are observed throughout the
study, although with high variability. Cl and K ambundant only episodically: Cl is strongly tiedwesterly winds during
| the last week of July, and is practically absetera? Auguist K is prominent during the fireworks period. TiuCand Zn
show daily average concentrations between 11 andg3?®. The other analysed elements were found in daibrage
concentrations <10 ng TnThe concentrations are of the same order of ragmias those recently measured at other places
30| in Switzerland, e.g.at an urban background site in Zurich (Minguilléinal., 2012; Richard et al., 2011, Table 2), et a
generally lower than the measurements in olderiessu@Chiaradia and Cupelin, 2000; Gélli Purgharalet1990; R66sli et
al., 2001, Table 2). The decreasing trends in Pl taace element concentrations have been documémtadmerous
NABEL reports on the air quality in Switzerlandde.BAFU and Empa, 2015; Gianini et al., 2012). §hé&rends make it
preferable to use modern studies for comparisomgh&more, the episodic nature of the 2015 canmpaigo demands for
35 some generosity when comparing the measured velittieennual or seasonal mean values.
A time series of the Xact 625 total element conegitns together with the NABEL TEOM Plyldata and the total ACSM
non-refractory (NR)-PM concentrations with 1-h resolution is presented Figure 4. The total ACSM NR-PM
concentration is the sum of sulphates, nitratesnania, chlorides and organic aerosols. Total;shows a generally
increasing trend over the whole campaign, withrangt peak superposed on 1 Agg2015, whose increase coincides with
40 the peak in the Xact data, whereas the maximunelgydd by one hour relative to the Xact data. Téakgds due to the

fireworks burnt on that evening. On average thetX%25 elements make up about 20 % of the tota]Rivass (regression
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slope 0.2,r> = 0.63). A complete mass closure cannot be actijebecause the NABEL station only reports the total
gravimetric PM, mass and Pl elemental carbon (EC) concentrations with diuordbetter time resolution.

Xact's measurement accuracy for S was tested bypadson with ACSM sulphate measurements (Figurpebjormed at
1-h resolution. The S concentrations of Xact 62Bewaultiplied with a factor of 3, assuming that@lbccurred in the form
of SO?. The slope of the regression line for the nomviiseks case is 1.34, with? = 0.85, in line with the Group A
elements, and in agreement with the comparisonfodr8 Xact and from ICP, hence the slope betweeSMNGESQ, and ICP
SO, would be ~1. The high linear correlation suggeskégh precision of the Xact 625 data, but doesatiotv a definitive
answer on the accuracy because of expected selfglms effects, which would increase the slopehfer if corrected.
During the fireworks periodhe scatter is large, and the correlation coefficie only 0.1. We hypothesize that fireworks
produce larger and non-refractory particles (&KgSO,) not measured by the ACSM.

In summary, the on average 25 to 30 % differend¢eden the Xact and ICP data can probably be exgdiany differences
in the sampling inlets, the distance between thetdnand uncertainties of the different analysethrods. The correlation
coefficients close to 1 for many elements demotestitae high precision of the Xact and ICP methdde obtained time
series of those elements can thus reliably be fisedource apportionment. The subsequent analysgs €élemental
concentration ratios, enhancement ratios) were datfethe unmodified Xact data. The only exceptisrestimation of a

mass budget in the discussion of the extreme caratems in section 3.3.

3.3 Extreme concentrations: the fireworks period

As mentioned in Sect. 3.1 the measurement campzgnbe divided into a fireworks and a non-firewopesiod. A K
concentration > 220 ngTrserved as the criterion to distinguish betweesehgeriods, and we required the fireworks period
to be contiguous from the first increase in K onJaly 2015 2200 LT to the final decay to backgrowatlies on 4 August
2015 1100 LT. The average K concentration durirgftreworks period was 2 pgnbut this period showed extremely
high hourly PM, concentrations and an element mix different framremainder of our test campaign.

Investigation of the highest peaks reveals thegperéince of the Xact under high load conditions, mveample thickness
may become critical for XRF analysis. A comparigbnhe two instruments’ peaks could demonstrate blmsely the Xact
mass represents the total measuredPibss. Inspection of the different time seriesdatis that the TEOM peak is
broader (3 h) and higheB$-660ug m°), and its maximum concentration is reached 1 ér @t 2 Augist 2015 0000 LT),
but its increase in concentration starts at theestame as the Xact (at 2200 LT). The delay in ttaximum can be attributed
to the time constant of the TEOM used for reducimgasurement noise and to the averaging procedore €omparison of
the two peaks their measured masses were integoagzdhe duration of the peaks, j.ever 2 h for the Xact data and the
ACSM data, and 3 h for the NABEL data. The integdahlABEL PM, mass reached-aoncentration 0f:21.9122 ug m>.
The Xact 625 monitor reported a total-85-886pg ni° for the sum of all analysed elements (except Rdgchvwas used
only as an internal standard).

The bulk of this concentration (8ug m°) was made up of a few elements imeketsparenthesesoncentrations in pg
m~3, and abundances relative to total analysed elemass, PNb.cement: K (48649 56-657%), S (21.5, 28 %), Cl (7.4,
8.6 %), Fe (3.2, 3.7 %), Ba (2.1, 2.4 %), Si (1L.B, %). Absolute K and S concentrations are in gagiceement with the
values in Drewnick et al. (2006). K likely origirat from KNQ, a basic constituent of black powder (Drewnicklet2006;
Kong et al., 2015).

The ACSM PM contributed 20.5 ug t(17 %) to the aerosol concentration in the firdsqpeak.

The comparison of the Xact concentration and th©OWMEPM,, concentration for the 1 August peak requires @kirto
account the systematic difference between the Xad TEOM measurements discussed above, and thethfaicthe
elements are typically not present in elementalratiter in their oxidized form, such that the makthe latter needs to be
included for a quantitative comparison. We therefestimate a mass budget for the fireworks peaknvhe six elements



7

1o|

15

20

25

30

35

40

K, S, Cl, Fe, Ba, and Si comprise the bulk of #htaltmass. We calculate the ion balance for thétipesons K', F&*, B&*,
Si#*, submicron N4 and negative ions CISQ?, and submicron NQ We further add all available components from the
NABEL station (PMs equivalent black carboeBC) and the ACSM (N§) NH,4, organic aerosols, but not §@s this is

already considered with the S in the Xact datah&omass balance. Using the measured values ofabe625 yields an
excess of negative ions of 2.7 %, and a total 4410 pg m®, which overestimates the TEOM valuedéf-9122ug m*

by 16 %. If Xact concentrations were scaled towahgsICP concentrations with the correspondingesgon slopes from
Table 1, using for Cl and S the average slope2# from the other four elements, then the calomfagields an excess of 11
% in positive ions which are then assumed to bérakzed by oxygen. This yields a total mass of-816y m*, which is 4.6

% lower than the TEOM value. Our values are lowmit$ of the total mass, because the balance aniptete with respect
to relevant elements in the fireworks (e.§r) and other chemical species like carbonaceods ritrogen containing
molecules in the coarse fraction. The result shthas the bulk of fireworks PM aerosols are a few metals oxidised to
sulphates, chlorides, and oxides. Overall, theselts further demonstrate the advantage of Xdugh time resolution

sampling for associating high metal concentratijpis@es with source emission activities.

3.4 Investigation of sources

Trace elements can be excellent tracers for spedfiosol sources (e.¢lopke, 2016; Park et al., 2014; Querol et al.,7200
Visser et al., 2015a). A simple approach for charging a common source for a group of elements &udy the temporal
covariation of the elements in this group. For éléirkingen data, the time series indicate the striofigence of the
fireworks on the concentrations of K, S, Ti, Cudda (Figures 6 and 7), which are important cometits of fireworks
along with Sr as fireworks tracer (Kong et al., 20Moreno et al., 2007). Examination of a few rgpectra from the
fireworks and non-fireworks periods indeed ideatifian enhancement of Sr during the fireworks domativhile the peak
was definitively absent during the non-fireworksipd. Sr was, however, not quantified in our coof@ion, as we put
emphasis on crustal elements and some specialdt@eents difficult to detect in Switzerland (Hg).P

The 1-hour sampling interval further enabled exatiom of diurnal variations of the elements. Ca Badare presented in
Figure 6 and the other elements in the supplemiigt S4), which shows the classification of theadatcording to
fireworks and non-fireworks periods. It can be s&mrthe time from 2300 h to 0600 h that the eleteéBg, Bi, Cu, K, S,
and Ti show a clear distinction between the twoquks. The fireworks elements show a maximum comaéioh at 2300 LT
and a gradual decay over the next 6 to 12 h imrontlorning hours of the (following) day. Mn, Fe afid also show an
increased and then decaying concentration aftenigtit, but the difference compared to non-firewodieys is within the
data variability. Si is depleted during the firew®period relative to the non-fireworks period. §8 probably a weekday
vs. weekend effect, when fewer heavy duty vehi@i3V) circulate (Switzerland does not permit HDVeusn Sundays),
and less road dust is re-suspended (Bukowiecki,e2@09; 2010). For the non-fireworks cases thadition elements Mn,
Fe, Zn, and the element Pb are characterized brpadtmorning peak with a maximum around 1000 LT¥retating well
with the increasing traffic in the morning houradahe breakup of the temperature inversiort should be pointed out that
this observation is consistent with the differenibesveen the Xact and ICP-MS being due to the samsptloser proximity
to the road.

To identify the fireworks tracers, an enhancematibr(ER) was defined as the ratio between the nseanentrations of an
element for the fireworks period to the concendragiin the non-fireworks period (Figure 7). For®y, and Ba the ER is
larger than 2 (Cu), and goes up to 10.6 (Ba). STCEn and Pb show an intermediate ER betweendl2a Cr, Mn, and Fe
ER are close to 1. Si and Ca are depleted withRwaBund 0.5, both of which are probably relatetheoabove weekend
effect. The elements with the high ER are cleatgntified as elements of fireworks: S, K, Ti, Ca, Ba, Bi.

Further refinement of sources can be obtained wlessifying the non-fireworks data by wind directioto a north (270° —
0° - 90°) and a south (90° — 180° - 270°) sectagyfe 8), with the south sector more strongly iafioed by highway
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emissions (Hueglin et al., 2006). The north sectwracterizes the (rural) background concentratairithe central Swiss
plateau. Table S1 summarizes the mean elementmiwatiens for the campaign divided into the diffgrperiods and wind

sectors. Ba, Cr, Cu, Fe, and Mn show the signatiicentinuous freeway traffic emissions during tfagy. Pb and Zn show a
morning peak only and are well correlated in battars. Si, K, Ca, and Ti show another pattern ¢batd reflect the local

and regional transport of crustal material parthysuspended by traffic (south sector), partly oaging from the agricultural

area north of the freeway.

Figure 9 shows the enhancement ratios south/napart from Cl, all south — north differences aresitige, and Si, S, Ca,
and Fe concentration differences are larger thang3@i®. These are mainly crustal elements (although Fsis emitted

from vehicles). The enhancement ratios of the ttianselements Cr, Mn, Fe, Cu, Zn, Ba, and Pb argdr than 1.2 and

related to traffic emissions (engine abrasion, tyear, brake wear).

4 Conclusions

A three-week test of a Cooper Environmental Xa& Bhbient Metals Monitor was performed at the SWNSBEL station
Harkingen. The instrument was configured to meag&drelements continuously with 1-h time resolutibhe selection of
elements ranged from Si to Bi, thus covering a eaofgenvironmentally relevant elements. Besidesstamdard’ elements
from K to Pb, which have been well characterizedh®ymanufacturer with respect to their accuraaigs detection limits,
we included several abundant light elements (SCIpand — more for curiosity - some low-concertnatlements (As, Pt,
Hg) in our selection to test the behaviour of thstriument in a typical Swiss environment. We testesl measurement
quality of the Xact 625 by intercomparison with laestablished methodologies (ICP-OES and ICP-MSyara on 24-h
PM;, samples for major and trace elements, and AuAAAHQ), ACSM, and TEOM, and used additional meteagial
data for the interpretation of the results.
The general findings are:
e The total of elements analysed with the Xact cosgutbf-approximately 20 % of the PMmass.
e The Xact 625 produced element concentration timesé¢hat were highly correlated with the ICP asaby/of 24-h
filter samples @G> 0.95), even though the slopes deviated from 1.
«  Element concentrations ranged from ng (im background conditions) to tens of p@ auring the fireworks), and
no instability in operation due to sample overloa&lse could be observed.
« The mMeasured concentrations agreed reasonably wellotligr recent field measurements in Switzerland.
The results for measurement accuracy, precisiordatalquality are:
» Excellent correlation between Xact 625 and ICP-QEB/MS was observed for 24-h averages of the el&sren
K, Ca, Ti, Mn, Fe, Cu, Zn, Ba, and Pb (“Group AThe daily averages calculated from hourly measungsniey
Xact were on average 30 % higher (range -3 % to %BQ@ependent dependingn the elemens) than 24-h
integrated filter measurements by ICP. Systemafferdnces of on average 25 to 30 % could be aitieidh to
physical reasons in the experiment settings, suchha different characteristics of the two inlestsyns, the
distance between the inlets and to the main sq@meeway), and uncertainties in the various analyséthods. For
XRF this includes particle size dependent self-giigin effects for the lighter elements and linéeiferences
between different elements. For ICP this includes éntire sampling, digestion and the analysis quore, as
indicated by limited inter-laboratory and inter-tmed comparisons, as well as the impurities in bl&it&rs).
Further research on these issues is needed.
» The accuracy of hourly values has only been tefstethe case of the fireworks peak late on 1 Audst5, where
the sum of all elements has been compared to thkerass of the NABEL TEOM. Good agreement betwiben
Xact and TEOM mass was found when corrections ddrivom the 24-h filter analyses were applied. Wis a
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special case dominated by just three elements,,SCIKand a generalization to all measured eleméentsot
recommended.

* The remaining elements (“Group B") of the filtetercomparison, V, Cr, Co, Ni, As, Se, Cd, Sn, Sg, &hd Bi
(11 elements) were mostly below detection limitadfleast one method, or showed issues with theysisal
procedures (Sn, Sb, Hg). A general quantitativeestant on their quality could not be achieved. diotiere that a
longer sampling time, e.@2 or 4 hours, would have lowered the Xact MDLs #retefore increased the number of
good measurements, but at the cost of a reducedrésolution.

» Siand Cl were not analysed on the filters, and Kact detection limits have not yet been deterdinrHence their
accuracies could not be quantified directly. Sonuérect approaches were calculated.

* The Pt concentrations reported by the Xact 625 vbelew MDL, and Pt was not analysed on the filtés.
conclusion about the accuracy of this difficulinteasure element can be drawn.

Compared to rotating drum impactor sampling withhayotron radiation induced XRF or streaker sangplivith PIXE

analysis, the Xact 625 measures ambient concesrigatif the most relevant elements in near real,tand provides data
with a delay of only one sampling/analysis cydlee -Continuous operation capability of Xact also circemis the sample
number limitations due to restricted beamtime assignts at synchrotrons. This is a major advantaggared to the usual
time delay of a couple months caused by the réstriaccess to synchrotron or accelerator facili@scourse, the high
time resolution of the Xact 625 comes at the céstemsitivity, visible in the minimum detection lits, which are higher
than the MDLs for the offline methods. Xact canse¢ for longer sampling intervals to extend the benof samples with
analysed elements above their MDLs depending omlbjective of monitoring campaigns. Xact streandimear-real time
monitoring of multi-metals despite not being astaféective relative to conventional samplers tbatild be deployed in
larger numbers at many sites simultaneously, ot toald sample several size fractions at once,oatih their actual

analysis costs (laboratories, accelerator fadglineéd staffing needs) are not considered here faand rhay surmount the
instrument costs manifold. Overall, high time resioin sampling of metals provides a rich datasetfsociating high metal
concentration episodes with source emission aigsrityseful extensions of the present capabilidfethe Xact could be the
addition of more elements to be analysed (espgaieltler the circumstance that the full mix of obserelements cannot
always be known in advance), improved quantificatib the lightest elements (especially their MDLas)}acuum or helium
device for analysing light elements like Na and Mggd an inlet switch to alternately measure;P&d PM s with one

single instrument.
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Figure 1: Main panel: Relative amount of analysed lements by Xact 625 during the field campaign. Togpanel: Absolute
concentrations, stacked. The grey shaded area deestthe fireworks period. The red squares mark the ays when 24-h filters were
analysed and used for comparisons in this study. Bom panel: relative cumulative elemental concentrons, stacked. Right
panel: Average relative contributions (in %) of elenents for the fireworks period, the non-fireworks geriod, and for the south and
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north sectors during the non-fireworks period.
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Figure 2: Scatterplots and regression lines of Xad25 (ordinate) vs. ICP-OES/MS (abscissa) data f@sroups A and B. The axes
have been scaled by the maximum concentration,f cp for each element (Gax auana for Hg). The Levenberg-Marquardt linear
least squares fitting method was applied, taking th ICP measurements as the independent data. Regriegsequation is y = a + bx.

5 See Table 1 for data.
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Table 1. Regression coefficients for the comparisaof Xact 625 and offline data. The 1-h values of thXact 625 were averaged to
24-h values. Primed quantities are uncertainties.

Regression coefficients Xact ICP
Ratio
Analysis : Average MDL Pts > MDL Pts >
Group | Element Y fitX=a +bx 8 intercept/ )
method XRF conc. (60 min) MDL (2ah) MDL
average
a ta' b +b' s ngm” ngm” % ngm> %
S ICP-OES -170 30.6 1.37 0.03 1.00 956 -0.18 2l 100
K ICP-OES 52.4 19.2 1.15 0.02 1.00 703 0.07 4.20 100 37.8 100
Ca ICP-OES 13.9 17.9 1.45 0.06 0.99 365 0.04 1.60 100 49.2 90
Ti ICP-MS 5.58 0.57 1.13 0.06 0.98 14.9 0.37] 0.68 100 1.04 90
A Mn ICP-MS 1.72 0.28 1.31 0.06 0.99 7.6 0.23 0.51 100 0.26. 100
Fe ICP-OES 93.1 35.8 1.34 0.08 0.97 656/ 0.14 1.40 100 3.4 100
Cu ICP-MS 4.93 1.27 1.27 0.05 0.99 33.5 0.15 0.48 100 0.055 100
Zn ICP-MS -5.56 2.18 1.80 0.13 0.96 23.0 -0.24 0.41 100 0.96 100
Ba ICP-MS -1.62 1.73 1.01 0.03 0.99 31.9 -0.05 1.70 94 0.82 100
Pb ICP-MS 0.32 0.17 0.97 0.04 0.99 3.8 0.08 0.39 98 0.22 100
\4 ICP-MS -0.03 0.03 0.15 0.05 0.57 0.05 -0.62 0.52 2 0.026 100
Cr ICP-MS 2.13 0.26 1.02 0.28 0.63 2.5 0.86 0.52 75 0.61 40|
Co ICP-MS 0.01 0.02 0.18 0.29 0.05 0.02 0.55 0.57 0 0.018 70
Ni ICP-MS 0.82 0.14 -0.16 0.11 0.22 0.63 1.31 0.40 68 0.58 100
As ICP-MS -0.09 0.06 0.56 0.20 0.50 0.06 -1.48 0.20 4 0.026 100
B Se ICP-MS 0.00 0.15 0.76 0.41 0.30 0.26 0.01 0.25 38 0.015 100
Cd ICP-MS 6.28 0.28 10.4 7.9 0.18 6.5 0.96 10.3 13 0.028 20)
Sn ICP-MS 19.7 0.96 0.36 0.21 0.27] 21.3 0.93 13.3 85 0.028 100
Sb ICP-MS 22.2 3.58 3.9 1.63 0.42 30.6 0.72 16.0 94 0.026 100
Hg Au AAA 0.64 0.06 24.9 24.1 0.12 0.69 0.94 0.34 87| 0.001 40
Bi ICP-MS -0.16 0.06 0.79 0.04/ 0.98 0.49 -0.32 0.43 7| 0.015 100
Si
C Cl
Pt 0.41 2
Group A average slope f 1.28
Group A standard deviation ! 0.24
Regression coefficients Xact ICP
Ratio
Analysis = Average |, MDL Pts > MDL Pts >
Group | Element ¥ fitX=a+bx 8 intercept/ .
method XRF conc. (60 min) MDL (2ah) MDL
average
a +a' b +b' P ngm? ngm? % ngm? %
S ICP-OES -169.73 30.57 1.37| 0.03 1.00 956.48 -0.177 7.662 100
ICP-OES 52.42 19.15 1.15 0.02 1.00 703.47 0.075 4.20 100.00 37.808 100|
Ca ICP-OES 13.87| 17.91 1.45 0.06 0.99 365.41 0.038 1.60 100.00! 49.195 90|
Ti ICP-MS 5.58 0.57 1.13 0.06 0.98 14.94 0.373 0.68 100.00 1.043 90
A Mn ICP-MS 1.72 0.28 1.31 0.06 0.99 7.59 0.227 0.51 100.00! 0.264 100
Fe ICP-OES 93.05 35.80 1.34 0.08 0.97 656.22 0.142 1.40 100.00 3.398 100
Cu ICP-MS 4.93 1.27 1.27| 0.05 0.99 33.49 0.147 0.48 100.00 0.055 100
Zn ICP-MS -5.56 2.18 1.80 0.13 0.96 22.97 -0.242 0.41 100.00 0.959 100
Ba ICP-MS -1.62 1.73 1.01 0.03 0.99 31.92 -0.051 1.70 94.30 0.819 100|
Pb ICP-MS 0.32 0.17] 0.97] 0.04/ 0.99 3.84 0.085 0.39 98.20 0.216 100
\4 ICP-MS -0.03 0.03 0.15 0.05 0.57 0.05 -0.619 0.52 2.00 0.026 100
Cr ICP-MS 2.13 0.26 1.02 0.28 0.63 2.48 0.860 0.52 74.60 0.614 40
Co ICP-MS 0.01 0.02 0.18 0.29 0.05 0.02 0.555 0.57 0.44 0.018 70
Ni ICP-MS 0.82 0.14 -0.16 0.11 0.22 0.63 1.310 0.40 67.80 0.581 100|
As ICP-MS -0.09 0.06 0.56 0.20 0.50 0.06 -1.481 0.20 4.00 0.026 100
B Se ICP-MS 0.00 0.15 0.76 0.41 0.30 0.26 0.015 0.25 38.00 0.015 100|
Ccd ICP-MS 6.28 0.28 10.37| 7.86 0.18 6.54 0.960 10.30 12.70 0.028 20
Sn ICP-MS 19.73 0.96 0.36. 0.21 0.27 21.29 0.927 13.30 85.00 0.028 100
Sb ICP-MS 22.17 3.58 3.92 1.63 0.42 30.60! 0.724 16.00 94.00 0.026 100
Hg Au AAA 0.64 0.06 24.88 24.13 0.12 0.69 0.935 0.34 86.80 0.001 40
Bi ICP-MS -0.16 0.06 0.79 0.04 0.98 0.49 -0.318 0.43 7.20 0.015 100|
Si
C Cl
Pt 0.41 o My
Group A average slope I 1.28
Group A standard deviation f 0.24
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Table 2.

Comparison of Xact data with published ICRdata of other campaigns.

Group Xact 625 Filter samples
averages
Non- Belp Geneva Basel, Payerne Zurich Zurich,  Payerne, Payerne, Harkingen
fireworks summer summer summer summer NABEL
days
Reference 1) 3) 4) 5) 6) 6) 7) 8)
# cases, size 17 PM8 PM10 PM10 PM10 PM10 PM10 PM10 PM10 PM10
Sampling 2015 1985/86 1996/97 1997/98 1998/99 2008/09 2009 2009 2012 2015
period
Unit ng/m*> | ng/m’ ng/m’ ng/m’ ng/m’ ng/m’ ng/m’ ng/m’ ng/m’ ng/m’
S 790 2394 625 637 360
K 167 630 98 1318 187 188 120
Ca 398 720 100 137 451 355 180
Ti 11.3 38 6.5 13.9 14.3 9.9
A Mn 7.2 317 16 2.8 5.8 7.2 5 2.8
Fe 594 760 89 390 455 202 130
Cu 24.4] 7.9 35 75 6 28.1 174 4.3 2.8 19.7|
Zn 19.0] 65.0 120 73 20.3 16.1 9.4 7.5
Ba 7.1 110 6.7 6.5 3.9 18
Pb 3.0| 134 95 51 10 14.2 3.6 3.1 1.2 4.9
\ 0.06} 3.9 0.7 0.4 1.0 1.2 0.7
Cr 2.4 8 0.9 2.3 1.6 1.0
Co 0.02] 2.6 0.1 0.1
Ni 0.63] 8 1.2 0.6 0.9 1.0 0.5 0.9
As 0.02 2.2 2 1 0.53 0.3 0.5 0.2 0.31
B Se 0.30 6 0.16 0.3 0.3 0.2
Ccd 6.7 0.88 0.4 0 0.32 0.1 0.1 0.07|
Sn 20.9 2.6 2.6 1.0
sk 316 22 0.26 2.5 24 0.5
Hg 0.64 0.5
Bi 0.07| 0.2 0.1
Si 829 211 571 634 370
C cl 109 41 657 66 190 30
Pt 0.05]
1) Galli Purghart et al. 1990
2) Chiaradia and Cupelin 2000 - fortnight averages
3) Ro0sli et al. 2001
4) Hueglin et al. 2005
5) Richard et al. 2011
6) Minguillén et al. 2012
7) Alastuey et al. 2016
8) BAFU/Empa 2015 - annual mean values
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Xact 625 averages Switzerland
Alldays  Non- Belp Geneva Basel, Payerne Zurich Zurich,  Payerne, Payerne, Harkingen
fireworks| summer summer summer  summer NABEL
days

Reference 1) 2) 3) 4) 5) 6) 6) 7) 8)
# cases, size 22 17 PM8 PM10 PM10 PM10 PM10 PM10 PM10 PM10 PM10
Sampling 2015 2015 1985/86  1996/97  1997/98  1998/99  2008/09 2009 2009 2012 2015
period
Unit ng/m*  ng/m* | ng/m’ ng/m® ng/m® ng/m’ ng/m’ ng/m’ ng/m® ng/m’ ng/m’
Si 783.14 829.45 210.90 571.00 634.00 370.00
S 822.74 790.19 2394.30 625.00 637.00 360.00
cl 113.17  109.40| 41.00 656.50 66.00 190.00 30.00
K 408.00 166.56 630.00 98.00 1318.20 187.00 188.00 120.00
Ca 367.99 397.57| 720.00 100.00 137.40 451.00 355.00 180.00
Ti 12.26 11.30 38.00 6.50 13.90 14.30 9.90
\ 0.05 0.06 3.90 0.70 0.40 1.00 1.20 0.70
Cr 2.39 2.43 8.00 0.90 2.30 1.60 1.00
Mn 7.11 7.21 31.70 16.00 2.80 5.80 7.20 5.00 2.80
Fe 600.48 593.92 760.00 89.00 389.70 455.00 202.00 130.00
Co 0.01 0.02 2.60 0.10 0.10
Ni 0.60 0.63 8.00 1.20 0.60 0.90 1.00 0.50 0.90
Cu 28.04 24.45 7.90 35.00 75.00 6.00 28.10 17.40 4.30 2.80 19.70
Zn 20.23 19.04 65.00 120.00 73.00 20.30 16.10 9.40 7.50
As 0.03 0.02 2.20 2.00 1.00 0.53 0.30 0.50 0.20 0.31
Se 0.27 0.30, 6.00 0.16 0.30 0.30 0.20
cd 6.57 6.67| 0.88 0.40 0.00 0.32 0.10 0.10 0.07|
Sn 21.00 20.93 2.60 2.60 1.00
Sb 31.33 31.59 29.00 0.26 2.50 2.40 0.50
Ba 18.09 7.12 110.00 6.70 6.50 3.90 1.80
Pt 0.04 0.05)
Hg 0.64 0.64] 0.50
Pb 3.13 3.04 134.00 95.00 51.00 10.00 14.20 3.60 3.10 1.20 4.90
Bi 0.26 0.07| 0.20 0.10
1) Galli et al. 1990
2) Chiaradia and Cupelin 2000 - fortnight averages
3) RO06sli et al. 2001
4) Hueglin et al. 2005
5) Richard et al. 2011
6) Minguillon et al. 2012
7) Alastuey et al. 2016
8) BAFU/Empa 2015 - annual mean values
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S1. General statistics of Xact 625 data

| Table S1: Data characteristics of Xact 625 measuresnts in Harkingen. Elements are sorted according tthe groups in Table21).
Data were classified into fireworks and non-firewoks periods. The non-fireworks period was further cassified into north (rural)
and south (freeway) sectors according to the windiection. Numbers in italics indicate cases wherehe daily averages were
5 <MDL. The cases for the two wind sectors do not addp to the non-fireworks cases as wind data are nsig for a total of 12 h (cf.

Fig. 1).
Non-Fireworks Fireworks South sector (non-fireworks) North sector (non-fireworks)
Element avg sdev max median avg sdev max median avg sdev max median avg sdev max median
ngm> ngm> ngm™> ngm™> ngm™> ngm” ngm” ngm” ngm> ngm> ngm> ngm> ngm> ngm> ngm> ngm™>
# cases 370 86 173 185
S 739 525 2508 602} 1155 1667 12034 677] 795 516 2254 660 712] 537 2508 499
K 161 57| 484 153 1661 3855 27349 494 176 61 395 169 151 50 484 145
Ca 391 385 3211 263 253 390 3109 141 474 476 3211 275 325 266 2254 253
Ti 114 8.1 43.4 8.8 18.3 36.2 282.2 8.0] 13.1 8.9 39.6 11.1] 10.3 7.2 43.4 8.2
Mn 7.1 4.6 27.0 5.7| 7.3 3.9 22.2 7.0} 9.5 5.1 27.0] 8.6| 5.0 2.8 21.0 4.7
Fe 587 429 2338 460 700! 386 1909 700 852] 453 2338 780 350 228 1309 304
Cu 24.1 17.7 109 20.1 49.3] 48.7 372 38.9 35.5 18.3 109 30.7] 13.5 8.5 49.0 9.9|
Zn 18.7 16.8 143 14.3 28.6 18.9 104 23.4 26.1 20.8 143 20.7] 12.3 8.0 66.1 10.7|
Ba 7.1 5.5 25.3 5.3 75.4 169 1127 22.6) 10.2 6.0, 25.3 9.2] 4.4] 3.2 17.2 3.5]
Pb 3.0| 3.9 41.1 2.0| 4.2 3.0| 15.3 3.0| 3.9 5.3 41.1 2.8 2.2 1.6 9.4 1.7|
4 0.06 0.15 1.22 0.00 0.00 0.00 0.00 0.00! 0.07 0.18 1.22 0.00 0.05 0.13 0.89 0.00
Cr 2.4 2.3 13 1.75 2.5 2.2 9.2 1.98) 3.8 2.5 13 3.4 1.09 1.10 6.2 0.76
Co 0.02 0.08 0.70 0.00 0.01 0.03 0.23 0.00 0.00 0.02 0.21 0.00 0.03 0.11 0.70 0.00
Ni 0.62] 0.65 10.3 0.54 0.56/ 0.35] 1.95 0.51f 0.64] 0.45 4.0] 0.59 0.61 0.81 10.3 0.50
As 0.02 0.14 131 0.00 0.09 0.31 1.91 0.00 0.04 0.20 131 0.00 0.01 0.06 0.84 0.00
Se 0.27 0.32 4.4 0.20 0.16 0.13 0.44 0.14 0.30 0.41 4.4 0.24 0.24 0.22 0.90 0.17|
cd 6.8 3.6 23.6 6.2 6.5 3.1 21.3 6.1 6.9 3.7 15.1 6.3 6.7 3.6 23.6 6.2
Sn 20.8 7.8 55.3] 19.6 21.8 8.3 54.3 20.1] 22.1 8.4 55.3 21.1 19.6 7.0 45.4) 18.7|
Sb 313 11.2 112 29.8 31.0 10.4 68.0 29.4 33.0 11.9 77.6 31.3] 29.9 10.4 112 28.9
Hg 0.63 0.25 1.49 0.61 0.64/ 0.18] 1.31 0.63 0.63 0.23 1.18 0.63 0.64] 0.26 1.49 0.61
Bi 0.07 0.12 0.70 0.00 1.27 3.8 23.5 0.15 0.09 0.13 0.50 0.00 0.04 0.10 0.70 0.00
Si 839 398 3415 714 570, 224 1758 532 925 469 3415 796 775 309 2052 682
cl 114 200 970 26.4 153 578 4455 18.1] 88.0| 161 871 19.8] 116 211 970 30.5
Pt 0.05 0.11 0.66 0.00 0.03 0.07 0.34 0.00 0.04 0.10 0.66 0.00 0.06 0.11 0.64 0.00
Non-Fireworks Fireworks South sector (non-fireworks) North sector (non-fireworks)
Element avg sdev max median avg sdev max median avg sdev max median avg sdev max median
ngm™> ngm™> ngm™> ngm> ngm> ngm> ngm> ngm> ngm” ngm™> ngm”> ngm> ngm> ngm> ngm> ngm>
# cases 370 86 173 185

S 739.28 524.59|  2508.00 601.85| 1155.32| 1666.73| 12034.00 677.15) 795.31 516.19| 2254.00 659.85| 711.53 537.04| 2508.00| 499.31
K 161.00 56.98 484.09 152.81] 1661.10| 3854.66| 27349.00 493.69| 175.80 60.89 395.34 168.66| 150.75 50.00| 484.09 144.98|
Ca 390.66 384.69 3211.00 262.79| 253.21 389.74|  3109.00 140.82] 474.39] 476.21| 3211.00 274.58] 324.91 266.10|  2254.00| 252.85)
Ti 11.44 8.12 43.38 8.79 18.29 36.16 282.23 8.04) 13.08 8.90 39.56 11.14 10.33 7.17 43.38 8.23
Mn 7.10 4.62 26.98 5.72 7.30] 3.88 22.21 6.99] 9.51) 5.14 26.98 8.56 5.03 2.79 20.99 4.71]
Fe 587.41 428.85| 2338.00 460.08 699.95 385.97| 1909.00 699.78) 852.36 452.72|  2338.00 779.67| 350.25 227.50(  1309.00| 303.58
Cu 24.07] 17.69 109.34 20.07| 49.28 48.72 371.81 38.91 35.46 18.29 109.34 30.66) 13.52 8.55 49.01 9.94]
Zn 18.67] 16.84| 143.37 14.31] 28.56 18.94 104.12 23.42] 26.13 20.82 143.37 20.67| 12.27| 7.97 66.14/ 10.70]
Ba 7.12 5.49 25.33 5.25 75.39 169.25| 1127.00 22.58| 10.19 5.96/ 25.33 9.19 4.42 3.21 17.22 3.46
Pb 2.96 3.89 41.07| 1.99) 4.17 3.02 15.30 2.96) 3.95 5.26/ 41.07| 2.77) 2.18 1.62 9.38] 1.72]
v 0.06 0.15 1.22 0.00 0.00 0.00 0.00 0.00 0.07 0.18 1.22 0.00 0.05 0.13 0.89 0.00
Cr 2.40 2.30 12.96 1.75) 2.51 2.22 9.23 1.98) 3.81 2.47] 12.96 3.43 1.09 1.10 6.17| 0.76
Co 0.02 0.08 0.70 0.00 0.01 0.03 0.23 0.00 0.00 0.02 0.21 0.00 0.03 0.11 0.70 0.00
Ni 0.62] 0.65 10.32 0.54 0.56 0.35 1.95 0.51f 0.64/ 0.45/ 3.99 0.59 0.61 0.81 10.32 0.50
As 0.02 0.14 131 0.00 0.09 0.31 1.91 0.00 0.04 0.20 131 0.00 0.01 0.06 0.84 0.00
Se 0.27 0.32 4.39 0.20 0.16 0.13 0.44 0.14 0.30 0.41 4.39 0.24 0.24 0.22 0.50 0.17|
cd 6.75 3.61 23.62 6.25 6.49 3.14 21.33 6.14 6.89 3.74 19.10 6.28 6.70 3.55 23.62 6.20
Sn 20.79 7.82 55.34] 19.57 21.78] 8.27| 54.28) 20.10] 22.15 8.38) 55.34 21.15] 19.64) 7.01 45.41 18.68
Sh 31.31 11.22 111.88 29.80) 30.97, 10.42 67.96| 29.38] 33.03 11.93 77.63 31.30 29.90| 10.43 111.88| 28.90]
Hg 0.63/ 0.25 1.49 0.61 0.64] 0.18] 1.31 0.63 0.63 0.23] 1.18 0.63 0.64] 0.26 1.49 0.61
Bi 0.07 0.12 0.70 0.00 1.27 3.82 23.47 0.15 0.09 0.13 0.50 0.00 0.04 0.10 0.70 0.00
Si 839.20 398.20( 3415.00 713.75| 570.13 223.75| 1758.00| 532.28 924.98 468.79|  3415.00 795.77| 775.17 308.86| 2052.00| 682.42
cl 113.70 200.20|  969.80! 26.44) 153.07|  578.02| 4455.00 18.11) 87.95 161.12|  871.19 19.79) 116.38 210.81 969.80| 30.50)
Pt 0.05 0.11 0.66 0.00 0.03 0.07 0.34 0.00 0.04 0.10 0.66 0.00 0.06 0.11 0.64 0.00

S2. Ambient filter samples for method intercomparisns

10 A quarter each of three NABEL filters of the serigmlysed at IDAEA were also analysed with XRF BSGind with ICP-
MS at ERG. This allows for an intercomparison betwéenchtop XRF and ICP-MS, between ICP-MS of tiferdnt
laboratories, and between Xact XRF and benchtop.XRIe elements Zn, Sr, Cu, Pb, Fe, K, Ca, Mn, &d, Ba were
selected for this comparison. Benchtop XRF requiredurther sample preparation except punching-a#v piece of the



original filter. IDAEA’s digestion protocol is desbed in the main paper. Of three different filldanks, blank 1 appeared
contaminated and was not further considered, blardsd 3 were averaged and subtracted from thgsasabut the values
are not reported. ERG followed a protocol of theBP3 describing the multi-elemental determinationtaill metals by
| ICP-MS in ambient air samples collected onmh Teflor? filters following guidelines in EPA method 10-3ahd EPA
5 FEM Method “Standard Operating Procedure for théeBeination of Lead in PM10 by Inductively CouplBthsma Mass
Spectrometry (ICPMS) with Hot Block Dilute Acid ahtiydrogen Peroxide Filter Extraction” (EQL-0512-20Zhe filters
were digested in a HotBlock™ for 2.5 hours using extraction fluid containing 1.8% nitric acid (HNQ), 0.5%
hydrochloric acid (HCI), and 0.1% hydrofluoric acid (HF) with 0.33 md.* of gold added for mercury stabilization. One
aliquot of hydrogen peroxide (B,) was added after 1.5 hours of extraction and Weawed to effervesce. The extract was

10| analyzed by ICP-MS and the data were collectedgusia manufacturer’s software. The results arerginelableS1S2



10

Table S2. Analyses of three ambient (NABEL) samplegl, 6 and 12 August 2015) from Héarkingen. Comparans of Xact and
benchtop XRF (CES), benchtop XRF (CES) and ICP-MSIDAEA and ERG), and ICP-MS at two laboratories (IDAEA and ERG).
NR = not reported; BD = below limit of detection.

% Difference
Xa_d CES XRF IDAEA ERG ERG vs.
Sample Element bely Results Background Results | Values Background | CESvs. Avera, A IDAEA | A
Average 5 | (ngem?) 3 5 (ngm?) IDAEA ge | CESvs. | Average {ERG- wverage | Xactvs. | Average
(ngm?) (ngm~) (ngm~) [ (ngm™~) (ces-iaea)| CESVS. | ERG (ces- | CESVS. | ipaga); | ERG Vs |CES (Xact-| Xactvs.
/IDAEA | IDAEA | ERG)/ERG | ERG IDAEA IDAEA | CES)/CES CES
Field_PSI_213 31 19.2 1.0 19.6 22 64 -1.9 -14.2 14.4 62
Field_PsSI_218 Zn 25 16.5 1.0 15.8 15.9 64 4.2 -1.5 3.5 -0.8 0.7 0.4 54 59
Field_PSI_224 30 18.8 1.0 20 17.4 64 -6.7 8.2 -13.7 61
Field_PsI_213 NR 60 0.0 61 59 0.9 -1.9 24 -4.1 NR
Field_PSI_218 Sr NR 15 0.0 2.0 1.9 0.9 -24 -37 -18.4 -32 -6.8 -8.3 NR NR
Field_PSI_224 NR 0.2 0.0 11 0.9 0.9 -84 -81 -14.0 NR
Field_PsI_213 58 45 0.0 42 50 1.9 5.5 -10.6 18.0 31
Field_PsSI_218 Cu 39 26 0.0 26 31 1.9 -1.3 -0.1 -17.6 -15.2 20 18 51 51
Field_PSI_224 36 21 0.0 22 26 1.9 -4.5 -17.3 15.5 70
Field_PSI_213 4.4 NR 0.0 4.4 4.5 8.7 NR NR 2.2 NR
Field_PsI_218 Pb 4.3 NR 0.0 4.0 3.4 8.7 NR NR NR NR -15.5 -15 NR NR
Field_PSI_224 5.3 NR 0.0 4.6 3.2 8.7 NR NR -31 NR
Field_PsI_213 757 530 34 465 479 75 13.8 10.5 3.0 43
Field_PSI_218 Fe 1021 805 33 685 732 75 17.5 124 10.0 9.7 6.9 25 27 36
Field_PSI_224 907 662 33 625 610 75 5.9 8.5 -2.4 37
Field_PsI_213 2641 2046 0.0 2263 2663 41 -9.6 -23 17.7 29
Field_PsI_218 K 226 194 0.0 143 156 41 36 9.7 24 0.3 9.4 9.9 16.3 33
Field_PSI_224 210 137 0.0 133 137 41 2.8 0.0 2.8 53
Field_PSI_213 214 172 12.9 161 796 190 7.2 -78 395 24
Field_Psl_218 Ca 792 598 12.6 556 603 190 7.6 4.7 -0.9 -28 8.5 136 32 39
Field_PSI_224 518 325 12.7 327 337 190 -0.7 -3.6 3.0 59
Field_PsI_213 7.3 8.3 0.1 4.3 5.8 14 95 42 37 -12.2
Field_PSI_218 Mn 12.3 11.9 0.1 8.1 9.7 14 47 57 23 26 19.6 25 3.1 3.4
Field_PSI_224 11.1 9.3 0.1 7.1 8.4 14 31 12 17.3 19.3
Field_PSI_213 BD BD 0.0 0.3 0.5 0.1 NR NR 64 NR
Field_PsI_218 Se 0.3 BD 0.0 0.4 0.5 0.1 NR 169 NR -13.3 41 105 NR -25
Field_PSI_224 0.7 1.0 0.0 0.4 1.1 0.1 169 -13.3 210 -25
Field_PSI_213 109 89 13.6 111 111 81 -19.8 -19.9 0.1 23
Field_PsI_218 Ba 14.3 BD 13.3 10.7 8.5 81 NR -19.8 NR -19.9 -21 -33 NR 23
Field_PSI_224 9.2 BD 13.3 8.6 1.8 81 NR NR -79 NR
Xact % Difference
Sample et Daily CRE:S:::: Backgrm.J nd lll:::::s ERG Va{ues Backgro}md CES vs. ERGvs. |Average Average
Average 5 (ngem?) 5 (ngm?) (ngm?®) |IDAEA (ces- |Average CES| cesvs. ERG | Average | |DAEA (ere- | ERGVS | Xactvs. CES | Xactvs.
(ngm?) (ngm™) (ngm™) IDAEA) /IDAEA | vs. IDAEA | (CES-ERG)/ERG | CES vs. ERG | IDAEA)/IDAEA | IDAEA | (Xact-CES)/CES| CES
Field_PSI_213 31.2 19.2 1.0 19.6 224 64.0 -19 -14.2 14.4 62.1
Field_PSI_218 Zn 25.4 16.5 1.0 15.8 15.9 64.0 4.2 -15 3.5 -0.8 0.7 04 53.9 59.2
Field_PSI_224 30.4 18.8 1.0 20.2 17.4 64.0 6.7 8.2 -13.7 614
Field_PSI_213 NR 60.0 0.0 61.1 58.6 0.9 -1.9 24 4.1 NR
Field_PSI_218 sr NR 15 0.0 2.0 1.9 0.9 -23.9 -36.6 -18.4 -325 -6.8 -8.3 NR NR
Field_PSI 224 NR 0.2 0.0 11 0.9 0.9 -84.0 -81.4 -14.0 NR
Field_PSI_213 58.2 4.6 0.0 42.2 49.9 1.9 5.5 -10.6 18.0 30.5
Field_PSI_218 cu 39.1 25.8 0.0 26.1 313 1.9 -1.3 0.1 -17.6 -15.2 19.8 17.8 515 50.6
Field_PSI_224 35.8 21.1 0.0 2.1 25.5 1.9 -4.5 -17.3 15.5 69.7
Field_PSI_213 a4 NR 0.0 a4 4.5 8.7 NR NR 2.2 NR
Field_PSI_218 Pb 4.3 NR 0.0 4.0 34 8.7 NR NR NR NR -15.5 -14.8 NR NR
Field_PSI_224 5.3 NR 0.0 4.6 3.2 8.7 NR NR -31.1 NR
Field_PSI 213 757.1 529.7 33.6 465.5 a79.4 74.9 13.8 10.5 3.0 429
Field_PSI_218 Fe 1021.1 805.4 32.8 685.4 7324 74.9 17.5 124 10.0 9.7 6.9 25 26.8 35.6
Field_PSI 224 906.6 661.6 32.9 624.7 609.7 74.9 5.9 8.5 -24 37.0
Field_PSI_213 2640.7 2046.1 0.0 2263.0 |  2663.0 41.2 -9.6 -23.2 17.7 29.1
Field_PSI 218 K 225.8 194.2 0.0 143.0 156.4 41.2 35.8 9.7 24.2 03 9.4 9.9 16.3 32.9
Field_PSI_224 209.5 136.7 0.0 133.0 136.7 41.2 2.8 0.0 2.8 53.2
Field_PSI_213 213.5 172.1 12.9 160.6 795.5 190.0 7.2 -78.4 395.4 241
Field_PSI_218 ca 791.9 597.8 12.6 555.7 602.9 190.0 7.6 a7 -0.9 -27.6 85 135.6 32.5 38.6
Field_PSI_224 517.9 324.9 12.7 327.2 336.9 190.0 0.7 -3.6 3.0 59.4
Field_PSI 213 7.3 8.3 0.1 43 5.8 14 94.7 423 36.9 -12.2
Field_PSI_218 Mn 12.3 11.9 0.1 8.1 9.7 14 46.9 57.5 22.8 25.5 19.6 24.6 3.1 34
Field_PSI_224 111 9.3 0.1 7.1 8.4 14 30.9 115 17.3 19.3
Field_PSI 213 8D 8D 0.0 0.3 0.5 0.1 NR NR 64.0 NR
Field_PSI 218 Se 0.3 8D 0.0 04 0.5 0.1 NR 168.8 NR -13.3 413 105.1 NR -25.5
Field_PSI 224 0.7 1.0 0.0 0.4 11 0.1 168.8 -13.3 210.0 -25.5
Field_PSI 213 109.1 88.9 13.6 110.9 111.0 81.1 -19.8 -19.9 0.1 2.7
Field_PSI_218 Ba 14.3 8D 13.3 10.7 8.5 81.1 NR -19.8 NR -19.9 -20.5 -33.2 NR 2.7
Field_PSI_224 9.2 8D 13.3 8.6 1.8 81.1 NR NR -79.0 NR

The data shows a somewhat better comparison betefflere XRF and ICP than between online XRF (Xaatid ICP,
though the scatter in the relative differences (XRP/ICP) varied from -37 % (Sr) to +57 % (Mn)S& and Ba, for which
only one filter shows concentrations above the X#fection limit, are not considered. Comparing tGE-MS results
between the two labs (ERG-IDAEA/IDAEA) shows a rangom -33 % (Ba) to +25 % (Mn), when Se and Caraoe
considered. Se concentrations are close to th&rMDL and hence rather uncertain, while Ca showwsohlem with one
ERG measurement. If Ca and Se are excluded, thegeveelative difference between the two labs i& -%, with a
standard deviation of 19. Similarly the agreement between each of the dalosbench top XRF is good as well. If Se and
Ca are excluded the average percent differenceclestXRF and IDEA is 5.% while the difference between XRF and



10

ERG is -3.1%. The comparison of the daily averaged Xact \alwith the benchtop XRF values shows an average
difference of 37% (Xact-CES)/CES) for the elements Zn, Cu, Fe, K, &d Mn, which is close to the observed mean
difference to ICP. It is also consistent in thessethat all average differences Xact — CES foretedements are positive.
The benchtop XRF and the Xact are typically witBi# when analysing the same standard. Further betbhtop XRF
and Xact use the same type of fitting routine (witimor differences in the determination of specdhatkground), hence the

most likely explanation for the difference betweka Xact and the labs is differences due to sammimrsampling location.

S3. Spiked filter samples for method intercomparisos

CES produced a set of six quartz filters coatedh witown amounts of the elements Zn, Sr, Cu, Pb,Rendrhese filters
were analysed with a benchtop XRF instrument by CGifd three each of them were sent to IDAEA-CSI@ BRG for
analysis with ICP-MS. The results are presente@ahle S2S3 Notice that Pb is not reported for XRF, becaustage
variations of the measured values for quartz 8ltd@his indicates a problem with the XRF fittingitioe for quartz filters, as

the issue is not seen with Teflon filters.



Table S3. Spiked filter analyses for five elementsComparison between XRF and ICP-MS analyses perfored at three
independent laboratories.

CES IDAEA ERG % Difference Average Percent Difference
) spiked |  XRF ERG spiked v:pl'l:::A spiked |ipaeavs.| ERGs. | spiked | SPiked | spiked linapn uo | ERGvs.
Sample StartTime |  Sample | Element Cone Conc Blank | Conc. Vaiues Blank [ o cee [VS: Vs.ERG | (g cEs | vs.ces [VS-IDAEA| vs.ERG | (o CES
, . | (ngem?) | (ng em?) . | (ng em®) |(ces-spikea)| PAFA- (ERG- s 1DAEA) | (cEs-ERG)/ (ces - spiked)| AEA- (ERG- | es 1DAEA) | (cES-ERG) /
(ngem™) [ (ng em™) (ngem™) [spikea | spiked)/ | spiked)/ | pn RG spikea | Pked/ | spiked)/ [T RG
spiked spiked spiked spiked
21.04.201611:50 | PQ042116A 97 88 10.2 133 -9.6 37 -34
21.04.201612:25 | PQ0421168 97 89 10.2 155 -84 59 -42
21.04.201613:00 | PQ042116C 97 8 10.2 98 -14 0.3 -14.5
Zn 9.7 32 2 -30 -25
21.04.201615:13 | PQ042116D 97 88 10.2 104 31 -9.3 6.8 -15.1
21.04.2016 15:46 PQO12116E 97 92 10.2 123 31 -5.1 26 -25
21.04.2016 16:19 PQO42116F 102 90 10.2 136 31 -11 34 -34
21.04.201611:50 | PQ042116A 206 192 179 -7.0 -13.3 7.3
21.04.201612:25 | PQ0421168 206 194 194 -5.8 -5.6 -0.2
21.04.201613:00 | PQ042116C 206 194 148 -5.9 -28 31
sr -6.2 -15.7 -7.0 12.7 0.8
21.04.201615:13 | PQ042116D 206 192 191 15 -7.0 -7.5 0.5
21.04.2016 15:46 PQO12116E 206 194 190 15 -5.8 -7.9 2.2
21.04.2016 16:19 PQO42116F 206 194 195 1.5 -5.9 -5.5 -0.3
21.04.201611:50 | PQ042116A 128 108 112 -15.3 -12.3 -3.4
21.04.201612:25 | PQ0421168 128 111 18 -13.3 -7.7 -6.1
21.04.2016 13:00 PQ042116C 128 112 88 -12.3 -31 27
21.04.201615:13 | PQO42116D ! 128 108 0.8 131 13 -15.3 2.8 e | e | 10 58 %3 182
21.04.2016 15:46 PQO12116E 128 111 0.8 129 13 -13.3 14 -14.5
21.04.201616:19 | PQO42116F 128 112 0.8 144 1.3 -12.3 13.1 -22
21.04.201611:50 | PQ042116A 21 NR 23 NR 10.3 NR
21.04.2016 12:25 PQ0421168 21 NR 38 NR 85 NR
21.04.2016 13:00 PQ042116C b 21 NR 21 NR 2.1 NR NR 2 s8 NR NR
21.04.2016 15:13 | PQ042116D 21 NR 27 11 NR 32 NR
21.04.201615:46 | PQO12116E 21 NR 29 11 NR 42 NR
21.04.201616:19 | PQO42116F 21 NR a1 1.1 NR 99 NR
21.04.201611:50 | PQ042116A 3025 2760 2828 -8.8 6.5 2.4
21.04.2016 12:25 PQ0421168 3025 2795 3544 -7.6 17.2 -21
21.04.2016 13:00 PQ042116C Ye 3025 2786 2378 -7.9 -21 17.2 81 36 08 21 72
21.04.2016 15:13 | PQ042116D 3025 2760 155 2901 141 -8.8 -4.1 -4.9
21.04.201615:46 | PQO12116E 3025 2795 155 2901 141 -7.6 4.1 -3.6
21.04.201616:19 | PQO42116F 3025 2786 155 3203 141 -7.9 5.9 -13.0
CES IDAEA ERG % Difference Average Percent Difference
i . spikedvs. | spikedvs. | IDAEA V. spikedvs,| SPiked | Spiked \ioren o | erGvs,
samz':‘:‘m sample | Element sc'::? dRFCose. | (Biack: | tConc. v::is slank sg:‘::t‘s” oagn | ERG CEs | ERGvs. CES ’ s | IDAEA vs'::(; s | ces
5 5 ? ; 0 )| (ERG-spi [ 1/ ices-era/ena| ) : A" | fces-
ngemy | (08D | (08D | (BAD | (g iy | (OB e | 108EA el (36 arl] | (5500 e | el | st | €6 0
21.04.2016 11:50 | PQ042116A 97.4 88.1 10.2 133.1 9.6 36.6 -33.8
21.04.2016 12:25 | PQ0421168 97.4 89.2 10.2 155.0 -84 59.1 424
21.04.2016 13:00 | PQ042116C 97.4 83.5 10.2 97.7 -143 03 -14.5
21.04.201615:13 | paoa21tep | 2" 97.4 88.3 102 104.1 30.7 9.3 6.8 -15.1 o7 320 24 | 203 | 26
21.04.2016 15:46 |_PQO12116E 97.4 924 10.2 123.2 30.7 5.1 26.4 -25.0
21.04.2016 16:19 |_PQO42116F 1015 90.2 10.2 136.0 30.7 112 34.0 337
21.04.201611:50 |_PQO42116A 206.0 191.6 178.6 7.0 133 7.3
21.04.2016 12:25 |_PQ421168 206.0 194.0 194.5 538 5.6 02
21.04.201613:00| paoazitec | 206.0 193.9 147.8 5.9 -28.2 311 . 3 | = 35 .
21.04.2016 15:13 |_PQ042116D 206.0 1916 190.5 15 7.0 75 05
21.04.2016 15:46 |_PQO12116E 206.0 194.0 189.8 15 5.8 7.9 2.2
21.04.2016 16:19 |_PQO42116F 206.0 193.9 194.6 15 5.9 5.5 03
21.04.2016 11:50 |_PQ042116A 127.6 108.1 111.9 153 123 3.4
21.04.201612:25 | PQ0421168 127.6 110.6 117.8 133 7.7 6.1
210420161300 paoaantec | 127.6 1119 87.9 123 311 27.2 16 | 170 | ss 5o 82
21.04.2016 15:13 | PQ042116D 127.6 108.1 0.8 131.2 13 153 2.8 176
21.04.2016 15:46 |_PQO12116E 127.6 1106 038 1294 13 133 14 145
21.04.2016 16:19 | PQO42116F 127.6 111.9 08 144.3 13 123 13.1 225
21.04.201611:50 |_PQ042116A 20.5 NR 226 NR 10.3 NR
Q0421168 205 NR 37.9 NR 8.7 NR
PQ042116C 20.5 NR 209 NR 21 NR
PQO42116D e 20.5 NR 27.1 11 NR 320 NR R 24 P1F e e
21.04.2016 15:46 | PQO12116E 20.5 NR 291 11 NR 418 NR
21.04.2016 16:19 |_PQO42116F 205 NR 409 11 NR 99.4 NR
21.04.201611:50 |_PQ042116A 3024.6 2759.6 2827.6 8.8 6.5 24
21.04.2016 12:25 |_PQ0421168 3024.6 2795.5 3543.9 7.6 17.2 211
21.04.2016 13:00 |_PQo42116C 3024.6 27864 2377.9 7.9 214 17.2
210420161513 pooaz2itep | '° 3024.6 2759.6 154.5 29012 | 1405 8.8 41 4.9 81 6 08 21 72
21.04.2016 15:46 | PQO12116E 3024.6 2795.5 154.5 29012 | 1405 7.6 41 36
21.04.2016 16:19 |_PQO42116F 3024.6 2786.4 154.5 32029 | 1405 7.9 5.9 13.0

Tests with specifically produced reference samplie§e, Cu, Zn, Sr, and Pb (TabB2S3 showed relative differences
between the measured concentrations and the tiwdieexpected concentrations ranging from -6.291 to -13.6 % (Cu)
for benchtop XRF, on average -9.4 % (without Plor &l these elements, XRF underestimated the ¢agedlue, as
expected for absorption of fluorescence radiatipriie quartz fiber material (Tanner et, d1974). Similarly spiked teflon
filters (not shown) also showed underestimatiothefexpected concentrations, though not as muétr dse quartz filters.
A statistical analysis revealed that at the 99 %fidence level only Cu showed a significant diffeze between the two
filter types. ICP showed differences between -1a8d +32 % (average 5.6 %) for IDAEA-CSIC, and -7afd +58 %
(average 15.6 %) for ERG for quartz filters. Thattar is much larger than for the field samples] differences can be

positive or negative.



S4. Diurnal variations of elements for fireworks am non-fireworks periods
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Figure S4: Diurnal variations of the Group A elemens Si, S, Cl, K, Ti, Mn, Fe, Cu, Zn, and Pb. See §i 6.



S5. Diurnal variations of elements for north and soth wind sectors
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Figure S5: Diurnal variations of the Group A elemets Si, Cl, Ca, Ti, Fe, Cu, Zn, and Ba. South mearswind from the freeway
towards the station. See Fig. 8.
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